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SUMMARY
Boron compounds can be environmentally friendly alternatives for commercially available 

lubricant additives. Some boron compounds are already used as friction modifiers, corrosion 

inhibitors, antioxidants and antiwear additives in lubricants. The focus of the present work is 

on the development and tribological investigations of new boron compounds for these 

applications. In this work, boron compounds based on dithiophosphates (DTPs), 

dithiocarbamates (DTCs) and ionic liquids (ILs) were designed, synthesized and 

tribologically optimized. The work was carried out in the following steps: (1) Synthesis of 

novel boron based compounds and ionic liquids; (2) Characterization of the compounds with 

FTIR, liquid-state (1H, 13C, 31P, 11B) and solid-state magic-angle-spinning (MAS) NMR 

spectroscopy, electrospray ionization mass spectrometery (ESI-MS), elemental analysis, 

thermal analyses (TG/DTG, DTA, DSC and QMS), viscosity, density and conductivity; (3) 

Tribological evaluation using four ball and pin-on-disc tribometers; (4) Surface analysis using 

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

Spectroscopy (SEM/EDS). 

(i) Antiwear performance of S-di-n-octoxyboron-O,O’-di-n-octyldithiophosphate (DOB-DTP) 

was found to be considerably better in comparison with O,O’-di-n-butyl-dithiophosphato-

zinc(II) (ZnDTP). However, since DOB-DTP contains a B S bond, which is sensitive to 

moisture and may be hydrolyzed by water, a novel class of alkylborate-ethyl-dithiophosphates 

was synthesized, in which boron is covalently bonded to the dialkyldithiophosphate group 

through the ethyl linker in order to avoid hydrolysis. 

(ii) Antiwear performance of an alkylborate-ethyl-dithiophosphate with decyl substitutes at 

both DTP and the borate groups of the molecule (DDB-EDTP) was superior compared with 

that of the octyl (DOB-EDTP) and the pentyl (DDB-EDTP) analogues. Residues of one 

representative compound from this class, DPB-EDTP, after thermal analyses were 

characterized by multinuclear 13C, 31P and 11B MAS and 31P CP/MAS NMR spectroscopy. 

Solid-state NMR data suggests that a dominant part of the solid residue of DPB-EDTP 

consists of borophosphates. 

(iii) It was found that a novel class of compounds containing alkylborate and dithiocarbamate 

groups with alkyl or methylbenzyl- substitutes in one molecule provides better antiwear 

performance compared with commercially available packages of ZnDTPs. 

(iv) Eight compounds belonging to a novel class of halogen-free chelated orthoborate ionic 

liquids (hf-BILs) with different phosphonium cations were synthesized. Important physical 
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properties of the ILs including glass transition temperatures, density, viscosity and ionic 

conductivity were measured. As lubricants, these hf-BILs exhibit considerably better antiwear 

and friction reducing properties in boundary lubrication of steel-aluminum contacts as 

compared with an engine oil (15W-50 grade). 

(v) Five compounds belonging to another class of hf-BILs comprised of two chelated 

orthoborate anions, bis(mandelato)borate and bis(salicylato)borate, and three different 

nitrogen based cations (cholinium, pyrrolidinium and imidazolium) were prepared. Solid-state 

NMR spectroscopy was employed to probe interactions between cations and anions in the 

salts, which are solid at room temperature. Solid-state NMR data suggests a strong interaction 

between BScB anions and cholinium cations [Chol]+. This interaction was further confirmed 

by the X-ray diffraction single crystal structure of this salt as hydrogen bonding between OH 

of [Chol]+ and the carbonyl group of [BScB]-. The [BScB]- exhibited a strong interaction with 

imidazolium cation [EMIm]+, whereas a weaker interaction between pyrrolidinium cation 

[EMPy]+ and [BScB]- was suggested. 

It was found that the novel boron based DTPs and DTCs have considerably better antiwear 

performance and higher stability of the coefficient of friction with time compared with 

ZnDTP. Their high thermal stability, good miscibility with oils and positive environmental 

issues make them an attractive alternative to ZnDTPs and other commercial additives to 

lubricants. It was found that novel halogen-free boron based ionic liquids may be also 

potentially used as alternative lubricants for ferrous and non-ferrous contacts. 



 iii

ACKNOWLEDGEMENTS 
I wish to express my vivid thanks to all the people who have contributed through their support 

and knowledge to this work. 

My warmest thanks go to: 

My supervisors, Professor Oleg N. Antzutkin and Professor Sergei Glavatskih, for giving me 

the opportunity to work on an interesting and challenging research project. I will remain 

grateful to you both for your guidance, encouragement and liberal attitude that made me able 

to complete my work. You both introduced me to the world of spectroscopy, tribochemistry 

and tribology and your advices and explanations were of the greatest interest and value in 

accomplishing this work. I will never forget the evenings and weekends that we spent 

together discussing “Boron Chemistry” and new ideas in tribochemistry. 

 

My assistant supervisor, Professor Erik Höglund, for giving me the opportunity to work on 

this project and for encouraging guidance, ideas and fruitful discussions. 

 

I fully wish to thank Professor Maria Forsyth and Professor Douglas R. MacFarlane from 

Department of Materials Engineering and School of Chemistry, Monash University Australia 

for giving me an opportunity to work in the ionic liquid group under their supervision. The 

synthesis of novel ionic liquids would not have been possible without you both. I would like 

to thank the members of ionic liquid group at Monash University for their friendly behaviour 

and enjoyable time with me.  

 

I would like to acknowledge the Foundation in memory of J. C. and Seth M. Kempe 

(Kempestiftelserna) for providing me a doctoral scholarship. I also acknowledge Swedish 

Research School in Tribology for financing my trip to Monash University Australia for three 

months. 

 

I would like to acknowledge Dr Mats Lindberg for helping me with the synthesis and NMR 

measurements. Your explanations and discussions were of the greatest help during this 

project. 

 



 iv

I would like to acknowledge Associate Professor Allan Holmgren for great discussion about 

FTIR spectroscopy. 

 

I want to thank Mrs Maine Ranheimer for help in the laboratories, especially, in the FTIR lab. 

 

I am deeply grateful for the friendship and help from our NMR group: Dr Anna-Carin 

Larsson, Dr Andrei Filippov, Anuttam Patra, and Alexander Goryan. 

 

I would like to acknowledge Dr Ryan Robinson and Sina Mostaghel for discussions about 

thermal analyses. 

 

Special acknowledgements are for my colleagues at the Department of Civil, Environmental 

& Natural Resources Engineering and especially in the Division of Sustainable Process 

Engineering for helping me with their fair attitude and for giving me the good time. 

 

I would like to thank my colleagues at the Division of Machine Elements for helping me with 

tribological tests in the Tribolab and their fruitful discussions about tribological studies of 

lubricant additives. 

 

At the end, I am deeply grateful to my family for their confidence, continuous encouragement 

and ongoing support over the past years. And especially, I want to thank my beloved wife, 

Ammara, for endless love and support.  



 v

List of articles included in this thesis 
 

I. Synthesis, Physicochemical and Tribological Characterization of S-di-n-octoxyboron-

O,O’-di-n-octyldithiophosphate. 

 Faiz Ullah Shah, Sergei Glavatskih and Oleg N. Antzutkin 

 ACS Applied Materials & Interfaces 1 (2009) 2835–2842. 

 

II. Interfacial Antiwear and Physicochemical Properties of Alkylborate-dithiophosphates. 

 Faiz Ullah Shah, Sergei Glavatskih, Erik Höglund, Mats Lindberg and Oleg N. Antzutkin 

 ACS Applied Materials Interfaces 3 (2011) 956–968. 

 

III. Novel Alkylborate-dithiocarbamate Lubricant Additives: Synthesis and Tribophysical 

properties. 

 Faiz Ullah Shah, Sergei Glavatskih and Oleg N. Antzutkin 

Tribology Letters (2011), under review. 

 

IV. Antiwear Additive for Lubricants. 

Faiz Ullah Shah, Sergei Glavatskih and Oleg N. Antzutkin 

Swedish patent application, No. 1050632-7, (June 18, 2010). 

 

V. Novel Halogen-Free Chelated Orthoborate-Phosphonium Ionic Liquids: Synthesis and 

Tribophysical properties. 

 Faiz Ullah Shah, Sergei Glavatskih, Douglas R. MacFarlane, Maria Forsyth and Oleg N. 

Antzutkin 

 Physical Chemistry Chemical Physics (2011), accepted.  

 

VI. Halogen-free Chelated Orthoborate Ionic Liquids and Plastic Crystals. 

Faiz Ullah Shah, Sergei Glavatskih, Pamela M. Dean, Douglas R. MacFarlane, Maria 

Forsyth and Oleg N. Antzutkin 

 Journal of Materials Chemistry (2011), to be submitted. 



 vi

Other related publications not included in this thesis 
 
1. High Performance Lubricants and Additives to Lubricants for Ferrous and Non-Ferrous 

Materials. 

Faiz Ullah Shah, Sergei Glavatskih and Oleg N. Antzutkin 

Swedish patent application, No. 1150255-6, (March 22, 2011). 

 



 vii

LIST OF ABBREVIATIONS 
DTP   Dithiophosphate 

DTC   Dithiocarbamate 

Zn-BuDTP  O,O’-di-n-butyl-dithiophosphato-zinc(II) 

ZnDTP  O,O’-dialkyl-dithiophosphato-zinc(II) 

BO   Base Oil 

DOB-DTP  S-(di-n-octoxyboron)-O,O’-di-n-octyldithiophosphate 

DPB-EDTP  S-(di-n-pentylborate)-ethyl-O,O’-di-n-pentyldithiophosphate 

DOB-EDTP  S-(di-n-octylborate)-ethyl-O,O’-di-n-octyldithiophosphate 

DDB-EDTP  S-(di-n-decylborate)-ethyl-O,O’-di-n-decyldithiophosphate 

HE-BzDTC   S-hydroxyethyl-N,N’-dibenzyldithiocarbamate 

DBB-EBzDTC  S-(di-n-butyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate 

DOB-EBzDTC S-(di-n-octyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate 

cTMDTC-EDOB cyclo-N,N-tetramethylenedithiocarbamato-S-ethyl-di-n-octyl-borate 

DOB-EEDTC  S-(di-n-octyl-borate)-ethyl-N,N’-di-n-ethyldithiocarbamate 

FT-IR   Fourier Transformed Infra-Red 

ESI-MS  Electrospray Ionization Mass Spectrometry 

TG   Thermogravimetric 

DTA   Differential Thermal Analysis 

QMS   Quadrupole Mass Spectrometer 

NMR   Nuclear Magnetic Resonance 

MAS   Magic Angle Spinning 

CP   Cross Polarization 

SEM   Scanning Electron Microscopy 

WSD   Wear Scar Diameter 

EDS   Energy Dispersive X-ray Spectroscopy 

 ILs   Ionic Liquids 

RTILs   Room Temperature Ionic Liquids 

hf-BILs  Halogen-Free Chelated Orthoborate Ionic Liquids 

[BMB]-  Bis(mandelato)borate Anion 

 [BScB]-  Bis(salicylato)borate Anion 

[BOB]-   Bis(oxalato)borate Anion 

[BMLB]-  Bis(malonato)borate Anion 



 viii

[P4,4,4,8]+  Tributyloctylphosphonium Cation 

 [P4,4,4,14]+  Tributyltetradecylphosphonium Cation 

[P6,6,6,14]+  Trihexyltetradecylphosphonium Cation 

 [EMIm]+  1-ethyl-2,3-dimethylimidazolium Cation 

[EMPy]+  N-ethyl-N-methylpyrrolidinium Cation 

[Chol]+   Choline Cation 

[PF6]-   Hexafluorophosphate Anion 

[BF4]-   Tetrafluoroborate Anion 

[NTf2]-   Bis[trifluoromethylsulfonyl]imide Anion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix

 

CONTENTS
1 Introduction……………………………………………………………………………….1 

1.1 Boron and Boron Chemistry…………………………………………………………...…1 

1.1.1 Applications of Boron…………………………………………………………….3 

1.2 Tribology……………………………………………………………………………….....4 

1.3 Tribochemistry……………………………………………………………………………4 

1.4 Tribological and Tribochemical Challenges……………………………………………...5 

1.5 Lubrication Regimes…………………………………………………………………..….6 

1.6 Chemical Aspects of Tribofilm Formation……………………………………………….6 

1.7 Chemistry of Lubricant Additives………………………………………………..………7 

1.7.1 Sulphur Compounds……………………..………………………………..…...…8 

1.7.2 Ashless Phosphorus Compounds……………………………………………...….9 

1.7.3 Heterocyclic Compounds……………………………………………..………....10 

1.7.4 Dialkyldithiophosphate Complexes of Metals (MDTPs)………………...……..12 

1.7.5 Dialkyldithiocarbamate Complexes of Metals (MDTCs)……………………….13 

1.7.6 Halogens……………………………………………………………....………....16 

1.7.7 Boron Compounds……………………………………………………...………..16 

1.8 Ionic Liquids…………………………………………………………………..…………18 

1.8.1 Properties of Ionic Liquids………………...……………………….……………21 

1.8.2 Applications of Ionic Liquids in Chemical Industry……………….……………21 

1.8.3 Applications of Ionic Liquids in Tribology……………………………………..22 

1.8.4 Mechanism of Tribofilm Formation by Ionic Liquids…………………….…….24 

1.8.5 Problems of Ionic Liquids Lubrication and Solution to These Problems...……..26 

1.9 Concluding Remarks…………….…………………………………………………...….27 

1.10 Research Aims of the thesis…………………………………………………...……….28 

 

2 Syntheses of Boron Compounds…...……………………………………..….………….30 

2.1 Synthesis of Boron-Based Dialkyldithiophosphates……………………….….………...30 

2.1.1 S-(di-n-octoxyboron)-O,O’-di-n-octyldithiophosphate………………..………..30 

2.1.2 Dialkylborate-ethyl-dithiophosphates……………………………………..…….32 

2.2 Synthesis of Boron-Based Dialkyldithiocarbamates…………………………….……....35 

2.2.1 S-hydroxyethyl-N,N’-dibenzyldithiocarbamate……………………….………...35 



 x

2.2.2 S-(di-n-butylborate)-ethyl-N,N’-dibenzyldithiocarbamate……………………..36 

2.2.3 S-(di-n-octylborate)-ethyl-N,N’-dibenzyldithiocarbamate………………….….36 

2.2.4 cyclo-N, N-tetramethylenedithiocarbamato-S-ethyl-di-n-octyl-borate…….…...37 

2.2.5 S-(di-n-octylborate)-ethyl-N,N’-di-n-ethyldithiocarbamate……………….…...38 

2.3 Synthesis of Boron-Based Ionic Liquids………………………………………….……40 

2.3.1 Tetraalkylphosphonium bis(mandelato)borates...……………………………….…...40 

2.3.2 Tetraalkylphosphonium bis(salicylato)borates...………………………………….…42 

2.3.3 Trihexyltetradecylphosphonium bis(oxalato)borate…………………………………44 

2.3.4 Trihexyltetradecylphosphonium bis(malonato)borate………………………….…....45 

2.3.5 1-ethyl-2,3-dimethylimidazolium bis(mandelato)borate……………………….……46 

2.3.6 1-ethyl-2,3-dimethylimidazolium bis(salicylato)borate……………………….….....47 

2.3.7 N-ethyl-N-methylpyrrolidinium bis(mandelato)borate................................................48 

2.3.8 N-ethyl-N-methylpyrrolidinium bis(salicylato)borate.................................................49 

2.3.9 Choline bis(salicylato)borate……………………………………………….….…….50 

2.4 Concluding Remarks……………………………………………………………..…….51 

  

3 Physicochemical Characterization of Boron Compounds..…………….…….……...52 

3.1 Infra-red Spectroscopy……………………………………………………………...…52 

3.2 Electrospray Ionization Mass Spectrometry……………………………………..……53 

3.3 Liquid-State Nuclear Magnetic Resonance……………………………………..…….55 

3.4 Thermal Analyses………………………………………………………………..……57 

3.5 Solid-State Nuclear Magnetic Resonance……………………………………….……65 

3.6 Density and Viscosity of Ionic Liquids…………….…………………………………76 

3.7 Conductivity of Ionic Liquids………………………………………………….……..79 

3.8 X-ray Crystallography of Choline bis(salicylato)borate [Chol][BScB]……….……...81 

3.9 Concluding Remarks…………….…………………………………………….……...84 

4 Tribological Characterization of Boron Compounds..……………………..……….86 

4.1 Antiwear and Friction Performance………………………………………….……….86 

4.1.1 Boron-Based Dithiophosphates…………………………………….………...87 

4.1.2 Boron-Based Dithiocarbamates…………………………………….………...92 

4.1.3 Boron-Based Ionic Liquids…………………………………………………...95 

4.2 Surface Analysis……………………………………………………………………...100 

4.2.1 Boron-Based Dithiophosphates………………………………………………101 



 xi

4.2.2 Boron-Based Dithiocarbamates……………………………………………..103 

4.4 Concluding Remarks……………….…………………………………………….....105 

 

5 Overall Conclusions…………………………………………………………..……...106 

 

6 Future Work……………………………………………………………………..…..109 

References…………………………………………………………………………..….110 

Articles Appended 

   

 



 



Introduction                                                                                                             CHAPTER 1
  

 1

CHAPTER 1 

1. Introduction 
1.1 Boron and Boron Chemistry 

Boron belongs to group III, and is a nonmetallic element and a hard material. It represents 

structural complexity, electron deficiency, unusual binding situations, and makes a variety of 

compounds. The element boron has a chemical symbol B, atomic number 5, and occurs 

naturally as 80.1 % 11B and 19.9 % 10B isotopes. 

The boron element was first isolated in June 1808 by three chemists, Humphry Davy (an 

English scientist), Joseph Louis Gay-Lussac (a French scientist) and Louis Jacques Thenard (a 

French scientist). They prepared boron as an element with 50 percent purity by the reduction 

of boric acid (H3BO4) with sodium or magnesium. Boron was not recognized as an element at 

that time. The element boron was isolated in a pure form in early 1911 by E. Weintraub [1]. 

At that time, it was believed that boron had properties similar to carbon. 

 

 
Figure 1.1 (a) Joseph Louis Gay-Lussac (1778-1850), (b) Louis Jacques Thenard (1777-

1857), and (c) Humphry Davy (1778-1829). 

 

The electronic configuration of boron is 1s22s22p1. It has only three electrons in the valence 

shell that can be involved in formation of covalent bonds. It can neither donate nor accept 

electrons easily. Therefore, boron can make covalent bonds in most cases. Generally, boron in 

most of its compounds has the formal oxidation state III such as in oxides, sulfides, nitrides, 

and halides. The trihalides adopt a planar trigonal structure (Figure 1.2). According to Lewis 

acid-base theory, these compounds are Lewis acids, because they readily form adducts by 

accepting electron-pairs from Lewis bases. 
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Figure 1.2 Structure of boron (III) trifluoride showing donation of electrons to an empty p 

orbital of boron. 

 

Since boron has an intrinsic electron deficiency, its chemical reactivity is defined by its Lewis 

acidity. The susceptibility of boron to undergo chemical reactions to saturate its coordination 

sphere and its valence shell is mainly caused by this deficiency. The empty p orbital of boron 

can lead to a significant delocalization when a B atom is conjugated with an adjacent organic 

-system. The empty p orbital is easily attacked by nucleophiles such as water or halides. This 

results in either bond cleavage of three-coordinated neutral borate or the formation of an 

anionic four-coordinate borate species. The four-coordinate borate species cannot participate 

any more in conjugation with adjacent –systems [2]. For example, fluoride (F-) and boron 

trifluoride (BF3) can be combined together giving rise to the tetrafluoroborate anion, BF4
-. 

The cationic species of boron are known to be more reactive as compared to the neutral 

borates because of their larger electron deficiency [3]. Boron cations are classified into three 

main classes based on the coordination number at boron (Figure 1.3) [3]. 

 

 
Figure 1.3 Classification of boron cations based on their coordination number. Adapted from 

[3]. 

 

Borinium cations (I) are two-coordinate species bound by two substituents through –bonds. 

As borinium cation species can supply only two valence electrons, it is necessary that the 

additional electron pair must be supplied by an electron pair donor ligand (e.g. N or O). Since 

-bonding is expected to play an essential part in stabilizing these cations, at least one ligand 
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capable of -bonding should be present. Borenium cations (II) are three-coordinate species 

that comprise two bound substituents (R) with –bonds and one dative interaction with a 

ligand (L). The third type is four-coordinate boronium cations (III) with two coordination 

sites occupied by -bound substituents and the other two populated by neutral donor ligands. 

This is the most common class of boron cations. Though the charge is formally localized on 

the ligands L in the boron cations with donor ligands (II and III), computations suggest a 

significant positive charge at boron that is supported by reactivity of these compounds via 

boron. 

 

1.1.1 Applications of boron 

Boron has many unique applications in industries. Some of these are summarized as follows. 

1. Boron makes superhard materials similar to other light elements such as carbon, nitrogen, 

and oxygen. These light elements have the ability to make covalently bonded three-

dimensional networks extremely resistant to external shear. Some examples of such 

compounds are: 

Boron carbide (B4C) is a very hard ceramic material (Vickers hardness 38 

GPa) which is used in tank armor, bulletproof vests, and many other 

applications. It is one of the hardest materials known, behind cubic boron 

nitride and diamond [4]. B4C is obtained by decomposing B2O3 with carbon in 

the electric furnace as 

 

2 B2O3 + 7 C  B4C + 6 CO 

 

Boron nitride (BN) (Vickers hardness 76 GPa) is isoelectronic to carbon and 

found in hexagonal and cubic forms. The hexagonal form (h-BN) is a soft 

material similar to graphite while the cubic form (c-BN) is very hard like 

diamond. Hexagonal boron nitride is commonly used as a solid lubricant [5]. 

AlMgB14 + TiB2 composites have high hardness and wear resistance. They are 

used as wear resistant materials in extreme condition of high temperature and 

pressure [6]. 

Rhenium diboride (ReB2) is known as superhard material (Vickers hardness 40 

GPa). It is commonly used in polishing and cutting tools, as an antiwear 

coating and in many other industrial applications [7]. 
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2. Magnesium diboride (MgB2) is an important material used in superconducting magnets 

[8]. 

3. Boron is an important component of neodymium permanent magnets (Nd2Fe14B), the 

strongest types of permanent magnets. These magnets are used in many devices that we 

use in daily life. For example, computer HDDs, CD and DVD players, mobile telephone 

sets and so on [9]. 

4. Boron is the main component of many types of glasses and ceramics. Boron is a part of 

borosilicate glasses made of up to 12–15 % B2O3, 80 % SiO2, and 5-8 % Al2O3. They 

have a low coefficient of thermal expansion that guarantees a good resistance of these 

glasses to the thermal shock. Examples of these glasses are Duran and Pyrex [10]. 

5. Boron (10B) isotope is typically used in radiation shielding and in boron neutron capture 

therapy for the treatment of tumor. For treatment of tumor, a compound containing 10B 

isotope is connected to a muscle, which is close to a tumor cell. 10B is then irradiated with 

low energy or thermal neutrons to yield highly energetic (helium-4, 4He) nuclei e.g. alpha 

particles and lithium-7 (7Li) ions. These high energy charged particles damage DNA only 

in cells, which are in a close proximity to the source of 10B [11]. 

 

1.2 Tribology 

The word “Tribology” is derived from two Greek words: “Tribo” meaning rubbing and 

“Logos” meaning principle or logic. Tribology is defined as "the science and technology of 

interacting surfaces in relative motion", and covers the fields of friction, wear and lubrication, 

including the interactions between solids, liquids and gases [12]. Tribology is an 

interdisciplinary science, based on the expertise of chemists, physicists, mechanical engineers, 

materials scientists and metallurgists. Lubricants and lubrication technology are essential 

components in the modern industry to reduce wear and control friction. New machine designs 

create special and sometimes extreme operating conditions, such as high temperatures, loads 

and speeds. The lubricants must be able to meet the requirements at these operating 

conditions. 

1.3 Tribochemistry 

Tribology is generally considered as a part of mechanical engineering. The tribological 

research is being conducted from the mechanical engineering point of view. Recently, the role 

of surface chemistry in tribology has attracted more attention of researchers. In order to 

understand the origin of friction and wear in modern tribological contacts, the importance of 
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surface chemistry cannot be ignored. Tribochemistry deals with chemical interactions, which 

occur between the lubricant/additives and the rubbing surfaces under boundary and mixed 

lubrication conditions [13]. 

1.4 Tribochemical Challenges 

A fundamental knowledge of tribochemistry for reduction of wear and control of friction is 

required to meet the needs of modern technological development. Some important phenomena 

related to surface science include changes in material properties during friction under high 

temperature and pressure, hardening of materials and surfaces, and methods to protect 

tribological surfaces. Therefore, improving the chemical and mechanical properties of metal 

surfaces used in industrial applications is an important issue that must be dealt with. The use 

of additives in lubricants is one of the most practical methods for protecting surfaces against 

damage during sliding motion. There are two main problems with the conventional lubricants: 

(1) The functional additives to lubricants often contain compounds of heavy metals, sulfur 

and phosphorus. For example, the most common compounds, zinc dialkyldithiophosphates 

(ZnDTPs), have been widely used as antiwear additives since the 1940s. The important 

concern is human health and environmental implications of using ZnDTPs. It is also known, 

that presence of zinc and large amounts of sulfur and phosphorus in engine oils leads to 

degradation of exhaust catalytic systems in automobiles. This results in the emission of toxic 

exhaust gases from automobiles, including sulfur oxides (SOx), nitrogen oxides (NOx), carbon 

monoxide (CO) and particles of ash (CH). All these gases have a large negative impact on the 

human health, in particular, in big cities and on the environment in general [14,15]. 

(2) There is a growing demand for light weight non-ferrous materials in the modern 

tribological systems in order to save energy and economy. The conventional lubricant 

formulations may fail in providing stable friction and low wear in tribological systems with 

light weight non ferrous materials, because they are optimized for ferrous materials. 

For these reasons, one of the current challenges in tribology is the development of high 

performance environmentally friendly lubricants for the modern tribological systems. The fuel 

economy, durability, and environmental issues all depend on the quality and effectiveness of 

the lubricants being used. Inefficient lubrication may result in high friction and wear losses, 

which can in turn adversely affect the fuel economy and durability. From an environmental 

point of view, lower fuel economy also means higher environmental pollution. To cope with 

these challenges, there is a need for high performance lubricants for modern and future 
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tribological systems, as well as fundamental understanding of tribochemical interactions and 

surface properties. 

1.5 Lubrication Regimes 

Three main lubrication regimes can be distinguished for two surfaces sliding against each 

other in a lubricated system (Figure 1.4): 

1. Boundary lubrication: the two solid surfaces are in direct contact and the load is carried by 

the surface asperities. 

2. Mixed lubrication: a lubricant film is present between the contact surfaces but some 

asperities are in contact. The load is carried by both the lubricant film and surface asperities. 

3. Hydrodynamic lubrication: the lubricant film is thick enough to prevent a contact between 

the surfaces and load is carried entirely by the lubricant film. The physical properties of the 

lubricant play the dominating role in this regime. Friction is low, while there is generally no 

wear in the hydrodynamic regime. 

 
Figure 1.4 Schematic Stribeck curve representing lubrication regimes. Boundary (a-b), mixed 

(b-c) and hydrodynamic (c-) lubrication regimes. (f: Friction coefficient, μ: viscosity, U: 

sliding speed and p: pressure). 

 

 1.6 Chemical Aspects of Tribofilm Formation 

In boundary or mixed lubrication regimes, lubricant additives undergo decomposition under 

high load and elevated temperature forming a protective layer, called tribofilm, through 

chemical reactions or adsorption processes. This tribofilm aims to prevent direct metal-to-

metal contacts and to protect surfaces. The reactivity of the additive with surfaces is crucial 

and must be optimized for the best performance. If an additive is not sufficiently reactive, 

then no adequate tribofilm can be formed before the parts become severely damaged. If the 
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additive is too reactive, then the additive may lead to a corrosive attack on the surface 

resulting in tribochemical wear. Not only do the additive’s properties define its reactivity in 

real applications, the reactivity also depends on the base oil, presence of other additives and 

the nature of surfaces. 

A tribochemical reaction of an additive with a surface is generally catalyzed by the contact 

asperity temperature and the nascent metal surface. The contact temperature, also called 

“flash temperature”, is usually very high (> 400 ºC) but short-lived. A raise in contact 

temperature is caused by the heat produced due to friction between the sliding asperities [16]. 

The nascent surface possesses very high surface energy and active sites. A variety of chemical 

reactions may occur due to the combined effect of heat and the active surface. These reactions 

mainly include oxidation of surfaces, oxidation and degradation of the lubricant, surface 

catalysis, polymerization, and the formation of inorganic and organometallic products [17]. 

The nature of these products formed on the surfaces depends on the reactivity, structure and 

composition of the additive. A high rate, at which tribofilms are formed, may also point to 

pressure-induced bulk effects. It has been shown with a nanometer resolution that the 

tribofilms formed on top of aspirites, which experience highest pressure, are harder than those 

between asperities [18]. 

 

1.7 Chemistry of Lubricant Additives 

Hydrocarbon base oils (lubricants) are classified in two groups: mineral and synthetic oils. 

Mineral oils are manufactured directly from crude oil. Their composition is very complex and 

these oils consist of hydrocarbons including more than a hundred of different aliphatic and 

aromatic compounds. The lubrication properties and oxidation stability vary with their 

composition. Mineral oils are the most commonly used because of their low price in 

comparison to synthetic oils. Synthetic oils are synthesized in the laboratory. Synthetic oils 

are believed to provide superior chemical and tribological properties compared with mineral 

oils and can be used in extreme temperature conditions. 

It is well known that pure mineral/synthetic oils do not meet all the requirements for 

lubricating materials used in modern tribological systems [19]. Organic or organometallic 

compounds containing tribologically active elements (P, S, N, C1, Zn, Mo and B) or 

combinations of compounds with these elements are added to base oils at low concentrations. 

Additives enhance the tribological performance of the base oils by adding new properties to 

the lubricant. Lubricant additives can be classified into two categories: chemically-inert and 

chemically-active. Chemically-inert additives such as viscosity modifiers, foam inhibitors, 
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and pour point depressants modify the physical properties of the base oil. While the

chemically-active additives such as antiwear, extreme pressure and corrosion inhibitors 

enhance the tribochemical properties of metal surfaces. 

In general, lubricant additives are classified into the following types based on their chemical 

compositions: sulfur compounds, ashless phosphorus compounds, heterocyclic compounds, 

dialkyldithiophosphate complexes of metals (MDTPs), dialkyldithiocarbamate complexes of 

metals (MDTCs), halogens, boron compounds and ionic liquids (ILs). A short description of 

these classes of compounds is given below. 

1.7.1 Sulfur Compounds 

Sulfur-containing additives include organic mono and polysulfides, elemental sulfur as well 

as a wide variety of sulfurized fats and hydrocarbons. The anti-wear (AW) and extreme 

pressure (EP) properties of a series of organic disulfides have been investigated by Allum and 

Forbes in late 1960s [20]. They found that EP properties depend on the ease of cleavage of the 

C-S and S-S bonds. Disulfide additives with the S-S bond give good antiwear properties due 

to an easy cleavage of this bond at high pressures [21, 22]. AW and EP mechanisms of sulfur 

compounds as additives have also been proposed (Figure 1.5). First, a sulfur-based additive 

(disulfide or mono-sulfide) physically adsorbs on an iron surface. It then reacts with Fe active 

sites forming iron sulfide films. A mono-sulfide additive may directly form an iron sulfide 

film after physisorption, whereas the disulfide may form iron sulfide films through formation 

of iron mercaptides [23, 24]. 

 

 

Figure 1.5 Tribochemical mechanisms of tribofilm formations at iron surfaces by sulfur 

compounds as FM (friction modifiers), AW and EP additives. Adapted from [23]. 
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Elemental sulfur is an effective EP additive when dissolved in mineral oils [25, 26]. Its 

decomposition upon tribological stress on steel surfaces is well known and, as with organic 

sulfides, leads to the formation of iron sulfide films. The reactivity of elemental sulfur with 

nascent steel surfaces is known to be considerably higher than that of the organic sulfides [27, 

28]. 

1.7.2 Ashless Phosphorus Compounds 

More than a hundred of different phosphorus compounds have been investigated for possible 

application in tribology, but only a small fraction of them is commonly used in industry [29]. 

These include ashless phosphorus compounds such as phosphates, thiophosphates [30, 31] 

and dithiophosphates [32-35] (see Figs. 1.6, 1.7 and 1.8). Ash consists of tiny solid metallic 

salt particles, which originate from ZnDTP. 

Schumacher and Zinke studied the antiwear behavior of several compounds based on the 

atomic structure of dithiophosphates, replacing sulfur by oxygen atoms and varying the length 

and branching of alkyl groups [36]. Similar wear and friction properties for both 

monothiophosphates and dithiophosphates were observed.  A clear correlation was found 

between the presence of phosphorus in the antiwear film and lower wear rate. On the other 

hand, there was no correlation between wear rate and sulfur content in additives. It was 

established that an increased thermal stability of phosphorus-containing compounds 

maintained good performance at high temperatures. However, some thermal instability is 

required to allow the compound to react and to form protective antiwear tribofilms. Sarin et 

al. studied antiwear, extreme pressure and antioxidative performance of a series of O,O’-

dialkylphosphorodithioic disulfides (RO)2P(S)S-SP(S)(RO)2 as potential replacements of 

ZnDTP. They found that these additives provide antiwear properties, comparable to a 

commercial ZnDTP [37]. The antiwear performance of other dithiophosphate disulfide 

compounds was also investigated.  It was shown that the disulfide group can provide superior 

EP properties compared with normal dithiophosphates. 

 

 
Figure 1.6 General structure of an ashless dithiophosphate. 
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Figure 1.7 Tributyl thiophosphate (TBT). 

 

 
Figure 1.8 Triphenyl phosphorothionate (TPPT). 

 

Heuberger et al. have investigated the reactivity of arylated phosphorothionates, such as 

triphenyl phosphorothionate, TPPT (see Fig. 1.8) with steel surfaces [38]. They found that the 

cleavage of P=S double bonds in adsorbed molecules takes place under impact of a high 

contact pressure and frictional heat, and sulfur reacts with iron forming iron sulfide. 

 

1.7.3 Heterocyclic Compounds 

In the last few decades, the tribological performance of N, S and O heterocyclic compounds 

(see Fig. 1.9) as lubricant additives was in the research focus, because of their promising 

friction and antiwear properties [39-47]. N-heterocyclic compounds have a high affinity to 

free iron and they readily adsorb on steel surfaces forming antiwear tribofilms. 

Ren et al. studied antiwear properties of a series of N-heterocyclic compounds with one, two 

and three nitrogen atoms [48] (see Fig. 1.10). They found that antiwear properties of these 

compounds increase with the number of nitrogen atoms in heterocycles: The benzotriazole 

and its derivatives are the most effective antiwear additives in this class of compounds, 

because of an increase in coordinating ability to Fe atoms with a number of basic nitrogen 

atoms in the molecule. XPS analysis of these N-heterocyclic compounds showed the same 

spectra for surfaces rubbed in solution and immersed in solution without rubbing. Therefore, 

these N-compounds were not chemically changed during rubbing. 
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Figure 1.9 Molecular structures of S, N-heterocyclic compounds. Adapted from [47]. 

  

 
Figure 1.10 Molecular structures of N-heterocyclic compounds. Adapted from [48]. 

 

Dialkyldithiocarbamate derivatives of heterocyclic compounds have also been used as 

multifunctional additives in both mineral and vegetable base oils [49-53]. It was found that 

when the above mentioned N-heterocyclic compounds are bound in a single molecule with 

dithiocarbamates, their antiwear ability is further improved. However, this is not the case for 

all types of base oils. For example, triazine derivatives of dithiocarbamates (Fig. 1.11) added 

in small concentrations to mineral oils decrease wear of steel-steel contacts [54], while the 

same additives may increase wear in vegetable (rapeseed) oils [55, 56]. 

 

 
Figure 1.11 General structure of triazine derivatives of dithiocarbamate. Adopted from [56]. 

 

Organic compounds are thought to adsorb to metal surfaces via either negatively charged 

centers or by  electrons in double-bond or aromatic systems. A partial transfer of electrons 

occurs from polar (donor) groups to atoms on the metal surfaces. In the case of compounds 

with nitrogen heterocycles, coordinatively saturated or unsaturated covalent bonds can be 

formed in the process of such chemisorption, thus, providing antiwear and corrosion 

suppressing properties [57].  This is one of the plausible reasons of why nitrogen-carbon 

heterocyclic compounds are widely used by lubricant industries as both metal passivators and 
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effective corrosion inhibitors [58]. The latter is due to their chelating action and their ability 

to form insoluble diffusion barriers on oxidized surfaces of metals, thus, preventing metal 

reaction and dissolution. Benzotriazole, benzimidazole, pyridazole, tetrazole, other nitrogen-

containing heterocycles and their derivatives were found to be highly effective in inhibiting 

corrosion for copper, nickel, iron and other metals [59-60]. 

1.7.4 Dialkyldithiophosphate Complexes of Metals (MDTPs) 

Dialkyldithiophosphate complexes of metals, MDTPs (see Fig. 1.12) are being used in 

lubricating oil formulations for several decades due to their excellent antiwear, extreme 

pressure, friction reducing, antioxidant and corrosion resistance properties. 

Dialkyldithiophosphates of different metals such as molybdenum [61], cadmium [62], copper 

[63], titanium [64], gadolinium [65], iron, antimony and other metals [66-68] have been 

introduced and used as multifunctional additives in lubricants. Among MDTPs, zinc 

dialkyldithiophosphates (ZnDTPs) are the most widely used for several decades [69-75]. 

 

 
Figure 1.12 General structure of a liquid mononuclear ZnDTP complex (R denotes alkyl 

groups). 

 

Heuberger et al. have described effects of the contact pressure on formation of tribochemical 

films from ZnDTP [76]. These authors suggest that the tribological stress leads to formation 

of poly(thio)phosphate tribofilms at all temperatures investigated, while in the non-contact 

areas only very thin thermal films were formed at 30 and 80 ºC (see Fig. 1.13). It is assumed 

that the local frictional heating due to contact pressure accelerates the chemical reaction of the 

adsorbed additives. At 30 ºC, iron phosphate was found in the reaction layer, which is an 

indication that nascent iron reacts with the phosphoryl groups. 
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Figure 1.13 A model of reactions in the contact, near-contact and off-contact areas on 
samples tribostressed in a lubricant with ZnDTP as an additive. Adapted from [76]. 
 

Willermet et al. have proposed the following mechanism that describes reactions of ZnDTP 

with steel surfaces [77]:  

1. Adsorption of ZnDTP on steel surfaces. 

2. Reactions of ZnDTP with steel surfaces and formation of species of phosphates and 

phosphothionic moieties bound to the metal surfaces. 

3. Formation of phosphate film precursors from antioxidant reactions of ZnDTP. 

4. Condensation of the phosphates/phosphothionates species in polymeric chains, which are 

then terminated by zinc-containing compounds or other metal ions in the solution. 

 

1.7.5 Dialkyldithiocarbamate Complexes of Metals (MDTCs) 

Dialkyldithiocarbamate complexes of several metals have been widely investigated as 

antiwear additives in lubricants. General structures of zinc and molybdenum 

dialkyldithiocarbamates are shown in Figures 1.14 and 1.15. Dithiocarbamates of several 

different metals and metalloids including zinc [78], molybdenum [79], cerium [80], copper 

[81], lead [82], antimony and bismuth [83, 84] have already been thoroughly studied. 

Figure 1.14 General structure of a mononuclear zinc dialkyldithiocarbamate complex.  
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Figure 1.15 General structure of a binuclear molybdenum dialkyldithiocarbamate complex. 

 

Molybdenum dialkyldithiocarbamates (MoDTC) were initially known as anti-oxidants and 

extreme pressure additives. They have also been widely used as friction modifier additives. 

Formation of low-friction tribofilms from MoDTC-containing lubricants was the main subject 

of several studies [85-87]. It is known that MoDTCs are decomposed in a sliding contact 

forming nanocrystals of MoS2 [88].  

Further investigations by Barros et al. [89] on the tribochemistry of these additives on steel 

surfaces have shown that ZnDTP additives, also present in the lubricating oil, may stimulate 

formation of MoS2. The following mechanism of MoS2 formation in the presence of ZnDTP 

has been proposed [89].  

Electrons are transferred via Mo–S bonds in the MoDTC molecule leading to formation of 

free radicals during the rubbing processes. The chain-end radicals are recombined to form 

thiuram disulfide. The oxysulfide decomposes into MoS2, which crystallizes into sheets and 

MoO2 (see Fig. 1.16). The role of ZnDTP in these processes is to provide the sulfur atoms to 

complete the sulfuration of the oxysulfide. The amount of MoS2 formed depends on the 

concentration of ZnDTP present in the lubricant. These MoS2 units meet together forming a 

lamellar sheet, which covers asperity tips and efficiently reduces friction.  
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Figure 1.16 Chemical processes leading to MoS2 formation from MoDTC. Adapted from 

[89]. 

 

MoS2 has a layer structure as shown in Figure 1.17. There is a strong covalent bonding 

between atomic species but only a very weak van der Waals interaction between lattice layers. 

These weak van der Waals forces between MoS2 layers are easy to overcome by shearing 

within the molecule. They are responsible for low friction properties of lubricants based on 

this material [90]. 

 
Figure 1.17 Solid state structure of MoS2. Adapted from [90]. 
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1.7.6 Halogens 

Among halogen compounds, chlorine was one of the earliest AW and EP elements used by 

the lubricant industry. Chlorine compounds (see Figs. 1.18 and 1.19) are known to possess 

extreme pressure and antiwear properties in lubricants [91, 92]. Kotvis et al. [93] and Crumer 

et al. [94] showed that some chlorine-containing compounds react with surface iron producing 

iron chloride. The main drawback of chlorine containing additives is their health and 

environment hazards. Therefore, chlorine-containing additives are not considered as a viable 

option for modern lubricants. 

 
Figure 1.18 Chlorinated paraffin. 

Figure 1.19 Chlorinated fatty oil. 

1.7.7 Boron Compounds 

Boron compounds have unique combination of tribological properties. In addition, they are 

generally believed to have little if any detrimental affects on either the machine components 

or the environment [95]. Therefore, research on boron based additives has considerably 

increased within the last decade. Specifically, boron compounds have been extensively 

studied as boundary lubricating oil soluble additives, solid lubricants and surface coatings 

[96-99]. Oil soluble organoborate compounds are promising friction modifiers, corrosion 

inhibitors, antioxidants and effective antiwear additives [100-104]. 

Boron compounds are capable of forming glassy structures in a manner similar to ZnDTP but 

with different glass transition temperatures [105]. It is known that crystalline or amorphous 

boron, boron nitride and metal boride are very hard materials. Microindentation 

measurements on Rhenium boride (ReB2) indicated an average hardness of 48 GPa under the 

applied load of 0.49 N. Scratch marks left on a diamond surface confirmed its superhard 

nature [106]. Hard iron boride (Fe2B) can be formed on the steel surfaces improving their 
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hardness [107, 108]. The hardness of crystalline boron is 30 GPa and amorphous boron thin 

films can also have hardness approaching that of crystalline boron [109]. 

In a moisture-containing environment, surface oxide of boron (B2O3) is known to react with 

water forming boric acid (H3BO3), which acts as a solid lubricant (see Fig. 1.20). The 

lubricity of boric acid has been attributed to its tendency to form a triclinic crystal structure 

made up of atomic layers parallel to the basal plane. In each layer, the B, O and H atoms are 

closely packed and bonded to each other with covalent bonds, while the layers are held 

together with weak van der Waals forces. The latter facilitates the layers to easily slide with 

respect to each other providing lubricity in the system [110,111]. 

 

 
Figure 1.20 Lamellar structure of boric acid. Adapted from [111]. 

 
Recently, Philippon et al. have studied the tribochemical reactions between borate ester 

(trimethylborate, TMB) and steel surface [112]. Based on data from XPS measurements they 

have suggested that tribofilms are formed from the reaction of TMB decomposition products 

with iron oxide at the steel surface by the hard and soft acid base (HSAB) principle. TMB is 

mechanically degraded through the C–O bond breakage due to the friction process forming 

BO3
3- and CH3+ ions (see Fig. 1.21). According to the HSAB principle, BO3

3- is classified as a 

‘‘borderline’’ base, and it could then react with acid species. Iron oxides, Fe3+ or Fe2+, are 

hard, borderline acids. As the reaction between Fe3+ and BO3
3- involves hard and borderline 

species, BO3
3- may react partially with these iron oxides. As a result a borate glass network 

can be formed in the tribofilms by digestion of the abrasive iron oxide [113]. 
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Figure 1.21 A schematic representation of the tribochemical reactions between borate ester 

and steel surfaces. Adopted from [112]. 

 

1.8 Ionic Liquids 

Ionic liquid (ILs) are salts that contain only cations and anions and are liquids at or below 

100°C. This temperature limit is merely a convenient marker, as it separates ILs from high 

temperature molten salts [114]. The main reason for the low melting points of ILs compared 

with those of simple inorganic salts (m.p. of NaCl > 800 °C) is the size difference between 

cations and anions and a molecular structure with a high degree of asymmetry. The lack of 

symmetry inflicts the ion – ion packing by decreasing the Coulombic attraction between the 

ions [115]. 

In particular, the salts that melt at room temperature are called "room temperature ionic 

liquids" (RTILs). Room temperature ionic liquids generally consist of organic cations with a 

low molecular symmetry and organic or inorganic anions with usually weak basic properties 

[116,117]. Some common cations and anions are given in Tables 1.1 and 1.2. 
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Table 1.1 Names, abbreviations and structures of commonly used cations in ionic liquids. 

Name Abbreviation Structure 

 

1-alkyl-3-methylimidazolium 

 

[CnC1Im]+ 

 

N
+

N R 

 

1-alkyl-2,3-methylimidazolium

 

[CnC1C1Im]+ 

N
+

N R

 

 

1-alkyl-1-methylpyrrolidinium 

 

[CnC1Pyrr]+ 

 

N
+

R 

 

1-alkylpyridinium 

 

[CnPy]+ N
+

R  

 

Tetraalkylphosphonium 

 

[PRR’R’’R’’’]+ 

 

P
+

R'''
R''R

R'

 

 

Tetraalkylammonium 

 

[NRR’R’’R’’’]+ 

 

N
+

R'''
R''R

R'

 

 

Trialkylsulfonium 

 

[SRR’R’’]+ 

 

S
+

R''R

R'
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Table 1.2 Names, abbreviations and structures of commonly used anions in ionic liquids. 

Name Abbreviation Structure 

 

Tetrafluoroborate 

 

[BF4]- 

 

B
-

F
FF

F

 

 

Hexafluorophosphate 

 

[PF6]- 
P
-

F F

F

FF

F

 

 

Bis[(trifluoromethane)]sulfonyl]imide 

 

[NTf2]- 

N
-

SS O

CF3

OF3C

O

O
 

 

Dicyanamide 

 

[N(CN)2]- 

N
-

CNNC  

 

Tris(pentafluoroethyl)trifuorophosphate 

 

[FAP]- 
P
-

F CF2CF3

CF2CF3

CF2CF3F

F

 

 

Ionic liquids are not new and some of them have known for many years. For example, 

ethylammonium nitrate ([EtNH3][NO3]), which has a melting point of 12 °C, has been 

prepared by Walden by neutralization of ethylamine with concentrated nitric acid in 1914 

[118]. These systems did not attract much scientific interest and these new materials went 

unrecognized properly almost until the 1980s, when new room temperature ILs have been 

synthesized and investigated thoroughly for applications in electrochemistry and spectroscopy 

[119,120]. 
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1.8.1 Properties of Ionic Liquids 

Ionic liquids exhibit many unusual properties compared to molecular liquids, which make ILs 

interesting in a wide range of applications. Some of the general properties of ILs include the 

following [121,122]: 

High polarity 

Ability to dissolve many different organic, inorganic and organometallic compounds 

Consist of loosely coordinating bulky ions 

Non-volatility 

High thermal stability, most of ILs are stable upto approximately 400-500 ºC 

High ionic conductivity 

Designability for specific applications by using various types of cations and anions. 

1.8.2 Applications of Ionic Liquids in Chemical Industry 

Due to the unique properties of ILs, there are many potential applications of ILs in chemical 

industries (see Fig. 1.22) [123]. 

ILs were originally identified as green solvents (due to their negligible vapour pressure) for 

possible replacement of traditional molecular solvents [124]. Many ILs are already widely 

used in organic synthesis [125,126], catalysis [127-129], and electrochemistry [130-132], and 

as recyclable solvents for a variety of chemical reactions and in separation processes 

[133,134], as active pharmaceutical ingredients [135,136], as alternatives to traditional 

organic diluents for solvent extraction of metal ions [137-139], and as functional materials 

[140-142]. 
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Figure 1.22 Potential applications of ILs. Adapted from [123]. 

 

1.8.3 Applications of Ionic Liquids in Tribology 

Aside from the physical properties described above, ILs exhibit unique characteristics such as 

negligible volatility, non-flammability, high thermal stability and low melting point, which 

are required for high performance modern lubricants. Most of the ILs have decomposition 

temperatures above 350 ºC and remain fluids below – 50 ºC, which means that ILs can be 

used as lubricants in wide temperature ranges. At the same time, the high polarity of ILs 

facilitates their interaction with the surface, both physically and chemically, and their 

propensity to form tribofilms. 

ILs were first introduced as versatile lubricants in 2001 by Ye et al. [143]. These authors have 

studied the tribological behaviour of alkylimidazolium tetrafluoroborates (see Fig. 1.23) for 

steel/steel, steel/aluminum, steel/copper, steel/SiO2, steel/Si(100), steel/sialon and 

Si3N4/sialon ceramic contacts, and concluded that ILs have excellent lubricity that makes 

them attractive alternatives to conventional liquid lubricants. After this report an interest to 

ILs as novel lubricants in various applications is steadily increasing due to their unique 

combination of physical, chemical and tribological properties [144-146]. 
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Figure 1.23 Molecular structure of alkylimidazolium tetrafluoroborate ILs. Adapted from 

[143]. 

 

 ILs with cations imidazolium [147-149], ammonium [150, 151] and phosphonium [152, 153] 

and anions tetrafluoroborates [154-155] and hexafluorophosphates [156-158] are currently the 

most commonly used ILs in tribological applications. 

Most of ILs have been studied for the lubrication of steel-steel contacts because most of the 

tribological components in machines are made of steel [159-162]. However, the use of light 

weight alloys in tribological applications is steadily increasing. For example, the use of 

aluminum alloys has been rapidly expanding due to their high strength to weight ratio, good 

corrosion resistance in the ambient environment and a high thermal conductivity. It has been 

found that the commercial lubricants such as mineral oils with zinc dialkyldithiophosphates 

have a poor antiwear performance for non-ferrous materials. ILs are used to lubricate those 

challenging tribological contacts, where commercial lubricants can not be used. ILs have been 

suggested as potential lubricants for aluminum alloys [163-165], copper alloys [166, 167], 

silicon and silica (SiO2) [168,169], silicon nitrides (Si3N4) [170,171], nickel alloys [172] and 

polymers [173]. 

Currently used high temperature aircraft lubricants can operate only upto a temperature of ca 

150 ºC. New aerospace technologies demand lubricants that can function between -40 ºC and 

330 ºC.  A high thermal stability (generally up to 400 ºC) and a low temperature fluidity (to -

100 ºC) of ILs make them as lubricants of choice for applications, which require operations at 

a wide temperature range [174]. A new class of polyethylene glycol functionalized dicationic 

ILs with alkyl or polyfluoroalkyl substitutents have been reported as high temperature 

lubricants [175]. These ILs show a high thermal stability with thermal decomposition 

temperatures > 400 ºC. They also exhibit excellent tribological characteristics even at 300 ºC. 

ILs can be used as lubricant additives in oil due to their good tribological properties and 

boundary film formation capability. ILs that are very reactive and may cause tribocorrosion 

are often used as additives, in order to decrease their concentration in the tribocontacts. As 

additives, ILs have been studied in water [176,177], mineral oil [178], and synthetic oils such 

as propylene glycol dioleate [179] and polyethylene glycol [180]. 
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1.8.4 Mechanism of Tribofilm Formation by Ionic Liquids 

As ILs are composed of cations and anions, their charges and polarity facilitate their 

interaction with metal surfaces. These interactions results in the formation of thin films on 

metal surfaces (called here tribofilms) that may facilitate a low friction and reduced wear. 

Anions most likely interact with metal surfaces, which often carry a positive charge [181], 

while interactions of cations with metal surfaces is rarely observed [182]. A positive charge 

on metal surfaces is generated by emission of electrons from the surfaces in the course of 

friction. Therefore, anions in ILs can be easily adsorbed to positively charged sites formed on 

the worn metal surfaces. Under boundary and mixed lubrication conditions adsorption 

processes and further chemical reactions involving ions of ILs are stimulated both 

mechanically and by high flash temperatures in the contact area (> 400 ºC). Heat generated 

due to friction is one of the plausible sources of energy that provide activation energy for 

chemical reaction [183]. A schematic representation of tribochemical reactions of ILs with 

metal surfaces is shown in Figure 1.24. 

 

 
Figure 1.24 A model for the tribochemical reaction of ILs with metal surfaces. Adapted from 

[183]. 

 

The decomposition of ILs results in the formation of active elements that may react with the 

nascent metal surfaces forming reaction films. The yield of the tribochemical reaction is 

usually too low to isolate the reaction product, thus, the reaction mechanism and types of 

products are usually monitored by surface sensitive techniques. For example, the formation of 

tribofilms containing B2O3, FeB, BN from BF4
- anion based ILs, and FeS, FePO4, FeF2 and 

FeF3 from PF6
- anion based ILs has been confirmed by X-ray photoelectron spectroscopy 

(XPS) [184-186]. 
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Recently, Forsyth et al. using multinuclear solid-state NMR data have suggested the 

formation of boundary films on non-ferrous metal and ceramic surfaces in contact with 

phosphonium ILs (see Fig. 1.25 for structures and abbreviations of the phosphonium ILs) 

[187]. 

 
Figure 1.25 Chemical structures of the cationic and anionic species in some phosphonium 

based ILs. Adapted from [187]. 

 
19F and 31P MAS NMR spectra of P66614NTf2 and P66614PF6 ILs adsorbed on inorganic 

surfaces are shown in figures 1.26 and 1.27. The results indicate that 19F NMR resonance 

lines for the mixtures of ILs with inorganic materials are significantly broadened compared 

with the pure P66614NTf2 (line widths are 36 Hz for pure, 42 Hz for Al2O3 and 67 Hz for 

Si3N4). In the case of P66614NTf2 in contact with SiO2, the line shape changes significantly and 

additional spectral features have been observed. The broader resonance is observed at more 

negative chemical shift for SiO2/NTf2. In the case of P66614PF6, there are distinct differences in 
19F resonance lines when this IL has been placed in contact with SiO2, Si3N4 and Al2O3 

nanoparticles. 

Similarly, the 31P MAS NMR data also suggested a strong interaction of dpp anions from 

P66614dpp IL with hydroxylated surfaces of Mg(OH)2 and SiO2. The PF6 
31P NMR resonance 

lines in the case of P66614PF6 adsorbed onto SiO2 surfaces of nanoparticles have also shown a 

significant broadening. However, there were no other significant changes in chemical shifts. 

The combined 19F and 31P NMR data suggested a strong interaction of NTf2, PF6 and dpp 

anions with SiO2, in turn, a relatively weak interaction was proposed for ILs with surfaces of 

Al2O3 and Si3N4. 
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Figure 1.26 19F MAS NMR spectra for (A) P66614NTf2 and (B) P66614PF6 ILs adsorbed onto 

surfaces of inorganic nanoparticles (powder samples). Typically, 300 signal transients have 

been accumulated, and spectra have been recorded with the recycle delays between 1 and 3 s. 

Spinning speed was 10 KHz. Adapted from [187]. 

 
Figure 1.27 31P NMR spectra for (A) P66614dpp and (B) P66614PF6 ILs adsorbed onto surfaces 

of inorganic nanoparticles (powder samples). Typically 300 signal transients have been 

collected, and NMR spectra have been recorded with the recycle delays between 1 and 3 s. 

Spinning speed was 10 KHz. Adapted from [187]. 

 

1.8.5 Problems of Ionic Liquids Lubrication and Solutions of These Problems 

Many ILs reported in literature are both air and moisture stable, and some are even 

hydrophobic. On the other hand, most imidazolium and ammonium salts with shorter alkyl 

chains are hydrophilic. These ILs absorb water by hydration when exposed to moisture. The 

hydrophobicity of these ILs can be increased with increasing length of the alkyl chain [188]. 

ILs with PF6 , BF4 , (CF3SO3)2N- and other halogen containing anions are very sensitive to 

moisture and give off toxic and corrosive species such as hydrofluoric acid (HF), hydrochloric 
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acid (HCl), phosphoric acid (H3PO4) and other products of hydrolysis. These hydrolytic 

products lead to a considerable corrosion of the substrate and also pollute the surrounding 

environment [189, 190]. The use of these anions imposes serious restrictions on the use of ILs 

in industrial applications. In addition, thermal disposal of such ILs causes corrosion and 

environmental problems. Due to these limitations, ILs are not always “green”, i.e. 

environmentally friendly substances. Therefore, green chemistry intends to design halogen-

free and hydrolytically stable ILs to avoid corrosion and toxicity [191]. This can make the 

lubricant and related industries both environmentally and economically sustainable. 

 

1.9 Concluding Remarks 

This chapter has reviewed chemistry of conventional lubricant additives and ILs for 

tribological systems. A literature search has revealed that most of the research efforts have 

been focused on ZnDTP additives due to their excellent performance as additives to lubricants 

since 1940s. At the same time, researchers continuously suggest possible substitute for these 

additives because of the environmental and health problems caused by these additives. During 

the past decade, boron compounds have been extensively studied as alternative lubricant 

additives for the partial or complete replacement of ZnDTPs. 

An important issue is that ZnDTPs are only optimized to ferrous materials. These additives 

may not work for light weight non-ferrous materials, which are going to be extensively used 

in tribological systems. It means that there is an urgent need for high performance additives to 

provide a proper lubrication of these new tribological systems. It is believed that boron 

compounds can be used as an environmentally friendly replacement of ZnDTPs. Some boron 

compounds have already shown excellent tribological performances as solid lubricants, as 

additives dissolved in base oils and as insoluble nanoparticles dispersed in base oils. Boron 

compounds are known to form stable tribofilms on ferrous and some non-ferrous materials, 

such  as on aluminum, diamond like carbon (DLC) coatings, etc. 

On the other hand, ILs are emerging as a new generation of green lubricants and lubricant 

additives. Recent research results have however shown that many ILs are not always “green” 

substances and they may cause environmental and health problems by a release of toxic or 

highly corrosive species. 

For the reasons discussed above, this thesis is focused on designing boron compounds for 

tribological systems to partially or completely replace lubricants and/or lubricant additives 

that adversely effect environment, human health and economy. The synthesis, 
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physicochemical and tribological characterization of boron compounds are thoroughly 

discussed in the next few chapters. 

 
 
1.10 Research Aims of the thesis 

A number of factors gradually limit the use of commercial carbon based lubricants in modern 

tribological systems: 

Some of the most effective and widely used lubricant additives contain heavy metals or 

chlorine containing compounds. Due to environmental and human health considerations 

there is an increasing legislative pressure to reduce or eliminate harmful lubricant additives. 

Since 1940s, zinc dialkyldithiophosphates (ZnDTPs) have been widely used as antiwear 

lubricant additives. This class of additives contains zinc and large amounts of both sulfur 

and phosphorus. These additives degrade the catalytic converters of automobiles and result 

in the emission of poisonous gases such as carbon monoxide (CO), sulfur oxides (SOx) and 

nitrogen oxides (NOx). All these gases have a large negative impact on the human health 

and on the environment in general. 

Conventional lubricant formulations are optimized for ferrous materials and fail in 

providing stable friction and low wear in light weight components made of non ferrous 

materials. 

ILs may provide lower friction and wear in tribological systems with light weight non-

ferrous materials but many of the known ILs contain [BF4]- and [PF6]- anions. These anions 

are very sensitive to moisture and may hydrolyze to give rise to hydrofluoric acid (HF), 

phosphoric acid (H3PO4) and other corrosive species, which can damage the tribological 

systems. The use of these anions imposes serious restrictions on the applicability of ILs for 

lubrication and in other industrial applications. In addition, thermal disposal of such ILs 

causes corrosion and environmental problems. Due to these limitations, many ILs are not 

“green”. Therefore, “green” chemistry intends to design halogen-free and hydrolytically 

stable ILs. This can make the chemicals, lubricants and related industries both 

environmentally and economically sustainable. 

A possible solution of these problems is to develop and widely use new ashless lubricant 

additives, with reduced amounts of sulfur and phosphorus. An interest in the use of boron 

compounds for challenging applications in tribology certainly appears to be increasing due to 

their unique tribochemical properties. Specifically, boron compounds have been extensively 
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studied as boundary lubricating oil soluble additives, solid lubricants and surface coatings. Oil 

soluble boron compounds are promising friction modifiers, corrosion inhibitors, antioxidants 

and effective antiwear additives. Based on the literature review and current demands, the main 

goals of this work are: 

1. To develop new classes of boron based dialkyldithiophosphates and dithiocarbamates as 

lubricant additives. It is expected that boron based dialkyldithiophosphate and 

dithiocarbamate i.e. without zinc and with reduced amounts of sulfur and phosphorus, 

would provide enhanced tribological and environmental performance. These compounds 

can be a possible replacement of ZnDTPs and other commercial lubricant additives. 

2. To develop new classes of boron based ILs that are halogen-free and hydrolytically 

stable. Such boron based ILs can be a possible replacement of ILs containing [BF4]- and 

[PF6]- anions. 

3. To characterize chemical structures of these novel compounds. 

4. To study the effect of temperature on their physicochemical properties such as thermal 

stability, weight loss, and a pathway of fragmentation of these compounds as a result of 

thermal decomposition. 

5. To perform tribological evaluations of these new compounds in comparison with 

commercial lubricants and mineral oils containing ZnDTPs additives. 

 

 



Syntheses of Boron Compounds                                                                             CHAPTER 2
 

 30

CHAPTER 2 

2 Syntheses of Boron Compounds 
In this chapter the synthetic procedures for three different classes of boron compounds 

designed in this project are described in detail. These classes include dithiophosphates 

(DTPs), dithiocarbamates (DTCs) and ionic liquids (ILs). The tribological properties of these 

novel boron compounds were thoroughly studied. Keeping in mind the reactivity of boron-

sulfur bond, boron was directly bonded to the sulfur atom of the dithiophosphate group to 

produce S-(di-n-octoxyboron)-O,O’-di-n-octyldithiophosphate (DOB-DTP). This compound 

showed a promising tribological performance. However, it but is not stable in moisture 

atmosphere or as a solute in base oils with traces of water, because of the direct boron-sulfur 

bond. Then a series of alkylborate-ethyl-dithiophosphates was designed to improve their 

thermal and hydrolytic stability. In these compounds, boron is connected to the 

dithiophosphate group through the ethyl linker. 

Another class of compounds consists of boron-based dithiocarbamates, with DTC groups also 

connected to boron through the ethyl linker in order improve the thermal and hydrolytic 

stability. Boron compounds with different types of alkyl and phenyl-methyl groups attached 

to both borate and dithiocarbamate moities, were successfully synthesized. 

ILs are also known as versatile lubricants and boron is one of the principal elements in this 

class of compounds. ILs that are already available as lubricants contain [BF4]-. Unfortunately, 

[BF4]- is very sensitive to moisture and may hydrolyze to give rise to corrosive species such as 

hydrofluoric acid (HF). In this thesis we designed and synthesized two novel classes of boron 

based halogen-free, hydrophobic and hydrolytically stable ILs. One class contains chelated 

orthoborate with phosphonium cations and the second is based on chelated orthoborate with 

different nitrogen based cations. The synthetic details of all these boron compounds are given 

in this chapter. 

 

2.1 Synthesis of Boron-Based Dithiophosphates 

2.1.1 S-(di-n-octoxyboron)-O,O’-di-n-octyldithiophosphate (DOB-DTP) 

S-(di-n-octoxyboron)-O,O’-di-n-octyldithiophosphate was synthesized by a reaction in two 

steps as shown in Scheme 2.1. 

Step 1: Boric acid (10 mmol) and 1-octanol (30 mmol) were added to a flask with toluene (50 

mL), equipped with a magnetic stirrer, a condenser and a water separator. The reaction 

mixture was refluxed for 3 h. Water formed during the reaction was removed continuously 
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using a separator. Toluene was rotary evaporated and a product was distilled under reduced 

pressure (0.2 mm Hg) to remove toluene and residual octanol. Trioctyl borate (I) was 

obtained in 88 % yield a colourless liquid. FT-IR (KBr, cm-1): 2927, 2856 (C-H, stretching); 

1417 (CH3 bending); 1337 (B-O strong). 11B NMR (115 MHz, toluene, ) 16.56 ppm. 

 

 
Scheme 2.1 Synthesis of DOB-DTP. 

 

Step 2: Phosphorus pentasulfide (11.28 g, 10 mmol) and trioctyl borate (45.15 g, 40 mmol) 

were added together with toluene to a flask equipped with a magnetic stirrer and a condenser 

(pre-baked on vacuum to exclude any moisture). The reaction mixture was refluxed for 3 h 

under nitrogen atmosphere. After cooling the precipitate was filtered, the filtrate was rotary 

evaporated to remove toluene and distilled at 0.2 mm Hg, 120 ºC for 30 minutes. A 

transparent liquid product (II) was obtained in 52 % yield (7.30 g). Anal. calcd. for 

C32H68O4PS2B (MW 622.76 g/mol): C, 61.71: H, 11.0; B, 1.73. Found: C, 64.7; 11.7; B, 2.2. 

FT-IR (KBr, cm-1): 2927, 2856 (C-H, stretching); 1417 (CH3 bending); 1336 (B-O, 

strong); 992 (P-OC, broad); 666  (P=S, strong); 531 (P-S, medium). 1H NMR (359.93 

MHz, CDCl3, ): 0.88 (6H, t, 3JHH= 6.7 Hz, CH3); 1.26-1.34 (46H, m, -CH2-chain); 1.48-1.60 

(4H, m, CH2CH2OB); 1.69-1.76 (4H, m, CH2CH2OP); 3.76 (4H, t, 3JHH= 6.6 Hz, CH2OB); 

4.15 (4H, dt, 3JHP
 = 9.47, 3JHH = 6.56, CH2OP). 13C NMR (90.51 MHz, CDCl3, ): 14.26 (4 × 

CH3), 22.84 (4 × CH2CH3), 26.02, 29.34, 29.51, 30.14, 32.02 (20 × -CH2-chain), 63.41 (2 × 

CH2OB), 68.62 (2 × CH2OP) ppm. 31P NMR (145.70 MHz, toluene, ): 84.58 ppm. 11B NMR 

(115.48 MHz, toluene, ): 16.36 ppm. 
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2.1.2 Dialkylborate-ethyl-dithiophosphates 

Three dialkylborate-ethyl-dithiophosphates with different lengths of the alkyl chain were 

synthesized (Scheme 2.2). Structures of intermediates and final products were characterized 

by FTIR and multinuclear NMR spectroscopic techniques. 

 

 
Scheme 2.2 Synthesis of dialkylborate-ethyl-dithiophosphates. 

  

S-(di-n-pentylborate)-ethyl-O,O’-di-n-pentyldithiophosphate (DPB-EDTP) 

Step1: Phosphorus pentasulfide (4.44 g, 20 mmol) was suspended in toluene (100 mL) and 1-

pentanol (80 mmol) was added gradually. The reaction mixture was stirred at 80-100 ºC for 3 

hours. The suspension was filtered to remove unreacted phosphorus pentasulfide (P2S5). 40 

mmol of potassium hydroxide was added in the form of 50% aqueous solution with 

continuous stirring at room temperature. Toluene and water were removed and the crude 

product was dried. The crude potassium O,O’-di-n-pentyldithiophosphate was washed with 

hexane (yield 75 %). 

FT-IR (KBr, cm-1, powder): 2957, 2873 (C-H, stretching); 983 (P-OC, medium); 708  

(P=S, medium); 548 (P-S, medium). 
31P NMR (145.70 MHz, ethanol, ): 112.79 ppm.

Step 2:  20 mmol (1.61 g) of chloroethanol was added to an aqueous suspension of potassium 

salt of O,O’-di-n-pentyldithiophosphate (20 mmol, 6.16 g) with constant stirring. The 

resulting reaction mixture was refluxed for 3 hours. A new organic layer formed was 
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extracted with toluene from the aqueous phase, washed with water several times, dried over 

anhydrous sodium sulfate and filtered. Traces of solvent and water were removed in a rotary 

evaporator to give S-hydroxyethyl-O,O’-di-n-pentyldithiophosphate, (4.64 g, 74 % yield). 

FTIR (KBr, cm-1): 3427 (O-H, broad); 2927, 2858 (C-H, stretching); 980 (P-OC, 

medium); 729 (P=S, medium); 662 (P-S, medium). 
1H NMR (359.93 MHz, CDCl3, ): 0.91 (6H, t, 3JHH = 6.54 Hz, CH3); 1.32-1.40 (8H, m, -CH2-

); 1.68-1.76 (4H, m, CH2CH2OP); 2.21 (1H, s, OH); 3.09 (2H, dt, 3JHP
 = 18.65, 3JHH = 5.76, 

CH2S); 3.85 (2H, t, 3JHH = 6.04 Hz, CH2OH); 4.04-4.18 (4H, m, CH2OP). 
13C NMR (90.57 MHz, CDCl3, ): 14.05 (2 × CH3); 22.30 (2 × CH2-CH3); 27.82, 29.80, (4 × -

CH2-); 36.46 (1 × CH2-S); 62.04 (1 × CH2-O-B); 68.37 (2 × CH2-O-P) ppm. 
31P NMR (145.70 MHz, CDCl3, ): 96.25 ppm.

Step 3: A solution of 10 mmol (3.14 g) of S-hydroxyethyl-O,O’-di-n-pentyldithiophosphate in 

80 mL of toluene was placed together with 10 mmol (0.618 g) of boric acid and 20 mmol of 

1-pentanol in a 250 mL round-bottom flask equipped with a magnetic stirrer, a condenser and 

a water separator (pre-baked on vacuum to exclude any moisture). The reaction mixture was 

refluxed for 6 hours under nitrogen atmosphere. Water was continuously removed from the 

reaction mixture using Dean-Stark apparatus. The reaction mixture was rotary evaporated to 

remove the solvent. Residual amounts of solvent and pentanol were removed by heating the 

crude product at 0.2 mm Hg, 120 ºC for 30 minutes. The transparent viscous liquid product, 

S-(di-n-pentyl borate)-ethyl-O,O’-di-n-pentyldithiophosphate was obtained in 89 % yield 

(4.42 g). 

Anal. Calcd for C22H48O5PS2B (MW. 498.46): C, 53.0; H, 9.7; B, 2.2. Found: C, 52.3; H, 9.7; 

B, 2.6. FT-IR (KBr, cm-1): 2957, 2932, 2873 (C-H, CH3 stretching); 984 (P-OC, medium); 

730 (P=S, medium); 666 (P-S, medium). 
1H NMR (359.93 MHz, CDCl3, ): 0.91 (6H, t, 3JHH = 7.0 Hz, CH3); 0.90 (6H, t, 3JHH = 6.94 

Hz, CH3); 1.30-1.40 (16H, m, -CH2-); 1.49-1.57 (4H, m, CH2CH2OB); 1.68-1.75 (4H, m, 

CH2CH2OP); 3.01 (2H, dt, 3JHP
 = 16.37,  3JHH = 6.56, CH2S); 3.76 (4H, t, 3JHH = 6.64 Hz, 

CH2OB, pentyl chain); 3.96 (2H, t, 3JHH = 6.49 Hz, CH2OB, ethyl); 4.02-4.18 (4H, m, 

CH2OP). 
13C NMR (90.57 MHz, CDCl3, ): 14.20 (2 × CH3); 14.06 (2 × CH3); 22.57 (2 × CH2-CH3); 

22.36 (2 × CH2-CH3); 27.86, 28.15, 29.84, 31.37 (8 × CH2, pentyl chains); 34.79 (1 × CH2-S); 

63.34 (3 × CH2-O-B); 68.03 (2 × CH2-O-P) ppm. 
31P NMR (145.70 MHz, CDCl3, ): 95.91 ppm. 
11B NMR (115.48 MHz, CDCl3, ): 17.59 ppm. 
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S-(di-n-octylborate)-ethyl-O,O’-di-n-octyldithiophosphate (DOB-EDTP) 

The procedure is similar to that used in the synthesis of DPB-EDTP. The final product, a 

transparent viscous liquid of DOB-EDTP was obtained in 90 % yield. Anal. Calcd for 

C34H72O5PS2B (MW. 666.75): C, 61.3; H, 10.9; B, 1.62; P, 4.64; S 9.62. Found: C, 63.5; H, 

11.3; B, 1.58; P, 3.79; S 8.57.  

FTIR (KBr, cm-1): 2956, 2927, 2856 (C-H, stretching); 1337 (B-O, streching); 987 (P-OC, 

streching); 729 (P=S, streching); 666 (P-S, streching). 
1H NMR (359.929 MHz, CDCl3, ): 0.88 (12H, t, 3JHH = 6.37 Hz, CH3); 1.26-1.40 (40H, m, -

CH2-); 1.48-1.56 (4H, m, CH2CH2OB); 1.67-1.75 (4H, m, CH2CH2OP); 3.01 (2H, dt, 3JHP
 = 

16.65,  3JHH = 6.37, CH2S); 3.76 (4H, t, 3JHH = 6.50 Hz, CH2OB, octyl chains); 3.96 (2H, t, 
3JHH = 6.42 Hz, CH2OB, ethyl); 4.01-4.18 (4H, m, CH2OP). 

13C NMR (90.567 MHz, CDCl3, ): 14.26 (q, 4 × CH3); 22.84 (t, 4 × CH2-CH3); 26.01, 28.15, 

29.52, 30.70, 32.01 (t, 20 × CH2, octyl chains); 34.85 (t, 1 × CH2-S); 63.41 (t, 3 × CH2-O-B); 

68.09 (t, 2 × CH2-O-P) ppm. 

31P NMR (145.70 MHz, CDCl3, ): 95.88 ppm. 
11B NMR (115.48 MHz, CDCl3, ): 17.52 ppm. 

 

S-(di-n-decylborate)-ethyl-O,O’-di-n-decyldithiophosphate (DDB-EDTP) 

The procedure is similar to that used in the synthesis of DPB-EDTP. DDB-EDTP is a 

transparent viscous liquid at room temperature (yield 92 %). Anal. Calcd for C42H88O5PS2B 

(MW. 779.02): C, 64.6; H, 11.4; B, 1.40; P, 3.97; S, 8.23. Found: C, 67.6; H, 11.8; B, 1.64; P, 

2.83; S, 7.82. 

FTIR (KBr, cm-1): 2955, 2926, 2855 (C-H, stretching; 1337 (B-O, stretching); 989 (P-OC, 

stretching); 729 (P=S, stretching); 666 (P-S, stretching). 

1H NMR (359.929 MHz, CDCl3, ): 0.88 (12H, t, 3JHH = 6.51 Hz, CH3); 1.25-1.32 (56H, m, -

CH2-); 1.48-1.55 (4H, m, CH2CH2OB); 1.66-1.74 (4H, m, CH2CH2OP); 3.01 (2H, dt, 3JHP
 = 

16.31 Hz,  3JHH = 6.28 Hz, CH2S); 3.76 (4H, t, 3JHH = 6.45 Hz, CH2OB, decyl chains); 3.96 

(2H, t, 3JHH = 6.42 Hz, CH2OB, ethyl); 4.02-4.18 (4H, m, CH2OP). 
13C NMR (90.567 MHz, CDCl3, ): 14.26 (q, 4 × CH3); 22.88 (t, 4 × CH2-CH3); 24.26, 26.01, 

28.38, 29.83, 30.96, 31.19, 32.10, (t, 28 × CH2, decyl chains); 33.54 (1 × CH2-S); 63.38 (t, 3 × 

CH2-O-B); 68.01 (t, 2 × CH2-O-P) ppm. 

31P NMR (145.70 MHz, CDCl3, ): 95.90 ppm. 
11B NMR (115.48 MHz, CDCl3, ): 17.50 ppm. 
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2.2 Synthesis of Boron-Based Dithiocarbamates 

Boron derivatives of different dithiocarbamate ligands were synthesized by reactions in 

several steps. Two compounds with different alkyl chains at the borate part of the molecule 

were synthesized using sodium dibenzyl dithiocarbamate (Scheme 3) and one compound 

using sodium diethyl dithiocarbamate (Scheme 2.3). Structures of intermediates and final 

products were confirmed by multinuclear NMR spectroscopy. 

 

 

Scheme 2.3 Synthesis of DBB-EBzDTC and DOB-EBzDTC. 

2.2.1 Synthesis of S-hydroxyethyl-N,N’-dibenzyldithiocarbamate (HE-BzDTC) 

2-chloroethanol (20 mmol, 1.4 mL) was added to an aqueous suspension of sodium 

dibenzyldithiocarbamate (20 mmol, 5.91 g) 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 obtaining S-hydroxyethyl-N,N-

dibenzyldithiocarbamate (I) in 74 % yield (4.68 g). 

1H NMR (359.93 MHz, CDCl3, ): 2.31 (1H, s, OH); 3.66 (2H, t, 3JHH = 5.89, CH2S); 3.94 

(2H, t, 3JHH = 5.88 Hz, CH2OH); 4.94 (2H, s, CH2N); 5.33 (2H, s, CH2N); 7.20-7.37 (10H, m, 

2 × C6H5) ppm. 

13C NMR (90.51 MHz, CDCl3, ): 40.19 (t, 1 × CH2-S); 54.32 (t, 1 × -CH2N); 56.76 (t, 1 × -

CH2N); 61.83 (t, 1 × CH2OH); 127.25, 128.05, 129.06 (d, 2:4:4, 2 × -C6H5); 134.60, 135.47 

(s, 1:1, 2 × -C6H5); 199.78 (s, 1 × -S2CN=) ppm. 
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2.2.2 Synthesis of S-(di-n-butyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate (DBB-

EBzDTC) 

S-hydroxyethyl-N,N’-dibenzyldithiocarbamate (10 mmol, 3.17 g), boric acid (10 mmol, 0.618 

g) and n-octanol (20 mmol, 3.17 mL) were added to a flask containing 80 mL of toluene. The 

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

water by azeotropic distillation. The final solution was rotary evaporated to remove toluene 

under vacuum obtaining a brownish viscous liquid product in 85 % yield (4.98 g). Anal. 

Calcd for C25H36O3S2BN, MW = 473.50 g mol-1: C, 63.4; H, 7.6; N, 3.0. Found: C, 63.4; H, 

7.2; N, 3.0. 
1H NMR (359.93 MHz, CDCl3, ): 0.90 (6H, t, 3JHH = 7.50 Hz, CH3); 1.29-1.54 (8H, m, -CH2-

); 3.61 (2H, t, 3JHH = 6.08, CH2S); 3.77 (4H, t, 3JHH = 6.59 Hz, CH2OB); 4.08 (2H, t, 3JHH = 

6.42 Hz, CH2OB); 4.91 (2H, s, CH2N); 5.32 (2H, s, CH2N); 7.16-7.32 (10H, m, 2 × C6H5) 

ppm. 
13C NMR (90.51 MHz, CDCl3, ): 14.02 (q, 2 × CH3); 19.11 (t, 2 × -CH2-); 33.75 (t, 2 × -

CH2-); 39.69 (t, 1 × CH2-S); 54.08 (t, 1 × -CH2N); 56.36 (t, 1 × -CH2N); 61.58 (t, 1 × 

CH2OB); 63.18 (t, 2 × CH2OB); 127.14, 128.13, 128.89, 129.85 (d, 2:4:4, 2 × C6H5); 134.80, 

135.71 (s, 1:1, 2 × C6H5); 199.56 (s, 1 × -S2CN=) ppm. 
11B NMR (115.48 MHz, CDCl3, ): 17.90 ppm. 

 

2.2.3 Synthesis of S-(di-n-octyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate (DOB-

EBzDTC) 

S-hydroxyethyl-dibenzyldithiocarbamate (10 mmol, 3.17 g), boric acid (10 mmol, 0.618 g) 

and n-butanol (20 mmol, 1.8 mL) were added to a flask containing 80 mL of toluene. The 

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

water by azeotropic distillation using Dean-Stark apparatus. The final solution was rotary 

evaporated to remove toluene under vacuum resulting in a brownish viscous liquid product in 

82 % yield (3.87 g). Anal. Calcd for C33H52O3S2BN, MW = 585.72 g mol-1: C, 67.7; H, 8.9; 

N, 2.4. Found: C, 67.9; H, 8.8; N, 2.5. 
1H NMR (359.93 MHz, CDCl3, ): 0.88 (6H, t, 3JHH = 6.67 Hz, CH3); 1.24-1.32 (20H, m, -

CH2-); 1.51-1.58 (4H, m, CH2-CH2OB); 3.61 (2H, t, 3JHH = 5.96, CH2S); 3.76 (4H, t, 3JHH = 

6.24 Hz, CH2OB); 4.08 (2H, t, 3JHH = 6.12 Hz, CH2OB); 4.91 (2H, s, CH2N); 5.32 (2H, s, 

CH2N); 7.18-7.37 (10H, m, 2 × C6H5) ppm. 
13C NMR (90.51 MHz, CDCl3, ): 14.29 (q, 2 × CH3); 27.36, 29.51, 30.62, 31.70, 33.04 (t, 

2:2:4:2:2, 12 × -CH2-); 39.65 (t, 1 × CH2-S); 54.08 (t, 1 × -CH2N); 56.35 (t, 1 × -CH2N); 
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63.37 (t, 1 × CH2OB); 64.96 (t, 2 × CH2OB); 127.20, 128.15, 128.96, 129.84 (d, 2:4:4, 2 × 

C6H5); 134.86, 135.79 (s, 1:1, 2 × C6H5); 199.64 (s, 1 × -S2CN=) ppm. 
11B NMR (115.48 MHz, CDCl3, ): 18.13 ppm. 

 

2.2.4 Synthesis of cyclo-N,N-tetramethylenedithiocarbamato-S-ethyl-di-n-octyl-borate 

(cTMDTC-EDOB) 

(cTMDTC-EDOB) was synthesized by a reaction in two steps (Scheme 2.4).

Step 1: 2-chloroethanol (20 mmol, 1.34 mL) was added to an aqueous suspension of 

ammonium tetramethylenedithiocarbamate (20 mmol, 3.285 g), in 1:1 molar ratio with 

constant stirring and the reaction mixture was refluxed for 3 hours. A viscous product was 

extracted with toluene, washed with distilled water, dried over anhydrous sodium sulfate 

(Na2SO4) and filtered. Toluene was rotary evaporated to get S-hydroxyethyl-N,N-

tetramethylenedithiocarbamate (I) in 65 % yield (2.50 g). 

FTIR (KBr, cm-1): 3399 strong and broad (O-H) 2949, 2872 (C-H); 1460 weak, 1432 strong 

(C-N, strong); 1001 medium, 954 medium (CS). 
1H NMR (359.929 MHz, CDCl3, ): 1.95-2.03 (2H, m, -CH2- ring); 2.06-2.14 (2H, m, -CH2- 

ring); 2.65 (1H, s, -OH ); 3.59 (2H, t, 3JHH = 5.96 Hz, CH2S);  3.70 (2H, t, 3JHH = 6.84 Hz, 

CH2O); 3.90 (2H, t, 3JHH = 5.88 Hz, CH2N); 3.93 (2H, t, 3JHH = 6.87 Hz CH2N). 
13C NMR (90.52 MHz, CDCl3, ): 24.39, 26.14 (1:1) (2 × -CH2-, methylene); 38.59 (-CH2-S); 

50.95, 55.42 (1:1) (2 × -CH2N=); 61.99 (-CH2-OH); 192.82 (-S2CN=). 

 

 
Scheme 2.4 Synthesis of cTMDTC-EDOB. 
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Step 2: S-hydroxyethyl-tetramethylenedithiocarbamate (10 mmol, 1.91 g), boric acid (10 

mmol, 0.618 g) and n-octanol (20 mmol, 3.16 mL) were placed in a flask containing 50 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 octanol. A transparent, viscous and dark brownish liquid 

product (II) was obtained (82 % yield (3.42 g)). 

Analysis: Calcd. for C23H46O3S2NB (MW 459.53): C, 60.11; H, 10.08; N, 3.05; B, 2.40; S, 

13.9. Found: C, 59.6; H, 10.0; N, 3.3; B, 2.50; S, 12.6. 

FTIR (KBr, cm-1):  2958, 2927, 2856  (C-H); 1459 weak, 1420 strong  (C-N); 1337 strong  

(B-O); 1029 medium, 956 weak  (CS). 
1H NMR (359.929 MHz, CDCl3, ): 0.88 (6H, t, 3JHH = 6.54 Hz, CH3); 1.26-1.33 (20H, m, -

CH2-octyl chain); 1.48-1.59 (4H, m, octyl, CH2CH2O); 1.94-2.01 (2H, m, -CH2- ring); 2.04-

2.11 (2H, m, -CH2- ring); 3.54 (2H, t, 3JHH = 6.16 Hz, CH2S); 3.67 (2H, t, 3JHH = 6.74 Hz, 

CH2OB, ethyl); 3.76 (4H, t, 3JHH = 6.64 Hz, CH2OB, octyl chain); 3.94 (2H, t, 3JHH = 6.88 Hz, 

CH2N); 4.03 (2H, t, 3JHH = 6.13 Hz CH2N). 
13C NMR (90.52 MHz, CDCl3, ): 14.21 (2 × CH3); 22.79 (2 × -CH2CH3); 24.38, 25.91, 

26.18, 28.06, 29.44, 30.83, 31.94 (12 × –CH2-, octyl and methylene) 38.21 (-CH2-S); 50.69, 

55.17 (1:1) (2 × -CH2N=); 61.80 (-CH2-O); 63.56 (2 × -CH2-O); 192.78 (-S2CN=). 
11B NMR (115.48 MHz, CDCl3, ): 17.72. 

 

2.2.5 Synthesis of S-(di-n-octyl-borate)-ethyl-N,N’-di-n-ethyldithiocarbamate (DOB-

EEDTC) 

DOB-EEDTC was synthesized by a reaction in three steps (Scheme 2.5). 

Step 1: To a stirred solution of diethyl amine (100 mmol, 10.4 mL) in ethanol at 0 ºC, carbon 

disulfide (100 mmol, 6.0 mL) 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-ethyldithiocarbamate in 

89 % yield (15.23 g).  

Step 2: 2-chloroethanol (40 mmol, 2.7 mL) was added to an aqueous suspension of sodium 

diethyldithiocarbamate (40 mmol, 6.84 g) 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 
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evaporated to remove toluene under vacuum and to get S-hydroxyethyl-N,N-

diethyldithiocarbamate in 74 % yield (5.72 g).  

 

 
Scheme 2.5 Synthesis of DOB-EEDTC. 

1H NMR (359.93 MHz, CDCl3, ): 1.28 (3H, t, 3JHH = 6.67 Hz, CH3); 1.32 (3H, t, 3JHH = 6.70 

Hz, CH3); 2.34 (1H, s, OH); 3.60 (2H, t, 3JHH = 5.99, CH2S); 3.79 (2H, s, CH2N); 3.91 (2H, t, 
3JHH = 5.96 Hz, CH2OH); 4.04 (2H, s, CH2N) ppm. 

13C NMR (90.51 MHz, CDCl3, ): 10.62 (q, 1 × CH3); 12.74 (q, 1 × CH3); 39.14 (t, 1 × CH2-

S); 47.04 (t, 1 × -CH2N); 49.93 (t, 1 × -CH2N); 61.82 (t, 1 × CH2OH); 195.64 (s, 1 × -S2CN=) 

ppm. 

Step 3: S-hydroxyethyl-N,N-diethyldithiocarbamate (20 mmol, 3.86 g), boric acid (20 mmol, 

1.236 g) and n-octanol (40 mmol, 6.354 mL) were added into a flask containing 100 mL of 

toluene. The reaction mixture was refluxed for 6 hours under nitrogen atmosphere, removing 

the byproduct water by azeotropic distillation. The final solution was rotary evaporated to 

remove toluene under vacuum and to get a viscous liquid product, S-(di-n-octyl-borate)-ethyl-

N,N’-di-n-ethyldithiocarbamate in 86 % yield (7.93 g). Anal. Calcd for C23H48O3S2BN, MW 

= 461.58 g mol-1: C, 59.84; H, 10.48; N, 3.03. Found: C, 59.9; H, 10.5; N, 3.1. 
1H NMR (359.93 MHz, CDCl3, ): 0.88 (6H, t, 3JHH = 6.46 Hz, CH3); 1.25-1.33 (20H, m, -

CH2-); 1.50-1.56 (4H, m, CH2CH2OB); 3.53 (2H, t, 3JHH = 5.99, CH2S); 3.76 (4H, t, 3JHH = 
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6.45 Hz, CH2OB); 4.01 – 4.06 (2H, t, CH2OB and 4H, q, CH2N; methyl protons at the 

nitrogen site are overlapped with methylene protons of the borate part) ppm. 

13C NMR (90.51 MHz, CDCl3, ): 10.73 (q, 1 × CH3); 12.98 (q, 1 × CH3); 14.37 (q, 2 × CH3); 

21.42, 25.96, 29.48, 30.61, 31.64, 33.01 (t, 1:1:1:1:1:1, 12 × -CH2-); 38.86 (t, 1 × CH2-S); 

46.84 (t, 1 × -CH2N); 49.70 (t, 1 × -CH2N); 61.64 (t, 1 × CH2-O-B); 63.90 (t, 2 × CH2-O-B); 

195.56 (s, 1 × -S2CN=) ppm. 
11B NMR (115.48 MHz, CDCl3, ): 18.06 ppm. 

  

2.3 Synthesis of Boron-Based Ionic Liquids 

Two different classes of halogen-free chelated orthoborate ionic liquids (hf-BILs) were 

synthesized in this project. 

(1) Chelated orthobrate anions such as bis(mandelato)borate [BMB]-, bis(salicylato)borate 

[BScB]-, bis(oxalato)borate [BOB]- and  bis(malonato)borate [BMLB]-, with phosphonium 

cations having different alkyl chain lengths such as tributyloctylphosphonium [P4,4,4,8]+, 

tributyltetradecylphosphonium [P4,4,4,14]+ and trihexyltetradecylphosphonium [P6,6,6,14]+. 

(2) Chelated orthobrate anions such as bis(mandelato)borate [BMB]- and bis(salicylato)borate 

[BScB]-, with cations 1-ethyl-2,3-dimethylimidazolium [EMIm]+, N-ethyl-N-

methylpyrrolidinium [EMPy]+ and choline [Chol]+. 

 

2.3.1 Tetraalkylphosphonium bis(mandelato)borates 

Three tetraalkylphosphonium bis(mandelato)borates with different alkyl chain lengths of 

phosphonium cations were synthesized using Scheme 2.6. 

General Procedure: Mandelic acid (3.043 g, 20 mmol) was added slowly to an aqueous 

solution of lithium carbonate (0.369 g, 5 mmol) and boric acid (0.618 g, 10 mmol) in 50 mL 

water. The solution was heated upto about 60 ºC for two hours. The reaction was cooled to 

room temperature and tetraalkylphosphonium chloride (10 mmol) was added. The reaction 

mixture was stirred for two hours at room temperature. The organic layer of reaction product 

formed was extracted with 80 mL of CH2Cl2. The CH2Cl2 organic layer was washed three 

times with 100 mL water. The CH2Cl2 was rotary evaporated at reduced pressure and the 

product was dried in a vacuum oven at 60 ºC for 2 days. 
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Scheme 2.6 Synthesis of tetraalkylphosphonium bis(mandelato)borates. 

Tributyloctylphosphonium bis(mandelato)borate [P4,4,4,8][BMB]

A viscous colorless IL was obtained in 84 % yield (5.30 g). 

MS (ESI) calcd for [C20H44P]+ m/z 315.4; found m/z 315.3; calcd for [C16H12O6B]- m/z 311.0; 

found m/z 311.0. 
1H NMR (400.17 MHz, CDCl3): 7.625-7.590 (m, 4H, C6H5), 7.315-7.240 (m, 4H, C6H5), 

7.236-7.215 (m, 2H, C6H5), 5.312 (d, 1H, 4JHH = 2.8 Hz, C6H5-CH), 5.233 (d, 1H, 4JHH = 3.6 

Hz, C6H5-CH), 1.926-1.854 (m, 8H, P-CH2), 1.360-1.227 (m, 24H, -CH2-), 0.930-0.844 (m, 

12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 177.93, 177.84, 140.25, 140.12, 128.06, 127.31, 127.19, 

126.44, 126.37, 126.13, 31.62, 30.58, 30.42, 28.86, 27.93, 27.28, 24.30, 24.16, 23.73, 23.32, 

22.55, 21.40, 18.67, 18.47, 14.04, 13.27 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.528 ppm. 
11B NMR (129.39 MHz, CDCl3): 10.874 ppm. 

 

Tributyltetradecylphosphonium bis(mandelato)borate [P4,4,4,14][BMB]

A viscous colorless IL was obtained in 81 % yield (5.75 g). 

MS (ESI) calcd for [C26H56P]+ m/z 399.5; found m/z 399.2; calcd for [C16H12O6B]- m/z 311.0; 

found m/z 310.9. 
1H NMR (400.17 MHz, CDCl3): 7.653-7.606 (m, 4H, C6H5), 7.320-7.274 (m, 4H, C6H5), 

7.235-7.229 (m, 2H, C6H5), 5.337 (d, 1H, 4JHH = 5.3 Hz, C6H5-CH), 5.250 (d, 1H, 4JHH = 2.8 

Hz, C6H5-CH), 1.958-1.886 (m, 8H, P-CH2), 1.362-1.235 (m, 36H, -CH2-), 0.893-0.859 (m, 

12H, CH3) ppm. 
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13C NMR (100.62 MHz, CDCl3): 177.98, 177.86, 140.17, 139.98, 128.01, 127.89, 127.14, 

126.36, 126.15, 126.04, 31.82, 30.55, 29.59, 29.53, 29.25, 28.77, 23.71, 23.56, 23.28, 22.58, 

22.40, 21.36, 18.71, 18.94, 14.02, 13.23 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.563 ppm. 
11B NMR (129.39 MHz, CDCl3): 10.866 ppm.

  

Trihexyltetradecylphosphonium bis(mandelato)borate [P6,6,6,14][BMB]

A viscous colorless IL was obtained in 91 % yield (7.25 g).  

MS (ESI) calcd for [C32H68P]+ m/z 483.5; found m/z 483.3; calcd for [C16H12O6B]- m/z 311.0; 

found m/z 311.0. 
1H NMR (400.17 MHz, CDCl3): 7.649-7.594 (m, 4H, C6H5), 7.311-7.259 (m, 4H, C6H5), 

7.238-7.208 (m, 2H, C6H5), 5.315 (d, 1H, 4JHH = 3.2 Hz, C6H5-CH), 5.236 (d, 1H, 4JHH = 4.4 

Hz, C6H5-CH), 1.924-1.858 (m, 8H, P-CH2), 1.316-1.222 (m, 48H, -CH2-), 0.898-0.853 (m, 

12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 177.92, 177.81, 140.23, 140.13, 128.04, 127.27, 127.16, 

26.46, 126.37, 126.13, 31.89, 30.89, 30.42, 30.08, 29.63, 29.50, 29.23, 28.83, 22.65, 22.24, 

21.41, 18.73, 14.08, 13.88 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.567 ppm. 
11B NMR (129.39 MHz, CDCl3): 10.874 ppm. 

 

 2.3.2 Tetraalkylphosphonium bis(salicylato)borates 

Three tetraalkylphosphonium bis(salicylato)borates with different alkyl chain lengths of 

phosphonium cations were synthesized using scheme 2.7. The synthetic procdure is similar to 

that used for tetraalkylphosphonium bis(mandelato)borates. Salicylic acid (2.762 g, 20 mmol) 

was used instead of mandelic acid. 
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Scheme 2.7 Synthesis of tetraalkylphosphonium bis(salicylato)borates. 

Tributyloctylphosphonium bis(salicylato)borate [P4,4,4,8][BScB]

A viscous colorless IL was obtained in 88 % yield (5.28 g). 

MS (ESI) calcd for [C20H44P]+ m/z 315.4; found m/z 315.3; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.1. 
1H NMR (400.17 MHz, CDCl3): 7.870 (dd, 2H, 3JHH = 6.0 Hz, 4JHH = 1.6 Hz, C6H4), 7.376-

7.294 (m, 2H, C6H4), 6.881-6.822 (m, 4H, C6H4), 2.090-2.018 (m, 8H, P-CH2), 1.421-1.186 

(m, 24H, -CH2-), 0.935-0.839 (m, 12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 165.24, 159.40, 134.38, 130.66, 118.68, 118.31, 116.57, 

115.46, 31.50, 30.51, 30.36, 28.75, 27.45, 24.13, 2.68, 23.30, 22.42, 21.34, 18.73, 18.26, 

13.90, 13.13 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.603 ppm. 
11B NMR (129.39 MHz, CDCl3): 3.503 ppm. 

  

Tributyltetradecylphosphonium bis(salicylato)borate [P4,4,4,14][BScB]

A viscous colorless IL was obtained in 94 % yield (6.44 g). 

MS (ESI) calcd for [C26H56P]+ m/z 399.5; found m/z 399.4; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.0. 

1H NMR (400.17 MHz, CDCl3): 7.865 (dd, 2H, 3JHH = 6.0 Hz, 4JHH = 1.6 Hz, C6H4), 7.374-

7.330 (m, 2H, C6H4), 6.872-6.770 (m, 4H, C6H4), 2.080-1.999 (m, 8H, P-CH2), 1.404-1.184 

(m, 36H, -CH2-), 0.895-0.832 (m, 12H, CH3) ppm. 
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 13C NMR (100.62 MHz, CDCl3): 165.20, 159.38, 134.35, 130.65, 118.67, 118.29, 116.54, 

115.45, 31.76, 30.50, 29.52, 29.45, 29.19, 28.68, 23.80, 23.51, 23.23, 22.52, 21.31, 18.67, 

18.46, 13.96, 13.11 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.60 ppm. 
11B NMR (129.39 MHz, CDCl3): 3.501 ppm. 

Trihexyltetradecylphosphonium bis(salicylato)borate [P6,6,6,14][BScB] 

A viscous colorless IL was obtained in 95 % yield (7.30 g). 

MS (ESI) calcd for [C32H68P]+ m/z 483.5; found m/z 483.5; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.0. 
1H NMR (400.17 MHz, CDCl3): 7.862 (dd, 2H, 3JHH = 6.0 Hz, 4JHH = 1.6 Hz, C6H4), 7.354-

7.333 (m, 2H, C6H4), 6.875-6.836 (m, 4H, C6H4), 2.090-2.017 (m, 8H, P-CH2), 1.436-1.187 

(m, 48H, -CH2-), 0.897-0.809 (m, 12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 165.22, 159.41, 134.33, 130.65, 118.63, 118.29, 116.60, 

115.46, 31.77, 30.76, 30.34, 30.01, 29.50, 29.20, 29.11, 28.67, 22.24, 22.11, 21.94, 21.30, 

13.96, 13.72 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.601 ppm. 
11B NMR (129.39 MHz, CDCl3): 3.504 ppm. 

  

2.3.3 Trihexyltetradecylphosphonium bis(oxalato)borate [P6,6,6,14][BOB]

[P6,6,6,14][BOB] was synthesized using Scheme 2.8. The synthetic procdure is similar to that 

used for tetraalkylphosphonium bis(mandelato)borates. Oxalic acid (1.80 g, 20 mmol) was 

used instead of mandelic acid. A viscous colorless IL was obtained in 85 % yield (5.70 g). MS 

(ESI) calcd for [C32H68P]+ m/z 483.5; found m/z 483.7; calcd for [C4O8B]- m/z 186.9; found 

m/z 187.0. 
1H NMR (400.17 MHz, CDCl3): 2.239-2.167 (m, 8H, P-CH2), 1.469-1.173 (m, 48H, -CH2-),  

0.775-0.730 (m, 12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 162.73, 31.58, 30.71, 30.32, 29.98, 29.32, 29.19, 28.97, 

27.34, 22.34, 22.08, 21.99, 21.40, 13.77, 13.59 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.643 ppm. 
11B NMR (129.39 MHz, CDCl3): 7.321 ppm.  
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Scheme 2.8 Synthesis of [P6,6,6,14][BOB].

2.3.4 Trihexyltetradecylphosphonium bis(malonato)borate [P6,6,6,14][BMLB] 

[P6,6,6,14][BMLB] was synthesized using Scheme 2.9. The synthetic procdure is similar to that 

used for tetraalkylphosphonium bis(mandelato)borates. Malonic acid (2.081 g, 20 mmol) was 

used instead of mandelic acid. A viscous colorless IL, [P6,6,6,14][BMLB], was obtained in 88 % 

yield (6.15 g). 

MS (ESI) calcd for [C32H68P]+ m/z 483.5; found m/z 483.6; calcd for [C12H4O8B]- m/z 214.9; 

found m/z 215.0. 
1H NMR (400.17 MHz, CDCl3): 3.398 (s, 4H, -CO-CH2-CO-), 2.258-2.017 (m, 8H, P-CH2), 

1.593-1.261 (m, 48H, -CH2-), 0.916-0.861 (m, 12H, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 166.56, 39.25, 31.90, 30.93, 30.63, 30.28, 29.63, 29.34, 

28.94, 28.33, 22.67, 22.28, 22.10, 14.11, 13.89 ppm. 
31P NMR (161.99 MHz, CDCl3): 33.694 ppm. 
11B NMR (129.39 MHz, CDCl3): 3.436 ppm.  

 
Scheme 2.9 Synthesis of [P6,6,6,14][BMLB].
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2.3.5 1-ethyl-2,3-dimethylimidazolium bis(mandelato)borate [EMIm][BMB] 

[EMIm][BMB] was synthesized using Scheme 2.10. 

 

 
Scheme 2.10 Synthesis of [EMIm][BMB]. 

 

Step 1: 1,2-dimethylimidazole (9.61 g, 100 mmol) was mixed with acetonitrile (30 mL) and 

iodoethane (15.60 g, 100 mmol) was added dropwise into the solution under nitrogen 

atmosphere. The reaction mixture was stirred at room temperature overnight. The solvent was 

rotary evaporated and the product was washed with petroleum ether. The final product was 

dried under vacuum at room temperature for 2 days.  24.5 g of 1,3-dimethylimidazolium 

iodide [EMIm]I was obtained (yield 97 %). 

Step 2: Mandelic acid (3.043 g, 20 mmol) was added slowly to an aqueous solution of lithium 

carbonate (0.369 g, 5 mmol) and boric acid (0.618 g, 10 mmol) in 50 mL water. The solution 

was heated upto about 60 ºC for two hours. The reaction was cooled to room temperature and 

1-ethyl-2,3-dimethylimidazolium iodide (2.52 g, 10 mmol) was added. The reaction mixture 

was stirred for two hours at room temperature. The bottom layer of the reaction product 

formed was extracted with 80 ml of CH2Cl2. The CH2Cl2 organic layer was washed three 

times with 100 ml water. The CH2Cl2 was rotary evaporated at reduced pressure and product 

was dried in a vacuum oven at 60 ºC for 2 days. A viscous IL was obtained in 78 % yield 

(3.40 g) (Scheme 9). 

MS (ESI) calcd for [C7H13N2]+ m/z 125.2; found m/z 125.2; calcd for [C16H12O6B]- m/z 311.0; 

found m/z 311.1. 
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1H NMR (400.17 MHz, CDCl3): 7.554-7.498 (m, 4H, C6H5), 7.292-7.244 (m, 4H, C6H5), 

7.236-7.182 (m, 2H, C6H5), 6.78 (d, 1H, 3JHH = 2.0 Hz, NCH), 6.75 (d, 1H, 3JHH = 2.4 Hz, 

NCH), 5.237 (s, 1H, C6H5-CH), 5.188 (s, 1H, C6H5-CH), 3.716 (q, 2H, CH2-CH3), 3.349 (s, 

3H, CH3), 2.183 (s, 3H, CH3), 1.161 (t, 3H, 3JHH = 7.2 Hz, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 177.89, 177.82, 142.98, 140.06, 134.86, 128.86, 128.40, 

127.52, 126.66, 126.26, 122.23, 119.87, 43.45, 34.85, 14.44, 9.04 ppm. 
11B NMR (129.39 MHz, CDCl3): 10.708 ppm. 

 

2.3.6 1-ethyl-2,3-dimethylimidazolium bis(salicylato)borate [EMIm][BScB] 

[EMIm][BScB] was synthesized using Scheme 2.11. The synthetic procdure is similar to that 

used for [EMIm][BMB]. Salicylic acid (2.762 g, 20 mmol) was used instead of mandelic acid. 

A white solid product was obtained in 83 % yield (3.38 g).  

MS (ESI) calcd for [C7H13N2]+ m/z 125.2; found m/z 125.1; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.0.  
1H NMR (400.17 MHz, CDCl3): 7.770 (dd, 2H, 3JHH = 6.0 Hz, 4JHH = 2.0 Hz, C6H4), 7.353-

7.310 (m, 2H, C6H4),  6.999 (d, 1H, 3JHH = 2.4 Hz, NCH), 6.971 (d, 1H, 3JHH = 2.0 Hz, NCH), 

6.850-6.791 (m, 4H, C6H4), 3.880 (q, 2H, N-CH2-CH3), 3.554 (s, 3H, N-CH3), 2.379 (s, 3H, 

CH3), 1.242 (t, 3H, 3JHH = 7.2 Hz, CH3) ppm.  

13C NMR (100.62 MHz, CDCl3): 165.04, 159.0, 134.62, 129.24, 122.25, 119.77, 118.91, 

116.97, 114.95, 43.35, 34.80, 14.22, 8.97 ppm.  

11B NMR (129.39 MHz, CDCl3): 3.313 ppm.  

 
Scheme 2.11 Synthesis of [EMIm][BScB]. 
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2.3.7 N-ethyl-N-methylpyrrolidinium bis(mandelato)borate [EMPy][BMB] 

[EMPy][BMB] was synthesized using Scheme 2.12. 

Step 1: 1-methylpyrrolidine (8.52 g, 100 mmol) was mixed with acetonitrile (30 mL) and 

iodoethane (15.60 g, 100 mmol) was added dropwise into the solution under nitrogen 

atmosphere. The reaction mixture was stirred at room temperature overnight. The solvent was 

rotary evaporated and the product was washed with petroleum ether. The final product was 

dried under vacuum at room temperature for 2 days.  22.67 g of 1-methylpyrroldium iodide 

[EMPy]I was obtained (yield 94 %).  

 
Scheme 2.12 Synthesis of [EMPy][BMB]. 

 

Step 2: Mandelic acid (3.043 g, 20 mmol) was added slowly to an aqueous solution of lithium 

carbonate (0.369 g, 5 mmol) and boric acid (0.618 g, 10 mmol) in 50 mL water. The solution 

was heated upto about 60 ºC for two hours. The reaction was cooled to room temperature and 

1-ethyl-2,3-dimethylimidazolium iodide (2.52 g, 10 mmol) was added. The reaction mixture 

was stirred for two hours at room temperature. The bottom layer of the reaction product 

formed was extracted with 80 ml of CH2Cl2. The CH2Cl2 organic layer was washed three 

times with 100 ml water. The CH2Cl2 was rotary evaporated at reduced pressure and product 

was dried in a vacuum oven at 60 ºC for 2 days. A viscous IL was obtained in 67 % yield 

(2.85 g) (Scheme 11). 

MS (ESI) calcd for [C6H16N]+ m/z 114.2; found m/z 114.1; calcd for [C16H12O6B]- m/z 311.0; 

found m/z 311.0. 
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1H NMR (400.17 MHz, CDCl3): 7.582-7.540 (m, 4H, C6H5), 7.324-7.271 (m, 4H, C6H5), 

7.261-7.216 (m, 2H, C6H5), 5.308 (s, 1H, C6H5-CH), 5.263 (s, 1H, C6H5-CH), 3.049-2.982 

(m, 4H, N-CH2-), 2.945 (q, 2H, N-CH2-CH3), 2.358 (s, 3H, N-CH3), 1.852-1.768 (m, 4H, -

CH2-), 1.00 (t, 3H, 3JHH = 7.2 Hz, CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 178.09, 178.01, 139.99, 139.92, 133.13, 130.07, 128.87, 

128.37, 127.62, 126.68, 126.34, 63.67, 59.45, 47.39, 21.31, 8.95 ppm. 

11B NMR (129.39 MHz, CDCl3): 10.838 ppm. 

  

 2.3.8 N-ethyl-N-methylpyrrolidinium bis(salicylato)borate [EMPy][BScB] 

[EMPy][BScB] was synthesized using Scheme 2.13. The synthetic procdure is similar to that 

used for [EMPy][BMB]. Salicylic acid (2.762 g, 20 mmol) was used instead of mandelic acid. 

A white solid product was obtained in 78 % yield (3.1 g). 

MS (ESI) calcd for [C6H16N]+ m/z 114.2; found m/z 113.9; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.0. 
1H NMR (400.17 MHz, CDCl3): 7.849 (dd, 2H, 3JHH = 6.0 Hz, 4JHH = 2.0 Hz, C6H4), 7.412-

7.357 (m, 2H, C6H4), 6.888-6.848 (m, 4H, C6H4), 3.328-3.275 (m, 4H, N-CH2-), 3.239 (q, 2H, 

N-CH2-CH3), 2.825 (s, 3H, N-CH3), 2.012-1.978 (m, 4H, -CH2-), 1.149 (t, 3H, 3JHH = 7.2 Hz, 

CH3) ppm. 
13C NMR (100.62 MHz, CDCl3): 165.64, 159.31, 135.13, 129.64, 119.38, 119.20, 118.41, 

115.21, 63.90, 59.65, 47.70, 21.49, 9.07 ppm.
11B NMR (129.39 MHz, CDCl3): 3.486 ppm.  

 
Scheme 2.13 Synthesis of [EMPy][BScB].
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2.3.9 Choline bis(salicylato)borate [Chol][BScB] 

[Chol][BScB] was synthesized using Scheme 2.14. Salicylic acid (2.762 g, 20 mmol) was 

added slowly to an aqueous solution of lithium carbonate (0.369 g, 5 mmol) and boric acid 

(0.618 g, 10 mmol) in 50 mL water. The solution was heated upto about 60 ºC for two hours. 

The reaction was cooled to room temperature and choline chloride (1.39 g, 10 mmol) was 

added. The reaction mixture was stirred for two hours at room temperature. The bottom layer 

of the reaction product formed was extracted with 80 ml of CH2Cl2. The CH2Cl2 organic layer 

was washed three times with 100 mL water. The CH2Cl2 was rotary evaporated at reduced 

pressure and product was dried in a vacuum oven at 60 ºC for 2 days. A white solid product 

was obtained in 70 % yield (2.72 g). 

MS (ESI) calcd for [C5H14NO]+ m/z 104.1; found m/z 103.9; calcd for [C14H8O6B]- m/z 283.0; 

found m/z 283.0. 
1H NMR (400.17 MHz, CDCl3): 10.50 (s, 1H, OH), 7.838 (dd, 2H, 3JHH = 6.4 Hz, 4JHH = 1.6 

Hz, C6H4), 7.408-7.365 (m, 2H, C6H4), 6.915-6.844 (m, 4H, C6H4), 3.921-3.884 (m, 2H, -

CH2-O), 3.365-3.341 (m, 2H, N-CH2-),   3.019 (s, 9H, N-CH3) ppm. 

13C NMR (100.62 MHz, CDCl3): 165.49, 159.31, 135.62, 129.72, 119.42, 118.58, 117.56, 

114.73, 68.04, 56.24, 54.53, 54.49, 54.46 ppm.
11B NMR (129.39 MHz, CDCl3): 3.538 ppm.  

 
Scheme 2.14 Synthesis of [Chol][BScB]. 
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2.4 Concluding Remarks  

Three different classes of boron-based compounds, such as alkylborate dithiophosphates, 

alkylborate dithiocarbamates and chelated orhoborate ILs were successfully synthesized and 

purified. The synthesis of the final products of boron derivatives of dithiophosphates and 

dithiocarbamates was carried out under inert nitrogen atmosphere. The structure and purity of 

all the synthesized compounds were confirmed by the elemental analysis (electrospray 

ionization mass spectrometry, ESI-MS), FTIR and multinuclear (1H, 13C, 11B and 31P) NMR 

spectroscopy. Some representative examples of these techniques are described in Chapter 3.
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CHAPTER 3 

3 Physicochemical Characterization of Boron Compounds 
The structure, purity and physicochemical behaviour of all the synthesized boron compounds 

in this work were characterized using different techniques. Most representative methods and 

selected data are discussed in this chapter. Specific details can also be found in the appended 

articles. 

 

3.1 Infra-Red Spectroscopy 

Fourier Transformed Infra-Red (FT-IR) spectra of boron based dithiophosphates were 

recorded on a Perkin-Elmer 2000 spectrometer in the range 4000-370 cm-1. Sampling was 

performed by placing a droplet of a compound onto a KBr pellet. 

FT-IR spectra of the synthesized boron based dithiophosphates show a few bands of 

characteristic peaks. Absorption frequencies of the aliphatic C-H vibrations in the alkyl 

groups of these compounds were mainly observed between 2960 and 2850 cm-1. 

Unambiguous assignment of P-S and P=S stretching frequencies in FT-IR spectra of 

dialkyldithiophosphate compounds encounters difficulties. For example, bands associated 

with the P-S stretching frequencies in the transition metal complexes, which contain bidentate 

chelating dithiophosphate ligands appear to be in the same region as for free acids 

(RO)2P(=S)SH and their esters (RO)2P(=S)SR' [192]. 

FT-IR spectra of intermediates and the final products of alkylborate-ethyl-dithiophosphates 

show four bands with characteristic absorption peaks (as a representative example, Figure 3.1, 

shows a FT-IR spectrum of DDB-EDTP). Absorption frequencies of the aliphatic C-H 

vibrations in the alkyl groups of these compounds were observed in the range of 2960-2850 

cm-1. Medium and broad bands present in the FT-IR spectra of all these compounds in the 

regions of 984-980 cm-1 are assigned to (P-OC) stretching. Bands in the region of 730-708 

cm-1 are assigned to (P=S) and bands around 666-540 cm-1 are attributed to (P-S) symmetric 

stretching. In the final products, strong bands were also observed at 1337 cm-1 and assigned to 

(B-O) symmetric stretching. The latter band is absent in the intermediate products. No shift 

in this band was observed for different chain lengths of alkyl groups in borates. 
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 Figure 3.1 A FT-IR spectrum of S-(di-n-decylborate)-ethyl-O,O’-di-n-decyldithiophosphate 

(DDB-EDTP). Adapted from [Article II]. 

 

3.2 Electrospray Ionization Mass Spectrometry 

The positive and negative ion electrospray mass spectra of all halogen-free boron based ionic 

liquids (hf-BILs) were obtained with a Micromass Platform 2 electrospray ionization mass 

spectrometry (ESI-MS) instrument. This technique is very useful for characterizing the 

formation and purity of ILs. 

An IL was dissolved in acetonitrile and injected into the chamber of an ESI-MS specreometer. 

Only ionic compounds are detected by the instrument. Figures 3.2 and 3.3 show 

representative ESI-MS spectra of two hf-BILs, [P6,6,6,14][BMB] and [EMIm][BScB], 

respectively. Only one muliplet for positive ions and one multiplet for negative ions were 

detected for each IL under study. It reveals the formation and purity of these two hf-BILs. The 

multiplicity in these peaks is due to the isotopes of hydrogen, carbon, oxygen, boron and 

nitrogen atoms. 

The calculated m/z values for the cation and the anion of a [P6,6,6,14][BMB] salt are 483.5 for 

[C32H68P]+ cation and 311.0 for [C16H12O6B]- anion, that is in a good agreement with the 

observed values, 483.3 for [C32H68P]+ cation and 311.0 for [C16H12O6B]- anion. The m/z 

spectrum for [C32H68P]+ cation also shows other peaks of lower intensity. One peak at m/z 

484.3 with an intensity of ca. 25 % and another peak at m/z 485.3 with an intensity of ca. 5 %. 

These correspond to molecules in which 2H and 13C isotopes are present instead of 1H and 
12C. The intensity of these isotopic peaks is related to the relative abundance of the naturally 

occurring isotopes multiplied by the total number of atoms in the molecule. The m/z spectrum 
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for [C16H12O6B]- anion also shows extra peaks at m/z 310.0 and 312.0. These correspond to 

molecules in which 10B and 17O isotopes are present instead of 11B and 16O. 

 

Figure 3.2 ESI-MS of [P6,6,6,14][BMB]. Adapted from [Article V]. 

 

Similarly, in the case of a [EMIm][BScB] salt, the calculated m/z values are 125.2 for 

[C7H13N2]+ cation and 283.0 for [C14H8O6B]- anion, while the observed values are 125.1 for 

[C32H68P]+ cation and 283.0 for [C16H12O6B]- anion. The m/z spectrum for [C7H13N2]+ cation 

also shows an extra peak at m/z 126.1 which is one digit higher than the main peak. This 

means that the ions in which 13C and 15N isotopes are present instead of 12C and 14N. 
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Figure 3.3 ESI-MS of [EMIm][BScB]. Adapted from [Article VI]. 

 3.3 Liquid-State Nuclear Magnetic Resonance 

Liquid-state multinuclear (1H, 13C, 31P and 11B) NMR spectroscopy was used for the structural 

characterization of the synthesized boron based dithiophosphates, dithiocarbamates and ILs. 

NMR spectra of boron based dithiophosphates and dithiocarbamates were recorded on a 

Varian/Chemagnetics InfinityPlus CMX-360 (B=8.46 T) spectrometer in CDCl3 (1H, 13C) or 

in toluene (31P, 11B) using TMS as an internal reference for 1H (0 ppm), the 77.2 ppm 

resonance peak of CDCl3 for 13C, Et2O·BF3 as an external reference (0 ppm) for 11B and 

H3PO4 (85%) as an external reference (0 ppm) for 31P. 

NMR spectra of hf-BILs were recorded on a Bruker Avance 400 (9.4 T) with a 5 mm 

broadband autotunable probe with Z-gradients at 30 ºC. NMR spectra were collected and 

processed using spectrometer “Topspin” 2.1 software. 1H and 13C spectra were referenced to 

internal TMS and CDCl3. External references were employed in the 31P (85% H3PO4) and 11B 

(Et2O·BF3). 
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 Figure 3.4 359.9 MHz 1H NMR spectrum of 100 mM S-(di-n-pentylborate)-ethyl-O,O’-di-n-

pentyldithiophosphate (DPB-EDTP) in CDCl3. Adapted from [Article II].  

  

Figure 3.4 shows a representative 1H NMR spectrum of S-(di-n-pentylborate)-ethyl-O,O’-di-

n-pentyldithiophosphate (DPB-EDP) from a novel class of boron based compounds with an 

alkyl linker between a dithiophosphate and a borate groups, alkylborate-ethyl-

dithiophosphates. 

In the 1H NMR spectrum of 100 mM solution of alkylborate-ethyl-dithiophosphates in CDCl3, 

multipletts at ca 4.1 ppm are assigned to protons in CH2OP molecular moieties. Apart from 

large deshielding typical for this group, and 3JHH-coupling with a neighbour CH2 group, 

resonance lines are additionally split into a doublet by heteronuclear 3JHP-coupling between 

CH2 protons and a 31P nucleus (spin ½, 100 % natural abundance). Similarly, a doublet of 

tripletts at ca 3 ppm is assigned to protons in the CH2-S-P fragment of alkylborate-ethyl-

dithiophosphates. Protons are J-coupled with phosphorus through a sulfur atom (3JHP = 16.37 

Hz). Interestingly, no three-bond J-couplings were observed between CH2-protons and boron 

in the borate part of these molecules (tripletts at 3.76 and 3.96 ppm). 10B and 11B (spin > ½) 

have a large quadrupolar moment and an asymmetric electric field gradient in the BO3 

fragment of the molecule making 3JHB-coupling difficult to observe in isotropic liquids. 

Assignment of multipletts in the range of chemical shifts between 0.8 and 1.7 ppm to protons 

in different alkyl groups of alkylborate-dithiophosphate is rather straightforward using 

isotropic chemical shifts, J-couplings and integrals of the multipletts. 
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 3.4 Thermal Analyses 

Thermal analysis of boron based dithiophosphates were performed 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 and with 

argon flow rate of 100 mL/min. The sensitivity of this STA instrument is ±1 μg. 

Differential scanning calorimetric (DSC) measurements of halogen-free boron based ionic 

liquids (hf-BILs) were performed with a Q100 TA instrument to study thermal behavior of hf-

BILs. A sample with an average weight of 7-9 mg was sealed in an aluminum pan, cooled to -

120 ºC and then heated up to 50 ºC at a scanning rate of 10.0 ºC/min. 

The effect of temperature on the physicochemical properties of boron based dithiophosphates, 

such as thermal stability, weight loss, and the nature of compounds formed during thermal 

decomposition was studied in detail. Two types of decomposition products were detected 

during the thermal decomposition of these compounds in argon atmosphere: solid residues 

(with melting points above 500 ºC) and volatile products of pyrolysis of the alkyl and 

dithioalkyl groups (below 500 ºC). The volatile products were analyzed by quadrupole mass 

spectrometry (QMS). Small amounts of solid residues (ca a few mg) formed from 200 mg of 

the liquid samples were not enough for the analysis using spectroscopic techniques such as 

FT-IR and/or solid-state NMR. 

To get enough amount of the residue for solid-state NMR spectroscopy, ca 400 mg of DPB-

EDTP was used in thermal analyses. The residual decomposition products of DPB-EDTP 

after TGA fall into two categories: (i) one product, which came out of the sample crucible and 

precipitated in the chamber, was a white jelly-like material; (ii) the other decomposition 

product, which remained in the sample crucible, was a black powder material. After the 

thermal decomposition of DPB-EDTP, 75 mg of the white and 6 mg of the black products 

were collected from the instrument. Both the “white jelly-like” and the “black solid” materials 

were characterized by solid-state 13C, 31P and 11B NMR spectroscopy. Results obtained are 

discussed in section 3.5. 

 

3.4.1 Thermo-Gravimetric/Derivative Thermo-Gravimetric Analysis 

In thermogravimetric (TG), the mass of the sample is measured as a function of temperature, 

while in the derivative thermogravimetric (DTG) is the derivative of TG that determines the 

rate of weight loss. 

Thermogravimetric/Derivative thermogravimetric (TG/DTG) curves obtained for S-di-n-

octoxyboron-O,O’-di-n-octyldithiophosphate (DOB-DTP) are shown in Figure 3.5. The 
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thermal decomposition of DOB-DTP involves only one major step, the onset of which is at 

267.7 ºC. This temperature indicates the complete decomposition of the molecule, which is 

initiated, most probably, with the breakage of the B-S bond and followed by the 

decomposition of n-octyl chains. The total weight loss during this test is 86 wt %, so that 

much of the compound is decomposed into volatile products, while 14 wt % remains as a 

solid residue. The DTG curve represents the highest rate of the weight loss (75 % /min) at 

273.6 ºC. The TG and DTG analyses reveal that both the decomposition and the weight loss 

of this compound occur in one single step. 

 

 
Figure 3.5 TG/DTG curves of DOB-DTP at a heating rate of 20 ºC/min and argon flow rate 

of 100 mL/min. Adapted from [Article I]. 

 

TG/DTG curves of alkylborate-ethyl-dithiophosphates are shown in Figure 3.6. Thermal 

decomposition of these compounds involves only one major step that occurs at 250, 284 and 

293 ºC for DPB-EDTP, DOB-EDTP and DDB-EDTP, respectively. The total weight loss 

during these tests was 83, 87 and 89 wt % for DPB-EDTP, DOB-EDTP and DDB-EDTP, 

respectively. 
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Figure 3.6 TG/DTG curves of DPB-EDTP (a), DOB-EDTP (b) and DDB-EDTP (c) at a 

heating rate of 20 ºC/min and argon flow rate of 100 mL/min. Adapted from [Article II].  

 

The DTG curves show that a weight loss for DPB-EDTP is just a few percent per minute in 

the temperature interval 150-230 °C. Then it increases dramatically and at 258 ºC reaches its 

maximum value of 160 %/min of the total weight of the sample. Similarly, the highest rate of 

the weight loss during the tests (at 299 ºC for DOB-EDTP and 307 ºC for DDB-EDTP) is 74 

%/min for DOB-EDTP and 77 %/min for DDB-EDTP. Therefore, one can conclude that the 

thermal stability of these compounds increases with increasing the length of the alkyl chains 

as DPB-EDTP < DOB-EDTP < DDB-EDTP. 
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3.4.2 Differential Thermal Analysis 

In differential thermal analysis (DTA), the difference in temperature between the sample and 

a reference material is monitored when both are subjected to the same heating programme. 

Any physical changes in the sample will cause a difference in the temperature between the 

sample and a reference. If a solid sample melts, it will require more heat flux to the sample to 

keep temperature the same as reference temperature. The sample absorbs more heat and a 

DTA peak corresponds to an endothermic process. 

 

 
Figure 3.7 DTA curve of DOB-DTP at a heating rate of 20 ºC/min and argon flow rate of 100 

mL/min. Adapted from [Article I]. 

 

A DTA curve of DOB-DTP is shown in Figure 3.7. There is only one exothermic peak, 

representing a thermal decomposition of this compound. The exothermic peak appears in the 

temperature range 270-299 ºC with a midpoint at 275 ºC. 

DTA curves of alkylborate-ethyl-dithiophosphates are shown in Figure 3.8. Exothermic peaks 

are observed at 266, 284 and 297 ºC for DPB-EDTP, DOB-EDTP and DDB-EDTP, 

respectively. The exothermic peaks are followed by endothermic ones at 274 ºC for DPB-

EDTP, 317 ºC for DOB-EDTP and 323 ºC for DDB-EDTP, respectively. The former 

exothermic peaks represent the thermal decomposition, while the latter endothermic peaks 

represent the physical processes of the decomposed products such as melting, boiling or other 

phase transitions [193]. 
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Figure 3.8 DTA curves for DPB-EDTP (a), DOB-EDTP (b) and DDB-EDTP (c) at a heating 

rate of 20 ºC/min and argon flow rate of 100 mL/min. Adapted from [Article II]. 

3.4.3 Quadrupolar Mass Spectrometry 

Thermal analyses techniques (TG, DTA and DSC) do not identify the decomposition products 

evolved in the form of gases. However, it is possible to use in parallel with the thermal 

analyses a complimentary technique for detecting the evolution of decomposition products 

eluted from the sample. We have used a thermal analyses instrument coupled to a quadrupolar 

mass spectrometer (QMS) to detect the decomposition products of boron compounds as a 

function of temperature of the sample.  
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Figure 3.9 QMS profiles of DOB-DTP at a heating rate of 20 ºC/min and argon flow rate of 

100 mL/min. (a) Even number molecular weight fragments, (b) Odd number molecular 

weight fragments. Adapted from [Article I].  

  

The formation of volatile decomposition products as a function of temperature under constant 

flow of argon gas was analyzed by QMS. Different residues of the thermal decomposition of 

novel boron based compounds were evolved in the temperature range, 175 - 470 ºC. 

Evolution of some selected products of decomposition of DOB-DTP is shown in Figure 3.9. 

As previously reported by Dickert and Rowe [194] the main volatile decomposition products 

of dialkyldithiophosphates are hydrogen sulfide and olefins. A type of olefins formed in these 

reactions depends on the nature of an alkyl group bound to the dithiophosphate group in 

dialkyldithiophosphate compounds. For DOB-DTP dihydrogen sulfide (H2S+) with m/e=34 

was formed when temperature exceeded 200 ºC (see Fig. 3.9). Olefin cations with different 

number of carbons were formed when the parent octyl chains in DOB-DTP broke down at 

different positions. A propenyl cation (C3H5
+) with m/e=41 and butenyl cations (C4H7

+) with 

m/e=55 and (C4H8
+) with m/e=56 have similar evolution patterns. They are the principle 

components in the mixture of volatile products of decomposition of DOB-DTP. 
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Similarly, evolutions of decomposition products in the course of the thermal decomposition of 

alkylborate-ethyl-dithiophosphates (DOB-EDTP and DDB-EDTP) are shown in Figure 3.10. 

In contrast to DOB-DTP, for DOB-EDTP and DDB-EDTP with the ethyl linker between DTP 

and the borate molecular fragments, the formation of hydrogen sulfide (H2S+) with m/e=34 is 

observed when temperature exceeded 250 ºC, i.e. after the onset of formation of olefins 

(compare Figs. 3.9 and 3.10). Olefins with various numbers of carbon atoms were also readily 

formed under pyrolysis of parent alkyl chains in the latter two boron-based compounds under 

study. A propenyl cation (C3H6
+ with m/e = 42), butenyl cation (C4H8

+ with m/e = 56) and 

pentenyl cation (C5H10
+ with m/e = 70) have rather similar evolution patterns. The principle 

components in the mixture of volatile products of decomposition of both DOB-EDTP and 

DDB-EDTP are hydrogen sulfide and olefins. Olefin cations with larger molecular weights 

(C6H12
+ and C7H14

+) have smaller intensities in the QMS profiles as compared to cations with 

three, four and five carbon atoms in the chain. 

 
Figure 3.10 QMS profiles of DOB-EDTP (a) and DDB-EDTP (b) at a heating rate of 20 

ºC/min and argon flow rate of 100 mL/min: even number molecular weight hydrocarbon 

fragments. Adapted from [Article II]. 
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To summarize, aforementioned TG/DTA data suggests that alkylborate-ethyl-

dithiophosphates with an alkyl linker between DTP and the borate molecular fragments are 

thermally more stable compounds compared to DOB-DTP, in which boron is directly bonded 

to the sulfur atom of the dialkyldithiophosphate group. The pyrolysis of alkyl chains in DOB-

EDTP and DDB-EDTP takes place before the formation of H2S+. However, during 

decomposition of DOB-DTP, H2S+ is formed before pyrolysis of alkyl chains. This suggests 

that the B-S bond in DOB-DTP is thermally less stable than C-S and B-O bonds in DOB-

EDTP and DDB-EDTP compounds. 

3.4.4 Differential Scanning Calorimetry 

In differential scanning calorimetry (DSC), the difference in the amount of heat between the 

sample and a reference material is monitored when both are subjected to the same heating 

programme. For example, when a sample undergoes a physical change then, more or less heat 

will required to flow to the sample as compared with the reference material to maintain both 

at the same temperature. When a sample melts it will need more heat flux to increase its 

temperature at the same rate as the reference material. A heat will be absorbed by the sample 

while it undergoes endothermic phase transition. Similarly, when the sample undergoes 

crystallization, less heat is required to raise temperature and an exothermic process occurs. 

In this work thermal behaviour of halogen-free orthoborate ionic liquids was studied by DSC. 

Figure 3.11 shows DSC traces of eight novel orthoborate-phosphonium hf-BILs. All these hf-

BILs are liquids at room temperature and exhibit glass transitions (tg) below room temperature 

(from -44 ºC to -73 ºC). tg for these hf-BILs are tabulated in Table 3.2. Xu et al. have reported 

that tg of orthoborate ILs are higher than those for the corresponding salts of the fluorinated 

anions [195]. We found that tg for the chelated orthoborate ILs (synthesized in this work) with 

the cation, [P6,6,6,14]+, and with different anions decrease in the following order [BMB]- > 

[BScB]- > [BOB]- > [BMLB]-. hf-BILs with [BMB]- and [BScB]- have considerably higher tg 

values compared with hf-BILs containing [BOB]- and [BMLB]- that is most probably due to 

the presence of the phenyl rings in the structure of [BMB]- and [BScB]-. 

For the orthoborate anions with different phosphonium cations, a decrease in tg values is 

observed with an increase in size of the alkyl chains in the cations. This trend is more 

pronounced for hf-BILs with the [BScB]- anion, where tg falls in the following order [P4,4,4,8]+ 

((-48.9 ± 0.7 °C) > [P4,4,4,14]+ (-55.4 ± 1.2 °C) > [P6,6,6,16]+ (-56.6 ± 0.6 °C). Del Sesto et al 

have observed a similar trend for ILs of phosphonium cations with 
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bis(trifluoromethane)sulfonimide (NTf2) and dithiomaleonitrile (dtmn) anions [196]. The 

lowest tg of hf-BILs (down to -72.8 ± 0.2 °C for [P6,6,6,14]]BMLB] are reached with the P66616
+ 

as cation, probably because of a larger size, lower symmetry and a lower packing efficiency 

of this cation. All novel hf-BILs have shown only glass transition points. No melting or 

crystallization points, previously detected for other phosphonium ILs [197], were observed for 

hf-BILs in our studies.  

 
Figure 3.11 DSC thermograms of novel chelated orthoborate-phosphonium hf-BILs. Adapted 

from [Article V]. 

 

3.5 Solid-State Nuclear Magnetic Resonance 

Solid-state multinuclear 13C, 31P and 11B magic-angle-spinning (MAS) NMR spectra of boron 

compounds were recorded on a Varian/Chemagnetics InfinityPlus CMX-360 (B=8.46 T) 

spectrometer. Spectra were recorded either in the one-pulse direct-excitation experiments (for 
13C, 31P and 11B) or with cross-polarization (CP) from the protons and with a weak CW proton 

decoupling corresponding to the nutation frequency of protons 28 kHz (for 13C and 31P). All 

spectra were externally referenced using either polycrystalline adamantane (38.48 ppm 
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relative to TMS (0 ppm) [198]) or liquid samples of H3PO4 (85%) (0 ppm) [199] for 31P and 

Et2O•BF3 (0 ppm) for 11B [200], filled in small capillaries (1 mm in diameter) and inserted in 

empty rotors. Solid samples were packed in either in 7.5 mm or 4 mm standard ZrO2 rotors. 

For 11B, 90º - pulse was 4.8 s as calibrated using a liquid reference sample of Et2O•BF3. 

Then, on solid samples a “quadrupolar” (11B, I = 3/2) excitation 45º-pulse of 2.4 s was used 

in the one-pulse experiments with a recycling delay of 10 s. Further experimental details are 

given in figure legends of the appended articles. 
31P MAS NMR spectra of the residues of DPB-EDTP after thermal analyses were 

deconvoluted using in-built spectrometer software routines (“Spinsight”). A combination of 

50% Gaussian and 50% Lorentzian broadening of the de-convoluted resonance lines gave the 

best fit to the experimental NMR spectra. 

3.5.1 NMR on residues of DPB-EDTP after Thermal Analyses 

In the boundary and mixed lubrication regimes, lubricant additives are broken down into 

reactive species due to high “flash” temperatures (> 400 ºC) in the tribological contacts. These 

broken species nearby the contacting surfaces either react with each other or with the surfaces. 

A variety of chemical reactions may occur because of the degradation of lubricant additives. 

These reactions result in the formation of a thin layer on the surface, which reduces wear and 

controls friction. The efficiency of the additives depends on the formation and composition 

this surface layer. In this project, we employed solid-state NMR technique to recognize the 

type and composition of the thermally decomposed products. For this reason, a combined 

solid-state multinuclear, 13C, 31P and 11B MAS NMR, was used for monitoring the 

physicochemical changes, which occurred after the thermal decomposition of DPB-EDTP, 

and for characterizing amorphous and/or crystalline residues of this compound after thermal 

analyses. 

Proton-decoupled 13C NMR spectra of both liquid DPB-EDTP before and the “white” jelly-

like residue of DPB-EDTP after TGA are shown in Figure 3.12. The spectrum of the “white” 

residue of DPB-EDTP after TGA (Fig. 3.12 b) reveals a smaller number of resonance lines 

compared to the spectrum of DPB-EDTP before TGA (Fig. 3.12 a). This suggests that some 

alkyl groups are cleaved out in the course of thermal decomposition of DPB-EDTP. The most 

noticeable changes are visible between 60 and 70 ppm in 13C NMR spectra of these 

compounds. In the 13C MAS NMR spectrum of the “white” residue of DPB-EDTP after TGA 
13C resonance lines assigned to carbons in the (-CH2O)3B molecular moiety have almost 

vanished. This confirms that the (-CH2O)3B group is cleaved from DPB-EDTP during the 
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thermal analysis and derivatives of dialkyldithiophosphates (but not of the trialkylborate 

group) are present in the “white” residue of DPB-EDTP. 

 

Figure 3.12 Single-pulse (CW proton decoupled) 13C NMR spectra of liquid DPB-EDTP with 

corresponding assignment of resonance lines (a) and of the “white” jelly-like residue of DPB-

EDTP after its thermal decomposition in the course of DTA under argon atmosphere (b). The 

MAS frequency in (b) was 4.3 KHz. 512 and 5864 signal transients were accumulated in (a) 

and (b), respectively. Inset represents the molecular structure of DPB-EDTP. Adapted from 

[Article II]. 

 
31P NMR spectra of pure DPB-EDTP and the “white” jelly-like product of it after TGA under 

argon atmosphere are shown in Figure 3.13. The 31P NMR spectrum of pure DPB-EDTP 

reveals a single 31P resonance line at 95.9 ppm (Fig. 3.13 a). After the thermogravitometric 

analysis of DPB-EDTP, 31P NMR spectrum (Fig. 3.13 b) of the collected white residual of 

this compound shows several additional resonance lines in the range from 96 to -30 ppm. 

Therefore, a number of different decomposition products were formed as a result of cleavage 
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of different bonds, intermolecular rearrangements and oxidation of P=S to P=O bonds in the 

course of heating of DPB-EDTP in the argon atmosphere. 

 
Figure 3.13 Single-pulse 31P NMR spectra of liquid DPB-EDTP (a), and the “white” jelly-

like residual after a thermal decomposition of DPB-EDTP under argon atmosphere (b). The 

MAS frequency in (b) was 10.0 KHz. 128 and 3055 signal transients were accumulated in (a) 

and (b), respectively. The expanded region of 31P NMR spectrum (b) between 10 and -50 ppm 

is shown in the inset. Adapted from [Article II]. 

 
31P MAS spectrum of the “black” residue of DPB-EDTP after its thermal decomposition 

under argon atmosphere is shown in Figure 3.14. The single-pulse 31P MAS spectrum (Fig. 

3.14 a) of this residue reveals resonance lines at 0.3, -8.0, -14.8, -21.5 and -29.5 ppm. -29.5 

ppm are the characteristic chemical shift of phosphorus sites in amorphous BPO4 glasses that 

has previously been assigned to 31P in phosphate anions tetrahedrally coordinated by four 

boron atoms through P-O-B bonds [201,202]. The resonance lines at -21.5, -14.8 and -8.0 

ppm can be assigned to either polyphosphates or aluminum phosphates formed in reactions 

between DPB-EDTP and the alumina (Al2O3) that the sample crucible was made of [203]. 
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Figure 3.14 31P NMR spectra of the “black” residue after the thermal decomposition of DPB-

EDTP under argon atmosphere: Single-pulse 31P MAS (a), and 31P CP/MAS (b). The MAS 

frequency was 5.0 KHz; 2808 and 7472 signal transients were accumulated in (a) and (b), 

respectively. Adapted from [Article II]. 

 

A 31P{1H} CP/MAS NMR spectrum of the “black” residue of DPB-EDTP (Fig. 3.14 b) 

amplifies resonance lines from phosphorus sites, which are in a close vicinity to protons from 

surface OH groups or surface adsorbed water molecules (the dominant resonance peak at -

21.5 ppm). However, the resonance line at -29.5 ppm has a considerably smaller relative 

integral intensity in the 31P CP/MAS compared with the single-pulse 31P MAS NMR spectrum 

of the same compound that additionally supports the assignment of this resonance line to 

phosphorus sites in amorphous BPO4 without protons in the bulk of this phase. 



Physicochemical Characterization of Boron Compounds                                       CHAPTER 3
 

 70

 
Figure 3.15 A single-pulse 11B NMR spectrum of liquid DPB-EDTP (a) and single-pulse 11B 

MAS NMR spectra of the “white” (b) and the “black” (c) residues of DPB-EDTP after TGA. 

The MAS frequency was 10 KHz in both (b) and (c). Total of 16 (in (a)) and 216 (in (b) and 

(c)) signal transients were accumulated. Adapted from [Article II]. 

 

Figure 3.15 shows a 11B single-pulse NMR spectrum of liquid DPB-EDTP (Fig. 3.15 a) and 
11B single-pulse MAS NMR spectra of both “white” (Fig. 3.15 b) and “black” (Fig. 3.15 c) 

residues of DPB-EDTP after TGA. The 11B NMR spectrum of pure DPB-EDTP before TGA 

reveals a single resonance line at 17.6 ppm, which is assigned to the three-coordinated 

alkylborate group in liquid DPB-EDTP. This resonance line is not present in 11B MAS NMR 

spectra of the decomposed products of DPB-EDTP, which directly confirms the conclusions 

from both 13C and 31P NMR that the alkylborate part of this molecule is cleaved out during the 

thermal decomposition of DPB-EDTP. 11B MAS NMR spectra of the residues of DPB-EDTP 

reveal a single resonance line at ca -3.3 ppm signifying four-coordinated boron units (B(4)) in 
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these compounds [204]. Therefore, our 31P and 11B NMR data suggests that borophosphate 

compounds are present in both the “white” and “black” decomposition products of DPB-

EDTP after TGA. 

The solid-state NMR data suggests that borophosphate is formed as a result of thermal 

decomposition of DPB-EDTP.  It is possible that DPB-EDTP may form tribofilms containing 

borophosphates under conditions of boundary lubrication where temperature may raise upto 

500 ºC. Varlot et al. have been previously reported that tribofilms formed by lubricants with 

ZnDTP/calcium borate additives contain borophosphate, which has a glass transition 

temperature about 200 ºC and becomes a viscous fluid above this temperature [113]. The 

tribofilms containing borophosphates provide a lower coefficient of friction compared to 

tribofilms containing polyphosphates formed by lubricants with ZnDTP. Therefore, the 

formation of borophosphates in the tribological interfaces is an additional advantage of boron-

dithiophosphate compounds over ZnDTPs and other ashless phosphorus and sulfur containing 

lubricant additives. 

 

3.5.2 Solid-State Multinuclear NMR on Orthoborate salts  

The structure of compounds and materials in the solid-state can be significantly different from 

the structure of these substances in solutions. The molecular properties of a system in the 

solid state, for example, hydrogen bond arrangements and an aromatic interaction (  stacking) 

can be probed by NMR in the solid state. These interactions are of a particular interest in ILs, 

which are solids at room temperature, because of van der Waals forces, hydrogen bonding and 

electrostatic interactions between the ions dominate in these systems. If the interactions 

between cations and anions are sufficiently strong, then ions will be in a close spatial vicinity 

to each other and that will influence the macroscopic properties of ILs, such as, their density, 

viscosity and conductivity. Solid-state multinuclear, 13C, 11B and 15N MAS NMR 

spectroscopy was used to characterize structures and to investigate interactions between 

cations and anions in hf-BILs, which are solids at room temperature. Room temperature solid 

salts carrying the same anion, [BScB]-, but different cations, [Chol]+, [EMPy]+ and [EMIm]+ 

were synthesized to investigate the association of [BScB]- anions with different cations.  

[BScB]-  anions and [EMIm]+ cations are aromatic, [EMPy]+ cations are non-aromatic but 

cyclic, while [Chol]+ cations are neither aromatic nor cyclic. Therefore, these are interesting 

systems to investigate with solid-state NMR spectroscopy.  

Figure 3.16 shows a complete assignment of peaks in 13C CP/MAS NMR spectra of 

[Chol][BScB] (Fig. 3.16 a), [EMPy][BScB] (Fig. 3.16 b) and [EMIm][BScB] (Fig. 3.16 c). 
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13C resonance lines at 163-166 ppm CP/MAS NMR spectra of these salts are assigned to 

carbon sites in carbonyl groups [–C(O)–], while resonance peaks at 158-160 ppm are due to 

the carbon sites in phenyl rings directly bonded to the oxygen atoms. There are two resonance 

lines assigned to the carbon atom of the carbonyl group in [Chol][BScB], while a single line is 

observed for the same carbon atom in [EMPy][BScB]. Similarly, two resonance lines in 

[Chol][BScB] are assigned to the aromatic carbon atom of the phenyl group directly attached 

to the oxygen atom, while a single resonance is observed for the same carbon site in the case 

of [EMPy][BScB]. A similar pattern is observed for other aromatic carbon sites of phenyl 

groups in [BScB]- anions of both [Chol][BScB] and [EMPy][BScB] salts. 

This data suggests a strong interaction between [Chol]+ cations and [BScB]- anions that makes 

carbon sites in [BScB]- anions chemically inequivalent in the case of [Chol][BScB] salt. The 

interaction is due to a strong hydrogen bonding between the OH group of [Chol]+ cation and 

an oxygen atom of [BScB]- anions. 

If a 13C CP/MAS NMR spectrum of [EMIm][BScB] is compared with 13C CP/MAS NMR 

spectra of [Chol][BScB] and [EMPy][BScB], substantial differences in the resonance pattern 

of [BScB]- anion are noticed (see Fig. 3.16 c). Several broad resonance lines for each carbon 

atom, overlapping with one another, are observed for both [BScB]- anion and [EMIm]+ cation. 
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Figure 3.16 13C CP/MAS NMR spectra of (a) [Chol][BScB], (b) [EMPy][BScB], and (c) 

[EMIm][BScB]. The MAS frequency was 4.2 KHz in (a), 4.7 KHz in (b) and (c). 1024 signal 

transients were accumulated in (a) and (b), and 852 signal transients in (c). “s” represents 

spinning sideband. The spinning sidebands between 70-110 ppm are removed for clarity. 

Adapted from [Article VI].  
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Figure 3.17 shows 11B single pulse MAS NMR spectra of [Chol][BScB] (Fig. 3.17 a), 

[EMPy][BScB] (Fig. 3.17 b) and [EMIm][BScB] (Fig. 3.17 c). These 11B NMR spectra reveal 

single resonance lines for [Chol][BScB] at 3.5 ppm and [EMPy][BScB] at 3.4 ppm, while two 

resonance lines for [EMIm][BScB] at 3.4 and 2.8 ppm. 11B chemical shifts of anions in these 

ILs confirm a four-coordinated boron unit in all these anions. 

Figure 3.17 11B MAS NMR spectra of (a) [Chol][BScB], (b) [EMPy][BScB], and (c) 

[EMIm][BScB]. The MAS frequency was 13 KHz. 64 signal transients were accumulated in 

(a) and (b), and 1280 signal transients in (c). Adapted from [Article VI]. 

  

A slightly downfield shift (0.1 ppm) towards higher value is observed in the 11B MAS NMR 

spectrum of [Chol][BScB]. This means that the boron site in [Chol][BScB] is less shielded 

compared to the boron sites in [EMPy][BScB] and [EMIm][BScB], which is probably due to 

a smaller size of the [Chol]+ cation. The two 11B resonance lines assigned to the [BScB]- 

anions in [EMIm][BScB] suggest the presence of two forms of four-coordinated boron sites. 
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Figure 3.18 shows 15N CP/MAS NMR spectra of [EMPy][BScB] (Fig. 3.18 a) and 

[Chol][BScB] (Fig. 3.18 b). The 15N CP/MAS NMR spectra of [Chol][BScB] and 

[EMPy][BScB] reveal single sharp lines at 9.2 and 34.5 ppm, respectively.  

Figure 3.18 Natural abundance 15N CP/MAS NMR spectra of (a) [Chol][BScB] and (b) 

[EMPy][BScB]. The MAS frequency was 2.0 KHz in (a) and 2.1 KHz in (b). 15368 and 

18060 signal transients were accumulated in (a) and (b), respectively. Adapted from [Article 

VI].

 

A 15N CP/MAS NMR spectrum of [EMIm][BScB] is shown in Figure 3.19. This spectrum 

displays two resonance lines for each nitrogen atom of [EMIm]+ cations (see the inset in 

Figure 3.19), again suggesting (as 11B MAS NMR data for the anion) that there are two non-

equivalent [EMIm]+ cations in this hf-BIL. 
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Figure 3.19 15N CP/MAS NMR spectra [EMIm][BScB]. The MAS frequency was 1.9 KHz 

and 26324 signal transients were accumulated. “S” represents spinning sideband. The 

expended center-band region (deconvoluted) is shown in the inset. Adapted from [Article VI]. 

 

 3.6 Density and Viscosity of Ionic Liquids 

As ILs are the lubricants of choice for the modern tribological systems, it is important to 

know their density and viscosity–temperature characteristics. The friction reducing ability of a 

lubricant depends on its viscosity. If a lubricant has very low viscosity it may not be able to 

separate the sliding surfaces to reduce friction. Too viscous lubricant will increase churning 

losses and shear losses at high shear rates. Since the density and viscosity of ILs change with 

temperature, it is important to measure their density and viscosity at different temperatures.  

An Anton-Paar DMA 5000 density meter was used to measure density of ILs in the 

temperature range from 20 to 90 ºC. Viscosity was measured with an AMVn Automated 

Microviscometer (Anton-Paar falling ball type viscometer) in the same temperature range 

(from 20 to 90 ºC) using a sealed sample tube. 
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Figure 3.20 Densities of hf-BILs as a function of temperature. Adapted from [Article V].  

 

Figure 3.20 shows a linear variation of densities with temperature for hf-BILs. By comparing 

the effect of anions on the density of hf-BILs, densities decrease in the following order 

[BScB]- > [BMB]- > [BOB]- > [BMLB]-. For the same anion, densities of hf-BILs decrease 

with an increase in the size of the cation as [P4,4,4,8]+ > [P4,4,4,14]+ > [P6,6,6,16]+. Density values 

of [P4,4,4,14][BMB] and [P4,4,4,14][BScB] are very similar at all measured temperatures. 

Densities of hf-BILs decrease with an increase in the length of alkyl chains in cations, since 

van der Walls interactions are reduced resulting in a less efficient packing of ions.  The 

parameters characterising density of these hf-BILs as a function of temperature are tabulated 

in Table 3.1. In the temperature range from 20 to 90 ºC, densities of hf-BILs decrease linearly. 

This behaviour is typical for many classes of ILs [205]. 
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Figure 3.21 Arrhenius plot of viscosity for the synthesized hf-BILs as a function of 

temperature. Adapted from [Article V]. 

  

Figure 3.21 shows viscosity-temperature characteristics of the hf-BILs. These characteristics 

can be described by the Arrhenius equation for viscosity  = oexp(Ea( )/kBT) in the whole 

temperature range studied. Here o is a constant and Ea( ) is the activation energy for viscous 

flow. Activation energies, Ea( ), for different hf-BILs are tabulated in Table 3.1. Some of 

these hf-BILs have shown too high viscosity in the temperature range between 20 and 30 ºC 

to be measured by the viscometer used in this study. However, viscosity of hf-BILs 

significantly decreases with an increase in temperature (from ca 1000 cP at ca 20 °C down to 

ca 20 cP at ca 90 °C). Viscosity of ILs typically depends on electrostatic forces and van der 

Waals interactions, hydrogen bonding, molecular weight of the ions, geometry of the ions 

(related to the conformational degree of freedom, their symmetry and flexibility of alkyl 
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chains), charge delocalisation, nature of substituents and coordination ability [206-208]. For a 

given cation, [P66616]+, the viscosities decrease in the following order [BMB]- (Ea = 11.6 kcal 

mol-1) > [BOB]- (Ea = 11.6 kcal mol-1) > [BScB]- (Ea = 10.6 kcal mol-1) > [BMLB]- (Ea = 10.0 

kcal mol-1) (see Table 3.1). 

 

Table 3.1 Physical properties of hf-BILs.

Density equation d = b – at / g cm-3 

(where t is in ºC) 
 

hf-BILs 
a b R2 

 
Ea ( ) / kcal mol-1 

tg/ ºC from 
DSC 
measurement 

[P4,4,4,8][BMB] 7 × 10-4 1.0784 0.9991 12.2 -46.8 ± 0.3 
[P4,4,4,14][BMB] 7 × 10-4 1.0541 0.9998 12.7 -43.8 ± 0.4 
[P6,6,6,14][BMB] 6 × 10-4 1.0208 0.9995 11.6 -56.1 ± 0.4  
[P4,4,4,8][BScB] 7 × 10-4 1.0919 0.9999 11.9 -48.9 ± 0.7 
[P4,4,4,14][BScB] 6 × 10-4 1.0532 0.9998 10.8 -55.4 ± 1.2 
[P6,6,6,14][BScB] 7 × 10-4 1.0333 1 10.6 -56.6 ± 0.6 
[P6,6,6,14][BOB] 6 × 10-4 0.9571 0.9998 11.6 -71.5 ± 0.6 

[P6,6,6,14][BMLB] 6 × 10-4 0.9865 0.9996 10.0 -72.8 ± 0.2 
 

3.7 Conductivity of Ionic Liquids 

As the name suggests, ILs are conductive lubricants as compared to the conventional 

hydrocarbon lubricants. Therefore, ILs are highly suitable lubricants for some tribological 

systems such as sliding electric contacts, where electrical conductive lubricants are required, 

or even rolling element bearings that may be damaged by an electrostatic discharge. Electrical 

conductivity of the synthesized novel hf-BILs was measured by using electrochemical 

impedance spectroscopy with a Solatron SI 1260 impedance/gain phase analyzer connected to 

a Solatron 1296 dielectric interface. A platinum wire electrode conductivity cell, calibrated 

with 0.01 M aqueous KCl, was filled and sealed. 

ILs conduct via ion mobility because they are composed of ions. Conductivity of ILs strongly 

depends on their viscosity and density, molecular weight, ion size and ion association. More 

viscous ILs exhibit lower conductivity due to the hindered mobility of the normally bulky and 

asymmetric ions [209]. An increased anion-cation interaction has been found to be one of the 

main factors controlling the amount of ion pairing and ion mobilities in liquids [210,211]. 

This is a reason why wet ILs usually exhibit higher conductivities than neat ILs [212]. 
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Figure 3.22 Arrhenius plots of ionic conductivity for selected hf-BILs in the temperature 

range from -50 ºC to 100 ºC. For [P6,6,6,14][BMB] close to a point 3.66 ×1000 T-1/K-1 (0 ºC), 

there is a sudden increase in conductivity from 2.34 × 10-7 S/cm-1 (at -10 ºC) to 2.75 × 10-6 

S/cm-1 (at 0 ºC). This can be due to a phase transition, which is however not clearly visible in 

a DSC thermogram. Adapted from [Article V]. 

Conductivities of the selected hf-BILs were measured over a temperature range from -50 to 

100 °C. Temperature dependences of the ionic conductivities of [P6,6,6,14][BMB] and 

[P6,6,6,14][BScB] ionic liquids are shown in Figure 3.22. The graphs clearly show that both hf-

BILs have comparable conductivities in the temperature range studied (from -50 to 100 ºC). 

For example, the conductivity, , at -50 ºC is 6.86 × 10-11 Scm-1 for [P6,6,6,14][BMB] and 8.85 

× 10-12 Scm-1 for [P6,6,6,14][BScB], while at 100 ºC = 2.42 × 10-4 Scm-1 for [P6,6,6,14][BMB] 

and = 2.88 × 10-4 Scm-1 for [P6,6,6,14][BScB]. This behaviour was expected because of 

similar tg values of these two hf-BILs (-55 ºC for [P6,6,6,14][BMB] and -56 ºC for 
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[P6,6,6,14][BScB]) and a comparable size and molecular weight of anions BMB- (MW = 311.0 

g mol-1) and BScB- (MW = 283.0 g mol-1). Interestingly, the slope of log(  vs T-1 for 

[P6,6,6,14][BMB] is changed at T ~ 270 K. This temperature, though not clearly visible in DSC, 

may correspond to a phase transition in this hf-BIL. 

 

3.8 X-ray Crystallography of Choline bis(salicylato)borate [Chol][BScB] 

ILs which are solids at room temperature can also form high quality single crystals. 

Therefore, X-ray diffraction crystallography can be used to characterize the structure of such 

compounds. This technique determines lengths and types of chemical bonds and bond angles 

and the arrangement of atoms within the crystal. In particular, this method is very useful for 

the determination of chemical bonds and non-covalent interactions in the materials such as 

hydrogen bonding, electrostatic interaction and  stacking, etc.  In order to get a deeper 

insight into the structure of the salts synthesized, we performed a single crystal X-ray 

diffraction crystallographic analysis of [Chol][BScB]. The experimental details and results are 

discussed in detail below. 

The reflection intensity data was measured on a Bruker X8 APEX KAPPA CCD single 

crystal X-ray diffractometer (4 9, 5 7) and a Nonius KAPPA CCD single crystal X-ray 

diffractometer (3 6, 4 7), using graphite-monochromated Mo K radiation (  0.71073 Å). 

Crystals were coated with Paratone N oil (Exxon Chemical Co., TX, USA) immediately after 

isolation and cooled in a stream of nitrogen vapor on the diffractometer. Structures were 

solved by direct methods using the program SHELXS-97 and refined by full matrix least-

squares refinement on F2 using SHELXL-97. All H atoms were initially located in a 

difference Fourier map. Thereafter, all H atoms, except those for the disordered atoms, were 

placed in geometrically fixed idealized positions and constrained to ride on their parent atoms 

with C-H distances in the range 0.95-1.00 Å and Uiso(H) = xUeq(C), where x = 1.5 for 

methyl and 1.2 for all other atoms. Two positions were found for all carbons and oxygens, for 

the disordered choline cation, one position for the nitrogen atom N2. The disordered atoms 

were modeled with a s.o.f of 0.5 with two separate parts identified. 
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Table 3.2 Summary of crystallographic data and refinement results for [Chol][[BScB]. 
 

CCDC No. 809334 
Formula 2(C14H8BO6)·C5H14NO·C5NO 
Molecular Weight 760.26 
Crystal System Monoclinic 
Space group Pc 
a (Å)  9.759 (4) 
b (Å) 16.442 (7) 
c (Å) 12.446 (5) 

 110.435 (11)º 
V (Å)3 1871.5 (13) 
Z 2 

calcd (g cm-1)  1.349 
T (K) 123 

 (mm-1) 0.10 
  (Å) 0.71073 
wR(F2) 0.233 

 

Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation of 

CH2Cl2 from a concentrated of solution of [Chol][BScB]. Summary of the crystal data and 

refinement results are tabulated in Table 3.2. The asymmetric unit of [Chol][BScB] consists 

of two crystallographically independent [Chol] cations, one of which is distorted, and two 

[BScB] anions, both of which are situated in general positions. The bond distances and angles 

of the non-disordered [Chol] cation and both [BScB] anions are all within normal range (see 

Figure 2.23). The disordered cation displays two unusually short and long bond lengths 

brought about by the disorder. The hydroxy-ethyl substituents in the [Chol] cation adopt the 

energetically unpreferred gauche conformation (torsional angle N1—C4—C5—O1: -66.8°, 

N2—C9B—C10B—O2B -80.1°, N2—C9—C10—O2 87.4°) and the trimethylammonium 

substituent adopts the tetrahedral conformation. The [BScB] anions display two planar 

segments joined by the boron atom in a twisted arrangement that results in the two planar 

segments being essentially perpendicular to each other (average O—B—O angle, 108°). 
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Figure 3.23 The asymmetric unit of [Chol][BScB] shown with 50% thermal ellipsoids and 

the numbering scheme. The hydrogen atoms are omitted for clarity. Adapted from [Article 

VI].  

 
Figure 3.24 (a) A packing diagram of [Chol][BScB] viewed down the c-axis showing the 

packed layers. (b) Molecular structure of [Chol][BScB] inter-ionic dimer, showing the 

OH O hydrogen bonding between cations and anions. Adapted from [Article VI]. 
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The extended structure packs in layers of groups of anions and cations (Figure 3.24 a) 

forming hydrogen bonded (O—H···O and C—H··· ) clusters of two cations and two anions, 

which result in distinct channels. The structure of [Chol][BScB] exhibits strong hydrogen 

bonding between the OH group of the [Chol]+ cation and the oxygen of the [BScB]- anion 

(Figure 3.24 b). Several strong interanionic - cationic O H O and C H O hydrogen bonds 

occur resulting in interconnected ionic clusters. C H  contacts are also seen thus 

facilitating the orientation of the spiro anion. 

 

3.9 Concluding Remarks  

The structures and purity of the novel boron-based dithiophosphates were confirmed by the 

elemental analysis, FT-IR and multinuclear (1H, 13C, 31P and 11B) NMR spectroscopy. The 

thermal behaviour of these compounds was studied by TG/DTG, DTA and QMS analyses. All 

these compounds showed high thermal stability. Thermal analyses data suggested that 

alkylborate-ethyl-dithiophosphates are thermally more stable than DOB-DTP, in which boron 

is directly bonded to the sulfur atom of dialkyldithiophosphate. This is because the boron-

sulfur bond is both thermally and hydrolytically less stable than the boron-oxygen bond. 

Thermal stability of these alkylborate-ethyl-dithiophosphates increases with an increase in the 

length of the alkyl chains. Solid-state NMR data obtained on the residue of DPB-EDTP after 

thermal analyses suggests its decomposition into different phosphate species and reveals the 

formation of borophosphates as the final products of these thermally induced reactions. 

A new family of halogen-free ILs composed of chelated orthoborate anions (hf-BILs) was 

synthesized and characterized by the electrospray ionization mass spectrometry (ESI-MS) and 

multinuclear (1H, 13C, 31P and 11B) NMR spectroscopy. Important physical properties of the 

ILs synthesized including glass transition temperatures, density, viscosity and ionic 

conductivity were measured. hf-BILs with phosphonium cations are liquids while hf-BILs 

with nitrogen based cations are either solids or waxy liquids at room temperature. hf-BILs 

with phosphonium cations have low melting points (from -44 ºC to -73 ºC) and high viscosity, 

which considerably decreases upon heating.  

On the basis of solid-state multinuclear NMR data obtained on orthoborate salts it was 

suggested that the interaction between [BScB] anion and the nitrogen based cations is strongly 

altered by the nature of the cation. The OH group of the [Chol] cation exhibits strong 

hydrogen bonding with the carbonyl oxygen atom of the [BScB]- anion. This hydrogen 
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bonding in the [Chol][BScB] salt was revealed from the single crystal X-ray structure and 

further confirmed by 13C CP/NMR. This interaction makes the two benzene rings 

nonequivalent in the [BScB]- anion, which, in turn, gives rise to doublet resonance lines in the 
13C CP/NMR spectrum assigned to two non-equivalent carbonyl carbon sites and two non-

equivalent carbon sites in the phenyl group directly bonded to the oxygen atom in the succinic 

group. 11B MAS NMR and 15N CP/MAS NMR of this salt show sharp single resonance lines 

for both boron and nitrogen sites. Polymorphism of both anions and cations in this salt was 

suggested based on the solid-state NMR data of [EMIm][BScB]. A strong C H  interaction 

between the hydrogen of the imidazolium cation and the phenyl groups of [BScB]- anions was 

proposed as a plausible explanation of the polymorphism. 
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CHAPTER 4  

4 Tribological Characterization of Boron Compounds 
The tribological characterization of boron compounds of three different classes such as 

dithiophosphates, dithiocarbamates and ILs was carried out. The most representative data is 

discussed in this chapter. Antiwear and friction performance of boron based dithiophosphates 

and dithiocarbamates as additives to a mineral oil was investigated in comparison with 

ZnDTP. The tribological performance of halogen-free chelated orthoborate ionic liquids (hf-

BILs) as lubricants was investigated for steel-aluminum contacts in comparison with 15W-50 

grade engine oil. After the tribological tests, the worn surfaces were analyzed by a 3D optical 

profiler (Wyko) and scanning electron microscopy/energy dispersive X-ray spectroscopy 

(SEM/EDS). 

4.1 Antiwear and Friction Performance 

Boron based dithiophosphate and dithiocarbamate additives were admixed in a mineral oil at 

various concentrations: 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 weight % using an analytical balance. 

The physicochemical properties and the elemental analysis of the mineral oil used in this 

study are given in Table 4.1. Balls (Ø = 12.7 mm) used in tribological tests are made of AISI 

52100 steel with a composition of C, 0.95–1.10%; Si, 0.15–0.30%; Mn, <0.25%; P, <0.03%; 

S, <0.025%; Cr, 1.30–1.60%. Ball hardness is HRc 60–67. 

 

Table 4.1 Physicochemical properties and the elemental composition of the mineral oil used 

in this study. 

Density (g.mL-1)  0.8135 
Viscosity (m Pa.s) at 40 ºC  17.5 
Viscosity (m Pa.s) at 100 ºC  4.9 
Carbon (%)  86.0 ± 0.7 
Hydrogen (%)  14.5 ± 0.5 

 

Both friction and wear properties of the synthesized boron based dithiophosphate and 

dithiocarbamate compounds as additives to the mineral oil were evaluated using a four ball 

tribometer at a rotating speed of 1450 rpm, test duration time of 30 min, load 392 N and room 

temperature (294 K). The schematic representation of the sample compartment of a four-ball 

tribometer is given in Figure 4.1. Wear scar diameters and the friction coefficient were 

measured at additive concentrations in the mineral oil in the range of 0-1.0 wt %. An optical 

profiler (WYKO NT 1100) was used to measure diameters of the wear scars on the three 
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stationary balls. A mean value is calculated and reported here as the wear scar diameter 

(WSD). Before each test, the holder for the balls was washed with petroleum ether and the 

balls were cleaned ultrasonically in petroleum ether and thoroughly air-dried. 

 

Figure 4.1 Schematics of the sample compartment of a four-ball tribometer. 

 

4.1.1 Boron-Based Dithiophosphates 

A commercially available ZnDTP contains a mixture of 85 % O,O’-di-iso-butyl-

dithiophosphato-zinc(II) and 15 % O,O’-di-n-octyl-dithiophosphato-zinc(II) [213]. In this 

study, we used O,O’-di-n-butyl-dithiophosphato-zinc(II) (as a reference compound) with the 

same number of carbon atoms in alkyl chains as in the principal component of the commercial 

ZnDTP additive. We preferred Zn-BuDTP for tribological studies instead of solid O,O’-di-

iso-butyl-dithiophosphato-zinc(II) because the former compound is a liquid at ambient 

temperatures with a high solubility in the mineral oil used in our studies. The antiwear and 

friction performance of the novel boron based dithiophosphates and the reference Zn-BuDTP 

was evaluated using the same mineral oil and test conditions. 

It is known that concentration of additives in base oils has a large impact on both friction and 

wear performance of lubricants. Therefore, tests were conducted in the concentration range 

from 0 to 1.0 wt % of either boron based dithiophosphates or Zn-BuDTP. 

Figure 4.2 shows variations of the WSD of the lower three balls with concentration of DOB-

DTP or Zn-BuDTP. It was found that a presence of both DOB-DTP and Zn-BuDTP in the 

mineral oil leads to reduced wear. In case of DOB-DTP, WSD decreases upto an additive 

concentration of 0.4 wt %. Then, WSD increases slightly with an increase in DOB-DTP in the 

base oil. A similar trend was also found for Zn-BuDTP. WSD decreases upto a 0.6 wt % 

concentration and then increases with the following increase in Zn-BuDTP concentration. 

Thus, the optimum concentrations for the wear reducing ability of these additives in the 
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mineral oil in the steel-steel contact under 392 N load during 30 min at room temperature 

were 0.4 and 0.6 wt % for DOB-DTP and Zn-BuDTP additives, respectively. 

 

 
Figure 4.2 Variations of the wear scar diameter (mm) on the lower steel balls with additive 

concentration (wt %) under 392 N load for 30 min at room temperature. Top (blue): Zn-

BuDTP, Bottom (pink): DOB-DTP. Adapted from [Article I]. 

 

Figure 4.3 Mean WSD for the concentration of DPB-EDTP (squares), DOB-EDTP 

(triangles), DDB-EDTP (stars) and Zn-BuDTP (rhombs) in the mineral oil. Tests were 

performed in a four-ball tribometer at room temperature and 392 N load during 30 min. 

Adapted from [Article II]. 
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Figure 4.3 shows variations of the WSD of the lower steel balls lubricated by the mineral oil 

containing either alkylborate-ethyl-dithiophosphates or Zn-BuDTP at different concentrations. 

All these novel alkylborate-ethyl-dithiophosphates and the reference ZnBuDTP were found to 

reduce WSD when added to the mineral oil even at very low concentrations. A decrease in the 

WSD was observed up to some optimum concentrations of the alkylborate-ethyl-

dithiophosphate compounds. At higher concentrations WSD gradually increases. A similar 

trend was also found for Zn-BuDTP. The optimum concentrations for the wear reducing 

ability of these additives in the mineral oil lubricating steel-steel contacts were found to be 

around 0.2 (3.26 mM) for DPB-EDTP and 0.6 wt % (8.92 mM) for Zn-BuDTP. At the 

optimum concentration, 0.2 wt % (3.26 mM) of DPB-EDTP, the amount of sulfur is 0.026 wt 

% (6.52 mM) and the amount of phosphorus is 0.012 wt % (3.26 mM). For comparison, the 

amount of sulfur is 0.140 wt % (35.68 mM) and phosphorus is 0.068 wt % (17.84 mM) at the 

optimum concentration, 0.6 wt % (8.92 mM), of Zn-BuDTP, 

WSDs at 0.4 wt % of DOB-EDTP (4.87 mM) and DDB-EDTP (4.17 mM) reach minimum 

values of 0.45 mm and 0.44 mm, respectively. It is evident that the antiwear performance of 

DDB-EDTP is superior to the other compounds in the concentration range studied (0.1 – 1.0 

wt %). In particular, the WSD for DDB-EDTP is the smallest (< 0.45 mm) at a wider range of 

concentrations (0.2 – 0.6 wt %).  

It reveals that the same antiwear performance under the tribological conditions studied can be 

provided by the novel alkylborate-ethyl-dithiophosphates with several times lower 

concentrations of sulfur and phosphorus compared with Zn-BuDTP if used as additives to the 

mineral oil. 

It is known that the increase in WSD at higher concentrations of additives (observed for all 

compounds) is due to a corrosive action of sulfur present in these compounds. There might be 

at least two reasons for remarkably different antiwear behaviour of the novel boron 

compounds. First, we anticipate that sulfur and phosphorus atoms present in the alkylborate-

dithiophosphates are more reactive than P and S in Zn-BuDTP. Thus, even a very small 

concentration of boron compounds is sufficient for formation of protective tribofilms on steel 

surfaces. Second, boron compounds contain an alkyl borate group that may additionally 

enhance the antiwear ability of these additives and may inhibit a part of the corrosive action 

of sulfur even at high concentrations of boron compounds in the base oil.  
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Figure 4.4 Variations of the friction coefficient (an average over last 10 min) with additive 

concentration in the mineral oil under 392 N load for 30 min at room temperature. Top (blue): 

Zn-BuDTP, bottom (red) DOB-DTP. Adapted from [Article I]. 

 
Figure 4.5 Variations of the friction coefficient (an average over last 10 min) as a function of 

additive concentration in the mineral oil for DPB-EDTP (squares), DOB-EDTP (triangles), 

DDB-EDTP (stars) and Zn-BuDTP (rhombs). Tests were performed in a four-ball tribometer 

at room temperature and 392 N load during 30 min. Adapted from [Article II]. 



Tribological Characterization of Boron Compounds                                                    Chapter 4
 

 91

Figure 4.4 shows variations of the friction coefficient with concentration (wt %) of DOB-DTP 

or Zn-BuDTP in the base oil. It is evident from these measurements that incorporation of both 

additives in the base oil increases friction. Even at a very low concentration (0.1 wt %) of 

each additive in the base oil, the coefficient of friction increases considerably from μ = 0.04 to 

ca. 0.06 (for DOB-DTP) or ca. 0.075 (for Zn-BuDTP). The coefficient of friction remains 

quite stable (μ = 0.059-0.061) for the lubricant with DOB-DTP in the concentration range 

tested, 0.1-1.0 wt %. 

 Figure 4.5 shows variations of the friction coefficient with concentration (wt %) for 

alkylborate-ethyl-dithiophosphates in comparison with Zn-BuDTP. Incorporation of Zn-

BuDTP in the base oil does increase significantly (by more than 50 %) the coefficient of 

friction. In contrast, the friction coefficient of the lubricant with 0.1 – 0.6 wt % DPB-EDTP 

does not increase. The friction coefficient for the lubricant with DOB-EDTP or DDB-EDTP 

does increase by ca 25-35 %, i. e. at a smaller extent as compared with an increase in friction 

with Zn-BuDTP. 

 
Figure 4.6 Evolution of the friction coefficient with time (s) for the base oil (BO), BO with 

Zn-BuDTP and BO with DOB-DTP. (a) 0.1 wt % and (b) 1.0 wt % of the additives. Top 

(pink): Zn-BuDTP, middle (green): DOB-DTP, bottom (blue): BO. Adapted from [Article I]. 
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A variation of the friction coefficient with time is shown in Figure 4.6 for the neat mineral oil 

and oil containing either DOB-DTP or Zn-BuDTP. It can be seen that a presence of DOB-

DTP or Zn-BuDTP in the mineral oil increases friction compared with the neat oil. Though 

friction with the neat oil is lower than the formulated oil, it is not stable and varies 

considerably with time during the test. Zn-BuDTP at a low concentration (0.1 wt %) increases 

friction slowly with time. The friction coefficient is stable at higher concentrations (0.8-1.0 wt 

%) of Zn-BuDTP. On the other hand, the friction coefficient of the oil containing DOB-DTP 

does not vary much with time at both low (0.1 wt %) and high (1.0 wt %) concentrations. This 

test confirms the stability of the tribofilm formed by DOB-DTP at both low and high 

concentrations. Note that the stability of the friction coefficient with time is a very important 

property in mechanical systems needed for their functionality during the service life. 

An increase in the coefficient of friction upon admixture of additives in the base oil is caused 

by the formation of stable tribofilms as a result of tribochemical reactions of the additives 

with steel surfaces during the wear process. It is already known that the tribofilms formed by 

ZnDTP cause an increase in the coefficient of friction that is probably due to a high shear 

strength or increased roughness of the films formed by Zn-BuDTP [214,215]. Boron 

compounds also cause an increase in the coefficient of friction but the latter is more stable 

with time compared to that for Zn-BuDTP. Here, it is suggested that both novel boron 

compounds and Zn-BuDTP additives at as low concentration as 0.1 wt % in the base oil do 

form tribofilms on the steel surfaces. However, a comparison of their friction properties 

reveals that boron compounds provide lower and more stable friction in a wider range of 

additive concentrations in the base oil compared with Zn-BuDTP. 

4.1.2 Boron-Based Dithiocarbamates 

The tribological performance of the synthesized alkylborate-ethyl-dithiocarbamate 

compounds was evaluated in comparison with a commercial package of ZnDTPs. The effect 

of additive concentration in the base oil on the WSD on the steel balls is shown in Figure 4.7. 

All compounds significantly reduce WSD at concentrations 0.1 – 1.0 wt % (WSD ~ 0.43 – 

0.47 mm) compared to the neat oil (WSD ~ 0.62 mm, 0.0 wt %). All alkylborate-ethyl-

dithiocarbamate compounds in this study show better antiwear capabilities compared with 

antiwear properties of the commercial ZnDTP package dissolved in the same mineral oil. 

However, optimum antiwear performance is achieved at different concentrations: 0.1 – 0.6, 
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0.6 – 1.0, 0.1 – 1.0 and 0.2-0.6 wt % for DBB-EBzDTC, DOB-EBzDTC, DOB-EEDTC and 

the ZnDTP package, respectively.  

The lowest WSD among all compounds, 0.424 mm, was measured for 0.4 wt % concentration 

of DOB-EEDTC in the base oil. However, WSD grows slightly with a further increase in the 

DOB-EEDTC concentration. On the contrary, DOB-EBzDTC, containing benzyl group in the 

dithiocarbamate and longer (C8H17) hydrocarbon chains in the alkylborate group, reveals a 

different antiwear behaviour: WSD for DOB-EBzDTC decreases with an increase in 

concentration reaching its minimum at 0.8 wt % (WSD ~ 0.45 mm, see Fig. 4.7). 

There are several possible explanations for the good antiwear performance of the novel 

alkylborate-ethyl-dithiocarbamates. Firstly, these compounds contain the dithiocarbamate 

group with one basic nitrogen atom and two sulfur atoms. The nitrogen and sulfur atoms 

contain lone pairs of electrons having a high affinity towards iron. The reactive sulfur may 

react with iron forming iron sulfides (FeSx) leaving the nitrogen containing part deposited on 

the surface via physical adsorption. In this case, the formation of FeSx and deposition of 

nitrogen on the iron surface will create a protective layer reducing wear [216]. In addition, the 

deposition of nitrogen on the iron surface inhibits the corrosive effect of sulfur (an excess of S 

leads to formation of FeS rust layers on steel surfaces). Therefore, the accessibility of nitrogen 

and sulfur atoms in an additive for iron atoms on steel surfaces can be of importance. It is 

interesting to note that WSD for DOB-EBzDTC is ca 10 % larger than that for DOB-EEDTC 

in the concentration range studied (see Fig. 4.7). DOB-EBzDTC is more bulky at the DTC 

molecular moiety (two CH2-C6H5 groups at N atom) compared with DOB-EEDTC (two C2H5 

groups at N atom). 

Secondly, these compounds contain the alkyl-borate groups, which also reduce wear by 

inhibiting the corrosive action of sulfur. It is well known that sulfur provides a certain 

antiwear action by either physisorption or chemical reactions with iron until optimum 

concentrations of thiol groups in additives are reached. An excess of sulfur, in turn, causes 

chemical corrosion, which limits the antiwear performance of the thiol-based additives. We 

hypothesize that, in the case of the novel alkylborate-dithiocarbamate compounds, the 

corrosive action of sulfur at high additive concentrations is considerably suppressed by the 

alkyl-borate groups. Dibutylborate-EBzDTC is less bulky than dioctylborate-EBzDTC so that 

boron is more accessible for iron atoms on the contact surfaces. This may explain somewhat 

better antiwear properties of the dibutylborate-EBzDTC compound in the concentration range 

0.1 – 0.6 wt % (see Fig. 4.7).  
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Figure 4.7 Mean WSD (mm) on the lower three steel balls as a function of concentration (wt 

%) of DBB-EBzDTC (diamonds), DOB-EBzDTC (squares), DOB-EEDTC (triangles) and 

commercial ZnDTP (stars) in the base oil. Experimental conditions: 392 N load and 1450 rpm 

rotational speed during 30 min at room temperature (293 K). Adapted from [Article III]. 

 
Figure 4.8 Variations of the friction coefficient (an average over last 10 min of the test) with 

concentration of additives (wt %): DBB-EBzDTC (diamonds), DOB-EBzDTC (squares), 

DOB-EEDTC (triangles) and commercial ZnDTP (stars). Experimental conditions: 392 N 

load and 1450 rpm rotational speed during 30 min at room temperature (293 K). Adapted 

from [Article III].  
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Figure 4.8 shows variation in the friction coefficient, , as a function of concentration (wt %) 

of the alkylborate-dithiocarbamate and a commercial ZnDTP in the base oil. It is evident that 

incorporation of these additives in the base oil leads to an increase in friction. Even at the 

lowest additive concentration (0.1 wt %) friction is much higher than for the neat oil. This 

increase in friction is probably caused by the formation of tribofilms with high shear strength. 

A further increase in additive concentration from 0.2 to 1.0 wt % results in quite stable 

friction coefficients in the range of 0.07 – 0.10. 

4.1.3 Boron-Based Ionic Liquids 

Tribological tests of the halogen-free orthoborate ionic liquids (hf-BILs) were conducted at 

room temperature (22 C) on a Nanovea pin-on-disk tribometer according to ASTM G99 

using a 6 mm 100Cr6 ball in contact with a 45 mm diameter AA2024 aluminum disc. 

Composition, hardness and surface roughness of the steel balls and aluminum discs are given 

in Table 4.2. 0.1 mL of lubricant was used in each test. Experiments were conducted at loads 

of 20 and 40 N for a sliding distance of 1000 m and at a speed of 0.2 m/s. The coefficient of 

friction was recorded throughout the test. The wear scar depth was measured using a Dektak 

150 stylus profilometer. 

Table 4.2 Composition, hardness and surface roughness of the alloys used. 

Alloy Elemental 
Composition (wt%) AA2024 100Cr6 

C – 0.98–1.10 
Cu 3.8–4.9 – 
Si 0.5 max 0.15–0.3 

Mn 0.3–0.9 0.25–0.45 
Mg 1.2–1.8 – 
Cr  0.1 max 1.3–1.6 
Zn 0.25 max  
Ti 0.15 max  
S – 0.025 max 
P – 0.025 max 

Others 0.15 max – 
Fe 0.5 max Balance 
Al Balance – 

Hardness (Vickers) 145 850 
Ra (μm) 0.09 0.05 

 



Tribological Characterization of Boron Compounds                                                    Chapter 4
 

 96

The use of aluminum alloys has been rapidly expanding in recent years due to their high 

strength to weight ratio, good corrosion resistance and high thermal conductivity. However, 

relatively poor wear resistance of aluminum alloys limits their use in the tribological contacts 

lubricated by hydrocarbon oils with commercial additives such as ZnDTP [217]. ILs 

containing BF4
- and PF6

- anions have shown promising results for steel-aluminum contacts 

[218-220]. For these reasons, we evaluate the tribological performance of the synthesized hf-

BILs in steel-aluminum contacts.  

Tribological properties of some selected hf-BILs were investigated in the pin-on-disc 

tribometer, where pure ionic liquids were put onto the surface of an aluminum disc rotating 

against steel ball. Tribological performance of these hf-BILs was compared with 15W-50 

engine oil at loads of 20 and 40 N for a sliding distance of 1000 m (see Table 4.3). 

 

Table 4.3 Tribological properties of the synthesized chelated orthoborate ILs for a steel-

aluminum contact.

20 N load 40 N load  
Lubricant Wear Scar 

Depth (μm) 
Friction 

Coefficient 
Wear Scar 

Depth (μm) 
Friction 

Coefficient 
15W-50 Oil 1.37 0.09 8.68 0.102 

[P6,6,6,14][BMB] 0.84 0.07 1.98 0.067 
[P6,6,6,14][BScB] 0.95 0.08 5.25 0.085 
[P6,6,6,14][BOB] 0.88 0.06 4.10 0.063 

[P6,6,6,14][BMLB] 0.97 0.07 2.17 0.068 
 
 

Figure 4.9 shows the antiwear performance of hf-BILs in comparison with the engine oil. The 

wear depths for the oil are 1.34 μm and 8.69 μm at 20 and 40 N loads, respectively. All of the 

tested hf-BILs provided significantly reduced wear (by 40 to 75 %) of the aluminum alloy 

compared to the oil. For example, in the case of [P6,6,6,14][BMB] the wear depths are 0.84 μm 

and 1.98 μm at 20 and 40 N loads, respectively. 
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Figure 4.9 Wear scar depths; 100Cr6 steel - AA202 aluminum contact lubricated by the novel 

hf-BILs or 15W-50 engine oil. Measurements were performed at 20 N (blue) and 40 N (red) 

loads during 1000 m sliding distance. Adapted from [Article V]. 

 

Figure 4.10 Friction coefficients for 100Cr6 steel ball sliding against AA2024 aluminum disk 

lubricated by the novel hf-BILs or 15W-50 engine oil. Measurements were performed at 20 N 

(blue) and 40 N (red) loads during 1000 m sliding distance. Adapted from [Article V]. 
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All tested hf-BILs showed also lower average friction coefficients compared to the oil. Figure 

4.10 shows friction performance of hf-BILs and the engine oil. The average friction 

coefficients for the oil are 0.093 and 0.102 at loads of 20 and 40 N, respectively. Friction 

coefficients for [P6,6,6,14][BMB] are 0.066 and 0.067 at 20 and 40 N loads, respectively, that is 

a 30-35 % reduction in friction compared to the engine oil. In general, the novel hf-BILs 

provide 20 to 38 % lower friction compared with the engine oil (see Fig. 4.10 and Table 4.3). 

 

Figures 4.11 and 4.12 show the friction coefficient as a function of the sliding distance for the 

selected hf-BILs and 15W-50 oil at 20 and 40 N. Coefficients of friction are stable at 20 N for 

both 15W-50 oil and hf-BILs. There is no increase in friction until the end of the test run for 

all lubricants examined here. The friction coefficients for hf-BILs are lower than those for 

15W-50 at all times during the tests (Fig. 4.11). 

At the load of 40 N the friction coefficient for 15W-50 oil varies considerably with the sliding 

distance (see Fig. 4.12). At the beginning of the test, the friction coefficient remains stable for 

a short duration (ca 200 m) and then rapidly increases to a larger value (ca 0.135). This high 

level of friction is maintained until the sliding distance of ca 400 m before returning to the 

original level (ca 0.095). In the beginning of the test a tribofilm is formed preventing a direct 

metal-to-metal contact.  A sudden increase in the friction coefficient may be an indication of a 

tribofilm break-down. 
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Figure 4.11 Variation of the friction coefficient with the sliding distance at 20 N load for a 

100Cr6 steel ball sliding against an AA2024 aluminum disk lubricated by the hf-BILs or the 

15W-50 engine oil. Adapted from [Article V].  

 Novel hf-BILs exhibit different trends compared to the 15W-50 oil. [P6,6,6,14][BMB] and 

[P6,6,6,14][BMLB] show no increase in friction over the whole test period. Friction coefficients 

for [P6,6,6,14][BScB] and [P6,6,6,14][BOB] are high and unstable for a short period in the 

beginning of the test before stabilizing at a lower level. This initial increase in friction is 

probably due to a somewhat prolonged process of a tribofilm formation. Consequent recovery 

of the friction coefficient indicates the formation of stable and hard tribofilms on the 

aluminum alloy surfaces from hf-BILs lubricants.

Zhang et al. [221] have recently reported that nitrile-functionalized ILs with BF4
- anion have 

considerably better tribological performance in steel-steel and steel-aluminum contacts than 

ILs with NTf2
- and N(CN)2

- anions. It has been suggested that the BF4
- anion provides 

excellent tribological performance but unfortunately the detailed mechanism has not been 

described. The uncertainty in the proper mechanism for improved interfacial and tribological 
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properties of boron arises because boron’s chemistry and phase behaviour are rather complex 

[222]. 

Figure 4.12 Variation of the friction coefficient with the sliding distance at 40 N load for a 

100Cr6 steel ball sliding against an AA2024 aluminum disk lubricated by hf-BILs in 

comparison with the 15W-50 oil. Adapted from [Article V]. 

 

4.2 Surface Analysis 

The morphology of worn surfaces after tribological testing was studied using an optical 

profiler and Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy 

(SEM/EDS). 3D topography was obtained with WYKO NT 1100 optical profiler. 

Philips XL 30 scanning electron microscope (SEM) equipped with LaB6 emission source was 

used for the surface studies. A link ISIS Ge energy dispersive X-ray detector (EDS) attached 

to the SEM was used to additionally probe the composition of the entire tribofilms on the ball 

surfaces. Some SEM/EDS measurements (for DOB-EDTP and DDB-EDTP) were performed 

using JEOL JSM-6460 (software INCA). 
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Prior to the analysis, the balls were cleaned ultrasonically for 5 min with petroleum ether, in 

order to eliminate the residual lubricant. 

4.2.1 Boron-Based Dithiophosphates 

Figure 4.13 shows 3D images of the worn surfaces. In the tribological tests theses surfaces 

were lubricated by the mineral oil with and without 1 wt % of either boron compounds or 

ZnDTP. The images clearly indicate the effect of additives on wear scars. The balls lubricated 

by the neat mineral oil acquired significantly larger wear scars compared to the oil containing 

ZnDTP. The WSDs for the oil containing DOB-EDTP, DDB-EDTP or DOB-DTP are 

considerably smaller than WSDs for the neat oil or oil with ZnDTP. 

 

 

Figure 4.13 3D images of worn ball surfaces lubricated by (a) the neat oil (b) the oil with 1.0 

wt % Zn-BuDTP, (c) the oil with 1.0 wt % DOB-EDTP, (d) the oil with 1.0 wt % DDB-EDTP 

and (e) the oil with 1 wt % DOB-DTP. Adapted from [Articles I and II]. 
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Figure 4.14 shows a SEM micrograph and a corresponding EDS analysis of the worn surface 

lubricated by the neat oil. This SEM micrograph shows significant wear. If DOB-DTP is 

mixed with the base oil, the wear process slows down (Figure 4.15). The surfaces appear to be 

smoother compared to the surfaces lubricated by the neat oil. The EDS analysis of the worn 

surfaces reveals phosphorus and sulfur in the tribofilm formed by DOB-DTP. Boron was not 

detected on the surfaces, probably, because of a low sensitivity of SEM/EDS to boron.  

 

 
Figure 4.14 A SEM micrograph of the wear scar and a corresponding EDS spectrum of the 

worn surface of the steel ball lubricated by the neat oil. The EDS spectrum was obtained from 

the whole area shown in the SEM micrograph. Adapted from [Article I]. 

 

 
Figure 4.15 A SEM micrograph of the wear scar and a corresponding EDS spectrum of the 

worn surface of the steel ball lubricated with the base oil with 1.0 wt % DOB-DTP. The EDS 

spectrum was obtained from the whole area shown in the SEM micrograph. Adapted from 

[Article I]. 
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4.2.2 Boron-Based Dithiocarbamates 

Figure 4.16 shows 3D images of the wear scars on the balls lubricated by the neat oil and the 

base oil containing 1 wt % of an additive. The images clearly indicate antiwear properties of 

the additives. The balls lubricated by the neat oil have acquired significantly larger wear scars 

compared to the balls lubricated by the additivated oil. 

 

Figure 4.16 3D images of worn ball surfaces lubricated by the neat oil (a); the base oil with 

1.0 wt % DBB-EBzDTC (b); DOB-EBzDTC (c) and DOB-EEDTC (d). Adapted from 

[Article III]. 

 

To get a deeper insight into the morphology and elemental compositions of the tribofilms, the 

wear scars on the balls lubricated by the base oil with alkylborate-ethyl-dithiocarbamates or 

commercial ZnDTP were additionally studied using SEM. The elemental composition of the 

surfaces was further analyzed by the EDS technique. Figure 4.17 represent SEM micrographs 

and EDS spectra of the area shown in the corresponding SEM micrographs. The EDS analysis 

reveals the deposition of sulfur containing compounds on the worn surfaces at both low (0.2 

wt %) and high additive concentrations (1.0 wt %) of all additives studied. A quantitative 

elemental analysis (from EDS spectra) of the tribofilms is given in Table 4.4. Amount of 

sulfur deposited on the worn surfaces from the lubricant containing 1.0 wt % of additives is 
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consistently larger (by ca 20 – 30 %) than sulfur content in the tribofilms for 0.2 wt % of 

additives.  

 

Table 4.4 EDS elemental analysis (atomic %) of tribofilms formed on worn surfaces of balls. 
 
DBB-EBzDTC 
(wt %) 

 
 
 

 
DOB-EBzDTC 
(wt %)  

 
 
 

 
DOB-EEDTC 
(wt %) 

 
Elements 

 
Base oil 

0.2  1.0  0.2 1.0  0.2  1.0 
Fe 98.20 95.61 95.62  95.04 95.82  96.73 97.61 
Cr 1.80 1.64 1.61  1.78 1.91  1.80 1.53 
S   - 0.48 0.63  0.71 0.85  0.71 0.86 
O   - 0.90 2.15  1.47 1.41     -    - 
C   - 1.36   -  1.00    -  0.76    - 

 

 
Figure 4.17 SEM micrographs of the worn ball surfaces lubricated by the base oil containing 

1.0 wt % of DBB-EBzDTC (a); DOB-EBzDTC (b); and DOB-EEDTC (c). EDS spectra of 

the worn surfaces lubricated by the base oil containing 1.0 wt % of DBB-EBzDTC (d); DOB-

EBzDTC (e); and DOB-EEDTC (f). EDS spectra are the average of the whole area shown in 

the corresponding SEM micrographs. Adapted from [Article III]. 

 



Tribological Characterization of Boron Compounds                                                    Chapter 4
 

 105

4.3 Concluding Remarks 

It was found that DOB-DTP has better antiwear and friction properties than Zn-BuDTP in the 

additive concentration range (0.1-1.0 wt %) studied. The friction coefficient was stable over 

time for both low (0.1 wt %) and high (1.0 wt %) concentrations of DOB-DTP in the base oil. 

In contrast, the friction coefficient was unstable at low concentrations of Zn-BuDTP in the 

base oil. Alkylborate-ethyl-dithiophosphates also significantly reduce wear of the steel 

surfaces. DDB-EDTP provides the lowest wear rates compared to DPB-EDTP, DOB-EDTP 

and Zn-BuDTP in the concentration range 0.1-1.0 wt %. All alkylborate-ethyl-

dithiophosphates studied, show lower friction coefficients compared to Zn-BuDTP in the 

concentration range 0.1-1.0 wt %. 

The tribological performance of alkylborate-ethyl-dithiocarbamates and a commercial 

package of ZnDTPs was compared. Alkylborate-ethyl-dithiocarbamates in the concentration 

range of 0.1 - 1.0 wt % have effectively enhanced antiwear properties of the base oil. The 

wear rate was significantly reduced (by ca 30 %) but the friction coefficient has increased (by 

ca 50 %) when the novel additives were mixed at a low concentration with the base oil (0.2 – 

0.8 wt %). It was found that compounds with longer alkyl chains on the borate part of the 

molecule have better antiwear properties and stabilize the friction coefficient over a wide 

range of concentrations of the additives in the base oil. Shorter alkyl chains on nitrogen of the 

dithiocarbamate group also improved the antiwear performance of the base oil. 

Both friction and wear properties of hf-BILs as lubricants were evaluated in comparison with 

15W-50 engine oil for steel-aluminum contacts. The hf-BILs showed both lower friction and 

wear compared with the 15W-50 oil. The hydrolytic stability, low melting points, appropriate 

viscosities and outstanding tribological properties for steel-aluminum contacts make hf-BILs 

attractive as environmentally friendly alternative lubricants. 

Phosphorus and sulfur were detected by SEM/EDS analysis on the worn steel surfaces for 

alkylborate-dithiophosphate and alkylborate-ethyl-dithiophosphate compounds, Zn-BuDTP 

and commercial ZnDTP additives. However, phosphorus was the predominant element in 

depositions from the boron dithiophosphate compounds, while it was sulfur and not 

phosphorus in the surface layers formed by products of decomposition of Zn-BuDTP and 

commercial ZnDTP on steel surfaces.
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CHAPTER 5 

Overall Conclusions 
This thesis is focused on the design, synthesis and tribological investigations of new boron 

based compounds with dithiophosphates (DTPs), dithiocarbamates (DTCs) and as anions in 

halogen-free ionic liquids for future tribological applications. The structure and purity of all 

new boron based compounds were characterized using different techniques such as FTIR, 

liquid-state and solid-state magic-angle-spinning (MAS) (1H, 13C, 31P and 11B) NMR 

spectroscopy, and the elemental analyses (electrospray ionization mass spectrometery ESI-

MS and “CHN” analysis). Physicochemical properties, such as thermal stabilities and phase 

transition temperatures, viscosity, density and conductivity as a function of temperature were 

thoroughly investigated. Tribological evaluation using four ball and pin-on-disc tribometers 

and surface analyses using an optical profiler and Scanning Electron Microscopy coupled 

with X-ray Energy Dispersive Spectroscopy (SEM/EDS) were carried out. 

All novel boron-based compounds have high thermal stability. Alkylborate-ethyl-

dithiophosphates are thermally more stable compared to DOB-DTP, in which boron is directly 

bonded to the sulfur atom of dialkyldithiophosphate. This is because of the high thermal and 

hydrolytic stability of the boron-oxygen bond as compared with the boron-sulfur bond. TGA 

data confirmed that thermal stability of these alkylborate-ethyl-dithiophosphates increase with 

an increase in the length of alkyl chains. On the bases of solid-state NMR data on the residue 

of DPB-EDTP after thermal analyses it was suggested that this compound decomposes into 

different phosphate species with the following formation of borophosphates as final products 

of the thermally induced reactions. It was revealed from the DSC data that chelated 

orthoborate-phosphonium ILs, which are liquids at room temperature, exhibit only low 

temperature glass transitions (from -44 ºC to -73 ºC). On the other hand, chelated orthoborate 

with nitrogen cations are wax-like liquids or solids at room temperature, exhibit a few phase 

transitions: glass transition, crystallisation, solid-solid transition and melting. It was found 

that [EMPy][BScB] and [EMIm][BScB] have glass transition, crystallisation and solid-solid 

transition before melting process, i.e. features typical for plastic crystals. 

Solid-state multinuclear NMR data on orthoborate salts indicates that [BScB] anions and the 

nitrogen based cations strongly interact in the novel ILs. The OH group of the [Chol]+ cation 

is hydrogen bonded with the carbonyl oxygen atom of the [BScB]- anion. This hydrogen 

bonding in the [Chol][BScB] salt was revealed from the single crystal X-ray structure and 

further confirmed by 13C CP/NMR. This interaction makes the two phenyl groups non-
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equivalent in the [BScB]- anion, in turn giving rise to two different chemical shifts of the 

corresponding non-equivalent carbonyl carbon sites in the 13C CP/NMR spectrum. On solid-

state NMR data of [EMIm][BScB] polymorphism of both anions and cations in this salt was 

suggested. This is due to a strong  stacking and C H  interaction between the 

imidazolium cation and the phenyl groups of [BScB]- anions. 

Antiwear and friction properties of boron based dithiophosphates were studied in comparison 

with ZnBuDTP. It was found that DOB-DTP has better antiwear and friction properties 

compared with Zn-BuDTP as additives in the base oil in the concentration range (0.1-1.0 wt 

%) studied. The friction coefficient was stable over time for both small (0.1 wt %) and larger 

(1.0 wt %) concentrations of DOB-DTP in the base oil, while it was unstable at low 

concentrations of Zn-BuDTP in the base oil. Similarly, alkylborate-ethyl-dithiophosphates 

also significantly reduce wear of the steel surfaces in comparison with ZnBuDTP. DDB-

EDTP provides the lowest wear rates compared to DPB-EDTP, DOB-EDTP and Zn-BuDTP 

in the concentration range 0.1-1.0 wt %. It was found that the friction coefficient increases for 

lubricants with Zn-BuDTP and novel boron compounds (except DPB-EDTP) at all 

concentrations of these additives in the base oil studied.  

Both antiwear and friction performances of alkylborate-ethyl-dithiocarbamates were 

compared with a commercial package of ZnDTP. Alkylborate-ethyl-dithiocarbamates in the 

concentration range of 0.1 - 1.0 wt % have effectively enhanced antiwear properties of the 

mineral oil. Some of these compounds showed better antiwear performance as compared with 

commercial ZnDTP. Compounds with longer alkyl chains on the borate part of the molecule 

have better antiwear properties and stabilize the friction coefficient over a wide range of 

concentrations of the additives in the base oil. Shorter alkyl chains on nitrogen of the 

dithiocarbamate group also improved the antiwear performance of the base oil. 

Antiwear and friction properties of hf-BILs as lubricants were evaluated in comparison with 

the 15W-50 engine oil for steel-aluminum contacts. The hf-BILs showed friction and wear 

rates lower than the 15W-50 oil. The friction coefficient for some hf-BILs was stable during 

the experiment 1000 m sliding distance, while it significantly varied for the 15W-50 oil. 

All boron based dithiophosphate and dithiocarbamate compounds are ashless with reduced 

amounts of sulfur and phosphorus. In addition, they have excellent tribological properties, 

high thermal stability, good miscibility with oils, which make them an attractive alternative to 

ZnDTP or other commercial lubricant additives. At the same time, the hydrolytic stability, 

low melting points, appropriate viscosities and outstanding tribological properties of hf-BILs 
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for steel-aluminum contacts make them attractive environmentally friendly lubricants for non-

ferrous materials. 
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CHAPTER 6 

Future Work 
The current trend in automotive industry is to replace heavy ferrous materials by lightweight 

non-ferrous materials in various components such as engines and other tribological systems. 

As the commercial lubricants currently available are unable to form adequate tribofilms on 

non-ferrous materials, the risk is then a lack of suitable lubricants that can provide proper and 

efficient lubrication of these new materials. A possible solution of this technical problem is 

to invoke functionalized ionic liquids (ILs) as lubricants and lubricant additives for non-

ferrous materials. ILs may form stable tribofilms on non-ferrous materials, because of their 

unique chemical properties. 

The key idea of the future work is, thus, to design, synthesize, characterize and tribologically 

optimize other novel halogen-free environmentally friendly ILs lubricants and lubricant 

additives that can reduce both friction and wear in various tribological systems. We also aim 

at investigating of their tribochemical reaction mechanisms using surface sensitive 

techniques such as X-ray Photoelectron Spectroscopy (XPS), Time-of-Flight Secondary Ion 

Mass Spectrometry (ToF-SIMS), Raman and Solid-State NMR Spectroscopy and various 

surface sensitive techniques. 
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