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ABSTRACT 

It is estimated that around 23% of the world’s total energy consumption comes from 

tribological contacts, namely due to energy losses during the mechanical movements, which 

accentuated the need for more efficient lubrication. Lubricants have been used to lower friction 

and wear by separating the surfaces sliding in relative motion, increasing the energy efficiency 

and lifetime of mechanical components. It is of extreme importance that the used lubricants 

comply with the need for higher sustainability and, with that in mind, researchers all over the 

world are continuously in the search for new and improved ways of reducing friction and 

wear. 

Ionic Liquids (ILs) are organic salts with low melting point (generally lower than 100 °C) 

that have attracted the research community due to their very interesting properties such as 

high chemical and thermal stability, high ionic conductivity, non-flammability, ease in 

dissolving organic, inorganic and polymeric materials and their tunability towards several 

applications through the combination of different cations and anions. Besides that, they have 

very low vapor pressures which makes them environmentally friendly materials. Ionic 

Liquids often have good performance in friction and wear reduction, by enhancing the 

tribofilm formation between different tribopairs, making them very promising alternative 

lubricants. However, they are very expensive to be used as pure lubricants. Viable alternatives 

are the use of ionic liquids as additives to a base oil or the use of Deep Eutectic Solvents (DESs), 

which are mixtures possessing a significant decrease on the melting temperature comparing 

to the original individual components. DESs have similar properties to ILs but can be less toxic, 

cheaper and easier to prepare, which makes them very interesting and promising lubricant 

candidates. 

 In this thesis, the use of different ionic liquids as additives and deep eutectic solvents 

as lubricants is proposed, with the goal of reducing friction and wear between moving parts, 

towards a more sustainable world. The most promising fluids can be applied in Nano and 

Micro electromechanical devices (NEMS/MEMS) which are made of silicon, and also in 

bearings of steel, which is one of the main materials used in industry. 
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RESUMO 

Estima-se que ~23% da energia total consumida no mundo provem de contactos 

tribológicos, nomeadamente devido a perdas de energia durante movimentos mecânicos, o 

que acentua a necessidade de uma lubrificação mais eficiente. Os lubrificantes têm vindo a ser 

utilizados para reduzir o atrito e desgaste através da separação das superfícies deslizantes em 

movimento relativo, aumentando a eficiência energética e o tempo de vida dos componentes 

mecânicos. É de extrema importância que o uso de lubrificantes cumpra os critérios de uma 

maior sustentabilidade e, com isso em mente, os investigadores estão continuamente à procura 

de formas novas e melhoradas de reduzir o atrito e desgaste. 

Os Líquidos Iónicos são sais orgânicos com baixo ponto de fusão (geralmente abaixo de 

100 °C) que têm vindo a atrair a atenção da comunidade científica devido às suas propriedades 

interessantes tais como elevada estabilidade química e térmica, elevada condutividade iónica, 

não inflamabilidade, facilidade em dissolver materiais orgânicos, inorgânicos e poliméricos e 

a sua capacidade de adequação para diferentes aplicações através da combinação de catiões e 

aniões diferentes. Além disso, apresentam uma pressão de vapor muito baixa, o que os torna 

materiais amigos do ambiente. Os líquidos iónicos têm frequentemente bom desempenho em 

termos de redução de atrito e desgaste, originando a formação de tribofilmes entre diferentes 

tribopares, o que os torna lubrificantes alternativos muito promissores. No entanto, o seu 

preço é demasiado alto para serem utilizados como lubrificantes puros. Algumas alternativas 

viáveis são o uso de líquidos iónicos como aditivos a um óleo base ou o uso de Solventes 

Eutéticos Profundos (em inglês Deep Eutectic Solvents, DESs), que são misturas cuja 

temperatura de fusão é muito menor do que as dos componentes individuais que lhes deram 

origem. Os DESs apresentam propriedades semelhantes às dos líquidos iónicos mas são menos 

tóxicos, mais baratos e mais fáceis de preparar, o que os torna muito interessantes como 

lubrificantes. 

Nesta tese, propõe-se a utilização de diferentes líquidos iónicos como aditivos e 

solventes eutéticos profundos como lubrificantes, com o objetivo de diminuir o atrito e 

desgaste entre superfícies com partes móveis, tendo em vista um mundo mais sustentável. Os 

fluídos mais promissores poderão ser utilizados em dispositivos Nano e Micro 
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eletromecânicos (NEMS/MEMS) que são constituídos por silício, e também em rolamentos de 

aço, que é um dos principais materiais utilizados na indústria. 

 

Palavas chave: Líquidos Iónicos, Solventes Eutéticos Profundos, Atrito, Desgaste, 

MEMS/NEMS.
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THESIS GUIDELINES 

I decided to present my thesis in an article-based format, dividing it into four chapters: 

Chapter 1, where a state-of-the-art is presented, focusing on the use of ionic liquids and deep 

eutectic solvents as alternative lubricants; Chapters 2 and 3 with focus on the application of 

ionic liquids as additives and eutectic systems as neat lubricants for nano and 

microelectromechanical devices (MEMS/NEMS); and finally Chapter 4 which focuses on the 

application of ionic liquids and eutetic systems to the lubrication of steel bearings. 

Chapter 1 introduces the general context of lubrication and the recent developments on the 

use of ionic liquids and deep eutectic solvents as lubricants, as well as the main objectives and 

motivation for the thesis. 

Chapters 2 and 3 are divided into several sub-chapters containing the published or submitted/ 

ready to submit peer reviewed scientific articles, although they are not in chronological order 

of publication. They are, instead, presented in a way that a comprehensive progress of the field 

is built. These chapters comprise the synthesis of the ILs and preparation of DESs, as well as 

their physico-chemical characterization and tribological application for MEMS/NEMS. In 

these chapters it is also possible to find a brief review on the state of the art, the materials and 

methods, the results and discussion as well as conclusion for each work. 

Finally, Chapter 4 is based on the application of the most promising ionic liquids and deep 

eutectic solvents in the lubrication of steel bearings. This final part was performed in the 

University of Pennsylvania, Philadelphia, USA, under the supervision of Professor Robert 

Carpick and post doctoral researcher Dr. Pranjal Nautiyal. 
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1 

 

INTRODUCTION 

 

 

 

 

This chapter presents a state of the art on the use of Ionic Liquids and Deep Eutectic Solvents 

as lubricants. It is based on the published paper: M. T. Donato, R. Colaço, L. C. Branco, B. 

Saramago, A review on alternative lubricants: ionic liquids as additives and deep eutectic 

solvents, Journal of Molecular Liquids 2021, 333, 116004. 

 

  

1 
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1.1 General context 

It is estimated that around 23% of the world's total energy consumption comes from 

tribological contacts, namely due to energy losses during mechanical movements.[1] From 

those, ~20% are related with friction and~3% with wear. Efficient lubrication could eventually 

decrease these energy losses by 40% in the long term and by 18% in the short term. This would 

correspond to savings of 1.4% of the gross domestic product in the USA and of 8.7% of the 

worldwide energy consumption in the long term. With that in mind and moving towards a 

more sustainable world, it is of extreme importance to have good lubrication between moving 

parts, aiming at improving global energy efficiency. 

Lubricants are substances used to ensure the adequate performance of equipment and 

machinery involving moving parts through the reduction of friction and wear.[2,3] Lubricants 

can be liquids (e.g. oil or water), solids (graphite, graphene, Teflon®, molybdenum and 

tungsten disulfide) or semi-solids (e.g. grease), depending on the application. Fluid lubrication 

is used when the operating conditions are mild because it is easy to apply, has long term 

service life, leads to low mechanical noise and promotes thermal conductance.[4] The 

conventional commercial fluid lubricants are pure mineral oils or mixtures with additives 

(between 5 and 30%). Besides reducing friction and wear, additives are used to provide better 

viscosity, viscosity index and resistance to processes of oxidation and corrosion. The demand 

for new and more efficient lubricants has grown due to technological development and 

ecological issues, and ionic liquids (ILs) have demonstrated great potential in lubrication. 

However, they are very expensive to be used as pure lubricants, so the use of ILs as additives 

became a much more adopted approach. Deep Eutectic Solvents (DES) share some of the 

unique properties of ILs but with the advantages of being cheaper, easier to prepare and less 

toxic, which makes them very sustainable lubricant alternatives. The objective of the Ph.D. was 

to develop and characterize new ionic liquids and deep eutectic solvents with potentially good 

tribological properties, namely in silicon contacts, which mimic NEMS/MEMS devices, and 

steel surfaces, since steel is yet one of the most widely used materials due to its hardness and 

resistance. 

1.2 Tribology: friction, wear and lubrication 

Tribology is the science of interaction of solid surfaces in motion and includes the study of 

friction, wear, and lubrication.[5] Lubrication aims at minimizing friction and wear, and can be 

classified in three regimes, according to the Stribeck curve defined as the plot of coefficient of 

friction (CoF) vs. Sommerfeld parameter (Figure 1.1). The Sommerfeld parameter, Z, is defined 

by the following equation: 

 

     𝑍 =
𝜂𝑣𝑟

𝑁
                       Eq. 1.1 

2 
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where η is the fluid viscosity, ν is the sliding speed, r is the radius of the sphere used as counter-

body and N is the applied load. Depending on the distance that separates the two surfaces, 

lubrication can be (i) hydrodynamic, (ii) elasto-hydrodynamic (EHL), (iii) mixed lubrication 

and (iv) boundary lubrication. 

In boundary lubrication, also called limit lubrication, the sliding surfaces are separated by a 

very thin molecular film of lubricant so the chemical and physical natures of the surfaces and 

lubricant are of extreme importance. In this regime the asperities of the two lubricated surfaces 

in relative motion with each other may come into physical contact and the potential for 

abrasion and/or adhesion occurs. Under heavily load conditions or low speeds (lower Z) the 

surfaces may actually come into severe contact with each other because the oil film is not thick 

enough to overcome the surface roughness of the substrate, resulting in a specific film 

thickness, λ<1, in which λ is the ratio between the lubricant film thickness and the composite 

surface roughness of the two contacting surfaces. Improving boundary lubrication and thus 

avoiding higher friction can be obtained by tuning the lubricant’s viscosity: a lubricant with 

too low viscosity cannot prevent contact between the sliding surfaces; on the other hand, a 

lubricant with too high viscosity will result in an increased internal friction, which in turn 

leads to energy loss. Another way of overcoming boundary lubrication challenges is to use 

anti-wear or extreme pressure additives. The additives react with the surface asperities that 

have come into contact by responding to the high pressure and high temperature of contact 

and forming a protective sacrificial film that is worn away, instead of the metal surface, as the 

surfaces slide or roll over each other. 

As sliding speeds increase, a thicker lubricant film is formed between the sliding surfaces, 

reducing asperities’ contact and coefficient of friction. This is known as the mixed regime, in 

which the load is supported by both the asperities in contact and the lubricant. As the film 

thickness of the lubricant increases (1<λ<3), the system moves into full film lubrication, going 

towards the right part of the Stribeck curve. 

In elasto-hydrodynamic lubrication regime (EHL), a rolling motion exists between the moving 

surfaces and the contact zone has a low degree of conformity. This rolling motion causes an 

increase in pressure on the point of contact. This in turn causes the lubricant’s pressure to rise 

sharply, increasing its viscosity and load-holding capability, which leads to slight deformation 

of the surface, called plastic deformation. 

In hydrodynamic regime, the load is fully supported by the formed film, which means that 

the lubricant lifts the contacting surface so there is little risk of asperity contact (λ>3). For this 

lubrication regime to occur, the contacting pressure must be low. Also the lubricant’s viscosity 

must be such that this regime will be maintained under every operating conditions such as 

high speed and high load, low speed and high load, low speed and low load, etc. However, if 

the lubricant’s viscosity is too high, the internal resistance of the oil’s molecules will reduce 

3 
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operating efficiency and temperature will increase. This lubrication regime is desirable to 

avoid friction and wear and any remaining friction is found on the lubricant itself. 

 

 

 

Figure 1.1. Different lubrication regimes: (i) hydrodynamic, (ii) elasto-hydrodynamic (EHL), 

(iii) mixed lubrication and (iv) boundary lubrication. 

1.3 Ionic Liquids as lubricants 

Ionic Liquids (ILs) are defined as organic salts comprised entirely of ions, which exhibit 

melting points below 100 °C.[6] They were first reported in the literature in the beginning of 

the last century, but with higher impact in the 1980’s.[7] ILs have unique properties such as 

high chemical and thermal stability, almost negligible vapor pressure, non-flammability, high 

ionic conductivity and ease in dissolving organic, inorganic and polymeric materials.[8] 

Besides, it is important to stress the possibility of tuning the IL’s physico-chemical properties 

such as melting point, viscosity, density, polarity and solubility through the combination of 

different cations and anions, making them suitable for many applications.[9] The range of 

applications of ILs is very wide including the use as electrolytes in batteries or for metal 

electrodeposition[10,11] and as alternative solvents for organic synthesis and catalysis, instead of 

the commonly used organic ones that are toxic and harmful to the environment.[7,12–15] In 

general, ILs have been applied in several research topics including Chemical Engineering, 

Tribology, Analytical Chemistry, Materials, Biology, Biotechnology, Physical Chemistry and 

Pharmacy,[16] among others. 

4 
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In the Tribology field, ILs have emerged as a greener alternative for the commonly used oils. 

They were first proposed as lubricants in 2001 by Ye et al.[17] in a pioneer study using the 

imidazolium-based ILs 1-methyl-3-hexylimidazolium tetrafluoroborate [C6MIM][BF4] and 1-

ethyl-3-hexylimidazolium tetrafluoroborate [C6C2im][BF4]. The ILs were investigated as neat 

lubricants in several types of contacts and, when compared to traditional lubricants, such as 

perfluoropolyether and phosphazene, they exhibited superior tribological performance, 

namely friction and wear reduction. Since then, many papers, including some extensive 

reviews,[2,18–21] have been published reporting the tribological application of ILs. In contrast, 

the use of ILs as lubricant additives has been addressed in a much smaller number of papers 

and reviews [8,21,22] and thus it will be one of the focus points of this work. 

 Ionic Liquids as lubricant additives 

ILs have demonstrated an excellent performance as lubricants, but they are still too expensive 

to be applied in industry as neat lubricants. A viable solution to overcome this disadvantage 

is to use ILs as additives to common lubricant base oils. ILs were firstly proposed as room 

temperature lubricant additives in studies performed by Iglesias et al.[23] and Jiménez et al.[24,25] 

in 2004-2006 but, only in 2012, with the synthesis of ILs soluble in nonpolar lubricant oils,[26] 

the investigation of lubrication with IL additives became a trending research topic. Since then, 

many articles were published, but, to our knowledge, the developments of the research in this 

field were addressed only in three review articles, the first one published in 2017[8] and the 

other two, in 2020.[21,22] The correlations of the chemical structure and other physicochemical 

properties of the IL additives with their tribological performance and the role of the tribofilms 

were discussed in the first two references,[8,21] while the use of ILs as additives in bio-lubricants 

was addressed in the latter one.[22] 

In this chapter, the data are organized by IL families and the most relevant results are 

presented in chronological order. The division in families was done according to the chemical 

nature of their organic cations, since many studies concentrate on a particular cation combined 

with several anions and the number of homologous cation-based series is much larger than 

the one based on anions. In this context, the following organic cations were chosen: 

imidazolium, phosphonium, ammonium, pyrrolidinium, pyridinium and guanidinium. A 

final section is dedicated to miscellaneous ILs. The structures of the cations and the anions 

involved are presented in Figure 1.2. An overview of the studied systems, according to the 

cation, is given in Table 1.1 which includes the amount of IL used, the base stock, the type of 

system/contact and the respective paper where the results are published. 

 

 

 

 

 



 8 5 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1

 

 

6 

lalala lala



 7 5 

 

7 



 8 5 

 
Figure 1.2. Structures of the cations and anions reviewed on this paper. 
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Table 1.1. Overview of the studied systems, according to the cation. 
 

Cation R Anions Amount/ wt.% Base stock System Ref 

Im
id

az
o

li
u

m
 

R1=methyl, R2=butyl, 

[C4MIM] 

[PF6] 1 
Polyurea 

grease (PUG) 

Steel/ 

Steel 

(S/S) 

[27] 

[PF6] 0.1 Graphene (GO) S/S [28] 

[BF4] 0.1 GO S/S [28] 

[NTf2] 0.1 GO S/S [28] 

[TfO] 2 Polyethylene glycol (PEG) S/Si [29] 

[DCA] 2 PEG S/Si [29] 

R1=methyl, R2=hexyl, 

[C6MIM] 

[PF6] 
1 PUG S/S [27] 

2 PEG S/S [30] 

[BF4] 1 PUG S/S [27] 

[NTf2] 0.1 GO S/S [28] 

R1=methyl, R2=octyl, 

[C8MIM] 

[PF6] 1 PUG S/S [27] 

[BF4] 5 
Isoparaffinic 

base oil+GO 
S/sapphire [31] 

R1=methyl, R2=decyl, [C10MIM] [PF6] 1 PUG S/S [27] 

R1=methyl, R2=hydroxyethyl, [C2OHMIM] 
[BF4] 1 GO+Water S/S [32] 

[NTf2] 1 GO+Water S/S [32] 

R1=methyl, R2=ethyl, [C2MIM] [BF4] 1 Propylene Glycol Dioleate (PGDO) S/Al [33] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=methyl, R2=ethyl, [C2MIM] 

[NTf2] 1 PGDO S/Al [33] 

[MeSO4] 0.63, 2.5, 6 Glycerol S/S [34] 

[BuSO4] 0.63, 2.5, 6 Glycerol S/S [34] 

[OcSO4] 0.63, 2.5, 6 Glycerol S/S [34] 

[TfO] 2 PEG S/Si [29] 

[EtSO4] 2 PEG S/Si [29] 

R1=methyl, R2=hexadecyl, [C12MIM] [BF4] 0.1-2 Liquid paraffin S/S [35] 

R1=methyl, R2=1-(3,5-ditert-butyl-4-hydroxybenzyl), 

[BHTMIM] 

[PF6] 

1 PEG S/S [36] 

2 PEG, PUG S/S [30] 

[BF4] 1 PEG S/S [36] 

[NTf2] 1 PEG S/S [36] 

R1=methyl, R2=3-((1H-benzo[d][1,2,3] triazol-1-

yl)methyl)-1-methyl-1H, [BTAMIM] 

[PF6] 2 PEG, PUG 
S/S [30,37]  

S/Cu [38] 

[BF4] 2 PEG, PUG S/S [37] 

[NTf2] 2 PEG, PUG S/S [37] 

R1=methyl, R2=2,6-di-tert-butyl-4-(chloromethyl) 

phenol 
[PF6] 2 PEG S/S [30] 

R1=methyl, R2=1-(chloromethyl)-1H-

benzo[d][1,2,3]triazole 
[PF6] 2 PEG S/S [30] 

R1=vinyl, R2=ethyl, [EVIM] [EtSO4] 2 PEG S/Si [29] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=methyl, R2=1-((1H-benzo[d][1,2,3]triazol-1-

yl)methyl) 
[PF6] 2 PEG S/S [30] 

R1=methyl, R2=1-(2-hydroxyethyl), [C2OHMIM] 
[TfO] 2 PEG S/Si [29] 

[DCA] 2 PEG S/Si [29] 

R1=methyl, R2=1-allyl, [AMIM] [TfO] 2 PEG S/Si [29] 

R1= methyl, R2=triethylene glycol, [MIM-TEG-MIM] 

[Cl]2 1 Polypropylene glycol, PPG S/S [39] 

[NTf]2 1 PPG S/S [39] 

[MeSO3]2 1 PPG S/S [39] 

R1=methyl, R2=H, R3=pentyl, [MIM(C5)MIM] [BScB 2 PEG200 S/S [40] 

R1=R2=methyl, R2=pentyl, [DMIM(C5)DMIM] [BScB] 2 PEG200 S/S [40] 

R1=butyl, R2=H, R3=pentyl, [C4MIM(C5)C4MIM] [BScB] 2 PEG200 S/S [40] 

P
h

o
sp

h
o

n
iu

m
 

R1=R2=R3=hexyl, R4=tetradecyl, [P66614] 

[BTMPP] 

5 
Polyalphaolefin (PAO), 10W, 

10W30 
S/Fe [41] 

6* SAE 15W40 Fe/Fe [42,43] 

0.25, 0.5, 1 YUBASETM S/S [44] 

1 Gas-to-liquids base oil (GTL) S/Fe [45] 

[BEHP] 

5 PAO, 10W, 10W30 S/Fe [41] 

1 
Zinc di-alkyl di-thiophosphate 

(ZDDP) 
S/S [46] 

1 ZDDP Si3N4/S [46] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=R2=R3=hexyl, R4=tetradecyl, [P66614] 

[BEHP] 

1.03 PAO4 S/Fe [47] 

1.04 GTL 4 cSt S/Fe [48] 

6* SAE 15W40 Fe/Fe [42,43] 

0.25, 0.5, 1 YUBASETM S/S [44] 

1.04 GTL S/Fe [45] 

1 
0.1 wt.% boron nitride 

nanoparticles (h-BN)+ PAO 32 
S/S [49] 

[BTMPP] 1 0.1 wt.% h-BN + PAO 32 S/S [49] 

[DEP] 1 VO, BPE, TMP, TTM S/S [50] 

[FAP] 1 VO, BPE, TMP, TTM S/S [50] 

[DBP] 5 PAO, 10W, 10W30 S/Fe [41] 

[BTMPDTP] 5 PAO, 10W, 10W30 S/Fe [41] 

[DPP] 0.7-0.9 Safflower oil (SO) S/S [51] 

[CA] 1.65 PAO4 S/Fe [47] 

[DC] - PAO4 S/Fe [47] 

[ST] 1.98 PAO4 S/Fe [47] 

[SO3]2- 2.44 PAO4 S/Fe [47] 

[BTMPP] 0.1 
60 wt.% solvent neutral 150W + 40 

wt.% bright stock 90W 
S/S [52] 

[NTf2] 0.1 150W+90W S/S [52] 
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R Anions Amount/ wt.% Base stock System Ref 

R1= R2=R3=butyl, methyl, R4=ethyl, [P4442] 
[DEP] 

1 0.1 wt.% h-BN + PAO 32 S/S [49] 

1 VO, BPE, TMP, TTM S/S [50] 

2 

0.1 wt.% h-BN + TTM, 

0.1 wt.% graphene nanoplatelets 

(GnPs) + TTM 

S/S [53] 

[FAP] 1 VO, BPE, TMP, TTM S/S [50] 

R1=methyl, R2=R3=R4=butyl, [P1444] 

[DPP] 0.7-0.9 SO S/S [51] 

[DMP] 
0.7-3.4 

[C2im][TBB], [aim][TBB], 

[C4MIM][NTf2] 
S/S [54] 

0.1 150W+90W S/S [52] 

R1=R2=R3=R4=butyl, [P4444] 
[BEHP] 

0.75 PAO4 S/Fe [47] 

1.04 GTL 4 cSt S/Fe [48] 

[DEDTP] 0.1 150W+90W S/S [52] 

R1=methyl, R2=R3=R4=octyl, [P1888] 
[DBP] 5 FVA3 S/S [55] 

[BTMPP] 5 FVA3 S/S [55] 

R1=R2=R3=R4=octyl, [P8888] [BEHP] 1.04 GTL 4 cSt S/Fe [48] 

R1=R2=R3=octyl, R4=tetradecyl, [P44414] [BEHP] 1.04 GTL 4 cSt S/Fe [48] 

R1=R2=R3= butyl, R4=octyl, [P4448] [BEHP] 1.04 GTL 4 cSt S/Fe [48] 

A
m

m
o

n
iu

m
 

R1=ethyl, R2=R3=methyl, R4=methoxyethyl, 

[N2112OCH3] 
[FAP] 1 PAO6 

CrN PVD, 

TiN PVD 

coatings 

[56,57] 



 14 

R Anions Amount/ wt.% Base stock System Ref 

R1=R2= CH2CH2OH, R3=R4=H, [N22HHOH]2 [AD] 1 PAO6 Cu/Cu [58] 

R1=R2= CH2CH2OH, R3=R4=H, [N22HHOH] 

[SA] - PAO6 Cu/Cu [58] 

[OL] - PAO6 Cu/Cu [58] 

[SU] 1 Water Sapphire/S [59] 

R1=octadecyl, R2=R3=R4=H, [N18HHH] [C17BS] 2 PAO10 S/S [60] 

R1=dodecyl, R2=R3=R4=H, [N12HHH] [C17BS] 2 PAO10 S/S [60] 

R1=methyl, R2=R3=R4=octyl, [N1888] 

[DOSS] 1 PAO 
S/S 

S/Cu 
[61] 

[DBP] 5 FVA3 S/S [55] 

[BTMPP] 5 FVA3 S/S [55] 

R1=methyl, R2=R3=R4=dodecyl, [N1121212] 

[DOSS] 1 PAO 
S/S 

S/Cu 
[61] 

[DBP] 5 FVA3 S/S [55] 

[BTMPP] 5 FVA3 S/S [55] 

R1=R2=R3=octyl, R4=H, [N888H] 
[BEHP] 1.74 

Low viscosity base oil + Exp. Base 

oil 
S/Fe [62] 

[BEHP] 1.04 GTL S/Fe [45] 

R1=R2=R3=propyl, R4=pentyl, [N3335] [BScB] 2 PEG200 S/S [40] 

R1=R2=R3=octyl, R4=pentyl, [N8885] [BScB] 2 PEG200 S/S [40] 

R1=R2=methyl, R3=cyclohexane, R4= Cy65, [N11Cy65] [BScB] 2 PEG200 S/S [40] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=R2=R3=R4=octyl, [N8888] 

[BEHP] 2.04 Low visc. base oil + Exp. Base oil S/Fe [62] 

[DOSS] 1 PAO 
S/S 

S/Cu 
[61] 

[PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=R2=R3=nonyl, R4=octyl, [N9998] [PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=R2=R3=decyl, R4=octyl, [N1010108] [PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=R2=R3=octyl, R4=dodecyl, [N88812] [PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=R2=R3=nonyl, R4=dodecyl [N99912] [PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=R2=R3=decyl, R4=dodecyl [N10101012] [PO3] 0.5, 1, 2, 3 PAO10 S/S [63] 

R1=methyl, R2=R3=R4=octyl, [N1888] 
[BEHP] 1.78 Low visc. base oil + Exp. Base oil S/Fe [62] 

[DOSS] 1 PAO S/S, S/Cu [61] 

R1=R2=R3=R4=butyl, [N4444] 

[AS] 0.15, 0.3, 1, 1.5, 

2, 3 

Solvent neutral N-150 S/S [64] 

[GL] N-150 S/S [64] 

[DOSS] 1 PAO S/S, S/Cu [61] 

[DBP] 0.5 P106, PAO10 + PAO40, EO S/Al [65] 

[MAB] 0.5, 1, 2 PEG200 S/S [66] 

[SAB] 0.5, 1, 2 PEG200 S/S [66] 

[GAB] 0.5, 1, 2 PEG200 S/S [66] 

[AAB] 0.5, 1, 2 PEG200 S/S [66] 

[ST] 2 Polyol Ester (PE) S/S [67] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=butyl, R2=R3=R4=H, [N4HHH] 

[OL] 2 PE S/S [67] 

[LN] 2 PE S/S [67] 

[AS] 2 PE S/S [68] 

[GL] 2 PE S/S [68] 

[DBP] 0.5 P106, PAO10 + PAO40, EO S/Al [65] 

R1=R2=R3=R4=hexyl, [N6666] 
[CA] 0,5, 2 PE S/S [69] 

[PAL] 0.5, 2 PE S/S [69] 

R1=R2=butyl, R3=R4=H, [N44HH] 
[BP] 0.1-5 PEG S/S [70] 

[EP] 0.1-5 PEG S/S [70] 

R1=R2=R3=dodecyl, R4=C3H6PO(OC2H5)2, 

[N121212C3POOC2] 

[DOSS] 1, 2, 3 PAO10 S/S [71] 

[LATS] 1, 2, 3 PAO10 S/S [71] 

R1=R2=R3=methyl, R4= hexadecyl, [N11116] [BEHP] 1 PAO10 S/S [72] 

R1=R2=R3=methyl, R4=hexadecyl, [N11116]2 [BEHP]2 1 PAO10 S/S [72] 

R1=R2=R3=ethyl, R4= methyl, [N2221] [MeSO4] 0.625, 2.5, 8 Glycerol S/S [73] 

R1=R2=H, R3=R4= C2H4OH, [N22HHOH]2 [SU] 1 Water S/S [74] 

P
y

rr
o

li
d

in
iu

m
 a

n
d

 

P
y

ri
d

in
iu

m
 

R1=butyl, R2=methyl, 

[C4C1-pyrr] 
[FAP] Neat PAO 

TiN, CrN, 

DLC coatings 

[75] 

R1=butyl, R2= methyl, 

[C4C1-pyr] 

[NTf2] 5 PAO S/S [76] 

[MeSO4] 0.625, 2.5, 8 Glycerol S/S [73] 

R1=methyl, R2=TEG, [C1-pyrr-TEG-C1-pyrr] [Cl]2 1 PPG S/S [39] 
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R Anions Amount/ wt.% Base stock System Ref 

R1=methyl, R2=TEG, [C1-pyrr-TEG-C1-pyrr] 
[NTf2]2 1 PPG S/S [39] 

[MeSO3]2 1 PPG S/S [39] 

R1=methyl, R2=R3=R4= H, 

[C1-pyr] 

[MeSO4] 0.25, 0.5, 1.0 Glycerol S/S [77] 

[NTf2] 0.25, 0.5, 1.0 Glycerol S/S [77] 

R1=methyl, R2=R3=R4= CH2OCH2, 

[C1-pyr(CH2OCH2)3C1-pyr] 

[MeSO4]2 0.25, 0.5, 1.0 Glycerol S/S [77] 

[NTf2]2 0.25, 0.5, 1.0 Glycerol S/S [77] 

G
u

an
id

in
iu

m
 

R1=R2=R3=R4=methyl, [TMG] 

[CA] 
0.05, 0.1, 0.5, 1, 

1.5 
N-150 S/S [78] 

[MA] 
0.05, 0.1, 0.5, 1, 

1.5 
N-150 S/S [78] 

[OL] 
0.05, 0.1, 0.5, 1, 

1.5 
N-150 S/S [78] 

[EA] 
0.05, 0.1, 0.5, 1, 

1.5 
N-150 S/S [78] 

[LN] 
0.05, 0.1, 0.5, 1, 

1.5 
N-150 S/S [78] 

[HT] 0.5, 1, 2, 3 PEG200 S/S [79] 

[GL] 0.5, 1, 2, 3 PEG200 S/S [79] 

[AS] 0.5, 1, 2, 3 PEG200 S/S [79] 

M
is

ce

ll
an

eo

u
s [Li(C3N3(OR)3)] [NTf2] 0.1-1 

Multiply-alkylated cyclopentanes 

(MACs) 
S/S [80] 
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R Anions Amount/ wt.% Base stock System Ref 

[Li(P3N3(OR)6] [NTf2] 0.1-1 MACs S/S [80] 

[Li(BTAG3)] 

[BF4] 1 MACs S/S [80] 

[PF6] 1 MACs S/S [80] 

[TfO] 1 MACs S/S [80] 

[NTf2] 1 MACs S/S [80] 

[Li(glyme)] [NTf2] 1, 3, 5 PEG400 S/S [81] 

[Ch] 
[BEHP] 0.1 150W+90W S/S [52] 

[DBDTP] 0.1 150W+90W S/S [52] 

PANI-doped [C4-3-MIM] 

[PF6] 
0.2 

0.3 

PAO 

PUG 
S/S [82] 

[BF4] 
0.2 

0.3 

PAO 

PUG 
S/S [82] 

*vol.% 
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1.3.1.1 Imidazolium-based additives 

 

Imidazolium-based ILs are probably the most used additives since the initial works in the 

years 2004-2009.[8,83–85] In the beginning of the present decade, the group of Liu studied the 

effect of adding imidazolium-based ILs to poly(ethylene glycol) (PEG) and polyurea grease 

(PUG) on the lubrication of steel/steel and steel/copper pairs at room and high temperatures. 

They found great friction and wear reduction, which was attributed to the formation of 

boundary lubrication films. Several kinds of ILs composed by the anions tetrafluoroborate 

[BF4], hexafluorophosphate [PF6] and bis(tri fluoro methyl sulfonyl) imide [NTf2], and by 

imidazolium-based cations containing alkyl groups,[27] sterically hindered phenol groups,[36] a 

benzotriazole group [37,38] and both phenol and benzotriazole groups [30] were tested. The bi-

functional ILs investigated in the latter work were able to overcome the corrosion problems 

associated with the hydrolysis of perfluoro anions and, when added to PEG400, revealed 

better tribological properties than the commonly used IL-additive P106 (1-methyl-3-hexyl-

imidazolium hexafluorophosphate). XPS analysis suggested the formation of protective films 

by tribochemical reaction leading to iron-containing compounds, but physical adsorption 

leading to nitrogen double-bond compounds could not be ruled out. 

Jiménez and Bermúdez studied the effect of adding short alkyl chain imidazolium ILs to 

propylene glycol dioleate in the lubrication of aluminum alloys and found reduction of wear 

but no alteration in friction.[33] Alternatively, Zhang et al.[35] synthesized a long alkyl chain 

imidazolium IL liquid crystal, which was used as an additive to liquid paraffin in the 

lubrication of steel/steel contacts. They found a decrease both in CoF and wear due to the 

formation of a protective film on the steel surface, which underwent a transition to a 

mesophase due to friction-induced heating. 

Pejaković et al.[34] studied the behavior of 1-ethyl-3-methylimidazolium sulfates, with different 

alkyl chain lengths in the anion, as additives to glycerol. The lubrication tests using steel/steel 

pairs demonstrated that the anion n-butyl sulfate was better than the anions methyl and octyl 

sulfate for low-speed conditions. When compared to octyl sulfate, this could be due to the 

larger number of molecules of 1-ethyl-3-methylimidazolium n-butyl sulfate able to form the 

protective surface layer, since the solutions contained the same weight ratio of ILs. The same 

group found that, at high temperatures, the maximum efficacy of these additives was obtained 

at very small concentrations (<0.63 w%) and should be related with the possibility of the sulfate 

group interacting with the steel surface to form a sulfidic species, rather than with the length 

of the anion alkyl chain.[86] 

Several authors studied the possibility of associating imidazolium-based ILs to graphene to 

achieve additives with good efficiency. Fan and Wang[28] modified sheets of graphene oxide 

(GO) and graphene (G) with 1-butyl-3-methylimidazolium tetrafluoroborate [C4-3-MIM][BF4], 

1-butyl-3-methylimidazolium hexafluorophosphate [C4-3-MIM][PF6], and 1-hexyl-3-
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methylimidazolium bis(tri fluoro methyl sulfonyl)imide [C6-3-MIM][NTf2] and added them 

on multialkylated cyclopentanes to lubricate steel contacts. They found considerable reduction 

of friction and wear, which was attributed to the formation of films by physical adsorption of 

GO and G and tribo-chemical reactions between the functional groups of ILs and the surfaces. 

Sanes et al.[31] used the IL 1-octyl-3-methylimidazolium tetrafluoroborate [C8-3-MIM][BF4], 

graphene and graphene+IL as additives in an isoparaffinic base oil at room temperature and a 

fully-formulated base oil at 150 °C. The tribological tests were performed with a sapphire-

stainless steel system. In the case of isoparaffinic base oil, the best performance was obtained 

with graphene+IL because the IL contributed for the separation of the sliding surfaces. No 

tribo-corrosion was observed in any case when the IL was present as additive; moreover, the 

presence of the IL could prevent oxidation of the wear tracks on the surface. In the case of the 

tests performed with the fully-formulated base oil at 150 °C, the addition of a small amount of 

graphene was sufficient to reduce the CoF up to 73%, which was attributed to the formation 

of a protective graphene-containing layer on the surface. Recently, Gan et al. used two ILs 

based on the cation 1-(2-hydroxyethyl)-3-methylimidazoium [C2OHMIM] and the anions [BF4] 

and [NTf2] as coupling agents to functionalize GO, which was then dispersed in water.[32] The 

obtained dispersions were used in the lubrication of steel pairs and exhibited excellent anti-

wear properties. The authors attributed this behavior to electrostatic adsorption of a self-

healing and self-wetting film on the interface region. 

More recently, Amorim et al.[29] reported imidazolium based additives to lubricate silicon 

surfaces. The studied ionic liquids were 1-ethyl-3-metylimidazolium triflate [C2MIM][TfO], 1-

butyl-3-methylimidazolium triflate [C4MIM][TfO], 1-(2-hydroxyethyl)-3-methylimidazolium 

triflate [C2OHMIM][TfO], allyl methylimidazolium triflate [AMIM][TfO], 1-butyl-3-

methylimidazolium dicyanamide [C4MIM][DCA], 1-(2-hydroxyethyl)-3-methylimidazolium 

dicyanamide [C2OHMIM][DCA], 1-ethyl-3-methylimidazolium ethyl sulfate [C2MIM][EtSO4] 

and 1-ethyl-3-vinylimidazolium ethyl sulfate [evim][EtSO4] as 2 wt.% additives to PEG 200. 

The structures of the studies ILs and the results of the tribological experiments are presented 

in Figure 1.3. A decrease in the CoF was observed for all the ILs added to PEG 200 when 

comparing to the neat base oil. ILs containing the anion ethyl sulfate yielded the best results, 

while the ILs with triflate anion led to the worst. XPS analysis confirmed that the interaction 

of the anion ethyl sulfate with the silicon surface was stronger than that of the anion triflate. 

The efficiency of ethyl sulfate to reduce friction was previously reported in the literature, in 

studies involving ILs as neat lubricants.[87,88] 
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Figure 1.3. Structures of the studied ILs and CoF vs. Z for the best performing dry liquids 

according to the anion: (A) [TfO] based: PEG + [C4MIM][TfO] (blue squares), PEG + 

[AMIM][TfO] (purple squares), PEG + [C2MIM][TfO] (red squares), PEG + [C2OHMIM][TfO] 

(green squares); (B) [DCA] based: PEG + [C4MIM][DCA] (blue triangles), PEG + 

[C2OHMIM][DCA] (green triangles) and (C) ][EtSO4] based: PEG + [C2MIM][EtSO4] (red 

diamonds), PEG + [EVIM][EtSO4] (yellow diamonds). The black circles correspond to dry PEG 

200, for comparison purposes. Adapted from reference [29]. 

 

1.3.1.2 Phosphonium-based additives 

The first study concerning the use of phosphonium-based ILs as lubricant additives was 

published in 2006,[89] but only over the past decade, there was a significant effort in the 

investigation of this IL family. 

Yu et al.[41] studied the lubrication of steel-cast iron pairs with ILs involving the cation tri 

hexyl(tetradecyl)phosphonium [P66614] and the anions bis(2,4,4-trimethylpentyl) phosphinate 

[BTMPP], bis(2-ethyl-hexyl) phosphate [BEHP], di butyl phosphate [DBP] and bis(2,4,4-

trimethylpentyl) dithiophosphinate [BTMPDTP]. ILs containing phosphonium cations 

showed higher thermal stability than the commonly used lubricants PAO, 10W and 10W30. 

General significant friction and wear reduction was observed upon the addition of 5 wt.% of 

these IL additives to the base oils. The good tribological performance of [P66614][BEHP] was 

also reported in steel-steel and Si3N4-steel contacts by Cai et al.[46] In steel-steel contacts, this IL 
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outperformed zinc di-alkyl di-thiophosphate (ZDDP) in terms of anti-wear properties. 

However, in the ceramic contact the observed results were the opposite, with the IL leading to 

greater wear. 

Somers et al.[26] investigated the solubility of various types of phosphonium-based ILs in polar 

and non-polar lubricant oils. They found that the ILs sharing the long alkyl chain 

phosphonium cation [P66614] were soluble in polar base oils, while ILs comprising this cation 

and phosphate (bis(2-ethylhexyl)phosphate [BEHP] or phosphinate [BTMPP] anions, both 

with long alkyl chains, were soluble in polar and non-polar base oils. The blends of additives 

and non-polar base oils led to large wear reduction of aluminum surfaces and, among them, 

the blend of [P66614][BTMPP] with mineral oil was the most efficient at high load. XPS analysis 

of the worn surfaces suggested that the ability of the IL to adsorb, both physically and 

chemically, on the surface dictates its tribological performance. 

Khemchandani et al.[51] reported biocompatible ILs containing the anion di phenyl phosphate 

[DPP] and the cations tri butyl(methyl) phosphonium [P1444] and [P66614], as additives with anti-

wear properties. The behavior of [P1444][DPP] and [P66614][DPP] as additives in sunfflower oil 

(SO), polyol ester (PE) and trimethylolpropane (TMP) was compared to that of the neat oils. 

Amine phosphate (AF), a commonly used anti-wear additive in biodegradable lubricants, and 

anti-oxidant additives (AO) were also added. Among the three base oils, SO showed the 

highest wear track diameter and CoF, which was decreased by almost 50% upon the addition 

of AF+AO. In contrast, these additives practically did not affect the tribological behavior of PE 

and TMP. The addition of the ILs to all base fluids led to a significant reduction in the CoF. 

Both ILs showed a similar decrease in the CoF and [P66614][DPP] and demonstrated significant 

wear reduction. However, since this IL is less biocompatible, further studies were conducted 

only with [P1444][DPP]. The CoF results are presented in Figure 1.4. In the case of SO+AP+AO 

the formed tribofilm broke down at 200N, resulting in wear at higher loads. On the other hand, 

SO+AP+AO+ [P66614][DPP] ensured a stable tribofilm, which protected the surface from wear 

until 350N, proving the greater load carrying capacity of this IL. The sample containing 

[P66614][DPP] when compared to neat SO led to a reduction of nearly 50% in the wear track 

diameter for high loads. Surface analysis by SEM-EDS and XPS confirmed the formation of a 

phosphorous tribofilm on the metal surface, limiting the tribocorrosion. Further AFM studies 

revealed a smooth surface after lubrication with SO+AP+AO [P66614][DPP], which is an 

indication of the formation of a good boundary lubrication film. 
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Figure 1.4. Friction coefficient results for SO (red square), SO+AP+AO (blue diamond) and 

SO+AP+AO+ [P1444][DPP] (green triangle). Adapted from reference [51]. 

 

Later studies carried out by Zhou et al.[47] in 2014 evaluated the tribological performance of ILs 

resulting from the combination of the cations tetra butyl phosphonium [P4444] and [P66614] with 

the anions [BEHP], organophosphate, carboxylate and sulphonate. The addition of these ILs 

to PAO4 did not imply a significant reduction of the CoF. However, all the IL blends 

demonstrated effective anti-wear behavior, with sulphonate-based ILs being the most 

effective, followed by carboxylate and organophosphate-based ILs. Analysis of the tribofilms 

showed that their formation resulted mostly from the interaction of the anions with the cast 

iron surfaces. 

In the same year, Totolin et al.[54] focused on a phosphonium phosphate IL as additive to 

alkylborane-imidazole complexes to lubricate steel-steel contacts. The chosen IL was 

[P1444][DMP], which was dispersed in the base oils 1-ethylimidazole tributylborane 

[C2im][TBB], 1-allylimidazole tributylborane [aim][TBB] and [C4MIM][NTf2] in a 0.7 to 3.4 

wt.% proportion. The results were very promising, with friction reduction and anti-wear 

properties in comparison to the reference [C4MIM][NTf2]. Phosphate-based tribofilms showed 

to be more effective regarding surface protection and have the advantage of being non-

corrosive and moisture stable, contrary to the fluorine-based IL used as reference. Besides, the 

synthesized IL revealed a high load carrying capacity to loads up to 150 N. 

Fernández et al.[50] studied [P66614] and [P4442]-based ILs with anions diethylphosphate [DEP] 

and tri(pentafluoroethyl)-trifluorophosphate [FAP], respectively, to lubricate steel/ steel 

contacts. The ILs were added at 1 wt.% concentration to several base oils: a vegetable oil (VO) 

which is a high oleic sunflower oil, and three syntectic esters (a biodegradable polymeric ester, 

BPE, a trimethylol propane trioleate, TMP, and isotridecyl trimellitate, TTM). In general, 
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[P4442][DEP] showed greater improvement in the tribological properties than [P66614][FAP], 

which was more significant when the ILs were dispersed in TMP and VO. These results were 

explained by the formation of a phosphorous-containing tribofilm on the surface, which did 

not occur with IL [P66614][FAP]. 

Barnhill et al.[48] compared the physicochemical properties and the tribological behavior of ILs 

containing the anion [BEHP] and the following phosphonium-based cations: tetra octyl 

phosphonium [P8888], tri butyl(octyl)phosphonium [P4448], tri butyl(tetradecyl)phosphonium 

[P44414], [P66614], and [P4444]. More symmetrical cations with smaller alkyl chains led to ILs having 

higher density, thermal stability and viscosity, while larger cations (minimum of six carbons) 

increased the solubility in the GTL 4 cSt base oil. In terms of corrosion, none of the ILs attacked 

the cast iron surfaces. The CoFs of the blends [P8888][BEHP] + GTL 4 and [P66614][BEHP] + GTL 

4, containing 1.04 wt.% of IL, decreased 10% when compared to the base oil. Besides, the 

rapid increase of the CoF observed in the beginning of the friction tests with the neat base oil, 

an indication of previously referred scuffing,[90,91] did not occur with the IL additives. The same 

blends were found to effectively protect the surface from wear, with the symmetric cation 

slightly outperforming the asymmetric one. The same group [45] investigated the synergistic 

effect of the previously studied phosphonium-alkylphosphate ILs and the commercial anti-

wear additive ZDPP added to GTL 4 cSt. The IL [P8888][BEHP] combined with ZDPP and added 

to GTL led to a reduction of 30% on the CoF and more than 70% on the wear volume. Other 

ILs sharing the same anion or cation were tested but this synergy happened only for 

phosphonium-alkyl phosphate ILs. 

Anand et al.[42,43] studied phosphonium-based ILs as lubricant additives to engine oils in cast 

iron systems that simulate the piston ring-cylinder liner contact. The chosen ILs, [P66614][BEHP] 

and [P66614][BTMPP], were added to engine-aged and fresh lubricants in 6 vol.%. Friction and 

wear decreased upon addition of the ILs due to the formation of boundary films, which 

reduced the effect of plastic deformation and abrasive wear; the effect was more important in 

engine-aged lubricants. The boundary film revealed a higher concentration of phosphorous, 

indicating the involvement of the ILs in the formation of the boundary film. 

González et al.[44] reported the use of [P66614][BTMPP] and [P66614][BEHP] as additives in a base 

oil and compared their tribological performance with that of ZDDP in steel-steel contacts. The 

ILs were dispersed in the oil in various concentrations and other mixtures using ZDDP, with 

similar concentrations of phosphorous, were prepared.  All mixtures yielded CoF values lower 

than the base oil, being the lowest values obtained with ZDDP. In terms of wear, the mixtures 

showed a clear reduction when compared to the neat base oil, with an increase in 

concentration yielding improved anti-wear behavior. Surface analysis suggested the existence 

of plastic deformation and adhesive wear mechanism, as well as the presence of phosphorus 

at the surface, especially in the case of [P66614][BTMPP] and ZDDP. 

More recently, in 2020, the group of Fernández reported the use of boron nitride 

nanoparticles[49,53] and graphene nanoplatelets[53] with phosphonium-based ILs, as efficient 
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hybrid additives. Hexagonal boron nitride (h-BN) nanosheets were added at 0.1 wt.% to ILs 

[P66614][BEHP], [P4442][DEP] and [P66614][BTMPP], which were, in turn, dispersed at 1 wt.% in the 

base oil PAO 32. The hybrid additives showed improved tribological performance, both in 

terms of friction and wear, when compared to the single IL additives, proving the synergy 

between the ILs and the nanoparticles.[49] The synergic effect between boron nitride 

nanoparticles (0.1 wt.%) was also assessed with the IL [P4442][DEP] dispersed in base oil TTM 

at 2 wt.%. Graphene nanoplatelets (GnPs) were added to this system of IL+base oil (0.1 wt.%) 

and allowed to reduce the CoF in 33% and the diameter of the wear track in 44% when 

compared to the neat base oil.[53] 

 

1.3.1.3 Ammonium-based additives 

 

ILs containing ammonium-based cations were first investigated as lubricant additives in 

2006.[92] Later, in 2011, Blanco et al. published two papers describing the properties of ethyl-

dimethyl-2-methoxyethylammonium tris(pentafluoroethyl) trifluorophosphate, 

[(NEMM)MOE][FAP], as additive to polyalphaolefin (PAO 6) to lubricate CrN PVD and TiN 

PVD coatings.[56,57] Although the IL reduced friction and wear, the results were not very 

promising compared with those obtained with the traditional oil additive ZDDP. 

Espinosa et al.[58] synthesized ammonium carboxylate ILs to lubricate copper and used the most 

efficient containing adipate [AD] anion, [N22HHOH]2[AD], as additive to base oil PAO 6. The CoF 

decreased by 20% and wear by 34%, in comparison with PAO 6. This group used the IL 

composed by the same cation ([N22HHOH]) with succinate [SU] anion as additive in water (1 

wt.%) to lubricate sapphire/steel systems.[59] The neat IL allowed a decrease of 88% in the CoF 

when compared to water, and the mixture water+IL yielded CoF values of 0.0001, which 

corresponded to a reduction of 97% comparing to water and 78% comparing to the neat IL. 

In 2013, Zhao et al.[60] synthesized two protic ILs, N-octadecyl amine linear alkyl benzene 

sulfonic acid (18A-LABSA) and N-dodecyl amine linear alkyl benzene sulfonic acid (12A-

LABSA), to be used  as additives in PAO10 base oil. The structures of the ILs are presented in 

Figure 1.5. 
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Figure 1.5. Structures of the studied ionic liquids: 12A-LABSA and 18A-LABSA. 

 

The reported ILs showed excellent friction reduction and anti-wear abilities when added to 

PAO. Comparing the two additives, the longer chain amine revealed better anti-wear 

properties, which could be related to the better packing due to van der Waals interactions. The 

surface lubricated by PAO showed signs of deep grooves, wide cracks, and big pits while the 

surfaces lubricated with the ILs as additives were uniform and smooth with relatively narrow 

and shallow tracks. This behavior might be explained by the formation of a tribofilm 

composed by organic amines resulting from the ammonium salts of the ILs and a chemically 

adsorbed film due to the interactions between the sulfonate anions and the metallic atoms of 

the steel surface. 

In the same year, Khatri et al.[64] introduced ILs based on amino acids as additives to mineral 

lubricant oil N-150. Later, they studied the same ILs containing the cation [N4444] and two 

anions derived from the amino acids aspartic acid [AS] and glutamic acid [GL], as additives 

of a non-conventional polyol ester base oil.[67] The studied ILs showed improved anti-friction 

and anti-wear performance. These are very important findings as amino acid-based ILs are 

biocompatible and biodegradable and have reduced toxicity, making them suitable as bio-

additives for machinery lubrication.[93–97] 

Qiao et al.[65] published in 2014 a study where ILs composed of different cations, [N4HHH] and 

[N4444], and the same anion, [DBP], were tested as additives for the lubrication of steel-

aluminum contacts. The ILs were dispersed in formulated base oils in 0.5 wt. %. Three base 

oils were chosen: the widely studied IL P106, a mixture of PAO10 and PAO40, and EO that is 
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a blend of NM3986 with pentaerythritol oleate (PEO). The tribological performance of the ILs 

dispersed in the base oils was evaluated through CoF and wear measurements. The ILs’ 

polarity demonstrated to have a great impact on their tribological behavior, particularly on 

the anti-wear properties. Regarding the CoF, the ILs as additives to EO have shown the best 

results, followed by P106 and PAO blend. The improvements in the friction performance was 

attributed to the synergy between the well-ordered adsorbed layers and the films formed due 

to the tribochemical reaction between the ILs and the metal substrate. 

Also in 2014, Fan et al.[61] and Gusain et al.[40] reported halogen-free ammonium-based ILs with 

better tribological properties than the conventional ones containing halogens. The former 

group investigated a wide variety of ILs containing dioctyl sulfosuccinate [DOSS] anion, 

which were added to PAO to lubricate steel/steel and steel/copper contacts. All the 

synthesized ILs were non-corrosive and improved the anti-friction and anti-wear behavior of 

PAO. The latter group studied bis(salicylato)borate [BScB] ammonium and imidazolium ILs 

with variable alkyl chains and cyclic ring structures, as additives to PEG200, to lubricate 

steel/steel systems. The structures of the cations are presented in Figure 1.6. All the ILs were 

non-corrosive, contrarily to the analogues with the commonly used [PF6] anion, and showed 

improved tribological properties, which was attributed to the formation of an absorbed film. 

Halogen-free ILs based on ammonium and phosphonium cations were also reported by 

Westerholt et al.[55] in 2015, as additives to FVA3, a reference oil of the Forschungsver-einigung 

Antriebstechnik e.V. The ILs [N1888][DBP], [N1121212][DBP], [N1888][BTMPP], [N1121212][BTMPP], 

[P1888][DBP] and [P1888][BTMPP] were compared to the commonly reported IL [P66614][BTMPP], 

showing improved anti-friction and anti-wear performance due to the formation of a 

protective layer on the steel surfaces. The most promising ILs were [N1888][DBP] and 

[P1888][DBP], which demonstrated good anti-corrosion properties, particularly for brass 

surfaces, which are very interesting for industrial applications. 

 



 29 

 
 

 

 

Figure 1.6. Ammonium and imidazolium cations studied in reference [40]. 

 

In the same year, Fu et al.[63] performed a tribological study with the ILs [N8888][PO3], 

[N9998][PO3], [N1010108][PO3], [N88812][PO3], [N99912][PO3] and [N10101012][PO3], all containing the 

anion phosphite. The ILs demonstrated better anti-friction and anti-wear properties for 

steel/steel contacts when compared to ZDDP and performed better under extreme pressure. 

The improved tribological characteristics were attributed to the formation of polyphosphates 

due to the ILs decomposition, which prevents the direct contact of the asperities on the metal 

surface. 
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In 2016, several authors investigated the tribological behavior of ammonium containing IL 

additives. Barnhill et al.[62] tested protic and aprotic ammonium-phosphate ILs with the anion 

[BEHP], as additives to an engine oil. Slight pitting corrosion was observed on the cast iron 

surfaces with aprotic ILs, while protic ILs showed no corrosion attack. Both protic and aprotic 

additives eliminated scuffing failure observed with the neat engine oil. The protic IL tri octyl 

ammonium [N888H][BEHP] outperformed the aprotic ILs, tetra octyl ammonium [N8888][BEHP] 

and methyl tri octyl imidazolium [N1888][BEHP], in terms of wear and friction reduction. The 

best tribological performance of [N888H][BEHP] was evident from the surface characterization  

which revealed a tribofilm layer composed of iron phosphates and iron oxides. Khatri et al.[66] 

studied the anti-wear and friction-reducing properties of ILs based on the tetrabutyl 

ammonium cation, [N4444], and dicarboxylic acid derived orthoborate anions, as additives 

to PEG200 to lubricate steel–steel contacts. All ILs revealed good tribological properties, but 

the best results were obtained with the shortest alkyl chain anion. ILs involving 

phosphonate anions are known to be good lubricants, which led Han et al.[70] to compare the 

behavior of the ILs containing the cation dibutylammonium [N44HH] and the anions O-butyl 

phosphonate, [BP], and O-ethyl phosphonate, [EP], with that of [C4MIM][BP], as additives 

in PEG to lubricate steel surfaces. [N44HH][EP] demonstrated the best tribological 

performance, which was attributed to its higher affinity with the steel surface. 

Gusain et al.[67] investigated the use of fatty acid ILs based on [N4444], as additives to polyol ester 

base oil, to lubricate steel surfaces. The ILs [N4444][ST], [N4444][OL] and [N4444][LN], containing 

respectively, the anions stearate, oleate and linoleate, were chosen because  they are green 

compounds, derived from vegetable oils. The anion [ST] is fully saturated with all methylene 

units, while anions [OL] and [LN] contain one and two double bonds, respectively. The fatty 

acid anions interact with the steel surface decreasing both friction and wear under boundary 

lubrication conditions. [N4444][OL] exhibited the largest decrease in the CoF, while the most 

considerable wear reduction was observed for [N4444][ST]. EDX analysis of the formed 

tribofilms revealed that [N4444][ST] interacts with steel through the carboxylate group, and the 

methylene units in neighboring stearate anions interact with each other, through weak van 

der Waals interactions, forming a stable well-organized structure. In the case of [N4444][OL] 

and [N4444][LN], the existence of unsaturation sites distorts the structure and the methylene 

units cannot interact with nearby units, providing a loosely-oriented structure with worse 

anti-wear properties. 

Huang et al.[71] synthesized two quaternary ammonium ILs composed by the common cation 

[(C12H25)3NC3H6PO(OC2H5)2] and two anions: [DOSS] and laurate [LATS]. They were added 

as additives to PAO 10 and used to lubricate steel/steel contacts. Both ILs revealed good 

capacity to reduce friction and wear resulting from their tendency to interact with the 

contacting surfaces. At low load, the cation with long alkyl chains should play the most 

important role, leading to the formation of a densely packed adsorbed film. At high load, 
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besides ions adsorption, there should also be chemical reaction between the ILs and the 

surfaces leading to the formation of a resistant film. 

In 2019, Yu et al.[72] investigated the tribological and corrosion behavior of [N11116][BEHP] 

and [N11116]2[BEHP] dispersed in PAO10 (1 wt.%). In Figure 1.7 the structures of the ILs are 

given. The CoF results obtained at room temperature and 100 °C indicated that the addition 

of 1 wt.% of these ILs to PAO10 significantly reduced CoF and improved anti-wear 

performance. The surface analysis demonstrated that the improved tribological performance 

was due to the formation of a FePO4 or nitrogen-containing tribofilm that protected the 

surface. When comparing the two ILs, [N11116][BEHP] exhibited better lubricity properties 

since, as it is less sterically hindered than [N11116]2[BEHP], it may form a more stable boundary 

lubrication film on the surface. 

In the same year, Avilés et al.[74] used a new diprotic IL containing two cations [bis(2-

hydroxyethyl)ammonium], [NHH22OH], and the anion [SU] as additive to water in the 

lubrication of steel surfaces and found a reduction in friction and wear, which was attributed 

to the formation of a thin film after water evaporation 

More recently, Sernaglia et al.[69] added two fatty acid ILs based on the cation [N6666] and the 

anions caprylate [CA] and palmitate [PAL] to polyol ester but did not find a significant 

improvement of the tribological performance. 
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Figure 1.7. Structures of the studied ionic liquids: (A) [N11116][BEHP] and (B) [N11116]2[BEHP]. 

Adapted from reference [72]. 

 

1.3.1.4 Pyrrolidinium and pyridinium-based additives 

 

The group of Hernández-Battez has long studied the tribological properties of ILs based on 

the cation 1-butyl-1-methylpyrrolidinium [C4C1-pyrr] as additives to base oils. They found that 

addition of 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate ([C4C1-

pyrr][FAP]) into polyalphaolefin to lubricate TiN, CrN and DLC coatings [75] slightly decreased 

the CoF, being a more significant improvement obtained with the neat IL. In contrast, the 

presence of the additive did not reduce wear. Furthermore, no improvement of the tribological 

behavior was observed when comparing with the performance of traditional additive 

ZDDP.[98] The same group compared the performance of [C4C1-pyrr][FAP] with that of ethyl-

dimethyl-2-methoxyethylammonium tris(pentafluoroethyl), [(NEMM)MOE][FAP], as 

additives to a mineral hydrocracking oil to lubricate steel-steel pairs.[99] Both ILs revealed anti-

friction and anti-wear properties, but [C4C1-pyr][FAP] was more efficient. XPS analysis of the 

wear tracks demonstrated that the IL reacted with the steel surface to form phosphates and 
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fluorine–iron compounds. In another work,[76] the authors studied the tribological properties 

of mixtures of polyalphaolefin-based and mineral oil-based lubricants with two ILs composed 

of the cations [C4C1-pyr] and [Choline], and the anion [NTf2]. Friction and wear of steel 

surfaces were reduced in the presence of both additives, more significantly in the case of [C4C1-

pyr][NTf2]. Surprinsingly, Somers et al.[100] reported a null miscibility of [C4C1-pyr][NTf2] and 

[C4C1-pyr][FAP] in vegetable oil, two polyol esters, a mineral oil and a polyalphaolefin, which 

hindered their use as additives in these oils. [C4C1-pyr][NTf2] was also added to a mineral 

fully-formulated wind turbine gear oil leading to a small friction reduction but a significant 

wear decrease.[101] 

Pejaković et al.[73] compared the tribological behavior of two ILs based on the anion methyl 

sulfate, [C4C1-pyr][MeSO4] and tri ethyl methyl ammonium methyl sulfate [N2221][MeSO4], as 

additives in a glycerol model lubricant. The use of these ILs as additives yielded a reduction 

on the CoF and wear of steel contacts when compared to neat glycerol, but, when compared 

to the pure ILs, the additives showed worse anti-friction and anti-wear properties. The 

addition of ILs to glycerol reduced abrasion but increased tribo-corrosion. In the case of pure 

ILs, a thick protective tribochemical film was formed, which was responsible for the enhanced 

tribological properties. Although non-toxic, the IL [C4C1-pyr][MeSO4] demonstrated poor 

biodegradability, which implies limited application in lubrication, especially as a pure 

lubricant.[102] 

Dicationic ILs formed by oligoethylene glycols linking two cationic moieties based on either 

N-methylpyrrolidinium or N-methylimidazolium[39] were studied as neat lubricants and 

additives. While longer chains improved the tribological performance of the neat lubricants, 

in the case of the additives they correspond to a smaller number of IL molecules in the mixture 

(at constant weight percentage) and led to worst tribological behavior. Later studies carried 

out by the same group[77] evaluated the lubricating properties of mono and dicationic ILs 

incorporating PEG chains linking two alkylpyridinium moieties. The ILs methyl pyridinium 

methyl sulfate [C1-pyr][MeSO4], methyl pyridinium bis(tri fluoro methyl sulfonyl)imide [C1-

pyr][NTf2], 1,13-di(N-methylpyridinium-2’-yl)-4,7,10-trioxatridecane methyl sulfate [C1-

pyr(CH2OCH2)3C1-pyr][MeSO4]2 and 1,13-di(N-methylpyridinium-2’-yl)-4,7,10-

trioxatridecane bis(tri fluoro methyl sulfonyl)imide [C1-pyr(CH2OCH2)3C1-pyr][NTf2]2 were 

dispersed in glycerol (0.25, 0.5 and 1.0 wt.%). The additives based on the anion [MeSO4] did 

not affect the CoF, while ILs with [NTf2] showed significant improvements in the CoF. A 

concentration of 1.0 wt.% of [C1-pyr][NTf2] led to a reduction in the CoF. In the case of [C1-

pyr(CH2OCH2)3C1-pyr][NTf2]2, the results were even more promising, with CoF decreasing up 

to 72% when compared to that of neat PEG, for the same concentration. In terms of wear, only 

glycerol with 0.25 wt.% [C1-pyr(CH2OCH2)3C1-pyr][MeSO4]2 had better performance than pure 

glycerol. For the other mixtures, wear was found to increase with increasing IL concentration, 

which was attributed by the authors to tribocorrosion. 
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1.3.1.5 Guanidinium-based additives 

 

The research on guanidinium-based ILs as lubricant additives is very recent and only a few 

papers have been published so far. The first one by Khatri et al.[78] appeared in 2018 and 

describes the tribological behavior of  ILs containing the cation 

1,1,3,3‑tetramethylguanidinium [TMG] and fatty-acid anions with different alkyl chain length 

and degree of saturation: [CA], myristate [MA], erucate [EA], [OL] and [LN]. All ILs led to a 

significant reduction in the friction coefficient and wear of steel/steel contacts when added to 

the base oil N-150. ILs with longer alkyl chains led to blends with better anti-wear and friction-

reduction properties. An increase in the unsaturation degree was associated to lower friction 

reduction but did not influence wear. Figure 1.8 shows the variations on the CoF and wear 

track diameter for all the IL blends, at a constant chosen concentration of 5 wt.%, as well as the 

base oil for comparison purposes. SEM and EDX analysis of the worn surfaces indicated the 

presence of adsorbed ILs which formed boundary films.  

More recently, the same group reported a new series of ILs based on the same cation  combined 

with other amino acids such as L-histidine, L-glutamic acid and L-aspartic acid to form 

[TMG][HT], [TMG][GL] and [TMG][AS], respectively.[79] The ILs were dispersed in PEG200 in 

0.5, 1, 2 and 3 wt.% concentrations and their tribological properties for steel/steel contacts were 

assessed. In general, increasing the IL concentration resulted in better anti-friction properties, 

with the optimal results reached for 2 wt.% dosage, which allowed the formation of a compact 

thin layer that reduced shear strength and, in consequence, the CoF. All ILs demonstrated 

excellent anti-wear properties when added to the base oil, with almost no corrosion. 

[TMG][GL] was the most promising anti-corrosion IL, followed by [TMG][AS] and 

[TMG][HT], which suggested that the presence of a carboxylic group is important for anti-

corrosion properties. The best performing ILs in terms of friction and wear were [TMG][AS] 

and [TMG][GL], which was attributed by the authors to the strong affinity of the two 

carboxylic units present on the anions to the metal surface. 
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Figure 1.8. CoF (A) and wear track diameter (B) obtained with the IL blends for a concentration 

of 5 wt.%. The results of the base oil are also included. Adapted from reference [78]. 

 

1.3.1.6 Miscellaneous Ionic Liquid additives 

 

This section is dedicated to studies performed with ILs that are not composed of the previously 

mentioned cations or have those cations combined with other chemical species. 

One example are lithium-based ILs. Song et al.[80] studied [Li][NTf2]-based ILs blended with 

tri(methoxyethoxyethoxyethoxy)triazine [C3N3(OR)3] and 

hexa(methoxyethoxyethoxyethoxy)cyclotriphosphazene [P3N3(OR)6], as additives to multiply 

alkylated cyclopentanes (MACs) to lubricate steel-steel contacts. All the synthesized ILs 

showed better anti-friction and anti-wear properties, as well as higher load-carrying capacity, 

when compared to the commonly used lubricant ZDDP. This phenomenon is explained by the 

interaction between the ILs and the metal surface, forming a protective film. The same group 

synthesized methoxy tris-ethoxy methylene benzotriazole [BTAG3], which added to the 
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lithium salts, LiBF4, LiPF6, LiTfO and LiNTf2, led to the ILs: [Li(BTAG3)][BF4], 

[Li(BTAG3)][PF6], [Li(BTAG3)][TfO] and [Li(BTAG3)][NTf2]. These ILs were added to MACs 

to lubricate steel-steel contacts and their anti-corrosion properties in comparison to the 

commonly used IL [C4-3-MIM][BF4] were evaluated.[103] Copper strip corrosion tests were 

carried out by immersion of the copper sheets in the ILs for 10 days. The results are presented 

in Figure 1.9, where it can be easily seen that the copper sheet soaked in [C4-3-MIM][BF4] 

suffered severe corrosion while the ones immersed in the functionalized ILs suffered only a 

slight corrosion, with little color change. This is more evident in the case of [Li(BTAG3)][NTf2], 

which was the IL with the best anti-corrosion properties. Moreover, all ILs presented much 

better anti-wear and friction-reduction properties than ZDDP. 

More recently, Yang et al.[81] have reported lithium-based IL additives  to lubricate steel/steel 

contacts. The IL [Li(glyme)][NTf2] was added to PEG 400 in 1, 3 and 5 wt.% proportions and 

the tribological performance of these blends was assessed at several lubrication regimes and 

temperatures. The authors concluded that, in the elasto-hydrodynamic regime, the presence 

of the additives led to higher lubricant film thickness. In the mixed lubrication regime, 

increasing the IL concentration reduced friction and wear because of the formation of an 

adsorbed tribofilm. The authors also suggested that viscosity may aid on the formation of a 

more stable tribofilm, thus the additives were less efficient at high temperature. 

 

 

 

Figure 1.9. Copper sheets before (a,b,c,d,e) and after (a’,b’,c’,d’,e’) the corrosion tests: [C4-3-

MIM][BF4] (a and a’), [Li(BTAG3)][BF4] (b and b’), [Li(BTAG3)][PF6] (c and c’), 

[Li(BTAG3)][TfO] (d and d’) and [Li(BTAG3)][NTf2] (e and e’). Adapted from reference [103]. 

 

In 2016, Sharma et al.[52] studied the tribological behavior of choline-based ILs. Six ILs, 

containing P on the cation, the anion or both, were tested as 0.1 wt.% additives to group I 

mineral base oil. The chosen ILs were [Ch][BEHP], [Ch][DBDTP], [P66614][BTMPP], 

[P66614][NTf2], [P1444][DMP] and [P4444][DEDTP]. ZDDP was also studied for comparison 
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purposes. All the studied ILs showed variations in the CoF values while ZDDP presented very 

stable results. The lowest CoF was obtained for [Ch][BEHP]. In terms of wear, [Ch][BEHP] and 

[P66614][NTf2] presented similar or better anti-wear properties than ZDDP, but all the other ILs 

performed worst. In an earlier study performed by the same group, the mechanism of tribofilm 

formation of ILs [Ch][BEHP] and [Ch][DBDTP], and ZDDP revealed to be very similar.[104] The 

ZDDP-based additives led to the formation of Zn polyphosphates, while the ILs studied in 

this paper yielded Fe polyphosphates. The results suggested that the underlying substrate 

reacts with the decomposition products of the ILs, yielding the protective films. The sulfur 

present in the phosphate anions demonstrated to be crucial to the reduction in friction and 

wear. 

A few years later, Cao et al.[82] reported the commonly studied ionic liquids [C4-3-MIM][PF6] 

and [C4-3-MIM][BF4] doped with PANI as additives to PAO and PUG. The idea was to 

combine the anticorrosion properties of PANI with the tribological performance of the ILs. 

The ILs were dispersed in PAO in 0.2 wt.% concentration and in 0.3 wt.% in PUG but the 

greatest CoF reduction was obtained for a concentration of 0.2 wt.% in PAO. Both PANI-doped 

ILs revealed close CoF values, lower than those obtained with pure PAO and PAO+0.2 wt.% 

of the non-doped ILs. The same tendency was observed in comparison to PUG. These excellent 

tribological results were explained by the formation of a physically adsorbed film of PANI-

doped ILs, which could avoid the direct contact between the friction surfaces. The wear tests 

were also very promising, showing a significantly reduction of the wear volume. Besides, 

these ILs exhibited excellent anti-corrosion properties. 

1.4 Deep Eutectic Solvents as Lubricants 

Deep Eutectic Solvents (DESs) are mixtures composed of two or three components capable of 

self-association through hydrogen bond interactions (hydrogen bond donors, HBDs, and 

hydrogen bond acceptors, HBAs, presented in Figure 1.10). The term DES was first proposed 

by Abbott et al.[105] to describe the mixture of choline chloride and urea (1:1 or 1:2). For the 

definition of DES, a significant decrease on the melting point of the mixture comparing to the 

original individual components should be observed. In this context, differential scanning 

calorimetry (DSC) is an important characterization technique to proof the DES formation. The 

depression of the melting point is due to the low lattice energy resulting from the charge 

delocalization, which occurs through hydrogen bonding involving the large and asymmetric 

ions usually present in DESs.[105,106] At this point, it is important to stress that there is some 

confusion in the literature about the definition of DES. In strict terms, DES should refer to 

eutectic mixtures with an eutectic point lower than that of the ideal mixture and variable 

composition, as long as it remains liquid at operating temperature.[107] 

DESs share with ILs some unusual properties such as almost negligible vapor pressure, non-

flammability and high ionic conductivity. They also allow tuning of their physico-chemical 
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properties such as viscosity, conductivity and surface tension through the combination of 

different HBDs and HBAs.[108,109] DES emerged as green alternatives to ILs because they are 

cheaper, easier to prepare and their preparation method is more efficient and environmentally 

friendly. In general, DES are easy to synthetize by mixing several proportions of HBA and 

HBD (with heating) by a trial and error approach.[120] In the last few years, DES have been 

applied as alternative solvents in organic chemistry and material science, in metal processing, 

electroplating and other electrochemistry applications and, more recently, as lubricants in the 

field of Tribology.[109,110] Since the application of DES in lubrication has emerged recently as a 

new research area, the number of publications is very small and enabled a more detailed 

analysis of each paper than in the case of IL additives. 
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Figure 1.10. Most common Hydrogen Bond Donors and Acceptors (HBDs and HBAs). 

 

 

DES were first proposed for the lubrication of steel/steel contacts in 2010 by Lawes et al.,[111] 

using the choline chloride [Ch]Cl salt in combination with two HBDs (urea and ethylene 

glycol, EG) in a 1:2 molar ratio. Both mixtures were prepared by mixing the two components 

under heating (50 °C) and stirring until a homogeneous and colorless liquid was obtained. The 

authors proposed a comparative study of lubricant retention in three types of steel surfaces 

with different surface roughness. Tribological tests were performed with and without 

lubricant (dry test) on surfaces of average roughness (Ra): 8 nm, 70 nm and 200 nm. The 

counter-body was a 2.5 mm radius steel sphere. Two conditions were used for the tests: low 

speed and high load and high speed and low load. SAE 5W30 reference lubricant was tested 

under the same conditions. 

The obtained CoF values varied between ~0.2 for SAE 5W30 and 0.8 in dry conditions. For the 

two DES, the CoF was low (around the value of the reference lubricant) at the beginning of the 

test but increased, after a certain sliding distance, to values similar to the one obtained in the 

dry conditions. The authors attributed this fact to the loss of the boundary lubrication film in 
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the sliding contact. The sliding distance prior to the loss of lubricant varied with the testing 

conditions and the surface roughness. This parameter was used by the authors to classify the 

lubricant performance. In all cases, [Ch]Cl:urea (1:2) exhibited better performance, which was 

attributed by the authors to its higher viscosity. 

In 2014, Abbott et al.[112] investigated water miscible DES as potential lubricants. This study 

was motivated by the problem of marine environment contamination by the commonly used 

mineral oils. The authors chose [Ch]Cl:urea (1:2), [Ch]Cl:EG (1:2), [Ch]Cl:glycerol (1:2) and 

[Ch]Cl:oxalic acid (1:1) and compared their viscosities, viscosity indexes, densities, surface 

tensions, corrosion rates and friction coefficients with those of a reference oil used for marine 

applications (Mobil Therm 605). The results of viscosity (at 40 and 100 °C), viscosity index (VI), 

density (at 25 °C), freezing temperature (Tf) and surface tension for all studied mixtures are 

presented in Table 1.2. The viscosity index refers to the extent of viscosity change with 

temperature and the obtained values for all DESs are equal or higher than that of the reference 

oil. Most DESs also have lower freezing points, which suggests better performance at low 

temperatures. However, the high freezing point of DES [Ch]Cl:urea (1:2) and the tendency of 

urea to decompose and form ammonia at high temperatures[113,114] make this mixture 

undesirable for general use. In contrast, [Ch]Cl:glycerol could be an interesting marine 

lubricant given its characteristics of non-toxicity and complete miscibility with water. On the 

other hand, [Ch]Cl:EG is suitable for operation at high and low temperatures due to its high 

viscosity index and low freezing temperature. 

 

Table 1.2. Values of viscosity, viscosity index (VI), density, freezing temperature (Tf) and 

surface tension obtain for all studied fluids. Values obtained in reference [112]. 

 

Fluids 
Viscosity/ mm2·s-1 

VI 
Density/ 

g·cm-3 
Tf/ °C 

Surface tension/ 

mN·m-1 40 °C 100 °C 

Mobil Therm 605 30 5 100 0.87 -9 30.6 

[Ch]Cl:EG (1:2) 20 5 191 1.12 -61 49.2 

[Ch]Cl:glycerol (1:2) 118 23 147 1.19 -35 55.4 

[Ch]Cl:urea (1:2) 218 24 121 1.20 12 86.4 

[Ch]Cl:oxalic acid (1:1) 149 28 144 1.20 -18 75.3 

 

The authors determined the corrosion rates in mild steel by two methods: linear sweep 

voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). The results presented 

in Table 1.3 show that the corrosion rates are very low except for [Ch]Cl:oxalic acid (1:1), which 

the authors justify by the presence of an insulating film on the metal surface on the latter case. 
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Table 1.3. Corrosion rate of mild steel obtained by the LSV and EIS methods for all studied 

fluids. Values obtained in reference [112]. 

 

Fluids 
Corrosion of mild steel/ µm per year 

LSV EIS 

Reference oil Mobil Therm 605 - - 

[Ch]Cl:EG (1:2) 1.9 5.02 

[Ch]Cl:glycerol (1:2) 0.4 2.2 

[Ch]Cl:urea (1:2) 2.5 2.7 

[Ch]Cl:oxalic acid (1:1) 176 65 

 

To simulate real marine conditions, the authors added 1 wt% water containing 3 wt% NaCl 

(similar to sea water) to the reference oil and two DES. The final solutions were placed on the 

mild steel surfaces to assess if corrosion occurred. An analogous experiment was made with 

[Ch]Cl instead of NaCl. According to Figure 1.11, for the reference oil severe corrosion of the 

mild steel was observed for the two cases, while in the case of [Ch]Cl:EG (1:2) and 

[Ch]Cl:glycerol (1:2), no visible signs of corrosion were observed even after 6 months of 

immersion. 

The influence of water on the corrosion rate of iron, nickel and aluminum was also assessed. 

The low corrosion rates measured with glycol-based DES, even at high water contents, indicate 

that they would be suitable lubricants in marine environments. 

 

 

 

Figure 1.11. Corrosion experiments of mild steel after 2 weeks of immersion in the reference 

oil and the DES containing 1% NaCl (aq) and 1% [Ch]Cl (aq). Adapted from reference [112]. 

 

The tribological performance of the DES was assessed using several types of surfaces (Al, 

bronze, Cu, mild steel, stainless steel) and a stainless steel counter-body.[112,115] The obtained 

friction coefficients are presented in Table 1.4. 
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Table 1.4. Coefficient of kinetic friction of the studied deep eutectic solvents and the reference 

oil for several types of contacts with stainless steel as counter-body. Values obtained in 

references [112,115]. 

 

Fluids 
Surfaces 

Al Bronze Cu Mild steel SS 

Mobil Therm 605 0.12 0.23 0.37 0.40 0.55 

[Ch]Cl:EG (1:2) 0.31 0.26 0.21 0.32 0.30 

[Ch]Cl:glycerol (1:2) 0.15 0.58 0.59 0.30 0.31 

[Ch]Cl:urea (1:2) 0.55 0.40 0.45 0.28 0.35 

[Ch]Cl:oxalic acid (1:1) 0.25 0.29 0.18 0.38 0.30 

 

Clearly, the improved tribological performance of the DES with respect to the mineral oil was 

observed only for iron-based alloys. The authors tried to explain these results through the 

ability of the liquids to wet the different surfaces. A mineral oil made from hydrocarbons 

should interact weakly with the metal surfaces by van der Waals forces while the polar 

functional groups present in DES enable the adsorption on the surface through hydrogen 

bonds or chemical reaction. This adsorption leads to the formation of a thin layer or film of 

lubricant on the metal surface, reducing friction coefficient and wear.[115] However, no 

explanation was given for the opposite tribological behavior observed with DES and mineral 

oil on the other metals. 

In fact, correlations between the substrate wettability and the tribological performance are 

hard to establish.[116] For example, Borruto et al.[117] found that water lubrication in a 

boundary/mixed regime was more efficient when the substrates were very hydrophobic and 

the counter-bodies very hydrophilic. 

More recently, Garcia et al.[118] tested graphene-containing DES to lubricate steel/steel contacts. 

Graphene is a promising solid lubricant when used alone[119–121] or added to IL lubricants.[74,122–

125] This was the main motivation for the authors to study mixtures of low toxicity DES, namely 

[Ch]Cl:urea (1:2), [Ch]Cl:EG (1:2) and [Ch]Cl:malic acid, with graphene. (1:1). Commercial 

synthetic base oil Synfluid PAO6 was selected as the comparative reference. In terms of 

tribological performance, all tested DES with or without graphene addition yielded lower 

CoFs when compared to the reference oil (see Figure 1.12). The results were particularly 

relevant for [Ch]Cl:EG (1:2) and [Ch]Cl:urea (1:2), with added graphene. In the former case, 

the value of CoF 0.01 indicates that almost no friction was reached. 

After the tribological tests, the surfaces were imaged by optical microscopy and SEM to assess 

wear. The optical microscopy images of the wear tracks (not shown) revealed that adding 

graphene to the lubricants made the wear tracks smoother. The exception was [Ch]Cl:malic 

acid, which led to very wide and irregular wear tracks, even in the presence of graphene. 
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Figure 1.12. CoF results obtained for the studied fluids with and without added graphene. 

Adapted from reference [118]. 

 

The SEM images presented in Figure 1.13, allow a deeper examination of the surfaces. Figure 

1.13a, c and g show cavities on the wear tracks containing lubricant residues which are typical 

of adhesive wear. In contrast, Figure 1.13e, relative to [Ch]Cl:malic acid, shows a very rough 

surface attacked by severe corrosion, which affects the accurate measurement of the depth of 

the wear tracks. Figure 1.13b, d and h, which correspond to the lubricants with the graphene 

additive, reveal that the mechanism changed from adhesion to abrasive wear, with much less 

pits and less damaged wear tracks. 

These results suggest that the addition of graphene to the reference oil and to [Ch]Cl:urea (1:2) 

and [Ch]Cl:EG (1:2) prevented the formation and consequent detachment of wear particles. 

Although in most cases the addition of graphene meant less corrosion, in the case of 

[Ch]Cl:malic acid (1:1), it seems to have enhanced the damage caused by corrosion of the steel 

surface (see Figure 1.13f). The measured wear rates are presented in Figure 1.14 and show that 

graphene addition promoted the decrease in the wear rate, with the greater reduction being 

observed for the reference oil. The exception is [Ch]Cl:malic acid (1:1), where the large errors 

bars in the wear rate values do not allow to conclude about the effect of graphene. 

The overall results of this study are very promising because they demonstrated that it is 

possible to decrease friction and wear by addition of graphene to the lubricants. Adsorption 

of graphene sheets to the steel surface to form a protective film[126,127] was suggested as the 

explanation for this behavior. Furthermore, the traditional oil may be substituted by 

[Ch]Cl:EG which is biodegradable and not harmful for the environment. 
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Figure 1.13. SEM images (1000 magnification) of the wear tracks in the surfaces after the 

tribological tests with the different lubricants: (a) reference oil PAO6, (b) reference oil PAO6 + 

graphene, (c) [Ch]Cl:urea (1:2), (d) [Ch]Cl:urea (1:2) + graphene, (e) [Ch]Cl:malic acid (1:1), (f) 

[Ch]Cl:malic acid (1:1) + graphene, (g) [Ch]Cl:EG (1:2) and (h) [Ch]Cl:EG (1:2) + graphene. 

Adapted from reference [118]. 
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Figure 1.14. Average wear rate of the steel surface for each lubricating fluid. Adapted from 

reference [118]. 

 

Another study involving the use of DES as lubricants appeared in 2019 by Antunes et al.[110] 

The motivation for this study was related to the recent rise of nano and 

microelectromechanical systems (NEMs and MEMs) and the need for an efficient lubrication 

of silicon contacts.[128–131] Silicon is a very fragile material and a non-adequate lubrication may 

lead to adhesion, friction and wear problems. The authors prepared four new DES based on 

sulfur containing ions: dibutyl-ethylsulfonium ethylsulfate [S442][EtSO4]:PEG 200, ethyl-

tetrahydrotiophene ethylsulfate [C2-THT][EtSO4]:PEG 200, 1-ethyl-3-methylimidazolium (S)-

camphorsulfonate [C2MIM][(S)-CSA]:PEG 200 and 1-methyl-3-picolinium methylsulfate [C1-

3-pic][MeSO4]:PEG 200. This choice was based on previous knowledge of the good tribological 

performance of ILs with sulfur units to lubricate silicon surfaces.[29,87] For comparison 

purposes, model lubricant PEG 200 and three previously reported DES were also studied: 

[N4442]Br:Sulf, [Ch]Cl:PEG 200 and [N4444]Br:PEG 200. The mixtures were analyzed by DSC, 

viscosity and wettability measurements. Table 1.5 shows the glass transition temperature (Tg) 

of the mixtures and their components and the viscosity of the DES at room temperature. The 

values of Tg for the mixtures were below that of the pure components, except for 

[S442][EtSO4]:PEG 200 and [C2-THT][EtSO4]:PEG 200. All the mixtures were considered as 

eutectics because one single peak was observed in the thermograms, although, in some cases, 

Tg was above that of the pure components. 
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Table 1.5. Glass transition temperature and viscosity of the studied fluids. Values obtained in 

reference [110]. 

 

 Fluids Tg/ °C Viscosity/ mPa·s 
D

ee
p

 E
u

te
ct

ic
 S
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lv

en
ts

 [Ch]Cl:PEG -20.0a 122±3 

[N4444]Br:Sulf -78.2 139±3 

[N4444]Br:PEG 200 -81.1 153±3 

[S442][EtSO4]:PEG 200 -81.4 146±4 

[C2-THT][EtSO4]:PEG 200 -80.7 163.5±0.3 

[C2MIM][(S)-CSA]:PEG 200 -76.3 130.6±0.1 

[C1-3-pic][MeSO4]:PEG 200 -74.2 185.9±0.3 

D
E

S
s 

co
m

p
o

n
en

ts
 

[Ch]Cl 302.0a - 

[N4444]Br - - 

Sulfolane 26.0b - 

[S442][EtSO4] -86.3 307±1 

[C2-THT][EtSO4] -86.1 413±4 

[C2MIM][(S)-CSA] -32.9 11506±20 

[C1-3-pic][MeSO4] -70.7 1432.5±2.0 

PEG 200 -56.0c 60.0±0.1 

 

a Freezing temperature taken from reference [132], b Freezing temperature taken from reference 

[133], c Freezing temperature taken from reference [134] 

 

The DES are moderately viscous, although considerably more than PEG 200. The contact 

angles obtained on silicon surfaces were very similar and varied between 34 for [C2MIM][(S)-

CSA]:PEG 200 and 43  for [Ch]Cl:PEG 200. The tribological behavior of the DES and reference 

lubricant PEG 200 was assessed with the tribopair steel ball/silicon surface for 400 cycles and 

the results are presented in Figure 1.15. 
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Figure 1.15. CoF vs. Z for 400 cycles and a force of 15 mN (  PEG200,  [Ch]Cl:PEG,  

[N4444]Br:Sulf,  [N4444]Br:PEG,  [S442][EtSO4]:PEG,  [C2-THT][EtSO4]:PEG,  [C2MIM][(S)-

CSA]:PEG and  [C1-3-pic][MeSO4]:PEG). The error bars correspond to the standard 

deviations. Adapted from reference [110]. 

 

The best performing liquids were [C1-3-pic][MeSO4]:PEG 200 and [C2MIM][(S)-CSA]:PEG 200 

whose CoF values totally lie within the rectangle in green. The worst results, lying within the 

rectangle in red, were obtained with [N4444]Br:Sulf and [N4444]Br:PEG. Longer tribological tests 

(3100 cycles) were done with PEG200 and the best DES using two forces (15 and 30 mN) and 

the obtained Stribeck curves (CoF vs. Z) are presented in Figure 1.16. Since the CoFs measured 

with the DES were similar at both forces, the lubrication regime should be mixed or 

elastohydrodynamic. In contrast, the significant dependence of CoF on the force observed for 

PEG200 indicates a boundary lubrication. 
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Figure 1.16. CoF vs. Z for 3100 cycles and the two forces: 15 mN (  PEG200,  [C2MIM][(S)-

CSA]:PEG,  [C1-3-pic][MeSO4]:PEG) and 30 mN (  PEG200,  [C2MIM][(S)-CSA]:PEG,  [C1-

3-pic][MeSO4]:PEG). The error bars correspond to the standard deviations. Adapted from 

reference [110]. 

 

The AFM images of the silicon surfaces before and after the tribological tests with the best DES 

are shown in Figure 1.17 and it is clear that no wear occurred. The better tribological behavior 

of [C1-3-pic][MeSO4]:PEG 200 and [C2MIM][(S)-CSA]:PEG 200 suggests that, besides the 

interaction between the sulfur atoms in the anions and the silicon, the interactions of 

imidazolium and picolinium cations with the surface should also contribute for the formation 

of a tribofilm. Although deeper research is needed to evaluate the performance of the mixtures 

in more realistic conditions, the present data are very encouraging with regard to future 

application of DES based on sulfur as alternative lubricants for MEMs and NEMs. 
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Figure 1.17. AFM images of the Si surface after the long tribological tests (3100 cycles, v = 

4·mm·s-1 and F = 15 mN) before (A) and after the tribological tests for the best performing 

lubricants: [C2MIM][(S)-CSA]:PEG (B) and [C1-3-pic][MeSO4]:PEG (C). Adapted from 

reference [110]. 

 

Recently, Hallet et al.[135] studied the frictional behavior of nanoscale films of [Ch]Cl:EG 

confined between two atomically smooth mica surfaces. They tested samples with different 

amounts of water: dry, humid (equilibrated with the ambient environment) and with 30% and 

50% of added water. Figure 1.18 shows the kinetic friction force, FS, as a function of the normal 

force, FN, and the correspondent CoF, µ, obtained with the four samples. Surprisingly, two 

types of common behavior were found: dry DES and DES with 50% of water revealed 

superlubricity at all measured loads; humid DES and DES with 30% water led to very low 

friction coefficients at low loads that increased up to 0.12 for high loads. The authors suggested 

the following explanation based on Neutron diffraction measurements. A small amount of 

water enhances the hydrogen bond network in DES resulting in a film with higher resistance 

to sliding. In contrast, addition of more than 42% of water disrupts the DES structure leading 

to the segregation of water layers, which favor the in-plane fluidity and ensure superlubricity. 
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Figure 1.18. Kinetic friction force vs. normal force and the corresponding friction coefficient 

for the four samples: (A) dry, (B) humid, (C) with 30% of added water and (D) with 50% of 

added water. Adapted from reference [135]. 

1.5 Problems and Objectives 

The growing concern with environmental issues and the rapid development of new engines 

in the past few decades accentuated the need for more efficient lubrication. There are several 

ways to improve lubrication properties, such as surface deposition or modification, or by using 

lubricants, which can be solid (graphite, graphene, Teflon ®, molybdenum and tungsten 

disulfide), semi-solid (greases) or liquid lubricants (oils or water). 

The scientific community has been trying to develop new and competitive lubricants with anti-

friction and anti-wear properties, which are more enviormentally friendly. With that in mind, 

ionic liquids have shown very interesting results. 

The main objective of the work presented in this thesis is to synthesize new ionic liquids and 

prepare deep eutectic solvents, characterize them in terms of physical and chemical properties 

and assess their tribological performance. Ionic Liquids and Deep Eutectic Solvents have 

several interesting properties and, depending on the cation/anion or HBA/HBD combination, 

allow tuning of their properties, making them task-specific compounds with potentially good 

lubricating capabilities. This thesis focuses particularly in finding liquid lubricants for NEMs 

and MEMs (nano and microelectromechanical devices) which are miniturized devices made 

of silicon, a very fragile material which lacks efficient lubrication. NEMs and MEMs have great 

impact in our day-to-day lives and are used in components of sensors, accelerometers 
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(airbags), micromotors, microgears, etc. The efficient lubrication of NEMs and MEMs, when 

they involve moving parts (type IV NEMS/MEMS), is of great importance since, at a smaller 

scale, forces of adhesion, capillarity, electrostatic and surface tension become more important, 

creating major issues in the technology of those devices. The operating conditions of these 

devices usually range from loads of milinewtons to newtons and speeds from µm·s-1 to mm·s-

1. Si/Si tribological pairs that mimic the contact in NEMs and MEMs were the ultimate goal of 

the study. Steel contacts are also studied briefly, as bearing steel is widely used in several 

extremely important industrial applications such as in rollings and bearings of turbines, 

engines and varied manufacturing equipment. Steel bearings are usually lubricated with 

mineral oils with or without additives (such as ZDDP) and their operating loads are in the 

order of magnitude of Newton, with speeds ranging from mm·s-1 to m·s-1. 

The results obtained in this work complete the study of Ionic Liquids as lubricant additives 

and opens the path to the use of Deep Eutectis Solvents as lubricants for future studies, moving 

towards a more sustainable world using more environmentally friendly approaches, namely 

in the synthesis and application of lubricants. 
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This chapter presents the results obtained using picolinium-based Ionic Liquids as additives 

and it is based on the published paper: M. T. Donato, F. Caetano, R. Colaço, L. C. Branco, B. 

Saramago, Picolinium-Based Hydrophobic Ionic Liquids as Additives to PEG200 to Lubricate 

Steel-Silicon Contacts, Chemistry Select 2020, 5 (20), 5864-5872. 
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2.1.1 Introduction 

Surface lubrication technology is still a recurring problem, which justifies the increasing 

demand for new and improved lubricant oils.[1] In particular, several improvements in specific 

equipment depend on the development of new efficient lubricants. In all lubricant 

applications, there is always a drive for reduced emissions, increased durability and chemical 

or thermal stability of the lubricant as well as for reduced friction of the involved surfaces. In 

recent years, ionic liquids (ILs) have been largely reported as an alternative generation of 

lubricants,[2–8] due to their excellent lubricant properties when compared with common 

lubricant oils. ILs are organic salts with low melting points (below 100 C) composed by cation-

anion pairs. The main properties of ILs include low volatility, high thermal and chemical 

stability, non-flammability, broad electrochemical window, miscibility with organic 

compounds and electric conductivity. The cations are usually bulky organic structures, and 

the anions, usually organic or inorganic, can be classified as hydrophilic or hydrophobic, 

depending on its hydration capacity. ILs have a wide range of applications,[9] such as 

alternative solvents, media for catalytic reactions, liquid-liquid extractions, and electrolytes in 

batteries,[10–14] and also as lubricating oils.[4–8] One limitation to the use of ILs in lubrication is 

their price; however, this problem may be solved by adding ILs as additives in commercial 

oils. Several reports in the literature revealed that a small amount of IL added to lubricant oils 

may improve significantly their tribological properties.[15–20] Most studies involve aluminum 

and steel surfaces, which are the most common for industrial applications. Silicon is another 

important material used in the manufacture of micro and nanoelectromechanical systems 

(MEMS/NEMS), where the demand for conductive lubricants has increased.[21] Several 

research groups have been successfully testing the performance of pure ILs as lubricants for 

Si surfaces[22–26] but, to our knowledge, the only reports on the efficient behavior of ILs as oil 

additives to lubricate Si were recently published by the group of T. Atkin.[27,28] 

Sulfur-based organic salts were tested in our laboratory as additives in the base oil 

polyethylene glycol (PEG200) to lubricate Si substrates aiming at a future application in 

MEMS/NEMS, which involve moving parts. Imidazolium, guanidinium, and pyridinium-

based cations were coupled with the anions methylsulfate [MeSO4], ethyl sulfate [EtSO4], and 

methanesulfonate [MeSO3] leading to excellent tribological properties.[29] This behavior was 

attributed to the strong interaction between sulfur and the Si surface ensuring the formation 

of a stable surface layer that hinders the contact between the sliding surfaces. The objective of 

the present work is twofold: 1) to test a more sustainable IL synthetic method based on 

microwave irradiation; 2) to study the tribological behavior of three new ILs based on 

picolinium, as additives to model lubricant PEG200. The series 1-hexyl-2, 3 or 4-picolinium 

trifluoromethanesulfonate [C6-x-pic][TfO] where x=2, 3 and 4 was compared with 1-hexyl-3-

methylimidazolium trifluoromethanesulfonate [C6MIM][TfO] and 1-hexylpyridinium 

trifluoromethanesulfonate [C6pyr][TfO]. Figure 2.1.1 illustrates the chemical structures of the 
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synthesized ILs. The study of that series of ILs may shed some light on the influence of the 

stereo chemistry on the lubrication capacity of the additives. In fact, previous studies revealed 

that stereo chemical differences among ILs with similar cations (different chain length of the 

alkane chain) would account for different redox and thermal stability, being the symmetric 

cation [Cn-4-pic] the most stable. Other study showed that the addition of small amounts of 

more basic ILs (e.g. ammonium and pyridinium cations) to organic solvents lead to smaller 

changes in the solvent polarity compared with the addition of acidic imidazolium-based 

ones.[30] Thus, we may expect that the polarity of PEG200 when mixed with [C6MIM][TfO] is 

higher than with [C6-x-pic][TfO]. In this context, we selected the moderately hydrophobic 

anion trifluoromethanesulfonate [TfO] in order to minimize hydration when exposed to 

humid atmosphere. 

 

 
 

Figure 2.1.1. Chemical structures of the studied salts. 

 

All synthetized salts were characterized by spectroscopic techniques (1H, 13C and 19F-NMR and 

FTIR-ATR). The viscosity and contact angle of the mixtures of the ILs with the model lubricant 

PEG200, were measured and tribological studies involving steel spheres rubbing against 

silicon surfaces were performed. The tribological behavior of the additives of the series [C6-x-

pic][TfO] was compared to [C6pyr][TfO] and [C6MIM][TfO] in order to understand the role of 

the structure of cation on the lubrication efficiency. The effects of the water content in the 

lubricants and the roughness of the steel counter-bodies on the lubrication mechanism were 

assessed. 
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2.1.2  Experimental 

2.1.2.1 Materials 

The reagents used to synthetize the salts are listed in Table 2.1.1. The solvents were 

acetonitrile 99.8% from Merck (Germany), methanol 99.8% from Sigma-Aldrich (USA), 

ethanol 99.8% and diethyl ether ≥99.8% from Honeywell (USA), and deuterated dime-

thylsulfoxide 99.8% from Eurisotop (France). Polyethylene glycol (MW 200) – PEG200 

was from Sigma-Aldrich (USA), with water content <0.5 %. Distilled and deionized 

(DD) water was obtained with a Millipore Milli-Q system (resistivity ≥ 18.2 M cm). 

The substrates used for tribological tests and contact angle measurements were square 

samples (1×1 cm2) cut from Si b100N wafers with 0.5 mm of thickness, roughness 

RMS=1 nm and hardness of 71 HRC. Two types of stainless steel spheres were used as 

counter-bodies: 316L (BC Precision, USA) with 3 mm of diameter, RMS= 20 ± 0.4 nm 

and hardness 55-61 HRC, designated by rough spheres, and 440C (McMaster-Carr, 

USA) with 2.28 mm of diameter, roughness RMS = 6 ± 0.6 nm and hardness of 60 HRC, 

designated by smooth spheres. 316L stainless steel spheres present low carbon levels 

and are composed of Fe, Cr (16-18%), Ni (10-14%), Mo (2-3%), Mn (up to 2%) and small 

amounts of several other elements such as Si, N, S, P. 440 C stainless steel spheres have 

high carbon levels and are composed of Cr (16%-18%) and Ni (75%), with traces of Mn, 

Si, Cu, Mo, P and S. 

 

Table 2.1.1. Reagents used to synthesize the salts. 

 

Reagent Supplier Purity/ % 

Bromohexane Acrös Organics 99 

Methyl imidazole Alfa Aesar (USA) 99 

Pyridine Merck (USA) p.a. 

2-Methylpyridine Solchemar (Portugal) >98 

3-Methylpyridine Solchemar (Portugal) 99 

4-Methylpyridine Alfa Aesar (USA) 98 

Sodium triflate Solchemar (Portugal) >98 

Potassium triflate Solchemar (Portugal) >98 

2.1.2.2 Methods 

The preparation of the picolinium based ILs was performed by microwave (MW) irradiation 

process as a more sustainable synthetic method. Comparing to conventional synthetic process, 

MW methodology allowed higher reaction yields and purity levels as well as reduced reaction 
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times. In this case, it is important to mention about the possibility to reduce 24h to 30-35 

minutes to achieve the desired compounds. All alkylation reactions were performed without 

organic solvent, simplifying the further purification process. In the second step, the bromide 

salts were exchanged to triflate salts using an optimized reaction methodology. In order to 

check the chemical structures and purities, all compounds were characterized by NMR and 

elemental analysis (see details in Annex A.1). 

The ILs were added to PEG200 using the weight percentage of 2% because preliminary tests 

using 1%, 2% and 5% w/w showed similar CoFs for 2% and 5% w/w.[29] The water content of 

all testing liquids, after being submitted to the vacuum drying process, was checked by Karl–

Fischer coulometric titration (Metrohom, Switzerland). 

The viscosity of the liquids was measured with a viscometer, model DVII+Pro from Brookfield 

(USA), in the temperature range 15 °C to 50 °C. The uncertainties in temperature and in dy-

namic viscosity were, respectively, ±0.02K, and ±3.0%. The Newtonian behavior of the fluids 

was evaluated with rheological tests (shear stress vs. the shear velocity). 

The wettability of the Si substrates by the liquid mixtures was assessed by the sessile drop 

method at room temperature. The Si substrates were carefully cleaned using the following 

protocol: 2 × 15 min sonication in Dextran solution intercalated with 10 min sonication in 

water, followed by 3×10 min sonication in water, rinsing with DD water, drying with nitrogen, 

and left inside a vacuum oven at room temperature, for, at least, two hours. The drops were 

deposited on the Si surfaces inside an ambient chamber model 100-07-00 (Ramé-Hart, 

Succasunna, NJ, USA) with a 2.5 mL micro syringe (Hamilton, Switzerland). The images of 

drops were obtained with a video camera (jAi CV-A50, Barcelona, Spain) mounted on a 

microscope Wild M3Z (Leica Microsystems, Wetzlar, Germany) and they were analyzed by 

running the ADSA software (Axisymmetric Drop Shape Analysis, Applied Surface 

Thermodynamics Research Associates, Toronto, Canada). The measurements were done 

under a dry nitrogen gentle flow to avoid water absorption by the liquids. A minimum of 

seven drops were analyzed for each mixture. 

The tribological tests were done with a nanotribometer (CSM Instruments, Peseux, 

Switzerland) using PEG200 and PEG200+ILs as lubricants. The Si substrates and the steel 

spheres were cleaned according to the procedure described above. The steel spheres were 

glued on a medium load cantilever. The stroke of the reciprocal movement of the counter-

bodies was 0.5 mm, the normal forces applied varied between 15 mN and 150 mN (476 MPa 

to 1 GPa maximum contact pressure, respectively), and the frequency varied in the range 4 - 

20 hertz, corresponding to sliding velocities of 4 – 20 mm·s-1. The number of cycles was 400, 

which corresponded to 400 mm of total sliding distance, while for the best lubricating mixture, 

longer tribological tests were performed (11000 cycles, sliding distance 11000 mm) with a 

sliding speed of 8 mm∙s−1. The experiments were done, at least, in triplicate, at room 

temperature, under a flow of dry nitrogen. The results were analyzed with the software 

TriboX. 
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The surfaces of the Si substrates and of the steel spheres were imaged before and after the 

tribological tests. In the latter case, the cleaning protocol described above was slightly changed 

by substituting sonication in Dextran solution by sonication in chloroform to ensure the 

removal of eventual traces of adsorbed ILs. An atomic force microscope (AFM) 

(NanoSurfEasyscan 2) was used with Si tips (force constant of 0.2 N·m−1) at a constant contact 

force of 20 nN, in contact mode. The images were obtained through the WSxM 5.0 Develop 4.0 

software. 

2.1.3 Results and Discussion 

2.1.3.1 Effect of the cation 

The CoF values (F=15 mN, rough spheres) obtained with [C6MIM][TfO], [C6pyr][TfO] and the 

pyridinium-based ILs are compared with those previously reported for other imidazolium-

based ILs[29] in Figure 2.1.2. The data are presented as Stribeck curves plotting CoF as a function 

of the Sommerfeld parameter, Z, defined as: 

 

     𝑍 =
𝜂𝑣𝑟

𝑁
                       Eq. 2.1 

 

where 𝜂 is the lubricant viscosity (Pa·s), v is the sliding speed (m·s-1), r is the counter-body 

radius (m) and F is the applied load (N). The values of CoF for PEG200 are included for 

comparison purposes. 

It is clear from the figure, that the cations containing hexyl or butyl side chain lead to lower 

CoF values than the cations with shorter side chains, which demonstrates the importance of 

lateral van der Waals interactions between the side chains leading to more compact adsorbed 

layers. Among the cations with one hexyl side chain, [C6-4-pic] stands out as the most efficient 

in the CoF reduction. The symmetry of this cation, previously reported as being responsible 

for its higher thermal stability, may lead to a more ordered structure of the adsorbed layer, 

which implies smaller energy dissipation and lower friction. The reduction in CoF depends 

on the interactions between the adsorbate and the sliding surfaces but also on the shape of the 

adsorbed molecules. The film of PEG200 should be weakly bonded to the Si surface through 

dipole interactions between PEG200 and Si-O groups. Differently, the additives chemically 

adsorb to the Si through the bonding of the S-O group of the [TfO] anion to the non-oxidized 

Si of the surface forming S-O-Si bonds. Besides these bonds, the less sterically hindered CH 

groups of the aromatic ring of the cation would be responsible for hydrogen bonding with the 

oxidized Si. 
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Figure 2.1.2. CoF vs. Sommerfeld parameter, Z, for PEG200 and its mixtures for a load of 15 

mN and sliding speeds varying between 4 and 20 mm∙s−1. The errors are ± standard deviations 

(n ≥ 3). 

 

The water content, viscosity at 25 C and the contact angle on Si of PEG200 and its mixtures 

are presented in Table 2.1.2. The values of the viscosity for all mixtures are very similar, and 

higher than that of neat PEG200, except for [AMIM][TfO]+PEG200. The contact angles vary 

between 15° and 41°, but no correlation may be found with the tribological performance: the 

best wettability of [C2OHMIM][TfO]+PEG200 does no ensure a low CoF. In principle, a good 

wettability of the substrates should be important to reduce friction in boundary/mixed 

lubrication regime; however, the influence of wettability is complex and hard to predict. For 

example, Borruto et al. found that water lubrication in the mixed/hydrodynamic regime was 

most effective when the discs were very hydrophobic and the counter-bodies, very 

hydrophilic.[31] 
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Table 2.1.2. Properties of PEG200 and IL+PEG200 mixtures. [a] Data taken from reference [29]. 

 

Liquids Water content/ ppm / mPa∙s Contact angle/  

PEG200[a] 200-500 40 31±3 

PEG 200 + 2% [EMIM][TfO][a] 568 53 24±2 

PEG 200 + 2% [BMIM][TfO][a] 675 52 27±2 

PEG 200 + 2% [AMIM][TfO][a] 406 40 17±1 

PEG 200 + 2% [C2OHMIM][TfO][a] 466 55 15±1 

PEG 200 + 2% [C6-2-pic][TfO] 206 50 36±1 

PEG 200 + 2% [C6-3-pic][TfO] 496 50 41±2 

PEG 200 + 2% [C6-4-pic][TfO] 242 50 36±1 

PEG 200 + 2% [C6Pyr][TfO] 376 49 47±1 

PEG 200 + 2% [C6MIM][TfO] 555 51 30±3 

2.1.3.2 Effect of water content 

Although the studied ILs are based on the hydrophobic anion [TfO], they are very 

hygroscopic, as well as the hydrophilic base oil PEG200, and the water content of the 

PEG200+IL mixtures may increase during the tribological applications at ambient conditions. 

The influence of water on the tribological performance of PEG200 and its mixtures with 1-

ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIM][TfO]) and 1-butyl-3-

methylimidazolium trifluoromethanesulfonate ([BMIM][TfO]) was studied in a previous 

work.[29] It was demonstrated that water saturated PEG200 led to a slight increase of the friction 

coefficient (CoF), while the CoF values obtained with the IL mixtures were independent of the 

water content. In the present work, the CoF of the mixture [C6-4-pic][TfO]+PEG200 was 

measured as a function of the water content (F=30 mN, 600 MPa maximum contact pressure, 

ν = 4, 8, 12, 16 and 20 mm∙s−1), from the dry state to the saturation level achieved after several 

days exposure at ambient atmosphere, and the results are shown in Figure 2.1.3. 
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Figure 2.1.3. CoF of [C6-4-pic][TfO]+2% PEG200 for a load of F=30 mN and varying speeds, as 

a function of humidity. 

 

These results show that CoF is independent of the water content, in agreement with the 

previous report.[29] In the literature, the results concerning the effect of water on the lubrication 

performance of ILs are contradictory. Arcifa et al.[32] found that tests done with hydrophobic 

imidazolium-based ILs using silica/silicon pairs, at a small applied load (0.5 N), in humid air 

led to an increase of wear and friction, which was attributed to the disruption of lubricant film. 

However, the same research group reported a decrease in friction and wear when studying 

the behavior of [EMIM][EtSO4] in humid conditions with the same tribological pair, at high 

load (4.5 N).[33] This effect was attributed to the smoothing of the silica surface due to the 

formation of a ductile layer of hydrated silica. 

The effect of water content on the viscosity and the contact angle of [C6-4-pic][TfO]+PEG200 

on the Si surface was assessed and the results are given in Figure A.1.2 (Annex A.1). The 

viscosity decreased only for the highest water content (saturated [C6-4-pic][TfO]+PEG200), 

which may be attributed, in part, to the small value of the viscosity of water compared to the 

values of PEG200 and its mixture. The random changes observed for the contact angles cannot 

be considered significant. 

2.1.3.3 Effect of the counter-body roughness 

In order to understand the effect of the counter-body roughness on the lubrication mechanism, 

we compare the tribological behavior of the pairs rough sphere/Si and smooth sphere/Si. The 

CoF values obtained using the lubricant [C6-4-pic][TfO]+PEG200 in a wide range of loads, at a 

constant sliding speed of 8 mm·s-1, are presented in Figure 2.1.4. 
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Figure 2.1.4. CoF values obtained with [C6-4-pic][TfO]+PEG200, using rough and smooth steel 

spheres with loads of 15 mN, 30 mN, 45 mN, 60 mN, 75 mN, 85 mN, 100 mN, 110 mN, 125 mN 

and 150 mN at constant velocity (8 mm·s-1) and 400 cycles. 

 

The CoF values followed a typical Stribeck curve where the three lubrication regimes are 

visible: boundary lubrication at high loads, mixed/elastohydrodynamic for medium loads, 

and hydrodynamic for low loads. Furthermore, the CoF values decrease when the roughness 

of the counter-body is reduced in the boundary and mixed/ elastohydrodynamic regimes, 

which means that the surfaces of the tribological pair are only partially separated by the 

lubricant. 

In the absence of experimental values for the thickness of the lubricant film, which could help 

in the understanding of the lubrication mechanism, we applied the elastohydrodynamic 

theory of lubrication (EHL) to estimate the theoretical minimum film thickness, h, to 

nonconformal geometry of ball-on-disc contact.[34,35] The details of the calculation are given in 

Annex A.1 of the Supporting Information. The values of the film thickness calculated for 

elastohydrodynamic conditions (loads 45 mN, 60 mN and 75 mN, corresponding, respectively, 

to 687, 756 and 814 MPa maximum contact pressures, at average sliding speed of 8 mm·s-1) 

varied between ~1.7 nm for smooth spheres and ~2.1 nm for rough spheres. Comparison of the 

film thickness with the composite surface roughness, defined as (𝜎𝑏𝑎𝑙𝑙
2 + 𝜎𝑑𝑖𝑠𝑐

2 ) 
1

2⁄  which, in 

the present case, corresponds to approximately 20 ± 0.4 nm for the rough sphere and 6 ± 0.6 

nm for the smooth sphere, shows that the film is not thick enough to separate the two sliding 

surfaces and that contact between asperities will always occur during sliding. Here we must 

point out that EHL theory may lead to unreliable values for film thickness when the 

lubricating films are of the order of some nanometers. In the case of ILs, other authors found 
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inconsistencies between the observed lubrication regime and the one compatible with the film 

thickness predicted by the EHL theory.[33,36] However, a thin film may be compatible with EHL 

conditions if the sliding surfaces are protected by a thin layer of adsorbed IL ions. 

To check the occurrence of eventual wear of the sliding surfaces, long tribological tests (11000 

cycles equivalent to 11000 mm of sliding distance under a load of 150 mN) were done using 

the smooth and the rough counter-bodies. The CoF was plotted as a function of time in Figure 

A.1.3 and Figure A.1.4 (Annex A.1) for PEG200 and [C6-4-pic][TfO]+PEG200, respectively. The 

values of CoF increased to around 0.2, independently of the lubricant composition or the 

roughness, and remained practically constant during the testing time. The fact that the CoF 

values do not change with time suggests the absence of wear. To confirm this hypothesis and 

further investigate the lubrication mechanism, the surfaces of the Si substrates and the steel 

spheres were imaged with AFM, before and after being submitted to the tribological tests, and 

carefully washed. 

The AFM images of the Si surfaces, before and after being submitted to the tribological tests 

and carefully washed, using PEG and [C6-4-pic][TfO]+PEG200, as lubricants, and rough and 

smooth steel spheres, as counter-bodies, are shown in Figure 2.1.5. No wear tracks could be 

detected using both rough and smooth spheres. However, the roughness of Si decreased 

considerably after the tests with PEG200 and kept the same order of magnitude after the tests 

with [C6-4-pic][TfO]+PEG200, using both types of spheres. 

The AFM images of the rough and smooth steel spheres, before and after being submitted to 

the tribological tests and carefully washed, using PEG200 and [C6-4-pic][TfO]+PEG200 as 

lubricants, are shown in Figure 2.1.6. In the case of the smooth spheres, no significant changes 

of roughness were observed after the tribological tests with both lubricants. In contrast, the 

roughness of the rough spheres was considerably reduced after the test with PEG200 and 

remained approximately constant after the test with [C6-4-pic][TfO]+PEG200. 

The analysis of the surface roughness demonstrates the role of the IL on the protection of both 

surfaces during the sliding process. In presence of neat PEG200, the tests done under boundary 

lubrication (high load) involved contact of the steel sphere with the Si surface and led to 

accommodation of both surfaces. This effect is more evident for the Si surface whose 

roughness was reduced in  83%, after the tests with both soft and rough spheres. The average 

roughness of the spheres decreased significantly (about 60%) only for the rough ones. In 

contrast, when the lubricant was [C6-4-pic][TfO]+PEG200, the average roughness of both 

surfaces (spheres and Si substrates) did not change significantly after the tests. The overall 

results confirm that a complex lubrication mechanism, designated by mixed or adsorption 

lubrication,[35] where the load is supported by the liquid film retained among the asperities of 

the opposing surfaces and by the layer adsorbed on the asperities. 
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Figure 2.1.5. AFM images of the Si surfaces before (A) and after being submitted to long 

tribological tests (load of 150mN), and carefully washed, using PEG200 (B1 and B2) and [C6-4-

pic][TfO]+PEG200 (C1 and C2) as lubricants and the counter-bodies: rough steel spheres (left) 

and smooth steel spheres (right). 
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Figure 2.1.6. AFM images of steel spheres before (A1 and A2) and after being submitted to 

long tribological tests (load of 150 mN) and carefully washed using PEG (B1 and B2) and [C6-

4-pic][TfO]+PEG200 (C1 and C2) as lubricants: rough steel spheres (left) and smooth steel 

spheres (right). 
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Figure 2.1.7 shows a schematic representation of the lubrication films of PEG200 and [C6-4-

pic][TfO]+PEG200 formed between the surfaces of the rough steel sphere and the silicon 

substrate under boundary lubrication (150 mN). 

In the case of neat PEG200, the asperities of the counter-body were in contact and suffered 

deformation, while addition of [C6-4-pic][TfO] resulted in the chemical adsorption of the 

anions to the silicon surface. The symmetric nature of the [C6-4-pic] enhanced the layering of 

the ions, which led to an adsorbed film able to keep the sliding surfaces separated during the 

sliding process. 

 

 

 

Figure 2.1.7. Schematic representation of the lubrication mechanism of rough steel spheres 

sliding on Si surfaces using neat PEG200 and the mixture [C6-4-pic][TfO]+PEG200 under a high 

load: in the presence of PEG200, elastic deformation of the steel asperities occurred(top left 

image); [C6-4-pic][TfO]+PEG200 protects the surfaces due to the formation of an adsorbed, 

layered film of the IL ions (right images). Adsorption on steel is a plausible hypothesis. 

2.1.4  Conclusions 

Three new ILs based on picolinium were successfully synthesized using microwave process 

as more sustainable method: [C6-x-pic] [TfO] where x=2, 3 and 4. The performance of these ILs 

as additives to model lubricant oil PEG200 was evaluated and compared with that of other ILs 

sharing the same hydrophobic anion, using the tribological pair steel sphere/Si substrate. The 
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lowest CoF values were obtained with ILs based on cations containing one hexyl or butyl side 

chain. [C6-4-pic][TfO] was the most efficient additive, which may be attributed to the 

symmetry of the cation leading to an ordered adsorbed layer. Thus, the lubrication ability 

depends not only on the adsorption strength of the additive but also on the ordered 

arrangement of the molecules within the adsorbed layer. No effect of the water content of the 

lubricants on friction was found. Wear of the Si substrates under boundary lubrication 

conditions (high load) was not observed in any case, indicating a mixed or adsorption 

lubrication regime, where the load is supported by the liquid film retained among the 

asperities of the opposing surfaces and by the layer adsorbed on the asperities. 
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2.2 

 

PROTIC IONIC LIQUIDS AS ADDITIVES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter presents the results obtained using a set of protic Ionic Liquids as additives and 

it is based on the published paper: M. T. Donato, J. Deuermeier, R. Colaço, L. C. Branco, B. 

Saramago, New Protic Ionic Liquids as Potential Additives to Lubricate Si-based 

MEMS/NEMS, Molecules 2023, 28 (6), 2678. 
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2.2.1  Introduction 

Protic ionic liquids (PILs) are a subclass of ionic liquids, which are composed of Brønsted acids 

and bases. The unique properties of these PILs result from the presence of proton-donor and 

proton-acceptor sites, which are responsible for the formation of dense hydrogen bonding 

leading to bi-continuous sponge-like nanostructures.[1] Greaves and Drummond first reviewed 

the properties and applications of PILs in 2008 [2] and reported only one study on the lubricant 

properties of a series of alkylammonium PILs.[3] The authors of that study compared the 

tribological properties of PILs and imidazolium aprotic ILs with those of mineral oils and 

found reduced friction and wear of steel-aluminum contacts with the PILs, in particular, with 

the monoprotic trioctylammonium bis(trifluoromethylsulfonyl)imide ([N888H][NTf2]). This PIL 

added to a commercial mineral oil eliminated the known adhesion problems in the aluminum 

sliding surfaces, which was attributed to the fast reaction of the IL with aluminum leading to 

a protective boundary film. Since then, several authors have been studying the application of 

ammonium and phosphonium-based PILs as neat lubricants or additives to lubricate metallic 

contacts.[4–13] Ammonium-based PILs demonstrated excellent performance as lubricants of 

magnetic thin films,[4] as additives in lithium complex grease to lubricate steel-steel pairs [5] 

and both as pure lubricants or oil additives in the lubrication of copper-copper contacts.[6] 

Ultra-low friction was obtained with water containing 2-hydroxyethylammonium succinate 

to lubricate sapphire-stainless steel contacts.[7] 2-Hydroxyethylammonium formiate and 

pentanoate were tested as lubricants of aluminum-steel contacts and were demonstrated to be 

effective in wear reduction, although they did not improve friction in comparison with 

commercial oils.[8] Similar behavior was observed with other ammonium-based PILs 

containing the oleate cation: tribological tests with alumina/aluminum pair demonstrated that 

the only advantages compared to the commercial lubricant were the low price and low toxicity 

as well as the higher chemical stability.[9] The PIL tri-[bis(2-hydroxyethyl)ammonium] citrate 

was successfully applied as an additive to mineral oil in the lubrication of aluminum-steel [10] 

and steel-steel contacts,[11] while di[bis(2-hydroxyethyl)ammonium] succinate was used as an 

additive in water and as base lubricant for graphene dispersions to lubricate alumina/steel 

pairs.[12] Kahn et al. synthesized fatty-acid-derived PILs based on the phosphonium cation, 

which decreased friction and wear of the steel tribopair when added to lube oil.[13] It is also 

important to emphasize that PILs are easily prepared by simple protonation of the cation using 

appropriate acid, as well as cheaper compared to other ILs. 

To our knowledge, the capacity of PILs to lubricate silicon surfaces was never reported in the 

literature, except in a recent publication by our group,[14] as described later in this section. The 

high demand for the efficient lubrication of micro and nanoelectromechanical systems (MEMS 

and NEMS), which are traditionally made of silicon, derives from the fact that silicon is a very 

fragile material and non-adequate lubrication may lead to adhesion, friction and wear 

problems.[15] These problems occur only when MEMS and NEMS have moving parts, such as 
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in optical switches, magnetic storage devices, resonators, gyroscopes and micro pumps, 

among others. The peculiar properties of ILs, including their high electrical conductivity 

which ensures low contact resistance between sliding parts, represent important advantages 

compared to conventional lubricants in this type of application. Even used as lubricant 

additives, ILs were found to increase the conductivity of the solvent.[16,17] 

The investigation of the performance of ILs as neat lubricants or additives in the lubrication of 

silicon dates back to 2006 when Yu et al. demonstrated that films of vinyl groups functionalized 

ILs reduced the friction and wear of hydroxyl-terminated Si surfaces.[18] Bhushan et al.[19] 

evaluated the nanoscale tribological performance of two imidazolium-based ILs deposited on 

Si wafers. The partially bonded coatings demonstrated the best tribological behavior as they 

combined the bonded lubricant with a mobile fraction. Zhu et al.[20] and Mo et al.[21,22] 

investigated the lubrication capacity of a thin film of ILs deposited on single crystal Si wafers. 

They found that the nano and microtribological properties were dependent on the structure 

of both the anions and the cations, wettability and environment. Pu et al.[23] used the same type 

of approach with crown-type phosphate ILs to lubricate silicon surfaces modified with self-

assembled monolayers. The group of Spencer [24] studied the lubrication of the silicon/silica 

pair by two ILs based on the 1-ethyl- and 1-hexyl-3-methylimidazolium cations combined with 

tris(pentafluoroethyl) tris(perfluoroalkyl)trifluorophosphate anions, respectively, 

[C2MIM][FAP] and [C6MIM][FAP], with a pin-on-disc tribometer. They found that varying the 

environmental humidity affected the mechanism of lubrication in different ways depending 

on the applied load. Later, they used 1-ethyl-3-methylimidazolium ethylsulfate 

([C2MIM][EtSO4]) in similar studies and claimed that the presence of water in the IL induced 

decreases in wear and roughness of the sliding surfaces, minimizing the formation of debris. 

[25] In 2017, the same authors reported a comparison of the lubrication of the silicon/silica 

tribopair with 1-ethyl-, 1-hexyl- and 1-dodecyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, ([C2MIM][NTf2], [C6MIM][NTf2] and [C12MIM][NTf2]), 

under boundary conditions, with the results obtained using [C2MIM][EtSO4] and the FAP-

based ILs.[26] Raman and XPS spectra of the worn surfaces revealed mechanical wear as the 

prevailing form when the lubricants were the ILs based on the [EtSO4] and the [NTf2] anions 

but not with the ILs containing the [FAP] anion. Our group investigated the use of ILs as 

additives in the model lubricant polyethylene glycol (PEG200) to lubricate the pair steel ball/Si 

surface.[14,27,28] A series of imidazolium-based ILs were tested and a significant reduction in the 

friction coefficient (CoF) was obtained with PEG200 + 2% [C2MIM][EtSO4], which was 

attributed to the strong interaction of the anion with the Si surface.[25] Picolinium-based ILs, 

namely 1-hexyl-2, 3 or 4-picolinium trifluoromethanesulfonate, were also tested in similar 

studies and [C6-4-pic][TfO] demonstrated the best tribological performance which was 

explained by the ordered adsorbed layer formed by the symmetric cation.[26] Sulfur-based ILs 

and organic salts, some liquids and other solids at room temperature, were used as additives 

in the base oil PEG200.[14] Excellent tribological properties were achieved with ILs containing 
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the methylsulfate ([MeSO4]) and the mesylate ([MeSO3]) anions. This performance was 

attributed to the formation of chemical bonds between the S atoms of the anions and the Si 

surface leading to the formation of a compact adsorbed film. The behavior of aprotic ILs was 

compared to two PILs such as methylimidazolium mesylate ([MIMH][MeSO3]) and 

tetramethylguanidinium mesylate ([TMGH][MeSO3]). The PILs outperformed the aprotic ILs 

in the reduction in friction compared to the model lubricant (PEG200), except in the case of 1-

methyl-3-picolinium methylsulfate ([C1-3-pic][MeSO4]). However, more extensive studies are 

needed to confirm the promising results obtained with the investigated PILs. 

In this work, we synthesized ten PILs based on the combination of the methylimidazolium 

([MIMH]), 4-picolinium ([4-picH]), pyridinium ([PyrH]), 1,8-diazabicyclo[5.4.0]-undec-7-ene-

8-ium ([DBUH]) and tetramethylguanidinium ([TMGH]) cations with hydrogen sulfate 

([HSO4]) and [MeSO3] anions. The molecular structures of these ions are presented in Figure 

2.2.1. Among these salts, [4-picH][MeSO3], [PyrH][HSO4], [DBUH][HSO4] and [MIMH][HSO4], 

are liquid and the remaining ones are solids at room temperature. The idea was to ally the 

good lubrication capacity of the anions based on sulfur units with the presence of proton 

donors in the cations. The PILs were tested as additives to PEG200 in the proportion of 2% in 

weight. The viscosity and wettability of the mixtures were measured and their lubrication 

capacity was assessed using two tribopairs: steel sphere/Si surface and Si sphere/Si surface. A 

first screening of the additives was conducted with the steel spheres, and then the more 

expensive Si spheres were used to compare the behavior of the worst and the best-performing 

liquids in the lubrication of Si contacts that better mimic dynamic MEMS/NEMS, most 

frequently made of silicon. Friction and wear were determined and the worn sliding surfaces 

were imaged and chemically analyzed in order to understand the wear mechanisms. 
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Figure 2.2.1. Molecular structures of the studied anions and cations. 

2.2.2  Experimental 

2.2.2.1 Materials 

All reagents for the synthesis of the PILs were purchased and used without additional 

purification. The list of reagents is the following: 4-methylpyridine 98%, methylimidazole 99% 

and tetramethylguanidine 99% from Alfa Aesar (Tewksbury, MA, USA); pyridine p.a. and 

sulfuric acid 95–97% from Merck (Rahway, NJ, USA); 1,8-diazabicyclo(5.4.0)undec-7-ene 98% 

and methanesulfonic acid 99% from Sigma-Aldrich (Rahway, NJ, USA). 

The solvents were acetonitrile 99.8% from Merck (Darmstadt, Germany) and deuterated water 

99.9% from Eurisotop (Gif sur Yvette, France). Polyethylene glycol (MW 200)—PEG200 was 

from Sigma-Aldrich (Rahway, NJ, USA), with water content < 0.5%. Distilled and deionized 

water (DD) was obtained with a Millipore system. 

Si b100N wafers (Si-Mat, Kaufering, Germany), with 0.5 mm of thickness, 1 nm of root mean 

square (RMS) roughness and 1121–1428 HV of hardness, were cut in squares (1×1 cm2) to be 

used in the tribological tests and the contact angle measurements. Spheres of stainless steel 
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(SS) AISI 316L grade 100 (Atlas Ball and Bearing Co. Ltd., Walsall, UK) with 6 mm of diameter, 

roughness RMS = 1 µm and hardness of 260–390 HV and Si spheres (J. Hauser GMBH and Co., 

Solms, Germany) with 6 mm of diameter, 15 nm of RMS roughness and 1412 HV of hardness 

were used as counter-bodies. 

2.2.2.2 Methods 

The syntheses of the PILs are described in detail in the Supporting Information. In order to 

check the chemical structures and purities, all compounds were characterized by 1H and 13C 

NMR, FTIR and elemental analysis (see NMR and FTIR spectra in Figure A.2.1 in Annex A.2). 

The syntheses of [MIMH][MeSO3], [TMGH][MeSO3] and [DBUH][HSO4] were described in 

previous works.[14,0] 

The choice of the optimal concentration of the PIL was based on the comparison of the CoF 

obtained with mixtures of [4-picH][HSO4] and PEG200 using three concentrations: 1%, 2% and 

5% (w/w) (Figure A.2.2). The best performance was obtained with 2% (w/w), which was 

adopted for all PILs. The mixtures were dried under a vacuum and their water content was 

determined by Karl–Fischer coulometric titration (Metrohm, Herisau, Switzerland). The 

chemical stability of the formulations was checked by 1H-NMR comparing the original spectra 

of the components (PEG200 and PILs) as well as the mixtures PEG200 + 2%PILs after 6 months 

of preparation. In general, it is possible to conclude that the formulations are chemically stable. 

In order to prove the chemical stability, 1H-NMR of the mixture PEG200 + 2%[4-picH][HSO4] 

was included in Annex A.2 (see Figure A.2.3). 

The viscosity was measured at 25 °C using a rheometer MCR 92 (Anton Paar, Graz, Austria). 

The results are average values obtained from three measurements. The contact angles of the 

studied liquids on the Si surface were measured by the sessile drop method at room 

temperature.[30] The Si substrates were cleaned according to the following protocol: (1) 2×15 

min sonication in Dextran® solution intercalated with 10 min sonication in water; (2) 3×10 min 

sonication in water; (3) rinsing with DD water. After being flushed with nitrogen, and dried 

in a vacuum oven at room temperature for, at least two hours, the substrates were placed 

inside an environmental chamber 100-07-00 (Ramé-Hart, Succasunna, USA). The images of the 

sessile drops were captured with a camera jAi CV-A50 (Infaimon, Barcelona, Spain) coupled 

to a microscope Wild M3Z (Leica Microsystems, Wetzlar, Germany), and the software ADSA 

(Applied Surface Thermodynamics Research Associates,Toronto, Canada) was used for image 

analysis. The reported contact angles were average values obtained from measurements 

performed on at least four drops of each liquid. 

The tribological tests were conducted with a tribometer TRB3 (Anton Paar, Graz, Switzerland) 

in the configuration reciprocating ball-on-flat at room temperature (~25 °C) and relative 

humidity (~45%). The tribopairs were SS spheres/Si substrates and Si spheres/Si substrates. 

After cleaning both spheres and substrates, using the protocol described in the previous 
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section, the sphere was placed on the tribometer arm and the Si substrate was glued to a 

metallic container. Several drops of liquid were added to ensure the full coverage of the 

surfaces. Two types of tests were conducted with the different tribopairs. The SS spheres were 

used in short-duration tests (85 cycles, corresponding to 0.68 m of sliding distance), under a 

low normal force of 1 N, and sliding speeds varying between 1 and 20 mm·s−1. The Hertz 

contact stress was 584.5 MPa. The Si spheres were used in short and long tests (2375 cycles, 

corresponding to 19 m of sliding distance), under the normal load of 1 N and higher normal 

loads of 2 N and 4 N, at a constant speed of 8 mm·s−1. The amplitude of the reciprocal 

movement of the counter-body was always 4 mm. The Hertz contact stresses varied between 

584.5 MPa for 1 N and 927.9 MPa for 4 N. The results were analyzed using the software TriboX. 

The reported values for CoF represent the average of at least three results obtained in 

independent experiments. 

After the tribological tests, the Si spheres and the Si substrates were carefully cleaned with 

acetone and dried with nitrogen, to remove any traces of adsorbed material. A Scanning 

Electron Microscope (SEM) JSM7001F (JEOL, Tokyo, Japan) was used to analyze the surfaces 

of both Si spheres and Si substrates after the tribological tests. The surfaces of the Si substrates 

were also imaged using an optical profilometer Profilm 3D (Filmetrics, San Diego, California, 

USA) and for each track, the worn volume was estimated by multiplying the track length by 

the average of the cross-sectional areas of the worn track determined by numerical integration 

of the 2D profiles (3–5 measurements per track). 

The elemental composition of the wear tracks on the Si spheres and Si substrates was studied 

by X-ray photoelectron spectroscopy (XPS), using a spectrometer Axis Supra (Kratos 

Analytical Ltd., Manchester, UK). A monochromatic Al Kα source was run at 225W. The 

detailed spectra were acquired at a pass energy of 20 eV through an aperture of 110 μm. Data 

analysis was conducted with CasaXPS. Atomic percentages were calculated assuming a 

homogenous distribution of elements, using the Kratos relative sensitivity factors. 

In order to assess the thickness of the film remaining on the Si substrate after the long 

tribological test at 1 N, the excess liquid was removed with absorbing paper and dried with a 

nitrogen flow. The tracks left on the adsorbed film were analyzed using an atomic force 

microscope (NanoSurf Easyscan 2, Liestal, Switzerland) with Si tips (c = 0.2 N·m−1, f0 = 25 kHz) 

in contact mode (contact force of 50 nN), using the software WSxM 5.0 Develop 4.0. 

2.2.3  Results and Discussion 

2.2.3.1 Water content, viscosity and wettability of the PILs 

Rheological studies were made at 25 °C and variable shear rate, which showed that the liquid 

mixtures present a Newtonian behavior. The water content, the viscosity at 25 °C and the con-

tact angle on Si of PEG200 and of the mixtures PEG 200 + 2% PILs are given in Table 2.2.1. All 
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mixtures present moderate viscosity, varying between 49 mPa∙s and 64 mPa∙s, higher than 

pure PEG200. The additives based on the anion [MeSO3] lead to higher viscosity than those 

with the anion [HSO4] when sharing the same cation. The PEG200 and all the mixtures exhib-

ited good wettability on the Si surface. 

 

Table 2.2.1. Water content, viscosity, 𝜂, at 25 °C and equilibrium contact angle on Si substrates 

of PEG200 and the mixtures. The standard deviations correspond to n = 3 for viscosity and n 

≥ 4 for contact angle. 

 

Liquids Water content/ ppm 𝜼/ mPa∙s Contact angle/  

PEG200 175 41 ± 1 28 ± 2 

PEG 200 + 2% [MIMH][HSO4] 75 50 ± 1 26 ± 3 

PEG 200 + 2% [MIMH][MeSO3] 62 56 ± 1 28 ± 2 

PEG 200 + 2% [4-picH][HSO4] 88 49 ± 1 27 ± 4 

PEG 200 + 2% [4-picH][MeSO3] 375 53 ± 1 28 ± 4 

PEG 200 + 2% [PyrH][HSO4] 62 48 ± 1 26 ± 4 

PEG 200 + 2% [PyrH][MeSO3] 486 63 ± 1 28 ± 4 

PEG 200 + 2% [DBUH][HSO4] 138 50 ± 1 22 ± 2 

PEG 200 + 2% [DBUH][MeSO3] 75 54 ± 1 28 ± 4 

PEG 200 + 2% [TMGH][HSO4] 112 49 ± 1 18 ± 2 

PEG 200 + 2% [TMGH][MeSO3] 2875 58.7 ± 0.5 27 ± 4 

2.2.3.2 Tribological tests with the tribopair SS/Si 

The first experiments aimed at a previous evaluation of the lubrication capacity of the pre-

pared PILs using the tribopair SS sphere/Si substrate in short tests under a low load (1 N). 

These conditions were chosen in order to avoid wear, which complicates the interpretation of 

the friction results, thus allowing a first screening of the PILs. The Stribeck curves (CoF vs. 

Sommerfeld parameter, 𝑍) for the two sets of PILs sharing the same anions, [HSO4] and 

[MeSO3], are shown in Figure 2.2.2. The parameter 𝑍 is defined as: 

 

     𝑍 =
𝜂𝑣𝑟

𝑁
                       Eq. 2.2 

 

where 𝜂 is the lubricant viscosity (Pa·s), 𝑣 is the sliding speed (m·s−1), 𝑟 is the counter-body 

radius (m) and 𝐹 is the applied load (N). Stribeck curves allow for the identification of the 

lubrication regimes that exist between contacting surfaces. In this case, two different regimes 

can be identified: boundary regime, in which the asperities of the surfaces in relative motion 

come into physical contact and adhesion and/or abrasion occur; boundary/mixed regime, 
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which is an intermediate regime where there is some contact between asperities but the lubri-

cant film already plays an important role in supporting the applied load. In the first regime 

(𝑍×105 < 0.3), CoF decreases sharply with speed, while in the second one (𝑍×105 > 0.3), CoF is 

almost constant. 

 

 
 

Figure 2.2.2. CoF vs. Sommerfeld parameter, 𝑍, for the pair SS sphere/Si substrate using neat 

PEG200 and the mixtures PEG200 + 2% PIL as lubricants. The errors are ±standard deviation 

(n ≥ 3). 

 

Apart from [DBUH][HSO4], the addition of the PILs to PEG200 led to a decrease in CoF. Most 

PILs present a similar behavior, but [4-picH][HSO4] stands out as the best one. Figure A.2.4 

compares the Stribeck curves obtained for the PILs grouped according to the anion, [HSO4] 

and [MeSO3], respectively. Among the PILs based on the same anion, it is possible to identify 

significant differences, which seems to indicate that the cation possesses a more important role 

in determining the lubrication capacity. The small, symmetric cation [4-picH] may interact 

with the Si surface through hydrogen bonds established between NH and CH groups of the 

picolinium ring and the oxidized Si, leading to the formation of a compact adsorbed layer. A 

similar behavior was observed by the authors with 1-methyl-3-picolium methylsulfate ([C1-3-

pic][MeSO4]). [14] In contrast, the cation [DBUH] has a large size, low symmetry and stronger 

delocalized charge,[31] which do not favor the interaction with the Si surface. The [HSO4] anion 

may also contribute to the formation of the stable lubrication film through the interaction of 

the S-O groups with the non-oxidized Si, while the hydroxyl groups interact with the Si-O. 

Thus, the best tribological behavior obtained with [4-picH][HSO4] should result from the syn-

ergy of the two ions. 
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We must stress that the tribological behavior of the mixtures PEG 200 + 2% [MIMH][MeSO3] 

and PEG 200 + 2% [TMGH][MeSO3] was previously tested with the same tribopair under dif-

ferent conditions (loads of 15 mN and 30 mN).[14] They led to significant decreases in CoF when 

compared to PEG200 and to other mixtures of PEG200 with aprotic ILs. However, Figure 2.2.2 

shows that the tribological behavior of the former mixtures under 1 N of load was clearly 

outperformed by PEG 200 + 2% [4-picH][HSO4]. The additive [4-picH][HSO4] reduced 55% the 

CoF of PEG200 (𝑣 = 20 mm·s−1), while the reductions with [MIMH][MeSO3] and 

[TMGH][MeSO3] were 25% and 31%, respectively. 

2.2.3.3 Tribological tests with the tribopair Si/Si 

The best and the worst additives tested with the tribological pair SS/Si, respectively, [4-

picH][HSO4] and [DBUH][HSO4], were further studied using the tribopair Si sphere/Si sub-

strate. To better assess the role of the anion, the results are compared with those obtained with 

the two other PILs sharing the same cations but with the anion [MeSO3]: [4-picH][MeSO3] and 

[DBUH][MeSO3]. Figure 2.2.3 shows CoF vs. 𝑍 for neat PEG200 and the mixtures of these ad-

ditives with PEG200 obtained with short tests under the load of 1 N. When these results are 

compared with the previous ones obtained with the tribopair SS/Si, a significant reduction in 

the CoF is observed for all mixtures. This decrease may be attributed to the smaller roughness 

of the Si spheres (RMS = 15 nm) compared to the SS spheres (RMS = 1 µm). 

 



 95 

 
 

Figure 2.2.3. CoF vs. Sommerfeld parameter, 𝑍, for the pair Si sphere/Si substrate using neat 

PEG200 and the mixtures PEG200 + 2% PIL as lubricants in short tests under load of 1 N. The 

errors are ±standard deviation (n ≥ 3). 

 

The tribological behavior of the tested PILs follows a similar pattern to that obtained with the 

SS spheres but with a slight difference: [DBUH][HSO4] is still the worst additive but the lubri-

cation capacities of [4-picH][HSO4] and [4-picH][MeSO3] are almost the same. A possible jus-

tification for this behavior should lie in different interactions between these anions and the SS 

or Si spheres. It seems that the anion [HSO4] may react with steel to produce a protective layer 

more efficiently than [MeSO3], thus justifying the better behavior of [4-picH][HSO4] for the 

SS/Si pair. 

The influence of the load and the number of cycles on the CoF was investigated and the results 

obtained with forces of 1 N, 2 N and 4 N, at the sliding speed of 8 mm·s−1 are presented in 

Figure 2.2.4. The choice of this value was based on the analysis of the Stribeck curves (Figure 

2.2.3), which show that for this intermediate speed, the lubrication regime may be considered 

boundary/mixed (low Sommerfeld parameter). To confirm the lubrication regime, the value 

of the thickness of the lubricant film should be compared with the composite surface rough-

ness, defined as (𝜎𝑏𝑎𝑙𝑙
2  +  𝜎𝑑𝑖𝑠𝑐

2 )
1 2⁄

, which in the present case is approximately 15 nm. Alt-

hough we do not have direct experimental access to that thickness, we may have an estimation 

through the AFM analysis of the film that remained on the Si surface, following the tribological 

experiments. Figure A.2.5 (Annex A.2) shows the surface of the Si substrate at the end of the 

test with PEG200 + 2% [4-picH][HSO4] (2375 cycles, 1 N) after removing the excess liquid: out-

side the track an adsorbed layer approximately 4.5 nm high is visible. The observed track 

should be the result of the continuous removal of this layer during the sliding movement of 
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the tribological pair. Furthermore, we estimated the theoretical minimum film thickness by 

applying the elastohydrodynamic theory of lubrication (EHL) to a nonconformal geometry of 

ball-on-disc contact.[32] The value of the film thickness obtained for the load of 1 N (condition 

of Figure 2.2.3) and sliding speed of 8 mm·s−1 (details of the calculation in Annex A.2) is ~2 nm. 

We must stress that the calculated value of the film thickness must be taken with care, because 

the EHL theory of lubrication does not strictly apply when the film thickness is in the order of 

nanometers, and inconsistencies were found when applying the EHL theory to ILs.[33] Never-

theless, the consistency between the calculated minimum film thickness and the thickness 

measured with AFM allows concluding that the film is not thick enough to separate the two 

sliding surfaces, confirming a boundary/mixed lubrication regime, where the load is carried 

mainly by the surface asperities or partially by the asperities and the lubricant film. 

 

 
 

Figure 2.2.4. Average CoF values obtained with the pair Si sphere/Si substrate using neat 

PEG200 and the mixtures PEG200 + 2% PIL as lubricants: short tests under the load of 1 N (A) 

and long tests under the loads of 1 N (B), 2 N (C) and 4 N (D). The errors are ±standard 

deviation (n ≥ 3). 

 

At low load, the value of the CoF is constant throughout all the sliding distances of the tribo-

logical test: the average values obtained with 2375 cycles are not significantly different from 

those obtained with 85 cycles. In contrast, increasing the load led to increasing values of CoF, 

with a larger scatter, indicating the existence of wear. In all cases, there is a tendency for a 

decrease in the average CoF after adding the additives, but the larger decreases occurred with 

[4-picH][HSO4] and [4-picH][MeSO3]. As expected, after the short tests, no wear of the Si sub-

strates could be detected, but the situation changed for the longer tests. Figure 2.2.5 shows the 

wear volumes obtained in long tests under loads of 1 N, 2 N and 4 N. 
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The most remarkable results were obtained with the additives [4-picH][HSO4] and [4-

picH][MeSO3] at 2 N: the wear volumes became almost negligible. For the lower load (1 N), 

the wear volumes were small for all mixtures, while for the higher load (4 N), the large scatter 

of the results does not allow a meaningful comparison, although [4-picH][HSO4] still demon-

strated the best behavior. The analysis of the time dependence of the CoF in the long tests 

helps to understand the dispersion of the CoF and the wear values. Figure A.2.6 presents ex-

amples of the variation of CoF with time, obtained during long tests with v = 8 mm·s−1 for 1 N, 

2 N and 4 N. The CoF values remained constant without the presence of any running-in period 

for the tests under 1 N, indicating the stability of the lubricant film. Under the load of 2 N, 

only the test with PEG200 + 2% [4-picH][HSO4] led to a constant value, although the variation 

was very slight with PEG200 + 2% [4-picH][MeSO3]. The tests under 4 N led to some instability 

with sporadic peaks in the CoF values for all mixtures giving evidence to the existence of three-

body wear. The CoF is slightly decreasing with time, which may be attributed to the rolling 

and sliding of debris particles that absorb deformation energy.[34] The same behavior can be 

detected in the tests under 2 N using PEG200 and their mixtures with [DBUH][HSO4] and 

[DBUH][MeSO3]. Silicon is known to have good mechanical properties but its low toughness 

results in adhesive wear where the first debris are formed, followed by third-body wear.[35,36] 

The local variations of the surface morphology should be responsible for the observed fluctu-

ations in the friction coefficient. The additives [4-picH][HSO4] and [4-picH][MeSO3] strongly 

adsorb on the Si surfaces of the body and the counter-body minimizing the contact between 

the sliding surfaces during the tribological tests under loads of 1 N and 2 N. For the highest 

load (4 N), the additives could no longer protect the surfaces from contact and third-body wear 

occurs, as shown in the SEM images in Figure 2.2.6. The images of the worn surface of the Si 

balls clearly show signs of three-body abrasive wear where the black dots correspond to de-

bris. These small black particles of angular shape result from the oxidation of Si fragments 

detached during the first cycles of the tribological tests and oxidized by the action of heat and 

pressure. It is clear from the figure that the three-body abrasive wear is more intense for 

PEG200 and has the lowest intensity when using the additive [4-picH][HSO4]. The width of 

the wear tracks on the Si substrates confirms these results: the narrowest track is observed for 

[4-picH][HSO4]. 
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Figure 2.2.5. Average wear volumes obtained with the pair Si sphere/Si substrate using neat 

PEG200 and the mixtures PEG200 + 2% PIL as lubricants in long tests under loads of 1 N (A), 

2 N (B) and 4 N (C). The errors are ±standard deviation (n ≥ 3). 

 

The profiles of the wear tracks on the Si substrates were obtained with a profilometer and are 

presented in Figure 2.2.7. PEG200 led to a deep, wide wear profile, while the profile obtained 

with [4-picH][HSO4] is the shallowest. This behavior is typical of well-lubricated surfaces of 

the same material moving relative to each other. The moving surfaces deform and the ball 

penetrates slightly on the underlying substrate leading to a wide, shallow wear track. 
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Figure 2.2.6. SEM images with 600× magnification of the worn surfaces of the Si balls (left) 

and the Si substrates (right) after long tribological tests under the load of 4 N using as 

lubricants: PEG200 (A), PEG200 + 2% [4-picH][MeSO3] (B), PEG200 + 2% [4-picH][HSO4] (C), 

PEG200 + 2% [DBUH][MeSO3] (D) and PEG200 + 2% [DBUH][HSO4] (E). The black arrows 

mark the limits of the wear tracks. 

 

The elemental composition of the Si substrates inside and outside the wear tracks (under the 

load of 4 N) obtained with XPS analysis is presented in Table 2.2.2. The most striking result is 

the presence of nitrogen inside and outside the track for PEG200 + 2% [4-picH][HSO4], the best 
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lubricating mixture. This confirms that [4-picH][HSO4] is the PIL with a higher tendency to 

adsorb on the Si surface. Surprisingly, no sign of sulfur could be detected indicating that the 

interaction of this PIL with the surface occurs mostly through the cation. When comparing the 

atomic percentages inside the wear tracks, the percentages of Si are higher and those of oxygen 

and carbon are lower for the worst additives, which are the ones based on the [DBUH] cation. 

 

 
 

Figure 2.2.7. Wear tracks of the Si substrates (profilometer images with 20×magnification) 

after long tribological tests under the load of 4 N using as lubricants: PEG200 (A), PEG200 + 

2% [4-picH][MeSO3] (B), PEG200 + 2% [4-picH][HSO4] (C), PEG200 + 2% [DBUH][MeSO3] (D) 

and PEG200 + 2% [DBUH][HSO4] (E). 
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This is in agreement with the fact that the films of adsorbed [DBUH][MeSO3] and 

[DBUH][HSO4] are less resistant to wear and are removed more easily from the surface during 

the sliding process. Comparison of the Si 2p percentages inside and outside the wear tracks 

reveals slightly lower values inside, with the exception of the [DBUH][HSO4], which suggests 

that the sliding process helps in the spreading of the lubrication film on the Si substrate. In the 

case of O 1s and C 1s, the data are difficult to interpret because these elements may derive 

from different sources, including ambient contamination. 

 

Table 2.2.2. Relative surface atomic concentrations inside and outside the wear tracks (shown 

in Figure 2.2.6). 

 

Lubricant 

Relative Atomic Percentages 

Si 2p O 1s C 1s N 1s 

In Out In Out In Out In Out 

PEG200 37.4 45.4 31.8 35.9 30.8 18.7 - - 

PEG200 + 2% [4-picH][MeSO3] 36.4 48.3 32.2 33.3 31.4 18.4 - - 

PEG200 + 2% [4-picH][HSO4] 37.8 41.6 34.1 33.3 27.7 24.6 0.4 0.5 

PEG200 + 2% [DBUH][MeSO3] 49.2 52.1 27.7 34.9 23.1 13.0 - - 

PEG200 + 2% [DBUH][HSO4] 48.7 45.5 28.2 21.1 23.1 33.4 - - 

 

The XPS spectra of the Si substrates inside the wear tracks (regions limited by the segments 

between arrows in Figure 2.2.6) are compared with the ones outside the wear tracks, in Figure 

2.2.8. The relative amount of Si4+ compared to Si0 provides an indication for surface oxidation 

of the silicon. The quantification was conducted via fitting over a Shirley background, using 

Si 2p duplets with a line shape of LA (1.5,3,90) for Si0 and GL(30) for Si4+. The Si substrates 

outside the wear tracks all have a similar Si4+ contribution. After application of the load, the 

presence of oxidized silicon is most pronounced with the lubricants containing [4-picH]. This 

strongly indicates the wear-induced formation of silicon dioxide, which offers additional pro-

tection against wear. In fact, the Young modulus of SiO2 (66–75 MPa) is much smaller than 

that of Si (130–169 MPa), which makes the oxidized silicon easier to deform. Note, that the 

superior resistance to wear not only depends on the surface oxidation by the cation [4-picH] 

but also on the right anion: the combination [4-picH][HSO4] allows for better protection of the 

sliding surfaces, which may be related to its higher chemical adsorption. 
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Figure 2.2.8. XPS Si 2p emission from outside (left) and inside (right) of the wear tracks (shown 

in Figure 2.2.6). Red: original data, dashed black line: background, green: Si0 components, blue: 

Si4+ components, grey: envelope. Each silicon oxidation state is fitted with two components of 

the same color, cor-responding to the Si 2p3/2 and Si 2p1/2 doublets, separated by 0.6 eV and 

with identical line width, respectively. 

 

A schematic representation of the possible lubrication process during the tribological tests un-

der high load with PEG200 and the mixture PEG200 + 2% [4-picH][HSO4] is proposed in Figure 

2.2.9. The three-body abrasive wear leads to the formation of debris and surface cracks, which 

occurs when the lubricant PEG200 is minimized in the presence of the mixture. The PIL ad-

sorbs to the sliding surfaces avoiding direct contact between the body and counter-body which 

becomes slightly deformed under the load. 
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Figure 2.2.9. Schematic representation of the lubrication process during the tribological tests 

under high load. 

2.2.4  Conclusions 

The tribological properties of ten PILs based on the hydrogen sulfate [HSO4] and meyslate 

[MeSO3] anions as additives to model lubricant PEG200 were evaluated first in steel/Si and 

afterwards in Si/Si contacts. From the initial screening, two cations were chosen, which led to 

the best ant the worst lubrication, respectively, [4-picH] and [DBUH]. The lubrication capacity 

of [4-picH][HSO4], [4-picH][MeSO3], [DBUH][HSO4] and [DBUH][MeSO3] was further as-

sessed using Si/Si pairs to mimic the behavior of MEMS and NEMS. The best additive was [4-

picH][HSO4], which revealed excellent lubrication capacity and minimized third-body abra-

sive wear. The most striking results were the wear reductions observed at loads of 2 N and 4 

N: 15 times and three times lower than that with neat PEG200, respectively. Chemical and 

image analysis of the wear tracks demonstrated that this PIL, composed of the symmetric cat-

ion [4-picH] and the anion [HSO4], was able to adsorb strongly on the Si surface leading to the 

formation of a protective film on the sliding surfaces. We conclude that, through an adequate 

cation/anion combination, it is possible to prepare PILs that are very promising additives to 

lubricate efficiently Si-based MEMS/NEMS. 
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This chapter presents the results obtained using Eutectic Systems as lubricants and it is based 

on the published paper M. T. Donato, L. Santos, H. P. Diogo, R. Colaço, L. C. Branco, B. 

Saramago, Eutectic systems containing an ionic liquid and PEG200 as lubricants for silicon 

surfaces: effect of the mixture’s molar ratio, Journal of Molecular Liquids 2022, 350, 118572. 
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3.1.1  Introduction 

Deep Eutectic Solvents (DESs) are mixtures which show a significant decrease on the melting 

point comparing to the original individual components due to the hydrogen bonding 

involving the large and asymmetric ions usually present.[1,2] However, there is some confusion 

in the literature about the magnitude of the decrease that qualifies the eutectic as deep. 

According to Martins et al.,[3] the designation of DES should apply to an eutectic mixture with 

the eutectic point lower than that predicted for the ideal mixture and variable composition, as 

long as it remains liquid at operating temperature. Thus, we will use the term eutectic system 

(ES) to designate eutectic mixtures in general, without the requirement of a deep eutectic. 

ESs are combinations of H-bond donors (HBDs) with H-bond acceptors (HBAs), which allow 

tuning of their physicochemical properties through the adequate choice of the components 

and their molar ratios.[2,4] The properties of ESs are similar to those of ionic liquids (ILs), 

namely very low vapor pressure, non-flammability, and high ionic conductivity, but they are 

cheaper and their preparation method is easier, more efficient and environmentally friendly. 

In the last few years, ESs have been applied as green alternatives to ILs in organic chemistry, 

electrochemistry, engineering, pharmaceutical and material sciences.[2] 

ESs were first proposed as lubricants in 2010 by Lawes et al.,[5] who tested the choline chloride 

([Ch]Cl) salt combined with urea and ethylene glycol (EG) in a 1:2 molar ratio, to lubricate 

steel/steel contacts. In 2014, Abbott et al. compared the tribological behavior of [Ch]Cl:urea 

(1:2), [Ch]Cl:EG (1:2), [Ch]Cl:glycerol (1:2) and [Ch]Cl:oxalic acid (1:1) with that of a reference 

oil used for marine applications.[6] Among the various metallic surfaces tested, only the iron-

based alloys led to improved tribological performance of the ESs with respect to the mineral 

oil. 

Garcia et al.[7] tested the effect of addition of graphene to [Ch]Cl:urea (1:2), [Ch]Cl:EG (1:2) and 

[Ch]Cl:malic acid (1:1) on the lubrication of steel/steel contacts. The authors used a commercial 

synthetic base oil as the comparative reference. All tested ESs, with or without graphene, 

yielded lower values for the coefficients of friction (CoF) when compared to the reference oil. 

However, the greater reduction in the wear rate was observed when graphene was added to 

the commercial oil. 

Recently, Hallet et al.[8] studied the frictional behavior of nanoscale films of [Ch]Cl:EG (1:2) 

confined between two atomically smooth mica surfaces. The authors found that addition of 

water (more than 42%) led to the segregation of water layers, which ensured superlubricity. 

In 2019, our group developed a new type of ESs based on the combination of ILs with 

polyethylene glycol (MW 200), PEG200, to lubricate silicon surfaces.[9] The motivation for this 

study was to take advantage of the lubricating properties of ILs based on sulfur containing 

ions, while using PEG200 as a green and low cost HBD. Silicon is a very fragile material used 

in nano and microelectromechanical systems (NEMs and MEMs), which need an efficient 
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lubrication.[10-13] The fact that ILs are electrically conductive, in contrast with the conventional 

lubricants, makes them attractive as ES components for microelectronics lubrication because 

they can reduce the contact resistance between sliding surfaces [14-19] and their tribological 

performance may be improved through the application of external electric fields.[20] Four ESs 

were prepared: dibutyl-ethylsulfonium ethylsulfate [S442][EtSO4]:PEG200 (1:4), ethyl-

tetrahydrotiophene ethylsulfate [C2-THT][EtSO4]:PEG200 (1:4), 1-ethyl-3-methylimidazolium 

(S)-camphorsulfonate [C2MIM][(S)-CSA]:PEG200 (1:4) and 1-methyl-3-picolinium 

methylsulfate [C1-3-pic][MeSO4]:PEG200 (1:4). The best tribological behavior was obtained for 

[C1-3-pic][MeSO4]:PEG200 and [C2MIM][(S)-CSA]:PEG200 suggesting that, besides the 

interaction between the sulfur atoms in the anions and the silicon, the interactions of 

imidazolium and picolinium cations with the surface should also contribute for the formation 

of a tribofilm.  

In the present work, the tribological behavior of eutectic mixtures in several proportions of 

PEG200 with 1-hexyl-4-picolinium trifluoromethanesulfonate, [C6-4-pic][TfO], is studied. The 

choice of this IL was based on its good lubrication capacity of the pair steel ball/silicon 

substrate demonstrated in a previous work.[21] The objective of this investigation is to 

understand the effect that the composition of the eutectic mixture may have in its tribological 

performance. In general, ESs are prepared by mixing several proportions of HBA and HBD 

(with heating) by a trial and error approach. If mixtures are clear and transparent, indicating 

complete miscibility, they are considered ESs, but the eutectic composition is rarely presented. 

In fact, mixtures of components which are liquid at room temperature and do not crystalize 

but, instead, present glass transition temperatures, are very difficult to characterize by 

differential scanning calorimetry (DSC). In this work, besides DSC, we used FTIR and 

monodimensional and bidimensional NMR spectra to analyze the mixtures [C6-4-

pic][TfO]:PEG200 (1:2, 1:4, 1:8 and 1:16 molar ratios) and tried to correlate the molecular 

interactions with friction and wear obtained when using these systems as lubricants of the pair 

steel ball/Si substrate. 

3.1.2  Experimental 

3.1.2.1 Materials 

All reagents for the synthesis IL were purchased and used without additional purification. 

Polyethylene glycol (MW 200) – PEG200 – was from Sigma-Aldrich (USA), with water content 

<0.5 %. Distilled and deionized (DD) water was obtained with a Millipore Milli-Q system 

(resistivity ≥ 18.2 M cm). 

The silicon substrates were square samples (1×1 cm2) cut from Si b100N wafers with 0.5 mm 

of thickness, roughness RMS=1 nm and hardness of 71 HRC. The counter-bodies were stainless 
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steel AISI 316L grade 100 spheres (Atlas Ball & Bearing Co. Ltd., UK) with 6 mm of diameter, 

roughness RMS=1 µm and hardness of 60 HRC. 

3.1.2.2 Methods 

The IL was synthesized according to the procedure described in our previous work.[21] 

The ESs were prepared by mixing the IL and PEG200, in the molar ratios 1:2, 1:4, 1:8 and 1:16, 

under vigorous stirring for 24h at 60 °C. The products were dried in vacuum for two days and 

analyzed by FTIR-ATR (Nicolet 5700 FTIR spectrometer, Thermo Electron Corporation, USA), 

4 cm-1 resolution and 128 scans and 1H-NMR (Bruker 400MHz, model Avance III, USA). 

The water content of the ESs was checked by Karl–Fischer coulometric titration (Metrohom, 

Switzerland). 

The pure components and the mixtures were analyzed by differential scanning calorimetry 

(2820 Modulated DSC TA Instruments, USA). The samples were sealed in aluminum crucibles 

under an inert atmosphere. One cycle in the temperature range -110 °C to 70 °C with a 

heating/cooling rate of 5 °C/min, was done. Temperature and enthalpy DSC calibration were 

performed as previously described.[22] The thermograms were analyzed with the software 

Universal Analysis 2000 TA Instruments. 

The viscosity was measured at 25 °C using a rheometer (MCR 92, Anton Paar, Austria). The 

contact angles of the ESs on the silicon substrates were determined by the sessile drop method 

at room temperature.[23] The Si substrates were cleaned according to the following procedure: 

2×15 min sonication in Dextran solution (0.2% v/v in water) intercalated with 10 min 

sonication in water, followed by 3×10 min sonication in water, rinsing with DD water, flushing 

with nitrogen, and drying overnight in a vacuum oven at room temperature. The 

measurements were made inside an ambient chamber model 100-07-00 (Ramé-Hart, 

Succasunna, NJ, USA), under a weak flow of dry nitrogen to avoid water absorption by the 

liquids. The images of drops were obtained with a video camera (jAi CV-A50, Barcelona, 

Spain) mounted on a microscope Wild M3Z (Leica Microsystems, Wetzlar, Germany) and they 

were analyzed by running the ADSA (Axisymmetric Drop Shape Analysis, Applied Surface 

Thermodynamics Research Associates, Toronto, Canada) software. 

The coefficients of friction were measured with a ball-on-disc tribometer (TRB3, Anton Paar, 

Switzerland). The counter-bodies were 316-L stainless steel spheres, which were rubbed 

against flat Si surfaces. Both the spheres and the silicon surfaces were cleaned using the above 

mentioned protocol. The spheres were placed on the tribometer arm and the Si surfaces were 

glued to a metallic container, to which a sufficient amount of liquid was added to ensure the 

full coverage of the surfaces. The amplitude of the reciprocal movement of the counter-body 

was 4 mm. A low normal force of 1 N was applied for the short duration tests (85 cycles, 

corresponding to 0.68 m of sliding distance) to minimize the wear of the surfaces and thus 

allowing easier interpretation of friction data. For each of these tests, the sliding speed varied 
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between 1 and 20 mm·s-1. Higher normal loads of 2, 4 and 8 N were also applied for the longer 

tests (2375 cycles, corresponding to 19 m of sliding distance) in order to study wear. For these 

tests, a speed of 8 mm·s-1 was chosen. The Hertz contact stresses varied between 584.5 MPa for 

1N and 1169.1 MPa for 8N. All the experiments were done at room temperature, at least in 

triplicate. The results were analyzed using the software TriboX. After the long tribological 

tests, the surfaces of the silicon substrates were imaged using an optical profilometer (Profilm 

3D, Filmetrics, USA) and their worn volumes were assessed. For each track, the worn volume 

was estimated by multiplying the track length by the average of the cross-sectional areas of 

the worn track determined by numerical integration of the 2D profiles (3-5 measurements per 

track). 

The steel balls were observed using a Scanning Electron Microscope (SEM) JEOL JSM7001F 

(Tokyo, Japan). 

3.1.3  Results and Discussion 

3.1.3.1 Thermal analysis, viscosity and wettability of the ESs 

The water content of PEG200, the IL and the ESs was less than 1000 ppm. Analysis of the DSC 

thermograms obtained with the starting components and the ESs reveals, in all cases, a glass 

transition temperature (Tg) varying between -84 °C (PEG200) and -81 °C (IL). Besides Tg, an 

exothermic event attributed to a cold crystallization followed by a melting peak can be 

identified in the heating cycles of the IL and the ESs (Figure A.3.1 in Annex A.3). The values 

of Tg (Tonset), the temperature of cold crystallization (Tmax), and the temperature of the melting 

peak (Tmax) are presented in Table 3.1.1. Although no direct evidence supports the existence of 

ESs, the presence of a single Tg value in the thermograms of the ESs is compatible with the 

formation of an eutectic mixture. The mixture 1:2 presents the largest supercooled liquid 

region of the compounds under analysis with an incipient crystallization near 34 °C in clear 

contrast with the other mixtures (Figure A.3.1). 
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Table 3.1.1. Thermal analysis of PEG200, [C6-4-pic][TfO], and their mixtures, including glass 

transition temperature (Tg), temperature of cold crystallization (Tcold cristalization), and temperature 

of the melting peak (Tmelting). 

 

Liquids Tg/ °C T cold cristalization/ °C Tmelting/ °C 

[C6-4-pic][TfO] -81 16 34 

PEG200 -84 29 62 

[C6-4-pic][TfO]:PEG200 (1:2) -84 34 45 

[C6-4-pic][TfO]:PEG200 (1:4) -81 22 45 

[C6-4-pic][TfO]:PEG200 (1:8) -80 25 51 

[C6-4-pic][TfO]:PEG200 (1:16) -82 21 46 

 

 
 

Figure 3.1.1. Viscosity (A) and equilibrium contact angle on Si substrates (B), at 25 °C, of the 

pure components and the ESs with decreasing amounts of IL (from left to right). The errors 

are ± standard deviations (n = 3) for viscosity and (n  4) for contact angle. 

 

The viscosities at 25 °C and the contact angles on the Si surface of the ESs and the pure 

components are shown in Figure 3.1.1 and in Table A.3.1 (Annex A.3). 
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The IL is much more viscous than PEG200 and the mixtures. Amongst the ESs, the mixture 1:2 

stands out as the most viscous, while the viscosities of the other mixtures are not significantly 

different. The non-ideal dependence of viscosity on molar fraction may be attributed to the 

competition between the two main mechanisms involved: the association mechanism via 

hydrogen bonding and the interstitial accomodation.[24,25] Furthermore, small differences in the 

water content of the mixtures may contribute to some dispersion in the results. 

3.1.3.2 FTIR and NMR spectroscopy 

FTIR spectra of the ESs and the pure components are presented in Figure A.3.2 in Annex A.3. 

Figure 3.1.2 shows a comparison between the spectra of PEG200 and the IL with the spectra of 

the ESs in different wavenumber ranges. These ranges include the broad band around 3407 

cm-1 corresponding to O-H in the spectrum of PEG200, which also appears in the spectrum of 

the IL, although shifted to higher wavenumbers and shallower (Figure 3.1.2A). The presence 

of water traces in the IL may be responsible for it. Thus, the bands observed in the mixtures in 

this range (3407-3500 cm-1) derive from the superposition of the O-H bands of both compo-

nents.  

In Figure 3.1.2B we observe the effect of PEG in the 1635 cm-1 band, assigned to C=N vibration 

of the picolinium cation. A blue shift occurs for the ES 1:2 and 1:4 spectra, indicating stronger 

interactions for these compositions. The same effect can be observed in the C-F bonds of pure 

IL (Figure 3.1.2C), where the 1214 cm-1 and 1143 cm-1 bands, assigned to the asymmetric and 

symmetric extension of C-F in the [TfO] anion, respectively,[26] shift to the blue. In fact a maxi-

mum shift is observed for 1:2 molar ratio (1143 cm-1 to 1157 cm-1 and 1214 cm-1 to 1225 cm-1). 

Furthermore, the 1242 cm-1 and 1018 cm-1 bands of IL, corresponding to S=O vibrations, are 

also affected, especially for the 1:2 ratio (Figure A.3.2). These strong interactions observed in 

the 1:2 ratio suggest that this particular composition could be close to the eutectic. Although 

the hydrogen bonds established between PEG200 and the IL should induce longer bonds in 

the involved ions, with a consequent decrease in bond strength and frequency, the formation 

of new hydrogen bonds may involve both blue and red shifts, according with the electron 

density distribution, which depends on the electron affinity of atoms involved.[27] Furthermore, 

assigning vibrational modes for ES using FTIR alone has limitations and should be comple-

mented by Density Functional Theory simulations.[28] 

The molar ratios of the prepared ESs were confirmed by the analysis of the 1H-NMR spectra 

shown in Figure A.3.3. In order to detect the preferential interactions between PEG200 and the 

cation of the IL in the ES 1:2, a two-dimensional Nuclear Overhauser Effect Spectroscopy (2D 

NOESY) experiment was performed (Figure 3.1.3). As can be seen from the spectrum, the most 

intense peak corresponding to PEG200 interacts with the middle CH2 from the aliphatic chain 

of the cation – corresponding to the first three signals highlighted in black – and the aromatic 
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carbons – corresponding to the last two signals highlighted in back. This is proof that there is, 

in fact, a preferential interaction of the eutectic mixture 1:2 with PEG200. 

 

 
 

Figure 3.1.2. FTIR spectra of PEG200, [C6-4-pic][TfO] and the ESs 1:2, 1:4, 1:8 and 1:16 in three 

wavenumber ranges which include the vibrations of the following groups: (A) O-H; (B) C=N; 

(C) S=O and C-F. 
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Figure 3.1.3. 2D NOESY experiment performed for ES 1:2. 

3.1.3.3 Tribological tests 

The tribological behavior was assessed in two types of tests. First, the CoFs were obtained with 

a normal force of 1N and 85 cycles, to avoid the occurrence of wear. The CoF values are plotted 

as a function of the Sommerfeld parameter, Z (Figure 3.1.4) which is defined as: 

 

     𝑍 =
𝜂𝑣𝑟

𝑁
                       Eq. 3.1 

 

where 𝜂 is the lubricant viscosity (Pa·s), v is the sliding speed (m·s-1), r is the counter-body 

radius (m) and F is the applied load (N). 
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Figure 3.1.4. CoF vs. Sommerfeld parameter, Z, obtained with PEG200 and the ESs in 

tribological tests with the pair steel/Si under a normal force of 1N and 85 cycles. The errors are 

 standard deviation (n ≥ 3). 

 

The CoF values obtained with the ESs are lower than those of PEG200, the model lubricant, 

and among the various molar ratios the differences are not significant. We must point out that 

higher values for the Sommerfeld parameters were attained with the ES 1:2 because it is the 

most viscous lubricant. The lubrication regime may be considered boundary/mixed (low 

Sommerfeld parameters) where the load is carried mainly by the surface asperities or partially 

by the asperities as well as the lubricant film. The second type of tests was made under 

increased normal forces (2, 4 and 8 N) and longer periods of time (2375 cycles) at a constant 

sliding speed of 8 mm·s-1,  to understand the behavior of ESs in the eventual minimization of 

wear. The CoF values remained constant with time (Figure A.3.4) without the presence of any 

running-in period. Figure 3.1.5 and Table A.3.2 present the average CoF values and the 

average wear volumes obtained with PEG200 and the ESs. The effect of the applied load on 

friction is not clear, but a tendency for increased CoF at higher loads may be identified and the 

lubrication regime changes to boundary. The reduction in friction observed when PEG200 was 

replaced by the ESs is more evident at 8N. For the three tested forces, [C6-4-pic][TfO]:PEG200 

(1:2) led to the lowest CoF. 
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Figure 3.1.5. Average CoF values (A) and average wear volumes (B) obtained with PEG200 

and the ESs in tribological tests with the pair steel/Si under normal forces of 2N, 4N and 8N 

and 2375 cycles. The errors are  standard deviation (n ≥ 3) for CoF and (n ≥ 3) for wear. 

 

Due to the brittleness of the Si surface, the wear tracks present a wide variability, and the 

errors associated with the wear measurements are large; even though, it is possible to conclude 

that wear increases as the normal force increases and the most significant differences are 

observed for the largest force (8 N). In this case, wear was maximum for PEG200 and minimum 

for ES [C6-4-pic][TfO]:PEG200 (1:2). 

The wear scars on the Si surface and the steel ball for a load of 8N are shown in Figure 3.1.6. 
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Figure 3.1.6. Worn surfaces of the steel ball (SEM images with 300 magnification, left) and 

the Si surface (profilometer images 20 magnification, right) after the tribological tests using 

as lubricants: PEG200 (A), 1:16 (B), ES 1:8 (C), ES 1:4 (D) and ES 1:2 (E). 

 

The SEM images of the worn spheres show a maximum wear for PEG200 which decreases for 

increasing concentration of the IL. No wear can be detected when using the ESs 1:4 and 1:2. 

The cross-section profiles of the wear tracks on the Si substrates are wider for PEG200, while 

the ES 1:2 yielded the least deep profile, in agreement with the results of Figure 3.1.5B for the 

load of 8N. 

Altogether, the tribological results indicate that the ESs present better lubrication properties 

than PEG200. A possible explanation for this behavior may be attributed to the chemical 
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adsorption of the ions at the Si surface. While the molecules of PEG200 weakly bond to Si 

through dipole interactions with the Si-O groups, the sulfur atom in the [TfO] anion may 

interact with non-oxidized Si leading to S-O-Si bonds, and the less sterically hindered CH 

groups of the aromatic ring of the picolinium cation may establish hydrogen bonding with the 

oxidized Si. However further studies are necessary to prove this proposed explanation. 

The main objective of this work was to investigate a possible correlation between the 

composition of the ESs, namely the proximity of the eutectic point, and their lubrication 

capacity. Although we could not unequivocally demonstrate that the composition 1:2 is the 

eutectic point, the results of the characterization of the mixtures with different techniques 

converge on the conclusion that stronger interactions exist between the IL and PEG200 for this 

composition. The ES 1:2 presented the largest supercooled liquid region, the highest viscosity 

and the largest shifts in the peaks characteristic of the FTIR spectrum. Also, from the results of 

2D-NMR experiment for this composition, it is clear that hydrogen bonds are formed between 

the cation of the IL and PEG200. 

Among the various molar ratios investigated, the ES 1:2 presents the best lubrication capacity 

for the most severe conditions (higher load and longer time). This behavior may be attributed 

to the highest viscosity of this ES which ensures the formation of a thicker lubricant film. 

Furthermore, the stronger interactions detected between PEG200 and the IL for this particular 

composition, could also contribute for a higher stability of the film. The strong hydrogen bond 

network established around the eutectic composition, which prevents crystallization, ensures 

a favorable packing in the ES. This effect may result in the increase of the stability of the 

adsorbed boundary layer formed on the sliding surfaces, which leads to the decrease in friction 

and wear under high load. These results are in agreement with the optimum tribological 

performance of DES based on quaternary ammonium salts, at the eutectic composition, 

previously reported by Abbott et al.[5] 

3.1.4  Conclusions 

In this work the tribological behavior of eutectic systems composed by PEG200 and [C6-4-

pic][TfO] with several molar ratios (1:2, 1:4, 1:8 and 1:16) was investigated to look for an 

eventual correlation between the composition and the lubrication performance. The optimum 

tribological performance was found for the composition 1:2, which is the ratio associated with 

stronger interactions between the mixture components. The mixture with this molar ratio 

packs in order to maximize the hydrogen bonds and leads to the formation of a stable tribofilm 

which ensures the lowest values of CoF and wear of the Si surface for the highest applied load. 

Further studies are needed using other types of ESs with well-known eutectic points, to fully 

understand the mechanism of Si lubrication by ESs and the role of their composition. 
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This chapter presents the results obtained using Deep Eutectic Solvents as lubricants and it is 

based on the submitted paper M. T. Donato, H. P. Diogo, J. Deuermeier, R. Colaço, L. C. 

Branco, B. Saramago, Hydrophobic Deep Eutectic Solvents with anti-wear properties for 

NEMs/MEMs, ACS Applied Materials & Interfaces, 2023. 
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3.2.1  Introduction 

In the last decade, investigation on the properties and applications of eutectic systems (ESs) 

increased exponentially. Among the ESs, those characterized by a large melting point 

depression, the so-called deep eutectic solvents (DES), deserved special attention. They have 

in common with ionic liquids (ILs) the possibility of tuning their properties by changing the 

combination of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA). DES can be 

used in almost all applications of ILs, with the advantage of being cheaper, less toxic and easier 

to prepare. The majority of the studied DES are hydrophilic and loose their integrity in water.[1] 

In 2015, the group of Kroon presented the first hydrophobic DES.[2] They consisted of a fatty 

acid (decanoic acid) as HBD, and, as HBA, the ammonium salts: tetrabutylammonium chloride 

([N4444][Cl]), methyltrioctylammonium chloride ([N8881][Cl] also designated as [Aliquat]Cl), 

tetraheptylammonium chloride ([N7777][Cl]), tetraoctylammonium chloride ([N8888][Cl]), 

methyltrioctylammonium bromide ([N8881][Br]) and tetraoctylammonium bromide 

([N8888][Br]). These new solvents proved to have high extraction efficiency for volatile fatty 

acids from aqueous solutions and gave rise to a new research line in the field of DES. In the 

same year, a second type of hydrophobic DES was proposed by the group of Marrucho, 

composed by two neutral compounds, DL-menthol and carboxylic acids.[3] Since then, the 

number of publications on hydrophobic DES steadily increased, and their potential use in 

extraction of bioactive and medical compounds, contaminant removal, metal extraction, CO2 

capture, reaction media, formation of hydrogels and membranes, photoluminescence and dye 

sensitized solar cells and even Covid-19 control, has been investigated.[4-6] Besides the low 

solubility in water, the hydrophobicity of DES leads to somewhat peculiar properties. The 

hydrophobic DES are less thermally stable than the hydrophilic DES, and are slightly less 

dense than water, in contrast with the hydrophilic ones. The melting point depression and the 

viscosity of hydrophobic DES vary over a wide range: high values may be achieved for DES 

composed by salts due to extensive hydrogen bonding, while small values are usual for those 

composed by neutral components. It is possible to tune the viscosity through the size of the 

HBD or HBA chains; for example, in the case of DES based on tetraalkyl quaternary 

ammonium salts, the viscosity increases with the increase of the alkyl chains, but the existence 

of long branched chains leads to a decrease in viscosity due to the shielding of the charge in 

the nitrogen atom.[7] 

Among the numerous applications of hydrophilic DES, lubrication is one of the least explored. 

The group of Abbott [8-10] reported good capacity of DES to lubricate steel/steel contacts but a 

less satisfying performance with aluminum surfaces, which are moderately hydrophobic. 

Lawes [8] found that DES based on choline chloride combined with urea and ethylene glycol 

are better lubricants of steel/steel contacts in the early stages of lubrication than mineral oils, 

but friction increased after a short period. Our group prepared new DES from salts based on 

sulfur-containing anions and polyethylene glycol (PEG200) to lubricate the pair steel ball/Si 
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substrate.[11,12] The best lubricants were the DES composed by the salts: 1-hexyl-4-picolinium 

trifluoromethanesulfonate [C6-4-pic][TfO], 1-ethyl-3-methylimidazolium (S)-

camphorsulfonate ([C2MIM][(S)CSA], and 1-methyl-3-picolinium methyl sulfate ([C1-3-

pic][MeSO4]). Their lubrication capacity was attributed to the formation of adsorbed ordered 

layers that support the load together with the liquid film retained among the asperities of the 

opposing surfaces. All mixtures led to lower friction coefficients than the model lubricant, 

PEG200. 

To our knowledge, there are no studies reported in the literature about the lubricating 

properties of hydrophobic DES. However, the fact that the miscibility of the lubricant with 

water during operation in ambient conditions is undesirable, makes hydrophobic DES 

particularly adequate for this application. In this work, the performance of both ionic and non-

ionic hydrophobic DES as lubricants of the tribological pairs steel ball/Si surface and Si ball /Si 

surface was assessed. The importance of the investigation of Si surfaces results from the fact 

that micro and nanoelectromechanical systems (MEMS and NEMS) are traditionally made of 

Si. When MEMS and NEMS involve motion, an efficient lubrication is fundamental to avoid 

adhesion, friction and wear problems since Si is a very fragile material.[13,14] Two families of 

hydrophobic DES using different HBAs were tested: one based on non-ionic menthol 

component; other based on ionic quaternary ammonium salts. Menthol was chosen because it 

is a cheap, natural component with a very low solubility in water, while hydrophobic DES 

based on quaternary ammonium salts are the most studied. All prepared DES (see Figure 3.2.1) 

have been previously reported in the literature, as follows: menthol:hexanoic acid (1:1),[15] 

menthol:octanol (1:1),[16] [N4444][Br]:hexanoic acid (1:1),[17] [N4444][Br]:octanol (1:2),[18] 

[Aliquat][Cl]:hexanoic acid (1:1),[17] [Aliquat][Cl]:octanoic acid (1:1),[17] [Aliquat][Cl]:decanoic 

acid (1:2),[2] [Aliquat][Cl]:octanol (1:1),[17]  [Aliquat][Cl]:hexanol (1:2)[19] and 

[Aliquat][Cl]:menthol (1:2).[19,20] The relevant physicochemical properties of the DES for 

tribological application were measured. The lubrication capacity of these mixtures was 

compared to hexadecane, a mineral oil considered as the model lubricant of MEMS/NEMS. 

The initial screening of all DES was made with steel spheres, while the most expensive Si 

spheres were used to test the best performing liquids. The sliding surfaces were imaged after 

the tribological tests using profilometry and Scanning Electron Microscopy (SEM) and 

chemically analyzed with X-ray Photoelectron Spectroscopy (XPS). The behavior of the best 

lubricants was further investigated through thermal analysis and hot stage polarization 

microscopy. 
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Figure 3.2.1. Molecular structures of the components (HBA or HBD) of the studied eutectic 

systems. 

 

Finally, the effects of the presence of small amounts of water absorbed from ambient were 

tackled, considering that DES are hygroscopic and contact with humid atmosphere in all 

industrial applications. The impact of water on the physicochemical properties and 

supramolecular network of DES has been recently addressed by several authors.[21-24] NMR 

studies and molecular simulation were used to understand the changes in structural and 

transport properties of hydrophobic DESs exposed to water vapor.[24] The results obtained with 

[N4444][Cl]:decanoic acid (1:2) indicated that very small amounts of water break the hydrogen 

bonding network and enhance mobility leading to a decrease in viscosity. Furthermore, the 

hydrated chloride ions become free and make the solvent more acidic as well as more 

corroding. In the present work, changes in the physicochemical properties of 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol (1:2) and their tribological behavior induced 

by the presence of water were assessed. 

3.2.2  Experimental 

3.2.2.1 Materials 

The reagents used for the preparation of the DESs were the following: 

trioctylmethylammonium chloride [Aliquat]Cl from Alfa Aesar (USA), hexanoic acid ≥98% 

from Sigma-Aldrich (USA), octanoic acid >98% from Sigma Aldrich (USA), decanoic acid 99% 

from Alfa Aesar (USA), 1-hexanol 99% from Sigma-Aldrich (USA), 1-octanol 99% from Alfa 
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Aesar (USA), menthol >98% from Sigma Aldrich (USA) and tetramethylammonium bromide 

[N4444]Br 98% from Alfa Aesar (USA). Hexadecane 99% was obtained from Sigma-Aldrich. The 

solvents were deuterated water 99.9% and deuterated chloroform 99.9% from Eurisotop 

(France). Distilled and deionized water (DD) was obtained with a Millipore system. 

Si b100N wafers (Si-Mat, Germany), with 0.5 mm of thickness, 1 nm of root mean square 

(RMS) roughness and 1121-1428 HV of hardness, were cut in squares (1×1 cm2) to be 

used in the tribological tests and the contact angle measurements. Spheres of stainless 

steel (SS) AISI 316L grade 100 (Atlas Ball & Bearing Co. Ltd., UK) with 6 mm of diame-

ter, roughness RMS=1 µm and hardness of 260-390 HV and Si spheres with 6 mm of 

diameter and 15 nm of RMS roughness (J. Hauser GMBH &Co., Germany) were used 

as counter-bodies. 

3.2.2.2 Methods 

The DESs were prepared by mixing the HBD and HBA components, in the indicated molar 

ratios, under vigorous stirring for 24h and their HBD:HBA proportion was checked by 1H-

NMR experiments (Bruker 400MHz, model Avance III, USA). The 1H-NMR spectra are 

presented in Figure A.4.1 in Annex A.4. The DES samples were used without further 

treatment. Wet DES samples were prepared by the addition of 2% (w/w) of water. This amount 

of water was chosen because it was the highest attainable water content that kept the solutions 

homogeneous. The water content was measured with a HB43-S Halogen Moisture Analyzer 

(Mettler Toledo, Greifensee, Switzerland). The thermal behavior of DES with and without 

water was determined through thermal analysis using a differential scanning calorimeter 

(2820 Modulated DSC TA Instruments, New Castle DE, USA). The samples were sealed in 

aluminum crucibles and submitted to one cycle in the temperature range -105 °C to 50 °C with 

a heating/cooling rate of 5 °C/min. The thermograms were analyzed with the software 

Universal Analysis 2000 TA Instruments. HSPM observations were performed on a BX51 

Optical Microscope (Olympus, Florida, USA). The temperature changes and stabilization were 

set by a Linkam LTS360 liquid nitrogen cooled cryostage and were measured with a Pt 

resistance thermometer. Observations were carried out in the temperature range from ambient 

temperature to 120 °C at a heat rate of 15 °C·min−1, using an Olympus SC-30 camera for picture 

record. 

The viscosities were measured at 25 °C using a rheometer (MCR 92, Anton Paar, Austria). The 

contact angles of the liquids on the Si substrates were determined by the sessile drop method 

at room temperature.[25] The Si substrates were cleaned according to the following procedure: 

2×15 min sonication in Dextran solution (0.2% v/v in water) intercalated with 10 min 

sonication in water, followed by 3×10 min sonication in water, rinsing with DD water, flushing 

with nitrogen, and drying overnight in a vacuum oven at room temperature. The 

measurements were made inside an ambient chamber model 100-07-00 (Ramé-Hart, 
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Succasunna, NJ, USA), under a weak flow of dry nitrogen to avoid water absorption by the 

liquids. The images of drops were obtained with a video camera (jAi CV-A50, Barcelona, 

Spain) mounted on a microscope Wild M3Z (Leica Microsystems, Wetzlar, Germany) and they 

were analyzed by running the ADSA (Axisymmetric Drop Shape Analysis, Applied Surface 

Thermodynamics Research Associates, Toronto, Canada) software. 

The friction coefficients of the DESs and hexadecane, a model lubricant, were measured using 

a tribometer (TRB3, Anton Paar, Switzerland) in the configuration reciprocating ball-on-flat. 

The 316-L stainless steel spheres (6 mm radius) were used as counter-bodies in the preliminary 

tests for the DES screening, and afterwards, they were substituted by Si spheres (6 mm radius). 

Both types of spheres were rubbed against flat Si surfaces. The spheres and the Si surfaces 

were cleaned using the above mentioned protocol. The spheres were placed on the tribometer 

arm and the Si substrates were glued to a metallic container, to which a determined amount 

of liquid was added in order to guarantee the full coverage of the surfaces. The amplitude of 

the reciprocal movement of the counter-body was 4 mm. A low normal force of 1 N was ap-

plied for the short duration tests (85 cycles, corresponding to 0.68 m of sliding distance) to 

minimize the wear of the surfaces. For each of these tests, the sliding speed varied between 1 

and 20 mm·s-1. With the objective of studying wear, longer tests (2375 cycles, corresponding to 

19 m of sliding distance) were carried out with higher loads of 2, 4, 8, 10 and 12N and a con-

stant speed of 8 mm·s-1. For these tests, the Hertz contact stresses varied between 0.7 GPa for 

2N and 1.3 GPa for 12N. All the experiments were done at room temperature (25 C) and 

relative humidity  45%, at least in triplicate, and the results were analyzed using the software 

TriboX. After the long tribological tests, the Si substrates and the Si spheres were carefully 

cleaned with acetone to remove any trace of DES and then dried with nitrogen. The surfaces 

of the Si substrates were imaged using an optical profilometer (Profilm 3D, Filmetrics, USA) 

and their worn volumes were assessed. For each track, the worn volume was estimated by 

multiplying the track length by the average of the cross-sectional areas of the worn track de-

termined by numerical integration of the 2D profiles (3-5 measurements per track). A Scanning 

Electron Microscope (SEM) JEOL JSM7001F (Tokyo, Japan) was used for imaging, at higher 

magnification, the clean surfaces of the Si substrates and the spheres after the tribological tests. 

The elemental composition of the wear tracks on the Si substrates and the Si spheres was stud-

ied by X-ray photoelectron spectroscopy (XPS), using an Axis Supra spectrometer from Kratos 

Analytical (Manchester, UK). A monochromatic Al Kα source was run at 225W. The detailed 

spectra were acquired at a pass energy of 20 eV through an aperture of 110 μm. Data analysis 

was done with CasaXPS software. Atomic percentages were calculated assuming a homoge-

nous distribution of elements, using the Kratos relative sensitivity factors. Due to the occur-

rence of slight differential charging, the Si 2p3/2 binding energy of elemental silicon was used 

for charge referencing to 99.35 eV. 
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The corrosive behavior was assessed through the comparison of the Si substrates before and 

after being exposed to 5 μL of DES and wet DES samples during two weeks at room temper-

ature (25 °C), inside a sealed vessel containing a saturated aqueous solution of potassium 

carbonate, which ensures a relative humidity of 45%. The Si surfaces were analyzed by visual 

inspection and by SEM, after being carefully cleaned with acetone and dried with nitrogen. 

3.2.3  Results and Discussion 

3.2.3.1 Characterization of the DESs 

The viscosity was measured, at constant temperature, as a function of the shear rate and all 

liquids exhibited Newtonian behavior. The water content, the viscosity at 25 °C and the contact 

angle on Si of hexadecane and the DESs are given in Table 3.2.1. The viscosities of the liquids 

vary significantly between them: it is possible to distinguish low viscous (hexadecane, 

menthol:hexanoic acid (1:1) and menthol:octanol (1:1)), moderate viscous ([Aliquat]Cl:hexanol 

(1:2) and [N4444]Br:octanol (1:2)) and highly viscous ([Aliquat]Cl:hexanoic acid (1:1), 

[Aliquat]Cl:octanoic acid (1:1), [Aliquat]Cl:decanoic acid (1:2), [Aliquat]Cl:octanol (1:1), 

[Aliquat]Cl:menthol (1:2) and [N4444]Br:hexanoic acid (1:1)). The viscosity depends on the 

molar ratio of the components and, for the same molar ratio, increases with the length of the 

alkyl chains present on each component. The lack of agreement with the values found in the 

literature is not surprising because these were obtained in different/ unknown conditions and 

viscosity is strongly dependent on temperature and water content. The best wettability of the 

Si surface was observed for hexadecane and menthol:octanol (1:1),  but all DES exhibited low 

contact angles. 
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Table 3.2.1. Viscosity, η, at 25 °C and equilibrium contact angle on Si substrates of hexadecane 

and the DESs. The standard deviations correspond to n = 3 for viscosity and n  4 for contact 

angle. The viscosity values found in literature are included. 

 

Lubricants Water content/ % / mPa∙s Contact angle/  

Hexadecane 0.3 2.6±0.2; 3.0a 14±2 

[Aliquat]Cl:hexanoic acid (1:1) 4.6 338±2 24±1 

[Aliquat]Cl:octanoic acid (1:1) 2.4 548±1 29±3 

[Aliquat]Cl:decanoic acid (1:2) 0.3 259±1; 783.41 [2]b 24±3 

[Aliquat]Cl:hexanol (1:2) 4.2 115±1 24±2 

[Aliquat]Cl:octanol (1:1) 1.6 278±1 22±3 

[Aliquat]Cl:menthol (1:2) 2.1 400±1; 257.6 [20]c 28±2 

[N4444]Br:octanol (1:2) 5.5 108±1 33±3 

[N4444]Br:hexanoic acid (1:1) 2.0 366±5 22±3 

Menthol:hexanoic acid (1:1) 4.4 11±1 26±3 

Menthol:octanol (1:1) 3.3 15±1; 13.1 [16]d 14±2 

 

a T. M.Aminabhavi, B. Gopalkrishna, Densities, Viscosities, Refractive Indices, and Speeds of Sound of 

the Binary Mixtures of Bis-(2-methoxyethyl) Ether with Nonane, Decane, Dodecane, Tetradecane, and 

Hexadecane at 298.15, 308.15, and 318.15 K. J.Chem.Eng.Data 1994, 39, 529-534 

b Water content 2580 ppm 

c Unknow water content 

d Unknown temperature 

3.2.3.2 Tribological tests with the tribopair SS/Si 

Preliminary experiments were performed for the tribopair SS sphere/Si substrate for a load of 

1N in order to evaluate the lubrication capacity of the prepared DESs. A low load and short 

duration were chosen to avoid wear, which complicates the interpretation of the friction 

results. The Stribeck curves (CoF vs. speed, ν/ mm·s-1) for the two sets of DESs (ionic and non-

ionic) are presented in Figure 3.2.2. Stribeck curves are usually presented as a function of Z, 

the Sommerfeld parameter but, since the viscosities of the liquids are very different, the 

lubrication regimes are not the same, making the representation as a function of Z difficult to 

understand. 
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Figure 3.2.2. CoF vs. speed, ν/ mm·s-1, for the pair SS sphere/Si substrate using: (A) ionic and 

(B) non-ionic DESs. Hexadecane was added for comparison purposes. The errors are  

standard deviation (n  3). 

 

All the prepared ionic DESs led to a decrease in the CoF when compared to hexadecane. On 

the contrary, the non-ionic ones did not lead to improvement of the CoF values. The most 

plausible reason for this behavior is the very low viscosity of these mixtures that hampers their 

lubrication capacity. It is possible to see that the ionic DES containing [Aliquat]Cl yielded the 

lowest CoF, except for [Aliquat]Cl:hexanol (1:2), which behaved similarly to the DESs 

containing [N4444]Br. Once again, the lowest viscosity of [Aliquat]Cl:hexanol (1:2) when 

compared to the other [Aliquat]Cl-based DES may justify the poorer tribological performance. 

All liquids wet the Si surface, and no correlation can be found between CoFs and the contact 

angle values. 

3.2.3.3 Tribological tests with the tribopair Si/Si 

Among the best DESs tested with the tribopair SS/Si for the short tests at the load of 1N, 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol (1:2) were chosen for further studies using 

the tribological pair Si sphere/Si substrate., which mimics the MEMS/NEMS operation. Figure 

3.2.3 shows CoF vs. ν/ mm·s-1 for the best performing DESs and hexadecane, added for 

comparison purposes. Comparing these results with the previous ones obtained with SS/Si, a 

CoF reduction is observed for all the liquids as Si spheres have a much smaller roughness (15 

nm) than SS spheres (1 m). The better performance of the DESs with respect to hexadecane is 

more significant in the boundary lubrication regime (low sliding velocities). 
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Figure 3.2.3. CoF vs. speed, ν/ mm·s-1, for the pair Si sphere/Si substrate using the best 

performing DESs in short tests under load of 1N. Hexadecane was added for comparison 

purposes. The errors are  standard deviation (n  3). 

 

With the aim of studying wear, longer tests (3738 s) were performed with higher loads of 2, 4, 

8, 10 and 12N at a sliding velocity of 8 mms-1. The choice of this value was based on the 

analysis of the Stribeck curves (Figure 3.2.2), which shows that for this intermediate speed the 

lubrication regime may be considered boundary/mixed, with the load being carried mainly by 

the surface asperities or partially by the asperities and the lubricant film. The obtained CoF 

values for the longer tests are presented in Figure 3.2.4 and may be grouped in two sets: lower 

loads (2, 4 and 8N), and higher loads (10 and 12N). At lower loads, both DES led to CoF values 

significantly lower than hexadecane, being the smaller values obtained with 

[Aliquat]Cl:octanol (1:1). However, for higher loads, the lubrication capacity of 

[Aliquat]Cl:octanol (1:1) dropped remarkably and the CoF value obtained under 10N is similar 

to the value of hexadecane. At 12 N, the substrates lubricated with both [Aliquat]Cl:octanol 

(1:1) and hexadecane broke after a few minutes of contact between the sliding surfaces. In 

contrast, [Aliquat]Cl:menthol (1:2) kept its excellent performance under these high loads. The 

time evolution of CoF measured in the experiments performed under the maximum load 

supported by the three tested liquids (10N) is presented in Figure A.4.2 (Annex A.4). The CoF 

values remain constant over time for all liquids, with the exception of hexadecane where a 

running-in period is visible and some sporadic peaks in the CoF values appear, giving 

evidence to the existence of third-body wear. This type of wear occurs due to the low 
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toughness of silicon which promotes adhesive wear, followed by the formation of the first 

debris which cause abrasion.[26,27] 

 

 
 

Figure 3.2.4. Average CoF values obtained for the longer tests with the pair Si sphere/Si 

substrate using hexadecane and the best performing DESs under the loads of 2N (A), 4N (B), 

8N (C), 10N (D) and 12N (E). The errors are  standard deviation (n  3). The results obtained 

with the DES with higher water content (2 wt.% of added water) are included for testing the 

effect of the presence of water in Section 3.2.3.4. 

 

The surfaces of the Si substrates were imaged with a profilometer after the long tribological 

tests and the calculated wear volumes are given in Table 3.2.2. 

 

Table 3.2.2. Wear volumes, in mm3, obtained after long tribological tests for the load of 10N 

and the sliding speed of 8 mms-1. The errors are  standard deviation (n  3). 

 

Load/ N 
Wear volume/ mm3 

Hexadecane [Aliquat]Cl:octanol (1:1) [Aliquat]Cl:menthol (1:2) 

2 2×10-5±9×10-6 - - 

4 3×10-5±6×10-6 - - 

8 8×10-4±8×10-5 - - 

10 1.4×10-3±6×10-5 13×10-3±3×10-3 - 

 

As an example, the images of the Si substrates after long tests with hexadecane, 

[Aliquat]Cl:octanol (1:1), and [Aliquat]Cl:menthol (1:2), under the load of 10N, are presented 
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in Figure 3.2.5. No wear was detected at the five studied loads for [Aliquat]Cl:menthol (1:2). 

In the case of hexadecane and [Aliquat]Cl:octanol (1:1), the wear could not be measured at 12 

N because of the referred breakage of the substrates. Wear was detected at all loads for 

hexadecane and, only at 10 N, for [Aliquat]Cl:octanol (1:1). The wear volumes obtained with 

hexadecane increase steadily with the applied load. On the contrary, [Aliquat]Cl:octanol (1:1) 

exhibited a discontinuous behavior: the wear volume changed from zero to 1.3×10-2 mm3 when 

the load increased from 8N to 10 N. A similar effect may be seen in the CoF values, which 

suffered a 4-fold increase. Comparison of the tribological performance of this DES with model 

lubricant hexadecane at 10 N shows that, although both liquids led to similar values of CoF, 

the wear volume obtained with [Aliquat]Cl:octanol (1:1)  is nine times higher, which is in 

agreement with the much deeper and wider wear profile on the Si substrate. This shows that 

the DES [Aliquat]Cl:octanol (1:1) above a threshold value of pressure loses the lubrication 

capacity. 

 

 
 

Figure 3.2.5. Profilometer images of the Si substrates (20 magnification) after long tribological 

tests under the load of 10N using as lubricants: (A) hexadecane, (B) [Aliquat]Cl:octanol (1:1) 

and (C) [Aliquat]Cl:menthol (1:2). 
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SEM images of the Si spheres and the Si substrates after long tests with hexadecane, 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol (1:2), under the load of 10N, are shown in 

Figure 3.2.6. For the tests with hexadecane (Figure 3.2.6A), the worn surfaces of both spheres 

and substrates display signs of three body abrasive wear, where some debris and indentations 

on the surface can be clearly observed. The debris are small irregular-shaped Si fragments that 

are released from the surface during the tribological experiments. Some are black, resulting 

from the oxidation generated by heat and pressure. In addition to the abrasive scratches, the 

surface of the worn sphere shows darker areas, that may result from stress induced phase 

transformations, as previously observed by Arcifa et al.,[28] which are not visible on the surface 

of the substrate. The reason for the more intense wear of the sphere can be attributed to its 

permanent contact with the underlying substrate, while the substrate moves and contacts the 

sphere intermittently. In the case of [Aliquat]Cl:octanol (1:1), the SEM images show that the 

worn surfaces of the sphere and the substrate are practically free of debris (Figure 3.2.6B). 

Instead, plastic flow due to phase transformation of Si is visible on both worn surfaces, as well 

as abrasive scratches parallel to the direction of the sliding. As expected, the surfaces 

lubricated with [Aliquat]Cl:menthol (1:2) do not show any wear signs (Figure 3.2.6C). 

In order to further understand the features of [Aliquat]Cl:octanol (1:1) and 

[Aliquat]Cl:menthol (1:2), which may justify the difference in the tribological behavior, 

thermal analysis by DSC of the mixtures was performed. The thermograms are presented in 

Figure 3.2.7A for [Aliquat]Cl:octanol (1:1) and in Figure 3.2.7B for [Aliquat]Cl:menthol (1:2). 

In Figure 3.2.7A the exothermic peaks correspond to crystallizations and the endothermic 

signature is associated with the eutectic melting. In contrast, for [Aliquat]Cl:menthol (1:2) no 

crystallization was found and only a glass transition can be detected in both cooling and 

heating ramps. This difference in the thermal behavior shows that the interaction of 

[Aliquat]Cl with menthol is stronger than with octanol, preventing the organization of the 

molecules of [Aliquat]Cl:menthol (1:2) in crystals.  
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Figure 3.2.6. SEM images of the Si balls (440 magnification, left) and the Si substrates (700 

magnification, right) after long tribological tests under the load of 10N using as lubricants: (A) 

hexadecane, (B) [Aliquat]Cl:octanol (1:1) and (C) [Aliquat]Cl:menthol (1:2). The arrows in 

Figure 3.2.6A indicate the debris as well as debris indentation (arrow (a)). 
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Figure 3.2.7. Thermograms of the DES [Aliquat]Cl:octanol (1:1) (A) and [Aliquat]Cl:menthol 

(1:2) (B). The figures include thermograms obtained with wet samples for testing the effect of 

the presence of water in Section 3.2.3.4. 

 

HSPM of [Aliquat]Cl:octanol (1:1) was done to visualize the changes in the structure, which 

occur during the cooling/heating cycle between -40 C and 120 C. The sample of 

[Aliquat]Cl:menthol (1:2) was not analysed because it did not crystalize. The images obtained 

at different temperatures, presented in Figure 3.2.8, illustrate that some crystals (isolated with 

needle shape and agglomerated) can be observed in the liquid sample, at room temperature, 

which crystallized (on cooling) around -27 C, began to melt (on heating) around -14 C, and 

were still present at 120 C. The thermogram of [Aliquat]Cl:octanol (1:1) showed two 

crystallization peaks but only one crystallization can be detected in the HSPM. This is not 

surprising because the thermogram was obtained with a bulk liquid, while the imaged sample 

was a liquid film between two glass slides. 
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Figure 3.2.8. HSPM images of [Aliquat]Cl:octanol (1:1) obtained at different temperatures 

beginning at room temperature, cooling till -40 C, and heating up to 120 C. 

 

The presence of crystals in [Aliquat]Cl:octanol (1:1) helps to explain the strong dependence of 

the lubrication capacity of this DES on the applied load. For the tribological tests using loads 

up to 8 N, the average distance between the two sliding surfaces is large enough to 

accommodate the crystals and the load is carried mainly by the lubricant film. In contrast, 

under 10 N the crystals may became squeezed between the surfaces leading to more severe 

two-body and three-body abrasive wear (the later in the case of rolling of the crystals during 

the movement). This hypothesis seems to be confirmed by the SEM images (Figure 3.2.6B) of 

the worn surfaces the Si sphere and substrate exhibiting significant abrasive scratches. To 

assess eventual modifications produced in the structure of [Aliquat]Cl:octanol (1:1) by the 

tribological tests under high load (10N), HSPM images of one sample taken after the test were 

obtained (Figure A.4.3). Comparison with Figure 3.2.8 clearly shows that the size of the 

crystalline agglomerates decreased significantly after the tribological experiment and, in 

contrast with the initial sample, two crystallizations could be identified at the same 

temperature of the crystallization peaks in the thermogram (-27 C and -17 C). This confirms 

that [Aliquat]Cl:octanol (1:1) suffered irreversible structural changes induced by pressure and 
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local heating (resulting from friction), which leads to crystal melting and a signification 

reduction in the size of the crystals initially present in the mixture at room temperature. 

Furthermore, the crystals became roundish instead of needle-shaped. 

Altogether, these results show that the wear modes of silicon may be related to different 

processes of surface damage depending on the characteristics of the lubricants. It is known 

that being a brittle material, silicon is expected to undergo microfracture and/ or plastic flow 

during tribological tests. Microfracture occurs mainly under dry conditions or when the 

lubricant is a grease, while plastic flow leading to phase transformations (metallization) of 

silicon is detected in oil lubrication.[29] 

When the viscosity of the lubricant was low, as in the case of hexadecane, contact between the 

asperities of the sliding surfaces occurred, even at low loads, and the debris formed due to 

microfracture of those asperities acted as abrasive agents leading to scratching of the surfaces. 

The CoF was high, although its value did not change much for increasing loads, in contrast 

with wear, which increased significantly until complete fracture of the surface of the substrate, 

leading to severe wear at 12 N. At 10 N, it is possible to detect plastic deformation of the worn 

Si ball and debris indentation (e.g. arrow (a) in Figure 3.2.6A). When the lubricants were 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol (1:2) the situation was completely different. 

The viscosities of these DES are much higher and the surfaces were kept separated during 

sliding at low loads. However, the tendency for the mixture to adsorb on the sliding surfaces 

forming a protective layer, able to protect them from contact, is a more important factor than 

the lubricant viscosity.[11] In fact, the viscosities of [Aliquat]Cl:octanol (1:1) and 

[Aliquat]Cl:menthol (1:2) lie within the same range of other DES based on ionic quaternary 

ammonium salts (see Table 3.2.1), but their lubrication capacity is much higher, as 

demonstrated in the preliminary tests (Figure 3.2.2). 

Both DES were able to avoid contact between surface asperities during tribological tests under 

loads < 10N and no wear was detected. However, [Aliquat]Cl:octanol (1:1), in contrast with 

[Aliquat]Cl:menthol (1:2), became abrasive under the load of 10N due to the presence of a 

significant number of crystals at room temperature. In this case, the dominant wear mode is 

the abrasion by the crystals contained inside the lubricant film, and the wear volume was 

much higher than the value obtained with hexadecane (see Table 3.2.2). 

XPS analysis of the Si substrates after the tribological tests at 10 N, reveals that the chemical 

composition inside and outside the contact areas (Table 3.2.3) is similar in the case of 

[Aliquat]Cl:menthol (1:2), where no wear occurred, while for [Aliquat]Cl:octanol (1:1) the 

amounts of Si 2p, O 1s and C 1s are different, indicating the formation of a new surface due to 

wear. The amounts of N 1s and Cl 2p, resulting from the adsorption of [Aliquat]Cl, are very 

small and the differences between the values found inside and outside the contact areas are 

not significant. The main difference between the substrates lubricated with 

[Aliquat]Cl:menthol (1:2) and [Aliquat]Cl:octanol (1:1) resides on the amounts of Si 2p, C 1s 

and O 1s found on the contact areas: Si 2p and O 1s are more abundant in the former case and 
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C 1s, in the latter. These results are consistent with the increased surface roughness, which 

lowers the emission angle (the angle between the analyzer and the surface), causing a decrease 

in information depth. This enhances the contribution of surface species, most prominently 

carbon. The XPS spectra of the main components of the Si substrates inside and outside the 

wear tracks observed after long tribological tests under the load of 10N using hexadecane, 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol (1:2) are compared in Figure 3.2.9. For the Si 

2p emission, doublets with a fixed separation of 0.6 eV were used for each component. The 

corresponding XPS spectra of N 1s and Cl 2p are given in Figure A.4.7 in Annexx A.4. 

 

Table 3.2.3. Chemical composition of the Si substrates, inside and outside the contact areas, 

after long tribological tests under the load of 10N. 

 

Lubricant 

Relative Atomic Percentages 

Si 2p O 1s C 1s N 1s Cl sp 

Contact 
Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 

Hexadecane 11.32 24.09 23.12 24.85 65.55 51.05 - - - - 

[Aliquat]Cl: 

menthol (1:2) 
45.56 45.73 37.64 38.10 15.73 15.12 0.23 0.32 0.84 0.74 

[Aliquat]Cl: 

octanol (1:1) 
38.42 41.38 26.71 35.70 33.91 21.89 0.35 0.27 0.61 0.77 

 

No charge neutralization method was used during the measurement. Judging from the C 1s 

binding energy between 285.5 eV and 286.7 eV, slight differential charging may have occurred 

in part of the samples. However, the Si 2p3/2 binding energy of elemental silicon of all samples 

outside the wear tracks was consistently found at 99.85 ±0.03 eV, only 0.5 eV above the value 

reported in the literature.[30] For this reason, a rigid shift of -0.5 eV was applied to all spectra to 

correct for the differential charging. 

Outside the wear tracks, O 1s is found at 532.9-533 eV. Besides elemental silicon, the Si 2p 

emission includes the Si4+ component of the native surface oxide at 103.6 eV (103.3 eV if 

considering only Si 2p3/2). C 1s shows the typical spectrum of adventitious carbon. After 

applying the load of 10N, the surface changes depended significantly on the type of lubricant. 
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Figure 3.2.9. Comparison between XPS spectra for (A) hexadecane, (B) [Aliquat]Cl:menthol 

(1:2) and (C) [Aliquat]Cl:octanol (1:1) after tribological tests at 10N, inside (top spectra) and 

outside (bottom spectra) the wear tracks. 

 

Hexadecane (Figure 3.2.9A) induced the additional sub-oxide components Si1+, Si2+ and Si3+ 

(fitted according to Arcifa et al.[28]) and more Si4+. Besides that, the elemental silicon 

components shifted to lower binding energy, whereas the Si4+ components shifted to higher 

binding energy. Furthermore, all components are broadened. Also, the O 1s components 

appeared broader and shifted to higher binding energy. Note that significant changes in the 

differential charging (from the unloaded to the loaded samples) are not suspected to be related 

to these observations, because the main C 1s component did not change more than 0.05 eV.  

Using [Aliquat]Cl:menthol (1:2), shown in Figure 3.2.9B, did not introduce any measurable 

change in the Si 2p, O 1s and C 1s spectra. This was not the case for [Aliquat]Cl:octanol (1:1), 
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shown in Figure 3.2.9C. Comparing the loaded with the unloaded case, all Si 2p components 

became wider and the contributions of the Si1+, Si2+, Si3+ and Si4+ increased (however, less than 

in the case of hexadecane). The elemental silicon component was shifted by -0.25 eV to lower 

binding energies. Contrarily to hexadecane, the Si4+ component was shifted to lower binding 

energies, almost for -0.9 eV. O 1s also shifted to lower binding energies (532.6 eV), as well as 

C 1s (285.0 eV). The latter could indicate a different degree of differential charging in the 

loaded [Aliquat]Cl:octanol (1:1) sample, so these peak shifts should be considered with 

caution. However, a definite sign for the interaction with the ionic liquid under load is the 

additional C 1s component at 283.5 eV.[28] 

3.2.3.4 Effect of the presence of water on the best lubricants 

As previously referred, other authors found that the structural, transport and chemical 

properties of hydrophobic DESs are affected by the presence of small amounts of water 

resulting from contact with humid environments.[23] We chose [Aliquat]Cl:octanol (1:1) and 

[Aliquat]Cl:menthol (1:2), to assess those effects through the addition of a fixed amount of 2% 

(w/w) of water. For simplicity, the mixtures with added water are designated by “wet DES”. 

3.2.3.4.1 Wet DES characterization 

The water content, the viscosity and the contact angle of the wet DES are given in Table 3.2.4. 

 

Table 3.2.4. Water content, viscosity, , at 25 °C and equilibrium contact angle on Si substrates 

of the wet DESs. The standard deviations correspond to n = 3 for viscosity and n  4 for contact 

angle. 

 

Wet DES Water content/ % / mPa∙s Contact angle/  

[Aliquat]Cl:octanol (1:1) 4.0 173±4 18±1 

[Aliquat]Cl:menthol (1:2) 4.7 220±5 22±3 

 

Addition of water affects the structure and dynamics of the hydrophobic DESs due to the 

hydration of the chloride ion and the OH groups in the HBA molecule, which become less 

available to form hydrogen bonds. Moreover, this effect favours the electrostatic interaction 

between the [Aliquat]+ and Cl- ions. The water-induced structural changes enhanced 

molecular mobility, which led to a significant decrease in viscosity: 38% for [Aliquat]Cl:octanol 

(1:1) and 45% for [Aliquat]Cl:menthol (1:2). As expected, the wettability of the Si substrate by 

the wet DES improved: 18% for [Aliquat]Cl:octanol (1:1) and 21% for [Aliquat]Cl:menthol 

(1:2). 

Thermal analysis by DSC of the mixtures with added water is presented in Figure 3.2.7A for 

[Aliquat]Cl:octanol (1:1) and in Figure 3.2.7B for [Aliquat]Cl:menthol (1:2), where the 
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thermograms obtained with the DES without water are also shown. Addition of water 

practically does not affect the thermal behavior of [Aliquat]Cl:menthol (1:2). The situation is 

different for [Aliquat]Cl:octanol (1:1), where the presence of water led to the coalescence of the 

two crystallization peaks, and the separation of the endothermic broad peak in two smaller 

peaks, which eventually correspond to the melting of two phases with different water content. 

HSPM images of wet [Aliquat]Cl:octanol (1:1) obtained at different temperatures beginning at 

room temperature, cooling till -40 C, and heating up to 120 C are compared in Figure A.4.4. 

At room temperature, many small needle-shape crystals can be observed in the liquid sample, 

which crystallized (on cooling) at -28 C, began to melt (on heating) around -20 C, and were 

still present at 120 C, although in smaller number at room temperature. The main difference 

between the samples with and without water, at room temperature, is the absence of 

crystalline agglomerates observed in wet [Aliquat]Cl:octanol (1:1), confirming that the 

presence of water disturbs the structure of this DES. 

3.2.3.4.2 Corrosion of the Si surfaces 

The effect of the amount of water present in the DES sample on the eventual corrosion of the 

Si surface was evaluated through the comparison of the surface of Si substrates before and 

after contact with DES and wet DES for two weeks.  No signs of corrosion of the surfaces by 

both DES, independently of their water content, were detected by naked eye observation. This 

was confirmed by the SEM images shown in Figure A.4.5. 

3.2.3.4.3 Tribological tests with wet DES 

The effect of the presence of water in the lubrication capacity of DES has not been investigated, 

to our knowledge. However, several authors addressed this question with respect to ILs and 

the results are contradictory. Arcifa et al.[28,31] found that the lubrication performance of sil-

ica/silicon pairs using both hydrophobic and hydrophilic ILs depended on the relative humid-

ity and the lubrication regime. Hydrophobic imidazolium-based ILs, at a small applied load 

(0.5 N), showed an increase of wear and friction when the tests were done in humid air,[31] 

while the opposite effect was found with [emim][EtSO4] at high load (4.5 N).[28] In the former 

case, the worst lubrication was attributed to the disruption of the lubricant film; in the latter, 

the decrease in friction and wear was attributed to the smoothing of the silica surface due to 

the formation of a ductile layer of hydrated silica. Yet other results were obtained by our group 

when studying the lubrication of steel/silicon pairs by imidazolium [32] and picolinium-based 

hydrophobic ionic liquids [33] added to PEG200. No effect of the water content of the lubricants 

on friction was found at low loads, 15 and 30 mN, respectively for imidazolium and picolin-

ium-based additives. 

Comparison of the average CoF values obtained with [Aliquat]Cl:octanol (1:1) and 

[Aliquat]Cl:menthol (1:2), with different water contents, for the pair Si sphere/Si substrate, at 

constant sliding speed (8 mms-1) and under different loads, is presented in Figure 3.2.4. The 
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tests under 12 N, led to the breakage of the Si substrates except in the case of 

[Aliquat]Cl:menthol (1:2). 

Analysis of the figure shows that the effect of addition of water upon the CoF obtained with 

[Aliquat]Cl:menthol (1:2) is slight or even null at all applied loads. In contrast, when 

[Aliquat]Cl:octanol (1:1) was used, the presence of water did not affect the CoF at low loads 

but, at 8N, the wet DES was no longer able to protect the sliding surfaces and CoF increased 

remarkably to 0.14. At 10 N, neither of the two samples of [Aliquat]Cl:octanol (1:1) were good 

lubricants and the obtained CoF values are similar to the CoF obtained with hexadecane. 

No wear was detected on the surfaces of the Si balls and substrates after long tests under 8N, 

10N and 12N with wet [Aliquat]Cl:menthol (1:2) (images not shown). In contrast, deep and 

wide wear tracks were found on the profilometer images of Si substrates after the long tests 

under 8N and 10N, with wet [Aliquat]Cl:octanol (1:1), as shown, respectively, in Figure 

3.2.10A and Figure 3.2.10B. The calculated wear volumes are 10×10-3 mm3 and 16×10-3 mm3, 

which compare with zero and 12×10-3 mm3 for [Aliquat]Cl:octanol (1:1) (see Table 3.2.2). 

 

 
 

Figure 3.2.10. Worn surface of the Si substrate (profilometer images with 20 magnification) 

after long tribological tests using wet [Aliquat]Cl:octanol (1:1) as lubricant: (A) under 8N and 

(B) under 10N. 

 

SEM images of the worn surfaces of the Si balls and the Si substrates after long tests under 8N 

and 10N using wet [Aliquat]Cl:octanol (1:1) as lubricant are shown in Figure 3.2.11. The 

equivalent SEM images obtained with wet [Aliquat]Cl:menthol (1:2) are not shown because 

no wear could be detected. After the tribological tests under 8N, abrasive scratches appear on 

both surfaces, and large debris are visible on the rim of the wear track on the substrate (Figure 

10A). Besides, the surface of the ball presents signs of indentation, as a result of continuous 
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rubbing against the substrate. The signs of abrasive wear are more intense on the surfaces 

tested under 10N, where a higher number of debris can be identified on the edges of the wear 

track on the substrate and some debris appear on the surface of the ball. 

The effect of the water is clearly seen by comparison of the results obtained using wet 

[Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:octanol (1:1). The most striking difference is observed 

under 8N, where no wear was detected on the substrates lubricated by [Aliquat]Cl:octanol 

(1:1) in the absence of added water. Under 10N, wet [Aliquat]Cl:octanol (1:1) led to more 

severe wear than [Aliquat]Cl:octanol (1:1) without water (Figure 3.2.6B) which should result 

mainly from the abrasive action of the debris present in high amount and not from the 

presence of crystals in the DES. These observations seem to confirm that, during the test under 

high loads, the presence of water promotes the formation and oxidation of the Si fragments, 

which accumulate outside the track. 

Furthermore, comparison of the HSPM images of wet [Aliquat]Cl:octanol (1:1) before (Figure 

A.4.4) and after being submitted to tribological tests (8N) (Figure A.4.6) demonstrates a 

reduction in the number of crystals after the tribological experiment. In addition, the DSC 

thermogram (Figure 3.2.7) shows a broad peak at -27 C, which has an equivalent effect in the 

HSPM images in Figure A.4.4. This means that the addition of water and the pressure have 

synergistic effects inducing the disruption of the crystals previously existing in 

[Aliquat]Cl:octanol (1:1). It is interesting to notice that the reduction in the number of 

crystalline agglomerates present in wet [Aliquat]Cl:octanol (1:1) did not improve the 

lubrication capacity at high loads. These apparently contradictory results might be explained 

by the complexity of the wear mechanisms. The lack of aggressive crystals in the wet DES did 

not compensate the probable disruption of the lubricant film caused by the presence of water. 
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Figure 3.2.11. SEM images of worn surfaces of the Si balls (440 magnification, left) and Si 

substrates (700 magnification, right) after long tribological tests using wet [Aliquat]Cl:octanol 

(1:1): (A) under 8N and (B) under 10N. 

 

These results suggest that [Aliquat]Cl:octanol (1:1) has lower stability towards water than 

[Aliquat]Cl:menthol (1:2), i.e. hydrogen bonding network in the former DES is more 

susceptible to breaking by the added water. The interaction of water with the OH group of 

octanol is stronger than with the same group of menthol (octanol is more water soluble than 

menthol), which means that Cl···H-O, the most important structural factor in these DESs, is 

more weakened in wet [Aliquat]Cl:octanol (1:1). This change in structure, which was apparent 

in the HSPM images, might imply a decrease in the adsorption capacity of wet 

[Aliquat]Cl:octanol (1:1) on the Si surfaces opening the way to the contact between them when 

the applied load is high and the film becomes unable to protect the surfaces against wear. 

To understand better the role played by water in the decrease of the lubrication performance 

of wet [Aliquat]Cl:octanol (1:1), the surfaces of the Si substrates inside and outside the contact 

areas after long tribological testes under the load of 8N, were analyzed by XPS. We should 

remember that the presence of water led to the most significant effect under this load: CoF 

increased from 0.04 to 0.14 (see Figure 3.2.4) and wear volume changed from zero to 1.0×10-2 

mm3. The main difference between the substrates lubricated with [Aliquat]Cl:octanol (1:1) and 
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wet [Aliquat]Cl:octanol (1:1) (Table 3.2.5) lies on the amounts of Si 2p, O 1s and C 1s inside 

and outside the contact area. In contrast with [Aliquat]Cl:octanol (1:1) where those amounts 

do not vary much, for wet [Aliquat]Cl:octanol (1:1), the atomic percentages of Si 2p and O 1s 

found on the contact area are much smaller than those on the non-contact area, while the 

atomic percentage of C 1s is much higher, which is consistent with the fact that wear of the 

SiO2 layer on top of the silicon wafer occurred only in the presence of water. The increase of 

the C 1s signal on the wear track most likely related to the increased surface roughness, which 

lowers the emission angle (the angle between analyzer and surface), causing a decrease in 

information depth. The atomic percentages of N 1s and Cl 2p, which indicate the presence of 

adsorbed [Aliquat]Cl are very small and do not allow any conclusion about the effect of water 

on the adsorption strength of [Aliquat]Cl:octanol (1:1). 

 

Table 3.2.5. Chemical composition of the Si substrates, inside and outside the contact areas 

after long tribological tests under the load of 8 N using [Aliquat]Cl:octanol (1:1) with and 

without added water. 

 

Lubricant 

Relative Atomic Percentages 

Si 2p O 1s C 1s N 1s Cl sp 

Contact 
Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 
Contact 

Non 

Contact 

[Aliquat]Cl: 

octanol (1:1) 
28.87 32.79 26.55 28.03 43.42 38.11 0.60 0.51 0.57 0.56 

Wet 

[Aliquat]Cl: 

octanol (1:1) 

20.57 39.85 24.90 33.16 53.51 25.43 0.68 0.67 0.35 0.89 

 

The XPS spectra of the Si substrates inside the wear tracks are compared with the ones outside 

the wear tracks, after long tribological tests under the load of 8 N using [Aliquat]Cl:octanol 

(1:1) with and without added water in Figure 3.2.12. The XPS spectra of N 1s and Cl 2p are 

given in Figure A.4.8 in Annexx A.4. 
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Figure 3.2.12. Comparison between XPS spectra for (A) [Aliquat]Cl:octanol (1:1) and (B) wet 

[Aliquat]Cl:octanol (1:1) after tribological tests at 8N, inside (top spectra) and outside (bottom 

spectra) the wear tracks. 

 

In terms of peak shape and binding energies, the Si 2p, O 1s and C 1s emissions remain 

unchanged after the wear test with dry [Aliquat]Cl:octanol (1:1), as seen in Figure 3.2.12A. 

However, when using wet [Aliquat]Cl:octanol (1:1), shown in Figure 3.2.12B, the wear causes 

a broadening of the Si 2p components (as well as O 1s), the appearance of the suboxides and 

peak shifts of the Si0 and Si4+ components to lower binding energies. In addition, the 

characteristic low binding energy component of C 1s appears, indicating the interaction with 

the ionic liquid. 

Finally, it is worthwhile to compare the results presented in this work with others recently 

obtained by our group concerning the lubrication of the same tribological pair.[34] Several 

protic ILs based on the sulfur-containing hydrogen sulfate ([HSO4]) and mesylate ([MeSO3]) 

anions were tested as additives to the base oil PEG200. The best IL was 4-picolinium 

hydrogenosulfate ([4-picH][HSO4]), which led to CoF 0.2 and 2×10-4 mm3 of wear volume, 15 

times smaller than the wear value obtained with PEG200 under 4N of load and after 2375 

cycles. In the same testing conditions, [Aliquat]Cl:menthol (1:2) and [Aliquat]Cl:octanol (1:1) 

led, respectively, to CoF values of 0.03 and 0.06 and no wear. Thus, these eutectic mixtures 

appear to significantly better lubricants for Si surfaces. 
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3.2.4  Conclusions 

The tribological properties of two families of hydrophobic DES, one based on nonionic 

menthol and the other based on ionic quaternary ammonium salts, were compared to the 

model lubricant hexadecane in steel/Si contacts. Then, [Aliquat]Cl:octanol (1:1) and 

[Aliquat]Cl:menthol (1:2) were chosen for further studies with Si/Si pairs that mimic 

MEMS/NEMS. At low loads (2, 4 and 8 N), both DES led to CoF values significantly lower than 

hexadecane and no wear, but for higher loads (10 and 12N), [Aliquat]Cl:octanol (1:1) lost its 

lubrication capacity, while [Aliquat]Cl:menthol (1:2) kept its excellent performance. XPS 

analysis of the Si surfaces after the tribological tests show the presence of adsorbed DES which 

protect the surfaces from contact under low loads. However, at high loads, the crystals present 

in the film of [Aliquat]Cl:octanol (1:1), which were detected on the HSPM images, led to 

abrasion of the Si surface. Finally, the effect of the addition of a fixed amount of 2% (w/w) of 

water on the physicochemical properties of [Aliquat]Cl:octanol (1:1) and [Aliquat]Cl:menthol 

(1:2) and on their tribological behavior was assessed. The viscosity of both wet DES decreased 

and the wettability of the Si surface improved. No corrosion of the Si substrates was observed. 

The lubrication capacity of wet [Aliquat]Cl:menthol (1:2) was not affected by the presence of 

water. In contrast, wet [Aliquat]Cl:octanol (1:1) became similar to hexadecane at the load of 

8N leading to abrasive wear and the formation of large debris. In this case, the presence of 

water changed the structure of the DES leading to a reduction in the number of crystals, and 

wear might be mainly attributed to the formation of Si fragments, which act as abrasives of 

the sliding surfaces. In conclusion, when compared to other DES and ILs previously studied 

by our group, [Aliquat]Cl:menthol (1:2) stands out as an extremely promising lubricant for Si-

based MEMS/NEMS, in view of its low price, efficient performance under high loads and 

resistance to the ambient humidity. 
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IONIC LIQUIDS AND DEEP EUTECTIC 

SOLVENTS AS LUBRICANTS OF STEEL 

BEARINGS 

 

 

 

 

 

 

 

 

 

 

 

This chapter presents the results obtained using some of the most promising Ionic Liquids and 

Deep Eutectic Solvents as lubricants for steel/steel contacts in a more realistic system. The 

work presented here was performed at the University of Pennsylvania, Philadelphia, USA. It 

is based on the article in preparation M. T. Donato, P. Nautiyal, R. Colaço, L. C. Branco, B. 

Saramago, R. W. Carpick, Ionic Liquids as extreme pressure additives for bearing steel 

applications. 
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4.1  Introduction 

Steel is widely used in bearings of vehicle parts, turbines, engines and varied manufacturing 

equipment as it is a hard and resistant material.[1] Steel-on-steel contact caused by lack of 

efficient lubrication leads to energy losses and increased energy consumption, which 

represents an issue for several industries.[2,3] Commercial lubricants are usually composed by 

grease or oil containing several types of additives designed for protecting the contacting 

surfaces from wear. However, those additives will often lower the viscosity of the lubricants 

and increase surface contact by shifting the lubrication regime to mixed/boundary conditions. 

In this context, Ionic Liquids (ILs) have emerged as potential anti-wear lubricants and/or 

additives to counteract wear under harsh conditions. ILs are organic salts with a melting point 

below 100 °C, composed by cation/anion combinations that can be tuned according to the 

desired final application. They have several interesting properties such as high chemical and 

thermal stability, almost negligible vapor pressure, – hence ILs are considered 

environmentally friendly compounds – non-flammability, ease in dissolving organic, 

inorganic and polymeric materials and high ionic conductivity.[4] Besides that, being highly 

polar compounds, contrarily to most additives used in synthetic or mineral oils that are non-

polar, ILs are highly surface active, presenting a high tendency to adsorb on metal surfaces.[5] 

One drawback of ILs, however, is their high cost, which is why they have recently been used 

as additives to commonly used base oils.[6-9]  

ILs, in general, and protic ILs (PILs), in particular, have shown great performance as anti-

friction and anti-wear additives for several types of contacts, including steel.[9-13] The group of 

Khatri et al.[14] focused on fatty acids-derived trioctylphosphonium cation-based PILs with 

various alkyl chain lengths, as additives to polyethylene glycol 200 (PEG 200) to lubricate steel-

steel contacts. The studied ILs allowed for a friction reduction between 28% and 41% and wear 

decrease of 15-32% under boundary lubrication regime when comparing to neat base oil. The 

improvement in tribological properties was due to phosphorous-containing tribofilms formed 

on the steel surfaces. Horng et al.[15] reported tert-octylamine oleate and diethanolamine oleate 

PILs as additives to water, showing increased tribological performance in terms of friction and 

wear reduction. Friction was reduced up to 80% and wear up to 85% when comparing to 

water, which was attributed to the formation of an adsorption layer on the surfaces. Iglesias et 

al.[16] studied three PILs, 2-hydroxyethylammonium 2-ethylhexanoate, 2-

hydroxymethylammonium 2-ethylhexanoate and 2-hydroxydimethylammonium 2-

ethylhexanoate, as neat lubricants and as additives to a mineral oil for steel–steel pairs. All 

PILs showed reduced friction and wear up to 19.5% and 48%, respectively. The same group 

also studied ammonium-based ILs as additives to a mineral oil at room temperature and 

100 °C.[17] Friction was reduced after adding the ILs, for both temperatures, in 29% and 35.5%, 

respectively, due to the formation of an oxygen-enriched tribofilm. More recently, Hu et al.[18] 

studied the lubricating performance of two trialkylammonium carboxylate ILs with different 
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alkyl chain size, as additives to polyalphaolefin (PAO) applied to steel contacts at room 

temperature and low temperatures. At room temperature, the shorter alkyl chain IL showed 

the best performance while at low temperature (-20 °C) both ILs revealed excellent wear 

reduction due to the formation of ordered adsorbed films, although their friction reduction 

was not evident. 

Deep Eutectic Solvents (DESs), which are considered by some authors as IL analogues,[19] 

might be another way of overcoming the high cost involved in the use of ILs as lubricants. 

DESs are mixtures which show a melting point lower than that of an ideal liquid mixture (see 

Figure 4.1) and are cheaper, less toxic and easier to prepare than ILs. They are composed of 

two or three components capable of self-association through hydrogen bond interactions 

(hydrogen bond donors, HBDs, and hydrogen bond acceptors, HBAs). The term DES was first 

proposed by Abbott et al.[20] to describe the mixture of choline chloride and urea (1:1 or 1:2). 

Since then, many articles have been published,[21,22] including a few studies on the use of DESs 

as lubricants for several types of contacts.[8,9,23] 

A relevant number of publications reporting the use of ILs as lubricants and lubricant 

additives are available, in contrast with the reduced number of studies focusing the 

application of DES in lubrication. However, the understanding of tribofilm formation, which 

is responsible for the protection of the sliding surfaces, is not yet very clear. 

 
 

Figure 4.1. Phase diagram of a Deep Eutectic Solvent (DES), adapted from references [24,25]. 

 

With the aim of studying the performance of additives or neat lubricants under mixed 

sliding/rolling conditions, which are representative of gears and bearings, three ILs and two 

DES, which demonstrated very good lubrication capacity for stainless steel/silicon and 

silicon/silicon contacts in previous studies [7,8,26] were chosen to be tested as lubricants for 

ASTM 52,100 bearing steel. The ILs based on sulfur-containing anions, 1-hexyl-
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methylimidazolium trifluoromethanesulfonate ([C6mim][TfO]), 1-hexyl-4-picolinium 

trifluoromethanesulfonate ([C6-4-pic][TfO]) and 4-picolinium hydrogen sulfate ([4-

picH][HSO4]), were used as 2 wt.% additives in base oil polyethylene glycol MW 200 (PEG 

200). The chosen DESs were the following: [C6-4-pic][TfO]:PEG 200:water (1:2:10%) and 

[Aliquat]Cl:octanol (1:1), where [Aliquat]Cl stands for methyltrioctylammonium chloride. For 

the first eutectic solvent, dissolution during scale-up was an issue, so water was added to help 

in the process. The structures of the studied liquids are presented in Figure 4.2. Previous to the 

tribolgical studies, the corrosive behavior of the liquids was determined since ASTM 52,100 

steel with low chromium level has poor resistance to corrosion.[27] In view of the obtained 

results, addition of corrosion inhibitors was needed. The tribological properties were assessed, 

namely friction and wear, and the worn surfaces of both balls and discs were imaged and 

chemically analyzed in order to gain insight on the wear mechanism, whenever possible. 

 

 
 

Figure 4.2. Chemical structures of the studied ILs and DES. 

4.2  Experimental 

4.2.1  Materials 

All reagents for the synthesis of ILs and preparation of DES were purchased and used without 

additional purification. The list of reagents is the following: 4-methylpyridine 98% from Alfa 

Aesar (Tewksbury, MA, USA), methylimidazole 99% from Alfa Aesar (Tewksbury, MA, USA), 

sulfuric acid 95-97% from Merck (Rahway, NJ, USA), trioctylmethylammonium chloride 

[Aliquat]Cl from Alfa Aesar (Tewksbury, MA, USA) and 1-octanol 99% from Alfa Aesar 

(Tewksbury, MA, USA). 
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The solvents were acetonitrile 99.8% from Merck (Darmstadt, Germany) and deuterated water 

99.9% from Eurisotop (Gif sur Yvette, France). Polyethylene glycol (MW 200) – PEG200 was 

from Sigma-Aldrich (Rahway, NJ, USA), with water content <0.5 %. Corrosion inhibitor 

Additin® RC 4801 was from Lanxess (Pittsburgh, PA, USA). Distilled and deionized water 

(DD) was obtained with a Millipore system. 

4.2.2  Methods 

The syntheses of ILs [C6mim][TfO], [C6-4-pic][TfO] and [4-picH][HSO4] were described in 

previous works.7,24 The preparation of DES [C6-4-pic][TfO]:PEG 200:water (1:2:10%) was done 

in an analogous way to the described in a previous work,8 apart from the addition of water 

due to solubility issues during scale-up. DES [Aliquat]Cl:octanol (1:1) was prepared by mixing 

the components in a 1:1 proportion under vigorous stirring for 24h. This eutectic was 

characterized by 1H-NMR in order to check the chemical structure and purity (see Figure A.4.1 

in Annex 4.1). 

Corrosion tests were done by deposition of two to three drops of the ILs and DES, with and 

without corrosion inhibitor RC 4801, on steel discs for 48 h. Afterwards, the steel samples were 

carefully washed with toluene and isopropanol, each for 10 minutes, in an ultrasound bath. 

The viscosity of the liquids was measured using a rheometer MCR 92 (Anton Paar, Graz, 

Austria). The results are average values obtained from three measurements. 

The tribological tests were conducted in a Mini-Traction Machine (MTM, PCS Instruments, 

London, UK) that was used to measure traction coefficients under specified conditions. MTM 

is a ball-on-disc tribometer presented in Figure 4.3 in which the rotation of the ball is 

independent to the rotation of the disc, enabling access to a range of slide-to-roll ratios (SRR). 

52,100 steel highly polished balls (19.05 mm diameter, RMS = 0.5±0.2 nm) and discs (46 mm 

diameter, RMS = 0.5±0.2 nm) from PCS Instruments (London, UK) were used for the 

tribological tests. The balls and discs were AISI/ASTM 52,100 bearing steel which is a high 

carbon, chromium containing low alloy steel. 

Stribeck curve measurements were performed at 60 °C, over a wide range of speeds (from 2000 

to 10 mm·s-1 entrainment speed), SRR of 50% and an applied load of 50 N, yielding a Hertzian 

maximum contact pressure of 1.12 GPa. All other MTM measurements were carried out at an 

entrainment speed of 10 mm·s-1. Prior to testing, the specimen (balls and discs) and the 

removable MTM components were cleaned by sonication for 10 minutes in each of toluene 

and 2-propanol. All parts were wiped with Kimwipe after the cleaning process and residual 

fibers were removed with compressed nitrogen gas. The MTM pot was rinsed in toluene 

followed by 2-propanol and dried with compressed nitrogen gas. This rinsing and drying 

procedure was performed three times or until the lubricants were removed completely. 

After the tribological tests, the tracks were imaged with White Light Interferometry using a 

Zygo NewView 6300 Interferometer with a 20× objective and 0.5× internal multiplier, yielding 
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a magnifcation level of 10× and a 530 µm×700 µm field of view. The images were analyzed 

using software program Gwyddion.[28] The MTM balls were imaged with a vertical scan range 

of 150 µm and the images were leveled through a spherical subtraction in Gwyddion. 

A BX51 Optical Microscope (Olympus, Florida, USA) was used to assess the tribofilm 

formation on the wear tracks after the tribological tests. The images were analyzed using 

ImageJ software.[29] 

The elemental composition of the wear tracks on the 52,100 steel discs was studied by X-ray 

photoelectron spectroscopy (XPS), using an Axis Supra spectrometer (Kratos Analytical Ltd., 

Manchester, UK). A monochromatic Al Kα source was run at 225W. The detailed spectra were 

acquired at a pass energy of 20 eV through an aperture of 110 μm. Data analysis was done 

with CasaXPS. Atomic percentages were calculated assuming a homogenous distribution of 

elements, using the Kratos relative sensitivity factors. 

 

 
 

Figure 4.3. Schematic representation of the Mini-Traction Machine (MTM) used for the 

tribological experiments. 

4.3  Results and Discussion 

4.3.1  Corrosion experiments 

ILs are known to be corrosive of steel [30,31] so all fluids were tested and corrosion of the steel 

surfaces was observed. A semi-ester of succinic acid derivative corrosion inhibitor, RC 4801 

(acid value: 160 mg KOH/g, and is cut in 30% mineral oil) was added to the liquids at a 1 wt.% 

concentration and the corrosion inhibition capability was evaluated. 

The mixtures of PEG 200 with 2% [C6mim][TfO] and 2% [C6-4-pic][TfO], the two less 

chemically aggressive liquids, corroded the steel when no corrosion inhibitor was used, but 

adding a small amount of corrosion inhibitor was enough to prevent corrosion. Optical 

microscopy images of the steel surfaces after contacting the two tested ILs, with and without 

corrosion inhibitor, are presented in Figure 4.4. 
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In contrast, the addition of corrosion inhibitor was not sufficient to prevent corrosion for the 

mixture PEG200+2%[4-picH][HSO4] and the DESs [Aliquat]Cl:octanol (1:1) and [C6-4-

pic][TfO]:PEG 200:water (1:2:10%), even when a higher concentration (5 wt.%) of corrosion 

inhibitor was used. The optical microscopy images showing signs of corrosion for these fluids 

are presented in Figure A.5.1 in the Supporting Information. Considering these results, further 

tests were only carried out with PEG 200 + 2% [C6mim][TfO] + 1%RC 4801 and PEG 200 + 2% 

[C6-4-pic][TfO] + 1%RC 4801. 

 

 
 

Figure 4.4. Optical microscopy images (10 magnification) of 52,100 steel discs after contacting 

(A) PEG 200 + 2%[C6-4-pic][TfO] and (B) PEG 200 + 2%[C6mim][TfO], without (left) and with 

(right) corrosion inhibitor. 

4.3.2  Traction coefficient measurements 

The viscosities of PEG 200 + 1% RC 4801, PEG200 + 2% [C6-4-pic][TfO] + 1% RC 4801 and 

PEG200 + 2% [C6mim][TfO] + 1% RC 4801 were measured as a function of temperature from 

25 °C to 60 °C, prior to the tribological tests. The results are presented in Figure 4.5 which 

shows that the three mixture have similar, low viscosities in the whole temperature range. 

Stribeck curves (traction coefficient vs. rolling speed) obtained for the mixtures of ILs + PEG 

200 at 60 °C from 2000 to 10 mm·s-1 entrainment speed are shown in Figure 4.6. The measure-

ments were performed under mixed sliding/rolling contact conditions through the application 

of a slide-to-roll ratio (SRR) of 50%, which is given by the following equation: 
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                                                                    𝑆𝑅𝑅 =
|𝑢𝐷−𝑢𝐵|

𝑈
    Eq. 4.1 

 

where 𝑢𝐵 is the ball speed, 𝑢𝐷 is the disc speed and U is the entrainment speed, defined as 

(𝑢𝐵 + 𝑢𝐷)/2. 

 

 
 

Figure 4.5. Viscosity vs. temperature for the studied mixtures. The values correspond to the 

average of three measurements for each sample. 

 

Although the differences on the Stribeck curves are small, it is possible to observe that, at low 

and intermediate speeds, the mixture with [C6mim][TfO] led to a decrease in friction relative 

to the value obtained without the IL (neat PEG), while [C6-4-pic][TfO] increased the friction. 

The minimum film thickness, h0, was calculated according to the elastohydrodynamic theory 

and the Hamrock-Dowson model [32] for an entrainment speed of 10 mm·s-1. The obtained value 

was 2.25 nm, which compared with the composite surface roughness yields a specific film 

thickness λ of 0.45 (λ<1), indicating boundary contact conditions. The details of these calcula-

tions are given in Annex A.5. In order to assess wear performance of the ILs under aggressive 

boundary contact, subsequent tests were performed at the speed of 10 mm·s-1. 

A mixing of sliding and rolling was applied through the application of a slide-to-roll ratio 

(SRR) of 50%. Traction curves were obtained at the determined conditions and each 4h test 

was performed with new and washed 52,100 ball/disc pairs. The results are presented in Fig-

ure 4.7 where it is possible to see a slight improvement (up to 12%) on the traction coefficient 

of PEG 200 + 2% [C6mim][TfO] + 1%RC 4801 when compared to neat PEG 200+1%RC 4801. 

These results indicate that [C6mim][TfO] can be used as an anti-friction modifier. In order to 

assess the potential effect of the IL concentration on friction reduction, a higher concentration 

of 5 wt.% was used. The results are presented in Figure A.5.2 (Supporting Information), where 

it is possible to see that this ILimproved significantly the traction coefficient for the first hour, 
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indicating that [C6mim][TfO] 5% PEG+1% RC 4801 could be used as a friction modifier for 

short periods of time. After the running-in period, this mixture reaches high traction coeffi-

cients but stabilizes to values close to PEG 200+1% RC4801 after three hours. 

 

 
 

Figure 4.6. Stribeck curves obtained at 50 N and 60 °C, from 2000 to 10 mm·s-1 entrainment 

speed, for PEG 200 + 1% RC 4801, PEG 200 + 2% [C6-4-pic][TfO] + 1% RC 4801 and PEG 200 + 

2% [C6mim][TfO] +1% RC 4801. These results correspond to averages of at least two runs. 

 

 

 
 

Figure 4.7. Traction coefficient vs. time for 52,100 steel/steel tribopairs at an entrainment speed 

of 10 mm·s-1 and under the load of 50N for the studied liquids. These results correspond to 

averages of at least two runs. 

4.3.3  Surface characterization 
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After the wear experiments, the ball and disc surfaces were imaged by White Light 

Interferometry (WLI) and the wear profiles were obtained. The wear volumes obtained for the 

balls and discs are shown in Figure 4.8. These values were calculated based on the mean of at 

least four cross-section profiles for each sample. 

 

 
 

Figure 4.8. Average wear volumes obtained for steel balls (left image) and discs (right image) 

after long tribological tests (4h) at an entrainment speed of 10 mm·s-1 and under the load of 

50N. The errors are  standard deviation (n  4). 

 

Regarding the steel balls, PEG 200 + 2% [C6-4-pic][TfO] + 1%RC 4801 allowed an improvement 

on the wear protection of ~46% when compared to neat PEG 200+1%RC 4801, while  the 

equivalent improvement for PEG 200 + 2% [C6mim][TfO] + 1%RC 4801 was of ~76%. In the 

case of the discs, when comparing to PEG+1%RC 4801, [C6-4-pic][TfO] allowed for a wear 

reduction of ~11% while [C6mim][TfO] reduced wear in ~35%, showing the best wear 

performance overall. 

In Figure 4.9 and Figure 4.10 the WLI images and wear profiles of the balls and discs are 

shown. The mixtures containing ILs presented narrower and less deep profiles for both ball 

and disc when compared to neat PEG 200+1%RC 4801, specially the one containing 

[C6mim][TfO]. 
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Figure 4.9. Wear profiles of the steel balls (WLI images with 20 magnification) after long 

tribological tests (4h) at an entrainment speed of 10 mm·s-1, under the load of 50N using as 

lubricants: (A) PEG200 + 1%RC 4801, (B) PEG 200 + 2%[C6-4-pic][TfO] + 1%RC 4801 and (C) 

PEG 200 + 2% [C6mim][TfO] + 1%RC 4801. Z scale is 1000 magnified compared to lateral scale. 
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Figure 4.10. Wear profiles of the steel discs (WLI images with 20 magnification) after long 

tribological tests (4h) at an entrainment speed of 10 mm·s-1, under the load of 50N using as 

lubricants: (A) PEG200 + 1%RC 4801, (B) PEG 200 + 2% [C6-4-pic][TfO] + 1%RC 4801 and (C) 

PEG 200 + 2% [C6mim][TfO] + 1%RC 4801. Z scale is 1000 magnified compared to lateral scale. 

 

The wear tracks of the discs were also analyzed by optical microscopy in order to check for 

indication of tribofilm formation (see Figure 4.11). As can be seen from the images, when the 

tests were carried out with PEG 200+1%RC 4801, no evidence of tribofilm formation was seen. 

However, a bluish color can be seen on the wear tracks of the tests carried out with both ILs 

added to PEG 200+1%RC 4801, indicating the formation of a tribofilm, as reported by other 

authors in zinc dialkyldithiophosphate (ZDDP) tribofilms.[33-35] This blue color is due to 

interference of light reflecting off the underlying substrate and the light reflecting off the top 

surface of the tribofilm. 
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Figure 4.11. Optical microscopy images (10 magnification) of the wear tracks after the 

tribological tests for (A) PEG 200 + 1%RC 480, (B) PEG 200 + 2% [C6-4-pic][TfO] + 1%RC 4801 

and (C) PEG 200 + 2% [C6mim][TfO] + 1%RC 4801. 

 

XPS analysis of the 52,100 steel discs inside the wear tracks was performed, providing insight 

on the chemical composition of the tribofilms (see Table 4.1). It is possible to see the presence 

of N and S inside the wear tracks in both the discs with ILs. However, the atomic percentages 

of N 1s and S 2p are considerably higher for the best performing mixture PEG 200 + 2% 

[C6mim][TfO] + 1% RC 4801, confirming that this IL has more tendency to adsorb to the 

surface. Comparison between the N 1s and S 2p signs suggests that the IL interacts 

preferentially with the steel surface through the N-containing cation, although the S-

containing anion takes some part in the adsorption as well. Regarding Fe 1s, O 1s and C 1s 

signs, the data are in agreement with the presence of an IL adsorbed layer, which partially 

hides the underlying iron oxides, leading to the reduction of the relative amounts of Fe 2p and 

O1s  and the increase of the relative amount of C 1s. 
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Table 4.1. Relative surface atomic concentrations inside the wear tracks. 

 

Lubricant 
Relative Atomic Percentages 

Fe 2p O 1s C 1s N 1s S 2p 

PEG200 + 1% RC 4801 5.32 34.53 60.14 - - 

PEG200+2% [C6-4-pic][TfO] + 1%RC 4801 0.88 27.87 70.94 0.21 0.09 

PEG200 + 2% [C6mim][TfO] + 1%RC 4801 2.17 30.21 66.51 0.96 0.14 

4.4  Conclusions 

The tribological performance of several ILs and DES was studied for 52,100 steel contacts. 

Some of the studied liquids were corrosive of steel, even when a corrosion inhibitor was 

added, and were disregarded. Two ILs, [C6mim][TfO] and [C6-4-pic][TfO], were tested with 1 

wt.% corrosion inhibitor as anti-wear additives in base oil PEG 200 and revealed very 

interesting lubricating properties. PEG 200 + 2% [C6mim][TfO] + 1% RC4801 allowed for a 

decrease in wear up to ~76%, acting as an anti-wear additive and reduced friction, acting as a 

friction modifier. On the other hand, PEG 200 + 2% [C6-4-pic][TfO] + 1% RC4801 did not have 

an evident effect on friction reduction but reduced wear up to ~46% when comparing to neat 

PEG 200 + 1% RC4801, acting as an anti-wear additive. XPS analysis allowed to conclude that 

[C6mim][TfO] has a higher tendency to adsorb to the steel surface, leading to a significant 

protection of the sliding surfaces. Regarding the other studied ILs and DES, further studies 

need to be done, particularly focusing on preventing the corrosion of 52,100 steel. 

The results obtained with the two ILs open the way to the use of these environmentally 

friendly compounds as potential lubricants for steel bearings. These ILs were able to reduce 

wear of the steel surfaces under extreme pressure conditions (1.12 GPa), which is of great 

importance for several industries due to the lowering costs in replacing bearing steel parts. 
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One of the 12 Principles of Green Chemistry relies on the Design for Energy Efficiency, so 

reactions that use environmentally friendly solvents or that do not require any solvent are 

extremely important. Aiming to reduce the use of toxic and volatile organic solvents, Ionic 

Liquids have emerged as greener alternatives, showing improved properties in several fields, 

such as in the lubrication of different types of contacts. 

Tribological contacts are responsible for around 23% of the world's total energy consumption, 

mostly due to friction and wear created between moving parts. Efficient lubrication could 

eventually decrease the energy losses caused by friction and wear by 40% in the long term and 

by 18% in the short term. This would correspond to savings of 1.4% of the gross domestic 

product in the USA and 8.7% of the worldwide energy consumption in the long term. With 

that in mind and moving towards a more sustainable world, it is of extreme importance to 

have good lubrication between moving parts, aiming to improve global energy efficiency. 

Ionic Liquids as environmentaly friendly and sustainable functional materials have shown 

very interesting lubricanting properties. However, they are very expensive to be applied as 

neat lubricants; the use of Ionic Liquids as additives to commonly used base oils or the use of 

Deep Eutectic Solvents might be a good way to overcome this drawback. 

This thesis focuses on the search of efficient lubricants for silicon surfaces, as silicon is one of 

the main components of MEMS and NEMS, which are miniturized devices with great impact 

in our day-to-day lives. Although studies in silicon are the main focus of this thesis, some 

studies and applications in steel surfaces are also addressed, as steel is yet one of the most 

used materials due to its hardness and resistance. In the scope of this work, several Ionic 

Liquids and Deep Eutectic Solvents have been synthesized or prepared: aprotic and protic ILs 

as additives and hydrophilic or hydrophobic DESs based on ionic liquids and/or natural 

compounds. Ionic Liquids were used at a 2 wt.% concentration in base oil PEG 200, which is a 

very small amount, making this approach more economically viable. 

The first series of results were obtained with aprotic ILs based on imidazolium and pyridinium 

cations in combination with an anion containing sulfur (triflate, [TfO]), as previous studies 

already showed that S-containing ILs lead to improved lubrication. The ILs were synthesized 

using the microwave process, which is a much more sustainable approach, allowing to obtain 

the desired ILs with higher purities and prepared in considerably less time (35 minutes vs. 24-

48 hours using conventional heating). The tribological results obtained with these ILs as 

additives were very promising, particularly in the case of [C6-4-pic][TfO], which demonstrated 

good friction reduction for low loads (in the order of magnitude of mN) comparing to base oil 

PEG 200. This behavior was attributed to the symmetry of the cation leading to an ordered 

adsorbed layer. 

Regarding protic Ionic Liquids (PILs), five different cations were chosen in combination with 

two different S-containing anions, methylsulfate [MeSO3] and hydrogensulfate [HSO4]. The 

results obtained with these liquids were very promising, particularly [4-picH][HSO4], which 

revealed excellent lubrication capacity and minimized third-body abrasive wear up to 15 times 
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when comparing to base oil PEG 200. Analysis of the wear tracks allowed to conclude that the 

symmetric cation [4-picH] and the anion [HSO4] adsorbed strongly to the Si surface, leading 

to the formation of a protective film. 

In parallel, eutectic mixtures, without the requirement of being deep eutectic solvents, that 

were designated by eutectic systems (ES), containing the previouly synthesized ionic liquid 

[C6-4-pic][TfO] in combination with PEG 200 in different molar ratios (1:2, 1:4, 1:8 and 1:16) 

were studied. ES (1:2) revealed to be in the eutectic composition, having the stronger 

interactions between the mixture’s components. This ES (1:2) packs in order to maximize the 

hydrogen bonds and leads to the formation of a stable tribofilm, which ensures the lowest 

values of CoF and wear of the Si surface for the highest applied load. 

Moreover, hydrophobic DESs based on ILs, such as [Aliquat]Cl, showed very interesting 

properties, particularly in combination with natural components such as menthol and octanol. 

The results obtained with this set of compounds were very promising in terms of friction and 

wear reduction when comparing to hexadecane, which was proven by XPS to be related with 

the adsorption of [Aliquat]Cl on the surface. Although [Aliquat]Cl:octanol (1:1) was slightly 

better than [Aliquat]Cl:menthol (1:2) for low load (1N), the latter revealed to be much more 

effective for higher loads, presenting no wear on the Si surface for loads up to 12 N, which 

corresponds to a maximium contact pressure of 1.34 GPa. 

In general, the best performing IL was [4-picH][HSO4] and the best DES was 

[Aliquat]Cl:menthol (1:2), reaching CoF values of ~0.06 and ~0.03, respectively, for low loads. 

The mentioned DES, in particular, stands out as a very promising lubricant for Si-based 

MEMS/NEMS as it is composed of low cost and commercial components. Besides that, it 

exhibited very good tribological performance under high contact stresses, being resistant to 

ambient humidy. 

Some of the best Ionic Liquids and Deep Eutectic Solvents were applied in more realistic 

conditions to lubricate steel contacts. Although some of the mixtures corroded the steel 

surfaces, such as the ones containing [4-picH][HSO4] and [Aliquat]Cl, [C6mim][TfO] as 2 wt.% 

additive to PEG 200 showed very interesting lubricating properties. This IL allowed for a 

decrease in wear up to ~76% comparing to base oil PEG 200, acting as an anti-wear additive, 

and reduced friction, acting as a friction modifier. Regarding the other studied ILs and DESs, 

further studies need to be done, particularly in regard to preventing corrosion of 52,100 steel. 

Most studied ILs and DESs reduced the friction between moving parts when comparing to the 

neat base oils (PEG 200 or hexadecane) and effectively protected the steel and/or silicon 

surfaces from wear, sometimes under extreme pressure conditions (1.12 GPa or higher). This 

translates into lower costs in replacing parts which is of extreme importance on the lubrication 

of MEMS/NEMS and for several industries that use steel (in vehicle parts, turbines, engines 

and varied manufacturing equipment) such as the automotive industry and others. 

With the experience acquired from this thesis, it is possible to conclude that both Ionic Liquids 

and Deep Eutectic Solvents are very promising lubricant alternatives. Using a small amount 
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of 2 wt.% of ILs as additives to commonly used base oils is a very inexpensive and efficient 

way to modulate properties such as viscosity, which is very important in lubrication. ILs can 

be easily tuned according to the final desired application, through the choice of an adequate 

cation/ anion combination, which is a great advantage regarding the design of efficient 

materials. In terms of cations, choosing aromatic ones may enhance the interaction with other 

components, such as the contacting surface, through - interactions. The labile proton of 

protic ILs is also more available to interact with the surface, when comparing to aprotic ILs. 

In the case of Deep Eutectic Solvents, studies with hydrophilic and hydrophobic DESs were 

performed, with the aim of trying to control the water adsorption. Although hydrogen bond 

donors and acceptors already interact with each other to form hydrogen bonding, making 

DESs, in principle, less predisposed to interact with the surface, one of the best results was 

obtained using a hydrophobic DES. This may be explained by the fact that DESs have higher 

cohesive forces than ILs in solution. Further analysis could be performed in order to 

understand these results, namely through in situ analysis of the formed tribofilms. 

Both studied approaches can be interesting from an industrial point of view. ILs are more 

adaptable in terms of applications because they can be used as additives to already existing 

and commercialized base oils, enhancing the tribological properties without increasing the 

price too much. However, depending on the final application, problems such as corrosion may 

need to be taken into account. DESs are very promising lubricant alternatives as well, mainly 

due to their easy preparation and low cost, which are very interesting points for their 

application in industry. 

Molecular Dynamic simulations are currently undergoing in collaboration with Karina 

Shimizu from CQE of Instituto Superior Técnico in order to give insight on the adsorption 

mechanism of some of the studied liquids, which will allow a better understanding of the role 

of the molecular structure on the lubrication capacity. MD simulations are a very effective way 

to avoid the trial and error approach and can save a lot of time on the design of efficient ILs 

and DESs as lubricants. 

Overall, the results presented in this thesis represent a contribution for the design and 

development of new ILs and DESs to be used as neat lubricants or lubricant additives, 

providing significant friction and wear reduction in machines with moving parts. Further 

work can be done in regard to exploring other types of contacts, using the results obtained in 

this thesis and in the MD simulations to better design ILs and DESs for different types of 

applications. For industrial application of these types of materials, challenges such as 

solubility, scale-up and potential corrosion need to be taken into account. 
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A  

 

APPENDIX 

This section presents the Supporting Information of each chapter. For Chapter 2.1 the details 

of the synthesis are presented, including the analysis of the NMR spectra and the physico-

chemical characterization of the prepared ionic liquids (1H-NMR, 13C-NMR, 19F-NMR and 

FTIR data and viscosities and contact angles on Si surface for ILs with different water 

contents). An explanation for the calculation of the theoretical minimum film thickness is 

given and the variation of CoF with time is presented. For Chapter 2.2 the detailed synthesis 

and characterization (1H-NMR, 13C-NMR, FTIR and elemental analysis) of the PILs is given. A 

comparison between the Stribeck curves of the different PILs according to the anion is 

presented. The film thickness is given, obtained both experimentally (AFM) and theoretically. 

The variation of CoF with time is presented. For Chapter 3.1 the DSC thermograms of the 

eutectic mixtures in different molar ratios are presented. The chemical characterization (FTIR 

and 1H-NMR) and properties such as viscosity and contact angle are given. CoF variations 

with time for longer tribological tests, as well as CoF values and wear volumes obtained for 

the mixtures are presented. For Chapter 3.2 the 1H-NMR spectra of the prepared hydrophobic 

DES are presented and analyzed. The CoF variation with time for the best performing DES is 

given. HSPM images of [Aliquat]Cl:octanol (1:1) under different conditions are presented. 

SEM images obtained after the corrosion tests are given. For Chapter 4 the images of the 

corrosion experiments are presented, as well as the traction coefficient variation with time for 

IL [C6mim][TfO] as 2 and 5 wt.% in PEG 200 + corrosion inhibitor. 
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A.1 Supporting Information of Chapter 2.1 

 
Synthesis of ILs 

 

Three new ionic liquids were synthesized: [C6-3-pic][TfO], [C6-2-pic][TfO] and [C6-4-pic][TfO]. 

For [C6-3-pic][TfO] two synthetic approaches were followed: the conventional reflux method 

and the microwave-assisted synthesis. Two previously studied ionic liquids were also 

synthesized: [C6mim][TfO] and [C6pyr][TfO]. All the synthesized ionic liquids were 

characterized by NMR (Bruker 400MHz, model Avance III, USA) and FTIR-ATR, 4 cm-1 

resolution and 128 scans, (Nicolet 5700 FTIR spectrometer, Thermo Electron Corporation, 

USA). The spectra of the final compounds are given in Figure A.1.1. 

 

Conventional synthesis of cationic scaffolds 

 

1-hexyl-methyl imidazolium bromide: [C6mim][Br] 

2 mL of methyl imidazolium (0.02512 mol) and 4.1 mL of bromohexane (0.02906 mol) were 

added to a 25 mL round-bottom flask. The alkylating agent was added in excess to assure that 

the reaction was complete. 7 mL of acetonitrile were also added and the mixture was stirred 

and heated at 80 °C under reflux for 27h. The solvent was evaporated and the final product 

was obtained as a viscous light yellow liquid and dried in vacuum (5.88 g; 86 % yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 10.46 (s, 1H), 7.50 (s, 1H), 7.36 (s, 1H), 4.30 (t, 2H, 3J=8 Hz), 

4.12 (s, 3H), 1.92-1.86 (m, 2H), 1.30 (s, 6H), 0.85 (m, 3H) ppm 

 

1-hexyl-3-methylpyridinium bromide: [C6-3-pic][Br] 

1.9 mL of 3-methylpyridine (0.01950 mol) and 3.3 mL of bromohexane (0.02339 mol) were 

added to a 25 mL round-bottom flask. The alkylating agent was added in excess to assure that 

the reaction was complete. 8 mL of acetonitrile were also added and the mixture was stirred 

and heated at 80 °C under reflux for 116h. The solvent was evaporated and the final product 

was obtained as a viscous dark orange liquid and dried in vacuum (1.6 g; 88% yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 9.38 (s, 1H), 9.20 (d, 1H, 3J=4 Hz), 8.24 (d, 1H, 3J=8 Hz), 7.99 (t, 

1H, 3J=8 Hz), 4.82 (t, 2H, 3J=8 Hz), 3.23-3.16 (m, 1H), 2.56 (s, 3H), 1.95 (t, 2H, 3J=8 Hz), 1.29-1.20 

(m, 6H), 0.75 (t, 3H, 3J=8 Hz) ppm 

 

Microwave synthesis of cationic scaffolds 

 

1-hexyl-methyl imidazolinium bromide: [C6mim][Br] 

To a quartz vessel, 1 mL of methyl imidazolium (0.01256 mol) and 1.95 mL of bromohexane 

(0.01382 mol) were added and mixed together with 5 mL of acetonitrile. The mixture was 
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heated at 120 °C for 30 minutes under microwave irradiation. The solvent was evaporated and 

the final product was obtained as a viscous light yellow liquid and dried in vacuum (3.14 g; 

95% yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 10.35 (s, 1H), 7.51 (s, 1H), 7.37 (s, 1H), 4.30 (t, 2H, 3J=8 Hz), 

4.11 (s, 3H), 1.92-1.85 (m, 2H), 1.29 (s, 6H), 0.85 (m, 3H) ppm 

 

1-hexyl-3-methylpyridinium bromide: [C6-3-pic][Br] 

To a quartz vessel, 1 mL of 3-methylpyridine (0.01028 mol) and 1.5 mL of bromohexane 

(0.01063 mol) were added and mixed together with 5 mL of acetonitrile. The mixture was 

stirred at 600 rpm and heated to 130 °C for 35 minutes. The solvent was evaporated and the 

final product was obtained as a viscous dark orange liquid and dried in vacuum (2.7 g; 99% 

yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 9.44 (s, 1H), 9.270 (d, 1H, 3J=8 Hz), 8.25 (d, 1H, 3J=8 Hz), 8.00 

(t, 1H, 3J=8 Hz), 4.91 (t, 2H, 3J=8 Hz), 2.62 (s, 3H), 1.98 (m, 2H), 1.35-1.27 (m, 6H), 0.82 (t, 3H, 

3J=8 Hz) ppm 

 

1-hexyl-2-methylpyridinium bromide: [C6-2-pic][Br] 

To a quartz vessel, 1 mL of 2-methylpyridine (0.01028 mol) and 2 mL of bromohexane (0.01417 

mol) were added and mixed together with 5 mL of acetonitrile. The mixture was stirred at 600 

rpm and heated to 130 °C for 30 minutes. The solvent was evaporated and the final product 

was obtained as a light brown solid and dried in vacuum (2.44 g; 74% yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 9.54 (d, 1H, 3J=4 Hz), 8.39 (t, 1H, 3J=8 Hz), 8.04 (d, 1H, 3J=8 

Hz), 7.91 (t, 1H, 3J=8 Hz), 4.78 (t, 2H, 3J=8 Hz), 2.92 (s, 3H), 1.81-1.72 (m, 2H), 1.40-1.16 (m, 6H), 

0.77 (t, 3H, 3J=8 Hz) ppm 

 

1-hexyl-4-methylpyridinium bromide: [C6-4-pic][Br] 

To a quartz vessel, 2 mL of 4-methylpyridine (0.02055 mol) and 3 mL of bromohexane (0.02126 

mol) were added and mixed together with 5 mL of acetonitrile. The mixture was stirred at 600 

rpm and heated to 130 °C for 35 minutes. The solvent was evaporated and the final product 

was obtained as a light brown solid and dried in vacuum (5.12 g; 94% yield). 

1H-NMR (δ, CDCl3-d, 400 MHz): 9.33 (d, 1H, 3J=8 Hz), 7.89 (d, 1H, 3J=8 Hz), 4.84 (t, 2H, 3J=8 

Hz), 2.63 (s, 3H), 2.01-1.94 (m, 2H), 1.33-1.21 (m, 6H), 0.81 (t, 3H, 3J=8 Hz) ppm 

 

1-hexyl-pyridinium bromide: [C6pyr][Br] 

To a quartz vessel, 2 mL of pyridine (0.02483 mol) and 4.2 mL of bromohexane (0.02497 mol) 

were added and mixed. The mixture was stirred at 600 rpm and heated to 120 °C for 30 

minutes. The solvent was evaporated and the final product was obtained as a viscous brown 

liquid and dried in vacuum (6.87 g; 99% yield). 
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1H-NMR (δ, CDCl3-d, 400 MHz): 9.53 (d, 2H, 3J=4 Hz), 8.52 (t, 1H, 3J=8 Hz), 8.15 (t, 2H, 3J=8 Hz), 

4.99 (t, 2H, 3J=8 Hz), 2.07-1.96 (m, 2H), 1.40-1.21 (m, 6H), 0.83 (t, 3H, 3J=8 Hz) ppm 

 

Preparation of triflate-based ILs by exchange reactions 

The ionic liquid was first dissolved in a mixture of acetone and methanol. 1.1 equivalents of a 

triflate salt (sodium or potassium triflate) were added to the mixture, which was kept in 

vigorous stirring for 48h at room temperature. At the end of the reaction the solution was 

filtered, the solvent was evaporated and the mixture was re-dissolved in dichloromethane. 

The solution was filtrated one more time and the solvent evaporated. The final product was 

dried in vacuum with stirring at 50 ºC for the time required to achieve a water content smaller 

than 1000 ppm. 

 

1-hexyl-methyl imidazolium triflate: [C6mim][TfO] 

This IL was prepared according to a previous experimental procedure (adapted from [1]). 

1H-NMR (δ, CDCl3-d, 400 MHz): 9.12 (s, 1H), 7.42 (s, 1H), 7.36 (s, 1H), 4.15 (t, 2H, 3J=8 Hz), 3.94 

(s, 3H), 1.83 (m, 2H), 1.26 (s, 6H), 0.83 (m, 3H) ppm 

19F-NMR (δ, CDCl3-d, 282MHz): -78.66 ppm 

 

1-hexyl-3-methylpyridinium triflate: [C6-3-pic][TfO] 

The desired product was obtained as an orange solid (7.1 g; 83% yield). 

1H-NMR (δ, CDCl3-d, 400MHz): 9.10 (s, 1H), 8.86 - 8.77 (m, 1H), 8.23 - 7.88 (m, 1H), 7.41 (s, 1H), 

7.36 (s, 1H), 4.59 (t, 1H, 3J=8 Hz), 4.13 (t, 2H, 3J=4 Hz), 2.54 (s, 2H), 1.98 (m, 2H), 1.23-1.18 (m, 

6H), 0.79 (s, 3H) ppm 

13C-NMR (δ, CDCl3-d, 100MHz): 145.69, 144.31, 141.91, 140.04, 127.84, 122.29, 119.11, 62.14, 

31.66, 31.01, 25.64, 22.29, 18.53, 13.85 ppm 

19F-NMR (δ, CDCl3-d, 282MHz): -78.64 ppm 

FTIR-ATR: �̅� = 3076; 2937; 2857; 1743; 1632; 1506; 1263; 1159; 1026; 812; 758; 694; 638; 572; 515 

cm-1. 

Elemental analysis: expected C 45.21%, H 6.43%, N 4.06%; found C 45.76%, H 6.33%, N 3.86%. 

 

1-hexyl-2-picolinium triflate: [C6-2-pic][TfO] 

The desired product was obtained as a brown solid (3.94 g; 95% yield). 

1H-NMR (δ, CDCl3-d, 400MHz): 8.88 (d, 1H, 3J=8 Hz), 8.32 (t, 1H, 3J=8 Hz), 7.89-7.83 (m, 2H), 

4.55 (t, 2H, 3J=8 Hz), 2.85 (s, 3H), 1.90-1.83 (m, 2H), 1.39-1.29 (m, 6H), 0.84 (m, 3H) ppm 

13C-NMR (δ, CDCl3-d, 100MHz): 154.52, 145.72, 145.19, 130.38, 126.28, 122.23, 119.24, 58.52, 

31.07, 30.43, 25.86, 22.32, 20.21, 13.84 ppm 

19F-NMR (δ, CDCl3-d, 282MHz): -78.42 pm 

FTIR-ATR: �̅� = 2927; 2861; 1746; 1634; 1508; 1251; 1164; 1023; 787; 711; 633; 574; 517 cm-1 

Elemental analysis: expected C 47.69%, H 6.17%, N 4.28%; found C 47.24%, H 6.05%, N 4.07%. 
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1-hexyl-4-picolinium triflate: [C6-4-pic][TfO] 

The desired product was obtained as a viscous brown liquid (2.47 g; 97% yield). 

1H-NMR (δ, CDCl3-d, 400MHz): 8.83 (d, 2H, 3J=8 Hz), 7.82 (d, 2H, 3J=4 Hz), 4.58 (t, 2H, 3J=8 Hz), 

2.64 (s, 3H), 1.99-1.91 (m, 2H), 1.28 (m, 6H), 0.85 (m, 3H) ppm 

13C-NMR (δ, CDCl3-d, 100MHz): 159.19, 143.69, 128.95, 125.42, 122.24, 119.06, 115.88, 61.33, 

31.34, 30.92, 25.48, 22.21, 21.99, 13.77 ppm 

19F-NMR (δ, CDCl3-d, 282MHz): -78.44 ppm 

FTIR-ATR: �̅� = 3070; 2940; 2857; 1641; 1475; 1258; 1156; 1029; 824; 754; 636; 571; 518 cm-1 

Elemental analysis: expected C 47.69%, H 6.17%, N 4.28%; found C 47.60%, H 6.30%, N 4.11%. 

 

1-hexyl-pyridinium triflate: [C6pyr][TfO] 

This IL was prepared according to a previous experimental procedure (adapted from [2]). 

1H-NMR (δ, CDCl3-d, 400MHz): 8.90 (d, 2H, 3J=4 Hz), 8.48 (t, 1H, 3J=8 Hz), 8.06 (t, 2H, 3J=8 Hz), 

4.66 (t, 2H, 3J=8 Hz), 2.03-1.95 (m, 2H), 1.37-1.25 (m, 6H), 0.86 (t, 3H, 3J=8 Hz) ppm 

19F-NMR (δ, CDCl3-d, 282MHz): -78.49 ppm 

 

 

[C6-2-pic][TfO] 

 

1H-NMR 
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13C-NMR 

 
 

19F-NMR 
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[C6-3-pic][TfO] 

 

1H-NMR 
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13C-NMR 

 
 

19F-NMR 
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[C6-4-pic][TfO] 

 

1H-NMR 
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13C-NMR 

 
 

19F-NMR 
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Figure A.1.1. 1H-NMR, 13C-NMR, 19F-NMR and FTIR spectra of [C6-2-pic][TfO], [C6-3-pic][TfO] 

and [C6-4-pic][TfO]. 

 

 

 
 

Figure A.1.2. Effect of water content (in ppm) of PEG 200 + 2% [C6-4-pic][TfO] on (A) viscosity 

and (B) contact angle on the Si surface. 
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Calculation of the theoretical minimum film thickness using elastohydrodynamic theory of 

lubrication 

 

The theoretical minimum film thickness, h, may be calculated using an approach of 

elastohydrodynamic theory of lubrication (EHL) applied to nonconformal geometry of ball-

on-disc contact. Thus, the film thickness depends on the flow properties of the lubricant 

(viscosity at atmospheric pressure, atm, and pressure-viscosity coefficient, ) and the reduced 

modulus of the contact between the surfaces, Er. According to the Hamrock model,[3] the 

equation for the minimum film thickness is the following:  

 

     ℎ = 3.63𝑅 (
𝑈𝜂𝑎𝑡𝑚

𝐸𝑟𝑅
)

0.68
(𝛼𝐸𝑟)0.49 (

𝑊

𝐸𝑟𝑅2)
−0.073

(1 − 𝑒−0.68𝑘)      Eq. A.1 

 

where R is half of the radius of the ball, U is half of the sliding speed (in the present case, since 

we have used reciprocal movement, we took as a close approximation in equation 1 the 

average sliding speed of the test), W is the load and k is ellipticity parameter, taken as 1 for 

point contact. The values of  and Er used in the calculations are given in Table A.1.1. 

 

Table A.1.1. Mechanical properties of the pair stainless steel sphere/ Si surface. 

 

 Young modulus (E)/ GPa Poisson ratio () 

Stainless steel 190-205 0.265-0.275 

Si 165 0.22 

 

Er=191 GPa from 
1

𝐸𝑟
=

1

2
[(

1−𝜗𝑑𝑖𝑠𝑐
2

𝐸𝑑𝑖𝑠𝑐
) + (

1−𝜗𝑏𝑎𝑙𝑙
2

𝐸𝑏𝑎𝑙𝑙
)] 

 

The pressure-viscosity parameter, 𝛼 =
1

𝜂
(

𝜕𝜂

𝜕𝑃
)

𝑇
, was calculated as 17 GPa-1 for tetraethylene 

glycol from data in the literature at 25 °C.[4] The same value was used, as an approximation, 

for PEG200 and for the PEG200+IL mixtures, since the molecular weights of PEG200 and 

tetraethylene glycol are very similar. 

Table A.1.2 (Annex A.1) presents the values of the thickness obtained for [C6-4-

pic][TfO]+PEG200 in the range of loads where the lubrication regime may be considered as 

elastohydrodynamic (45 mN, 60 mN and 75 mN) with smooth and rough spheres. The 

comparison was made at constant sliding velocity (8 mm·s-1) to avoid the drag effect in the 

lubricant with varies with the velocity. 
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Table A.1.2. Theoretical minimum film thickness of PEG 200 + 2% [C6-4-pic][TfO] in 

elastohydrodynamic conditions. 

 

 Theoretical minimum film thickness (h)/ nm 

 45 mN 60 mN 75 mN 

Smooth spheres 2.1 2.1 2.0 

Rough spheres 1.8 1.7 1.7 

 

(A) 

 

 
(B) 

 

 
 

Figure A.1.3. CoF as a function of time (11000 cycles, v=8 mm·s-1) obtained with PEG using (A) 

rough steel spheres and (B) smooth steel spheres sliding on silicon substrates. These results 

correspond to one specific run for each liquid. 

 

 



 194 

(A) 

 

 
(B) 

 

 
 

Figure A.1.4. CoF as a function of time (11000 cycles, v=8 mm·s-1) obtained with PEG 200 + 2% 

[C6-4-pic][TfO] using (A) rough steel spheres and (B) smooth steel spheres sliding on silicon 

substrates. These results correspond to one specific run for each liquid. 
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A.2 Supporting Information of Chapter 2.2 

Synthesis 

 

4-picolinium mesylate: [4-picH][MeSO3] 

2.1 mL of 4-picoline (0.02147 mol) and 1 equivalent of methanesulfonic acid (1.4 mL) were 

added to a 50 mL round-bottom flask. A total of 30 mL of acetonitrile was added and the 

mixture was stirred for 24h at room temperature. The solvent was evaporated and the final 

product was dried in vacuum and obtained as a white solid (quantitative yield). 

1H-NMR (δ, D2O, 400 MHz): 8.61 (d, 2H, J=4.0 Hz), 7.91 (d, 2H, J= 4.0 Hz), 2.81 (s, 3H), 2.68 (s, 

3H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 161.70, 139.93, 127.84, 38.42, 21.69 ppm. 

FTIR-ATR: �̅� = 3411 (NH), 1641 (C=N), 1508 (CC aromatic), 1162 (C-SO2), 1040 (C-O), 775 (CH 

aromatic), 517 (CH aromatic) cm-1. 

Elemental analysis C7H11NO3S·1.4H2O: expected C 39.20%, H 6.12%, N 6.53%; found C 39.26%, 

H 6.16%, N 6.49%. 

 

4-picolinium hydrogen sulfate: [4-picH][HSO4] 

2.1 mL of 4-picolinium (0.02147 mol) and 1 equivalent of sulfuric acid (1.15 mL) were added 

to a 50 mL round-bottom flask. 25 mL of acetonitrile were added and the mixture was stirred 

for 24h at room temperature. The solvent was evaporated and the final product was dried in 

vacuum and obtained as a white solid (quantitative yield). 

1H-NMR (δ, CDCl3, 400 MHz): 14.37 (s, 1H), 8.47 (m, 2H), 7.66 (m, 2H), 2.31 (s, 3H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 161.64, 139.93, 127.81, 21.67 ppm. 

FTIR-ATR: �̅� = 3416 (NH), 3081 (OH), 1640 (C=N), 1507 (CC aromatic), 1156 (C-O), 1029 (C-O), 

855 (CH aromatic), 794 (CH aromatic), 571 (CH aromatic), 476 (CC aliphatic) cm-1. 

Elemental analysis C6H9NO4S·1.2H2O: expected C 33.86%, H 5.22%, N 6.58%; found C 33.85%, 

H .15%, N 6.53%. 

 

Pyridinium mesylate: [PyrH][MeSO3] 

2 mL of pyridine (0.02528 mol) and 1 equivalent of methanesulfonic acid (1.64 mL) were added 

to a 100 mL round-bottom flask. A total of 50 mL of acetonitrile was added and the mixture 

was stirred for 24h at room temperature. The solvent was evaporated and the final product 

was dried in vacuum and obtained as a white solid (quantitative yield). 

1H-NMR (δ, D2O, 400 MHz): 8.80 (d, 2H, J=4.0 Hz), 8.64 (t, 1H, J= 8.0 Hz), 8.09 (t, 2H, J= 8.0 Hz), 

2.79 (s, 3H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 147.19, 141.14, 127.42, 38.43 ppm. 
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FTIR-ATR: �̅� = 3674 (OH), 2972 (CH), 2902 (CH), 1621 (C=N), 1548 (CC aromatic), 1491 (C=C-

C aromatic), 1145 (C-SO2), 1021 (C-O), 748 (CH aromatic), 678 (CH aromatic), 608 (CH 

aromatic), 526 (CH aromatic) cm-1. 

Elemental analysis C6H9NO3S: expected C 41.13%, H 5.18%, N 7.99%; found C 41.13%, H 5.39%, 

N 8.03%. 

 

Pyridinium hydrogen sulfate: [PyrH][HSO4] 

2 mL of pyridine (0.02528 mol) and 1 equivalent of sulfuric acid (1.36 mL) were added to a 50 

mL round-bottom flask. A total of 30 mL of acetonitrile was added and the mixture was stirred 

for 24h at room temperature. The solvent was evaporated and the final product was dried in 

vacuum and obtained as an off-white solid (quantitative yield). 

1H-NMR (δ, D2O, 400 MHz): 8.77 (m, 2H), 8.62 (m, 1H), 8.07 (m, 2H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 147.20, 141.07, 127.41 ppm. 

FTIR-ATR: �̅� = 3661 (OH), 2972 (CH), 2900 (CH), 1618 (CC aromatic), 1545 (NH), 1488 (C=C-C 

aromatic), 1151 (C-O), 1032 (C-O), 842 (CH aromatic), 748 (CH aromatic), 678 (CH aromatic), 

526 (CH aromatic) cm-1. 

Elemental analysis C5H7NO4S·0.7H2O: expected C 31.64%, H 4.79%, N 7.38%; found C 31.74%, 

H 4.24%, N 7.47%. 

 

Methylimidazolium mesylate: [MIMH][MeSO3] 

The synthesis of this PIL was performed according to a previously reported method.[14] 

 

Methylimidazolium hydrogen sulfate: [MIMH][HSO4] 

2 mL of methylimidazole (0.02436 mol) and 1 equivalent of sulfuric acid (1.33 mL) were added 

to a 50 mL round-bottom flask. A total of 35 mL of acetonitrile was added and the mixture was 

stirred for 24h at room temperature. The solvent was evaporated and the final product was 

dried in vacuum and obtained as a pale yellow viscous liquid (quantitative yield). 

1H-NMR (δ, DMSO, 400 MHz): 9.05 (s, 1H), 7.69 (m, 2H), 6.89 (s, 1H), 3.87 (s, 3H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 134.96, 122.93, 119.43, 35.41 ppm. 

FTIR-ATR: �̅� = 3661 (OH), 3149 (OH), 2972 (CH), 2882 (CH), 1587 (CC aromatic), 1553 (NH), 

1160 (C-O), 1038 (C-O), 843 (CH aromatic), 756 (CH aromatic), 591 (CH aromatic), 572 (CH 

aromatic), 436 (CC aliphatic) cm-1. 

Elemental analysis C4H8N2O4S·1H2O: expected C 24.24%, H 5.09%, N 14.13%; found C 24.18%, 

H 4.92%, N 13.39%. 

 

Tetramethylguanidinium mesylate: [TMGH][MeSO3] 

The synthesis of this PIL was performed according to a previously reported method.[14] 

 

Tetramethylguanidinium hydrogen sulfate: [TMGH][HSO4] 
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2.1 mL of tetramethylguanidine (0.01736 mol) and 1 equivalent of sulfuric acid (0.9 mL) were 

added to a 50 mL round-bottom flask. A total of 25 mL of acetonitrile was added and the 

mixture was stirred for 24h at room temperature. The solvent was evaporated and the final 

product was dried in vacuum and obtained as a white solid (quantitative yield). 

1H-NMR (δ, CDCl3, 400 MHz): 2.81 (s, 1H), 1.61 (s, 12H), 0.91 (s, 2H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 161.38, 38.83 ppm. 

FTIR-ATR: �̅� = 3661 (OH), 2972 (CH), 2902 (CH), 1618 (C=C-C aromatic), 1549 (NH), 1491 (C=C-

C aromatic), 1147 (C-O), 1020 (C-O), 748 (CH aromatic), 678 (CH aromatic), 626 (CH aromatic) 

cm-1. 

Elemental analysis C5H15N3O4S·0.7H2O: expected C 26.59%, H 7.60%, N 18.61%; found C 

26.56%, H 7.16%, N 19.09%. 

 

1,8-diazabicyclo(5.4.0)undec-7-enium mesylate: [DBUH][MeSO3] 

1.96 mL of 1,8-diazabicyclo(5.4.0)undec-7-ene (0.01314 mol) and 1 equivalent of 

methanesulfonic acid (0.85 mL) were added to a 50 mL round-bottom flask. 20 mL of 

acetonitrile were added and the mixture was stirred for 24h at room temperature. The solvent 

was evaporated and the final product was dried in vacuum and obtained as a pale yellow 

viscous liquid (quantitative yield). 

1H-NMR (δ, D2O, 400 MHz): 3.56-3.49 (m, 4H), 3.31-3.28 (m, 2H), 2.78 (s, 3H), 2.61-2.59 (m, 2H), 

2.02-1.96 (m, 2H), 1.71-1.66 (m, 6H) ppm. 

13C-NMR (δ, D2O, 100 MHz): 165.95, 54.13, 48.20, 38.46, 37.96, 32.79, 28.42, 25.85, 23.30, 18.90 

ppm. 

FTIR-ATR: �̅� = 3248 (OH), 3131 (OH), 2931 (CH), 1647 (CC aromatic), 1325 (C-N aromatic), 

1156 (C-SO2), 1038 (C-O), 771 (CH aromatic), 551 (CH aromatic), 522 (CH aromatic) cm-1. 

Elemental analysis C10H20N2O3S: expected C 48.36%, H 8.12%, N 11.28%; found C 47.98%, H 

8.88%, N 11.19%. 

 

1,8-diazabicyclo(5.4.0)undec-7-enium hydrogen sulfate: [DBUH][HSO4] 

The synthesis of this PIL was performed according to a previously reported method.[27] 
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Figure A.2.1. 1H-NMR, 13C-NMR and FTIR spectra of the synthesized PILs. 

 

 
 

Figure A.2.2. CoF vs. sliding velocity obtained with three concentrations of [4-PicH][HSO4] in 

PEG200: 0% (■), 1% (■), 2% (▲) and 5% (●).The errors are  standard deviation (n  3). 
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Figure A.2.3. 1H-NMR spectrum of the mixture PEG200 + 2% [4-picH][HSO4]. 

 

 
 

Figure A.2.4. CoF vs. Sommerfeld parameter, Z, for neat PEG200 and the mixtures PEG200 + 

2% PIL: (A) PILs based on the anion [HSO4]- and (B) PILs based on the anion [MeSO3]-. The 

errors are  standard deviation (n  3). 
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Figure A.2.5. AFM image of the film remaining on the Si substrate after the tribological test 

with PEG200 + 2% [4-picH][HSO4] (2375 cycles, 1N). The insert represents the magnification 

of marked area on the track and adsorbed layer. 
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Figure A.2.6. CoF as a function of time obtained in long tests with the pair Si/Si, under 1N, 2N 

and 4N, and v=8mms-1 using PEG200 and the mixtures of PEG200 with [4-picH][MeSO3], [4-

picH][HSO4], [DBUH][MeSO3] and [DBUH][HSO4] as lubricants. These results correspond to 

one specific run for each liquid. 

 

 

Calculation of the theoretical minimum film thickness using elastohydrodynamic theory of 

lubrication (EHL) 

 

According to the elastohydrodynamic theory of lubrication (EHL) applied to non-conformal 

geometry of ball-on-disc contact, the theoretical minimum film thickness, h, depends on the 

viscosity at atmospheric pressure (atm), and pressure-viscosity coefficient () of the lubricant 

and reduced modulus of the contact between the surfaces (Er). The value of Er was calculated 

using equation 1: 

 

        
1

𝐸𝑟
=

1

2
[(

1−𝜗𝑑𝑖𝑠𝑐
2

𝐸𝑑𝑖𝑠𝑐
) + (

1−𝜗𝑏𝑎𝑙𝑙
2

𝐸𝑏𝑎𝑙𝑙
)]       Eq. A.2 
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where the values of Poisson’s ratio and Young’s modulus for Si, taken from reference [1], are 

0.27-0.22 and 130-165 GPa, respectively. 

The theoretical minimum film thickness, h, can be calculated using the Hamrock model [2], 

through the following equation:  

 

    ℎ = 3.63𝑅 (
𝑈𝜂𝑎𝑡𝑚

𝐸𝑟𝑅
)

0.68
(𝛼𝐸𝑟)0.49 (

𝑊

𝐸𝑟𝑅2)
−0.073

(1 − 𝑒−0.68𝑘)    Eq. A.3 

 

where R is half of the radius of the ball, U is half of the sliding speed (as an approximation, in 

reciprocating movement, can be taken as the average sliding speed of the test), W is the load 

and k is ellipticity parameter (taken as 1 for point contact). The pressure-viscosity coefficient, 

𝛼 =
1

𝜂
(

𝜕𝜂

𝜕𝑃
)

𝑇
, was calculated as 17 GPa-1 for tetraethylene glycol, from data reported in the 

literature at 25 C.[3] The same value was used, as an approximation, for the PEG200+ 2% [4-

picH][HSO4] mixture, since PEG200 and tetraethylene glycol have very similar molecular 

weights and the solution of IL in PEG200 is very diluted. 
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A.3 Supporting Information of Chapter 3.1 

 
 

Figure A.3.1. (A) DSC thermograms of the IL; DSC thermograms of the ESs in different 

HBA:HBD ratios: (B) 1:2, (C) 1:4, (D) 1:8 and (E) 1:16; (F) DSC thermogram of PEG200. 
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Figure A.3.2. FTIR spectra of the IL, the ESs (1:2, 1:4, 1:8 and 1:16) and PEG200. 
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Figure A.3.3. (A) 1H-NMR of the IL [C6-4-pic][TfO]; 1H-NMR of the ESs [C6-4-pic][TfO]:PEG200 

(HBA:HBD) in different ratios: (B) 1:2 [comparing the signals a, d (expected 2H) vs. 1, 2 

(expected 36H; ratio = 2.02:36.69]; (C) 1:4 [comparing the signals a, d (expected 2H) vs. 1, 2 

(expected 78H; ratio = 1.97:78.39)]; (D) 1:8 [comparing the signals a, d (expected 2H) vs. 1, 2 

(expected 144H; ratio = 1.96:145.13] and (E) 1:16 (comparing the signals a, d (expected 2H) vs. 

1, 2 (expected 288H; ratio = 1.93:288.85]; (F) 1H-NMR of PEG200. 
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Figure A.3.4. CoF as a function of time (2375 cycles) obtained for the tribological pair steel/Si 

with v=8 mm·s-1 for 8N, using as lubricants: (A) PEG 200, (B) ES 1:16, (C) ES 1:8, (D) ES 1:4 and 

(E) ES 1:2. These results correspond to one specific run for each liquid. 
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Table A.3.1. Viscosity at 25 C and contact angles of the tested liquids. 

 

Liquid Viscosity/ mPa∙s Contact angle/  

[C6-4-pic][TfO] 128±2 33±1 

[C6-4-pic][TfO]:PEG200 (1:2) 64±1 30±3 

[C6-4-pic][TfO]:PEG200 (1:4) 46±0 28±5 

[C6-4-pic][TfO]:PEG200 (1:8) 45±0 30±4 

[C6-4-pic][TfO]:PEG200 (1:16) 47.0±0.6 28±2 

PEG200 41.0±0.6 28±2 

 

 

Table A.3.2. Average CoF values ± standard deviation (n ≥ 3) and average wear volumes ± 

standard deviation (n ≥ 5) obtained with the ESs and PEG200 in tribological tests with the pair 

steel/Si under normal forces of 2N, 4N and 8N and 2375 cycles. 

 

Liquids 
CoF Wear volume/ 105 mm3 

2N 4N 8N 2N 4N 8N 

[C6-4-pic][TfO]: 

PEG200 (1:2) 
0.101±0.008 0.12±0.01 0.120±0.002 0.2±0.1 2.4±0.8 3.5±0.6 

[C6-4-pic][TfO]: 

PEG200 (1:4) 
0.123±0.007 0.13±0.01 0.143±0.004 0.19±0.06 2.8±0.8 5.7±0.3 

[C6-4-pic][TfO]: 

PEG200 (1:8) 
0.133±0.004 0.13±0.01 0.128±0.004 1.0±0.3 3±1 4.8±0.4 

[C6-4-pic][TfO]: 

PEG200 (1:16) 
0.14±0.01 0.135±0.008 0.15±0.01 0.6±0.2 2.8±0.6 5±1 

PEG200 0.13±0.02 0.145±0.009 0.18±0.01 0.8±0.1 3.5±0.9 7±1 

 

A.4 Supporting Information of Chapter 3.2 

1H-NMR [Aliquat]Cl:hexanoic acid (1:1) (δ, CDCl3, 400 MHz): 4.93 (m, 1H), 3.44-3.27 (m, 9H), 

2.32 (t, 2H, J = 7.6 Hz), 1.64 (m, 8H), 1.33-1.20 (m, 34H), 0.86 (t, 12H, J = 5.8 Hz) ppm. 

1H-NMR [Aliquat]Cl:octanoic acid (1:1) (δ, CDCl3, 400 MHz): 3.44-3.40 (m, 6H), 3.31-3.27 (m, 

3H), 2.12 (m, 1H), 1.64 (m, 6H), 1.34-1.24 (m, 42H), 0.86-0.84 (m, 12H) ppm. 

1H-NMR [Aliquat]Cl:decanoic acid (1:2) (δ, CDCl3, 400 MHz): 4.03-3.98 (m, 1H), 3.32-3.20 (m, 

9H), 2.30-2.26 (m, 4H), 1.60-1.56 (m, 10H), 1.22 (m, 54H), 0.82 (m, 15H) ppm. 

1H-NMR [Aliquat]Cl:hexanol (1:2) (δ, DMSO-d6, 400 MHz): 4.41 (m, 2H), 3.45-3.38 (m, 4H), 
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3.20-3.19 (m, 6H), 2.93 (m, 3H), 1.59 (m, 6H), 1.24 (m, 42H), 0.85 (m, 15H) ppm. 

1H-NMR [Aliquat]Cl:octanol (1:1) (δ, CDCl3, 400 MHz): 3.61-3.59 (m, 3H), 3.39 (m, 6H), 3.29 

(m, 3H), 2.41-2.17 (m, 3H), 1.63-1.52 (m, 6H), 1.33-1.23 (m, 42H), 0.85-0.83 (m, 12H) ppm. 

1H-NMR [Aliquat]Cl:menthol (1:2) (δ, CDCl3, 400 MHz): 3.32-3.18 (m, 11H), 2.10-2.09 (m, 2H), 

1.88-0.68 (m, 79H) ppm. 

1H-NMR [N4444]Br:octanol (1:2) (δ, CDCl3, 400 MHz): 3.58-3.56 (m, 4H), 3.32-3.30 (m, 8H), 1.49-

1.22 (m, 40H), 0.97-0.94 (m, 12H), 0.83-0.82 (d, 6H, J = 1.8 Hz) ppm. 

1H-NMR [N4444]Br:hexanoic acid (1:1) (δ, CDCl3, 400 MHz): 3.35-3.31 (m, 8H), 2.32-2.30 (m, 2H), 

1.69-1.58 (m, 6H), 1.47-1.38 (m, 8H), 1.30-1.28 (m, 8H), 0.99-0.96 (m, 12H), 0.88-0.84 (m, 3H) 

ppm. 

1H-NMR menthol:hexanoic acid (1:1) (δ, CDCl3, 400 MHz): 3.44-3.38 (m, 1H), 2.33-2.29 (m, 2H), 

2.19-2.12 (m, 1H), 1.97-1.94 (m, 1H), 1.65-1.58 (m, 4H), 1.42-1.31 (m, 8H), 1.13-1.08 (m, 1H), 1.00-

0.78 (m, 14H) ppm. 

1H-NMR menthol:octanol (1:1) (δ, CDCl3, 400 MHz): 3.32-3.18 (m, 3H), 2.10-2.09 (m, 1H), 1.88-

1.58 (m, 4H), 1.48-1.26 (m, 16H), 1.19-0.68 (m, 12H) ppm. 
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Figure A.4.1. 1H-NMR spectra of (A) [Aliquat]Cl:hexanoic acid (1:1), (B) [Aliquat]Cl:octanoic 

acid (1:1), (C) [Aliquat]Cl:decanoic acid (1:2), (D) [Aliquat]Cl:hexanol (1:2), (E) 

[Aliquat]Cl:octanol (1:1), (F) [Aliquat]Cl:menthol (1:2), (G) [N4444]Br:octanol (1:2), (H) 

[N4444]Br:hexanoic acid (1:1), (I) menthol:hexanoic acid (1:1) and (J) menthol:octanol (1:1). 
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Figure A.4.2. CoF vs. time (2375 cycles) with v=8 mm·s-1 for 10N, using as lubricants: (A) 

hexadecane, (B) [Aliquat]Cl:octanol (1:1), (C) [Aliquat]Cl:menthol (1:2), (D) wet 

[Aliquat]Cl:octanol (1:1) and (E) wet [Aliquat]Cl:menthol (1:2). These results correspond to 

one specific run for each liquid. 
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Figure A.4.3. HSPM images of one sample of [Aliquat]Cl:octanol (1:1) taken after the 

tribological test under 10N, beginning at room temperature, cooling till -40 C, and heating up 

to 120 C. 
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Figure A.4.4. HSPM images of wet [Aliquat]Cl:octanol (1:1) obtained at different temperatures 

beginning at room temperature, cooling till -40 C, and heating up to 120 C. 

 

 
 

Figure A.4.5. SEM images of the Si substrates after contact with (A) [Aliquat]Cl:octanol (1:1), 

(B) [Aliquat]Cl:menthol (1:2), (C) wet [Aliquat]Cl:octanol (1:1) and (D) wet 

[Aliquat]Cl:menthol (1:2) for two weeks. 
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Figure A.4.6. HSPM images of one sample of wet [Aliquat]Cl:octanol (1:1) taken after the 

tribological test under 8N, beginning at room temperature, cooling till -40 C, and heating up 

to 120 C. 
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Figure A.4.7. Comparison between N 1s and Cl 2p XPS spectra for (A) hexadecane, (B) 

[Aliquat]Cl:menthol (1:2) and (C) [Aliquat]Cl:octanol (1:1) after tribological tests at 10N, inside 

(green lines) and outside (red lines) the wear tracks. 
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Figure A.4.8. Comparison between N 1s and Cl 2p XPS spectra for (A) [Aliquat]Cl:octanol (1:1) 

and (B) wet [Aliquat]Cl:octanol (1:1) after tribological tests at 8N, inside (green lines) and 

outside (red lines) the wear tracks. 
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A.5 Supporting Information of Chapter 4 

 
 

Figure A.5.1. Optical microscopy images (5 magnification) after corrosion tests with 

corrosion inhibitor for liquids (A) [Aliquat]Cl:octanol (1:1) + 1% RC 4801, (B) [C6-4-

pic][TfO]:PEG 200:water (1:2:10%) + 1% RC 4801, (C) PEG 200 + 2% [4-picH][HSO4] + 1% RC 

4801 and (D) PEG 200 + 2 % [4-picH][HSO4] + 5% RC 4801. 

 

 

Calculation of the theoretical minimum film thickness using elastohydrodynamic theory of 

lubrication (EHL) 

 

According to the elastohydrodynamic theory of lubrication (EHL) applied to non-conformal 

geometry of ball-on-disc contact, the theoretical minimum film thickness, h0, depends on the 

viscosity at atmospheric pressure (atm), and pressure-viscosity coefficient () of the lubricant 

and reduced modulus of the contact between the surfaces (Er). The value of Er. was calculated 

using the following equation: 

 

               
1

𝐸𝑟
=

1

2
[(

1−𝜗𝑑𝑖𝑠𝑘
2

𝐸𝑑𝑖𝑠𝑘
) + (

1−𝜗𝑏𝑎𝑙𝑙
2

𝐸𝑏𝑎𝑙𝑙
)]      Eq. A.5.1 

 

where the values of Poisson’s ratio and Young’s modulus for 52,100 steel are 0.3 and 210 GPa, 

respectively. 
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The theoretical minimum film thickness, h0, can be calculated using the Hamrock model,[1] 

through the following equation: 

 

          ℎ0 = 3.63𝑅 (
𝑈𝜂𝑎𝑡𝑚

𝐸𝑟𝑅
)

0.68
(𝛼𝐸𝑟)0.49 (

𝑊

𝐸𝑟𝑅2
)

−0.073
(1 − 𝑒−0.68𝑘)   Eq. A.5.2 

 

where R is half of the radius of the ball, U is half of the sliding speed, W is the load and k is the 

ellipticity parameter (taken as 1 for point contact). The pressure-viscosity coefficient, 𝛼 =
1

𝜂
(

𝜕𝜂

𝜕𝑃
)

𝑇
, was calculated as 8.75 GPa-1 for PEG 200, from data reported in the literature at 60 °C.[2] 

The same value was used, as an approximation, for the mixtures of IL + 2% PEG + 1% RC 4801, 

since the solutions of IL in PEG 200 are very diluted. 

 

 
 

Figure A.5.2. Comparison between traction coefficient vs. time for PEG 200 + 2% [C6mim][TfO] 

+ 1%RC 4801 and PEG 200 + 5% [C6mim][TfO] + 1%RC 4801, with PEG 200 + 1% RC4801 as 

reference. These results correspond to averages of at least two runs. 
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