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ABSTRACT

The work presented in this thesis uses a custom-built surface force balance with
extreme sensitivity and resolution to understand at the molecular level how the
structure of confined liquid films relates to their frictional and lubricating properties.
The experiments involve shearing two identical and atomically smooth mica surfaces
past one another with sub-nanometer control of the film thickness and ultrasensitive
force resolution. With this, molecular mechanistic details relevant to boundary

lubrication are uncovered for several systems.

Friction modifiers are commonly used in engine oil formulations and adsorb as
monolayers to surfaces, preventing surface contact and reducing friction between the
surfaces. Here it is shown that the shape of additive surfactant molecules affects both
the confined film structure and the lubricating behavior, with more upright
monolayers exhibiting lower friction. Interestingly, mixing different surfactant
molecules can give rise to friction much higher than for either molecule. This result
is significant given that lubricant formulations typically contain many different types

of additive molecules with different functions.

Measurements made with ionic liquids of varying alkyl chain length reveal a
dramatic cross-over in the interfacial layering structure, from alternating cation- and
anion-enriched monolayers for ionic liquids with short alkyl chains, to bilayer
formation for more amphiphilic ions. Their structural and dynamic properties in
confinement are pertinent to applications ranging from electrolytes in nanoporous
electrodes to specialist lubricants in extreme environments. The ionic liquids show
clear evidence for ‘quantized friction’, where multiple friction-load regimes with
different friction coefficients are measured for different numbers of confined ion
layers for the same ionic liquid. Most significantly, the results of these experiments
allow elucidation of shear mechanisms and sliding interfaces for monolayer and

bilayer-forming ionic liquids which differ markedly to those of molecular liquids.
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1 INTRODUCTION

1.1 Surface Forces

1.1.1 Background

The study and direct measurement of forces at the solid-liquid interface is essential for
providing insights into molecular mechanisms of many significant processes. These
include everyday phenomena around us, ranging from the behaviour of biological
systems to industrial processes, such as oil recovery techniques and ceramic processing.
It is also beneficial to investigate the properties of surfaces and interfaces in relative

motion, addressing the fundamentals of friction, lubrication and wear.

The development of a variety of experimental techniques enabling force measurements
with extremely high resolution has led to a greater understanding of the typical range,
magnitude and types of force that exist between surfaces. Particularly, the development
of the surface force apparatus by Tabor, Winterton and Israelachvili* made possible the
measurement of electrostatic and van der Waals forces between surfaces. In the early
1970s Israelachvili had extended the apparatus to operate with liquids between the
surfaces, allowing determination of structural forces of confined liquid films. Since
then, various modifications to the technique have been introduced which have allowed

investigations into frictional and tribological properties of ultrathin liquid films.
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1.1.2 DLVO Theory: van der Waals and Double Layer Forces acting
together

DLVO theory, named after its originators Derjaguin and Landau® and Verwey and
Overbeek®, describes the force between two charged surfaces interacting across a liquid
medium. DLVO theory states that the force between two particles (such as colloidal
particles) or surfaces is made up of the combined effect of van der Waals attraction and
repulsive electrostatic (or double-layer) forces. These repulsive double-layer forces
often arise due to dissociation of surface ions, leaving a charged surface. Figure 1 shows
a schematic plot of classical DLVO interaction energy against surface separation for

two flat surfaces.
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Figure 1

DLVO interaction energy as a function of surface separation between two surfaces in an
electrolyte solution®

The van der Waals attractive potential has an inverse power law dependence on

distance, while the double-layer repulsive force is roughly exponential in its distance
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dependence. As a result the van der Waals attraction always dominates the double-layer
repulsion at close enough separations, resulting in a force that is attractive at molecular
contact and giving rise to adhesion. At larger separations, the medium may be
considered as a continuum, and is well characterised by macroscopic quantities such as
its refractive index, dielectric constant and density. In this case continuum theory gives
a good description of the forces acting between the surfaces; Lifshitz theory for the
attractive van der Waals force®’ and the Poisson-Boltzmann equation for the repulsive

double-layer force”® if present.

1.1.3 Structural Forces

Upon approach of the surfaces to very small separations on the order of nanometres,
continuum models break down, and the observed force law differs from that predicted
by continuum theories. The liquid can no longer be considered simply as a structure-less
continuum, and must instead be treated as a collection of finite-sized molecules with
packing constraints and possible directional interactions. Ordering of molecules can
lead to a range of interactions not predicted by mean-field approaches, now frequently
referred to as ‘structural’ or ‘solvation’ forces. These can provide very useful insights

into structural behaviour of liquids confined between solids at a molecular level.

These structural forces generally oscillate between repulsion and attraction with
thickness of the confined film, with a periodicity related to the dimensions of the
molecules®™®. The oscillatory nature of the force law is related to the density
distribution function; layers of molecules are energetically favoured and correspond to
the free energy minima, whereas any distances which correspond to non-integral
numbers of layers are energetically unfavourable and correspond to the energy
maxima**™2. These oscillatory forces are general for liquid molecules sufficiently

symmetric in shape confined between rigid, smooth surfaces.
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1.1.4 Hydration Forces

While measurements of the force between mica surfaces across dilute electrolyte
solutions generally agree excellently with DLVO theory®* for more concentrated
electrolyte solutions (specific to each electrolyte) there is an additional strongly

repulsive force at very small surface separations, typically <4 nm***#,

For small or multivalent ions in highly polar solvents, ion-dipole interactions cause the
solvent molecules to orient around the ions. When water molecules are involved, they
are called hydrated ions, and the typical number of water molecules around an ion
represents its hydration number. This first primary ‘shell’ of water molecules
immediately around such a strongly solvated ion is the most structured and restricted in
terms of position and orientation, whereas water molecules in subsequent shells are less
tightly bound. When the hydration shells of ions or surfaces overlap, short range
repulsive forces arise, known as hydration forces, arising from the energy required to
de-hydrate the ions. Above a critical hydration concentration, this energy can be
sufficient to prevent attraction of the surfaces or particles into adhesive contact from

van der Waals forces'**®,

Early force measurements between mica surfaces across aqueous electrolyte solutions
by Pashley™ attributed the strong measured monotonic repulsion to be due to adsorption
of hydrated ions to the mica surfaces. The repulsive force corresponds to the work done
to transfer water molecules from hydrated ions into the bulk liquid, with considerable
energy required to de-hydrate the cations bound to the surface. Subsequent careful
measurements found the force to in fact be oscillatory for separations <1.5 nm*®*’
which was attributed to water layering. However more recent high resolution
measurements have shown that the oscillatory forces measured for aqueous salt

solutions can in fact have periodicities closer to hydrated-ion layering™®™°.
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1.1.5 Hydrophobic Forces

Hydrophobic forces may be interpreted as nanoscale manifestations of the hydrophobic
effect, where hydrophobic solutes such as hydrocarbons and fluorocarbons tend to
aggregate in aqueous solutions in order to minimise contact with water. An example of
this is oil and water forming two distinct macroscopic phases even after thorough
mixing. If amphiphiles — which contain both hydrophilic and hydrophobic parts in the
same molecule — are added to water they can form microscopic stable structures to
segregate the non-polar parts of the molecules away from water. Such self-assembled
aggregates of different shapes can include micelles, vesicles and bilayers, in which the
hydrophilic parts of the molecules are exposed to water” ?°. Hydrophobicity manifests
differently depending on whether small molecules or large clusters are involved?; the
self-assembly process is driven by the difference between the entropically-dominated
solvation free energy for small hydrophobic molecules and the enthalpically-dominated

solvation free energy of an extended hydrophobic surface.
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Figure 2

Examples of possible self-assembled structures of amphiphiles in aqueous media
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If two extended surfaces are hydrophobic, they can experience an attraction much
greater than that expected simply from van der Waals forces. Force measurements
attempting to measure the range and magnitude of this hydrophobic force vary hugely
and seem to depend on the particular hydrophobic surface used and its measurement
method???. Surfaces rendered hydrophobic by deposition of a surfactant monolayer can
show a long range exponential attraction, although this could be explained by instability
of the surface under water with patches of monolayer overturning to form bilayer
regions, exposing the hydrophilic moieties and even areas of bare mica. Such
heterogeneous surfaces could experience attraction due to the interaction asymmetry
between equally and oppositely charged surfaces®*. Other complications can arise due to
surface nanobubbles present which are surprisingly stable, difficult to detect, and also

cause long-range attractive forces obscuring any real hydrophobic force?>?%.

The most stable hydrophobic surfaces show only a short range attraction, although even
after several decades of measurements a clear understanding is still lacking. It is
however clear that any true and intrinsic hydrophobic force should be very short range
given that it must be determined by the orientation of water molecules closest to the
surface, with the loss of water’s hydrogen bonding network at a non-polar surface
resulting in attraction between the surfaces at small separations. Indeed, very short-
ranged attractive forces have recently been measured between pure, inert, hydrophobic

oil droplets (a few microlitres) across water prior to coalescence?®.

1.2 Techniques For Measuring Surface Forces

1.2.1 Surface Force Apparatus/Balance (SFA/SFB)

Since its invention in the 1970s, the Surface Force Apparatus (SFA) has been used to

directly measure forces between molecularly smooth surfaces as a function of
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separation across air and in liquid media with high resolution. The work conducted in
this thesis was carried out using a version of the apparatus — the Surface Force Balance
(SFB) - modified by Jacob Klein to enable measurement of lateral forces between the
surfaces with ultra-sensitive resolution®®. Since the results shown in the present work
are exclusively surface force measurements, the technique is described separately with

much greater detail in Chapter 3.

1.2.2 Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) was developed by Binnig, Quate and Gerber® in
1986, shortly after the first scanning tunnelling microscope (STM)3 experiments. These
powerful microscopes use atomically sharp tips to resolve features on surfaces at the
atomic scale. In particular, the use of AFM allows imaging of insulating surfaces and of

soft matter, whereas STM must operate with a conductive surface.

Photodetector

Cantilever
spring

PZT Scanner

Figure 3
Schematic showing the basic principles of an AFM

The AFM setup consists of a tip made of Si or SizN, mounted on the end of flexible
cantilever. A laser is reflected off the back of the cantilever and detected using a
quadrant photodetector, and any deflection of the cantilever due to forces between the
tip and sample is measured with Angstrom resolution. Gluing a colloidal particle to a

tip-less cantilever also allows measurement of colloidal forces between a colloidal
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probe and a surface in sphere-plane geometry. Measurements can be made in air or
under a liquid environment. Contamination is often less under liquid, and capillary

forces are eliminated which allows better imaging of soft materials.

The AFM can be used in contact mode, where the cantilever is ‘dragged’ along the
surface and its deflection is used to determine topography directly. More commonly, a
feedback loop is used to keep the cantilever at a fixed height above the surface. In non-
contact modes, the amplitude or frequency of an oscillating cantilever is used as a
feedback mechanism and the tip does not contact the sample surface. Intermittent

contact — known as tapping mode — can also be used.

1.2.3 Computer Simulations

Measurement of surface forces provides direct experimental evidence on the behaviour
of liquids confined to thin films, but there are limitations regarding lengthscales,
timescales and specific surface chemistries. Theoretical approaches can provide

additional molecular insights.

Numerous studies based on molecular dynamics simulations**>®, density functional

36-37 38-39

theory and theoretical methods were used to study the interfacial liquid density
profile for Lennard-Jones fluids, showing an oscillatory nature due to liquid structure at
the solid interface. Later investigations focussed on the effect of molecular shape*® and

#1-42 on the structure of the molecular films. Real liquid molecules are

surface roughness
often non-spherical and interact via anisotropic orientation-dependent potentials both
with each other and with the surfaces. As a result the oscillations can in some situations

be ‘softer’ and more sinusoidal.
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1.3 Single Asperity Contact Mechanics

1.3.1 Derjaguin Approximation

The measured force law, F(D), from the crossed-cylinder arrangement of surfaces in the
SFA/SFB can be directly related to the interaction free energy per unit area, W(D),

between two flat surfaces through the Derjaguin Approximation’:
F(D)curved = 271'RVV(D)p1anar

In this equation, R is the radius of curvature for the crossed cylinders. This
approximation is valid for any type of force (attractive, repulsive or oscillatory) as long
as the separation distance is much smaller than the radius of curvature. In the apparatus
used, R is typically ~1 cm, and the separation distance for the forces of interest is
typically less than a few hundred nanometers, rendering the approximation valid.
Usefully, it relates the force measured between crossed cylinders with theory for the
interaction energy between parallel plates. It also provides a normalisation method
allowing comparison of data from different contact spots and between different

experiments using surfaces with different curvature.

1.3.2 Adhesion Mechanics

Surfaces are said to adhere when energy is required to separate them. The attractive
forces between them may be caused by one or several types of intermolecular force.
Real surfaces are however not completely rigid, and can deform elastically under the

influence of an external load or due to an attractive adhesive force.
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Elastically Deformable
Rigid Sphere Elastically Deformable Sphere (JKR)

Sphere (Hertz)

Figure 4

Schematic representations of contact mechanics models for a single asperity. For the
Hertz model, the contact radius increases as the surfaces deform elastically. In the JKR
model a neck forms between the surfaces upon retraction, such that there is a finite

contact area even at zero and negative loads.

The first model was derived by Hertz*}, which shows that in the absence of adhesion,
the contact area increases with load, L, as L?”. In this model the contact radius between

two elastic spheres is equal to zero when there is no external force.

Johnson, Kendall and Roberts** later took into account cases where attractive surface
forces are present between surfaces, and developed what is known as JKR theory. The
dependence of contact radius, r, on the external load, L, between two spheres of

curvature, R, bulk elastic modulus, K, and surface energy, y, is given as:

1/3

R
r= (E [L + 6mRy + /12nRyL + (67TRV)2])

JKR theory is applicable for large, deformable surfaces with high surface energy. DMT

Theory® (proposed by Derjaguin, Miiller and Toporov) also takes into account the
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adhesive forces outside the contact region but better describes small and hard surfaces

with low surface energy.

INTRODUCTION




INTRODUCTION




2 ACCOUNT OF PUBLISHED WORK

2.1 Surface Forces Across Liquids

2.1.1 Non-polar Liquids

The simplest systems investigated using the surface force apparatus involve the
measurement of forces between smooth mica surfaces in non-polar organic liquids.
Horn and Israelachvili'® chose octamethylcyclotetrasiloxane (OMCTS) as an initial
starting point for investigating possible structural effects due to its spherical shape and
relatively large size; larger molecules would allow single-molecule resolution with the
0.2-0.3 nm resolution of the instrument. The molecules are approximately spherical in

shape and of diameter ~ 0.9 nm.

There is some slight variability of force magnitudes from one experiment to the other
but provided there is no contamination, the normal forces always oscillate between
distinct maxima and minima for very small surface separations. Figure 5 shows
measurements of these oscillatory forces, alternating between attraction and repulsion.
The magnitudes of the forces increase exponentially as the surfaces approach each
other, as shown by the peak-to-peak amplitudes, until a final steep drop into an
attractive well when the mica comes into contact. The peak-to-peak amplitudes show a
roughly exponential decay with distance, until the oscillatory force merges with the

continuum (non-oscillatory) van der Waals force.
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Figure 5
Experimental results of normalised force, F/R, as a function of separation, D, for two
curved mica surfaces (of radius R =1.65 cm) in OMCTS at 22°C.*°

The nature of these structural forces is due to changes in the ordering of the molecules
as they are squeezed out, with a periodicity equal to the mean molecular diameter of
OMCTS. It is more energetically favourable to have an integral number of molecules
confined between the mica and energetically unfavourable for the mica to be at
intermediate separations. This explains why the energy, and hence the force, oscillates
as a function of distance. The range of measurable forces corresponds to about ten
molecular diameters. Interestingly, the first four or five layers have a slightly smaller
periodicity than at larger separations where it remains unchanged. This is most likely
due to the molecules at the surface lying with the short axis perpendicular to the surface,

but another possibility is that the molecules simply pack more efficiently near a surface.

It is important to note the regions inaccessible to measurement (represented by dashed

lines as a guide to the eye in Figure 5) in the force curves, where the force gradient
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exceeds the spring constant. As a result the surfaces are brought towards each other to
an unstable region they jump to the next stable region. Similarly there are large jumps
outwards from the force minima as the surfaces are brought away from each other. The
arrows pointing to the left and right from the maxima and minima show the inward and

outward jumps that occur as the number of molecular layers changes.

The effect of foreign molecules is to disrupt the layering and packing, hence it is
important that the liquids are carefully distilled and thoroughly dried. It has been shown
that as water activity is increased, there is a reduction in the magnitudes of the structural
forces*®. In addition to this the innermost oscillations tend to become experimentally
inaccessible when water is present. This is due to a sudden attraction which replaces the
solvation force. At contact there is often much greater adhesion, reflecting the presence

of condensed water at the surfaces.

Amplitudes of structural forces were also found to be reduced when making
measurements for a binary mixture of non-polar liquids*’. At equimolar concentrations
of cyclohexane and OMCTS, there is less structure than for either of the pure liquids.
The addition of some fraction of smaller molecules tends to reduce packing efficiency at
separations equal to the number of layers of larger molecules, but it facilitates packing
at intermediate separations. As a result it is not surprising that the amplitudes of the
forces decrease, given that there is a reduction in the magnitude of the free energy at

both the maxima and minima.

The general conclusions of Horn and Israelachvili'® are strongly supported by
subsequent work®® by Christenson et al. studying other non-polar liquids. The
experiments were repeated using cyclohexane, benzene and n-octane, and the force was
again found to be an oscillatory function of distance. The authors note that the heights
of the innermost repulsive barriers are most likely overestimated. This can be attributed

to the fact that large repulsions close to contact can elastically deform the glue
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underneath the mica, and the resulting flattening of the surfaces makes it difficult to
squeeze out the last layer or two of confined molecules. While with experiments using
OMCTS™ the authors concluded that when confined to only a few layers the molecules
lie with their short axis perpendicular to the surface, the results for cyclohexane do not
indicate a change in periodicity of oscillations. This is perhaps surprising given that
cyclohexane molecules are also oblate. The authors speculate on possible reorientations

or rearrangements in the packing structure without removing a whole layer.

Although it was found that these solvation forces are not strongly temperature
dependent, the presence of even trace amounts of water has a dramatic effect; the
adsorption of water onto the surfaces disrupts the packing and generally shifts the force
curve to lower, more attractive energies. A drying agent such as P,Os should be placed

in the apparatus chamber to keep the atmosphere as dry as possible.

When liquids are confined to narrow gaps, new dynamic behaviour emerges which
differs greatly to that of bulk liquids. While macroscopically thick films exhibit fluid
behaviour, decreasing the gap to molecularly thin films results in a transition to solid-
like behaviour®® “**°. This liquid to solid phase transition is reversible and occurs due to
confinement alone. Figure 6 shows direct recordings of the relative lateral displacement
of one mica surface with respect to the other over time. The liquid used was OMCTS,
and trace (a) shows the characteristic vibrational noise at large separation (1160

Angstroms) of the spring. The same random vibrations persist to ~62 A, shown in trace

(b).
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Figure 6
Shear traces for mica surfaces immersed in OMCTS with no applied lateral motion at

three different separations®

Upon further reduction of the mica separation to ~54 Angstroms, the vibrations cease
abruptly, shown in trace (c). During this transition the film thickness has been reduced
from seven to six molecular layers, and is now able to resist the random shear motion
induced by ambient noise; a fundamental signature of a solid. The exact separation
where this transition occurs depends on the particular liquid used and its water content,
and may also depend on the ambient noise itself. A likely scenario is for the transition to

be observed at a very slightly larger separation if the noise is especially low.

Similar results are observed with different non-polar molecules and even linear alkanes,
which further suggests that the phase transition is due to confinement and packing
alone, and does not depend on any coincidental commensurability that may occur

between the confined liquid structure and the mica lattice®".

The shear force can be directly measured by applying a controlled voltage to the
piezoelectric tube, such that one surface moves laterally relative to the other. As seen in
Figure 7, there is an initial elastic regime where the shear stress rises to a yield point,
followed by a region where the two surfaces slide past each other. The variation of shear

stress with sliding velocity is very different in liquids or solids, so it is interesting to
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look at this variation in confined films following this liquid to solid phase transition.
Given that such a huge increase in shearing velocity, as shown in the different traces,
makes such little change to the magnitude of the shear response, the shear stress must be
only very weakly dependent on the shear velocity. For a liquid one would expect a
relationship between the shear stress and shear velocity, so this further reinforces that
the observed behaviour is more like that of a ductile solid confined between the
surfaces. The presence of a ‘yield point’ itself is indicative of a solid-like film, whereas
a liquid by comparison shears immediately with infinitesimal stress. The solid-like
response is also not induced by shear itself, since it does not degrade with time even

after the motion has stopped.
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Figure 7
Traces of the back and forth motion applied to the upper mica surface as it slides across
the lower surface, together with their corresponding shear forces at three different

shearing velocities, across a film of n = 6 OMCTS monolayers®

However Granick®® showed that the effective viscosities decay with shear rate when
dodecane is immersed between mica surfaces. It was found that the rate of the shear
thinning follows an empirical power law, but varies depending on the thickness of the

film. Yoshizawa® found that at low shearing rates, chain-type molecules produce low
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friction forces because the molecules have enough time to rearrange and disentangle

themselves. This would explain the higher friction forces observed at higher speeds.

A solid-like thin film is capable of sustaining a maximum shear force before yielding,
and this is the frictional force opposing the sliding. When such solid-like thin films are
sheared under moderate stress, a characteristic stick-slip behaviour is observed®*>,
where as long as the shear force applied is low enough, the two surfaces are coupled
together. This is the ‘stick’ part of the stick-slip process. During this ‘stick’, the shear
force increases due to the surface moving laterally and bending the shear springs. A
critical point is reached where the surfaces slide across each other, the ‘slip’ part of the
stick-slip process. At the end of the slip, the film solidifies and this stick-slip cycle

repeats itself as long as the surfaces are still moving laterally relative to each other.
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Figure 8
Traces of the back and forth motion applied to the upper mica surface, together with the
corresponding shear responses for different shear velocities and normal loads showing

stick-slip motion®

This stick-slip behaviour has been investigated as a function of shear velocity®® for
different film thicknesses. The variation of shear stress required to slide the surfaces is

predominantly independent of shear velocity, and the stick-slip behaviour persists over a
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wide range of shear velocities. Shear traces for the film at much lower film
compressions also show stick-slip behaviour. The exact mechanism of this behaviour is
not very well understood>>>°, however some studies suggest that in order for stick-slip
to occur there must be some geometric compatibility between the shape of the liquid
molecules and the structure of the confining walls®”. It is also unclear whether the
molecules behave like a liquid or a plastically deforming solid via dislocations or

disclinations during this motion.

Measurements of solvation forces between mica with even-numbered alkanes from
hexane to hexadecane show that the spacing between repulsive walls does not increase
with carbon number®, The periodicity of the oscillations of ~0.5 nm is instead related to
the width of the linear alkane molecules, implying that the molecules orientate
themselves with their long axis parallel to the surface. The next molecule away from the
mica will also tend to lie in the same direction, but this likelihood decreases as the
distance from the mica surface increases. This picture is consistent with earlier
thermodynamic measurements of the adsorption of ordered alkane monolayers onto
graphite® and NiCl, surfaces®. However, the chain-like molecules need not lie rigidly,
and it is extremely likely that different segments of the longer molecules may occupy

different layers in the confined film.

Such interdigitations in confined films of chain molecules are a significant source of
friction®’. The first layer of molecules is adsorbed to the mica surface and tends to move
laterally with it. The molecules with segments in different layers resist the ‘ironing-out’
caused by the shearing and these entanglements are thought to generate friction. The
friction force is generally low for slow shear velocities, since the molecules have
enough time to rearrange by thermal fluctuations and diffusion. Consequently higher

shear velocities cause an increase in the friction force.
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Figure 9

A schematic view of interfacial films under a compressive pressure between two solid
crystalline surfaces, composed of: (A) spherical molecules such as OMCTS; (B)
spherical molecules that are not free to adjust their dimensions; and (C) chain

molecules®

The critical velocity at which stick-slip disappears to give way to smooth sliding is
affected by load, and affects molecules differently according to their shape. If the two
surfaces are free to move so as to attain the lowest energy states, they will adjust their
dimensions such that trapped spherical molecules become epitaxially ordered into a
solid-like film. In this case the two lattices shift to accommodate the molecules in the

most commensurate way.

On the contrary, if the solid surfaces are not free to equilibrate the structure would be
disordered. This is the case for the rigid walls of capillaries. If the confined molecules
are chain-like, they are less likely to become commensurate with the lattices even if the
surfaces are free to adjust their position. This explains why load increases the critical
velocity for spherical molecules such as OMCTS but decreases it for chain-like
molecules. For this reason chain-like molecules make better lubricants than simple

isotropic liquids.

There has been much debate in the literature amongst experimentalists about the nature

of solidification in confined liquids®*®

, with some studies simply showing a gradual
viscosity increase as the film thickness decreases and so contradicting the liquid-solid

phase transition. It was thought that platinum nanoparticles from the surface preparation
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procedure were causing contamination, and experiments investigating the structure of
confined branched alkanes have also been controversial®®’ for similar reasons. It has
been shown using different surface preparation methods that the effect of such platinum
nanoparticles (if present) can be ruled out as a source of the discrepancies®. Even with
the increased fidelity and rigour of more recent computer simulations over the past
decade®, their conclusions remain the same and agree with a many-order-of-magnitude
increase in viscosity for a certain number of confined non-polar molecules,

demonstrating the existence of phase transitions induced by confinement.

2.1.2 Double Layer in Polar Liquids and Electrolyte Solutions

A surface can become charged by ionization or dissociation of surface groups, such as
proton dissociation from surface carboxylic acid groups to leave behind a negatively
charged surface. Previously uncharged surfaces may also adsorb or bind ions from
solution, making them charged. One of the earliest and simplest double layer models
was proposed by Helmholtz’®, who envisaged that the excess charge on the surface
would be neutralized by an adjacent monolayer of counterions. This simplistic concept
of two layers of opposite charge is the origin of the term ‘double layer’, but nowadays it

is still the general term for the interfacial structure.

Gouy'* and Chapman’? independently proposed a diffuse double layer model where the
ions are free to move and subject to thermal motion. The concentration of ions is
greatest next to the surface and progressively decreases with distance to that of the
homogeneous bulk ionic concentration. However this theory neglects the finite size of
the ions, and Stern’s model addresses this by combining both the Helmholtz and Gouy-
Chapman models. More recent approaches consider two possible planes of closest
approach: one for specifically adsorbed ions and one for other non-specifically adsorbed

ions. Grahame refined Stern’s model by considering the adsorbed layer to be composed
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either of solvated ions (such as small positive ions) or unsolvated ions (such as large
negative ions). The distance from the surface to the centre of the unsolvated or solvated
ions is different, and these are called the outer Helmholtz plane (OHP) and inner
Helmholtz plane (IHP) respectively. This interface structure is of great importance to

electrode kinetics since this is where electron transfer takes place.
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Figure 10
Models of the electrical double layer: (a) the Helmholtz model, (b) the Gouy-Chapman
model, and (c) the Stern model”®

When two surfaces approach each other, the diffuse parts of their double layers start to
overlap, resulting in a measured repulsive force for surfaces of the same charge. This
force can be understood in terms of the osmotic pressure which arises due to differences
in ion concentration in the region between the surfaces compared to the bulk electrolyte.
The earliest force measurements between mica surfaces across aqueous electrolyte
solutions show excellent agreement with DLVO theory™>*. At large separations there is
a repulsive double-layer force, the magnitude and range of which is dependent on the
surface potential, o, and electrolyte concentration, c, respectively through the

following expression:
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FDL/R = 1287TkBTCK_1 tanzh(

Where the Debye screening length, «, relies on the dielectric constant of the solvent, ¢,

as follows:

A small attractive jump between the surfaces is observed for very small separations due
to the van der Waals forces dominating at short range (for higher concentrations this
attraction is not observed due to repulsive hydration forces) depending on the Hamaker

constant, Ay, for the system:
Fyaw/R = —Ay/6D?

However experiments with other non-aqueous polar liquids show marked differences
compared to water’*"®. While the measured long range repulsive forces are again in
excellent agreement with DLVO theory, at short separations the force is oscillatory as a
function of separation, even for very dilute concentrations. These short range forces are
insensitive to electrolyte concentration, and like for non-polar liquids, the oscillation
distances correspond to solidification and layering of the liquid molecules. The
oscillatory structural forces appear to be superimposed on the background double layer
force and as a consequence, some of the measured force minima occur at positive

normal forces.

Water appears to be the only liquid where an attractive van der Waals force is measured
to contact at low enough salt concentrations making any structural forces (if present)
inaccessible to measurement. In fact, the measured attraction between surfaces across
water for close surface separations instead of oscillatory structural forces must be

77-79

related to water’s ability to remain fluid-like in confinement' ™", most likely due to
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suppression of its highly directional hydrogen-bonded networks. This result is highly
susceptible to contamination, which may act to solidify a nano-confined film of pure
water. Molecular dynamics simulations®® have also shown generally that materials

with such expansive freezing properties are expected to have good boundary lubrication

properties.
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Figure 11

Shear forces between mica surfaces across pure water during approach to contact: (A)
the noise in Fs arising from ambient vibrations as the surfaces jump into contact under
thermal drift, (B and C) the shear force Fs transmitted across the film during a back-

and-forth lateral motion, showing no shear response during the jump to contact’’

Measurements of shear forces between mica surfaces across ultrathin films of salt-free

77-78

water reveal that no shear stress is sustained (within the sensitivity of the
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instrument) right down to sub-nanometer film thicknesses during the attractive jump
itself. With consideration of the time taken for this jump and the geometry of the
confining surfaces, the effective shear viscosity is estimated to be within a factor of

about 3 (in either direction) of that for bulk water.

While the hydration layers surrounding ions can be strongly attached and difficult to
remove, at the same time they are able to relax very rapidly under shear. This
mechanism, which has been termed ‘hydration lubrication’,**® provides incredibly low
friction at high normal loads between surfaces across trapped hydrated layers and has

84-85

also been found to apply to sliding between surfactant monolayers and charged

86-88

polymer brushes™™" in aqueous media.

2.2 Surfactants as Friction Modifiers in Engine Oil
Additives

By interposing a liquid lubricant between surfaces, friction and wear of surfaces moving
relative to each other in close proximity can be reduced. Nearly all motor oils have an
additive package, carefully balanced with different types of functional molecules used
to improve the performance of the 0il®. Anti-wear additives generate a protective film,
protecting metal parts and hence reducing wear and scuffing. Detergents and dispersants
are also commonly included to protect mechanical components and maintain the life of

the oil by dispersing impurities and contaminants.

Almost a quarter of energy generated in an engine by burning fuel is lost through
friction®. Friction modifiers are a particularly important additive to reduce boundary
friction at points where surfaces contact each other. They are generally amphiphilic

molecules which are attracted to surfaces through strong adsorption forces, with the
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polar headgroup anchored to the surface and the hydrocarbon tail left solubilized in the
oil. These layers are difficult to remove but easy to shear, reducing frictional heat, start-
up torque and noise in engines. Common organic friction modifiers include long chain
fatty amides such as oleylamide, and partial esters such as glycerol mono-oleate. Other
additives in the oil such as detergents and dispersants may have an affinity for the

surface and compete with friction modifiers, potentially increasing friction.

In order to develop new and improved lubricant formulations with better efficiency, it is
necessary to gain a fundamental understanding at a molecular level of what mechanisms
are taking place at the solid/liquid boundary. Simple model system experiments have
involved surfactants of different headgroup chemistries dissolved in alkanes at different

992 Even a very small amount of friction modifier as an additive

concentrations
removes the well established oscillatory force normally observed for confined linear
alkanes. The repulsive hard wall for the surfactant solutions also corresponds to a
thicker film than for the pure solvent, implying the adsorbed surfactant molecules lie

perpendicular to the surface forming upright monolayers.
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Figure 12
Force profile for 0.1 wt% hexadecylamine dissolved in tetradecane. Also shown as a

dashed line is the expected force law for pure tetradecane®
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The frictional properties appear to be a result of the adsorbed layers exposing the
hydrocarbon chains rather than the particular type or chemistry of the surfactant
headgroup. This result is consistent with the accepted mechanisms of boundary
lubrication involving sliding at the interface between alkyl chains for non-aqueous
media and not necessarily involving shear of the monolayers at the surfactant

headgroup/solid interface.

More recent molecular dynamics simulations show semi-ordered monolayers

perpendicular to the surface®®*

, In line with the interpretations from surface force
measurements. By interpretation of the density profiles over a wide range of normal
pressures, the monolayer structures were observed to remain largely unchanged, with
changes in volume occurring in the gap between monolayers or between the monolayers

and trapped liquid molecules.

(a) Stearic acid (static) (b) Oleic acid (static) (d) Stearic acid (v =10 m/s)

Figure 13
(@) and (b) Simulation snapshots of the stearic and oleic acid films at high coverage; (c)
and (d) Stearic acid films of different surface coverages while sliding, with solvent

molecules not shown®*

The presence of a double bond in the alkyl chain of the friction modifier seems to affect
both the structure of the adsorbed monolayer and the resulting friction. At low surface

coverages in a squalane solvent, simulations show that the solvent appears to penetrate
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further into stearic acid films than it does for oleic acid films®. The stearic acid film is
more diffuse and the oleic acid film forms a more compact film that admits less solvent
penetration. This is quite unexpected, given that in the bulk, unsaturated molecules
usually pack less well in the solid phase which leads to a reduction in their melting
point compared to their saturated analogues. However at higher surface coverages the
monolayers are very similar. The surfactant film thicknesses do not change significantly
under the application of shear, despite significant tilt of the molecules while sliding.
This is because the molecules also elongate and the two effects cancel each other out,

leading to the film thickness generally being insensitive to shear.

Surface force experiments with analogous fatty acids dissolved in hexadecane show a
slightly lower friction coefficient for stearic acid compared to oleic acid®. At the
macroscale with steel surfaces, it has been shown that in the boundary lubrication
regime the friction coefficient increases with sliding velocity for stearic and elaidic acid,
while it remains constant for oleic acid®. This suggests that the increase of friction with
sliding speed originates from its ability to form close-packed layers, an idea put forward
in early work”’. As the surface coverage decreases, more solvent penetrates into the film
and this increased order and structure gives rise to an increase in friction with sliding
speed. This is a key requirement in preventing stick-slip friction which leads to noise

and shudder as well as possible wear of the surfaces.

2.4 lonic Liquids in Confinement: From Specialist
Lubricants to Novel Electrolytes

lonic liquids are salts which are liquid under ambient conditions, and are composed
entirely of cations and anions. Their history began with the discovery of

ethylammonium nitrate, whose melting temperature (12 °C) is extraordinarily low
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compared to that of a common salt such as sodium chloride (801 °C). lonic liquids
commonly consist of large molecular ions, which are often asymmetric in shape and
with delocalized charge, all of which generally hinder crystallisation into an ionic
solid. The cations are often amphiphilic: only part of the ion structure holds the
charge whilst another part (or parts) of the ion is uncharged. This asymmetry results
in more complex interactions than when compared with high temperature molten
salts; certain preferred orientations of an ion relative to its neighbours cause meso-
structure and order in the liquid, both in the bulk and at interfaces®'%. This
complexity introduced by multiple and directional interactions — such as
electrostatics, van der Waals, dipole interactions and hydrogen bonding — means that
subtle changes in the environment can lead to dramatic switches in the preferred ion

ordering in the liquid.

The mesostructure in ionic liquids is in some ways akin to the self-assembly
observed for amphiphilic solutes in water, such as the aggregation of surfactants into
micelles or lipids into bilayers. There is, however, an important difference: ionic
liquids have the additional constraint that the whole of the volume of the liquid must
be taken up by the ions themselves, with no solvent to ‘fill the spaces’. The result
must be a balance between the optimised inter-ion interactions and the space-filling

requirement. %%

By varying the chemistry of the ions and alkyl chain substituents, liquid salts with low
melting temperatures, negligibly low vapour pressures and high thermal stability have
been synthesized. They have many applications in a variety of fields, including
heterogeneous catalysis, nanoparticle stabilisation and lubrication. In particular, their
high ionic conductivity and wide electrochemical window render them exciting
electrolytes for electrochemical applications such as in electrodeposition, batteries, solar
cells and supercapacitors. In almost all of these novel applications, the solid/liquid

interface plays a crucial role; hence an understanding of the structural arrangement and
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dynamic properties of ionic liquids at solid interfaces is necessary for their development

as electrolytes and would undoubtedly lead to significant progress.

X-ray reflectivity studies first revealed strong interfacial layering of ionic liquids at a
charged sapphire substrate’®, starting with a cation layer at the surface and decaying
exponentially into the bulk liquid. The charge density in the layers oscillates between
positive and negative with distance from the surface, attributed to strong correlations
between unscreened ions. This alternating cation-anion layering structure was later
found to also be the case for ionic liquids at a mica surface'®. However for uncharged
graphene, the layering consists of mixed cations and anions, highlighting the importance

of charge induced correlations on the ionic liquid nanostructure.
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(A) Electron density oscillations for cations and anions from x-ray reflectivity'®® of an
ionic liquid at a charged sapphire surface (B) Layering of an ionic liquid at a charged
mica surface as observed with an AFM tip'® (C) Layering of an ionic liquid confined
between charged mica surfaces'®
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The structure of ionic liquids at a variety of surfaces has also been studied with AFM*":
109112 “\with this setup, both positive and negative electrode potentials of different
magnitudes can be used to investigate how surface charge affects the layering of the
ions. A charge templating effect is again observed, where higher applied potentials lead
to more layers due to stronger electrostatic interactions. However, the shape of the tip is
hard to characterise, and hence magnitudes of forces are not particularly meaningful
when comparing different experiments. The contact area between the AFM tip and
surface is ~10° times smaller than that between two smooth surfaces in the surface force
apparatus, which produces reduced signal-to-noise ratios. In contrast to surface force
measurements, the absolute surface separation is not known throughout the experiment
and unless the tip is able to penetrate the last molecular layer and image the surface with
atomic resolution it is difficult to know exactly how many ion layers are confined due to
problems with thermal drift. With ionic liquids, imaging the substrate is very difficult
for charged surfaces since the first layer of ions is tenaciously held by electrostatic

interactions.

Early pioneering work on structural forces of confined room temperature ionic liquids
involved ethylammonium nitrate™. It is miscible with water in all proportions, hence
enabling the study of an electrolyte up to unusually high concentrations. At low
concentrations in water, the liquid behaves as a simple electrolyte and follows DLVO
theory. The surfaces are however prevented from coming into contact, due to a strong
repulsive barrier of cations adsorbing to the negatively charged mica surface and
forming a Stern layer. Increasing the concentration to 50% results in an additional layer
(containing both anions and cations) manifested as a second, weaker barrier at a slightly
larger separation. Increasing the concentration further results in pronounced oscillatory
forces with more layers being detected up to pure ethylammonium nitrate, where up to
nine layers are observed. The nature of these forces is very similar to that of non-polar

liquids, but here the layers being squeezed out must consist of equal numbers of cations
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and anions so that electroneutrality of the ionic liquid film and mica surfaces is

conserved.

In recent years, the theory of ionic liquid double layer structure has received
considerable interest'***'® from the electrochemical community, particularly since the
discovery of the moisture- and temperature-stable ionic liquids. Understanding the
charge and electric potential distribution, which is completely different to dilute
electrolyte solutions, is of course crucial for their performance as electrolytes in devices.

Much progress has been made in the theory, understanding and experimental

c=-8 uC/em’
A B Cathode Neutral Anode C K Ca tionL - 0 . 5

0.03

0025 |
002} |
0015 | &
oo1 }

0.005 |

0 10 20 30 40 50 80 70 80
z (A)

»
e’
"
"
r
r
L
"
"
’
"
L4
L
L

LR AR AR AR AR AL R

Z/nm

characterization of ionic liquids at flat electrodes, but this remains to be studied in

nanoconfinement.

Figure 15
(A) lonic densities for a molten salt-electrode interface at an applied potential of 1.63
V!4 (B) Cartoon and simulation snapshots representing the main structural changes of

117

an ionic liquid near an electrode upon charging™" (C) Electrostatic potential with an

underlying simulation snapshot for an ionic liquid represented as charged spheres equal

size®

While ionic liquids are expensive to manufacture in large quantities, of particular

interest is their use as specialist lubricants in high vacuum or extreme temperature
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conditions. With the ongoing miniaturisation of devices they are also prospective
lubricants for nano/microelectromechanical systems (NEMS/MEMS), where lubrication
must be achieved with ultra thin films, typically only a few molecular layers in
thickness. At such small length scales, surface forces dominate and it becomes critical

to understand molecular friction, adhesion and wear mechanisms at the nanoscale.

The shear properties of an ionic liquid, 1-ethyl-3-methylimidazolium ethylsulfate, have

108 "\with measurements of the shear

been characterised with surface force experiments
force at different mica separations as a function of normal force revealing low friction
coefficients. This was attributed to irregular ion structures, resulting in some lateral
disorder in the films and consequent absence of particular close packed alignments of
the ions within the layers. The strong coulombic interactions between the ions however
appear to play a role in maintaining a robust film under load while shearing. Similar
investigations, although less direct, on the shear properties of ionic liquids have also
been carried out using resonance shear measurements'?’. Although the effective
viscosity of the ionic liquids studied under confinement was 1-3 orders of magnitude
higher than that for their bulk equivalents, this was still low when compared to
viscosities at the glass transition. This too suggests that the confined molecules maintain

mobility, even though they are in a solid-like ordered arrangement in the direction

normal to the surface.

While ionic liquids confined between charged surfaces such as mica, silica and metal
electrodes exhibit pronounced layering, enhanced viscosity and eventually solid-like
behaviour, this is not the case for methyl-terminated surfaces*?. In the case of bare

mica108,122

, an ion exchange process takes place where potassium ions initially present
on the freshly cleaved mica surface are replaced by ionic liquid cations. This leads to a
cation monolayer bound to each mica surface, playing a pivotal role in determining the

121

near surface structure. With neutral, methyl-terminated surfaces™, the absence of an

adsorbed cation monolayer on the surface appears to hinder layering. The presence of
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pronounced layering of non-polar OMCTS molecules confined between the same
methyl-terminated surfaces alludes to the conclusion that inhomogeneities or possible
surface roughness is not playing a role here. Instead, the absence of layering is related to

interactions between ions and the surface as has been well described in the literature.

With charged surfaces, the strong ion layering in the direction normal to the surface
induces dynamical slowdown and increased viscosity under confinement, as is the case
for non-polar liquids. Somewhat surprisingly, the absence of pronounced molecular
layering in the ionic liquid confined between methyl-terminated surfaces appears to
result in the film retaining its bulk-like transport properties even for small surface

separations.
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3 EXPERIMENTAL METHOD

3.1 The Surface Force Balance

The work in this thesis primarily involves experimental measurements of normal and
shear forces using a Surface Force Balance (SFB). The SFB is a high resolution force
measuring instrument employing macroscopic surfaces in crossed cylinder
configuration. In this chapter the experimental details of the SFB technique are

discussed.

3.2 Mica Surface Preparation

The most commonly used substrate for surface force measurements is muscovite mica.

d'?, graphene'?® and even a liquid

Alternative substrates such as sapphire’?, silica'®* gol
mercury droplet'?” have also been implemented. Mica is however ideally suited because
it is transparent, inert, and can be easily cleaved to give relatively large atomically

smooth sheets (< 1 A roughness) down to one micrometre in thickness.

Contamination of mica is often a problem*?®, and preparing surfaces that are truly clean
is not easy. Mica is a high-energy surface that readily adsorbs water and organic
contaminants. It can also become charged on cleaving, making it prone to picking up
oppositely charged particles or flakes of mica. Hence all surface preparation is carried
out in a laminar flow hood to minimise particulate contamination, and freshly cleaved
mica surfaces to be used in experiments are exposed to air for as little time as possible.
All glassware is cleaned with piranha solution (a mixture of concentrated sulfuric acid

and hydrogen peroxide in a 3:1 ratio), a strong oxidiser, to clean off organic residues.
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Stainless steel parts and tools are passivated in nitric acid before rinsing and sonicating

in ultrapure water (18.2 MQ cm resistivity, <3 ppb TOC), toluene and absolute ethanol.

Single-facet mica pieces of ~1-3 micrometers in thickness are cut away using a hot
platinum wire. Although this may cause platinum nanoparticles and solidified droplets
of molten mica, characterisation by AFM has shown that their abundance can be
significantly reduced by using thinner platinum wire at lower temperatures'?®. Larger
pieces of cut mica are also preferable so that the contact region in the middle of the
piece is far from any edge which has been melt-cut using platinum, when mounted in
the apparatus'®. It has been shown that identical normal and shear forces are obtained
across a variety of liquids using mica which is torn off (and hence guaranteed to be free
of nanoparticles) and that which is melt cut with careful consideration of laminar air

flow, within experimental scatter®.

Figure 16
Mica cleaved to thin sheets (~1 um), atomically smooth and free of steps over large
areas, typically several cm? (left) and mica pieces adhered to a larger mica base sheet

with evaporation of a semi-reflecting silver mirror (right)

Once cut away the mica pieces are adhered to a freshly cleaved base sheet of mica, with
pieces from the same facet aligned according to their crystallographic orientation. The
surfaces on the base sheet are then silvered on their back side by deposition of a thin

film (40-65 nm) of silver at a base pressure of ~10"® mbar. The silver deposition rate is
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controlled by the current supply to the heater and a mechanical shutter, with a quartz-
crystal microbalance used to monitor the film thickness. A relatively low deposition rate
of ~0.3 As™ is used to ensure a smooth and homogenous film. Subsequently the
samples are stored under vacuum in a dessicator until required, no longer than a few

months.

Once peeled off with tweezers, they are glued silver side down onto cylindrical lenses,
such that the clean mica surfaces face upwards. The glue is chosen to be insoluble in
the liquid to be studied*®**2, The lenses are then mounted in the apparatus with their
axes crossed in a crossed-cylinder configuration, resulting in the surfaces meeting at a

particular contact spot.

Figure 17
Photograph of back-silvered mica pieces glued to cylindrical lenses (left), and when

mounted in the inner section of the apparatus in a crossed-cylinder configuration (right)

The liquid of interest is typically injected with a clean syringe to form a droplet between
the surfaces, though for liquids with higher volatility the lower lens holder can be filled
with liquid. The crossed-cylinder arrangement of the surfaces is advantageous since it
avoids edge effects and the difficulty of parallel alignment associated with two flat

surfaces.
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3.3 Liquid and Solution Preparation

Dry solvents were either used from freshly opened bottles (Sigma-Aldrich, anhydrous,
>99%) or filtered (0.2 um) after being stored over molecular sieves (3A pore size) for
several days. Molecular sieves were pre-dried at 250 °C for 24 hours immediately
before use. Such a procedure reliably provides dry solvents with residual moisture in the

sub-30 ppm range™®.

lonic liquids used in the work described here were synthesized using modifications of
existing literature procedures™®*** in the groups of Prof. Tom Welton (Imperial College
London) and Prof. Peter Licence (University of Nottingham). Due to their negligible
vapour pressure they can be dried in vacuo (10 mbar, 70°C), with Karl Fischer titration
showing water levels below 50 ppm. However, the injection process between the
surfaces in the apparatus is likely to introduce a small amount of water resulting in a

final estimated water content below 200 ppm.

3.4 Determination of Surface Separation: Multiple-Beam
Interferometry

The thin semi-reflecting silver layer on the back side of each mica surface serves as an
optical interferometer, where collimated white light impinging normal to the surfaces
passes through. Multiple reflection occurs between the two silver layers, and the
emerging beam is focused into the slit of a grating spectrometer. Constructive
interference at certain wavelengths leads to observable multiple beam interference
fringes called ‘fringes of equal chromatic order’, FECO. These fringes are observed as a

series of curved bright lines in the spectrogram.
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When the surfaces are separated by air (or liquid), the region of closest approach has a
fringe pattern consisting of a series of arcs arising from the crossed-cylinder geometry.
As the surface separation is decreased, the fringes move to shorter wavelengths, and are
further apart from each other in wavelength space when viewed through the grating
spectrometer. The fringe wavelengths can be inferred by comparison with the known
wavelengths of the spectral lines of mercury. Upon adhesive mica-mica contact,
flattening of the fringes is observed due to elastic deformation of the glue underneath
the silver mirrors. This flattening corresponds to the circular contact, and is typically

20-50 micrometres in diameter in air depending on the amount and type of glue used.

When the two pieces of mica are of equal thickness separated by a medium of thickness

D, a general equation for a symmetrical three layer interferometer (of which each layer
has its refractive index, uayer) can be used*®:
2psin @
medium D) = _2 )
(1+4a%)cosO £ (p°—1)

tan(ku

where (i is the quotient: = _Mﬂmica
medium

and 6 is the function: 0 = "’Ti’ln

with the fringe order, n, given by: n =" ’1”—1/1
n-1-/n

This means the separation of the surfaces can be determined by comparing the
difference of the FECO wavelengths when the surfaces are in contact in dry air (using
two particular adjacent fringes of wavelength 1, and 1,.1) and when there is a medium of
thickness D between the surfaces. Since a crossed-cylinder configuration is used, the

fringes are parabolic in shape, and the local (average) radius of the interacting surfaces
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can be directly measured. The geometry of this configuration near the region of closest

approach is equivalent to that of a sphere approaching a flat surface.
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Figure 18

FECO patterns produced by two mica surfaces (each of thickness 1.7 um) in a crossed
cylinder configuration, photographed directly from the spectrometer. Doublets are
visible on each fringe due to the birefringence of mica. Flattened fringes (above) are
observed when the mica surfaces are in adhesive contact. Curved fringes (below) with
some very small flattening are seen when the same mica surfaces are separated by 2.5
nm of OMCTS, corresponding to 3 confined molecular layers of the liquid. The profile
of pixel intensity from the CCD as a function of wavelength shows clearly the
wavelength shift relative to separation of the surfaces in air. The green spectral line of

mercury (546.1 nm) is also shown as a reference wavelength.

In most experiments shown here, distance measurements were made manually using an
eyepiece by aligning the grating of the spectrometer to record the position of closest

approach of a particular fringe for each data point. Obtaining a resolution of 1-2 A
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requires a combination of delicately thin mica (~1 pum), high quality silver mirrors —
which have a narrow window in thickness for optimum reflectivity — and correct
crystallographic alignment of the mica surfaces in order to achieve widely spaced
doublets. Collecting information from the fringes for a single distance measurement
requires great care and patience, and as a result, profiles of force as a function of

distance are rarely composed of more than a few tens of data points.

In other cases the fringes were recorded using a CCD camera for later analysis. This
facilitates the acquisition of many more data points and also allows for measurements of
dynamic processes. Cross sections of pixel intensity at the region of closest approach
can be fitted to Gaussian or Lorentzian curves, and from these the intensity maxima
converted to wavelengths. In both cases (experiments ‘by eye’ and by using the CCD
camera) the resolution is often 1-3A with optimum mica thickness and fringe quality,

however use of the camera eliminates human error in the judgement of fringe position.
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Figure 19
Automated analysis of successive fringe images as executed using LabVIEW software,

to determine pixel positions of intensity maxima for an interference fringe.
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3.5 Determination of Normal Forces

One of the lenses is mounted onto a horizontal leaf spring of known spring constant, Ky,
and the deflection of this spring as the surfaces move towards or away from each other
is used to calculate the force, the resolution of which is better than 107 N. The
separation between the two surfaces is controlled using a three-stage mechanism; a
coarse control motor allows positioning to about 1 pm, a fine control motor allows
positioning to about 1 nm by way of a differential spring mechanism, and a rigid

piezoelectric crystal tube can control the position to better than 1 nm.

lensesincrossed cylinder
configuration

top lens holder with
sectored piezo W)ﬁ FITE

lower

lens holder y differential spring

mechanism

Figure 20

Photograph of the SFB used to measure normal and shear forces between two

molecularly smooth mica surfaces across liquids with Angstrom resolution™*’

The fine control motor allows extremely linear motion at controlled velocities as low as
2-3 As™, allowing simultaneous quasistatic approach of the surfaces and acquisition of
film thickness measurements with the camera. Faster approaches allow measurement of
hydrodynamic forces although depending on the viscosity of the liquid, approaches

much faster than 30 nms™ result in vibrations from the motor which add considerable
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noise to the data. However the piezoelectric crystal tube allows motion over several

micrometres without any added vibrations.

In a typical force profile, measurements begin at large separations where there is no
force acting between the surfaces. The surfaces are brought towards each other from this
large surface separation to contact. The spring deflection is measured as the difference
between the measured film thickness and that expected with the linear motion in the
absence of any forces. Repulsive forces result in compression of the force measuring
spring, while attractive forces cause the spring to extend. Figure 21 shows an example
of a force profile measured from ~300 nm, showing no measurable forces until confined
on the order of several nanometers, where there is an onset of repulsion. The deflection
of the spring can be multiplied by the spring constant to obtain the force for all of the
measured film thicknesses. Consequently a force profile can be measured from large

separations down to contact.
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Figure 21

Film thickness measurements upon approach of the surfaces showing linear motion in
the absence of force, and deviation due to repulsive forces. The measured Fy is divided

by R for normalization between experiments.
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Although the radius of curvature of the lenses, R, used in these experiments is constant
at 10 mm, the actual curvature of the mica surfaces varies slightly due to the glue layer
underneath. The equivalent R of the two mica surfaces can be directly measured from
the fringe images using the resolution of the CCD in the direction parallel to the

surfaces, which is 1 pm/pixel. Typical values for R are in the range 7-11 mm.

3.6 Determination of Shear Forces

Lateral motion of one surface with respect to the other over a range of velocities and
frequencies is achieved using a piezoelectric tube to which the top mica surface is
mounted. Parallel motion is possible since the piezoelectric tube is sectored; equal and
opposite voltages are applied to the opposing outside sectors so that one expands while
the other contracts®®. However, this would result in an arc-like motion, so additional
voltage is applied to the inner sector of the tube at appropriate rates to correct for this,
resulting in parallel motion (typically several hundreds of nanometers shear amplitude
are possible with <1 nm deviation in film thickness). It is important that the surface
separation remains constant while making a shear measurement to ensure constant

normal force between the surfaces.
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Figure 22
Photograph of the top lens holder with which shear measurements are made. When

mounted in the apparatus it is place upside down above the lower lens

Any shear forces between the surfaces bend the vertical leaf springs, of known spring
constant, Ks, and this bending can be measured with extreme precision via an air-gap
capacitor as follows: changes in the capacitance of a small air gap between a
capacitance probe and a polished flag coupled to the moving lens are used to deduce
lateral movement of one lens with respect to the other. Temperatures in the
measurement room are kept constant to reduce thermal drift in the apparatus, and
ambient noise from random vibrations is minimised by placing the apparatus on a
vibration isolation unit. The sensitivity and resolution of this method to determine shear
forces is comparable to that achieved when measuring normal forces using
interferometry. Simultaneous shear and normal motion is also possible, enabling the
measurement of shear forces as the surfaces approach each other and at controlled

normal load.
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4 LUBRICATION MECHANISMS FOR
GLYCEROL BASED ORGANIC
FRICTION MODIFIERS IN BASE
OILS

4.1 Introduction

Friction modifiers play a very important role in boundary lubrication conditions, where
hydrodynamic and elastohydrodynamic lubrication is not present and the surfaces come
to very close contact at their asperities. One common example is bearings, which
normally operate with a thick lubricating film but experience boundary lubrication at
low sliding speeds, particularly during routine start-up and shut-down. Machines are
most susceptible to wear at these low speeds, so it becomes important to prevent surface

contact to reduce friction and wear.

Glycerol mono-oleate (GMO), the structure of which is shown in Table 1, is an organic
friction modifier commonly used in lubricant formulations. Commercially available
GMO often contains small amounts of glycerol di-oleate (GDO) and glycerol tri-oleate
(GTO) impurities. In this chapter, surface force measurements were carried out to
examine the film structure and friction of each of these surfactants dissolved in
dodecane, a model base oil. Some experiments with mixtures at different concentrations
were also performed to investigate possible competition at the surface and the resulting
effect on their overall lubricating properties. Before embarking upon the friction

modifier experiments, the pure solvent, dodecane, was investigated.
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Table 1 A summary of the glycerol-based surfactants investigated here

Name Chemical Structure Abbreviation
o
Glycerol mono-oleate 7 o7y om GMO
Glycerol di-oleate = GDO
(S

oo\ﬁ
U

Glycerol tri-oleate GTO

o LD

o 0

4.2 Pure Dodecane

The force profiles between mica surfaces across dodecane show both positive
(repulsive) and negative (attractive) Fy as D is decreased, i.e., oscillations in Fy with
respect to D are observed as shown in Figure 23. Such oscillatory force profiles are
observed for non-associating liquids when structured in ordered layers between two
surfaces'® #. The oscillatory forces are caused by the sequential squeeze-out of liquid

layers, observed as repulsive walls at specific D values which match a stable liquid
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configuration — an integral number of layers — and attraction at intermediate thicknesses

corresponding to unstable films.
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Figure 23

Experimental results for the force, Fn/R, measured between curved mica surfaces as a
function of surface separation, D, across dry dodecane. Data points measured during
approach and retraction of the surfaces (shown as diamonds and circles respectively) are
represented by data from two separate experiments each using different pairs of mica
pieces with particularly good distance resolution. Adhesive minima are shown as filled
triangles and are from four separate experiments. The adhesive minima and repulsive

maxima are also shown on logarithmic scales in the insets.

Retraction of the surfaces from any point on the force profile leads to a jump-apart of
the surfaces from the nearest adhesive minimum (marked as filled triangles in Figure

23). These outward jumps are observed when using spring deflection to measure
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attractive forces: on retracting the surfaces at a particular stable film thickness D, the
spring will extend until the attractive force balances the elastic restoring force. Once the
gradient of the attractive force dF/dD exceeds the spring constant, K, the surfaces jump
apart to large separations. This jump distance multiplied by K vyields the force of
adhesion at the minimum. Thus the positions of the repulsive walls in the oscillatory
force profile, and in particular the location of these energy minima, can be used to

determine the layering structure of the confined film.

The measured spacing between successive layers for dodecane, ~0.5 nm, corresponds to
the width of the molecule rather than its length or any other average dimension,
indicating a very parallel orientation near the surfaces and in agreement with previous

surface force studies with even-numbered alkanes from hexane to hexadecane®®.

In these experiments six oscillations in the force profile can be measured, corresponding
to up to six layers of dodecane molecules confined between the mica surfaces. The
strong repulsive barrier at ~0.5 nm and resultant flattening of the surfaces prevented
them from squeezing out the last molecular layer and approaching any further. In

agreement with previous literature™® #® °8

, the measured maxima in the force profiles
were found to vary depending on the approach rate of the surfaces, with faster
approaches resulting in higher measured forces required to squeeze out molecular
layers. This suggests a kinetic barrier, most likely due to interlocking and entanglements
of the chain molecules which hinder drainage of the liquid film from the gap in the
contact zone. As a result of the flattening of the surfaces (due to elastic deformation of
the glue behind the silver mirrors), the values of Fn/R are overestimated for values
above ~2 mNm™, shown clearly in the inset to Figure 23 as a deviation from simply

exponential behaviour. The adhesive minima are on the other hand very reproducible,

and vary exponentially down to one confined molecular layer.
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At larger separations, a weak van der Waals attraction is measurable from ~6 nm. At a
distance of ~3 nm there is an abrupt repulsion between the surfaces, corresponding to
six confined molecular layers. This is accompanied by a reduction in the ambient
vibration noise lateral to the surfaces shown clearly in Figure 24, in accordance with
confinement induced liquid-to-solid phase transitions first observed for cyclohexane

and OMCTS™.
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Figure 24

(A) A plot showing a thin film of dodecane confined initially to a film thickness of 8 nm
then allowed to gradually approach under thermal drift. A weak attractive van der Waals
force is observed at short range indicated by the deviation of the measured curve from
the linear baseline, followed by a repulsive wall at 3 nm, which corresponds to 6
confined dodecane layers. (B) A direct recording from an oscilloscope showing the
transition (marked by a grey dashed line) in ambient vibration noise in the direction

lateral to the surfaces, for the distances shown in (A).
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Shearing the surfaces laterally at this solidification distance (3 nm, n = 6) results in
stick-slip friction shown in Figure 25, as has been observed for molecularly confined
films of hexadecane®® **. A comparison of the kinetic friction forces for films of n = 4,
5 and 6 are shown in Figure 26. For films of thickness n < 3, the kinetic friction force is
too high to be measured with the spring constant and sliding distances used in these
experiments, a problem exacerbated by much higher static friction forces required to
initiate sliding for higher loads and thinner films. Fsx varies linearly with Fy, where the

coefficient of friction, |, is the proportionality constant.

A _
200
- 0
-200
4 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
T/s
B
or /\/\/\ /M
=z n
3_ 0 /‘A/"\
s W AW AW
| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
T/s
Figure 25

(A) Back-and-forth lateral displacement of one of the surfaces relative to the other at
constant velocity (vs = 320 nms™) (B) Friction traces showing F_ transmitted across a
dodecane film at constant thickness (n = 4) to the opposite surface at fixed load (Fy =
6.1 uN).
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Figure 26
Normal and shear forces between mica sheets across different numbers of confined

dodecane layers for one example experiment. The lines are linear fits to the data.

While friction forces across octane have previously been found to be both quantized and

load dependent™*

, tetradecane has a simple load dependence of friction regardless of the
number of layers**. For dodecane, these friction measurements as a function of load
suggest that the friction is load dependent but also quantized with respect to the number
of confined molecular layers. Therefore dodecane seems to behave like octane in this
regard. With longer chain hydrocarbons the molecules are less straight and rigid, and it
is more likely for different segments of the same molecules to occupy different layers,

and so the number of confined layers becomes less important in determining the

friction.

The friction coefficients measured here for molecularly confined dodecane films appear
to be constant irrespective of the number of confined layers, and only the adhesion

contribution to friction is different. This is expected from the oscillatory nature of the
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force profiles, with adhesive minima increasing in magnitude for thinner films (Figure
23 inset). These friction coefficients (u > 1) are comparable to several previous
experiments with tetradecane and hexadecane® ***, however other contrasting studies
have shown lower friction coefficients (u ~ 0.1) for the same molecules at similar
sliding speeds®. Additionally, different quantized friction regimes have been shown for
two and three layers of hexadecane'® which is not expected from the above
rationalisations. These discrepancies in the literature have not yet been properly

explained but may be ascribable to differences in the confined film structure. This could

143

perhaps be due to varying rate of confinement ™, sliding direction and twist angle of the

144

confining surfaces with respect to crystallographic alignment™", together with different

145-146

in-plane ordering of molecules contributing to the measured friction.

4.3 Glycerol-based Surfactant Solutions

Adding small concentrations of GMO to dodecane disrupts the layering adjacent to the
surfaces. Instead of the oscillatory force for dodecane, a repulsive wall at a much larger
thickness of ~5.1 nm is observed (Figure 27). By comparing with van der Waals
dimensions of the molecules, this distance suggests a perpendicular alignment of the
surfactant molecules forming an upright monolayer at each surface. A small adhesive
force is measured — which is always the same magnitude and jumps out from this same
distance even after large pressures are applied. Forces resemble those between

surfactant coated mica surfaces across alkanes**’.

LUBRICATION MECHANISMS FOR GLYCEROL BASED ORGANIC FRICTION MODIFIERS IN
BASE OILS




-1

Fy/R/mMNm

Fy/R/MNm

-1

Fy/R/mMNm

10

sl GMO

6

Al

A

R

ok

Y P T TP U PO P I 5.1 nm 5.8 nm

0 2 4 6 8 10 12 14
D/nm

10

o[ GDO

6

Al

A

R

ok

Y A N R N R B

0 2 4 6 8 10 12 14
D/nm

10

8- GTO

6

Al

A

R

Lk

Gy

0 2 4 6 8 10 12 14
D/nm

Figure 27

Experimental results for the force, Fn/R, between curved mica surfaces as a function of
surface separation, D, across 1 wt% solutions of GMO, GDO and GTO in dodecane.
The measured forces are reproducible to within 0.3 nm over different experiments and
over different contact areas within an experiment, but for clarity the repulsive walls are
represented by one particular approach. Adhesive forces shown are averages for several
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different contact areas of the mica sheets. Also shown for comparison are the measured

results for pure dodecane from Figure 23, represented by grey lines.

Also observed is a much weaker secondary adhesive minimum ~7A larger than the film
thickness for two monolayers contacting each other. This appears to be due to a thin
layer of mixed GMO and dodecane molecules lying mostly parallel to the surface
between the GMO monolayers. This adds further evidence to the suggested film
structure consisting of adsorbed surfactant monolayers at the surfaces, since a possible
film of confined reverse micelles would have comparable dimensions to two contacting
monolayers. Reverse GMO micelles which must exist in the bulk liquid appear to be

squeezed out from the film too easily to be detected in these measurements.

At the highest applied pressures (not shown on the scale of Figure 27), GMO solutions
can be compressed to ~2.0 nm, while GDO and GTO solutions can be compressed to
~1.1 nm. The compressibility can be attributed to continuous tilting of the molecules
with increasing force, however these thickness values may be slightly underestimated
since the mica pieces themselves may have some compressibility at these large loads

(although to a much lesser extent than the monolayers themselves*).

For GDO solutions, there is again no dodecane layering, but the film thickness is
approximately half that for GMO. This suggests that the GDO molecules adsorbed at
the surface lie with their hydrocarbon chains slightly more parallel to the surface
compared to GMO. They are unlikely to lie completely flat, otherwise some molecular
layering of both surfactant and solvent parallel to the surfaces would be expected. Such
a disordered structure is akin to that of branched alkanes in confinement'*. The
different orientation of the GDO chains compared to GMO could be due to
conformational restriction from having an extra hydrocarbon chain attached to the
headgroup, but can also simply be explained by a lower surface coverage. In fact, the

normal force measurements for GTO solutions are remarkably similar to those for
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GDO, indicating similar molecular orientations and film structure when three

hydrocarbon chains are attached to the headgroup.
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(A) Back-and-forth lateral displacement of one of the surfaces relative to the other at
constant velocity (vs = 1001 nms™) (B) Friction traces showing Fy transmitted across a
1 wt% solution of GMO in dodecane to the opposite surface at fixed load (Fy = 4.2 mN,
D ~3 nm).

Recording high resolution traces of Fi_ as a function of lateral displacement of the top
surface for a range of Fy and vs reveals smooth sliding (as shown in Figure 28) at the
kinetic friction force, Fsy. It is notable that Fsy is very low, and independent of vs over
the range of vs investigated. Once the direction of applied lateral motion is reversed,
similar smooth sliding behavior is observed in the opposite direction. Both the normal
and shear forces measured 15 minutes after injection of the liquid remain unchanged
after several hours, indicating that adsorption to the surfaces from solution occurs
quickly. Additionally, no discernible changes in the normal force profiles occur after
performing shear measurements, as long as there is no wear or re-cleaving of either

surface. Similar normal and shear forces are in fact measured even for concentrations
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as low as 0.05 wt%. This is much lower than the critical micelle concentration for GMO

in dodecane, which is approximately 0.15 wt%"*°.
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Normal and shear forces between mica sheets across 1 wt% solutions. Data shown from

at least two independent experiments using different mica pieces for each solution.

Experiments with GMO solutions were found to be highly reproducible, with very little
scatter in the measured Fsy as a function of Fy when comparing between different
experiments and different contact areas within an experiment. This seems to suggest a
high and even monolayer coverage. Adsorption of analogous fatty acids onto steel from
non-polar solutions has been shown to result in adsorbed amounts of only about one
half of that for a close packed monolayer>*. However this difference could be explained
by the different chemistry of the glycerol headgroup resulting in very favourable
hydrogen-bonding interactions between neighbouring headgroups of the molecules in
the monolayer. On the other hand for both GDO and GTO there is increased scatter in

the friction forces for different contact areas (although the normal forces are extremely
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reproducible) which suggests a somewhat patchy adsorption of surfactant with likely

co-adsorption of dodecane at the surfaces.

For GMO solutions there is a low friction regime (i = 0.0038) and a higher friction
regime (M = 0.013). The transition occurs generally in the range of loads Fy = 3-6 mN,
depending on the particular contact area. Although this change in friction behavior is
likely to be due to the change in tilt angle or slight interdigitation of the GMO
monolayers as they are increasingly confined, there does not seem to be a reproducible
particular film thickness at which this occurs. The presence of a lower friction regime
can similarly be observed for GDO and GTO solutions, however it occurs at much
lower loads (Fn < 1 mN) and is not always present depending on the particular contact

point.

4.4 Mixtures of Surfactant Solutions

Given the contrasting structural and frictional properties of the different surfactants, it
becomes useful to examine the behaviour of mixtures, given that GDO and GTO are
often present in trace amounts in commercially available GMO samples. Results for an
equal mass mixture GMO/GTO (making up a total concentration of 1 wt% additive) are
shown in Figure 30 (top graph). The forces and distances are extremely similar to those
measured for pure GMO solutions shown in Figure 27 apart from a few subtle

differences.
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Experimental results for the force, Fn/R, between curved mica surfaces as a function of
surface separation, D, across 1 wt% mixed solutions of GMO and GTO in dodecane:
data is shown for 50:50 (top) and 90:10 (bottom) mass ratio of GMO:GTO. The
measured forces are reproducible to within 0.3 nm over different experiments and over
different contact areas within an experiment, but for clarity the repulsive walls are
represented by one particular approach. Adhesive forces shown are averages for several
different contact areas of the mica sheets. Also shown for comparison are the measured

results for pure dodecane from Figure 23, represented by grey lines.

While the primary repulsive wall occurs at a very similar film thickness, the adhesion is
slightly weaker. This distance likely corresponds to the upright GMO molecules

contacting each other, but GTO molecules also adsorbed at the surfaces reduces this
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contact adhesion. The distance difference between the primary and secondary adhesive
minima is also a few Angstroms larger for the mixture, since the GTO molecules which
are present are less likely to lie parallel to the surface with the other dodecane
molecules, hence taking up slightly more space. Similar conclusions can be drawn from
the 90:10 mixture also shown in Figure 30, but in this case the normal forces are even

more similar to the pure GMO solution.
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Figure 31

Normal and shear forces between mica sheets across 1 wt% mixed GMO/GTO solutions
in dodecane: data is shown for 50:50 and 90:10 mass ratio of GMO:GTO. Also shown
for comparison is the measured data for the pure GMO and GTO 1 wt% solutions.

Interestingly, it appears that mixing GMO and GTO more equally results in higher
friction coefficients than for either of the pure surfactants (Figure 31). This is most
likely due to significant interpenetration and interdigitation between the GMO and GTO
domains of opposing surfaces, which could cause significant pinning of the film and

consequently higher friction forces. For smaller amounts of added GTO the increase in
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friction is small, suggesting the effect of trace impurities is not of great concern.
However these results show that other surfactants often present in lubricant
formulations in large amounts, can very much complicate the friction if they have

varied shapes and sizes and are also surface active.

4.5 Comparison Between Mica-Mica and Mica-Metal
Surfaces

Smooth metal surfaces for surface force measurements can be prepared by template

stripping from mica either with glue'® or by diffusion bonding™?

, typically affording
RMS roughnesses 0.2-0.4 nm. Rougher surfaces can be prepared by evaporation
directly onto mica immediately before the experiment, with resulting RMS roughnesses
in the range ~1-1.5 nm. In this section measurements were made between one mica
surface and one metal surface, with the metal surface also acting as the mirror for FECO

interferometry in a two-layer interferometer.

Normal force measurements for a 1 wt% solution of GTO in dodecane across mica and
silver surfaces gave very similar distances compared to those for the liquid between two
mica surfaces. However the exact film thickness is not meaningful at a molecular level
since the asperities of the silver are elastically deformed in strong adhesive contact
during the air calibration, and hence the measured liquid film thickness appears
comparatively thicker when the asperities are undeformed. Relatedly, the adhesion of

the contacting monolayers also decreases with increasing roughness as expected.

Although there is scatter between different experiments and contact areas within an
experiment, friction across the film seems lowest when two mica surfaces are used

(Figure 32). One immediate explanation is a greater surface affinity of the surfactant
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molecules to the mica surface. However it appears that the friction is slightly higher for
a rougher silver film compared to one template stripped from mica, and so the lower

friction observed between mica surfaces may be due to its atomically smooth surface.
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Figure 32

Normal and shear forces measured between mica sheets across 1 wt% solutions of GTO

in dodecane between mica and silver surfaces.

4.6 Summary

Control experiments with the pure solvent, dodecane, revealed solid-like layers
exhibiting high friction and with stick-slip behaviour. Variability in friction coefficients
from experiment to experiment and between different research groups makes this a very
interesting topic but beyond the scope of this chapter, which focuses on friction
modification by various surfactants. Nevertheless it is useful to measure the structural

and shear properties of the pure alkane base oil for comparison and to establish purity.
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Each of the friction modifiers studied (GMO, GDO and GTO) significantly reduce
friction compared to the dodecane base oil, although GMO provides the most efficient
lubrication. GMO forms adsorbed, upright monolayer structure. Friction is smooth
sliding with low friction coefficients (1 < 0.013). GDO and GTO also preferentially

adsorb to the surfaces and significantly reduce the friction across the base oil.

While the adsorbed GMO monolayer structure dictates the normal forces in mixed
solutions, it is clear from the shear measurements that there are significant amounts of
GTO also present in the films. Importantly, the results presented in this chapter
demonstrate that whilst small fractions of GTO ‘contamination’ in GMO solutions will
not cause hugely detrimental effects or the lubrication of sliding surfaces, a larger
fraction of GTO (equal to GMO by mass) causes a substantial increase in the friction
coefficient. Since the mechanism is likely to involve disruption of the uniform GMO
layer, similar disruptive outcomes are likely to arise with other competing surface-active

components and this should be an important direction for future study.

m LUBRICATION MECHANISMS FOR GLYCEROL BASED ORGANIC FRICTION MODIFIERS IN
BASE OILS




5 STRUCTURE OF PURE IONIC
LIQUIDS CONFINED TO NANO-
FILMS

5.1 Introduction

lonic liquids have a wide variety of applications in confined films, ranging from
nanoparticle stabilisation to lubrication and their use as novel electrolytes. Perhaps
the most exciting applications involve their use as electrolytes for energy storage
devices™?, which has driven recent research to further explore the properties of
ionic liquids at electrochemical interfaces™® ***. Nanoporous electrodes have in
particular attracted considerable attention owing to their enhanced capacitance

properties when ion dimensions match pore sizes™>**.

The behaviour of ionic liquids in narrow pores and in thin films is complex
compared to that of the bulk liquid*®®. In recent years it has become generally well
established that ionic liquids can form layered structures of alternating cation- and
anion-enriched layered structures at surfaces, which arise due to surface charge or

preferential adsorption of a particular ion. Such structures have been experimentally

105-106 107, 111, 161-164
)

verified by x-ray reflectivity , atomic force microscopy and

surface force measurements'®® 120121 1%% However the double layer properties have

166-170

been the subject of active discussion , with the results of this chapter

contributing to this new understanding.

Pyrrolidinium-based ionic liquids have similar melting points and viscosities compared

171

to the most commonly studied imidazolium-based analogues™"". The major driving force
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for their study at surfaces so far has been for electrochemical applications, due to their

large electrochemical windows

172-173

as compared to other ionic liquids. In this chapter,

surface force measurements were used to investigate the structuring of a series of

dialkylpyrrolidinium and imidazolium-based ionic liquids of different alkyl chain

lengths confined between negatively charged mica surfaces.

Table 2 A summary of the ionic liquids investigated here

Name

Chemical Structure

Abbreviation

1-butyl-1-methylpyrrolidinium

CL)M J N

bis[(trifluoromethane)sulfonyl]imide e e [C4C1Pyrr][NTH;]
1-hexyl-1-methylpyrrolidinium NN NS
bis[(trifluoromethane)sulfonyl]imide Q e, e [CeCiPyrr][NTT;]
1-octyl-1-methylpyrrolidinium | A/
bis[(trifluoromethane)sulfonyl]imide Q e\, /e [CeCiPYIT][NTH]
1-decyl-1-methylpyrrolidinium | N
bis[(trifluoromethane)sulfonyl]imide Q o e [C10C1PYrr][NTH]

1-butyl-3-methylimidazolium
bis[(trifluoromethane)sulfonyl]imide

TS AN
| Y

[C4CeIM][NTT,]

1-hexyl-3-methylimidazolium
bis[(trifluoromethane)sulfonyl]imide

N
\_J e, e

[CeC1Im][NTH,]

5.2 Structural Forces Across Confined lonic Liquids

Force profiles for [C,,CiPyrr][NTf,], with n = 4, 6, 8 and 10, are reported in Figure 34

and show results from 2-6 different experiments (each employing different mica pieces)

for each ionic liquid. For n = 4, 6 and 8, the force profiles show oscillations in Fy with
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108, 113, 120-121, 174 and non_p0|ar

respect to D as observed previously for other ionic liquids
liquids'® % when the liquid is structured in ordered layers between the surfaces. The
force profiles obtained are similar: each shows four distinct energy minima at similar D
values for the three ionic liquids (n = 4, 6 and 8). The repeat distances are indicative of
cation-anion layer structure in the films, based on electrostatic and geometric

arguments, as follows.

i. In order to preserve electroneutrality of the confined ionic liquid, each
maximum in the force law must represent squeeze-out of an equal number of
cations and anions.

ii.  The difference in separation between the repulsive walls is close to the
thickness of an ion pair, or a cation layer adjacent to an anion layer, with the

cation hydrocarbon tails in the plane of the surfaces.

alternating

N checkerboard
charge density

Figure 33

Possible layering arrangements of ionic liquid ions at a charged surface

115, 117) Strongly |mp|y that the

Together, these arguments (as well as simulation studies
layers are arranged as stacks of alternating cation-anion layers. This interpretation of the
oscillatory forces is in line with previous studies of other ionic liquids at surfaces and in

107-108, 120-121, 161

confined films If the structure was instead composed of a

‘checkerboard’ structure, with equally mixed cations and anions in each layer, the
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oscillatory period in these experiments should be almost half of what is typically

observed. The mismatch in size and shape of the ions would also not be expected to lead

to such strong oscillatory forces.
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Experimental results for the force, Fn/R, measured between curved mica surfaces as a

function of surface separation, D, across ionic liquids [C,CiPyrr][NTf,], withn=4, 6, 8

and 10, confined between mica surfaces.
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Figure 35
Measured force minima and suggested ion arrangements for the (a) monolayer- and (b)
bilayer-forming pyrrolidinium-based ionic liquids studied here

For [C,C1Pyrr][NTf,], with n = 4, 6 and 8, the closest minimum is at D = 1.4 nm. This

thinnest film most likely corresponds to three ion layers (i = 3) due to the requirement
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for excess cations in the film to neutralise the negative mica charge”®: next to each
negatively charged mica surface lies an electrostatically bound layer of cations, with an
intermediate ‘sandwiched’ layer consisting mostly of anions. Similarly, for larger D at
2.5 nm, 3.5 nm and 4.5 nm, there are stable configurations corresponding to 5, 7 and 9
ion layers (i = 5, 7 and 9) respectively, as depicted in Figure 35. The film could not be
squeezed down to a single cation layer (i = 1) for these pyrroldinium-based ionic liquids
under the forces applied here, but for other ionic liquids such as those with an

imidazolium cation this usually occurs at sufficiently high enough loads'®.

The similar layer repeat distances for these three liquids of different cation alkyl chain
lengths suggest that the cations tend to lie with their alkyl chains parallel to the surface
(Figure 35a). However the significantly weaker force magnitudes exhibited by
[CsCiPyrr][NTf,] could indicate the alkyl chains starting to cause disorder in the
interfacial structure and this could be a hint as to the structuring transition observed

between n = 8 and n = 10.

As seen from Figure 34, the situation is more complex for [C1oCiPyrr][NTf,]. This
liquid exhibits strong oscillatory forces — indicating a layered structure in the film — but
with repeat distances too large to be explained simply by squeeze-out of a single cation-
anion layer. Repeating the experiment with samples from different synthesis batches
gave identical results, strongly suggesting that the ionic liquids are highly pure and that
this different interfacial structure is not an effect of contamination. To explain the
observed larger D values it is important to note that ionic liquids with more amphiphilic
cations (i.e. containing longer alkyl chains) can self-assemble into structures which

collect together the polar and non-polar moieties*’®*"®,

These measurements suggest that such self-assembly occurs for [C1oC1Pyrr][NTf,]
confined to films between mica surfaces. The clear oscillations indicate an ordered and

repeating structure, most feasibly consisting of bilayers confined between the surfaces.
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The self-assembly is most likely driven by the unfavourable interface between
hydrocarbon and charged groups relative to more favourable ion-ion interactions.
However, when comparing the layer thickness with the ion dimensions it is clear that
there must be significant, if not full, interdigitation of the decyl chains in its bilayer
structure; the extended length of the cation including van der Waals radii is ~1.9 nm,
while the observed thickness of the bilayers is 2.3-2.8 nm. Thus it is reasonable to
assume that for this [C1oC1Pyrr][NTT;] ionic liquid, three stable confinement-induced
layer configurations are observed consisting of one, two, or three layers of interdigitated
cation bilayers; shown schematically in Figure 35b. The bilayer thickness increases
slightly for thicker and less confined films, indicating a reduced amount of

interdigitation.

These observed layering structures in confined films differ from the sponge-like and
percolating structures observed in bulk ionic liquids*’®*®, The difference is likely to be
due to a combination of the ion-surface interactions, the symmetry breaking effect of
the surface, and the entropy loss due to confinement. The bulk structure of
pyrrolidinium-based ionic liquids also has increased ordering on the mesoscale as alkyl
chain length increases®’®, with the observation of a first sharp diffraction peak in X-ray
scattering experiments indicating nanostructure when n > 8. This transition in bulk
structure is likely to be due to similar inter-ionic forces as the structuring transition
reported here, although in the bulk liquid structure the transition is gradual with the
peak growing as n increases, compared to the discontinuous change reported here for a
confined liquid film. The suggested interdigitated chain structure for the bilayers fits
well with the data observed here and bears notable resemblance with the bulk crystal
structures however there are other possible conformations such as crumpled or tilted

alkyl chains in the bilayers which cannot be excluded.
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Figure 36

Experimental results for the force, Fn/R, measured between curved mica surfaces as a
function of surface separation, D, across ionic liquids [C,C1Im][NTf,], with n = 4 and 6,

confined between mica surfaces.

Similar experiments with 1-alkyl-3-methylimidazolium-based analogues are shown in
Figure 36, and also show pronounced oscillatory forces. While [C4C1Im][NTf;] shows
very similar film thicknesses for stable structures to the monolayer-forming
pyrrolidinium-based ionic liquids, increasing the chain length of the cation from butyl to
hexyl results in a dramatically different interfacial structure for [CsC1Im][NTf,]. This is
attributed to a flip from monolayer to bilayer structure, as explained for
[C10C1Pyrr][NTf,]. However a closer inspection of the bilayer repeat-spacing compared
to ion dimensions reveals differences in the bilayer structure of [CsCiIm][NTT;]
compared to [C1oC1Pyrr][NTf,]: the [C¢C1Im]™ cations adopt an end-to-end orientation,
with little or no interdigitation of the alkyl chains in the bilayers. The origin of this
contrasting bilayer structure, and the differing chain length at which the monolayer-to-

bilayer crossover occurs is discussed in detail in section 5.4.
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5.3 Analysis of Monolayer Structures

Two general features of all of the force profiles here are worth noting: (a) for a given
liquid, the period of oscillation is somewhat larger for thicker films, indicating ion
packing that is less perfect (or layers which are more dynamic or disordered) with
increasing distance from the surface. The electrostatic interactions result in ions nearest
to the surface being held more tightly, with ions further away exhibiting more fluid-like
behaviour within a layer. Interestingly, even neutral non-polar molecules behave in a
similar manner when confined between mica,*® suggesting that the liquid molecules
simply pack more efficiently adjacent to a surface irrespective of charge. (b) The
oscillatory profiles show greatest magnitude of force for the close mica-mica separation
distances and decreasing amplitude as the mica-mica separation increases. Thus a
greater force is required to disrupt the layering for thinner films, and this is likely to be
related to decreasing ion-purity — either excess of anions or cations in a particular layer

—which decays exponentially from the surface.

Is the structure observed in confined liguids induced by the confinement itself, or is the
order present at each individual surface independently of the other? Although the results
of these oscillatory force profiles seem qualitatively similar to those of spherical non-

10.29. 181 and even linear alkanes®®, the origin of structuring could be very

polar liquids
different. For non-polar molecular liquids, layered structures upon confinement to thin
films are only observed for molecules with a high degree of symmetry which are able to
pack together efficiently at film thicknesses corresponding to integral numbers of
molecular layers. Importantly, high pressures are not required, suggesting that this
liquid to solid-like phase transition is due to geometric constraints alone.”® Not
unexpectedly, mixtures of liquids with differing molecular dimensions such as the

addition of cyclohexane to OMCTS* leads to a reduction in both the range and

magnitude of the structural force with increasing mole fraction of either of the liquids.
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lonic liquids, with their asymmetric ion shapes and frequent mismatch in size between
cations and anions, would not be expected to form such rich, layered structures induced
by confinement alone. Indeed, experiments using a similar apparatus with ionic liquids
between ultrasmooth methyl-terminated surfaces (SAM-coated mica) exhibit no
pronounced layering?*. X-ray reflectivity data has drawn similar comparisons about
ionic liquid structure at a single, charged surface such as mica and at uncharged

graphene.*”

Instead of simply being confinement-induced, the layering structure observed in ionic
liquids is charge-templated and has been observed in many systems as long as the
surfaces hold a net charge™” *??, In the case of the mica surfaces used here, the origin of
the negative charge is dissolution of K* ions from the (001) plane leaving a negative
charge shared between oxygen atoms on the underlying aluminosilicate layer. The
solubility of K* in these pyrrolidinium ionic liquids is high'®, and the ion-exchange of
K* for imidazolium on mica'® appears to also be favourable, together providing the
driving force for removal of the K™ in the ionic liquids. The maximum possible density
of negative charge on the mica surface, 1e / 0.48 nm? (which would arise if every K* ion
is dissociated), is close to approximately half the positive charge density on a full

monolayer of [C4C1Im] cations™®.

Indeed, it appears from the force profile for all the ionic liquids studied here the positive
charge density of the first cation monolayer is greater than the negative charge density
of the mica surface. Thus a full cation monolayer which is attracted to the negative
surface overscreens the surface charge and kicks-off an oscillation between positive and
negative overscreening, as has been well documented™” **, Thus the force measured
between two mica surfaces, each ‘dressed in its own ion layers’, is in fact the result of

interference between the two ordered structures emanating from each surface.
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5.4 Analysis of Bilayer Structures

The monolayer-to-bilayer transition and the resulting bilayer architecture for the
pyrrolidinium-based ionic liquids differs in two ways to that of their imidazolium-based

analogues, and in this section the molecular origins are qualitatively accounted for.

(1) The crossover from monolayer to bilayer behaviour occurs at different chain
lengths for imidazolium- and pyrrolidinium-based ionic liquids with the same
anion. For imidazolium cations the crossover in behaviour occurs between alkyl chain
lengths of 4 and 6 carbons, whilst for pyrrolidinium cations the crossover is between 8
and 10 carbons. This is likely due to more favourable cation-cation interactions in the
case of imidazolium cations: the planar delocalised rings can interact favourably

18518 allowing close approach of the alkyl chains and favourable

through n-m stacking
dispersion interactions in the non-polar regions. Pyrrolidinium cations, on the other
hand, cannot stack at such close spacing and so require longer alkyl chains to drive
bilayer formation. Atomistic molecular dynamics simulations of the same imidazolium-
based ionic liquids studied here have revealed an equivalent crossover in orientational
ordering at a mica surface’®’: imidazolium cations with ethyl or butyl groups were
found to lie with their alkyl tails parallel to the surface, while cations with hexyl or octyl
tails were oriented perpendicular to it. Cation orientation at a silica surface seems to
similarly depend on alkyl chain length, regardless of anion.'®® Bulk nanostructure
appears at equivalently longer alkyl chain lengths for pyrrolidinium compared to
imidazolium ionic liquids'® **°. The weaker force magnitudes measured for confined
[CsC1Pyrr][NTTf,] are another hint as to the origin of the structural transition: the longer
alkyl chains mean that the ion occupies more area within a layer in monolayer

structures. This anion-cation area mismatch eventually frustrates the monolayer

structure and favours bilayers.
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(2) The layer thickness of the bilayers indicates qualitatively different
architectures for imidazolium- and pyrrolidinium-based bilayers. The layer
thickness of the bilayer structures as shown in Figure 37 indicate qualitatively different
bilayer architectures for the imidazolium and pyrrolidinium ionic liquids in two
important ways.

Firstly: comparing the measured bilayer thickness dimensions of the extended ions
suggests toe-to-toe bilayers for [CsC1Im][NTf;], but for [C1oC1Pyrr][NTf;] the alkyl
chains are significantly interdigitated (crumpled or tilted chains may also compatible
with the measured thickness).

Secondly: from the measured film thicknesses, the [NTf,] anions are likely to be sitting
separately on top of the cation headgroups in the case of [CeCiIm][NTT,] bilayers,
whereas the [NTf;] anions are located between the cation headgroups — in the same
plane — in the case of [C10CiPyrr][NTf,] bilayers. These features are represented

schematically in Figure 37.
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Figure 37

Comparison of force profiles and suggested bilayer structures for [C1oC,Pyrr][NTf,] and
[CeC1IM][NTH,].
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What is the driving force for the different bilayer architectures? One might start to
rationalise these differences by considering the possibility of m-n stacking for the
imidazolium cations leading to close approach of the cations and exclusion of the
[NTf,] to a separate layer above and below. Despite their positive charge, favourable n-
7 stacking structures can be expected between imidazolium cations'®?*®. In contrast the
pyrrolidinium ionic liquids have less favourable headgroup interactions (since no n-nt
stacking is possible) which also encourages the anions to intercalate between the cation
headgroups and screen their repulsive electrostatic interactions. The inclusion of the
anions within the bilayer for [C1oC1Pyrr][NTf,] leads to some contact between the
[NTf;] anion and the non-polar tails of the cation; in fact this is not unexpected since
this polarisable anion can engage well in dispersion interactions. As a result of the
inclusion of [NTf,] anions between the cations of the pyrrolidinium bilayer, the cross-
sectional area of each ion pair is very much larger than the cross-section of the
hydrocarbon tail. This results in the significant interdigitation of the hydrocarbon chains
in the bilayer in order to optimally fill the space in the film, and thus smaller measured
bilayer thickness compared to imidazolium. This difference is in accordance with small
and wide angle scattering experiments on bulk ionic liquids where the smaller non-polar
domains detected for piperidinium ionic liquids (in comparison to imidazolium

analogues) were attributed to the bulky and non-aromatic headgroup™®°.

Having made such observations, the bilayer structures could be rationalised using a
single geometrical factor or packing parameter, P, as is commonly employed to explain
self-assembled architectures in water:

P=v./al.

Where v; is the volume of the alkyl chain, I; is the length of the alkyl chain, and a is the

headgroup area including cation and anion. Although the data suggests that the anions
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are between the headgroups for the [C10C1Pyrr][NTf,] and outside of the cation bilayer
for [CeC1Im][NTTf,] there remain several possibilities for their relative positions which

lead to a range of possible values for the headgroup area, a.

Bilayer-forming [CeCIM][NTS,] [C1oC,PYIT]INTT,]
ionic liquids
W
Gl G
Possible ion ﬁ ﬁ
orientations -0
- ¥ .
)
% 55 2 e
A B C D E
V/nm?3 0.162 | 0.324 0.162 0.27 0.27
A/ nm2 0.189 | 0.490 0.490 0.427 0.728
L/nm 0.87 0.87 0.87 1.45 1.45
Packing
parameter 0.99 0.76 0.38 0.44 0.26

Figure 38
Table showing possible cation-anion arrangements for the two bilayer-forming ionic

liquids and the resulting estimated packing parameters for each

Nonetheless, by considering the possible positions which give rise to the maximum and
minimum possible headgroup areas, limiting values of P for each ionic liquid can be
obtained. These orientations and the resulting packing parameters are shown in Figure
38. For [CsC1Im][NTf,] three possible anion-cation positions are shown: A and B are
most likely, and lead to P ~ 0.8 — 1.0 in line with the observed toe-to-toe bilayer
structure. For [C1oC1Pyrr][NTf,] the most likely of the two orientations shown is D
which leads to P ~ 0.4; again in line with the observed interdigitation in the bilayer.
Although this packing parameter analysis is merely demonstrated to be reasonable in
this case — since knowledge of the structures from the measurements is used to predict

the orientations — it may be usefully applied to other ionic liquid structures with varying

m STRUCTURE OF PURE IONIC LIQUIDS CONFINED TO NANO-FILMS




ion dimensions in rationalising or predicting self-assembled structures at charged

surfaces.

5.5 Summary

In summary, surface force measurements were carried out to demonstrate oscillatory
force behaviour between mica surfaces across a homologous series of pyrrolidinium-
based and imidazolium-based ionic liquids, allowing determination of dimensions of
layered structures in the ionic liquid films. A transition was discovered between two

different interfacial structures upon increasing the alkyl chain length of the cation.

lonic liquids containing cations with a short alkyl chain form alternating layers of
cations and anions when confined to thin films. However a cation with a longer alkyl
chain leads to bilayer formation. In the case of pyrrolidinium cations the bilayers are
greatly interdigitated, most likely due to the chemistry and shape of the headgroup and
the need for the ions to fill space most effectively. An interesting point is this common
feature of a cross-over from monolayer to bilayer structure observed for both
imidazolium-based and pyrrolidinium-based ionic liquids, yet with differing ‘critical’
(cross-over) chain length and different bilayer architecture for these two classes of ionic

liquids.
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6 STRUCTURE OF IONIC LIQUID
MIXTURES CONFINED TO NANO-
FILMS

6.1 Introduction

The “‘designer solvent’ concept of ionic liquids has led to intense study in recent decades
in order to understand how altering ionic liquid ions affects the physical and chemical
properties of the ionic liquid. More recently, there has been much interest in using
mixtures of ionic liquids as a route to further tune the liquid properties and achieve
greater flexibility with a smaller range of components’®**%?, To this end, several

systems involving ionic liquid mixtures in confinement are studied in this chapter.

It was shown in the previous chapter that the interfacial structure can depend critically
on the amphiphilicity of the ions, where ions containing short alkyl chains form
alternating cation-anion monolayers and with more amphiphilic ions self-assembling to
form bilayers in confinement. This chapter begins with the study of an equimolar
mixture of monolayer and bilayer-preferring ionic liquids to provide more insight into

the driving forces for meso-structuring.

lonic liquids have generated increasing interest in recent years as potential electrolytes
for lithium-ion batteries'® due to their non-volatility, non-flammability and wide
electrochemical window. In the next section of this chapter, some experiments are
presented with confined mixtures of an ionic liquid with a lithium solute. A better
understanding of the double layer structure would aid in the development of these

electrolytes for use in lithium ion batteries.
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Despite their outstanding electrochemical properties, the low conductivity of ionic
liquids when compared to conventional electrolytes is of concern. The high
viscosity of ionic liquids — due to their large molecular mass, strong electrostatic
forces and ion aggregation — can be lowered by mixing with commonly used

molecular solvents'®+1%

, drastically boosting their ionic conductivity. Such
mixtures of ionic liquids with solvents are widely used, particularly for double-layer
capacitors. There are currently many uncertainties about the charge storage
mechanisms, and experiments directly probing the structure at the solid-liquid
interface are scarce, and so in the final section of this chapter are presented a study
of mixtures of an ionic liquid with propylene carbonate, a non-aqueous polar
solvent. The liquids are fully miscible and allow investigation from 0-100% ionic

liquid in propylene carbonate solvent.

6.2 An Equimolar Mixture of Monolayer and Bilayer-
Preferring lonic Liquids Confined to Nano-Films

Given the dramatically different structures for short and long chain ionic liquids
presented in the previous chapter, it is particularly interesting to investigate ionic liquid
mixtures in thin films. Figure 39 presents the interaction force between mica surfaces
across the equimolar binary mixture [C4C1Pyrr]os[C10C1Pyrr]os[NTT,]. An oscillatory
structural force is clearly evident, yet it is different to either of the pure ionic liquids
[C4C1Pyrr][NTT,] or [C1oCiPyrr][NTf,]. The layer thickness of the mixture differs
appreciably from those of alternating ion layers (monolayers) but are much more similar
to those of the bilayers as seen for pure [C1oC1Pyrr][NTf,] (data is also plotted in Figure

39 for comparison).
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The similarity in the D-values suggests alkyl chain segregation and bilayer-like
structures in the [C4C1Pyrr]os[C10C1Pyrr]os[NTF,] mixture. However the layers are
slightly thinner than for pure [C1o,C1Pyrr][NTf;] and the force required to disrupt the
bilayer-like structure is substantially lower. The shallow slope of the Fn/R vs D for the
2-bilayer film (at around 4 nm) indicates that the bilayers are highly compressible,
although the extent to which they can be compressed (difference in the layer thickness

between its force minimum and maximum) is similar to pure [C1oC1Pyrr][NTT,].

50
P [C4CPyriys[C1oC1PymlsINTH]
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Figure 39
Measured normal force, Fyn, normalised by radius of curvature, R, between mica

surfaces across a binary equimolar mixture of [C4C1Pyrr][NTf,] and [C1oC1Pyrr][NTT,].
Also shown for comparison are results for pure [C1oC1Pyrr][NTf,]. Schematics below

indicate possible layering structures for one and two mixed cation bilayers.
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It is immediately clear that the structural forces for the binary mixture are different to
either of the pure liquids: this implies that both [C4C;Pyrr] and [C1,C1Pyrr] cations are
present in the confined film, rather than one component being substantially more
surface active than the other and thus segregating from the bulk mixture in the thin film.
This is in agreement with angle-resolved x-ray photoelectron spectroscopy of an ionic
liquid mixture at the liquid-vacuum interface, showing homogeneous distribution and

no specific enrichment of longer chain cations’.

The oscillatory structural forces show repulsive walls with layer thicknesses too great to
be explained by monolayer arrangements and similar to those observed for the pure
[C10C1Pyrr][NTf,] interdigitated bilayers; thus suggesting a bilayer-type structure is
present in the confined mixture. Although the bilayers have similar thickness to the pure
[C10C1Pyrr][NTT,] bilayers (in fact slightly thinner), they are substantially more
compressible and have lower force required to rupture or squeeze-out the bilayers due to

the increased disorder.

Why does an equimolar mixture of monolayer and bilayer preferring ionic liquids take
on the structure of the longer-chain cation rather than the shorter-chain cation? One
would have expected that the ‘average’ chain length would determine the structure,
since this gives the fraction of the liquid taken up by non-polar groups. However the
mean alkyl chain length for this mixture is 7 carbons per ion pair, whereas it is shown in
this chapter that pure [CsC,Pyrr][NTf,] still forms monolayers. So it appears that the

longer of the chains dictates the structure in this case.
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6.3 lonic Liquid Mixtures with Lithium Solutes for Battery
Electrolytes

Due to their non-volatility and wide electrochemical window, ionic liquids have
generated increasing interest in recent years as potential electrolytes for lithium-ion
batteries'®®. Conventional electrolytes are composed of lithium salts such as LiPFg in an
organic solvent such as ethylene carbonate. Organic solvents decompose on electrodes
during initial charging, generating a solid electrolyte interphase (SEI) at the surface.
This layer is electrically insulating but an ionic conductor for lithium ions*®®, and
prevents further electrolyte decomposition upon subsequent charges. However short
circuits can lead to overheating and ignition of the organic solvent, which is
problematic. Lithium electrolytes based on ionic liquids are a promising approach to
limit flammability and volatility for safer electrolytes. Lithium salts are solid at room
temperature, and while it is not possible to directly use an ionic liquid as a battery
electrolyte, dissolving a lithium salt [Li*][X] in an ionic liquid [A"][X] affords the
ionic liquid mixture [Li*Jm[A"]2[X Tm+. Here some initial experiments are presented

which examine the double layer structure of such a mixture, Lig2[C2C11lm]og[NTT,].

The measured force profile for [C,C1Im][NTf,] shown in Figure 40 is similar to those of
the monolayer-forming ionic liquids shown in the previous chapter. Neat
[C.CiIM][NTf,] confined between mica surfaces shows seven oscillations,
corresponding to film thicknesses ranging from i = 1 to i = 13. Adding a small amount
of LiNTf, salt to [C,CiIm][NTf,] to make the mixture: Lip2[CoCilm]os[NTT;],
considerably reduces the structuring to only two measurable oscillations. The first of
these oscillations is at a distance corresponding to one monolayer of cations (i = 1) and
has an adhesive pull-off force extremely similar to neat [C,C1Im][NTf,]. This suggests
that [C,CiIm]" cations preferentially adsorb to the surface in the mixture, since
significant coadsorption of the much smaller Li* ions would be expected to alter the

electrostatic component of adhesion (this inference is further supported by friction

STRUCTURE OF IONIC LIQUID MIXTURES CONFINED TO NANO-FILMS




measurements across this cation monolayer for both the neat ionic liquid and the

mixture shown in the next chapter).
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Figure 40
Measured normal force, Fy, normalised by radius of curvature, R, between mica

surfaces across neat [C,C1Im][NTf,], and a mixture of LINTf, with [CoC,Im][NTf,] in a

1:4 molar ratio. Schematics indicate the likely layering structures for the measured

distances.
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It is tempting to compare this result to molecular dynamics simulations of mixtures of
[C4CiIm][BF4] with LiBF, and KBF,4 which also showed preferential adsorption of
imidazolium cations and much weaker ion layering than for neat [C4CiIm][BF],
although at charged graphene surfaces*®. In fact, the extreme similarity in range and
magnitude of the measured forces in the literature using an AFM tip at mica surfaces
and at both single crystal Au(111) and HOPG surfaces with applied potential suggests
the ionic liquid structuring is dominated by electrostatics and not altered significantly

by different surface chemistry.

The second oscillation in the confined mixture Lig2[C,C1lm]og[NTf,] occurs at a
distance of 2.0 nm (although it is compressible to 1.3 nm with sufficient force). This
compressibility suggests a greater extent of mixing of ions, with adjustments in
orientation and positioning occurring with increasing force. The thickness of this layer
is much larger than the thickness for three confined ion layers for neat [C,C1Im][NTT,],
which is the next expected stable configuration of ions after that of a confined cation
monolayer. To explain this thicker layer, it is important to note that stable anionic

200-201. From

clusters have been documented between Li* cations and NTf,” anions
simulations, [Li[NTf,]5]* are the most likely clusters at the concentration used here?™*,
and in fact the measured film dimensions agree better with these than other possible
anionic clusters such as [Li[NTf,]2]" or [Li[NTf,]s]*, although the presence of these

other clusters is also possible.

These anionic clusters have been proposed to account for differences in cathodic

202 AFM measurements with LiCl

stability for lithium solutes in different ionic liquids
dissolved in [CsC1Im][FAP] on Au(111) at different potentials show only a weakening
of the ionic liquid layering at negative potentials, indicating that the anion of the lithium

solute has a strong effect on the surface structure of the ionic liquid mixture.
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6.4 Double Layer Structure in lonic Liquid/Solvent Mixtures

lonic liquid organic electrolytes - commonly using acetonitrile or propylene
carbonate as the solvent - are widely used for double-layer capacitors, although
there are still uncertainties about how the ions and solvent details relate to the
charging mechanisms in devices. It has been shown that increased capacitance can
be achieved by using pore sizes smaller than the size of an ion with an associated

solvent molecule®®® *°°

indicating that at least partial desolvation of the ions must
occur. This closer proximity of ions to the electrode pore walls might be responsible
for the excess charge density on the electrode, given that the solvent is not able to
screen the charge. Much work has since focused on this anomalous increase in
capacitance by studying structure and dynamics of ion adsorption and desolvation

in confinement?%3-29,

Although simulations have offered many useful molecular insights on the structural
and capacitive properties of ionic liquids between planar electrodes, experiments
directly probing the structure at the solid-liquid interface are scarce, and so here
experiments are presented of solutions of an ionic liquid in propylene carbonate, a
non-aqueous polar solvent. Interaction forces between mica sheets were measured
at incremental steps in concentration ranging from the pure solvent to the pure ionic

liquid. Results are shown in Figures 41-44 and summarised in Figure 45.

The force profile between mica surfaces across pure propylene carbonate is
shown in Figure 41. The measured force is oscillatory in nature for small
separations, corresponding to sequential squeeze-out of molecular solvent layers
from the gap between the surfaces. These results are in agreement with previous
surface force measurements of non-aqueous polar solvents confined between mica

surfaces’*"®. The oscillations have a periodicity equal to the molecule size, and are
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qualitatively similar to the structural forces first observed for non-polar liquids®™.

However with polar liquids, electrolytes are soluble and the mica sheets are
negatively charged due to some potassium ions dissociating from the surface. This
results in a weak, long range repulsive force measured between the similarly charge
surfaces accurately described by DLVO theory down (see the inset to Figure 41) to
the small separations where effects of molecular packing become most dominant.
The very low ionic concentration, ¢ = 6 x 10° M, in the fit is likely due to
dissociated potassium ions from the mica and possibly includes H* leached from

glassware, or dissolved HCO3'.
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Figure 41

Measured normal force, Fy, normalised by radius of curvature, R, between mica
surfaces across pure propylene carbonate. The dashed (pink) line is the best fit of the
linear part of the force profile to DLVO theory, corresponding to ¢ = 6 x 10° M and
wo = 94 mV. The inset shows the same data on a logarithmic force scale and

expanded distance scale.

When the ionic liquid [C4C1Pyrr][NTf,] is added to make a dilute electrolyte
solution at a concentration of 0.01 M (Figure 42), the measured repulsive force

is again in very good agreement with double-layer theory, with deviations at
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small separations due to molecular layering of solvent molecules. At long
range the measured repulsive force agrees well with DLVO theory, giving ¢ =
0.8 x 102 M, and at short range the oscillatory forces seem to be additive to the long

range double layer force.
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Figure 42

Measured normal force, Fy, normalised by radius of curvature, R, between mica
surfaces across a 0.01 M solution of [C4C,Pyrr][NTf,] in propylene carbonate. The
dashed (pink) line is the best fit of the linear part of the force profile to DLVO
theory, corresponding to ¢ = 0.8 x 102 M and yo = 32 mV. The inset shows the same

data on a logarithmic force scale and expanded distance scale.

A more concentrated solution of 1 M (Figure 43a) shows molecular layering at
small separations again indicative of propylene carbonate layering. lons,
which must be present in the confined films, are packed within the solvent
layers, and their size and shape is such that they only interfere with packing to
a little extent. Five molecular layers can be measured at this 1 M
concentration, compared to eight for the pure solvent. This behaviour

continues up to a concentration of 2 M (Figure 43b), but with weaker force
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magnitudes for equivalent numbers of confined layers.
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Figure 43

Measured normal force, Fy, normalised by radius of curvature, R, between mica
surfaces across 1 M and 2 M solutions of [C4C1Pyrr][NTf,] in propylene carbonate.

For concentrations of 2.5 M and above, a distinct switch in the film structure
becomes apparent, as follows. For a 2.5 M solution (Figure 44a), the
periodicity of the oscillations changes compared to lower concentrations, and
the forces also become larger in magnitude compared to similar D values for
the 2 M solution. Increasing the ionic concentration further to 3M (Figure
44D), results in similar layering behaviour with this larger periodicity, and
with more pronounced oscillations. This increases in strength and range right
up to the pure [C4C,1Pyrr][NTTf,] ionic liquid (Figure 44c), which corresponds
to a 3.3 M concentration. The force profile for the pure ionic liquid
[C4C1Pyrr][NTf,] shown in Figure 44 is similar to that for the same ionic liquid
shown earlier in this chapter (Figure 34), but here the distance changes are
resolved with greater resolution and more oscillations are detected using a
camera to photograph the interference fringes. The distance between the
measured stable film thicknesses in the pure ionic liquid is determined as 0.8 +

0.04 nm, which is in good agreement with the work of Hayes et al., who
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resolved layer spacings at approximately 0.79 nm intervals for the same ionic

liquid confined between a SisN4 AFM tip and mica surface®'?.
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Measured normal force, Fy, normalised by radius of curvature, R, between mica
surfaces across (a) 2.5 M, (b) 3 M and (c) 3.3 M (pure ionic liquid) solutions of
[C4C1Pyrr][NTf;] in propylene carbonate.
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Figure 45
Summary showing force profiles for all concentrations studied, from the pure propylene
carbonate (PC) solvent with no added electrolyte to the pure ionic liquid,

[C4C.Pyrr][NTT,]. Also shown is the average layer thickness for each concentration.

What is apparent from the force measurements is that at a critical
concentration there appears to be a crossover from density oscillations (driven
by solvent) to charge density oscillations (driven by ionic liquid), which have
different periodicities. The propylene carbonate solvent is polar with a large
molecular dipole moment (4.9 D) and so competes well with cations at the
mica surface. However once the ionic concentration of the solution is high
enough, the layer adjacent to the mica surface develops an excess positive
charge high enough to overscreen the negative surface charge. This

overscreening behaviour!!’” 2

results in alternating positive and negative
excess charge density decaying away from the surface for several layers into
the bulk liquid, with this interplay between charge correlations and geometric

confinement determining the measured forces as a function of film thickness?'?.

For this ionic liquid and solvent the concentration range at which this
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crossover occurs seems to be in the range 2.0-2.5 M, and is measurable for the
first few near surface layers. One can envisage a certain concentration
immediately prior to this crossover, where the cations and solvent molecules present
in the first molecular layer have an excess positive charge such that they perfectly
screen the mica surface charge, which would be detected in these measurements as
the highest concentration at which purely density oscillations are measured (or no
oscillations at all, but just a repulsive hard wall with an adhesive minimum at 0-1
nm). However there may be possible complications related to charge regulation
since the mica surface charge is not controlled. An analogous behavioural transition
has recently been predicted by simulations for pure ionic liquids by modifying the
surface potential of the electrode and/or varying ion dimensions to tune this

overscreening structure in a similar way***%,

These results of concentration dependent structure in ionic liquid-based electrolytes at
charged surfaces are of interest to current researchers in the field of electrical double
layer capacitors, where ionic liquids are typically dissolved in solvents such as
acetonitrile or propylene carbonate. Concentrations of 1-2 M seem to be an optimal
concentration in many recent experiments, and conventional thinking is that higher
concentrations lead to higher electrolyte viscosities with sluggish ion dynamics in pores
reducing performance. While the electrolyte concentration should most certainly be
sufficiently high to ensure good ionic conductivity, these measurements suggest that the
concentrations should also not be so high that there is overscreening at the electrode

surfaces, which is known to be detrimental to capacitance.

The effect of a non-aqueous polar solvent such as propylene carbonate appears

to be different to that of water in two ways:

)] Firstly, although layered structures have previously been observed

with aqueous solutions of a protic ionic liquid above a certain
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concentration*®, at lower concentrations the van der Waals attraction
between the surfaces made any structure (if present) inaccessible to
measurement. This is most likely related to water’s tendency to
remain liquid-like in confinement’’ due to suppression of its highly

directional hydrogen-bonded networks.

i) Secondly, while the effect of incorporated water on confined ionic
liquids is to swell the layer thickness by several angstroms®®® (and
also shown in the next chapter for a bilayer-forming ionic liquid), it is
interesting that the observed layer thickness of the confined ionic
liquid remains unchanged upon addition of a small amount of
propylene carbonate. This could be related to the different solvation
properties or possibility of hydrogen-bonding occurring between
water and the ions. Alternatively it could largely be a size effect,
given that water is half the size of propylene carbonate it might
perhaps pack into the ion layers in a different way to a solvent
molecule of comparable dimensions to the ions. Instead the propylene
carbonate molecules appear to intercalate into the ion layers, leaving
their thickness unchanged but lowering the force magnitudes due to a

decreasing extent of overscreening.

6.5 Summary

An equimolar mixture of monolayer and bilayer preferring ionic liquids takes on the
structure of the longer-chain cation rather than the shorter-chain cation. This is perhaps
surprising, given that the ‘average’ chain length is 7 carbons per ion pair and it is shown
that pure [CgC1Pyrr][NTf,] still forms monolayers. So it appears that the longer of the
chains dictates the structure in this case. It would be interesting to see how the

concentration of [C1oC1Pyrr][NTf,] in [C4C1Pyrr][NTf,] alters the structure: how little
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[C10C1Pyrr][NTf;] need one to add to [C4C,Pyrr][NTf,] in order to induce it to switch

from monolayer to bilayer structure?

The addition of lithium solute to an ionic liquid can have a marked effect on its double
layer structure, and it is to be expected that the effect depends on the particular solute,
ionic liquid and concentration. The results shown here are useful for the development of
Li-ion cells based on ionic liquid electrolytes, since the approach of ions to electrode
surfaces for electrochemical reactions hinges on the double layer structure at the

electrode.

Measurements using mixtures of ionic liquid with propylene carbonate, a polar non-
aqueous solvent, reveal a crossover from solvent layering (with incorporated ions) to
ionic overscreening above a certain ionic concentration. These results directly
demonstrate the use of solvent to tune overscreening structures of ionic liquids at
charged surfaces, in addition to varying the surface charge or ion dimensions. This
behaviour is to be expected for any polar liquid in the absence of hydrogen bonding,
however the exact concentrations at which the effects are observed most certainly

depend on the particular ionic liquid and solvent polarity®*®

. This interplay and
competition between the solvent dipole moment and ionic concentration determines the

near-surface structure.

Together these results provide important insights for their use as electrolytes confined to
narrow pores and thin films in electrochemical devices. Pyrrolidinium-based ionic
liquids in particular are particularly attractive for these electrochemical applications due
to their wide electrochemical window and chemical stability compared to other ionic
liquids and conventional solvents. These results also have direct implications for ionic
liquids stabilizing nanoparticles with their layered structures, and in solvating polar or
non-polar solutes. They are also critical in determining molecular mechanisms of

boundary lubrication with ionic liquids, as shown in the next chapter.
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7 MOLECULAR MECHANISMS OF
SHEAR ACROSS IONIC LIQUID
NANO-FILMS

7.1 Introduction

Their remarkable properties, including high thermal stability, negligible vapour
pressure, and propensity to form robust layers at surfaces make ionic liquids extremely
interesting as potential lubricants. While they are expensive to manufacture in large
quantities, of particular interest is their use as specialist lubricants in high vacuum or
extreme temperature conditions. Two industrial applications of ionic liquids have been

recently realised, inspired by the friction measurements presented in this thesis.

lonic liquids are also prospective lubricants for nanoscale devices, where lubrication
must be achieved with ultra-thin films, typically only a few molecular layers in
thickness. At such small length scales, surface forces dominate and it becomes critical
to understand molecular friction, adhesion and wear mechanisms at the nanoscale.
Understanding these lubrication mechanisms becomes even more important considering

the plethora of ‘tailor-made’ ionic liquids which could be synthesised.

Despite the burgeoning interest in ionic liquids and their intricate nano-structure in
recent years, very little is currently known about their mechanism of lubrication®®® 2
21 This chapter describes friction measurements between mica surfaces across films
ionic liquid. Key features are established distinct from earlier studies'®® #*¢8: friction
iIs measured across ionic liquid films of precisely controlled thickness (number of ion

layers), at both positive and negative applied loads, and the adhesion and real contact

area are measured concurrently.
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In Chapter 5 it was established that pure ionic liquids can form either monolayer or
bilayer structures in films between mica sheets. In this chapter, measurements of
friction forces are presented for each of these structural arrangements. In section 7.2 the
friction mechanisms across [C4C1Pyrr][NTf,], a monolayer-forming ionic liquid, are
presented. The key features of interest are how the friction is dissipated in the confined
ionic film and how the friction behaviour varies for different numbers of confined

layers.

Then in section 7.3 the friction mechanisms across [C1oC1Pyrr][NTf,], a bilayer-
forming ionic liquid, are described. The results allow elucidation of several mechanistic
insights into boundary lubrication. When considering friction across bilayers, the
question arises, how would ionic liquid bilayers slide across each other? Alkyl chains
are commonly thought to reduce friction and wear: the canonical perception involves
amphiphilic boundary lubricant molecules adhered to the shearing surfaces and sliding
at the interface where the tails meet. Whereas for confined ionic liquid bilayers, one
could postulate that shear could occur at three distinct planes: (i) at the ion/mica
interface, (ii) between the alkyl chains of the bilayers, or (iii) within the ionic region
between bilayers. Measurement of friction forces for one and two bilayers of
[C10C1Pyrr][NTf,] with or without the addition of small amounts of water enable

elucidation of the likely shear planes and sliding mechanisms in the confined films.
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7.2 Stiction, Stick-Slip and Quantized Friction Across
Monolayer Forming lonic Liquids

To obtain insight into the molecular reorganization of the ionic liquid films taking place
during shear, high resolution traces were recorded of the lateral force, F._ as a function
of lateral displacement of the top surface for a range of Fy and vs. Figure 46 shows an
example raw data friction trace for a film of [C4C,Pyrr][NTf;] confined to seven ion
layers. The traces reveal stiction spikes at the onset of sliding (Figure 46B), with
shearing of the film then progressing by way of a series of regular stick-slip cycles

characterized by saw-tooth motion.
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Figure 46

(A) Back-and-forth lateral displacement of one of the surfaces relative to the other at
constant velocity (vs = 205 nms™) (B) Friction traces showing F, transmitted across a
film of [C4C,Pyrr][NTf,] at constant thickness (i = 7) to the opposite surface at fixed
load (Fn = 52.6 UN).
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Once the direction of applied lateral motion is reversed, similar behavior is observed in
the opposite direction. One back-and-forth cycle of this shear behavior can be plotted as
a function of lateral displacement, resulting in a friction loop. Figure 47 shows example
overlaid friction loops for different values of Fy. If the confined film supports a finite
stress then during initial translation, F_ will increase up to a stiction yield force, Fs..
Shearing then proceeds by stick-slip, with F,_ ranging between a minimum of the kinetic
friction force, Fs at the stick-point, and a maximum of the static friction force, Fs;, at
the slip-point. At this vs, Fsy > Fsg, giving rise to an observed stiction spike, of height
Fsy — Fsk. These features are labelled clearly for the Fy = 160.4 puN friction loop in

Figure 47,

40 = Fsy
Fy = 1604 pM

30 |-
Fy= 946N

F = 5264

T
0 100 200 300 400 500

X, fnm

Figure 47
Friction loops showing F_ as a function of X_ for one representative sliding cycle for
different values of Fy, across a [C4C1Pyrr][NTf,] film at constant vs. The film thickness

is the same as for the raw data trace shown in Figure 46.

Qualitatively similar results were observed for i =9, 7, 5, and 3 films. Over the range of
Fn and vs studied all of these films exhibit a well defined yield point, with Fsy

increasing in magnitude as Fy increases, and stiction spikes at the onset of sliding. At a
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critical shear velocity, vs (Figure 48B), the stick-slip disappears and above this velocity
the film then shears with a smooth sliding motion (Figure 48C). It is notable that Fsy is

independent of vs, whilst Fsy is weakly dependent on vs.

FL/EN
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0 100 200 300 400 500 O 100 200 300 400 500
X fnm

Figure 48
Friction loops showing F__ as a function of X for one representative sliding cycle, for
different Vs at the same [C4C1Pyrr][NTf;] film thickness and fixed load (Fn = 52.6 UN)

as for the raw data traces shown in Figure 46.

As a result of the oscillatory force-law between the surfaces across this liquid it is
possible to vary Fy — over a certain range including positive and negative values — while
the number of ion layers, i, in the film remains constant. By performing this
compression/de-compression for different values of i, and at the same time applying
lateral displacement to the top surface and detecting the resulting F, it is possible to
measure Fsy as a function of Fy for each number of ion layers between the surfaces.
The combined results for several different experiments is shown in Figure 49, and
reveals quantized friction regimes for different film thicknesses. Thus there exists a
friction-load relationship for each value of i, and the friction is multi-valued for each

single value of load.
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Figure 49

(A) Oscillatory forces measured between mica surfaces across [C4CiPyrr][NTf;]
reproduced from Chapter 5 (B) Normal and shear forces between mica surface
measured across different numbers of confined ion layers for [C,CiPyrr][NTf,]. The

lines are linear fits to the data.

Each of the quantized friction regimes follows an approximately linear Fsx vs. Fy
relationship with non-zero Fsx measured at zero (and negative) values of Fy. The
friction at zero applied load originates in the contribution from the adhesion force
between the surfaces, Faqn, Which is different for each number of layers, i, as seen from
the measured Fy minima in Figure 49A. Fsy can be expressed as a linear combination
of load-dependent and adhesion-dependent contributions®'®

Al Fadh)

FSk —‘UFN+(X( diR
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where u is the load-controlled friction coefficient, a is the adhesion-controlled friction
coefficient, A' is the flat contact area, d' is the distance between the shearing liquid

layers, and superscripts i denote values for a film containing i layers.

In these experiments, Fagn' , Fsi', R, and d' are directly measured whilst controlling Fy.
The resolution in the contact diameter is only ~1 pm and not accurately measurable at
these relatively low values of Fy, but can be determined using the JKR equation after

in-situ calibration of the elastic modulus®%

of the lens-glue-mica system. This involves
the application of much larger normal forces and measurements of the flattened contact area
directly from the interference fringes was fitted using the JKR equation. Thus it was
possible to determine values of the coefficients x' and o' for each discrete film thickness.
For the films consisting of 9, 7 and 5 ion layers 4' increases gradually in the range 0.082
—0.172 (x0.008), as shown in Table 2. For i = 3, the gradient is much steeper giving

1=3=0.812 + 0.090.

Table 2 Load and adhesion friction coefficients with their propagated errors
i ui error  Fugp (MN)  error  Fsat Fy=0 error di(nm) error Ao(umz) o error
9 0.082 0.008 12.28 3.07 1.22 0.37 0.50 0.05 12.76 0.18 0.13
7 0.125 0.006 25.32 6.33 7.96 0.57 0.45 0.05 20.67 0.22 0.09
5 0.172 0.008 52.71 13.18 28.67 1.35 0.45 0.05 33.71 0.23 0.08
3 0.812  0.090 99.67 24.92 49.79 2.59 0.50 0.05 51.54 0.15 0.09

The adhesion contribution to the friction gives coefficients with closely similar values
for all i; o' = 0.19 + 0.04. The increase in ' as i decreases is likely due to the greater
degree of interlocking of the layers for small i: the layers closer to the mica surfaces are
more ordered, and have greater anion/cation excess concentration, and therefore have
greater inter-layer attractions for the same value of contact area and a greater activation

barrier for ‘unlocking’ the surfaces to allow shear.
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The clear yield points in the stick-slip traces indicate solid-like behavior of the ionic
liquid confined to films of i <9 ion layers. Subsequent stick-slip behavior observed at
lower vs is most often attributed to a series of freeze-melt transitions?*?%. However in
the case of ionic liquids a full-film melt is unlikely due to the high Coulombic energy
barrier of ions swapping between layers, so the stick-slip is likely to involve either
interlayer slips® or intra-layer (two dimensional) melting. Furthermore, the particularly

high values of Fs,'™> compared to Fsy '~

indicates that mid-film cation layers — the
structural feature present in films of greater thickness but not in the i = 3 film — may
shear-melt or slip at lower stress than the other layers and thus be responsible for the

lower yield force of the thicker films.

In general, pyrrolidinium-based ionic liquids confined to molecularly thin films require
greater force to squeeze-out successive layers compared to their imidazolium-based
analogues, allowing distinct friction regimes to be measured for even up to film
thicknesses of i = 9. The quantized friction presented here is a direct result of the
multiple discrete values of the adhesion-controlled contribution to the total friction, and
Is expected to be general for liquids which form layered structures in thin films. Indeed,
experiments with a range of other ionic liquids reveal quantized friction regimes
corresponding to the layer structure in every case, although the friction is often below

the resolution of the instrument for the thicker films.

One other example of quantized friction across ionic liquids is shown for
[C.C1IM][NTH,] in Figure 50. For this liquid there are three measurable friction regimes,
corresponding to one, three and five confined ion layers. Overall the behaviour of
[CoCLIM][NTHS,] is very similar to that of [C4C,Pyrr][NTf,], with different friction

coefficients for each of the stable film thicknesses.
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Figure 50

Normal and shear forces between mica surface across [C,C,Im][NTf,] and the mixture
Lig2[C2C1Im]os[NTTF,]. The lines are linear fits to the data. Schematics indicate the

likely layering structures, with dashed lines showing the likely shear planes.

Interestingly, [C.CiIm][NTf,] exhibits smooth sliding over the range of velocities
investigated, likely to a different (or lack of) lateral order of ions within the layers. In
fact, similar experiments with [C4C1Im][NTf;], which differs only in the alkyl chain
length of the cation, exhibits irregular stick-slip (not shown here), demonstrating the

complex friction behaviour depending on the ion structure.
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Comparing the friction across a single confined cation monolayer for [C,C1Im][NTf],
with the mixture Lig2[C,C1lm]os[NTT,], gives an extremely similar friction coefficient.
This indicates Li* ions are not present immediately adjacent to the mica surface as
discussed in the previous chapter. The second oscillation for the confined mixture
Lio2[C2C1Im]os[NTT,] exhibits a different non-linear friction with two regimes; at a film
thickness of ~2 nm, the friction coefficient stays constant (4 = 0.225 + 0.005) despite
gradual compression of the film to ~1.3 nm. Up to this point the behavior is more
similar to i = 3 for the neat [C,C1Im][NTf,] liquid, despite the film thickness being
closer to that for i = 5. This is most likely due to the anionic lithium clusters preventing
sliding between the ions in the middle of the film, as shown by the likely shear planes

shown as dashed lines in Figure 50.

At a distance of 1.2-1.4 nm for the mixture, the friction coefficient abruptly increases to
a much higher value (u = 0.943 £ 0.094), remarkably similar to that of the confined
cation monolayer in the same liquid mixture (1 = 0.980 + 0.060). One explanation is a
shift in the shear plane to the mica surface; this could possibly be due to different
[NTf,] orientations at a certain normal force which cause pinning and interlocking with
the [C,C4Im]" ions at the mica surface, which act to increase the friction above that of
the [C,CiIm]" ions at the mica interface. This behaviour is reversible, such that the
surfaces always separate from the same adhesive minimum at ~2 nm regardless of the
extent of confinement beforehand (as long as squeeze-out to a single cation monolayer

did not occur).

These results rationalize previous reports of discontinuities in the friction across
molecular liquids when the number of layers changes®®??°, here demonstrating multiple
quantized friction regimes with varying friction coefficients and quantifying the effects
of adhesion on the overall friction force. This result helps explain the boundary

lubrication of rough surfaces where the liquid film is of varying thicknesses across the
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contact zone: the total friction is made up of differently weighted contributions from
each film thickness despite uniform applied load. Thus the quantized friction regimes
resolved using atomically-smooth surfaces will provide a link between single-asperity

and rough-contact friction.

7.3 Sliding Mechanisms Across a Bilayer Forming lonic
Liquid

Given that the Fy vs. D behaviour is also oscillatory for [C1oC1Pyrr][NTf,], the friction
force (Fs) can be measured across each of three, two, and one [C1oCiPyrr][NTf;]
bilayers between the mica sheets in a similar way to that shown for [C4C1Pyrr][NTf,]
monolayers in the previous section. By measuring Fs whilst varying Fy, including
negative values of Fy in the case of adhesive regimes, distinct friction versus load laws

for each number of bilayers were recorded.

Figure 51 shows that for a film ~8.5 nm thick consisting of three bilayers, the friction
force is below the resolution of the instrument. For a film of 5.0 nm, consisting of two
bilayers, a small but measurable friction force is detected that varies linearly with
applied load; Fs, vs. Fy, gives a low friction coefficient p = 0.0072 + 0.0064 for two
bilayers. Squeezing out another bilayer results in a film ~2.4 nm thick, corresponding to
one bilayer between the surfaces, with a concomitant abrupt increase in friction. The
friction across one bilayer can also be fitted as a linear function of load (a JKR-type fit
is also possible within the experimental scatter), giving rise to a much higher coefficient
of u =0.45 £ 0.04. In this case of one ionic liquid bilayer, there is also a large adhesion
contribution to the measured friction; this manifests itself in the 130 uN friction force

measure at zero applied load.
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Comparing these values for [C19C1Pyrr][NTT,] to those obtained for [C4C1Pyrr][NTf,]
which forms monolayers (not bilayers) in thin films, it is noteworthy that the friction for
two bilayers is lower than for any of the measured monolayer regimes (9, 7, 5 and 3 ion
monolayers), where the friction for one bilayer is higher than for any of the monolayer
regimes. While two (or more) bilayers are extremely lubricating, once the film is

squeezed down to one bilayer, it becomes very sticky.
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Figure 51

Normal and shear forces between mica sheets across [C1oCiPyrr][NTf,] thin films. (A)
Fn/R vs. D, showing the sequential squeeze-out of bilayers as described in the previous
chapter. (B) Fsvs. Fy measured for one and two bilayers; the friction across one bilayer
is shown in blue and corresponds to the blue region in (A). Similarly, the friction across
two bilayers is shown in red and corresponds to the red region in (A). Lines are linear

fits to data from four separate experiments using different pairs of mica sheets.
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Figure 52

(A) Fn/R vs. D with points marking the maxima for wet and dry [C1oC1Pyrr][NTf,].
Lines are sketched to show the force laws (as in Figure 51A) for wet and dry
[C10C1Pyrr][NTf,] with data points removed for clarity. Only the maximum points are
shown to demonstrate the higher load required to squeeze out hydrated bilayers. (B)
Traces showing the squeeze-out: film thicknesses as a function of time recorded during
the transition from two bilayers to one bilayer for wet (light blue) and dry (dark blue)
[C10C1Pyrr][NTf,], with dashed lines indicating AD and At for the transition in each
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case. R was very closely similar in the two cases.
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The effect of small quantities of water incorporated into the ionic liquid on the Fy vs. D
profiles is presented in Figure 52A. The arrangement of ions in the confined film
remains similar when the ionic liquid is wet, as revealed by the oscillatory profiles with
peaks in force corresponding to one, two, and three bilayers as for the dry system,
although the force required to rupture each bilayer is higher than for the respective dry
bilayers. The presence of water within the bilayer structure causes a small but clearly

measurable dilation of the bilayers.

Figure 52B shows the film thickness transition between one and two bilayers is 2.1 nm
for the dry ionic liquid and 2.5 nm for the wet ionic liquid. The hydration of the ionic
liquid thus causes a dilation of 0.4 nm due to the presence of water in the mid-plane ion
region. Looking more closely at the kinetics of the ‘squeeze-out’ process for wet and
dry bilayers it can be seen that once sufficient load is applied for two bilayers to rupture
and give way to a single bilayer, the squeeze-out process occurs more quickly when

water is present than for the dry bilayers, i.e., At(dry) > At(hydr).

Having established structural properties of the hydrated bilayer structure, the effect of
hydration (incorporated water) on the shear stress at each film thickness was examined
(Figure 53). As for the dry ionic liquid, distinct ‘quantized’ friction regimes are
observed for one bilayer and for two bilayers of the hydrated ionic liquid between the
surfaces. Friction measurements across one bilayer of humidified ionic liquid show
little difference compared to one bilayer of the dry ionic liquid; there is a small
difference in intercept due to the adhesion contribution to friction, but the friction
coefficient (gradient) remains closely similar — as shown in Figure 53A. In dramatic
contrast, the friction across a film of two bilayers is increased by more than an order of
magnitude by the presence of hydration water (Figure 53B). Furthermore, it is evident
that added water is causing an incease in the adhesion contribution to friction,

manifested as the larger Fs at Fy = 0 for the wet ionic liquid.
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Figure 53

Effect of hydration on friction across one and two bilayers. (A) Fs vs. Fy measured
across one confined bilayer for the dry liquid (diamonds) and for the liquid exposed to
ambient humidity (circles). (B) Fs vs. Fy measured across two confined bilayers for the
dry liquid (diamonds) and for the liquid exposed to ambient humidity (circles). Lines
shown are linear fits to data from seven experiments each using different pairs of mica

sheets.

For clarity of reference in the following discussion, key points from the results

described above are now summarised:

Observations.
M The force required to shear a film of 2 bilayers is much less than that for 1
bilayer, at the same value of normal load. This is irrespective of whether the

bilayers are dry or hydrated.
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(i)

(iii)

(iv)
(v)

(vi)

(vii)

The force required to shear one bilayer is similar for dry and for hydrated
bilayers.

The force required to shear two bilayers is much reduced, by 1-2 orders of
magnitude, for dry compared to hydrated bilayers.

Hydration of the bilayers causes a swelling of 0.4 nm per bilayer.

The load (or normal force, Fyn) required to reduce the film thickness from
two bilayers to one bilayer is greater for hydrated than for dry bilayers.

The adhesion force associated with pull-apart from two bilayers is similar
(the same within experimental scatter) for wet and dry bilayers.

The rate of squeeze-out from two bilayers to one bilayer is faster for wet

than for dry bilayers.

Assumptions.

()

(i)

Incorporated water goes to the charged interface(s) rather than the alkyl
region(s), as indicated in Figure 54.

Shearing occurs solely at the plane(s) of lowest shear stress

From these observations and assumptions the following mechanistic implications can be

deduced, which include the likely planes of shear for bilayer films:

Implications.

(M

A film consisting of 1 bilayer shears at the alkyl region. (From
observation ii and assumption i’). The negligible effect of water on the shear
of one bilayer implies that the shear plane is not significantly affected by
incorporation of water into the liquid. Since water is likely to reside in the
ion-rich regions, and not in the hydrophobic alkyl regions, this implies that
the shear of one bilayer takes place at the alkyl plane. Small differences in
the friction between one dry bilayer and one hydrated bilayer might have

been expected due to changes of density and interdigitation in the alkyl
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(1

(1)
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region when the ionic headgroups are hydrated, but interestingly the
coefficient of friction remains closely similar; therefore it can be deduced
that the interdigitation and fluidity of the alkyl regions remain largely
unchanged by hydration of the head groups up to these amounts of water.

A film consisting of two (dry) bilayers shears at the mid-plane ion region
(from observation i and assumption ii’). This follows from the observation
that friction is much lower for two bilayers than for one bilayer so the active
shear plane must be not present in a one bilayer film, otherwise it would also
allow the same lower stress shearing for 1 bilayer. The only such feature,
present in a two bilayer film but not in a one bilayer film, is the mid-plane
ion region.

Hydration of the bilayers involves incorporation of approximately one
or two hydration shells of water, or molecular layers of water, into the
mid-plane ion region; and this acts to increase order in the ion region
(from observations iii, iv, and v, and assumption i’). The difference in liquid
film thickness between two bilayers and one bilayer was observed to be 0.4
nm for hydrated compared to dry bilayers; i.e. 4Dy = ADgry + 0.4 NM
where 4D = D(2 bilayers) — D(1 bilayer). This increase in thickness caused
by hydration corresponds roughly to the diameter of one water molecule per
bilayer, so we suggest a picture of roughly one molecular monolayer of
water incorporated into the headgroup region of each bilayer. The precise
arrangement or structure of the hydrated film cannot be determined in the
present experiments. The outcome of this hydration appears to be a
solidification of the bilayers, possibly due to an increase in order of the ions
within the layers: this is seen in both the normal force profiles, where
hydrated bilayers require a greater load to be ruptured than dry bilayers, and
in the shear forces where two hydrated bilayers required a greater lateral

force to be sheared past one another.
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(V)

A film consisting of two hydrated bilayers shears at the mid-plane ion
region; however the friction at this plane is much increased by
hydration of the ions (from observations i and iii, and assumptions i’. and
ii’.) Although Fs (at any given value of Fy) is greater by 1-2 orders of
magnitude for two hydrated compared to two dry bilayers, it remains
enormously less than the friction across one bilayer: Fs at Fy = 0 is an order
of magnitude less and x is a factor of 2-3 less, than for 1 bilayer. Thus the
shearing remains at the mid-plane ionic interface for two hydrated bilayers
(the feature not available to a one bilayer system), with the incorporated
hydration at this plane leading to an increase in the friction (both gradient
and intercept). This increase in friction in the presence of hydration water is
perhaps surprising (although it does reinforce work of Espinosa-Marzal

which also reported increase in friction with wetter ionic liquids'®> %**

), since
water might be expected to ‘lubricate’ the ion-ion relative motion, either (a)
by increasing ion-ion separation and so reducing the interaction potential
between shearing layers, or (b) by the ‘hydration lubrication’ mechanism
involving dissipation by rapid interchange of neighbouring water
molecules®®?%. This apparent ‘stiffening’ of the layers with respect to shear
suggests the mid-plane ion region is more ordered in the presence of a

monolayer of water, with water perhaps facilitating a more ordered packing

of the cation headgroups.
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Figure 54

Schematic representations of the systems studied: one dry bilayer ‘1BL (dry)’, two dry
bilayers ‘2BL (dry)’, one hydrated bilayer ‘1BL (hydr’, and two hydrated bilayers ‘2BL
(hydr)’. The diagrams indicate the active planes of shear (labelled with red dashed lines)

as indicated in the text.

(V) The plane of shear is not necessarily equivalent to the plane of
(de)adhesion (from observations iii, iv and vi, and assumption i’). Despite
the large effect of water on shear of two bilayers (including the adhesion
contribution to friction), water has no effect on their measured pull-off force.
This implies that the plane of shear, which has a certain adhesion associated
with it that contributed to the measured friction force, is not equivalent to the
plane of de-adhesion®. In fact, the process of pulling the surfaces apart may
not involve de-adhesion at a single plane and is likely to involve more
complex molecular rearrangements as bulk liquid enters the film.
Importantly, this implies that the measured adhesion is not always equivalent

to the adhesion force contributing to adhesion controlled friction.
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(VI) Squeeze-out can occur by a mechanism quite distinct from shear (from
observations iii, v and viii, and assumption i’). Comparison between the
effect of water on shear of two bilayers (i.e., to increase the friction) and its
effect on the rate of squeeze-out (more rapid) appears surprising; if water
causes a solidification and shear stiffening (implication iii), then why should
the squeeze-out process from two bilayers to one bilayer happen more
quickly? It appears that the mechanism of squeeze-out is different for dry
and hydrated bilayers. One possible description is the following. The more
fluid dry bilayers squeeze out via a viscous mechanism related to shearing of
the layers, ‘shearing off” a layer. The wet bilayers are much more solid-like
at the plane of shear, and therefore, this mechanism is not favoured. Instead,
once a higher normal load is reached, a more catastrophic event involving
melting (i.e., molecular reorganisations breaking up the bilayers) occurs,

allowing molecules to squeeze-out more rapidly.

7.4 Summary

These high resolution measurements reveal the following notable features for the first
time in ionic liquid: (i) discrete friction regimes for each number of ion layers in the
film, leading to multi-valued friction as a function of load; (ii) stick-slip friction
observed below a critical velocity for certain ionic liquids; and (iii) different friction
coefficients measured for each film thickness. This latter point implies that the
mechanism of friction across ionic liquids is qualitatively different to non-polar liquids,
where the friction coefficients are essentially independent of film thickness except for

the last confined molecular layer*® 22,

In combination these implications constitute a picture of the subtle friction mechanisms

at play in systems of one and two bilayers. Most significantly, a film of lubricant thick

MOLECULAR MECHANISMS OF SHEAR ACROSS IONIC LIQUID NANO-FILMS 119




enough to contain two (or more) bilayers will shear along the ionic planes rather than at
the alkyl planes, and the friction coefficient of these planes can be orders of magnitude
lower than for a single confined bilayer. These conclusions are pertinent to the
understanding of lubrication in ionic liquids, and one imagines the same molecular
mechanisms are likely to hold in other multi-lamellar phases such as liquid crystals or
surfactant solutions at high concentration. Put together, these findings point at new
ways to control friction in microscopic systems and to develop ionic liquid lubricants

for specialized applications.
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8 SUMMARY AND OUTLOOK

This thesis explores the nanostructure of a variety of non-aqueous liquids and solutions
confined to thin films, and the effect of their film structure on molecular mechanisms of
friction and lubrication. The results are exclusively surface force measurements with
extreme sensitivity and resolution in shear stress and surface separation. The systems
investigated include organic friction modifiers commonly used in engine oil additives,
and ionic liquids, whose properties makes them promising both as electrolytes at

nanoporous electrodes and as specialist lubricants.

Chapter 4 compares and contrasts film structures and lubricating behavior for various
surfactants dissolved in dodecane, a model base oil. Pure dodecane forms solid-like
films when confined to molecular dimensions, generally with high friction and with
stick-slip behaviour. All surfactants studied significantly reduce friction of the base oil
when added in small amounts by adsorbing as monolayers to the surfaces, with their
orientation with respect to the surface determined by molecular structure. Friction

across these confined films exhibits smooth sliding with low friction coefficients.

Experiments with mixtures of added GMO and GTO surfactant suggest that there is no
preferential adsorption of a particular molecule. While the adsorbed GMO monolayer
structure dictates the measured normal forces in mixed solutions, it is clear from the
shear measurements that there are significant amounts of GTO also present at the
surfaces. For up to small amounts of GTO added to a predominantly GMO solution
(10:90 mass ratio), the reduction in lubrication is small. However when present in larger

amounts (50:50 mass ratio), the friction coefficient can increase by an order or
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magnitude compared to GTO solutions and two orders of magnitude compared to GMO

solutions.

It would be very interesting to examine the adsorption behaviour using QCM,
spectroscopy®’’ or AFM under liquid to determine adsorbed amounts and morphology
of the monolayers adsorbed from solution. This would be particularly interesting for the
surfactant mixtures, where competition at the surfaces with other additives in
formulations such as detergents and dispersants can affect the adsorbed film. At the
macroscopic scale, changing one component in a lubricant formulation can have marked
and unexplained effects on its lubricating behaviour. As such, what may appear to be
only a moderately performing friction modifier in a base oil may actually be excellent in
a fully formulated engine oil. Thus it is incredibly important to understand molecular
mechanisms of how the additive molecules interact both with each other and at the
surfaces, and these surface force measurements provide valuable information on film
structure and friction reduction to compare with recent molecular dynamics simulations

of similar model systems® %%,

Chapter 5 presents measurements with nano-confined ionic liquids, directly revealing
with molecular resolution the pronounced layered structures. Varying the alkyl chain
length of the ionic liquids revealed a dramatic cross-over in the interfacial layering
structure, from alternating cation- and anion-enriched monolayers for ionic liquids with
short alkyl chains, to bilayer formation for more amphiphilic ions. The ‘monolayers’
consist of anions sandwiched between monolayers of cations with the alkyl chains
generally lying parallel to the surface. The ‘bilayers’ consist of cations lying more
perpendicular to the surface, allowing segregation of the non-polar moieties away from
ionic regions. The extent of alkyl chain interdigitation was found to depend on both the
chemistry and geometry of the ions. The preference for bilayer structures when the alkyl

chains exceed a critical value is reminiscent of amphiphile self-assembly in water, albeit
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with the additional constraint that with no solvent all of the space must be filled by the

ions.

The results presented in this thesis have contributed substantially towards current
understanding of ionic liquid structure at interfaces and in confined geometries. Among
the most promising applications is their use as electrolytes for energy storage devices
such as supercapacitors - particularly when confined in nanoporous electrode structures
- which show enhanced capacitance properties when ion dimensions match pore sizes.
Much recent work in the literature has focused on the structure and dynamics of ion
adsorption at electrodes, with simulations offering many useful molecular insights.
However experiments directly probing the structure at the solid-liquid interface are
scarce and thus these surface force measurements contribute to the development of

electrochemical devices based on ionic liquid electrolytes.

There is currently also great interest in the nano-scale mechanisms of friction and
lubrication with ionic liquids, which combine many useful physical properties, and the
dynamics of ionic liquids in confinement are unusual compared to either aqueous or
non-aqueous liquids. While ionic liquids are expensive to manufacture in large
quantities, of particular interest is their use as specialist lubricants in high vacuum or
extreme temperature conditions. With the ongoing miniaturisation of devices they are
also prospective lubricants for nano/microelectromechanical systems (NEMS/MEMS),
where lubrication must be achieved with ultra-thin films, typically only a few molecular
layers. At such small length scales, surface forces dominate and it becomes critical to

understand molecular friction, adhesion and wear mechanisms at the nanoscale.

Chapter 6 shows measurements of the friction force transmitted between the surfaces
across ionic liquid films, showing clear evidence for ‘quantized’ friction. Multiple
friction-load regimes with different friction coefficients are measured for different

numbers of layers for the same ionic liquid. Thus there is no single-valued friction-load
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relationship for a particular liquid. Adhesive contributions to friction, which depend on
the number of confined layers, result in significant friction at zero and even negative
applied loads. Importantly, the results not only provide information on friction
dissipation mechanisms of ionic liquids, but also help to explain the difference in
friction measured between rough contacts and that measured between extremely smooth
surfaces or single asperities. This is a long-standing problem in the field of tribology
since even highly polished surfaces have roughness at the nanoscale resulting in

different film thicknesses at the same sliding interface.

lonic liquids display different friction coefficients depending on the number of confined
layers. In contrast, non-polar liquids generally exhibit a higher friction coefficient,
similar for each layer (although the oscillatory nature of the structural forces also leads
to quantized friction in these cases, due to the varying adhesion contribution to friction
for each layer). One puzzling feature is that sliding between ion layers in ionic liquids
can result in much lower friction coefficients compared to molecular liquids, which
might be unexpected due to strong electrostatic interactions between ion layers of
opposite charge in the films. This hints at the importance of disorder in-plane, reducing

the activation barrier to molecular hopping taking place at the shearing interface.

One strong argument to explain the higher friction coefficients for molecular liquids
(which form layered structures) compared to ionic liquids could be that slip may in fact
be occurring at the liquid/wall interface for molecular liquids, given that the friction
coefficients are so similar for different numbers of confined non-polar molecules. Shear
melting phase transitions are a popular mechanism to explain stick-slip friction in
confined liquids®®°. However, shear melting is unfavourable for ionic liquid films due to
the high coulombic penalty of ions swapping between layers. The extreme similarity in
stick-slip behavior for pyrrolidinium-based ionic liquids and for non-polar molecular
liquids suggests a different mechanism to shear-melting may be taking place. Other

possible mechanisms include - but are not limited to — molecules melting only in a
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particular layer during the ‘slip’ phase, or something more akin to solid-on-solid sliding,
where the surfaces periodically ‘stick’ and ‘slip’ due to elastic deformations within the

solid-like film.
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Figure 55
Schematics of confined liquids showing layered structures in the direction normal to the

surface and lateral order within a particular liquid layer.

For ionic liquids, the measured oscillatory structural forces reveal order in the direction
normal to the surface, but the lateral structure is much more disordered®®%,
Conversely, molecular liquids which solidify in confinement order themselves in close
packed structures with molecules in layers commensurate with respect to each other?®.
In such cases the friction between layers may be very high, and so slip may instead be
occurring at the mica interface, which is most certainly not commensurate with the

liquid. That cyclohexane has greater friction than for OMCTS with the same number of
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layers'®® has been attributed to the smaller size of cyclohexane molecules and greater
‘apparent roughness’ of the mica surfaces (at the atomic level), suggesting further that
the slip plane for these liquids may be at the mica interface. For linear alkanes this is
further complicated by mosaic-like structures which can form ‘crystalline bridges’

across the film'*®,

Comparing friction forces measured for different numbers of ionic liquid bilayers with
or without the addition of small amounts of water enables elucidation of shear planes
and sliding mechanisms in the confined films. Most significantly, a film of lubricant
thick enough to contain two (or more) bilayers will shear along the ionic planes of the
bilayers rather than at the alkyl planes, and the friction coefficient of these planes can be
orders of magnitude lower than for a single confined bilayer, where sliding must take
place between the alkyl chains. These conclusions are pertinent to the understanding of
lubrication in ionic liquids, and one imagines similar molecular mechanisms are likely
to hold in other multi-lamellar phases such as liquid crystals or surfactant solutions at
high concentration. These molecular mechanisms of ion lubrication differ markedly
from the results described in Chapter 4, and from the prevailing paradigm in non-
aqueous lubrication in general, which asserts in essence that surfaces coated in
amphiphiles slide past each other by way of the ‘slippery’ exposed alkyl chains while

the polar headgroups remain anchored at the surface.

One exciting future direction is the use of electrochemical methods to control structure
and friction in electrolyte films®*®, and particularly of interest is to investigate charging
dynamics of ions in confinement?®®#% 24 Mixing large ions with neutral solvent
molecules and monitoring the confined film thickness could help distinguish between
possible expulsion of ions from the film, adsorption of counterions into the film, or
exchange between ions and counterions upon changing the applied surface potential.
Diffusion bonded metal surfaces'?, which may be smoother than those prepared by

conventional template stripping with glue'®® could be a useful route to explore. Another
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method of preparing atomically smooth conducting surfaces is to use graphene, recently
demonstrated to control double layer forces across aqueous electrolytes'?®. Molecular
dynamics simulations have shown recently that charging dynamics can be considerably

2 Indeed, different flow properties of

accelerated with the use of ionophobic pores
ionic liquids have been observed experimentally at methyl-terminated surfaces
compared to mica***. However carbon-based materials are widely studied as electrodes
and are already ‘ionophobic’, so perhaps a more careful selection of electrolyte systems

with high cohesive energy density may improve performance.

More generally, techniques to examine the properties of the confined films in situ
during shear, such as sum frequency generation spectroscopy®*®, x-ray diffraction?*’,
fluorescence spectroscopy®*® could uncover fundamental phenomena of energy
dissipation in friction for different systems. There are many parameters to investigate,
and the elucidation of intermolecular and surface interactions both at a fundamental
level and when applied to a wide variety of practical systems remains an exciting

challenge for the future.
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