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Task-specific boronium ionic liquids as ashless
lubricant additivesy

Novina Malviya,® Farah Fazlina M. Yasin,®® Maria Teresa Sateriale,® Fergal Coleman,?
H. Q. Nimal Gunaratne, ©? Andrea Dolfi,* Geetha Srinivasan & °
and Matgorzata Swadz’ba—Kwaény@*"’

Modern engines are designed for very close contact between shearing planes, which requires high-
performance boundary lubrication, delivered by lubricant base oils formulated with an array of additives.
Commercial additive packages typically contain metals, sulfur, and phosphorus, which act as poisons to
catalytic converters (thereby increasing emissions), increase wear and contribute to corrosion (which
lowers the lifespan of engines). lonic liquids (ILs), which are low-melting organic salts, have been
extensively studied as lubricant additives; although some commercially available ionic liquids perform
well as friction modifiers, they suffer from low solubility in the oil matrix and may cause corrosion due to
residual chloride content. Here, we report nine new, task-specific ionic liquids, designed to act as ashless
lubricant additives, comprising boron-containing cations for enhanced wear reduction, carboxylic acid
anions to reduce friction, and modified alkyl chains to enhance solubility in the base oil. All ILs were
inherently free from metals, sulfur, and phosphorus, and synthesised through a halide-free route. Their
speciation was studied through multinuclear NMR and Raman spectroscopies, followed by studies of
solubility in Group IlI+ base oil. Their performance as lubricant additives was assessed in terms of friction
reduction and wear scar reduction, benchmarked against glycerol mono-oleate (GMO), a commercially
availabe lubricant additive.

About 23% of world's energy consumption originates from tribological contacts: 20% is required to overcome friction and 3% is used to refabricate worn parts

and address wear-related failures (Friction, 2017, 5, 263). This accounts for 119 exajoules, generated from 2287 million tonnes of oil equivalent, generating 7000

metric tons of CO, equivalent. Effective tribological solutions may potentially reduce global, annual CO, emissions by 1460 MtCO, short term, and 3140 MtCO,

long term (over 15 years), directly addressing SDG 13 - Climate Action. Whilst improvements of materials, surfaces and designs are effective, advanced cus-

tomised lubricant formulations are amongst the most cost-effective approaches for decreasing frictional loss and prolonging the service life of machines (Sci.

China Technol. Sci., 2013, 56, 2888).

Introduction

formed on the surface of moving elements).>® Antiwear and
friction-reducing additives must have an appropriate chemical
structure to be soluble in the base oil, but attracted to the metal

Modern automotive oils are complex formulations of mineral
and/or synthetic oils fortified with additives: antioxidants,
antiwear agents, corrosion inhibitors, detergents, dispersants
and friction modifiers.' Lubricant additives make up 10 to 30%
of the oil formulation and are particularly important in high-
performance lubricant oils, designed to work in a boundary
lubrication regime (in which two moving surfaces are very close
and the main lubricant action is taken over by a tribofilm
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surface, as well as a suitable elemental composition, to form an
efficient tribofilm under shear.*®

Commercial antiwear and friction-modifying additives contain
sulphur, phosphorus and heavy metals, exemplified by molyb-
denum dialkyl dithiophosphate (MoDTP) and zinc dialkyl
dithiophosphate (ZDDP).*” As these additives degrade under
tribological conditions, compounds of sulfur, phosphorus and
metals get carried over to catalytic converters, where they act as
catalyst poisons. This, in turn, results in increased emissions of
toxic exhaust gases such as carbon monoxide (CO), sulphur oxides
(SO,), nitrogen oxides (NO,), as well as ash particles.®* This drives
the search for sulphur, phosphorus and metal-free lubricant
additives, leaving only a few triboactive elements (oxygen,
nitrogen, boron) to choose from as building blocks of organic
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Fig. 1 The general formula of task-specific triboactive ionic liquids
(R,.R" — alkyl chains).

friction modifiers: esters and epoxidised esters, amines, amides,
and imides, and finally, borate esters and their derivatives.

Ionic liquids (ILs), organic salts that are liquid under
ambient conditions, have been extensively studied in the
context of lubricant applications as lubricants,” and more
recently as lubricant additives." Their advantages as lubricant
additives are that they are polar ions promoting surface
adsorption, and have extremely low volatility and therefore
nonflammability, high thermal stability, and robust rheological
behaviour.”” The main challenge is their miscibility with
nonpolar base oils, but since 2012, reasonably oil-soluble (up to
several per cent by weight) and triboactive ionic liquids have
been reported.”*® The vast majority of ILs tested as lubricant
additives were based on commercially available -cations
(ammonium,  phosphonium and dialkylimidazolium),
combined with lipophilic anions, either common in ionic
liquids (alkyl sulfonates, alkyl sulphates) or borrowed from the
surfactant industry, e.g. bis(2,4,4-trimethyl pentyl) phosphinate
(BTMPP), di(2-ethylhexyl) phosphate (DEHP) and dioctyl sulfo-
succinate (DOSS) (Fig. S17)."*

In this work, we have taken a bottom-up “designer liquid”
approach' to synthesise task-specific, lipophilic and triboactive
ionic liquids, in which both the cation and anion have a tribo-
logical function, ideally addressing simultaneously two tasks:
wear reduction and friction reduction. Furthermore, they
contain only benign main group elements: C, H, O, N and B
(Fig. 1).

Nine new ILs have been synthesised and characterised in
terms of cationic speciation, thermal stability and solubility in
Group III+ base oil. Finally, their performance as friction
modifying additives and wear reducing additives has been
benchmarked against glycerol mono-oleate (GMO), a commer-
cial organic friction modifying additive.

Experimental
Materials and methods

n-Butylboronic acid, sec-butylboronic acid, 2-methylpropylbor-
onic acid, iso-butylboronic acid, 2-(methylamino)ethanol
(Camea), ethyl methane sulfonate, N,N-dimethyl octylamine
(Ng111) and glycerol mono-oleate (GMO) were purchased from
Sigma-Aldrich or Fluorochem, and used as received. All solvents
were of analytical HPLC grade, dried by storage over activated 3
A molecular sieves under a nitrogen atmosphere and kept
stored in a glovebox. Sodium salts of 2-ethyl hexanoate, Na[EH],
methacrylate, Na[ME] and oleate, Na[Ol], were purchased from
Sigma Aldrich and used as received. Group III+ base oil (64742-
54-7) was supplied by PETRONAS. Cobalt internal standard
(5000 ppm in oil), organometallate standard (50 ppm in oil) and
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Premisolv as solvent for ICP analysis were purchased from
Conostan.

NMR spectroscopy. NMR spectra were recorded on a Bruker
Avance DPX 600 MHz spectrometer. Chemical shifts have been
reported in parts per million (ppm), downfield of tetramethyl
silane; the peak multiplicities are reported as follows: singlet
(s), doublet (d), doublet of doublets (dd), triplet (t), quartet (q),
and multiplet (m). NMR spectra of charge-neutral boron-
containing precursors have been recorded in methanol-d,.

Samples for NMR spectroscopy of boronium ILs were
prepared inside a glovebox (MBraun LabMaster dp, <0.3 ppm O,
and H,0, argon atmosphere). Neat ILs were loaded into NMR
tubes (5 mm, borosilicate glass) containing sealed capillaries
with acetonitrile-d; (external lock). The tubes were closed with
a standard cap, sealed with parafilm and taken out from the
glovebox immediately before measurement.

Mass spectrometry. Mass spectrometric analyses were
carried out using a Waters LCT Premier Mass Spectrometer,
with a standard electrospray time of flight system and fitted
with Nanomate sample introduction. The typical mass range
was 50-1750 amu.

Raman spectra were recorded using a Thermo Scientific
DXR3 SmartRaman Spectrometer (Thermofisher Scientific)
using a 785 nm laser. Data were collected in the range of 50—
3300 cm " at an estimated resolution of 5.5-8.3 cm ™.

Thermal analysis. The thermal stability of charge-neutral
boron precursors and boronium ILs was studied using a TA
Instruments Q5000 TGA. All samples were prepared in the
glovebox using Tzero aluminium pans and hermetic lids. Ramp
temperature was 5 °C min~", from 25 to 600 °C. T4 onset Was
found from the initial deviation of the derivative TG curve from
the baseline.

Differential scanning calorimetry (DSC) measurements were
carried out using a TA Instruments Q2000 DSC with an RCS90
cooling system. All samples were prepared in the glovebox using
Tzero aluminium pans and hermetic lids, with a typical sample
mass of 10 mg. All scans were recorded at 2 °C min~", between
—90 and up to 110 °C (accounting for thermal stability limits),
in triplicate. Isothermal steps (5 min) were introduced between
each heating and cooling scan, allowing for equilibration.
Melting points were read from peak maxima.

Synthesis

B(Cymea)(r2-Bu). A solution of n-butylboronic acid (0.049 mol,
5 g) and 2-(methylamino)ethanol (0.049 mol, 4.017 ml) was
placed in a round bottom flask connected with Dean-Stark
apparatus, equipped with 100 ml toluene. The reaction mixture
was refluxed for 24 h, collecting the water formed in the Dean-
Stark apparatus. Toluene was removed under vacuum using
Schlenk lines at 60 °C giving a pale-yellow viscous liquid. Yield:
5.8 ¢, 83.8%. "H NMR (600 MHz, MeOH-d,) 6 3.62, 3.45 (2H,dd),
2.81, 2.48 (2H,dd), 1.43 (5H,m), 0.81 (4H,m), 0.66 (2H,m); **C
NMR (600 MHz, MeOH-d,) 6 62.82, 53.40, 35.93, 27.40, 26.68,
20.14, 14.41; ''B NMR (193 MHz, MeOH-d,) 6 31.71 (tricoordi-
nate boron); MS (TOF) of B(Cymea)(n-Bu): m/z = 142.1405 (in
positive mode).

RSC Sustainability, 2024, 2, 3100-3113 | 3101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00451e

Open Access Article. Published on 12 September 2024. Downloaded on 3/10/2026 4:23:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

B(Czmea)(sec-Bu). A solution of sec-butylboronic acid
(0.049 mol, 5 g) and 2-(methylamino)ethanol (0.049 mol, 4.017
ml) was placed in a round bottom flask connected with Dean-
Stark apparatus, equipped with 100 ml toluene. The reaction
mixture was refluxed for 24 h, collecting the water formed in the
Dean-Stark apparatus. Toluene was removed under vacuum
using Schlenk lines at 60 °C giving a colourless waxy solid.
Yield: 5.7 g, 82%. 'H NMR (600 MHz, MeOH-d,) 6 3.72 (2H,t),
2.93 (2H,t), 2.58 (3H,s), 1.41 (1H,m), 1.27, 1.14 (2H,m), 0.87
(6H,m); "*C NMR (600 MHz, MeOH-d,) ¢ 59.61, 53.35, 34.79,
32.94,27.61, 16.03, 14.12; *'B NMR (193 MHz, MeOH-d,) 6 32.04
(tricoordinate boron); MS (TOF) of B(Cymea)(sec-Bu): mfz =
141.1405 (in positive mode).

B(Cyzmea)(is0-Bu). A solution of 2-methylpropylboronic acid
(0.049 mol, 5 g) and 2-(methylamino)ethanol (0.049 mol, 4.017
ml) was placed in a round bottom flask connected with Dean-
Stark apparatus, equipped with 100 ml toluene. The reaction
mixture was refluxed for 24 h, collecting the water formed in the
Dean-Stark apparatus. Toluene was removed under vacuum
using Schlenk lines at 60 °C giving a light yellow waxy solid.
Yield: 5.45 g, 78.7%. "H NMR (600 MHz, MeOH-d,) 6 3.71 (2H,t),
2.89 (2H,t), 2.54 (3H,s), 1.83 (1H,m), 0.91 (6H,m), 0.69 (2H,m);
3C NMR (600 MHz, MeOH-d,) 6 59.98, 53.53, 35.04, 25.90,
25.82, 19.49; ''B NMR (193 MHz, MeOH-d,) 6 31.51 (tricoordi-
nate boron); MS (TOF) of B(Cymea)(iso-Bu): m/z = 141.1326 (in
positive mode).

[B(C2mea)(r-Bu)(Ns11)][OMs]

A neutral boron precursor B(Cyea)(7-Bu) (39 mmol, 5.5 g) was
mixed with ethyl methane sulfonate (39 mmol, 4.9 g). The
reaction mixture was stirred for 10 min at room temperature
under an inert atmosphere (glovebox). N,N-Dimethyl octyl-
amine (39 mmol, 6.14 g) was added to the reaction mixture. The
resultant solution was stirred overnight under an inert atmo-
sphere (glovebox). A dark yellow colour liquid of [B(Cymea)(72-
Bu)(Ng,1)][OMs] is obtained, which crystallised when stored
overnight in a fridge (5 °C) under an Ar atmosphere. "H NMR
(600 MHz, MeOH-d,) 6 3.71 (2H,t), 2.89 (2H,t), 2.54 (3H,s), 1.83
(1H,m), 0.91 (6H,m), 0.69 (2H,m); *"H NMR (600 MHz, MeOH-d,)
6 3.33 (4H,m), 2.90 (6H,s), 2.31 (6H,m), 1.45 (3H,m), 1.02
(19H,m), 0.57 (7H,m), 0.36 (2H,m); *C NMR (600 MHz, MeOH-
d,) 6 62.41, 58.23, 49.15, 42.86, 39.22, 31.24, 28.62, 26.47, 25.98,
25.02, 21.92, 13.34, 7.69; "B NMR (193 MHz, MeOH-d,) é 3.38,
0.36 (tetracoordinate boron)

IL1 - [B(CZmea)(n'Bu)(NSII)] [EH]

[B(Camea)(n-Bu)(Ng;1)][OMs] (7.2 mmol, 3.042 g) was mixed with
sodium 2-ethyl hexanoate, Na[EH] (7.2 mmol, 1.2085 g). The
resultant reaction mixture was stirred overnight under an inert
atmosphere (glovebox). The reaction mixture was then dissolved
in 10 ml of dry acetonitrile which resulted in precipitation of
sodium methanesulfonate, Na[OMs], which was filtered out.
Subsequently, to promote further Na[OMs] precipitation, the
acetonitrile solution of the product was shaken 3 times with 5 ml
of dry hexane, followed by filtration and decantation of hexane
after each step. The acetonitrile was removed under vacuum
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giving a light-yellow clear liquid. Yield: 3.1 g, 91.5%. "H NMR (600
MHz, acetonitrile-ds) 6 3.30 (2H,dd), 3.16 (2H,dd), 2.95 (6H,s), 2.48
(3H,m), 1.74 (2H,m), 1.47 (2H,m), 1.28 (24H,m), 0.85 (16H,m),
0.56 (2H,t); *C NMR (600 MHz, acetonitrile-ds) 6 182.99, 64.93,
60.91, 51.46, 51.32, 51.29, 40.36, 34.11, 32.86, 31.48, 30.14, 28.29,
27.31, 26.22, 24.15, 23.75, 14.91, 14.81, 13.26, 8.95, 8.72; ''B NMR
(193 MHz, MeOH-d,) 6 33.41, 4.92, 0.54, —21.66 ppm; MS (TOF) of
[B(Camea)(n-Bu)(Ngy4)[EH]: m/z = 327.3550 (in positive mode),
143.1072 (in negative mode).

IL2 - [B(Czmea)(n-Bu)(Ng;4)][MA]

[B(Camea)(n-Bu)(Ngq1)][OMs] (4.73 mmol, 2 g) was mixed with
sodium methacrylate, Na[MA] (4.74 mmol, 0.52 g). The resultant
reaction mixture was stirred overnight under an inert atmo-
sphere (glovebox). The reaction mixture was then dissolved in
10 ml of dry acetonitrile which resulted in precipitation of
sodium methanesulfonate, Na[OMs]. The precipitate was
filtered out. Subsequently, to promote further Na[OMs] precip-
itation, the acetonitrile solution of the product was shaken 3
times with 5 ml of dry hexane, followed by filtration and
decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a yellow clear liquid. Yield: 1.9 g,
97.2%. 'H NMR (600 MHz, acetonitrile-d;) 6 5.83 (1H,m), 5.27
(1H,m), 3.44 (2H,dd), 3.32 (2H,dd), 3.08 (9H,s), 2.56 (3H,s), 2.08
(2H,m), 1.76 (3H,t), 1.39 (20H,m), 0.99 (6H,m); **C NMR (600
MHz, acetonitrile-d;) 6 172.72, 143.67, 63.47, 59.43, 49.89, 39.13,
31.53, 28.82, 27.13, 26.01, 22.41, 22.18, 19.14, 13.50, 7.65; *'B
NMR (193 MHz, MeOH-d,) 6 31.90, 5.08, 0.45, —21.86 ppm; MS
(TOF) of [B(Cymea)(n-Bu)(Ngq1)][MA]: m/z = 327.3550 (in positive
mode), 85.0290 (in negative mode).

IL3 - [B(Camea)(n-Bu)(Ng11)][O]]

[B(Czmea)(n-Bu)(Ngq1)][OMs] (11.04 mmol, 4.664 g) was mixed
with sodium oleate, Na[Ol] (11.05 mmol, 3.4 g). The resultant
reaction mixture was stirred overnight under an inert atmo-
sphere (glovebox). The reaction mixture was then dissolved in
10 ml of dry acetonitrile which resulted in precipitation of
sodium methanesulfonate, Na[OMs]. The precipitate was
filtered out. Subsequently, to promote further Na[OMs] precip-
itation, the acetonitrile solution of the product was shaken 3
times with 5 ml of dry hexane, followed by filtration and
decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a clear yellow liquid. Yield: 6.2 g,
92.26%. 'H NMR (600 MHz, acetonitrile-ds) ¢ 6.13 (1H,s), 5.34
(1H,s), 3.33 (8H,m), 2.97 (10H,m), 2.48 (6H,s), 2.25 (2H,m), 1.67
(2H,m), 1.27 (32H,m), 0.88 (12H,m), 0.57 (3H,m); *C NMR (600
MHz, acetonitrile-d;) 6 163.06, 131.10, 64.70, 60.68, 51.15, 40.30,
32.96, 32.77, 31.89, 31.11, 30.05, 28.70, 27.22, 26.13, 23.66,
23.40, 14.73, 8.87, 8.64; ''B NMR (193 MHz, MeOH-d,) 6 33.35,
5.01, 1.06, —21.41 ppm; MS (TOF) of [B(Cymea)(-Bu)(Ngy1)J[O1]:
m/z = 327.3550 (in positive mode), 281.2480 (in negative mode).

[B(C2mea)(sec-Bu)(Ng;1)][OMs]

A neutral boron precursor B(Cypea)(sec-Bu) (39 mmol, 5.5 g) was
mixed with ethyl methane sulfonate (39 mmol, 4.9 g). The
reaction mixture was stirred for 10 min at room temperature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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under an inert atmosphere (glovebox). N,N-Dimethyl octyl-
amine (39 mmol, 6.14 g) was added to the reaction mixture. The
resultant solution was stirred overnight under an inert atmo-
sphere (glovebox). A light brown colour liquid of [B(Cjmea)(sec-
Bu)(Ng;1)][OMs] is obtained, which crystallised when stored
overnight in a fridge (5 °C) under an Ar atmosphere. "H NMR
(600 MHz, MeOH-d,) 6 3.18 (6H,m), 2.83 (6H,s), 2.18 (6H,s), 0.94
(19H,m), 0.51 (10H,m);">C NMR (600 MHz, MeOH-d,) 6 66.68,
62.15, 58.11, 43.30, 39.21, 36.55, 32.58, 31.34, 28.74, 25.95,
22.11,15.05, 13.45, 13.03, 9.71, 7.72; *'B NMR (193 MHz, MeOH-
d,) ¢ 3.51, 0.54 (tetracoordinate boron).

IL-4 - [B(Cymea)(sec-Bu)(Ng;1)][EH]

[B(Camea)(sec-Bu)(Ngq1)][OMs] (7.2 mmol, 3.042 g) was mixed
with sodium 2-ethyl hexanoate, Na[EH] (7.2 mmol, 1.2085 g).
The resultant reaction mixture was stirred overnight under an
inert atmosphere (glovebox). The reaction mixture was then
dissolved in 10 ml of dry acetonitrile which resulted in precip-
itation of sodium methanesulfonate, Na[OMs]. The precipitate
was filtered out. Subsequently, to promote further Na[OMs]
precipitation, the acetonitrile solution of the product was
shaken 3 times with 5 ml of dry hexane, followed by filtration
and decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a clear dark yellow liquid. Yield:
3.2 g, 94.4%. "H NMR (600 MHz, acetonitrile-d;) ¢ 3.32 (2H,dd),
3.19 (2H,dd), 2.97 (6H,s), 2.49 (3H,m), 1.97 (3H,m), 1.32
(28H,m), 0.89 (15H,m); *C NMR (600 MHz, acetonitrile-d;)
6 182.17, 64.89, 60.89, 51.30, 50.86, 40.29, 33.91, 32.82, 31.34,
30.11, 30.08, 27.32, 24.06, 23.72, 14.82, 14.76, 13.10, 8.66; ''B
NMR (193 MHz, MeOH-d,) 6 32.56, 5.18, 1.32, —21.64 ppm; MS
(TOF) of [B(Cymea)(sec-Bu)(Ngy4)[EH]: m/z = 327.3550 (in posi-
tive mode), 143.21 (in negative mode).

IL5 - [B(Cymea)(sec-Bu)(Ng;1)][MA]

[B(Camea)(sec-Bu)(Ngq1)][OMs] (4.73 mmol, 2 g) was mixed with
sodium methacrylate, Na[MA] (4.74 mmol, 0.52 g). The resultant
reaction mixture was stirred overnight under an inert atmo-
sphere (glovebox). The reaction mixture was then dissolved in
10 ml of dry acetonitrile which resulted in precipitation of
sodium methanesulfonate, Na[OMs]. The precipitate was
filtered out. Subsequently, to promote further Na[OMs] precip-
itation, the acetonitrile solution of the product was shaken 3
times with 5 ml of dry hexane, followed by filtration and
decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a clear brown liquid. Yield:
1.88 g, 96.26%.'H NMR (600 MHz, acetonitrile-d;) 6 5.74
(1H,m), 5.20 (1H,m), 3.71 (2H,dd), 3.31 (2H,dd), 2.94 (9H,s),
2.48 (3H,m), 2.30 (1H,s), 1.84 (5H,m), 1.66 (3H,m), 1.27
(16H,m), 0.89 (6H,m); *C NMR (600 MHz, acetonitrile-d;)
6 172.86, 143.31, 63.59, 59.56, 49.96, 49.94, 39.03, 31.53, 28.79,
25.96, 22.42, 21.89, 19.04, 13.48, 7.61; "B NMR (193 MHz,
MeOH-d,) & 33.55, 5.44, 1.36, —21.22 ppm; MS (TOF) of
[B(Camea)(sec-Bu)(Ngy1)[[MA]: m/z = 327.3550 (in positive mode),
85.0290 (in negative mode).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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IL6 — [B(Cymea)(sec-Bu)(Ngy1)][O]]

[B(Camea)(sec-Bu)(Ng11)][OMs] (3.6 mmol, 1.5 g) was mixed with
sodium oleate, Na[Ol] (3.6 mmol, 1.107 g). The resultant reac-
tion mixture was stirred overnight under an inert atmosphere
(glovebox). The reaction mixture was then dissolved in 10 ml of
dry acetonitrile which resulted in precipitation of sodium
methanesulfonate, Na[OMs]. The precipitate was filtered out.
Subsequently, to promote further Na[OMs] precipitation, the
acetonitrile solution of the product was shaken 3 times with
5 ml of dry hexane, followed by filtration and decantation of
hexane after each step. The acetonitrile was removed under
vacuum giving a clear yellow liquid. Yield: 2 g, 92.5%. '"H NMR
(600 MHz, acetonitrile-d;) 6 5.34 (1H,s), 5.13 (1H,s), 3.32 (8H,m),
2.95 (9H,m), 2.48 (6H,m), 2.12 (3H,m), 1.67 (3H,m), 1.29
(31H,m), 0.89 (14H,m), 0.71 (1H,m); "*C NMR (600 MHz,
acetonitrile-d;) 6 163.52, 130.89, 64.57, 60.56, 51.01, 50.97,
39.99, 32.71, 32.51, 30.31, 29.79, 29.77, 27.14, 26.95, 23.40,
23.13, 14.44, 14.07, 8.58; "'B NMR (193 MHz, MeOH-d,) 6 32.42,
5.07,1.18, —21.83 ppm; MS (TOF) of [B(Cymea)(sec-Bu)(Ngy1)][O1]:
m/z = 327.3550 (in positive mode), 281.2480 (in negative mode).

[B(C2mea)(iso-Bu)(Ng11)][OMs]

A neutral boron precursor B(Cypea)(iso-Bu) (39 mmol, 5.5 g) was
mixed with ethyl methane sulfonate (39 mmol, 4.9 g). The
reaction mixture was stirred for 10 min at room temperature
under an inert atmosphere (glovebox). N,N-Dimethyl octyl-
amine (39 mmol, 6.14 g) was added to the reaction mixture. The
resultant solution was stirred overnight under an inert atmo-
sphere (glovebox). A light-yellow colour liquid of [B(Cymea)(iso-
Bu)(Ngq1)][OMs] is obtained, which crystallised when stored
overnight in a fridge (5 °C) under an Ar atmosphere. "H NMR
(600 MHz, MeOH-d,) 6 3.96, 3.42 (2H,m), 3.20 (4H,m), 2.84
(6H,s), 2.15 (6H,m), 1.39 (3H,m), 0.96 (14H,m), 0.53 (9H,m),
0.27 (2H,m); *C NMR (600 MHz, MeOH-d,) ¢ 63.78, 59.63,
50.56, 44.65, 40.69, 32.65, 30.18, 30.04, 27.85, 27.41, 26.26,
25.47, 23.43, 14.82, 9.15; "'B NMR (193 MHz, MeOH-d,) 6 3.06,
0.40 (tetracoordinate boron).

IL7 - [B(Cyzmea)(iso-Bu)(Ns,4)][EH]

[B(Czmea)(iso-Bu)(Ng11)][OMs] (3.6 mmol, 1.5 g) mixed with
sodium 2-ethyl hexanoate, Na[EH] (3.6 mmol, 0.604 g). The
resultant reaction mixture was stirred overnight under an inert
atmosphere (glovebox). The reaction mixture was then dis-
solved in 10 ml of dry acetonitrile which resulted in precipita-
tion of sodium methanesulfonate, NaJ[OMs]. The precipitate
was filtered out. Subsequently, to promote further Na[OMs]
precipitation, the acetonitrile solution of the product was
shaken 3 times with 5 ml of dry hexane, followed by filtration
and decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a clear yellow liquid. Yield:
1.51 g, 90.37%."H NMR (600 MHz, acetonitrile-d;) & 3.29
(2H,dd), 3.17 (2H,dd), 2.94 (6H,s), 2.95 (3H,s), 1.77 (4H,m), 1.28
(24H,m), 0.89 (16H,m), 0.53 (2H,m);"*C NMR (600 MHz, aceto-
nitrile-d;) 6 182.47, 64.96, 60.97, 51.34, 51.15, 40.35, 34.03,
32.85, 31.68, 30.11, 27.11, 26.34, 24.23, 23.74, 23.48, 14.78,
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13.19, 8.92; ''B NMR (193 MHz, MeOH-d,) 6 31.32, 4.87, 0.45,
—21.78 ppm; MS (TOF) of [B(Cymea)(is0-Bu)(Ngy)[[EH]: m/z =
327.3550 (in positive mode), 143.1072 (in negative mode).

IL8 - [B(Cymea)(is0-Bu)(Ngq1)][MA]

[B(Camea)(iso-Bu)(Ngy1)][OMs] (3.6 mmol, 1.5 g) was mixed with
sodium methacrylate, Na[MA] (3.6 mmol, 0.39 g). The resultant
reaction mixture was stirred overnight under an inert atmo-
sphere (glovebox). The reaction mixture was then dissolved in
10 ml of dry acetonitrile which resulted in precipitation of
sodium methanesulfonate, Na[OMs]. The precipitate was
filtered out. Subsequently, to promote further Na[OMs] precip-
itation, the acetonitrile solution of the product was shaken 3
times with 5 ml of dry hexane, followed by filtration and
decantation of hexane after each step. The acetonitrile was
removed under vacuum giving a clear dark yellow liquid. Yield:
1.40 g, 95.6%. "H NMR (600 MHz, acetonitrile-d;) 6 5.75 (1H,m),
5.20 (1H,m), 3.28 (2H,dd), 3.16 (2H,dd), 2.93 (9H,s), 2.48 (3H,s),
1.84 (6H,m), 1.28 (14H,m), 0.90 (10H,m), 0.54 (2H,m); "*C NMR
(600 MHz, acetonitrile-d;) 6 173.10, 143.05, 118.01, 63.64, 59.64,
50.04, 50.02, 38.97, 31.53, 28.80, 25.01, 24.92, 22.42, 22.13,
18.97, 13.46, 7.58; 'B NMR (193 MHz, MeOH-d,) 6 31.57, 5.07,
0.50, —21.26 ppm; MS (TOF) of B(Cymea)(iso-Bu): MS (TOF) of
[B(Camea)(iso-Bu)(Ngy1)][MA]: m/z = 327.3550 (in positive mode),
85.0290 (in negative mode).

IL9 - [B(Camea)(is0-Bu)(Ngy1)][O]]

[B(Camea)(iso-Bu)(Ng;1)][OMs] (2.4 mmol, 1 g) was mixed with
sodium oleate, Na[Ol] (2.4 mmol, 0.73 g). The resultant reaction
mixture was stirred overnight under an inert atmosphere (glo-
vebox). The reaction mixture was then dissolved in 10 ml of dry
acetonitrile which resulted in precipitation of sodium meth-
anesulfonate, Na[OMs]. The precipitate was filtered out.
Subsequently, to promote further Na[OMs] precipitation, the
acetonitrile solution of the product was shaken 3 times with
5 ml of dry hexane, followed by filtration and decantation of
hexane after each step. The acetonitrile was removed under
vacuum giving a clear yellow liquid. Yield: 1.35 g, 93.75%. 'H
NMR (600 MHz, acetonitrile-ds) ¢ 5.58 (1H,s), 5.34 (1H,s), 3.37
(8H,m), 2.95 (11H,m), 2.50 (7H,s), 2.12 (2H,m), 1.67 (5H,m),
1.27 (25H,m), 0.89 (14H,m), 0.53 (3H,m); *C NMR (600 MHz,
acetonitrile-d;) 6 163.74, 131.07, 64.79, 60.79, 51.23, 40.29,
33.00, 32.81, 31.79, 30.10, 30.07, 28.65, 27.24, 25.56, 23.69,
14.79, 14.75, 8.89, 8.65; "B NMR (193 MHz, MeOH-d,) 6 31.61,
4.86, 0.45, —21.84 ppm; MS (TOF) of [B(Cymea)(is0-Bu)(Ngyy)]
[Ol): m/z = 327.3550 (in positive mode), 281.2480 (in negative
mode).

Formulations of ionic liquids in base oil

Formulations containing 1 wt% of boron additive in Group III+
mineral base oil were prepared by the dissolution of nine
boronium ILs (0.1 g) in neat base oil (9.99 g), respectively. The
benchmark additive glycerol mono-oleate (GMO) was also
prepared by the same procedure. The mixtures were stirred (60 °
C, 1 h) and then left to equilibrate at room temperature prior to
tribo tests.
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The actual miscibility of the IL candidates was determined
based on their boron content in the earlier prepared mixtures,
by first subjecting them to centrifugation at 10000 rpm for
15 min. The supernatant layer of each sample was then
collected, and the boron content was analysed using Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES),
using Dual View 5100 ICP-OES model equipment from Agi-
lent. The analysis was conducted in accordance with the ASTM
D4951 method by first preparing the solutions, diluting 10 wt%
of the supernatant into a hydrocarbon solvent, and spiking with
40 ppm cobalt (Co) salt as the internal standard. Concentration
values were determined with reference to boron standard cali-
bration curves prepared at 3 different concentration points. The
blank and all standards were prepared in the same way as the
measured samples.

Solubility of ionic liquids in base oil

The solubility of ionic liquids in base oil was determined from
their boron content.

In a typical experiment, an ionic liquid (0.10 g, 1 wt%) was
added to Group III+ base oil (9.99 g, 99 wt%), placed in a vial
equipped with a magnetic stirrer. The mixture was stirred
(500 rpm, 60 °C, 1 h) and then left to equilibrate (ambient
temperature, 1 h). Subsequently, the mixture was centrifuged
(10 000 rpm, 15 min), the supernatant layer was collected and its
boron content analysed by inductively coupled plasma - optical
emission spectrometry (ICP-OES), using a Dual View 5100 ICP-
OES (Agilent) (Fig. S27).

Boron content analysis was carried out following the ASTM
D4951 method. The supernatant was diluted to 10 wt% in
Premisolv as the solvent and spiked with 40 ppm cobalt internal
standard. Concentration values were determined with reference
to boron standard calibration curves, prepared from the 50 ppm
organometallate standard solutions at three different concen-
trations. The blank and all standards were prepared in the same
way as the measured samples.

Friction and wear test

In a typical experiment, an ionic liquid (0.10 g, 1 wt%) was
added to Group III+ base oil (9.99 g, 99 wt%), placed in a vial
equipped with a magnetic stirrer. The mixture was stirred
(500 rpm, 60 °C, 1 h) and then left to equilibrate (ambient
temperature, 1 h).

The friction and wear characteristics were evaluated using
a high frequency reciprocating rig (HFRR), model PCS-002817
(PCS Instruments). The upper ball specimen was a 6 mm
diameter ball that was loaded into the upper specimen holder,
specified to grade 28 (ANSI B3.12), ANSI E-52100 steel, with
a Rockwell hardness “C” scale (HRC) number of 58-66 (ISO
6508), and a surface finish of less than 0.05 um Ra. The lower
specimen (10 mm disc) was loaded into the lower specimen
holder, specified to AISI E-52100 steel machined from an
annealed rod, with Vickers hardness 800 Hv polished to
a surface finish of less than 0.02 um Ra. The tests (Table 1) were
repeated until two reproducible curves were recorded. Upon the
completion, the wear scar diameters of the ball specimens were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Testing parameters and conditions of the HFRR tribo-test

Test parameters

Test conditions

T (°C)
Frequency (Hz)
Stroke (mm)
Speed (mm s 1)

120

20

2

125 (boundary)

Load (N) 4

Pressure (GPa) 1

Type of motion Pure sliding
Test duration (min) 60

measured, and images were captured using a PCS Instruments
metallurgical microscope model PCS-005311 (100 times
magnification).

Results and discussion
Design

Ionic liquids reported in this work were designed to comprise
tetracoordinate boronium cations and carboxylate anions, each
with a built-in tribological function.

The presence of the B-O bond in the form of IL anions has
been reported to give a favourable effect on friction and wear
reduction, particularly chelated orthoborate anions.'® As bor-
ocations, the presence of both B-O and B-N bonds was yet to be
investigated and was expected to benefit tribological perfor-
mance as well; borate esters, particularly when combined with
N-donors (amines), have been reported to enhance both friction
and wear, enhancing the formation of iron nitride and iron
boride."** This design principle was incorporated into the
design of the cations. Furthermore, bidentate coordination will
limit ligand scrambling and the B-N coordination has been
envisaged to increase the hydrolytic stability of the boron
centre.”>* Three different butyl isomers, R, were used to probe
the influence of branching on melting point, oil miscibility and
tribological properties.

Compared to tetraalkylammonium, tetraalkylphosphonium
and 1,3-dialkylimidazolium cations, borocations are not exten-
sively used in the design of ionic liquids. This work is preceded
by boronium ILs developed by Davis and co-workers (Fig. 2a and
b)**° and borenium ILs developed in our group (Fig. 2c and

cl .t Cl
i
Me + N
— Mo me | N, .
ANON N Me el N S o
Me B ANENS e B—L
pHhH H " H o
a) b) c) d)
~>N._.O0
+?‘ |
R ety

Fig. 2 Examples of borocations used in the design of ionic liquids by
Davis (a and b),?® Swadzba-Kwasny (c and d),*-*2 and reported here (e). L
— phosphine, phosphine oxide, amine; R — n-Bu, iso-Bu, or sec-Bu.
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Fig. 3 Carboxylate anions used in this work.

d),***2 but introduces to the realm of ionic liquids a new design
motif based on the 2-(methylamino)butylborane, B(Cymea)R,
protected with an amine (Fig. 2e), in which boron is coordinated
exclusively by oxygen, nitrogen and carbon.

Carboxylate anions have been widely used in the design of
ILs, being biodegradable, potentially bio-based, and in some
cases — offering excellent performance as lubricants and lubri-
cant additives.*

Several carboxylate anions were selected in this work to
understand the effect of branching, unsaturated bond and long
chain anions (Fig. 3): oleate, [Ol]”, methacrylate, [MA]™ and 2-
ethyl hexanoate, [EH] ", were used to encourage miscibility in
the oil medium and adhesion of the IL onto the metal surface.

All anions were commercially available in the form of inex-
pensive sodium salts and have been previously used in the
design of ionic liquids. The presence of either unsaturated
bonds or branching within the carboxylate anions was selected
to aid miscibility in non-polar oil medium.

Chloride corrosion is a known problem in ionic liquids used
as lubricants/lubricant additives, even if it only originates from
traces of chloride from one of the precursors.*® To avoid this
issue, all syntheses were chloride-free.

Synthesis of boronium ionic liquids

Boronium ionic liquids were synthesised in three steps. In the
first step, butylboronic acids (n-Bu, iso-Bu, or sec-Bu) were
reacted with 2-(methylamino)ethanol in the presence of dry
toluene to form their respective cyclic boranes, B(Cymea)R
(Fig. 4a). These dehydration reactions were carried out as
reactive distillations in Dean-Stark apparatus.

All products were obtained in quantitative yields and dried
under high vacuum; B(Cymea)(7-Bu) and B(Cymea)(Sec-Bu) were
pale yellow powders, and B(Cymea)(iso-Bu) was a colourless
powder (Fig. 5).

In the second step, cyclic boranes were alkylated with ethyl
methanesulfonate, followed by the addition of N,N-dimethy-
loctylamine (Fig. 4b). All reactions were carried out solventless,
at ambient temperature, under an inert argon atmosphere. The
products were yellow viscous ionic liquids with meth-
anesulfonic (mesylate) anions, [OMs] : [B(Cymea)(7-Bu)][OMs],
[B(Camea)(sec-Bu)[OMs], and [B(Cymea)(iso-Bu)|[OMs] (Fig. 6).

Mesylate ionic liquids were not the target compounds in this
work, as they contained a sulfur-based anion. An initial
screening has shown that they were insoluble in nonpolar base
oil used in this work (Group III+) due to the hydrophilic nature
of mesylate. However, they were convenient halide-free precur-
sors to more lipophilic carboxylate ILs, which cannot be
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Ngq1 = N,N-dimethyl octylamine

Fig. 4 Three-step synthetic scheme for the synthesis of boronium ionic liquids: dehydration (a), alkylation (b) and ion exchange (c).

poor alkylating agents).

The third step was an anion exchange. Mesylate ILs were
. 'j ~ stirred with sodium salts: Na[EH], Na[MA], or Na[Ol] (Fig. 4c).
= All reactions were carried out solventless, at room temperature,
u under an argon atmosphere. Subsequently, addition of
Fig. 5 Photographs of 2-(methylamino)outylooranes with three @ mixture of dry acetonitrile and hexane resulted in precipita-
isomers of the Bu chain. tion of a white powder (sodium methanesulfonate), whereas
ionic liquids remained in solution and were easily separated by
solvent removal under reduced pressure. The structures and
photographs of the lipophilic ionic liquids synthesised in this

work (IL-1 to IL-9) are listed in Fig. 7 and S3.}

B(CZmea)(sec-Bu)l k‘igz'il)(i”‘s“)l accessed by direct alkylation (esters of carboxylic acids are very
1 £

Speciation of boronium ionic liquids

Fig. 7 depicts idealised structures of ionic liquids, assuming
Fig. 6 Photographs of mesylate ionic liquids. that there is no ligand scrambling at the boron centre. Scram-
bling of the bidentate alcohol amine ligand was unlikely, also

0y O
| o ] I
~>N._.0 _ “ON__.0 7 ~N._.0 CH;(CH,)sCH2
+ B‘\'!l H,C (o) “+ Bl | Hzcﬁ)ko— + B\\’!‘ [
N, °N. N
/H 7 CgHyy H;C /H " CgHiz  CHs )) 7 "CgH1z "CHa(CH2)6CH;
L1 L2 IL-3
0O
- o} I "
~N._0 ~>N._.0 2 ~SN._0 CH3(CH,)sCH2
TEBNL HC o S ”zcﬁ)ko' T [
‘No N. N
/ CgHyz HsC H\/ CgHiz  CH, H\/ CgHq7 "CHy(CH;)sCH3
IL-4 IL-5 IL-6
0, O

~"CgHq7 "CHy(CHy)6CH3

] (o] i
~>N._.0 - “N__0 2 ~N._.0 CH,(CH,)sCH2
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‘N \N ‘N
P L, \H
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Fig. 7 Structures of lipophilic boronium ionic liquids developed in this study.
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Fig. 8 Plausible equilibria in hydrophobic boronium ILs.

the B-C bond is not expected to be labile*” (boron-carbon bond
enthalpy Eg_¢ = 350 & 10 k] mol~").*** However, it was possible
that carboxylate anions would compete with Ng,; for the 4th
coordination position, and/or that tricoordinate borenium ion
would be liberated, resulting in speciation different from that
in, including the potential for several boron species existing in
a dynamic equilibrium (Fig. 8).**** The existence of several
equilibrated species will have had an impact on the physical-

[B(C2mea)(Nss1)(n-Bu)][OMs]

B(Czmea)n-Bu

150 100 50 0 -50

Chemical Shift (ppm)

-100  -150

Fig. 9 B NMR spectra of B(C,mea)(n-Bu) and derived ionic liquids:
[B(Comea)(n-Bu)(Ng11)l[OMs], IL-1, IL-2 and IL-3. The green-shaded
area designates the chemical shift regions of tricoordinate boron
compounds while the blue area designates tetracoordinate species.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemical properties and performance of boronium ionic
liquids, therefore it is crucial to have a good understanding of
their speciation.

All boronium ILs were studied using multinuclear (*H, **C,
'B) NMR and Raman spectroscopies, as well as mass spec-
trometry. Complete NMR and mass spectrometry analysis
recorded for all 3 mesylate ILs, all ILs 1-9, as well as their
precursors, are provided in the ESIt (Fig. S4-S607).

The coordination environment of boron species was probed
using "B NMR spectroscopy.*>***5 "B NMR spectra recorded
for B(Camea)(n-Bu) and all derived ILs are shown in Fig. 9. "'B
NMR chemical shifts and proposed species are listed in Table 2.

The B(Cymea)(n-Bu) spectrum featured one sharp signal at
31.71 ppm, corresponding to a single tricoordinate boron
species.?”**® The spectrum of [B(Cypmea)(12-Bu)(Ng;1)][OMs] was
more complex: a sharp signal in the tetracoordinate region (3.38
ppm) corresponds to the [B(Camea)(n-Bu)(Ngpq)]" cation - viz.
species (I) in Fig. 8, whereas the minute signal at 0.36 ppm can
be attributed to a charge-neutral zwitterionic compound
[B(Czmea)(n-Bu)(OMs)] - species (III) in Fig. 8. There are also two
low-intensity, broad signals in the tricoordinate region, at ca. 18
and 33 ppm, possibly overemphasised because of the overlap
with the broad signal at ca. —21 ppm, originating from the NMR
tube.

In carboxylate analogues, speciation is significantly
different: each spectrum features a prominent signal in the
tricoordinate region, corresponding to the borenium cation,
species (II) in Fig. 8. The tetracoordinate region has two sharp
signals: at ca. 5 ppm, assigned to species (I), and a more
shielded signal corresponding to species (III).

"B chemical shifts corresponding to the signal originating
from species (III), indicating tetracoordinate boron with coor-
dinated anions, can be related to pK, values of the corre-
sponding parent acids of these anions (Table 2).*°*> The
conjugate base of the strong HOM acids (pK, = —2) is weak, and

Table2 Summary of change in ™'B NMR chemical shift with pK, values
of the corresponding acids

"B chemical shift (ppm) and boron species

assignment
PKa Tricoordinate 4-Coordinate (I) 4-Coordinate (III)
[OMs]” -2.0 31.7 3.38 0.36
[EH]~ 4.82 33.41 4.92 0.54
[MA]™ 4.70 31.90 5.08 0.45
[ol]” 9.85 33.35 5.18 1.32
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Fig. 10 Fragments of 3C NMR spectra of carboxylate anions con-
taining boronium ILs, showing signals originating from the carboxylate
groups.

does not compete with the amine (Ngy4, pK, = 9.86)* for the
boron centre, therefore the signal for species (III) is minute and
shielded. Carboxylates are stronger bases; stronger the base,
more deshielded the tetracoordinate signals. Similar observa-
tions were made for the analogous series derived from
B(Cymea)(iso-Bu) and B(Cymea)(sec-Bu) - see Fig. S61 and S62,1
respectively.

A complete set of >C NMR spectra of the cyclic boranes and
their boronium IL derivatives are shown in Fig. S5, S8, S11, S17,
S20, S23, S26, S29, S32, S35, S38, S41, S44, S47 and S$50.F *C
NMR signals corresponding to the methylsulphonate anion
were found at 42.86 ppm for [B(Cymea)(-Bu)][OMs], 43.30 ppm
for [B(Cymea)(sec-Bu)][OMs], and at 44.65 ppm for [B(Cymea)(is0-
Bu)|[OMs], which is in agreement with the literature data for
free [OMs]~.** The *C NMR signals originating from carbox-
ylate groups of ILs 1-9 are shown in Fig. 10. The [EH]™ anion
gave signals at 182.99 ppm for IL-1, 182.17 ppm for IL-4, and
182.47 ppm for IL-7, matching literature data for free 2-ethyl-
hexanoate.® Peaks for the [MA]™ anion were found at
172.72 ppm for IL-2, 172.86 ppm for IL-5, and 173.10 ppm for IL-
8, again matching the literature data for free methacrylate (it is
more shielded due to the conjugate double bond).*** In
contrast, signals for [Ol]~ were recorded at 163.06 ppm (IL-3),
163.52 ppm (IL-6), and 163.74 ppm (IL-9), which is in the
ester region, significantly shielded with respect to the free
oleate anion (183.8 ppm).>”*®

Speciation suggested by "*C NMR spectroscopy is simplified
compared to that from ''B NMR spectroscopy, showing the
averaged coordination of each anion. However, it is consistent
with conclusions drawn from "B NMR spectroscopy; anions
with lower basicity (lower pK, of the conjugate acid) are present
mainly in their free form, favouring species (I) and/or (II). The
more basic oleate is coordinated to the boron centre, favouring
species (III).
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Fig. 11 Fragments of Raman spectra of B(Cymea)(n-Bu) and the four
derived ionic liquids: [B(Comea)(n-Bu)(Ng11)l[OMs], IL-1, IL-2 and IL-3,
showing B-O and B-N stretching frequencies.

Raman spectra recorded for B(Cymea)(n-Bu) and all derived
ILs are shown in Fig. 11 and S63.} The B(Cymea)(n-Bu) spectrum
features B-O symmetric stretch at vg_ o s = 1455 cm™ ', B-O
asymmetric stretch at vg g 55 = 1053 cm™}, and a group of weak
signals in the B-N symmetric stretch area at vg_n s = 890, 869
and 786 cm™ "% In all four IL derivatives, the [B(Cymea)(-
Bu)(Ngyy)]" cation retained the vg_o s = 1450 cm™ " peak in all
ILs, although the asymmetric B-O signal has been blue-shifted
to ¥p_o as = 1040 cm ™7, indicating elongation of the bond. The
weak band at v5_y s = 890 cm ! appears to remain, a strong
band at v5_y s = 776 cm™ ! appears, likely due to boron coordi-
nating to Ngq; via a longer, dative bond.*~>*

Analogous conclusions were drawn for the compound series
derived from B(Cymea)(iso-Bu) and B(Cymea)(Sec-Bu) - see
Fig. S64 and S65,T respectively.

Ligand scrambling that leads to multiple equilibrated boron
species is characteristic of borocation chemistry in solution,*
and in borocation-based ionic liquids.** Beyond boron, dynamic
equilibria between several species are found in archetypal
chloroaluminate ionic liquids that contain [AICl,]™ equilibrated
with [Al,Cl;]” or Cl™, depending on their composition,* and in
a plethora of other halometallate systems, including both ionic
liquids®*® and liquid coordination complexes.””*® This can be
expanded even further, to “constitutionally dynamic” metal-free
ionic liquids with equilibrated cations, where several cationic
species exist in equilibria that involve addition/elimination of
a small molecule, such as water.”*®® In this context, the
complicated speciation of ILs reported in this work is their
inherent feature and could be considered as an avenue to fine-
tune their properties.

Thermal analysis

Thermal stability (low volatility) of lubricant additives is
important in the context of their sustained performance under
operative conditions. Thermal stability of the cyclic boron
precursors, B(Cymea)R, was generally low, with T4 onset around
71 °C (Fig. 12). Although it was expected that quaternisation
would significantly improve the thermal stability, two out of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Thermogravimetric analysis of cyclic boranes and derived
ionic liquids (ramp 5 °C min~Y). Arrows indicate 5% mass loss for
selected curves.

Table 3 Boron content of the boronium ILs in Group lll+ base oil as
measured by ICP against theoretical values

Theoretical boron Measured boron Calculated IL

content at 1 wt% content loading
IL (mg kg™ (mg kg™) (Wt%)
IL-1 230 59 0.26
IL-2 262 68 0.26
IL-3 178 114 0.64
IL-4 230 45 0.20
IL-5 262 67 0.26
IL-6 178 128 0.72
IL-7 230 43 0.19
IL-8 262 77 0.29
IL-9 178 136 0.76

three mesylate ILs, [B(Camea)(-Bu)(Ng11)][OMs] and [B(Comea)(-
iso-Bu)(Ng;1)][OMs] retained low thermal stability, with the
onset of decomposition below 100 °C. Upon conversion to
carboxylates, thermal stability improved, with T4 values oscil-
lating between 120 and 150 °C (Fig. 12).

DSC analysis (Fig. S66-681) resulted in very complex
measured curves, which is expected, given the complicated
speciation of the boronium ILs. All endothermic events that
could be classified as melting occurred below 25 °C, classifying
IL-1 to IL-9 as room-temperature ionic liquids. In all samples
the crystallisation was evidently hindered, which manifested
itself either by samples undergoing only a glass transition, or by
prominent cold crystallisation events (exothermic crystal-
lisation peaks occurring upon heating).

Solubility of boronium ionic liquids in base oil

The miscibility of ILs 1-9 with non-polar group III+ base oil was
measured by the addition of 1 wt% of an ionic liquid into the oil
sample, vigorous stirring, followed by centrifugation, and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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quantification of boron content in the supernatant by ICP
(Fig. S691 and Table 3). The measured values were also
compared against the theoretical values that assumed full
miscibility of the ILs at 1 wt% concentration.

Oleate ionic liquids (IL-3, IL-6 and IL-9) were found to be the
most soluble, reaching the highest boron concentrations, 114-
136 mg kg™' (ca. 0.7 wt% IL loading). This can be partially
attributed to structural features of the oleate anion: the long
carbon chain is compatible with the non-polar base oil, and cis-
unsaturated double bond results in a kink of the alkyl chain,
which prevents localisation of electron density or structured
packing, thus disrupting crystallisation and decreasing melting
points, which in turn enhances dispersion in the oil.***%%
However, the deciding factor is probably speciation: from "'B
and "*C NMR spectra it was evident that oleate ILs exist mainly
as zwitterionic, charge-neutral species (III) - viz. Fig. 8 - with
charges much more shielded than in other ionic liquids re-
ported in this work. Considering cations of the three oleate
ionic liquids, IL-9, with an iso-Bu chain (Fig. 4), was the most
soluble. This is in agreement with the literature; it is known that
branching aids miscibility possibly with oils due to the higher
free volume and lower tendency of closed packing.®**

Methacrylate ionic liquids (IL-2, IL-5 and IL-8) have shown
consistent levels of miscibility in oil, between 67 and 77 mg
kg~ ', which amounts to ca. 0.25 wt% of IL. Despite branching
and the presence of double bonds, the short alkyl chain and the
greater ionic character of these ILs contributed to low solubility,
irrespective of structural variation on the cation.

The overall oil miscibility of 2-ethylhexanoate ionic liquids
(IL-1, IL-4 and IL-7) was the lowest of all samples, between 19
and 26%, despite features potentially aiding miscibility in oil:
longer carbon chain than [MA]™ and the presence of ethyl group
branching. As shown in Fig. 10, ">C NMR signals from [EH]~
anions appeared at the most de-shielded position, possibly
suggesting the most localised charge and therefore higher
polarity gap against the base oil. The position of the ethyl
branching adjacent to the carboxylate group could be the main
contributing factor, due to the weaker inductive effect from the
tertiary carbon.

Tribological behaviour of boronium ionic liquids

The boronium® ionic liquids were designed for both the cation
and the anion to be triboactive, and to contain only benign
main group elements: C, H, O, N and B. Their ability in reducing
wear and friction was compared against a conventional organic
commercial friction modifier that fulfils similar criteria, glyc-
erol mono-oleate (GMO) - full results measured for GMO are
presented in Fig. S70-S73.t

The tribological behaviour of the IL additives in oil was
studied using the high-frequency reciprocating rig (HFRR)
method, which simulates the frictional behaviour of lubricated
test specimens under a boundary lubrication regime, as a result
of reciprocating sliding motion between an upper metal ball
specimen against a flat lower specimen surface. This method
provides two key indications of tribological behaviour: coeffi-
cient of friction (CoF), measured during the test, and the wear

RSC Sustainability, 2024, 2, 3100-3113 | 3109
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Fig. 13 CoF profiles of saturated solutions of boronium ILs in Group
I+ base oil, compared to neat Group lllI+. Top: [B(Camea)(n-Bu)l* ILs,
middle: [B(Comea)(sec-Bu)l* ILs and bottom: [B(Comea)(iso-Bu)lt ILs.
Anions: 2-ethylhexanoate (IL-1, 4 and 7), methacrylate (IL-2, 5 and 8)
and oleate (IL-3, 5and 9).

scar diameter (WSD), measured after each test from the ball
specimens.

A load of 4 N was selected to attain Hertzian of ca. 1 GPa,
which approximates the average contact pressures observed in
key types of contacting surfaces within automotive systems, for
the given geometry of the tribo-specimens. The temperature of
120 °C was selected because the benchmark (GMO) is known to
effectively form tribofilm at higher temperatures (100-120 °C),
elevated temperature enables direct comparison between the
ILs and the benchmark.

The CoF values, recorded over 1 h, are shown in Fig. 13. The
mean CoF values, averaged over the plateau part of each plot,
are shown in Fig. 14 (see Fig. S707 for HFRR data).
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All ionic liquids (Fig. 13) had a pronounced influence on
smooth sliding behaviour, from the beginning of the test and
across the test duration, contrasting with the CoF profile for
neat Group III+, which showed severe fluctuations due to “stick-
and-slip” phenomena. In the absence of polar additives, Group
III+ formed an unstable, disoriented and desorbed tribofilm.
On the other hand, initial decrease in CoF induced by the ILs
was in all cases lower than that of GMO, which is known for
high metal surface affinity and ability for near-instantaneous
lowering of friction upon rubbing.®*”

Although the smooth sliding effect was similar to that of
GMO, CoF reduction throughout the experiments was either
poorer than, or on par with that of GMO. GMO was fully
miscible in oil at 1 wt%, and therefore had higher amounts of
surface-active moieties from the ester group on the same level of
additive concentration, sufficient to form a strong tribo-film.

Oleate-based ILs (IL-3, 6 and 9 - yellow plots in Fig. 13) were
at loadings of ca. 0.70 wt%, but after a stable tribofilm was
established (18 000 s onwards), averaged CoFs were on par with
GMO at 1 wt%. This performance could be attributed to the
high solubility of oleate ILs compared to other tested ILs on one
hand, and higher content of triboactive elements compared to
GMO on the other.

With respect to cations, the [B(Cymea)(7-Bu)]” cation
appeared to have a positive influence on tribofilm formation.
[B(Czmea)(n-Bu)|[EH] established a good quality tribofilm (IL-1 -
red plot in Fig. 13, top), despite its limited solubility of
0.26 wt%. Also [B(Cymea)(7-Bu)][MA], present at 0.26 wt% (IL-2 -
blue plot in Fig. 13, top), demonstrated some CoF reduction
within the first half of the test, which however deteriorated over
time. This could imply low durability of the film that could have
been formed earlier on the metal surface; however, due to the
shorter alkyl chain and presence of the double bond within the
alkyl group, formation of both stable and ordered packing of
tribofilm to protect the metal surface from further friction may
have been inhibited.®® Branched sec-Bu and iso-Bu groups have
been introduced to increase the solubility of ILs in oil; appar-
ently, not only has this not been successful, but also it is
plausible that steric hindrance introduced by these groups has
been detrimental to early tribofilm formation.

When comparing averaged CoF data recorded for stable tri-
bofilms (Fig. 14), it was apparent that oleate ILs (IL-3, 6 and 9)

0.16 4 0.150

0.12 4

CoF

0.08 -

0.04
Group GMO  IL-1 IL-2 IL-3 IL-4 IL-5 IL-6 IL-7 IL-8 IL-9
i+

Fig. 14 CoF values of Group Ill+ base oil, and its formulations con-
taining 1 wt% of GMO or saturated solutions of boronium ILs; data
recorded between 1800 and 3600 s.
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Fig. 15 Wear scar microscopic images of metal ball specimens ob-
tained after HFRR tests, from neat Group I+ and its formulations with
1 wt% of GMO or saturated solutions of boronium ILs.

have shown consistent propensity towards lowering friction (by
13.3-14.8% with respect to neat Group III+), showing perfor-
mance similar to that of GMO, albeit at lower loadings per
weight (0.7 wt% vs. 1 wt%). This could be attributed to their
higher solubility in oil, which in turn could be related to their
speciation and is consistent with the literature, where increased
fatty acid concentration resulted in lower CoFs. Furthermore,
the [B(Comea)(n-Bu)]" cation has shown transient ability to
support tribofilm formation, but a sustained positive effect,
other than that arising from oleate, was only seen for
[B(Camea)(n-Bu)][EH], which seems to necessitate the presence
of carboxylate with a long alkyl chain.

To evaluate reduction in wear, wear scar diameters from the
spent HFRR metal ball specimens were imaged (Fig. 15) and
measured (Fig. 16). All ILs have shown wear scar reduction
when compared to neat Group III+, the trends in performance
were largely contrasting with those found for CoF, and depen-
dent (within error bars) entirely on the anion.

In contrast to CoF experiments, oleate ILs consistently per-
formed the worst, with minimal wear scar reduction (201 pm,
5%; 197 um, 7%; and 181 um, 14%), slightly worse than that of
GMO - with a caveat that in all these cases, there was a large
error associated with the measurements.

Despite poor solubility in the base oil (0.19-0.26 wt%), eth-
ylhexanoate ionic liquids (IL-1, 4 and 7) performed very well in
reducing wear scar. IL-4 gave the lowest wear scar diameter in
absolute numbers (143 um, 32% better than Group III+ base oil,
and 16% better than GMO), but all three ILs performed the
same within the error of the measurement. Methacrylate ILs
gave slightly higher wear (all ca. 151 um and the same within
error of measurement), also outperforming GMO.

Very surprisingly, the results were inversely proportional to
boron content (Table 3); smaller quantities of boron gave the
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Fig. 16 WSD values of metal ball specimens obtained after HFRR tests,
from neat Group Ill+ and its formulations with 1 wt% of GMO or
saturated solutions of boronium ILs.

best performance, while the highest gave the worst. It is unclear
whether boron really had a detrimental effect on WSD in this
case, or the less soluble ionic liquids, with more polar ethyl-
hexanoate and methacrylate anions, were better in reducing
wear, and the lower content of boron was just a side effect of
their lower solubility.

Conclusions

Boronium ionic liquids can be synthesised from abundant
starting materials, through a halide-free route, and used as
multi-functional additives in base oil. Speciation of such ILs is
complicated, due to the ligand scrambling on the boron centre,
and will affect their performance as additives.

There is no one-size-fits-all solution to the design of these
ILs. In terms of friction modification, oleate ILs perform on par
with GMO, at slightly lower loadings. However, due to several
synthetic steps required to synthesise them, for friction modi-
fication alone, GMO is likely the more viable option. ILs with
ethylhexanoate and methacrylate anions were better in
reducing wear, while largely underperforming in terms of fric-
tion reduction.

Within the matrix of nine studied ILs, the best performing
was IL-1, [B(Camea)(?-Bu)][MA], which reduced CoF by 11.3%
(compared to 15.8% by GMO) and reduced wear scar by 30%
(compared to 16% by GMO). From these preliminary results, it
is difficult to explain the synergistic effect of this cation and
anion combination, but identification of this well-performing
system within the matrix of just nine samples gives hope for
future structural improvement, especially using computation
modelling to explain surface interactions.
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