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Abstract: Ionic liquids (ILs) are liquid materials at room temperature with an ionic intrinsic nature.
The electrostatic interactions therefore play a pivotal role in dictating their inner structure, which is
then expected to be far from the traditional pattern of classical simple liquids. Therefore, the strength
of such interactions and their long-range effects are responsible for the ionic liquid high viscosity,
a fact that itself suggests their possible use as lubricants. More interestingly, the possibility to establish
a wide scenario of possible interactions with solid surfaces constitutes a specific added value in
this use. In this framework, the ionic liquid complex molecular structure and the huge variety of
possible interactions cause a complex aggregation pattern which can depend on the presence of the
solid surface itself. Although there is plenty of literature focusing on the lubricant properties of
ionic liquids and their applications, the aim of this contribution is, instead, to furnish to the reader
a panoramic view of this exciting problematic, commenting on interesting and speculative aspects
which are sometimes neglected in standard works and trying to furnish an enriched vision of the
topic. The present work constitutes an easy-to-read critical point of view which tries to interact with
the imagination of readers, hopefully leading to the discovery of novel aspects and interconnections
and ultimately stimulating new ideas and research.

Keywords: lubricants; ionic liquids; self-assembly

1. Introduction

Friction is a very general phenomenon of energy dissipation that appears between
sliding pairs [1,2]. For this reason, the reduction of friction plays a crucial role in many
applications in which it is necessary to achieve the control of heat generation and of
the constituents wearing out. The addition of a lubricant between two sliding solids may
remarkably influence the friction even if it depends on the nature of the employed lubricant.
A definition of “good lubricant” can be surely correlated to three prevalent factors:

(1) the achievement of the desired friction coefficient;

(2) the lubricant has to be able to withstand the pressure without being squeezed out;

(3) the lubrication performance should be as independent as possible of changes in the
environment [3].

A correlated aspect is that it should reduce the heat generated during surface interac-
tions in order to prevent structure deformation during these processes.

A typical lubricant is generally a mineral oil. Usually, it is added to additives, such as
antioxidants, detergents, dispersants, friction modifiers, etc., to achieve other effects,
such as reduction of wear, erosion, and corrosion of the contacting surfaces.
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The idea to employ ionic liquids (ILs) as synthetic lubricants was developed in 2001 [4],
and several publications and patents on this topic were successively published to highlight
their high-performing lubricant properties. ILs are organic salts with low melting temper-
atures possessing particular characteristics, such as low vapour pressure, low volatility,
high thermal stability, high combustible temperature, and high miscibility with organic
compounds. All these properties make ionic liquids performing lubricants or even addi-
tives to enhance the tribological properties of base oils.

In this commentary, we summarize the research efforts in recent years to apply in
ionic liquids in the lubrication field, making comments on the physicochemical factors
determining their peculiar performance. We can already state that self-assembly and how
it can change when approaching the surface will be considered. These considerations are
very important to understand the molecular-level mechanisms of dissipation across ionic
liquid films and, from this, to design ionic liquid lubricants with increased tribological
performance for various applications.

Even if there is much literature dealing with the lubricant properties of ionic liquids,
we wish, instead, to furnish the reader with a critical view of this topic through a panoramic
vision based on the physics of complex systems, avoiding detailed and sometimes case-
specific descriptions, which are already available in the literature. Far from being a standard
work, therefore, we try to furnish a simple but enriched vision of the topic. The present
work constitutes an easy-to-read guide to young researchers to stimulate their imagination,
hopefully stimulating new ideas and encouraging novel research.

Our work is mainly organized in five parts:

e  Section 2 will give a general description of the properties of ionic liquids which allow
their use as lubricants;

Section 3 will show the mechanism of action of ILs as lubricants;

Section 4 will give some hints on how to probe the IL structure;

Section 5 will report some examples of the use of ILs as lubricants;

Section 6, finally, will give some perspectives.

2. Why Should ILs Be Used as Lubricants?

Ionic liquids (ILs) may be broadly defined as molten (i.e., in liquid state) organic
salts at room temperature [5]. They are composed by an organic cation and an organic (or
inorganic) anion to produce an electrically neutral ion pair.

Generally, the cations are large, with long alkyl chains or a polysubstituted heteroaro-
matic core, while the anionic portion is relatively small. The typical IL cationic and anionic
composition is reported in Figure 1.

The different size of cations and anions may be determinant for the liquid state of
ionic liquids at a temperature lower than 100 °C [6,7] due to the difficulty in the building
up of a regular crystal lattice. In addition, this peculiar asymmetry between the cation
and anion size may favour the molecules in the fluid to self-assemble in various ways
(charge-by-charge assemblies) [8], similar to liquid crystals [9] but less ordered than a
typical solid crystal. This is shown in Figure 1. However, the complex pattern of anion—
cation piling is also influenced by other interactions of different strengths and at different
extents, such as polar and apolar interactions, steric hinderance, eventual H-bonds, and -7t
interactions, etc.

Thanks to this peculiar chemical property, other unique properties generally arise,
such as high viscosity, negligible volatility, high polarity, nonflammability, high thermal
stability, and miscibility with water and other organic solvents.
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Figure 1. Common cations and anions of ILs.

These properties make ILs good lubricants as promising alternatives to the conven-
tional lubricants [10,11], overcoming the typical tribological problems in chemical engineer-
ing fields, such as the friction between metals or other materials and their wear [12-14].
In particular, the structure of ILs determines their high viscosity, and for this reason,
they have also shown very good boundary lubricating capacity (see mechanisms of lubrica-
tion in Section 3) [15]. Another valid advantage is surely represented by the wide variety of
cations and anions that can be combined to construct different ILs with tuneable properties
and more flexible applications. More clearly, specific ILs can be designed and modulated
to act only on the surface of sliding materials or to react with their surface or as additives
to be dissolved in typical lubricants (i.e., mineral or synthetic oils).
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In any case, the key factor for the expectance of a good lubrication effect by an IL
is that the electrostatic forces between anions and cations and their eventual capability
to establish strong interactions with a solid surface can give the IL a better capacity to
resist squeezing out from the sliding surfaces under high pressures. In brief, they can form
a stable film on the surfaces held up by intermolecular interactions that are higher than
the usual intermolecular interactions in conventional lubricants [16]. However, the high
pressure may inhibit the aggregation of ionic liquids in macroclusters, favouring clusters
of smaller sizes. This phenomenon reduces the viscosity of IL by decreasing its lubricating
capacity [17-19]. However, other value-added properties arise thanks to their peculiar
characteristics: the great miscibility with (or solubility in) a wide range of materials makes
these important additives in lubricants. This is justified by the fact that, even if dissolved
in another solvent, the strong electrostatic interactions between anions and cations of the
IL allow their self-assembly within the solvent, so that the above considerations about the
possibility to form a film on solid surfaces, hold up by electrostatic interactions, still holds.
It is not the case that ILs can retain their lubrication performances even if dissolved
up to 1:10-100 [20]. If smaller amounts of IL can be used, benefits in terms of costs
are achieved [21]. Their low volatility allows them to be considered as green lubricants,
avoiding the typical complications of common lubricants (i.e., in high-vacuum systems).

It must, however, be pointed out that this is just one of the “green” uses of IL in
addition to their use in organic and inorganic reactions as green solvents, where their facile
recovery from the reaction media allows their recycling for successive reactions [22-27].
All these, are applications which are triggered by ever-increasing attention towards environ-
mental concerns. Moreover, the thermal stability of ILs up to 300400 °C prevents problems
concerning the decomposition of synthetic lubricants. As expected, the combination of
anions, cations, alkyl chains, and the length of side chains dramatically influences the lu-
bricant performance of ILs. Anions as [BF4]™ and [PFg]™ are the most employed, generally
for their affordable costs and easily availability [28]. However, as will be discussed in the
next sections, the anion structure can be changed, for example, with organic anions such
as dialkylphosphate [DAP], dicyanamide [DCN], and tricyanomethane [TCC] so that the
presence of fluorine-based anions (promoting undesired corrosion reactions in the presence
of water) can be avoided. In any case, lubricating noncorrosion-resistant materials can be
made by ILs with other organic anions containing fluorine (i.e., trifluomethanesulfonate
[T£O], bis(trifluoromethylsulfonyl)imide [NTF2], and perfluoroalkylphosphate [FAP] an-
ions) [29]. Pyrrolidinium, pyridinium, and imidazolium cations affect the viscosity of
ionic liquids, under the same anions and lateral chains, which is a property crucial for the
thickness of lubricants [30]. For instance, the combination of imidazolium and phosphate
groups may increase the lubricating performance of ILs, significantly reducing friction
and wear challenges. Moreover, the length of the side alkyl chain is very determinant
for the tribological properties of ILs due to the different alignment of ionic liquids with
short or long alkyl chains under an electrical field [31]. As it can be deduced from the
above introduction, the interest in ILs as lubricants must be addressed, in our opinion,
to their peculiar chemical nature which provides a complex behaviour. This causes, in ad-
dition to the bare increased viscosity usually exploited in lubrication, further emerging
properties to arise which are of added value (see Figure 2) and which cannot be found in
conventional lubricants.
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Figure 2. Schematic collection of the IL properties for lubrication purposes.

2.1. Surface-Dependent IL Structure

The structure of an IL is peculiar. By the term structure we mean the existence of
preferential distances between constituents. In a simple liquid, the position of molecules
can be influenced only by interactions taking place at short distances, so the preferential
distance is generally that at which the first coordination shell forms, all higher distances
being almost equally probable [32]. On the other hand, in ionic liquids, signatures of the
mesoscopic order occur. In particular, it has been suggested (see the example given by
imidazolium-based ionic liquid [33]) that nanoscale structural heterogeneities in the bulk
liquid state are caused by the segregation of long enough apolar alkyl chains into domains
which are embedded into a three-dimensional charged matrix generated by the positively
and negatively charged heads [34]. This feature has also been found in alcohols and their
mixtures [35] and also in liquid surfactants and their mixtures, whose structure is ratio-
nalized in terms of the coexistence of polar/apolar domains instead of positive/negative
domains as in ionic liquids [36]. Generally speaking the tendency of intermolecular struc-
ture formation takes place when intermolecular interactions become strong enough to
overcome thermal agitation. This can even give rise to self-segregation. It is clear that
intermolecular interactions become increasingly stronger in the order of excluded volume,
apolar interactions, polar interactions, H-bonds, and electrostatic interactions, so an in-
creasingly higher structure with the increasing ionic liquid character is expected. However,
it must be remembered that, in soft matter, parallel with the intensity of the interactions
involved, a key factor is the number density of interactions. It can happen, in fact, that a
high number of soft interactions can give rise to a significant structure, as in soft matter
and bio-related materials, where a slight difference in temperature can induce striking
changes in the structure. In our case, the interactions between IL and the contacting surface
can be of the same strength (or even stronger) than the interactions present in pure IL
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and characterizing the inner (bulk) part of the ionic liquids. This can cause a dramatic
structural change when approaching the contacting surface. This is schematically depicted
in Figure 3.
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Figure 3. IL structure close to a surface.

The structure of an IL is therefore not invariant, since it can depend on the material
that needs to be lubricated. Its function, therefore, must be addressed to the complex
combination of IL properties and the potential interactions with the contacting material
needing lubrication.

In this context, it is interesting to notice that the recent developments of self-assembly
processes in nanoscience are already providing innovative well-defined smart materials
linking soft matter chemistry to hard matter sciences. This is the key point of this work:
the ionic liquid structure (soft matter) is related to the solid surface (hard matter) when
approaching the interface, which is a fundamental aspect in lubrication.

2.2. Moving Closer to the Surface

The chemistry of solid—liquid interfaces is often very different from that of bulk
liquids. This is because, close to the interface, the structure and dynamics of solvent
molecules are altered [37,38].

The spatial distribution of solvent molecules or ions at solid—liquid interfaces is
a central problem in science: in addition to the IL interface interactions, we envisage
many other fields where this is true, such as in (amphiphile) adsorption, colloid stability,
heterogeneous catalysis, charge transfer, and protein folding [39-43].

However, the importance of the order at a surface should be clear if biointerfaces are
considered, where the structure precisely controls functions governing life processes [44].

As neatly and schematically depicted in the review by Hayes et al. [45], near the
surface, ILs exhibit oscillatory density profiles consistent with ion pair (anion + cation)
or bilayer (2 x ion pair) dimensions [46-50]. This structuring is of a fundamentally dif-
ferent origin to solvation layers in molecular liquids [51-53] or ABAB packing in molten
salts [54-57] because IL ions have the capacity to self-assemble. This provides additional
impetus to ion structuring over and above simple geometric constraints (in molecular
liquids) or charge ordering (in molten salts). The near-surface organization of ions is best
described as layered or lamellar-like and, in many respects, parallels that found in adsorbed
surfactant layers [58,59] but on smaller length scales.
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2.3. Specificity of Surfaces

Even in the first application of ILs as lubricants, evidenced by Ye et al. in 2001,
who used alkylimidazolium tetrafluoroborates to lubricate steel, aluminium, copper, silica
crystal, and ceramics, the influence of the chemical composition of the surface already
emerged [4]. In that work, the authors used 1-hexyl-3-methylimidazolium tetrafluoroborate
and 1-ethyl-3-hexylimidazolium tetrafluoroborate to test the reduction of friction and wear
phenomena in a ball-on-disc system (Figure 4).

N N BF, CF3CF3—F(|:FCF20%CFZCF2CF3
CFy

[HMIM][BF4]: R=Me R"=n-CgHys Perfluoropolyether (PFPE)
[EMIMI[BF4]: R =Et R'=n-CgHys

Phosphazene (X-1P)

Figure 4. Chemical structure of alkylimidazolium tetrafluoroborates and traditional lubricants.

The results of ILs compared with two classical fluorine-containing lubricants, phosp-
hazene (X-1P) and perfluoropolyether (PFPE), are reported in Table 1. The values, aside
from highlighting a promising and versatile lubricant effect of ILs, show bigger % changes
in the friction coefficient as a function of the materials of the frictional disk. This clearly
suggests a major dependence of IL lubrication performance on the surface material. More-
over, harsh conditions of friction can promote the decomposition of the tetrafluoroborate
anion to form fluoride active as an antiscratch component.

Table 1. Friction coefficients for various sliding pairs lubricated with some lubricants (load 50 N,
frequency 25 Hz, amplitude 1 mm).

Frictional Pair Friction Coefficient

(Ball/Disk) [HMIMI][BF4] X-1P PFPE
Steel /Steel 0.065 0.098 0.145
Steel/ Al 0.040 0.128 -
Steel/Cu 0.025 0.117 0.145
Steel/SiO, 0.060 0.110 0.132
Steel/sialon 0.065 0.100 0.120

3. Mechanism of Action of ILs as Lubricants

The typical action of lubricants is attributable to the formation of a film as a thin layer
that can effectively reduce the friction between surfaces and their consequent wear. It is now
understood that the high lubricating action of ILs is strongly due to the type of film formed
on materials in contact. Substantially, two sorts of lubrications occur when two surfaces are
in real contact and adhesion and a friction phenomenon is present: hydrodynamic lubrication
and boundary lubrication (see Figure 5a,c for the schematic mechanism), although it is
obvious that a hybrid of the two can also take place (Figure 5b).
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hydrodynamic lubrication mixed lubrication boundary lubrication

Figure 5. Representation of the main mechanisms of lubrication: (a) boundary lubrication, (b) mixed lubrication, and (c)

hydrodynamic lubrication. P: pressure; V: velocity.

3.1. Hydrodynamic Lubrication (HL)

Hydrodynamic lubrication takes place when two surfaces move perpendicularly
toward each other, and a thicker layer of lubricants is added to penetrate the interaction
zones to prevent physical or direct contact between them and to reduce rubbing, friction,
and wear phenomena. In fact, if the fluid is convergent to the direction of motion, it adheres
to the sliding surface as a viscous film that builds up pressure sufficient to carry the load
(Figure 5a) [60].

This lubrication process is the core of efficient functioning of the whole modern
industry. It is clear that the high viscosity of ILs becomes the dominant property with
regard to their lubricant action. However, if we take the viscosity index as the only
parameter to compare ILs and mineral (or synthetic) oils, high variations are not observed.
In Table 2, the viscosity index of some ionic liquids and base oils are reported.

The interest in ILs as lubricants, instead, is to be traced back to other factors, which will,
step by step, be commented on in what follows. For example, we can already introduce,
here, that ILs are particularly fit for tuning the overall viscosity by simply mixing two of
them. This is not trivial, since usually the mixing of two fluids can lead to nonideal mixing
and nonlinear behaviour, with the possible overall reduction of the performances due to the
interactions of the two constituents. In our opinion, in the case of a mix of two ionic liquids
with the same cation, the interactions of the two constituents reduce to the interactions
between the anions only, which are inherently reduced since they are separated by the
positively charged cations. Our speculative consideration is actually supported by some
experimental works: a work of Koyama et al. proved that a mix of two ionic liquids with
the same cation ([BMIM][TFSI] and [BMIM][PFg]) varied its viscosity as a function of the
mixing ratio [61-63]. This experimental observation has opened up a new scenario in the
field of ILs as lubricants because it stands to reason that the adjusting of the viscosity can
be accomplished by mixing several types of ionic liquids, also recalling their low vapour
pressure and high thermal stability.
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Table 2. Viscosity index of some ionic liquids and base oils at different temperatures.
Kinematic Viscosity
Fluid (mm?/s) Viscosity
Index

40°C 100 °C

/_>N + > [(CF3S0,),N]” 52.5 10.0 181

(PP13)[TFSI]
+
[P(h3)t][TESI] MP\% [(CF5S0,),NI” 118 15.4 137
4
[BMIM][PF4] N N BE, 445 9.01 189
~ \/ * \/\/ *

[BMIM][PF6] N N PFq 81.0 13.6 172

% NI NN

& [\
[BMIM][TFSI] N \ [(CF,S0,),N]" 29.0 6.88 211
~ v/ NN
[BMIM][I] N \ r 203 21.0 122
NN
[BMIM][TCC] NN C(CNI. 146 3.7 146
~ \/ + W (CN)
[EMIM][DCN] N \ N(CN). ™ 8.6 3.01 252
P AN

Synthetic oil (PAO4) 16.8 3.9 129
i Synthetic oil (PAOS6) 30.5 5.79 135
Mineral base oil 30.1 5.28 106

One development of hydrodynamic lubrication is the elastohydrodynamic lubrication
(EHL) that is prevalently utilised for friction pairs with elastic contact, such as ball bearings
and gears. In this case, the thickness of the lubricant is smaller than that of hydrodynamic
lubrication, and the elastic deflection of the surfaces in contact shall be taken into to
account. Under these circumstances, the predominant physical property for lubrication is
the viscosity under high pressure that is measured for some methylimidazole-substituted
ionic liquids, which is similar to liquid crystals under high pressure [64].

3.2. Boundary Lubrication (BL)

Boundary lubrication occurs when the sliding surfaces are so close that the superficial
interactions between films of lubricants and the asperities of the materials dominate the
contact (see Figure 5¢).

This lubrication offers two different typologies of protective films: (1) adsorbed layers,
which have a low shear rate promoting a better sliding between surfaces and (2) protective
layers that derive from chemical reactions of ILs with the surfaces. In more detail, for the
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second mechanism, the tribochemical reactions may be promoted by temperature and
pressure contact. In fact, the friction between two surfaces produces the conversion of
mechanical energy into heat with the generation of local high temperatures. This allows
the emission of electrons and of other particles (i.e., ions, lattice components, etc.) [65].
The reaction of emitted electrons with lubricants adsorbed on a surface may produce
anions and radicals that are really responsible for its lubrication. A general study of Kajdas
et al. about the anionic-radical lubrications due to the action of low-energy electrons
indicates that the negative ions produced by the exoelectron emission are chemisorbed on
the positively charged friction microareas of metallic surfaces (or ceramics), furnishing an
organometallic (or inorganic) protecting tribofilm for them (Figure 6, left panel) [66].

Rubbing
e

High friction energy

Chemisorbed

Protective H|n’\{M—R)

............ e [ riction

. WM

+ Wear debris

Inorganic load-carrying film, e.g. FeS

Figure 6. Process of (left panel) exoelectron emission (EEE) and of (right panel) destruction of the lubricant film and
formation of activated surface spots.

In addition, the local high temperature of friction destructs the created lubricant layer
and generates activated surface spots, forming a new protective film (Figure 6, right panel).

In this framework, it is clear that the physics of the IL no longer plays a pivotal role,
and the chemical/reactive aspect of the molecules involved needs to be taken into account.
It is interesting to notice that, in this case, the assumption that the lubricating fluid needs
to be an inert material is no longer valid, a consideration that needs to be pointed out for a
panoramic vision of the overall phenomenon of lubrication.

3.3. Mixed Lubrication (ML)

Of course, the aforementioned mechanisms are the two extreme points of view of a
mechanism that can be, in principle, a complex one, being a hybrid of the two. In this
case, mixed lubrication is usually dealt with: it is a regime in which two (or even more,
in principle) lubrication mechanisms are functioning spontaneously. In this context, there
are some portions of the surfaces that are in contact and others that remain separated by
a partial hydrodynamic fluid film due to a smaller film thickness. Therefore, the load is
supported partly by the contact asperities and partly by the pressurized hydrodynamic
film (Figure 5b).

Usually, in many works, the goodness of a certain lubricating fluid under specific
mechanisms is emphasized. Statements such as “ionic liquids show excellent tribological per-
formance in regime of boundary lubrication” are common in the literature. However, we want
to stress that the lubricating fluid can determine the mechanism of friction, especially if the
sliding surfaces are relatively free to move apart. It has recently been shown that the struc-
tures close to the surface, and in particular the number and lateral structure of ion layers
confined between the sliding surfaces, dictate the lubricity performance [67]. This means
that the combination of the IL intrinsic structure and the influence of the interactions
with the surface control the nanoscale friction and, reasonably, the mechanism. To better
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understand this idea, the study by Wong et al. in 2018 can help. These authors investigated
the application of ILs as additives to polyethylene glycol (PEG) used as a base fluid [68].
They observed that the film thickness increased with the increasing IL concentration as
an additive, although the friction was slightly reduced. Therefore, in the ML lubrication,
the addition of IL can reduce the problems related to friction and wear in mild conditions,
forming layers protecting the sliding surfaces.

4. Intermolecular Distances as Probes for Structure: How to Measure Them

Generally speaking, from an experimental point of view, the study of a material
requires the employment of techniques and approaches that simultaneously investigate
the structural properties and dynamics of nanomaterials at the nanoscale [69,70].

The characterization of the structural features and the elucidation of the self-assembly
processes occurring in a given material, indeed, are important pieces of information re-
quested when studying the relationships between physical properties and specific involved
soft interactions [71-74], which is the final goal of any material scientist. More specifi-
cally, the term “structure” is directly related to the existence of preferential distances: this,
in principle, is directly probed by scattering techniques, but other techniques can be used.

4.1. Scattering

Scattering techniques are among the most employed experimental techniques for the
investigation, in noninvasive way, of the structural properties of materials and complex
self-assembly processes [75-77] in a large variety of material systems and different reactive
environments [78], at least in the bulk phase.

There are plenty of works dealing with such techniques, so the reader is redirected
to the literature for details. Here, however, we just want to remind the reader that a peak
in the scattering spectrum (reciprocal or g-space) equals a peak in the distances (real or
R-spaces) according to a simple relation: R = 27t/q.

Figure 7, reporting the comparison between the scattering spectra of a simple liquid
(propylamine) and an IL, can shed light on this.

0.002

0.001

I(q) (arb.un.)

eby

0.000 —/—— . —
00 05 10 15 20 25
g (A")

Figure 7. Scattering patterns of a classical liquid (propylamine, with weak intermolecular interactions,

lower plot) and an ionic liquid (a 1:1 mixture of propylamine and dibutylphosphate, upper plot).

In the IL scattering pattern, the broad band at wide angles (about 1.4 A=) are due to
the intermolecular short range distance taking place between first neighbouring molecules
and due to intermolecular spacings of about 4.5 A, typical of the conventional liquid
state [79]. This signal is generally found for any liquid. In the case of ILs, however, another
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band occurs at lower q values (q ~ 0.5 A~1), revealing the occurrence of an intermolec-
ular association in a pattern already known in the past for n-alcohols [80,81] and liquid
amphiphiles [82-84].

The presence of associated species causes a new characteristic repetition distance to
arise, in the present example, of about 13 A, which may be identified with the characteristic
distance of polar/polar domains typical of ILs [31]. This is a quite universal signature
in ionic liquids: generally, an X-ray peak below 1 A~! (and usually quite sharp) can be
considered as a signature of the mesoscopic order [85] and is usually characteristic of such
systems [86,87]. In particular, as found for imidazolium-based ILs [28], but also for alcohols
and their mixtures [30], the low-q contribution in the spectrum comes from the nanoscale
structural heterogeneities in the bulk liquid state caused by the segregation of long enough
apolar alkyl chains into domains which are embedded into a three-dimensional charged
matrix generated by the positively and negatively charged heads [29]. It must be noted
that the impact of temperature in such patterns is scarce [88].

However, due to the liquid nature of the system, rapid molecular and charge associa-
tion/fission processes take place, so the repetition distances we are discussing are to be
meant as a time- and space-averaged distance with a characteristic polydispersion.

It must be noted that a faint bump around 0.8 A1 is usually present and, although
several structural features can contribute to this scattering signal, it is generally recognized
as coming from charge—charge interactions, i.e., cation—-anion characteristic distance re-
peating in the bulk [89]. This signal is generally quite weak (in Figure 7, for example, it is
almost undetectable) and is generally associated with the sponge-like structure expected to
be made by the charged groups [90].

4.2. Atomic Force Microscopy (AFM)

When dealing with the structure near a surface, the information is more difficult to
obtain, and different techniques are used. In the case of atomic force microscopy (AFM),
the lateral organization of molecular liquids and adsorbed ions on solid substrates with
subnanometer resolution can be elucidated (see works by Voitchovsky et al., such as [35]
and [91]). In the case of ILs, high-precision soft contact amplitude modulation (AM-) AFM
experiments are particularly fitting, with papers probing the structure for both protic [61,92]
and aprotic [93,94] ILs next to a surface. We believe that AFM, being sensitive to forces,
is the ideal technique for probing both the distances and the forces involved in molecular
layers close to a surface.

If metal surfaces are considered, it must be noticed that, in general, papers that probe
solvent structure at metal interfaces are geared toward the polarized electrode surfaces to
understand the IL electrical double layer structure. This is due to the fact that unlike in
molecular liquids, [95] the atomic resolution of surface structure by scanning tunnelling
microscopy (STM) in an IL has not been achieved. This is most likely due to the strong ion
adsorption onto the tip in an STM experiment, blurring surface features [42]. AFM tips
remain an effective proof especially with the aid of MD simulations. However, more so-
phisticated techniques have been sometimes used like TPPE (femtosecond two photon
photoemission spectroscopy) [96] or SFG (sum frequency generation spectroscopy) [97],
but of course these are quite specific and unusual methods so we cannot but admit that a
lack of standardized routine methods still holds.

4.3. Purity Dictates Structure

The structure in ILs is a delicate affair. Changes can be triggered even by a small
amount of foreign substances, as a signature that the overall structure is a delicate balance
of several types of interactions in a complex pattern. This feature has been observed by
Mariani et al. [98] who, studying transport properties in ionic liquids, detected the possi-
bility of marked and unusual changes in the viscosity when a given solvent (acetonitrile)
is added to the IL ethylammonium nitrate. This was of course a consequence of a local
structural change and was reasonably attributed to micelles formation. The steep decrease
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in viscosity when a cosolvent is added was also observed by Seddon et al. [99]. Similar sit-
uations have been found in mixtures of amphiphiles where a small amount of propylamine
to dibutylphosphate or, inversely, the addition of small amount of dibutylphosphate to
propylamine does not lead to the same structural perturbation, highlighting a nonsymmet-
rical effect.

5. Some Applications

In this section, some applications will be presented and commented on with special
attention to the most recent ones (in the last decade). Considering applicative aspects and
the marked dependencies of ILs performance on the chemical nature of the surfaces to
which they come into contact, the examples will be primarily grouped according to the
material of the surface to be lubricated. Secondarily, within the applications related to each
single material, the different problematics will be presented and commented on.

5.1. Steel Surfaces
5.1.1. The Initial Efforts to Find Performing ILs as Lubricants

The emergent use of ionic liquids since the 2000s as lubricating materials of the
challenging contacts of metals collided immediately with their preparation costs. Therefore,
with regard to researching ionic liquids with low costs, Lawes et al. proposed some ILs
with a choline chloride cation [100]. Choline chloride is an organic compound that is widely
used as a vitamin supplement in poultry and pig feed, and for this reason, it can be found
easily at low cost. Two choline chloride-based ILs were proposed by changing only the
chloride anion. They were termed ethaline (choline chloride-ethylene glycol 1:2 ratio) and
reline (choline chloride-urea 1:2 ratio), respectively (Figure 8).

. i o
B 1 i HO\/\ )k
| OH OH H,N NH,
(a) (b) (c)

Figure 8. Chemical structures of (a) choline chloride, (b) ethylene glycol, and (c) urea.

Wear tests were conducted under low-speed /high-load and high-speed /low-load
between two sliding steel surfaces, observing a low friction coefficient comparable to a
classical lubricant (5W30 engine oil), but that increased over time until resulting in dry
sliding with the rise of the sliding surface distance.

These partially disappointing results, probably due to failure to maintain the boundary
film, showed, in any case, an interesting application of highly available ILs, which still
requires an optimization.

5.1.2. Developments through Preparation of ad hoc ILs

Another application of steel-steel lubrication was promoted by Zhu et al. that explored
four ILs with imidazolium derivatives containing an ester group as a cation [101]. The two-
step synthetic procedure involves the initial alkylation of a nitrogen of imidazole ring and
subsequent metathesis reaction to substitute the CI" anion with others. (Figure 9).
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Figure 9. Synthesis of imidazolium ILs.

The tribological performance of these ILs was evaluated for a steel ball-disc contact
area, and the friction coefficient was compared to a commercial lubricant PFPE for different
loads. The results are reported in Table 3 and demonstrated that all employed ILs were
superior to PFPE in terms of the reduction of friction and wear for steel-steel contact.

Table 3. Friction coefficients measured for steel/steel frictional pairs by ionic liquids and PFPE 2.

Friction Coefficient

Load/N
IL1 IL 2 IL 3 PFPE
100 0.086 0.094 0.095 0.131
200 0.077 0.081 0.085 0.138
400 0.076 0.082 0.077 0.122
600 0.082 0.085 0.074 -b
800 0.079 0.082 0.075 -b

a Friction coefficient measured at 25 °C;  No lubrication.

In particular, the chemical structure of ILs can justify the behaviour of these com-
pounds as excellent lubricants because when the IL has a triflate group as an anion, a major
capacity to avoid wear is observed, and ILs with a longer alkyl chain reduce friction better
than those containing shorter alkyl chains. This latter result may be a direct consequence
of the increase of viscosity with the increase in chain length, which constitutes a good
example of how the lubrication properties can be tuned by changing the alkyl chain length,
as already introduced in Section 2.

The above examples show that the main strategy for IL preparation is synthetic
chemistry. This is quite complicated and has high costs. In addition to setting up efficient
synthetic protocols and triggering mass-scale production, new strategies are clearly needed
to radically change the paradigms of IL preparation. For example, considering that for the
preparation of several ILs, a final step of metathesis in which the primary anion (generally
a halide) is exchanged with the final selected anion is necessary, the possibility to project
and realize synthetic one-step methodologies, or those with a low number of reaction steps,
may surely reduce production costs and make the process ecocompatible. In any case,
we will show some perspectives in this sense in the final sections.

5.1.3. Anion Effects

That, beyond the cation feature, the anion can also make a real difference towards
the tribological activity of ILs has been confirmed by a study by Garcia et al. in which
the authors use three ILs as neat lubricant for steel-steel contact [102]. More specifically,
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the tested ILs were: (1) [(NEMM)MOE][FAP] ethyl-dimethyl-2-methoxyethylammonium
tris(pentafluoroethyl)trifluoro-phosphate, (2) [BMP][FAP] 1-butyl-1-methyl-pyrrolidinium
tris(pentafluoroethyl)trifluoro-phosphate, and (3) [BMP][NTF2] 1-butyl-1-methylpyrroli
dinium bis(trifluoromethylsulfonyl)imide. The investigations were conducted at 40 and
100 °C on steel discs, and the [BMP][NTF2] showed the better antifriction coefficient at
40 °C, though at 100 °C, its tribological behaviour as a friction inhibitor was considerably
decreased due to its lower prevalent viscosity than the corresponding IL with a FAP anion
(Figure 10).

[BMP][NTF2]

[BMP][FAP]

[(NEMM)MOE][FAP]
40°C 100 °C

® [(NEMM)MOE][FAP]  m [BMP][FAP] [BMP][NTF2]

Figure 10. Average coefficient of friction (COF) of [ NEMM)MOE][FAP], [BMP][FAP], and [BMP][NTEF2] at 40 and 100 °C.

In our opinion, this confirmation is somehow expected, since anions and cations
are specular actors in the framework of electrostatic interactions, although, in practise,
they have different sizes in ionic liquids. In fact, in this case, it is not so strange to
think that the distinct chemical nature of the perfluoroalkylphosphate (FAP) and the
bis(trifluoromethylsulfonyl)imide (NTF2) groups allows interactions with probable differ-
ent strengths between ILs and the contacting surface to be invoked.

5.1.4. Low-Vapour Pressure

The advantageous properties of ILs and, in particular, their low-vapour pressure
makes them interesting for testing purposes in extreme conditions, such as high vac-
uum and low temperatures to which space mechanisms are subjected. Common lubri-
cants used in space are generally based on perfluorinatedpolyethers (PFPE), such as
Fomblin®Z25 [103]. In 2019, its tribological properties were compared to seven purchased
or synthesized ionic liquids with different chemical structures [104]. Among all tested
lubricants, almost all ILs showed good antifriction and wear-resistance properties, but only
an IL based on 1-butyl-1-methyl-pyrrolidiniumbis(trifluoro-methylsulfonyl)amide (named
IL2 in that work) widely overcame the performance of the reference lubricant, as illus-
trated in Figure 11. Lifetime experiments (long-term lubricity and endurance in vacuum)
confirmed the excellent results of IL2, even if it showed an insufficient fluidity at a low
temperature. It is clear that this is a weak point for its lubricating applicability in space,
considering the extreme conditions to which mechanism parts are subjected, and therefore,
it is worth thinking about how it is necessary to study the largest number of ILs with
tuneable properties.
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Figure 11. Coefficient of friction and wear rate of Fomblin Z25 compared to IL2.

5.1.5. Magnetic Ionic Liquids

Magnetic ionic liquids (MILs), ionic liquids, generally, with an organic cation and
a magnetic anion (i.e., with a single electron organic free radical or metal ion complex),
may be easily magnetized and used as lubricants of steel-steel sliding pairs. In contrast to
traditional magnetic fluid lubricants (MFs), MILs have an excellent high temperature stabil-
ity and a very low volatility, giving them important tribological properties [105]. For this
reason, recently, Jia et al. [106] synthesized a magnetic ionic liquid ([Cemim]5[Dy(SCN)g])
in which the cation is 1-hexyl-3-methylimidazolium and a dysprosium (Dy) is the metallic
centre of the anion complex (Figure 12).

AN Py(SCN;™

5

Figure 12. Magnetic ionic liquid with 1-hexyl-3-methylimidazolium as cation and a dysprosium
complex as anion.

The authors tested their MIL on rubbed steel surfaces, comparing it with a classical
MF composed of DIOS (dioctyl sebacate) and Fe3O4. The results of the coefficient of friction
(COF) conducted at different temperatures showed a better and permanent friction reduc-
tion by the synthesized MIL at high temperatures and loads. Moreover, the wear volumes
of a steel-steel sliding contact lubricated by the MIL and MF at variable temperatures and
loads were measured, demonstrating the almost constant results of wear inhibition only by
lubrication with [Csmim]5[Dy(SCN)g].

5.2. Aluminium Surfaces

Aluminium is widely used in the automobile and aerospace industries [107]. In these
applications, aluminium is often subjected to problems due to the sliding of moving
components because of its poor tribological properties that make the system difficult to
lubricate. For this reason, different types of lubricants are employed to reduce friction and
wear, and in particular, protic ionic liquids (PILs) were found to be very promising [108].
More recently, PILs based on 2-hydroxyehtylamine (2HEA) and a carboxylic acid (formic
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and pentanoic acids) (Figure 13) were synthesize by Vega et al. to study, among other
aspects, the effect of anion chain length on the lubrication of aluminium parts [109].

Cation precursor Anion precursor PIL

/\/ NH, Formic acid 2HEAF
HO

1 PN

H OH

(o)

+ -
NH; O
OH oo > 3

Pentanoic acid 2HEAPe

3

Figure 13. Structure of synthesized PILs and their precursors.

The PILs were compared to a commercial lubricant, and the results of the coefficients
of friction are grouped into Table 4.

Table 4. Coefficient of friction value of two synthetized PILs.

Lubricant Cefficient of Friction
Commercial 0.08 £ 0.011
2HEAPe 0.14 £ 0.026
2HEAF 0.35+0.12
Dry 0.64 +0.10

The coefficients of friction measured for an aluminium-steel system showed that
the 2HEAPe gave value similar to that of commercial lubricant, highlighting the better
ability of the protic IL with a longer chain to support a major load. This example confirms
the important role exerted by the length of the alkyl chain, offering a way to effectively
control the coefficient of friction by simply tuning the number of C-atoms involved in the
chain. However, the performance of 2HEAPe suffers from the distance of sliding surfaces
because the lubricant regime is based on the boundary lubrication; therefore, the instability
and oscillation of the COF were observed when the distance of surfaces was increased.
An elongation of the alkyl chain of the anionic portion might amplify the interactions
between chains or with the surface metal, permitting, for example, a wider stacking or
micelle-like arrangement that may reflect a wider adjustment to the several lubrication
mechanisms.

In confirmation of the effect of alkyl chain length in changing the tribological proper-
ties of IL lubricants, a study conducted by Zhang et al. on imidazolium ILs with variable
alkyl chains (Figure 14) highlighted that (1) the derivatives with the longest chain of cations
(hexyl and octyl imidazolium ILs) showed a better-performing lubricating activity; (2) dif-
ferent anions did not alter the results; (3) in the sliding process the more active ILs provided
an excellent boundary film, which is very important for antiwear performance; and (4) the
temperature did not influence the tribological action of the examined lubricants [110].
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Figure 14. Structure of imidazolium ILs with variable alkyl chain.

In 2018, the lubricating ability of PILs on aluminium-steel contact was studied by
the use of tri-[bis(2-hydroxyethylammonium)]citrate (DCi) (Figure 15) as an additive to
mineral oil (MO) [111].

H,
N
HO/\/+\/\OH -

(o) (o3

3 o) o-

Figure 15. Structure of tri-[bis(2-hydroxyethylammonium)]citrate (DCi).

Three sliding velocities (0.10, 0.15 and 0.20 m/s) were used to compare the lubricating
performance of MO with respect to MO mixed with 1 wt% or 2 wt% DCi. The friction
coefficient and wear volume were reduced for each sliding velocity, prevalently at 0.15m/s
and a MO + 2% DCi solution with which friction and wear decreases of 16% and 40%,
respectively, were observed (Figure 16).
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0.08 = 004
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MO MO+1% DCI MO+2% DCl MO MO+1% DCI MO+2% DCI

Figure 16. Fiction coefficient and wear volume for different concentrations at sliding velocity of 0.15 m/s.



Appl. Sci. 2021, 11, 5677

19 of 30

5.3. Titanium

Titanium is an attractive material with wide applications in industry due to a high
strength and excellent resistance to corrosion and wear. In fact, an oxidized titania layer
is generally present on the titanium surface, preventing material wear [112]. However,
a critical problem of titanium use is its poor lubrication capacity with classical lubri-
cants. Considering the high affinity of ILs for solid surfaces and their robust boundary
layers, Li et al. investigated mixtures of IL trihexyl- (tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate with hexadecane at different concentrations [113]. As already
discussed, sometimes the costs of production of ILs can be a limitation in using ILs as
lubricants, and for this reason, ILs as an additive can be often a valid solution for industrial
applications. The researchers showed that pure IL and some IL /hexadecane mixtures at dif-
ferent loads remarkably reduced the friction coefficient compared to pure hexadecane and
to its mixture with a traditional antiwear additive (zinc-dialkyl-dithophosphate; ZDDP)
(Table 5).

Table 5. Lubrication activity at different load of hexadexane and its mixture with IL and ZDDP.

Friction Coefficient

Lubricant
2N 10N

Hexadecane (HD) 0.45 £ 0.05 0.46 + 0.05
HD + 0.01% IL 0.46=+ 0.04 0.47 £ 0.04
HD + 0.1% IL 0.47+ 0.05 0.48 £ 0.04
HD + 1% IL 0.45 £+ 0.05 0.46 £ 0.05
HD + 2% IL 0.11 + 0.02 0.45+ 0.06
HD + 10% IL 0.12 £ 0.02 0.47+ 0.05
Pure IL 0.09 £ 0.01 0.09+ 0.01
2% ZDDP 0.42 + 0.06 0.45+ 0.04

In 2019, four quaternary phosphonium ILs with variable structures (Figure 17) were
selected as a titanium lubricant, considering that quaternary phosphonium-based ILs can
easily be dissolved in apolar hydrocarbon oils, including mineral o0il, and are generally
very stable [114].

Consequently, they show optimal tribological characteristics both as pure components
and as diluted in hydrocarbon oils. In particular, the friction reduction seems to be strongly
dependent on IL viscosity because the less viscous Pg ¢ 6 14 TFSI was, the more effective
IL was for macrotribology performance in a mixed lubrication regime (Table 6). On the
contrary, in nanotribology tests, only the structure of the ILs was really important; in fact,
the cation of Pggg 62y BEHP adsorbed better to the titanium surface, forming a resistant
film that minimized the energy dissipation. On the other hand, this different behaviour is
not surprising, because both the variable alkyl chains of cations and the chemical structure
of the bis-trifluoromethylsulfonyl)imide (NTF2) anion, which is different than other ILs
characterized by phosphate and phosphonate groups, can dramatically affect both their
chemical-physical properties and their chemical interactions with the sliding surface.

Table 6. Friction coefficients of some ILs used as lubricants.

IL Friction Coefficient
Pg g 8,6(2) BEHP 0.08
Pe,6,6,6,14 BEHP 0.33
Pé,6,6,6,14('Cg)2PO2 0.16

Pg 66,614 TFSI 0.17
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Figure 17. Chemical structure of quaternary phosphonium-based ILs used as titanium lubricant.

5.4. Other Applications I: Magnetic Media

Magnetic recording systems have been very important for the wide diffusion of music,
videos, and information at low cost. Although a change of paradigm is currently occurring
with the growing uses of solid-state devices which offer better performance, the interest
in magnetic devices is still maintained due to the lower costs per storage capacity unit.
In current hard disk drive (HDD) systems, a rigid disk is rotated at a speed of up to 10,000
revolutions per minute (rpm) [115]. Generally, the rigid disk is composed from an Al-Mg
alloy or glass substrate, undercoat sheet, a magnetic multilayer, a carbon coverage, and a
very fine lubricant layer. In particular, the carbon overcoat is necessary to prevent wear
and corrosion problems, even if this activity is mainly carried out by the thin lubricant that
must reduce the contact between the read /write magnetic head and the media surface.
Perfluoropolyether (PFPEs) lubricants have so far been the best lubricating system for
magnetic media, even if Kondo et al. have, over time, developed synthetic methodologies
to prepare ILs, possessing both a perfluoroalkyl group and an ester, amide, and carboxylic
acid ammonium salt with a long chain (Table 7) [116].

The authors justified the increased performance of lubricants by these class of ILs
with the uniform coverage of the rubbing surface by the ammonium salt portion and a
higher dispersive interaction of their hydrophobic group, combining characteristics typical
for high lubrication due to secondary interactions of various kinds between contacting
surfaces and polar heads and apolar chains of the cation and anion portions.
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Table 7. Composition of perfluoropolyethers (PFPEs) lubricants.

Rg-CO-Y-R
RF Y R

CyFys O CigHzy

CyFys O CigHzy

CyFy5 NH CigHsz

CyFys NH CigHzy

CyFys O NH;* CigHzy

C7F15 O NH3* CigHsz

CoFy9 O'NHz* CigHzy

CoFyg O'NHz* CigHzy

CoFyg O'NH3* CigHsz

CoFy9 O'NHz* CigHzy

-CF,0-(CF,0)m-(CF,CF,0),-CF,O- O'NHz* CigHsy

-CF,0-(CF;0)m-(CF,CF,0)5-CF,O- O'NH3* CigHsy

-CF,O-(CF,0)-(CF,CF,0),-CF,0- O'NH3z* CigHsy

-CF,0-(CF,0)m-(CF,CF,0),-CF,O- O"NH,(CH3)* CigHsy

-CF,0-(CF;0)m-(CF,CF,0)n-CF,O- O'NH(CHj3),* CigHsy

-CF,O-(CF,0)m-(CF,CF,0),-CF,O- O'NH,(CygHz7)* CigHzy

-CF,0-(CF,0)m-(CF,CF,0),-CF,O- O"NH,(C¢Hs)* CigHsy

F-(CF2CF2CF20)H-CF2CF2- O_I\TH3+ C18H37
CF;

O-I\IH:‘,+ C18H37

F-(CFQéFO)n-CFQ-

5.5. Other Applications 1I: Human Body Joints Antifriction

Human body joints are subjected to friction with coefficients of friction as low as 1072
at pressures exceeding 10? atm, and they can maintain their lubrication for several decades.
For this reason, they can be considered as models for the development of low-friction mate-
rials. Since human joints have a gel-like structure comprised of proteoglycans and collagen
with high water content (75-80 wt%), gel lubricants can be ideal materials to reduce their
tribological problems [117,118]. Gel fracture is mainly caused by stress concentration at the
cross-linking point. Consequently, it is extremely important to design gels that can disperse
stress, improving mechanical strength. For example, cyclodextrin and tetrapolyethylene
glycol (PEG) are substances employed to reduce stress concentration [119,120]. Double-
network (DN) gels have structures with different polymer networks based on the fact that
one polymer network prevents the fracture of the others [121]. Considering the fully ex-
plained beneficial properties of ILs, IL-type DN gels, also called DN ion gels, were recently
proposed and studied for their low friction under high temperature and vacuum [122].

Clearly, in vitro and in vivo tests are necessary to reproduce accurate and repro-
ducible measurements of human joint wear. In 2018, friction tests were conducted using
a ball-on-plate type to simulate the human body joints and to study new DN ion gels as
potential human lubricants. The authors [123] proposed and studied three new IL-type DN
gels derived from poly 2-acrylamidomethyl-propanesulfonic acid (PAMPS), polydimethy-
lacrylamide (PDAAm), and 3-ethyl-1-methyl-imidazolium ethylsulfate (EMI-EtSulf), in
substitution of water. In particular, among other elements, they observed reduced friction
with their DN ion gel with respect to a corresponding DN hydrogel (with water), probably
due to an increased polymer adhesion caused by substituting water with the IL. Moreover,
this increased lubrication regime may be also justified by the higher viscosity and thermal
stability in comparison with DN hydrogels.

6. Perspectives
6.1. Novel Approaches to Overcome the High Costs

It must be pointed out that ILs are prepared by an often complex synthetic route,
basically in two steps, involving the formation of the desired cation and the anion exchange
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(principally for metathesis or acid base neutralization) [124]. In particular, the metathesis
process is used to prepare halide-free ILs in which the halide ion is exchanged with an
anion of another chemical nature. Nevertheless, this reaction has some disadvantages such
as the contamination with a small amount of residue halide ions that can generate collateral
reactions with the metal surface, as discussed in Section 6.2. For this reason, as already
mentioned in Section 5.1.2, halide-free direct synthesis represents a valid alternative to
prepare ILs in an easy one-step reaction through the use of opportune starting reagents that
allow the intermediate halide salt to be bypassed (for an example, see the typical procedure
illustrated in [18]).

It is evident that the development of other innovative methodologies to form ILs can
represent a valid strategy to prepare innovative and more highly performing ILs by easy
and very cheap procedures. For example, it has been recently shown that they can be easily
prepared at low cost by simply mixing two liquid amphiphiles: one with a basic character
and the other with an acidic character. In such samples, the overall structure/property is
the delicate equilibrium between the intermolecular association due to the H-bonds and
electrostatic forces of the charged molecules. In such structures, a marked nanosegregation
of the apolar molecular moieties takes place. This nanosegregation is at the basis of
many nonideal mixing behaviours [125] as well as other exotic properties (magnetically
induced birefringence [126,127], anti-Arrhenian behaviour of conductivity [128]), which
deserve to be monitored for value-added behaviour in specific applications. This, in our
opinion, represents a simple and cheap strategy to prepare ILs and is followed, for example,
by Calandra et al. [86] and by Vega et al. [109].

6.2. Some Attention to Avoid the Possibility of Corrosion

The chemical composition of employed ILs is crucial when dealing with corrosion
problems. In fact, the use of ILs containing halogen (i.e., fluoride) can form metal halides as
decomposition byproducts that may cause corrosion in steel [129,130], aluminium [131,132],
bronze [133], and titanium [134] materials. To prevent damage due to the corrosion process
and to avoid excessive reactions between halogen and metal, halogen-free ILs should be
utilized, even if the boundary lubrication ability of halogen-free ILs can be slightly lower
than those that contain halogen. For example, in 2017, Kawada and collaborators proposed a
study on the lubrication of sliding materials, such as diamond-like carbon (DLC) and hydrogen-
free diamond-like carbon (H-free DLC), that, recently, have been widely used as ecofriendly
coatings with superior mechanical and tribological properties [135]. In particular, the lubri-
cant activity of the halogen-free ionic liquids 1-butyl-3-methylimidazolium dicyanamide
and 1-butyl-3-methylimidazolium tricyanomethane ([BMIM][DCN] and [BMIM][TCC], re-
spectively, whose structures are reported in Figure 18, were tested on H-free DLC materials.

[T\ N
/N\/r;l\/\/ / \ [BMIM][DCN]

[T\ B [BMIM][TCC]
AN G N

N N

Figure 18. Chemical structure of [BMIM][DCN] and [BMIM][TCC].
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Accurate surface analyses by Raman spectroscopy, atomic force microscopy (AFM)
and time-of-flight secondary ion mass spectrometry (TOF-SIMS) highlighted a superior
protection activity of the tested contacting surfaces (i.e., a smoother surface and a lower
friction) by using [BMIM][TCC] when compared with [BMIM][DCN]. The probable ex-
planation of this phenomenon is due to the major adsorption of CN groups inside and
outside the wear tracks of the tested surface, which for the [BMIM][TCC] is four times
higher than the [BMIM][DCN]. The friction probably causes the thermal decomposition of
[BMIM][TCC], generating isolated CN anions covering the H-free-DLC surface.

In 2019, to overcome the wear and corrosion problems due the corrosive hydro-
gen fluoride formed by the degradation of the fluorinated ILs in the presence of water,
an ionic liquid formed from a fluorinated phosphonium cation and a dicyanamide anion
(tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylphosphonium dicyanamide (see struc-
ture in Figure 19)) was studied at room temperature and at various levels of relative
humidity [136].

tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylphosphonium dicyanamide

CH,CH,(CF,)5CF3

Bu//P\Bu N/ \N

Bu

Figure 19. Chemical structure of the ionic liquid formed from a fluorinated phosphonium cation and a dicyanamide anion.

The results showed that the simultaneous presence of fluorine and phosphorus on
the IL cation provided good lubricant properties conferred from the halogen presence and
high corrosion-inhibiting properties due to the phosphonium group. To be clear, water
was actually found to be a fundamental key to promoting the formation and growth of
a tribolayer between steel contacts, because tests carried out in the presence of dry air
showed a film limited only to the border of the contact area.

6.3. Novel Structures

The structure of an IL is inherently complex. This is due to the interplay of many
different types of interactions of different strengths and occurring at different length scales.
The coexistence of electrostatic interactions, typical of inorganic salts, based on the organic
nature of the involved charged species provides all the good properties we have mentioned
so far. In this regard, similar systems are made up of surfactants. Surfactants can, in fact,
cause nanosegregation due to the separation of polar and apolar domains which are
made by the polar (head) and apolar (tails) moieties of each single molecule, opportunely
organized to form local assemblies. Additionally, in this case, liquid state, long range
structure, and high viscosity are usually present, depending, however, on the specific
substance. This aspect makes it clear that liquid amphiphiles somehow share the structural
features of ILs, as already usefully pointed out in 2010 [137]. For example, alkylphosphates
are characterized by a prepeak (peak at lower q values) in the wide-angle X-ray scattering
spectrum, whereas octanoic acids and alkylamine are not.

In this framework, to enrich the scenario of the possible interactions existent in the
system, ILs can be mixed with liquid surfactants. In this situation, the number and types
of interactions would be increased, allowing, in principle, higher configurational possi-
bilities and interesting resulting systems. Interesting mixing behaviour [138] and mixed
structures [139] have been observed, which overall foster strong synergistic interactions.
The complex behaviour of such systems can cause new and somehow unexpected emerging
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properties to arise [140]. However, generally speaking, we notice that there is a peculiar
effect given by the fact that the positive-negative (charge) separation typical of ionic liquids
competes with the polar-apolar (polarity) separation of the neat surfactant. Addition-
ally, competition between different driving forces is at the basis of smart materials, since
the overall structure/dynamics (briefly, the behaviour) of a system can be influenced by
an external stimulus [141] with great repercussions in many scientific and technological
fields [142].

6.4. IL-Metals

In our opinion, ILs containing metal ions or metal nanoparticles show promising
features for obtaining conductive lubricants to be used in sliding electrical contacts, a re-
search area still not explored enough. Lithium ILs were used to obtain conductive lubricant
greases [143]. ILs doped with copper nanowires that generated metal ions in time were
used to improve the tribology property and conductivity in lubricating greases [144]. Addi-
tionally, copper and silver nanoparticles as lubricant additives in different ILs were tested
under applied electric currents and a reduction of electro corrosion and the enhancement of
rolling effects of particles in the contact region were observed [145]. ILs doped with copper
oxide nanorods or zinc oxide nanoparticles were showed to exhibit excellent friction and
wear reduction [146-148]. Given this background, there is still much research to be done
for optimizing the lubricant properties in order to benefit from both the IL properties and
electronic properties of the metal centre.

6.5. Commercialization

After accurate evaluation, we may surely coin for ILs the term futurekind to high-
light the wide range of their applications, starting from the substitution of the classical
reaction solvent to their use in industrial processes [149]. In fact, the latter often suffer
from the hazardous problems of toxicity, flammability, and the decomposition in systems
at high temperatures or pression surely due to the chemical nature of the solvents and
reagents used, but also due to the large amount of employed starting materials. There-
fore, the development of more innovative industrial procedures is crucial through the
use, for example, of less hazardous chemicals to permit safety in production plants and
to protect the environment [150]. As already mentioned, ILs can be considered as green
solvents for their capacity for recycling without loss of activity, negligible vapour pressure,
nonflammability, and high thermostability and may be represented as a valid alternative to
dangerous solvents [151].

Therefore, the idea to substitute common solvents with ILs is certainly of great inter-
est, enough to recently establish close cooperation between the academic and industrial
communities with the purpose of producing a wide diversity of ILs [152]. This aspect
puts the focus on a very significant perspective: how important is the more extensive
commercialization of ionic liquids for easily accessing a variety of ILs with different cations,
anions, and properties?

In our opinion, this is one of the most crucial aspects that should overcome the limited
access to a multiplicity and tuneability of ILs depending on their use. In fact, the presence
in the literature of many research papers and patents does yet not assure a plethora of
production processes of ILs on a commercial scale [153]. Surely, ionic liquids are more ex-
pensive than conventional solvents or additives, but their initial capital cost does not have
to confine them only to applications as reaction solvents or catalysts. In fact, their benefits
may orient their commercialisation towards, for example, applications of high electrochem-
ical and thermal stabilities/conductivities, as high-performance additives, as analytical
materials, or for other, probably more fascinating, unpredictable applications [154].
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