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You can't solve a problem on the same level that it was created. You   

have to rise above it to the next level 

 

Albert Einstein (1879-1955) 
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Summary

Lubricants are used to control friction and reduce wear by preventing direct contact between 

surfaces in a relative motion. Most of the modern lubricants and lubricant additives have been 

designed and optimized for ferrous materials. A growing trend towards wider use of 

lightweight and wear resistant non-ferrous materials calls for new efficient and environmentally 

friendly Lubricants. Boron compounds are attractive alternatives for the commercially available 

lubricants and lubricant additives. Some boron compounds have already been proven as 

efficient friction modifiers, antioxidants, corrosion inhibitors and antiwear additives in 

lubricants. 

In this work we focus on design, synthesis, physicochemical characterization and tribological 

studies of novel boron compounds. Boron based ionic liquids (ILs) and dithiocarbamates (B-

DTCs) were designed, synthesized and tribologically characterized. The work was carried out 

in the following steps: (i) design and synthesis of novel boron compounds; (ii) physicochemical 

characterization of the synthesized compounds by FTIR, liquid-state (1H, 13C, and 11B) and 

solid-state (13C and 11B) nuclear magnetic resonance (NMR) spectroscopy, elemental analysis, 

thermal analysis (TG, DTA, DSC and QMS), powder XRD, density and viscosity 

measurements; (iii) tribological characterization using four-ball and ball-on-disc tribometers 

and (iv) surface analysis using Scanning Electron Microscopy coupled with X-ray Energy 

Dispersive Spectroscopy (SEM/EDS), optical interferometer and stylus profilometer. Some of 

these new boron-based compounds revealed significantly better antiwear and friction reducing 

performance on steel-steel contacts compared with fully formulated engine oils.  

(i) Nine novel ILs of pryrrolidinium bis(salicylato)borate were synthesized and 

physicochemically characterized. They are solid at room temperature and some of them 

behave as plastic crystals. Some of these ILs were tested as lubricants at 100 ºC, i.e. above 

their melting points. These ILs have shown significantly better antiwear and friction 

reducing performance in lubrication of steel-steel contacts compared to fully formulated 

synthetic engine oil 5W40. 

(ii) Nine novel room temperature ionic liquids (RTILs) of pyrrolidinium bis(mandelato)borate 

were synthesized and physicochemically characterized. These ILs were tribologically 

tested as 3 wt % additives in polyethylene glycol (PEG) and they have shown considerably 

better antiwear and friction reducing properties in boundary lubrication of steel-steel 

contacts at room temperature compared with neat PEG and engine oil 5W40. 
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(iii) Boron based compounds containing alkylborate and dithiocarbamate groups with alkyl 

substitutes in one molecule were synthesized and physicochemically characterized.  The 

influence of alkyl chain length (butyl and/or octyl substitutes at DTC and borate groups) 

and heterocyclicity in boron based dithiocarbamate compounds (B-DTCs) on their 

tribophysical properties as additives in a mineral oil was studied for steel-steel lubricated 

contacts. 
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Preface

In the following scheme I try to trace the process of tribological evaluation of the synthesized 

boron based compounds. In this thesis, two groups of boron based compounds will be 

discussed: halogen-free boron based ionic liquids (hf-BILs) and boron based dithiocarbamates 

(B-DTCs). Hf-BIL group contains two classes: N-alkyl-N-methylpyrrolidinium 

bis(salicylato)borate, [CnC1Pyrr][BScB], and N-alkyl-N-methylpyrrolidinium 

bis(mandelato)borate, [CnC1Pyrr][BMB]. [CnC1Pyrr][BScB] hf-BILs are solids at room 

temperature. They are soluble neither in mineral oil nor in PEG oil. Therefore, neat 

[CnC1Pyrr][BScB] were tested at 100 °C in steel-steel contacts (follow the red line in Scheme 

1). On the other hand, [CnC1Pyrr][BMB] hf-BILs have high viscosities at room temperature and 

they failed to perform as neat lubricants in steel-steel contacts at different temperatures. These 

hf-BILs are insoluble in a mineral oil but they are soluble in PEG. Consequently, 

[CnC1Pyrr][BMB] hf-BILs was tested  as 3 wt% additives in PEG (follow the green line in 

Scheme 1). B-DTCs are soluble in a mineral oil and they were tested as additives at different 

concentrations in a mineral oil in steel-steel contacts (follow the violet line in Scheme 1). 
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Scheme 1. 
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1. Introduction

Machinery systems are built of elements that contain numerous interacting surfaces in relative 

motion. Both efficiency and safety of the machinery systems relies on a proper design of 

interfaces formed by such surfaces. The design of interfaces includes selection of materials, 

geometry, surface topography and lubrication technology [1]. Due to the relative motion of 

these interacting surfaces, friction forces are generated at interfaces. To overcome friction 

forces, energy has to be provided [2]. Typically friction is accompanied by wear, the removal 

of material from one or both surfaces. Friction and material losses can be minimized by 

applying proper lubricant formulations. Lubrication also helps to reduce environmental impact, 

maximize service life and optimize energy efficiency [3]. Growing importance of these criteria 

is expected to lead to more extensive use of high performance lubricant and lubricant additives. 

To design such components for various applications, different lubrication regimes and 

tribological contacts have to be considered. The Stribeck curve is a convenient tool to describe 

and understand friction as a function of contact load, lubricant viscosity and the speed of 

moving surfaces at lubricated contacts (see Figure 1.1). 

 

1.1 Lubrication Regimes 

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

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

Lubrication (ML) and Boundary Lubrication (BL).  

 

1. 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 tribological 

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

hydrodynamic film increases slightly, when viscosity and speed increase or the load decreases.  
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Figure 1.1 Stribeck curve representing lubrication regimes. (a-b) boundary lubrication, (b-c) 

mixed lubrication and (c-) hydrodynamic lubrication. Adapted from [4]. 

 

2. Mixed lubrication (ML): 

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

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

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

with lowering lubricant viscosity and/or speed. 

 

3. 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 and this 

gives high friction and wear.  

 

1.2 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, high contact pressure and temperature, often in boundary 

and mixed lubrication regimes, these additives undergo decomposition producing reactive 

moieties. The latter either adsorb or chemically react with contacting surfaces forming 

tribofilms, which are essential to control friction and reduce wear. The reactivity of these 

moieties with tribological surfaces is crucial and has to be optimized for the best performance 
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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 these factors have to be considered when designing any novel lubricant 

and lubricant additives. Conventional lubricants are currently facing two main problems [5-7]: 

Most of them 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 

development of novel lubricant formulations.  

The environmental and health issues are still a challenge for most of conventional 

lubricants. Most of them are additivated with additives containing large amounts of sulfur, 

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

been extensively used as antiwear 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 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.  

These reasons explain the research drive towards the development of advanced lubricants and 

alternative lubricant additives with enhanced performance and with minimized health and 

environmental risks. 

In this work, novel halogen-free and ashless boron containing compounds, including ionic 

liquids (ILs) and dithiocarbamates (B-DTCs) are presented as a part of the solution of the 

briefly discussed problems. Outstanding tribochemical properties of some of these novel boron 

containing compounds can make one to believe that they can replace most of conventional 

lubricants and lubricant additives in a very near future.  
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1.3 Research Objectives 

Based on the literature review and present demands, the main objectives of this work are: 

1. To design novel halogen-free boron based ILs, to replace of halogen containing ILs that 

have been successfully tested in lubrication.  

2. To develop a new class of boron based dithiocarbamates, which are ashless and contain 

reduced amounts of sulfur and phosphorus. It is expected that these compounds would 

provide improved tribological and environmental performance and to replace some 

lubricant additives currently in use such as ZnDTPs.  

3. To characterize chemical structures of the synthesized boron based compounds.  

4. To determine the physicochemical properties of the novel boron based compounds. 

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

in comparison with fully formulated engine oils and ZnDTP additivated base oils. 
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2 Ionic Liquids Lubrication

2.1 Definition

Ionic liquids (ILs) are defined as salts with melting points below 100 ºC.  In particular, the term 

"room temperature ionic liquids (RTILs)" is given for ILs, which are liquids at room 

temperature. RTILs are usually composed of an organic cation, with a low molecular 

symmetry, and organic or inorganic anions with commonly weak basic properties [8,9]. 

 

2.2 History 

The introduction date of the "first" IL is disputed along with the identity of its inventor. In 

1888, Gabriel and Weiner reported on ethanolammonium nitrate (C2H8N2O4) with a melting 

point between 52–55 °C [10]. 

NH3
+

OH

N O

O
-

O

Figure 2. 1 Molecular structure of ethanolammonium nitrate. 

One of the earliest truly RTILs, ethylammonium nitrate (C2NH8NO3) with melting point ca 12 

°C, was synthesized in 1914 by Paul Walden [8,11]. 

N
+ O

O
-

O
-

NH3
+

CH3

Figure 2. 2 Molecular structure of ethylammonium nitrate. 

In 1963 Yoke reported on mixtures of alkylammonium chlorides and copper (I) chloride, which 

were liquids at room temperature [12]. Later in 1970s and 1980s, ILs based on alkyl- 

pyrrolidinium and alkyl-imidazolium cations with different halogen based anions were 
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developed for applications as electrolytes in batteries [13,14]. In 1992, Wilkes and Zaworotko 

have introduced ILs with halogenated anions of tetrafluoroborate [BF4]- and 

hexafluorophosphate [PF6]- [15]. In the past decade, ILs became a hot topic of research due to 

their unique properties such as negligible volatility, thermo-oxidative stability and non-

flammability. This attention is driving a rapid augment in developing novel ILs [16]. So far, a 

few thousands of ILs with unique physicochemical characteristics and functions have been 

synthesized. It is obvious that a large variety of cations and anions, which can form ionic 

liquids, can in principle be extended to a nearly limitless number. Some of the most common 

cations and anions are shown in Tables 2.1 and 2.2. 

 

Table 2.1 Some of the commonly used cations in ionic liquids. 

Name Structure Abbreviation References 

Trialkylsulfonium 
R``

S
+

R`

R

 

[SRR`R``]+ [17,18]

Tetraalkylammonium 
R```

N
+

R`

R

R``  

[NRR`R``R```]+ [19,20]

Tetraalkylphosphonium 
R```

P
+

R`

R

R``  

[PRR`R``R```]+ [21,22]

N-alkylpyridinium 
N

+

R  

[CnPy]+ [19,23]

N-alkyl-N-methylpyrrolidinium 

 

N
+

R CH3 

[CnC1Pyrr]+ [21,24]

1-alkyl-3-methylimidazolium N N
+

RCH3  
[CnC1Im]+ [25,26]

1-alkyl-2,3-methylimidazolium N N
+

RCH3
CH3  

[CnC1C1Im]+ [21,27]
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Table 2.2 Some of commonly used anions in ionic liquids. 

Name Structure Abbreviation References 

Tetrafluoroborate 

F

B
-

F

FF

 

[BF4]- [28,29]

Hexafluorophosphate 

F

P
-

F

FF

FF

 

[PF6]- [30,31]

Bis[(trifluoromethane)sulfonyl]imide S

N
-

SO

O

FC3 O

FC3

O

 
[NTf2]- [32,33]

Dicyanamide 
NC

N
-

CN 
[N(CN)2]- [34,35]

 

2.3 Properties of Ionic Liquids  

ILs show many unique properties, which make them exciting in a wide range of applications. 

Some of outstanding properties of ILs are given below [8]: 

Negligible volatility 

Non-flammability 

High polarity 

High ionic conductivity 

High thermal stability, most of ILs are stable up to ca 250 ºC and some ILs do not 

decompose even at 400-500 ºC 

Ability to dissolve many different organic, organometallic and inorganic compounds 

ILs are composed of organic cations and organic or inorganic anions. 

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

cations and/or anions. 

 

2.4 Applications of Ionic Liquids 

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

applications, such as green recyclable solvents as replacements of traditional molecular 
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solvents [36], in catalysis [37], as electrolytes in batteries and solar cells [38], as active 

pharmaceutical ingredients [39], as alternatives to traditional organic diluents for solvent 

extraction of metal ions [40], as functional materials and recently as advanced lubricants and 

lubricant additives [41]. In some applications ILs are also called as engineering fluids, because 

they can be considered as a functional part of machinery or/and devices [42]. An example of 

ILs as smart materials is the use of ILs as liquid support for gas storage [43]. Note that 

traditional storing of toxic gases in metal cylinders under high pressure is often unacceptable 

due to the possibility of rupture and gas leakage from the cylinder. Lewis acid - Lewis base 

interaction is usually employed in designing of specific ILs with an increased affinity for 

specific gases. The latter provides high capacities of ILs in gas storage without applying high 

gas pressures above ILs [44]. Designability of ILs keeps the door open for more ILs-based 

innovations in various applications (Figure 2.3). 

 
Figure 2.3 Applications of ionic liquids. Adapted from [19]. 

2.5 Ionic Liquids in Lubrication 

Recently, ILs were tested as promising advanced lubricants and lubricant additives due to their 

unique characteristics. In 1961, Smith has published the first article on the use of molten salts as 
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lubricants. A mixture of lithium fluoride (LiF), beryllium fluoride (BeF2) and uranium 

tetrafluoride (UF4) in a molar ratio of 62:37:1 has been prepared and melted at 460 °C. The 

formed product (salt) was well performed in a high-temperature bearing test in the range 

between 650–815 °C [45]. Forty years later, RTILs were tested as lubricating fluids for the first 

time by Ye et al. [46]. Since then, the number of articles on ionic liquids in lubrication 

increased sharply. Most of ILs mentioned in tribology literature exhibit comparable or even 

better tribological performance than the conventional synthetic lubricants and lubricant 

additives [47,48]. The majority of anions described in tribology literature were 

hexafluorophosphate (PF6) and tetrafluoroborate (BF4), which are widely available at a 

reasonable cost. But this does not mean that [PF6]- and [BF4]- are best anions in ILs tested as 

lubricants [47]. Halogenated ILs are aggressive to metallic surfaces and are prone to hydrolysis.  

Therefore, efforts are being made to design halogen-free ILs for possible replacement of 

halogen-containing ILs and to implement them in industrial applications [41]. With concern to 

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

The thermal stability of imidazole ring make imidazolium based ILs beneficial for lubricants 

[49]. Tribological performance of ILs was mostly evaluated for steel-steel contacts [50-53]. 

However, the use of non-ferrous alloys in 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 a high strength-to-weight ratio 

[54]. It has been found that the conventional lubricants and lubricant additives have a poor 

friction and antiwear performance for lightweight alloys [47,48]. ILs are in the research focus 

as novel lubricants to lubricate such challenging tribological contacts. ILs have been already 

suggested as potential lubricants for copper alloys [55,56], aluminum alloys [57,58], silicon 

nitrides (Si3N4) [59,60], silicon and silica (SiO2) [61,62] and polymers [63]. They have been 

also suggested as lubricant additives for different materials such as cast iron [64], steel [65] and 

chromium nitride (CrN) PVD coatings [66].  

Lubricants in some advanced applications, i.e. in aerospace, have to operate under harsh 

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

to ca 150 °C. This restricts their application in advanced aerospace technologies where a wide 

operating temperature range, between - 40 and 330 ºC, is required [67].  
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A low temperature fluidity (down to -100 ºC) and high thermal stability (generally up to 400 

ºC) of some ILs make them as suitable candidates for applications, which require operations at 

a wide range of temperature [47,48,67]. 

 

2.6 ‘Molecular Structure-Tribological Performance’ Relationship of Ionic Liquids 

Performance of ILs in tribology is strongly affected by their molecular structure [42]. For 

example, for [1-alkyl-3-methylimidazolium][bis(trifluoromethanesulfonyl)amide] ILs the 

friction coefficient decreases with an increase in the chain length of the alkyl group attached to 

one of nitrogen atoms in the imidazolium ring of the cation [47]. Molecular structure of this 

class of ILs is shown in Figure 2.4. 

N
+N

CH3
CnH2n+1

S N
-

S

O

O

O

O

CF3F3C

 
Figure 2.4 Molecular structure of [1-alkyl-3-methylimidazolium] [bis(trifluoromethane 

sulfonyl)amide] ILs. 

 

An explanation for this result was that ILs viscosity changes as a function of the alkyl chain 

length. In some cases, longer alkyl chains may be beneficial for reducing friction by preventing 

the direct contact between rubbing surfaces. This mechanism is known as Bowden-Tabor 

model, in which the physical properties, such as viscosity, of lubricants have the most effect. 

Figure 2.5 shows a schematic representation of this model. 

 

 
Figure 2.5 The Bowden-Tabor type boundary film model. Adapted from [47]. 
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From the chemical point of view, ILs are composed of cations and anions and generally both of 

them have a significant influence on the tribological performance of ILs. The interaction 

between ILs and metallic surfaces is driven by charge, polarity and chemical structure of both 

cations and 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 to initiate 

chemical reactions in the interface region [68,69]. 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 ILs 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 while the interaction 

of cations with rubbing surfaces is rarely observed (Figure 2.6) [70]. 

 

Figure 2.6 A schematic representation of layers of ILs adsorbed on a metal surface. Adapted 

from [70].

 

Figures 2.7a and 2.7b show a schematic modeling of the orientation of cations and anions in 1-

octyl-3-methylimidazolium hexafluorophosphate, [OMIM][PF6], and 1-hexyl-3-

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

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

surface. The attraction electrostatic forces between opposite charges bring closer other groups 

of anions. Organization of layers gradually decreases, the further away cations and anions are 
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from the metal surfaces, i.e. ions closer to the metallic surface are arranged as in a lamellar 

liquid crystalline phase [71]. 

The chemical composition of tribofims mechanism 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), solid-state 

NMR and etc. [47]. 

 
Figure 2.7 Schematic representations of results of molecular dynamic simulations, which show 

interaction of ILs with metal surfaces: ILs with [OMIM] cation (longer alkyl 

chains) (a) and with [BMIM] cation (shorter alkyl chains) (b). Adapted from [71]. 

 

2.7 Ionic Liquids as Additives 

Some ILs are restricted to be used as neat lubricants from both economical and physical point 

of views. The economical restriction is due to yet high prices of some ILs and the physical 

restriction is because of a high viscosity of some ILs. Therefore, some ILs can be more likely 

used as additives in the lubricant industry. Some ILs showed a good potential to be used as 

lubricant additives and they may replace a majority of conventional additives in lubricants 

already in a near future [48].  
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2.7.1 To Mineral Oil

Jimenez et al. have studied different ILs as 1 wt% additives in paraffinic–naftenic mineral base 

oils for steel-aluminum contact. The friction coefficient 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 ILs additives were those with cations having shorter alkyl chains. In contrast, when 

those ILs used as neat lubricants the more efficient neat ILs lubricant were those containing 

cations with longer alkyl chains [51]. Battez et al. have found that imidazolium based ILs used 

as 1 wt% additives in mineral hydrocracking oil has improved its friction reduction and 

antiwear performance in a steel–steel contact [72]. 

 

2.7.2 To Synthetic Oils

Jimenez et al. have studied 1-n-Alkyl-3-methylimidazolium based ILs with different lengths of 

side chains in the cation and with halogen-containing anions [PF6]-, [BF4]- and triflate 

[CF3SO3]. These ILs were used as 1 wt% additives in a synthetic ester, propylene glycol 

dioleate (PGDO), at steel-aluminum contacts at two temperatures, 25 and 100 ºC. At 100 ºC, all 

these ILs additives in PGDO reduce both friction and wear compared to neat PGDO at the same 

conditions of the tribological tests [73]. Yao et al. have studied ILs comprising dicationic 

bis(imidazolium) with different anions [74]. These ILs were used as additives (3 wt %) in PEG 

at room temperature. It has been shown that such additivated lubricant effectively reduced 

friction and wear in steel-steel contacts compared with the neat PEG base oil used as a 

reference in these studies without additives. A good tribological performance of some ILs as 

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

physically adsorbed films on surfaces, and their tribochemical reactivity without tribocorrosion 

[74]. 

 

2.8 Some Limitations of Ionic Liquids Related to Lubrication and Proposed Solutions 

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

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

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

Hydrophobicity of ILs depends on both chemical structure of ions and on specific combinations 

of cations and anions. For example, hydrophobicity of some ILs can be increased by increasing 

the length of their alkyl chains [75]. Tribocorrosion, which is defined as degradation of 
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materials due to the combined effect of wear and corrosion, is risky for tribological systems 

[76]. Tribocorrosion leads to a gradual reduction in system efficiency, shutdowns and over-

maintenance [77]. ILs with halogen based anions with direct B-F and P-F chemical bonds, such 

as [BF4]-, [PF6]-, [PF3(C2F5)3]-, etc. are sensitive to moisture. Products of their hydrolysis 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 [77,78]. Therefore, halogenated anions 

are restricted to be used in industrial applications. Reddy et al. have studied the corrosivity of 

[C8mim][PF6] and [C4mim][Tf2N] ILs against 1018 carbon steel and 316 stainless steel using 

electrochemical techniques at room temperature. The corrosion rates were low that indicated 

the corrosion resistance of these alloys in ILs [79]. Perissi et al. have studied the corrosion 

behavior of different metals and metal alloys, such as nickel, copper, brass and AISI 1018 steel, 

in [1-butyl-3- methyl-imidazolium][ bis-(tri-fluoromethanesulfonyl) imide], [C4mim][Tf2N] IL. 

The 48 h immersion tests at different temperatures 150, 250, 275 and 325°C have been 

performed. Electrochemical and weight-loss methods have been used to analyze the corrosion 

behavior. Results from room temperature tests illustrated low corrosion current densities (from 

0.1 to 1.2 A/cm2) for all the investigated materials. At 70 ºC, the corrosion current for copper 

dramatically increased and at 150 ºC copper showed considerable weight-losses. The other 

materials did not show any considerable weight losses at that temperature. At higher 

temperatures (> 275 ºC), the copper sample completely crumbled, while only local corrosion 

spots were observed for the other materials tested [80]. 

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

highly corrosive for different materials [77]. Therefore, design and synthesis of hydrolytically 

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

ILs potentially useful for tribological and other industrial applications. 
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3 Experimental Section 

3.1 Synthesis of Boron Compounds 

ILs are recognized as designable lubricants and boron is one of the principal elements in the 

discussed ILs in this thesis. ILs containing boron, such as [BF4]- anion, are already available as 

lubricants. Unfortunately, these ILs are sensitive to moisture and are prone for hydrolysis 

giving rise to hydrofluoric acid, HF, which is very corrosive for metallic surfaces. In this thesis 

two novel classes of boron based, halogen-free, hydrophobic and hydrolytically stable ILs were 

designed and synthesized. Both classes contain chelated orthoborate anions, either 

bis(salicylato)borate [BScB]- or bis(mandelato]borate [BMB]-, and N-alkyl-N-

methylpyrrolidinium cations with different alkyl chain lengths [CnC1Pyrr]+. 

Another class of compounds discussed in this thesis is boron-based dithiocarbamates with DTC 

groups linked to boron through the ethyl linker in order to enhance both hydrolytic and thermal 

stabilities of these compounds. Boron-based dithiocarbamates with alkyl chains of different 

lengths attached to both borate and dithiocarbamate moieties, were successfully synthesized. 

The synthetic details of all aforementioned boron containing compounds are given in this 

chapter. 

 

3.1.1 Synthesis of Halogen-free Boron-based Ionic Liquids (hf-BILs)

Two different classes of hf-BILs were synthesized. Scheme 2.1 shows a combination of N-

alkyl-N-methylpyrrolidinium cations with two different chelated orthoborate anions. 

 

Figure 3.1 Two classes of synthesized hf-BILs. 
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3.1.1.1 N-alkyl-N-methylpyrrolidinium Bis(salicylato)borate [CnC1Pyrr][BScB]

Nine N-alkyl-N-methylpyrrolidinium bis(salicylato)borate with different chain lengths in one of 

the alkyl groups were synthesized using a modified protocol of Xu et al [81]. 

 

General Procedure:  

Step 1: Sodium bis(salicylato)borate was prepared by adding salicylic acid (13.81 g, 100 

mmol) to an aqueous solution of sodium carbonate (2.65 g, 25 mmol) and boric acid (3.09 g, 50 

mmol) in 100 mL distilled water. The solution was heated up to 60 ºC and stirred for two hours. 

Transparent solution of sodium bis(salicylato)borate salt was obtained and cooled down to 

room temperature.  

Step 2: N-alkyl-N-methylpyrrolidinium chloride or bromide were prepared by adding 100 

mmol of 1-chloroalkane or 1-bromoalkane dropwise to a flask contains N-methylpyrrolidinium 

(8.51 g, 100 mmol) in 15 mL dry toluene.  After 24 hours of refluxing under nitrogen 

atmosphere, toluene was rotary evaporated and N-alkyl-N-methylpyrrolidinium chloride or 

bromide was obtained. 

50 mmol of N-alkyl-N-methylpyrrolidinium chloride or bromide obtained from Step 2 was 

added to the solution from Step 1. The reaction mixture was stirred for three hours at room 

temperature. The organic layer of a reaction product formed was extracted with 100 mL of 

CH2Cl2. The CH2Cl2 organic layer was washed three times with distilled water to ensure a high 

purity of the final product by removing water-soluble side products. CH2Cl2 was rotary 

evaporated at reduced pressure and ILs were obtained in yield 58-89 %. 

         

3.1.1.2 N-alkyl-N-methylpyrrolidinium Bis(mandelato)borate [CnC1Pyrr][BMB]

Nine N-alkyl-N-methylpyrrolidinium bis(mandelato)borate ILs with different chain lengths in 

one of the alkyl groups were synthesized using a modified protocol of Xu et al [81]. 

 

General Procedure:  

Step 1: Sodium bis(mandelato)borate was prepared by adding  mandelic acid (15.21 g, 100 

mmol) to an aqueous solution of sodium carbonate (2.65 g, 25 mmol) and boric acid (3.09 g, 50 

mmol) in 100 mL distilled water. The solution was stirred for two hours at 60 ºC. Transparent 
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solution of sodium bis(mandelato)borate salt was obtained and cooled down to room 

temperature.  

Step 2: The alkylation of N-methylpyrrolidinium has done using the same procedures as 

described above. 

50 mmol of N-alkyl-N-methylpyrrolidinium chloride or bromide obtained from Step 2 were 

added to the solution from Step 1. The reaction mixture was stirred for three hours at room 

temperature. The organic layer of a reaction product formed was extracted with 100 mL of 

CH2Cl2. The CH2Cl2 organic layer was washed three times with distilled water to ensure a high 

purity of the final product by removing water-soluble side products. CH2Cl2 was rotary 

evaporated at reduced pressure and viscous ILs were obtained with yield 58-89 %. 

 

 3.1.2 Synthesis of Boron-based Dithiocarbamates

Different boron based dithiocarbamate compounds were synthesized by reactions in several 

steps following the protocol of Shah et al. [82]. 

General Procedure:  

Step 1: Sodium N, N’-di-n-alkyldithiocarbamate was synthesized using a reported method [82]. 

To a stirred solution of dialkyl amine (100 mmol) in ethanol at 0 ºC, carbon disulfide (100 

mmol) and sodium hydroxide (50 % aqueous solution) were added. After stirring for 4-5 hours, 

the solvent and water were evaporated without heating. The crude product was recrystallized 

from ethanol to obtain sodium N, N’-di-n-alkyldithiocarbamate.

Step 2:2-chloroethanol (40 mmol) was added to an aqueous suspension of sodium 

dialkyldithiocarbamate (40 mmol) with constant stirring, and the reaction mixture was refluxed 

for 3 hours. The product formed was extracted with toluene, washed with distilled water, dried 

over anhydrous sodium sulfate and filtered. The final solution was rotary evaporated to remove 

toluene under vacuum and to get S-hydroxyethyl-N, N-dialkyldithiocarbamate. 

Step 3: S-hydroxyethyl-N, N-dialkyldithiocarbamate (20 mmol), boric acid (20 mmol) and the 

corresponding alcohol (40 mmol) were added into a flask containing 100 mL of toluene. The 

reaction mixture was refluxed for 6 hours under nitrogen atmosphere, removing the water 

formed using Dean-Stark apparatus. The final solution was rotary evaporated to remove toluene 

under vacuum and to get a viscous liquid product, S-(di-n-alkyl-borate)-ethyl-N, N’-di-n-

alkyldithiocarbamate in yield 80-93 %.
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3.2 Physicochemical Characterization                                                                       

3.2.1 Multinuclear NMR Analysis 

Liquid-state multinuclear (1H, 13C, and 11B) NMR spectroscopy was used for structural 

characterization of the synthesized boron based ILs and dithiocarbamates. 

All NMR experiments were recorded using Agilent/Varian/Chemagnetics Infinity Plus CMX-

360 (B = 8.46 T) spectrometer. Liquid state NMR spectra of ILs were recorded in CDCl3 (at 5-

10 wt % of solutes) using a 10 mm double-resonance probe for liquids tuned to resonance 

frequencies of 1H (359.91 MHz), 13C (90.50 MHz), or 11B (115.48 MHz). The following 

references were used: TMS for 1H (internal reference), 77.2 ppm resonance peak of CDCl3 for 
13C, and Et2O3·BF3 as an external reference (0 ppm) for 11B. 

Solid-state multinuclear (11B and 13C) magic-angle-spinning (MAS) NMR spectra of solid 

compounds [CnC1Pyrr][BScB] 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 a 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 in 

7.5 mm (for 13C) standard ZrO2 rotors. All spectra were externally referenced using 

polycrystalline adamantane (38.48 ppm relative to TMS (0 ppm)) [83] for 13C, and a liquid 

sample of Et2O·BF3 (0 ppm) for 11B [34] 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, 90°-pulse was 4.4 s 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 s was used in the one-pulse experiments with a recycling delay of 

2 s. Further experimental details are given in the figure legends. 

1H NMR diffusion measurements were performed for N-alkyl-N-methylpryrrolidinium 

bis(mandelato)borate ILs in the temperature range from 20 to 100 ºC. The standard stimulated 

echo pulse sequence was applied [84]. In this case, the diffusion decay (DD) of the echo 

amplitude, A(2 , 1, g, ),  can be described by the following equation: 

2 2 21
1

2 1

2(2 , , , ) exp exp
2 d
IA g g Dt

T T               (2.1) 
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Here, I is the factor proportional to the proton content in the system, 1 and 2 are spin-lattice 

and spin-spin relaxation times, respectively. 1 and 2 are time intervals between the first and 

the second, and the second and the third radio frequency pulses, respectively; td = (  - /3) is 

the diffusion time,  is the time intervals between two identical gradient pulses; D is the 

diffusion coefficient (DC). The value of the PFG amplitude was set to a constant (g = 1.15 

Tm 1),  was kept at 100 ms. The duration of the gradient pulse, , varied stepwise from 0.5 to 

7.7 ms with a time interval of 0.04 ms. The majority of the experiments were performed with  

= 11 ms and 1 = 100 ms.  

 

3.2.2 Thermal Analysis

Thermal behavior of hf-BILs was studied using differential scanning calorimeter (DSC). A 

Thermal Advantage DSC Q1000 (TA Instrument) equipped with a refrigerated cooling system 

was used. Temperature and enthalpy were calibrated using Indium. The standard/conventional 

DSC method was used to determine solid-solid transition temperature (Ts-s), glass transition 

temperature (Tg), melting temperature (Tm) and specific heat capacity (Cp) of ILs. Samples of 

ILs were accurately weighed (1 - 3 mg) into non-hermetic aluminum pans and crimped. 

Samples were scanned at a heating rate of 10 °C min-1 under continuous nitrogen purge (50 mL 

min-1). Thermal behavior of B-DTCs compounds was studied by Netzsch STA 409 instrument 

equipped with simultaneous thermogravimetric (TG), differential thermal analysis (DTA) 

coupled with a quadrupole mass spectrometer (QMS) at a rate of 20 ºC min-1 and argon flow 

rate of 100 mL min-1. The sensitivity of this STA instrument is ±1 μg. 

 

3.2.3 Density and Viscosity 

Density and viscosity measurements were performed for [CnC1Pyrr][BMB], which are room 

temperature hf-BILs. An Anton-Paar DMA 4100M density meter was used to measure 

densities of ILs at different temperatures. Viscosity was measured with a Lovis 2000 ME 

Automated Microviscometer (Anton-Paar falling ball type viscometer) using a 2.5 mm  

capillary and 1.5 mm  steel ball with density of 7.66 g cm-3. 
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3.2.4 Powder X-ray Diffraction  

PANalytical Empyrean X-ray Diffractometer equipped with PIXcel3D detector was used to 

study the structure of solid [CnC1Pyrr][BScB] hf-BILs at different temperatures with a heating 

rate of 2 °C min-1. Empyrean Cu LFF HR X-ray tube was used.  

 

3.2.5 Tribological Characterization 

The lubrication performance of hf-BILs and B-DTCs compounds was evaluated for 100Cr6 

steel-100Cr6 steel contacts (see Table 3.1) using CSM ball-on-disc and four-balls tribometers.

Two of [CnC1Pyrr][BScB] hf-BILs, [C5C1Pyrr][BScB] and [C7C1Pyrr][BScB], were tested as 

neat lubricants at temperatures above their melting points to investigate performance of these 

organic ionic plastic crystals (OIPCs) as potential novel lubricants for high temperature 

applications. These hf-BILs are solids at room temperature and they are insoluble neither in 

mineral oil nor in PEG oil. For these two systems friction tests were performed at 100 ºC, under 

15N load, 1.09 to 1.63 GPa contact pressure and speed of 0.2 m s-1 for 500 m sliding distance 

using a ball-on-disc configuration (see Fig. 3.2). The tribo-contact was achieved by pressing 

the stationary upper steel ball (diameter 6 mm) against the moving steel disc (diameter 30 mm 

and thickness 5 mm).  

Table 3.1 Chemical composition of 100Cr6 bearing steel (according to the ISO 683-17 

standard). 

 C % Si % Mn % P % S % Cr % Mo % 

FROM 0.93 0.15 0.25 - - 1.35 - 

TO 1.05 0.35 0.45 0.025 0.015 1.60 0.10 

 

A high viscosity (> 1000 cPs at room temperature) of [CnC1Pyrr][BMB] hf-BILs was an 

obstacle to test them as neat lubricants. This class of hf-ILs also failed to perform on steel-steel 

contacts even at higher temperatures (100 ºC). Therefore, [CnC1Pyrr][BMB] hf-BILs, which are 

not soluble in mineral oil, were additionally tribologically tested as 3 wt % additives in PEG 

(see Table 3.2). [CnC1Pyrr][BMB] additives were tested using the same conditions as those 

used for [CnC1Pyrr][BScB] ILs.  
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Table 3.2 Physicochemical properties and the elemental composition of the base oils used 

                in this study 

Base Oil 
Viscosity (mpa.s)  

at 40 ºC 

Viscosity (m Pa.s)  

at 100 ºC 
Carbon (%) Hydrogen (%) 

Mineral oil 17.5 4.9 86.0 ± 0.7 14.5 ± 0.5 

PEG 42.04 7.44 - - 

 

 

Figure 3.2 A CSM tribometer equipped with a ball-on-disc con guration. 

 

Anti-wear properties of a mineral oil (see Table 3.2) with B-DTCs additives were evaluated 

using four-ball tribometer (see Figure 3.3), which provides a high contact pressure (ca 4.4 

GPa). Wear tests were performed at room temperature, under 392 N load, 1450 rpm rotation 

speed and test duration time of 30 min. Table 3.3 shows the conditions of tribological tests 

carried out in this thesis. 
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Figure 3.3 Four ball tribometer.  

 

Table 3.3 conditions of the tribotests. 

Tests Compounds Configuration 
Load 

(N) 

Hertzian Contact 

Pressure 

Max/Min 

(GPa) 

Speed

(m/sec)

Sliding 

Distance 

(m) 

Friction 

[CnC1Pyrr][BScB] 

Ball-on Disc 
15 1.09/1.63 

0.2 

 

500 [CnC1Pyrr][BMB] 

B-DTCs 10 0.95/1.43 1000 

Wear 

[CnC1Pyrr][BScB] 

Ball-on Disc 15 1.09/1.63 
0.2 

 

500 

[CnC1Pyrr][BMB] 

B-DTCs Four-Balls 392 4.4 0.96 1735.2 
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3.2.7 Metrology and Surface Analysis

After ball-on-disc tribological tests the depth of the wear scar on the disc was measured with 

Surfascan SOMICRONIC profilometer using the following conditions: tip radius, 2 μm; angle, 

90º; cut-off value ( ), 2.5 mm; and filter, Gauss 50 %. After four-ball tribotests, an optical 

profiler (WYKO NT 1100) was used to determine the wear scar diameters of the three lower 

balls. Then a mean value was calculated and is given as the wear scar diameter (WSD) in this 

thesis. Scanning electron microscopy (SEM) studies of the wear scars on balls after four ball 

tribotests were carried out using a JEOL JSM-6460 electron microscope (software INCA), 

equipped with energy dispersive spectroscopy (EDS). A 15 kV accelerating voltage was used 

for these measurements. Prior to the analysis, the balls and discs were cleaned ultrasonically for 

5 min with petroleum ether, in order to eliminate the residual lubricant.
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4 Results and Discussion

4.1 Synthesis of Boron Compounds 

Two classes of hf-BILs and one class of B-DCT were successfully synthesized and 

characterized. Schemes below show the synthetic procedures for each class of boron 

compounds studied here. The synthesized classes of hf-BILs contain the same cations with 

different anions, either bis(salicylato)borate or bis(mandelato)borate. The synthesis of cations 

of hf-BILs started with a N-methylpyrrolidinium and alkyl halides (1-chlorobutane, 1-

bromopentane, 1-bromodecane, 1-bromohexane, 1-bromoheptane, 1-chlorooctane, 1-

bromodecane, 1-chlorododecane, 1-bromotetradecane, 1-bromohexadecane) in a 1:1 molar 

ratio. After refluxing for 24 hours, the reaction was cooled down to room temperature. In the 

synthesis of the anion, the sodium borate salt was obtained from reaction of either salicylic or 

mandelic acid with boric acid and sodium carbonate (to form a salt of sodium) in a 2:1:1 molar 

ratio. The reaction mixture was cooled down to room temperature after heating for 2 hours at 

about 60 ºC. After that, the reaction mixture from the second step was added to the reaction 

mixture from the first step and stirred during 2 hours at room temperature. The reaction 

product, an organic layer, was extracted with dichloromethane and washed three times with 

distilled water to remove any traces of the by-product, sodium chloride or sodium bromide. The 

final products, either [CnC1Pyrr][BScB] or [CnC1Pyrr][BMB] hf-BILs, were first rotary 

evaporated at 60 ºC for 1 hour to remove dichloromethane and traces of water. 1H, 13C and 11B 

liquid state NMR data for the hf-BILs are shown in Supporting Information of Paper I and 

Paper II. 
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Scheme 4.1 Synthesis of N-alkyl-N-methylpyrrolidinium bis(salicylato)borate hf-BILs. 

 

 
Scheme 4.2 Synthesis of N-alkyl-N-methylpyrrolidinium bis(mandelato)borate hf-BIL. 

 

Synthesis of B-DTCs compounds starts with di-n-alkylamine, carbon disulfide and sodium 

hydroxide in 1:1:1 molar ratio at ice-bath temperature (0 °C). After stirring for 4-5 hours, the 
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solvent and water were evaporated without heating. The crude product was recrystallized from 

ethanol to obtain sodium N,N’-di-n-alkyldithiocarbamate. In the second step, 2-chloroethanol 

was added to aqueous suspension of N,N’-di-n-alkyldithiocarbamate. After 3 hours the formed 

product was extracted with toluene, washed with distilled water, dried over anhydrous sodium 

sulfate and filtered. The final solution was rotary evaporated to remove toluene under vacuum 

and to obtain S-hydroxyethyl-N,N-dialkyldithiocarbamate. In the next step, S-hydroxyethyl-

N,N-dialkyldithiocarbamate, boric acid and n-alcohol, 1:1:2 molar ration, were placed into a 

flask containing 100 mL of toluene. The reaction mixture was refluxed for 6 hours under 

nitrogen atmosphere. Water formed during the reaction was continuously removed using Dean-

stark apparatus.  Toluene was rotary evaporated and a liquid product was distilled at 0.2 mm 

Hg, 120 ºC for 30 minutes to remove traces of toluene and alcohol. Liquid product, S-(di-n-

alkyl-borate)-ethyl-N,N’-di-n-alkyldithiocarbamate was obtained in yield 89-93 %. 1H, 13C and 
11B liquid state NMR data for the B-DTCs are shown in the supporting information of paper III.

 

 

Scheme 4.3 Synthesis of S-(di-n-alkyl-borate)-ethyl-N,N’-di-n-alkyldithiocarbamate. 
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4.2 Thermal Analysis 

Thermal behavior of hf-BILs was investigated by differential DSC. The two classes of hf-BILs 

showed different thermal behavior.  [CnC1Pyrr][BScB] are solids at room temperature and have 

melting points between 68 and 100 ºC. Thermograms of [CnC1Pyrr][BScB] are shown in 

Figure 4.1 Among the studied ILs, [C14C1Pyrr][BScB] has illustrated the lowest Ts-s at ca 1 ºC 

and Tm with onset at ca 56 ºC. While [C12C1Pyrr][BScB] showed Ts-s  at ca 5 ºC and the lowest 

Tm with onset at ca 47 ºC. Solid-solid phase transition before melting is one of the 

characteristics of plastic crystals [85]. [C8C1Pyrr][BScB] has shown the highest Tm with onset 

at ca 100ºC and Ts-s at ca 6 ºC.  

 
Figure 4.1 DSC thermograms of [CnC1Pyrr][BScB] hf-BIL: a, [C4C1Pyrr][BScB], b, 

[C5C1Pyrr][BScB], c, [C6C1Pyrr][BScB], d, [C7C1Pyrr][BScB], e, 

[C8C1Pyrr][BScB], f, [C10C1Pyrr][BScB], g, [C12C1Pyrr][BScB], h, 

[C14C1Pyrr][BScB], i, [C16C1Pyrr][BScB]. 

 

Melting points of the ILs under study are affected by the length of one of the alkyl chain 

appended into the pyrrolidinium ring. The melting points decrease in the following order 

[C8C1Pyrr][BScB] > [C7C1Pyrr][BScB] > [C6C1Pyrr][BScB] > [C10C1Pyrr][BScB] > 

[C5C1Pyrr][BScB] > [C4C1Pyrr][BScB] > [C16C1Pyrr][BScB] > [C14C1Pyrr][BScB] > 

[C12C1Pyrr][BScB] (see Table 2). 
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Table 4.1 Thermal properties of [CnC1Pyrr][BScB] ILs 

Compound a Tss (°C) b Tm (°C)

c[C2C1Pyrr][BScB] 83 125 

[C4C1Pyrr][BScB] 7 72 

[C5C1Pyrr][BScB] 7, 61 81 

[C6C1Pyrr][BScB] 7, 57 96 

[C7C1Pyrr][BScB] 8, 45-65d 97 

[C8C1Pyrr][BScB] 7, 73 100 

[C10C1Pyrr][BScB] 6, 89 110 

[C12C1Pyrr][BScB] 5, 53 87 

[C14C1Pyrr][BScB] 1, 8 71 

[C16C1Pyrr][BScB] 6 68 

a Solid-solid phase transition, b Onset of melting, and c Shah et al. [21], 

d Multiple overlapping solid-solid phase transitions. 
 

Another class of hf-BILs studied, [CnC1Pyrr][BMB] hf-BIL are viscous liquids at room 

temperature except [C16C1Pyrr][BMB], which was  liquid when freshly synthesized and then 

solidified after few months. The solidification behavior of ILs is a common phenomenon that 

has been observed previously [86]. This class of hf-BILs have glass transition in the 

temperature range between -44 ºC and -14 ºC. Figure 4.2 shows DSC thermograms of this class 

of hf-BILs. 

Thermal behavior of [CnC1Pyrr][BMB] is strongly affected by the length of the alkyl chain 

attached to pyrrolidinium cation. A clear effect of the number of carbon atoms in one of the 

alkyl chains, on both Tg and Cp values, was observed. The compounds with odd numbers of 

carbons in their alkyl chains show lower values of both Tg and Cp compared to their nearest 

neighbours with n±1. Figure 4.3 illustrates the odd even effect on Tg and Cp of 

[CnC1Pyrr][BMB]. 



30

 

Figure 4.2 DSC thermograms of [CnC1Pyrr][BMB] hf-BILs. 

 

Figure 4.3 Effect of the alkyl chain length, n, of [CnC1Pyrr][BMB] hf-BIL on the glass 

transition temperature (Tg) (dashed line), and specific heat capacity (Cp) (solid line). 

 

Generally, the phase and thermal behavior of ILs is affected by the nature of both cations and 

anions, i.e. by their molecular symmetry, intermolecular forces, and conformational degrees of 

freedom of the ions [87].  

Thermogravimetric/Derivative thermogravimetric (TG/DTG) curves obtained for DOB-

ETDTC are shown in Figure 4.4. The thermal decomposition of DOB-ETDTC involves only 
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one major step at 268 ºC. It indicates a complete decomposition of the molecule in a narrow 

temperature range. The total weight lost during this test is 98 wt % that reveals that much of the 

compound is decomposed into volatile products, while only 2 wt % remains as a solid residue. 

The DTG curve represents the rate of the weight loss during the test. At 293 ºC the weight loss 

is reached its maximum value (180 % min-1 of the total weight of the compound). These curves 

revealed that both the decomposition and the weight loss of this compound occur in one single 

step. Quadrupolar mass spectrometry (QMS) was applied to analyze the formed volatile 

products under heating. It was found that different compounds are evolved in the 20-500 ºC 

temperature range. Evolution of some selected products by decomposition of DOB-ETDTC is 

shown in Figure 4.5. More details about thermal behavior of B-DTCs compounds are available 

in Paper III. 

 

Figure 4.4 TG/DTG curves of DOB-ETDTC at a heating rate of 20 ºC.min-1 and argon flow 

rate of 100 mL.min-1 
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Figure 4.5 QMS profiles of DOB-ETDTC at a heating rate of 20 ºC.min-1 and argon flow rate 

of 100 mL.min-1. 

 

4.3 Density and Viscosity 

[CnC1Pyrr][BMB] hf-BILs show linear variations of density in the studied temperature range 

between 40 and 80 ºC. Similar behavior was observed previously of different ILs [41]. It was 

also found that density of this class of hf-BILs is affected by the length of the alkyl chain 

appended to the pyrrolidinium cation. Density decreases with an increase in the alkyl chain 

length from n= 4 to 14 as shown in Figure 4.6. 
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Figure 4.6 Density of [CnC1Pyrr][BMB] hf-BIL, n=4-14, as a function of temperature. 

 

The decrease in densities can be explained by the reduction in van der Waals interactions that 

leads to a less efficient packing of ions [41].  

Viscosity data for the same class of hf-BILs is shown in Figure 4.7. High viscosity of this class 

of ILs at room temperature was difficult to measure by the viscometer used in this study. The 

viscosity of [CnC1Pyrr][BMB] hf-BILs decreases noticeably with increasing temperature. The 

viscosity data shows a clear effect of the number of carbon atoms in the alkyl chain: lower 

viscosities for the compounds with odd numbers of carbon atoms (see Figure 4.8). Generally, 

the viscosity of ILs is affected by different factors including electrostatic forces, Van der Waals 

interactions, hydrogen bonding and molecular weight of the ions. 

The viscosity-temperature dependence of [CnC1Pyrr][BMB] hf-BILs can be described by 

Arrhenius equation in the whole temperature range studied (see Figure 4.9). 

 

                                                                                                                                              (4.1)         

               , 

Where 0 is a constant and Ea( ) is the activation energy, R is the universal gas constant and T 

is temperature. Arrhenius plots revealed that there are at least two different activation energies 

for viscosity one at t< 40 °C and the other one at 40 °C < t < 100 °C. 
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Figure 4.7 Viscosity of [CnC1Pyrr][BMB] hf-BILs as a function of temperature. 

 

 
Figure 4.8 Effect of the alkyl chain length of [CnC1Pyrr][BMB] hf-BILs on the viscosity.  

 
Figure 4.9 Arrhenius plot of viscosity for [CnC1Pyrr][BMB] hf-BILs as a function of 1/T. 
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4.4 Powder X-ray Diffraction 

Powder X-ray diffraction was applied to study the molecular packing in OIPCs of  

[CnC1Pyrr][BScB]. The diffractograms exhibit single sharp reflections at small angles (2  < 

10º). In addition, multiple peaks were also seen for some compounds in the wide angle region 

(2  > 10º ). It was found that the molecular packing of OIPCs is affected by the length of the 

alkyl chain attached to the pyrrolidinium cation. Figure 4.12 shows the powder X-ray 

diffractograms of [CnC1Pyrr][BScB] hf-BILs. 

 
Figure 4.10 Powder X-ray diffraction of [CnC1Pyrr][BMB] hf-BILs at 25 ºC: a, 

[C4C1Pyrr][BScB], b, [C5C1Pyrr][BScB], c, [C6C1Pyrr][BScB], d, 

[C7C1Pyrr][BScB], e, [C8C1Pyrr][BScB], f, [C10C1Pyrr][BScB], g, 

[C12C1Pyrr][BScB], h, [C14C1Pyrr][BScB], i, [C16C1Pyrr][BScB]. 

 

To get better understanding of the changes in the molecular packing during solid-solid 

transitions, powder X-ray diffraction has been studied at different temperatures below the 

melting points. By increasing temperature, the (2 ) position of the peaks, is shifted to higher 

values. Furthermore, the d-spacing values are found to change with changing of both 

temperature and the alkyl chain length. It was also observed that a change in d-spacing value 

occurs within a specific temperature range found to be in the same range as the solid-solid 

phase transition obtained from DSC measurements. For example, [C7C1Pyrr][BScB] shows a 

noticeable increase in d-spacing value in the temperature range between 35 and 45 ºC this is the 
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range of solid-solid transition (see Figure 4.11). Whereas, [C4C1Pyrr][BScB] and 

[C14C1Pyrr][BScB] showed different d-spacing temperature dependence; d-spacing of  

[C4C1Pyrr][BScB] slightly increased with an increase of temperature while it decreases for 

[C14C1Pyrr][BScB]. It is worth mentioning that [C4C1Pyrr][BScB] and [C14C1Pyrr][BScB] do 

not exhibit solid-solid phase transition in the temperature range studied. 

 

Figure 4.11 Evolution of d-spacing (Å) of the highest intensity peak as a function of 

temperature. 

 

4.6 Solid-State Multinuclear NMR measurements 

Solid-state multinuclear, 13C and 11B MAS NMR spectroscopy was used to characterize 

structures and to investigate interactions between cations and anions in [CnC1Pyrr][BScB] hf-

BILs, which are solids at room temperature. Figure 4.12 shows 13C CP/MAS NMR spectra of 

[C4C1Pyrr][BScB] (Figure 4.12 a), [C5C1Pyrr][BScB] (Figure 4.12 b) and [C6C1Pyrr][BScB] 

(Figure 4.12 c) with suggested assignment of resonance lines. The obtained data suggests that 

there is an effect of the length of alkyl chain, appended to the cationic moiety, on the 

interaction between [BScB]- anion and pyrrolidinium cation. The interaction makes carbonyl 

sites in the [BScB]- anion chemically inequivalent in the case of [C4C1Pyrr][BScB] and 

[C6C1Pyrr][BScB], but not in the case of [C5C1Pyrr][BScB]. This interaction is probably due to 

the C–H…  interaction. Figure 4.13 shows 11B single pulse MAS NMR spectra of 

[C4C1Pyrr][BScB] (Figure 4.13 a), [C5C1Pyrr][BScB] (Figure 4.13 b) and [C6C1Pyrr][BScB] 
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(Figure 4.13 c). The 11B NMR spectra reveal single resonance lines, at 3.8 ppm for 

[C4C1Pyrr][BScB], at 4.6 ppm for [C5C1Pyrr][BScB] and at 4.2 for [C6C1Pyrr][BScB], confirm 

four-coordinated boron structure in all hf-BILs in this study [88]. 

 

 
Figure 4.12 13C CP/MAS NMR spectra of [C4C1Pyrr][BScB] (a), [C5C1Pyrr][BScB] (b), and 

[C6C1PyrrBScB][BScB] (c). The MAS frequency was 4.5 kHz in (a) and 5.2 kHz 

in (b and c). 5376 signal transients were accumulated in (a), 2404 in (b), and 1316 
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in (c). ‘‘s’’ indicates spinning sideband. The spinning sidebands between 70 and 

110 ppm are omitted for clarity. 

Figure 4.13 11B MAS NMR spectra of [C4C1Pyrr][BScB] (a), [C5C1Pyrr][BScB] (b), and 

[C6C1Pyrr][BScB] (c). The MAS frequency was 10 kHz. 64 signal transients 

were accumulated in each spectrum. 

 

3.7 1H diffusion NMR 

Figure 4.14 shows 1H temperature dependences of diffusion coefficients obtained after CORE 

analysis for [C4C1Pyrr][BMB], [C5C1Pyrr][BMB], [C6C1Pyrr][BMB] and [C7C1Pyrr][BMB] in 

Arrhenius plots. It was found that the each compound under study displayed two diffusion 

coefficients (fast and slow). One explanation of this observation is that two molecular species 

forming the system, cations and anions, moving with their own diffusion coefficients.  To 

correlate between the two different diffusion coefficients and the molecular structure of hf-

BILs, the spectra obtained in the 1H NMR diffusion experiment were analyzed. Figure 4.15 

shows the stackplot of 1H NMR diffusion echoes of [C5C1Pyrr][BScB]. It was found that these 

spectra can be decomposed into two components according to diffusion coefficients (Figure 

4.15 b for fast diffusion and Figure 4.15 c for slow-diffusion).  
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Figure 4.14 Diffusion coefficients obtained after CORE analysis. Filled symbols correspond to 

“fast-diffusing” components while open symbols correspond to the “slow-

diffusing” components in 1H NMR spectra of [C4C1Pyrr][BMB] (squares), 

[C5C1Pyrr][BMB] (triangles), [C6C1Pyrr][BMB] (circles) and [C7C1Pyrr][BMB] 

(stars). 

 

 
Figure 4.15 Stackplot of diffusion decay 1H NMR PFG spectra of [C5C1Pyrr][BMB] at 20 oC 

(a). In this experiment, the following parameters were used:  = 11 ms, 1 = 100 

ms, g = 1.15 T.m-1,  = 0.5–7.7 ms. (b) and (c) are the result of decomposition 

DDs into two components using the CORE analysis. D1 = 2.8 10 11 m2.s-1 and D2 

= 1.2 10 12 m2.s-1. (d) Shows the result of the subtraction of spectra in (b) and (c) 

from the initial set of spectra in (a). 
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From Figure 4.14 and Figure 4.15 it is obvious that the fast-diffusing component (b) has a 

strong NMR signal assigned to aromatic protons, while the slow-diffusing component (c) has 

dominant signal from alkyl chains. Therefore, the “slow diffusion” component relates mainly to 

cations, while the “fast diffusion” coefficient corresponds mainly to anions. 

 

4.8 Tribological Characterization 

Figure 4.16 shows a variation in friction coefficients with sliding distance at 100 °C for two 

OIPCs , [C5C1Pyrr][BSc] and [C7C1Pyrr][BScB], and 5W40 engine oil. The friction data 

reveals that the friction coefficient of the studied OIPCs decreases with sliding distance (see 

Figure 4.16). This decrease is suggested to be due to the tribofilms formed on the lubricated 

surfaces. Furthermore, [C7C1Pyrr][BScB] provided lower friction coefficient than 

[C5C1Pyrr][BScB]. This is maybe due to the effect of one of the alkyl chains attached to 

pyrrolidinium cation. 

 

Figure 4.16 Variation of the friction coefficient with the sliding distance in steel-steel contacts. 

The tests were performed with 5W40 oil, [C5C1Pyrr][BScB] and 

[C7C1Pyrr][BScB] at 15N load and sliding speed of 0.2 m.s-1 at 100 °C. 

 

Figure 4.17 shows wear coefficients of the discs lubricated with 5W40 engine oil, 

[C5C1Pyrr][BScB] and [C7C1Pyrr][BScB]. It was found that the wear coefficients of the disc 

lubricated with OIPCs are smaller compared with that for 5W40 engine oil. The wear data also 
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reveals that [C7C1Pyrr][BScB] provides lower wear coefficient compared with 

[C5C1Pyrr][BScB].   

 
Figure 4.17 Wear coefficients of the discs lubricated with 5W40 oil, [C5C1Pyrr][BScB] and 

[C7C1Pyrr][BScB] in steel-steel contacts. The tests were performed at 15N load 

and sliding speed of 0.2 m.s-1 at 100 °C. 

 

Hf-BILs from another class, [CnC1Pyrr][BMB], failed in the tests as neat lubricants due to their 

high viscosity at room temperature ca 1300 cP. Instead, this class of hf-BILs was tested as 3 

wt% additives in PEG oil in steel-steel contact. Figure 4.18 shows the failure behaviour of one 

of hf-BILs in this class used as neat lubricant. Lubricants with high viscosity after being 

squeezed out of the contact area flow too slow back to replenish the contact, which leads to dry 

contact with high rates of friction and wear. Friction performance of [CnC1Pyrr][BMB] hf-BILs 

as 3 wt% additives in PEG is shown in Figure 4.19 in comparison with 5W40 engine oil and 

neat PEG oil. 

The data reveals that friction coefficients for neat PEG and PEGs with [CnC1Pyrr][BMB] 

additives are significantly lower compared to 5W40 oil. It is clear that 3 wt % of 

[CnC1Pyrr][BMB] additives in PEG lowers friction coefficient over the whole sliding distance. 

This decrease in the friction coefficient is suggested to be due to the formation of more efficient 

friction reducing tribofilms on the lubricated surfaces in contact. A comparative analysis of the 

friction data reveals that pyrrolidinium cations with shorter alkyl chain provide lower friction 

coefficient compared with cations with longer alkyl chain.  
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Figure 4.18 Behaviour of [C6C1Pyrr][BMB] hf-BIL as neat lubricant in steel-steel contacts. 

The test was performed at 15N load and sliding speed of 0.2 m.s-1 at 50 °C. 

 

 
Figure 4.19 Variation of the friction coefficient with the sliding distance in steel-steel contacts. 

The tests were performed with 5W40 oil, PEG and 3 wt % of the hf-BILs as 

additives in PEG at 15N load and sliding speed of 0.2 m.s-1 at room temperature. 
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Wear coefficient calculated for the wear scar on the discs is shown in Figure 4.20. It was found 

that the discs lubricated with 5W40 engine oil or neat PEG oil have the largest wear. The wear 

coefficient values for the discs lubricated with PEG containing 3 wt% of [CnC1Pyrr][BMB] 

additives are significantly lower. The wear data reveals that ILs with pyrrolidinium cations 

having shorter alkyl chains provide lower wear coefficients compared with cations with longer 

alkyl chain. This can be explained by the increase in accessibility and, therefore, availability of 

the additives at the contact surfaces due to a decrease in the length of alkyl chain. The friction 

and wear data reveals the effect of cation structure on tribological performance of ILs. 

 
Figure 4.20 Wear coefficients for the discs lubricated with 5W40 oil, nat PEG and PEGs 

containing 3 wt % of the additives. Steel-steel contacts tested at 15N load and 

sliding speed of 0.2 m.s-1 at room temperature. 

 

Tribological performance of B-DTCs additives in mineral oil was performed using two 

different configurations, four-balls and ball-on-disc. It was found that the antiwear performance 

of B-DTCs was affected by both additive concentration and alkyl chain lengths. The wear scar 

diameter (WSD) was found to increase with the increase in additive concentration in mineral 

oil. An optimum concentration for the best antiwear performance was detected for each 

additive. B-DTCs additives showed comparable and even better antiwear performance than 

ZnDTPs for the concentration range studied (Figure 4.21). Friction reducing performance of B-

DTCs as 1 wt% additives in mineral oil was evaluated using ball-on-disc configuration. All the 

studied additives have improved the friction reducing properties of the mineral oil. Oil 

containing DOB-ETDTC showed the lowest friction coefficient, over the whole 1000 m sliding 

distance, among all these additives (Figure 4.22). 
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Figure 4.21 Wear scar diameter (WSD) as a function of concentration of additives in the 

mineral oil. 

 

Figure 4.22 Variation of the friction coefficient as a function of the sliding distance as tested 

using a ball-on-disc tribometer. Tests were performed for 1 wt % of additives in 

the mineral oil at 10 N load and sliding speed of 0.2 m.s-1. 
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5 Conclusions

The thesis is focused on the design, synthesis, characterization and lubrication studies of new 

boron containing compounds: halogen-free ionic liquids and dithiocarbamates (DTCs). 

Different techniques such as liquid-state (1H, 13C, and 11B) NMR, FTIR spectroscopy, and the 

elemental analyses (CHN) were used to characterize the structure and purity of the synthesized 

boron based compounds. Physicochemical properties, such as thermal properties, XRD 

diffraction, 1H diffusion NMR, density and viscosity were thoroughly investigated. 

Tribological performance was evaluated in steel-steel contacts using ball-on-disc and four-balls 

tribometers. Analysis of worn surfaces after tribotests was carried out using a stylus 

profilometer, an optical profiler and Scanning Electron Microscopy coupled with X-ray Energy 

Dispersive Spectroscopy (SEM/EDS). 

The main findings of this thesis are: 

 

Thermal analysis data of [CnC1Pyrr][BScB], which are solid at room temperature, have 

melting points between 68 and 100 °C. This class of hf-BILs has shown solid-solid 

phase transitions before melting and this is a typical feature of OIPCs. The other class 

of hf-BILs [CnC1Pyrr][BMB], which are viscous liquids at room temperature, showed 

glass transitions in the temperature range between -44 and -14 ºC. Thermal behavior of 

this class is strongly affected by the number of carbon atoms in one of the alkyl chains 

connected to the pyrrolidinium cation. [CnC1Pyrr][BMB] with odd numbers of carbons 

in alkyl chains have lower values of Tg and Cp compared to those for compounds with 

even numbers of carbons in alkyl chains.  

The viscosity data of [CnC1Pyrr][BMB] hf-BILs shows a strong dependence of viscosity 

on temperature. It was also found that viscosity is strongly affected by the number of 

carbon atoms in the alkyl chain: Lower viscosity values for compounds with odd 

numbers of carbons were observed.  

Solid-state multinuclear 13C NMR data on [CnC1Pyrr][BScB] hf-BILs revealed C–H…  

interaction between  [BScB]- anions and the pyrrolidinium cations, with different alkyl 

chain lengths. The NMR data also suggest an effect of the length of alkyl chain, 

attached to pyrrolidinium cation, on the interaction. The interaction makes carbonyl 
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sites in the [BScB]- anion chemically non-equivalent in the case of [C4C1Pyrr][BScB] 

and [C6C1Pyrr][BScB] ionic liquids, but not in the case of [C5C1PyrrBScB]. 

 Powder X-ray diffraction data of [CnC1Pyrr][BScB] hf-BILs at different temperatures 

reveals  a change in d-spacing values in the temperature range of the solid-solid phase 

transition. This change reflects the changes in the molecular packing takes place during 

solid-solid phase transitions.  

Antiwear and friction reducing properties of boron compounds as neat lubricants or as 

lubricant additives were studied in comparison with base oils, engine oils and ZnDTPs. 

Two compounds of [CnC1Pyrr][BScB] hf-BILs were tested as neat lubricants at  100 °C. 

Both compounds showed better antiwear and friction reducing properties compared 

with engine oil 5W40. Lubrication performance of [CnC1Pyrr][BMB] hf-BILs as 3 wt % 

additives in PEG was compared with 5W40 oil. Hf-BILs mixed with PEG oil (3 wt %) 

showed significantly better antiwear and friction reducing properties compared with 

neat PEG and 5W40 oil. B-DTCs, as additives in mineral oil, have improved both 

antiwear and friction reducing properties of the mineral oil in steel-steel contact. 
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6 Future Work               Chapter 6 

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. 

To design and synthesize chemically modified novel halogen-free ILs lubricants and 

lubricant additives to improve their performance in specific applications in lubrication.  

To investigating 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 nanoparticles 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, 

etc. 
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