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The focus on energy efficiency to move towards a more sustainable use of resources has intensified efforts to
minimize friction and wear in mechanical systems, which account for 23% of the world's energy consumption.
In this study, polyoxometalate ionic liquids (POM-ILs) are introduced as environmentally acceptable lubricant
additives, for their potential friction-reducing and anti-wear (AW) properties. These compounds, characterized
by their complex structures and tunable properties, have been investigated for their tribological performance
across base fluids of varying polarities. Their performance has been compared against zinc
dialkyldithiophosphate (ZDDP), a standard AW additive. Our findings demonstrate that POM-ILs exhibit
promising friction-reducing and AW capabilities, comparable to traditional additives. The efficacy of POM-
ILs was found to be highly dependent on the base fluid used, with significant variations observed in their
ability to interact with stainless steel surfaces. Adsorption studies confirmed strong adsorption of POM-ILs

Received 21st October 2024 . . . . - .
Accepted 24th Decerber 2024 onto stainless steel, with notable influence from the base fluid. Advanced characterization techniques
revealed the formation of a predominantly oxide-rich tribofilm on the metal surface, as a result of POM-IL

DOI: 10.1038/d4ra07526a decomposition and reaction with the metal. POM-ILs show significant potential as lubricant additives, with
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1. Introduction

Renewable and greener sources of energy are nowadays a major
focus in both research and industrial fields. However, greener
energy sources still present an environmental impact, and the
optimization of energy usage and minimization of energy loss is
another powerful approach for more sustainable practices. One
significant area for improvement in this regard is improving the
energy inefficiency in mechanical systems. Indeed, 23% of the
world's total energy consumption originates from mechanical
systems through their tribological contacts, where 20% is used
to overcome friction and 3% originates from wear and wear-
related failures.” These energy losses are generally reme-
diated by materials with a substantial environmental impact,
such as zinc dialkyldithiophosphates (ZDDP), halogenated
lubricant additives and mildly refined petroleum-based mineral
oils,** amongst others. Material innovation without loss of
practical performance is an essential step to work towards in the
field of tribology. Thus, much industrial and academic effort is
being made to upgrade today's lubrication technologies.
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their structural versatility offering a promising path for future greener developments in tribology.

Lubrication, as the process, and lubricants, as the products,
are used to reduce friction, but they also contribute to reducing
heat, and wear between contacting surfaces in relative motion.
Effective lubricants form a lubricating thin film that separates
the contacting surfaces, providing a long-lasting and smooth
operation life cycle. Lubricants are composed of base fluids,
which are typically present in 70-99%, that are combined with
functional additives in different quantities. Lubricant additives
are tailored for a specific application, because different tribo-
logical systems have different oxidation, pressure, wear, and
friction requirements, amongst others. Lubricant additives are
especially crucial in the boundary lubrication regime, where the
lack of a full lubricating film requires enhanced anti-wear (AW)
action for reducing material and energy losses.

AW additives are a subclass of lubricant additives that acti-
vate at temperatures above 150 °C (depending on the type of
chemical) during operation. This activation mechanism
induces chemical reactions on the metal surface (tribochemical
reactions), forming a protective layer, and thus reducing wear.
Phosphorus containing additives are typical AW additives,
where ZDDP is the most used. However, ZDDP has undesired
environmental consequences since it produces toxic ashes in
diesel internal combustion engines and is aquatoxic,® therefore,
less harmful lubricant additives are to be identified and devel-
oped for minimizing environmental impact.

Since the early 2000s, the use of ionic liquids (ILs) in the field
of tribology has grown exponentially; first as plain lubricants
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and later shifting to additives.” ILs benefit from possessing
tuneable chemical structures and properties such as negligible
vapour pressure, high viscosity, thermo-oxidative stability and
low melting point.® Crucially, their dipolar structure endows
them with a high affinity for metallic surfaces, making
adsorption and subsequent chemisorption possible.® Further-
more, their structures can be tailored to contain tribo-active
elements such as P, B, N, S or F.**'*

The use of ILs as lubricant additives is relatively new and
there are some uncertainties in terms of how they interact with
metallic surfaces under tribological conditions. However, it has
been reported that their improved lubrication and wear resis-
tance is achieved through either physically adsorbed (phys-
isorption) or chemically reacted (chemisorption) protective thin
layers on the metallic surface as a consequence of thermal
decomposition.'? In both these potential scenarios, the anionic
component is responsible for the direct interaction with the
metal surface, and the cation follows as a secondary reagent or
gets decomposed and degassed from the system as reported by
Kawada et al.*® The anion interacts preferably with the positively
charged metallic surface after electrons are removed from it
during the tribo-action or it is decomposed, and its components
react with the nascent surface created during the mechanical
action." The anion is thus an important component of the IL
and must be tailored according to the system needs. Elements
that have shown good surface activity under tribological
conditions for AW purposes include F, N, P, S, etc., and are
found in many traditional AW additives.” Their presence should
be considered alongside alkyl chain length, functional groups,
and electrostatic and stearic forces at play within the IL struc-
tures, so that solubility and stability in the base fluid is ach-
ieved, followed later by a good AW performance.

Conventional IL structures for tribological applications are
generally based on a limited family of compounds. Zhouet al.*
provide a summary of these structures, which are mostly based
on ammonium, phosphonium, imidazolium, or pyridinium
cations, and although the anionic moiety has more diversity
(both organic and inorganic species have been reported), the
majority are F-, P- and/or S-containing anions. Halogens present
in the structures as well as some of the organic structures
present in the cations can result in corrosion of the metal
surfaces, are toxic and/or environmental hazards.'*'” This has
driven to the investigation of other structures, such as borates'®
amino acid-based ILs" and other bio-inspired IL structures.”®
This paper aims to contribute to this line of research by intro-
ducing a new family of IL materials based on inorganic anions
(polyoxometalates) and bulky organic cations.

Polyoxometalates (POMs) are a wide family of anionic metal
oxide clusters based on early-row transition metals in their
highest oxidation state(s), e.g., W, Mo, V, Ta and Nb; however,
POMs of Fe, Cu, Pt, and Pd are also known. Solution-stable
POMs are self-assembled in aqueous media through acidifica-
tion of simple metal oxides. Their oxidation state, additional
heteroatoms and arrangement leads to a large variety of cluster
anions whose physicochemical properties can be tailored at the
molecular level. POMs can be classified as iso- and hetero-
polyoxometalates, of general M,,,0,]""

formulas and
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[X:M,,,0,]"", respectively, where M = W, Mo, V, etc. and X = Si,
P, As, etc. with x < m. POMs can also be classified as plenary or
lacunary, where the former describes metal oxides with all
cluster sites occupied, and the latter possessing vacant metal
atom binding sites.

POMs have been studied since the 1800s, with the first,
a phosphomolybdate, reported in 1826 by Swedish chemist, J. J.
Berzelius.”* Advancements in characterization techniques, such
as X-ray crystallography, the 1900s facilitated a deeper under-
standing of these complex metal-oxide clusters. Emerging
research on these molecules frequently centers on one of their
inherent advantages, which is that they can be processed and
adapted to a variety of purposes: they can be crystallised as
alkali metal salts, hybridised with polymers, bound to nano-
particles, immobilized within porous framework, and
combined with bulky organic cations (e.g., alkyl ammonium
and phosphonium cations) to produce polyoxometalate-ionic
liquids (POM-ILs).2>%*

POM-ILs have already been employed as functional mate-
rials in many fields, ranging from antibacterial and anticor-
rosion® to water purification,* and catalysis.”” The hypothesis
in this work is that the high negative charge, atomic compo-
sition, and chemical tunability makes POM-ILs relevant as
potential lubricant additives. Since ILs have already shown
significant promise in tribological applications, it can be
reasoned that the deployment of POM-ILs further enhances
the design opportunities arising from the potential to tune, at
a molecular level, the inorganic and organic component parts
to influence the electrostatic and steric forces as well as the
interaction with metal surfaces. In addition, and as a part of
a more efficient and environmentally improved performance,
a multifunctional behaviour (both targeting, at least, wear and
friction simultaneously) would be another desired outcome
because it would reduce the amount of chemicals needed in
the additive package of a lubricant. Reducing the amount of
chemicals in a formulated lubricant can potentially suppress
the antagonistic effects between additives, as well as reduce
the demand for different chemical species overall. To test this
hypothesis POM-ILs were incorporated into a variety of envi-
ronmentally acceptable base fluids, including low viscosity
polyalphaolefin (PAO8 with 8 cSt viscosity at 100 °C), dipro-
pylene and diethylene glycol (DPG an DEG) and two synthetic
esters: neopentyl glycol dioleate and 2-ethylhexyl palmitate.
The polarity of the base fluids varies, with PAO8 being the least
polar and esters the most polar, thus potentially exhibiting
different compatibility with the POM-IL structures. Advanced
surface characterization techniques were later used to evaluate
the tribological properties of the POM-ILs on AISI 316L
austenitic stainless steel.

2. Experimental

2.1. Materials

Table 1 and 2 show, respectively, the additives and base fluids
used in this work alongside their structure and abbreviations.
POMs and POM-ILs were synthesized in this work according to
protocols published in the literature.>*>®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical structure, molecular weight, and properties of the selected chemical additives

Additive Mw (g mol ) Appearance Abbreviation Typical application

. i . Anti- i d anti-bacterial
6409.4 Viscous, yellow liquid Siw;,THTDA n 1.corr0510n and anti a(;serla

coatings for natural stones
5960.5 Hard gelatinous consistency, SiW,, THepA Antijcorrosion and anti—bacztserial

colorless coatings for natural stones

(K]s 2987.0 White powder KgSiW,4 Catalyst*
[K]g [SiW11035]
[Br] cation wsed in Iubrient
. Lo ation used in lubricating
46. llow 1 THTDAB . .
>46.8 Viscous, yellow liquid r and antibacterial ILs***°
Trihexyltetradecylammonium
bromide
S,
no\p/-j\h‘/ \,,/”"
/N N / ~Sor
"o s . L Traditional and effective
R =isobutyl 547.8 Clear, viscous liquid ZDDP antiwear additive®!
Zinc dialkyldithiophosphate
Trihexyltetradecylammonium  bromide (THTDABr) was 2.3. Tribological testing

purchased from Sigma Aldrich, and a primary ZDDP (Additin
RC 3045) from TRiiSO LLC was used as a reference AW additive
for comparison. The base fluids used for the lubricants
included PAOS (from Chevron Phillips); two glycols: DEG and
DPG from Acros Organics; and two esters: neopentyl glycol
dioleate (Dehylub 4016) and 2-ethylhexyl palmitate (Dehylub
4018) both from Emery Oleochemicals. All base fluids and
additives were used as received with no further purification.

2.2. Preparation of lubricant formulations

10 mL of lubricant formulations were prepared with 1 wt%
additives and 99 wt% base fluid, which is a standard compo-
sition in our research laboratory. The mixing process of the
additives in the base fluids consisted of magnetic stirring for 6
hours at 60 °C followed by a 30 minutes ultrasonication (VWR
USC300T model with a frequency and power of 35 kHz and
180 W respectively). Then, the lubricant formulations were
visually assessed. Only the lubricants that appeared to have an
adequate miscibility with the base fluid were selected for
subsequent testing (discussed in further detail in Section 3.1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

The tribological testing was performed with selected formulated
lubricants on AISI 316L stainless steel substrate, which was
obtained from a rod of 30 mm diameter that was cut into 6 mm
thick discs. Prior to testing, the discs were prepared by grinding
and polishing according to the guide provided by Struers,* to
obtain an appropriate surface finish of Ra = 0.090 £ 0.003 um.
The cleaning after polishing consisted of ultrasonication in an
ethanol-water bath (1:1) for five minutes, rinsing with water,
and air drying. Then, a ball-on-disc tribometer (TriboCorr
Resmat Corporation, Canada) was used to test the stainless steel
discs under sliding reciprocal motion against a 6 mm diameter
Al,O; ball from Precision Ball and Gauge Co. Ltd, at 20 N
normal load (corresponding to a maximum initial Hertzian
contact pressure of 2.05 GPa). The sliding distance was 10 mm
with a sliding frequency of 1 Hz, resulting in a linear velocity of
0.02 m s~ . The duration of the test was 5000 cycles (20 mm per
cycle), corresponding to a total sliding distance of 100 m. These
tests were performed at room temperature. The calculated
lambda value according to Hamrock-Dawson equation (which
accounts for the ratio between the fluid film thickness and the

RSC Adv, 2025, 15, 1275-1289 | 1277
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Table 2 Chemical structure and physicochemical properties of the base fluids tested

Base fluid Mw (g mol™')  Density (gcm ®)  Molecular formula  Abbreviation  Dipole moment (D)
o
H O/\/ \/\OH
106.1 1.118 C4H100; DEG 1.26
Diethylene glycol
OH OH
o)
HSCJ\/ \/kCHs
134.2 1.022 CeH140;3 DPG 1.03
HO _~_O._~_OH
Dipropylene glycol (dimer mixture)
7
é\_\w {Wv 633.0 0.8982 C41H-60, DhL4016 5.85
Neopentyl glycol dioleate (Dehylub
4016)
o
/\/\/\/\/\/\/\)Lo/\(\/\
368.646 0.8619 C24H450, DhL4018 3.44
Ethylhexyl palmitate (Dehylub
4018)
5967 0.833 N.A“A PAOS 0.08

Polyalphaolefin 8 cSt

% The molecular structure for PAOS is given as the generic polymerized PAO structure, since the composition of each specific PAO fluid is not
generally disclosed given the polymerization variability. The hydrocarbon structure of PAO8 is not determined, since PAOs are the result of the
oligomerization of linear a-olefins with a variable number of C in the alkyl chain. ? Calculated values using a gas chromatography method.?

composite surface roughness of the moving pair)* resulted in
values in the range of 10~ for all the base fluids studied, cor-
responding to the boundary lubricating regime for all cases. All
materials were tested at least twice to verify reproducibility of
the results.

2.4. Adsorption studies

Adsorption of the additives to the metal surface was assessed
with a Quartz Crystal Microbalance provided with dissipation

1278 | RSC Adv, 2025, 15, 1275-1289

monitoring (QCM-D) from Biolin Scientific. The sensors were
stainless steel coated purchased from RenLux Crystal. The
sensors were cleaned (by ultrasonication and UV-ozone clean-
ing) prior to each experiment. The experiment consisted of
flowing through the tubing, at a constant flow of 50 uL per
minute, the solution of the plain base fluid was then changed to
the additive-containing solution, and lastly, the plain base fluid
was run again. The frequency and the dissipation are measured
against time during the whole process. The viscosity of the base

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluids (DPG and PAOS8) only permitted the measurement of
frequency and dissipation of the fundamental (1st) overtone.

Among the additives, only lubricants containing ZDDP and
SiW,,;THTDA were tested for consistency in both base fluids.
SiW{;THTDA was diluted to 0.01 wt% due to instrumental
limitations, while ZDDP was tested at concentrations of 1 wt%
and 0.01 wt% to allow for a comprehensive analysis.

All tests were performed at least twice to verify reproduc-
ibility of the results.

2.5. Wear track characterization

The wear scar volume of stainless steel after tribological
testing was measured using Alicona Infinite Focus optical 3D
microscope (Bruker). Three wear volume loss measurements
were taken for each wear track, at three different locations in
the wear scar. The data was analyzed using MountainsMap
software (Digital Surf). The wear volume was obtained by
averaging the three measurements taken for each disc and the
standard deviation was calculated. The averaged wear volume
was used to calculate the specific wear rate (SWR) and the
degree of material loss (8) according to the following
equations:**?¢

Wear volume
SWR = — - 1
Normal load x sliding distance (1)

ﬂ _ Agroove - Aridges

x 100 )

A groove

B approaches 0% when the material loss is only a conse-
quence of plastic deformation, and it becomes 100% when the
consequence for material loss is abrasive wear. Furthermore,
a (-value of 100% means there is no material displaced to the
sides of the wear track forming side ridges.

The wear track topography and primary surface assessment
was studied by means of a Thermo Fischer Scientific (FEI)
Quanta 650 field-emission gun (FEG) Scanning Electron
Microscope (SEM), using an Everhart-Thornley detector (ETD).
Additionally, with the help of Helios G5 plasma focused ion
beam (PFIB), it was possible to prepare and observe the wear
tracks cross sections. The preparation included the use of
deposition, milling and polishing in the micrometer and
nanometer scale, taking advantage of the plasma source.
Carbon layers were deposited ahead of milling and polishing to
protect the worn surface from the ion beam that could modify
the surface composition. Once the deposition, milling and
polishing was finished, cross section images were obtained
through the secondary electron reaching the through-the-lens
detector. Eventually, time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) was performed, given the available
detector on the same PFIB instrument.

For better resolution and chemical analysis, the process
continued extracting a thin (less than 60 nm) lamella with the
PFIB. Once achieved, the lamellae were studied with Scanning
Transmission Electron Microscopy (STEM) using a retractable
STEM detector on the same instrument. Finally, elemental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mapping of this STEM lamellae was performed by an X-ray
energy-dispersive spectrometry detector (EDS).

Surface chemical analysis X-ray photoelectron spectroscopy
(XPS) was conducted on the wear track of the stainless steel disc
tested with PAO8-SiW,;THTDA at different depths. The XPS
analysis utilized a Kratos Axis Ultra instrument using a delay-
line detector. The measurements were performed with
a monochromatic Al Ka X-ray source, operating at a current of
10 mA and a voltage of 10 kV. During acquisition, the sample
chamber pressure was maintained at 1 x 10~° Torr. Depth
profiling was achieved through ion milling with argon sputter-
ing, using an argon energy of 4 keV and a pressure of 6.9 x 10~/
Torr. Seven data acquisition sets were obtained at varying
etching times: 0, 5, 15, 35, 85, 185, and 685 seconds. Data
analysis and curve fitting were subsequently performed using
the CasaXPS software.

3. Results

3.1. Base fluid compatibility with additives

The solubility of all the chemicals listed in Section 2.1 was
studied by blending the components and analysing the
appearance of the lubricants. The solubility matrix presented in
Table 3 shows three levels of solubility: non-soluble (x), fully
soluble (v) and partially soluble forming an emulsion-like
liquid (E). In addition to the main base fluids (PAO, ester and
glycol), water and a water-glycol 50:50 mixture (WG) were
evaluated.

Due to the better compatibility of the POM-IL containing
THTDA, its ionic liquid salt (THTDABr) was tested. THepABr
was not tested due to the poor compatibility of its POM-IL with
most of the base fluids.

The most polar base fluids, glycols and esters, showed
overall better compatibility than the non-polar PAO8. Within
the glycols, DPG solubilized both POM-ILs, becoming the most
compatible base fluid. DhL4016 formed emulsions with the two
POM-ILs becoming the most compatible of the two esters,
which could be due to its higher polarity. Lastly, the most non-
polar base fluid, PAO8, showed the least compatible behaviour,
forming only one emulsion with one of the POM-ILs. Finally,
water and WG mixtures only showed compatibility with the
metal salt of the POM anion (KgSiW,;030).

From Table 3, it is clear that the solubility of the POM-ILs in
the base fluids can be a challenge. Polyoxometalates already
present a multitude of possible assemblies and behaviors in
solution®” which accounts for the complexity of these species in
aqueous media. Many of their challenges are mostly due to their
pH and redox properties, which will be negligible in many base
fluids in this study. In the absence of water, polarity, charge,
and steric behavior can be more determinant factors for the
solubility of POM and POM-related compounds in common
base fluids.

DPG seemed to provide the best compatibility, with complete
miscibility with both POM-ILs. The rest of the base fluids ten-
ded to form emulsions with these POM-ILs at room tempera-
ture. The resulting emulsions presented some different
physicochemical properties, such as turbidity, which could be

RSC Adv, 2025, 15, 1275-1289 | 1279
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Table 3 Additive solubility in base oil matrix

Additive solubility in base oils DPG DEG DhL 4016 DhL 4018 PAOS H,0 WG
Siw;,;THepA v X E X X X X
SiW,; THTDA v x E E E X X
THTDABr v v v v X X X
KgSiW,;,039 X X X X X v v
ZDDP v X v v v X X

the consequence of different saturation concentration for the
different base fluids. Indeed, Dang et al.*® claimed to improve
the solubility of the POM-ILs in base fluids making them more
non-polar by adding an organic coating. However, this
approach was discarded for this work because the intention is
to keep the structures as simple and functional as possible.

To account for the contribution of the individual compo-
nents of SiwW;;THTDA on the compatibility with the base fluids,
control experiments polar media included the potassium salt
KgSiW,,039 and the bromide salt THTDABr. The KgSiW,,039
was soluble in water and in water—glycol media, but was found
to be insoluble in glycols and esters; whereas THTDABr was only
compatible with plain glycols and esters due to the presence of
alkyl chains in its structure (Table 3). It is interesting the
opposite compatibility behavior of KgSiWw,;,039 and THTDABET,
which probably accounts for the unpredictable solubility
behavior of the POM-ILs in the different base fluids.

The emulsions formed by POM-ILs suggest that the presence
of long alkyl chains significantly affects the compatibility
between the POM-IL and the base fluid. Siw,;THTDA forms
emulsions both in PAO8 and the esters, whereas SiW;;THepA
only forms emulsions in PAO8. While PAO8 is non-polar, the
esters have a localized dipole. Therefore, this polarity disparity
seems less important for compatibility than the presence of
long alkyl chains in the cation moiety. In contrast, DPG exhibits
a different behavior, with both POM-ILs being fully soluble. The
dimers of DPG have much shorter carbon chains and more
oxygen per molecule compared to the esters and PAO8. Despite
DPG's lower overall dipole moment, its dipole is more
uniformly distributed, leading to different interaction with the
POM-IL and thus resulting in better solubility.

Another possible explanation for the varying solubility of
POM-ILs in these media could be a dynamic exchange of cation
molecules with DPG molecules within the POM-IL cluster,
which enhances the interaction between the base fluid and the
solute (additive), resulting in better solubility. In contrast, the
predominantly aliphatic nature of the esters and PAOS8 likely
creates a repulsion effect with the POM-IL cluster, favoring
emulsion formation rather than a solution. In addition, the
behaviour of DEG, which is structurally similar to DPG,
differing only in one carbon atom, indicates that the dimeric
structure of DPG plays a crucial role in its compatibility with
POM-ILs.

Furthermore, the shorter alkyl chains in THepA seem to
hinder its compatibility with the esters and PAO8 but not with
DPG. This observation further suggests that POM-IL-DPG

1280 | RSC Adv, 2025, 15, 1275-1289

compatibility is primarily mediated by electrostatic interac-
tions. On the other hand, POM-ILs compatibility with esters and
PAO8 suggests that the governing phenomenon are steric
hindrance and repulsions of aliphatic chains. Consequently,
a longer alkyl chain in the cationic moiety will enhance
compatibility of POM-ILs in non-polar base fluids such as PAOs
and in aliphatic, such as esters.

ZDDP was soluble in the two esters, PAO8 and DPG, but not
in DEG, water and water-glycol, following a similar compati-
bility to Siw;;THTDA, except that ZDDP was fully soluble in
PAOS8 and the esters.

3.2. Friction results

The friction results consisted of coefficient of friction (COF) vs.
distance (m) plots, which are all available in the ESI.{ The
average COF values (including the running in period) are
summarized in Table 4.

All friction tests, except for DPG repetition 1 exhibited
arunning in period, being longer in the case of PAOS. Moreover,
none of the additives tested in DPG improved friction compared
with the plain base fluid, and some even increased the average
COF. On the other hand, both additives in DEG decreased
friction, but the COFs in DEG lubricants were higher than in
DPG.

In the case of the esters (DhL4016 and DhL4018) the
running-in period was rather short with a sharp drop. Not all
POM-ILs were compatible with DhL4018, but Siw,; THTDA was
compatible in both esters leading to lower friction in DhL4018.
Overall, DhL4018 resulted in lower COF, both with and without
additives.

Finally, all PAO8 based lubricants showed a running in
period, and an average COF close to 0.5 in the case of plain
PAOS. ZDDP showed a considerably shorter running in period
with the lowest friction. Both SiWw;THTDA and ZDDP additives
reduced the average friction after the running in.

3.3. Wear rate

Fig. 1 and Table 4 show the SWR and g values measured,
respectively, for all samples after tribological testing.

The wear rate for DPG was only decreased by ZDDP and
THTDABr. The other glycol tested in this work (DEG) had the
largest wear rates of all tests, and none of the POM-ILs could be
evaluated for SWR.

As for the esters, DhL4016 resulted in the highest wear rate,
twice as much as DhL4018. All additives seemed to have some

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Averaged COF and @ value for each tribotest
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Repetition 1

Repetition 2

Avg. COF Duration Avg. B Avg. COF Duration Avg. B

Blend running in running in (m) COF (%) running in running in (m) COF (%)
Plain DPG — — 0.1719 99.89 0.1828 1 0.1715 99.65
SiW11THTDA in DPG — — 0.1802 99.64 — — 0.1714 99.61
SiW11ThepA in DPG — — 0.1809 99.79 — — — —
THTDABr in DPG — — 0.1748 99.64 0.1875 1 0.1765 99.71
ZDDP in DPG — — 0.1909 99.70 0.1839 1 0.1626 99.24
Plain DEG 0.3325 1 0.2508 88.81 0.3164 1 0.2504 93.82
THTDABT in DEG 0.2933 1 0.2252 94.78 0.2843 1 0.2129 97.44
Plain DhL4016 0.1448 2 0.1453 99.54 0.1574 2 0.1462 99.79
SiW11THTDA in DhL4016 0.1577 2 0.1529 99.85 0.1576 2 0.1415 99.75
SiW11ThepA in DhL4016 0.1413 2 0.1426 99.86 0.1559 2 0.1415 99.61
THTDABT in DhL4016 0.1727 2 0.1426 99.78 0.1561 2 0.1486 99.92
ZDDP in DhL4016 0.1533 2 0.1435 99.62 0.1573 2 0.1431 99.73
Plain DhL4018 0.1447 2 0.1338 99.73 0.1326 3 0.1224 99.11
SiW11THTDA in DhL4018 0.1372 2 0.1241 99.63 0.1380 3 0.1260 99.51
THTDABr in DhL4018 0.1452 2 0.1222 99.46 0.1293 1 0.1134 97.93
ZDDP in DhL4018 0.1326 2 0.1227 99.42 0.1329 1 0.1213 95.38
Plain PAOS 0.5052 45 0.2242 86 0.4258 35 0.1657 66.14
SiW11THTDA in PAO8 0.3197 11 0.1194 47.71 0.3052 15 0.1214 34.95
ZDDP in PAOS 0.2041 5.5 0.1165 58.67 0.1802 5 0.1219 42.98

reducing wear ability in DhL4016, however, ZDDP had the most
wear reducing ability. All additives significantly reduced wear in
DhL4018, with ZDDP being the most efficient.

The lowest wear of all tested additives was observed in PAOS.
However, wear reduction was most significant for the POM-IL
and ZDDP, both having a similar impact on wear rate reduction.

Table 4 shows very high @ values for all glycol and ester-based
lubricants, evidencing mostly abrasive wear. Contrary, PAO8
lubricants showed more variable values, revealing contributions
from both abrasive wear and plastic deformation. Interestingly,
SiW,;THTDA and ZDDP in PAOS8 showed the lowest 8 values of
all tests, evidencing the highest degree of plastic deformation
within the test matrix.

After the compatibility study, and the friction and SWR
screening, SiW;;THTDA and ZDDP were selected for more
detailed analysis due to their clearly best performance in the
base fluids.

3.4. Wear track characterization

The morphologies of the wear tracks of the selected formulated
lubricants were studied using SEM (Fig. 2). By comparing
SiW,;,;THTDA and ZDDP wear track morphologies with the one
obtained in the plain base fluids, it was possible to evaluate the
effect of the interaction between the base fluid and these
additives. Additional SEM images can be found in Table S1 in
the ESL}

As anticipated by the @ values, the glycol and the esters
showed signs of surface abrasion, ZDDP-DPG showed some
cracks and irregularities as well as abrasion marks, and
SiW,; THTDA showed evidence of abrasion to a similar extent to
plain DPG.

For the esters, both plain DhL4016 and DhL4018 showed
a low level of wear damage, however ZDDP appeared to decrease

© 2025 The Author(s). Published by the Royal Society of Chemistry

the abrasion marks. SiwW,;THTDA reduced abrasion in the case
of DhL4016 but showed increased surface cracking for
DhL4018. Therefore, because of these results and their poorer
compatibility with Siw,;; THTDA compared to DPG (Table 3), the
esters will not be further studied in more detail.

Compared to plain PAOS, a significant reduction in wear
damage is observed with both ZDDP-PAO8 and SiW11THTDA-
PAOS8. This could likely be attributed to the formation of
a protective tribofilm on both surfaces. Whether this tribofilm
formation was mediated by adsorption or chemical interaction
with the surface is discussed in the upcoming sections.

3.5. Tribofilm characterization

A more in-depth analysis with FIB and S(T)EM-EDS of the best
performing samples (Siw,;;THTDA and ZDDP in both PAOS and
DPG) was performed to study the wear and frictional perfor-
mance of these lubricant formulations. The FIB cross-sectional
images, along with the corresponding S(T)EM and oxygen EDS
map are shown in Fig. 3 and 4.

In Fig. 3, the FIB image corresponding to the wear track cross
section of Siw;; THTDA in PAOS showed a very large (around 3.5
um thick) plastically deformed area (this area is denoted with
a dashed-green line in the image), which is confirmed by the
S(T)EM images. At the very top of the S(T)EM image, a lighter
layer evidencing the presence of an oxide rich tribofilm was
found and confirmed by EDS mapping. ZDDP in PAO8 showed
a much thinner refined grain structure (around 500 nm thick)
with hints of some patched surface layer on the wear track
which could be observed in a darker color at the interface with
the protective carbon layer in the FIB-SEM image. The S(T)EM
image of ZDDP in PAOS highlighted this tribofilm, which is rich
in oxygen on the EDS mapping. The remaining EDS elemental
mapping can be found in Fig. S7 in the ESI, 1 where the presence

RSC Adv, 2025, 15, 1275-1289 | 1281
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Fig. 1 Specific wear rate (mm® Nm™2) of both repetitions of the tested samples.

of S, Fe, P, O and Zn were found to a smaller extent. This is in
agreement with previous literature that described the ZDDP
tribofilm to consist of a mixture of Zn/Fe polyphosphates and
precipitates of Zn/Fe sulphides.** This patch-like tribofilm
covers the surface less effectively than the layer formed by
SiW,,; THTDA.

On the other hand, SiW;;THTDA in DPG (Fig. 4) showed
a less plastically deformed subsurface layer and there was no
visual evidence of any tribofilm. Similarly, ZDDP in DPG showed
a smaller deformation area than in PAO8 and no evidence of
tribofilm formation. Overall, both additives in DPG displayed
a similar surface modification pattern. The EDS mapping of

1282 | RSC Adv, 2025, 15, 1275-1289

SiW,;THTDA and ZDDP in DPG showed the absence of a tribo-
film, even if the presence of oxides was deeper within the
subsurface structure, this was probably a consequence of
smearing of wear debris under frictional forces and stress.

3.6. Adsorption results

The QCM-D measurements were carried out to study the
adsorption behaviour of Siw,;;THTDA and ZDDP in PAO8 and
DPG. Fig. 5 shows the frequency (Af) and dissipation (AD)
changes with time obtained from the QCMD tests. In the case of
PAOS8 a frequency drop takes place when the base fluid con-
taining additives is pumped in the cell, whereas the opposite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cross section images and elemental mapping of the wear tracks of SiWy; THTDA and ZDDP in PAOS.

was found for DPG. In the case of SiW;;THTDA, a test at 1 wt% around 6000 Hz, created problems with the acquisition of
concentration was carried out, for consistency with the rest of a complete experiment, and therefore, a concentration reduc-
the experiments. However, the very large frequency drop, of tion of this additive to 0.01 wt% was necessary for obtaining the
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rinsing.

experimental data. During the test at 0.01 wt% concentration,
the frequency drop stayed at low levels after flushing with the
plain base fluid, indicating a strong adsorption, or chemisorp-
tion, onto the sensor. On the other hand, the frequency drop of
ZDDP in the same base fluid increased again after flushing with
the plain base fluid as indicative of a physisorption process.

1284 | RSC Adv, 2025, 15, 1275-1289

Very different behaviour was observed in the case of DPG
where the frequency change was positive (frequency increased
as the additive got introduced). This change in frequency,
however, went back to the initial point after flushing with the
plain base fluid, indicating again a weakly adsorbed film of both
additives onto the sensor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Discussion

4.1. Effect of base fluid on additives' adsorption

Sauerbrey in 1959 proposed the following relationship between
the resonant frequency and mass change upon the addition of
a foreign layer onto a quartz crystal sensor:*

2
ﬁAm

Af = —
f A

(3)
q
where Af and Am represent changes in resonant frequency and
in mass, respectively, f, is the fundamental frequency of the
quartz crystal under vacuum, A is the available area of the
crystal and pq accounts for the quartz density. This equation
disregards the viscoelastic effects of the adsorbed layer, which
can significantly affect the frequency. In this work, a QCM with
dissipation mode was used so, the energy loss or dissipation
(AD) was measured as well. Dissipation measures properties
related to the viscoelastic properties of the adsorbed layer.
One of the proposed mechanisms of the working principles
of ILs as lubricant additives describes how ILs have a high
affinity towards metallic surfaces, where first the anion, and
later the cation adsorb onto it, followed by other ILs, possibly
creating a multilayer structure.*** This cannot be confirmed for
POM-ILs in this work since one would need to measure more
than the fundamental overtone in QCM, but the strong chem-
isorption process observed in Fig. 5 implies a strong interaction
with the metal surface, which is evident for POM-ILs in PAOS.
As mentioned in Section 3.6, the adsorption experiment for
SiW,;,;THTDA had to be performed at a much-diluted concen-
tration (100 times) because of the large frequency drop. When
the same experiment (0.01 wt% concentration) was performed
for ZDDP in PAOS, no frequency drop was observed (Fig. 6). At
1 wt% ZDDP concentration (Fig. 5) however, a frequency drop
upon addition of the additive was observed. This frequency
drop reversed upon flushing with the plain base fluid, indi-
cating weaker adsorption compared to the POM-IL. Further-
more, in Fig. 5, the frequency drop for 1 wt% ZDDP was much
smaller than that for the 0.01 wt% POM-IL, despite the POM-IL
being 100 times more diluted. This illustrates the significantly
higher change in adsorbed mass for the POM-IL. Given that the
molecular mass of ZDDP is almost 12 times lower than SiW,;-
THTDA (Table 1), the adsorption of a ZDDP molecule yields
a much smaller mass on the sensor than Siw;; THTDA for the
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Fig. 6 QCM-D plots versus time, showing frequency change and
dissipation for ZDDP at 0.01 wt% in PAOS8.
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same number of adsorbed molecules. However, the observed
frequency drops suggest a much greater mass change than what
would be expected for the difference in molecular mass only,
indicating a much more efficient surface adsorption of Siw,;-
THTDA compared to ZDDP. These differences in adsorption can
be directly linked with the frictional behaviour, since a stronger
adsorbed layer will lead to lower interfacial shear. Indeed, this
seems to be the case as illustrated in Fig. 4 although it is not as
pronounced as indicated by the adsorption measurements.
Under tribological testing, the sliding motion constantly
removes the adsorbed layer, and the mechanical contact creates
high local temperature and pressure. Under QCM-D, the testing
conditions are static, and the test is performed at room
temperature. Therefore, the observed differences in friction
between the POM-IL and ZDDP are not solely result of adsorp-
tion but might have been also affected by tribochemical
processes triggered by high local temperature and pressure that
cannot be replicated by QCM.

For DPG, both the POM-IL and ZDDP exhibited similar
behaviour. The observed frequency rise was associated to the
layer viscoelastic contribution rather than the adsorption mass
contribution, as reported by an independent study conducted
by Wijanarko et al.** The positive frequency shift and the
negative dissipation shift implies thus that the adsorbed layer
had both low shear viscosity and a low shear elasticity modulus
compared to the bulk liquid. This can be an indicative of surface
adsorption competition and can therefore justify the higher
friction observed for ZDDP and SiW,; THTDA in DPG compared
to PAOS.

Overall, the observed friction, wear, and adsorption results
indicate that DPG did not provide an adequate environment for
the tested additives in stainless steel substrates. In contrast,
PAO8 demonstrated better performance as a base fluid for the
additives, most likely due to the absence of competition for the
adsorption surface sites.

4.2. Additives' thermal decomposition effects on tribofilm
formation

Both additives in PAO8 can efficiently reach the surface since
the base fluid does not have a high affinity for the metal surface.
However, adsorption analysis alone did not fully explain the
friction and wear results. High resolution microscopic analysis
of the wear tracks provided additional insight into friction and
wear mechanisms. The cross-section images of the wear tracks
in Fig. 3 and 4 show strong interaction between the metal
surface and the additives, as well as the subsequent physico-
chemical changes on the surface. Siw;;THTDA appeared to
readily interact with the metallic surface in PAO8. Therefore, the
tribofilm observed in the STEM-EDS mapping likely resulted
from a tribochemical reaction aided by the chemisorption of the
POM-IL. Under the high contact pressure and temperature
during the tribotest, the POM-IL likely decomposed and reacted
with the surface, forming a protective layer against further wear.
Thermogravimetric analysis (TGA) of Siw,;THTDA (Fig. S87)
revealed that 42% of the mixture decomposes at temperatures
below or equal to 600 °C, which are locally reachable during
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a tribotest. Mass calculations indicate that this weight loss
mainly corresponds to the cation decomposition, a finding
consistent with the literature.*® This decomposition likely
facilitates tribofilm formation by increasing exposure of the
POM moiety to the stainless steel surface.

Interestingly, surface chemical analysis by ToF-SIMS and
XPS (Fig. 7 and 8) showed that both tungsten and tungsten
oxide are present in different oxidation states along the wear
track for the tests performed with Siw,;;THTDA in PAOS. This
result further supports the hypothesis that Siw,;;THTDA
decomposed into its constituent elements, which then reacted
with the elements of the stainless steel to form a protective
tribofilm.

The different oxidation states of tungsten on the wear track
found with ToF-SIMS were: W(1), W(ur) and W(v).**** Given that
the tungsten in SiW;;THTDA is initially in the +6 oxidation
state, the presence of +1, +3 and +5 oxidation states suggests
that electron gain processes reduced the original W(vi).
However, it is difficult to determine if these redox processes
were solely a consequence of the tribochemical processes or if
the ion beam used in the ToF-SIMS influenced the redox reac-
tion. To better understand this reduction process, XPS analysis
was also performed.
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Fig. 8 shows the tungsten peak and illustrates the evolution
of the oxidation states as etching progresses deeper into the
metal surface. Comparing the W-based compounds present on
the shallower surface in Fig. 8a (5 seconds etching, under 1 nm
depth) and the deeper surface in Fig. 8b (685 seconds etching,
approximately 23 nm depth) clear differences were observed.*®
At the outer surface, tungsten was mostly found as WO; with
oxidation state VI (~99 at%), the same as the original POM-IL.
As etching progressed, the signal of other oxidation states
increased. At around 23 nm depth, the distribution of W
compounds was as follows: metallic W(0) (at ~18 at%), WC(v)
(at ~11 at%), and WO, (IV) (at ~5 at%), with the remaining
corresponding to WO; (VI) (at ~67 at%). Despite the depth,
most of the tungsten remained in oxidation state VI, though
significant changes occurred deeper into the surface. This could
support the hypothesis that during tribological testing, the
initial W(vi) partially undergoes reduction reaction(s),
producing the observed compounds and allowing the formation
of the tribofilm. The presence of these reduced oxidation states
deeper in the metal surface can be explained by the material
smearing action during the test, which induces both physical
and chemical changes in the material. This “physicochemical
smearing” process had not yet affected the shallower surface,
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Fig. 7 ToF-SIMS analysis of (a) inside and (b) outside the wear track of SiW;; THTDA in PAOS.
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Fig. 8 XPS analysis inside the wear track of SiWy; THTDA in PAO8 showing the presence of tungsten at (a) 5 seconds and (b) 685 seconds etch

time.
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Table 5 Summary of friction, wear, adsorption, and tribofilm analysis for SiW;; THTDA and ZDDP in PAO8 and DPG

Friction
Base fluid  Additive =~ Running in (m)  Stabilized COF ~ Wear (mm® Nm™')  Adsorption Tribofilm
PAOS POM-IL ~12.5 ~0.12 ~4.7 x 107° Chemisorption Full coverage, O-rich, presence of W
ZDDP ~5.25 ~0.12 ~3.7 x107° Physisorption Patchy, presence of O, S, P and Zn
DPG POM-IL ~0 ~0.16 ~4.4 x 107° Physisorption Not observed
ZDDP ~0.5 ~0.16 ~3.4 x107° Physisorption Not observed

where changes in W oxidation state were less significant.
Nevertheless, potential reducing effects of XPS etching should
also be considered before drawing definite conclusions,
particularly given the differing oxidation states detected by ToF-
SIMS and XPS. This suggests a high likelihood of significant
changes in oxidation states, but the analytical techniques used
in this work do not provide conclusive insight into the exact
oxidation states present.

As expected, the lubricant formulation containing ZDDP in
PAOS also formed a tribofilm on the metal surface, as can be
seen in both the S(T)EM and EDS images (Fig. 3 and S77). This
tribofilm was patch-like in structure, with oxides, P, S, and Zn,
likely in the form of polyphosphates and sulphides, as pub-
lished in previous studies.*>*” This confirms that a tribochem-
ical reaction has occurred although the QCM study showed full
desorption of ZDDP upon flushing with plain PAOS. This
confirms that QCM alone is not enough to account for tri-
bochemical reactions during a tribo-process. Previous literature
indicates the ease of thermal decomposition of ZDDP, ranging
from 130 to 230 °C, depending on its alkyl chain.*** Therefore,
the products of this decomposition and the high local temper-
atures of the tribo-process are expected to result in a tri-
bochemical surface reaction even if the additive is only
physisorbed. Whereas for the POM-IL, the chemisorption
process aided the higher temperature needed for the additive to
decompose and form a tribofilm.

For DPG, no evidence of functional additives was found, as
shown by the lack of tribofilm formation in Fig. 4. The inter-
action between the base fluid and the additives resulted in
a competition for the surface adsorption sites, likely due to the
size of DPG as well as its polar and mildly aliphatic nature
(Table 2), preventing the additives from efficiently reaching the
surface. Consequently, no tribochemical reactions occur at the
surface thus resulting in higher friction and wear.

4.3.
wear

The effect of tribofilm and adsorption on friction and

There is no singe method for forming a tribofilm, its compo-
sition can still vary while maintaining its protective properties.
Table 5 provides an overview of the different adsorption and the
tribofilm characteristics of each additive and how these trans-
late to similar friction and wear results.

The inability of ZDDP and SiW,,;THTDA to efficiently reach
the metal surface in DPG likely applies to the other additives as
well. Therefore, despite their good solubility, they do not

© 2025 The Author(s). Published by the Royal Society of Chemistry

improve friction and wear due to surface site competition with
the base fluid (Fig. 1 and Table 4). Only ZDDP seemed to result
in a minor decrease in wear compared with the other additives,
likely because its lower decomposition temperature.

The esters appear to behave similarly to DPG, with a signifi-
cant reduction in wear for Dh14018 with additives and signifi-
cantly lower wear rate values for ZDDP in DhL4016, suggesting
a tribochemical reaction likely occurred, leading to tribofilm
formation. In polar base fluids like esters and glycols, the effect
of the base fluid on the substrate leads to adsorption competi-
tion with the additives, ultimately overpowering their perfor-
mance with respect to the additives. In addition, given the
intrinsic nature of esters as friction-reducing agents in lubri-
cants,* a further reduction in friction provided by additives
would be difficult to observe.

The longer running-in period observed for all PAO8 formu-
lations, along with the strong metal surface deformation and
surface chemistry modification, suggests that the test begun
with a stage of high energy and significant physicochemical
changes in the system (metal surface and lubricant). Following
the running-in period, a protective layer forms, reducing both
friction and wear for both tested additives. The shorter running-
in period for ZDDP suggests a faster tribochemical process than
for Siw,;THTDA. This is supported by evidence of a faster
thermal decomposition of ZDDP, which can occur at tempera-
tures around 200 °C.*® In contrast, POM-ILs start to decompose
at higher temperatures, between 200 and 600 °C (Fig. S81). The
high decomposition temperature for POM-ILs suggest they
might be more suitable as extreme pressure additives. Indeed,
an indirect confirmation for that is the longer running-in period
and the larger recrystallization area observed in the FIB cross
section and the STEM image of Siw;THTDA in PAOS (Fig. 3).
The higher decomposition temperature for the POM-IL requires
a longer time to activate the tribochemical reactions on the
surface but the strong adsorption of this additive to the metal
surface (Fig. 5) aids that process making it possible to form
a tribofilm under less demanding mechanochemical conditions
indicating it can also act as an anti-wear additive reaching
average values similar to ZDDP.

5. Conclusions

Polyoxometalate ionic liquids (POM-ILs) have been studied as
potential lubricant additives in different base fluids. Overall,
the POM-IL family showed promising results as lubricant
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additives, with their tuneable properties offering significant
potential for further study. It is the hope that this work will
promote the interest in these structures within the tribology
community. Based on the experimental data obtained in this
work, the following conclusions can be drawn:

This family of compounds has a complex structure, making
their compatibility behaviour difficult to predict. However, both
emulsions and well-solubilized lubricants can be successfully
prepared.

The wear and friction-reducing action of POM-ILs are
significant and comparable to those of well-known additives,
such as ZDDP. However, their performance is highly dependent
on the base fluid used and their ability to efficiently interact
with the tribo-surface.

Adsorption studies demonstrate that POM-ILs strongly
adsorb onto a stainless steel coated sensor under static condi-
tions. However, the choice of base fluid can significantly influ-
ence this ability, especially when competing adsorption
processes are at play.

Advanced surface analysis using FIB, STEM, EDS, and ToF-
SIMS revealed the formation of a mostly oxide-rich and also
W-containing tribofilm, with homogeneous coverage, which
appears to result from the decomposition of Siw;;THTDA and
subsequent reaction with the stainless steel surface.

ToF-SIMS data, supported by XPS analysis, suggests
a potential change in oxidation state of tungsten with depth. It
was observed that reduction reaction(s) increased the preva-
lence of oxidation states different from the original in the POM-
IL (VI) to IV and 0. This change in oxidation state may be due to
the smearing process that physically and chemically modifies
both the metal surface and the lubricant formulation. However,
as XPS and ToF-SIMS can influence the sample itself, further
studies are necessary to confirm these findings.
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