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Abstract

This paper studies physicochemical properties (density, viscosity, corrosion, thermogravimetry, and
conductivity) and tribological behavior of five phosphonium cation-based ionic liquids ([Psse14] [BEHP],
[Pess12][CsCsP O3], [Pess1al[NTT2], [Paas14][DBS], and [P42][DEP]) as neat lubricants within steel-steel
contact. A reciprocating ball-on-disc configuration was used to perform tribological tests. Worn surfaces
were analyzed by confocal microscopy, SEM, EDS and XPS. Main results showed that: [Pegs14][NTT,],
[P44414][DBS], and [P4442][DEP] showed corrosion activity; the ionic liquids with more reactive phosphate
type anion ([Pess14][BEHP] and [P.442][DEP]) had the best tribological behavior; the best tribological
results were related to the tribofilm formation of two phosphate species.
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1. Introduction

In the 1970s and 1980s, ionic liquids (ILs) began to be used in a wide variety of applications, mostly as
“customizable” solvents or electrolytes in batteries [1-2]. Generally, this kind of salts has non-
flammability, low volatility, low combustibility, high ionic conductivity, high thermo-oxidative stability
and miscibility with organic compounds [3]. Over the last 15 years, research interest in ILs has expanded
into lubrication due to their potential performance as neat lubricant or additive [4-11]. Early works were
focused on ILs with imidazolium cations and fluorine-containing anions [12-16]. However, the hydrolysis
products of those anions are highly corrosive and toxic, making those ILs only applicable to water-free
conditions [17].

The great lubricating performance of ILs is directly related to their capacity to form adsorbed films on the
metal surface, mostly due to their high polarity [18-21] and reactivity under high loads [5]. These facts
contribute to the friction and wear reduction properties of ILs [22]. Regarding the use of ILs as neat
lubricants, several studies have shown great potential for this purpose [16, 20, 23-28]. However, the
replacement of traditional base oils by ILs is currently limited by their cost, so their use as neat lubricant

has been evaluated for special conditions (diesel engine, vacuum and MEMS applications) [29-31].
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The interest in phosphonium based ILs has widely grown over the years in line with their increased
commercial availability. They have been tested for several applications such as extraction solvents,
chemical synthesis solvents, electrolytes in batteries and super-capacitors, and in corrosion protection
[32]. From a tribological point of view, some ILs of this family have been tested as neat lubricants
reporting better tribological performance than imidazolium counterparts [33-35] and conventional oils

[22, 36-37]. Table 1 summarizes the main works developed with phosphonium cation-based ionic liquids

in tribology.
Table 1. Phosphonium cation-based ionic liquids used as neat lubricants.
Phosphonium Based Contact . .
lonic Liquids Materials Tribological tests | References
100Cr6 Steel balls . .
[Peee1a] [(C2Fs)sPFs], . Reciprocating
[Pasio] [C:C,POL] AISI 420 stainless Ball on Plate [20]
aadal Lzt steel plates
[P222s] [NTf2], [P2226] [NTH],
[Po2212][NTFo], SUJ2 (JIS) Steel
[(C,Hs)3CoH4OCHP][NTH,], (1S) : :
balls Reciprocating
[(CoHs)sCHoCeHSPINTT], SUJ2 (J1S) Steel Ball on Flat [33]
[Paaa2] [NTT;], [Paaag] [NTT2], Flats
[Pess12] [NTT2], [Pasaa1][DMP],
[P4444] [(C2H50),PSS]
[P66614][BEHP], 100Cr6 Steel balls
[Pess1a] [(iC8)2PO], [Pese1a][SSI], Aluminum ; : i
[Poss1al DPP]. [PessidlINTR], | AA2024 disks Pin on Disk 138-29]
[Pess14][(C2F5)3sPF3], [P1444][DPP]

Otero et al. [20] studied the use of two phosphonium cation-based ionic liquids: [Pege14][(C2Fs)sPFs] and
[P4442][C2C,PO,4] as neat lubricants to steel-steel contact. Tribological tests were conducted at room
temperature under loads of 14, 18, 22 and 26 N (corresponding to maximum pressures of 1.6 to 1.96
GPa), frequency of 3.2 Hz, speed of 0.1 m/s, and a sliding distance of 100 m. [P4.,][C,C,PO,4] showed
the best antifriction ability but its wear reduction behavior and thermal stability were worse than the
[Pess14][(CoFs)sPF3s] ones. The XPS analyses revealed that both ionic liquids formed tribofilms on the
worn surface mainly composed by iron phosphides and oxides.

Minami et al. [33] worked with 10 phosphonium based ionic liquids: [Pas][NTT,], [P22s][NTF],
[P22212] [NTF2],  [(C2Hs)sCoH4OCHP][NTR,],  [(CoHs)sCHLCeHsPIINTT,],  [Pasa2][NTT2],  [Pasas][NTT],
[Psgsi2][NTTs], [Pasar][DMP] and [P4444][(C,H50),PSS] using a T-type pendulum friction tester and a ball-
on-flat-type tribometer in reciprocating configuration in order to study friction and wear properties of the

samples. They found a mixture of phosphate and fluoride boundary films due to tribochemical reactions



occurring at the surface during a low-load tribotest, being the fluoride film predominant under these
conditions. The tribological properties of phosphate anion-based ionic liquids were way better than the
[NTf,] anion-based ones, mostly due to a lubrication mechanism based on the formation of a phosphate
boundary film similar to that provoked by ZDDP.

Somers et al. [38] studied the use of 7 phosphonium cation-based ionic liquids: [Pggs14][BEHP],
[Pees12][(iC8)2PO,], [Pess14l[SSi], [Peseral[DPPI, [Pess1al[NTF2], [Pessral[FAP] and [P1444][DPP] as neat
lubricants for the lubrication of steel-aluminium contacts. In order to get appreciable wear, ionic liquids
were tested under a pin-on-disk configuration at 40 N of load, 0.1 m/s of velocity, and sliding distance of
1000 m. The results demonstrated a strong influence of the anion on the friction and wear values. Besides,
Somers et al. [39] also studied 9 ionic liquids, including 4 of the above mentioned phosphonium cation-
based ionic liquids: [Peesra][NTT2], [Pessral[FAP], [Pess14][DPP] and [P1444][DPP], under a pin-on-disk
configuration but using loads of 1, 2, 5, 10, 20 and 40 N (corresponding with initial mean contact
pressures of 0.29 to 0.98 GPa) for a sliding distance of 1000 m and speed of 0.2 m/s. As in previous work
[38], two of the best wear protecting ILs were [Pege1][NTT,] and [Pessi4][DPP], pointing out that the
charge localization and alkyl chain length of the cation are critical in achieving maximum wear
protection. The XPS analyses demonstrated that the increase in pressure and temperature leads to
breakdown of the IL species and the reaction of these products with the fresh metal surface. For the case
of the [NTf,] anion the possibility of tribocorrosion was exposed.

In order to broaden the knowledge about using phosphonium cation-based ionic liquids as neat lubricants,
this work explores the physicochemical properties and tribological performance of five liquids
([Pes61a][BEHP], [Pee614][CsCsPOs], [Pese1a[INTF:], [P1a414][DBS], and [Pss2][DEP]) applied to steel-steel

contacts, in order to assess the feasibility of using them in the way that they are commercially available.

2. Experimental details

2.1 lonic liquids

Five phosphonium cation-based ionic liquids: [Pees1al[(IC8),PO,], [Pessial[BEHP], [Pesss1al[NTF],
[P44414][DBS], and [P.44>][DEP], used as neat lubricants in this work were provided by lonic Liquid

Technologies GmbH (lo-Li-Tec). Table 2 shows the chemical description of the ionic liquids.



Table 2. lonic liquids.

lonic Liquids
Chemical structure IUPAC name Pziz)ty Mv(\)/lgi(;ur:?r I:T:rgfr'nrlﬁ:l
: 2 9_}7 Trihexyltetradecylphosphonium
1,-39 bis(2,4,4-trimethylpentyl)
F\‘G phOSphinate 95 773.27 C48H10202P2
o )
e 94< [Peser][(1C8),PO,]
E/O\/}?} Trihexyltetradecylphosphonium
3 bis(2-ethylhexyl)phosphate
- 98 805.29 CagHi0204P2
/\/j/\,_ﬁ_ [Pess14] [BEHP]
\/\A R Trihexyltetradecylphosphonium
N ), OQZFF bis(trifluoromethylsulfonyl)
\L K o imide 98 764.01 CasHesFsNO4PS,
. o~
L/ ]ﬁ F><; [Pessra [NTF2]
<_\F-‘\/_/>x/ Tributyltetradecylphosphonium
C\/\/;/\/ dodecylbenzenesulfonate
o o 95 725.18 C44HgsO3PS
@L@JS\; ) [P44414][DBS]
\/ﬁ Tributylethylphosphonium
/_Fj,,_/_\ D_J%_O/— Diethylphosphate 95 384.47 C1sHi04P5
~° [P4442][DEP]

2.2 Physicochemical properties

Infrared spectra of the ionic liquids were taken in a Varian 670-IR FTIR spectrometer (Australia)
equipped with a Golden Gate horizontal attenuated total reflectance (ATR) accessory. The spectrometer
was completely software-controlled by the Varian Resolutions Prosoftware provided by Varian Inc.
Experimental conditions were 16 scans, 4 cm™ resolution, aperture open. Spectra were recorded between

600 and 4000 cm™.



Density and dynamic viscosity of the ionic liquids were measured at atmospheric pressure according to
ASTM D7042 in a range of 10 to 100°C using a rotational Couette viscometer (Stabinger SVM3000),
which also includes a vibrating tube density meter. From these results, the apparatus automatically
calculates the kinematic viscosity and provides the viscosity index (VI) according to the
ASTM D2270-04.

Despite the well-known high thermal stability of the ionic liquids, thermogravimetric analyses (TGA) of
the five ionic liquids were made on a Mettler Toledo TGA/SDTA851 to determine the decomposition
temperatures. Dynamic scans were carried out from room temperature to approximately 600°C at a
heating rate of 10°C/min under oxygen and nitrogen atmospheres with a flow rate of 50 ml/min in both
cases.

Corrosion character of the ILs was studied using a simple test: applying separately all the ionic liquids
studied on the surface of an AISI 52100 steel disc (previously ultrasonically cleaned in heptane and air
dried) which remained at room temperature for 20 days while the corrosion activity was observed.
Subsequently, the steel surfaces were analyzed by scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS).

Moreover, the conductivities of the ionic liquids were also measured in a temperature range 25-42°C by a

model HI 9835 EC-TDS conductivity meter made by Hanna Instruments.

2.3. Tribological tests

A microprocessor-controlled Bruker UMT-3 tribometer with a reciprocating ball-on-disc configuration
was used to perform the tribological tests. 60-min tests were conducted under a load of 40 N
(corresponding to a maximum contact pressure of 1.67 GPa), 15 Hz of frequency and stroke length of
4 mm. Tribological tests were conducted at room temperature with a relative humidity in the range
20-30%, and using 25 uL of the corresponding ionic liquid inside the contact. Friction coefficient was
recorded during the test and wear depth on the discs was measured after tests using a Leica DCM 3D
confocal microscope.

The upper specimen used was AlISI 52100 chrome steel balls (0.98-1.1% C; 0.15-0.30% Si; 0.25-0.45%
Mn; 1.30-1.60% Cr; 0.025% P; 0.025% S) with 9.5 mm diameter, hardness of 63 HRC and
approximately 0.01 um of surface finish (Ra). The lower specimen was AISI 52100 steel discs (machined

from annealed rod) with a hardness of 190-210 HV3; and less than 0.02 pum of surface finish (Ra). Both



specimens were cleaned before tribological tests with heptane in an ultrasonic bath for 5 minutes, rinsed
in ethanol and dried with hot air. The lubricant samples were tested at least three times under each test
condition and the specimens were also cleaned with heptane, rinsed in ethanol and dried with hot air after

tribological tests and before surface characterization.

2.4. Surface characterization

Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-Ray photoelectron
spectroscopy (XPS) were also employed to analyze and evaluate the interaction of the ionic liquids with
the worn surface.

SEM-EDS analysis was made using an acceleration voltage of 20 kV. Additionally, XPS measurements
were performed using a Phoibos 150 with a monochromatized x-ray source (Ko Al = 1486.74 eV) at
13 kV and 300 W. The energy analyzer worked on constant pass energy mode. Survey spectra were
performed using 90 eV pass energy and 1 eV step energy and high-resolution spectra were taken with
30 eV pass energy and 0.1 eV step energy. Spatial resolution was achieved combining a small X-ray spot
size (3.5x1 mm?) with the electromagnetic lenses working in small area mode. Charge shift was
compensated with a flood electron gun when necessary. Depth-profiling was carried out using an Argon
plasma gun at 3000 eV energy; each layer was etched by a plasma scan in a 4x4 mm? area. Position of
spurious C1s indicated that it is not necessary to correct the energy shift due to charge effects. Shirley-
type base lines and 70% Gaussian-30% Lorentizan curves were used for all mathematical fittings, carried

out in Casa XPS software using Marquardt-Levenberg or Simplex methods [41].

3. Results and discussion

3.1. Physicochemical properties

Each ionic liquid showed absorptions at 2855 cm™, 2925 cm™ and 2950 cm™ rising from the —-CH,— bonds
of the long aliphatic chains present in all of them (Fig. 1). The ionic liquids [Pess14][(iC8),PO5],
[Pess14][BEHP] and [P.44,][DEP] show a single band between 1350 cm™ and 1150 cm™ assignable to P=0
bond. However, [Pege12][(1C8),PO-] has the band at lower frequency (1170 cm™) than [Peee14][BEHP] and
[P.442][DEP] (both at 1245 cm™). This difference is due to the different groups bonded to the P=0 group,
as [Pess14][BEHP] and [P4442][DEP] have two —OR groups that are more electronegative than the carbon

chains bonded in [Pgge14][(1C8)2PO].
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Fig. 1. FTIR measurements of the ionic liquids.

On the other hand, [Pess14][NTF,] presents six identical bands at 1055 cm™ (a), 1135 cm™ (b), 1180 cm™
(c), 1225 cm® (d), 1330 cm® (e) and 1348 cm® (f) which must come from the
bis(trifluoromethylsulfonyl)imide anion which is not present in the other ionic liquids. These can be
demonstrated taking into account that CFs— stretching appears between 1215 cm™ and 1175 cm™
(probably band d slightly shifted; similar anions like trifluoromethanesulfonate present absorbance at
1224 cm™ [42]), asymmetric SO, stretching is between 1380 cm™ and 1325 cm™ (bands e and f) and
symmetric stretching between 1170 cm™ and 1150 cm™ (probably band c slightly shifted) [43].
Additionally, a broad intense band has been reported for the sodium salt of the dodecylbenzenesulfonate
at 1198 cm™ which can also be detected at 1195 cm™ in [P14][DBS] [42]. Similarly, the sodium salt
shows two peaks of about similar intensity at 1042 cm™ and 1012 cm™, also present in [Pas414][DBS] at
1010 cm™ and 1035 cm™. Furthermore, the peak at 835 cm™ is probably related to the presence of 4

hydrogen atoms in the benzene rings in positions 2, 3, 5 and 6 as described by Socrates [43].



Figure 2 represents the density of the phosphonium cation-based ILs between 10 and 100°C. The values
are between 1.079 and 0.893 g/cm?® at 10°C and between 1.014 and 0.840 g/cm® at 100°C, decreasing
linearly with temperature rise as expected. [Pges14][(1C8),PO,] and [Pees14][BEHP] presented the lowest
density values due to the presence of higher alkyl chain lengths [18], followed by [P.414][DBS] and
[P4442][DEP]. On the other hand, [Pess14][NTT,] showed a singular high value although it shares the same
cation with the two ionic liquids with lower values, suggesting that the effect of the anion is more

important in this case [44].
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Fig. 2. Density-temperature behavior of the phosphonium cation-based ionic liquids.

The viscosity index (V1) and viscosity (dynamic and kinematic) at three temperatures (25, 40 and 100 °C)
for the phosphonium based ILs are summarized in Table 3. The viscosity difference of the ionic liquids
becomes smaller as the temperature rises due to the different viscosity indexes of the samples. If the
interaction energy of a cation-anion pair increases, ion bonding is stronger and leads to a higher viscosity
[45]. Besides, the number of carbons per chain as well as the symmetry and size of the ions cause
increased resistance to shear flow and consequently higher viscosity. Moreover, the results indicate that
the high hydrogen bonding and interaction energy of [P414][DBS] weights more than the smaller size of
these ions compared with [Pgge14][(1C8),PO,] and [Pess14][BEHP]. The same explanation can be attributed
t0 [P4442] [DEP] versus [Pees14] [NTT,], with the second one being less viscous.

With regard to viscosity index (VI), the values for the five ILs increase in this order: [P4u4,][DEP] <
[P44414] [DBS]< [Peee14] [NTT2] < [Pess14][(1IC8)2PO2] < [Pess1a][BEHP]. The low VI for [P44414][DBS] could

be attributed to the presence of a cyclic group, which decrease this property [20]. Besides, the viscosity



index generally seems to be related to the IL"s molecular weight but is little affected by the cation

symmetry [18].
Table 3. Viscosity of the ionic liquids.
Temperature
lonic liquids 25°C 40°C 100°C v

v(mPa-s) | n (mm?%s) | v(mPa:-s) | n (mm?%s) | v(mPa:s) |1 (mm?/s)
[Pess14][(1C8),PO5] 1064 1204.1 462.51 528.93 46.23 55.06 169

[Pess14][BEHP] 1050 1156 474.35 528.05 50.80 59.00 181
[Pess14] [NTT,] 295.91 277.26 130.45 123.49 16.37 16.15 140
[P44414][DBS] 4212 4423.1 1278 1355.2 56.48 62.34 98

[P4442][DEP] 454.83 451.39 171.45 171.53 14.20 14.81 83

Thermal stability tests of the ILs were made to determine its thermal decomposition temperature,
although it is not simple. Using a single technique such as TGA, there are many factors that come into
play (presence of humidity, impurities, sample size, heating rate...) making difficult the comparison of
data from different sources [46]. This issue strongly affects the accuracy of temperature measurements
like temperature of onset of thermal degradation (Tons) and maximum-rate degradation (Tma), both
shown in Table 4 and obtained from Figs. 3a-4a and Figs. 3b-4b, respectively. It is well known that the
thermal stability of the ILs is strongly anion dependent [47-49]. Previous works [47-48] suggest that the
[NTf,] anion confers high thermal stability and single step degradation to the ILs, being consistent with
the results obtained in this study (Figs. 3-4). On the other hand, [Pessia][BEHP] and [P4s42][DEP]
displayed two steps degradation, possibly due to the influence of a more reactive phosphate type anion
[49]. Also early weight losses are due to the impurities (between 2-5% in weight according with Table 2)
present in the ionic liquids used in this study [46].

Table 4. Degradation temperatures of the ionic liquids under oxygen and nitrogen atmospheres.

Atmosphere
lonic Liquids O, (50 ml/min) N, (50 ml/min)
Tonset (°C) Tmax (°C) Tonset (°C) Tmax (°C)
[Pess14] [(iC8),PO,] 248.46 310.1 300.73 374
[Pess14][BEHP] 247.76 307.5 293.48 329.7
[Pess12][NTT,] 349.44 446.8 417.30 453.2
[P44414][DBS] 284.99 345.5 333.01 450
[P4442][DEP] 239.03 284.7 304.10 523
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Fig. 4. Thermal analysis of the ionic liquids under N, atmosphere: (a) thermogravimetric curves

(b) differential thermogravimetric curves.

Corrosion tests were carried out to determine the effect of the five ionic liquids on the surface of AlSI

52100 steel discs. SEM observations of the first sample (Fig. 5) showed no alteration on the surface after

20 days exposed to [Pges14][(1C8),PO,]; while EDS analysis showed almost exclusively the elements of

the steel (Fe, C, Cr) at three different positions on the specimen surface.
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Fig. 5. SEM micrographs (x12 and x400) and EDS spectra of the AISI 52100 steel disc surface wetted

With [Peg14][(1IC8):PO;].

Similar to the corrosion test with [Pges14][(1C8),PO,], SEM micrographs of the disc surface wetted with
[Pess12][BEHP] (Fig. 6) also exhibited no corrosion or alterations on the steel surface 20 days after the
interaction with the ionic liquid and therefore EDS analysis showed almost identical results identifying

the elements present in the steel (Fe, C, Cr).
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Fig. 6. SEM micrographs (x12 and x400) and EDS spectra of the AISI 52100 steel disc surface wetted

with [Pees14] [BEHP].

On the other hand, the sample wetted with [Pege14][NTT,] showed presence of corrosion activity on the
surface (Fig. 7). In addition, EDS spectra showed other elements (O, S, P, F) than those present in the
steel at three different positions of the specimen. These chemical elements present in the ionic liquid

reacted with- and damaged the steel surface.
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Fig. 7. SEM micrographs (x12 and x100) and EDS spectra of the AISI 52100 steel disc surface wetted

With [Pegera] [NTT].

The [P44414][DBS] ionic liquid also provoked corrosion on the surface (Fig. 8) but maybe less aggressive
and more homogeneous (covering almost the entire steel specimen) than in the case of the [Pgge14] [NTT],

Fig. 7. Besides, EDS spectra (Fig. 8) showed the presence of O, S and P in addition to the typical

elements of the steel.
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Fig. 8. SEM micrographs (x12 and x100) and EDS spectra of the AISI 52100 steel disc surface wetted

with [P44414][DBS].

Finally, the [P4442][DEP] ionic liquid showed the greater corrosion activity (Fig. 9) provoking several
cracks on the surface and destroying completely the steel surface. The EDS results indicated a huge

presence of phosphorous.
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Fig. 9. SEM micrographs (x12, x100, x400) and EDS spectra of the AISI 52100 steel disc surface wetted

With [Pass2][DEP].

Corrosion phenomenon due to HF generation has already been described for fluorine based-anions such
as [BF,] and [PFg] via hydrolysis [14] or [NTf,] via decomposition [50]. On the other hand, the presence
of water impurities is another important factor affecting this issue [51]. According to Fig. 3a, [P4442][DEP]
presented the highest content in water based on its weight loss at 100°C, what is assumed directly related
to the degree of corrosion observed. Furthermore, both ions presented short carbon chains, thus becoming
the least hydrophobic ionic liquid. It is, therefore, plausible that [P444,][DEP] absorbs moisture from the
atmosphere in a higher degree than the others, increasing the water content and also the corrosion activity.
Finally, the sulfonic group present in the [P44414][DBS] ionic liquid may undergo the formation of radicals
under certain conditions [52], being these very reactive chemical species a perfect candidate to present
corrosion activity.

Despite of the fact that three of the five ionic liquids studied showed clear signs of corrosion, lubrication
applications will always be linked to the presence of corrosion inhibitors that minimize this clear negative
effect. Comparing the corrosion activity of the [Pges14][(IC8),PO,], [Pessia][BEHP] and [Pses1a][NTT,]
ionic liquids (Figs. 5-7), all of them have the same cation and the corrosion of the [Pggs14][NTT,] ionic
liquid is related to the presence of the [NTf,] anion. However, in previous work [53] the authors proved
that the use of other ionic liquids with this anion ([Choline][NTf,] and [BMP][NTf,]) did not provoke
corrosion on steel surface when the ionic liquid was used as 5 wt% additive in two fully-formulated wind
turbine gearbox oils which had corrosion inhibitors in their formulation.

lonic liquids are entirely formed by ions which have strong intrinsic electrostatic interactions, putting
these substances among the most concentrated electrolytic fluids with many charge carriers per unit

volume [54]. The dependence of the conductivity with temperature is shown in Table 5.



Table 5. Temperature-dependent conductivity of the ionic liquids.

Conductivity (uS/cm)

lonic Liquids
25°C | 27°C | 30°C | 33°C | 36°C | 39°C | 42°C

[Pess14][(iIC8),PO,] | 0.97 | 1.39 | 2.13 | 2.98 | 3.98 | 5.08 | 6.12
[Pessia][BEHP] 0 | 019|058 | 1 |145| 2 | 259
[Pessia[NTF,] | 104 | 115.7 | 134.1 |152.8 | 174.7|198.6 | 223.9
[Pausa[DBS] | 1.1 | 1.84 | 3.2 | 489 | 6.83 | 9.42 | 134
[Pusn][DEP]  |192.1|225.3 |282.1| 348 | 414 | 506 | 650
Tap Water 184.5|192.5 | 204.6 | 217.1|229.9 | 241.7 | 256.8

The strength of the formed field depends on ions interaction, especially by the size and structure of cation
and anion [55]. Electric fields apparently decrease with increasing of cation size, due to the weakening of
the electrostatic interaction and the depletion of the number of ions per volume [56]. For an asymmetric
anion, such as the one present in [Pgesi4][NTT,], the intrinsic electric fields on its subunits are very
different, making the net electric field larger than the symmetric ones partially canceled out due to the

symmetry [57]. The high viscosity of [Pges14][(IC8),PO,], [Pess1a][BEHP] and [P44414][DBS] has a major
impact on conductivity because conductivity is inversely proportional to viscosity [54], this fact can be

verified in Tables 3 and 4.

3.2. Tribological tests

The average friction coefficient of the ionic liquids tested is shown in Fig. 10. It can be observed that the
[P4442][DEP] ionic liquid shows the best antifriction behavior with friction coefficient values around 0.06.
On the one hand, the [Pggs14][(IC8),PO,] ionic liquid showed the higher friction coefficient. The other
three ionic liquids had an intermediate performance. Regarding the wear behavior (Fig. 11), [Pees14][NTT,]
and [P44,][DEP] were the ionic liquids with the lowest values and similar behaviors, while the

[P44414][DBS] showed the worst wear value.
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Fig. 10. Mean friction coefficient in the tribological tests.
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Fig. 11. Wear (mean scar depth) in the tribological tests.

In order to achieve a better comprehension of the friction protection properties of the ionic liquids,
representative friction-time records are shown in Fig. 12. It can be observed that the [P444,][DEP] ionic
liquid has an initial friction coefficient of about 0.075, decreasing to an average value of 0.06 after 400
seconds from the beginning of test. This value (0.06) remained approximately stable until the end of the
test, showing the lowest friction coefficient. [P444,][DBS] had the second lowest friction coefficient, while
[Pess12][(1C8)2PO5], [Pessra][BEHP] and [Pees14][NTT,] showed higher but stable friction coefficient values
during the tests. The better friction and wear behavior of [P44,][DEP] seem not to be related to its
viscosity, thermal stability and corrosion properties. Thermal stability and viscosity values of

[P4442][DEP] are among the lowest ones but the fact that the tribological tests were made at room



temperature and with a small quantity of ionic liquid suggest that its tribological behavior are close
related to chemical interaction with surface. On one hand, the corrosion activity of the ionic liquids was
tested in a 20-days room temperature test, which is quite different from the 60-minutes tribological tests,
and while the [P44,][DEP] showed a long-term corrosion activity, it also had the best tribological
behavior. On the other hand, the [Pgge14][(iC8),PO,] did not show corrosion activity but presented the
higher friction coefficient and the second larger wear results confirming that chemical interaction with
surface during friction and wear tests which lead to tribofilms formation is the mechanism that control the

tribological results.
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Fig. 12. Evolution of friction coefficient during the tribological tests.

3.3. Surface characterization

The SEM micrographs (Fig. 13) showed the correspondence with the tribological behavior of the ionic
liquids, where [Pgss14][BEHP] and [P444.][DEP] had the best friction and antiwear behavior. However, it is
important to take into account that a longer interaction of steel surface with the [P4442][DEP] ionic liquid
present problems from the corrosion point of view (Fig. 9). In all cases, the EDS analysis mainly showed
the elements present in the steel disc, so the XPS analysis will can reveal the nature of the tribofilm

formed by the IL-surface chemical interaction.
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Fig. 13. SEM micrographs (x100) and EDS spectra (taken from the marked zone) of wear surfaces after

the tribological tests.

XPS analysis was carried out performing high-resolution spectra after different etching times for several
elements, depending on the chemical composition of the ionic liquid. The sputtering ion beam current was
50 pA, so assuming material used as iron with atom radius of 1.26 A and sputtering yield of 2.751 [58],
the sputtering rate can be estimated in 0.12 nm/s. Phosphorus was evaluated in every sample, as this is a
common element for all of them. It is interesting to state that [Pege14][(IC8)2PO,], [Pess14][NTF,] and
[P44414][DBS] presented only a P2p doublet independently of the depth, whereas [Psgs14][BEHP] and
[P4442][DEP] showed two doublets. [Pegs14][(1C8),PO,] presents a peak near 134 eV, probably from FePO,
[9,59], which decreases with depth until reaching a plateau after ~7 nm sputtering (Fig. 14a). Sample
[P44414][DBS] show a constant profile with depth. Samples [Pggs14][BEHP] and [P414,][DEP], however,
show two doublets. A first one near 134 eV which can be assumed as FePO,, which has been described as
a friction product in previous works [60] and a second one at ca. 131 eV. This low energy suggests a C—-P
bond [61] which is present in any of the used cations. However, without further evidence, this energy
cannot be assigned confidently to the cations. It is however very remarkable that the two samples with

better tribological performance show a second doublet which is not present in the others.
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Fig. 14. Behaviour of P2p band in the wear scar of samples lubricated with different ionic liquids. Area is
measured in arbitrary units; normalized area is used when comparing different bands in the same
sample and the normalization factor is the area of the peak at t=0.

As discussed previously, [Pessia][NTT,] damaged seriously the surface. This sample shows a sharp

increase in phosphorus content in the first 2 nm keeping constant after that (Fig. 15a). The signal of F1s

increases initially (up to the first 6 nm), probably due to the presence of residual NTf, which was not
completely removed, and then decreases. The idea of residual [NTf,] anion in the initial 6 nm is supported
as well by the presence of sulphur within the first 6 nm depth, which disappears completely after that. The

binding energy of F1s in the surface is 689.5 eV, quite close to 689.0 eV as proposed by Bovio et al. [62]

for [NTf,] anion. This binding energy shifts to lower values as we go deeper into the sample until

reaching ~688.2 eV, suggesting that fluorine trends to interact with an element with a lower
electronegativity than C. This behavior is summarized in Fig. 15b. On the other hand, sulphur did not

show the same stability in the surface, as it almost disappeared after 3.5 nm (Fig. 15c).
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Fig. 15. Behaviour of the F1s and S2p signal in the wear scar of sample lubricated with [Pggs14][NTT,].

The behavior of sulphur is different in the case of [P414][DBS]. The sulphur in the surface appears as a
doublet at ca. 168 eV. However, this signal decreases with depth while a new one at ca. 163.2 eV grows
(Fig. 16). It is not easy to identify the chemical nature of both signals, but high values are usually related
to high oxidation degrees like sulphates or sulphonium and lower ones are related to low oxidation

degrees (e.g. sulphide) [61].
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Fig. 16. S2p signal in the wear scar of sample lubricated with [P44414][DBS].

4. Conclusions
Five phosphonium cation-based ionic liquids were studied from physicochemical and tribological points
of view and the main conclusions that can be drawn are:

e The size, symmetry and structure of both ions have strong influence on viscosity, thermal

stability, conductivity and corrosion.



o The [Peees1a][NTT], [Pass14][DBS], and [Pa442][DEP] ionic liquids showed corrosion activity,
likely related to water presence as impurity, radical formation and HF generation.

e In general all ionic liquids showed thermal stability at least until 240°C and, as expected, higher
values under inert atmosphere. [Pegs14][BEHP] and [P.410][DEP] showed lowest degradation
temperatures and two degradation steps probably related to the influence of a more reactive
phosphate type anion that controls the thermal stability and the degradation behavior. The more
reactive character of these anions contributed to the best tribological behaviour shown by these
ionic liquids.

e The XPS results confirmed that the best tribological performance of [Pegs14][BEHP] and
[P4442][DEP] are closely related to the presence of two phosphor-containing species in the wear
scar.

e The higher conductivity values of the [Pgge14][NTT,] and [P4s2][DEP] ionic liquids are very
interesting if a conductive lubricant want to be formulated, for example ionic liquid-based
conductive grease. Taking into account the higher conductivity and tribological behavior, the
[P4442][DEP] ionic liquid would be the best candidate to be included in that formulation but

adding corrasion inhibitors.
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