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Summary 

The lifespan and efficiency of various types of machinery is often limited by the performance 

of its lubricated interfaces, which are formed by two interacting surfaces and a lubricant that 

separates the surfaces to decrease friction and wear. There is a constant quest for more 

efficient lubricants capable of lubricating non-ferrous surfaces. Ionic liquids (ILs) possess 

many unusual physicochemical properties compared to molecular liquids including, but not 

limited to, high polarity, high conductivity, high thermal stability, and a wide liquid range. 

Such properties are essential for formulating lubricants for interfaces in challenging 

applications such as in aerospace and wind turbines.  Some ILs have recently shown 

promising performance in lubricating lightweight non-ferrous alloys and hard coatings, 

among other materials. However, most of the widely studied ILs contain anions with fluorine, 

such as [BF4]- and [PF6]-, and are prone to hydrolysis, releasing toxic HF, among other 

corrosive products. In this work, we designed, synthesized, and thoroughly characterized a 

number of hydrophobic ILs based on halogen-free and hydrolytically-stable orthoborate 

anions and different classes of cations such as pyrrolidinium and imidazolium. The potential 

of these ILs to efficiently lubricate ferrous and non-ferrous interfaces was investigated. 

The work was planned and carried out through the following steps:  

 Design, synthesis and purification of novel, halogen-free, boron-based ionic liquids 

(hf-BILs). 

 Physicochemical characterization of the synthesized compounds by liquid-state (1H, 
13C, and 11B) and solid-state (13C and 11B) nuclear magnetic resonance (NMR) 

spectroscopy, Karl Fischer titration, mass spectroscopy, elemental analysis, 

inductively coupled plasma mass spectrometry (ICP-MS), thermal analysis (TGA, 

DSC), powder X-ray diffraction, density and rheological measurements. 

 Evaluation of their lubrication performance using ball-on-disc tribometers. 

 Analysis of the lubricated surfaces using Scanning Electron Microscopy coupled with 

X-ray Energy Dispersive Spectroscopy (SEM/EDS) and a stylus profilometer. 
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A detailed description of the results obtained for selected classes of ILs is given below:  

I. Nine novel ILs of N-alkyl-N-methylpyrrolidinium bis(salicylato)borate 

([CnC1Pyrr][BScB]) were synthesized and physicochemically characterized. They are 

solids at room temperature and some of them behave as plastic crystals. Some of these 

compounds were tested as neat lubricants in steel-steel interfaces at 423 K, i.e., above 

their melting points. The tested compounds showed significantly better anti-wear and 

friction-reducing performance compared with 5W40 engine oil. 

II. Eight novel, room-temperature N-alkyl-N-methylpyrrolidinium bis(mandelato)borate 

([CnC1Pyrr][BMB]) ILs were synthesized and physicochemically characterized. Their 

lubrication potential as 3 wt% additives in polyethylene glycol (PEG) was evaluated in 

steel-steel interfaces at room temperature. Considerably better anti-wear and friction-

reducing properties were achieved when compared with neat PEG and 5W40 engine 

oil. 

III. Three novel, room-temperature 1-alkyl-3-methyl-imidazolium bis(mandelato)borate 

([CnC1Im][BMB]) ILs were synthesized and physicochemically characterized. 

IV. A room-temperature trihexyltetradecylphosphonium bis(oxalato)borate 

[P6,6,6,14][BOB] IL, was evaluated as a neat lubricant for alumina-steel and sapphire-

steel interfaces at room temperature. [P6,6,6,14][BOB] provided lower friction and wear 

compared with 5W40 engine oil. 
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1. Introduction                                                                                                                       

1.1 Tribology 
 

riction, the force resisting relative motion between objects, has posed a great challenge 

for mankind throughout history. The need to overcome friction was recognized by 

ancient civilizations. Water, natural oils and grease were used to reduce friction between 

moving objects. For example, during 2400 BCE the ancient Egyptians moistened the sand 

under their sleds to reduce friction while transporting heavy pyramid stones. The mechanisms 

of friction and frictional forces were studied systematically by Leonardo da Vinci (1452–

1519). His drawings show different mechanical moving parts and mechanisms to reduce 

friction (Figure 1.1). Interestingly, some of these friction-reducing mechanisms, such as 

bearing elements, have been adapted and are still in use today [1]. 

 

Figure 1.1 Examples of Leonardo da Vinci’s sketches related to friction. Adapted from [1]. 
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In 1966, H. Peter Jost published his famous report, the “Jost Report,” in which the energy 

losses caused by friction and wear were highlighted. Furthermore, the word “tribology” was 

coined for the first time and was used to refer to the science of friction, wear and lubrication 

[2, 3]. Subsequently, great effort has been devoted to finding solutions for tribological 

challenges and, indeed, to minimize energy losses. The idea of reducing energy losses caused 

by friction and wear is obvious. However, the tribological challenges have yet to be 

completely solved. Thus, a considerable amount of energy is still being consumed in different 

sectors to overcome the problem of friction and to replace worn engineering surfaces.  

Considering passenger cars as an example, the fuel energy is dissipated over different 

mechanisms (Figure 1.2). Recent studies show that ca. 33% of the energy losses in passenger 

cars are due to friction. Friction losses in passenger cars can be categorized into three main 

categories [4]:  

 Friction losses in the engine and transmission (ca. 17% of the total energy losses). 

 Friction losses in the tires (ca. 11% of the total energy losses). 

 Friction losses in braking (ca. 5% of the total energy losses). 

 

Figure 1.2 Illustration of energy dissipation in passenger cars. Speed is approximated as 60 
km h-1. Adapted from [4]. 
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However, the above-mentioned friction losses can be minimized to some extent using 

different approaches. For example, the friction losses in engine and transmission systems, ca. 

17%, can be minimized by proper design of the interfaces formed in such systems. The design 

of interfaces includes selection of materials, geometry, surface topography and lubrication 

technologies. One way to reduce friction and wear is by applying proper lubricant 

formulations. Lubrication also helps to reduce environmental impact, maximize service life 

and optimize energy efficiency.  The growing importance of these criteria is expected to lead 

to more extensive use of high-performance lubricants and lubricant additives. 

 

1.2 Lubrication Regimes 

Sliding lubricated contacts can be described by their lubrication regimes, which are 

conveniently divided into three types: Hydrodynamic or full film lubrication (HL), Mixed 

Lubrication (ML) and Boundary Lubrication (BL) (Figure 1.3).  

Hydrodynamic lubrication (HL):  

In this regime, both friction and wear are at the minimum level. The lubricant completely 

separates the sliding surfaces. Internal fluid friction alone determines the tribological 

characteristics. In this regime, the load is carried entirely by the lubricant film. The thickness 

of hydrodynamic film increases slightly, when viscosity and speed increase or the load 

decreases.  

Mixed lubrication (ML): 

In the mixed lubrication regime, a film of the lubricant is still generated between the sliding 

surfaces but some asperities are placed in the contact. As a result, the load is carried out by 

both the lubricant film and the surface asperities. The degree of asperity contact in this regime 

increases with lowering lubricant viscosity and/or speed. 
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Boundary lubrication (BL): 

At slow speeds and heavy loads, hydrodynamic lubricant pressure is often insufficient to 

separate sliding surfaces. In this regime, the load is carried by the surface asperities, resulting 

in high friction and wear.  

 

 

Figure 1.3 Stribeck curve representing lubrication regimes: (a-b) boundary lubrication, (b-c) 
mixed lubrication and (c-) hydrodynamic lubrication. 
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1.3 Boron-based Lubrication 

Boron-containing compounds are generating growing interest for different industrial 

applications such as for use as coatings [5], semiconductors [6], pharmaceuticals [7] and 

additives to lubricants [8].  Boron-containing compounds have already been proven as 

lubricants in other applications, e.g., as solid lubricants (boric acid) and hard coatings (boron 

nitride). The outstanding tribological performance of some boron-containing compounds can 

be attributed to two main characteristics. Firstly, in the presence of nitrogen and oxygen, 

boron interacts with these elements, forming boron nitride (BN) and boron trioxide (B2O3), 

which are known for their friction- and wear-reducing capability (Figure 1.4). 

 

Figure 1.4 Lamellar structure of hexagonal boron nitride (A) and glassy structure of boron 
trioxide (B). Adapted from [9].  

 

Secondly, boron can react with metal surfaces, forming super hard metal borides that reduce 

wear. Under the temperature and pressure of typical lubrication conditions, boron-based 

lubricant additives tend to break down into reactive boron-containing fragments. These 
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fragments interact with tribological materials at lubricated interfaces, forming boron-

containing tribofilms, which are essential to reducing friction and protecting surfaces against 

wear.  

 

1.4 Challenges in Tribochemistry  
Currently used lubricant additives are predominantly organic and inorganic compounds, 

which are added to base oils in different quantities to improve lubricant properties and 

performance. Under severe operating conditions with high contact pressure and temperature, 

often the case in boundary and mixed lubrication regimes, these additives undergo 

decomposition, producing reactive moieties. The reactive moieties either adsorb or chemically 

react with the contacting surfaces, forming tribofilms, which are essential to controlling 

friction and reducing wear. The reactivity of these moieties with tribological surfaces is 

crucial and has to be optimized for the best performance in terms of wear and friction. For 

example, low concentrations of additives may lead to low performance of the lubricant, while 

too high concentrations may cause corrosion in the tribological systems. Lubricant technology 

is affected by different factors, including requirements for high performance, health and 

environment risks, costs and novel technology development issues. All of these factors must 

be considered when designing any novel lubricant and lubricant additives.  

Conventional lubricants currently pose three main challenges [10-12]: 

 Most have been designed and optimized for ferrous materials and provide poor 

performance in modern machine components made of non-ferrous materials. An 

increasing trend towards the use of non-ferrous wear-resistant and lightweight 

materials calls for the development of novel lubricant formulations.  

 Environmental and health issues are still a challenge for most conventional lubricants. 

Most of them are mixed with additives containing large amounts of sulfur, phosphorus 

and heavy metals. Zinc dialkyldithiophosphates (ZnDTPs), for example, have been 

extensively used as anti-wear lubricant additives over the last seven decades. The 

presence of zinc and large amounts of sulfur and phosphorus in ZnDTPs degrades the 

exhaust catalytic systems of automobiles. This degradation results in the release of 
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toxic exhaust gases such as carbon monoxide (CO), sulfur oxides (SOx), nitrogen 

oxides (NOx) and ash particles. The negative impacts of the conventional lubricants 

call for new, efficient, environmentally friendly substitutes.  

 In some applications, such as in electric motors, the electrical conductivity of the 

lubricants is crucial. The risk of electric spark discharge is significant when insulating 

lubricants are used. The spark discharge is considered a great challenge of many 

tribological systems, such as the systems in wind turbines and trains, to name a few. 

The discharge causes electrical pitting and erosion of the tribological surfaces, 

producing uneven raceways (Figure 1.5). This, in turn, results in vibration and noise 

during operation and then malfunction. Replacing insulating passive lubricants with 

active conductive lubricants may significantly reduce the risk of spark discharge and 

thus protect lubricated surfaces from damage. 

 

Figure 1.5 Illustration of spark discharge and surface damage of a ball bearing lubricated with 

insulating lubricants. Adapted from [12].  

 

The electrical conductivity of lubricants is traditionally enhanced by adding metallic or alkali 

metallic additives. However, these additives have negative consequences that can hinder the 

ability of lubricants to fulfill their functions. For example, particle additives are known to 
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cause abrasive wear to tribological surfaces [13]. One potential solution is the use of 

lubricants that are electrically conductive by nature, such as ionic liquids (ILs).  

In this work, novel halogen-free, boron-containing ILs are presented as part of the solution of 

the briefly discussed problems. Because of the outstanding tribochemical properties of some 

of these novel ILs, it seems feasible that they may replace most conventional lubricants and 

lubricant additives in the very near future. 

 

1.5 Research Objectives 
Based on a review of the literature and present demands for novel ILs, the main objectives of 

this work are: 

 To design and synthesize novel, hydrophobic, hydrolytically stable, halogen-free, 

boron-based ILs to replace halogen-containing ILs that have been successfully tested 

in lubrication.  

 To determine the physicochemical properties of the novel ILs. 

 To evaluate their tribological performance either as lubricants or as lubricant additives 

in comparison with 5W40 engine oil and polyethylene glycols (PEG) oil. 

 To understand the correlation between the three vertices (chemical structure, physical 

properties, lubrication performance) of ILs. 
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2. Ionic Liquids 

2.1 Definition 

 

onic Liquids (ILs) are defined in different ways such as “molten salts with melting points 

below, or close to, 373 K” [14] or “a molten salt containing ions and ion pairs” [15]. 

There are many synonyms for ILs such as ionic fluids, molten salts, liquid organic salts or 

fused salts. Among these synonyms, “molten salts” is the most commonly used for ionic 

compounds that are in the liquid state at room temperature. 

 

2.2 Properties of Ionic Liquids 

Properties of ILs are strongly affected by different factors, such as chemical structure, 

chemical composition of the ionic moieties, intermolecular and interionic interactions and the 

IL’s purity. Therefore, designing an IL for a specific application requires a detailed 

understanding of the relationship between IL structure and its functional properties. 

Some of outstanding properties of ILs are given below [14]: 

 Negligible volatility 

 Non-flammability 

 High polarity 

 High ionic conductivity 

 High thermal stability, most ILs are stable up to ca. 500 K and some ILs do not 

decompose even at ca. 700 K.  

 Ability to dissolve many different organic, organometallic and inorganic compounds 

 ILs can be functionalized for specific applications by combining selected types of 

cations and/or anions. 

I 
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2.3 Applications of Ionic Liquids 

ILs, due to their unique properties, have already received significant attention for a variety of 

applications, e.g., as green recyclable solvents to replace traditional molecular solvents [16], 

as catalysts [17], as electrolytes in batteries [18] and solar cells [19], as active pharmaceutical 

ingredients [20], as alternatives to traditional organic diluents for solvent extraction of metal 

ions [21], as functional materials [22], as solvents for biomass pretreatment [23] and, recently, 

as advanced lubricants and lubricant additives [24]. The ability to custom design ILs keeps the 

door open for developing additional IL-based innovations for various applications (Figure 

1.6). 

 

Figure 1.6 Applications of ionic liquids.  

 

2.4 Historical Overview of Ionic Liquids 

The date and identity of the discoverer of the first IL are still disputed. The chemistry of ILs 

can be traced back to the second half of the nineteenth century. In 1877, Friedel and Crafts 

noticed that a liquid phase referred to as “red oil” often separated during alkylation or 
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acylation reactions of aromatics (Friedel-Crafts reactions) [25]. Almost a century later, the 

secrets of the “red oils” were revealed by Japanese chemists. The “red oil” was an IL that 

consisted of an alkylated aromatic cation, 1,3,5-tri alkylbenzenes, and chloroaluminate anion 

[AlCl4]- [26]. In 1888, Gabriel and Weiner described ethanolammonium nitrate 

([C2H5ONH3][NO3]), a protic IL with a melting point ca. 328 K [27]. Other salts with low 

melting points were synthesized and studied by the end of the nineteenth century. Trowbridge 

and co-authors reported different halides of pyridine (C5H5N), some of which possessed 

melting points below 273 K; these salts were classified as ILs according to the modern 

definition [28-30]. In 1914, Walden described another room-temperature molten salt also 

containing the nitrate anion ([NO3]-) and a slightly different cation, ethylammonium [31]. 

Walden reported the physical properties of ethylammonium nitrate ([C2H5NH3][NO3]), which 

has a melting point of ca. 285 K. It is synthesized by the reaction of ethylamine 

(CH3CH2NH2) with concentrated nitric acid (HNO3). Later, Hurley and Weir prepared another 

molten salt by mixing and warming 1-ethylpyridinium chloride (C7H10NCl) with aluminum 

chloride (AlCl3) [32]. In 1978, Osteryoung described ILs that were prepared by quaternization 

of a heterocycle and forming mixtures with AlCl3 [33]. The first generations of ILs, however, 

were difficult to handle and limited in their applications for different reasons, such as 

sensitivity to air and moisture, low chemical stability and high viscosity. Great attention has 

been devoted to overcoming these challenges and some of them could be mitigated, e.g., more 

air- and moisture-stable ILs could be synthesized. These ILs attracted auxiliary attention for 

use in different applications. In 1992, Wilkes and Zaworotko reported the synthesis of air- and 

moisture-stable dialkylimidazolium-based ILs. The authors claimed that by using 

hydrolytically-stable anions such as tetrafluoroborate ([BF4]-), hexafluorophosphate ([PF6]-), 

nitrate ([NO3]-), sulfate ([SO4]-2) or acetate ([C2H3O2]-), one can probe air- and moisture-

insensitive ILs [34]. Subsequently, the number of alternative ILs exhibiting greater air and 

moisture stability rapidly increased. ILs containing more hydrophobic anions, such as 

bis(trifluoromethanesulfonyl)imide ([NTf2]-), trifluoromethanesulfonate ([CF3SO3]-), and 

tris(trifluoromethanesulfonyl)methide ([(CF3SO2 )3C]-), were reported [35-37]. Some of the 

key dates in the history of ILs are summarized in Table 1.1. The belief that ILs with halogen-

containing anions are moisture-insensitive prevailed until contrary findings were reported in 

2003 [38, 39]. Halogen-containing anions were found to be sensitive to moisture and may 

hydrolyze in humid conditions. Products of their hydrolysis, such as hydrofluoric acid (HF) 
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and other reactive compounds, are corrosive and toxic species that may also pollute the 

surrounding environment [38, 39]. Thus, efforts have been made to develop new generations 

of ILs, although the criteria for this new generation of ILs are enormous. They must be air and 

moisture stable, biodegradable, environmentally friendly, task specific, and non-toxic, among 

other properties. Simply stated, they are expected to be 21st century fluids and much more.  

Table 1.1 Some of the key dates in the history of ILs. 

Year The Scientist/s IL/s The incident Ref. 

1888 

S. Gabriel 

& 

J. Weiner 

[Ethanolammonium][nitrate] 
The first example of a protic 
IL with melting point below 

373 K 
[27] 

1895-
1897 

P. Trowbridge 

& 

co-workers 

[Pyridinium][halides] 
The first example of 

pyridine-based IL with 
melting point below 373 K 

[28-
30] 

1914 P. Walden [Ethylammonium][nitrate] 
The first RTIL with melting 

point ca. 285 K 
[31] 

1934 C. Graenacher [1-ethylpyridinium][chloride] 
The IL was used to dissolve 
cellulose and had melting 

point ca. 391 K 
[40] 

1951 

F. H. Hurley 

& 

T.P. Wier 

Mixture of aluminum chloride and 
ethylpyridinium halides 

The mixtures of the salts 
were molten at RT and the 

melts were used as 
electrolytes for the 
electrodeposition of 

aluminum 

[41] 

1961 H. Bloom Molten alkali chlorides 
The term “ionic liquids” was 

first used 
[42] 

1963 J.T. Yoke III [Triethylammonium][dichlorocuprate (I)] RTIL [43] 

1964 J.E. Gorden [Tetraalkylammonium][nitrates] 
RTILs could be interesting 
media for organic reactions 

[44] 

1972 G.W. Parshall 
[Tetraethylammonium][trichlorogermane] 

[Tetraethylammonium][trichlorostannate] 

RTILs can be used for 
catalysis 

[45] 

1980 J.S. Wilkes et al. [Dialkylimidazolium][chloroaluminate] The first imidazolium-based 
IL with favorable physical 

[46] 
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properties and wider 
electrochemical windows 

than the earlier melts 

1981 J.F. Knifton [Tetrabutylphosphonium][bromide] 
RTILs can be used in the 

synthesis of ethylene glycol 
[47] 

1982 

C.F. Poole 

& 

co-workers 

[Ethylammonium][nitrate] 
The use of ILs in gas- 

ethylammonium nitrate 
liquid chromatography 

[48] 

1984 
D. K. Magnuson et 

al. 
[Ethylammonium][nitrate] 

The first study of IL-enzyme 
systems 

[49] 

1992 

J.S. Wilkes 

& 

M.J. Zaworotko 

[1-ethyl-3methylimidazolium] 
[hexafluorophosphate] / [tetrafluoroborate] 

ILs believed to be air- and 
moisture-stable 

[34] 

1997 

 

K.R. Seddon 

 

[1-butylpyridinium chloride][aluminium 
(III) chloride] 

Use of ILs as solvents for 
clean technology 

[50] 

J. Howarth et al. 1,3-dialkylimidazolium based ILs Chiral ILs were introduced [51] 

1999 Opening of the Queen’s IL laboratory (QUILL) research center in Belfast, Northern Ireland 

2000 
“Green Industrial Applications of ILs”, a NATO (North Atlantic Treaty Organization) advanced workshop,  Crete 

island, Greece 

2001 C. Ye et al. 
[1-ethyl-3-

methylimidazolium][tetrafluoroborate] 

ILs were tested for the first 
time as lubricants for 

different contacts 

ILs were presented as 
promising versatile 

lubricants 

[52] 
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2002 

R.D. Rogers 

& 

co-workers 

1,3-dialkylimidazolium-based ILs 
Ionic liquids can dissolve 

cellulose 
[53] 

2003 

R.D. Rogers 

& 

co-workers 

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

It is doubed that halogen-
containing ILs are green 

[38] 

2004 

S. Hayashi 

& 

H.-O. Hamaguchi 

[1-butyl-3-methylimidazolium][Iron(4+) 
tetrachloride] 

Discovery of a paramagnetic 
IL 

[54] 

2005 

The 1st International congress on ILs (COIL-1), Salzburg, Austria 

H. Ohno 

& 

co-workers 

[1-ethyl-3-methylimidazolium] 

[Amino acids based anions] 
ILs from natural amino acids [55] 

2006 M.J. Earle et al. 
[1-ethyl-3-methylimidazolium] 

[bis(trifluoromethylsulfonyl)amide] 
Some ILs are volatile and 

can be distilled 
[56] 

2007 

The 2nd International congress on ILs (COIL-2), Yokohama, Japan 

E.F. Borra et al. 
[1-ethyl-3-methylimidazolium][ethyl 

sulfate] 

The use of  ILs for 
deposition of metal films for 

a lunar telescope 
[57] 

2008 S. Schneider et al. 
[1-alkyl-3-

methylimidazolium][Dicyanamide] 
ILs can be used as 
hypergolic fuels 

[58] 

2009 

The 3rd International congress on ILs (COIL-3), Cairns, Australia 

J. Texter 

& 

co-workers 

[1-ethyl-3-methylimidazolium] [triflate] 

[1-ethyl-3-methylimidazolium] 
[tetrafluoroborate] 

ILs can be used as functional 
additives to polymer chains 

or to hybrid materials 
[59] 

2010 M. Hayyan et al. [Choline][Chloride] 
Using ILs for separating 

glycerin from palm oil-based 
biodiesel 

[60] 

2011 
The 4th International congress on ILs (COIL-4), Washington, United States 

S. Dai 1,3-dialkylimidazolium based ILs IL-based extraction as 
promising strategy for 

[61] 
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& 

co-workers 

advanced 

nuclear fuel cycle 

F.U. Shah et al. Chelated orthoborates based ILs 
Halogen-free ILs in 

lubrication 
[62] 

2012 Ž. Petrovski et al. ILs based on ampicillin anion [Amp]- 
Synthesis of novel IL-based 

pharmaceutically active 
ingredients 

[63] 

2013 

The 5th International congress on ILs (COIL-5), Algarve, Portugal 

 

Z. Ma et al. 

 

[1-aminopropyl-3-methylimidazolium] 
[chloride] 

ILs can be used to 
functionalize graphene 

 

[64] 

 

 

 

2014 

R. Atkin 

& 

co-workers 

[1-hexyl-3-methylimidazolium][ 
tris(pentafluoroethyl)trifluorophosphate] 

IL lubricant enables 
superlubricity to be switched 
on  by applying an electrical 

potential 

[65] 

2015 

 

A. Balducci 

& 

co-workers 

 

Azepanium based ILs 
Azepanium-based ionic 
liquids for high voltage 

supercapacitors 
[66] 

The 6th International congress on ILs (COIL-6), Jeju, Korea 

 

The growing interest in ILs is represented by the increase in the number of publications on 

ILs ranging from ca. 550 publications in the year 2000 to more than 5000 papers published in 

2014 (Figure 1.7).  
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Figure 1.7 Annual growth in IL publications (2000-2014) (source: Scopus; key word: ionic 
liquids). 

 

2.5 Chemistry of Ionic Liquids 

ILs are compounds with at least two ionic constituents. This means that there are ILs that 

comprise more than two constituents, such as mixtures of ILs or ILs with doubly charged 

cations [67]. However, only the two-constituent combinations of one anion and one cation 

will be discussed in this thesis since they are currently the most promising ILs used in 

lubrication. The cationic moiety normally present in ordinary salts such as sodium chloride 

([Na][Cl]) is inorganic in nature. However, sodium chloride is not defined as an IL simply 

because its melting point is ca. 1073 K, which is much higher than that of ILs. However, by 

replacing a small inorganic cation with a larger and less symmetric organic cation, the melting 

point of the resulting salt can drop dramatically [14]. The bulky, functionalized cations in ILs 

often have a complex structure and, consequently, they are given complicated names and 

abbreviations. As the debate about the definition of an IL has continued for quite some time, 
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so has the debate on the way of naming and abbreviating them. To date, no consensus on a 

standard for IL nomenclature has been achieved by the scientific community. Therefore, the 

nomenclature used by J.P. Hallett et al. [68] will be used in this work. Cations will be 

abbreviated in different forms such as [CnCmX] or [Xk,l,m,n]. The “C” indicates different alkyl 

chains, the (k,l,m,n) subscripts indicate the number of methylene units of the different alkyl 

chains. The “X” denotes the molecular scaffolding of the cation, “Pyrr” for pyrrolidinium, 

“Im” for imidazolium, “Py” for pyridinium, “Pip” for piperidinium, “P” for phosphonium and 

“N” for ammonium. Figure 1.8 shows the molecular structures of the most commonly studied 

cations in ILs. In this work, three classes of cations, functionalized with alkyl chains of 

different lengths, were studied: N-alkyl-N-methylpyrrolidinium [CnC1Pyrr]+, 1-alkyl-3-

methylimidazolium [CnC1Im]+ and tetraalkylphosphonium [Pk,l,m,n]+.  

N
+

CH3 R n

N-alkyl-N-methylpyrrolidinium

[CnC1Pyrr] +

N N+
CH3

R n

1

2

3

4 5

1-alkyl-3-methylimidazolium

N N
+

CH3
R n

CH3

[CnC1Im]
+

1-alkyl-2,3-dimethylimidazolium

[CnC1C1Im]
+

1

2

3

4 5

N
+

R nCH3

N-alkyl-N-methylpiperidinium

[CnC1Pip]+

N
+

R n

N-alkylpyridinium

[CnPy]
+

P
+

R L

R m

R n

R k

Tetraalkylphosphonium  

[Pk,l,m,n]
+
 

N+

R L

R m

R n

R k

Tetraalkylammonium

[Nk,l,m,n]
+

S
+

R k R L

R m

Trialkylsulfonium  

[Sk,l,m]
+

N
+

S

R n

N-alkylbenzothiazolium

Rn = CnH2n+1
Rm = CmH2m+1

Rk = CkH2k+1 RL = CLH2L+1, , ,  

Figure 1.8 The structure of some common cations used in ILs. 
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The nature of the anion in an IL has a great impact on its properties, i.e., there is a major 

difference between ILs containing similar cations but different anions. Indeed, the availability 

of different anions results in a cumulative number of ILs with various properties. Anions of an 

IL can be either organic or inorganic ions. Commonly used anions in ILs often include 

halogens thought to be essential because of their electronegative nature. The anion often 

includes halogens thought to be present for their electronegative nature. Halogens in ILs can 

be present either in the form of (i) single halide anions ([Cl]-, [Br]-, [I]-), (ii) as complex 

anions ([BF4]-, [PF6]-) or (iii) as halide-containing groups in more complicated anions, such as 

the [PF3(CF2-CF3)3]- anion. However, the environmental burden and toxic effect of certain 

halogenated anions in some ILs highlights the crucial need for halogen-free anions. Figure 1.9 

shows the chemical structure of the most commonly studied anions in ILs. 

 

Figure 1.9 The structure of some common anions used in ILs. 



Introduction Chapter 1 

 

19 

 

The physicochemical properties, and thus the performance, of ILs can be tuned by the 

selection of specific “cation-anion” combinations. In order to obtain the desired properties and 

performance from an IL, it is very important to perform proper functionalization and identify 

an appropriate combination of ions. Indeed, in most cases, blind or random choices may result 

in undesired results or even failure. Understanding the relationship between the structure and 

properties of ILs is the key factor to designing task-specific ILs for different applications [69, 

70]. To a large extent, the intermolecular interaction between ions controls both the structure 

and the properties of ILs [71]. Intermolecular and interionic interactions in ILs are rather 

complex and not yet fully understood. Currently, computational methods such as molecular 

dynamics simulations (MDS) are one of the most effective tools to obtain important 

information on the structure and interactions of ions in ILs [72]. 

 

2.6 Synthesis of Ionic Liquids 

As interest in ILs grows and the number of available ILs increases, the variety of synthetic 

methods for producing them is also increasing. Only an overview about IL synthesis is given 

in this thesis. Generally, the synthesis protocols of ILs can be categorized into two main 

classes: 

 Covalent bond formation/breakage reactions. 

 Ion exchange reactions. 

The former category includes acid-base neutralization and nucleophilic reactions. The second 

category of reactions includes salt metathesis reactions, ion exchange columns or Brønsted-

Lowry acids reactions. The protocols for IL synthesis are not always described in detail in the 

literature and, therefore, reactions can be carried out using different approaches. Sometimes 

different research groups may have different preparation methods for the same IL. For 

example, different synthetic protocols for  the same orthoborate-based  ILs have been reported 

[73, 74].  This, in turn, makes it difficult to predict the advantages of one synthetic method 

over another. When synthesizing an IL, there are always challenges that should be taken into 

account; some are universal for all synthetic methods and some are specific for certain 
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methods of synthesis. One example of a universal challenge in IL synthesis is development of 

appropriate protocols for production of ultra-pure ILs [75]. 

 

2.6.1 Covalent Bond Formation/Breakage Reactions 

To minimize side or degradation reactions, which usually take place during the formation or 

breakage of covalent bonds, the reactivity of starting reagents, the atmosphere and the solvent 

in which reactions take place must be considered. Covalent bond formation/breakage 

reactions are usually accomplished by drop-wise addition of reactants, using dry, appropriate 

solvents (as traces of water are undesirable), cooling the reaction mixture in the case of an 

exothermic reaction, and performing the reactions in an inert atmosphere of nitrogen or 

helium gases to avoid oxygen gas.  

 

2.6.1.1 Nucleophilic Substitution Reaction 

A nucleophilic substitution reaction requires a nucleophile (electron pair donor) and an 

electrophile (electron pair acceptor) with an appropriate leaving group. Alkyl halides are the 

most commonly used alkylation agents in the synthesis of cations for ILs, although other 

compounds, such as substituted sulfonate [RSO2O]-, phosphate [PO4]-3, sulfate [SO4]-, 

carbonate [CO3]-2  and tosylate [C7H7O3S]-, have also been used in nucleophilic substitution 

reactions [76, 77]. The reactivity of the alkylating agent is influenced by the nature of the 

leaving group (usually, halides) and the complexity of the side chain, e.g., the length and 

branching of the side alkyl chains. When it comes to leaving groups, which are often 

halogens, the most reactive one is [I]- followed by [Br]- and [Cl]-. This, of course, influences 

the yield and duration of the nucleophilic substitution reactions. A standard method of 

nucleophilic substitution usually, in tertiary amines or phosphines, is the addition of a suitable 

alkyl halide to a desired organic N- or P- compound, such as N-methylpyrrolidine, N-

methylimidazole, trialkyl amine or trialkyl phosphine, to name a few examples [77, 78]. The 

synthesis is usually performed by drop-wise addition of a stoichiometric amount of a suitable 

alkyl halide to a cooled reaction vessel containing the nucleophile with [79] or without [80] a 



Introduction Chapter 1 

 

21 

 

solvent. A general schematic representation of nucleophilic substitution is shown below 

(Reaction 1). 

 

 

                                       Reaction (1) 

 

                                                        

After the complete addition of the electrophile into the reaction mixture, the reaction mixture 

is usually heated up with constant stirring to complete the reaction. The temperature and 

duration of the reaction vary depending on the reactivity of the reactants. 

In this work, nucleophilic substitution reactions were performed to functionalize N-

methylpyrrolidine and 1-methylimidazole with alkyl chains of different lengths.  Different 

considerations must be taken into account during nucleophilic substitution reactions, 

including carrying out the reaction under an inert atmosphere (in dry nitrogen or argon gas) in 

order to avoid the presence of moisture during the reaction. Water may compete with the 

desired nucleophile reagent. The mechanism involves two steps: The first step is a simple 

nucleophilic substitution reaction as shown below (Reaction 2). 

 

       
Reaction (2) 

 

 

This reaction is usually rather slow because water is a weak nucleophile. In the second step, 

another water molecule removes one of the hydrogen atoms attached to the oxygen in the 

H2O+-R intermediate, producing alcohol and hydronium ([H3O]+) (Reaction 3). 

 



Introduction Chapter 1 

 

22 

 

 

    Reaction (3) 

               

It is essential to 

avoid overheating the nucleophilic substitution reaction in order to reduce the risk of 

degradation or competing side reactions. It is also important to keep in mind that some of the 

nucleophilic substitution reactions are exothermic and overheating might lead to “runaway” 

reactions [77]. Thus, these types of reactions must be handled under the mildest conditions 

possible. To reduce the risk of side reactions, solvents can be used to dilute the reaction 

mixture. The use of solvents will make the reactions safer, but, on the other hand, other 

concerns should be taken into account. Firstly, one has to ensure the use of high-purity and 

moisture-free solvents. Secondly, all solvents have to be removed after the reaction is 

completed. That, in turn, consumes more energy and time.  

2.6.2 Ion Exchange Reactions  

In some cases, the desired IL cannot be synthesized directly from the starting reagents (e.g., 

using nucleophilic substitution reactions). In this case, a salt of the desired cation can be 

synthesized via a nucleophilic substitution reaction. Then, the anion of the synthesized salt is 

exchanged with the desired anion in order to obtain an IL. This ion exchange is usually done 

either by the column method or by a salt metathesis reaction. In this work, only metathesis 

reactions, one of the most common methods for preparation of ILs, were used as the method 

for ion exchange. The general scheme of metathesis reactions is shown below (Reaction 4).  

 

                    Reaction (4) 

 

The metathesis reaction starts with an organic halide salt ([A][X]) containing the desired 

cation ([A]+). However, the source of the anion ([B]-) might vary depending on the nature of 

the desired anion in the resulting IL. Mainly, there are two methods of preparation of such 

types of ILs. Water can be used as a solvent in the preparation of hydrophobic ILs [81]. In this 
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case, equimolar amounts of the starting salts, [A][X] and [B][Y], are dissolved in the water 

phase and stirred. During stirring, ion exchange takes place and the desired IL is formed. The 

formed hydrophobic IL can be separated from the aqueous phase and extracted using a proper 

water-immiscible organic solvent such as dichloromethane DCM (CH2Cl2), followed by a 

simple phase separation, rotary evaporation of the solvent and then vacuum drying. It is worth 

mentioning that weighing and adding equimolar amounts of the starting materials for the 

metathesis reactions should be handled very accurately. Excess of any reagent will result in 

impurities of different types in the desired IL, which are difficult to remove. Miscalculating 

the weights of reagents needed for preparing the starting salts may result in the presence of 

reagents as impurities in these salts. For instance, one source of miscalculation of equimolar 

weights can be due to the presence of trapped water or solvent molecules in the structure of 

the starting salts used in the metathesis reactions. Accordingly, careful preparation of the salts 

and control of their purity before the metathesis reactions is crucial. This can be done by the 

following:  

 Careful selection of the starting reagents (as pure as possible) and purification and 

drying before use (if needed). 

 Recrystallization of the starting salts before using them in the metathesis reactions. 

 Careful drying of the starting salts to ensure maximum possible removal of water and 

solvent molecules.  

 Use of a properly calibrated analytical balance and careful weighing of all the 

reagents. 

 

2.7 Purification of Ionic Liquids 

Most of today’s commercially available ILs has a purity ranging from 90 to 99%. Some years 

ago, warnings were released on certain impurities’ enormous effects on the physicochemical 

properties and performance of ILs in different applications [82]. Both the nature and the 

amount of the impurities must be taken into account in the analysis of ILs used in specific 

application. For example, a widely-investigated IL, 1-ethyl-3-methylimidazolium 
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tetraflouroborate ([C2C1Im][BF4]), was claimed in different studies as being pure. However, 

different melting points of 288 K [34], 278.6 K [83], 285-285.5 K [84], 284 K [85] and 278.8 

K [86] were reported for [C2C1Im][BF4]. Another example is 1-butyl-3-methylimidazolium 

hexafluorophosphate ([C4C1Im][PF6]). A difference in viscosity of 140 mPas was reported for 

this IL studied in different research groups [87, 88]. Therefore, it is important to mention the 

quantities of trace elements and the nature of impurities when physicochemical properties or 

performance of an IL are reported. The presence of impurities in ILs does not only influence 

the physicochemical properties of the ILs and their stabilities but it may also have a negative 

impact on the system in which the ILs are used or on the surrounding environment [89]. 

Different factors may affect the purity of ILs, such as the purity of the starting reagents, the 

readiness of solvents and water to leave, cleanliness of the working environment and the 

preparation methods for the cations and anions of the ILs, to mention a few. Starting with the 

purest reagents and solvents possible is the first factor to consider when synthesizing high-

purity ILs. The starting materials are not always pure enough. They may contain impurities of 

different natures such as unreacted chemicals, decomposition products and traces of water or 

solvents. Therefore, additional purification procedures for the starting materials are perhaps 

needed before using them in the synthesis of ILs. The most common method to purify starting 

solid reagents is recrystallization from a suitable solvent followed by careful drying of the 

crystals. Liquid starting reagents can be purified via distillation and then additionally dried 

using drying agents such as activated charcoal and sodium sulfate [68, 77]. Proper separation 

of the final product from the rest of the unreacted reagents and by-products is one of the best 

practices for purification of ILs. Examples of these purification techniques are crystallization, 

liquid-liquid extraction, degassing and evaporation of solvents under vacuum. It is worth 

mentioning that the extremely low vapor pressure of ILs makes their purification via 

distillation impractical. When ILs are heated, they usually undergo decomposition before 

evaporation. Nevertheless, purification of some ILs by distillation has been reported [56, 90]. 

Purification of ILs that are solids at room temperature is commonly carried out by 

recrystallization. Impurities accumulated or generated during the preparation of ILs may be 

categorized into four main categories [75]:  
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 By-products as impurities 

 Unreacted reagents 

 Undesired traces of organic solvents and water 

 Products of decomposition and degradation of cations and anions 

 

2.7.1 By-products as Impurities  

By-products in IL synthesis are mostly inorganic salts, which are soluble in ILs.  However, 

the solubilities of alkali metal halides (e.g., NaCl, NaBr, LiCl), which are by-products of the 

metathesis reactions, in dry ILs are rather low, making them relatively easy to remove from 

ILs by simple washing. This, of course, does not mean that inorganic salts as by-products do 

not constitute any cause for concern, simply because ILs are not always completely dry and 

usually contain traces of water, which readily dissolves inorganic salts. In the case of 

hydrophobic ILs, inorganic salts as by-products of the metathesis reaction can be removed by 

washing with water during liquid-liquid extraction. By-products of inorganic salts present in 

hydrophilic ILs can be precipitated and filtered out by dissolving the IL in a water-immiscible 

organic solvent such as DCM [75].  

 

2.7.2 Unreacted Reagents 

Amines, alkyl halides and Brønsted acids are the most common examples of unreacted 

reagents found as impurities in ILs. Amines and/or other Lewis bases are known to have high 

affinity for ILs. The high boiling points of some amines makes it difficult to rid them from 

ILs using conventional purification methods. Harsher conditions such as elevated 

temperatures are usually needed which, in turn, would increase the risk of IL decomposition. 

However, sometimes, even applying harsh conditions is not sufficient to completely remove 

such impurities [75]. Alkyl halides or other alkylation agents are usually easier to remove 

from ILs. Therefore, these impurities can be eliminated either by vacuum drying under mild 

heat or by liquid-liquid extraction. Brønsted acid impurities in ILs mainly result from the 
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unreacted Brønsted acids used during the metathesis reactions. For example, carboxylic acids 

such as mandelic acid, salicylic acid, and oxalic acid used in the preparation of orthoborate 

anions may appear as impurities in the desired orthoborate ILs. Therefore, high purity and 

careful drying and weighing of starting salts for metathesis reactions is essential to prevent, to 

the extent possible, the desired ILs from contamination with such impurities. Washing the 

final product with distilled water may remove the unreacted carboxylic acids although this is 

not always sufficient for obtaining the highest purity ILs.  

 

2.7.3 Undesired Traces of Organic Solvents and Water 

Different solvents are usually employed during IL synthesis, extraction and other steps (e.g., 

nucleophilic substitution reactions, metathesis reactions and liquid-liquid extraction and 

washing of the final product). In the final preparation step, all the used solvents should be 

removed from the ILs. This can be achieved using different approaches such as rotary 

evaporation and vacuum drying. Most volatile solvents can be removed through subsequent 

evaporation steps. However, removing water from both hydrophilic and hydrophobic ILs is 

usually a challenge, requiring more energy and time. Moreover, complete removal of water 

from some ILs is an intractable task, when most traditional evaporating or drying methods 

usually fail. One has also to take into account that elevated temperatures (usually higher than 

353 K) during vacuum drying will increase the risk of decomposition, oxidation and 

degradation of the ILs. Some ILs, mainly hydrophilic ones, have a high affinity for water and 

extra care must be taken during storing or handling of such ILs to avoid hydrolysis.  

 

2.7.4 Products of Decomposition and Degradation of Cations and Anions 

Harsh conditions, such as elevated temperatures, during synthesis and handling of ILs may 

result in decomposition and thus the presence of impurities in the ILs. To avoid impurities 

caused by IL decomposition products, care must be taken during handling. It was reported 

that decomposition of cations in ILs usually occurs due to nucleophilic attacks either in 

Menschutkin reactions (Figure 1.10) or in Hofmann elimination reactions (Figure 1.11) [75, 
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78, 91, 92]. Indeed, the presence of strong bases catalyzes these reactions even at low 

temperatures.  

 

Figure 1.10 Degradation of 1-alkyl-3-methylimidazolium cations via Menschutkin reactions.

 

 

Figure 1.11 Degradation of 1-alkyl-3-methylimidazolium cations via Hofmann elimination.

 

The compounds that result from the decomposition reactions are usually volatile and might be 

partially responsible for the smell of ILs. It is possible to remove some of the decomposition 

products via heat and vacuum treatment. However, as long as the cause of decomposition 

exists, the possibility for the continuation of the decomposition reactions still exists.  
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Discoloration is another issue associated with ILs. The reason for IL discoloration is still not 

fully understood. There have been some speculations that it could be due to the presence of 

unreacted reagents such as alkenes or halides, decomposition products and oxidation products 

[93, 94]. It has also been reported that the color in ILs can be removed via use of different 

sorbents. Examples of such sorbents tested include silica, alumina and active charcoal [75, 

95]. However, care must be taken when ILs are treated with sorbents to remove the color. The 

complete removal of the sorbents after the treatment of ILs can also be a challenge. However, 

it has been reported that impurities causing discoloration are present in such low quantities 

that they are not even detectable by HPLC [75]. 

 

2.8 Detection of Impurities in ILs 
Different techniques are used for detection of impurities in ILs. The selection of detection 

technique depends on different factors such as the nature of the impurities, the quantity of the 

impurities and the availability and accessibility of the technique. For example, nuclear 

magnetic resonance (NMR) is efficient for detecting unreacted starting reagents, by-products 

of reactions and remaining solvents. However, halogens and water are usually detected by 

other techniques. Karl-Fischer titration is used to determine water content in ILs. It is a 

straightforward and sensitive technique that can be used to detect traces of water down to 

parts per million (ppm) levels. Gas chromatography can also be used to measure the water 

content in ILs [155]. Halide contamination (Cl-, Br-, I-) in ILs can be qualitatively detected by 

the silver nitrate test, in which silver halides precipitate out from a solution of an IL in ethanol 

or dichloromethane [93]. It is worth mentioning that this method has limitations related to the 

solubility of silver halide salts in water. For example, silver chloride ([Ag][Cl]) has a 

solubility in water of only ca. 1.6 mg l-1 at 298 K. Thus, only the chloride content above this 

limit is detectable in an IL-water solute [75, 86, 96]. The halide content can be quantitatively 

detected by other techniques such as inductively coupled plasma mass spectrometry (ICP-

MS), ion chromatography (IC) and electrospray ionization mass spectrometry (ESI-MS). All 

of these techniques can detect halides down to ppm levels [97, 98].  
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2.9 Boron-containing Ionic Liquids 

Tetra-coordinated boron compounds are known to bear a negative charge forming the so-

called “borate anions”. Tetrafluoroborate ([BF4]-) is one of the most common boron-

containing anions of ILs reported in the literature. It is also commercially available in 

combination with different cations. The popularity and wide use of this anion in ILs does not 

reflect its ideality. One critical disadvantage of [BF4]- is its sensitivity to moisture and 

tendency the hydrolyze in the presence of water. Figure 1.12 shows examples of some tetra-

coordinated boron-containing anions. 

 

Figure 1.12 Chemical structures of some tetra-coordinated boron containing anions. Adapted 
from [99]. 

 

In order to reduce the viscosity of boron-containing ILs, perfluorinated side chains are 

introduced. The reduced viscosity is caused by a decrease in the van der Waals interactions 

observed between different perfluorinated molecules. Zhou et al. have described the 

substitution of one of the fluorine atoms in [BF4]- by a perfluorinated alkyl side chain 

(CnF2n+1) (Figure 1.12 C). These new, boron-based anions in combination with imidazolium-

based cations have lower melting points and lower viscosities compared to ILs with [BF4]- 

and the same imidazolium cations [100]. Another interesting class of boron-containing anions 

are the anions of chelated orthoborates. They have been reported as promising halogen-free, 

boron-containing anions in different ILs [62, 74]. Yang et al. have reported the synthesis and 

physicochemical properties of different imidazolium bis(oxalato)borate ILs [101]. It was 
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found that ILs with the bis(oxalato)borate anion ([BOB]-) have higher heat capacities and 

higher glass-transition temperatures, Tg, compared to ILs with the same imidazolium cations 

but different halogen-containing anions [101]. Shah et al. have also reported different novel 

classes of chelated orthoborate ILs with potential applications in lubrication and extraction of 

lanthanum [62, 102]. 

Boronium cations are among the most studied boron-based cations in ILs. Figure 1.13 shows 

some examples of boronium cations that have been described. 

 

Figure 1.13 Structures of some boronium cations that are used in electrochemical 
applications. Adapted from [99]. 

 

Rüther et al. reported novel classes of boronium-based ILs (Figure 1.13 C) as electrolytes for 

lithium-rechargeable batteries [103]. The thermal stabilities of boronium-based ILs are 

comparable to those of other commonly studied cations such as imidazolium and quaternary 

ammonium cations. Recently, novel classes of electrolytes have been introduced by using 

boronium-based ILs. In terms of the width of the electrochemical windows, boronium-based 

ILs are considered to be competitive electrolytes with widely-used cations in electrochemistry 

such as N,N-dialkylpyrrolidinium ([CnC1Pyrr]+) cations [104]. 
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3. Ionic Liquids in Lubrication  

3.1 Introduction 
 

urrently, there is intense development of lightweight and stiff material components for 

machinery, motor vehicles and high-tech industries. Traditional lubricants usually fail 

to properly lubricate the new materials under harsh conditions of contact temperature and 

pressure [105]. However, designing lubricants with all-around performance for use with new 

materials remains a challenge. Both the operation conditions (such as speed, load, heat, 

vacuum) and the properties of the applied lubricant (such as reactivity, viscosity, stability, 

volatility, conductivity) must be considered to achieve optimum lubrication performance. 

Some ILs have the outstanding properties needed in high-performance lubricants. Some of the 

most important properties required in lubricants for challenging tribological contacts are: 

good electrical and heat conductivity, non-volatility, high thermal stability, low vapor 

pressure, non-flammability and task-specificity. Evidence of the growing interest in ILs as 

versatile lubricants and lubricant additives is indicated by the steady increase in the number of 

peer-reviewed publications on this topoic, as shown in Figure 1.14.  

 

Figure 1.14 Annual growth of peer-reviewed publications on ILs in lubrication (2001-2014) 
(source: Scopus, key word; ionic liquids lubricants, accessed in March 2015). 

C 
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This increase in the number of publications implies extensive interest in ILs for tribological 

applications. As the interest in tribological applications of ILs continues to grow, the 

lubrication mechanisms will become better understood. Consequently, some of the practical 

challenges in ILs lubrication will be tackled. However, solving these challenges will depend 

on collaborative research between researchers from different fields, mainly chemists, physical 

chemists, tribologists, material scientists, computational chemists and computational 

physicists.  

Ye et al. introduced ILs as versatile lubricants for the first time in 2001. The first ILs tested in 

lubrication were: 1-methyl-3-hexylimidazolium tetrafluoroborate ([C6C1Im][BF4]) and 1-

ethyl-3-hexylimidazolium tetrafluoroborate ([C6C2Im][BF4]). It was found that these ILs have 

friction reduction and anti-wear performance superior to those of fluorine-containing 

lubricants such as perfluoropolyether (PFPE) [52]. 

Most ILs mentioned in the tribology literature exhibit comparable or even better tribological 

performance than conventional synthetic lubricants and lubricant additives [105, 106]. The 

majority of the anions described in the tribology literature are tetrafluoroborate ([BF4]-) and 

hexafluorophosphate ([PF6]-), which are widely available at a reasonable cost. This does not 

mean, however, that [BF4]- and [PF6]- are the best anions in ILs tested in lubrication. 

Halogenated ILs are harsh on metallic surfaces and prone to hydrolysis. Therefore, efforts are 

being made by researchers to design halogen-free ILs for possible replacement of halogen-

containing ILs and implementation in industrial applications [62, 107]. Regarding cationic 

moieties in ILs, imidazolium-based cations were present in the majority of examples. The 

thermal stability of the imidazole ring makes imidazolium-based ILs beneficial for lubricants 

[108]. ILs based on different quaternary phosphonium [62, 109, 110] and quaternary 

ammonium [111-113] cations have also been widely investigated in lubrication. Less attention 

has been devoted to N-alkyl-N-methylpyrrolidinium cations ([CnC1Pyrr]+) despite their 

promising tribological performance [114, 115]. The ILs mentioned in the tribology literature 

were mostly evaluated for steel-steel contacts [24, 106]. However, the use of non-ferrous 

alloys in the automotive industry is progressively increasing. For instance, the use of light 

aluminum alloys, in different fields, has been rapidly growing due to their high thermal 

conductivity, good corrosion resistance and high strength-to-weight ratio [116]. These new 

materials are known in the tribology community as “difficult-to-lubricate materials” simply 
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due to the fact that most conventional lubricants fail to lubricate these materials [105]. 

However, ILs are the focus of research for developing novel lubricants for such challenging 

tribological contacts. ILs have already been suggested as potential lubricants for copper alloys 

[117, 118], aluminum alloys [119, 120], silicon nitrides (Si3N4) [121, 122], silicon and silica 

(SiO2) [123, 124] hard coatings (diamond like carbon, DLC) [125] and polymers [126].  

Lubricants in some advanced technological applications, i.e., in aerospace, must operate under 

harsh conditions of temperature and low/high vacuum. Modern aircraft lubricants can operate 

only up to ca. 423 K. This restricts their application in advanced aerospace technologies 

where a wide operating temperature range, between 230 and 600 K, is required [127]. The 

low temperature fluidity (down to 170 K) and high thermal stability (generally up to 700 K) 

of some ILs makes them suitable candidates for applications that require operation over a 

wide range of temperatures [105, 106, 128]. 

 

3.2 “Molecular Structure-Tribological Performance” Relationship of 

Ionic Liquids 

Lubrication performance mainly depends on the physicochemical properties of a lubricant, the 

nature of the tribological contact materials and the lubrication conditions. Physicochemical 

properties of ILs such as reactivity, viscosity, glass transition temperature (Tg), thermal 

stability and conductivity are tunable and strongly depend on different factors, such as the 

molecular structure of the ions, as well as the intermolecular and interionic interactions 

between the ions. Therefore, designing high-performance lubricants necessitates sufficient 

understanding of the relationship between the four vertices (chemical composition, molecular 

structure, physicochemical properties, and tribological performance) in the following 

suggested tetrahedron (Figure 1.15). 
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Figure 1.15 A suggested paradigm in the form of a tetrahedron depicting the relationship 
between chemical composition, molecular structure, physicochemical properties 
and tribological performance of ILs. 

 

For example, tribological performance of imidazolium-based ILs is affected by the length of 

the alkyl chain of the imidazolium cation. Figure 1.16 illustrates the molecular structure of the 

1-alkyl-3-methylimidazolium cation ([CnC1Im]+). 

N N
+

CnH2n+1CH3  

Figure 1.16 Molecular structure of the 1-alkyl-3-methylimidazolium cation. 

 

However, this effect depends on whether the IL is used as a neat lubricant or as an additive to 

a base oil. In the case of ILs as neat lubricants, it was found that increasing of the length of 

the side alkyl chain resulted in better tribological performance [106]. This trend subsequently 

has been observed for other systems with ILs used as neat lubricants [24]. An explanation is 

that IL viscosity changes as a function of the alkyl chain length. In some cases, longer alkyl 
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chains may be beneficial for reducing friction by preventing direct contact between the 

rubbing surfaces. This mechanism is known as the “Bowden-Tabor” model, in which the 

physical properties, such as viscosity, of lubricants have the most prominent effect [106]. 

Figure 1.17 shows a schematic representation of the Bowden-Tabor model. In contrast, the 

shorter the alkyl chain of the IL, the better the tribological performance is when the IL is used 

as an additive in different base oils. This is attributed to better diffusability and therefore 

greater availability at the lubricated interfaces of less bulky ions compared to more bulky ions 

[24, 106].  

 

Figure 1.17 The Bowden-Tabor type boundary film model. Adapted from [106]. 

 

From the chemical point of view, both ions have a significant influence on the tribological 

performance of ILs. The interaction between ILs and metallic surfaces is driven by the charge, 

polarity and chemical structure of both the cations and the anions. Under boundary and mixed 

lubrication conditions, both mechanical and thermal energy stimulate chemical reactions and 

adsorption processes in the IL-material interface region. It is believed that heat generated by 

friction is one of the plausible energy sources that initiates chemical reactions in the interface 

region [129, 130]. Dissociation and decomposition reactions of ILs in the interface region 

give rise to reactive molecular moieties that may react with the nascent metal surfaces, 

forming tribofilms. In addition, electrostatic forces between ILs and metallic surfaces play a 

significant role in IL lubrication. Under rubbing conditions, a positive charge is generated on 

metallic surfaces by exo-electron emission from surfaces in the contact areas. Accordingly, 

anions most likely interact with the rubbing surfaces (Figure 1.18), while the interaction of 

cations with rubbing surfaces is rarely observed [131]. 
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Figure 1.18 Schematic representation of layers of ILs adsorbed on a metal surface. Adapted 
from [131]. 

 

Figures 1.19a and 1.19b show a schematic model of the orientation of cations and anions in 1-

octyl-3-methylimidazolium hexafluorophosphate, [C8C1Im][PF6], and 1-butyl-3-

methylimidazolium hexafluorophosphate, [C4C1Im][PF6], ILs, respectively. The polar head-

groups of cations attract anions, while their non-polar tails stretch away from the metallic 

surface. The attractive electrostatic forces between the opposite charges bring other groups of 

anions in closer proximity. Organization of the layers gradually decreases, the further away 

the cations and anions are from the metal surfaces, i.e., ions closer to the metallic surface are 

arranged in a lamellar liquid crystalline phase [132]. 

The chemical composition of tribofilms can be deduced and analyzed by surface-sensitive 

techniques such as XPS, time-of-flight secondary ion mass spectroscopy (TOF-SIMS), Auger 

electron spectroscopy (AES), energy dispersive X-ray spectroscopy (EDS), and solid-state 

NMR, among other techniques [24, 106]. 
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Figure 1.19 Schematic representations of results of molecular dynamic simulations, which 
show interaction of ILs with metal surfaces: ILs with [C8C1Im] cations (longer 
alkyl chains) (a) and with [C4C1Im] cations (shorter alkyl chains) (b). Adapted 
from [132]. 

 

3.3 Ionic Liquids as Additives 

Some ILs are restricted in their use as neat lubricants from both economical and physical 

perspectives. The economical restriction is due to the high prices of some ILs while the 

physical restriction is because of the high viscosity of some ILs. ILs have recently shown 

outstanding tribological performance compared to conventional lubricant additives, such as 

zinc dialkyldithiophosphate (ZnDTP), that have been used for more than 70 years [24]. ILs 

are emerging as potential replacements for these lubricant additives. The addition of small 

amounts of ILs as additives to base oils was found to greatly enhance the tribological 

performance of the stocks. ILs have been studied as additives in different base oils such as 

mineral oil, hydrocarbons, glycerol, polyethylene glycol (PEG), propylene glycol dioleate 
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(PGDO), polyolefins (PAO) and even some vegetable oils [24, 120, 133-135]. The miscibility 

or solubility of an IL in a base oil is very important and is dependent on different factors such 

as: (1) the degree of polarity of both the base oil and the IL, (2) the compatibility in chemical 

structure between the IL and the base oil, (3) the concentration of the IL in the base oil, and 

(4) the purity and water content of the IL and the base oil. For example, the solubility of ILs 

in polar base oils, such as PEG and PGDO, is better than in nonpolar oils such as PAO and 

mineral oils. This can be attributed to the polar nature of ILs [120]. However, it does not 

mean that all ILs are miscible in polar base oils [120, 133, 136]. Some ILs, such as quaternary 

phosphonium- and quaternary ammonium-based ILs, are miscible even in nonpolar oils such 

as mineral oil [133, 137] and PAO [138, 139]. Some “IL-base oil” blends have shown 

outstanding tribological performance, even better than the performance of some fully 

formulated commercial lubricants [112, 140]. The outstanding tribological performance of 

some ILs as additives make them potential replacements for the majority of conventional 

passive additives, as well as active lubricant additives for difficult-to-lubricate materials 

[140]. 

 

3.3.1 As Additives to Nonpolar Oils  

The miscibility of some RTILs in nonpolar base oils has been attributed to two main factors: 

(i) the presence of long side alkyl chains, making the structure of the IL compatible with the 

structure of the nonpolar base oil [24, 120] and (ii) the formation of hydrogen bonds between 

the cation and anion, which reduces the polarity of the ILs. Examples of RTILs miscible in 

nonpolar base oils are quaternary phosphonium-based ILs such as trihexyl(tetradecyl) 

phosphonium bis(2,4,4-trimethylpentyl)phosphinate (Figure 1.20 a) and trihexyl(tetradecyl) 

phosphonium bis(2-ethylhexyl)phosphate (Figure 1.20 b). 
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Figure 1.20 Molecular structure of two mineral oil-miscible RTILs (a) 
trihexyl(tetradecyl)phosphonium bis (2,4,4-trimethylpentyl)phosphinate and (b) 
trihexyl(tetradecyl)phosphonium bis(2-ethylhexyl)phosphate.  

 

Jimenez et al. studied different ILs as 1 wt% additives in paraffinic and naphthenic mineral 

oils for steel-aluminum contact. The friction coefficients for oils with IL additives were 

similar or even lower than those for neat ILs. For the same anion, [BF4]-, the more efficient 

wear-reducing IL additives were those with cations having shorter alkyl chains. In contrast, 

when those ILs were used as neat lubricants, the more efficient neat ILs lubricant were those 

containing cations with longer alkyl chains [141]. Battez et al. found that imidazolium-based 

ILs used as 1 wt% additives in mineral oil provided improved friction reduction and anti-wear 

performance in a steel-steel contact [142]. Qu et al. tested a series of tetraalkylammonium-

based RTILs as lubricant additives to mineral oil for steel-aluminum contact. It was found that 

adding 10 vol. % ILs into mineral oil resulted in lower wear than using neat ILs or neat 

mineral oil. This was attributed to the inherent polarities of ILs that enhance the adsorption of 

ILs on the lubricated surfaces, resulting in tribofilm formation and thus reducing friction and 

wear [111]. Later, the same group evaluated the tribological performance of 1-ethyl-3-

decylimidazolium bis(trifluoromethylsulfonyl)imide ([C2C10Im][NTf2]) and 

trioctylammonium bis(trifluoromethylsulfonyl)imide ([NH888][NTf2]) as 5 vol. % additives in 

mineral oil. The blends were tested on a Cr-plated diesel engine piston ring against a gray cast 



Introduction Chapter 1 

 

40 

 

iron flat specimen using ring-on-flat reciprocating configuration. Adding 5 vol. % RTILs to 

mineral oil demonstrated wear reduction up to 45%. The results suggest great potential for ILs 

as mineral oil additives for diesel engine applications [112]. Somers et al. studied different 

ILs as additives to mineral oil. The chemical structures of the studied ILs are shown in Figure 

1.21. 

 

Figure 1.21 Molecular structures of IL tested as additives by Somers et al. [120]. 

 

Only three RTILs, [P6,6,6,14][BEHP], [P6,6,6,14][(iC8)2PO2] and  [P6,6,6,14][SSi], were miscible in 

mineral oil. The authors have proposed that the miscibility of these ILs in nonpolar oils is due 

to the bulky structures of both the cations and the anions, which decreases the charge density 

of the ions, thus reducing the interionic interactions, which in turn reduces the polarity [120, 

133, 136]. 
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3.3.2 As Additives to Polar Oils  
Jimenez et al. studied 1-alkyl-3-methylimidazolium-based ([CnC1Im]+) ILs with different 

lengths of the cation side chains and with the halogen-containing anions [PF6]-, [BF4]- and 

[CF3SO3]. These ILs were used as 1 wt% additives in synthetic esters, PEG and PGDO, in 

steel-aluminum contacts at two temperatures, 298 and 373 K. At 373 K, all of these IL 

additives in PGDO reduce both friction and wear compared to neat PGDO under the same 

conditions in the tribological tests [131]. Yao et al. studied ILs comprising di-cationic 

bis(imidazolium) with different anions [143]. These ILs were used as additives (3 wt%) in 

PEG at room temperature. It has been shown that such supplemented lubricants effectively 

reduced friction and wear in steel-steel contacts compared with neat PEG base oil, used as an 

additive-free reference in these studies. The favorable tribological performance of some ILs as 

additives was explained by their miscibility with base oils, the ease of formation of physically 

adsorbed films on surfaces, and their tribochemical reactivity without tribocorrosion [143]. 

Somers et al. studied different ILs (Figure 1.21) as lubricant additives in different polar oils 

such as pentaerythritol ester (PE) and trimethylolpropane ester (TMP) (Figure 1.21). 

Quaternary phosphonium-based RTILs showed the best miscibility in PE and TMP oils, 

whereas the less bulky RTILs based on imidazolium and pyrrolidinium cations were found to 

be immiscible with the polar oils used in the study. This was attributed to the structural 

mismatch between these RTILs and the base oils. Thus, it was concluded that both the 

structure of the IL and the degree of ion association are essential in defining IL miscibility or 

solubility in base oils. It was also concluded that the interaction between the IL and base oil is 

another key factor to be considered when studying ILs as additives to base oils. Strong 

interactions between the IL and the base oil might restrict the ions from migrating to and 

segregating at the lubricated surface, which is necessary to form a protective tribofilm [120]. 

Otero et al. performed miscibility assays of eight RTILs in different polar oils. The molecular 

structures of the tested RILs and base oils are shown in Figure 1.22. 
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Figure 1.22 Molecular structures of IL tested as additives by Otero et al. [144]. 

 

Based on the miscibility data, two RILs were selected to be tested as lubricant additives. The 

selected RILs, tri(butyl)-ethylphosphonium diethylphosphate ([P4,4,4,2][C2C2PO4]) 

trihexyl(tetradecyl)phosphonium bis(pentafluoroethyl)-trifluorophosphate 

([P6,6,6,14][(C2F5)3PF3]), were tested as 1 wt% additives in different base oils (see Figure 1.22). 

The tribological performance of the blends was evaluated in steel-steel contacts using a 

reciprocating configuration. It was concluded that the best tribological performance was 

obtained for blends containing 1 wt% [P4,4,4,2][C2C2PO4] as additives [144]. 
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3.4 Some Limitations of Ionic Liquids Related to Lubrication and 

Proposed Solutions 

Several ILs mentioned in the literature are both moisture- and air-stable, and some of them are 

hydrophobic. However, most ammonium- and imidazolium-based ILs with shorter alkyl 

chains are hydrophilic. These ILs absorb water by simple hydration in a humid environment. 

The hydrophobicity of ILs depends on both the chemical structure of the ions and on the 

specific combinations of cations and anions. For example, the hydrophobicity of some ILs can 

be increased by increasing the length of their alkyl chains [145]. Tribocorrosion, which is 

defined as degradation of materials due to the combined effect of wear and corrosion, is risky 

for tribological systems [146]. Tribocorrosion leads to a gradual reduction in system 

efficiency, shutdowns and extra maintenance [38]. ILs with halogen-based anions with direct 

B-F and P-F chemical bonds, such as [BF4]-, [PF6]-, [PF3(C2F5)3]-, are sensitive to moisture. 

Their hydrolysis products are corrosive and toxic species such as hydrofluoric acid (HF), 

phosphoric acid (H3PO4) and other reactive compounds. The latter compounds may cause 

corrosion of surfaces lubricated with such ILs and also pollute the surrounding environment 

[38, 39]. Therefore, the use of halogenated anions is restricted in industrial applications. 

Based on these limitations, ILs are not always environmentally friendly and can be even 

highly corrosive for different materials. Therefore, the design and synthesis of hydrolytically-

stable, halogen-free ILs is needed in order to avoid corrosion and environmental problems 

from ILs that have potential utility for tribological and other industrial applications. 
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2. Synthesis and Purification of Halogen-free Ionic Liquids  

                                                                                    
ynthesis, purification and structural characterization of ILs will be discussed in this 

chapter. Three classes of halogen-free, hydrophobic and hydrolytically-stable 

orthoborate-based ILs were synthesized and characterized using various techniques, including 

elemental analysis and NMR spectroscopy. These classes contain chelated orthoborate anions, 

either bis(salicylato)borate ([BScB]-) or bis(mandelato)borate ([BMB]-). The cations are 

either N-alkyl-N-methylpyrrolidinium ([CnC1Pyrr]+) or 1-alkyl-3-methylimidazolium 

([CnC1Im]+) functionalized with alkyl chains of different lengths. Scheme 2.1 shows the 

chemical structures and abbreviations of the cations and anions of the ILs studied in this 

thesis. The combinations of cations and anions in ILs were selected for systematic 

investigation of the effect on tribophysical properties of the (i) anion structure, (ii) cation 

structure and (iii) length of the alkyl chain connected to cations of hf-BILs.  

 

Figure 2.1 The general molecular structures of the cations and anions of hf-BILs studied in 
this thesis. 

 

2.1 N-alkyl-N-methylpyrrolidinium Bis(salicylato)borate [CnC1Pyrr][BScB] 

Nine salts of [CnC1Pyrr][BScB] with different chain lengths in one of the alkyl groups 

attached to nitrogen atom of the pyrrolidinium ring were synthesized using scheme 2.1. The 

resulting products, hf-BILs, of this class are solids at room temperature. 

S 
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Scheme 2.1 Synthesis of N-alkyl-N-methylpyrrolidinium bis(salicylato)borates hf-BILs. 

 

2.1.1 Synthesis Procedures:  

Step1: N-alkyl-N-methylpyrrolidinium chloride ([CnC1Pyrr][Cl]) or bromide ([CnC1Pyrr][Br]) 

were prepared by admixing 100 mmol of 1-chloroalkane or 1-bromoalkane drop-wise to a 

flask, in an ice bath, with N-methylpyrrolidinium (8.5 g, 100 mmol) dissolved in 15 mL 

toluene. After 30 minutes, the ice bath was removed. Then the reaction mixture was refluxed 

either for 24 hours (for 1-bromoalkanes) or 48 hours (for 1-chloroalkanes) under nitrogen 

atmosphere at 388 K. Toluene was rotary evaporated and the product was washed with diethyl 

ether followed by filtration. After drying the precipitate, white powders of [CnC1Pyrr][Cl] or 

[CnC1Pyrr][Br] were obtained. Table 2.1 summarizes the prepared N-alkyl-N-

methylpyrrolidinium halide salts. Figure 2.2 shows a schematic of the procedure used for the 

preparation of halide salts of the desired cations. 
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Figure 2.2 Schematic of the procedure used for the preparation of halide salts of the desired 
N-alkyl-N-methylpyrrolidinium cations. 
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Table 2.1 Abbreviations, molecular weights and yields of the synthesized N-alkyl-N-
methylpyrrolidinium halide salts. 

N-alkyl-N-methylpyrrolidinium 
halide salts 

Molecular Weight 

(g mol-1) 

Yield 

(%) 

[C4C1Pyrr][Cl] 177.71 87 

[C5C1Pyrr][Br] 236.18 94 

[C6C1Pyrr][Br] 250.21 92 

[C7C1Pyrr][Br] 264.24 90 

[C8C1Pyrr][Cl] 233.81 83 

[C10C1Pyrr][Br] 306.32 89 

[C12C1Pyrr][Cl] 289.92 80 

[C14C1Pyrr][Br] 362.42 85 

[C16C1Pyrr][Cl] 346.03 77 

  

Step 2: Sodium bis(salicylato)borate ([Na][BScB]) was prepared by adding salicylic acid 

(24.86 g, 180 mmol) to an aqueous solution of anhydrous sodium carbonate (4.77 g, 45 

mmol) and boric acid (5.56 g, 90 mmol) in 100 mL distilled water. The solution was stirred 

for two hours at 333 K. A clear solution of [Na][BScB] salt was obtained (Mɤ = 306.04 g mol-

1) and cooled down to room temperature. After rotary evaporation of water, the [Na][BScB] 

salt was washed with acetonitrile followed by filtration and drying. The [Na][BScB] salt was 

purified at a yield of ca. 70%. Figure 2.3 shows a schematic of the procedure used for 

preparing sodium salts of the desired orthoborate anions. 
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Figure 2.3 Schematic of the procedure used for the preparation of orthoborate salts.  
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Step 3: Salt metathesis reactions were performed by adding equimolar amounts of 

[CnC1Pyrr][Cl] or [CnC1Pyrr][Br] to aqueous solutions (ca. 200 mL) of [Na][BScB]. An 

organic layer formed during stirring for about 3 hours at room temperature. The organic layer 

was extracted with 100 mL of CH2Cl2 and washed three times with distilled water to remove 

traces of sodium halides or unreacted reagents. The CH2Cl2 was rotary evaporated under 

reduced pressure. White solid compounds, N-alkyl-N-methylpyrrolidinium 

bis(salicylato)borate ([CnC1Pyrr][BScB]), were obtained. Figure 2.4 shows a schematic of the 

procedure followed during step 3. 

 

Figure 2.4 Schematic of the procedure for the salt metathesis reactions. 
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Before physicochemical characterization and tribotests, all of the synthesized 

[CnC1Pyrr][BScB] hf-BILs were recrystallized from CH2Cl2, dried in an oven and kept in a 

desiccator. Table 2.2 shows the abbreviations, molecular structures, molecular weights and 

yields of synthesized hf-BILs in this class.  

Table 2.2 Summary of the synthesized N-alkyl-N-methylpyrrolidinium bis(salicylato)borates 
hf-BILs. 

[CnC1Pyrr][BScB] 

 hf-BILs 

Molecular Structure Molecular 
Weight 

(g mol-1) 

Yield 

(%) Anion Cation 

[C4C1Pyrr][BScB] 
 

 

 

 

 

 

O
B

-

O
O

O

O

O

 

 

 

 

 

 

 

N
+

CH3

CH3

 
425.28 54 

[C5C1Pyrr][BScB] N
+

CH3

CH3

 
439.28 76 

[C6C1Pyrr][BScB] 
N

+

CH3

CH3

 

453.33 81 

[C7C1Pyrr][BScB] 
N

+

CH3

CH3

 

467.36 80 

[C8C1Pyrr][BScB] 
N

+

CH3

CH3

 

486.38 74 

[C10C1Pyrr][BScB] 
N

+

CH3

CH3

 

509.44 79 
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[C12C1Pyrr][BScB] 
N

+

CH3

CH3

 

537.49 78 

[C14C1Pyrr][BScB] 
N

+

CH3

CH3

 

565.55 81 

[C16C1Pyrr][BScB] 
N

+

CH3

CH3

 

593.60 64 

 

The elemental analysis data including the calculated and the measured contents of carbon, 

hydrogen and nitrogen (CHN) of this class of hf-BILs are shown in Table 2.3. 

Table 2.3 The elemental analysis data of carbon, hydrogen and nitrogen (CHN) of 
[CnC1Pyrr][BScB] hf-BILs. 

[CnC1Pyrr][BScB] 
Hf-BILs 

Elements (wt %) 

C H N 

Calculated Found Calculated Found Calculated Found 

[C4C1Pyrr][BScB] 65.44 64.80 6.63 6.30 3.29 3.05 

[C5C1Pyrr][BScB] 65.62 65.60 6.88 6.75 3.18 3.20 

[C6C1Pyrr][BScB] 66.23 66.20 7.11 7.05 3.08 3.20 

[C7C1Pyrr][BScB] 66.81 67.0 7.33 7.25 2.99 3.1 

[C8C1Pyrr][BScB] 66.67 67.40 7.46 7.50 2.87 3.05 

[C10C1Pyrr][BScB] 68.37 68.55 7.91 7.90 2.75 2.90 

[C12C1Pyrr][BScB] 69.27 68.75 8.25 8.0 2.60 2.60 

[C14C1Pyrr][BScB] 70.08 69.15 8.55 8.1 2.47 2.45 

[C16C1Pyrr][BScB] 70.81 71.2 8.83 9.9 2.36 1.7 
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2.1.1.1 N-butyl-N-methylpyrrolidinium bis(salicylato)borate, [C4C1Pyrr][BScB] 

Figures 2.5, 2.6 and 2.7 show examples of 1H, 13C and 11B NMR spectra recorded in 

chloroform-d (CDCl3) for one selected hf-BIL from this class. The 1H, 13C and 11B NMR 

spectra and data for all the other compounds from this class are shown in the electronic 

supplementary information of Article III. 

 

Figure 2.5 359.92 MHz 1H NMR spectrum of [C4C1Pyrr][BScB] in CDCl3. 

 

1H NMR (359.92 MHz, CDCl3): 7.86, 7.85 (dd, 2H, 3JHH = 10.8 Hz, 4JHH = 3.2 Hz, C6H4), 

7.41-7.36 (m, 2H, C6H4), 6.89-6.85 (m, 4H, C6H4), 3.33-3.29 (m, 4H, N-(CH2-CH2)2, 

pyrrolidinium ring), 3.15-3.10 (m, 2H, N-CH2-CH2-, alkyl chain), 2.83 (s, 3H, N-CH3) 2.00-

1.95 (m, 4H, N-(CH2-CH2)2, pyrrolidinium ring), 1.53-1.44 (m, 2H, N-CH2-CH2-, alkyl 

chain), 1.26-1.10 (m, 2H, N-CH2-CH2-CH2-, alkyl chain), 0.78 (t, 3H, 3JHH = 7.6 Hz, -CH2-

CH3)  ppm. 
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Figure 2.6 90.51 MHz 13C NMR spectrum of [C4C1Pyrr][BScB] in CDCl3. The stars are 
assigned to salicylic acid as a decomposition product of the [BScB]- anion in 
CDCl3. 

 

13C NMR (90.51 MHz, CDCl3): 165.59 (s, 2C, >C=O) 159.22 (s, 2C, >C(O)-), 136.58 - 

112.46 (10C, aromatic groups), 64.31 (t, 3C, 1JCH = 147.37 Hz, N-CH2-, pyrrolidinium ring 

and alkyl chain), 48.17 (q, 1C, 1JCH = 139.65 Hz, N-CH3), 26.95-18.08 (4C, methylene 

carbons of the pyrrolidinium ring and methylene carbons of the alkyl chain), 13.36 (q, 1C, 
1JCH = 126.13 Hz, -CH3, alkyl chain) ppm. 

The purity of [CnC1Pyrr][BScB] were extra check by 13C CP/MAS NMR. No resonance lines 

for salicylic acid, in the range from 150 to 200 ppm, were detected. Figure 2.7 shows an 

example of 13C CP/MAS NMR spectrum for [C4C1Pyrr][BScB]. 
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Figure 2.7 13C CP/MAS NMR spectrum of [C4C1Pyrr][BScB].The ‘‘s’’ indicates spinning 
sidebands.  

 

Figure 2.8 115.48 MHz 11B NMR spectrum of [C4C1Pyrr][BScB] in CDCl3. 

 

11B NMR (115.48 MHz, CDCl3): 3.57 ppm 
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2.2 N-alkyl-N-methylpyrrolidinium Bis(mandelato)borate [CnC1Pyrr][BMB] 

Eight types of [CnC1Pyrr][BMB] ions with different chain lengths in one of the alkyl groups 

attached to the pyrrolidinium ring were synthesized using Scheme 2.2. 

Na2CO3 B(OH)3++2 1/2 333 K

2 h
+ 7/2 H2O

N CH3 + N
+

CH3

CnH2n+1
CnH2n+1 X

388 K

24 - 48 h

X 
-

+

N
+

CH3

CnH2n+1

+ NaXX : Cl or Br

n = 4, 5, 6, 7, 8, 10, 12, 14

OH
OH

O

O
B

- OO

O

O

O

Na
+

O
B

-
OO

O

O

O

+ 1/2 CO 2

 

Scheme 2.2 Synthesis of N-alkyl-N-methylpyrrolidinium bis(mandelato)borates hf-BILs. 

 

2.2.1 Synthesis Procedures:   
Step 1: A synthetic procedure similar to that of step 1 described in section 2.1.1 was used. 

Step 2: Sodium bis(mandelato)borate ([Na][BMB]) was prepared by adding mandelic acid 

(27.38 g, 180 mmol) to an aqueous solution of anhydrous sodium carbonate (4.77 g, 45 

mmol) and boric acid (5.56 g, 90 mmol) in 100 mL distilled water. The solution was stirred 

for two hours at 333 K. A clear solution of [Na][BMB] salt (Mɤ = 311.31 g mol-1) was 

obtained  and cooled down to room temperature (Figure 2.3).  
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Step 3: Salt metathesis reactions were performed by adding equimolar amounts of 

[CnC1Pyrr][Cl] or [CnC1Pyrr][Br] to the aqueous solution  of the [Na][BMB] salt prepared in 

step 2. An organic layer formed during stirring for 3 hours at room temperature. The organic 

layer was extracted with 100 mL of CH2Cl2 and washed three times with distilled water to 

remove traces of sodium halides or unreacted reagents. The CH2Cl2 was rotary evaporated 

under reduced pressure. Viscous liquids of N-alkyl-N-methylpyrrolidinium 

bis(mandelato)borate, ([CnC1Pyrr][BMB]), were obtained. Table 2.4 shows the abbreviations, 

molecular structures, molecular weights and yields of the synthesized hf-BILs in this class. 

 

Table 2.4 Summary of the synthesized N-alkyl-N-methylpyrrolidinium bis(mandelato)borate 
hf-BILs. 

[CnC1Pyrr][BMB] 

 hf-BILs 

Molecular Structure Molecular 
Weight 

(g mol-1) 

Yield 

(%) Anion Cation 

[C4C1Pyrr][BMB] 
 

 

 

 

O
B

- OO

O

O

O

 

 

 

 

N
+

CH3

CH3

 
453.33 71 

[C5C1Pyrr][BMB] N
+

CH3

CH3

 
467.06 89 

[C6C1Pyrr][BMB] 
N

+

CH3

CH3

 

481.39 87 

[C7C1Pyrr][BMB] 
N

+

CH3

CH3

 

495.42 87 
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[C8C1Pyrr][BMB] 

 

 

N
+

CH3

CH3

 

509.44 70 

[C10C1Pyrr][BMB] 
N

+

CH3

CH3

 

537.49 84 

[C12C1Pyrr][BMB] 
N

+

CH3

CH3

 

565.55 68 

[C14C1Pyrr][BMB] 
N

+

CH3

CH3

 

593.60 72 

 

Before characterization and tribotests, [CnC1Pyrr][BMB] hf-BILs were dried under vacuum 

(<10-3 mbar) for 5 hours at 343 K. The data on the water, halogen and sodium contents of the 

hf-BILs of this class are shown in Table 2.5. The elemental (CHN) analyses of carbon, 

hydrogen and nitrogen are shown in Table 2.6. 

 

Table 2.5 Water, sodium and halogen content in [CnC1Pyrr][BMB] hf-BILs. 

 

[CnC1Pyrr][BMB] 

hf-BILs 

Water 

(wt%) ± SD 
Sodium (wt%) 

Halogen (wt%) 

Cl Br 

[C4C1Pyrr][BMB] 0.082 ± 0.002 0.0198 0.0291 0.1784 
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[C5C1Pyrr][BMB] 0.078 ± 0.003 0.0141 0.1114 0.5213 

[C6C1Pyrr][BMB] 0.090 ± 0.003 0.0254 0.0951 0.1829 

[C7C1Pyrr][BMB] 0.065 ± 0.007 0.0068 0.0360 0.1024 

[C8C1Pyrr][BMB] 0.109 ± 0.005 0.0135 0.0870 0.0629 

[C10C1Pyrr][BMB] 0.075 ± 0.003 0.0068 0.0697 0.3077 

[C12C1Pyrr][BMB] 0.038 ± 0.003 0.0134 0.3424 0.0244 

[C14C1Pyrr][BMB] 0.035 ± 0.007 0.0114 0.0376 1.0710 

 

Table 2.6 Elemental (CHN) analysis for [CnC1Pyrr][BMB] hf-BILs.  

 

[CnC1Pyrr][BMB] 

hf-BILs 

Elemental Analysis (wt%) 

C H N 

Calculated Found Calculated Found Calculated Found 

[C4C1Pyrr][BMB] 66.23 63.45 7.11 7.2 3.09 3.4 

[C5C1Pyrr][BMB] 66.81 65.3 7.33 7.4 2.99 3.1 

[C6C1Pyrr][BMB] 67.36 66.3 7.53 7.6 2.91 3.0 

[C7C1Pyrr][BMB] 67.88 67.1 7.74 7.8 2.82 3.0 

[C8C1Pyrr][BMB] 68.3 67.9 7.91 8.0 2.75 2.9 

[C10C1Pyrr][BMB] 69.71 68.4 8.25 8.25 2.60 2.75 

[C12C1Pyrr][BMB] 70.08 69.1 8.55 8.9 2.47 2.6 

[C14C1Pyrr][BMB] 70.81 69.4 8.83 9.05 2.36 2.35 
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2.2.1.1 N-butyl-N-methylpyrrolidinium bis(mandelato)borate, [C4C1Pyrr][BMB] 

Figures 2.9, 2.10 and 2.11 show examples of 1H, 13C and 11B NMR spectra recorded in CDCl3 

for a selected hf-BIL from this class. The 1H, 13C and 11B NMR spectra and data of the other 

compounds from the same class are shown in the electronic supplementary information of 

Article I. 

 

Figure 2.9 359.92 MHz 1H NMR spectrum of [C4C1Pyrr][BMB] in CDCl3. 

 

1H NMR (359.92 MHz, CDCl3): 7.62-7.53 (m, 4H, C6H5), 7.33-7.27 (m, 4H, C6H5), 7.26-

7.22 (m, 2H, C6H5), 5.27 (d, 1H, 4JHH = 1.2 Hz, C6H5–CH), 5.23 (d, 1H, 4JHH = 3.3 Hz, C6H5–

CH), 3.03-2.96 (m, 4H, N-(CH2-CH2-)2 pyrrolidinium ring), 2.98-2.83 (m, 2H, N-CH2-CH2-, 

alkyl chain), 2.52 (s, 3H, N-CH3), 1.83-1.76 (m, 4H, N-(CH2-CH2)2, pyrrolidinium ring), 

1.39-1.31 (m, 2H, N-CH2-CH2-CH2-, alkyl chain), 1.30-1.07 (m, 2H, N-CH2-CH2-CH2-, alkyl 

chain), 0.82 (t, 3H, 3JHH = 7.5 Hz, -CH2-CH3) ppm. 
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Figure 2.10 90.51 MHz 13C NMR spectrum of [C4C1Pyrr][BMB] in CDCl3. 

 

13C NMR (90.506 MHz, CDCl3): 177.90 (s, 2C, >C=O), 139.90 (s, 2C, -CH(O)-), 129.03- 

125.22 (12C, aromatic groups), 63.96 (t, 2C, 1JCH = 76.6 Hz, N-CH2-, pyrrolidinium ring), 

53.52 (t, 1C, 1JCH = 88.7 Hz, N-CH2- alkyl chain), 47.73 (q, 1C, 1JCH = 68.2 Hz, N-CH3), 

26.67-18.03 (4C, methylene carbons of the pyrrolidinium ring and methylene carbons of the 

alkyl chain), 13.41 (q, 1C, 1JCH = 54.4 Hz, -CH3) ppm. 

 

Figure 2.11 115.48 MHz 11B NMR spectrum of [C4C1Pyrr][BMB] in CDCl3. 

 

11B NMR (115.5 MHz, CDCl3): 11.07 ppm. 
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2.3 N-alkyl-N-methylimidazolium Bis(mandelato)borate [CnC1Im][BMB] 

Three [CnC1Im][BMB] hf-BILs with different chain lengths of one of the alkyl groups 

attached to the imidazolium ring were synthesized using Scheme 2.3. The resulting hf-BILs of 

this class are viscous liquids at room temperature.  

N

N

CH3

CnH2n+1X 388 K

24 or 48 h

N

N
+

CH3

CnH2n+1

X
 -

OH
OH

O

Na2CO3 B(OH) 3++
O

B
-

OO

O

O

O

Na
+

+

2 h

O
B

- OO

O

O

O
N

N
+

CH3

CnH2n+1

NaX

+

+

X: Cl or Br

n= 6,10 and 12

333 K
2 1/2 + 7/2 H2O +1/2 CO 2

 

Scheme 2.3 Synthesis of N-alkyl-N-methylimidazolium bis(mandelato)borates hf-BILs. 

 

2.3.1 Synthesis Procedures  

Step 1: Salts of 1-alkyl-3-methylimidazolium chloride ([CnC1Im][Cl]) or bromide 

([CnC1Im][Br]) were prepared by admixing 100 mmol of 1-chloroalkane or 1-bromoalkane 

drop-wise to a flask, in an ice bath, containing 1-methylimidazole (8.2 g, 100 mmol)  

dissolved in 15 mL toluene. After 30 minutes, the bath was removed and the reaction mixture 

was refluxed for 24 hours (in the case of 1-bromoalkanes) and 48 hours (in the case of 1-

chloroalkanes) under a nitrogen atmosphere at 388 K. Toluene was rotary evaporated and the 
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product was washed with diethyl ether. Traces of diethyl ether were removed under reduced 

pressure using a rotary evaporator to obtain [CnC1Im][Cl] or [CnC1Pyrr][Br] as viscous liquid 

products. The abbreviations, molecular weights and yield of the prepared 1-alkyl-3-

methylimidazolium halide salts are shown in Table 2.7. 

 

Table 2.7 The abbreviations, molecular weights and yield of the prepared 1-alkyl-3-
methylimidazolium halide salts. 

1-alkyl-3-methylimidazolium 

halide salts 

Molecular Weight 

(g mol-1) 

Yield 

(%) 

[C6C1Im][Br] 247.18 92 

[C10C1Im][Br] 303.28 88 

[C12C1Im][Cl] 286.89 74 

 

Step 2: A procedure similar to the one described in step 2 in section 2.2.1 was used. 

Step 3: Salt metathesis reactions were performed by adding equimolar amounts of 

[CnC1Im][Cl] or [CnC1Im][Br] to the aqueous solution  of [Na][BMB]. An organic layer 

formed during stirring for 3 hours at room temperature. The organic layer was extracted with 

100 mL of CH2Cl2 and washed three times with distilled water to remove traces of sodium 

halides or unreacted reagents. The CH2Cl2 was rotary evaporated under reduced pressure and 

viscous liquids of N-alkyl-N-methylimidazolium bis(mandelato)borate ([CnC1Im][BMB]) 

were obtained. Table 2.8 shows the abbreviations, molecular weights and yields of the 

synthesized hf-BILs in this class of hf-BILs.  

Before characterization, the [CnC1Im][BMB] hf-BILs were dried at 343 K under vacuum oven 

for at least 48 hours. The data on the water, halogen and sodium contents of the hf-BILs of 

this class are shown in Table 2.9. The elemental (CHN) and boron analysis of these salts is 

shown in Table 2.10. 
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Table 2.8 Summary of the synthesized 1-alkyl-3-methylimidazolium bis(mandelato)borates 
hf-BILs. 

[CnC1Im][BMB]  

hf-BILs 

Molecular Structure Molecular 
Weight 

(g mol-1) 

Yield 

(%) Anion Cation 

[C6C1Im][BMB] 

 

O
B

- OO

O

O

O

 

 

N N
+

CH3

CH3

 
478.34 87 

[C10C1Im][BMB] 
N N

+

CH3

CH3

 

534.45 81 

[C12C1Im][BMB] 

 N N
+

CH3

CH3

 

562.50 61 

 

Table 2.9 Water, sodium and halogen content in [CnC1Im][BMB] hf-BILs. 

[CnC1Im][BMB]  

hf-BILs 

Water 

(wt%) ± SD 
Sodium (wt%) 

Halogen (wt%) 

Cl Br 

[C6C1Im][BMB] 0.18 0.0002 0.34 0.025 

[C10C1Im][BMB] 0.46 0.0002 0.05 0.038 

[C12C1Im][BMB] 0.71 0.0003 0.33 0.01 

 

Table 2.10 The calculated and the measured content of carbon, hydrogen and nitrogen. 

[CnC1Im][BMB] 

Hf-BILs 

Elements (wt%) 

C H N B 

Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

[C6C1Im][BMB] 65.25 64.50 6.53 6.46 5.85 5.80 2.26 2.87 
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[C10C1Im][BMB] 67.42 67.10 7.35 7.31 5.24 5.14 2.02 3.1 

[C12C1Im][BMB] 68.32 67.6 7.70 7.69 4.98 4.95 1.92 1.8 

2.3.1.1 1-hexyl-3-methylimidazolium bis(mandelato)borate, [C6C1Im][BMB] 

Figures 2.12, 2.13 and 2.14 show examples of 1H, 13C and 11B NMR spectra recorded in 

CDCl3, with assignments of resonance lines for the selected hf-BIL of this class 

([C6C1Im][BMB]). The 1H, 13C and 11B NMR spectra and data of the other two compounds, 

[C10C1Im][BMB] and [C12C1Im][BMB], are shown in the electronic supplementary 

information of Article IV. 

 

Figure 2.12 359.92 MHz 1H NMR spectrum of [C6C1Im][BMB] in CDCl3. 

 

1H NMR (359.90 MHz, CDCl3): 8.60 (m, 1H, -N-CH-N-, imidazolium ring), 7.60-7.54 (m, 

5H, C6H5), 7.30-7.21 (m, 5H, C6H5), 6.95 (m, 2H, -N-CH-CH-N-, imidazolium ring), 5.3 (m, 

2H, 4JHH = 18.2 Hz, C6H5–CH), 3.80 (t, 2H, 3JHH = 7.3 Hz, -N–CH2–CH2–, alkyl chain), 3.50 

(m, 3H, N-CH3), 1.62-1.54 (m, 2H, N-CH2-CH2-CH2-, alkyl chain), 1.25-1.07 (m, 6H, (-CH2-

)3, alkyl chain), 0.84 (t, 3H, 3JHH = 6.8 Hz, -CH2-CH3, alkyl chain) ppm. 
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Figure 2.13 90.51 MHz 13C NMR spectrum of [C6C1Im][BMB] in CDCl3. 

 

13C NMR (90.49 MHz, CDCl3): 178.15 (s, 2C, >C=O), 139.91 (s, 2C, -CH(O)-), 136.93 (s, 

1C, -N-CH-CH-N-, imidazolium ring), 134.49 (s, 1C, -N-CH-CH-N-, imidazolium ring), 

129.20-122.88 (12C, aromatic groups), 120.88 (s, 1C, -N-CH-N-, imidazolium ring), 49.85 (t, 

1C, 1JCH = 149.1 Hz, N-CH2-, alkyl chain), 35.97 (q, 1C, 1JCH = 140.41 Hz, N-CH3), 32.35-

22.32 (4C methylene carbons of the alkyl chain), 15.33 (q,1C, 1JCH = 123.51 Hz, -CH3, alkyl 

chain) ppm. 

 

Figure 2.14 115.48 MHz 11B NMR spectrum of [C6C1Im][BMB]  in CDCl3. 

 

11B NMR (115.48 MHz, CDCl3): 11.01 ppm. 
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2.4 Concluding Remarks 

Three different classes of hf-BILs were successfully synthesized and purified. The structure 

and purity of the synthesized hf-BILs were confirmed by multinuclear (1H, 13C and 11B) NMR 

spectroscopy, Karl Fischer titration, elemental analysis and inductively coupled plasma mass 

spectrometry (ICP-MS). 
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3. Physicochemical Characterization  

The following characterization methods are discussed in this chapter: 

 Thermal Analysis (TG, DSC) 

 Density Measurements  

 Viscosity Measurements 

 Powder X-ray Diffraction  (PXRD) 

 13C and 11B  Solid State NMR 

 1H Diffusion NMR 

 Scanning Electron Microscopy  (SEM) 

 

3.1 Thermal Analysis 

Different thermal properties of hf-BILs, such as their glass-liquid transition, solid-solid 

transition, specific heat capacity, weight loss and rates of weight loss, were studied. Thermal 

analyses were carried out by thermo-gravimetric analysis (TGA) and differential scanning 

calorimetric (DSC) analysis.  

The TG analysis of hf-BILs was performed using two different instruments:  

 Thermal Advantage TGA Q5000IR (TA Instrument)  

The samples (5–10 mg) were measured in platinum pans (100 ml) heated from 298 to 

673 K at a heating rate of 10 K min-1 under nitrogen purge. The data were analyzed 

using Universal Analysis 2000 V4.3 software (TA Instruments). 
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 Netzsch STA 409 instrument  

The samples (26–29 mg) were measured in an alumina crucible heated from 298 to 

773 K at a heating rate of 10 K min-1 under nitrogen purge. The data were analyzed 

using OriginPro software.  

The DSC analysis was performed using a Thermal Advantage DSC Q1000 (TA Instrument) 

equipped with a cooling system. Indium was used to calibrate the temperature and the 

enthalpy of phase transitions. The standard/conventional DSC method was used to determine 

the glass transition temperature (Tg) and the specific heat capacity (Cp) and melting 

temperatures (Tm). 

 

 3.1.1 Thermo-Gravimetric/Derivative Thermo-Gravimetric Analysis 

Thermo-gravimetric (TG) analysis is applied to study changes in the mass of the sample as a 

function of temperature. The rate of weight loss is determined by the derivative thermo-

gravimetric (DTG) analysis that results from the first derivation of the TG curve. The “short-

term” thermal stability is usually represented by the onset temperature (Tonset). The value of 

Tonset is usually calculated using the thermal analysis software. Theoretically, Tonset is the 

result of the intercept of two linear functions, for example, the baseline of zero weight loss 

and the tangent of mass vs. temperature upon decomposition. Figure 3.1 shows the TG curves 

obtained for selected [CnC1Pyrr][BMB] hf-BILs that are viscous liquids at room temperature. 
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Figure 3.1 Thermo-gravimetric analysis of selected [CnC1Pyrr][BMB] hf-BILs. The 
experimental conditions in Thermal Advantage TGA Q5000IR (TA Instrument) 
were: sample weight of 3-5 mg, heating rate of 10 K min-1, nitrogen purge and 
use of platinum pans. Adapted from [Article I] and reproduced by permission 
of the Royal Society of Chemistry.  

 
The studied hf-BILs undergo multiple-step thermal decompositions. The values of the Tonset of 

the first abrupt decomposition are: ca. 478 K for [C4C1Pyrr][BMB], ca. 476 K for 

[C8C1Pyrr][BMB] and ca. 480 K for [C14C1Pyrr][BMB]. However, the weight loss starts at 

temperatures lower than the onset temperatures, e.g. [C14C1Pyrr][BMB] losses ca. 16 % of its 

weight before the abrupt decomposition. The values of the Tonset of the second step of 

decomposition are ca. 630 K for [C4C1Pyrr][BMB], ca. 620 K for [C8C1Pyrr][BMB] and ca. 

625 K for [C14C1Pyrr][BMB]. However, the beginning of weight loss was observed at lower 

temperatures than the onset temperatures. For example, [C14C1Pyrr][BMB] loses ca.10 % of 

its weight before the first abrupt decomposition. More information about the “short-term” 

thermal stability of this class of hf-BILs can be found in the appended Article I. The TG 

curves obtained for selected [CnC1Pyrr][BScB] hf-BILs that are solids at room temperature 

show that the studied compounds have similar behavior in terms of onset temperature and 

their kinetics with increased temperature (Figure 3, Article III).  The thermal decomposition 

was found to occur at one major step, at which each of these compounds loses most of its 
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weight. The values of Tonset of the abrupt decomposition of these hf-BILs are ca. 625, 624 and 

618 K for [C4C1Pyrr][BScB], [C5C1Pyrr][BScB] and [C6C1Pyrr][BScB], respectively.  

The TG curves obtained for [CnC1Im][BMB] hf-BILs are shown in Figure 1, Article IV. The 

thermal decomposition of this class occurs at one major step with onsets ca. 645 K. 

It is interesting to explore the effects of the molecular structure of both cations and anions on 

the “short-term” thermal stability of orthoborate-based ILs.  Figure 3.2 shows the TG curves 

of three selected hf-BILs: [C6C1Pyrr][BMB], [C6C1Pyrr][BScB] and [C6C1Im][BMB], in 

which either the cations are the same ([C6C1Pyrr]+) but the anions are different, or the anions 

are the same ([BMB]-) but the cations are different. In this comparison, the following points 

were taken into account: the same instrument (i.e., the same sensitivity), the same sample 

weight, the same heating rate and the same inert atmosphere were used during TG analysis.  

 

Figure 3.2 A comparison between the thermo-gravimetric curves of [C6C1Pyrr][BMB], 
[C6C1Pyrr][BScB] and [C6C1Im][BMB] hf-BILs. The experimental conditions in 
a Netzsch STA 409 instrument were: sample weight of 29 mg, heating rate of 10 K 
min-1, nitrogen purge and use of alumina crucibles. 
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There is a clear effect of the cation structure on the “short-term” thermal stability of 

orthoborate-based ILs, [C6C1Im][BMB] (the solid line in Figure 3.2) with [C6C1Pyrr][BMB] 

(the dotted line in Figure 3.2). The two selected hf-BILs contain the same [BMB]- anion and 

different cations, either [C6C1Im]+ or [C6C1Pyrr]+. In order to minimize the “bulkiness effect” 

of the side groups of cations, both of the studied hf-BILs contain nitrogen-based cyclic 

cations with hexyl side chains, i.e., C6H13. Analyzing Figure 3.2, one can conclude that 

[C6C1Im][BMB] has  significantly better “short-term” thermal stability compared to that of 

[C6C1Pyrr][BMB] under the applied conditions. That, in turn, reveals the importance of the 

cation structure on the thermal stability of chelated orthoborate-based ILs. 

The higher thermal stability of [C6C1Im][BMB] compared to [C6C1Pyrr][BMB] could be 

interpreted as follows: (i) the double bonds in the aromatic core of [C6C1Im]+ cation give 

better thermal stability than the saturated heterocyclic core in the [C6C1Pyrr]+ cation, (ii) the 

formation of π-π stacking between the aromatic ring of the [C6C1Im]+ cation and the phenyl 

rings of the [BMB]- anion additionally enhances the thermal stability of [C6C1Im][BMB] 

compared to [C6C1Pyrr][BMB].   

The effect of the anion structure on the “short-term” thermal stability of orthoborate-based ILs 

can be elucidated by comparing the thermo-gravimetric behavior of [C6C1Pyrr][BMB] (the 

dotted line in Figure 3.2) with that of [C6C1Pyrr][BScB] (the dashed line in Figure 3.2). These 

two hf-BILs contain the same [C6C1Pyrr]+ cation but different anions, either [BMB]- or 

[BScB]-. The difference in the molecular structures between the [BMB]- and [BScB]- anions is 

that the phenyl rings are freely rotating in the [BMB]- anion while the phenyl rings are π-

conjugated with carbonyl carbons in the [BScB]- anion. From Figure 3.2, one can also 

conclude that [C6C1Pyrr][BScB] presents considerably better “short-term” thermal stability 

compared to [C6C1Pyrr][BMB]. That, in turn, reveals the effects of the molecular structure of 

the chelated orthoborate anion on the “short-term” thermal stability of these types of 

orthoborate-based ILs. 

The rates of weight loss were determined by DTG (Figure 3.3). The weight loss of 

[C6C1Im][BMB] (Figure 3.3 A) is just a few percent per minute up to a temperature of ca. 630 

K. Then the rate increases dramatically and reaches its maximum value, 45% per minute of 

the total weight of the sample, at ca. 660 K (Figure 3.3 A).  
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The weight loss of [C6C1Pyrr][BMB] (Figure 3.3 B) is just a few percent before the first step 

of the thermal degradation at ca. 496 K. Then the rate of weight loss increases and reaches 5-8 

% per minute of the total weight of the sample between ca. 519 and 640 K. Then, the rate of 

the weight loss increases dramatically and reaches its maximum value, 22% per minute of the 

total weight of the sample at the second step of degradation at ca. 644 K. In the case of 

[C6C1Pyrr][BScB] (Figure 3.3 C), the weight loss is just a few percent per minute before the 

onset of abrupt decomposition at Tonset = 645 K. Then the rate increases dramatically and 

reaches its maximum value, 30% per minute of the total weight of the sample, at a 

temperature of ca. 670 K (Figure 3.3 C). 

 

Figure 3.3 TG/DTG curves of (A), [C6C1Im][BMB]; (B), [C6C1Pyrr][BMB]; and (C), 
[C6C1Pyrr][BScB] hf-BILs. 
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To summarize, the aforementioned TG/DTG data suggests that the “short-term” thermal 

stability and the rates of thermal decomposition of the studied hf-BILs are significantly 

affected by the structure of both the cations and the anions, as well as by the selected 

combination of the ions. [C6C1Im][BMB] is thermally more stable than [C6C1Pyrr][BMB], 

which reveals the effects of the aromaticity of the cation on the thermal stability of the studied 

hf-BILs. [C6C1Pyrr][BScB] is thermally more stable than [C6C1Pyrr][BMB], which reveals 

the effects of π- conjugation of the aromatic rings in the [BScB]- ion on the thermal stability 

of the studied hf-BILs. However, combined analysis using TG/DTG with mass spectroscopy 

is needed to obtain additional information on the structure of the decomposition products, in 

order to suggest a possible mechanism of the thermal decomposition of these hf-BILs and 

their thermal stabilities. 

3.1.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a fundamental thermal analysis technique. In DSC, a 

sample of known mass is heated or cooled and the changes in its heat capacity are tracked as changes 

in the heat flow. This, in turn, allows the detection of transitions such as a glass-liquid transition, 

solid-solid phase transition, freezing and melting. In this work, two classes of hf-BILs were analyzed 

using DSC, [CnC1Pyrr][BMB] and [CnC1Pyrr][BScB]. In the case of [CnC1Pyrr][BMB] hf-BILs, which 

are viscous liquids at room temperature, DSC was used to measure glass transition temperatures (Tg) 

and specific heat capacities (CP). Glass transition temperatures of [CnC1Pyrr][BMB] hf-BILs are 

between 218 and 241 K. The length of the longest alkyl chain of the [CnC1Pyrr]+ cations has an 

influence on the glass-liquid transitions (Tg) of these compounds. A remarkable “odd-even” 

effect for Tg of these hf-BILs was also observed (Figure 3.4). Lower Tg values were measured 

for the hf-BILs with odd numbers of carbons in the longest alkyl chain connected to the 

[CnC1Pyrr]+ cation.  
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Figure 3.4 An “odd-even” effect of the longest alkyl chain length in [CnC1Pyrr][BMB] hf-
BILs on the glass transition temperature (Tg). Adapted from [Article I] and 
reproduced by permission of the Royal Society of Chemistry. 

 

For [CnC1Pyrr][BScB] hf-BILs, DSC was employed to measure the onsets of solid-solid 

phase transitions (Ts-s) and melting points (Tm), Figure 1 in Article III. One or more solid-solid 

phase transitions before melting were observed for most of the hf-BILs of this class. These 

transitions are considered typical characteristics of organic ionic plastic crystals (OIPCs). The 

length of the longest alkyl chain connected to the [CnC1Pyrr]+ cation has an influence on the 

melting points of these compounds (Figure 2, Article III). Decrease in the melting points 

occurs in the following order: [C2C1Pyrr][BScB] > [C10C1Pyrr][BScB] > [C7C1Pyrr][BScB] > 

[C8C1Pyrr][BScB] > [C6C1Pyrr][BScB] > [C12C1Pyrr][BScB] > [C5C1Pyrr][BScB] > 

[C4C1Pyrr][BScB] > [C14C1Pyrr][BScB] > [C16C1Pyrr][BScB]. The effects of the length of the 

alkyl chain connected to the [CnC1Pyrr]+ cation on melting points were reported for different 

N-alkyl-N-methylpyrrolidinium-based ILs containing different anions [147]. For example, the 

melting points of [CnC1Pyrr][PF6] ILs with (n=1,2,3 and 4) were found to decrease with an 

increase in the length of the alkyl chain connected to the [CnC1Pyrr]+ cation (from n =1 to n = 

4). Similar trend was observed for [CnC1Pyrr][TFSA] IL. While, in the case of 

[CnC1Pyrr][BF4] the melting points were found to decrease when the length of the alkyl chain 

increases from (n = 1 to n = 3). A further increase in the length of the alkyl chain form (n= 3 
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to n = 4) resulted in a sharp increase in the melting points (from ca. 323 K for 

[C3C1Pyrr][BF4] to ca. 423 K for [C4C1Pyrr][BF4]).  

 

3.2 Density 

Density is an important property of any type of compound, including lubricants. Density 

influences the functionality of lubricants which are one of the critical components in 

lubrication systems. For instance, pumps in a lubrication system are designed to pump 

lubricants in a particular density range. Therefore, if the density of the lubricant changes, for 

instance, upon heating, the performance and efficiency of pumping will also change. As the 

interest in ILs as promising lubricants for modern tribological systems increases, it is 

important to study their density-temperature and density-molecular structure relationships. In 

this work, density measurements were carried out for two hf-BILs classes, [CnC1Pyrr][BMB] 

and [CnC1Im][BMB].  

Measurements of density were carried out using an Anton-Paar DMA 4100M density meter. 

The measurements were performed in the temperature range from 293 to 353 K for 

[CnC1Pyrr][BMB] and from 293 to 363 K for [CnC1Im][BMB]. The density meter was 

calibrated before the measurements were taken, using ultra-pure water with a density of 0.998 

g cm -3 at 293 K. Each presented density value is an average of five readings. Figure 3.5 

shows a comparison between the density values of four hf-BILs, two from each system. In 

this Figure, the effects of (i) the molecular structure of the cationic core, either pyrrolidinium 

or imidazolium, and (ii) the length of the longest alkyl chain of the cations, n=6 and 12, on 

densities of these hf-BILs, are illustrated. First of all, we found a linear decrease in density 

with respect to temperature for all four selected hf-BILs. This is a typical phenomenon for 

many substances including ILs and it can be explained by loose molecular packing (in this 

particular case, of different ions) at increased temperature, due to a gradual increase in local 

molecular mobility and molecular volumes. Surprisingly, [C6C1Pyrr][[BMB] and 

[C6C1Im][BMB] have very similar densities in the studied temperature range although one 

could expect higher packing in the [CnC1Im][BMB] systems due to π- π interactions between 

the aromatic imidazolium ring of the cation and the phenyl rings of the [BMB]- anion. An 
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increase in the length of the long alkyl chain on the cations from n = 6 to 12 results in a 

gradual decrease in density for both classes of hf-BILs. 

 

Figure 3.5 Density of [CnC1Pyrr][BMB] and  [CnC1Im][BMB] as a function of temperature. 

 

Interestingly, densities of the [CnC1Im][BMB] hf-BILs are more sensitive to an increase in the 

length of the long alkyl chain than densities of the [CnC1Pyrr][BMB] hf-BILs. This could be 

attributed to differences in molecular packing and interactions in these two hf-BILs. For a 

better understanding of effects of the molecular structure on density, saturated hydrocarbons 

were also analyzed. It is worth noting that densities of saturated hydrocarbons change with the 

number of carbon atoms in the alkyl chain in the opposite manner when compared to 

[CnC1Pyrr][BMB] and [CnC1Im][BMB] hf-BILs (Figure 3.6). For alkanes, an increase in the 

number of CH2 groups in saturated hydrocarbons leads to an increase in density, because of 

progressively tighter packing of the hydrocarbon chains under van der Waals forces.  
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Figure 3.6 Densities of [CnC1Pyrr][BMB] (filled squares), [CnC1Im][BMB] (filled stars) and 
saturated hydrocarbons (open circles) as a function of the number of carbon 
atoms in the alkyl chain at 293 K. 

 

At room temperature, densities of the studied systems of hf-BILs are higher than those of 

saturated hydrocarbons by a factor of 1.5–1.8. This means that regions of the hf-BILs (other 

than hydrocarbon chains) have higher densities, including the anion and a core part of the 

cation (without the long alkyl chain). The core regions of cations will be refereed as “ionic”, 

while the cation long alkyl chain regions will be referred to as “aliphatic”. Densities of hf-

BILs can be described by a “mosaic model” in which the “ionic” and the “aliphatic” regions 

are located in different mosaic cells (Figure 3.7). 
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Figure 3.7 Illustration of the ionic and aliphatic regions in the “mosaic model” of 
[C6C1Pyrr][BMB] hf-BILs. 

 

In this model for [CnC1Pyrr][BMB], contributions of the “ionic” and “aliphatic” fractions are 

assumed to be additive. Therefore, the expected density of the hf-BILs may be described by 

Equation 3.1:  

 

  Equation 3.1 

                                                                                                                               

Here, mI  and VI  are the mass and the volume of the ionic regions, respectively; mal and Val 

are the mass and the volume of the aliphatic region, respectively; n is the number of carbon 

atoms in the alkyl chain; mCH2 and VCH2 are the mass and the volume of the CH2 group, 

respectively. Using asymptotic fitting dependencies for [CnC1Pyrr][BMB] in Figure 3.6 to n = 

0, one can get a difference in the densities for “ionic” and “aliphatic” regions by a factor 

greater than 2 for [CnC1Pyrr][BMB] at 293 K. It is, therefore, qualitatively clear why an 

increase in the number of CH2 groups in hf-BILs leads to a decrease in density. Indeed, an 

increase in the fraction of less dense hydrocarbon chains should decrease the total density of 

the system. An increase in temperature for [CnC1Pyrr][BMB] results in almost no change in 
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density for the “aliphatic” region and in a decrease in the density of the “ionic” regions. This 

means that “ionic” regions are much more compressible than the less dense “aliphatic” 

regions. Therefore, an increase in molecular mobility in “ionic” regions results in an increase 

in molecular volumes and a decrease in densities. 

 

3.3 Viscosity  
Viscosity is an important physical property of fluids. Generally, the viscosity of a fluid is a 

measure of its resistance to motion. However, the term “viscous” is considered as a relative 

term. For example, honey is more viscous than water. Indeed, the viscosity of a fluid is not a 

constant property of fluids and it varies with variations in temperature, shear rate, pressure 

and purity of the substance under study. In lubrication, the viscosity corresponds to the 

concept of "thickness". A thick fluid means that the fluid has high viscosity and does not flow 

as easily as a thin fluid. The friction and wear-reducing capability of a lubricant depends on 

its viscosity. Very thin lubricants may fail to separate the sliding surfaces and, hence, to 

reduce friction and wear. In contrast, very thick lubricants will increase shear losses and 

churning losses at high shear rates. Viscosity of a fluid can be measured by different 

techniques and different factors should be considered when selecting the technique for 

measuring viscosity. The limitations of the technique and the complexity of the fluid are 

among these factors, to name a few.  For example, tube and rotational viscometers are among 

the most widely used viscometers to measure the viscosity of lubricants. In tube viscometers, 

a ball of known density rolls or falls through a closed tube filled with a sample fluid. The tube 

is then inclined at different defined angles. The time needed for the ball to travel a defined 

distance is a parameter closely related to the fluid’s viscosity. The density values of both the 

fluid and the ball are required for calculations of the viscosity in this type of viscometer. 

However, for highly viscous fluids, viscosity measurements based on gravity for a (falling 

ball) would take far too long and errors in measurements would be too large. Therefore, 

rotational viscometers, which use a motor drive, are a better choice for highly viscous liquids. 

In practical applications, such as in machinery, lubricants are exposed to variable conditions, 

such as variable loads, high temperature gradients and variable shear stresses. Thus, 

understanding the behavior of lubricants under these conditions is essential for proper design 
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of different tribological systems. One plausible advantage of rotational viscometers is their 

ability to measure viscosity under a wide range of shear stresses and temperatures.  

Rheological studies of [CnC1Im][BMB] hf-BILs were performed with a DHR2 Rheometer 

from (TA Instruments). The measurements were carried out within the temperature range of 

313 and 373 K over a shear range between 1 s-1 and 15.103 s-1. A 20-mm conical stainless 

steel plate with a 1° cone angle on an aluminum plate was used. The viscosities of the studied 

compounds decrease with an increase in the temperature (Figure 4, Article IV). Similar 

behavior was observed for different ILs. This is attributed to the increase in the mobility of 

the ions as well as to the decrease in the interactions between ions when the temperature 

increases. The length of the longest alkyl chain of the [CnC1Im]+ cation has a significant 

influence on the viscosity values of this class of hf-BILs. At 313 K, [C6C1Im][BMB] has 

viscosity value higher than that of [C10C1Im][BMB] in a factor ca. 2.5 and ca. 3.5 for 

[C12C1Im][BMB]. At 373 K, the effect of the alkyl chain length on the viscosity values of 

[CnC1Im][BMB] is smaller than that at 313 K. However, the viscosity values of 

[C10C1Im][BMB] and [C12C1Im][BMB] hf-BILs are very close and lower than that of 

[C6C1Im][BMB] in a factor ca. 0.4.  

Opposite trends for the effects of the length of the longest alkyl chain of the [CnC1Im]+ cation 

were observed for different imidazolium-based ILs with different anions [148, 149]. The 

decrease in viscosity of this system of hf-BILs with the increase in the length of the longest 

alkyl chain of the [CnC1Im]+ cation could be explained based on the effects of the side alkyl 

chains on the interactions in these hf-BILs. Generally, strong interactions between ions in an 

IL result in high viscosity values. In this particular class of hf-BILs and in addition to the 

interionic interactions, there are possibilities for π- π interactions between the aromatic ring in 

the [CnC1Im]+  cation and the phenyl rings of the [BMB]- anion. The increase in the length of 

the side alkyl chain of the [CnC1Im]+ cation could minimize the interactions between the ions 

in this class of hf-BILs and, hence, decreasing viscosity values.  However, the mobility of 

ions increases with an increase in temperature which, in turn, weakens all the interactions in 

the system. Consequently, the viscosity values will decrease. Figure 3.8 shows an illustration 

of the effect of the side alkyl chain of the [CnC1Im]+ cation on the π- π interactions between 

the aromatic ring in the [CnC1Im]+ cation and the phenyl rings of the [BMB]- anion. More 

information about the rheological data of [CnC1Im][BMB] hf-BILs can be found in Article IV. 
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Figure 3.8 Illustration of the effect of the longest alkyl chain of the [CnC1Im] cation on π- π 
interactions between the imidazolium aromatic ring and the phenyl rings in the 
[BMB]- anion. 

 

3.4 Powder X-ray Diffraction 

Powder X-ray diffraction of [CnC1Pyrr][BScB] hf-BILs was carried out at variable 

temperatures (below the melting points) to investigate the effects of temperature and the 

length of the alkyl chain connected to the [CnC1Pyrr]+ cations on molecular packing.               

A PANalytical Empyrean X-ray Diffractometer, equipped with a PIXcel3D detector and 

Empyrean Cu LFF HR X-ray tube, was used. The applied heating rate was 2 K min-1. More 

information about the obtained diffractograms and the XRD results of [CnC1Pyrr][BScB] can 

be found in Article III.  Figure 3.9 shows the XRD pattern of [C7C1Pyrr][BScB] obtained at 

different temperatures. By increasing the temperature from 298 K to 348 K, the reflections 

shift to lower 2  angles which, in turn, correspond to an increase in d-spacing.  
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Figure 3.9 Powder X-ray diffraction patterns of [C7C1Pyrr][BScB] at different temperatures. 

 

The greatest increase in the d-spacing value of [C7C1Pyrr][BScB] occurred in the temperature 

range between 308 K (2 12.76 Å) and 318 K (2 12.90 Å) (Figure 3.10). 

Interestingly, this increase in d-spacing value occurs in the same temperature range as that for 

the solid-solid phase transition (see Figure 1, Article III) in this hf-BIL. Therefore, this solid-

solid phase transition is correlated with the structure rearrangement in [C7C1Pyrr][BScB] 

plastic crystal. 

 

Figure 3.10 Changes in d-spacing (Å) for [C7C1Pyrr][BScB] plastic crystals as a function of 
temperature. 
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 3.5 Solid-State Multinuclear NMR  

ILs possess different interionic interactions such as hydrogen bonding, π-π stacking 

interactions, van der Waals forces, and electrostatic interactions between the ions dominate in 

these systems. These interactions influence the macroscopic properties of ILs, such as density, 

melting points and conductivity. Multinuclear solid state NMR is an efficient analytical tool 

to study the molecular properties and interactions of ILs that are solids at room temperature. 

Solid-state 11B and 13C magic-angle-spinning (MAS) NMR spectra of [CnC1Pyrr][BScB] hf-

BILs were recorded using either 4.0 mm T3-MAS or 7.5-mm double resonance MAS NMR 

probes. One-pulse, direct-excitation experiments (for 11B) and cross polarization (CP) from 

the protons to carbons (13C CP/MAS NMR) with CW proton decoupling corresponding to the 

nutation frequency of protons 76 kHz were carried out. The cross-polarization contact time 

was 2.5 ms. Samples were packed either in 4-mm (for 11B) or 7.5-mm (for 13C) standard ZrO2 

rotors. All spectra were externally referenced using polycrystalline adamantane (38.48 ppm 

relative to TMS (0 ppm)) [150] for 13C, and a liquid sample of Et2O·BF3 (0 ppm for 11B) 

filled in a small capillary (1 mm in diameter) and inserted in an empty 4-mm rotor to 

minimize differences in magnetic susceptibilities between powder samples and the liquid 

reference. For 11B, the 90° pulse was 4.4 μs as calibrated using a liquid reference sample of 

Et2O·BF3. Then, for solid samples a ‘‘quadrupolar’’ (11B, I = 3/2) excitation 45 ° pulse of 2.2 

μs was used in the one-pulse experiments with a recycling delay of 2 s. Further experimental 

details are given in the figure legends (see Figure 4 and 5, Article III). The obtained solid state 
13C MAS NMR data suggests that there is an effect of the length of alkyl chain appended to 

the cationic moiety on the interaction between the [BScB]- anion and [CnC1Pyrr]+ cations. The 

interaction makes carbonyl sites in the [BScB]- anion chemically inequivalent in the case of 

[C4C1Pyrr][BScB] and [C6C1Pyrr][BScB] i.e. which long alkyl chains having and even 

number of carbons in [CnC1Pyrr]+ cations, but not in the case with n=5, i.e. odd number of 

carbons in the alkyl chain of [C5C1Pyrr][BScB]. This interaction is probably due to the C–

H…π interaction.  

The 11B solid state NMR data confirms the formation of four-coordinated boron in the studied 

[CnC1Pyrr][BScB] compounds. The data also shows that the 11B chemical shift is affected by 

the length of the longest alkyl chain of the [CnC1Pyrr]+ cation. A sharp decrease in the 

chemical shift from 3.8 ppm to 3.2 ppm is observed for cations with number of carbons from 
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4-6. No further decrease in chemical shift is observed for the cations with alkyl chains longer 

than 6 carbons. This decrease in the chemical shift can be attributed to the shielding effect of 

the bulky cations on the boron site. More information about 13C and 11B solid state NMR of 

[CnC1Pyrr][BScB] hf-BILs can be found in Article III. 

 

3.6 1H diffusion NMR 

Lubrication performance of ILs is dependent on the molecular arrangements and motion of 

ions in bulk as well as at lubricated interfaces. When an IL is used as an additive in a base oil, 

the interactions between the ions of the IL and molecules of a base oil play a key role in both 

friction and wear-reducing ability of the additive. Strong interactions between the ions and the 

base oil restrict the mobility of the ions and, hence, the accessibility and availability of the 

ions at the lubricated surfaces. Weak interactions between an additive and the base oil may 

result in challenges of different types, such as poor miscibility of additives in the base oil and 

poor stability of the blends (phase separation, sedimentation and/or aggregation of additives). 

Therefore, information on the translational motion (diffusion) and local mobility of ions and 

molecules of the base oil in IL-based lubrication is crucial for understanding lubricant actions 

at molecular levels. Self-diffusion NMR is a very useful technique for studying translational 

self-diffusion coefficients of molecular and ionic species in liquids, while local molecular 

motion can be studied via spin-spin and spin-lattice relaxation in these systems.  

In this work, two systems were studied by 1H pulse field gradient diffusion NMR (PFG): (i) 

neat [CnC1Pyrr][BMB] hf-BILs and (ii) [CnC1Im][BMB]/polyethylene glycol (PEG) 

mixtures.  

3.6.11H Diffusion NMR of [CnC1Pyrr][BMB] hf-BILs as Neat 
1H diffusion NMR was employed to study the effect of the long alkyl chain length of the 

[CnC1Pyrr]+ cations on the self-diffusion of cations and anions [CnC1Pyrr][BMB] hf-BILs. In 

the second system, 1H PFG NMR was used to investigate the effects of the length of the alkyl 

chain of the [CnC1Im]+ cations, the temperature and the IL- additive concentration on the 

interactions of selected [CnC1Im][BMB] hf-BILs with the molecules of PEG oil. 360 MHz 1H 

PFG NMR diffusion measurements on the first system were performed using a Chemagnetics 

InfinityPlus CMX-360 (B0 = 8.46T) spectrometer. While the 1H PFG NMR diffusion 
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measurements on the second system were performed using a Bruker Avance III NMR 

spectrometer (Bruker BioSpin AG, Fällanden, Switzerland), with a working frequency of 400 

MHz. The standard stimulated echo pulse sequence was applied [151]. The diffusion decay 

(DD) of the echo amplitude, A(2τ, τ1, g, δ),  can be described by Equation 3.2: 

2 2 21
1

2 1

2(2 , , , ) exp exp
2 d
IA g g Dt

T T
           Equation 3.2 

 

Here, I is the factor proportional to the proton content in the system, Т1 and Т2 are spin-lattice 

and spin-spin relaxation times, respectively. τ1 is time intervals between the first and the 

second, and the second and the third radio frequency pulses, respectively; td = (  - /3) is the 

diffusion time,  = (τ + τ1) is the time intervals between two identical gradient pulses; D is the 

self-diffusion coefficient of a species under study (DC). Figure 3.11 shows Arrhenius plots, 

after CORE analysis, of 1H temperature dependences of diffusion coefficients of 

[CnC1Pyrr][BMB] hf-BILs (the first system).  

For the [CnC1Pyrr][BMB] hf-BILs with alkyl chains, n = 4 - 8, no echo signal was observed 

until the temperature reached 333 K when 1000/T = 3.0 K-1 in Figure 3.12, because of the fast 

T2 NMR relaxation rates of the protons of both ions at T < 333 K. We took diffusion 

measurements and obtained DDs at 333 K and higher temperatures. These DDs were single-

exponential (Equation 3.2), therefore, they provided a single D for these hf-ILs at all 

temperatures in this study. Figure 3.11 shows that the D for samples with n = 4 - 7 are close to 

one another (shown by the solid symbols), while the Ds for [C8C1Pyrr][BMB] are a factor of 

up to 1.5 larger. All of these Ds follow the temperature dependence close to that of the 

Arrhenius type (shown by the dotted line). Interestingly for [C10C1Pyrr][BMB] and 

[C14C1Pyrr][BMB] hf-BILs, DDs were observable even at lower temperatures, 318 and 298 

K, respectively. 
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Figure 3.11 Mean diffusion coefficients of [CnC1Pyrr][BMB]. The large, filled symbols 
correspond to samples demonstrating single-component DDs (n = 4–8), while 
the small, open symbols with solid lines correspond to samples with more 
complex DDs (n = 10 and 14). Fractional diffusion coefficients for samples with 
n = 10 and 14 obtained after CORE analysis of the corresponding diffusion 
decays are shown by half-filled symbols. The dotted line shows the Arrhenius 
approximation for the temperature dependence of Ds of samples with single-
exponential diffusion and “slow diffusing” components of BILs with n=10 an 
14. Adapted from [Article II] and reproduced by permission of the PCCP owner 
societies.  

 
However, DDs were definitely complex; therefore, they were characterized, as a first 

approach, by the values of apparent (mean) Ds, which were estimated as derivatives of the 

corresponding DDs when the parameter “ 2g 2 2 td” approaches zero (Equation 3.3): 

0)(222 222

)(
dtg

d

d

tg
DtgAD

                            

Equation 3.3 

 

The mean values of Ds for [C10C1Pyrr][BMB] and [C14C1Pyrr][BMB] are shown as small, 

open symbols connected by solid lines in Figure 3.11. The temperature dependences of the Ds 

for [C10C1Pyrr][BMB] and [C14C1Pyrr][BMB] are non-Arrhenius and two diffusion 

components were detected for each of these hf-BILs at temperatures below 353 K. The terms 
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“fast diffusing” and “slow diffusing” components have been used to describe this 

phenomenon. The half-filled symbols in Figure 3.11 illustrate the Arrhenius plots for the 

temperature dependence after the CORE analysis [152] for [C10C1Pyrr][BMB] and 

[C14C1Pyrr][BMB]. This figure shows that the “slow diffusing” component coincides with (or 

is close to) the Ds obtained for samples of [CnC1Pyrr][BMB] with n = 4-8, while the “fast 

diffusing” species have Ds that are a factor of 4-30 larger. In order to estimate the 

contributions of the anion and the cation in the two different diffusing components, 1H NMR 

spectral analysis was also performed. Figure 3.12 shows the shapes of measured and 

fractional analysis of the 1H spectra of [C10C1Pyrr][BMB] obtained using the CORE analysis. 

Generally, a 1H NMR spectrum of [CnC1Pyrr][BMB] contains signals from the [CnC1Pyrr]+ 

cation, in which mainly aliphatic CH2 protons (at ca. 1.3 ppm) are detected, and signals from 

the [BMB]- anion (mainly aromatic protons at ca. 7.3 ppm are observed). From Figure 3.12, it 

is clear that the “fast diffusing” component has a more intense 1H NMR signal at chemical 

shifts of aromatic protons (at ca. 7.3 ppm), while the “slow diffusing” component also has a 

resonance line assigned to aromatic protons, but with half the intensity of the red line. The 

intensities of both the aliphatic and the aromatic regions of the chemical shift are likely 

decreased to a different degree, because of NMR T2 and T1 relaxation processes. However, the 

trend is evident. At temperatures higher than 353 K, only one D (common for both anions and 

cations) was observed in [C10C1Pyrr][BMB] and [C14C1Pyrr][BMB] (Figure 3.12), meaning 

that the two sub-phases merged into one liquid phase, where the anions and cations diffuse at 

almost equal rates.  
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Figure 3.12 1H NMR spectra of [C10C1Pyrr][BMB]: total (black), “fast diffusing” (red) and 
“slow diffusing” (blue) fractional components obtained after CORE 
decomposition of DDs. T = 343 K. All spectra are normalized to the intensity of 
the aliphatic (at ca. 1.5 ppm) 1H NMR signal. Adapted from [Article II] and 
reproduced by permission of the PCCP owner societies. 

 

3.6.21H Diffusion NMR of [CnC1Im][BMB]/PEG Mixtures 

Two hf-BILs, ([C10C1Im][BMB] and [C12C1Im][BMB]), were added to PEG oil at 

concentrations of 1, 3, 5 and 10 wt%. Diffusion measurements were taken in the temperature 

range from 295 to 370 K. There is no any substantial overlap of the 1H signals from the 

cations and the anions in [C10C1Im][BMB] (Figure 3.13 A). The 1H NMR spectrum of a 

mixture of [C10C1Im][BMB] with PEG is shown in Figure 3.13 B.  The selected lines for 

analysis are: the signal of the –CH2-protons of PEG oil (chem. shift ~3.58 ppm), the signal of 

the –CH3 protons (H13) of the cation (chem. shift ~1.28 ppm), and the signal of the aromatic 

protons of the anion (H4-8 and H4'-8') (chem. shift ~7.56 ppm). 
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Figure 3.13 1H NMR spectra of (A) 5 wt% [C10C1Im][BMB] in CDCl3 solution and (B) a 
mixture of 90 wt% of PEG and 10 wt% of [C10C1Im][BMB]. The temperature is 
295 K. Adapted from [Article V]. 

 

Figure 3.14 shows the diffusion decays obtained for PEG, the cation and the anion. 

Exponential fitting curves corresponding to the mean values of the diffusion coefficients for 

each species are shown by straight lines drawn near the experimental decays. The diffusion 

decay for PEG oil (filled circles) can not be described by an exponential function (Figure 3.14 

top). Thus, a bi-exponential function was used to fit the diffusion decay of PEG oil. Two 

diffusion coefficients, which differing by a factor of ca. 1.74, were obtained for PEG oil in 

this mixture. These coefficients correspond to the different molecular fractions of the PEG oil 

used in this study. The diffusion decays corresponding to the [CnC1Im]+ cation (open stars) 

and the [BMB]- anion (open triangles) can be described by single exponential decays. This 
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was observed for all the studied concentrations and temperatures. Interestingly, the diffusion 

coefficient of the anion is less than that of the cation. This means that the cation and the anion 

of the studied hf-BIL in mixtures with PEG diffuse separately, at least part of the time. 

 

Figure 3.14 Typical 1H NMR diffusion decays obtained for PEG oil, anions, and cations of a 
mixture of 90 wt% PEG and 10 wt% [C10C1Im][BMB]. All signals are 
normalized to the maximum of the PEG resonance line. The temperature is 310 
K. Adapted from [Article V]. 

 

Therefore, one can conclude that either only a portion or all of the ion pairs dissociated in the 

presence of PEG. From the exponentiality of diffusion coefficients for the cation and anion, it 

follows that they interact under conditions of “fast exchange”. Therefore, the lifetime of the 

associated cation-anion pair is smaller than the minimal time of diffusion in our 1H PFG 

NMR experiments (37 ms). Chemical shift analysis was also performed for a better 

understanding of the interactions between the ions of the hf-BILs and the molecules of the 

PEG oil. It was found that the chemical shift of the cation’s methyl (H13 protons) group did 

not change when the hf-BILs were added to PEG oil. Therefore, this resonance line was used 

as an internal reference. Figure 3.15 shows the chemical shifts of other chemical groups of 

cations and anions (excluding H14 methyl of the cation) at different concentrations of the hf-

BILs in PEG oil. This figure shows that a change of hf-BIL concentration in PEG oil does not 

affect the [BMB]- (Figure 3.15 B) or PEG (Figure 3.15 C) chemical shifts, while it distinctly 
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affects the imidazolium chemical shifts (Figure 3.15 A) almost affecting equally the imidazole 

ring’s proton H1 (8.87–8.96 ppm) and protons H2 and H3 (7.53–7.61 ppm) and even 

chemical shift of  the H5–H12 protons of the alkyl chain (~1.76 ppm for CH2 groups and 

~1.24 ppm for CH3 protons) are concerned. Therefore, one can conclude that only the 

imidazolium cation strongly interacts with PEG molecules, and the most probable location of 

this interaction is at the imidazole ring. Indeed, PEG may interact with the [CnC1Im]+ cation 

through the formation of hydrogen bonds between PEG’s oxygen and protons of the cation. 

 

Figure 3.15 Dependences of the chemical shifts of protons from different groups of the 
[CnC1Im]+ cation (A), [BMB]- anion (B), and PEG oil (C) in mixtures of PEG 
with [C10C1Im][BMB] (filled circles) and [C12C1Im][BMB] (empty circles) ILs 
on the concentration of these liquid mixtures. T = 295 K. 
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3.7 Morphology by Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) was used to study the morphology of 

[CnC1Pyrr][BScB], which are solids at room temperature. A high resolution Merlin SEM 

(Zeiss, Germany) was used to record the micrographs. Micrographs were recorded at 1.5 kV, 

500 pA and a working distance of ca. 2.5 mm. Powder samples were spread on carbon tapes 

and then flushed with argon gas. No coating was applied. The SEM images reveal that the 

length of the long alkyl chain of the [CnC1Pyrr]+ cation has a significant influence on the 

crystallization of [CnC1Pyrr][BScB] hf-BILs. Micrographs of [C5C1Pyrr][BScB]) reveal the 

presence of thin plates of crystals that are packed along different directions (Figures 9, SI-43, 

Article III). Whereas the micrographs of [C10C1Pyrr][BScB] reveal that [C10C1Pyrr][BScB] 

crystallizes in different (predominantly, cubic) shapes and sizes (from ca. 0.5 to 20 μm)also 

randomly packed (Figure SI-44, Article III).From the SEM images one can conclude that the 

morphology of [CnC1Pyrr][BScB] OIPCs is very sensitive to the length of the side alkyl chain 

of [CnC1Pyrr]+ cations. This may significantly influence the performance of these OIPCs in 

different industrial applications such as electrolytes for batteries or as high temperature 

lubricants, to name a few. 

 

3.8 Concluding Remarks 

The thermal behavior of hf-BILs was studied by TG/DTG and DSC. Thermal analyses data 

suggested that the thermal stability of orthoborate-based ILs is affected by the molecular 

structure of both the cation and the anion. [C6C1Im][BMB] is thermally more stable than 

[C6C1Pyrr][BScB] and [C6C1Pyrr][BMB]. This can be correlated with a better thermal 

stability of the imidazolium ring compared to the pyrrolidinium ring in these types of cations. 

The “short-term” thermal stability was found to decrease with an increase in the length of the 

long alkyl chain of these cations. The length of the longest alkyl chain of the [CnC1Pyrr]+ 

cation has also a significant influence on the Tg values of this class. A distinct “odd-even” 

effect was observed with lower Tg values for the hf-BILs with n = odd numbers of carbons in 

the long alkyl chain. DSC measurements on [CnC1Pyrr][BScB] show solid-solid phase 

transitions before melting, which is a characteristic of organic ionic plastic crystals. The 



Physicochemical Characterization Chapter 3 

 

99 

 

length of the longest alkyl chain of the [CnC1Pyrr]+ cation was found to have a significant 

influence on the melting points of [CnC1Pyrr][BScB] plastic crystals.  

Density measurements and calculations have revealed that the density values of 

[CnC1Pyrr][BMB] hf-BILs decrease with an increase in the number of CH2 groups in the long 

alkyl chains connected to the [CnC1Pyrr]+ cations. This dependence was successfully modeled 

using a ‘‘mosaic type’’ model, where regions of long alkyl chains of cations (named 

“aliphatic” regions) and the residual chemical moieties in both the cations and anions (named 

“ionic” regions) give additive contributions. A decrease in density with an increase in 

temperature and the number of CH2 groups in the long alkyl chains of the [CnC1Pyrr]+ cation 

are determined predominantly by changes in the free volume of the “ionic” regions, while 

“aliphatic” regions are already highly compressed by van der Waals forces, which results in 

only infinitesimal changes in their free volumes with temperature. The density measurements 

also show that [C6C1Pyrr][BMB] and [C6C1Im][BMB] have very close density values in the 

studied temperature range. In contrary, [C12C1Im][BMB] has considerably lower density than 

[C12C1Pyrr][BMB].  

Rheological data of [CnC1Im][BMB] hf-BILs shows that the length of the longest alkyl chain 

of the [CnC1Im]+ cation has a significant influence on the viscosity of this class of hf-BILs. At 

T ≤ 333 K and at a constant shear rate (100 s-1), the viscosities of the three studied compounds 

were found to change in the following order: [C6C1Im][BMB] > [C10C1Im][BMB] > 

[C12C1Im][BMB]. This can be explained by the reduction in both electrostatic and π-π 

interactions between the aromatic ring of the imidazolium cation and the phenyl rings of the 

bis(mandelato)borate anion. The length  of the longest alkyl chain of the [CnC1Im]+ cation has 

minor effect on the viscosities of this class of hf-BILs at T ≥ 353 K. Shear thinning behaviour 

was observed for the three compounds only at T < 353 K. 

Powder X-ray diffraction data of [CnC1Pyrr][BScB] hf-BILs at different temperatures reveals  

a change in d-spacing values in the temperature range close to the solid-solid phase 

transitions. This change reflects changes in the molecular packing, which takes place during 

solid-solid phase transitions.  

Solid-state 13C CP/MAS NMR data on [CnC1Pyrr][BScB] hf-BILs revealed differences in C–

H…π interactions between  [BScB]- anions and [CnC1Pyrr]+ cations with different alkyl chain 
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lengths. These interactions make carbonyl sites in the [BScB]- anion chemically non-

equivalent in the case of [C4C1Pyrr][BScB] and [C6C1Pyrr][BScB] OIPCs, while the two 

carbonyl sites are chemically equivalent in [C5C1Pyrr][BScB] at room temperature. 

1H diffusion NMR data on [CnC1Pyrr][BMB] hf-BILs demonstrated that the studied systems 

have interesting complexities in both their molecular organization and self-diffusion 

properties. For n = 4–8, in the entire temperature range of the study, these hf-BILs show 

single-component diffusion decays with almost equal diffusion coefficients independent on n. 

For [CnC1Pyrr][BMB] with n = 10 and 14, the 1H PEG NMR results demonstrate the presence 

of two diffusion coefficients, which differ by almost two orders of magnitude and  which 

correspond to the two liquid sub-phases in these hf-BILs.  

1H diffusion NMR data on the [CnC1Im][BMB]/PEG mixtures demonstrated that dissolution 

of the hf-BILs in PEG changes self-diffusion of PEG molecules and that of the ions of the hf-

BILs. The data also suggested that the [BMB]- anion and the [CnC1Im]+ cation may be present 

in both bound and free states, with a fast exchange between these bound and free states 

occurring in less than ~30 ms. NMR chemical shift alteration analysis shows the direct 

interaction between the [CnC1Im]+ cation  and PEG molecules. The [BMB]- anion does not 

strongly interact with PEG, although it may be indirectly affected by PEG, through 

interactions with the [CnC1Im]+ cation, which directly interacts with PEG. 

The differences in the SEM micrographs of [C5C1Pyrr][BScB] and [C10C1Pyrr][BScB] reveal 

the effect of the length of the longest alkyl chain of the [CnC1Pyrr]+ cation on the crystal 

habits of [CnC1Pyrr][BScB] hf-BILs. 
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4. Tribological Characterization  

4.1 Introduction 
 

riction and wear data of the different classes of hf-BILs are discussed in this chapter. 

Scheme 4.1 summarizes the tribological characterizations performed in this work. From 

Scheme 4.1, one can see that different surface materials were used in the tests. The details of 

elemental composition, hardness and surface roughness of the materials are tabulated in Table 

4.1.  

 

Scheme 4.1 Summary of the tribological characterizations performed on the different classes 

of hf-BILs.  

 

 

 

F 
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Table 4.1 Elemental composition, hardness and roughness of the alloys used in the  
tribological tests. 

Elemental Composition 

(wt%) 
AISI 52100 Steel Alumina ball Sapphire ball 

C 0.95-1.05 

99.9% α-Al2O3 

and 0.1% Others 

99.5 % α-Al2O3 

and 0.5% others 

Si 0.15-0.35 

Mn 0.25-0.45 

Cr 1.30-1.65 

Mo 0.1 max 

S 0.025 max 

P 0.025 max 

Others 0.15 max 

Fe Balance 

Ra (μm) 
Ball 0.03 

0.03 max 0.03 max 
Disk 0.05 

Hardness 
(HRC) 

Ball 67 
84 78 

Disk 60 

Young’s Modulus (GPa) 190 - 210 370 - 385 345-380 

Poisson's ratio 0.27 - 0.30 0.23 - 0.25 0.20 - 0.23 

 

Friction-reducing performance of all the compounds was evaluated on CSM ball-on-disc 

tribometers (Figure 4.1). After the tribological tests, the depth and the area of the wear scars 

on the disks were measured with a Surfascan SOMICRONIC profilometer using the following 

conditions: tip radius, 2 μm; angle, 90 º; cut-off value (λ), 2.5 mm; and filter, Gauss 50%. 
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Figure 4.1 A CSM tribometer equipped with a ball-on-disc configuration. 

 

4.2 Tribological Performance of [CnC1Pyrr][BMB] hf-BILs 

The high viscosity at room temperature of [CnC1Pyrr][BMB] hf-BILs (e.g., > 800 Pa·s for 

[C8C1Pyrr][BMB]) was an obstacle to testing them as neat lubricants. This class of hf-ILs 

failed to perform on steel-steel contacts. Figure 4.2 shows the failure behavior of one hf-BILs 

in this class, [C6C1Pyrr][BMB], used as a neat lubricant for steel-steel contact at 323 K.  

 

Figure 4.2 An example of the failure of one [CnC1Pyrr][BMB] hf-BIL as a neat lubricant in 
steel-steel contacts. The test was performed at 15 N load and a sliding speed of 
0.2 m s-1 at 323 K. 
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Therefore, [CnC1Pyrr][BMB] hf-BILs, which are not soluble in mineral oil, were additionally 

tribologically tested as additives in a technical-grade polyethylene glycol (PEG). Mass 

spectrometry (MS) analysis of PEG demonstrates the bimodal distribution of the molecular 

masses, centered around 150 and 850 Da. The PEG used in this study has a viscosity value 

134 mPas and a density value of 1.030 g cm-3 at 313 K. The mixtures were prepared by 

adding 3 wt% [CnC1Pyrr][BMB] hf-BILs to PEG using an analytical balance. The mixtures 

were ultrasonicated for 30 minutes at 353 K and clear transparent solutions were obtained. 

Friction and wear tests were performed at room temperature under a load of 15 N and a speed 

of 0.2 m s-1. The test matrix was designed in such a way to investigate the variation of wear as 

a function of sliding distance. To achieve this, separate runs were performed for 100-, 200-, 

300- and 2000-m sliding distances. This means that the 100-m runs were repeated four times, 

the 200-m runs were repeated three times, and so on. The tribo-contact was achieved by 

pressing the upper stationary 100Cr6 steel ball (diameter 6 mm) against the rotating 100Cr6 

steel disk (diameter 30 mm). The wear coefficients for the steel discs were measured with the 

Surfascan SOMICRONIC profilometer. Figure 4.3 shows the friction-reducing performance 

of the [CnC1Pyrr][BMB] hf-BILs as 3 wt% additives in PEG in comparison with the neat PEG 

and 5W40 oil in the steel-steel contacts. It is obvious that [CnC1Pyrr][BMB]/PEG mixtures 

provide lower friction than the neat PEG and 5W40 oil. A comparative analysis of the friction 

and wear-depth data reveals that the [CnC1Pyrr]+ cations functionalized with shorter alkyl 

chains provide better friction-reducing and anti-wear performance compared to those 

functionalized with longer alkyl chains (Figure 4.4). This result can be explained by the easier 

mobility of the [CnC1Pyrr][BMB] hf-BILs with the shorter alkyl chains in PEG. As a result, 

the availability of the hf-BIL at the rubbing surfaces is greater. 
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Figure 4.3 Variation of the friction coefficient with the sliding distance in the steel-ball-on-
steel-disc contact lubricated by 5W40 oil, neat PEG or PEG with 3 wt% 
[CnC1Pyrr][BMB]. Room temperature (298 K), 15 N load, 0.2 m s-1 sliding speed. 
Friction curves from top to bottom: 5W40, neat PEG, [C12C1Pyrr][BMB]/PEG, 
[C8C1Pyrr][BMB]/PEG, [C7C1Pyrr][BMB]/PEG, [C6C1Pyrr][BMB]/PEG, 
[C5C1Pyrr][BMB]/PEG and [C4C1Pyrr][BMB]/PEG. Adapted from [Article I] and 
reproduced by permission of the Royal Society of Chemistry. 

 

 

Figure 4.4 The effect of the alkyl chain length of [CnC1Pyrr][BMB] hf-BILs on the wear 
depth and friction coefficient. The tests were performed at room temperature with 
3 wt% hf-BIL in PEG at 15 N load and a sliding speed of 0.2 m s-1 for a 2000 m 
sliding distance. Adapted from [Article I] and reproduced by permission of the 
Royal Society of Chemistry.  
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The effect of sliding distance on the wear rates was studied by performing the tests at 

different sliding distances: 100, 200, 300 and 2000 m. Figure 4.5 shows the effect of sliding 

distance on wear rate (represented by wear depth). For all compounds, wear rates were found 

to increase with increase in the sliding distance from 100 m to 2000 m. The increase in wear 

depth with sliding distance was more significant in the cases of 5W40 oil and neat PEG. 

Adding 3wt% hf-BIL to PEG considerably reduced the wear rate increase, indicating 

formation of stable tribolayers on the contacting surfaces. 

 

Figure 4.5 Wear depth as a function of sliding distance. Steel-steel contacts tested at room 
temperature, 15 N load, sliding speed of 0.2 m s-1. Adapted from [Article I] and 
reproduced by permission of the Royal Society of Chemistry.  

 

4.3 Tribological Performance of [CnC1Pyrr][BScB] hf-BILs 

The [CnC1Pyrr][BScB] hf-BILs are solids at room temperature and some of them are 

classified as organic ionic plastic crystals (OIPCs). The immiscibility of [CnC1Pyrr][BScB] 

hf-BILs in mineral oil and in PEG oil was an obstacle to testing them as lubricant additives. 

However, two compounds of this class, [C5C1Pyrr][BScB] and [C7C1Pyrr][BScB], were tested 

as neat lubricants at temperatures above their melting points. The friction tests were 

performed at 423 K, under 15 N load, 1.36 GPa contact pressure and speed of 0.2 m s-1 for a 

1000-m sliding distance. To the best of my knowledge, it is the first time that OIPCs have 

been evaluated in lubrication. They are usually tested in different industrial applications such 
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as batteries and solar cells. The tested OIPCs show better friction-reducing performance than 

5W40. [C7C1Pyrr][BScB] shows better friction-reducing performance than 

[C5C1Pyrr][BScB], which may be due to the effect of the length of the alkyl chain attached to 

the [CnC1Pyrr]+ cation (Figure 10, Article III). The average friction coefficient decreases in 

the order: 5W40 (μ = 0.089) > [C5C1Pyrr][BScB] (μ = 0.075)>[C7C1Pyrr][BScB] (μ = 0.059). 

The wear depth is increased with an increase in sliding distance. A gradient increase in wear 

depth is observed for the disc lubricated with 5W40 oil, while a constant increase is observed 

for the disks lubricated with the OIPCs (Figure 11, Article III).  

 

4.4 Tribological Performance of [P6,6,6,14][BOB] 

The use of non-ferrous and lightweight materials in the automotive industry is exponentially 

increasing due some of their outstanding properties, such as a high strength-to-weight ratio 

and good corrosion resistance.  These materials are known for tribologists as “difficult-to-

lubricate” materials. The commercially available lubricants are mainly optimized for ferrous 

materials and mostly fail to efficiently lubricate non-ferrous materials. Thus, there are intense, 

on-going efforts to improve the lubrication performance of non-ferrous and lightweight 

materials and reduce environmental impacts caused by improper lubrication. Some ILs have 

proven to possess outstanding lubrication performance with non-ferrous materials. The 

lubrication performance of the trihexyltetradecylphosphonium bis(oxalato)borate ionic liquid 

[P6,6,6,14][BOB], in contact pairs of alumina-steel and sapphire-steel, was investigated in this 

study. [P6,6,6,14][BOB] hf-BIL was previously designed, synthesized and physicochemically 

characterized in our group by Shah et al [62]. The ionic components of [P6,6,6,14][BOB] hf-

BIL are shown in Figure 4.6.  
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 Figure 4.6 Ionic components of [P6,6,6,14][BOB] hf-BILs. 

 

[P6,6,6,14][BOB] hf-BIL has a lower viscosity compared with that of other orthoborate-based 

ILs discussed in this work, such as [CnC1Pyrr][BMB] and [CnC1Im][BMB], which makes it 

possible to test this particular hf-BIL as a neat lubricant at room temperature. Friction and 

wear tests were performed at room temperature under a load of 15 N and a sliding speed of 

0.2 m s-1. Separate tests were performed for 200-, 300- and 1000-m sliding distances. The 

tribo-contact was achieved by pressing the upper stationary alumina or sapphire ball (diameter 

6 mm) against the rotating 100Cr6 steel disc (diameter 30 mm). [P6,6,6,14][BOB] hf-BIL shows 

better friction-reducing performance than 5W40 oil for both alumina-steel and sapphire-steel 

contacts (Figure 4.7).  

The wear data reveal that the anti-wear performance of [P6,6,6,14][BOB] hf-BIL is twice as 

good as the performance of 5W40 oil for the alumina-steel contact and 7-13 times better than 

that of the sapphire-steel contact (Figure 5, Article VI).  
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Figure 4.7 Variation of the friction coefficient with the sliding distance. The tests were  
performed at 15 N load and 0.2 m s-1 sliding speed at room temperature (298 K). 
Friction curves from top to bottom: 5W40 (alumina-steel), 5W40 (sapphire-steel), 
[P6,6,6,14][BOB] (alumina-steel) and [P6,6,6,14][BOB] (sapphire-steel). 

 

4.5 Concluding Remarks  

The high viscosity of [CnC1Pyrr][BMB] hf-BILs precludes the possibility of using them as 

neat lubricants but not as additives in a suitable base oil such as PEG. It was found that 

friction and wear-reducing properties of [CnC1Pyrr][BMB] hf-BILs, as 3 wt% additives in 

PEG for steel-steel contacts, are affected by the length of the longest alkyl chain connected to 

the [CnC1Pyrr]+ cation. The shorter the alkyl chain length on [CnC1Pyrr]+, the better the 

friction-reducing and anti-wear performance. The tribological results of [CnC1Pyrr][BMB] hf-

BILs suggest that they can function as potential lubricant additives to PEG and possibly to 

other polar base oils. 

OIPCs were tested as high-temperature active lubricants. Tribological data of selected OIPCs, 

[C5C1Pyrr][BScB] and [C7C1Pyrr][BScB], showed that both the friction-reducing and anti-

wear properties in steel-steel contacts were significantly better compared with those of 5W40 

oil at 423 K. The length of the longest alkyl chain connected to the [CnC1Pyrr]+ cation was 
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also found to have an influence on the lubrication performance of this class of hf-BILs when 

tested as high-temperature neat lubricants. The longer the alkyl chain, the better the friction-

reducing and anti-wear performance. The friction and wear data suggest that this class of 

OIPCs can be used as potential lubricants in high-temperature applications.  

[P6,6,6,14][BOB] hf-BIL exhibits excellent friction-reducing and anti-wear performance in both 

alumina-steel and sapphire-steel contacts compared with 5W40 oil. The outstanding 

tribological performance of [P6,6,6,14][BOB] hf-BIL suggests that it may function as an 

attractive alternative replacement for other conventional and halogenated IL lubricants. 
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5. Overall Conclusions  

 

his thesis is focused on the design, synthesis, characterization and tribological 

investigations of new hydrophobic, hydrolytically stable, halogen-free boron-based 

ionic liquids (hf-BILs) for future tribological applications. Four classes of hf-BILs were 

studied: 

(i) N-alkyl-N-methylpyrrolidinium bis(mandelato)borate ([CnC1Pyrr][BMB]), (ii) N-alkyl-N-

methylpyrrolidinium bis(salicylato)borate ([CnC1Pyrr][BScB]), (iii) 1-alkyl-3-methyl-

imidazolium bis(mandelato)borate ([CnC1Im][BMB]) and (iv) trihexyltetradecylphosphonium 

bis(oxalato)borate ([P6,6,6,14][BOB]). The structure and purity of all new hf-BILs were 

characterized using different techniques such as liquid-state (1H, 13C, and 11B) and solid-state 

(13C and 11B) nuclear magnetic resonance (NMR) spectroscopy, Karl Fischer titration, 

elemental analysis and inductively coupled plasma mass spectrometry (ICP-MS). 

Physicochemical properties of these hf-BILs, such as their thermal stabilities, phase 

transitions, density, viscosity and self-diffusion were thoroughly investigated. Lubrication 

performance evaluation was carried out using a pin-on-disc tribometer and surface analyses 

were performed using stylus profilometer and Scanning Electron Microscopy SEM. 

The “short-term” thermal stability of the studied hf-BILs is strongly affected by the molecular 

structure of both cations and anions. Imidazolium-based hf-BILs are thermally more stable 

than the pyrrolidinium-based hf-BILs, which is attributed to the better thermal stability of 

imidazolium ring compared to the pyrrolidinium ring in these types of cations. Pyrrolidinium-

based ILs with the bis(salicylato)borate ([BScB]-) anion have better “short-term” thermal 

stabilities than those with bis(mandelato)borate ([BMB]-) anions. This is attributed to the π-

conjugation of the phenyl rings with carbonyl carbons in the case of [BScB]- anion but not in 

the case of [BMB]- anion. 

Tg values of [CnC1Pyrr][BMB] hf-BILs are affected by the length of the longest alkyl chain of 

the [CnC1Pyrr]+ cation. “Odd-even” effect was observed with lower Tg values for the hf-BILs 

with n = odd numbers of carbons in the long alkyl chain. DSC measurements of 

T 
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[CnC1Pyrr][BScB] hf-BILs reveal solid-solid phase transitions before melting, which is a 

characteristic of organic ionic plastic crystals.  

The density values of [CnC1Pyrr][BMB] hf-BILs decrease with an increase in the length of the 

longest alkyl chain of the [CnC1Pyrr]+ cations as well as with an increase in temperature. A 

‘‘mosaic type’’ model was successfully used to describe this dependency. The density 

measurements also show that [C6C1Pyrr][BMB] and [C6C1Im][BMB] have very close density 

values in the studied temperature range. In contrary, [C12C1Im][BMB] has considerably lower 

density than [C12C1Pyrr][BMB].  

Rheological data of [CnC1Im][BMB] hf-BILs shows that the length of the longest alkyl chain 

of the [CnC1Im]+ cation has a significant influence on the viscosity of this class of hf-BILs. At 

T ≤ 333 K and at a constant shear rate (100 s-1), the viscosities of the three studied compounds 

were found to decrease with an increase in the length of the longest alkyl chain of the 

[CnC1Im]+ cation. This is explained by the decrease in the interactions such as π-π stacking 

between the aromatic ring of the imidazolium cation and the phenyl rings of the 

bis(mandelato)borate anion with an increase in the length of the alkyl chain of [CnC1Im]+ 

cation. The length  of the longest alkyl chain of the [CnC1Im]+ cation has minor effects on the 

viscosities of this class of hf-BILs at T ≥ 353 K. Shear thinning behaviour of the studied 

[CnC1Im][BMB] hf-BILs was observed only at T < 353 K. 

Powder X-ray diffractions under variable temperatures reveal changes in d-spacing values in 

the temperature range close to the solid-solid phase transitions for some [CnC1Pyrr][BScB] 

OIPCs. This change reflects changes in the molecular packing, which takes place during 

solid-solid phase transitions.  

Solid-state multinuclear NMR data on [CnC1Pyrr][BScB] reveals differences in C–H…π 

interactions between the [BScB]- anions and the [CnC1Pyrr]+ cations with different alkyl chain 

lengths.  

1H diffusion NMR data on [CnC1Pyrr][BMB] hf-BILs  with n = 4–8 exhibits single-

component diffusion decays with almost equal diffusion coefficients independent on n. For 

[CnC1Pyrr][BMB] with n = 10 and 14, the 1H PEG NMR results demonstrate the presence of 

two diffusion coefficients, which differ by almost two orders of magnitude and which 
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correspond to the two liquid sub-phases in these hf-BILs. 1H diffusion NMR data on the 

[CnC1Im][BMB]/PEG mixtures shows that the dissolution of [CnC1Im][BMB] hf-BILs in PEG 

changes the self-diffusion of PEG molecules as well as that of the ions of the hf-BILs. The 

[BMB]- anion does not strongly interact with PEG, although it may be indirectly affected by 

PEG, through interactions with the [CnC1Im]+ cation, which directly interacts with PEG. 

SEM micrographs of [C5C1Pyrr][BScB] and [C10C1Pyrr][BScB] reveal the effect of the length 

of the longest alkyl chain of the [CnC1Pyrr]+ cation on the crystallization and the crystal habits 

of [CnC1Pyrr][BScB] hf-BILs. 

Antiwear and friction properties of the studied hf-BILs were studied in comparison with 

5W40 oil. It was found that [CnC1Pyrr][BMB] hf-BILs, as 3 wt% additives in PEG, have 

better antiwear and friction reducing properties for steel-steel contact compared with those 

tribological properties of neat PEG and 5W40 oils. The tribological properties of the 

[CnC1Pyrr][BMB] additives are affected by the length of the longest alkyl chain of the 

[CnC1Pyrr]+ cation; the shorter the alkyl chain the better antiwear and friction reducing 

properties are. Some [CnC1Pyrr][BScB] OIPCs were tested as high-temperature lubricants for 

steel-steel contacts. The tribological data shows that the studied OIPCs have better antiwear 

and friction reducing properties compared with those for 5W40 oil. The longest alkyl chain of 

the [CnC1Pyrr]+ cation was also found to have an influence on the lubrication performance of 

these OIPCs; the longer the alkyl chain is, the better the friction-reducing and anti-wear 

performance are. [P6,6,6,14][BOB] hf-BIL exhibits better antiwear and friction reducing 

properties for alumina-steel and sapphire-steel contacts compared with those for 5W40 oil.  

All the studied ILs in this work are halogen-free and contain boron and nitrogen, which are 

desired tribologically active elements. The tribologically tested hf-BILs exhibit excellent 

tribological properties, either as additives into a base oil, as high temperature lubricants or as 

neat lubricants for ferrous-ferrous and nonferrous-ferrous contacts. This makes them attractive 

future environmentally friendly lubricants. 
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6. Future Work                                                                                                                       

The key ideas for the future work are: 

 To further investigate the tribological performance of the already synthesized hf-BILs 

in different contacts with non-ferrous materials and coatings. 

 To design and synthesize chemically modified novel halogen-free ILs lubricants and 

lubricant additives to improve their performance in specific applications in lubrication.  

 To investigate and propose tribochemical reaction mechanisms for the designed hf-

ILs. This implies the use of surface sensitive techniques such as X-ray Photoelectron 

Spectroscopy (XPS), ATR-FTIR, Auger Electron Spectroscopy (AES), Time-of-Flight 

Secondary Ion Mass Spectrometry (ToF-SIMS), Solid-State NMR Spectroscopy  and 

other methods. 

 To perform studies on mixtures of already synthesized hf-BILs to obtain designed 

properties of lubricants, such as lower viscosity, lower glass transition temperatures, e
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