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Abstract:



Current research on room-temperature ionic liquids as lubricants is described. Ionic liquids possess excellent properties such as non-volatility, non-flammability, and thermo-oxidative stability. The potential use of ionic liquids as lubricants was first proposed in 2001 and approximately 70 articles pertaining to fundamental research on ionic liquids have been published through May 2009. A large majority of the cations examined in this area are derived from 1,3-dialkylimidazolium, with a higher alkyl group on the imidazolium cation being beneficial for good lubrication, while it reduces the thermo-oxidative stability. Hydrophobic anions provide both good lubricity and significant thermo-oxidative stability. The anions decompose through a tribochemical reaction to generate metal fluoride on the rubbed surface. Additive technology to improve lubricity is also explained. An introduction to tribology as an interdisciplinary field of lubrication is also provided.
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Introduction to Tribology


“Tribology” might be an unfamiliar term for the readers of this journal. It was coined after the Greek word “tribos” which means “rubbing”. Tribology is defined as the science and technology of interacting surfaces in relative motion and of associated subjects and practice [1]. Formerly, it was known as the study of friction and lubrication engineering. This new definition of tribology aims at establishing new engineering concepts by integrating individual technology and engineering related to friction. Therefore, tribology is an interdisciplinary field ranging from fundamental research to industrial applications. Nanotechnology and surface sciences are some examples of fundamental or academic research in tribology. Tribology in practice is of considerable importance. It has been estimated that the appropriate application of tribological principles and practices in industry can lead to savings of 1.0% to 1.4% of a country’s gross national product (GNP) [2]. Research in tribology is being conducted mainly from the viewpoint of mechanical engineering. Recently, the role of surface chemistry in tribology has attracted the attention of researchers, and the keyword “tribochemistry” is now frequently found in tribology journals.



We use various kinds of devices and machines in our daily lives. These devices and machines consist of several moving parts that need lubricants for smooth functioning. A reduction in the friction coefficient improves the energy efficiency of a device. Prevention of wear prolongs the lifetime of mechanical parts. Lubricants are classified into three categories, namely, lubricating oils (liquid lubricants), greases, and solid lubricants (self-lubricating materials). Lubricating oils are most commonly used in machines. When a viscous liquid is introduced between two friction surfaces, a liquid film is developed between the surfaces and consequently, hydrodynamic lubrication is achieved. The liquid film prevents direct contact between the friction surfaces, thereby reducing friction. In this lubrication mode, the viscosity of the lubricant, applied load to the contact, and sliding velocity are the major factors that decide the lubrication performance. Viscous liquids are good lubricants because they form a stable liquid film and thus prevent contact between solid surfaces. Therefore, viscosity is one of the important properties of lubricating oils. When the lubrication condition becomes severe, the liquid film breaks down and the friction surfaces directly come in contact with each other. This is defined as boundary lubrication. Friction and wear under boundary lubrication are considerably higher than those under hydrodynamic lubrication.



Direct contact between friction surfaces causes wear of the materials. This leads to the formation of an exposed chemically active nascent surface. Furthermore, significant friction heat is generated under boundary lubrication. These factors occasionally activate certain chemical reactions in a lubricant present between the rubbing surfaces. Such reactions are called tribochemical reactions or mechanochemical reactions. These reactions usually cause degradation of the lubricant. However, under certain conditions, they are known to form a protective film over the rubbing surfaces. In other words, tribochemical reactions can be beneficial and detrimental for lubrication. Presently, tribochemical reactions have not been understood clearly and many efforts are being made by tribochemists to understand the mechanism of these reactions.



In addition to reducing friction and wear, lubricating oils are required to cool the rubbing surfaces that are heated due to friction. Thermo-oxidative stability of lubricants is essential to minimize degradation during service and storage. Lubricating oils may vaporize and sometimes may catch fire due to friction heat. Therefore, less volatile and nonflammable liquids are desirable for lubricants. Another requirement for lubricating oils is compatibility with tribomaterials; lubricating oils should not cause corrosion of metals and swelling of polymers.



Lubricating oils have been used since ancient times. In ancient Egypt, it was empirically known that friction could be reduced when certain liquids were applied between surfaces in relative motion [3]. Natural oils such as vegetable oils were used as lubricating oils. In the middle of the 19th century, humans discovered petroleum, which proved to be a versatile source of energy and materials. Since then petroleum-based lubricants, also called mineral oils, have been developed. Presently, these lubricants are used for general purposes and are available at a reasonable cost. Besides mineral oils, synthetic fluids intended for use as high performance lubricants are also available. Examples of synthetic lubricants are polymeric/oligomeric alkenes, Fischer-Tropsch hydrocarbons, esters, and polyethers.



Recently, ionic liquids have received attention as novel functional fluids. Their advantages are well described in the rest of articles of this special issue. Nonvolatile and nonflammable liquids that possess lubricating properties are highly desired in tribology. This article reviews the fundamental attempts to use ionic liquids in lubrication engineering.




Nomenclature
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Literature survey of ionic liquids as lubricants


An article on the use of molten salts (ionic liquids) as lubricants was first published in 1961 [4]. A mixture of LiF, BeF2, and UF4 in a molar ratio of 62:37:1 was melted at 460 °C. The mixed salt was subjected to a high-temperature bearing test at 650–815 °C. It took almost 40 years before room temperature ionic liquids (RT-ILs) were recognized as lubricating fluids [5]. Since then, approximately 70 articles on tribology of RT-ILs have been published in international journals. These articles have reported on the evaluation of RT-ILs by laboratory tribotest procedures. Most of the RT-ILs mentioned in these articles exhibit tribological properties comparable to those of conventional synthetic lubricants. The chemical structure of the anionic and cationic moieties described in these articles is summarized in Table 1. The major anions reported in these articles were trifluoroborate (BF4) and hexafluorophosphate (PF6). However, this does not imply that BF4 and PF6 are suitable anions for lubricants. These anions are easily available as reagents or industrial samples at a reasonable cost. Hydrophobic anions such as bis(trifluoromethanesulfonyl)amide (TFSA) exhibit better tribological properties compared to BF4 and PF6 for steel-steel contact. With regard to cationic moieties, imidazolium-derived moieties were present in the majority of examples. Various synthetic reactions that introduce alkyl groups and/or functional groups in the imidazole ring are well known. Therefore, imidazole is a versatile building block for designing molecules that have appropriate chemical and physical properties. The thermal stability of imidazole ring [72] is also beneficial for lubricants.



Table 1. Reported anions and cations mentioned in articles on tribology.
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Steel is a material that is widely used in machines. Therefore, the tribological properties of ionic liquids were evaluated for a steel-steel contact. Lightweight materials such as aluminum alloys and silicon are difficult to lubricate. Lubrication of these materials by RT-ILs has been examined previously (Table 2).



Table 2. Reported tribo-material for ionic liquid lubrication.
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Relationship between molecular structure and tribological properties of RT-ILs


There are a number of standard procedures and specifications for evaluating lubricants [73]. However, they have been developed only for fully formulated lubricants (i.e. overall performance of the lubricant, including durability, was optimized by additive technology) such as engine oils. Although some of these procedures and specifications are applicable for fundamental research, most of them have stringent criteria, which make it impossible to evaluate the tribological properties of nonformulated base fluids. Until now, most researchers have evaluated RT-ILs using their own procedures. Therefore, the reported data cannot be compared on a single scale. Under these circumstances, structure-performance relationships of ionic liquids in tribology are highly desired as they are recognized as designer fluids. For example, 1-alkyl-3-methylimidazolium was selected as a model cation. TFSA salts of the cation were prepared, and their tribological properties were evaluated by a pendulum type friction test. As shown in Figure 1, the friction coefficient decreases with an increase in the chain length of the alkyl group [15,57]. One plausible explanation for this result is that the viscosity increases with the increase in chain length. In addition, a longer alkyl chain is beneficial for preventing direct steel-steel contact. This results in the reduction in friction between the two surfaces. This mechanism is also known as the Bowden-Tabor model in which density-packed adsorption of lubricant molecule on friction surfaces is essential [74]. The schematic representation of the model is shown in Figure 2.


Figure 1. Effect of chain length in imidazolium cation on friction.
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Figure 2. The Bowden-Tabor type boundary film model.
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The anions have a significant influence on the tribological properties of ionic liquids. Hydrophobic anions such as BF4 and PF6 occasionally cause corrosion of steel under humid conditions. PF6 decomposes to generate hydrogen fluoride by hydrolysis. In contrast, other hydrophobic anions are less corrosive and exhibit good tribological properties [64]. Tris(tetrafluoroethyl)trifluorophosphate (FAP) is more hydrophobic than TFSA (Table 3). Furthermore, friction and wear caused by FAP salts are considerably lower than those caused by TFSA salts (Figure 3, Figure 4) [65].


Figure 3. Effect of anion on friction.
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Figure 4. Effect of anion on wear.
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Table 3. Solubility of water in HMIM derived ionic liquid.
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Usually lubricating oils are optimized by additive technology in order to meet the requirements for practical applications. Although various lubricant additives are available at a reasonable cost [75], most of them were developed for mineral oils, and hence they hardly dissolve in ionic liquids [40]. Simple compounds such as carboxylic acids [15,57] and benzotriazole [45,51] are considered as potential additives for ionic liquids.; however, their thermal stability and volatility make them unsuitable for addition to ionic liquids. Amino-acid-derived salts (Table 4) were developed as additives for ionic liquids [60]. As shown in Figure 5, the addition of aspartic acid derivatives to [BMIM]TFSA significantly reduces friction and wear by 20% and 40%, respectively. These additives were easily dissolved in imidazolium-derived ionic liquids through ionic interactions. The carboxyl group in the additive has an affinity toward steel surfaces. This functional group acts as an anchor for adsorption of molecules on the surface. The relationship between the molecular structure and tribological properties suggests the formation of a protective film comprising both additive and base oil molecules. N-benzyl-protected additives possess better anti-wear properties than N-acetyl-protected ones. It is possible that there is an interaction between the phenyl group and imidazolium ring. This would facilitate an interaction between the base oil and the surfaces through the additive molecules. The results of the tribotest support the proposed mechanism as shown in Figure 6 [61].


Figure 5. Additive effect on friction and wear for [BMIM]TFSA.
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Figure 6. Proposed structure of boundary film provided by the additive and imidazolium-derived ionic liquids.
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Table 4. Structure of amino acid derived additives for ionic liquids.
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It should be noted that the purity of ionic liquids is of significant importance for improving the tribological properties by additive technology. As shown in Figure 7, highly purified [BMIM]TFSA and NBu-BnAsp provides significant lubricity, while reagent grade [BMIM]TFSA provides acceptable lubricity. However, no detectable impurities were found in reagent grade [BMIM]TFSA. This subject is still under investigation. From previous studies, the dependence of additive response on the refining grade of base oil is well known [76].


Figure 7. Influence of purity on additive response. (See nomenclature for “index”).
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Thermo-oxidative stability of ionic liquids


When solid surfaces rub against each other, friction heat is generated. This causes changes in the viscosity of the lubricant. Furthermore, auto-oxidation of the lubricant is promoted at elevated temperatures. These changes have an adverse effect on the lubrication properties. Therefore, thermo-oxidative stability of the lubricant is one of the important properties for practical lubricants. Ionic liquids have greater thermal stability than conventional synthetic lubricants, as shown in Figure 8. Interestingly, the stability of an ionic liquid depends on the structure of both the anion and the cation. The stability of TFSA is considerably higher than that of BF4. On the other hand, 1,3-dialkyl-imidazolium is more stable than quaternary ammonium. Although thermal analyses are convenient, evaluation by scale-up procedures is necessary for practical applications.


Figure 8. Thermogravimetric analysis: Temperature for 5% weight loss.



[image: Molecules 14 02286 g008]








Figure 9 shows the resultant sample heated at 200 °C for 1,000 h in air. [EMIM]TFSA transformed into a dark liquid, while [HMIM]TFSA and [DDMIM]TFSA formed a solid deposit during the test. The same tendency was observed even at low temperatures. As shown in Figure 10, [HMIM]TFSA turned brown within 500 h of the test duration, while [EMIM]TFSA was clean even after 2,000 h. An increase in TAN was detected during oxidation of [HMIM]TFSA (Figure 11). 1-Methylimidazole was found in the thermal stressed [HMIM]TFSA at 150 °C. The scission of the C-N bond suggests the decomposition of imidazolium cation, which was initiated at the alkyl chain [14].


Figure 9. Photograph of samples kept at 200 °C for 1,000 h.
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Figure 10. Photographs of samples kept at 150 °C.
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Figure 11. TAN trace during thermal stress test at 150 °C.
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The rotating bomb oxidation test regulated by the ASTM D2272 standard, which is one of the standard procedures used for evaluating the thermo-oxidation stability of practical lubricants [77], was employed. 50 g of the sample, 5 mL of water, and 52 g of copper wire were placed in an autoclave made of stainless steel. Oxygen was introduced at 620 kPa, which was set as the initial pressure. The autoclave was rotated at 150 °C and the oxygen pressure inside the reactor was monitored. The test was continued until the pressure dropped to 453 kPa. The test duration was reported as the oxidation induction time (OIT). As shown in Figure 12, [EMIM]TFSA is more stable than the conventional synthetic lubricants (y-axis is in log scale). In this test, [HMIM]TFSA is less stable than [EMIM]TFSA, especially in the presence of water. The results clearly indicate that water has a negative influence on the stability of ionic liquids. This might be one reason why hydrophobic anions are superior to hydrophilic ones in terms of stability.


Figure 12. Results of the Rotating Bomb Oxidation Test.
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Tribochemical reactions of ionic liquids


A tribochemical reaction is a chemical reaction of lubricants that takes place on rubbing surfaces. Therefore, lubricants are called as reactants and the rubbing surfaces are considered to be the reactor. In a tribological reaction, mechanical energy and its derivatives (induced by friction) provide activation energy for the reaction [78]. The heat generated due to friction is one of the plausible sources of energy that provide activation energy for chemical reactions. Lubricating oil that is applied between rubbing surfaces is exposed to extreme pressures of up to several gigapascal. Certain high pressure reactions may take place under these conditions. Emission of exoelectrons caused by mechanical stress to crystalline solids is known. This leads to electrochemical reaction of lubricants. Direct scission of the C-C bonds in a polymer due to shear stress is also known. Orientation of molecules is possible when they are applied between surfaces. When this happens, selective or specific reactions take place. In practice, these properties were discovered individually, as schematically shown in Figure 13. Seemingly, these phenomena are complex and chaotic. However, lubricant chemists empirically make use of the tribochemical reactions. For example, certain antiwear films are produced by tribochemical reactions of anti-wear additives under tribological conditions. This corresponds to an in situ chemical modification of the surface through the tribochemical reaction of the additive.


Figure 13. Model for rubbing surface as reaction zone.
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The yield and selectivity of a tribochemical reaction are usually too low to allow isolation of any product(s), so reactions are traced by surface analysis instead of isolating the product(s). Among the several sophisticated instrumental analyses found in literatures, X-ray photoelectron spectroscopy (XPS) is one of the most frequently used technique applied in tribochemistry. By using this technique, we can study the chemical state of elements on the nanometer scale. Time of flight secondary ion mass spectroscopy (TOF-SIMS) is a high-resolution mass spectroscopy method used for analysis of uppermost surfaces with a depth of 1 nm. This method can be used to identify organic compounds on the rubbed surface if the fragmentation of the molecule is well studied.



As mentioned above, ionic liquids are stable compounds.; however, individual researchers have reported tribochemical reactions of ionic liquids [5,6,8,19]. Reactions of anionic moieties have been reported in most literatures, while reactions of cationic moieties were also observed [41].



Figure 14 shows the XPS spectra of a rubbed steel surface lubricated with BF4 salt and TFSA salt [15]. A considerable amount of fluorine was detected on the rubbed surfaces. “Raw” represents the reference ionic liquid applied on the steel surface before rubbing. The binding energy at 686 eV and 688 eV correspond to the fluorine in BF4 and TFSA, respectively. The spectra clearly show a change in the chemical structure of fluorine after rubbing. Both anions transformed to metal fluoride (binding energy at 684 eV) through a tribochemical reaction. It should be noted that the organic fluoride at a binding energy of 689 eV remains on the rubbed surface lubricated with TFSA salt. However, strong evidence of the tribochemical reaction of the cationic moiety could not be found under these conditions.


Figure 14. XPS spectra of rubbed surface.
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TOF-SIMS analysis can be used to study the chemical contents on the rubbed surface in detail. Figure 15 shows chemical mapping of the rubbed surface lubricated with BF4 salt and TFSA salt. FeF+ at m/z 75 was found on both surfaces lubricated with BF4 salt and TFSA salt. B+ at m/z 11 was also found on the surface lubricated with BF4 salt. These fragments were not found on the outside wear track. These results strongly suggest that tribochemical reaction of the anionic moiety occurred. A detailed study of the chemical mapping revealed the differences in the chemical species between the inner and border areas of the rubbed surfaces lubricated by TFSA salt. Note that the inner area is exposed to a high load, and hence the friction conditions are severe. The intensities of FeF+ and S- in the inner area were higher than the intensities in the border area. These results suggest that tribochemical reaction of TFSA took place in this area. On the other hand, a higher amount of organic fluoride was detected in the border area. Adsorption of TFSA appeared to take place preferentially in this area. The formation of FeF2 on the rubbed surface may help to improve tribological properties since the salt acts as a protective film. However, the salt is a Lewis acid that causes degradation of the lubricant and causes corrosion of the tribomaterial [19].


Figure 15. Chemical mapping of rubbed surface by TOF-SIMS.
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Conclusions and Prospects


The use of ionic liquids in tribology has been steadily increasing. Their properties as lubricants have been evaluated in laboratories. Figure 16 shows the relationship between the molecular structure of ionic liquids and their performance. Ideally, the anionic moieties should be hydrophobic to improve the tribological properties and the thermo-oxidative stability. A higher alkyl group in imidazolium improves the tribological properties, while it causes a decline in thermo-oxidative stability. Anti-wear properties of ionic liquids can be improved by means of additive technology. There is still room for optimization especially in the area of friction reduction and corrosion inhibition.


Figure 16. The relation between structure and lubricant properties.
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Since ionic liquids are recognized as designer fluids, considerable efforts need to be made to develop novel lubricants. For example, halogen-free anions are highly desired. Cationic moieties are more flexible than anionic moieties, and complex cations containing a multi-functional group are of interest to researchers.



Ionic liquids can be used as lubricants in vacuum machines in space applications. They can also be used in high-temperature applications where fire risk is significant. Lubricants with extremely low vapor pressure are desirable for machines in clean rooms where hazard gasses are highly restricted.









Acknowledgements


This study was partly supported by a Grant-in-Aid for Scientific Research on Priority Areas, Science of Ionic Liquids No. 18045003 and 20031001 from the Ministry of Education, Culture, Sports, Science and Technology of the Japanese Government.





	
Samples Availability: Samples of FAP salts and highly-purified [BMIM[TFSA are commercially available from Merck KGaA and Kanto Chemical Co., Inc., respectively.







References


	1. 
Department of Education and Science, Lubrication (Tribology) Education and Research; Her Majesty's Stationery Office: London, UK, 1966; pp. 3–4.

	2. 
Jost, H.P. Tribology: How a word was coined 40 years ago. Tribol. Lubr. Technol. 2006, March, 24–28. [Google Scholar]

	3. 
Dowson, D. History of Tribology, 2nd ed; Professional Engineering Publishing: London, UK, 1998; pp. 23–42. [Google Scholar]

	4. 
Smith, P.G. High-Temperature Molten-Salt Lubricated Hydrodynamic Journal Bearings. ASLE Trans. 1961, 4, 263–274. [Google Scholar] [CrossRef]

	5. 
Ye, C.; Liu, W.; Chen, Y.; Yu, L. Room-temperature ionic liquids: a novel versatile lubricant. Chem. Commun. 2001, 2244–2245. [Google Scholar]

	6. 
Liu, W.; Ye, C.; Gong, Q.; Wang, H.; Wang, P. Tribological performance of room-temperature ionic liquids as lubricant. Tribol. Lett. 2002, 13, 81–85. [Google Scholar] [CrossRef]

	7. 
Chen, Y.X.; Ye, C.F.; Zang, W.H.; Liu, W.M. Tribological performance of an ionic liquid as a lubricant for steel/aluminium contacts. J. Synth. Lubr. 2003, 20, 217–225. [Google Scholar] [CrossRef]

	8. 
Lu, Q.; Wang, H.; Ye, C.; Liu, W.; Xue, Q. Room temperature ionic liquid 1-ethyl-3-hexylimidazoliumbis(trifluoromethylsulfonyl)-imide as lubricant for steel/steel contact. Tribol. Int. 2004, 37, 547–552. [Google Scholar] [CrossRef]

	9. 
Phillips, B.S.; Zabinski, J.S. Ionic liquid lubrication effects on ceramics in a water environment. Tribol. Lett. 2004, 17, 533–541. [Google Scholar] [CrossRef]

	10. 
Mu, Z.; Zhou, F.; Zhang, S.; Liang, Y.; Liu, W. Effect of the functional groups in ionic liquid molecules on the friction and wear behavior of aluminum alloy in lubricated aluminum-on-steel contact. Tribol. Int. 2005, 38, 725–731. [Google Scholar] [CrossRef]

	11. 
Jimenez, A.E.; Bermudez, M.D.; Carrion, F.J.; Martinez-Nicolas, G. Room temperature ionic liquids as lubricant additives in steel-aluminium contacts: Influence of sliding velocity, normal load and temperature. Wear 2006, 261, 347–359. [Google Scholar] [CrossRef]

	12. 
Jimenez, A.E.; Bermudez, M.D.; Iglesias, P.; Carrion, F.J.; Martinez-Nicolas, G. 1-N-alkyl -3-methylimidazolium ionic liquids as neat lubricants and lubricant additives in steel-aluminum contacts. Wear 2006, 260, 766–782. [Google Scholar] [CrossRef]

	13. 
Sanes, J.; Carrion, F.J.; Bermudez, M.D.; Martinez-Nicolas, G. Ionic liquids as lubricants of polystyrene and polyamide 6-steel contacts. Preparation and properties of new polymer-ionic liquid dispersions. Tribol. Lett. 2006, 21, 121–133. [Google Scholar] [CrossRef]

	14. 
Minami, I.; Kamimura, H.; Mori, S. Thermo-oxidative stability of ionic liquids as lubricating fluids. J. Synth. Lubr. 2007, 24, 135–147. [Google Scholar] [CrossRef]

	15. 
Kamimura, H.; Kubo, T.; Minami, I.; Mori, S. Effect and mechanism of additives for ionic liquids as new lubricants. Tribol. Int. 2007, 40, 620–625. [Google Scholar] [CrossRef]

	16. 
Zeng, Z.; Chen, Y.; Wang, D.; Zhang, J. Tribological behavior of amorphous Cr coatings electrodeposited from Cr(III) baths under ionic liquid lubrication. Electrochem. Solid-State Lett. 2007, 10, D85–D87. [Google Scholar] [CrossRef]

	17. 
Yu, G.; Yan, S.; Zhou, F.; Liu, X.; Liu, W.; Liang, Y. Synthesis of dicationic symmetrical and asymmetrical ionic liquids and their tribological properties as ultrathin films. Tribol. Lett. 2007, 25, 197–205. [Google Scholar] [CrossRef]

	18. 
Jimenez, A.E.; Bermudez, M.D. Ionic liquids as lubricants for steel-aluminum contacts at low and elevated temperatures. Tribol. Lett. 2007, 26, 53–60. [Google Scholar] [CrossRef]

	19. 
Phillips, B.S.; John, G.; Zabinski, J.S. Surface chemistry of fluorine containing ionic liquids on steel substrates at elevated temperature using Mossbauer spectroscopy. Tribol. Lett. 2007, 26, 85–91. [Google Scholar] [CrossRef]

	20. 
Suzuki, A.; Shinka, Y.; Masuko, M. Tribological Characteristics of Imidazolium-based Room Temperature Ionic Liquids Under High Vacuum. Tribol. Lett. 2007, 24, 307–313. [Google Scholar] [CrossRef]

	21. 
Bermudez, M.D.; Jimenez, A.E. Surface interactions and tribochemical processes in Ionic Liquid lubrication of aluminium-steel contacts. Int. J. Surf. Sci. Eng. 2007, 1, 100–110. [Google Scholar] [CrossRef]

	22. 
Sanes, J.; C.Vilches, F.J.; Bermudez, M.D. New epoxy-ionic liquid dispersions. Room temperature ionic liquid as lubricant of epoxy resin-stainless steel contacts. e-Polymers 2007, no. 005. [Google Scholar]

	23. 
Zhu, M.; Yan, J.; Moand, Y.; Bai, M. Effect of the Anion on the Tribological Properties of Ionic Liquid Nano-Films on Surface-Modified Silicon Wafers. Tribol. Lett. 2008, 29, 177–183. [Google Scholar] [CrossRef]

	24. 
Jimenez, A.E.; Bermudez, M.D. Imidazolium ionic liquids as additives of the synthetic ester propylene glycol dioleate in aluminium-steel lubrication. Wear 2008, 265, 787–798. [Google Scholar] [CrossRef]

	25. 
Fox, M.F; Priest, M. Tribological properties of ionic liquids as lubricants and additives. Part 1: synergistic tribofilm formation between ionic liquids and tricresyl phosphate . Proc. Inst. Mech. Eng., Part J: J. Eng. Tribol. 2008, 222, 291–303. [Google Scholar] [CrossRef]

	26. 
Pensado, A.S.; Comunas, M.J.P.; Fernandez, J. The Pressure-Viscosity Coefficient of Several Ionic Liquids. Tribol. Lett. 2008, 31, 107–118. [Google Scholar] [CrossRef]

	27. 
Mu, Z.; Wang, X.; Zhang, S.; Liang, Y.; Bao, M.; Liu, W. Investigation of Tribological Behavior of Al-Si Alloy Against Steel Lubricated With Ionic Liquids of 1-Diethylphosphonyl-n-propyl-3- Alkylimidazolium Tetrafluoroborate. J. Tribol. 2008, 130, 34501. [Google Scholar] [CrossRef]

	28. 
Zeng, Z.; Phillips, B.S.; Xiao, J.C.; Shreeve, J.M. Polyfluoroalkyl, Polyethylene Glycol, 1,4-Bismethylenebenzene, or 1,4-Bismethylene-2,3,5,6-Tetrafluorobenzene Bridged Functionalized Dicationic Ionic Liquids: Synthesis and Properties as High Temperature Lubricants. Chem. Mater. 2008, 20, 2719–2726. [Google Scholar] [CrossRef]

	29. 
Chen, Y.M.; Zeng, Z.X.; Yang, S.R.; Zhang, J.Y. The tribological performance of BCN films under ionic liquids lubrication. Diam. Relat. Mater. 2009, 18, 20–26. [Google Scholar] [CrossRef]

	30. 
Yao, M.; Liang, Y.; Xia, Y.; Zhou, F. Bisimidazolium Ionic Liquids as the High-Performance Antiwear Additives in Poly(ethylene glycol) for Steel-Steel Contacts. ACS Appl. Mater. Interfaces 2009, 1, 467–471. [Google Scholar] [CrossRef]

	31. 
Zhao, W.; Mo, Y.; Pu, J.; Bai, M. Effect of cation on micro/nano-tribological properties of ultra-thin ionic liquid films. Tribol. Int. 2009, 42, 828–835. [Google Scholar] [CrossRef]

	32. 
Battez, A.H.; Gonzalez, R.; Viesca, J.L.; Blanco, D.; Asedegbega, E.; Osorio, A. Tribological behaviour of two imidazolium ionic liquids as lubricant additives for steel/steel contacts . Wear 2009, 266, 1224–1228. [Google Scholar] [CrossRef]

	33. 
Xie, G.; Liu, S.; Guo, D.; Wang, Q.; Luo, J. Investigation of the running-in process and friction coefficient under the lubrication of ionic liquid/water mixture. Appl. Surf. Sci. 2009, 255, 6408–6414. [Google Scholar] [CrossRef]

	34. 
Zhu, M.; Mo, Y.; Zhao, W.; Bai, M. Micro/macrotribological properties of several nano-scale ionic liquid films on modified silicon wafers. Surf. Interface Anal. 2009, 41, 205–210. [Google Scholar] [CrossRef]

	35. 
Zhao, W.; Zhu, M.; Mo, Y.; Bai, M. Effect of anion on micro/nano-tribological properties of ultra-thin imidazolium ionic liquid films on silicon wafer. Colloids Surf. A 2009, 332, 78–83. [Google Scholar] [CrossRef]

	36. 
Omotowa, B.A.; Phillips, B.S.; Zabinski, J.S.; Shreeve, J.M. Phosphazene-Based Ionic Liquids: Synthesis, Temperature-Dependent Viscosity, and Effect as Additives in Water Lubrication of Silicon Nitride Ceramics. Inorg. Chem. 2004, 43, 5466–5471. [Google Scholar] [CrossRef]

	37. 
Yu, G.; Zhou, F.; Liu, W.; Liang, Y.; Yan, S. Preparation of functional ionic liquids and tribological investigation of their ultra-thin films. Wear 2006, 260, 1076–1080. [Google Scholar] [CrossRef]

	38. 
Liu, X.Q.; Zhou, F.; Liang, Y.M.; Liu, W.M. Tribological performance of phosphonium based ionic liquids for an aluminum-on-steel system and opinions on lubrication mechanism. Wear 2006, 261, 1174–1179. [Google Scholar] [CrossRef]

	39. 
Weng, L.J.; Liu, X.Q.; Liang, Y.M.; Xue, Q.J. Effect of tetraalkylphosphonium based ionic liquids as lubricants on the tribological performance of a steel-on-steel system. Tribol. Lett. 2007, 26, 11–17. [Google Scholar] [CrossRef]

	40. 
Reich, R.A.; Stewart, P.A.; Bohaychick, J.; Urbanski, J.A. Base Oil Properties of Ionic Liquids. Lubr. Eng. 2003, 7, 16–22. [Google Scholar]

	41. 
Wang, H.; Lu, Q.; Ye, C.; Liu, W.; Cui, Z. Friction and wear behaviors of ionic liquid of alkylimidazolium hexafluorophosphates as lubricants for steel/steel contact. Wear 2004, 256, 44–48. [Google Scholar] [CrossRef]

	42. 
Mu, Z.; Liu, W.; Zhang, S.; Zhou, F. Functional Room-temperature Ionic Liquids as Lubricants for an Aluminum-on-Steel System. Chem. Lett. 2004, 33, 524–525. [Google Scholar] [CrossRef]

	43. 
Xia, Y.; Wang, S.; Zhou, F.; Wang, H.; Lin, Y.; Xu, T. Tribological properties of plasma nitrided stainless steel against SAE52100 steel under ionic liquid lubrication condition. Tribol. Int. 2006, 39, 635–640. [Google Scholar] [CrossRef]

	44. 
Yu, B.; Zhou, F.; Mu, Z.; Liang, Y.; Liu, W. Tribological properties of ultra-thin ionic liquid films on single-crystal silicon wafers with functionalized surfaces. Tribol. Int. 2006, 39, 879–887. [Google Scholar] [CrossRef]

	45. 
Liu, X.; Zhou, F.; Liang, Y.; Liu, W. Benzotriazole as the additive for ionic liquid lubricant: one pathway towards actual application of ionic liquids. Tribol. Lett. 2006, 23, 191–196. [Google Scholar] [CrossRef]

	46. 
Qu, J.; Truhan, J.J.; Dai, S.; Luo, H.; Blau, P.J. Ionic liquids with ammonium cations as lubricants or additives. Tribol. Lett. 2006, 3, 207–214. [Google Scholar]

	47. 
Xia, Y.; Sasaki, S.; Murakami, T.; Nakano, M.; Shi, L.; Wang, H. Ionic liquid lubrication of electrodeposited nickel.Si3N4 composite coatings. Wear 2007, 262, 765–771. [Google Scholar] [CrossRef]

	48. 
Sanes, J.; Carrion, F.J.; Jimenez, A.E.; Bermudez, M.D. Influence of temperature on PA 6-steel contacts in the presence of an ionic liquid lubricant. Wear 2007, 263, 658–662. [Google Scholar] [CrossRef]

	49. 
Carrion, F.J.; Sanes, J.; Bermudez, M.D. Effect of ionic liquid on the structure and tribological properties of polycarbonate?zinc oxide nanodispersion. Mater. Lett. 2007, 61, 4531–4535. [Google Scholar] [CrossRef]

	50. 
Xia, Y.; Wang, L.; Liu, X.; Qiao, Y. A Comparative Study on the Tribological Behavior of Nanocrystalline Nickel and Coarse-grained Nickel Coatings under Ionic Liquid Lubrication. Tribol. Lett. 2008, 2, 151–157. [Google Scholar]

	51. 
Yu, B.; Zhou, F.; Pang, C.; Wang, B.; Liang, Y.; Liu, W. Tribological evaluation of α,ω-diimidazoliumalkylene hexafluorophosphate ionic liquid and benzotriazole as additive. Tribol. Int. 2008, 41, 797–801. [Google Scholar] [CrossRef]

	52. 
Xia, Y.; Wang, L.; Liu, X.; Qiao, Y. Tribological Properties of Phosphor Bronze and Nanocrystalline Nickel Coatings Under PAO + MoDTC and Ionic Liquid Lubricated Condition. Tribol. Lett. 2008, 3, 149–158. [Google Scholar]

	53. 
Yao, M.; Liang, Y.; Xia, Y.; Zhou, F.; Liu, X. High-Temperature Tribological Properties of 2-Substituted Imidazolium Ionic Liquids for Si3N4-Steel Contacts. Tribol. Lett. 2008, 32, 73–79. [Google Scholar] [CrossRef]

	54. 
Yu, B.; Liu, Z.; Zhou, F.; Liu, W.; Liang, Y. A novel lubricant additive based on carbon nanotubes for ionic liquids. Mater. Lett. 2008, 62, 2967–2969. [Google Scholar] [CrossRef]

	55. 
Bhushan, B.; Palacio, M.; Kinzig, B. AFM-based nanotribological and electrical characterization of ultrathin wear-resistant ionic liquid films. J. Colloid Interface Sci. 2008, 317, 275–287. [Google Scholar] [CrossRef]

	56. 
Dai, T.; Ge, L.; Guo, R. Microstructure of lamellar liquid crystal in Tween 85/[Bmim]PF6/H2O system and applications as Ag nanoparticle synthesis and lubrication. J. Mater. Res. 2009, 24, 333–341. [Google Scholar] [CrossRef]

	57. 
Kamimura, H.; Chiba, T.; Watanabe, N.; Kubo, T.; Nanao, H.; Minami, I.; Mori, S. Effects of Carboxylic Acids on Wear and Friction Reducing Properties for Alkylimidazolium-derived Ionic Liquids. Tribol. Online 2006, 1, 40–43. [Google Scholar] [CrossRef]

	58. 
Jin, C.M.; Ye, C.; Phillips, B.S.; Zabinski, J.S.; Liu, X.; Liu, W.; Shreeve, J.M. Polyethylene glycol functionalized dicationic ionic liquids with alkyl or polyfluoroalkyl substituents as high temperature lubricants. J. Mater. Chem. 2006, 16, 1529–1535. [Google Scholar] [CrossRef]

	59. 
Canter, N. Using dicationic liquids as high temperature lubricants. Tribol. Lubr. Technol. 2007, 5, 12–13. [Google Scholar]

	60. 
Minami, I.; Watanabe, N.; Nanao, H.; Mori, S.; Fukumoto, K.; Ohno, H. Aspartic Acid-Derived Wear-preventing and Friction-reducing Agents for Ionic Liquids. Chem. Lett. 2008, 37, 300–301. [Google Scholar] [CrossRef]

	61. 
Minami, I.; Watanabe, N.; Nanao, H.; Mori, S.; Fukumoto, K.; Ohno, H. Improvement in the tribological properties of imidazolium-derived ionic liquids by additive technology. J. Synth. Lubr. 2008, 25, 45–55. [Google Scholar] [CrossRef]

	62. 
Qu, J.; Blau, P.J.; Dai, S.; Luo, H.; Meyer III, H.M.; Truhan, J.J. Tribological characteristics of aluminum alloys sliding against steel lubricated by ammonium and imidazolium ionic liquids. Wear 2009, 267, 1226–1231. [Google Scholar] [CrossRef]

	63. 
Murakami, T.; Kaneda, K.; Nakano, M.; Korenaga, A.; Mano, H.; Sasaki, S. Tribological properties of Fe7Mo6-based alloy under two ionic liquid lubrications. Tribol. Int. 2008, 41, 1083–1089. [Google Scholar] [CrossRef]

	64. 
Itoh, T.; Watanabe, N.; Inada, K.; Ishioka, A.; Hayase, S.; Kawatsura, M.; I.Minami, M.; Mori, S. Design of Alkylsulfate Ionic Liquids for Lubricants. Chem. Lett. 2009, 1, 64–65. [Google Scholar]

	65. 
Minami, I.; Kita, M.; Kubo, T.; Nanao, H.; Mori, S. The tribological properties of trifluorotris(pentafluoroethyl) phosphate derived ionic liquids. Tribol. Lett. 2008, 30, 215–223. [Google Scholar] [CrossRef]

	66. 
Mo, Y.; Zhao, W.; Zhu, M.; Bai, M. Nano/Microtribological Properties of Ultrathin Functionalized Imidazolium Wear-Resistant Ionic Liquid Films on Single Crystal Silicon. Tribol. Lett. 2008, 32, 143–151. [Google Scholar] [CrossRef]

	67. 
Zhang, L.; Feng, D.; Xu, B. Tribological Characteristics of Alkylimidazolium Diethyl Phosphates Ionic Liquids as Lubricants for Steel-Steel Contact. Tribol. Lett. 2009, 34, 95–101. [Google Scholar] [CrossRef]

	68. 
Mazyar, O.A.; Jennings, G.K.; McCabe, C. Frictional Dynamics of Alkylsilane Monolayers on SiO2: Effect of 1-Butyl-3-methylimidazolium Nitrate as a Lubricant. Langmuir 2009, 25, 5103–5110. [Google Scholar] [CrossRef]

	69. 
Iglesias, P.; Bermudez, M.D.; Carrion, F.J.; Martinez-Nicolas, G. Friction and wear of aluminium-steel contacts lubricated with ordered fluids-neutral and ionic liquid crystals as oil additives. Wear 2004, 256, 386–392. [Google Scholar] [CrossRef]

	70. 
Kondo, H. Protic Ionic Liquids with Ammonium Salts as Lubricants for Magnetic Thin Film Media. Tribol. Lett. 2008, 31, 211–218. [Google Scholar] [CrossRef]

	71. 
Ma, K.; Somashekhar, B.S.; Gowda, G.A.N.; Khetrapal, C.L.; Weiss, R.G. Induced Amphotropic and Thermotropic Ionic Liquid Crystallinity in Phosphonium Halides: “Lubrication” by Hydroxyl Groups. Langmuir 2008, 24, 2746–2758. [Google Scholar]

	72. 
Ohtani, H.; Ishimura, S.; Kumai, M. Thermal Decomposition Behaviors of Imidazolium-type Ionic Liquids Studied by Pyrolysis-Gas Chromatography. Anal. Sci. 2008, 24, 1335–1340. [Google Scholar] [CrossRef]

	73. 
Rudnick, L.R. Lubricant Additives; Marcel Dekker, Inc.: New York, NY, USA, 2003; pp. 599–616. [Google Scholar]

	74. 
Bowden, F.P.; Tabor, D. The Friction and Lubrication of Solids; Oxford University Press: Oxford, UK, 2001; pp. 200–227. [Google Scholar]

	75. 
Pirro, D.M.; Wessol, A.A. Lubrication Fundamentals; Marcel Dekker, Inc.: New York, NY, USA, 2001; pp. 37–44. [Google Scholar]

	76. 
Rounds, F.G. Some Effects of Nonhydrocarbon Base Oil Constituents on the Friction and Surface Coating Formation Obtained with Three Additives. ASLE Trans. 1968, 11, 19–30. [Google Scholar] [CrossRef]

	77. 
Booser, E.R. Handbook of lubrication and tribology; CRC Press: Boca Raton, FL, USA, 1994; Volume 3, pp. 90–91. [Google Scholar]

	78. 
Pawlak, Z. Tribochemistry of Lubricating Oils; Elsevier B.V.: Amsterdam, The Netherlands, 2003; pp. 1–10. [Google Scholar]





© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







media/file26.jpg
Total acid number, ngKOH/g

20

18

10

05

0.0

HMIM-TFSA

+

EMIM-TFSA

1000 1500
Test duration, h

+
2000

2500





media/file27.png
Total acid number, mgKOH/g

2.0

1.5

1.0

0.5

0.0

HMIM-TF/

=

EMIM-TFSA

4 | | |
v

. 4

500

v

1000 1500 2000

Test duration, h

2500





media/file34.jpg
Sample Optical micrograph Chemical mapping

Alon
%o surtacs
Socr, inerarea "
miz43 (CaF ) miz75 (FeF)  miz32(S7)
[Ousise ook
Wom
Aents e
AL
L
miz75 (FeF") miz 11 (B7)
Analyzed area: (180ym x 180ym) I —

Lower Intensity Higher





media/file13.png
HOOC C.H COOe
Structure T ®
Ny (CrHomeq)aZ

CODE X Y Z
NBu-BnAsp CH,CgHs5 CH,CgH5 N
NPr-BnAsp CH,CeHs CHCeHs | N
NEt-BnAsp CH,CgH; CH,C¢Hs N
NMe-BnAsp CH,CgH5 CH,C¢Hs N
NBu-AcAsp H C(O)CH, N
PBu-BnAsp CH,CgHs5 CH,CgH5 P
PBu-AcAsp H C(O)CH, P
NBu-AcGlu CH,CqHs CHCeHs | N
PBu-AcGlu H C(O)CH,4 P






media/file31.png
Orientation

of molecule High pressure

Exo-electron

Activity of
nascentsurface

Bond scission
by shearing





media/file18.jpg
Index, -

Better

00

Sample

Wear Friction

Reagent grade | Highly purified | Reagent grade | Highly purified






media/file14.jpg
Wear width, mm

Better

350

300

250

200

o

addtivefree BMIM-TFSA ¢

NBwACGU
NBuAcASD
a
NEBoAso “
LACGlY
Nergnasp NMeBnAs 4 o A
PBUBN L)
a4 . P ppucas
NBuBnAS>

Better

0.16





media/file35.png
Sample

A,!,g\/o\
SO,CF,
Je

\
SO,CF,

/\,!|/\/°\

) eeBI:4

Analyzed area: (180um % 180um)

Optical micrograph

Worn
surface

Worn
surface

Innerarea

Outside track

Chemical mapping

miz 43 (CoF~ )

— e

FYYy  miz11 (BY)
| [

“m/z75 (Fe

|-

Lower Intensity Higher





media/file20.jpg
T

3 g g
8 8 8
8 & ©

9, 'anjesadw) $50| UBIM %G

400
0

)





media/file23.png
EMIM-TFSA

=
-1
RIGO “#ci]

HMIM-TFSA

DDMIM-TFSA





media/file10.png
Better

0.3

Friction coefficient, -
o o
N N

o
o

EMIM

TFSA

EMIM

Sample

n

HMIM ‘ MODIM

FAP






media/file5.png
Friction coefficient, -

Better

0.3

0.2

0.1

0.0

Sy

(CF;;SOZ)ZNe

n= 12
H;C, & \
’ \"E\/N/CnH2n+1

10 20 30 40 50 60

Viscosity at 40°C, mm2 s

70





media/file36.jpg
Effects of
Cationic molety

Effects of
Anionic moiety

small Carbon numbers large

S Hoo A o ARt
Better _ Thermo-oxidat worse
worse _Tribological properties better
worse  Thermo-oxidative stability _better
ol vl (ers00® e
higher Jower






media/file15.png
Wear width, mm

Better

400 r
addtivefree BMIM-TFSA ¢
350 NBuU-AcGlu
NBu-AcAsp
300 A
NEt-BnAsp PBUACG
u-AcGlu
NPr-BnAsp NMe-BnAsp A o A
A PBu-BnAsp g
250 | A ) PBu-AcAsp
NBu-BnAsp
200 1 1 | | |
— N ™ <t Te) ©
o o o o o o

Better Friction coefficient, -





media/file19.png
Index, -

Better

Sample

Wear

Highly purified

Reagent grade

Reagent grade

Friction

Highly purified






media/file28.jpg
100,000
10,000

alhil

1,000

sou0g

(snoipAyue)
VSL-WINH

VS4L-WIWH

(snospAyue)
VSAL-NING

Sample

YS4L-WINg

1150 010YIUAS

suogueo0.phy
onayis

o -

100

sanuIW 10





media/file11.jpg
Better

Wear width, mm
o o o o
S8 o =

S
°

EMIM

TFSA

EMIM HMIM MODIM

FAP
Sample





media/file32.jpg
crs

PPN
o
©sr,

Rawsample

F2p N _ Rubbed surface

crs

Binding energy, eV

/\L;\/“\
Al poem

Soscr,
Rawsample

F2p

_Rubbedsurface

Binding energy. eV





nav.xhtml


  molecules-14-02286


  
    		
      molecules-14-02286
    


  




  





media/file6.jpg
Molecular film composed of
oriented, density-packed molecules

S





media/file24.jpg
2000 hours

ydeibojoyd






media/file29.png
(snoupAyue)
VS41-ININH

VS4d1-INIINH

(snoupAyue)
VSd1-NIINS

Sample

VS41-INTING

SJ9)se 2118YJuAg

100,000

10,000
1,000

I1o}}eg

suoqJed0lpAy
oINS
- () —
m —
s9jnuIW 110





media/file1.png





media/file2.png
Cationic moiety

Imidazolium

RI
R \ *\ﬁ¢ RI L]

N

\—/

Ammonium,
Aromatic amine
R'\e =\ ®

R'—=N—R =R
/
R N\ 7,

Phosphonium

R'\ ®
R'—P=—R
/
RI

Others

Anionic moiety

Tetrafluoroborate

©
BF,

References 5,6,7,8,9, 10,
11,12,13, 14,15, 16, 17,
18,19, 20, 21, 22, 23, 24,
25,26, 27, 28, 29, 30, 31,
32,33, 34, 35

References 14, 15, 31, 36,
37

References 17, 31, 38, 39

Hexafluorophosphate

©
PFg

References 9, 10, 11, 12,
13,17, 19, 20, 21, 23, 24,
25, 26, 28, 30, 32, 34, 35,
40,41,42,43, 44, 45, 46,
47,48, 49, 50, 51, 52, 53,
54,55, 56

Reference 17

bis(fluoroalkylsulfonyl)-

amides References 8, 11,12, 14,
° 15,19, 26, 28, 30, 40, 46, fgf‘;;e”g;s 14,15,26, 36, |- oferences 24, 26
(RFSO,),N 53 57 58 59 60,61, 62 ) 9%,
Sulfonates

© ©
RfSO; or RSO;

References 11, 13, 21, 24,
26,32, 55,64

Reference 64

Others

References 23, 26, 34, 35,
46,65,66, 67,68

References 65, 69, 70

References 65, 71

Reference 65

where R = CnH2n+1, Rf = CnF2n+1






media/file37.png
Effects of
Cationic moiety

small

H3C\N/§$/C2H5

Effects of
Anionic moiety

BF,

Better

Thermo-oxidative stability worse

Carbon numbers large

Hsc\N&ﬁzcus HscxN&ﬁzCnst

Tribological properties better

Thermo-oxidative stability better

PFg

S S
(CF3S0,),N (CaFs5)sF3P

Hydrophilicity






media/file7.png
Molecular film composed of

packed molecules

ty-

ted, densi

orien

Ny

NN






media/file33.png
C/S

©

\_
@

BF,
Raw sample

F 2p \ P Rubbed surface

C/S

| I | |
695 690 685 680
Binding energy, eV

/\,!,6\/0\
) o, SOCF,

Rubbed surface
~

\
SO,CF;
Raw sample
| | | |
695 690 685 680

Binding energy, eV





media/file16.jpg
7 Liquid clathrate.
/ sromatc \\
interaction
Sel j\
[p—
| eracion 8,0 gj
\ e






media/file12.png
Better

Wear width, mm
o o o o
N N w LN

o
o

EMIM

TFSA

EMIM

Sample

HMIM

FAP

MODIM






media/file3.png
Steel, Fe alloys

References 5, 6, 7, 8, 10, 11, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22, 24, 24,
25, 28, 29, 30, 31, 32, 35, 38, 39, 40, 41, 42, 43, 45, 46, 48, 49, 50, 50, 51,
51, 52, 53, 54, 56, 57, 58, 59, 60, 61, 62, 63, 65, 67, 69

Al alloys References 5, 6, 7, 10, 11, 12, 18, 21, 24, 27, 38, 42, 46, 56, 62, 69
Cu alloys References 5, 6, 16, 45, 52
SisNy References 5, 9, 33, 34, 36, 44, 47, 53, 55, 66
Si, SiO, References 5, 17, 23, 31, 33, 34, 35, 37, 44, 55, 66, 68
Ni alloys References 47, 50, 52
Polymers References 13, 22, 49, 70

Hard coatings

References 16, 29






media/file9.jpg
Better

03

Friction coefficient, -
o o
= o

o
>

EMIM

TFSA

EMIM

sample

HMIM

FAP

MODIM





media/file0.png
Abbreviation Description
ASTM American Society for Testing and Materials
BF, tetrafluoroborate

BMIM 1-Butyl-3-methylimidazolium

DDMIM 1-Dodecyl-3-

EEMMEA Diethylmethyl(2-methoxyethyl)amine

EMIM 1-Ehthyl-3-methylimidazolium

FAP Tris(tetrafluoroethyl)trifluorophosphate
HMIM 1-Hexyl-3-methylimidazolium

OIT Oxidation induction time

PF6 hexafluorophosphate

RT-IL Room temperature ionic liquid

TAN Total acid number

TFSA bis(trifluoromethanesulfonyl)amide
TOF-SIMS Time-of-flight secondary ion mass spectroscopy
XPS X-ray photoelectron spectroscopy

(WW of additive solution) - (WW of additive free oil)
Wear index =

(WW of additive free oil)

Where WW = average wear width (ball and flat) obtained by the ball-on-flat tribo-test

(FC of additive solution) - (FC of additive free oil)
Friction index =

(FC of additive free oil)

Where FC = friction coefficient by the ball-on-flat tribo-test at steady state





media/file22.jpg
EMIM-TFSA HMIM-TFSA DDMIM-TFSA





media/file17.png
e ——————
o e~

" Liquid clathrate
,!l Aromatic
interaction
,’Il @’ \.' “‘\
N "o,
>

/ ", \
a
| Coulomb b @ @
| interaction @ .
| \ i
CHN / . . .

i
1
\
\
\ {
3 i
\ / /
\ i
\ H.C /
\
\ 2 \ ;
\ i
\ 7
\‘ 7
\ Fd
1Y Vd
N /
N V4
\\
N,
>, ",
N, *,
~, s,
~, ",
~,
~,
\\ ,
. ",
-, *,
~, ” o"
-
. -
s,

Ny
'I ",

Anchor to surface

Solid surface

g

 JX Y X

Liquid phase

Interface

TFSA anion
Imidazolium cation
Carboxylate anion
Phenyl group
Carboxyl group
Building block





media/file4.jpg
n=12

e
WAt

(crs0n®

i

0.0

0 10 20 30 40 50 60 70
Viscosity at 40°C, mm2s-!





media/file30.jpg
Orientation
ofmolecule  High pressure

Lubricating oil |

Exo-electron

o Friction

Activity of

nascentsurface
Bond scission

by shearing





media/file8.png
Solubility of water,

Structure opm
CeHi3,
A8 cH
N\\ N7 ’ o 1.1 x 10*
(CF3S0,),N
CgHqs
‘N A& cn,
N 20x 10°
F3(C,F;5)sP

Courtesy of Merck KGaA






media/file25.png
—

500 hors 12000 hours

4

] b r
I
_ ‘
L
I i

Fresh

sample

ﬂ .,

VS41-INITING

VS4d1-WIINH

ydesbojoyd






media/file21.png
Sample

0, ‘8injesadwsa} sso| JyBIspA %S

192lleg





