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Abstract 

Modern machines operate under increasingly harsher conditions which has 

prompted the search for a new generation of lubricants. Low melting point salts known 

as ionic liquids (ILs) have emerged as excellent candidates as versatile lubricants which 

can operate under extreme environments. However, poor understanding of their nanoscale 

lubrication mechanisms hinders their full potential as designer lubricants. The aim of this 

thesis is to understand how ILs lubricate both as neat lubricants and as additives and relate 

their performance to their molecular structure. 

Atomic force microscopy (AFM) nanoscale friction measurements reveal that a 1 

mol % solution of IL dissolved in an oil lubricates silica as effectively as the neat IL. The 

adsorption isotherm shows that the IL surface excess need only be approximately half of 

the saturation value to prevent surface contact and effectively lubricate the sliding 

surfaces. Neutron reflectometry measurements of the same system showed that IL cations 

made up most of the layer, however, a significant amount of IL anions and oil were 

present. 

Electrochemical AFM friction control of friction by an external potential possible 

in oils with IL additives. Changing the potential changes the composition of the IL 

boundary layer from cation – enriched (negative potentials) to anion – enriched (positive 

potentials). 

Contrary to expectations, friction is inversely correlated with IL interfacial 

nanostructure. The sliding AFM tips expels the weak near surface structure with minimal 

energy loss (low friction), whereas for strongly structured ILs, more energy is dissipated 

by breaking the stronger interlayer bonds. 

Phosphonium ILs are effective lubricants for alumina and titania, both as neat 

lubricants and as additives. However, the mechanism for IL lubrication varies depending 

on the pressure between the surfaces and the sliding speeds.  

The findings from this work confirm ILs are excellent lubricants for a wide variety 

of surfaces. Furthermore, using ILs as additives potentially proves all the benefits of neat 

IL lubrication at a fraction of the cost. While the optimal IL lubricant depends on the 

operating conditions, knowledge of the IL nanostructure can be utilised design an ideal 

lubricant.  
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1.1 Overview 

This thesis aims to understand the fundamental mechanisms and relationship 

between IL structure and lubrication. 

This thesis begins with a review of literature in Chapter 1 relevant to the subsequent 

chapters. This includes the historical background to lubrication theory (Section 1.1.1), the 

types of lubrication (Section 1.1.2) and boundary lubrication theory (Section 1.1.3). A 

general introduction to ILs (Section 1.2.1), ILs as neat lubricants (Section 1.2.2), and ILs 

as lubricant additives (Section 1.2.3). 

Chapters 2 – 7 present a selection of publications produced from this work. An 

overview at the beginning of each chapter provides the context for each manuscript within 

the thesis. This is followed by an abstract summary of results, an introduction, 

experimental details, results and discussion, and supporting information. 

Chapter 2 explores ionic liquid adsorption and nanotribology at the silica – oil 

interface. Atomic force microscopy (AFM) nanotribology measurements of a series of 

mixtures reveal the hitherto unreported relationship between concentration and lubricity 

for IL–oil mixtures. Adsorbed masses from QCM indicate the corresponding surface 

saturation at each concentration.  

Chapter 3 follows from Chapter 2 with the ionic liquid adsorption at the silica – oil 

interface revealed by neutron reflectometry. Fitting the reflectivity profile from a silica 

wafer immersed in a 2 mol % mixture of IL to a simple adsorbed layer shows the ratio of 

the IL cation and anion as well as the oil in the layer. Results from the measurements at 

higher temperatures are also presented and discussed. 

Chapter 4 probes the tribotronic control of friction in oil – based lubricants with 

ionic liquid additives. AFM nanotribology measurements probe the lubricity of the IL–

oil mixtures as a function of both IL concentration and the applied electric potential to a 

gold electrode. 

Chapter 5 examines the ionic liquid lubrication of stainless steel. The lubricity of 

six ILs on a stainless steel surface investigated by AFM nanotribology is compared with 

their interfacial nanostructure from AFM force–distance curves. The inverse correlation 
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between friction and interfacial nanostructure is related to the molecular structure of the 

IL ions.  

Chapter 6 focuses on the nanotribology of ionic liquids as lubricant additives for 

alumina. AFM nanotribology measurements of two quaternary phosphonium ILs with the 

same cation but a different anion probe the relationship between structure and lubricity. 

Also discussed are the results from a series of mixtures of the ILs with oil.  

Chapter 7 nano- and macroscale study of the lubrication of titania using pure and 

diluted ionic liquids. Combined AFM nanotribology and three-ball-on-disk 

macrotribology experiments probe the efficacy of four quaternary phosphonium ILs as 

lubricants and lubricant additives for titania. The results are interpreted by the lubrication 

regime in each experiment which provides insights into the design of ILs as boundary or 

mixed regime lubricants. 

Chapter 8 summarises the key findings of this thesis. An outlook on the field of IL 

lubrication follows with suggestions for future work.  
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1.2 Lubrication Theory 

1.2.1 Background 

Throughout history humans have relied on lubrication for a wide range of 

technologies.1 The ancient Egyptians lubricated large slabs of stone weighing several 

tonnes to construct pyramids and statues. Paintings found in the tomb of Ti at Saqqara (c 

2400 BC) depict figures applying a lubricant in order to move a large statue (see Figure 

1.1).1 Conversely, the absence of lubrication has also be taken of advantage, for example, 

to make fire from the heat generated by rubbing wooden sticks together. The use of 

lubricants has increased alongside the increase in the use of machines to the point that 

they are now a crucial part of society. 

Our heavy reliance on lubricants demands that we improve our knowledge about 

lubrication. According to the Jost Report, inadequate lubrication costs up to 1.6 % of the 

GDP of a modern industrialised nation.2 In Australia this amounts to $25 billion in 2018 

alone.3 However, improving efficiency to such an extent requires a better fundamental 

understanding of friction and wear. 

Despite an extensive history of their use, understanding of the mechanisms of 

lubrication has only occurred in modern times. Leonardo da Vinci’s early experiment 

(dating between 1480 and 1518) is the first known study that investigated the fundamental 

nature of friction.1 da Vinci used a wooden apparatus consisting of a sliding block 

attached to a dead weight via a pulley system (see Figure 1.1).4 Using this apparatus, da 

Vinci studied the relationship between the normal force acting on the sliding block (i.e. 

the gravitational weight based on the mass 𝑀𝐵) and the lateral friction force calculated 

based on the gravitational weight of the dead weight 𝑀𝑊. da Vinci observed a 

proportional relationship between normal force (𝐹𝑁) and friction force (𝐹𝐿), that is: 

 𝐹𝐿 = 𝜇𝐹𝑁 (1.1) 

where 𝜇 is the proportionality constant, now known as the friction coefficient. (Note 

that this work was carried out long before Newton’s work on forces between bodies, thus 

Equation 1.1 may be seen as a modern interpretation of da Vinci’s findings.). Despite this 

finding, da Vinci’s work had no influence on development of the field as his journals 
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went unpublished. It was not for another 200 years that scientists such as Guillaume 

Amontons and Charles-Augustin de Coulomb reached similar conclusions.4 

  
 

 
Figure 1.1. Evidence of friction throughout history. (Top) Paintings found in the tomb 

of Saqqara depicting the application of lubricant to move a large statue. Reproduced 

from Layard.5 (Bottom) A modern drawing of the apparatus used by Leonardo da Vinci 

in his friction experiments. Reproduced with permission from Pitenis et al.4 Copyright 

2014 by Springer Science Business Media.  

 

In 1699 Amontons proposed what are now known as Amontons’ laws of friction.6 

These laws, often described as the classical friction laws, are as follows: 

 The friction coefficient is independent of the apparent contact area. 

 The friction coefficient is independent of the load. 

 The friction coefficient is independent of sliding velocity. 
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Later it was realised that when two surfaces adhere to each other there is a friction 

force (𝐹𝐴) which can arise even in the absence of any applied normal force.7 Incorporating 

this into Equation 1.1 results in: 

 𝐹𝐿 = 𝐹𝐴 + 𝜇𝐹𝑁 (1.2) 

Despite the remarkable accuracy of Amontons’ laws for a wide variety of systems, 

they come from purely empirical observations. As Leslie pointed out in 1804, these 

models do not explain why a force has to be continuously maintained once motion has 

started (i.e. dynamic friction).7 Leslie concluded that there must be some mechanism for 

energy dissipation which could not be explained by a purely geometric model.  

In the 20th century it became apparent that Amontons’ classical friction laws, while 

apparently true based on macroscale observation, did not apply at the nanoscale. Bowden, 

Tabor and co-workers found that friction, although independent of the apparent 

macroscopic contact area, was in fact dependent on the true contact area based on 

microscopic irregularities of a surface.8 They proposed that energy was dissipated via the 

tearing away of tiny fragments of material at the true contact points. This discovery led 

to the rise of the importance of ‘contact mechanics’ in the field. Bowden and Israelachvili 

later disproved the hypothesis that wear causes friction, using atomic-scale friction 

measurements with the surface forces apparatus (SFA) to show friction exists even in the 

absence of wear.9 

Currently there is no universally accepted theory which describes the mechanism 

behind friction between two solid surfaces. However, by far the leading theory relates to 

the phonon description of friction first proposed by Prandtl in 1929, often described as 

the Prandtl-Tomlinson model.10-11 In the Prandtl-Tomlinson model, sliding contacts cause 

the build-up of strains which are then released in the form of phonons, or atomic 

vibrations. Figure 1.2 shows how the Prandtl-Tomlinson model describes a point mass 

driven over a periodic potential. This model also explains the origin of “stick-slip” friction 

behaviour, a frequently observed phenomenon where friction occurs in a non-continuous 

manner. Stick-slip is also observed on the atomic level with atomic force microscopy 

(AFM).12 
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Figure 1.2. The Prandtl-Tomlinson model. (Left) A point mass being driven over a 

periodic potential. Reproduced from Popov and Gray13 with permission from John 

Wiley and Sons. (Right) Evidence for the Prandtl-Tomlinson model from AFM friction 

experiments. Reproduced from Hendrik Hölscher et al.12 with permission from The 

Royal Society. 

 

1.2.2 Types of Lubrication 

A lubricant is a substance that reduces friction, adhesion and wear. How a lubricant 

reduces friction depends on the lubrication mechanism. These three mechanisms, or 

regimes, are described by the Stribeck Curve, shown in Figure 1.3: hydrodynamic, mixed, 

and boundary lubrication.14 The Stribeck curve is a plot of the coefficient of friction, 𝜇, 

for varying values of the Stribeck number, 𝜂𝑈/𝐹𝑁, where 𝜂 is the fluid viscosity (Pa ∙ s), 

𝑈 is the sliding velocity (m s-1), and 𝐹𝑁 is the normal force on load on the surfaces (N).  

Alternatively, the lubrication regimes can be defined by the ratio of the film 

thickness to the surface roughness, i.e.: 

 
𝜆 =

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑛𝑔 𝑓𝑖𝑙𝑚

Σ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠
 

(1.3) 
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Figure 1.3. A generalised Stribeck curve. 

 

1.2.2.1 Hydrodynamic Lubrication 

For high Stribeck numbers (i.e. high viscosities and speeds with low normal loads) 

or 5 ≤ 𝜆 ≤ 100, hydrodynamic lubrication dominates. In hydrodynamic lubrication two 

sliding surfaces are separated by a thick (> 0.25 μm) film of liquid which physically 

prevents contact between the surfaces. The increase in friction coefficient in the boundary 

regime is proportional to the increase in the Stribeck number. As the lubricant always 

physically separates the surfaces, negligible wear occurs. 

An example of hydrodynamic lubrication is bearings. Lubricants for plain bearings 

operate in the hydrodynamic regime, and so viscosity alone determines friction. The 

optimal viscosity depends on the system, but in general too low a viscosity and it cannot 

bear the required load, too high and it will generate significant power loss and 

temperature.14 Since hydrodynamic lubrication simply depends on the viscosity of the 

liquid, this thesis does not focus on the design of hydrodynamic lubricants. 

1.2.2.2 Mixed Lubrication 

At higher loads and/or lower speeds and viscosities, mixed regime lubrication takes 

place, whereby the hydrodynamic film begins to thin and cannot prevent some contact 

between the opposing surfaces (1 ≤ 𝜆 ≤ 10). In the mixed regime the friction coefficient 
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depends on a combination of the viscosity of the lubricant as well as its ability to act as a 

boundary lubricant. Mixed lubrication occurs with many gears, ball and roller bearings 

and seals. 

1.2.2.3 Boundary Lubrication 

Finally, lubrication in systems with very low Stribeck numbers (i.e. high load and 

low speed) is described as boundary lubrication (𝜆 ≤ 1). Boundary lubrication involves 

the direct contact of the two sliding surfaces or when two surfaces are separated by an 

ultra-thin (molecular) layer of lubricant. 

This thesis is primarily focussed on boundary lubrication for two reasons. Firstly, 

boundary lubrication is industrially important for many applications such a gears, valve 

trains, and more recently micro- and nanoelectromechanical systems (MEMS/NEMS).14-

15 Secondly, studying the boundary layer excludes bulk liquid effects such as viscosity 

which complicate studies in the other regimes, allowing underlying friction mechanisms 

to be more accurately determined. 

From Equation 1.1 the coefficient of friction 𝜇 is defined as the ratio of the lateral 

friction force 𝐹𝐿 and the load applied normal to the surface 𝐹𝑁: 

 
𝜇 =

𝐹𝐿

𝐹𝑁
 

(1.4) 

The true contact area between the surfaces differs from the apparent contact area 

because the true contact between two surfaces is through micro- and nano-sized 

asperities.14 If we assume that the major component of the frictional force is due to 

adhesion between the asperities, then the frictional force 𝐹𝐿 can be expressed as: 

 𝐹𝐿 = 𝐴𝑡𝜏 (1.5) 

where 𝐹𝐿 is the frictional force (N), 𝐴𝑡 is the true contact area (m2), and 𝜏 is the 

effective shear stress of the material (Pa). The applied load 𝐹𝑁 can also be expressed in 

term of contact area: 

 𝐹𝑁 = 𝐴𝑡𝑝𝑦 (1.6) 
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where 𝐹𝑁 is the applied load (N), 𝐴𝑡 is the true contact area (m2), and 𝑝𝑦 is the 

plastic flow stress of the material (Pa) which is related to the indentation hardness. 

Substituting Equations 1.5 and 1.6 into Equation 1.4 gives: 

 𝜇 =
𝜏

𝑝𝑦
 (1.7) 

Taking Equation 1.7 into account it is clear that lower friction coefficients result 

from materials which can be easily sheared laterally (i.e low 𝜏) or materials with a high 

indentation hardness (i.e high 𝑝𝑦). Unfortunately, for many materials, these are often 

contradictory properties; in reality most materials which are easily sheared laterally are 

also soft, or materials which are extremely hard are not easily sheared laterally.14 In fact, 

most materials have a similar ratio of 𝜏 to 𝑝𝑦, so changing from one material to another 

has little effect on the friction coefficient.14 

Boundary lubrication overcomes this apparent contradiction with the aid of an 

adsorbed or “boundary layer” of molecules. The operating principle of boundary 

lubrication is to provide a thin layer (typically a monolayer) which is easily sheared 

parallel to the plane of sliding. Thus, 𝜏 in Equation 1.5 is minimised by the boundary 

layer, and 𝑝𝑦 is maximised by the hardness of the surface. The principle of boundary layer 

lubrication compared to dry contact between two solids is illustrated in Figure 1.4. 

Typical boundary lubricants include surfactants such as fatty acids, amines, and polymers.  

Macro- and nanoscale experiments have demonstrated that the effectiveness of 

boundary layer lubrication depends on the chemical species adsorbed to the surface. For 

example, boundary lubricants with longer alkyl chains generally reduce friction more 

effectively than shorter alkyl chains; longer alkyl chains lead to more lateral van der 

Waals’ interactions, which minimises the pathways for energy dissipation via chain 

twists.16-17 Table 1.1 reports a selection of observations for similar experiments 

comparing changes in molecular structure and their effect on friction. 

Lubrication by an adsorbed boundary layer is effective with contact pressures up to 

1 GPa and relatively low surface temperatures between 100 °C and 150 °C. At higher 

temperatures and pressures reactions occur between lubricant additives and the metal 

surface, forming a permanent protective layer or tribofilm.14 The role of the tribofilm is 

to physically prevent contact between the two surfaces. However, the exact mechanism 
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by which a tribofilm forms remains unclear and is the subject of investigation.21 Until 

recently it was thought that tribofilms formed exclusively on iron-based surfaces, but 

experimental evidence has proven the formation of identical tribofilms on SiO2 surfaces.21 

 

Figure 1.4. A comparison of direct (dry) contact and boundary layer lubrication by an 

adsorbed layer. Reproduced from Stachowiak et al.14 Copyright Elsevier 2006.  

 

Table 1.1. A summary of the observations for boundary layer friction with surfactants 

and polymers. 

Molecular change Physical change Effect on friction 

Longer alkyl chain Increase in lateral vdW interactions Decrease16-18 

 

Branching on alkyl chain 

Lower packing density 

 

Stronger interfilm bonding 

 

 

Increase14, 19-20 

Same functional group end 
on both surfaces 

Formation of strong interactions (vdW, 
H-bonds, electrostatic) between 

surfaces 
Increase16-17 
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1.3 Ionic Liquids 

1.3.1 Properties and Applications 

ILs are pure salts that are liquid below 100 °C. Unlike many salts that are solid at 

these temperatures, such as NaCl, ILs have an ion (or both ions) which are typically bulky. 

This bulkiness, along with a diffuse charge, prevents ILs from packing into a neat crystal 

lattice (see Figure 1.5), lowering the melting point to below 100 °C. 

 

                           
 

Figure 1.5. A comparison between (left) the bulk structure in a solid salt such as NaCl, 

and (right) a typical IL. 

 

While ILs have been known since at least as early as 1914,22 wider interest in ILs 

has only emerged in the last three decades, spurred on by a number of developments. 

Firstly, SFA experiments by Horn et al. found evidence for oscillatory forces in ILs at an 

interface.23 Secondly, until the 1990s ILs were highly hygroscopic and reacted with water, 

limiting their potential real-world application. This changed with the discovery of a new 

class of water-stable ILs.24 Thirdly, following from the previous breakthroughs it was 

quickly realised that ILs possessed a number of unique and useful physical properties 

which lent themselves to a wide variety of applications. 

IL bulk properties have been reported on extensively. ILs possess negligible vapour 

pressure, meaning that they do not evaporate even under extremely low pressure.25 ILs 

are also more thermally stable compared to many oils and molecular solvents.26-27 ILs 

conduct electricity fairly well, although their conductivity is lower than expected due to 

the high liquid viscosity.28 Additionally, they conduct heat well, particularly protic ILs.29 

It is important to note that not all ILs have these properties; in fact, many exceptions to 

the aforementioned properties have been reported. For example, some classes of ILs are 

distillable and thus contradict the claim that they have negligible vapour pressure.30 

Likewise, there are many ILs with extremely low ionic conductivity. Thus, it is important 
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to distinguish between general properties of ILs and properties of a specific IL, whereby 

a specific IL may take on all, some or none of these properties. 

Aside from their desirable bulk properties, ILs also possess a rich nanostructure.31 

ILs typically have either a cation or anion with both polar and apolar components, and 

thus are amphiphilic in nature. This amphiphilicity in ILs gives rise to a number of 

interesting phenomena. ILs can segregate ‘solvophobically’ (analogous to hydrophobic 

segregation but for non-aqueous solvents) into polar and apolar domains.32-33 SANS 

scattering combined with Monte-Carlo simulations have revealed a pronounced sponge-

like bulk liquid structure in ILs similar to the surfactant L3 phase (see Figure 1.6).31, 33  

AFM, SFA, x-ray and neutron reflectometry, and molecular dynamics simulations 

have also shown structure exists at IL interfaces.34-38 AFM and SFA measurements have 

detected oscillatory forces at separation distances very close (i.e. nanometres) away from 

the interface, as demonstrated in Figure 1.7. These forces correspond to layers of IL 

cation-anion pairs (the size of the oscillations have been shown to match the diameter of 

the IL ion pairs). Amplitude modulated AFM has also measured lateral surface structure 

in ILs which is reminiscent of the bulk structure, but flattened out.39  

All of these nanostructures are of course dependent on IL molecular structure; ILs 

that are not amphiphilic do not show signs of nanostructure.31 Hayes et al. recently 

reviewed IL nanostructure in great detail and further details of the relationship between 

IL structure and nanostructure may be found there.31 

 
Figure 1.6. Bicontinuous L3 sponge-like bulk nanostructure of propylammonium nitrate 

(PAN). Reproduced from Hayes et al.33 with permission from the PCCP Owner 

Societies.  
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Figure 1.7. AFM force curve comparison of EAN (left) and DMEAF (right) at a mica 

interface. DMEAF is said to be a weakly structured IL because there are fewer 

interfacial layers. Reprinted with permission from Atkin et al.40 and Wakeham et al.40 

Copyright 2007 and 2009 American Chemical Society. 

 

1.3.2 Ionic Liquids as Lubricants 

The first study into ILs as lubricants was carried out by Ye et al. in 2001.41 Since 

then the number of publications on IL lubricants has increased rapidly, including several 

review papers.42-48 ILs offer distinct advantages compared to conventional lubricants 

because of their physical properties and chemical nature. As discussed in Section 1.3.1, 

ILs typically possess low vapour pressures, high thermal stability, high thermal 

conductivity, and are non-flammable, all of which are ideal properties for lubricants. 

Additionally, ILs are well-known for their capacity to self-assemble both in the bulk and 

at interfaces. This means that, unlike conventional base oils, ILs can physically adsorb to 

the solid surface and form a lubricating boundary layer.49 Depending on the surface and 

the IL, this boundary layer can be quite robust and resist being “squeezed out” under high 

pressure. 

One of the advantages of ILs is that there are an extraordinarily large number of 

possible combinations of cations and anions that can form an IL (see Figure 1.8). Each 

IL has its own physical properties and behaviour. Unfortunately, this also means that 

optimising IL lubricants is not simple; testing the lubricity of each and every IL is not 

feasible. There have generally been two approaches to overcoming the optimisation 

problem: (1) the macroscale approach (2) the nanoscale approach. The macroscale 

approach generally involves friction and wear testing using a tribometer (such as a ball-

on-disk tribometer), followed by surface and tribofilm characterisation via techniques 

such as scanning electron microscopy (SEM) and x-ray photoelectron spectroscopy 

(XPS). The nanoscale approach typically involves AFM friction force microscopy (FFM) 
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or SFA measurements. Each approach has its own advantages; macroscale studies are 

good models for real operating systems, while nanoscale studies reveal lubrication 

mechanisms and allow for in situ probing of adsorption or tribofilms. Both approaches 

have yielded useful findings, but until now the nanoscale approach has largely been 

neglected, which has complicated the interpretation of the macroscale results. 

 
Figure 1.8. Common IL cations and anions used in lubrication. Reproduced from 

Somers et al.42 

 

1.3.2.1 Macroscale Experiments 

Early studies into IL lubricants almost exclusively used imidazolium cations, and 

these are still the most studied IL lubricants. Imidazolium ILs were chosen due to their 

ease of synthesis, good stability, wide use in other areas, and, importantly, flexibility in 

their molecular design.42 Liu et al. demonstrated that C2C6im BF4 and C2C8im BF4 could 

withstand loads up to 784 nN, compared to just 490 nN for 1 % zinc 

dialkyldithiophosphate (ZDDP) in liquid paraffin.50 The ability of imidazolium ILs to 

reduce friction and wear varies depending on the surface. For example, aluminium is 

difficult to lubricate due to its low hardness and susceptibility to attack by HF.43 
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In addition to imidazolium cations, other cations have been investigated to improve 

IL stability and decrease friction and wear. Ammonium and pyrrolidinium ILs, common 

cations found in other applications of ILs have been studied as lubricants.43 More recently, 

phosphonium cations have been used in an attempt to incorporate phosphorus, the critical 

element in ZDDP antiwear additives which are used in car engine oil. Phosphonium ILs 

are more thermally stable compared to imidazolium ILs, and have been shown to reduce 

friction and wear more effectively than other ILs.43 Bis-cationic ILs have also been 

synthesised. These ILs have increased molecular polarity compared to mono substituted 

ILs. The bis-cationic ILs were showed to have improved performance, and this was 

attributed to the bis ion pairs forming a more robust film at the interface.43 

In general, increasing the alkyl chain length of the IL cation leads to a reduction in 

friction and wear.42 For example, it has been shown that C8C12im PF6 reduced wear far 

more effectively than C1C8im PF6.
43 This is not always the case for other types of cations. 

Incremental increases in the alkyl chain length of phosphonium cations was shown to 

have little to no observable effect on friction, whereas large changes did.42 For boundary 

layer lubrication reduced friction can be attributed to stronger non-polar interactions 

between alkyl chains leading to a more robust boundary layer. However, nanotribology 

experiments have shown this view is somewhat simplistic, as will be discussed in Section 

1.3.2.2. For the mixed lubrication regime, reduced friction and wear arises from the 

viscosity increase which comes from the increase in alkyl chain length (see Figure 1.3).43 

The effect of changing the IL anion has also been studied. Initially PF6 and BF4 

anions were studied. It was noted that anions with fluorine generally reduced friction 

better than other anions.43 Many studies have hypothesised that only the anion is 

responsible for the protective tribofilms which form under harsher conditions.42 While 

tribofilms generally have a positive effect on wear, stronger reactions can begin to corrode 

the surface. This is particularly concerning for BF4 and PF6 based ILs which absorb large 

amounts of water owing to their high polarity. The water in these ILs can hydrolyse with 

the F- ions to form HF, which has a catastrophic effect on the substrate and the 

environment.43 

To combat the formation of HF, ILs with the more hydrophobic 

perfluoroalkylphosphate (FAP) bis(trifluoromethanesulfonyl)amide (NTf2) anions have 

been synthesised. Because of their asymmetry these anions form ILs with lower 
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viscosities compared to their BF4 and PF6 counterparts. Aside from reduced corrosion 

they have also found to be highly effective lubricants, outperforming BF4 and PF6 ILs.42 

ILs have also been synthesised with fluorine-free anions such as phosphates and borates. 

While these ILs do effectively reduce or eliminate IL corrosion of metal surfaces, they 

are generally more expensive since they require a more complicated synthesis. 

1.3.2.2 Nanoscale Experiments 

Nanoscale studies of IL lubricants proven to be useful in establishing the 

relationship between IL interfacial nanostructure and IL lubrication. A 2012 study by 

Werzer et al. demonstrated that the friction coefficient in a protic IL system on mica was 

dependent on the number of layers which separated the silica tip from the surface (c.f. 

Figure 1.9).49 Three distinct regions were found in the friction force data, with the lowest 

friction coefficient found at high forces where a single layer separated the tip from the 

surface. The friction coefficient in this region was found to be independent of sliding 

speed for speeds between 5 μm s-1 and 40 μm s-1, which is consistent with sliding on an 

adsorbed boundary layer. A subsequent study of a similar protic IL system demonstrated 

that the lateral structure of the adsorbed layers varied, transitioning from a bicontinuous 

L3 sponge-like layer to a laterally structured layer reminiscent of worm-like surfactant 

micelles closer to the interface.51 It was speculated that the worm-like layer maximised 

solvophobic interactions between the alkyl chains while at the same time satisfying the 

electrostatic requirements of the negatively charged sites on the mica surface and the 

positively charged ammonium headgroups of the cation. This non – linear friction 

behaviour has since been confirmed by SFA.52 
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Figure 1.9. The relationship between friction and IL interfacial layers as revealed by 

AFM. Data is for EAN on mica with a silica tip. Reproduced from Werzer et al.49 with 

permission from the PCCP Owner Societies. 

 

The effect of ion structure on nanoscale friction in six protic ILs (PAF, PAN, EtAN, 

EAN, EAF, and DMEAF) was also studied.53 In general, protic ILs such as EAN and 

PAN are not practical lubricants because they are extremely hygroscopic and relatively 

poor at lubricating. Nevertheless, simple protic ILs such these are useful for probing 

structure – function relationships due to their simple structure. Again, multiple friction 

regimes were apparent from the friction data. It was argued that in the higher friction 

regime there are a greater number of pathways for energy dissipation through the 

expulsion of multilayers when compared to the boundary layer, where energy dissipation 

primarily occurs due to rotations, twists and adsorption/desorption of boundary layer ions. 

DMEAF was found to have the lowest friction coefficient in the boundary regime, and 

this was attributed to its methyl groups sterically hindering energy dissipation pathways. 

EtAN was the next lowest, which was attributed to H-bonding with the alcohol groups 

which resist deformation and rotations. For EAN and PAN there was no observable 

difference likely due to the alkyl chains not being long enough. Interestingly, no 

difference was found between the F- and NO3
- anions in this study. This suggested that 

the anions were either “buried” or in very low concentration in the boundary layer and so 

had no influence on the friction coefficient. 

Recently, Hjalmarsson et al. studied the effect of temperature on the IL boundary 

layer.54 This is important since the previous nanoscale studies had been carried out at 

room temperature, while the operating temperature of many lubrication systems exceeds 
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80 °C. At room temperature, AFM force curves showed no surface structure for EAN at 

high tip speeds, which is consistent with previous studies which have shown that 

hydrodynamic forces swamp interfacial structure in viscous ILs at tip speeds.55 At higher 

temperatures (50 °C and 80 °C), the IL interfacial layers resemble those observed at room 

temperature with low tip speeds, even though the tip speeds are orders of magnitude 

faster. The friction coefficient for low loads was reduced at higher temperatures, but it 

was similar at higher loads corresponding to the boundary layer regime. This is consistent 

with the low loads corresponding to a multi-layer regime where the viscosity influences 

the friction forces, whereas at high loads, when a single layer separates the tip and the 

surface, friction is independent of viscosity and temperature. 

As mentioned previously, many ILs are hygroscopic, it is important to know the 

effect of water on lubricity.  Espinosa Marzal et al. studied the lubricity of three 

imidazolium ILs both in their dry state and after they were exposed to 37% RH air for 7 

days.56 Consistent with other studies,57 SFA measurements of the interfacial structure of 

the ILs showed that water was incorporated into the boundary layer structure. AFM 

nanotribology showed that the systems with water were less resistant to being squeezed 

out under high forces. 

1.3.2.3 Ionic Liquid Tribotronics 

Tribotronics is a term first coined by Glavatskih et al. to describe the control of 

friction via external stimuli, such as pH and electric potential, sometimes referred to as 

“smart lubrication”.58 ILs, unlike most conventional lubricants, are electrically 

conductive. In 2012 Sweeney et al. demonstrated that friction in ILs can be controlled via 

an applied electric potential.59 AFM FFM measurements showed that the friction 

coefficient increased at positive potentials, where the surface would be enriched in anions, 

and decreased at negative potentials, where the surface was rich in cations (see Figure 

1.10). Since this landmark study, a number of other investigations have been conducted 

which have provided important insights into the mechanism for IL lubrication. 
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Figure 1.10. Friction as a function of electric potential for Py1,4 FAP on gold. Reprinted 

with permission from Sweeney et al.59 Copyright 2012 by the American Physical 

Society. 

 

Li et al. studied the influence of the ion structure of aprotic imidazolium ILs EMIM 

FAP, BMIM FAP, HMIM FAP and BMIM I on friction for the Si3N4 – gold tribopair.60 

In the case of no applied electrical potential to the surface (i.e. open circuit potential 

(OCP)), the friction coefficient was approximately similar for all the FAP ILs, and 

interestingly, significantly lower for the iodide-based IL. This result would seem to 

indicate that, on a gold surface, only the anions were responsible for lubrication. 

However, as it was pointed out, the friction coefficient for Py1,4 FAP  from a previous 

study59 was higher at +1.0 V (0.45) compared to BMIM FAP (0.38) at +1.0 V. At +1.0 V 

one expects that the concentration of cations would be at a minimum, but this result 

demonstrated that there must be some cations present in the boundary layer, even if they 

were not able to be detected by the corresponding force curves. At negative potentials 

(when there is likely stronger affinity for the cation to the surface), the friction coefficient 

was highest for BMIM (0.23), and lowest for EMIM and HMIM (0.15). This curious 

result was ascribed to the fact that for BMIM the substituted carbon chain is too long to 

adsorb parallel to the surface like EMIM, yet not long enough to form a well-structured 

alkyl chain layer like HMIM. 

The relationship between friction, varying potential and boundary layer 

composition has been explored in further detail through a combination of AFM FFM and 

molecular dynamics simulations.61 The MD simulations showed that for PAN adsorbed 

on graphite, the composition of the boundary layer did not change significantly with 

electric potential. At negative potentials the boundary layer was still made up of 23 % 

anions, compared with 33% anions for positive potentials. Instead, the main effect that 
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changing the potential had was to change the orientation of the adsorbed ions. At positive 

potentials the cation alkyl chain orientates perpendicular to the surface to minimise 

repulsion from the charge groups. This resulted more pathways for energy dispersion 

during sliding, namely alkyl chain twists and rotations, which resulted in high friction. At 

negative potentials the alkyl chains orientated parallel to the surface, maximising lateral 

solvophobic interactions between alkyl chains, resulting in low friction.  

Tribotronics has also been used to “switch on” superlubricity for HMIM FAP 

lubricating the Si3N4 – graphite tribopair.62 Superlubricity is defined as a state of 

lubrication where the friction coefficient is less than 0.01.62 Using AFM FFM, Li et al. 

showed that the stick-slip events observed on graphite without any lubricant were reduced 

in the IL (see Figure 1.11). These stick-slip events could be further reduced to virtually 

undetectable levels by changing the potential to +1.5 V. The friction coefficient was 

correspondingly reduced from 0.013 in air to 0.001 in the IL at +1.5 V. Unlike other 

studies using FAP ILs on gold, in this case positive potentials increased the friction 

coefficient. 

 
Figure 1.11. Friction as a function of potential for HMIM FAP on graphite. 

Superlubricity is achieved at +1.5 V. Reproduced from Li et al.62 with permission from 

The Royal Society of Chemistry. 

 

1.3.3 Ionic Liquids as Lubricant Additives 

A persistent criticism of IL lubricants has been their high cost compared to 

conventional oil lubricants. The high cost of IL lubricants limits their application to low-

volume scenarios or specific applications where the benefits from improved performance 
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and life-time outweighs the cost of the IL. Another approach to the problem is to use ILs 

as lubricant additives. Surfactants and polymers are added to lubricant oils to form friction 

and wear-reducing boundary layers, and the same approach may be taken with an IL. The 

aim of using IL additives is therefore to attempt to retain some of the ILs antiwear and 

friction reducing properties while using just a fraction of the amount of a neat IL lubricant. 

There is also a significant need to replace traditional lubricant additives. For example, 

zinc dialkyldithiophosphates (ZDDP), first introduced over 60 years ago, are still widely 

used in car engine oils and antiwear additives.63 However, ZDDP is not as effective at 

reducing wear on lighter materials such as aluminium-silicon alloys or diamond-like 

carbon.64-65 Additionally, using ZDDP results in Zn-, P-, and S-containing emissions in 

engine exhausts which are harmful to catalytic converter efficiency and lifetime. ZDDP 

also decomposes into a solid ash, which has harmful effects in car engines. Such are the 

problems with ZDDP that the International Lubricants Standardization and Approval 

Committee (ILSAC), which regulates automotive engine oils, have mandated for their 

latest standard, GF-5, a maximum P content of 0.08 wt % and a retention of 79 %, while 

S content is restricted to 0.5 – 0.6 wt %.66 These ever-tighter restrictions risk hampering 

the antiwear performance of the ZDDP, and clearly a more appropriate antiwear additive 

is required which does negatively impact on the catalytic converter. 

ILs are potentially excellent lubricant additives for a number of reasons. Firstly, 

their low vapour pressure and high thermal stability mean that IL additives are unlikely 

to evaporate or decompose as easily as ZDDP. Secondly, as has been discussed 

previously, ILs show a strong affinity for a wide variety of surfaces, and unlike most 

additives both the cation and anion have the potential to form lubricating boundary layers. 

Because of this these ILs may be considered as biamphiphilic or catanionic surfactants, 

which are well known for this high surface activity and as such have provoked interest in 

fields such as oil recovery.67-70 Thirdly, ILs are ionic in nature, and as additives can be 

used to impart electrical conductivity, even to non-conductive liquids.71 

The first report of using ILs as lubricant additives is from 2004 when Phillips et al. 

added 2 wt % BMIM PF6 and EMIM BF4 to water and observed a reduction of running 

in time for Si3N4 ceramic lubrication (prior to this some work had been carried out into 

the addition of solid ionic crystals to lubricant oils72).73 In 2006 Jiménez et al. reported 

on the friction and wear-reducing properties of a number of imidazolium IL additives to 

mineral oil for steel – aluminium contacts.74 In the following 5 years the same authors 
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and others published reports of IL additives to mineral and synthetic oils.75-84 A 

significant flaw with a number of these studies involving mineral oil was that the ILs they 

used (most commonly imidazolium ILs) were only very sparingly soluble in the oil, if at 

all. This is because most ILs are, by their very nature, polar substances, and thus are 

insoluble in apolar hydrocarbon-based oils. In most of these cases an unstable emulsion 

formed with the IL in the oil, requiring frequent stirring. Multi-phase oils are not practical 

lubricants because lubrication will be at best inconsistent, or at worst will fail to lubricate 

at all. The ILs were compatible with many of the synthetic oils, which are polar, but 

synthetic oils are much more expensive compared to the cheapest base oil, mineral oil, 

and as such are only suitable for special applications. 

In 2012 Qu et al. made a significant breakthrough with their reports of two 

phosphonium ILs which were fully miscible with apolar oils (see structure in Figure 

1.12).27, 85 These ILs, trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)-

phosphinate (P6,6,6,14 
i(C8)2PO2) and trihexyltetradecylphosphonium bis(2-ethylhexyl)-

phosphate (P6,6,6,14 BEHP) are extremely bulky; their long alkyl chains and 3D structure 

effectively dilute the ionic charge significantly, making them fully miscible in even 

alkane solvents (P6,6,6,14 
i(C8)2PO2 had been used as an electrolyte for highly apolar 

solvents prior to their use as lubricant additives71).27 Since this time, a range of macroscale 

tribology studies have demonstrated the effectiveness of IL-oil additives for lubricating a 

wide range of surfaces including Al―steel,86 steel―steel,87-90 steel―cast iron,85, 91-94 

Si3N4―steel,87 Si3N4―SiO2,
95 Cu―Cu,96 AlMgB14―TiB2-steel,97 TiB2―steel,97 

diamond-like carbon―steel97. 

Unlike many IL lubricants reported previously, the oil-miscible phosphonium ILs 

do not show signs of corrosion.27 Furthermore, they have a high thermal decomposition 

and are ashless upon decomposition (see Figure 1.13). A direct comparison between wear 

rates for poly-alpha-olefin (PAO) oil with 1 wt % ZDDP and PAO with 1 wt % of P6,6,6,14 

BEHP demonstrated the higher performance of the IL, with a 50 % reduction in the wear 

rate on a ring and liner (Figure 1.13).92 The friction coefficient was also significantly 

reduced. Several reports have emerged of the synergy between IL additives and ZDDP. 

Qu et al. studied this synergistic effect more systemically and found 30 % and 70 % 

reductions in friction and wear respectively when phosphonium ILs were used with 

ZDDP.93 The mechanism for this effect remains unclear, although surface analyses by 

XPS and FTIR imply that both the cation and anion play critical roles. 
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Cation  

 
Trihexyltetradecylphosphonium 

P6,6,6,14 

Anions  

  
Bis(2-ethylhexyl)phosphate 

BEHP 

Bis(2,4,4-trimethylpentyl)phosphinate 
i(C8)2PO2 

  

Figure 1.12. The first reported oil-miscible ILs. 

 

 
 

Figure 1.13. Data from a study comparing IL and ZDDP as oil additives. (Left) 

Thermal gravimetric analysis (TGA) data showing the decomposition of the IL vs the 

decomposition of ZDDP. (Right) Wear results on a ring and liner for PAO oil with 1 % 

ZDDP vs PAO oil with 1% IL. Reproduced from Qu et al.92. Copyright 2014 with 

permission from Elsevier. 

 

In contrast to the number of publications involving oil-miscible ILs, there are few 

studies which have used ILs other than the two phosphonium ILs initially reported by Qu 

et al.. The miscibility of ILs with the same P6,6,6,14 phosphonium cation combined with a 

range of anions including 3-(trimethylsily)propane-1-sulfonate (SSi), diphenylphosphate 

(DPP), NTf2, and FAP in oil was studied by Somers et al.86 Only one of these ILs, P6,6,6,14 

SSi, was very slightly miscible in mineral oil. The authors also studied the miscibility of 

P1,4,4,4 DPP, C4mPyr NTf2, C4mPyr FAP, C2mim FAP, and C8mim BF4 in mineral oil; 
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none of these ILs were even partly miscible in the oil. Barnhill et al. have studied the oil 

miscibility of a number of variations of the phosphonium cation with the BEHP anion: 

P8,8,8,8, P4,4,4,14, P4,4,4,8, and P4,4,4,4. Only P8,8,8,8 BEHP was fully miscible, while P4,4,4,14 

was miscible up to 1 wt %. The rest of the ILs tested were < 1 wt % miscible. Friction 

reduction was identical for the two ILs, while P8,8,8,8 showed marginally better wear 

reduction, which was attributed to its symmetric structure. So far, only one major 

departure from the P6,6,6,14 cation has been reported.90  Trioctylmethylammonium 

dibutylphosphate (N8,8,8,1 DBP), tridodecylmethylammonium dibutylphosphate (N12,12,12,1 

DBP), trioctylmethylammonium bis(2,4,4-trimethylpentyl)phosphinate (N8,8,8,1 

(iC8)2PO2), and tridodecylmethylammonium bis(2,4,4-trimethylpentyl)phosphinate 

(N12,12,12,1 (
iC8)2PO2) ILs were found to be miscible with a mineral oil lubricant. 
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1.4 Summary and Aims 

Based on the review of literature outlined in Chapter 1, a number of knowledge 

gaps have been identified and are addressed in the following chapters of this thesis: 

(Chapter 2) What is the relationship between friction and IL concentration in IL – 

oil lubricants?  

(Chapter 3) What is the composition of the structure and composition (cation : anion 

ratio) of the adsorbed layer in IL – oil lubricants? 

 (Chapter 4) Can friction be controlled tribotronically in IL – oil mixtures as it is in 

pure ILs?  

(Chapter 5) What is the relationship between lubrication and IL structure for 

stainless steel?  

(Chapter 6) Are ILs and their mixtures effective lubricants for light-weight 

materials such as aluminium? 

 (Chapter 7) Does friction measured at the nanoscale correlate with friction 

measured at the macroscale for IL-lubricated surfaces? 
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Ionic Liquid Adsorption & Nanotribology at the Silica–
Oil Interface 

 

 

 

 

 

 

 

 

 

ILs are effective macro- and nanoscale lubricants but their high cost 

currently prevents commercial application. ILs have been demonstrated to 

be effective additives to oils, reducing friction and wear compared to 

conventional additives such as ZDDP. However, prior to this study, the 

relationship between friction and IL concentration was unknown. This 

chapter investigates friction as a function of concentration using AFM 

nanotribology and relates it to the adsorbed mass measured by QCM.  The 

surprising results presented here prompted the subsequent studies presented 

in Chapters 2, 4, 6 and 7.  
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2.1 Abstract 

The remarkable physical properties of ionic liquids (ILs) make them potentially 

excellent lubricants. One of the challenges for using ILs as lubricants is their high cost. 

In this article, atomic force microscopy (AFM) nanotribology measurements reveal that 

a 1 mol % solution of IL dissolved in an oil lubricates the silica surface as effectively as 

the pure IL. The adsorption isotherm shows that the IL surface excess need only be 

approximately half of the saturation value to prevent surface contact and effectively 

lubricate the sliding surfaces. Using ILs in this way makes them viable for large-scale 

applications. 

2.2 Introduction 

Ionic liquids (ILs) are pure salts with melting points below 100 °C.1-4 Their 

remarkable physical properties and nanostructures5-20 make them potentially excellent 

lubricants.21-27 Similar to commercially available high-end lubricants, like 

perfluoropolyethers, ILs have low vapor pressure, high thermal stability, and strong 

affinity for solid surfaces, which means they remain in place up to high applied force.28-

30 One of the challenges for using ILs as lubricants is their high cost.31 However, many 

IL ions have surfactant-like structure, which suggests their use as additives to a 

lubricating base oil; when diluted in this way, the IL is much more cost effective.31-33 IL 

additives have distinct advantages over traditional lubricant additives, such as zinc 

dialkyldithiophosphate (ZDDP), in that they are more stable at high temperatures, they 

are ashless upon decomposition, and they are compatible with a wider range of surfaces.31-

32, 34 ILs have previously been shown to perform well as lubricant additives at the 

macroscale.31-33, 35 For example, Somers et al. tested various IL−oil blends for the 

lubrication of steel on aluminium. They found that the largest reductions in wear at the 
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highest load tested were found for a mineral oil−trihexyl(tetradecyl)- phosphonium 

bis(2,4,4-trimethylpentyl)phosphinate blend. Similarly, Otero et al. investigated two 

phosphonium ILs as lubricant additives for four base oils in steel−steel systems and they 

found that generally the IL−oil blends show improvements in both friction and wear 

compared to commercial lubricants.35 However, the lubricity of IL−oil solutions has not 

been studied at the nanoscale, and the effect of changing the IL concentration in the base 

oil has not been systematically explored.32 In this article, we show that, at the nanoscale, 

a 1 mol % solution of IL in oil has comparable tribological performance to the pure IL 

and rationalize this in terms of the surface excess. Higher IL concentrations only 

marginally increase performance.  

2.3 Experimental 

The IL used was trihexyl(tetradecyl)phosphonium bis(2,4,4- trimethylpentyl)-

phosphinate, shown in the inset of Figure 2.1. This IL is chemically stable to both air and 

water and is fully miscible with apolar base oils.32 Here we use octane as a model apolar 

base oil, because of its simple structure, well-known properties, and it is readily available 

in high purity commercially. One of the useful properties of ILs for lubrication is their 

dual chemical nature, meaning that they will interact strongly with different surfaces (i.e., 

the cation with anionic substrates and the anion with cationic substrates). This means that 

ILs should effectively lubricate heterogeneous surfaces, which are a challenge for 

conventional lubricants and additives. For this reason, we have selected silica as the 

surface for study; it has neither constant charge nor constant potential36 and molecular 

dynamics simulation has shown that regions of positive and negative polarity are present 

at the silica IL interface.24  

2.4 Results and Discussion 

The adsorption isotherm for the IL to silica from an octane solvent was determined 

using a quartz crystal microbalance (QCM), cf. Figure 2.1. A 5 MHz silica-coated quartz 

crystal was used. The isotherm was determined by first recording a baseline in pure octane 

and then sequentially increasing the IL concentration. For each IL concentration up to 10 

mol %, the surface excess was determined from a plateau frequency value that was 

constant for at least 15 min. The frequency change of the third overtone, corrected from 

the liquid viscosity and density using a previously described method,37 was used to 

determine the adsorbed mass at each concentration. The isotherm presented represents 
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the average values obtained over three separate experiments. In separate experiments, 

pure octane and an IL/octane solution were cycled. These experiments revealed that, 

within error, the IL was completely desorbed from the surface upon rinsing. (Further 

information is provided in Supporting Information). The increase in surface excess with 

concentration is well fitted by a Langmuir isotherm, which indicates there is a single 

adsorbing species.38 It would seem unlikely that adsorption could consist solely of anions 

or cations since this would entail a massive charge build-up in a low dielectric constant 

medium and, thus, would also lead to strong evidence of anticooperativity, which is not 

apparent. Thus, the cations and anions are adsorbed to the surface in approximately equal 

numbers, and the surface film is limited to a single monolayer. This layer could act as a 

lubricating boundary layer when the surfaces slide, provided that it is of high integrity. 

At 10 mol %, the value of adsorbed mass (2.2 mg·m−2) is close to the saturation value 

obtained from the Langmuir fit of 2.5 mg·m−2. 

 

Figure 2.1. Surface excess versus concentration of IL in octane in molar ratio. It is fitted 

by a Langmuir isotherm (red line). The inset is the chemical structure of the IL used in 

this study. 

 

Adsorption isotherms for ILs from oils to surfaces have not previously been 

reported. However, both the form of the isotherm and the surface excess value at high 

concentration are reminiscent of isotherms for long chain primary amines adsorbed to a 

solid surface from hexadecane, determined using solution depletion and neutron 

reflection methods.39 The molar mass of an ion pair is 773, which suggests an area per 

ion pair at saturation of 0.51 nm2. (If ion adsorption were to be assumed then the areas 

per ion would be 0.19 nm2 for anions or -0.32 nm2 for cations.) The small size of the area 

per ion pair tends to suggest that they adsorb in a “piggy-back” configuration rather than 
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with both ions in contact with the surface, but no more information on the exact 

configuration of the adsorbed state can be extracted from the isotherm.  

The nanotribology of IL octane solutions was investigated using atomic force 

microscopy (AFM). The lateral (frictional) force (FL) as a function of normal load (FN) 

was obtained using sharp silicon AFM tips (r ≈ 5 nm) on silica surfaces over the same IL 

concentration range as used for the QCM experiments, presented in Figure 2.2. Data is 

also shown for air and pure octane. Measurements were performed using a scan size of 

100 nm and scan speed of 6.5 μm s−1 as the normal load was increased from 0 to 360 nN. 

These experiments were repeated on more than five occasions, and data with the same 

form but with small variations in the lateral force was obtained. Normal force versus 

separation data for these systems is shown in the Supporting Information (Figure S2.2). 

Lateral forces are highest for air, slightly lower for pure octane, and much lower for the 

pure IL. The rate of increase in lateral force with normal load is high for air and octane, 

but much lower for the pure IL. Data for the different IL−octane solutions falls between 

that of pure octane and pure IL. The lateral force data for the silicon AFM tip sliding over 

the silica surface in air is similar to earlier studies.40-41 A large lateral force (∼190 nN) is 

observed at zero normal force. This is due to strong tip-surface adhesion, consistent with 

the normal force curves (Supporting Information Figure S2.2a). When octane is present, 

the adhesion decreases significantly (Supporting Information Figure S2.2b) as expected 

for the significantly reduced Hamaker constant, and the lateral force at zero normal force 

drops accordingly. The friction coefficient (μ) is obtained from the modified Amontons’ 

Law, FL = FL(0) + μFN, where FL(0) is the lateral force at zero applied normal load.40, 42 

μ is extracted from the gradient of the lateral force−normal load data in the linear regime 

and, thus, is not dependent on adhesion. The friction coefficient in octane (μ = 1.1) is 

similar to that in air (μ = 1.0).  
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Figure 2.2. Lateral force versus normal load in air and IL octane solutions for a sharp 

silicon AFM tip (r = 5 nm) sliding on a silica surface over 100 nm at 6 μm s-1. The inset 

shows lateral force versus normal load for IL concentrations of 1 mol % and above at 

higher normal load regime. 

 

As the friction coefficient reflects the roughness of the tip and the surface, and the 

compressibility of the materials, the similarity of the friction coefficients in octane and 

air suggest that octane molecules are displaced from between the tip and the substrate 

resulting in surface contact, even at low loads. This is consistent with the normal force 

curve for this system (Supporting Information Figure S2.2b). The reduced absolute lateral 

force in octane compared to air is primarily due to weaker adhesion. In both air and pure 

octane, the rate of increase in lateral force is slightly nonlinear over the entire normal load 

regime. This behaviour is frequently observed for single asperity-like contacts in air and 

conventional liquids43-44 when an adhesive force operates, especially at low normal loads. 

Even at the lowest IL concentration investigated, adhesion is almost eliminated, cf. Figure 

2.2 and Supporting Information Figure S2.2c), and the lateral force is thus zero at zero 

normal force. This suggests that a small amount of IL is adsorbed to the silica surfaces 

(tip and substrate) at levels below the QCM detection limits at these low solution 

concentrations or due to adsorption being induced by the proximity of the surfaces,45-46 

which effectively screen the van der Waals force. Similar results have been observed 

previously for pure ILs40 and IL−water mixtures.47 The lateral force data for 0.01 mol % 

and 0.05 mol % IL in octane solutions are identical within error and the corresponding 

friction coefficients are 0.88 and 0.92, respectively. These values are similar to those in 

air and in octane, which suggests that the tip and surface are in direct contact, unmediated 

by adsorbate. This indicates that at these concentrations, the main effect of the IL is to 
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reduce tip surface adhesion; the density of ions in the adsorbate is too low to produce a 

resistance to applied load,48 and the tip and substrate are in contact at all loads. 

At slightly higher IL concentrations, the lateral force increases linearly with normal 

load, indicating that tip−surface adhesion is further reduced, and this is consistent with 

the force data in Supporting Information Figure S2.2. For 0.1 mol % and 0.5 mol % IL at 

low normal load, the lateral force is comparable to that for the pure IL. However, when 

the normal force reaches 70 nN for 0.1 mol % IL, the lateral force increases rapidly and 

then follows the data obtained for the lower IL concentrations. Similarly, for 0.5 mol % 

IL, the lateral force increases between normal loads of 170 nN and 300 nN, then follows 

the data obtained at lower concentrations. “Pushthrough” events in the normal force data 

(Supporting Information Figure S2.2e,f) are found at the same forces: 70 nN for 0.1 mol 

% and 170 nN for 0.5 mol %. The surface excesses at these concentrations are ∼0.2 mg 

m-2 and ∼0.6 mg m-2 (Figure 2.1), which are about 10−30% of monolayer coverage. 

Together, these data indicate that while ion pairs are adsorbed to the surface at these 

concentrations, their density is relatively low, resulting in a relatively poorly formed 

boundary layer. Above the critical normal load, the lateral force increases sharply, but not 

in a step like fashion. This indicates that as the load increases, boundary layer ions are 

gradually removed rather than displaced all at once. One reason for the less abrupt 

transition in the lateral force data is the relative lateral movement of the surfaces, which 

is constantly refreshing the contact. The normal load at which the force begins to increase 

sharply is lower, and the rate of increase is higher, for 0.1 mol % compared to 0.5 mol %. 

Both results are consistent with the surface excess being higher when the IL is more 

concentrated, resulting in a more robust, boundary layer.48 

When the IL concentration is 1 mol % and above, the increase in lateral force with 

normal load is comparable with the pure IL. At the highest normal load investigated (360 

nN) the lateral force in pure IL is ∼130 nN, four times less than for pure octane (500 nN). 

At 360 nN, the 1 mol % IL solution is almost as effective as pure IL, at ∼160 nN (cf. 

Figure 2.2 inset). The surface excess at 1 mol % is 0.9 mg·m-2, which is just under half a 

monolayer. The similarity of the lateral force data at 1 mol % with the pure IL data 

suggests that even at this surface excess the boundary layer is well formed and prevents 

contact between the tip and the substrate. The friction coefficients for IL concentrations 

in octane above 1 mol %, and the pure IL, are all quite similar (between 0.46 and 0.34), 

and much lower than the air, pure octane, and low IL concentration systems. This is also 
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consistent with a lubricating IL layer rather than tip−surface contact. The data for all 

concentrations between 1 mol % IL and the pure IL is similar in form, and the same 

explanation applies. The inset to Figure 2.2 shows that the lateral force decreases slightly 

with increasing IL concentration, which may be due either to a slightly better formed 

boundary layer or the increased chemical potential of the IL in solution hindering IL 

desorption, or both. There was no evidence for high force pushthroughs in the force 

curves for any IL−octane solution for concentrations 1 mol % and above, consistent with 

the lateral force data. There is a low push through in the pure IL data (and possibly a weak 

one in the 5 mol % and 10 mol % force curves) at a distance of ∼1 nm. Similar results 

have been reported previously,49-50 and attributed to expulsion of near surface ion layers 

from between the tip and the surface on compression. Across a variety of studies with 

different ILs and surfaces, it has been demonstrated that a layer of ions remains bound to 

the surface at high force that the AFM tip cannot displace.29-30, 51-53 

As such, the zero separation in the normal force curves for the pure IL, and all 

IL−octane concentrations 1 mol % and above, corresponds to the tip in contact with a 

strongly adsorbed boundary layer, consistent with the lateral force data. AFM 

measurements have shown that low concentrations of IL dissolved in a model base oil 

can lubricate sliding silica surfaces as effectively as the pure IL. The adsorption isotherm 

for the IL−octane silica system determined using QCM shows that the surface excess is 

only about 50% of the plateau value when pure IL-like performance is achieved. Even at 

these submaximal surface excess values, a lubricating boundary layer forms and 

effectively separates the sliding surfaces up to high force, and the friction coefficients are 

comparable with those of the pure IL. One of the principal challenges associated with ILs 

as lubricants has been their high cost. This work demonstrates an effective alternative; 

using ILs as oil additives, a similar performance to the pure IL can be achieved by using 

only a small fraction of IL, in line with previous results for the same IL at the 

macroscale.32 This has significant implications for the commercialization of IL lubricants 

in technologies for large scale applications. 

2.5 Supporting Information 

2.5.1 Materials and Methods: 

An ionic liquid (IL), trihexyl(tetradecyl)phosphonium bis(2,4,4-

trimethylpentyl)phosphate supplied by Iolitec was investigated in this study. QCM 
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substrates (QSX 335, 5 MHz fundamental resonant frequency) with a silica coating on 

top of an optically infinite titanium layer were supplied by Q-Sense, Sweden. Silicon 

wafers were purchased from Silicon Valley Microelectronics CA, USA. 

The silica-coated QCM crystals were irradiated for 5 minutes with UV/ozone 

(Bioforce UV/Ozone cleaner, ~9 mW cm-2 at 254 nm) and then rinsed sequentially with 

ethanol and Milli-Q water before use. A 1.0 cm × 1.0 cm silicon wafer was irradiated for 

20 minutes with UV/ozone before being sonicated in distilled ethanol for 10 minutes. 

Wafers were rinsed with Milli-Q water and blown dry under a stream of nitrogen before 

use. 

A KSV Z500 quartz crystal microbalance with dissipation (QCM-D, KSV, Finland) 

was used in this study, with the crystal housed in a parallel flow chamber with a glass 

window. Where stated, the surface excess was determined using the Sauerbrey equation, 

see the following section for further information. 

Nanotribological measurements were performed using a Digital Instruments 

NanoScope VIII Multimode AFM with an EV scanner in contact mode. Two sharp silicon 

tips (spring constant = 2.0 ± 0.2 N m-1, tip radius 5 nm) from the same batch (model 

NSC36, Mikromasch, Tallinn, Estonia) were used over the course of the investigation. 

The tip was cleaned immediately prior to use by careful rinsing in Milli-Q water, drying 

under nitrogen and irradiation with ultraviolet light for 20 min. Normal force curves were 

collected by moving the surface towards the tip and detecting the cantilever deflection as 

a function of separation. The ramp sizes were 30 to 300 nm and scan rate was 0.1 Hz. 

Standard methods were used to convert deflection vs separation data to normal force vs 

apparent separation curves. Lateral force measurements were acquired by performing 

lateral AFM scans with a scan angle of 90° (with respect to the cantilever long axis) with 

the slow scan axis disabled. The scan size was 100 nm, and scan rate was 30 Hz. The 

lateral deflection signal (i.e., cantilever twist) was converted to lateral force using a 

customized function produced in Matlab 7.0 which takes into account the torsional spring 

constant and the geometrical dimensions of the cantilever. Repeat experiments revealed 

that the features of the normal and lateral forces were constant. The water contents of the 

IL/octane mixtures are measured using Karl-Fischer titration before and after AFM and 

QCM experiments. They were below 0.03 wt% before experiments and below 0.06 wt% 

after experiments. 



 Chapter 2 ● IL Adsorption & Nanotribology at the Silica–Oil Interface 

 

42 

 

Adsorption of ions from IL octane solutions was investigated using QCM 

The penetration depth of the QCM decreases as the overtone number increases. This 

is given by the following equation: 

𝛿 =
𝜂𝑙

𝜋𝜌𝑙𝑛𝑓𝑞
 

where 𝛿 is the penetration depth and 𝑛 is the overtone number, 𝜌𝑙  and 𝜂𝑙  are the 

density and viscosity of the liquid, n is the overtone number and 𝑓𝑞 is the frequency of 

the quartz. For octane this is equal to 147 nm at the 3rd
 overtone. For the 5th it is equal to 

114 nm, and for the 7th it is equal to 96 nm. Note that at the higher IL concentrations this 

value will change because the bulk properties change. 

The analysis above shows when the overtone number is increased, the measurement 

depth is reduced. However, there are well – known disadvantages to using higher 

overtones relating to higher errors in the data get larger due to edge effects. Thus, the 

choice of overtone is a trade – off between competing factors, and generally the best 

overtones are the 3rd and 5th. The result with the 5th
 overtone is comparable with that with 

the 3th
 overtone, but noisier. Therefore we use the frequency data obtained with the 3rd 

overtone in the isotherm presented, based on the following calculations: 

Δ𝑓 = Δ𝑓𝑎 + Δ𝑓𝜂 

where Δ𝑓 is the total frequency measured by QCM, Δ𝑓𝑎  is the frequency change due 

to adsorption, Δ𝑓𝜂  is the frequency change due to viscosity. 

Kanazawa-Gordon equation 

Δ𝑓𝜂 = −√𝑛𝑓𝑜
3/2

(
𝜌𝑙𝜂𝑙

𝜋𝜇𝑞𝜌𝑞
)

1/2

 

where 𝑓0 is fundamental frequency in air, 𝜌𝑞 is the density of quartz and 𝜇𝑞 is the 

shear modulus of quartz. 

Sauerbrey equation 

Δ𝑚 = −
𝐶Δ𝑓𝑎

𝑛
 

where 𝐶 is a constant 17.7 ng·Hz-1·cm-2 
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Sauerbrey equation is accurate when the adsorbed layer is rigid. In this case, 

although the dissipation change (Δ𝐷) is relatively high, Δ𝐷 vs Δ𝑓 is linear (shown below 

in Figure S2.1) and the Δ𝐷/Δ𝑓 is comparable with previous studies; the adsorbed massed 

calculated from 3rd and 5th overtones are also comparable. All of these suggest the 

adsorbed layer is rigid, consistent with the high viscosity and strong cohesive interaction 

of the ionic liquid, and the adsorbed amount via the Sauerbrey equation is accurate. 

 

Figure S2.1. Change in dissipation plotted against the frequency response for IL/octane 

mixtures. 

Table S2.1. Viscosity of IL octane solutions measured by an AR-G2 rheometer (TA 

instruments). 

IL conc. 
(mol%) 

octane 0.01% 0.05% 0.1% 0.5% 0.75% 1.0% 2.0% 5.0% 10% 

Viscosity 
(mPa s) 

0.71 0.72 0.74 0.76 0.78 0.81 0.84 0.95 1.28 2.20 
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Figure S2.2. Typical force versus apparent separation profile for a silicon tip 

approaching (blue) and retracting (red) from a silica surface in air and IL octane 

solutions. 
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Ionic Liquid Adsorption at the Silica – Oil Interface 
Revealed by Neutron Reflectometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Chapter 2 AFM nanotribology showed that a one hundred fold dilution of 

IL in oil lubricates a silica surface as effectively as the pure IL. However, 

the structure and composition (cation : anion ratio) of the adsorbed layer is 

unknown. In this chapter, neutron reflectometry reveals the adsorbed layer 

structure and composition of an IL – oil mixture in situ for the first time.   
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3.1 Abstract 

Previous nanotribology measurements demonstrated that 2 mol % of the oil – 

miscible ionic liquid (IL) trihexyltetradecyl(phosphonium) bis(2,4,4-

trimethylpentyl)phosphinate (P6,6,6,14 (
iC8)2PO2) diluted in octane lubricated as effectively 

as the pure IL. However, until now the structure and composition of the lubricating 

adsorbed layer, which is critical for lubrication, was unknown. Here, the unconfined 

structure of the IL adsorbed layer at the oil – silica interface has been studied using 

neutron reflectometry. Multiple neutron contrasts revealed an 8 Å thick adsorbed layer, 

even at 60 °C and 80 °C. The ratio of cations and anions in the layer was investigated by 

synthesizing the IL with deuterated cations and measuring its reflectivity at the oil – silica 

interface. At 60 °C the layer was composed of 48 ± 6 mol % P6,6,6,14
+ cations, 24 ± 2 mol 

% (iC8)2PO2
- anions, 28 ± 8 mol % octane, while at 80 °C the composition was 50 ± 2 

mol % P6,6,6,14
+, 28 ± 2 mol % (iC8)2PO2

- anions and 22 ± 2 mol % octane. These results 

reinforce the importance of the judicious selection of IL cations and anions for charged 

surfaces and support their use in high temperature applications. 

3.2 Introduction 

Ionic liquids (ILs) are salts that are liquid below 100 °C. ILs have a number of 

outstanding physicochemical properties, often including negligible vapor pressure,1 high 

thermal stability,2-3 non-flammability,4 wide electrochemical window,5 and good thermal 

conductivity.6 The presence of both charged and uncharged moieties on the IL ions results 

in a wide range of forces (electrostatic, van der Waals, H-bonding), which give rise to a 

rich nanostructure in the bulk liquid and at interfaces.7-12 IL physical properties can be 

tuned through their nanostructure by making simple changes to the molecular structure 

of the ions.9 

Many physical properties of ILs make them promising candidates for next-

generation lubricants.13-16 Atomic force microscopy17-19 (AFM) and surface forces 

apparatus20 (SFA) nanoscale friction experiments, as well as molecular dynamics (MD) 

simulations21-22 have demonstrated the importance of IL nanostructure for boundary 

lubrication. Boundary lubrication occurs at high loads when the bulk of the lubricant is 

squeezed out, and only a thin liquid layer lubricates the sliding surfaces.23 In ILs that 

lubricate well, the cation or anion adsorbs strongly to the solid surfaces, forming a 

protective layer (the boundary layer) with low shear stress. Strong structure beyond this 
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interfacial layer is undesirable; any structure beyond the interfacial layer needs to be 

expelled during shearing, which increases energy dissipation (friction).17-18 While pure 

ILs are excellent boundary lubricants, their high cost and high viscosity24-25 will likely 

restrict their use to niche applications such as space lubrication and micro/nano 

machines.15, 26  

The cost of using ILs is significantly reduced when they are diluted in oils. 

Nanoscale AFM and macroscale ball-on-disk experiments show that IL/oil mixtures with 

as little as 1 – 5 mol% IL lubricate as well as,27-30 or in some cases better than,31-34 the 

neat IL. IL/oil mixtures effectively lubricate steel surfaces35-41, as well as harder to 

lubricate light-weight surfaces such as titania42 and alumina.30-31 While the lubrication 

and anti-wear performance of IL/oil mixtures is well established, our understanding of 

the lubrication mechanisms in IL/oil mixtures is limited.43 Several studies have 

demonstrated that ILs combine synergistically with conventional lubricant additives to 

reduce friction and wear even more than the individual components, although the exact 

mechanism behind this behavior remains unclear.44 Most studies use ex situ techniques 

such as scanning and transmission electron microscopy (SEM/TEM), AFM, energy 

dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) to 

characterize the size and composition of the tribofilms or wear tracks which form under 

very high pressures and extensive sliding.44-46 While these techniques provide insights 

into the elements that make up the tribofilms, they do not probe the in situ behaviour of 

the IL at the oil – solid interface which is crucial for boundary lubrication.  

We recently reported the lubricity of a series of IL – octane mixtures from 0 – 10 

mol % IL in octane on silica.28 While silica is not a surface that typically requires 

lubrication in industry, it is an ideal cheap model surface for fundamental studies of oxide 

surfaces. Similarly, octane is not a typically used base oil, but was used as a model 

hydrocarbon because its low viscosity permitted quartz crystal microbalance (QCM) 

measurements of surface excess. QCM showed that the oil–miscible IL 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (P6,6,6,14 

(iC8)2PO2) adsorbs onto silica following a classical Langmuir isotherm.28 AFM friction 

measurements revealed that pure P6,6,6,14 (iC8)2PO2 was four times more effective at 

reducing friction than pure octane.28 Critically, however, mixtures containing as little as 

2 mol % IL reduced friction as well as pure P6,6,6,14 (
iC8)2PO2. AFM force – distance 

curves suggest only a single ion layer adsorbed to the silica surface. 
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Although QCM can reveal the IL surface excess at the silica substrate as a function 

of concentration, the thickness of the layer and its ion composition are unknown. On the 

scale of the ions the atomic level composition of the silica surface is complex. While 

anionic groups dominate, there are also cationic and hydrophobic domains on the surface 

in ILs.47 Thus, while the boundary layer is expected to be cation-rich, an appreciable 

concentration of anions may be present, as well as octane.  

When diluted in oils, ILs are in some respects akin to oil – miscible surfactants. 

Previously, neutron reflectometry has been used to study the adsorption of amines and 

fatty acids in oils at metal interfaces.48-50 These studies typically found the surface active 

species adsorbs as a monolayer, or a monolayer plus a diffuse layer, with a layer thickness 

less than the extended length of the molecule. However, with the oil-miscible IL studied 

here, both the cation and anion are surface active, which adds an extra degree of 

complexity.   

Here we use specular neutron reflectometry using three different contrasts to reveal 

the thickness and composition of the boundary layer. A number of previous studies have 

used reflectivity techniques to study the adsorbed layer in pure ILs.51-54 A key advantage 

of neutron over X-ray reflectometry in these complex systems is the ability to selectively 

highlight cations, anions, and octane by isotopic substitution, or contrast variation. Here 

this is exploited to reveal the mole fraction of each component in the interfacial layer. 

3.3 Experimental Section 

3.3.1 Materials 

A polished silicon wafer (100 mm diameter, 10 mm thick) with a native oxide layer 

was purchased from EL-CAT Inc. (New Jersey, USA). Prior to the experiment the wafer 

was rinsed with ethanol and water, dried with N2, and then placed in a UV/Ozone cleaner 

for 30 min. The IL trihexyltetradecylphosphonium bis(2,4,4,-

trimethylpentyl)phosphinate (P6,6,6,14 (
iC8)2PO2) was purchased from Iolitec (purity > 95 

%). Octane (C8H18) purchased from Sigma Aldrich was used as a model oil for 

comparison with our previous QCM and AFM study of P6,6,6,14 (
iC8)2PO2 adsorption at 

the octane – silica interface.28 The structures of P6,6,6,14 (
iC8)2PO2 and octane are provided 

in Figure 3.1. Deuterated octane (C8D18) was purchased from CDN Isotopes (Quebec, 

Canada) (isotopic purity 99.4% D). The scattering length density, the product of the 

number density and the neutron scattering length of a molecule at 25 °C is provided for 



 Chapter 3 ● IL Adsorption at the Silica–Oil Interface Revealed by Neutron Reflectometry 

 

52 

 

all these compounds in Table 3.1. The scattering length density for these molecules at 60 

°C and 80 °C is provided in Table S3.1 in the Supporting Information. 

3.3.2 Deuterated Ionic Liquid Synthesis 

The similarity in the scattering length densities of the hydrogenated P6,6,6,14
+ cation 

and (iC8)2PO2
- anion (-0.38 vs -0.08 × 10-6 Å-2) makes it difficult to differentiate their 

contribution to the reflectivity in the adsorbed IL layer. To overcome this, deuterated 

P6,6,6,14
+ cation was synthesized. Fitting data from multiple neutron contrasts also 

increases confidence that the proposed model is accurate.  

Trihexyl(tetradecyl)phosphonium-d68 bis(2,4,4-trimethylpentyl)phosphinate was 

synthesized in multiple steps. First, the deuteration of the tetradecyl chain was achieved 

by deuterating tetradecanoic acid under hydrothermal metal catalyzed H/D exchange 

reaction in D2O, followed by the synthesis of 1-tetradecylchloride-d29 in two steps. In 

parallel, trihexylphosphine was deuterated by hydrothermal metal catalyzed H/D 

exchange reaction in D2O, followed by reduction conditions using phenylsilane. 

Trihexyltetradecylphosphine chloride-d68 was then produced by heating the above two 

deuterated compounds. The final IL compound was synthesized by introducing the 

protonated anion (bis(2,4,4-trimethylpentyl)phosphinate) by using bis(2,4,4-

trimethylpentyl)phosphinic acid in basic (NaOH) conditions and with heat. The purity of 

the partially deuterated IL was found to be 98% by 1H NMR, while the isotopic purity of 

the cation was 96.0% D, yielding a neutron scattering length density of 4.25 × 10-6 Å-2. 

Details of the synthesis can be found in Appendix B, including NMR and mass 

spectrometry data for all compounds synthesized. 

 
Figure 3.1. Molecular structure of the ionic liquid trihexyl(tetradecyl)phosphonium 

bis(2,4,4-trimethylpentyl)phosphinate. 
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Table 3.1. Scattering length densities, ρ, and molecular volumes MV. Data is for 25 °C 

only. The data at 60 °C and 80 °C are provided in Table S3.1. 

Species ρ (× 10-6 Å-2) MV (Å3) 

Si 2.07 - 

SiO2 3.47 38 

h-octane -0.52 272 

d-octane 6.32a 272b 

P6,6,6,14 (iC8)2PO2 -0.28 1450 

  P6,6,6,14
+ -0.38 95055 

  (iC8)2PO2
- -0.08 49055 

d-P6,6,6,14 (iC8)2PO2  4.25b 1450b 

  d-P6,6,6,14
+ 6.77b 950b 

 

a Based on 99.4% isotopic purity of d-octane. Pure value 6.36. 
b Deuterated species Mv assumed to be equal to the hydrogenated species. 
c Based on 96% isotopic purity of d-P6,6,6,14

+. 

 

3.3.3 Neutron Reflectometry 

Specular neutron reflectometry measurements were carried out using the Platypus 

time-of-flight reflectometer at the OPAL 20 MW reactor (ANSTO, Sydney, Australia).56 

In specular neutron reflectometry, a beam of neutrons is directed/reflected from an 

interface at an angle θ. The ratio of the number of reflected neutrons to number of incident 

neutrons, R, is measured as a function of the momentum transfer, Q, given by 

 
𝑄 =

4𝜋𝑠𝑖𝑛𝜃

𝜆
 

(3.1) 

where λ is the neutron wavelength (Å). 

Reflectivity measurements of the silica – octane interface were done in a standard 

solid-liquid cell consisting of a silicon wafer clamped against another wafer of the same 

diameter, with a thin PTFE O-ring separating the wafers, creating a small (< 0.25 mL) 

reservoir for the liquid samples. To change samples, at least 10 times the cell volume of 

the new solution was injected into the cell. Care was taken to ensure that no bubbles 

entered the cell by holding the cell vertically during injection. The temperature was 
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controlled using a water jacket on the top and bottom of the cell. 30 min equilibration 

time was allowed after each temperature change before recording data.  

Specular reflectivity data were recorded at angles of incidence of 0.75° and 3.2°. 

Data at 0.75° was recorded for 10 min, while the data at 3.2° was recorded over 120 min 

to improve the counting statistics. Reflectivity data from the two angles were combined 

to form a single data set spanning from Q = 0.01–0.30 Å-1. The data was recorded at a 

constant ΔQ/Q resolution of 8.7%. Data were reduced using the SLIM package in 

MOTOFIT for IGOR Pro 7,57 with a background subtraction, to give the reflection at the 

solid – liquid interface. 

3.3.4 Data Modelling 

Data fitting was carried out using MOTOFIT.58 MOTOFIT uses Abeles optical 

matrix method to calculate the reflectivity of a stack of thin layers at an interface. The 

parameters required for fitting the data were the layer thickness (d), the interfacial 

roughness (σ) and the scattering length density (ρ) of the layer. There are additional 

parameters to adjust the instrument scale and the sample background reflectivity. 

 Three components contribute to the scattering length density (SLD) in the model: 

the cation, anion, and octane. The SLD of the IL adsorbed layer ρIL is thus given by: 

𝜌𝐵𝐿 = ∑ 𝜌𝑖𝜙𝑖  (3.2) 

Where 𝜌𝑖 are the SLDs of each component 𝑖 (cation, anion and octane), and 𝜙𝑖 is 

the corresponding volume fraction. By varying the isotopic substitutions to give three 

values for 𝜌𝐼𝐿, the composition of the boundary layer, i, could be uniquely determined. 

The data were first fit using the genetic optimization built into MOTOFIT which 

minimizes the sum of least squares. All datasets were fitted simultaneously with the same 

model. The thickness of the IL layer in the model was restricted to 4 – 30 Å, which takes 

into account a single, compressed layer at the same time as a fully extended layer or even 

a double layer. The SLD of the IL layer was allowed to vary between the overall minimum 

and maximum SLD of the cation, anion and octane (see Table 3.1). The genetic 

optimization was performed with the experimental uncertainties and instrument 

resolution accounted for. After a reasonable fit was obtained with genetic optimization, 

the model parameters were adjusted to check the sensitivity of the fit to each parameter. 
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3.4 Results 

3.4.1 SiO2 Characterization 

The thickness and roughness of the native oxide layer formed on the silicon was 

first characterized by neutron reflectometry. Prior to the experiments with the IL, the 

wafer used in experiments was measured against two different octane contrasts: d-octane, 

and 94:6 vol/vol% mixture of h-octane and d-octane at 25 °C to match the bulk SLD of 

one of the IL contrasts. Additionally, the d-octane sample was also measured at 60 °C, 

providing three datasets in total.  

Neutron reflectivity R vs Q data for the pure octane samples measured against the 

Si wafer are presented in Figure 3.2. At very low Q values (Q < 0.015) all neutrons are 

perfectly reflected from the surface (i.e. R = 1) for the pure d-octane sample. At Q values 

higher than the critical angle (Qc ~ 0.015 Å-1) R decays rapidly until it reaches background 

reflectivity (typically R = 10-8 – 10-6 for this instrument). For a perfectly sharp interface, 

R decays monotonically with Q-4 according to Fresnel’s Law, but here the presence of a 

native oxide layer on the silicon surface causes it to decay slightly at a faster rate.  For 

the 6/94 vol/vol% d/h-octane data, the SLD difference between the silicon substrate and 

the bulk liquid is low, so there is no critical edge, and R decays from low Q. 

The reflectivity depends on the scattering length density (SLD) profile 

perpendicular to the interface. Although the scattering length density at the interface is a 

continuously varying function, it can be well approximated by a ‘slab’ model in which a 

slab (i.e. layer) of thickness d, SLD ρ and Gaussian roughness σ is sandwiched between 

the Si wafer and the bulk solvent. The R vs Q data for the Si wafer against pure octane 

was modelled using Abeles optical matrix method to calculate the reflectivity of the slab 

model.59 The SLD of the Si, SiO2 and the octane were fixed to their known values from 

literature (see Table 3.1), so the only unknown values were the thickness and roughness 

of the SiO2 layer. The three datasets were optimized simultaneously until the reflectivity 

matched the reflectivity data from the experiment and the χ2 value was minimized (solid 

lines in Figure 3.2). Co-refining the three datasets, the SiO2 layer was found to be 13 ± 2 

Å thick, with the roughness at the Si – SiO2 and SiO2 – liquid interfaces 6 ± 1 Å (data and 

fits are provided in Figure 3.2). The thickness and roughness of the SiO2 layer is typical 

for an oxidized silicon wafer.60-61 The thickness and roughness of the SiO2 layer obtained 

from these fits were fixed for the subsequent fits to the IL/octane data. 
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Figure 3.2. Reflectivity, R, vs change in momentum transfer, Q, for the pure octane 

samples. Solid lines show the best fit to the data using a Si | SiO2 | octane model. The d-

octane measured at 60 °C and 6/94 vol/vol% d/h-octane at 25 °C have been vertically 

offset for clarity. 

 

3.4.2 IL Adsorbed Layer 

In many applications involving lubricants, for example engines, the operating 

temperature is significantly higher than room temperature. For this reason, these 

measurements using ILs focus on adsorbed layer structure at 60 °C and 80 °C, with only 

one contrast (h-P6,6,6,14 (
iC8)2PO2 in d-octane) investigated at 25 °C due to a lack of 

applicability and time constraints. While most studies into IL lubrication and interfacial 

nanostructure have been carried out at ambient temperature, studies of effect of 

temperature are known.62-64 Notably, it has been reported that ethylammonium nitrate is 

equally lubricating at room temperature and 80 °C.64  

Reflectivity data for 2 mol % mixtures of the IL P6,6,6,14 (
iC8)2PO2 in octane for 

different contrasts as a function of temperature are presented in Figure 3.3. At least two 

contrasts were measured for each temperature: d-P6,6,6,14 (
iC8)2PO2 in d-octane and d-

P6,6,6,14 (
iC8)2PO2 in h-octane. An additional contrast, h-P6,6,6,14 (

iC8)2PO2 in d-octane, was 

measured at 25 °C. 2 mol % P6,6,6,14 (
iC8)2PO2 is slightly higher than the minimum 

concentration where a significant reduction in friction was noted in previous AFM FFM 

experiments.28 Each contrast was selected to highlight a particular component of the IL 

adsorbed layer due to the SLD differences between the components. h-P6,6,6,14 (
iC8)2PO2 

in d-octane highlights the overall IL contribution to the layer, while d-P6,6,6,14 (
iC8)2PO2 
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in d-octane and d-P6,6,6,14 (iC8)2PO2 in h-octane highlight the anions and cations 

respectively. 

First, we attempted to model the data using the same model which fit the pure d-

octane data (i.e. Si | SiO2 | solvent), with the SLD of the solvent adjusted slightly to 

account for the P6,6,6,14 (
iC8)2PO2 present in the solvent. However the IL/octane mixtures 

could not be modelled adequately without an IL layer at the interface (see Figure S3.1 in 

the Supporting Information), confirming an IL layer at the interface. The difference 

between the model without an IL layer and the data is most obvious for the h-P6,6,614 

(iC8)2PO2 in d-octane (Figure S3.1a) and d-P6,6,614 (
iC8)2PO2 in d-octane (Figure S3.1b) 

where the scattering contrast between the P6,6,614 (
iC8)2PO2 and octane is greatest. 

 Successful fits to the data were obtained by adding a single layer adsorbed at the 

silica – solvent interface. The three contrasts were co-refined for the data at 60 °C and 80 

°C, while the single contrast at 25 °C was modelled independently. Across all the 

contrasts, common thickness and roughness parameters were used, while the SLD was 

varied because of the different amount of H/D in each contrast. For a single contrast, 

multiple compositions of octane, cation and anion that can result in the same SLD. 

However, with two or more contrasts, there is a unique composition which results in the 

modelled SLD values. To find this unique composition for the data at 60 °C and 80 °C, 

the SLD of the layer was fit iteratively, starting with one contrast and then fitting the other 

two contrasts by calculating the range of potentially consistent SLD values. Repeating 

this several times resulted in an optimal solution where the χ2 value of all three contrasts 

was minimized and the SLD values were consistent with each other. For the h-P6,6,614 

(iC8)2PO2 in d-octane data at 25 °C, a single best fit SLD was found by optimizing χ2, and 

subsequently a range of compositions were calculated, with a much higher degree of 

uncertainty than the other temperatures which were modelled with three contrasts. 

The solid lines in Figure 3.3a show the fits to the data. The best fit thickness, 

roughness and scattering length density of each layer in the fit are provided in Table 3.2. 

At 25 °C, the best fit corresponds to an adsorbed layer thickness of 11 ± 1 Å, which is 

reduced to 8 ± 1 Å at 60 and 80 °C (see Table 3.2 for the fitted parameters and Table S3.2 

for details of 2 as a function of fitted thickness). Importantly, fitting the 25 °C data with 

the best fit thickness at 60 °C and 80 °C (8 Å) results in a very poor fit and vice versa 

(Supporting Table S3.2). This rules out any possibility that the adsorbed layer remains 
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unchanged with temperature. 11 Å is equal to the cubic packing dimension for the P6,6,6,14 

(iC8)2PO2 ion pair calculated from the density of the pure substance.65 This thickness is 

consistent with the lack of any pronounced constructive/destructive interference patterns 

(i.e. Kiessig fringes), which are only observed for layers greater than 30 Å thick in this Q 

range.  

 
Figure 3.3. Reflectivity, R, vs change in momentum transfer, Q, as a function of 

temperature for three different contrast conditions (a) h-P6,6,6,14 (
iC8)2PO2 in d-octane; 

(b) d-P6,6,6,14 (
iC8)2PO2 in d-octane; (c) d-P6,6,6,14 (

iC8)2PO2 in h-octane. The data for 60 

°C and 80 °C have been vertically offset for clarity. The solid lines show the fits to the 

data modeled with an adsorbed layer. 

 

Table 3.2. Best fit thickness d, scattering length density of the IL layer ρIL layer, and the 

Gaussian roughness σ values for P6,6,6,14 (
iC8)2PO2 in octane. The uncertainty in d and ρIL 

layer is indicated by the chi-squared plots provided in Figure S3.2 in the Supporting 

Information. 

 d (Å) ρIL layer (×10-6 Å-2) σ (Å) 

25 °C 60 ° C 80 ° C 25 °C 60 ° C 80 ° C 

h-IL/d-octane 

 

d-IL/d-octane 

     

d-IL/h-octane 

11 

 

11 

 

11 

8 

 

8 

 

8 

8 

 

8 

 

8 

1.00 

 

0.45 

 

5.30 

 

4.56 

0.22 

 

5.14 

 

4.60 

3 ± 1 

 

The composition of the adsorbed IL layer was calculated by first calculating the 

range of potential compositions from the scattering length density given by Equation 3.2, 

and then comparing these compositions for each contrast. The mole fraction of each 

component in the layer at 25 °C is 0.26 ± 0.26 P6,6,6,14
+, 0.37 ± 0.37 (iC8)2PO2

- and octane 

is 0.37 ± 0.11. At 60 °C there is 0.48 ± 0.06 P6,6,6,14
+, 0.24 ± 0.09 (iC8)2PO2

-, and 0.28 ± 
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0.08 octane. At 80 °C there is only a slight change in the composition; 0.50 ± 0.02 P6,6,6,14
+, 

0.28 ± 0.02 (iC8)2PO2
-, and 0.22 ± 0.02 octane. The higher error for the composition at 25 

°C reflects the increased uncertainty due to the lack of multiple contrasts at this 

temperature. The mole fractions of each species in the boundary layer, are shown in Table 

3.3. 

The mass of the adsorbed layer (cation + anion + entrained solvent) for this system 

at 25°C has been determined previously using QCM to be 1.3 ± 0.5 mg m-2. The 

corresponding adsorbed layer mass (M) is determined from the neutron reflectivity using: 

M = 
𝑉

𝑁𝐴
(

𝜙𝑐𝑎𝑡𝑖𝑜𝑛𝑀𝑐𝑎𝑡𝑖𝑜𝑛

𝑉𝑚,𝑐𝑎𝑡𝑖𝑜𝑛
+

𝜙𝑎𝑛𝑖𝑜𝑛𝑀𝑎𝑛𝑖𝑜𝑛

𝑉𝑚,𝑎𝑛𝑖𝑜𝑛
+

𝜙𝑜𝑐𝑡𝑎𝑛𝑒𝑀𝑜𝑐𝑡𝑎𝑛𝑒

𝑉𝑚,𝑜𝑐𝑡𝑎𝑛𝑒
)  (3.3) 

where is 𝜙𝑖 is the volume fraction of 𝑖 in the adsorbed layer, 𝑉 is the volume of the 

surface layer over 1×1 m2, 𝑀𝑖 is the molar mass, 𝑉𝑚,𝑖 is the molecular volume, and 𝑁𝐴 is 

the Avogadro constant). M was found to be 0.90 ± 0.06 mg m-2 at 25 °C, and 0.66 ± 0.02 

mg m-2 at both 60 °C and 80 °C.  This is comparable to but somewhat lower than the 

QCM value, which may be due to QCM being a hydrodynamic value which includes 

entrained liquid near the surface.66-67 

Table 3.3. The mole fraction 𝑥 of P6,6,6,14
+, (iC8)2PO2

-, and octane in the adsorbed layer. 

 Temperature (°C) 

 25 60 80 

𝑥𝑃6,6,6,14
+ 0.26 ± 0.26 0.48 ± 0.06 0.50 ± 0.02 

𝑥
( 𝐶8

𝑖 )
2

𝑃𝑂2

−
  
 0.37 ± 0.37 0.24 ± 0.02 0.28 ± 0.02 

𝑥𝑜𝑐𝑡𝑎𝑛𝑒
 0.37 ± 0.11 0.28 ± 0.08 0.22 ± 0.02 

 

3.5 Discussion 

AFM force – distance curves for 2 mol % P6,6,6,14 (iC8)2PO2 in octane confined 

between a silica substrate and sharp silica tip reveal a single layer, and AFM friction 

measurements confirm at least one IL layer between the tip and the surface, even at high 

force.28 The data presented in current work shows that a single IL layer model fits the 

data for the 2 mol % P6,6,6,14 (
iC8)2PO2 in octane. This may not be a good model for the 

ionic liquid layer confined between the two silica surfaces in an AFM experiment, as the 
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close proximity of the two surfaces will lead to changes in the surface composition. 

However, it is unlikely equilibrium is reached on the timescale of an AFM experiment; 

in water, adsorbed surfactant films take several seconds to reach equilibrium coverage, 

even at high concentrations68 which is longer than the time the two surfaces are in 

compliant contact in either a force curve measurement or especially a friction 

measurement. The description of the layer provided here therefore provides the “before 

compliance” structure, and thereby important new information for boundary layer 

structure.    

AFM force – separation curves show that the pure P6,6,6,14 (
iC8)2PO2, like other oil 

– miscible ILs, is weakly structured when confined between a silica tip and surface.28 

Diluting the IL in octane disrupts the interfacial structure as the octane solvates the IL 

chains. The Debye length in octane is also very small, and the IL is relatively dilute (~0.1 

M),69 so extended layering as seen in pure ILs is unlikely. Weaker near surface structure 

(i.e. structure beyond the boundary layer) is beneficial for lubrication.17-18 

There is a significant amount of octane present in the layer at all temperatures (22-

37 mol%). This is not surprising given that the concentration of P6,6,6,14 (
iC8)2PO2 in this 

experiment (2 mol %) is well below the saturated surface excess concentration measured 

by QCM (> 10 mol %).28 Because specular neutron reflectivity does not resolve in plane 

structure, the concentration of octane in the IL layer represents an area averaged 

concentration over the thickness of the layer; that is, it is impossible to determine from 

the data whether the IL layer consists of a patchy monolayer or whether the octane is 

integrated throughout the adsorbed layer structure. Given that charge separation in low 

dielectric media like octane is unfavorable, it is more likely that the octane is integrated 

into the layer, solvating the apolar moieties of the IL. It has previously been reported for 

an acetone/IL system at the gold interface, there was a higher concentration of solvent in 

the adsorbed layer of 70 – 93 mol %, based on the reported scattering length density, and 

the assumption that the IL density was 1 g cm-3, which may be erroneous.70 This 

difference is consistent for acetone being more polar than octane, which means it will 

have more favorable interactions with gold than octane with silica. 

 The IL layer remains in place at 60°C and 80 °C. Previous investigations in pure 

ILs have found that at higher temperatures, while IL near surface structure is generally 

reduced, the IL adsorbed layer remains in place until at least 80 °C.63-64 Presently there 
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are few studies of the effect of temperature on lubrication with ILs diluted in oils, but the 

results obtained here are consistent with these reports. Qu et al. found that 1 mol % IL in 

oil lubricated a piston ring and cylinder liner at 100 °C as well as at room temperature.71 

Similarly, Hjalmarsson et al. showed that, despite a decrease in near-surface structure, 

pure IL boundary lubrication was unaffected by an increase in temperature from 25 to 80 

°C.64  

3.6 Conclusions 

Neutron reflectometry with multiple contrasts has provided unprecedented insight 

into the before compliance structure and composition of the adsorbed IL layer at the oil – 

silica interface. The adsorbed layer is not more than an ion pair thick (8 – 11 Å), with the 

thickness depending slightly on temperature. Importantly, the IL adsorbed layer remains 

in place even at 60 °C and 80 °C. This is consistent with previous studies of the pure IL 

which have shown that they are equally lubricating at high temperatures. 

 The ratio of P6,6,6,14
+ cations to (iC8)2PO2

- anions is approximately 2:1 ratio. 

However, there is still a significant amount of octane in the adsorbed layer (22 – 37 mol 

%). This is consistent with previous QCM measurements which suggest that the surface 

is not saturated with IL at this concentration. The lubricity of the IL on a metal surface 

can be actively controlled by applying an electric bias to the surface.27 The results of a 

detailed neutron reflectometry study into the active control of friction will be discussed 

in a forthcoming manuscript. 

3.7 Supporting Information 
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Table S3.1. Scattering length densities, ρ, and molecular volumes MV.  

Species ρ (× 10-6 Å-2) MV (Å3) 

 25 °C 60 °C 80 °C 25 °C 60 °C 80 °C 

Si 2.07 2.07 2.07 - - - 

SiO2 3.47 3.47 3.47 38 38 38 

h-octane -0.52 -0.50 -0.49 272 283 290 

d-octane 6.32a 

 

6.09 5.91 272 

 

283 290 

P6,6,6,14 (iC8)2PO2 -0.28 -0.27 -0.27 1450 

 

1485 1505 

  P6,6,6,14
+ -0.38 -0.38 -0.37 950 973 986 

  (iC8)2PO2
- -0.08 -0.08 -0.08 490 

 

501 508 

d-P6,6,6,14 (iC8)2PO2  4.41b 4.30 4.25 1450 

 

1485 1505 

  d-P6,6,6,14
+ 6.77b 6.61 6.52 950 973 986 

 

a Based on 99.4% isotopic purity of d-octane. Pure value 6.36. 
b Based on 96% isotopic purity of d-P6,6,6,14

+. 

 

 

Figure S3.1. R vs Q as a function of temperature for three different contrast conditions 

(a) h-P6,6,6,14 (
iC8)2PO2 in d-octane; (b) d-P6,6,6,14 (

iC8)2PO2 in d-octane; (c) d-P6,6,6,14 

(iC8)2PO2 in h-octane. The data for 60 °C and 80 °C have been vertically offset for 

clarity. The solid lines show the fits to the data modeled without an adsorbed layer. 
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Table S3.2. The χ2 best fit values as a function of IL layer SLD for different IL layer 

thicknesses at 25 °C, 60 °C and 80 °C. The legend shows which IL layer thickness the 

data correspond to. 

T 

(°C) h-IL/d-octane d-IL/d-octane d-octane/h-octane 
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Chapter 4 

Tribotronic control of friction in oil-based lubricants 
with ionic liquid additives 

 

 

 

 

 

An interesting facet of IL lubrication is that friction can be controlled by 

applying an electric potential to the lubricating surface. This electrotunable 

or tribotronic control of friction takes advantage of the fact that ILs, unlike 

most lubricating oils, are ionic in nature and thus readily conduct 

electricity. Applying a potential to the surfaces changes the str ucture and 

composition of the adsorbed (boundary) layer of the IL. Tribotronics, well-

studied in pure ILs, had not been reported in IL-oil mixtures prior to the 

work presented in this chapter . The aim of this study was to determine (1) 

whether electrotunable control of friction was possible in IL-oil systems and 

(2) how electrotunable control varied as a function of potential.  A 

combination of normal force curve measurements along with lateral friction 

force measurements were studied to reveal how IL concen tration and 

electric potential influenced adsorption and adsorbed layer structure at the 

oil – gold interface. 
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4.1 Abstract 

Atomic force microscopy (AFM) reveals that tribotronic control of friction using 

an external potential applied to a gold surface is possible for ionic liquid (IL) 

concentrations as low as 5 mol% in hexadecane. The IL used is 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate, in which both 

the cation and anion have surfactant-like structures, and is miscible with hexadecane in 

all proportions. For IL concentrations less than 5 mol% friction does not vary with applied 

potential, but for 5 mol% and above changing the potential changes the composition of 

the IL boundary layer from cation-enriched (negative potentials) to anion-enriched 

(positive potentials). As the lubricities of the cation-rich and anion-rich boundary layers 

differ, this enables active control of friction in oil-based lubricants. 

4.2 Introduction  

Lubricants reduce the friction, adhesion and wear generated by contact between 

sliding surfaces.1 Under high load, most of a liquid lubricant is expelled from the space 

between the sliding surfaces and lubrication is effected by a boundary layer if a 

component of the lubricant adsorbs to the surfaces. Common oils adsorb weakly to many 

surfaces resulting in weak boundary layers that are easily displaced at low loads.2 To 

compensate, oil miscible surface active species, such as surfactants and/or polymers, are 

often added to the base oil. When their bulk concentrations are sufficiently high, 

surfactants and polymers adsorb strongly to the solid surfaces and form a robust boundary 

layer that separates the sliding surfaces even at high loads.1, 3 Tribotronics,4 a contraction 

of tribology and electronics, refers to the active control of friction externally by, for 

example, an electric potential. Because tribotronics requires a conductive lubricant, 

previous tribotronic studies have used polar materials. For example, Meng and co-

workers showed that friction could be controlled in aqueous solutions with the anionic 

surfactant sodium dodecyl sulphate (SDS).5-7 Applying a positive potential reduced 

friction due to the increased adsorption of the more lubricating dodecyl sulphate anions, 

while applying a negative potential had the opposite effect as the dodecyl sulphate ions 

were repelled from the surface.5 While these studies provide useful insights into 

tribotronic mechanisms, water and SDS solutions are not practical lubricants for most 

applications. Our group has previously studied the tribotronic control of friction for pure 

ionic liquids (ILs).8-11 ILs are salts composed purely of ions that are liquid at low 

temperatures, and are attractive lubricants owing to their low vapour pressures, high 
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thermal stability and good thermal conductivity.12-13 The array of strong forces that 

operate in ILs (e.g. electrostatic, solvophobic,14 hydrogen bonding and van der Waals, 

etc.) means they adsorb relatively strongly to most solid surfaces and form a lubricating 

boundary layer. Atomic force microscopy/friction force microscopy (AFM/FFM), quartz 

crystal microbalance (QCM) and molecular dynamics (MD) studies have shown that, for 

conductive surfaces, an electric potential can be used to control the ionic composition of 

the boundary layer from cation rich at negative potentials to anion rich at positive 

potentials.9, 15-21 Because the lubricities of cations and anions differ, this allows friction 

to be externally controlled.8, 22 This makes changing the boundary layer composition, and 

thus lubricity, to match changing operating conditions viable. 

The key impediment to the widespread use of ILs as lubricants is their relatively 

high cost. To compensate, recent studies have examined the use of ILs as additives to a 

base oil for systems including Al–steel,23  steel–steel,24-29 steel–cast iron,30-35 Si3N4–

steel,24 Si–SiO2,36 Cu–Cu,37 AlMgB14–TiB2–steel,38 TiB2–steel,38 and diamond-like 

carbon–steel.38 Provided the concentration of the surface active IL in the oil is sufficiently 

high, an ion rich boundary layer forms and lubrication performance is similar to the pure 

IL (and much better than the base oil without added IL).36, 39 

The use of ILs dissolved in base oils is potentially problematic for tribotronics as 

base oils are typically electrically insulating. Yang et al. have reported a tribotronic effect 

in IL–propylene carbonate mixtures,40-41 but propylene carbonate (relative permittivity = 

65.5)42 has a polarity much closer to water than common hydrocarbon base oils (relative 

permittivity typically ~3).43 In this manuscript we investigate tribotronic control of 

friction for mixtures of hexadecane, a model base oil, and the ionic liquid 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl) phosphinate (P6,6,6,14 

(iC8)2PO2). P6,6,6,14 (
iC8)2PO2 is fully miscible with apolar oils44 and has been shown to be 

noncorrosive with metal surfaces.44-45 The structures of P6,6,6,14 (
iC8)2PO2 and hexadecane 

are shown in Figure 4.1. We demonstrate that tribotronic control of friction is possible 

once the concentration of IL in base oil exceeds 5 mol%. 
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Figure. 4.1 The structure of (a) the ionic liquid trihexyl(tetradecyl)phosphonium 

bis(2,4,4-trimethylpentyl)phosphinate, (b) the oil used in this study hexadecane 

(hydrogens not shown). 

4.3 Experimental  

The IL trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)- phosphinate 

(henceforth referred to as P6,6,6,14 (
iC8)2PO2) was supplied by Iolitec and used as received. 

Hexadecane was used as a model for mineral oil for its well-defined structure and 

properties.46 The water content of P6,6,6,14 (
iC8)2PO2 and the hexadecane– P6,6,6,14 (

iC8)2PO2 

mixtures was low (< 0.2 wt%) as determined by Karl-Fischer titration at the end of the 

experiment), aided by the hydrophobic structure of the IL. We used Au(111) as a model 

metal surface because of its smoothness, inertness and well-defined structure. A 

WaveNano potentiostat was used to control the potential applied to the Au(111) surface. 

A Cu wire and a Pt wire were used as the counter and reference electrodes respectively. 

The open circuit potential (OCP) was 0.15 V, 0.15 V, 0.15 V and 0.1 V 0.05 V for 1 

mol%, 5 mol%, 10 mol% and the pure P6,6,6,14 (iC8)2PO2 respectively vs. the Pt 

pseudoreference electrode. Normal and friction force measurements were performed 

using a Bruker Multimode 8 AFM with an EV scanner in contact mode. Sharp Si tips with 

a spring constant of 1.0 0.2 N m1 as measured by the thermal tune method and a nominal 

tip radius of approximately 8 nm (HQ:CSC37/AL BS, Mikromasch) were used for this 

study. An AFM electrochemistry tapping fluid cell (MMTMEC, Bruker) was used to 

perform the electrochemistry experiments. The AFM electrochemical cell was assembled 

as described previously.47 Before each experiment the tip and the cell were carefully 

rinsed with ethanol and Milli-Q water and then dried with nitrogen. The tip was 
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subsequently irradiated with ultraviolet light for at least 30 min to remove any remaining 

organic matter. Friction measurements were performed using a scan size of 100 nm at a 

scan speed of 6.5 mm s-1 while the normal load was increased from 0 to 100 nN. The 

lateral deflection signal (i.e. cantilever twist) was converted to lateral force using a 

customised function produced in MATLAB 7.0 which takes into account the torsional 

spring constant and the geometrical dimensions of the cantilever.48 The friction 

coefficient (µ) of each data set was obtained using Amontons’ Law, FL = µFN, where µ is 

extracted from the gradient of the lateral force vs. normal load in the linear region.  

4.4 Results and Discussion  

Lateral AFM force data obtained using a silicon tip and Au(111) substrate as a 

function of normal load for hexadecane–P6,6,6,14 (iC8)2PO2 mixtures with no applied 

electric potential (i.e. at OCP) are shown in Figure 4.2. Data is presented for pure 

hexadecane, pure P6,6,6,14 (
iC8)2PO2, and P6,6,6,14 (

iC8)2PO2 in hexadecane at concentrations 

of 0.001 mol%, 1 mol%, and 5 mol%. 

 

Figure 4.2. Lateral force vs. normal load in hexadecane–P6,6,6,14 (
iC8)2PO2 

mixtures for a sharp silicon AFM tip (r = 8 nm) sliding on an Au(111) surface at 6.5 μm 

s-1 up to 100 nN applied normal load. 

 

In pure oil, attractive van der Waals forces between the tip and the surface lead to 

an immediate ‘jump’39 into an adhesive contact at low normal load, with a corresponding 

lateral force of ~50 nN, after which the lateral force increases at a relatively constant rate 
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with normal load (friction coefficient of 0.89 in the linear region above 5 nN of normal 

load). Adding IL to the oil progressively weakens the adhesive interaction as the attractive 

van der Waals forces are overcome by adsorption of the IL,49 and by 5 mol% IL there is 

virtually no adhesion. The reduction in adhesion reveals the IL adsorbs to the surfaces for 

all IL–oil mixtures. Adsorbed IL will impede or prevent contact between the tip and 

substrate through steric effects from the IL alkyl chains or electrostatic repulsion. Both 

effects will contribute to lower attractive forces. Similar effects are noted in the normal 

force curves for the IL–oil mixtures (see the SI Figure S4.1). In pure hexadecane, a long 

range van der Waals attraction is present as the tip approaches the Au(111) surface, along 

with a significant “pull-off” adhesive force upon retraction. Even when just 0.001 mol% 

P6,6,6,14 (
iC8)2PO2 is present, the range of these attractive forces is significantly reduced. 

Only very weak attractive forces are present for 1 mol% P6,6,6,14 (iC8)2PO2, and no 

attractive forces are measured for P6,6,6,14 (
iC8)2PO2 concentrations of 5 mol% and above. 

Figure 4.2 reveals that lateral forces for 0.001 mol% P6,6,6,14 (
iC8)2PO2 are at least 

50% lower than pure hexadecane, and the friction coefficient is reduced to 0.50. The 

absolute lateral force decreases with IL concentration up to 5 mol% consistent with the 

reduction in adhesive interaction. For IL concentrations of 5 mol% and above, the lateral 

forces are the same as for the pure IL. The friction coefficient for all IL-mixtures and the 

pure IL are 0.46 ± 0.05 (see Table 4.1). This indicates similar lubrication mechanisms for 

all the mixtures and the pure IL, and is consistent with the formation of an IL-rich 

boundary layer even at 0.001 mol%. Thus the reduction in lateral force between 0.001 

mol% and 5 mol% is primarily due to reduced tip – surface attractions due to screening 

of van der Waals forces by adsorbed IL, consistent with the force curves in Figure S4.1. 

 

Table 4.1 Friction coefficients of the hexadecane–P6,6,6,14 (
iC8)2PO2 mixtures. Errors are 

± 0.05. 

 Hexadecane 0.001% IL 1% IL 5% IL Pure IL 

μ 0.89 0.50 0.46 0.46 0.47 

 

The friction coefficients for this study are similar to those found previously the 

same IL–oil mixtures lubricating a Si–SiO2 tribopair,36 which could mean the structure 
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of the boundary layer on gold and silica during sliding are similar. The data for friction 

as a function of potential presented in Figure 4.3 reveal that cation-rich and anion-rich 

layers have very different lubricities. Therefore, as the roughness of the silica (RMS = 

0.5 ± 0.3 nm) and gold (RMS = 1.0 ± 0.5) surfaces are comparable and both low, it is 

reasonable to assume that the composition (cation : anion) in the boundary layers on silica 

and gold are similar despite their different surface chemistries. As both the IL cation and 

anion have surfactant-like structures, it is probable that they will adsorb to the solid 

surfaces with their charged groups preferentially orientated towards the solid surface and 

with their alkyl chains facing the bulk,50 although more work is required to confirm this. 

In this case the alkyl layer is likely to form the sliding plane of the boundary layer.  

Figure 4.3 shows the lateral forces for different applied electric potentials for the 

IL-mixtures. Data is presented for pure P6,6,6,14 (iC8)2PO2 and P6,6,6,14 (iC8)2PO2 in 

hexadecane at concentrations of 1 mol%, 5 mol% and 10 mol%. At 1 mol% changing the 

electric potential has no effect on friction, and data of the same form was obtained up to 

3 mol%. However, at concentrations of 5 mol% and above, friction varies significantly 

with potential. At positive potentials friction forces increase compared to OCP, while at 

negative potentials they decrease. The form of the data is similar for 5 and 10 mol% and 

the pure P6,6,6,14 (
iC8)2PO2, with only subtle differences. The changes in friction forces are 

a consequence of electrostatically-induced changes to the IL boundary layer. However, 

beyond that facile explanation, relevant questions which arise from the data include: (1) 

Why does the tribotronic effect only work for concentrations 5 mol% and above? (2) 

What changes take place in the boundary layer with changing potential? 

 

 

Figure 4.3. Lateral force vs. normal load in hexadecane–P6,6,6,14 (
iC8)2PO2 mixtures at 

different applied potentials. 
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The tribotronic effect is only observed at concentrations of 5 mol% and above 

because a minimum threshold of solution electrical conductivity must be met to enable a 

potential to be set with the potentiostat. The same characteristics that make P6,6,6,14 

(iC8)2PO2 soluble in apolar oils (bulky aliphatic groups, three-dimensional structure, and 

dilute charge) also reduce its conductivity. Somers et al. measured the conductivity of 

pure P6,6,6,14 (
iC8)2PO2 to be 3.6 mS cm-1, while the conductivity of approximately 4 mol% 

P6,6,6,14 (
iC8)2PO2 in mineral oil was 0.001 mS cm-1.23 Only unpaired ions contribute to 

conductivity, which implies that for hexadecane–P6,6,6,14 (
iC8)2PO2 concentrations below 

5 mol% the concentration of unpaired ions is very low and there is a large resistance 

between the working and counter electrodes. The potentiostat works by establishing a 

potential between the counter and working electrodes in order to control the potential 

between the reference and working electrodes.51 For solutions below 5 mol%, the 

potential required to overcome the high resistance between the counter and working 

electrodes exceeds the maximum potential that the instrument can supply (referred to as 

a compliance potential). For 5 mol% and above, the free ion concentration meets the 

threshold for current flow which permits tribotronic control of friction (although even at 

5 mol% the potential could only be reduced to 0.5 V). Another factor which affects the 

threshold concentration is the distance between the working electrode and reference 

electrode (which was minimised in this study). The threshold concentration of 5 mol% is 

consistent with a previous study of a similar tetralkylphosphonium IL in toluene which 

found 10 mol% IL was required to minimise the voltage drop.52 

Changing the applied potential electrostatically attracts oppositely-charged ions to 

the boundary layer and, depending on the structure of the IL, can also induce changes in 

the orientation of these ions. Thus, at positive potentials an anion rich boundary layer 

forms, whereas at negative potentials the boundary layer will be cation rich. The lower 

lateral force values at negative potentials reveals that the P6,6,6,14
+ cation is more 

lubricating than the (iC8)2PO2
- anion. This can be rationalised by considering the structure 

of the phosphonium cation compared to the phosphinate anion (Figure 4.1). The long 

alkyl chains on the phosphonium chain allow it to pack into a well formed, robust 

boundary layer where attractive lateral van der Waals interactions between chains are 

favoured, reminiscent of a self assembled monolayer.53-55 By contrast, the alkyl chains on 

the (iC8)2PO2
- anion are shorter and sterically hindered, which impedes neat packing into 

the boundary layer and the achievement of strong lateral van der Waals interactions 
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between chains. Thus anion rich boundary layers are less robust and more readily 

dissipate energy during sliding. Changing the applied potential allows the boundary layer 

cation : anion ratio to be varied in a controlled fashion, and thus the friction to be tuned 

to any value between the 1 V limits. Potentials exceeding these did not further change the 

lateral force. The exact values of the cation : anion ratio in the boundary layer cannot be 

determined from the lateral force or normal force curves. Neutron reflectivity would be 

necessary to achieve this. (In fact beamtime has been awarded for experiments on this 

system which should enable the cation : anion ratio to be determined. If successful these 

experiments will be reported in a future article). 

For IL concentrations of 5 mol% and greater the increase in lateral force with 

normal load is non-linear in some cases. At low normal loads, lateral forces increase at 

approximately the same rate with load regardless of potential. However, above a critical 

normal load (50 nN and 30 nN for 5 and 10 mol% IL respectively), the lateral force 

increases at a significantly lower rate for 1 V but not +1 V. (This result was consistent for 

increasing and decreasing loads). Non-linear or load-dependent boundary layer friction 

has been reported for pure ILs.56-57 For pure ILs, changes in slope that occur at low loads 

are attributed to changing from the multilayer regime, where multiple ion layers separate 

the tip and surface, to the boundary layer regime.56 Changes in the slope of lateral force 

at higher normal loads are attributed to a change in the conformation of boundary layer 

ions, or a phase transition. Therefore, the change in slope for the IL–oil mixtures at 

negative potentials in this work is likely a consequence of changes in the boundary layer 

structure. The possibility that the effect is due to compression of the long alkyl chains of 

the cation can be discounted as there was little evidence for compression in the normal 

force curves (see Figure S4.1). Rather, the cation alkyl chains undergo a disorder to order 

transition under the pressure of the sliding tip,58 which leads to friction increasing at a 

greatly reduced (or negligible) rate with normal load. Similar breakpoints in the lateral 

force data are not observed (or weak) for OCP and positive potentials. This is attributed 

to the sterically hindered anion preventing transition of the alkyl chains to a more ordered 

state. 

4.5 Conclusions  

Tribotronic control of friction is possible in IL–oil mixtures once the IL 

concentration exceeds the threshold value required for a stable potential. For these 
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mixtures of P6,6,6,14 (
iC8)2PO2 with hexadecane, the threshold concentration is between 5 

mol% and 7 mol%. Above this value the concentration of free (dissociated) ions in the 

bulk is sufficiently high to enable a potential to be set, which allows external control of 

the Au(111) surface polarity using a potentiostat. The surface polarity is used to control 

the cation : anion ratio in the boundary layer, and because the cation is significantly more 

lubricating than the anion this enables friction to be controlled. The differences in the 

lubricity of the cation and anion is attributed to the alkyl chain structures. The cation has 

three short (C6) and one long (C14) alkane groups attached to a quaternary phosphonium, 

whereas the anion has two shorter branched alkane chains attached to a phosphinate 

group. The straight chain cation packs more effectively into the boundary layer than the 

anion, leading to a more robust boundary layer and lower friction. A breakpoint in the 

friction data is noted for cation-rich boundary layers at negative potentials. This 

breakpoint is attributed to a disorder to order transition while sliding under the 

compression of the AFM tip. The branched anion alkyl chain impedes this transition at 

OCP and positive potentials, when the anion boundary layer concentration is appreciable. 

These results pave the way for cost effective tribotronics using an inexpensive base 

oil and a non-corrosive IL additive. 

4.6 Supporting Information 
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Figure S4.1 Typical AFM normal force curves for the IL-oil mixtures. The approach 

data is shown in blue and the retraction data in red. 
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Chapter 5 

Ionic Liquid Lubrication of Stainless Steel: Friction is 
Inversely Correlated with Interfacial Liquid 
Nanostructure 

 

 

 

 

 

 

 

 

 

 
Stainless steel is by far the most common surface used in machinery. 

Several macroscale tribology experiments have proven the effectiveness of 

ILs as lubricants for stainless steel both in neat form and as oil additives. 

However, knowledge of IL lubrication mechanisms is limited. This chapter 

explores the nanotribology of six different ILs as lubricants for stainless 

steel. This was the first time that the nanotribology of an IL on stainless 

steel had been studied but it revealed remarkable insights into the 

relationship between IL structure and lubricity.  
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5.1 Abstract 

Atomic force microscopy (AFM) is used to measure the friction of a stainless steel 

surface lubricated with six different ionic liquids (ILs). The measurements reveal that, 

contrary to expectations, friction and the degree of interfacial ionic liquid nanostructure 

are inversely correlated. Six ILs were confined between a sharp Si tip and a stainless steel 

surface, and the friction force was measured as a function of normal load. 

Trihexyl(tetradecyl)phosphonium bis(trifluoromethane)sulfonamide (P6,6,6,14 TFSI) and 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (P6,6,6,14 

(iC8)2PO2) are the most effective lubricants, reducing lateral forces and friction 

coefficients by up to 3 times compared with the imidazolium-based ILs and the shorter-

chained P4,4,4,1 TFSI. Force–separation profiles reveal no obvious interfacial layers for 

P6,6,6,14 (
iC8)2PO2 and P6,6,6,14 TFSI, in contrast to extensive layering for the other ILs. The 

bulkiness of the P6,6,6,14
+ cation weakens the electrostatic interaction with the anion, 

resulting in weaker structure near the surface. The sliding AFM tip expels the weak near 

surface structure with minimal energy loss (low friction), whereas for the strongly 

structured ILs, more energy is dissipated by breaking the stronger interlayer bonds. The 

inverse correlation between friction and IL structure can be used to design weakly 

structured ILs which are excellent lubricants. 

5.2 Introduction 

Lubricants reduce friction and wear between sliding surfaces. Under low pressures, 

viscous fluid dynamic forces separate the surfaces and prevent physical contact.1 At high 

pressures, the bulk of the lubricant is squeezed out, leaving only a thin layer of lubricant 

(∼one molecule thick) between the sliding surfaces. This is known as boundary 

lubrication, and the layer of lubricant molecules is the boundary layer. In conventional 

lubricants, the boundary layer is often formed by surfactant or polymer based oil 

additives, which physically adsorb to the surfaces.1-2   
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Ionic liquids (ILs) are pure salts that are liquid at low temperatures. ILs have 

attracted considerable interest3-7 as potential next-generation lubricants due to their low 

vapor pressure,8 high thermal stability,9-10 and good thermal conductivity;11 their charged 

nature also means that they generally bind strongly to solid surfaces and therefore resist 

being squeezed out at high force. Regardless of the charge of the substrate, IL lubricity 

depends on both the cation and anion species.4, 12-14 This affords the opportunity to tailor 

the ion structures to best lubricate a surface of interest, but as there are an estimated 1018 

possible ILs,15 it is not feasible to test each and every possible IL, or even IL subsets, on 

a surface of interest. However, understanding the IL lubrication mechanisms will enable 

ion structural motifs to be targeted and finetuned at the molecular scale to maximize 

performance.  

All liquids form interfacial layers at solid surfaces, known as solvation layers, with 

an order that decreases with distance from the surface.16-18 The high cohesive forces 

inherent to ILs mean they often form well-defined interfacial layers.19-22 In the IL bulk, 

cation and anion charge groups associate together and solvophobically exclude cation 

alkyl chains once a minimum threshold is reached (C2 for protic ILs and C4 for aprotic 

ILs).23 This causes alkyl chains to cluster together leading to polar and apolar domains 

that percolate through the IL bulk in a spongelike structure.24 The presence of a solid 

surface aligns these domains into interfacial layers, which decay to the bulk sponge over 

a few nanometres, but the preferential orientation of ions is retained in the interfacial 

structure.25 This distinguishes IL interfacial structure from molecular liquid solvation 

layers, where molecules are not significantly orientated. The number of layers that exist 

before the interfacial nanostructure decays to the bulk morphology varies with the IL 

structure,26-27 surface potential,26, 28 temperature,29-30 surface roughness,31 and added 

electrolyte concentration.32-33 

We have previously investigated the effect of varying ion structures on lubricity for 

protic ILs on mica. Protic ILs are not practical for real world lubrication for a variety of 

reasons, including their water sensitivity and reactivity. These systems were explored 

because their bulk24 and interfacial19 structures were well understood, which enabled 

elucidation of nanostructure/lubricity relationships. For example, propylammonium 

nitrate (PAN), which forms several interfacial layers, was a less effective lubricant than 

dimethylethylammonium formate (DMEAF), which forms only a single interfacial 

layer.34 This was attributed to reduced cohesive interactions at the DMEAF interface 
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meaning that near surface ions could be more easily displaced from the interstitial space 

between the sliding surfaces. This result is in stark contrast to those for alkanes, alcohols, 

and self-assembled monolayers (SAMs), where longer alkyl chains increase the strength 

of lateral interactions between boundary layer molecules, reducing energy dissipation and 

lowering friction.35-37  

It is unclear whether these results for protic ILs on mica translate to aprotic IL 

lubrication of commercially relevant surfaces. In this paper, we address this knowledge 

gap by studying the lubrication of stainless steel using six aprotic ILs. Notably, aprotic 

ILs can be hydrophobic (moisture resistant) and unreactive38 and, therefore, potentially 

applied in real world settings. To our knowledge, this is the first nanotribology study of 

stainless steel with ILs. Atomic force microscopy (AFM) is used to measure both normal 

and lateral forces and to establish relationships between IL interfacial structure and 

lubricity and strategies for minimizing energy dissipation. 

5.3 Experimental Section 

The ILs 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate 

(EMIM FAP) (purity ≥98%) and 1-hexyl-3-methylimidazolium 

tris(pentafluoroethyl)trifluorophosphate (HMIM FAP) were purchased from Merck 

(purity ≥99%). All other ILs, 1-hexyl-3- methylimidazolium iodide (HMIM I) (purity 

>98%), tributyl(methyl)phosphonium bis(trifluoromethane)sulfonamide (P4,4,4,1 TFSI) 

(purity >98%), trihexyl(tetradecyl)phosphonium bis(trifluoromethane)sulfonamide 

(P6,6,6,14 TFSI) (purity >98%), and trihexyl(tetradecyl)phosphonium bis(2,4,4-

trimethylpentyl)phosphinate (P6,6,6,14 (
iC8)2PO2) (purity >95%) were supplied by Iolitec 

and used as received. The IL structures and key physical parameters are presented in 

Table 5.1.  

An AISI 316 stainless steel-coated quartz crystal microbalance (QCM) sensor 

(KSV Instruments, Helsinki) was used as the substrate in the AFM experiments. The 

roughness of the stainless steel was measured by AFM. For a 500 nm × 500 nm scan 

(Figure S5.1), the RMS roughness was 0.89 nm.  
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Table 5.1. Molecular structures, ion pair diameters, and viscosities for the ILs used in 

this study. 

Ionic Liquid Molecular Structure d (nm)a, b η (mPa∙s)b 

HMIM FAP 

 

0.8739 8839 

EMIM FAP 

 

0.8140 5941 

P4,4,4,1 TFSI 

 

0.8742 20742 

HMIM I 
 

0.7143 1730c 

P6,6,6,14 (iC8)2PO2 

 

1.1344 140244 

P6,6,6,14 TFSI 

 

1.0544 33744 

a The ion pair diameter was calculated from the density assuming cubic packing. 

b Data is for 25 °C. 

c From the manufacturer. 

 

Normal and friction force measurements were performed using a Bruker Multimode 

8 AFM with an EV scanner in contact mode. Sharp Si tips with a spring constant of 1.0 

± 0.2 N m-1 as measured by the thermal tune method and a nominal tip radius of 8 nm 

(HQ:CSC37/ AL BS, Mikromasch) were used for this study. An AFM fluid cell (Bruker) 

was used to perform the experiments. Before each experiment the tip and the cell were 

carefully rinsed with ethanol and Milli-Q water and then dried with nitrogen. The tip was 
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subsequently irradiated with ultraviolet light for at least 30 min to remove any remaining 

organic matter. Friction measurements were performed using a scan size of 100 nm at a 

scan speed of 6.5 μm s−1 while the normal load was increased from 0 to 100 nN. The 

lateral deflection signal (i.e., cantilever twist) was converted to lateral force using a 

customized function produced in MATLAB R2014b. The friction coefficient (μ) of each 

data set was obtained using Amontons’ Law, FL = μFN + FL(0), where μ is extracted from 

the gradient of the lateral force vs normal load in the linear region and FL(0) is the lateral 

force at zero normal load. At least five runs of both increasing and decreasing load were 

recorded in each experiment, and at least three experiments were performed for each IL. 

As the trends for decreasing load were the same, only increasing load for a single run is 

reported here for clarity.  

5.4 Results and Discussion 

Most previous studies of IL nanotribology have used very (or atomically) smooth 

substrates such mica,45-50 graphite,51 gold,52-53 and silica.54-55 While these smooth, well-

defined, surfaces are critical for teasing out a fundamental understanding of IL lubrication 

mechanisms, they are not as industrially relevant as stainless steel.56-57 Therefore, this 

study uses a stainless steel coated QCM sensor which is smooth enough (RMS roughness 

= 0.89 nm) as the substrate for force measurements. Stainless steel is an iron alloy 

containing ∼10−20% chromium. Surface chromium readily reacts with oxygen in air to 

form a passivating layer of chromium oxide.58 It is this surface that is lubricated.  

AFM lateral (friction) force data for six different ILs lubricating a sharp Si tip 

sliding on stainless steel as a function of load are presented in Figure 5.1. When the tip 

and surface are well-separated, the lateral forces measured are negligible. At 

approximately zero normal load, attractive van der Waals forces cause the tip and the 

surface to “jump” into an adhesive contact,52, 54  and the lateral force increases sharply to 

between 8 and 30 nN depending on the IL. In the absence liquid (tip on stainless steel in 

air) the initial jump in lateral force is much higher, at ∼150 nN (Supporting Information 

Figure S5.2). This shows these ILs effectively screen long-range van de Waals 

interactions, as has been noted previously in other systems.52, 54   
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Figure 5.1. Lateral force versus normal load in ionic liquid for a sharp silicon AFM tip 

sliding on a stainless steel surface over 100 nm at 6 μm s-1. 

 

After the initial jump the lateral forces increase linearly with normal load up to 100 

nN, which was the highest load measured. The friction coefficient (μ) is gradient of this 

linear increase and, therefore, is independent of the adhesion, as described by Amontons’ 

law. The friction coefficients for each IL are presented in Table 5.2. The force versus 

distance curves presented in Figure 5.2 show that for forces greater than 2 nN it is likely 

the tip and stainless steel are separated only by the layer of ions bound to the stainless 

steel. Ions will also adsorb to the silica tip, but as the tip is rougher (in the vicinity of the 

measurement asperity) than the stainless steel, which weakens lateral interactions 

between ions, they are displaced at low force. Nonlinear or “quantized” friction regimes45-

46 could operate at low loads (0 and 5 nN), but the focus of this paper is on high loads 

(i.e., Hertzian contact pressures ranging from 0 to 9.8 GPa) which are more relevant to 

real world systems.  
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Table 5.2. Friction coefficient µ.a  

 µ 

Air 0.88 

HMIM FAP 1.16 

EMIM FAP 0.84 

P4,4,4,1 TFSI 0.93 

HMIM I 0.46 

P6,6,6,14 (iC8)2PO2 0.40 

P6,6,6,14 TFSI 0.39 

a Errors are ±0.10. 

Lateral forces in Figure 5.1 increase in the order P6,6,6,14 TFSI ≈ P6,6,6,14 (
iC8)2PO2 < 

HMIM I < P4,4,4,1 TFSI < EMIM FAP < HMIM FAP. The order of the friction coefficients 

(Table 5.2) in the ILs is the same, with the exception that the friction coefficient for EMIM 

FAP is slightly lower than for P4,4,4,1 TFSI. The two P6,6,6,14 ILs are the most effective 

lubricants for stainless steel. The chromium oxide layer on the surface of the stainless 

steel is slightly negatively charged,59 which means that the IL cation charge groups will 

preferentially adsorb to the surface. The data sets for P6,6,6,14 TFSI and P6,6,6,14 (
iC8)2PO2 

almost overlap, which is consistent with a cation-rich boundary layer. P6,6,6,14
+ has a 

surfactant-like structure, which could lead to high surface activity and strong adsorption. 

HMIM I is nearly as lubricating as P6,6,6,14 TFSI and P6,6,6,14 (
iC8)2PO2 and much more 

lubricating than HMIM FAP, revealing a clear role for the anion for HMIM+ ILs, which 

is not obvious for P6,6,6,14
+ ILs. This is likely a consequence of the P6,6,6,14

+ charge group 

being much bulkier than that of HMIM+. The bulkiness of the P6,6,6,14
+ charge group 

prevents anions from being incorporated into the boundary layer, but the unhindered 

HMIM+ leaves space available for anion inclusion. The higher lubricity of HMIM I 

compared with HMIM FAP is attributed to the smaller size iodide compared with FAP 

leading to neat packing in the boundary layer. A well-formed boundary layer reduces 

energy dissipation pathways and lowers friction. Iodide based lubricants are probably not 

practical for real world systems due to reactivity issues, but these results indicate that 

small anions may be useful for stainless steel. 
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Figure 5.2. Typical force versus apparent separation profiles in different ionic liquids 

confined between a sharp silicon AFM tip and a stainless steel surface. (a) HMIM FAP, 

(b) EMIM FAP, (c) P4,4,4,1 TFSI, (d) HMIM I, (e) P6,6,6,14 (
iC8)2PO2, (f) P6,6,6,14 TFSI. 

The scan size was 30 nm, and the scan rate was 0.2 Hz. The dotted line is the fit using 

eq 5.1. 

 

Several previous articles – including our own earlier work – have suggested that 

well formed interfacial IL nanostructure is desirable for lubrication. The assumptions are 

that at low loads interfacial layers will slide smoothly over one another (akin to 

lubrication by graphite) while in the high load regime the same forces that lead to well-

formed nanostructure result in strong interactions between adsorbed ions, resulting in a 

robust boundary layer.12, 45, 54 To test these assumptions, knowledge of the strength of 

interfacial structure is required. AFM force−separation profiles measured for EMIM FAP, 

HMIM FAP, HMIM I, P4,4,4,1 TFSI, P6,6,6,14 (
iC8)2PO2, and P6,6,6,14 TFSI confined between 

a sharp silicon AFM tip (r = 8 nm) and a stainless steel surface are presented in Figure 

5.2. At least 30 normal force curves were measured for each IL during each experiment, 
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and these experiments were repeated at least three times. Representative force curves 

from all experiments are presented in Figure 5.2. Normal forces up to 80 nN were 

measured, but for all the ILs tested no further layers were detected at normal forces greater 

than 2 nN. For IL force−distance curves, the number of steps, and the push through forces, 

indicate the number of layers, and the strength of cohesive interactions between ions in 

layers, respectively. ILs with strongly structured interfaces have many steps with high 

push through forces, whereas ILs with weak interfacial structure have few or no steps.19 

In Figure 5.2, at large separations between the tip and the stainless steel (>5 nm) no force 

is measured; any structure in the bulk of the ILs is too weak to deflect the tip and is readily 

displaced as the tip approached. At smaller separations (< 5 nm), the steps in the data 

correspond to layers of IL. The number of steps in the force curve and rupture forces 

varies considerably with IL. While there are clear steps for HMIM FAP (Figure 5.2a), 

EMIM FAP (Figure 5.2b), P4441 TFSI (Figure 5.2c), and HMIM I (Figure 5.2d), no steps 

were measured for P6,6,6,14 (
iC8)2PO2 (Figure 5.2e) and P6,6,6,14 TFSI (Figure 5.2f). For 

P6,6,6,14 (
iC8)2PO2 (Figure 5.2e) and P6,6,6,14 TFSI, only a slight compression over a distance 

of less than 1 nm is measured, which is consistent with the compression of solution facing 

C14 alkyl chains, but no other interfacial structure (within the resolution of the 

measurement). That is, contrary to our previous expectations, the ILs with the weakest 

interfacial structure are the best performing lubricants. The force required to rupture a 

layer must match the sum of the cohesive forces of the ions that are displaced. To better 

quantify the strength of this interaction, the force curve data was fit using a model 

developed by Hoth et al.,60 which describes the interaction potential vint(g) approaching 

the surface as: 

vint(g)=v0 cos (
2πg

d
) exp (-

g

λ0
) +v1exp (-

g

λ1
)  (5.1) 

where vi and λi (with 𝑖 = 0, 1) are surface energies and correlation lengths 

respectively, and 𝑑 represents the width of the IL ion pair. A full description of the 

equation can be found in the work of Hoth et al.,60 but briefly, the model interprets the IL 

force−distance data as a Hertzian contact with hard wall repulsion and finite range 

potential. The first term of the equation models the sinusoidal decay of the steps in the 

force curves with distance from the surface, while the second term accounts for the 

exponential repulsion immediately adjacent to surface. The fitted parameters are shown 

in Table 5.2. The fit assumes that at zero apparent separation there is still an ion pair 
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separating the tip and the surface. The AFM force−distance profile does not capture all 

the minima in the potential because the cantilever has a finite spring constant, and instead 

jumps to the next oscillation (layer). 

The fits to the force data using eq 1 and the parameters in Table 5.3 are indicated 

by the dashed lines in Figure 5.2. The trends in surface energy in Table 5.2 are consistent 

with our interpretations of step number/push through force. The near surface energies v0 

increase in the order P6,6,6,14 TFSI ≈ P6,6,6,14 (
iC8)2PO2 < HMIM I < EMIM FAP < P4,4,4,1 

TFSI < HMIM FAP. This is the same order as the increase in lateral forces and friction 

coefficients from the friction experiments (cf. Table 5.2), aside with the position of EMIM 

FAP. However, inspection of the force curve for EMIM FAP in Figure 5.2 reveals a very 

small step at close separations that the model does not capture, which could account for 

this difference; this small step was consistent between repeat experiments. In any case, 

the key result is that P6,6,6,14 (
iC8)2PO2 and P6,6,6,14 TFSI, with little or no forces between 

layers (v0 ≤ 0.01), reduce friction most effectively (μ ≤ 0.4). In contrast, ILs with stronger 

attractive forces between layers, such as HMIM FAP and P4,4,4,1 TFSI (v0 = 0.14 and 0.07 

J m−2, respectively), are worse at reducing friction (μ = 1.16 and 0.93). This is consistent 

with the earlier observation that ILs with the weakest interfacial structure are the best 

performing lubricants. 

Table 5.3. Force curve fitting parameters for Equation 5.1. 

IL d (nm) v0 (J m-2) λ0 (nm) v1 (J m-2) λ1 (nm) 

HMIM FAP 0.98 0.14 1 0.33 0.38 

EMIM FAP 0.83 0.03 1.4 0.6 0.18 

P4,4,4,1 TFSI 0.74 0.07 0.9 0.7 0.16 

HMIM I 0.76 0.02 1.2 0.2 0.29 

P6,6,6,14 
(iC8)2PO2 

1.13 0 0.1 0.9 0.26 

P6,6,6,14 TFSI 1.00 0.01 0.7 2.0 0.2 

 

In the boundary regime energy is dissipated mainly via: (i) expulsion of the near 

surface IL multilayers from the space between the tip and the surface and (ii) 

deformations and rotations of ions in the boundary layer.34, 61 When the friction data 
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(Figure 5.1) and force curve data and fits (Figure 5.2) are considered, together a clearer 

picture of how (i) expulsion of the near surface IL multilayers leads to low friction for 

P6,6,6,14 ILs emerges. In the boundary layer, the P6,6,6,14 cation is adsorbed with its charge 

preferentially orientated toward the chromium oxide layer. This presents cation alkyl 

chains to solution, which may be expected to solvophobically associate with solution 

cations. However, the strong steric hindrance of the cation charge group means 

electrostatic interactions between this cation and anions are weak compared with the other 

ILs. Weakening of electrostatic interactions reduces the solvophobic tendency23 for cation 

alkyl chains to associate, resulting in weak interfacial nanostructure. This means the 

surface bound cations interact weakly with near surface anions (electrostatically) and 

cations (solvophobically), and the near surface layers are readily displaced. The 

movement of near surface ions is the same, parallel to the plane of the surface, under 

compression of the AFM tip in a normal force experiment or by the lateral movement of 

the AFM tip in a friction experiment. This relationship accounts for the observation that 

lateral force is inversely correlated with interfacial structure. The bulk structure of these 

ILs has previously been studied by the Castner group and the Margulis group.62-63 These 

studies show a disordered, more homogeneous nanostructure compared with other ILs, 

consistent with the results in this work.  

By way of contrast, the short alkyl chains on the P4,4,4,1 cation means electrostatic 

interactions with the anion are stronger. The asymmetry of the cation prevents 

solvophobic association of alkyl chains, but cation−anion electrostatic interactions result 

in at least four steps in the P4,4,4,1 TFSI force−distance profile, compared with one weak 

step observed for P6,6,6,14 TFSI. Stronger electrostatic interactions, and solvophobic 

association for cations with alkyl chains C4 or longer, mean the other ILs have stronger 

bulk and interfacial structure, leading to stepped force curves, cf. HMIM FAP (Figure 

5.2a), EMIM FAP (Figure 5.2b), and HMIM I (Figure 5.2d). While energy must also be 

dissipated via (ii) deformations and rotations of ions in the boundary layer the inverse 

correlation between normal and lateral force over the six ILs implies a key role for 

interactions between the boundary layer and near surface ions, as discussed previously: 

Protic ILs with stronger interfacial structure (PAN, PAF) showed higher friction than 

weakly structured ILs (DMEAF, EtAN).34 

It is noteworthy that trends in the lateral force data in Figure 5.1 do not match the 

trends in IL bulk viscosity (Table 5.1). For example, the viscosity of HMIM FAP is higher 
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than EMIM FAP (88 vs 59 mPa s), yet lateral forces in HMIM FAP are significantly 

higher than EMIM FAP. This means the mechanism for energy dissipation in the 

boundary regime is independent of bulk viscosity, which is also consistent with a previous 

AFM nanotribology study of protic ionic liquids on mica.34 

5.5 Conclusion 

The inverse correlation between friction and IL interfacial structure has been 

revealed using AFM. All IL cations in this study (HMIM+, EMIM+, P4,4,4,1
+, and P6,6,6,14

+) 

adsorb strongly to the chromium oxide layer of the stainless steel, and thus, friction is 

largely determined by the cation. The bulkiness of the P6,6,6,14
+ charge group weakens the 

interaction between it and the anion. This means that the surface bound cations in P6,6,6,14 

ILs interact weakly with near surface anions (electrostatically) and cations 

(solvophobically), and the near surface layers are readily displaced. Lateral forces are up 

to three times lower in P6,6,6,14 ILs compared with the HMIM, EMIM, and P4,4,4,1. In these 

ILs, the charge group density is much higher, which means electrostatic interactions with 

the anion are stronger. Stronger interactions between the adsorbed boundary layer and the 

near surface layers require more energy to rupture them during boundary layer 

lubrication. This results in higher lateral forces for these ILs with more interfacial 

structure. Previous work has given us a good understanding of how IL molecular structure 

affects bulk and interfacial nanostructure. This work suggests that we can use this 

knowledge to design ILs with weak near surface structure which are excellent lubricants. 

5.6 Supporting Information 

 

Figure S5.1. AFM contact mode image of the stainless steel surface in air. 
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Figure S5.2. Lateral force versus normal load in air for a sharp silicon AFM tip sliding 

on a stainless steel surface over 100 nm at 6 μm s-1.  
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Nanotribology of Ionic Liquids as Lubricant Additives 
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Light–weight materials such as aluminium have attracted attention recently 

as replacements for heavier materials such as steel in car engines, capacitors 

and optical devices. However, the oxide layer that forms on the surface of 

aluminium is incompatible with traditional lubricant additives desig ned for 

steel. Following on from the study presented in Chapter 2, t his chapter 

explores the potential of ILs as lubricants  and lubricant additives for 

aluminium.  



 Chapter 6 ● Nanotribology of Ionic Liquids as Lubricant Additives for Alumina 

 

102 

 

 

6.1 Abstract 

Common lubricants, optimized for steel, perform poorly for alumina surfaces, 

making ionic liquids (ILs) attractive potential alternatives, either in neat form or as oil 

additives. Here, atomic force microscopy (AFM) has been used to study the lubricity of 

two oil-miscible ILs between a silicon AFM tip and an alumina surface. 

Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate (P6,6,6,14 

(iC8)2PO2) and trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate (P6,6,6,14 

DEHP) were mixed with hexadecane at concentrations from 0 to 100 mol % IL. Both ILs 

are effective lubricants for alumina, reducing lateral forces to approximately one third of 

the forces measured in hexadecane. When used as an additive in hexadecane, increasing 

the IL concentration generally decreased the friction, as the IL adsorbs on alumina and 

forms a strong boundary layer. P6,6,6,14 DEHP mixtures reduce friction more effectively 

than P6,6,6,14(iC8)2PO2. For both ILs, a 2 mol % mixture of IL and hexadecane reduced 

friction most effectively, even more than the neat IL. 

6.2 Introduction 

Lubricants reduce friction, adhesion, and wear between sliding surfaces. Under low 

loads, viscous hydrodynamic forces separate the surfaces and prevent physical contact.1 

At high loads, the bulk of the lubricant is squeezed out, and only a single boundary layer 

of lubricant molecules remains between the sliding surfaces.2 Common hydrocarbon-

based oils adsorb weakly to surfaces, so oil-miscible surfactants and polymers are added 

which adsorb to the surface and remain in place even under high loads.1-2 The 

effectiveness of surfactant and polymer additives depends on the affinity it has for the 

surface via Coulombic, van der Waals, H-bonding, and solvophobic interactions. 

Unfortunately, many common additives which are effective on steel surfaces are not 
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effective on lightweight surfaces such as aluminium and aluminium alloys.3-4 Thus, there 

is a push toward developing additives to match these surfaces.  

Ionic liquids (ILs) are pure salts that have melting points below 100 °C.5 ILs are 

high-performing lubricants in neat (undiluted) form for a variety of surfaces, including 

silica, steel, aluminium, and titanium at both the macroscale6-12 and nanoscale.13-17 Like 

conventional high-end lubricants, such as perfluoropolyethers, ILs have high thermal 

stability and low vapor pressure, enabling them to operate in extreme conditions, for 

example, high temperature and low pressure. Additionally, IL ions interact strongly with 

surfaces and each other via Coulombic, van der Waals, H-bonding, and solvophobic 

interactions;18-19 this means they resist being “squeezed-out”, and a lubricating film 

remains in place up to higher loads than for a comparable conventional lubricant.14, 16-17, 

20-25 As the strength of the IL boundary layer is related to chemical composition and 

structure (i.e., alkyl chain length and charge localization), IL lubricity can be controlled 

by tuning the composition and orientation of ions in the boundary layer by changing IL 

molecular structure and/or surface properties.  

ILs are relatively expensive compared with current commercially available 

lubricants. However, the recent development of oil-miscible ILs means they can be 

diluted in cheaper base oils and used as additives.26-34 IL/oil mixtures investigated at the 

macroscale outperform conventional additives at comparable concentrations,26-33 but the 

lubrication mechanisms of using ILs as additives remain only partially understood.27 

Nanotribology studies are less affected by surface asperities and roughness than 

macroscale measurements, and thus are better able to reveal lubrication mechanisms.21 

Recent macro- and nanotribology studies have demonstrated the efficiency of two oil-

miscible ILs, trihexyl(tetradecyl)- phosphonium bis(2,4,4-trimethylpentyl)phosphinate 

(P6,6,6,14 (iC8)2PO2) and trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate 

(P6,6,6,14 DEHP) as neat lubricants and as lubricant base oil additives.11, 27 Nanotribology 

experiments of P6,6,6,14 (iC8)2PO2/hexadecane mixtures on silica and titanium surfaces 

reveal that a minimum concentration of IL (∼1−2 mol %) is required to form a robust 

boundary layer. 

Because of its high strength-to-weight ratio, aluminium and its alloys have been 

widely applied in capacitors, lightweight mechanical components, and optical/analytical 

devices.35-37 Furthermore, aluminium forms a passivating oxide layer in air that protects 
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the bulk aluminium from further corrosion, unlike iron, which corrodes destructively.35-

37 One of the drawbacks of aluminium is that common lubricants designed for steel 

surfaces cannot lubricate alumina surfaces effectively, leading to high friction and wear.9, 

27, 38  

The alumina surface is net positively charged in water39 at neutral pH, and based 

on past experience,40 a net positive charge is expected to persist in IL/oil mixtures. This 

contrasts with previously investigated net negatively charged silica and titania surfaces,40-

41 and thus the adsorbed boundary layer on alumina is expected to be anion-rich rather 

than cation-rich like for silica and titania. Macrotribology investigations for ILs as neat 

lubricants8, 11-12 and IL/oil mixtures as lubricant additives27, 34 on aluminium−steel 

interfaces have shown the effectiveness of these ILs. However, the lubrication 

mechanisms are currently poorly understood. No fundamental nanotribology studies have 

been conducted on alumina surfaces, especially in the boundary layer lubrication regime, 

where the bulk of the lubricant film has been squeezed out and only a surface-adsorbed 

boundary layer remains. The effects of ion structure and concentration on the adsorbed 

boundary layer and lubricity are also unclear.  

In this work, we investigate the nanotribology of two oil miscible ILs, P6,6,6,14 

(iC8)2PO2 and P6,6,6,14 DEHP, as lubricant additives for alumina surfaces in the boundary 

layer lubrication regime. The outcomes reveal the relationship between IL structure and 

boundary layer lubrication, and thus help to elucidate the lubrication mechanisms of 

IL/oil mixtures and aid the development of new, cost-effective lubricant additives for 

aluminium and aluminium alloy systems. 

6.3 Materials and Methods 

Flat alumina surfaces (10 × 10 × 0.5 mm, purity 99.6%) were purchased from MTI 

Corporation, CA. The morphology of the alumina surface was investigated using contact 

mode AFM with a scan size of 1 × 1 μm, cf. Figure S6.1, Supporting Information; the 

surface roughness is 4 ± 1 nm. Hexadecane is used as a model apolar lubricant base oil 

due to its simple structure, well known properties, and commercial availability in high 

purity. Hexadecane (ReagentPlus, 99%) was purchased from SigmaAldrich. Both ILs, 

P6,6,6,14 DEHP (purity >98%) and P6,6,6,14 (
iC8)2PO2 (purity >95%), provided by Iolitec, 

are chemically stable in air and fully miscible in nonpolar base oils. The zero shear 
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viscosities of the IL/hexadecane mixtures at 20 °C were measured by an AR-G2 

rheometer (TA Instruments) and are provided in Tables S6.1 and S6.2.  

All nanotribological measurements were determined using a Bruker Nanoscope 

MultiMode 8 AFM with an EV scanner in contact mode. AFM cantilevers (spring 

constant = 2.0 ± 0.2 N m-1 by the thermal tune method, tip radius ∼8 nm) from the same 

batch (model NSC36 with Al backside coating, Mikromasch, Tallinn, Estonia) were used 

over the course of the investigation. The cantilevers were cleaned with ethanol and Milli-

Q water (resistivity 18.2 MΩ·cm at 25 °C), dried under nitrogen, and irradiated with UV 

light for at least 15 min before use. The sample volume of the AFM liquid cell was 0.1 

mL. Then 0.5 mL of the sample was flushed in the AFM liquid cell before equilibrating 

for 20 min. 

Friction (lateral) forces were obtained by performing AFM scans with a scan angle 

of 90° (with respect to the long axis of the cantilever) and with the slow scan axis 

disabled.42 The scan size was 100 nm, and scan rate was 30 Hz. The lateral deflection 

signal (i.e., cantilever twist) was converted to lateral force using a customized function 

produced in Matlab R2015a which takes into account the torsional spring constant and 

the geometrical dimensions of the cantilever. These experiments were repeated more than 

three times; the resulting lateral force data showed the same trend with small variations. 

Examples of repeated results for 0.5 mol % P6,6,6,14 (
iC8)2PO2/hexadecane and 0.5 mol % 

P6,6,6,14 DEHP/hexadecane mixtures are shown in Figure S6.2.  

6.4 Results and Discussion 

The nanotribology of the IL, hexadecane and various IL/ hexadecane concentrations 

was investigated with AFM. The lateral (friction) force as a function of normal load up 

to 300 nN is presented in Figure 6.1 and Figure 6.2. Loads in mechanical engine parts and 

disc brakes generally do not exceed 0.5 GPa, which is corresponds to a load of ∼70 nN 

in this study.41, 43 Loads up to 300 nN therefore probe IL lubrication for extreme 

conditions. Friction coefficients (μ) were calculated using a modified version of 

Amontons’ Law, FL = FL(0) + μFN, where FL(0) is the lateral force at zero applied normal 

load, dependent on the adhesion, roughness and compressibility of both the AFM tip and 

surface.44  
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Figure 6.1. Lateral Force vs normal load in P6,6,6,14 (
iC8)2PO2/hexadecane mixtures for 

an AFM tip (r ≈ 8 nm) sliding on an alumina surface at 6 μm s−1. The structure of 

P6,6,6,14 (
iC8)2PO2 is shown in the inset. 

 

 

Figure 6.2. Lateral force vs normal load in P6,6,6,14 DEHP/hexadecane mixtures for an 

AFM tip (r ≈ 8 nm) sliding on an alumina surface at 6 μm s−1. The structure of P6,6,6,14 

DEHP is shown in the inset. 

6.4.1 Hexadecane 

The lateral force data for the AFM tip sliding over the alumina surface in 

hexadecane is similar to previous studies on weakly absorbing liquids at various surfaces, 

including silica and titania.41, 44-46 At zero normal load there is a small lateral force (∼10 

nN) caused by adhesion between the silica tip and the alumina surface,47 consistent with 

the slightly attractive forces detected in the normal force− separation profiles, cf. Figure 

S6.3(a). Above 10 nN the lateral force increases at a constant rate, giving a friction 

coefficient of μ = 1.0 ± 0.3. An average data set for hexadecane on alumina is shown in 
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Figure 6.1 and Figure 6.2; however, some variability (±90 nN for lateral force 

measurements at a normal load of 300 N) was observed for hexadecane which was not 

observed for the IL/hexadecane mixtures. The variability is likely due to variation in 

surface roughness and/or humidity for different tests. As expected, hexadecane is a poor 

lubricant and shows high friction because it interacts weakly with alumina and thus 

adsorbs weakly to the alumina surface; therefore hexadecane is easily pushed through by 

the AFM tip even at low normal loads, resulting in direct contact of the AFM tip and the 

alumina surface.  

6.4.2 P6,6,6,14 (iC8)2PO2  

Results for lateral force vs normal load data for P6,6,6,14 (
iC8)2PO2 on alumina reveal 

excellent lubrication, similar to previous studies on silica and titania.41, 44, 46 Unlike in 

hexadecane, at zero normal load negligible lateral force is measured in P6,6,6,14 (
iC8)2PO2, 

in line with negligible attraction detected in the normal force− separation data provided 

in Figure S6.3(b). The lateral forces increase with normal load at a constant rate (μ = 0.25 

± 0.01) which is around three times lower than that of hexadecane. The much lower lateral 

force and friction coefficient for P6,6,6,14 (
iC8)2PO2 is consistent with the formation of an 

IL boundary layer formed by P6,6,6,14 (
iC8)2PO2 ions adsorbed to the alumina surface.11, 27 

However, at a normal load of ∼230 nN, lateral forces of P6,6,6,14 (iC8)2PO2 begin to 

increase at a faster rate (μ = 0.55 ± 0.04). This suggests a change takes place in the 

boundary layer between the AFM tip and the alumina surface at high loads. The change 

is consistent with the rupture of the lubricating boundary layer by the AFM tip at high 

loads, as proposed previously for the same IL on titania surfaces.41 Interestingly, 

although the surface roughness of alumina is higher than that of silica and titania used in 

previous studies, the friction coefficient of P6,6,6,14 (
iC8)2PO2 on alumina (μ = 0.25 ± 0.01) 

before the break point is slightly lower than that on silica (μ = 0.34 ± 0.03) and titania (μ 

= 0.40 ± 0.04). Silica and titania are negatively charged surfaces, therefore the IL 

boundary layer on these surfaces is expected to be cation-rich. Alumina, in contrast, is 

net positively charged, and therefore the IL boundary layer is anion-rich. This indicates 

that the (iC8)2PO2 − anions at positively charged alumina surfaces are more lubricating 

than the P6,6,6,14
+ cations at negatively charged silica and titania surfaces.  

Lateral forces for 0.1 mol % P6,6,6,14 (
iC8)2PO2 in hexadecane (μ = 0.95 ± 0.04) are 

similar to hexadecane (μ = 1.0 ± 0.3) with reduced variability. An earlier study showed 
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that the IL surface excess increases with the bulk IL concentration.46 At 0.1 mol %, the 

P6,6,6,14 (
iC8)2PO2 surface excess at the alumina interface is too low to form an effective 

boundary layer; the silica tip likely slides directly on the surface as it does in hexadecane, 

resulting in similar lateral force data to hexadecane. The improved reproducibility 

indicates the added IL assists to reduce the variation in surface roughness and adhesive 

forces.  

When the P6,6,6,14 (
iC8)2PO2 concentration is increased to 0.5 mol %, at low normal 

loads (250 nN) the lateral force increases at a similar rate to neat hexadecane and the 

lower concentration IL/oil mixtures. These data indicate that while ions are adsorbed to 

the surface at this IL concentration, the adsorbed ion density is relatively low, resulting 

in a poorly formed boundary layer. Thus, the break point, the critical normal load at which 

the lateral force increases rapidly, is lower than neat P6,6,6,14 (iC8)2PO2. At higher IL 

concentrations (≥1 mol %), the friction coefficients before break points are similar to that 

of the neat P6,6,6,14 (
iC8)2PO2, cf. Table 6.1 and Figure 6.3. The break point for 1 mol % 

P6,6,6,14 (iC8)2PO2/hexadecane mixture occurs at 170 nN, while for 5 mol % and neat 

P6,6,6,14 (iC8)2PO2 there is a break point at approximately 230 nN. Generally the 

nanofriction data for P6,6,6,14 (
iC8)2PO2/hexadecane mixtures on alumina shows similar 

trends with those obtained on silica and titania.41, 44, 46 At low bulk IL concentrations (≤1.0 

mol %) the lower surface excess of ions leads to a lower density of ions in the boundary 

layer which the tip displaces at high force. At higher IL concentrations, the higher surface 

excess leads to a more robust boundary layer, and the lateral forces are similar to that of 

the neat IL. Thus, in general, lateral forces decrease and the break point increases with IL 

concentration. A clear exception to this trend is 2 mol % P6,6,6,14 (
iC8)2PO2, with lower 

later forces than all other P6,6,6,14 (
iC8)2PO2/hexadecane concentrations and no obvious 

break point. The reason for this will be discussed later in the manuscript.  
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Figure 6.3. Friction coefficients of P6,6,6,14 (
iC8)2PO2/hexadecane and P6,6,6,14 

DEHP/hexadecane mixtures on alumina before the break point. 

 

Table 6.1. Friction Coefficients (μ) for P6,6,6,14 (
iC8)2PO2/hexadecane mixtures before 

after break points. 

mol % 
P6,6,6,14 

(iC8)2PO2 
0% 0.10% 0.50% 1% 2% 5% 

P6,6,6,14 
(iC8)2PO2 

μ 

(< break) 
1.0 ± 0.3 0.95 ± 0.04 0.30 ± 0.02 0.28 ± 0.02 0.26 ± 0.02 0.28 ± 0.01 0.25 ± 0.01 

μ 

(> break) 
  0.76 ± 0.09 0.61 ± 0.04  0.74 ± 0.09 0.55 ± 0.04 

break point 
(nN) 

n/a n/a 130 170 n/a 230 230 

 

 

Table 6.2. Friction coefficients (μ) of P6,6,6,14 DEHP/hexadecane mixtures on alumina. 

IL break point: 240 nN. 

mol % 
P6,6,6,14 
DEHP 

0.01% 0.03% 0.10% 0.50% 1% 2% 5% 
Before 
break 
point 

After 
break 
point 

μ 
0.45 ± 
0.02 

0.42 ± 
0.02 

0.24 ± 
0.02 

0.15 ± 
0.01 

0.13 ± 
0.01 

0.09 ± 
0.01 

0.25 ± 
0.02 

0.21 ± 
0.02 

1.0 ± 0.1 

 

6.4.3 P6,6,6,14 DEHP  

Friction measured in P6,6,6,14 DEHP is very low (μ = 0.21 ± 0.02). At high loads 

(∼230 nN), there is a sharp increase in the lateral force (Figure 6.2), similar to what is 
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seen for P6,6,6,14 (iC8)2PO2. At low-to-medium loads, an adsorbed IL boundary layer 

between the surfaces prevents direct contact; however, at high loads, the AFM tip pushes 

through the boundary layer and it cannot reform within the time frame of the experiment, 

resulting in increased friction.  

At low concentrations (<0.1 mol %) the friction of P6,6,6,14 DEHP/hexadecane 

mixtures is higher than that of neat P6,6,6,14 DEHP but lower than that of hexadecane. In 

P6,6,6,14 DEHP/hexadecane mixtures there are no obvious break points up to 300 nN. 

Furthermore, when the concentration of P6,6,6,14 DEHP is 0.1 mol % and higher, the lateral 

forces and friction coefficients are significantly reduced and comparable to those of neat 

P6,6,6,14 DEHP before the break point, cf. Figure 6.2 and Figure 6.3 (Table 6.2). These 

results indicate the formation of robust IL ion boundary layers at such IL concentrations. 

Interestingly, as observed for the P6,6,6,14 (
iC8)2PO2/hexadecane mixtures, 2 mol % P6,6,6,14 

DEHP (μ = 0.09) exhibits superior tribological performance over any other solution 

examined, even neat P6,6,6,14 DEHP (μ = 0.21). Additionally, we have found 95 mol % 

P6,6,6,14 DEHP (Figure S6.4) has no observable break points up to a normal load of 300 

nN. These data indicate that the integration of hexadecane in the boundary layer plays a 

vital part in the improvement of lubricity. Although the IL and solvent are different, these 

results are in line with Seddon and co-worker’s findings on molecular ordering of diluted 

ILs at the interface, which show that a small amount of either solvent or solute could 

increase the strength of boundary layers.48 

6.4.4 Comparison of P6,6,6,14 (iC8)2PO2 and P6,6,6,14 DEHP 

ILs reduce friction by adsorbing to the solid surface and providing a low shear 

boundary layer which prevents contact between surfaces. At high loads, this boundary 

layer can be ruptured, resulting in direct contact between the surfaces, and a sharp 

increase in friction as seen in Figure 6.1 and Figure 6.2. The load at which the boundary 

layer is ruptured depends on: (i) the strength of the interaction between the IL ions in the 

boundary layer and the surface, (ii) the surface excess of IL at the interface, and (iii) the 

mobility of ions into the boundary layer. The molecular structure of the IL determines (i) 

the strength of the interaction between the IL ions in the boundary layer and the surface. 

Furthermore, we have shown in previous studies46 as well as this study that (ii) the surface 

excess of IL at the interface depends on the bulk IL concentration. Until now, the 

importance of (iii) the mobility of the ions into the boundary layer is not clear.  
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Both ILs in this study are highly viscous (>1000 mPa·s) at room temperature,49 

which means that at high loads when the tip displaces the boundary layer IL ions, the 

ability of the ions to replenish the boundary layer is limited. As hexadecane is 

significantly less viscous than the ILs investigated (3 mPa·s vs ∼1000 mPa·s), inclusion 

of hexadecane within the boundary layer may increase the mobility of ions into the 

boundary layer, and thus once disrupted, the boundary layer is able to replenish 

immediately, similar to measurements in aqueous salt solutions.50-51 This is likely why 

neat P6,6,6,14 DEHP presents an obvious break point at a normal load of 240 nN, whereas 

0.1−95 mol % P6,6,6,14 DEHP/hexadecane mixtures do not (Figure 6.2 and Figure S6.4). 

However, the presence of hexadecane in the boundary layer may also reduce the packing 

and ordering of ions, thus reducing the resistance of the boundary layer under high normal 

loads. 2 mol % IL/hexadecane mixtures show the best lubricity because the boundary 

layer at this concentration is robust enough and replenishes quickly under high normal 

loads. 

In the neat form, P6,6,6,14 DEHP shows lubricity comparable to P6,6,6,14 (
iC8)2PO2 on 

alumina. However, when mixed with hexadecane, P6,6,6,14 DEHP is more effective than 

P6,6,6,14 (
iC8)2PO2; the critical concentration for P6,6,6,14 DEHP/hexadecane (0.1 mol %) is 

much lower than that of P6,6,6,14 (
iC8)2PO2 (1.0 mol %), as well as the friction coefficients 

of the same concentration, cf. Figure 6.3. This suggests that when mixed with hexadecane, 

P6,6,6,14 DEHP adsorbs more effectively to a charged alumina surface than P6,6,6,14 

(iC8)2PO2, thereby creating a smoother and more robust ion boundary layer, leading to 

reduced friction. ILs have been reported to be only partially dissociated, with some neutral 

ion pairs or clusters.52 Ion diffusion rates for different structured ILs vary, but are 

generally proportional to the electrical conductivity. The conductivities of P6,6,6,14 DEHP 

and P6,6,6,14 (
iC8)2PO2 are the same; both are 3.6 μS cm-1.27 This means the diffusion rates 

of the two ILs in the neat form are comparable, which is consistent with the similar 

friction coefficients found in the neat form. However, the conductivity of P6,6,6,14 

DEHP/oil mixture is about 2 orders of magnitude higher than that of P6,6,6,14 (
iC8)2PO2/oil 

mixture.27 This suggests that, at the same IL concentration, a larger portion of P6,6,6,14 

DEHP dissociates to single ions than P6,6,6,14 (iC8)2PO2 when dissolved in apolar oils, 

leading to higher ion adsorption at the interface and more robust boundary layers and thus 

low friction.  
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The nanotribology results for P6,6,6,14 (iC8)2PO2 and P6,6,6,14 DEHP dissolved in 

apolar base oils on alumina surfaces obtained in this study are generally consistent with 

previous macroscale tribology studies on steel-aluminium surfaces.27 Both studies show 

that P6,6,6,14 (iC8)2PO2/oil mixtures present obvious break points at longer distances 

whereas P6,6,6,14 DEHP/oil mixtures do not. These results indicate that the structure and 

composition of the boundary layers for neat ILs and IL/oil mixtures on alumina are 

influenced by the composition of ILs. ILs with higher dissociation rates tend to form a 

more robust boundary layer and thus show higher lubricity.  

6.5 Conclusion 

The nanotribology of alumina surfaces lubricated with P6,6,6,14 (
iC8)2PO2 and P6,6,6,14 

DEHP in hexadecane were investigated using AFM. For both P6,6,6,14 (iC8)2PO2 and 

P6,6,6,14 DEHP, the neat IL is a much more effective lubricant in comparison to neat 

hexadecane as seen in previous studies. For IL/oil mixtures, P6,6,6,14 DEHP in hexadecane 

lubricates the alumina surface better than P6,6,6,14 (
iC8)2PO2. Hexadecane is observed to 

have a strong influence on the integrity of the boundary layer in combination with P6,6,6,14 

DEHP or P6,6,6,14 (
iC8)2PO2, as the presence of hexadecane assists the replenishment of 

boundary layers, but reduces the ordering of ions in the boundary layers. For both ILs 

investigated, the best tribological performance for each IL is observed for 2 mol % IL in 

hexadecane, as the boundary layer is robust enough and replenishes quickly. The 

outcomes of this study help to reveal the effects of IL structure and concentration on 

lubricity on alumina surfaces, which assists the commercialization of IL lubricants for 

aluminium and alloys. 
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6.6 Supporting Information 

 

Figure S6.1. AFM image of Alumina Surface. 

 

Figure S6.2. Repeated friction curves for 0.5 mol% P6,6,6,14 (
iC8)2PO2/hexadecane and 

0.5 mol% P6,6,6,14 DEHP/hexadecane mixtures 
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Figure S6.3. Typical normal force versus apparent separation profile for an AFM tip 

approaching and retracting from an alumina surface in pure hexadecane (a), pure P6,6,6,14 

(iC8)2PO2 (b) and P6,6,6,14 DEHP (c) and 95 mol% P6,6,6,14 DEHP/hexadecane mixture 

(d). 
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Figure S6.4. Lateral force vs normal load for 95% P6,6,6,14 DEHP  in Hexadecane.  

 

Table S6.1. Zero shear viscosity of P6,6,6,14 (
iC8)2PO2/hexadecane mixtures at 20 °C 

measured by an AR-G2 rheometer (TA instruments). 

 0.1 mol%  0.5 mol% 1.0 mol%  2.0 mol%  5.0 mol% IL 

Viscosity(mPa s) 3.9 3.9 4.0 4.2 4.9 

 
 

Table S6.2. Zero shear viscosity of P6,6,6,14 DEHP /hexadecane mixtures at 20 °C 

measured by an AR-G2 rheometer (TA instruments). 

 0.01 
mol% 

0.03 
mol% 

0.1 
mol%  

0.5 
mol% 

1.0 
mol%  

2.0 
mol%  

5.0 
mol% 
IL 

Viscosity(mPa s) 3.8 3.8 3.9 4.0 4.0 4.3 4.9 
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Chapter 7 

Nano- & macroscale study of the lubrication of titania 
using pure & diluted ionic liquids 

 
 

 

 

 

 

 

In Chapter 6 two ILs were found to effectively lubricate alumina, a 

traditionally challenging surface to lubricate. This chapter probes whether 

the same is true for titania, another promising light – weight material. 

Results from both macrotribology and nanotribology studies for four 

different ILs provide insight into the relationship between IL st ructure and 

lubricity at two different length scales.  
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7.1 Abstract 

Titanium is a strong, corrosion-resistant light – weight metal which is poised to 

replace steel in automobiles, aircraft, and watercraft. However, the titanium oxide 

(titania) layer that forms on the surface of titanium in air is notoriously difficult to 

lubricate with conventional lubricants, which restricts its use in moving parts such as 

bearings. Ionic liquids (ILs) are potentially excellent lubricants for titania but the 

relationship between IL molecular structure and lubricity for titania remains poorly 

understood. Here, three-ball-on-disk macrotribology and atomic force microscopy 

(AFM) nanotribology measurements reveal the lubricity of four IL lubricants: trioctyl(2-

ethylhexyl)phosphonium bis(2-ethylhexyl)phosphate (P8,8,8,6(2) BEHP), trihexyl-

(tetradecyl)phosphonium bis(2-ethylhexyl)phosphate (P6,6,6,14 BEHP),  trihexyl-

(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (P6,6,6,14 (
iC8)2PO2), and 

trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide (P6,6,6,14 TFSI). The 

macrotribology measurements demonstrated that friction decreased in P6,6,6,14 TFSI by 

five times compared to in an apolar base oil, even at higher temperatures and loads. On 

the other hand, P8,8,8,6(2) BEHP reduced friction most effectively in the AFM 

nanotribology measurements. The results were interpreted in terms of the lubrication 

regime. The lower viscosity of P6,6,6,14 TFSI coupled with its good boundary lubrication 

made it the most effective IL for the macrotribology measurements, which were in the 

mixed regime. On the other hand, the cation structure the P8,8,8,6(2) BEHP allowed it to 

adsorb strongly to the surface and minimized energy dissipation in the nanotribology 

measurements, although its high bulk viscosity inhibited its performance in the mixed 

regime. These results reinforce the importance of carefully selecting IL lubricants based 

on the lubrication regime of the sliding surfaces. 

7.2 Introduction 

Recent interest in optimizing efficiency in machines has led to a strong desire to 

replace steel with light – weight materials. Titanium is an attractive candidate, with the 

highest strength-to-density ratio of any metallic element, and excellent resistance to 

corrosion and heat.1 These properties make titanium an exceptional material for stationary 

parts in machinery and are why it is increasingly adopted in automobiles, aircraft, and 

watercraft.2-4 
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A critical drawback of titanium is its poor lubrication. Conventional lubricant 

additives such as zinc dialkyldithiophosphate (ZDDP) do not lubricate titanium well, 

which restricts its use in moving parts such as bearings.5-6 Furthermore, titanium tends to 

strongly adhere to other surfaces, resulting in adhesive wear known as galling.1, 7 

Presently, the best anti-wear protection comes from oxidizing the surface under very high 

temperatures (>800 °C) to form a corrosion resistant titanium dioxide (titania) film.8-9 

Apart from being expensive, this treatment is potentially ineffective over long periods of 

time.10 A more desirable solution involves using a liquid lubricant which can reduce 

friction and wear, as well as and as dispersing wear particles and dissipating heat 

generated from friction. 

Ionic liquids (ILs) are potentially excellent lubricants for titania. Ionic liquids are 

pure salts that are liquid at low temperatures. Their exceptional physical properties 

including high thermal stability and negligible vapor pressures mean that they can be used 

in high temperature or low pressure environments such as outer space.11-12 Furthermore, 

ILs interact strongly with themselves and surfaces via electrostatic, van der Waals, h-

bonding and solvophobic interactions.13 This rich range of interactions enables them to 

act as highly effective boundary lubricants, where both the cation and anion adsorb 

strongly to a wide variety of surfaces and form a protective lubricating film. Both nano- 

and macroscale friction and wear measurements have demonstrated that ILs effectively 

lubricate steel, alumina, silica and diamond – like carbon.14-19  

In contrast to the extensive studies of ILs lubricating other surfaces, very few 

studies have been carried out into IL lubrication for titanium surfaces.20-22 Li et al. showed 

that the IL trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethyl)pentylphosphinate 

(P6,6,6,14 ((
iC8)2PO2) reduced the friction coefficient five times more effectively than a base 

oil without additives.23 Importantly, diluting the IL in a hydrocarbon oil above 2 mol % 

showed reduced friction almost to the same extent as the pure IL. 

While some ILs have been shown to be good lubricants for titania, the relationship 

between IL structure and lubrication remains only partially understood. Under low loads, 

ILs, like conventional lubricants, protect sliding surfaces by physically separating them 

via hydrodynamic pressure. This is known as hydrodynamic lubrication. If the viscosity 

of the lubricant is too high, however, hydrodynamic drag leads to high friction. At higher 

loads, the surfaces intermittently come into direct contact with each other, and friction 
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results from a combination of hydrodynamic friction and energy lost through the surface 

contact. This is referred to as mixed or elastohydrodynamic lubrication. At very high 

loads, the liquid separating the surfaces is squeezed out, and lubrication comes from a 

molecularly thin layer of lubricant between the surface and is known as boundary 

lubrication. 

In this study, macroscale three-balls-on-disk and nanoscale AFM friction force 

microscopy (FFM) tribology measurements reveal that the effectiveness of the IL 

depends strongly on the bulk viscosity as well as the IL structure. Four quaternary 

phosphonium ILs with subtle differences in their structure were selected. Quaternary 

phosphonium – based ILs have attracted considerable attention as lubricants in recent 

years as they can dissolve in apolar hydrocarbon oils including mineral oil 17, 24. As an 

additional benefit, quaternary phosphonium – based ILs are generally very stable, 

hydrophobic and do not lead to severe corrosion observed in other IL lubricants 17, 19. In 

addition to the measurements of the pure ILs, measurements of the ILs diluted in a model 

hydrocarbon oil were also carried out to investigate their effectiveness as additives. 

7.3 Materials and Methods 

7.3.1 Ionic Liquids 

The ILs trihexyl(tetradecyl)phosphonium bis(2-ethylhexyl)phosphate (P6,6,6,14 

BEHP) (purity >98 %), 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (henceforth 

referred to as P6,6,6,14 BTMPP) (purity >95 %), and trihexyl(tetradecyl)-

phosphonium bis(trifluoromethylsulfonyl)imide (henceforth referred to as P6,6,6,14 TFSI) 

(purity >98 %) were all supplied by IoLiTec and used as received. Trioctyl(2-

ethylhexyl)phosphonium bis(2-ethylhexyl)phosphate (P8,8,8,6(2) BEHP) was synthesized 

by adding an equimolar amount of trioctylphosphine dropwise to trioctylphosphate. The 

reaction was carried out under nitrogen at a temperature between 180 and 200 °C over 30 

h. The product was purified through high pressure distillation, with a yield of ~75% and 

viscosity measured to be ~1050 mPa s. The viscosity and molecular structure of all the 

ILs are provided in Table 7.1. Hexadecane (purity >99%), purchased from Sigma Aldrich 

was used as a hydrocarbon oil with which the friction coefficients using the ILs could be 

compared to. 
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Table 7.1. The viscosities and molecular structures of the ILs used in this study. 

Ionic Liquid Viscosity (mPa s) Molecular Structure 

P
8,8,8,6(2)

 

BEHP 
1050 

 

 

P
6,6,6,14

 BEHP 1045a 25 

 

P
6,6,6,14

 

(
i

C
8
)
2
PO

2
 

1007b 16 

 

P
6,6,6,14

 TFSI 312b 26 

 

a Measured at 23 °C. 
b Measured at 25 °C. 

 

7.3.2 Titanium Surface 

The titanium surfaces used in the experiments were cut from a single sheet of 

unpolished titanium metal (Airport Metals Australia). After initial investigations on a 

polished titanium surface, it was decided that an unpolished, commercially available 

titanium surface should be used. This is a more industrially relevant surface for 

lubrication, and thus more suited for macroscale friction measurements. The RMS 
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roughness for a 5 × 5 μm scan of the titanium surface was measured to be 108 ± 16 nm 

by AFM.  

7.3.3 Macrotribology 

Macroscale friction measurements were taken using a TA Instruments HR-2 

rheometer with a three-balls on plate geometry using stainless-steel balls (diameter = 12.7 

mm) on the titanium surface. The sliding speed was a constant 1 rad s-1, and the motor 

mode set to ‘Stiff’. Varying environmental conditions were used, with the temperature of 

the base set to 25 °C and 60 °C, and the axial force set to 5 N and 10 N. The coefficient 

of friction, μ, was recorded as the ratio between the lateral and normal force. Each 

condition was recorded for of 9 m of sliding. The test in P6,6,6,14 TFSI at 5 N and 10 N 

was recorded for 25 m to investigate the strength of the boundary layer. The titanium 

surfaces were cleaned with ethanol and air dried before reuse. The friction coefficient was 

measured in air after cleaning to ensure that it was consistent with the friction coefficient 

of the fresh surface before the sliding tests. The ILs were used on different surfaces to 

prevent contamination. 

7.3.4 Atomic Force Microscopy 

A Veeco Nanoscope IV AFM with an EV scanner was used in contact mode. Sharp 

silicon tips with a spring constant of 0.8 ± 0.2 N m-1 as measured by the Sader method 27 

and a nominal tip radius of 8 nm (HQ:NSC36/ AL BS, Mikromasch) were used in these 

experiments. The measurements were performed inside an AFM fluid cell (Bruker). 

Before each experiment the tip was irradiated with ultraviolet light for 10 min to remove 

any organic matter, and the surface and cell washed with ethanol and deionized water 

before being dried with nitrogen.  

Friction measurements were performed with a scan angle of 90° (with respect to the 

cantilever long axis), a scan size of 500 nm and a scan rate of 5.92 Hz with the slow scan 

axis disabled while the normal load was increased from 0 to 200 nN. The lateral deflection 

signal (i.e. cantilever twist) was converted to lateral force using a customized function 

produced in MATLAB. The friction coefficient, μ, of each data set was extracted from 

the linear region of the lateral force vs. normal load graph, in accordance with Amontons’ 

Law, FL = μFN + FL(0), where FL(0) is the lateral force at zero normal load. At least three 

runs of increasing and decreasing load were performed for each liquid, and each run 

performed on a different area of the titanium. Increasing and decreasing load showed the 
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same trend, so the decreasing load data have been omitted for clarity. Typical data is 

presented 

Force separation profiles were recorded for each liquid by moving the surface 

towards the tip and detecting the cantilever deflection as a function of separation, with at 

least 60 normal force curves recorded from a ramp size of 30 nm, at a scan rate of 0.2 Hz. 

Standard methods were used to convert deflection vs. separation data to normal force vs. 

apparent separation curves. 

7.4 Results and Discussion 

7.4.1 Macrotribology 

The macrotribology of the ILs P6,6,6,14 BEHP, P8,8,8,6(2) BEHP, P6,6,6,14 (
iC8)2PO2 and 

P6,6,6,14 TFSI was studied with a three-balls on disk tribometer. The coefficient of friction 

was measured over 9 m for each IL at 5 N and 10 N of load at both 25 °C and 60 °C. The 

balls were spun at a speed of 15 mm s-1. 5 N load corresponds to a Hertzian contact stress 

of 0.5 GPa for each ball, while 10 N corresponds to 0.6 GPa (see Supplementary Materials 

for calculations). For comparison, the same tests were performed with hexadecane as a 

model, additive-free hydrocarbon oil.  

The friction coefficient versus sliding distance measured in the ILs and hexadecane 

is shown in Figure 7.1. Over the first 1 m, the friction coefficient varies significantly 

before reaching a stable value. This initial period of instability is referred to as the ‘break-

in’ period 28. In hexadecane, the friction coefficient increases rapidly as the unprotected 

surfaces are quickly worn down before it stabilizes at ~0.5 regardless of the load or 

temperature. This is consistent with the friction coefficient of titania in hexadecane 

measured in previous work 23, 29. Hexadecane still lubricates the surfaces better than in air 

(c.f. Figure S7.1), where friction continues to increase with sliding distance since the wear 

debris is not transported away from the sliding zone as it is in a liquid. 
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Figure 7.1. Friction coefficient as a function of sliding distance at: A 25 °C and 5 N, B 

25 °C and 10 N, C 60 °C and 5 N, D 60 °C and 10 N. 

 

Under a load of 5 N at 25 °C (Figure 7.1A), the friction coefficient decreased up to 

2 – 5 times in ILs compared to the friction coefficient in hexadecane. P6,6,6,14 TFSI and 

P8,8,8,6(2) BEHP reduced the friction coefficient to 0.13 almost immediately without any 

significant break-in period. On the other hand, in P6,6,6,14 (iC8)2PO2, friction initially 

increased, then decreased, with low friction (μ = 0.13) only observed after 2 m of sliding. 

Of the four ILs tested, P6,6,6,14 BEHP was the least effective (μ = 0.22), albeit still much 

more effective than hexadecane. 

To investigate the effectiveness of the ILs under more demanding conditions, the 

same measurements were performed under a higher load of 10 N and the temperature 

increased from 25 to 60 °C. Under 10 N at 25 °C (Figure 7.1B), the ILs P6,6,6,14 TFSI and 

P6,6,6,14 (
iC8)2PO2 reduced friction as effectively as they did at 5 N (μ = 0.13), albeit the 

break-in period increased significantly from that at 5 N. Conversely, the friction 

coefficient for the ILs P8,8,8,6(2) BEHP at 10 N was much higher than at 5 N (μ = 0.28 vs 
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0.13). Similarly, P6,6,6,14 BEHP demonstrated a higher friction coefficient under 10 N of 

load than 5 N (μ = 0.35 vs 0.22). 

The tests at 60 °C also revealed differences in the performance of the ILs which 

were not obvious at 25 °C. At 60 °C and 5 N (Figure 7.1c), P6,6,6,14 TFSI lubricates as well 

as at 25 °C (μ = 0.13), albeit only after 2 m of sliding. The friction coefficient in P6,6,6,14 

(iC8)2PO2 varied, from an initial increase to 0.30 over the first 2 m, followed by a gradual 

decrease in friction coefficient, eventually reaching 0.15 after 9 m. P6,6,6,14 BEHP and 

P8,8,8,6(2) BEHP were less effective at reducing friction, with μ = 0.35 in both cases. At 10 

N of load (Figure 7.1d), the trends were similar to 5 N, only differing in a slightly higher 

friction coefficient for P6,6,6,14 (
iC8)2PO2, P6,6,6,14 BEHP, P8,8,8,6(2) BEHP. 

The measurements at higher loads and temperatures demonstrate that P6,6,6,14 TFSI 

lubrication reduces friction more effectively than any of the other ILs. Longer tests reveal 

the durability of P6,6,6,14 TFSI lubricity at 60 °C and 10 N and are presented in Figure 7.2. 

Between 2 and 20 m of sliding, the friction coefficient in P6,6,6,14 TFSI is low and stable. 

However, after 20 m of sliding the friction coefficient increases until it seems to stabilize 

at 0.25. The breakdown in lubrication has been observed previous for IL macrotribology 

16. The sudden increase in friction suggests that the ball suddenly ruptures the boundary 

layer, which is subsequently unable to reform. Even still, after the breakdown the friction 

coefficient in lubrication is half of that measured in hexadecane. This indicates that 

lubrication between the surfaces persists, albeit perhaps only via hydrodynamic 

lubrication. 

 

Figure 7.2. Friction coefficient as a function of sliding distance for three stainless steel 

balls sliding on a titanium surface in P6,6,6,14 TFSI. Sliding was carried out under 10 N of 

normal load and a temperature of 60 °C. 
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Mixtures of the ILs with hexadecane did not reduce friction as effectively as the 

pure ILs. 1 mol% mixtures of P6,6,6,14 (
iC8)2PO2, P8,8,8,6(2) BEHP and P6,6,6,14 BEHP with 

hexadecane were measured at 25 °C under 5 N of load and are presented in Figure S7.2. 

P6,6,6,14 TFSI is immiscible with hexadecane and therefore could not be used. The mixtures 

did not reduce friction more effectively than hexadecane. Measurements of the mixtures 

at 60 °C and 10 N did not show any signs of improvement over hexadecane.  

While the results demonstrate that P6,6,6,14 TFSI lubricates most effectively under 

all the tested conditions, it is not immediately obvious why. The thickness of the IL films 

was estimated to be between 18 – 74 nm by the Hamrock and Dowson model 30, which 

suggests that the ILs are in a mixed lubrication regime (calculations provided in the 

Supplementary Material). In the mixed lubrication regime, friction results from a 

combination of intermittent direct contact between the surfaces as well as hydrodynamic 

losses. However, the trends in friction coefficient data do not correlate with the trends in 

viscosity provided in Table 7.1. This means that the ILs lubricate the direct contact 

between the surfaces differently via boundary lubrication, and that it is not purely 

hydrodynamic losses via viscosity.  

7.4.2 Nanotribology  

AFM friction force microscopy measurements were performed to disentangle the 

contribution from boundary layer lubrication and that of mixed layer lubrication in the 

macrotribology measurements. A sharp Si tip was used with the same type of titanium 

surface used in the macrotribology. The lateral (friction) force was recorded up to 200 

nN. A 200 nN load equals a Hertzian contact stress of 18.7 GPa, assuming that the tip 

dimensions are not significantly altered during the friction experiments. These forces 

correspond to the boundary regime; calculation of the film thickness revealed an 

impossibly small film (< 1 pm), consistent with previous AFM boundary layer studies 16, 

23. In the boundary regime, the bulk of the liquid lubricant has been squeezed out, and 

lubrication is effected by a layer of molecules adsorbed at the surface, called the boundary 

layer. Boundary lubrication is therefore independent of the bulk viscosity of the liquid. 

The lateral forces experienced by the tip as it slides on the surface as a function of 

normal load are shown in Figure 7.3. The gradient of these data is the friction coefficient 

μ as per Amontons’ law FL = FA + μFN, where FL is the lateral force, FA is the force of 

adhesion, and FN is the normal load. In hexadecane, the friction force increases rapidly 
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with increasing normal load, with μ = 0.33. This reveals that hexadecane is, as expected, 

a poor lubricant. As the tip and the surface come into contact any weakly adsorbed 

hexadecane is expelled resulting in direct contact between the tip and surface and high 

friction. 

 

Figure 7.3. Lateral (friction) force vs normal force for a sharp Si AFM tip sliding over a 

titanium surface at 35 μm s-1. 

 

In contrast to hexadecane, P8,8,8,6(2) BEHP is an excellent boundary lubricant. 

Lateral forces increase at a lower rate with increasing normal force, resulting in a friction 

coefficient of 0.08, approximately four times lower than in hexadecane. P6,6,6,14 (
iC8)2PO2 

and P6,6,6,14 TFSI, the most effective ILs at reducing friction on the macroscale, reduced 

friction by about half of that measured in hexadecane (μ = 0.16 and 0.17 respectively). 

P6,6,6,14 BEHP did not reduce friction any more effectively than hexadecane (μ = 0.33), 

which is consistent with it being the poorest lubricant on the macroscale. A summary of 

the friction coefficients measured by AFM are presented in Table 7.2. 

Table 7.2. The calculated friction coefficients of the ILs measured by AFM. 

Liquid Friction coefficient, μ 

P8,8,8,6(2) BEHP 0.08 

P6,6,6,14 BEHP 0.33 

P6,6,6,14 (iC8)2PO2 0.16 

P6,6,6,14 TFSI 0.17 
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As with the macroscale tests, 1 mol % mixtures of P8,8,8,6(2) BEHP, P6,6,6,14 (
iC8)2PO2 

and P6,6,6,14 BEHP in hexadecane did not significantly reduce friction (data provided in 

Figure S7.3 of the Supplementary Materials). Previous studies of IL/oil mixtures on 

surfaces including titania have shown that 1-2 mol % mixtures can reduce the friction 

coefficient as effectively as the pure IL.23, 31-32 However, these reductions in friction only 

occur after the bulk concentration reaches a critical concentration.32 Surfactant adsorption 

studies with titania have found that the surfactant surface excess may be half of that 

compared to another oxide surface such as silica.33 A lower surface excess means that the 

adsorbed boundary layer of IL will be patchy, and unable to reduce friction as effectively. 

The trends in the AFM nanotribology results presented in Figure 7.3 can be 

explained by considering the mechanisms by energy dissipation (i.e. friction) occurs. In 

the boundary regime, energy dissipates mainly via (i) expulsion of the near surface IL 

layers from the space between the tip and the surface, and (ii) by deformations and 

rotations of ions in the boundary layer.34-35 A common feature of many ILs the presence 

of layers at solid surfaces which are preferentially oriented based on the polar and apolar 

domains of the IL. Number of observed layers varies significantly with IL molecular 

structure. Previous AFM nanotribology measurements have demonstrated that the 

presence of these layers in ILs is inversely proportional to friction; that is, the greater the 

number of near surface layers, the more energy dissipates via (i) 14, 35.  

To investigate how significant the near surface structure is in these ILs, a series of 

AFM normal force – separation profiles were measured for the pure ILs and the mixtures 

and are presented in Figure S7.4. For each IL and mixture, no significant force was 

measured beyond 2 nm of apparent separation between the tip and the surface. The ‘steps’ 

in the force profile at closer separations indicate the presence of a single near surface 

layer in some cases, however, all ILs in this study are generally weakly unstructured. 

Based on the weak structure observed by AFM, energy dissipation via (i) cannot explain 

the large differences lateral forces measured in the ILs. 

The differences in the lateral forces measured by nanotribology may instead be 

explained by considering how the ions adsorb and pack onto the surface, which 

determines energy dissipation via (ii). The isoelectric point of titania is 5.7, and therefore 

one might expect the cation to preferentially adsorb to the surface. Nevertheless, neutron 
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reflectometry measurements and MD simulations have revealed that oppositely charged 

ions still contribute to the adsorbed layer 36-38.  

Considering the cations first, Figure 7.2 shows that P8,8,8,6(2) BEHP reduces friction 

far more effectively than P6,6,6,14 BEHP. The P8,8,8,6(2)
+ cation can pack more neatly with 

the bulky BEHP- ion than P6,6,6,14
+ with its long 14 C chain potentially sterically hindering 

one of the ions or both from adsorbing strongly on the surface. For the anions, comparing 

P6,6,6,14 BEHP, P6,6,6,14 (iC8)2PO2 and P6,6,6,14 TFSI, the TFSI- and (iC8)2PO2
- were 

approximately equally effective. This result is consistent with the results from a previous 

study on stainless steel 14. The BEHP- anion in this case was the worst performing of the 

three. Despite having an apparently similar structure to (iC8)2PO2
-, the longer alkyl chains 

of the BEHP- restrict its packing compared to the more dense (iC8)2PO2
- and TFSI- anions. 

Indeed, MAS NMR, FITR and Raman spectroscopy measurements have shown that the 

interaction between the anions of quaternary phosphonium ILs and metal oxide surfaces 

can vary significantly, despite similar molecular structures39.  

7.5 Conclusions 

Combining the results from the macroscale tribology experiments and the 

nanotribology experiments gives remarkable insight into the role of IL structure on 

friction across both length scales. All ILs in this study were generally good lubricants for 

titania. However, IL lubrication performance in the nanotribology tests varied from the 

macrotribology tests. For the AFM nanotribology, only the structure of the ILs determines 

boundary lubrication. More specifically, ability of the ions to pack into a neat, robust 

layer largely determined their success as nanoscale lubricants. On the other hand, for the 

macroscale three-ball-on-disk experiments, a combination of bulk physical properties and 

adsorbed boundary layer govern mixed layer lubrication. This difference is illustrated by 

P8,8,8,6(2) BEHP, which was the most effective IL in the nanotribology tests, but only the 

third most effective in the macrotribology tests. 

For lubrication in the boundary regime lubrication, the ideal IL will adsorb strongly 

to the surface and form a robust film which minimizes energy dissipation. Importantly, 

for boundary regime lubrication the viscosity of the IL does not need to be considered. 

For lubrication in the mixed or hydrodynamic regime, the macrotribology measurements 

here show the importance of both viscosity and boundary layer lubrication. Ultimately, 
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this work demonstrates the importance of the judicious selection of IL based on the 

lubrication regime operating in the sliding surfaces. 

7.6 Supporting Information 

7.6.1 Macrotribology  

 

Figure S7.1. Friction coefficient vs sliding distance measured in air and hexadecane 

under a load of 5 N and at 25 °C. 

 

Figure S7.2. Friction coefficient as a function of sliding distance for three stainless steel 

balls sliding on a titanium surface in 1 mol % mixtures of IL in hexadecane. Sliding was 

carried out under 5 N of normal load and a temperature of 25 °C. 
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7.6.2 Nanotribology 

 

Figure S7.3. Lateral (friction) force vs normal force for a sharp Si AFM tip sliding over 

a titanium surface at 35 μm s-1. 
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Figure S7.4. Force curves of the silicon AFM tip approaching (blue) and retracting 

(red) from the unpolished titanium surface submerged in varying ILs and diluted ILs in 

hexadecane. Scan size: 30 nm. 
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7.6.3 Calculation of Hertzian Contact Stress 

The effective Young’s modulus Ew can be calculated by: 

1

𝐸𝑤
=

1

2
(

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2
) 

Where 𝐸1, 𝐸2 are the elastic moduli and 𝑣1, 𝑣2 are the Poisson’s ratios associated 

with each body. 

Contact area radius is given by: 

𝑎 ≅ (
3𝑅𝐹𝑁

2𝐸𝑤
)

1/3

 

Where 𝑅 is the radius of the sphere. 𝐹𝑁 is the applied load. 

Contact stress: 

𝑝𝑚𝑎𝑥 =
3𝐹𝑁

2𝜋𝑎2
 

The parameters used: 

Titania: 𝐸 = 230 GPa, 𝑣 = 0.28 

Stainless Steel: 𝐸 = 200 GPa, 𝑣 = 0.3 

Macrotribology test: 

𝐹 = 5 N, 𝑝𝑚𝑎𝑥 = 0.5 𝐺𝑃𝑎 

𝐹 = 10 nN, 𝑝𝑚𝑎𝑥 = 0.6 GPa 

In the nanotribology tests the exact dimensions and geometry of the tip are uncertain 

and subject to change. The contact pressures are significantly higher: 

𝐹𝑁 = 50 nN, 𝑝𝑚𝑎𝑥 = 11.8 GPa 

𝐹𝑁 = 200 nN, 𝑝𝑚𝑎𝑥 = 18.7 GPa 

 



 Chapter 7 ● Nano- & macroscale study of lubrication of titania using pure and diluted ILs 

 

136 

 

7.6.4 Hamrock and Dowson model 

Using the Hamrock and Dowson model the central film thickness, ℎ𝑐, can be 

calculated by the following equation 30: 

ℎ𝑐

𝑅′
= 2.69 (

𝑈𝜂0

𝐸′𝑅′
)

0.67

(𝛼𝐸′)0.53 (
𝑊

𝐸′𝑅′2
)

−0.067

(1 − 0.61𝑒−0.73𝑘) 

where 𝑎 is the contact area radius from eq(2), 𝑈 is the sliding velocity, 𝜂0 is the 

viscosity of the lubricant at ambient pressure, 𝐸𝑤 is the effect Young’s modulus from 

eq(1), 𝛼 is the pressure-viscosity coefficient, 𝐹𝑁 is the applied load, and 𝑘 is the ellipticity 

parameter. 𝑘 = 1 for point contact. The pressure – viscosity coefficient of hexadecane 

varies from 11.6 to 13.2, and average of 12.5 is used here 40-41. For the pure ILs used in 

this study, the pressure-viscosity coefficient was not found in the literature. According to 

previous studies, the pressure-viscosity coefficient of ILs are generally between 12~21 

GPa-1 40-43, thus here the film thicknesses of the systems are calculated by assuming the 

limit values of 12 GPa-1 and 21 GPa-1 for the pure ILs. 

Table S7.1 shows the calculated film thicknesses do not vary significantly for 

different chosen values of the pressure-viscosity coefficient. 

Table S7.1. The pressure-viscosity coefficients and calculated film thicknesses hc for 

the lubricants used in this study. 

Lubricant 

hc (nm) 

(α = 12 GPa-1) 

hc (nm) 

(α = 21 GPa-1) 

5 N 10 N 5 N 10 N 

P6,6,6,14 TFSI 18 18 25 24 

P8,8,8,6(2) BEHP 55 52 74 70 

P6,6,6,14 BEHP 40 39 54 52 

P6,6,6,14 (iC8)2PO2 42 40 56 54 

Hexadecane 1 1 1 1 
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8.1 Neat Ionic Liquids as Lubricants 

This thesis has consistently shown ILs are excellent macro- and nanoscale 

lubricants and lubricant additives. When used as additives, ILs reduce friction as well as 

the pure IL even when diluted up to one-hundred times (Chapter 3). Promisingly, this 

thesis demonstrated for the first time that the tribotronics control of friction is possible in 

IL/oil mixtures (Chapter 4). Not only do ILs lubricate effectively conventional materials 

such as stainless steel (Chapter 5), they also significantly reduce friction between light – 

weight materials including alumina (Chapter 6) and titania (Chapter 7). These findings 

support the multitude of studies over the last 18 years which have demonstrated that ILs 

are excellent candidates as next-generation lubricants.  

Even under extreme loads, AFM nanotribology shows that ILs maintain their 

lubricity. The normal loads measured in this thesis equate to contact pressures greater 

than 10 GPa, far exceeding typical pressures in machinery (maximum 1–3.5  GPa).1-2 

Despite these extreme conditions, ILs continue to reduce friction as the strongly adsorbed 

boundary layer resists “squeeze-out”. As Chapter 6 showed, in some ILs a “pushthrough” 

occurs at very high forces where the friction coefficient increases, although this entirely 

depends on the IL (c.f. P6,6,6,14 (iC8)2PO2 vs. P6,6,6,14 DEHP). The increase in friction 

coefficient results from tip coming into direct contact with the surface as it pushes through 

the IL boundary layer. 

Although ILs in general are excellent lubricants, this work also highlights the 

importance of the careful selection of ILs. For example, Chapter 5 demonstrated that, for 

nanoscale boundary lubrication, neat IL lubrication performance varies from excellent 

(P6,6,6,14 TFSI and P6,6,6,14 (
iC8)2PO2) to worse than the bare surface (HMIM FAP). Chapter 

7 also showed that macroscale lubrication performance also depends on IL structure. 

While nanoscale lubrication reveals the boundary layer lubricity of an IL lubricant, 

nanoscale lubrication performance alone cannot predict macroscale performance in other 

lubrication regimes. Instead, macroscale performance in the mixed regime depends on 

both the boundary lubrication of an IL as well as its viscosity. In hydrodynamic 

lubrication, the viscosity alone determines the lubricity of the IL. 

Chapter 5 revealed that, contrary to previous expectations, friction is inversely 

correlated with interfacial structure. Stronger IL layering measured by AFM indicates 

intermolecular interactions in the IL. Strong intermolecular interactions result from 
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molecular structures which can undergo pi-pi stacking, van der Waals attractions, and 

higher charge densities. All these interactions provide more pathways for energy 

dissipation, which ultimately leads to higher friction. While Chapter 5 provides a strong 

argument for reducing near surface structure, it does not imply that the boundary layer 

should adsorb weakly to the surface; on the contrary, boundary layer ions should adsorb 

strongly to protect the surfaces from wear and reduces friction. Thus when designing the 

ideal IL boundary lubricant a fine balance must be struck between weak near surface 

structure and strong boundary layer adsorption. 

Despite their promise, neat ILs still face significant challenges which hinder their 

widespread use. Their high cost compared to mineral – oil-based lubricants will continue 

to impede their adoption in ordinary machines such as combustion engines. However, ILs 

can compete with other types of synthetic lubricants for specialty applications, 

particularly if they out-perform the current generation of lubricants. In other cases, the 

performance of the lubricant is paramount, and the cost negligible, such as in space 

applications. 

Synthesising ILs from cheap starting materials is another promising way in which 

ILs could be used on a larger scale. Presently, most IL lubricants are synthesised from 

expensive starting materials via a complicated synthesis, such as the phosphonium 

phosphinate ILs in this thesis. However, significant advances have been made in 

synthesising cheap ILs for other processes such as biomass dissolution.3 Deep eutectic 

solvents (DESs) may also overcome the cost – barrier facing IL lubricants, as they are 

generally made from cheap starting materials via simple synthesis. However, until now 

DESs are largely untested as lubricants.4 

8.2 Ionic Liquids as Additives 

While the high cost of neat ILs hinders their widespread use, as additives ILs 

present themselves as excellent lubricants. Prior to this work, however, little was known 

how much IL was needed for the lubricity required. In Chapter 2 AFM nanotribology of 

a series of IL oil mixtures shows that a one-hundred-fold dilution of IL in oil can reduce 

friction as well as the pure IL. This works on the same principle as ordinary additives; 

only a thin (~ 1 molecule thick) layer is required to lubricate a surface. Interestingly, AFM 

FFM combined with QCM (Chapter 2) and neutron reflectometry (Chapter 3) 
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measurements reveal that IL – oil mixtures lubricate as well as the pure IL even prior to 

complete, monolayer coverage of the surface. 

Prior to this thesis, conventional opinion held that ILs diluted in oil would, at best 

lubricate equally as the pure IL. However, work for P6,6,6,14 (
iC8)2PO2 and P6,6,6,14 DEHP 

mixtures presented in Chapter 6 demonstrated that mixtures can lubricate even better than 

the pure IL. The hypothesis here is that the low viscosity oil increases the mobility of the 

ions which replenish the boundary layer. In other cases, so called “synergistic” effects 

have been reported for IL – oil mixtures with ZDDP.5 Thus, in some cases IL – oil 

mixtures outperform neat ILs. 

Despite the significant amount of attention that IL oil-additives have received, the 

bulk behaviour of the IL in the oil remains poorly understood. Oil-miscible ILs typically 

consist of cations and anions with 3D quaternary structures and long alkyl chains to dilute 

the ionic charge. The degree of ion dissociation in the pure oil-miscible ILs has not been 

properly characterised. Somers et al. measured low ionic conductivity in two oil-miscible 

ILs and based on this speculated that the degree of ion dissociation was low.6 However, 

as yet there are no reports of Walden plots or attempts to quantify the degree of ion 

dissociation for these oil miscible ILs. Pertinent questions for future work include: (1) 

what is the degree of ion dissociation in the pure oil-miscible ILs? (2) what is the degree 

of ion dissociation in the IL-oil mixtures? (3) what is the relationship between IL structure 

and oil-miscibility? and (4) can we design oil-miscible ILs which are more conductive?  

Nuclear magnetic resonance (NMR) could provide answers about ion dissociation 

in oil – miscible ILs. Diffusion values for the cation and anion of the IL both in pure form 

and as an additive would reveal whether the cations and anions exist mostly as pairs as 

predicted or whether the charges are separated. NMR would also provide ionic 

conductivity as a function of IL concentration. 

Another area of IL lubrication that has been largely overlooked with is their use in 

greases. Greases are semi-solid lubricants which are useful for lubricating surfaces where 

a liquid lubricant would not stay in place or would evaporate with prolonged use. While 

in theory liquid lubricants are more effective in reducing friction and wear, in practice 

greases are used ubiquitously in machinery which cannot contain liquid reservoirs. 

Greases are multi-phase, highly structured colloidal dispersions. They typically consist 

of three components: (1) base fluid, (2) thickener, and (3) additives (e.g. antiwear 
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additives, friction modifiers).7 Base fluids make up 70 – 95 % of grease and are typically 

mineral oils, although synthetic oils are occasionally used in high performance 

applications.1 Thickeners make up 3 – 30 % of grease, with the most common being 

lithium soaps such as lithium 12-hydroxystearate. Greases with lithium soap thickener 

are commonly referred to as ‘lithium greases’. In more recent times polymer-based 

thickeners such as polyurea and polytetrafluoroethylene (PTFE) have come to the fore, 

particularly for high performance applications. Additives usually make up the remaining 

composition of the grease, up to 10 % in some cases. There are numerous types of 

additives to greases, such as friction modifiers, antiwear additives, rust and oxidation 

inhibitors, and additives to reduce the vapour pressure of the grease. Solid molybdenum 

disulphide and graphite dispersed in many greases to reduce friction and wear.1 

Greases are non-Newtonian fluids. Under no shear or low shear the viscosity of a 

grease is extremely high, typically greater than 10 Pa ∙ s compared to less than 1 Pa ∙ s for 

oil lubricants. However, when the shear rate on a grease increases slightly, a large 

decrease in viscosity is observed. The viscosity decreases rapidly with increasing shear 

rate until it reaches that of the base fluid. Thus, greases are pseudoplastic or shear thinning 

fluids (see Figure 8.1). This behaviour may be understood in terms of the grease structure 

made up of the components described previously. Under no shear or low shear, the 

thickener immobilises the fluid by forming a thick emulsion or dispersion. Higher shear 

rates disrupt the structure formed by the thickener until finally it has no influence on the 

mobility of the base fluid. The transition of the base fluid from the immobilised state to 

the fully mobile state is sometimes referred to as “bleeding” and is a critical for effective 

lubrication. The point at which a grease bleeds is thus determined by the strength of the 

thickener structure, which is itself a function of interactions between the thickener and 

base oil, along with the physical properties of the base oil, such as the viscosity index. 

Balancing the interactions between the thickener and the grease is important. If the grease 

is too “thick” it may not bleed at lower shear rates, resulting in poor lubrication. If the 

grease is too thin then it may evaporate or decompose at higher temperatures. 
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Figure 8.1. A comparison of the common types of fluids and their behaviour in terms of 

viscosity vs shear rate. Grease is a pseudoplastic or shear thinning fluid. 

 

In comparison to the overwhelming body of literature for ILs as liquid lubricants, 

few studies have investigated the potential for ILs to be used as greases.8 ILs have the 

potential to be used as either base fluids in greases or as additives. Unlike most ILs which 

suffer from solubility problems with mineral oils, ILs could feasibly be mixed with base 

oils since greases are, by their nature, multi-phase systems. Furthermore, ILs conduct 

electricity, so greases made from ILs have the potential to be conductive as well. 

8.3 Tribotronics 

Apart from reducing friction effectively, IL lubricants enable the active control of 

friction. Chapter 4 showed that the active control of friction (i.e. tribotronics) can be 

achieved by applying an electric potential to one of the sliding surfaces. Changing the 

potential on the surface changes the composition of the IL boundary layer from cation-

enriched (negative potentials) to anion-enriched (positive potentials). If the cation and 

anion lubricate differently, lower or higher friction results. Chapter 4 showed that 

applying -1 V to the gold surface lubricated by the pure IL reduced the friction coefficient 

to less than 0.05. This state of ultra-low friction is referred to as superlubricity. On the 

other hand, a higher friction coefficient may benefit machines which require braking. 

Braking via increased friction coefficient avoids direct contact between the surface (and 

thus wear) as occurs in traditional braking systems. Therefore, designing a large disparity 

between the lubricity of each ion gives a wider range of control over friction. The ability 

to actively control friction in ILs sets them apart from conventional lubricants. 
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Presently, very little is known about the boundary layer structure and composition 

in IL – oil mixtures at different potentials. Chapter 3 demonstrated that neutron 

reflectometry can reveal the structure and composition with a level of detail not possible 

with AFM or similar techniques. A recent report described a neutron reflectometry 

experiment for IL – oil mixtures at a gold electrode. However, since the scattering length 

density difference between the hydrogenated cation and anion was similar so their 

individual contribution to the boundary layer could not be distinguished. A forthcoming 

manuscript will detail the results of a similar study, albeit with a partially deuterated 

cation as in Chapter 3. The results reveal the exact composition of cations, anions and oil 

in the boundary layer at a range of potentials. 

8.4 Tribofilms 

Until now, AFM and SFA nanotribology studies of ILs have overlooked the role of 

tribofilms. This is despite the many macroscale studies of IL lubrication which show that 

tribofilms play a critical role in lubrication. In most AFM and SFA studies, the 

temperatures and loads are not high enough to activate the tribochemical reactions that 

take place in the macroscale experiments. This may change following a innovative study 

using AFM which not only induce tribofilms but also measured its growth.9 A sharp tip 

scanned back and forth over a small section of a Si surface in the presence of a mineral 

oil with the antiwear additive ZDDP. At contact pressures greater than 4 GP and a 

temperature of 140 °C, a 10–40 nm thick tribofilm formed. Importantly, performing the 

experiment with the AFM enables in-situ monitoring of the tribofilm, which is not 

possible with previously used techniques.  

Measuring the growth of an IL tribofilm in situ would yield interesting results. 

Presently, little is known about the relationship between IL structure and tribofilm 

growth. Phosphate additives to conventional lubricant oils generally form effective anti-

wear tribofilms, but many ILs lack phosphorus in their structure.  

Another unresolved question surrounds whether the surface plays a role in the 

reaction or not. In the aforementioned AFM study, the tribochemical reaction occurred in 

the same way regardless of the surface.9 Instead, this suggests that the tribochemical 

reaction only requires high temperatures and pressures to cause ZDDP to react with itself. 

This conflicts with current understanding in ILs where the surface is thought to participate 

in the tribochemical reaction.10 
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8.5 Scaling Up – ILs in Machines 

At the present time the overwhelming majority of IL lubrication research has 

focused on small or lab-scale tests. If IL lubricants are to move from the lab into industry, 

they must first be proven on a larger scale; even the macroscale studies referred to in this 

thesis typically measure friction with a pin or small balls, far removed from the potentially 

large – scale applications.  

Recent progress has been made towards larger scale tests that is worth highlighting. 

For example, Qu et al. tested IL – oil mixtures with piston top rings and grey cast iron 

cylinder liners cut from an actual engine.11 The IL – oil mixtures reduced wear as 

effectively as ZDDP at room temperature, and at 100 °C they outperformed the ZDDP. 

Until recently IL tribotronics had only been observed with nanotribology (i.e. AFM and 

SFA). This raises questions as to the practicality of tribotronics on a larger scale where 

there are larger distances between electrodes. Advances have also been made to bridge 

this gap with work by Meng and co-workers.12-13 Experiments with a ball on disk setup 

with a steel electrode in an IL – propylene carbonate mixture showed the friction 

coefficient halved with at negative potentials and either slightly decreased or stayed the 

same at positive potentials. 

8.6 Why Ionic Liquids? 

In Chapter 1 ILs were defined as pure salts which are liquid below 100 °C. This 

apparently arbitrary definition is useful for several reasons. Firstly, its simplicity means 

that it is easily understood even by someone unfamiliar with the field. Secondly, it has 

acted as a ‘tag’ which has galvanised researchers using ILs to solve common problems.  

Despite the practicality of the conventional definition, recent trends in the field have 

called into question the appropriateness of the name ‘ionic liquid’. ILs, rather than 

consisting of only cations and anions, increasingly find use in mixtures with molecular 

liquids. Indeed, in this thesis ILs have been diluted in oils as additives, with the IL only 

making up a small fraction of the overall mixture. These trends which have occurred 

during the 2010s have been described as the ‘4th evolution of ILs’;14 the first evolution 

originated in the 1960s with the investigations of Angell and Moynihan of near room 

temperature liquid salts; the second took place towards the end of the 1990s as ILs began 

to be regarded as tuneable, ‘active’ solvents; the third, during the 2000s, as biologically 

active compounds.  
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In the context of this thesis, the question is: do ILs differ from other additives? 

While the definition of an IL is subject to debate, this thesis has shown that ILs do enough 

from other additives to warrant the title IL additives. Differences between IL additives 

and other additives include: 

1) ILs adsorb to both positively charged (anions) and negatively charged (cations) 

surfaces. 

2) Good conductivity in ILs makes tribotronics control of friction possible. 

3) As liquids IL additives are easier to process. 

Based on these differences, continuing to refer to IL additives as IL additives is not 

only practical but also based on their actual properties.  
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**NOTE: The synthesis of the deuterated compounds was carried out by T Darwish of 

the National Deuteration Facility of ANSTO following discussions with R Atkin, G Warr 

and P Cooper. 

Deuterated P6,6,6,14 (iC8)2PO2 synthesis details 

General 

Chemicals and reagents of the highest grade were purchased from Sigma-Aldrich 

and were used without further purification. Solvents were purchased from Sigma-Aldrich 

Chemical Co., Merck and Fronine Laboratory Supplies and were purified by literature 

methods. When solvent mixtures were used as an eluent, the proportions are given by 

volume. NMR spectroscopy solvents were purchased from Cambridge Isotope 

Laboratories Inc. and were used without further purification. Thin-layer chromatography 

(TLC) was performed on Fluka Analytical silica gel aluminium sheets (25 F254). 

Davisil® silica gel (LC60Å 40-63 micron) was used for bench-top flash column 

chromatography and prepacked silica cartridges were used for REVELERIS™ flash 

chromatography.  

 

Methods and Data Analysis 

Electrospray ionisation mass spectra (ESI-MS) were recorded on a 4000 QTrap AB 

SCIEX Mass Spectrometer. The overall percent deuteration of the molecules was 

calculated by ER-MS (enhanced resolution – MS) using the isotope distribution analysis 

of the different isotopologues by analysing the area under each MS peak which 

corresponds to a defined number of deuterium atoms. The contribution of the carbon-13 

(natural abundance) to the value of the area under each [X+1] MS signal is subtracted 

based on the relative amount found in the protonated version. In a typical analysis we 

measure the C-13 natural abundance contribution by running ER-MS of the protonated 

version (or estimate it by ChemDraw software) and use this value in our calculation using 

an in-house developed method that subtracts this contribution from each MS signal 

constituting the isotope distribution. 1H NMR (400 MHz), 13C NMR (100 MHz), and 2H 

NMR (61.4 MHz) spectra were recorded on a Bruker 400 MHz spectrometer at 298 K. 

Chemical shifts, in ppm, were referenced to the residual signal of the corresponding 

solvent. Deuterium NMR spectroscopy was performed using the probe’s lock channel for 

direct observation. 
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Synthesis of trihexyl tetradecyl phosphonium-d68bis (2,4,4-trimethylpentyl) 

phosphinate: 

Synthesis of 1-tetradecylchloride-d29: 

 

Scheme S1. Synthesis of 1-tetradecylchloride-d29 

 

Deuteration of tetradecanoic acid-d27 (2) 

A mixture of tetradecanoic acid 1 (13 g, 56.92 mmol), 10% Pt/C catalyst (1.62 g, 

0.83 mmol) and 40% NaOD solution (2.49 g, 60.74 mmol or 6.22 mL of 40% NaOD in 

D2O) in D2O (120 mL) was stirred under hydrothermal conditions for 72 hours at 220 °C 

in a Mini Benchtop 4560 Parr reactor (600 mL vessel capacity, 206 bar max. pressure, 

350 °C max. temperature). At 220°C and with these reagents, the Parr reactor reached 25 

bar in pressure. After cooling, the reaction mixture was diluted with dichloromethane 

(200 mL) and the mixture filtered through Celite to remove the catalyst. The filtered 

catalyst was washed with water (3 × 100 mL) and the filtrate acidified to pH 2 with dilute 

HCl. The product was extracted with dichloromethane (100 mL × 3) and the combined 

organic phases were dried over Na2SO4, filtered and concentrated in vacuo to give a white 

solid (12.5 g). The product was then run through a second cycle in the Parr reactor with 

fresh Pt/C catalyst, NaOD and D2O under the same conditions as above. Following 

extraction and evaporation of solvent, the final product was obtained as a white solid 2 

(10.9 g, 42.75 mmol, 75.1% yield, deuteration level: 97%). ESI-MS [M-1] m/z 254, 

isotopic distribution d24 3.4%, d25 10.0%, d26 33.6%, d27 52.9%. 
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Synthesis of 1-tetradecanol-d29 (3) 

To a cold (0°C) suspension of sodium borodeuteride (1.29 g, 30.70 mole) and 

tetradecanoic acid-d27 2 (7.0 g, 27.74 mmol) in dry THF (20 ml) was added CF3COOH 

(3.5 g, 30.7 mole) slowly over 15 min period. The reaction mixture was allowed gradually 

to warm to room temperature. The reaction mixture was left to stir for further 4 hr at the 

same temperature. The mixture was quenched with dilute HCI (5 ml, 3N), extracted with 

ether (3 x 10 ml), the ether extract was further washed with water, brine and dried over 

anhydrous MgSO4. The corresponding alcohol was purified by column chromatography 

(n-hexane:ethyl acetate; 96:4) to yield compound 3 (5g, 20.57 mmol, 75% yield, 

deuteration level: 97%) as a colourless liquid.  

1H NMR (CDCl3) residual protons δ 0.84 (m), 1.23 (m), 1.61 (m), 3.63 (m) 

2H NMR (CDCl3) δ 0.78 (s, 3D), 1.16 (m, 22.4D), 1.49 (m, 2.12D), 3.57 (m, 2.0D) 

13C NMR (CDCl3) δ 12.9 (m), 21.4 (m), 24.5 (m), 28.3 (m), 30.2 (m), 31.6 (m). 

62.3 (m). 

 

Synthesis of 1-tetradecylchloride-d29 (4) 

To a cold (0 °C) solution of 1-tetradecanol-d29 (3) (5.0 g, 20.57 mmol) and triphenyl 

phosphine (5.77 g, 22.02 mmol) in dichlormethane (100 mL) was added slowly n-

chlorosuccinimide (2.9 g, 22.02 mmol). The reaction mixture was brought to room 

temperature and stirring was continued for 45 minutes, washed with sodium thiosulfate 

saturated solution (150 mL). The reaction was monitored by TLC using 100% hexane as 

a solvent system. The organic layer was evaporated to give a solid. The solid was taken 

into a mortar and it was triturated with hexane (200 mL × 5), and the combined hexane 

portions were evaporated. The residue was purified by flash chromatography on silica 

column using 100% petroleum ether to give a colourless liquid 4 (4.3 g, 16.47 mmol, 

yield 80%) (Scheme 1). 

1H NMR (CDCl3) residual protons δ 0.88 (m), 1.23 (m), 1.38 (m), 1.58 (m), 1.75 

(m), 3.52 (m) 

2H NMR (CDCl3) δ 0.82(s, 3D), 1.19 (m, 19D), 1.35 (m, 2.5D), 1.70 (m, 2D), 3.48 

(m, 2.0D) 
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13C NMR (CDCl3) δ 13.1 (m), 21.4 (m), 25.8 (m), 28.4 (m), 30.04 (m), 31.8 (m). 

44.2 (m). 

 

Synthesis of trihexyl-tetradecyl-phosphonium chloride-d68 (10): 

 

Scheme S2. Synthesis of trihexyl-tetradecyl-phosphonium chloride-d68 

 

Deuteration of trihexyphosphineoxide-d39 (6): 
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A mixture of trihexylphsphine 5 (7 g, 24.47 mmol), 10% Pt/C catalyst (1.5 g), and 

10% Pd/C catalyst (1.5 g) in D2O (135 mL) was stirred under N2 bubbling for 2 min 

followed by H2 bubbling for 2 min at RT. The reaction mixture was heated at 220 ᵒC for 

1 day.  After cooling, the reaction mixture was diluted with DCM, filtered through Celite, 

washed with DCM and then the aqueous phase was extracted with dichloromethane (3 x 

50 mL). The combined extracts were dried over MgSO4 and then evaporated to give 6 as 

a colourless liquid  (4.8 g, 14.07 mmol, 60% yield, deuteration level: 93%).  

1H NMR (CDCl3) residual protons δ 0.81 (m), 0.87 (m), 1.23 (m), 1.29 )m), 1.32 

(m), 1.49 (m), 1.62 (m). 

2H NMR (CDCl3) δ 0.78(m, 6.7D), 1.18 (m, 8.2D), 1.28 (m, 4.0D), 1.44 (m, 4D), 

1.58 (m, 3.57D) 

13C NMR (CDCl3) δ 12.7 (m), 21.1 (m), 26.9 (m), 29.7 (m). 

31P NMR (CDCl3) δ 50. 

ESI-MS [M+Na] m/z 364, isotopic distribution with 93% D level, d33 1.5%, d34 

10.5%, d35 13.5%, d36 17.7%, d37 21.0%, d38 21.6%, d39 14.2%. 

 

Synthesis of deuterated trihexylphosphine-d39 (7): 

A solution of trihexylphosphineoxide-d39 6 (3.0 g, 8.79 mmol) in phenylsilane (4 

mL) was heated to 100 °C in a sealed tube under nitrogen for overnight. The reaction was 

monitored by 31P NMR in degassed CDCl3 through the disappearance of the starting 

material peak at 50.8 ppm and the appearance of trihexylphosphine peak at -33.65 ppm 

(Figure 12). Phenylsilane was removed under reduced pressure to give pale yellow 

residue, which is used in the next step without further purification.  

 

Synthesis of deuterated trihexyltetradecylphosphine chloride-d68 (8): 

Trihexylphosphine-d39 7 (2.85 g, 8.79 mmol) neat was heated to 143 ºC before 

tetradecylchloride-d29 (3.03 g 12.30 mmol) was added slowly. The temperature was 

maintained at 143 ºC for 24 hrs.  The progress of the reaction was monitored by 31P NMR 

spectroscopy in CDCl3 (
31P peak at at -33.65 ppm disappeared to give a peak at 32 ppm, 

Figure 16). After the completion of the reaction, the compound was purified on 10 cm 
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silica bed using a gradient solvent system, 100 mL hexane, 100 mL of 25% ethyl acetate 

in hexane and 100 mL 100% ethyl acetate. Trihexyltetradecylphosphine chloride-d68 8 

was eluted in 100% ethyl acetate and the solvent was evaporated under reduced pressure 

to give compound 8 as a colourless liquid (4.8 g, 8.71 mmol, quantitative, deuteration 

level 96%). 

1H NMR (CDCl3) residual protons δ 0.88 (m), 0.91 (m), 1.21 (m), 1.27 )m), 1.34 

(m), 1.44 (m), 1.49 (m), 1.77 (m), 2.16 (m), 2.20 (m). 

2H NMR (CDCl3) δ 0.78 (m, 6.7D), 1.18 (m, 8.2D), 1.28 (m, 4.0D), 1.44 (m, 4D), 

1.58 (m, 3.57D), 2.14 (3.0D). 

13C NMR (CDCl3) δ 12.7 (m), 21.1 (m), 26.9 (m), 29.7 (m). 

31P NMR (CDCl3) δ 32. 

ESI-MS [M+1] m/z 552. Isotopic distribution 96% D level, d63 6.7%, d64 14.8%, d65 

23.0%, d66 25.9%, d67 20.3%, d68 9.2%. 

 

Synthesis of deuterated trihexyl(tetradecyl)phosphonium-d68 bis(2,4,4-

trimethylpentyl) phosphinate (10): 

To a warm (55 ºC) mixture of trihexyltetradecyl phosphonium chloride-d68 8 (6.2 

g, 11.25 mmol) and bis(2,4,4-trimethylpentyl)phosphinic acid 9 (3.5 g, 12.06 mmol, 85% 

pure supplied by CYANEX® 272 (Cytec Industries), prewashed with 20% NaOH 

followed by 20% H2SO4 and dried) in water (10 ml deionised water) was added slowly 

NaOH (0.450 g, 11.25 mmol of 25% aqueous solution) and the reaction mixture was 

stirred for 1 hr at the same temperature. Hexane (30 mL) was added to the reaction and 

left to stir for another 5 min. Organic layer was separated and evaporated under vacuum 

to give pale yellow coloured liquid, which was purified on 10 cm silica bed using a 

gradient solvent system, 100 ml of hexane, 100 ml of 25% ethyl acetate in hexane and 

100 ml of 100% ethyl acetate. Pure compound was eluted in 100% ethyl acetate, solvent 

evaporated under reduced pressure to give colourless liquid 10 (3.6 g, 4.28 mmol, 38% 

yield, deuteration level 96%). 
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1H NMR (CDCl3) δ 0.85 (m, 0.6H), 0.93 (s, 9H), 0.94 (s), 1.12 (m, 4H), 1.20-1.39 

(m, 3.17H), 1.46 (m, 0.6H), 1.57 (m, 1H), 1.99 (m, 1H), 2.40 (d, 3H), 3.56 (m, 1H). 

2H NMR (CDCl3) δ 0.81 (m), 1.19 (m), 1.43 (m), 2.38 (m). 

13C NMR (CDCl3) δ 13.0 (m), 18.52 (s), 18.97 (s), 28.36 (m), 29.78 (m), 30.36 (s), 

31.21 (s), 41.93 (s), 42.79 (s), 50.31 (s), 58.2 (s). 

 31P NMR (CDCl3) δ 36.5 (m), 32.8 (s). 

ESI-MS [M+1] m/z 552. Isotopic distribution 96% D level, d63 6.7%, d64 14.8%, d65 

23.0%, d66 25.9%, d67 20.3%, d68 9.2%. 

 

Figure S3. 1H NMR of compound 3 in CDCl3. 
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Figure S4. 2H NMR of compound 3 in CDCl3. 

 

 

Figure S5. 13CNMR of compound 3 in CDCl3. 
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Figure S6. 1H NMR of compound 4 in CDCl3. 

 

Figure S7. 2H NMR of compound 4 in CDCl3. 
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Figure S8. 13C NMR of compound 4 in CDCl3. 

 

Figure S9. 1H NMR of compound 6 in CDCl3. 
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Figure S10. 2H NMR of compound 6 in CDCl3. 

 

Figure S11. 13C NMR of compound 6 in CDCl3. 
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Figure S12. 31P NMR of compound 6 in CDCl3. 

 

 

Figure S13. ESMS m/z 364 [M+Na] of compound 6. 

M+Na
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Figure S14. 31P NMR of compound 7 in CDCl3 showing the product peak at -33.6 ppm and some 

impurity peak at -70.5 ppm. 

 

 

Figure S15. 1H NMR of compound 8 in CDCl3. 
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Figure S16. 2H NMR of compound 8 in CDCl3. 

 

 

Figure S17. 13C NMR of compound 8 in CDCl3. 
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Figure S18. 31P NMR of compound 8 in CDCl3. 

 

 

Figure S19. ESMS m/z 552 [M+1] of compound 8. 

M+1
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Figure S20. 1H NMR of compound 10 in CDCl3. 

 

 

Figure S21. 2H NMR of compound 10 in CDCl3. 
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Figure S22. 13C NMR of compound 10 in CDCl3. 

 

 

Figure S23. 31P NMR of compound 10 in CDCl3. 
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Figure S24. ESMS m/z 552 [M+1] cationic part of the compound 10. 
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