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Summary

The degradation of conventional lubricants has egensively studied and it is known to be
promoted by thermo-oxidative stress. On the othardh the long-term stability of ionic
liquids (ILs) as potential novel lubricants is sy investigated. Thus, the main aim of the
thesis was to investigate how the IL stability ffeeted by common effects that can be
expected in a tribosystem, such as temperature, veater and presence of metals.
Additionally, performance of selected ILs connectdth surface interactions was evaluated
by obtaining the information on their tribologida¢havior in the system concerned — such as
friction coefficient, wear volume, surface tribdafi — and on corrosion. Within the scope of
the presented work, IL environmental acceptabiivigs assessed by means of selected ILs
toxicity and biodegradability studies as ILs attéaabto be used as lubricants have to fulfill
REACH legislative requirements.

The studied IL representatives were based on quateammonium cations with and without
side chain functionalization by incorporating patetygen containing groups. The IL counter
anions were based on non-halogenated hydrophitichatogenated hydrophobic moieties. In
order to gain information about IL long-term stépilunder selected conditions, short-term
laboratory experiments utilizing subsequent tenmpeeancrease to the same IL bulk, in order
to accelerate the degradation processes were pedoiFrequent sampling enabled to follow
IL chemical changes on molecular level by use ofesd mass spectrometric techniques,
namely, LDI, MALDI, ESI and El mass spectrometrytiwdifferent types of analyzer and
tandem MS. Hence, degradation product formatiotheIL liquid phase and evolution of
volatile species into the gas phase was assesBad.trdbometer with ball-on-disc contact
was used to determine selected IL tribological grenfince. Toxicity tests of different
biological complexity were performed together widady biodegradability assay in order to
determine IL environmental impact.

The IL stability investigation using mass spectramas the main tool revealed that the IL
cation and anion stability cannot be considere@isgply, as with particular cation moiety the
IL could perform stable or be prone to degradati@pending on IL anion. The proposed
degradation mechanism requires presence of nudleoppecies, e.g., nucleophilic anions,
and is based on thermally induced cross-methyldtjoanion-originating intermediates. Polar
functional groups, such as ether also lead to dserk IL stability regardless of IL anion
moiety. Following the IL degradation process bygfrent sampling and quantification, it can
be stated that the degradation reaction kinetieslaw and that no catalytic effect of metal or

water was observed. Additionally, the abundant tlel in the gas phase indicates that
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caution should be taken once the ILs are used lscénts in closed systems due to
possibility of significant pressure build-up. It svalso observed that evolved degradation
product can negatively influence the intact IL dtdmgical properties especially at higher
temperatures, in terms of increased friction andrw€are has to be taken when assessing
environmental impact of only intact ILs as thesa cadergo chemical modification in the
course of their use as lubricants due to degradatechanisms taking place. Indeed, the most
environmentally benign IL among the investigated lis transformed into a degradation
product toxic to aquatic organisms and is not fgabdiodegradable. Hence, the joint
interdisciplinary assessment is needed in ordeddwelop truly high-performance and

sustainable IL lubricants.



Zusammenfassung

Die Schadigung konventioneller Schmierstoffe wuesensiv untersucht und es ist bekannt,
dass diese durch thermisch-oxidative Belastungdirdgat wird. Die Langzeitstabilitat
ionischer Flussigkeiten (IF) als potenzielle newhr8ierstoffe wurde jedoch bisher kaum
erforscht. Deshalb war die Hauptzielsetzung diegebeit, die Einflisse ublicher
Bedingungen, die in einem Tribosystem zu erwartam,swie z. B. Temperatur, Luft
(Sauerstoff), Wasser und Metalle auf die Langzaiiitat ionischer Flussigkeiten zu
untersuchen. Auf3erdem wurde die Leistungsfahigkegsgewahlter ionischer Flissigkeiten
bezuglich ihrer Oberflachenwechselwirkungen bewertdurch Messung der tribologischen
Eigenschaften wie z.B. Reibkoeffizient, Verschi@lRmen, Tribofilmbildung und
Korrosivitdt. Im Rahmen dieser Arbeit wurde die Ueftwertraglichkeit ausgewahlter
ionischer Flussigkeiten durch Studien zu Toxizitétl biologischer Abbaubarkeit untersucht,
da potenzielle Schmierstoffe die Anforderungen giesetzlichen REACH-Kriterien erflllen
mussen.

Die untersuchten Vertreter ionischer Flussigkeitebasierten auf quartéaren
Ammoniumkationen mit und ohne Funktionalisierungr d8eitenkette durch polare
sauerstoffhaltige Gruppen. Die Anionen basierteh macht-halogenierten hydrophilen und
halogenierten hydrophoben Gruppen. Um Informatiofieer die Langzeitstabilitdt unter
verschiedenen Bedingungen zu erhalten, wurden Igufrkzaborexperimente unter
sequentieller Erhéhung der Temperatur an IF-Pralbechgefthrt, um die Abbauprozesse zu
beschleunigen. Haufige Probennahme ermoéglichte Yerfolgung der chemischen
Veranderungen auf molekularer Ebene durch masskingpleopische Methoden, im
Einzelnen LDI, MALDI, ESI und El Massenspektroskepnit verschiedenen Detektoren und
Tandem-MS. Auf diese Weise wurden Abbauproduktelen Flussigkeit und gasférmige
Produkte erfasst. Die tribologischen Eigenschatesgewahlter IF wurden mittels SRV-
Tribometer mit Kugel-Scheibe-Kontakt untersucht. raéhiedene Untersuchungen zur
Toxizitat mit variabler biologischer Komplexitatlgen zusammen mit Standardverfahren zur
biologischen Abbaubarkeit Aufschltisse Uber die Uttueetraglichkeit.

Die Stabilitdtsuntersuchungen mittels massenspakpscher Methoden als Hauptwerkzeug
zeigten, dass die Stabilitaten von Kation und Amdasht einzeln betrachtet werden kdénnen,
da sich ein bestimmtes Kation mit unterschiedlichemonen stabil oder mit ausgepréagter
Abbauneigung verhalten kann. Der vorgeschlagene atniechanismus erfordert die
Verfugbarkeit von nukleophilen Spezies, z. B. noglglen Anionen, und basiert auf der

thermisch induzierten Kreuzmethylierung durch Imtediate des Anions. Polare funktionelle
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Gruppen wie Ether fihrten ebenfalls zu einer Emggeohg der Stabilitdt, unabhangig vom
Anion. Aus der Betrachtung des Abbauprozesses awiiger Probennahme und quantitativer
Analytik konnte geschlossen werden, dass die Ra@geschwindigkeit des Abbaus langsam
ist und kein katalytischer Effekt vorhandener Mietddeobachtet werden konnte. Auf3erdem
gaben die zahlreichen flichtigen Abbauprodukte ém Gasphase Hinweise darauf, dass
Vorsicht geboten ist bei der Verwendung ionischdéiissigkeiten als Schmierstoffe in
geschlossenen Systemen, da ein signifikanter Dnstieey moglich ist. Es wurde ebenfalls
festgestellt, dass das Entstehen von Abbauprodukiteiribologischen Eigenschaften auch
intakter IF negativ beeinflussen kann, speziell b&heren Temperaturen, was sich durch
erhohte Reibung und Verschleil3 dulRert. Werden aweBung der Umweltvertraglichkeit
ausschlieB3lich intakte IF herangezogen, kann digsehleinschatzungen fihren, da die IF im
Laufe der Verwendung als Schmierstoffe chemischesdifizierungen unterworfen sein
kénnen. Insbesondere die umweltvertraglichste feruden betrachteten wird zu einem fur
Wasserorganismen toxischen und nicht biologischaab@ren Produkt transformiert. Aus
diesem Grund ist eine interdisziplinare Betrachtumgd Bewertung erforderlich, um
tatsachlich hochleistungsfahige und umweltvertchgli Schmierstoffe auf Basis ionischer

Flussigkeiten zu entwickeln.
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1. lonic liquids (ILs)

1.1. IL origins and definition

First deliberately prepared ionic liquids (ILs) exped at the beginning of the 2@entury in
the work of P. Walden describing alkylammonium atigr salts with melting points
approximately up to 100 °C [1.1]. This temperatiimgtation in IL definition persisted until
today although it is only arbitrarily chosen witb shemical or physical significance [1.2].
The IL development continued in the middle oth@ntury with chloroaluminate systems
(mixtures of alkali halides and aluminium chlorideyvards more air and water stable ILs,
firstly designed by J. Wilkes and M. Zaworotko aietlowed by so called functionalized
“task-specific” ILs which are designed for parti@ubpplications, such as: solvents in organic
synthesis and biomass processing, catalysts, eergugeluids, etc. [1.2-1.5].

lonic liquids are a diverse group of salts composkedrganic and usually asymmetric bulky
cations combined with inorganic or organic aniorfsere at least one of the ions features
delocalized charge. In fact, ionic liquids diffeoin molten salts only by several means: (1)
their wide liquid range lying at much lower temparas; (2) their cations being of organic

nature.

1.2. IL classification and physico-chemical propest

Due to vast IL structural variability, straight-feard classification of ILs is a difficult task.
The most convenient IL division can be into pragied aprotic IL classes depending on
presence of proton donor and acceptor site. Apilbscare formed from cations based on
organic molecular-ions and represent the majoritgymthesized ILs. Protic ILs are formed
by proton transfer between equimolar mixture ofepBronsted acid and pure Bronsted base
and hence can be more conductive than aprotic 1l5].[ Room-temperature ionic liquids
(RTILS) represent separate sub-group defined saleltheir melting point lying at or below
room temperature. In Table 1 are summarized thd owamon cation and anion moieties

used for IL structural design.
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R1 2 R1 2 R1 R2
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ammonium phosphonium imidazolium pyridinium pyrrolidinium
O, O
(@) F F -
N | \/ o oW
_ N0 F—I|3—F F—P—F R—ﬁ—O >‘/ A\ //SK
Anions J £ £ e 8 F o O F
F F
nitrate tetrafluoroborate hexafluorophosphate sulphonate bis(trifluoromethylsulfonyl)imide

Table 1. Summarized common IL cation and anion tiese
Rn (n = 1 to 4) — organic group

As ILs structural possibilities are enormous, thisr@almost no uniform property describing
ILs as a class of compounds, apart from their immdactivity. In fact the broadness of their
physico-chemical properties covers often both exé® as they can be: (1) negligible
volatile, but also distillable, (2) non-toxic andea edible, but also poisonous, (3) non-
flammable however also combustible, etc. [1.6]. Tparticular IL physico-chemical
properties depend strongly on the selected IL natiod anion combination, whereas anions
affect chemical properties and cations mainly detee physical properties, and on the nature

and strength of their interactions mostly basethenCoulomb and van der Waals forces.

1.2.1. IL liquid range and melting point

IL liquid range lies between IL solidification (@tallization, glassification) and
decomposition temperature, as ILs are practicaly-volatile. It can be considerably wide, in
some cases up to 200 °C or 300 °C, in contrasatmw liquid range of molecular solvents
[1.6, 1.7].

As ILs are composed of organic cations, they cdmb&xmelting points deep below zero
temperatures. However, many ILs tend to glass fooms or exhibit supercooling by cooling
and hence obtained solidification (glass) tempeesatdo not correspond to their melting
points. In order to obtain reproducible thermodymamiata, the small cooled IL sample
amounts have to be slowly heated allowing for leggilibration times [1.8].

IL melting points are determined by both IL moistibut the main reduction in melting point
is due to bulky asymmetric cations as increasimgsmmetry increases melting points due to
more efficient ion-ion packing. Additionally, in@se in anion size causes melting point to
decrease due to weaker Coulombic interactions. effext of the alkyl chain length on IL

melting points is more complex. Linear alkyl suts#nts have many rotational degrees of
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freedom and hence are capable of conformationahgd® Thus, cations with short alkyl
chains (G < 3) tend to form crystalline phases, while the nmediate chain lengths & C,

< 12) exhibit broad liquid range and tendency tpesaool and the long alkyl chain lengths
(Ch>12) result in liquid-crystalline phases. Additadly, alkyl chain branching leads to

higher melting points [1.5, 1.6, 1.8, 1.9].

The dominant force that influences the melting in ILs is Coulombic attraction between
ions in addition to hydrogen bonding ability andhw@er Waals interactions. To summarize,
IL melting point is a result of cation and aniormsyetry, alkyl chain flexibility and charge

accessibility and can be strongly affected by presef impurities [1.6-1.10].

1.2.2. IL viscosity

ILs are generally viscous liquids with viscosit@amparable to oils, and are 2 to 3 orders of
magnitude more viscous than conventional organieests. For ILs with fixed anion and
similar alkyl chain length, viscosity increaseshwitations following the order imidazolium <
pyridinium < pyrrolidinium [1.6,1.9, 1.11]. In geral, ILs with symmetric or almost
spherical anions are more viscous than those wiimmetric anions. Additionally, increase
in alkyl side chain length causes viscosity inceediss viscosity is also strongly dependent on
the temperature and decreases significantly withpegature increase. Presence of small
amounts of impurities can also have remarkable anpa ILs viscosities as, e.g., chloride
impurities can increase IL viscosity dramaticallfre IL viscosity is mainly controlled by the
factors related to hydrogen bonding, van der Waatlsractions, molecular weight and
bulkiness of their moieties [1.6, 1.11, 1.12].

1.2.3. IL density

Majority of ILs is denser than water with valuesging from 1 g-cii to 1.6 g-crif at 293 °K
[1.9]. As with organic solvents, their densitieg alosely related to the IL molar mass, so ILs
containing heavy atoms are found to be more defdditionally, increase in alkyl chain
lengths causes density decrease [1.6, 1.9]. Oottiex hand, impurities in ILs have far less
pronounced effect on IL densities. However, watduisted ILs have lower densities than
dried ones. Similarly, increasing contents of halmbntaminations lead to decrease of ILs
density. The IL densities appear to be the leastisee to variations in temperature among IL

physical properties [1.6, 1.12, 1.13].
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2. lonic liquids in tribology

2.1. Applied methods for investigation of IL triloglical performance

Friction, wear, and lubrication phenomena are [paic objectives of tribological
investigations carried out within interdisciplinasgience of tribology studying interacting
surfaces in relative motion. Friction can be ddfias a resistance to motion; wear represents
a surface damage or removal of material from theingocontact, whereas lubrication serves
the purpose of reducing the first two phenomen#ohnetry — the metrological system of
tribology — enables evaluation of friction, weardatubricant performance parameters
(e.g., coefficient of friction, wear volume) usingibometer instruments. A tribometer
simulates the contact conditions by utilizing miaepairings of several geometries, such as
pin-on-disk, ball-on-disk, disk-on-disk, etc. [221.2].

It is of crucial importance to understand lubricpetformance, lubricant-surface interactions
and the tribofilm formations, thus several methddscribed below are commonly employed

to investigate these research topics.

2.1.1. White light confocal microscopy

White light confocal microscopy is an optical imagjitechnique which applies a focused light
beam from a point light source, such as Xe lantpmiinating the studied specimen surface
point. The object is imaged in a microscope obyectocal plane and formed at the confocal
pinhole located in front of the detector, e.g., ohaultiplier. Thus, scattered background light
from defocused surface locations is eliminated apdical resolution of the image is
improved. By scanning the sequence of surface pa@ntopography image of specimen is
constructed [2.3-2.5].

2.1.2. Wear volume calculation

The surface topographic data of tribocontact bodas be obtained by white light confocal
microscopy and used to determine wear volumeseaxisgens by MATLAB® based program
developed at AC2T research GmbH. The wear volurnfmiledion of ball on disc tribocontact
uses the data from worn surface analysis of tribhtaad bodies and from approximated ideal
spherical ball and ideal plane as reference swsfadde wear volume represents the
difference between the measured surface after rtheekperiment and the corresponding
reference surface [2.6].
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2.1.3. Scanning electron microscopy — energy disgsive X-ray spectrometry (SEM-
EDX)

A scanning electron microscope is used to prodadenage of surface topography providing

information about the surface structure and spdigdtibution of present microstructures, i.e.

morphology. The surface image is obtained by applyiocused electron beam on the
examined conductive surface placed under vacuura.pfimary electrons interact with the

sample and lead to production of different sigmalsof which secondary and back-scattered
electrons are detected and serve for sample ima§iecondary electrons carry information
about the surface morphology while back-scattelectrns provide composition contrast, as
heavy elements appear brighter in the image [2F-2.

Conjunction of SEM with energy dispersive X-rayeat#or enables determination of surface
elemental composition. After surface bombardmentbipcused electron beam, vacancies
from ejected electrons become occupied by electfmrma higher orbitals and the energy

difference is compensated by X-ray emission. AsXhmy energy is element specific, the

information about the surface elemental compositimm be obtained [2.9].

2.1.4. X-ray photoelectron spectroscopy (XPS)

XPS is a surface analysis technique investigatimgase chemical composition with an

information depth of maximum 10 nm and enablingeralt resolution down to a few

micrometers. The analyzed surface is irradiateceundtra-high vacuum by X-ray photons
which leads to emmison of core shell photoelectrdie kinetic energy of photoelectrons
corresponds to particular element characteristiectednic binding energies enabling
gualitative elemental analysis. Even though thes agectrons are not directly involved in
chemical bindings, they are affected by bondingiremment around the atom which is
reflected in their binding energy shifts, calledestical shifts, hence the binding state of

atoms can be determined [2.10, 2.11].

2.2. ILs as neat lubricants

IL lubricants represent attractive alternative emwentional lubricants due to several of their
unique properties: (1) negligible vapor pressudueceng air pollution, (2) non-flammability
as an aspect of safety considerations, (3) hidtegntal stability enabling long-term durability
or application at elevated temperatures, (4) higlrmal conductivity leading to longer
machine maintenance intervals and (5) wide liquashge hence expanded operating

temperature range. As many IL lubricants provebeaefficient in lowering friction and wear,
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this leads to additional reductions of energy aratemial losses. Furthermore, they can be
tailor-made, designed for particular applicatiothndesired viscosity-temperature behavior,
viscosity index, liquid range, etc.

First research on room temperature IL lubricantartastl in 2001 with imidazolium
tetrafluoroborate ILs exhibiting remarkable fricti@nd anti-wear properties together with
high loading capacity which raised awareness oblogical community [2.12]. Since then
imidazolium ILs with fluorine-containing anions, such as tetrafluorob®r@8F4] and
hexafluorophosphate [PF6jave been mainly studied for various tribologimahtacts as they
are easily synthesized, available at reasonables @al easily structurally modified. Apart
from imidazolium cations, ammonium and phosphonibased ILs were investigated as

lubricants with promising tribological performan@13-2.15].

2.2.1. IL lubrication mechanism

Tribological performance of conventional oils degent among other on their interaction
with surfaces and hence formation of films. IL lgltion mechanism follows the same
principle, so adsorption on the sliding surfaced areation of effective boundary films are
crucial effects. As worn metallic surface exhihissitive charge, mostly the IL anions are
adsorbed on the friction pairs and their countdiona assemble successively due to IL
dipolar nature leading to friction and wear redoctiunder high loads. It has been also
observed that irregular structure of the IL motieads to low shear stress, as the
measurements of the IL film shear stress revealguifisantly lower friction coefficients

compared to hydrocarbon lubricants [2.16].

2.2.1.1. Tribological effects of IL alkyl chains

Apart from IL anion role in adsorption processelsoacation alkyl chain lengths have
significant effect on the IL tribological propesi¢2.17]. Alkyl chain length contributes to IL
viscosity and due to this fact longer alkyl chaiesable formation of densely packed
structures leading to better tribological perform@ne.g., to friction coefficient decrease
[2.13, 2.14, 2.18, 2.19].

Even more impact on IL lubricant performance hascfionalization of these alkyl chains,
e.g., by ether, ester or carboxyl groups. Thesarmpbups enable stronger interactions of ILs
with the tribological surfaces leading to lesstfan and wear [2.17, 2.18].

Formation of compact chemisorbed film with goodi-avear ability on the metallic surface

has been ascribed to IL with ester functional gsodpe to their hydrolyzation under contact
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with atmospheric moisture [2.17]. Corrosion inhitit property of vinyl functionalized ILs at
elevated temperatures has been reported with pedpogeraction of vinyl groups with iron
surface leading to formation of protective layer2[d. ILs with phosphonyl groups on
imidazolium ring proved to have superior tribolagicperformance over their non-
functionalized derivatives and led to formatiorF&fPQ as the tribochemical reaction product
[2.15]. Also molecular modeling studies contribtdeunderstanding of IL functional groups
effects on the friction coefficient. While using drgxylated silicon surface, the friction
decreases in the following order -gbH > -CN > -COOH group [2.21]. Therefore, the
structurally flexible IL cations which are abledarry multi-functional groups in high number

are of great interest.

2.2.1.2. Tribological effects of IL tribochemica&actions

Tribochemical reactions represent chemical reastioh lubricant at the rubbing surface
interfaces. For IL lubricants these tribochemieations are ascribed mainly to reactions of
IL anionic moieties [2.13, 2.18]. In order to intigate these processes X-ray photoelectron
spectroscopy (XPS) is mainly applied to the rubBadaces together with time-of-flight
secondary ion mass spectrometry (TOF-SIMS) to ifletiite formed compounds [2.22-2.24].
Beneficially, ILs contain tribologically interestinelements, such as B, F, S and P which can
be found in present oil lubricant additives, tomdér severe sliding conditions, the IL anions
can decompose and in dependency of material iracbtitey lead to; (1) [BF4jorming FeB,

BN and BOg, (2) [PF6] forming FePQ and (3) [NTF2] forming FeS; these formed species
can prevent seizures and thus have efficient aséiryproperties [2.14]. TOF-SIMS analysis
revealed the presence of FeR case of [BF4]and [NTF2] anions in the inner area of the
wear scar, suggesting the potential formation d¥,Fes protective film [2.13]. The FeF
formation has also been observed for imidazoliutratieioroborate IL lubricating steel-steel
contact where the precipitated wear particles va@adyzed by XPS after occurrence of sharp
friction peak corresponding to formation of L¢E.25]. Phosphate boundary films have been
reported for IL containing phosphate, thiophosphateon or phosphonium cation and

exhibited better tribological performance over fide boundary films [2.26].

To summarize, IL lubricants are able to performtdyein terms of friction and wear in
comparison to conventional additivated oils. Ttasdue to their dipole character enabling
formation of boundary films, enhanced stability atheir possibility to create protective

surface tribo-layers [2.20, 2.27]. The IL surfageédchemistry, in particular between metal
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and the reactive anion is of crucial importanc@82. The IL anions decomposition and their
tribochemical reactions can lead to the formatibsaratch resistant protective surface films
such as BOs;, BN, Fek, Fek, FePQ and FeS reducing the coefficient of friction andaw
[2.19]. It turned out that some ILs could be usedchmh temperature lubricants even at the
temperatures close to their thermal decomposito®9]. In general, tribochemical processes
in ILs represent: dissociation of the anions, otadg and formation of metallic phosphates,
oxides and fluorides as well as precipitation aho@c phases such as boron and phosphorus
fluorides, boron oxide, boron carbide and bororridet [2.15]. Due to ILs specific
characteristics, such as formation of stable sarfadsorbed layers, they have also been

effective in break-in period reductions leadindrtotion decrease [2.28].

2.2.2. Topics related to the application of ILs akibricant
2.2.2.1. Tribocorrosion

IL tribochemical reactions can also lead to un@esaffects, such as severe corrosion causing
enhanced wear. For example, [BFdhd [PF6] anions can cause corrosion of steel under
humid conditions due to HF generation during tligicomposition [2.13, 2.14]. Hence, iron
fluoride can be found on steel and can act asysdtaf lubricant degradation possibly causing
further substrate corrosion [2.19]. In detail, thitect is ascribed to iron fluoride hydrolysis
yielding iron hydroxides and iron oxides and heresulting in iron rusting [2.26]. As high
polarity of ILs enhances their humidity uptake, stheanions should be replaced by more
hydrophobic ones and preferably halogen-free anidris3, 2.14]. Additionally, longer alkyl

side chains can contribute to increase of IL hydatycity.

2.2.2.2. Additive availability for IL lubricants

Developments in additive technology have been tetkriowards conventional lubricants,
e.g., mineral oils, hence are hardly soluble irapdilL lubricants. Benzotriazole, successfully
applied anticorrosion additive showed good misitipilvith imidazolium ILs and protective
film formation consisting of Cu(§HsN3) and CyO at copper alloy surfaces [2.13-2.15, 2.19].
However, benzotriazole usage is limited due tceutBlimation point at about 100 °C, so the
IL cannot benefit from it at elevated temperatuaed under vacuum [2.14]. Among anti-wear
additives, tricresylphosphate in ILs was found éduce wear significantly due to tribo-film
formation in comparison to neat IL or neat tricipbpsphate [2.15].

Also specially designed anti-wear additives for lbhased on tetraalkylammonium and
tetraalkylphosphonium salts of N-protected aspaatiad dissolved in imidazolium NTF
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reduced wear and friction significantly [2.30]. Moadvanced solution is to design ILs with
build-in additive functional groups. Lower corrosibas been observed in case of triazole-ILs
as triazole ring chemically absorbs at the metallicface and eliminates locally generated

acid formed due to anion decomposition [2.14].

2.2.2.3. IL stability

Even though ILs have generally superior thermo-ath@ stability than conventional oils, at
severe conditions they undergo decomposition dgete of these effects; (1) heat generated
during friction, (2) extreme pressure at the trdgital contact, (3) emission of exo-electrons
due to mechanical stress. Hence, chemical reactidnigh-pressure reactions and
electrochemical reactions can take place durinigiibrication [2.13].

During sliding of tribological contacts, nascenttaikc surface is generated which can lead to
metal and IL reactions, such as formation of F@#the rubbed surface which as a Lewis acid
can provoke degradation of IL lubricant and, asoasequence, friction and wear rapidly
increase [2.13, 2.15]. Hence, halogen-free ani@usdceliminate IL decomposition risk due
to tribochemical reactions and hydrophobic anioas ¢mprove their thermo-oxidative
stability but longer alkyl chains, even though imnyng tribological properties can cause
decline of IL stability [2.13].

To conclude, knowledge of potential decompositiethanisms in IL lubricants is of crucial
importance for the IL applicability in tribologicadystems in order to minimize their

degradation during service life.

2.3. ILs as additives

Promising results showed even better friction arehmimprovement for ILs applied as
additives than for ILs as neat lubricants. Thectffe ascribed to the fact that small amounts
of IL are enough to effectively adsorb on the stefawhile avoiding severe tribo-corrosion
[2.15]. However, the price of IL additives should bt least competitive or lower as the
traditionally used additives. Due to IL self-orgaation creating polar and non-polar domains,

they are able to be designed for polar and nonkatbsicants.

2.3.1. ILs as additives in water

In the first work of ILs applied as lubricantswiis noted that ILs in presence of water lead to

improvement of the anti-wear behavior for some th@tetal contacts. This behavior was
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ascribed to the surface smoothening due to mechlamear and creation of IL electric double
layer [2.12, 2.15].

ILs were also used as boundary lubricant additinesater for silicon nitride ceramic surface
and lead among other to significantly shortenedningrin periods, hence minimizing
friction, wear and improving the load carrying chlity. The mechanisms taking place were
attributed to formation of transfer films on therfage and to the presence of an electric
double layer due to negatively charged siliconaetisurface attracting IL cations [2.31].
Nevertheless, care has to be taken for applicatfoih additives in water in case of anions

prone to hydrolysis.

2.3.2. ILs as additives in mineral and synthetic t8

In order to apply ILs as additives in conventioo#s, their molecular design has to be taken
into account for improvements of their mutual middy. In polyethylene glycol it was
possible to reach 40 % solubility of NIBased IL with 3 wt.% optimal concentration leading
to significant improvement of anti-wear performamaéh respect to the base oil [2.14]. Also
imidazolium ILs at 1 wt.% in synthetic ester pragy glycol dioleate although exhibiting
similar friction as neat ILs, have led to more gronced wear reduction compared to the base
oil and neat IL [2.15]. Another type of IL basedddtves is represented by ammonium and
pyridinium cations with attached phosphazene rimgug leading to enhanced solubility in
conventional lubricants and improved organic oilsambility in aqueous environments [2.19].
Controversially, long alkyl chains are more effeetin case of neat ILs whereas shorter alkyl

chains in ILs used as additives were more effedovevear reduction [2.15].
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3. Stability of lubricants and methods employetluloricant analysis

3.1. Stability of hydrocarbon based lubricants

Hydrocarbon based lubricants are divided into fe&tegories according to American
Petroleum Institute (API). Group | to group Il amineral base oils and group IV are
synthetic hydrocarbon base oils, such as polyalgfias (PAOs). These groups are classified
by certain characteristics, such as viscosity inderount of saturated hydrocarbons and
amount of sulfur compounds. Group V base oils idelevery other oil type, such as polyol
ester, polyglycol and phosphate ester and dues tdiversity this group does not possess any
specific classification characteristics [3.1].

Variety of service operating conditions can affiettricant stability, such as temperature, air,
moisture and contamination. Temperature repregéetsnost significant factor, hence it is
vital to know maximum operating lubricant temperaflas elevated temperatures increase the
oxidation rate, additive consumption and causesémsble viscosity changes. Deterioration
of lubricating fluid can lead to equipment failuras lubricant can no longer efficiently
separate surfaces. The primary mechanisms of hrtrideterioration are oxidation and
thermal breakdown of the base oil leading to changeoil chemistry. As stability of a
lubricant is mostly determined by its chemical cagipon, it is important to understand the
oil degradation processes.

Additionally, contaminations can have significarffeet on lubricant stability, as they can
alter degradation mechanisms taking place, by eatglyzing diverse chemical reactions due
to presence of metal wear debris, hydrolysis duedter (see 3.1.3.), accelerating additive
and base oil degradation due acidic compoundsnatigig from the lower quality fuels,

polymer degradation due to shear stress.

3.1.1. Oxidation stability

Oxidation is the predominant process of oil degtiadadue to presence of dissolved or
entrained air, thus antioxidants represent vitadlitages in oil formulations. Oxidation

processes will vary with the base oil quality ame type of antioxidant additives used.
Lubricant antioxidants, such as phenolic ones amsnatic amines are sacrificial. They
deplete over the time by eliminating free radicalsorder to protect the base oil from
oxidation. Eventually, the antioxidants are consdraad the base oil oxidation is initiated

and propagated by presence of free radicals. Syntmgdrocarbon oils have better oxidation
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stability than conventional mineral oils as theyntain less reactive impurities, such as
unsaturated hydrocarbons which react more readily axygen [3.2].

Common oxidation products formed are carboxylicdactausing depletion of oils basic
reserve, followed by oil acidity increase, whictads to rust and surface corrosion. Other
formed oxidation by-products are ketones, aldehyd@desl esters. Products of oxidation
reactions lead to formation of high molecular weighecies such as polymers, which are
precursors to sludge and varnish. This leads toosity rise due to increase in average
molecular weight of compounds present in the usled o

Temperature greatly influences the rate of oxidmtas according to Arrhenius law, reaction
rate increases exponentially with increasing temipee. So, as a rule of thumb, the oll
oxidative life is reduced by half for every 10 °@rtperature rise. The rate of oxidation is
further accelerated by presence of water, acidscatalysts, such as copper and iron, which

result from wear of tribological material [3.3].

3.1.2. Thermal stability

Thermal stability of oil is its resistance towardsgradation processes occurring in the
absence of oxygen and is mainly dependent on tleniclal structure of the base oil.
Hydrocarbon based lubricants have generally higtermal than oxidative stability.
Undesired heat generation in tribosystems is maiaky to conversion of mechanical energy
that can be accompanied by temperature increasetaluasufficient heat dissipation.
Excessive heat causes additive depletion or vidatibn and base oil decomposition by
providing activation energy for the degradationctees. The most significant change caused
by thermal decomposition is an increase in oilsovapressure as volatile oil fractions
vaporize. Lubricant thermal breakdown can alsaatetside reactions, induce polymerization
and generate insoluble by-products in the formlwdge and deposits resulting in distinct oil
color change. However, effects of thermal decontmrsiare much less understood than
oxidation [3.1, 3.2].

3.1.3. Hydrolytic stability

Mineral base oils and polyalphaolefins (PAOs) hgwed hydrolytic stability but ester type
base oils, such as polyol esters, diesters andpphts esters are prone to hydrolysis
decomposition. When exposed to water, these estadsly hydrolyze into alcohol and acid
via de-esterification mechanism, increasing thes @itidity, hence causing corrosion or

catalyzing further reactions [3.1, 3.3].
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3.2. Stability of IL lubricants

Lubricant thermo-oxidative stability is one of tineost important properties for practical

applicability of lubricating fluid. In contrast twell understood degradation of conventional
hydrocarbon based lubricants, ILs stability is sebr investigated in depth. Due to vast IL

structural variability, it is difficult to generake IL properties, such as thermo-oxidative
stability, hence tremendous research efforts aeeledtto understand their structure-property
relationships. In general, ILs are considered tartmee stable than conventional lubricants
which often fail at temperatures above 150 °C, behls are especially suitable for high

temperature applications [3.4, 3.5].

3.2.1. IL cation derived stability

The most reported degradation products of imidamolibased ILs are alkylimidazoles
[3.6, 3.7]. Imidazolium ILs with halide anions degpose by nucleophilic attack of the halide
ion to the cation alkyl groups generating haloaésam addition to alkylimidazoles [3.8, 3.9].
Thermal decomposition takes place mainly due to Gddd cleavage at the cation side
[3.10]. Thermo-oxidative decomposition of 1,3-didiknidazolium ILs is also described to
proceed via carbon radical intermediates, origngatfrom C-H bond thermal cleavage which
leads to formation of 1-alkene and alkylimidazoB1[l]. Also IL cations with scrambled
alkyl chains were detected due to suggested divetttange of the alkyl chains between two
cations [3.7, 3.12]. Additionally, thermal degradat of 1-alkyl-3-methylimidazolium ILs
with acetate and chloride anions produced dimesimpounds of two imidazole moieties
linked by a methylene group [3.13]. Another imid@&am decomposition pathway is due to
deprotonation of its C2-atom by strong nucleophitesulting in reactive carbenes [3.12]. The
replacement of the acidic C2 hydrogen by lineaylajkoups increases IL stability [3.14].

It was reported that also 1-alkylpyridinium, didkyrrolidinium and tetraalkylammonium
based ILs can be decomposed via the sagfe rBechanism as imidazolium ILs [3.6].
Degradation mechanism of ammonium based ILs is Ignbsised on Hoffmann elimination
induced by heating and producing tertiary aminasakenes [3.15-3.17]. Another described
thermal decomposition mechanism of ammonium ILsragerse Menschutkin reaction
generating amines [3.6, 3.18]. Dicationic ILs haeported higher thermal stability when

compared to the monocationic ILs [3.19].
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3.2.2. Alkyl chain effects on IL stability

Alkyl chain length does not have large impact oa Ith thermal stability [3.6, 3.14]. In case
of longer alkyl groups, some C-C bond cleavage azcur [3.10]. Generally, shorter alkyl
chains lead to higher IL stability [3.6, 3.11]. EtHunctional groups and branched cation side
chains decrease IL stability in comparison to nametionalized cation side chains [3.6, 3.20].
In contrast, fluorinated alkyl chains and allylesidhains on dialkylimidazolium cation seem
to enhance IL stability [3.9, 3.21].

3.2.3. IL anion derived stability

Choice of the IL anion has more pronounced effeci_ostability in comparison to cation and
alkyl chain contribution [3.4, 3.6, 3.18]. At elégd temperatures, more stable are anions with
poor proton abstracting properties, such as His@romethylsulfonyl)imide in contrast to
nucleophilic anions, such as halides [3.7, 3.14:33122]. In fact, halides, as highly
coordinating anions, are the least thermally stabieons used in IL design [3.6, 3.21].
Inorganic anions represented by [PF@BF4], or organic anions like [NTF2jmprove IL
stability at elevated temperatures due to theirelowoordinating nature [3.6]. However,
[PF6] and [BF4] anions are sensitive to moisture and decomposelbgse of HF [3.12].
Thermal stability of IL decreases in case of moydrbphilic anions especially in the case of
fluorinated anions [3.23, 3.24]. Anions containi@yl groups in presence of N-based cations,
such as pyrrolidinium, lead to decomposition vidypwerization under high temperature
conditions [3.22].

3.3. Methods employed in lubricant stability evaiom

Established laboratory test methods are used tdystubricant performance under
application-oriented conditions. However, it isfidiilt to predict lubricant stability from
laboratory investigation as under the field comdis many complex effects determine
lubricant life time, such as high temperature arebsgure, wear particles, gases, etc. Lubricant
degradation is accelerated by presence of metaishwdan act as catalysts and enhance
reaction rates, especially in the case of oxidatioternational standard tests such as ASTM
(American Society for Testing and Materials) andNODeutsches Institut fir Normung)

serve for relative comparisons of lubricants urtlersame conditions.
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3.3.1. Standard test methods for investigation ofonventional lubricants stability

Universal oxidation test for hydraulic and turbinds using the universal oxidation test
apparatus described in ASTM D5846 [3.25] utilizeguipment which is defined in
ASTM D4871 [3.26]. The oil sample is subjected 8 2C in presence of air, copper and
iron metal catalysts during this test. The tesbased on evaluation of acid build-up or
formation of insoluble solids resulting from oikksermo-oxidative degradation. The obtained
test result is reported as time required for aaihber to increase by 0.5 mg KOH/g in
comparison to the new oil sample or time requinetl insoluble solids begin to form.

Rotating pressure vessel oxidation test (RPVOTgmlesd in ASTM D2272 [3.27] belongs to
one of the most known tests for determination éfosidation stability. It is a controlled
oxidation test performed at 150 °C under oxygenogphere, in presence of water and copper
catalyst in order to accelerate oil's degradati®ample of oil is placed into a pressured vessel
rotating at 100 min. Oil's resistance to oxidation corresponds to tinee needed for an
oxygen pressure to drop from 620 kPa to at leaSk Pa lower. The remaining useful life
(RUL) of lubricant, evaluated as a time, is deterai by comparing the test results of oil in
service and of a new oil sample. The decreasing ®PValue indicates the oil's additive
package depletion and continuous oil's oxidationisTest is not performed routinely as it is
expensive, time consuming and does not take intowat sludge or varnish formation which
does not necessarily lead to pressure decrease.

A standard test method for oxidation charactessticinhibited mineral oils known as turbine
oil stability test (TOST) is defined by ASTM D9433.28] and can be also applied to
hydraulic and circulating oils, which are underkrisf water contamination. This test is
performed in the presence of oxygen, water, cogmel iron metal catalysts at elevated
temperature. The test result is reported as the tieeded for the acid number to increase to
2.0 mg KOH/g due to acid formation. As the TOSTt tesquires significant time to be
completed, with the current maximum testing timengel0 000 hours, it is impractical and
rarely used for in-service oil testing.

Testing of mineral oils for their susceptibility sgeing according to Baader is defined in
DIN51554 [3.29] and represents a short-term taspfediction of lubricant performance. It is
carried out for defined period of time in accesaitaand in the presence of copper wire being
periodically immersed in the oil sample, which aets ageing accelerator. Two specific
temperatures are used, 95 °C in case of hydraigi@od 110 °C for insulating oils. After the
test duration, visual examination of the oil sampled wire is carried out. Additionally,

sludge content is evaluated together with sapatibo number (mg KOH/g) according to
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DIN51559 [3.30] and dimensionless dielectric diasign factor according to DIN57370
[3.31].

3.3.2. Commonly employed experiments for investigain of IL lubricants stability

The above described standard test methods havedssetoped for comparison studies of
conventional lubricants performance. As ILs canspss superior stabilities over even fully
formulated lubricants, depending on their strudtdessign, the conventional methods are not
suitable for ILs stability evaluation. Apart frorhet metal catalysts, water and oxygen, these
standard tests apply temperatures ranging frono9%0 °C, as conventional lubricating oils
often fail above 150 °C temperature.

Until now, the most applied technique for evaluatas IL stability is the thermo-gravimetric
analysis (TGA), commonly carried out under inemasphere [3.32-3.37]. It is based on
recording of the sample weight change throughoeiaplied temperatures using fast heating
rates, e.g., 10 °C/min. However, these short-terpeements lead to significant data
variances, as the results obtained depend amomy oththe material of sample pan used,
sample amount applied and IL hygroscopicity. Adufiilly, TGA method will overestimate
IL stability in case of slow degradation rate metkas due to fast heating rates applied or
even fail to detect IL degradation in the caseeagfrddation mechanisms not resulting in mass
loss.

In the work presented by Pisarova et al. [3.383f8r the investigation of IL long-term
stabilities, combined experimental effects of thewae described standard tests were utilized;
(1) water and air presence, (2) copper and othleysal such as CuSn8P and 100Cr6,
employed in tribology (3) stepwise temperature ease applying temperatures at 150, 175
and 190 °C with each subsequent temperature stegveh days duration applied to the same
IL sample bulk. These severe conditions proved @pyate to observe the degradation

processes taking place in the selected IL lubrgcant

3.3.3. Routine analysis for condition monitoring otonventional lubricants

Standard test method for acid number (AN) evaluabelongs to one of the most common
lubricant analysis and it is described by ASTM D9340] and ASTM D664 [3.41]. This
analysis can serve for additive depletion monimrims some additives such as zinc
dialkyldithiophosphate (ZDDP) cause initial AN dease as they are being consumed. Once
the additives are depleted, the AN starts to irsgehue to acidic compounds formation as the
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oil oxidizes. Information about acid number is abéa by titration method either using color
indicator or by potentiometric titration and theuk is expressed in mg KOH/g.

Measurement of oil viscosity is another way for aelgradation monitoring and is defined in
the ASTM D445 [3.42] and ASTM D7042 [3.43]. As tlbds average molecular weight
increases, viscosity of the oil rises as it is teglato the size of the molecules present.
Viscosity changes can be also related to the sigpafiviscosity modifier polymers or to the
events of contamination, e.g., due to fuel dilutigrscosity results are provided either in the
form of dynamic viscosity determined commonly inlirRascal per second (mRa or as
kinematic viscosity in centi-Stoke (cSt).

The water content in oil can be monitored by cowdtia Karl Fischer titration described in
ASTM D6304 [3.44]. It is important to follow the wea level changes, as water can adversely
affect lubricants by promoting oxidation reactiort®rrosion processes and can lead to
depletion of some additives. Obtained results esgiged in mg/kg or as weight percents.
Fourier transform infrared (FT-IR) spectroscopyalided in ASTM E2412 [3.45] provides
overall information about the oil condition andasmplementary to physical and chemical
property tests. This method is able to identifytaomnants, such as water or soot, to monitor
additive depletion and to follow the oil chemisttlanges, such as oxidation and nitration
processes. All covalent chemical bonds absorb kRatian and exhibit characteristic IR
absorptions. An IR spectrum is usually measurenh fA®00 to 600 cih, while oil oxidation
provides characteristic signals around 1740'crthe presence of nitration products is
indicated by signals in the region of 1600 to 140" immediately next to the oxidation
products. Sulphation process can be detected betdE80 and 1120 ct As used oil IR
spectra are very complex with some overlappingagnt is often necessary to measure also
the starting (i.e. mostly fresh) oil sample to abteasier ways to show the changes of the IR

spectra in the time course.
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4. Applied analytical techniques for IL degradatsindies

The routine analysis applied for condition monitgriof conventional lubricants, apart from

IR spectroscopy, are unspecific methods not aggkc#or lubricant degradation studies on
the molecular level. Even though IR spectroscopy aveal lubricant structural changes
(e.g., functional group changes), its sensitivityawer than that of mass spectrometry (MS)
techniques. IR spectroscopy combined with MS amalss employed in IL confined rapid

thermolysis to study evolved species [4.1-4.4] Bt&las the main analytical tool was applied
in the most of other studies aiming to elucidatedigradation processes which will be
discussed further below.

4.1. Time-of-flight mass spectrometry (TOF-MS)

4.1.1. Laser desorption/ionization (LDI)

Laser desorption/ionization technique was develdpedolid or liquid samples that are not
volatile under vacuum [4.5, 4.6]. Sample solutiorthe liquid itself is deposited directly by a
syringe or glass/metal tip onto designated areaswoélly stainless steel plate used as sample
target; thus the technique requires only simplepdarpreparation. By transferring several
samples at once into the ion source, the totalyaisatime is kept short. Prepared sample
spots should be homogeneous, flat and thin to adedtdease of mass spectrometric resolution
and insufficient mass spectrum quality [4.7]. Irse€af inhomogeneous sample spots, mass
spectra of insufficient quality are obtained anel diperator has to search for so called “sweet”
spots to obtain sufficient signal to noise ratitensities. Therefore, automated approach using
rastering for data acquisition to obtain reprodigiimass spectra cannot be applied and the
analysis time is prolonged.

Analytes are ablated from the sample target sutbgomeans of laser irradiation and sample
desorption and ionization occurs in created plumé][ Laser irradiation at a certain
wavelength is either absorbed by the analyte beamal spike is generated in case of infrared
lasers, hence the laser wavelength does not hawe tmatched to the sample [4.5, 4.6].
Focused laser pulses deliver energy packets (nd) emto a small area (5 to 2(@n) in a
very short time (ps to ns). Lasers employed eigmait short pulses in ultraviolet region (UV);
such as nitrogen laser with 337 nm wavelength adty NG laser with 355 nm (triplicated)
and 266 nm (quadruplicated) wavelengths or longésgs in infrared region (IR) are applied;
with carbon dioxide laser using 1Quén wavelength and Er:YAG laser using u®

wavelength [4.7].
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LDl is suitable for many low to medium molecular saaanalytes<{l kDa) and produces
mainly singly charged ions as well as derived fragtons, hence produced mass spectra are
beneficial for analysis of complex mixtures [4.B}. Oligosaccharides, peptides and
polymers are commonly analyzed samples with LDhiégue. lonic liquids despite having
inherited ionic character are scarcely analyzed by approach. The work carried out by
Zabet-Moghaddam et al. characterizing intact[l.§], studies by Dessiaterik et al. of species
evolved after IR and UV ablation of intact ILs [@]land analysis by Pisarova et al.
investigating IL long-term stabilitieg4.11, 4.12 have successfully applied LDI as
desorption/ionization method of choice. LDI is dgadl technique and is therefore well suited
to be combined with a time-of-flight (TOF) mass lgmar to record mass spectra by
simultaneous ion detection in a short time usingraachannel plate [4.5-4.7].

4.1.2. Matrix-assisted laser desorption/ionizatiofMALDI)

MALDI technique extends the possibilities of LDWards analysis of intact large molecules
(of several kDa), such as peptides, proteins grmpets, and thermally labile compounds as it
protects analytes from degradation and extensagnientation. In contrast to LDI, analytes
do not absorb the laser irradiation themselvesthmitdesorption/ionization process is carried
out by use of matrix molecules strongly absorbihtha applied laser wavelength [4.1, 4.2].
Therefore, matrix choice has to be matched withtype of laser applied.

In case of the most widely used UV lasers, matriges aromatic based small organic
molecules with hydroxyl- and carboxyl-functionabgps whereas in case of IR lasers, urea
and alcohols are applied [4.5, 4.8, 4.13]. Matricas be classified as acidic ‘(ldonors), the
most popular being-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihgdybenzoic acid
(DHB) and as neutral ones, suitable for analytesh wacid labile bonds, such as
trinydroxyacetophenone (THAP) and Co nanoparticieglycerol [4.6, 4.14]. Another matrix
differentiation is based on the amount of energpdferred to analytes, where so called “hot”
matrices deliver more energy leading to multiplyargfed ions whereas “cold” matrices
support formation of singly charged ions and areen@neficial for labile compounds and in
case of molecular weight determination. Additiopath novel matrix type based on ionic
liquids, being more homogenous than solid matribase been studied extensively in the last
years with promising results for analysis of pegsidproteins, carbohydrates, polymers, etc.
[4.15-4.19.

Appropriate matrix selection, matrix concentrataord matrix to analyte mixing ratio together
with sample preparation technique have to be op&thiempirically [4.5]. For successful
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sample preparation, vacuum stable matrix lackingnuhal reactivity is a necessity, high
guality volatile solvent miscible with both mati@xd analyte have to be used and furthermore
acid addition can be desirable for improved ion@atn the positive ion mode [4.5, 4.6].
Generally, the sample is mixed with a large mobezess of matrix molecules in order to
separate analyte molecules from each other andehitiee formation of aggregates and
clusters. Correct sample depositignl(uL) onto a sample holder is a critical preparatitaps
as the crystallized surface morphology affects iobth mass spectra quality
[4.5, 4.6, 4.8, 4.13]. Several sample spot preparaechniques have been established. In case
of “volume technique”, matrix and sample solutios® pre-mixed before their mixture
aliquot is placed on the sample target whereasnguidried droplet” preparation, separate
matrix and sample solution aliquots are added tmtosample target and are mixed before
drying at ambient temperature. “Thin layer” techugqconsists of applying first layer of
matrix solution which is let to crystallize and seljuently sample solution is added on the
top of matrix layer and dried at room temperatdr®,[4.8].

The prepared sample target is loaded into the sE@Estrometer and after sufficient vacuum
is established the matrix-assisted laser desorfatitination process takes place. The laser
beam is focused on the sample spot and applied &ssrgy absorbed by the matrix is
optimized for matrix threshold irradiance, so magxkcitation and desorption occurs. Due to
localized sublimation, matrix and intact analytep@xds into the gas phase “matrix plume”.
The matrix assists in the sample ionization, whichst contain easily ionized atoms or
groups, via electron, proton transfer and chempratesses which occur in the gas phase
[4.5, 4.6, 4.8, 4.13, 4.20]. These ionization psses are still not fully understood.

The most common ions produced are singly chargelicak cations [M], protonated
molecules [M+H] and their [M-H] negative deprotonated molecular analogues prayidin
molecular weight information. Additionally, somedaatts with alkali metal ions [M+N3]
multiply charged ions, and very few fragments areated [4.5, 4.6, 4.13, 4.20, 4.21]. The
mass spectrum is acquired for each laser pulset@ambtain a long-lasting stable signal,
sample target is moved to continuously expose feashple. The acquired mass spectra are
subsequently averaged for acquisition of reprodaciiass spectra [4.5, 4.6, 4.20].

Among the advantages of MALDI technique is its hggnsitivity, possibility to measure
large intact biomolecules and potential samplenayeis. Even though MALDI has good
tolerance to low concentration of salts, but higheentrations can interfere with the sample

desorption and ionization process. Other undesfftts are: large degree of chemical noise
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at low m/z range, lower sensitivity and resolutimn high m/z analytes, low shot-to-shot

reproducibility and strong dependence on the sapngparation [4.5, 4.13, 4.21].

4.1.3. Time-of-flight mass spectrometer (TOF) and@plied analyzing modes

4.1.3.1 Linear time-of-flight (LTOF) mass analyzer
The TOF analyzer is appropriate for separationigi Imolecular weight analytes, so it is best

suited for so-called “soft” ionization techniquet pulsed nature having well-defined start
time, such as LDI and MALDI [4.5, 4.13, 4.21].

The ions formed are expelled and accelerated ftwansburce towards the field-free flight
tube by acquiring the same kinetic energy. In tie&d ffree region the ions are separated
according to their velocities due to their diffearenass to charge values and hence are
dispersed in time. The lower the ion’s mass thédrigts velocity and the faster it reaches the
detector [4.5]. The schematic description of the INMLTOF principle is presented in the
Figure 1.

As in all mass spectrometers, calibration is rexfuiio convert the measured physical property
into a mass-to-charge (m/z) value. In TOF analy#egan/z ratio is determined by measuring
the time it takes for ion to move through the fiige region between the source and the
detector [4.5, 4.13]. The better the flight timdemination the better the m/z determination,
currently nanosecond time resolution is a routinghe most cases mass calibration with only
two reference points of measured flight time fansavith known m/z ratio is sufficient to
correlate the time scale with m/z values [4.5, 4.81]. Hence, the ion’s/z ratio can be

calculated from a measurement of its flight tineecording to the following equation:

()
2z \ L2 equation (1)

wherem/zmeans mass to charge ragostands for electron chargé, represents accelerating

voltage,t is the time of flight and. is the flight path, whereag andL are constant for given
spectrometer.

An advantage of TOF analyzers is its high ion tnaission efficiency leading to very high
sensitivity, as almost all ions formed are detecfddo the analysis speed is very high, so the
mass spectra recorded are a sum of several huitietdual spectra. Resolution in mass
spectrometry is defined aR = m#Am, wherem stands for ion mass antin represents peak
width at the 50 % peak height. Mass resolution @FTanalyzer is proportional to the flight
time, thus can be increased by longer flight tulbes,this has practical limitations (requires

high and homogenous vacuum) or by lower acceleratatage, however then sensitivity is
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reduced. To have sufficiently high resolution amghhsensitivity, flight tube length of 1 to 2
m and acceleration voltage of at least 10 kV isliregl. As mass resolution is also affected by
ion’'s time, space and Kkinetic energy distributiomigioating from applied pulsed
desorption/ionization technique, delayed pulsedragiibn and reflectron have been

developed to obtain even higher resolutions andsraesuracy [4.5, 4.8].
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Figure 1. Schematic description of MALDI-LTOF masgsectrometer principle [4.5].

4.1.3.2 Delayed (or pulsed) extraction
To reduce kinetic energy dispersion of ions with #ame m/z ratio formed in the ion source

atime delay (ns tqus) is introduced before their extraction from ttmn isource. The
extraction pulse transmits more energy to the iwwhgh remained longer in the source, so
these initially less energetic ions join the monergetic ones at the detector. Hence, energy
dispersion is corrected and the resolution is impdoby adjusting the time delay and pulse
amplitude. As the optimal pulse voltage and timéayleare mass dependent the mass
calibration procedure becomes more complicatedcamdonly be optimized for part of the

mass range at a time [4.5, 4.8].

4.1.3.3 Reflectron time-of-flight (RTOF) mass anzaly
Another way to improve TOF mass resolution is tke of an electrostatic reflector called

reflectron. The reflectron lenses with a voltageceale create retarding field that acts as an
ion mirror deflecting the ions and sending themkbiicough the flight tube in the opposite
direction. The reflectron is located behind thédfigee region opposed to the ion source and
the reflectron detector is usually positioned agljeito the ion source to capture the reflected
ions [4.5].
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The single-stage reflectron consists of equallycegaring electrode series creating linear
homogeneous electric field and corrects only fer ithtial kinetic energy dispersion of ions
with the same m/z ratio as described in the FigQuréhe dual stage or curve field reflectron
use is also important in the case of metastablg. ilmms with more kinetic energy penetrate
reflectron deeper, consequently spending longee timthe reflectron and therefore reaching
the detector at the same time as the slower iotls the same m/z. The reflectron thus
improves resolution by flight path increase withahtanging the spectrometer dimension.
However, the mass resolution increases at the sgpainsensitivity and mass range limitation
[4.5, 4.8].

The performance of the reflectron may be improvgdube of the curved field reflectron
which provides a retarding field increasing in anlimeear manner and causing decrease of
heavy ions penetration distance. The ions with deo&inetic energy range can be adequately
focused at the same time, avoiding the need tosadgilectron potential for particular m/z.
However, curved field reflectron causes more iossés than the linear field reflectron
[4.5, 4.13].
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Figure 2. Schematic description of RTOF mass aealygnciple [4.5].

4.1.3.4 Post-source decay (PSD)
Post-source decay (PSD) occurs when intact ionseléd@e source with sufficient excess of

internal energy causing them to decay in the fied@- region. The process corresponds to
metastable ion fragmentation. Activation of thesesi occurs due to direct photon/molecule
interactions or multiple collisions in the exparglimatrix plume. These collisions can be
controlled by extraction field strength, as itsrease leads to rise of ion-neutral collision
energy and thus the ion’s internal energy [4.5].

When ions decay after acceleration and before iegtéhe reflectron, created product ions

have the same velocity as their precursor ion, taye the same flight time. Therefore they
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cannot be resolved in LTOF analyzer as they atthreetector at the same time, which leads
to loss of mass resolution and sensitivity [4.5].

Tandem TOF mass spectrometers consisting of simedrl TOF and reflectron TOF as the
second mass analyzer have been designed. Seledtibve precursor ion is obtained by a
deflection gate situated between the source andetiectron or in front of the reflectron.
Potential is applied to eliminate other than preourand its fragment ions traveling at the
same velocity. Reflectron induces kinetic energyufong and time dispersion of fragment
ions having different mass. The optimum reflectpotential has to be adjusted for each ion’s
mass by subsequent voltage scanning unless a ciiel@deflectron is used, allowing single

step recording of the complete PSD spectrum [4.5].

4.1.3.5 High-energy collision induced dissociatibii-CID)
When structure elucidation is desired, dissociabbmnalyte may also be induced by more

controlled experiment such as collision-inducedsaltsation. Selected precursor ions are
accelerated by a several kilovolt-potential andeetihe collision cell placed between two
analyzers. Precursor ions then collide with staéiatral gas molecules and excitation occurs
by energy transferred during collisions. If suféict internal energy is gained, most of the
structurally viable dissociations occur and prodimts are formed. Helium is the most
commonly used collision gas. However, more effitieansfer of energy is reached by using

heavier gasses, such as argon and xenon, leadoogjigion yield increase [4.5, 4.6, 4.8].

4.2. High performance liquid chromatography codyite electrospray ionization

linear ion trap orbitrap mass spectrometry (HPLQ-B$-orbitrap-MS)

4.2.1. High performance liquid chromatography (HPLQ

HPLC is differentiated from traditional liquid chmatography due to superior separation
achieved by use of small diameter columns packéd small size particles and thus requiring
high pressures (~ 150 bars). Typical analyticahktas steel HPLC column is 15 to 30 cm
long, with internal diameter of 2 to 5 mm and paetisize between 3 to 10n, which offers
good compromise between column capacity, resoluioth separation speed [4.22]. HPLC
systems utilizing even smaller particles () result in need of very high pressures (up to
1000 bars) and are defined as ultra high perforeygnessure liquid chromatography
(UHPLC) due to increase in resolution and sensjtivlhe advantage of using smaller
particle size is greater surface area enhancindytengarticle interactions, so efficient
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separation is achieved in shorter time. UHPLC caolsjthaving even smaller diameter, lead
to decrease in solvent consumption however atxperee of limited loading capacity [4.23].
HPLC separation modes can be based on analyteretitfes in polarity (partition
chromatography), size (size exclusion chromatographcharge (ion exchange
chromatography), or specific affinity (affinity dmatography) towards the stationary phase.
The most common HPLC separation mode is the pmartichromatography based on
differences in compound polarities. The columnistetry phase is based on tightly packed
very fine solid spherical beads of silica or polymath bonded stationary phase of desired
functional groups on their surface. In principleyacompound that has affinity to the
stationary phase can be separated on the colunmtC Respecially suitable for separation of
non-volatile and thermally labile compounds [4.224}. HPLC as a method of choice was
applied to study IL stability under gamma radiatipnRouzo et al. [4.25] and effect op®b
and UV irradiation on imidazolium ILs was investigd by Czerwicka et al. [4.26]. The
HPLC studies by Pisarova et al. [4.12] and Ke#le{4.27] focused on IL long-term stability
evaluation by degradation products detection arahtfication.

Sample solution, as a complex mixture, is introducgo the sample loop and injected as a
narrow band onto the column head by the mobile e@Hasv. Separation of individual
components along the column is achieved due teréifices in their affinity towards the
stationary and mobile phase. The analyte distribbetween the mobile and stationary phase
would reach equilibrium if not disturbed by contirus pumping of fresh solvent down the
column. Sample components move further apart aspghass the column due to different time
they spent in the stationary phase, acquiring wdffe retention times. Analytes with the
highest affinity towards the column packing staggest on the column and elute as the last
ones, as analyte movement occurs only in the maihiese. Successful separation of all
mixture components requires optimized analyticalditions, such as column packing and
mobile phase type, column length and diameter, lagiiase flow and column temperature.
Analytes exit the column as separated bands ddédfevences in their interactions and enter
the detector. The time it takes for the analytdréwel from injection until the detector is
defined as a retention time. The separated comoappear in the detector as peaks at their
different retention times. The signals obtainednfréhe detector are plotted versus the
analysis time in chromatograms used for qualitatiméd quantitative evaluations [4.8, 4.22-
4.24].

The HPLC system is composed of some basic compgnsmth as mobile phase reservoir,

pump system, flow and pressure regulator, injectignit, column, detector and waste
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reservoir, connective tubing and computer. Pump& hia ensure delivery of constant and
pulse-free mobile phase flow. It is also importémtuse degassed solvents to avoid gas
bubbles and highly purified reagents of HPLC gramavoid impurities as these can ruin the
analysis. Use of porous stainless steel disc filtet) keeps the possible impurities from
entering the packed column. Additionally, zero deatbme column fittings have to be used

to ensure minimal band broadening [4.23, 4.24].

4.2.1.1. Normal and reverse phase chromatography

Normal and reverse phase chromatography are tesetsto describe relative polarities of the
stationary and mobile phase. Relative solvent fiarare determined using the polarity
index. Separation can be optimized by varying eithe polarity of the column or the mobile
phase. If the solvent polarity is more alike thatishary phase polarity, then compounds will
elute more rapidly. If the polarity difference recreased, then the retention time will decrease
or increase depending on analyte affinity towatus nobile and stationary phase. Mobile
phase additives used for pH modification and iomipg reagents also modify the separation
[4.23, 4.24].

In the normal phase HPLC highly polar stationarag®) such as alumina or silica is used
with non-polar mobile phase such as hexane. Tineslelast polar analyte is eluted first and
by increasing the mobile phase polarity the retentime is decreased [4.24].

In the reverse phase HPLC silica beads are modifiedreate a non-polar surface by
attachment of longer hydrocarbon chains, commomhl@ length. Polar mobile phase is
used, such as water, methanol or acetonitrile. eletie most polar analyte is eluted first
while the non-polar compound elution will be slowddwn due to its van der Waals
interactions with the stationary phase hydrocarigooups. Stationary phase columns of
intermediate polarity are also used, with functliies based on phenyl, cyano, or diol-

groups offering additional separation selectivity2f3, 4.24].

4.2.1.2. Isocratic and gradient separation mode

A separation in which the mobile phase compositenains constant throughout the analysis
is called isocratic elution. During isocratic segiam the eluted peak widths are increasing
linearly with the retention time. Gradient elutiam used for more complex mixtures by
applying increase of the mobile phase strengthutitout the separation process. Highly
retained analytes are eluted faster having narrqveakks, so the resolving power is not

affected. The applied gradient can be of lineap-stise, convex or concave nature. Solvent

43



gradient needs to be done slowly enough to be degible, and the column must be re-

equilibrated before the next injection [4.23, 4.24]

4.2.2. Electrospray ionization (ESI)

ESI as another “soft” ionization technique is sbligafor analysis of thermally labile samples
and even of non-covalent biomacromolecular com@exaich are ionized intact directly
from their solutions at atmospheric pressure. Higillecular mass analytes can be ionized by
ESI, such as proteins, nucleic acids and polymerseotly up to 18 MDa, if efficient
desolvation is reached [4.28]. Analytes are eigitesent in the solution as pre-formed ions or
as neutral compounds which can be ionized by poesefielectrolytes, such as Nans via
adduct formation. However, protonation/ deprotanatis the main source of charging for
biological molecules with several protonation opigonation sites, hence pH optimization is
important for their stabilization [4.5, 4.13, 4.2021, 4.29].

Sample solution passes through small conductivélagpheld at high voltage, typically of 3
to 5kV relative to the counter-electrode. The reg voltage has to be optimized as it
depends on capillary diameter and the solvents. Wesltly polar solvents, such as methanol,
acetonitrile or their mixtures with water are apdli while the higher the solvent boiling point
the higher the capillary voltage is required. Tleirder-electrode is a plate with an orifice
leading to mass spectrometric sampling system #4&,4.20, 4.21, 4.29].

In the case of positive ion monitoring, the conduectapillary is held at the positive potential
so the negative ions are held back and the posiiive are drawn away from the capillary.
Low pH values can promote the positive ion formatiDue to potential difference between
the capillary and the counter electrode an inteeetric field is created at the capillary tip.
Enrichment of positive charged analyte ions neardiwrface of the liquid meniscus occurs.
Increase of a cone surface at the capillary tigesssted by liquid surface tension. When the
surface tension is disturbed by applied solventeddpnt onset voltage, a Taylor cone is
formed and sample solution is dispersed into atigaly charged aerosol droplets. Coaxially
flowing inert gas can enhance the nebulization ggecwhich was frequently called ion spray.
Created droplets of solvent and analytes possests@ositive charge and are dragged through
a heated transfer capillary towards the mass asalgntrance. The droplets formed
continuously shrink due to solvent evaporation atiohately form gas phase ions by two
proposed mechanisms [4.5, 4.13, 4.20, 4.21, 4.29].
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4.2.2.1. Proposed models of gas phase ion fornsation

In the case of smaller molecular weight analytedest than 1 kDa mass, so-called ion
evaporation model applies. Once the electric fiefd the droplet surface becomes large
enough, ions located at the droplet surface are @btlesorb. In the mixture of components,
higher sensitivity is reached for those compourmdsited at the surface as these can mask
those analytes which are soluble in the bulk. Bg thodel mainly singly charged ions are
generated [4.5].

Charge residue model applies to molecules largan thkDa which are not able to desorb
from the droplet surface. These larger moleculesadie to carry multiple charges if they
contain several ionizable sites. As the solvenfperaes, the droplet size is shrinking and
hence the surface charge density increases. Oaah#rge repulsion overcomes the droplets
surface tension, Coulombic explosion occurs rasglin production of smaller droplets that
continue to undergo this process. Eventually miyligharged ions are completely desolvated
due to entire solvent evaporation [4.5, 4.8, 44120, 4.29].

Multiply charged ions formed by the ESI processehadvantage for high molecular weight
compounds analyses by mass spectrometers withetinmit/z range as they appear at much
lower m/z values due to carrying higher numberofzgharges. Additionally, their molecular
weight measurement can be based on each multipiyget ion [4.5, 4.8, 4.13, 4.20, 4.21].
Advantage of ESI is its sensitivity to the concetitm rather than to total quantity of sample
injected in the ion source. The sensitivity is easing when the flow entering the source is
decreasing, so when flow rates above pQOnin are used, the sensitivity is reduced. Among
ESI shortcomings is the continuous sample consampkience some of the sample is wasted
and no re-analysis is possible. Also ion suppressfiects are susceptible to occur in
presence of high salt concentrations (>1 mM), hexspecially biological samples need to be
desalted [4.5, 4.21].

4.2.2.2. HPLC-ESI-MS on-line coupling

ESI as a continuous ionization method is suitabledirect coupling to liquid separation

methods such as HPLC. As ESI is a concentratioeroigmt technique with linear correlation
over several orders of magnitude between the i@d gnd the analyte concentration, it does
not have to be supplied with high flow rates. WHe8l is coupled to nano-HPLC large

sensitivity increase is gained [4.5, 4.8, 4.1334.2

However, HPLC methods have to be modified when mlpo ESI, by means of avoiding

high buffer concentrations, presence of salts amthstants as these induce ion suppression
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and cause source contamination. In order to mainggiod sensitivity, the electrolyte
concentration should not exceed 10 mM concentrdiion. Indeed, volatile buffers and pH
modifiers, such as formic or acetic acid should greferred to avoid source deposits
formation and problems in ionization processes. df&k not tolerate well non-polar solvents.
Mobile phase composition should be based on velatianic solvents, such as acetonitrile,
as solvent choice in HPLC will have an immense atfien the mass spectrum obtained.
Hence, compromise between sufficient HPLC separatia efficient electrospray ionization
should be reached [4.5, 4.8, 4.13].

As HPLC with ESI coupling can tolerate flow ratgs 1o 1 mL/min, solvents have to be
efficiently eliminated in order to produce gas-pgh&ns and maintain vacuum requirements
of mass analyzers. If analyte ions are producefnm of clusters with solvent molecules,
detection sensitivity and quantitative analysis aftected. To avoid cluster formation,
enhance droplet desolvation has to be appliedrdijheounter-current heated dry gas (curtain
gas) or by ion passage through heated transfeltargdu.5, 4.8, 4.29].

Special ESI-MS interface is necessary to transferibns from ionization chamber held at
atmospheric pressure to the high vacuum region assnspectrometer. Gradual pressure
reduction is achieved by differential pumping sgstith intermediate vacuum and vacuum
compartment being separated by use of skimmer def@emes) with very small orifices. The
width of the orifices hast to provide for suffictesensitivity while maintain the vacuum.

ESI source can be oriented towards the mass speateo entrance (sampler cone) either in
axis or orthogonal configuration, which is more @atible with higher flow rates but

introduces discrimination based on mass or chatde §#.13].

4.2.3. Linear ion trap orbitrap mass spectrometry LIT-orbitrap-MS)

The formed gas-phase ions have to be separateddatgto their mass-to-charge ratio (m/z)
in the mass analyzer. Upon entering the mass speeter, ions are focused by use of
skimmer lenses and focusing multipoles (ion guides)., octapoles. These multipoles are
followed by gaiting lens which regulates the amaoafiinhjected ions as too many ions induce
space charge effects and too few lead to sengilio#s. For positive ions the gating lens is
held under negative potential during ion injecteomd is switched to positive potential once

the desired amount of ions is reached [4.5].
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4.2.3.1. Linear ion trap (LIT) mass analyzer

lon trap is a mass analyzer able to trap ions m dwthree dimensions by use of oscillating
electric field hence can be classified as 2D (lihea 3D (Paul) ion trap. The advantage of
later developed linear ion trap (LIT) is higher idrapping capacity leading to less
susceptibility to space charge effects as ionsf@ased along the central line rather than
around a point which occurs in Paul ion trap. Titag@ping efficiency of LIT is more than
50 % compared to 5 % for the Paul ion trap. Duehie fact, LIT offers increase of the
sensitivity and the dynamic range [4.5, 4.30].

LIT geometry is more similar to quadrupole masdya®a than to Paul ion trap as it is based
on rods divided into 3 segments. Quadrupolar frektricts the ions oscillations in the radial
dimension and the end segments reflect the iongafor and backward in the axial dimension.
The LIT is held at 18 mbar as the present cooling gas (He) serves fisr ¢ooling by means
of their kinetic energy reduction as a result dfisons with neutral gas molecules. The ions
stored in LIT can be either ejected radially thdougvo slots in opposite rods or axially
towards the orbitrap. By radial ejection two debestare used to monitor all expelled ions at
low (unit) resolution [4.5, 4.30-4.32]. The scheimmadescription of LIT mass analyzer is

provided in Figure 3.

Figure 3. Schematic description of LIT mass analywiéh the central segment B enclosed by
two end segments A and C. The central LIT segmeables radial ion ejection through two

slots which are detected by two detectoysabd D [4.5].

In the LIT, soft fragmentation in the time domaiweo several generations (M)Scan be
performed by; (1) mass selective ejection of alisi@part from the precursor ones, (2) ions
kinetic energy increase due to vibrational exaatiand (3) ions fragmentation due to
effective collisions with present neutral gas males. Hence, LIT can be used independently
or in combination with orbitrap to obtain high ragmn full or product ion mass spectra
[4.5, 4.30-4.32].
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4.2.3.2. Orbitrap mass analyzer and integratecctiete

lons from the LIT are accelerated into the transigapole and through the gate plate enter
the ion trap called C-trap (bent quadrupole) whionsists of hyperbolic rods and two end
lenses with slits for ion transport [4.32]. Ther@gt serves for ion cooling by collisions with
nitrogen gas molecules and forms thin long threlamms along its curved axis. Rapids{
and orthogonal ions ejection is followed by veltican beam deflection in order to eliminate
transport of cooling gas @gNinto the orbitrap. The ions are accelerated tuae high kinetic
energy and form tight packets before entering thérap [4.5, 4.30-4.32].

The orbitrap is in principle electrostatic ion traperating in pulsed fashion with large space
charge capacity and trapping volume. It consistsanfel shaped outer electrode cut into two
equal parts separated by a small gap which sexvesof injection and coaxially placed
central spindle shaped electrode as describedjur€#. In the case of positive ions, negative
electrostatic voltage of several kilovolts is apglito the central electrode, while the outer
electrode is held at ground potential. The tangdégtiinjected ions are subjected to
electrodynamic squeezing to prevent their collisianth the central electrode, which voltage
is monotonically lowered. The electric field incseais applied until all ions of the desired
m/z, arriving as short packets, are injected. Tjecied ions start to orbit and oscillate on the
stable trajectories along the central axial elegr(z direction). The ion packets of different
m/z coherently oscillate at their respective fregues and have to remain in phase. lon
collisions with background gas molecules resulioim packet dephasing or even in ion loss,
hence orbitrap is held at 1dmbar to avoid signal intensity decrease. The drégjuency of
ions harmonic oscillations is directly linked toethm/z ratio and more importantly it is

completely independent of the ions kinetic enengy spatial spread as can be seen below,

. % k
. (E) equation (2)

wherew is frequency of axial ions oscillations represents ions charge, stands for ions
mass and describes field curvature [4.5, 4.30-4.32].

48



Figure 4. Schematic description of orbitrap masalyaer composed of outer barrel shaped
electrode with coaxially aligned central spindleyséd electrode. The tangentially injected
ions coherently oscillate on the stable trajectoamund the central electrode [4.5].

The broadband image current induced by ions osoitia is detected once the central
electrode is stabilized after electrodynamic squngeprocess. The total image current is the
sum of individual currents. The signal is detectsdthe outer electrodes, amplified and
converted from the time domain by fast Fourier $fammation into the mass spectrum. As the
ions motion is very coherent, it enables sensitigtection as well as improvement in mass
resolution and mass accuracy. The orbitrap reswiuticreases linearly with the acquisition
time reaching a maximum mass resolution of over @00 FWHM. The mass accuracy has
been demonstrated as 5 ppm based on external atedibrand 2 ppm using internal
calibration. Mass accuracy indicates how closelpésmeasured m/z related to the theoretical
m/z and is expressed in millimass units (mmu) opamts per million (ppm). High mass
accuracy together with high resolution is significafor determination of elemental
composition. The large dynamic range of orbitrapvier 1§ within a spectrum and over 30
between spectra. The mass range is limited bydbeotithe LIT and is either m/z 50-2000 or
m/z 200-4000 [4.5, 4.30-4.32].

The normal acquisition cycle time in the orbitraplis and during this period other operations
can be performed in LIT as a result of fast iomgraission. Hence, two LIT low-resolution
spectra and one orbitrap high-resolution spectramhbe obtained within 1 s. Thus, the LIT-
orbitrap hybrid instrument combines the LIT tandeapability with the high resolution and
mass accuracy of the orbitrap [4.5, 4.32].
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4.3. Headspace cold trap gas chromatography efeciomization mass
spectrometry (HS-CT-GC-EI-MS)

4.3.1. Headspace and cold trap techniques

Headspace sampling is an auxiliary sample intradndechnique of gas chromatography for
analysis of volatile organic compounds. It is esbcsuitable for solid or liquid matrices
from which volatile analytes can be released ihdas phase above the matrix (headspace).
Thus, this technique enables increase of the asadgdectivity and sensitivity. Samples are
placed into gas-tight closed headspace vials ammbsed to optimized and controlled
temperature for reproducible analysis. The angbaeition coefficient and volumes of both
phases determine the amount of the analyte releagethe gas phase. After the equilibrium
is reached between the two phases or after a defingount of time, the aliquot of the
headspace phase is directly injected into the ghsontatograph for subsequent
chromatographic analysis [4.33-4.35].

Cold trap provides cryogenic concentration (focgsiof the injected gas sample followed by
rapid thermal desorption to deliver narrow samg@paor band into the column. This results in
generation of sharp, well resolved GC peaks, rapritte retention times and peak areas. The
cryo-trap consists of a small heating/cooling chambstalled inside the GC oven, just under
the GC injection port. Liquid nitrogen is utilizéd permit the trapping of volatiles down to -
180 °C [4.33-4.35].

4.3.2. Capillary gas chromatography (GC)

Gas chromatography (GC) is analytical separatiahriigue applicable for analysis of
sufficiently volatile and thermally stable orgamiempounds. The analyzed sample, of liquid
or solid form, is commonly introduced into the GE€ asolution in volatile organic solvent,
such as hexane or dichloromethane. Additionallgegas samples can be directly analyzed,
solid samples can undergo pyrolysis and non-velatil thermally labile compounds can be
treated by chemical derivatization in order to lmeecsuitable for GC measurement. lonic
liquid analytes were studied by several authorsgipiyrolysis gas chromatography approach
in order to identify volatile products evolved afshort-term thermal treatment [4.36-4.38].
Thermal degradation products of 1-alkyl-3-methyldazolium based ILs were studied by
Liebner et al. [4.39] identifying imidazole, N-mgtimidazole and N-alkylimidazoles as the
main products, whereas dimeric substituted imidezotarrying methylene bridge are

elucidated as the secondary products. Degradatmmfupts evolved due to 1-butyl-3-methyl-
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imidazolium chloride treatment in Fenton-like systevere studied by Siedlecka et al. [4.40]
where imidazolones and their 18 hydroxyl substdudmalogues were detected. Headspace
gas chromatography analysis of volatile degradagpooducts evolved under long-term
thermo-oxidative stress of several ammonium bassdrévealed a presence of abundant
gaseous species, such as oxidation products afld_chains, alkylated IL anions and amines
with their secondary degradation products, as dtayePisarova et al. [4.41]. Qualitative and
guantitative analysis of complex mixtures can bdgomed as GC offers wide applicability
range and great instrumental versatility [4.22344842].

GC system consists of several components; gas ysup@tem, injection port, column
mounted into GC oven, detector and data acquis#ty@tem. GC mobile phase is an inert gas
(He, H) called “carrier gas” as it servers for transféramalytes through the separation
column. Apart from inertness, the carrier gas nmhestof high purity, as impurities and
moisture adversely affect the separation process.régulate the carrier gas flow and
therefore applied pressure, appropriate regulatord controllers are used in the gas
chromatograph [4.22, 4.33].

Several injection technigues have been developadttoduce the sample vapors into the
column as a narrow band, using heated deactivdésg gaporization chambers called liners.
These are inserted into the injection port whichuth be kept about 50 °C higher than the
boiling point of the least volatile sample companienorder to avoid discrimination during
sample vaporization. Sample introduction is a @u&C step affecting sensitivity and
resolution of the analysis. Slow injections andreized samples lead to peak broadening and

hence to decrease in sensitivity and column cappti22, 4.33].

4.3.2.1. Split and splitless injection techniques

The carrier gas in the injector port is dividedoithree streams; (1) septum purge to sweep
away any contamination from the sealing septum,s(®i flow directed outside from the
chromatograph via split valve and (3) carrier gasvfportion transferring the remaining
sample vapors towards the separation column [4.33].

The sample size is diminished during the splitatign by eliminating most of the sample
vapors via the split vent to acquire sample sizengatible with the column capacity,
preventing the column overload. Commonly applietit sptios range from 1:50 to 1:500
depending on the column diameter and stationarysehthickness, so only a very small
sample fraction reaches the column. A purge contble has to ensure reproducibility of the

sample portion arriving into the column for quaicition purposes [4.22, 4.33].
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Splitless injection is especially beneficial foralysis of trace components in the sample
mixture. During the sample injection the split véntclosed, so almost the entire volume of
sample vapors is transferred into the column. Aftieroptimized short amount of time, the
split vent is opened again, so residual solvenbxggan be eliminated in order to prevent
solvent peak tailing which can mask closely elutamlytes. Also solvent type and initial

column temperature affect the separation efficienttyus splitless injection requires

optimization of several parameters [4.33].

In most gas chromatography applications the trawhti packed columns were replaced by
more efficient open tubular capillary columns. Tbpen tubular capillary columns are
generally made of fused silica quartz coated onotitside with a polyimide for improved
durability. The GC column is characterized by tlpet of stationary phase used, its film
thickness jim), the column inner diameter (mm) and the coluemgth (m). The carrier gas
flows in the capillary columns can range from 2fomL/min [4.22, 4.33].

The sample separation in GC is based on the analgactions with the stationary phase as
they are carried through the column in the flownafrt gas. The stationary phase selection is
crucial and should be based on the character oplsacomponents to be analyzed. The type
of stationary phase determines the elution ordeéhefanalytes. If the appropriate stationary
phase is selected, analytes will successively dhaim the column due to their different
affinities towards the stationary phase, while I#est interacting analyte will exit the column
as the first one [4.22, 4.33].

4.3.2.2. Gas-solid and gas-liquid chromatography

The stationary phase in GC capillary columns isstasither on solid porous or on viscous
liquid material, so the sample separation in tHaroa is due to either gas-solid or gas-liquid
interactions in the column [4.33].

Porous layer open tubular (PLOT) columns are usedhe case of gas-solid based
chromatography. The separation mechanism occura esult of differences in analytes
physical adsorption towards the solid adsorbenthsas aluminium oxide. The analytes
separation is affected by their molecular weigtdreometry, the sorbent pores geometry and
the column temperature. PLOT columns are mainlyl weleere separation of low-molecular-
weight volatiles and gases is required, such asaamponents, carbon monoxide and nitrogen
oxides [4.22, 4.33].
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In the case of separation based on gas-liquidaatens, the liquid stationary phase is either
directly uniformly coated on the column walls (WC@®dlumns) or immobilized by use of
solid support (SCOT columns). SCOT columns haveatgresample capacity but worse
separation efficiency than WCOT columns. The stetrg film of liquid phase has to be
nonvolatile, thermally stable and chemically indithe most applied stationary phase material
is polydimethyl siloxane with 100% methyl groups fmn-polar interactions or with fraction
of methyl groups substituted by functional groupgch as phenyl, cyanopropyl to obtain
wider range of polarities. Polyethylene glycol lths&tationary phases offer additional
selectivity. Generally applies, that the stationahase polarity should match the sample
polarity [4.22, 4.33].

Capillary columns can get contaminated due to imipsrpresent in the gas supply or in the
sample. Therefore column conditioning by periodiemhperature increase or column solvent
rinse is carried out. To avoid a loss of stationgingse due to this treatments, the stationary
phase is either chemically bonded or cross-linkearder to avoid column bleeding [4.22].

To separate mixture of components, these have $sege sufficiently different affinities
towards the applied stationary phase. The anagyention time depends on its affinity to the
stationary phase and its thickness, selected cagee flow and the column temperature.
These parameters have to be optimized in orderchie@e desired separation within the
shortest time [4.22, 4.33].

4.3.2.3. Isothermal and gradient temperature progra

Column temperature has to be efficiently controlledca several tenths of a degree by oven
thermostat in order to obtain reproducible resdite optimal oven temperature is determined
experimentally with the respect to separation gfficy required and range of analyte boiling
points. Isothermal analysis, applying constant mwwiiuemperature throughout the analysis, is
sufficient for samples with narrow range of boilipgints. When analyzing samples with
wide boiling point range, gradient temperature paagincreasing either continuously or in
step manner is applied. This provides shorter aatyme, and thus more efficient separation
especially for the later eluting analytes. As thpagated analytes elute from the column, their
retention time is recorder and plotted versus th&gnal intensity in the obtained
chromatogram [4.22, 4.33].
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4.3.3. Electron ionization (EI)

Electron ionization is a “hard” ionization technejuduring which gas phase molecules
ionization occurs via high-energy electron beam lbardment. These electrons are emitted
from metal wire (flament) acting as a cathode Wwhis heated by a passing current
controlling the number of emitted electrons. Theitid electrons acquire certain energy,
generally of 70 eV, depending on the potentialeddhce applied between the cathode and the
anode. The lowest potential difference during whick sample ionization occurs is called
first ionization potential. The formed high-energlectrons are accelerated across the ion
source towards the anode and collide with the galeacules present in the ionization chamber
[4.5, 4.8, 4.20, 4.22].

For most organic molecules the threshold energyimegto ionization is approximately 10 eV
(1*" ionization potential), but as not all of the etectenergy is transferred to the molecule
during collisions, higher electron energies of YOae used. The transferred energy causes
loss of the molecule (M) valence electror) @nd so the formation of molecular ion (radical
cation M™) occurs. The molecular ion carries the informatdout the compounds mass. The
excess of molecule internal energy can further adni-molecular decompositions, hence
variety of smaller fragment ions is observed in thmss spectrum. The extent of
fragmentation depends on the molecule bond streragid the fragment ions internal energy
and stability [4.5, 4.20].

The obtained fragment ions provide structural imfation for compound identification even
in the absence of molecular ion due to extensiagnfrentation. The obtained El mass spectra
are very reproducible and characteristic for a coumgl (molecular finger print); therefore by
use of mass spectral libraries produced with edestrof 70 eV energy, the analytes can be
easily identified based on pattern recognition ,[4.20, 4.22].

4.3.3.1. Open split and direct GC-EI-MS coupling

As the gas chromatography can separate complexurastwith high resolution and mass
spectrometry is able to efficiently identify segachcompounds, the coupling of GC-MS is
highly beneficial. As the mass spectrum of mixtigrelifficult to interpret, it is essential that
the analytes are eluted and ionized subsequentysitepwise manner. These complementary
techniques both require samples in the gas phasesver they have to be properly interfaced
as GC operates under pressure while MS works wraterum. Currently, two approaches are
applied to interface the GC-MS coupling, based panesplit and direct coupling systems
[4.5, 4.8, 4.20, 4.22, 4.42].
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In the case of open-split coupling, the GC columd the MS deactivated interface capillary
are inserted into small diameter tube held in &dped housing kept at atmospheric pressure.
This housing is filled with helium to avoid oxidati of eluting compounds and the MS
capillary is heated to avoid sample condensatitve gortion of GC eluent is pumped away
and only part of the sample amount reaches the &Ssource. However, the amount of
analyte entering the mass spectrometer is impoaaiitaffects the instrument detection limit.
The advantage is the reduced gas load for the mystem, but at the expense of sensitivity
and the possibility of column exchange without kieg the mass spectrometer vacuum
[4.5, 4.8, 4.20].

Direct coupling enables passing of the entire dldknv to the MS source, if compatible
flows (1 to 2 mL/min) and high capacity vacuum psngmsure low operating pressure in the
ion source. The capillary column is directly ingertinto the ion source via heated small
diameter tube to avoid condensation. Since theclyasmatography is performed between the
injector held at atmospheric pressure and the mmrce held at vacuum, the column of
sufficient length has to be used. As the entirevfis directed to the MS ion source, the
detection sensitivity is increased, however thaimwl exchange becomes more complicated
[4.5, 4.8, 4.20, 4.42].

4.3.4. Quadrupole mass analyzer

Quadrupole mass analyzer consists of four perfaudhallel aligned circular or hyperbolic
metallic or metallized electrode rods. The two apfoquadrupole rods are connected into
pairs and experience the alternation of positive rggative potentials. Schematic description
of the quadrupole mass analyzer is provided inRigeire 5. As quadrupole acts as a mass
filter, this oscillating electric field enables gntesonant ions of a particular m/z to follow
stable oscillating pathway along the z-axis andhethe detector. The m/z value transmitted
is determined by the radio frequency (RF) and diceerent (DC) voltages applied to the
rods. All ions above or below the set m/z value diseharged on the quadrupole rods. To
obtain a mass spectrum over selected m/z rang&RFhend DC fields are scanned, either by
potential or frequency, so all ions sequentiallycdmee resonant and reach the detector
[4.5, 4.8, 4.13, 4.20].
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Figure 5. Schematic description of quadrupole naasdyzer with four electrodes connected

into two pairs subjected to alternating potentjdls].

In detail, the trajectory of an ion will be stalale long as itx andy coordinates remain less
thanro, so until it does not collide with the quadrupodels. Two functions andq define
ions stability areas across a range of varyingctlioeirrent valueJ and a radiofrequency

valueVgr, as shown below,

7 m w?rd

= Gu » Ke equation (3)
v m w?rg

— e equation (4)

whererg is a radius of an imaginary cylinder that fitstive center of the rods anadl is the
angular frequency of the RF field. The last termisboth U and Vgr equations are held
constant for a given quadrupole instrument [4.8].4.

Graphical representation gfparameter, related to RF voltage veraysarameter, related to
DC voltage is known as the Mathieu stability diagradescribed in Figure 6. The regions
below the obtained curves are the areas of stabe trajectories. lons of different m/z are
successively scanned along the line by increasiagrtagnitude of the RF and DC voltages
while keeping the U/Wr ratio constant to maximize the achievable mas®lugsen
[4.5, 4.8, 4.13, 4.21].
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Figure 6. Mathieu stability diagram describing dtgbareas of ions with mass increasing in

order m < mp < mg. lons are successively scanned along the opetaimfs.5].

Quadrupole mass spectrometers usually operateitatesolution over the whole mass range,

so are able to separate two ions being 1 masspait. This categorizes quadrupoles as low-
resolution instruments with mass accuracy reachegral hundreds of ppm. Depending on
the quadrupole physical parameters, the upper imiz dan reach maximum detectable m/z

value of 4000 [4.5, 4.8, 4.13, 4.21].

Quadrupole is a real mass-to-charge ratio analgzet does not depend on the ions kinetic
energy. The ions leaving the source are only acatelé by one to a few hundred eV to enable
guadrupole scans to be obtained over the desiredrange. The quadrupole scan speed is
very high and can reach 1000 Da/s or more, sowtek suited for coupling with capillary
GC, as around 10 mass spectra can be obtainedjtiwouthe capillary GC peak. Quadrupole
analyzers are robust, easy to handle and low nssuiments [4.5, 4.8, 4.13, 4.21, 4.42].
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5. Applied methods for IL (eco)toxicity and biodadability

assessment

In order to implement IL lubricants into large scapplications, it is important to assess their
impact on human and environment as not only teahmequirements but also Registration,
Evaluation, Authorization and Restriction of Cheatsc (REACH) legislation requirements
have to be fulfilled. Thus, the environmental inpatclLs have to be investigated by means
of their (eco)toxicological impact on different bgical test systems of varying complexity
and their biodegradability has to be assessedhé\est batteries commonly applied to assess
ILs are generally performed in water environmetits,water solubility of ILs to the required

level is a necessity.

5.1. Acetylcholinesterase inhibition assay

Acetylcholinesterase inhibition assay represengs léfast complex test system working on
molecular level utilizing acetylcholinesterase aney an important biomarker for central
nervous system of higher organisms to study ILknbry potential. IL exhibit structural
similarity to acetylcholine substrate as they arainty based on quaternary ammonium
cations and hence can act as acetylcholinestenagators. High throughput screening test
with isolated acetylcholinesterase enzyme is basecblorimetric assay using 5,5'-dithio-bis-
(2-nitrobenzoic acid) (DTNB) dye reduction by enatmally formed thiocholine moiety
from the acetylcholine iodide substrate as desdriyeStock et al. [5.1].

Studies carried out by Stock et al. [5.1], Rankealet[5.2] and Arning et al. [5.3] led to
conclusion that IL cationic moieties with longedeichain length are those responsible for
acetylcholinesterase inhibition and that the ar@mia¢ad groups, such as imidazolium and
pyridinium are strong inhibitors whereas as stdigdStolte et al. [5.4] and Pisarova et al.
[5.5] ammonium based ILs with short alkyl chaingl amith implemented polar functional
groups show no inhibition effects. Apart from flirgg containing anions, such as [PF6l

anion moieties do not contribute to the enzymeéhiitiloin as concluded by Matzke et al. [5.6].

5.2. Cell viability assay with IPC-81 cells

Cell viability assay is used to evaluate cytotayi@f compounds by using mammalian cell
culture and represents biological system with higbemplexity. Cytotoxicity test using

leukemia rat cell line IPC-81 is based on colormedssay measuring cells ability to reduce

61



2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphiamyl)-2-H-tetrazolium monosodium salt
(WST-1) reagent as described by Ranke et al. [5.7].

Ranke et al. [5.7, 5.8] and Torrecilla et al. [Si9estigated the influence of IL cation side
chain lengths and concluded that the ILs with longikyl side chains exhibit higher
cytotoxicity due to their increased hydrophobicityhich is in consistency with studies of
other chemicals. Also anions can contribute to thecytotoxicity by means of their

hydrophobicity or hydrolytic instability as stateg Stolte et al. [5.5, 5.10]. Implementation
of polar functional groups into the IL alkyl sideains, such as hydroxyl or nitrile groups,
decreases the cytotoxicity effect of ILs [5.5, 55L13].

5.3. Luminescence inhibition assay with the mabaeteriumVibrio fischeri

Luminescence inhibition assay uses marine backébeo fischeri a unicellular organism
capable of emitting bioluminescence as part ofmé&tabolism process, hence indicating cells
viability. Changes in the bioluminescence intensgyovide indication of chemicals
cytotoxicity towardsVibrio fischeribacteria and are detected photometrically as ibestin
more detail within DIN EN ISO 11348 ecotoxicolodictandards [5.14]. Therefore, it is
possible to study environmental effects of ILs todgaaquatic organisms due to their potential
breakthrough from wastewater treatment plants.

Couling et al. [5.15] concluded that toxicity ofdltowardsVibrio fischeri decreases in the
following order; imidazolium > pyridinium > ammomuas it correlates with the number of
N atoms in the cation. The clear contribution ofdation alkyl chain length increase to IL
cytotoxicity was confirmed by Ranke et al. [5.7ddRernak et al. [5.16] as the hydrophobic
chains disrupts the cells lipophilic membrane. Nty the length of the alkyl chain but also
the number of alkyl chains attached to the cataa$ to IL cytotoxicity increase as stipulated
by Docherty et al. [5.17], and Stolte et al. [5.48figned the organism membranes being the
primary target of IL toxic action. General contrilaun of anion moiety towardgibrio fischeri
cytotoxicity is low [5.7, 5.19].

5.4. Acute immobilization assay witbaphnia magna

CrustacearDaphnia magnaserves as test organism for studies of toxicifeat$ towards

invertebrates, hence represents an important ktkwden microbial and higher trophic level.

Aquatic toxicity of compounds can be determinedofsing the Organization for Economic

Co-operation and Development (OECD) guideline 2D@phnia sp,. acute immobilization

test and reproduction test [5.20]. Animals not olth@n 24 h are incubated with the substance
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for either 24 or 48 h. At the end of the test, H@®, value of a substance is determined as a
concentration needed to immobilize 50% of Dregphnia magna

Couling et al. [5.15] stated that the IL toxicitgwtardsDaphnia magnancreases with the
amount of aromatic nitrogen atoms in IL cation, lin& between the toxicity and the alkyl
chain length was observed also by Yu et al. [5.a@dglitionally suggesting oxidative stress as
the significant mechanism of IL toxic effect. Immdium based ILs were found to be much
more toxic than non-chlorinated conventional orgaswlvents, such as methanol and also
more toxic than chlorinated solvents, such as ofbom, however less toxic than
imidazolium based cationic surfactants [5.22, 5.28ygen introduction to the IL cation side
chain results in a large decrease of IL toxicityieh is thus lower than that of chlorinated
solvents, however still higher than that of nonecimated solvents [5.24-5.26]. In the studies
of Stolte et al. [5.4], it was shown that dependorgthe type of oxygen based functional
group in IL cation side chain, the IL aquatic taicranges greatly. Thus, ILs with ether
functional group were classified as harmful andnetgxic to aquatic organisms whereas ILs
containing hydroxyl functional group were not hauitb aquatic organisms.

5.5. Ready biodegradability according to OECD 3@Gfdhometric respirometry

Ready biodegradability of compound is determinednraerobic aqueous medium following
the Organization for Economic Co-operation and Dmwaent (OECD) guideline 301F:
manometric respirometry [5.27]. The investigatednpound is inoculated by activated
microbial sludge and incubated under aerobic canditin the dark for 28 days or until the
biodegradation curve reaches a plateau. The biadagility is determined by the oxygen
consumption and can be measured manometricallyul#stance is classified as readily
biodegradable when biodegradation reaches a minioful6@% within 28 days.

Pyridinium was evaluated as the most biodegradHbleation moiety, fully mineralizing
within 28 days and suitable for biodegradable Hudural design [5.12, 5.28-5.30], whereas
imidazolium moiety was found to be only partiallyotbegradable [5.31]. The trend of
biodegradation based on cation alkyl chain lengths follows; alkyl chains shorter thap C
are not biodegradable, rate of biodegradation asae with alkyl chain elongation up te,C
while longer side chains show inhibitory effectsvéwds the inoculum [5.22, 5.31, 5.32].
Polar functional groups incorporated into the shbrside chains do not always improve IL
biodegradation in the same way [5.31], it was shdkat hydroxyl group leads to ready
biodegradability of ammonium ILs while ether fumetal group hinder the ammonium IL

biodegradation [5.4, 5.5]. In contrary, ester gwpere reported to increase imidazolium
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based ILs biodegradation, as they represent siseeptible to enzymatic attacks [5.33, 5.34].
Fluorinated anions like [NTF2] could not be readibjodegraded [5.22,5.35], while
octylsulfate anion is recommended in further ILustural design as readily biodegradable

anion moiety [5.34].
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Ionic liquids (ILs) as a novel and potential type of lubricants possess partly superior properties over
traditional classes of lubricants. Their extremely low vapor pressure, generally high thermal stability
and non-flammability suggest them for high performance applications. However, their tendency
towards corrosiveness is neglected in general. The selection of three ILs was based on the aim to
achieve relevant lubricant properties, in particular high oxidation stability and low corrosiveness, as
well as high environmental benignity. The cations were in all cases ammonium based with and without
functionalization. Bis(trifluoromethylsulfonyl)imide (NTF;) was chosen as anion and has been replaced
for one IL by methanesulfonate. Artificial aging was carried out to obtain knowledge about the lubricant
long-term performance under both oxidative and humid conditions while being in contact with CuSn8P
and 100Cr6 commonly used in tribology. For the evaluation of IL corrosion potential, the metal content
in the IL was monitored by ICP-OES, metal specimens were examined optically and by SEM-EDX
analysis. To find out the IL suitability for the long-term applications the thermo-oxidative stability of
the IL has been analyzed by several mass spectrometric techniques. In this study, NTF, based IL -
regardless of the cationic moiety — showed superior performance over methanesulfonate based IL
under all conditions. In the case of 100Cr6, dry conditions lead to the lowest corrosion whereas CuSn8P
caused the lowest corrosion under humid conditions. The degradation process based on thermally
induced transmethylation of the IL investigated occurred only at the cationic moiety of methanesulfo-
nate based IL This is based on mass spectrometric investigations and indicates a contribution to the
enhanced corrosiveness by means of the IL reduced stability.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

as bis(trifluoromethylsulfonyl)imide (NTF,) and tris(pentafluor-
oethyl)trifluorophosphate (FAP). For IL cations, shortening of the

Common ionic liquid (IL) structures for tribological applications
are based on bulky asymmetrical cations and anions which have
organic or semi-organic nature. IL cations are frequently based on
aromatic ring systems containing hetero-atoms with typical repre-
sentatives such as imidazolium as stated in a recent review by Zhou
et al. dealing with the structural designs of IL lubricants. They also
brought up the issues of IL as lubricating oil and identified corrosion
and thermo-oxidation as two bottlenecks to be solved before really
large-scale applications can be realized [1].

Together with the tribological properties also emphasis on the
environmental aspects has to be taken into account. The anion
moiety in most cases does not contribute significantly to the IL
toxicity properties with the exception of frequently used anions
in tribological applications based on fluorinated structures, such

* Corresponding author at: AC?T research GmbH, Viktor Kaplan-StraRe 2, 2700
Wiener Neustadt, Austria. Tel.: +43 2622 81600 152.
E-mail address: pisarova@ac2t.at (L. Pisarova).

0301-679X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.triboint.2011.03.014

chain length and introducing polar functional groups were recom-
mended to significantly reduce possible (eco)toxicological risks
[2,3]. Choline based quaternary ammoniums were identified as
cations for the design of highly promising biodegradable IL [4].

Due to some exceptional IL properties they represent equiva-
lent or even superior class of compounds in comparison to the
classical lubricant formulations and their performance. The out-
standing properties comprise negligible vapor pressure, non-
flammability, very low melting points down to —80 °C and good
oxidative stability which predestine them for the high tempera-
ture and high vacuum applications. Due to the vast variety of
structural possibilities and combinations of cation and anion the
aforementioned does not apply as general rule for all IL struc-
tures. Hence tremendous research efforts are still necessary to
understand the structural prerequisites for applications in general
and tribological applications in particular. The reviews by Minami
[5] and Bermudez et al. [6] deal extensively with the potential and
applicability of IL as novel lubricants focusing on their structure-
performance relationships.
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Besides the favorable lubricant properties of IL their inclina-
tion towards corrosiveness is also known. The progress of corro-
sion heavily depends on the chemical structures of IL, impurities
present in IL, type of material in contact and application condi-
tions such as temperature, access to air and different amounts of
water to mention the most important environmental influencing
factors. The most applied techniques to study the corrosion
phenomena of IL are weight loss and electrochemical methods
for quantification together with scanning electron microscopy
with energy-dispersive-X-ray spectrometer (SEM-EDX) and X-ray
photoelectron spectroscopy (XPS) to understand the corrosion
processes on a qualitative level [7,8]. Bardi et al. [9] and Perissi
et al. [10] investigated the corrosion resistance of ASI1018,
ASI304, Inconel 600 based on Ni, and Naval Brass being in contact
with IL constituted from fluorinated anion moieties with various
cation counter ions. Results from surface analysis by XPS, SEM-
EDX and secondary ion mass spectrometry (SIMS) suggested that
the decomposition products of the IL form an interaction layer on
the metal surfaces. This conclusion was unambiguously confirmed
by the presence of significant amounts of elements originating from
the IL studied.

Oxidative stability of IL based lubricant is among the most
desired prerequisites for applicability in tribosystems. In contrast
to well explored long-term behavior of traditional lubricant
classes there is still a vast lack of knowledge in the case of the
long-term IL performance. Recently, a review has been published
dealing with IL as novel solvents and summarizing the knowledge
about their chemical stabilities with emphasis on imidazolium
cation [11]. Widely used attempts to study the IL stability were
carried out by means of thermo-gravimetric analysis associated
with weight loss. However, the obtained data vary significantly
and do not provide information about chemical nature of the
degradation products originating from IL decomposition [12]. In
order to find out the molecular structure and composition of the
IL degradation products and to elucidate the possible degradation
pathways on the molecular level sophisticated high end analytical
techniques such as mass spectrometry (MS) have to be applied.
The application of MS to investigate IL is still a rare approach.
However, some researchers have already characterized the IL in
the fresh condition mostly by electrospray ionization mass
spectrometry (ESI-MS) [13,14]. To our best knowledge, there is
only one publication dealing with the applicability of laser
desorption/ionization (LDI) and matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry applied to IL while treat-
ing them as analytes and not as matrix components. Zabet-
Moghaddam et al. [15] stated that these methods are suitable
for straightforward characterization of IL in both positive and
negative ion mode.

In this publication, the performance of three IL with variation
of cation and anion moieties resulting in different hydrophobicity
or hydrophilicity, respectively, has been compared. Structural
variation was aimed to lower the (eco)-toxicological impact but
to maintain the lubricant stability and low corrosion potential.
The specially designed small-scale artificial aging method was
developed and applied to accelerate the IL degradation progress
and to evaluate the corrosion potential of two types of alloys used
in tribological applications under influence of air and water.

The corrosion progress was monitored by inductively coupled
plasma with optical emission spectrometry (ICP-OES) to track the
presence of metal within the IL. The metal specimens were
examined by optical means and by a scanning electron microscope
equipped with an energy-dispersive-X-ray spectrometer (SEM-EDX).

In this research work, the IL was also characterized by
high end mass spectrometry techniques using laser desorption/
ionization time-of-flight mass spectrometry (LDI-TOF-MS),
matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF-MS) and electrospray ionization ion
trap mass spectrometry (ESI-IT-MS). The optimization and com-
parison of these desorption/ionization techniques for IL were
carried out and the most suitable and straightforward mass
spectrometry technique was applied to identify subsequently
degradation products and to develop the aging mechanism.
Furthermore, the expected findings gained from the structural
determination of the degradation products could give insight into
the corrosion mechanism of IL, in particular whether degradation
products may contribute to IL corrosiveness. Additionally, more
reliable information about the long-term performance of IL is
anticipated when carrying out corrosion experiments under more
severe conditions and for a longer period in comparison with
standardized corrosion tests with durations of some hours [16].
Based on the structural prerequisites of the studied IL it could be
expected that the most hydrophobic IL would possess a signifi-
cantly lower corrosiveness compared to less hydrophobic IL.

2. Experimental
2.1. Ionic liquids selected

Besides technical requirements, the impact on the environ-
ment of a lubricant has to be taken into account. Thus, the
structural design of the selected IL was carried out to confer
sustainability due to legislative regulations such as REACH [17] in
Europe.

Three ionic liquid structures (IL1- 3) were provided through
custom synthesis on request carried out by IoLiTec (lonic Liquids
Technologies, Heilbronn, Germany). The cation moieties are based
on quaternary ammonium with and without functionalization on
one side chain. The implementation of the hydroxyl group has the
aim to lower the IL hydrophobicity and hence to lower the expected
ecotoxic impact. The use of bis(trifluoromethylsulfonyl)imide as
anion represents a conventional choice often used in tribological
applications. But due to the generally known environmental hazar-
dous properties of NTF, [3] the attempt has been made to replace
the anion by a structure of lower toxicity. Methanesulfonate was
selected, but at the same time the thermo-oxidative stability of the
IL should be preserved. The selected IL structures are presented in
Table 1 and their purity is stated (given by the supplier).

2.2. Artificial aging and corrosion evaluation

Artificial aging in lubrication science usually utilizes the
application of harsh but short-term conditions to the lubricant
sample in order to accelerate the degradation process. This way, a
correlation with natural aging - meaning all kinds of deteriora-
tion happening to the lubricant in application - for an estimation
of the long-term performance of a lubricant is tried. Besides other
prerequisites, the knowledge about the lubricant long-term per-
formance together with possible corrosion potential has to be
obtained for the successful implementation of a lubricant in the
practical application.

Iron based alloy 100Cr6 and copper based alloy CuSn8P were
selected as common materials used in tribological applications in
order to monitor the corrosion potential of the selected IL. Table 2
provides the content of minor elemental components of the above
mentioned alloys.

Specimens of both materials were cut with the dimensions
5mm x 5 mm x 5mm, and polished on all sides. The specimens
were cleaned with toluene, petroleum ether and carefully dried
immediately prior to use. The vessels for carrying out the artificial
aging experiments represent conventional glass laboratory test
tubes that were thoroughly cleaned prior to washing by methanol,
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Table 1

Summary of investigated ionic liquids and their purity provided by the supplier IoLiTec.

IL Name Structure Purity
Butyl-trimethyl-ammonium | Oss-Mgz° Halides
& T . E . ~ o
L1 bis(trifluoromethylsulfonyl)imide T F7§ R 99% <100ppm
Choli g Bapgl o Halid
oline N—fF_ -7 7§ 5 alides
I bis(trifluoromethylsulfonyl)imide Hofl F/\F o O\,L<F 9% 80ppm
. | .
Choline e Halides
S—0 9
LE methanesulfonate Ho_/_\ 8% <100ppm
Table 2 Table 3

Summary of CuSn8P and 100Cr6 alloy minor elemental components in percentage.
Content of major components Cu and Fe, respectively, varies according to the
overall content of minor elements stated by term “is balance” in both cases.

Overview of all applied variations of artificial aging experiments.

General condition Artificial aging Temperature (°C)

parameters
CuSn8P Element Cu Sn P Zn Ni Fe Pb Other 150 175 190
From Is balance 7.5 0.1 - - - - - “Open” Air - I I I
To (%) 9 04 03 03 01 005 03 CuSn8P v v -
. 100Cr6 7 v -
100Cr6  Element Fe Cr t Moy i Mo; F s “Closed” (melted tube) Water CuSn8P %4 %4 -
From  Isbalance 135 093 025 015 - - - xkm & ~ -
To (%) 1.60 1.05 045 035 0.10 0.025 0.015

toluene and petroleum ether and subsequently dried. Each metal
specimen was subsequently immersed in each IL. An additional
artificial aging without the presence of a metal was also carried out.
The ratio of IL in grams to the metal specimen area in cm? was
chosen 1:1 (weight/area) to ensure the direct performance compar-
ison. The influence of air in the “open” experiment carried out in
open test tubes and the influence of defined 1.5% of water content in
IL carried out in “closed” test tubes (melting of the tubes to close the
reaction chamber) during closed (“defined humidity”) experiment,
respectively, were selected to simulate the effect of typical applica-
tion conditions in lubrication field. In the case of artificial aging
without a metal, only the “open” experiment was chosen.

Artificial aging without a metal specimen was carried out in
three subsequent artificial aging steps of which each lasted 7 days
with subsequent temperature steps at 150 °C (starting tempera-
ture), 175 °C (temperature increase after 7 days) and 190 °C
(temperature increase after 14 days after start) always followed
by IL sampling. While using metal specimens, two subsequent
7 day artificial aging steps at 150 and 175°C were applied to the
IL. The third artificial aging step at 190 °C has been omitted due to
progressed corrosion already monitored after the second artificial
aging step at 175 °C by ICP-OES measurements.

A common laboratory oven was used for temperature stepping
and samples were cooled in a desiccator prior to aliquot sample
removal, taking place after each 7 day artificial aging step. In the
case of a decrease of the water content below 1.5% (determined
by Karl-Fischer method), a calculated amount of water was added
to restore the initial water content. The variations of the artificial
aging procedures are summarized in Table 3.

Representative aliquots of artificially aged IL samples were ana-
lyzed by ICP-OES to monitor the metal content in the IL during the
corrosion progress. Karl-Fischer measurements were done to monitor
the water level during artificial aging. After the final artificial aging

step the metal specimens were cleaned with 2-propanol, toluene and
petroleum ether, dried and examined/documented by optical means
using Canon EOS 450 D camera (Tokyo, Japan) with AFMacro lens
magnification system (Voigtlander, Fiirth, Germany). Subsequently,
the scanning electron microscope Philips XL30 ESEM-FEG equipped
with an energy-dispersive-X-ray spectrometer (SEM-EDX) was
applied in order to determine the topography and the elemental
composition of the metal surfaces affected. First the area scan has
been carried out to analyze the overall composition of the surface and
subsequently often if of interest the spot scan has been applied to
analyze particular crystals of interest. The attempt to monitor IL
structural changes throughout the aging has been carried out by
Fourier transform infrared (FT-IR) spectrometrical measurements
using a Bruker Tensor 27 FT-IR spectrometer (Ettlingen, Germany).

2.3. Mass spectrometric measurements

In order to understand and evaluate the corrosion process the
information about lubricant degradation mechanisms on the
molecular level is a valuable asset. Mass spectrometric measure-
ments were utilized as highly sensitive technique in order to
identify the possible IL degradation products. Aged IL samples
were centrifuged for 2 min at 12000 rpm with an Eppendorf
centrifuge model 5415D (Eppendorf, Hamburg, Germany) to avoid
the transfer of dispersed metal parts originating from the corro-
sion process into the mass spectrometer. IL aliquots of fresh and
aged samples of 3-5 pl were dissolved in 1 ml of methanol to
prepare the stock solutions in concentration range of 0.3-0.5%
(v/v). Two mass spectrometric approaches and instrument types
have been chosen for IL structural characterization: a Shimadzu
Biotech TOF? MALDI/LDI tandem time-of-flight (TOF) instrument
(Shimadzu Biotech Kratos Analytical, Manchester, UK) with a
curved-field reflectron as MS2 allowing high energy (20 keV)
collision induced dissociation (CID), post source decay (PSD) and
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a Bruker Esquire 3000P"-ESI-IT-MS device (Bruker Daltonics,
Bremen, Germany) allowing multistage low energy CID.

The MALDI/LDI mass spectrometer was equipped with a
nitrogen laser operating at a wavelength of =337 nm and a
repetition rate of 20 Hz. A stainless steel MALDI-MS target was
used and the following MALDI matrices were chosen to examine
IL samples: 2,4,6-trihydroxyacetophenone (THAP) and a-cyano-4-
hydroxy cinnamic acid (CHCA) which were both purchased from
Sigma-Aldrich (St. Louis, MO, USA).

5 mg of THAP were dissolved in 1 ml of methanol. Subse-
quently, 20 pl of the prepared solution was mixed with the same
volume of the IL methanolic stock solution. Finally, 0.8 pl of this
mixture was applied onto the MALDI target and allowed to dry at
room temperature (RT).

In the case of CHCA, 5 mg MALDI-MS matrix was dissolved in a
acetonitril/methanol mixture 1:1 (v/v) containing 0.1% of trifluor-
oacetic acid TFA (Pierce, Rockford, IL, USA). Subsequently, by
using thin layer technique, 1 pl of prepared matrix was applied
onto the MALDI-MS target and allowed to dry at RT, afterwards
1 pl of IL methanolic stock solution was applied on the prepared
matrix layer (spot with crystallized MALDI-MS matrix) and dried.

The approach of UV laser desorption ionization (LDI) technique
was chosen as an alternative to MALDL In the case of LDI, the
methanolic solution of the corresponding IL was applied directly
to the multiple-use stainless steel target without any MALDI-MS
matrix and the solvent was evaporating at RT. The analysis of
aged samples was done by means of the LDI-TOF-MS approach
and every sample was examined in the both positive and negative
ion mode with an m/z range from 1 to 1000. Mass spectra were
acquired at least from 300 individual laser shots using the raster
scanning. For structural determination the PSD experiments were
carried out selecting a precursor ion with a window of +2 Da
from the monoisotopic precursor ion and the PSD spectrum is
based on 500 single laser shots. In the case of CID experiments
helium was used as collision gas at collision energy of 20 keV and
each CID spectrum is based on 1000 single laser shots.

ESI-IT-MS experiments were carried out in the direct infusion
mode by applying a 2 pl/min flow of the methanolic IL solution
with a concentration of 0.003% (v/v). The experimental conditions
of the ion source were: dry gas temperature, 250 °C; capillary
voltage, 4.4 kV; all other voltages were optimized for maximum
analyte ion transmission. The m/z range selected was from m/z 30
to 750, with a maximum accumulation time of 400 ms. All mass
spectra were acquired in profile mode and one analytical scan
represented the average of three microscans. Representative mass
spectra were collected for at least 1 min in both positive and negative
ion mode. An overview summarizing the elemental composition of IL

Table 4

representative moieties (cation and anion) and their monoisotopic
masses is provided in Table 4.

3. Results and discussion

Chemical deterioration of the artificially aged IL has been tried
to be monitored by FT-IR. Applying FT-IR spectra of aged lubri-
cants are compared with that of the unused lubricant. Due to the
fact that no valuable data were gained from IL aging by this
conventional oil analytical method, no results are shown.

The IL degradation has been evaluated by the above mentioned
MS techniques in detail obtaining useful data.

3.1. Identification of ionic liquid degradation products by mass
spectrometry

In lubrication science, mass spectrometrical measurements
can considerably contribute to the evaluation of aging behavior
of lubricants: it allows the identification of degradation products
to better understand the behavior of lubricants on the molecular
level, e.g. the thermo-oxidative stability and the corrosion beha-
vior of IL as discussed in this paper.

3.1.1. Comparison of mass spectrometric desorption/ionization
techniques for IL

The most crucial and well-known part by using LDI- and MALDI-
TOF-MS is the sample preparation step. Preparation of the sample
spots on the MALDI target was carried out as described in Section 2.
The homogeneous crystallization is a prerequisite for obtaining
representative mass spectra. Unsatisfactory crystallization by thin
layer technique was yielded when the prepared CHCA matrix was
subsequently treated with IL methanolic stock solution. The reason
for this behavior might be related to the destruction of the crystal
layer by IL.

The IL desorption/ionization properties using the THAP and CHCA
matrices in case of MALDI- and LDI-TOF-MS technique were
compared by the evaluation of the resulting mass spectra acquired
from fresh IL. Comparing the mass spectra obtained with LDI (plain
deposition of the methanolic IL solution and evaporation of solvent)
and MALDI-MS technique a few general conclusions could be made
for small molecular weight analytes as the selected IL:LDI with a UV
laser provides mass spectra with a low ‘chemical’ background and
without additional ions originating from the applied MALDI matrix.
LDI also gives rise to fragment ions at higher signal intensities in
both positive and negative ion mode due to higher laser energy
input (thermo-induced fragmentation) in comparison to MALDI

Summary of IL representative moieties with their elemental compositions and calculated monoisotopic masses.

IL representative moieties

Elemental composition Monoisotopic mass (Da)

| C,H,sN 116.14392
|,
W C,H,,NO 104.10754
HO \
Og N0
ol T C,F4NO,S, 27991730
F g g F
(o]
o CH,0,S 94,98029
(o]
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Fig. 1. Mass spectra of fresh butyl-trimethyl-ammonium bis(trifluoromethylsulfo-
nyl)imide (IL1) obtained in positive ion mode by different methods of desorption/
ionization: LDI (A), MALDI using THAP as matrix applying the volume technique (B)
and MALDI using CHCA as matrix applying the thin layer technique (C).

when using the two matrices (a so-called ‘cold’ MALDI-MS matrix —
THAP, and a ’'hot’ matrix - CHCA). More laser energy does not
improve the situation in MALDI, but it results in more pronounced
increase of MALDI matrix related ion intensities without improving
the abundance of ionic liquid fragment ions in both positive and
negative ion mode.

Fig. 1 shows the mass spectra of IL1 obtained by LDI- and MALDI-
MS using THAP and CHCA as matrix. In all cases the base peak is
related to the cation species of IL1 at m/z 116. The intensity of
fragment ions at m/z 60 and 58 originating from butyl-trimethyl-
ammonium moiety of IL1 is diminished by using the MALDI-MS
technique. In the case of the application of THAP for MALDI-MS
in Fig. 1(B) a protonated matrix ion is present at m/z 169. The ion at
m/z 207 corresponds to a potassiated THAP matrix ion. The ion at
m/z 77 does not originate from butyl-trimethyl-ammonium as is
corroborated by MS/MS analysis shown in Fig. 2(A) in the following
Section 3.1.2. In the negative ion mode, problematic desorption/
ionization of the methanesulfonate anion (IL3) resulted in very low
signal intensities under LDI condition and did not improve by using
higher laser power or switching to MALDI-MS. Based on the above
observations, LDI-TOF-MS was preferably applied to the artificially
aged IL samples for further structural elucidation.

3.1.2. Structural determination of the observed IL clusters and
fragment ions

To confirm the origin of the fragment ions from a particular
precursor ion representing the IL cation, post source decay (PSD)
and collision-induced dissociation (CID) were chosen using LDI-
MS. The term post-source decay (PSD) refers to the fragmentation
of precursor ions (e.g. protonated molecular ions or preformed
molecular ions) resulting in product ions during their flight in the

’ X50 /
A 60.1 116.1
(0]
e
= 58.1
B | 61.1
= | n
o
0! X20 ‘
_g B 104.2
= 60.1
x
58.1
44145,
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m/z

Fig. 2. PSD spectrum in the positive ion mode of butyl-trimethyl-ammonium in
fresh IL1 (precursor ion m/z 116) (A), and CID spectrum of choline in fresh IL3
(precursor ion m/z 104) (B). LDI was used to generate the precursor ions in both
cases. Spectra confirm the origin of the fragment ions from the precursor ions
representing IL cations. Magnifications of 50 x and 20 x relating to the absolute
abundance of m/z 116 and m/z 104, respectively, illustrated by “zoom in” to show
all fragment ions present.

mass spectrometric analyzer (TOF). CID is a mechanism by which
selected precursor ions (e.g. molecular ions) are allowed to collide
with neutral gas molecules which results in fragmentation of the
precursor ion into smaller fragments. CID and PSD and the
fragment ions produced are used for structural confirmation.
Fig. 2 shows the PSD spectrum of the cation of IL1 (Fig. 2(A))
and the CID spectrum of the cation of IL3 (Fig. 2(B)). The PSD
spectrum of the precursor ion at m/z 116, representing butyl-
trimethyl-ammonium cation of IL1, confirmed the formation of
fragment ions at m/z 61, 60 and 58, which could be observed in the
full scan mass spectrum, too. In the case of CID of IL3, choline as
precursor ion at m/z 104, fragment ions were observed at m/z 61, 60,
58, 45 and 44. The fragment ions originating from choline precursor
ion are characterized in Section 3.1.3, showing the suggested
fragmentation pathway based on cleavage of alkyl moieties.

Additionally, also cluster ions formed only from ionic liquid
ions when using MALDI-MS were mostly found by applying THAP
as MALDI matrix in both positive and negative ion mode. For
example, in the positive ion mode the cluster composed of IL2
moieties has been observed at m/z 488 corresponding to two
choline cations and one NTF, anion. When studying IL3 in the
negative ion mode a cluster ion at m/z 294 has been attributed to
one choline cation and two methanesulfonate anions. In contrast,
combined cluster ions of MALDI-MS matrix anion with IL cations
were observed by using CHCA matrix. To confirm the identity of
the observed cluster ions, PSD was applied for structural elucida-
tion (data not shown). Cluster ions originating from ammonium
based ionic liquids and from ionic liquids together with matrices,
respectively, by applying MALDI technique have been observed.
This finding is in agreement with Zabet-Moghaddam et al. [15]
who investigated higher molecular weight imidazolium based IL
with various anions.

3.1.3. Structural determination of the IL degradation products

IL samples from the final artificial aging steps under all
conditions studied (see Table 3) were selected for LDI-TOF mass
spectrometric analysis in both positive and negative ion mode.
The acquired mass spectra of IL1 and IL2 containing NTF, anion
have not revealed any degradation products under all artificial
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Fig. 3. LDI mass spectra of IL3 artificially aged in contact with 100Cr6 at 175 °C
(mfz 104 choline in A, m/z 95 methanesulfonate in B) and IL3 aged without the
addition of a metal specimen at 190 °C artificial aging step (m/z 104 choline in C, m/z
95 methanesulfonate in D). Measurements in both positive and negative ion mode
show the increased abundance of the age-related product at m/z 118 representing
methylated choline but no age-related product(s) of the methanesulfonate anion.

aging conditions studied neither in positive nor in negative
ion mode.

The only IL that turned out to be prone to thermally induced
degradation was choline methanesulfonate (IL3). The transmethyla-
tion of IL3 choline moiety was observed in all artificial aging
experiments and progressed with the subsequent artificial aging
steps. Fig. 3(A) and (C) depicts the degradation product of choline
found at m/z 118 and the unaffected choline m/z 104, respectively.
No degradation product was observed in the negative ion mode,
only the methanesulfonate ion is present at m/z 95 as shown in
Fig. 3(B) and (D).

For the confirmation of the structure of the degraded choline of
IL3 CID spectra were acquired from the aged product sample from
the precursor ion m/z 118 and can be seen in Fig. 4. The precursor
ion yielded fragmentation ions at m/z 102, 86, 74, 60, 59, 58, 43, 42.
These fragment ions were attributed to structures which allowed
elucidating the entire fragmentation pathways and are summarized
in Fig. 5(B). Unaffected choline yielded a fragmentation pattern
(Fig. 5(A)) with fragmentation ions at m/z 60 and 58 corresponding
with that of methylated choline. However, clearly different frag-
mentation ions providing most valuable structural information at
m/z 59 and especially 86 corresponding to neutral loss of methanol
gave strong evidence for the changed chemical structure of choline
due to thermally induced transmethylation.

ESI-IT-MS is another MS technique used to obtain additional
information concerning the formation of IL degradation products
during artificial aging. In particular, ESI-IT-MS was used to study IL
samples from the final artificial aging step carried out at 190 °C under
air (without the addition of a metal specimen). Due to the high
temperature IL were exposed to the harshest conditions (oxygen,
water and temperature) and so the most pronounced degradation
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Fig. 4. CID spectrum of the methylated choline (m/z 118). Spectrum was
generated by LDI-TOF/RTOF-MS in the positive ion mode from the precursor ion
m/z 118. Methylated choline was found in all artificially aged samples of IL3.
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Fig. 5. Fragmentation pathways based on the measured CID spectra of artificially
aged choline methanesulfonate (precursor ion m/z 104 is non-fragmented choline)
(A), and methylated choline found in the same sample of choline methanesulfo-
nate (precursor ion m/z 118) (B) both obtained by LDI-TOF/RTOF-MS.

reactions were supposed to take place. However, this analytical
approach did not reveal any additional degradation products present
in the artificially aged IL sample (hence data not shown).

Summing up, the application of LDI-TOF-MS in combination
with CID analysis has been successfully applied for small ionic
liquid moieties and confirmed the origin of the fragment ions as
shown for fresh and artificially aged IL3. Furthermore, the mass
spectrometrical investigation enabled the suggestion of fragmen-
tation pathways for choline and thermally degraded choline.

Bis(trifluoromethylsulfonyl)imide and methanesulfonate which
were chosen as anions in this research work showed no
evidence for degradation reactions/products under the artificial
aging conditions and monitored by means of analytical methods
applied. Artificial aging experiments confirmed the superior
stability of the NTF, based IL [5]. The degradation occurred at
the IL3 cation moiety due to thermally induced transmethylation
of the choline leading to (2-methoxyethyl)trimethyl-ammonium
formation. Based on the above mentioned findings, the bis(tri-
fluoromethylsulfonyl)imide anion appears to confer the stability
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to the choline cation as no degraded choline was detected.
Consequently it is proposed that ionic liquid properties should
be jointly interpreted to elucidate synergies and antagonisms
between anion and cation moieties.

3.2. Monitoring of metal corrosion by IL

As an indicator of corrosion progress the metal contents in the
IL samples were analyzed after each artificial aging step by means
of ICP-OES technique. A summary of the metal contents found for
all artificial aging experiments is presented in Table 5. The results
clearly show that corrosiveness was dependent on several para-
meters: IL chosen, material being in contact, temperature and
water. For example, NTF, based IL (IL1 and IL2) caused lower
corrosion in comparison with IL3 under all conditions. Usually, an
increase of temperature promotes corrosion. 100Cr6 showed good
corrosion resistance when immersed in IL1 and IL2. But when
adding water to the IL, corrosion increased by about three orders
of magnitude. IL3 exerts severe corrosion on both CuSn8P and
100Cr6 under all conditions.

Table 5

After the final artificial aging step the metal specimens were
cleaned as stated in Section 2.2 and examined by optical means as
shown in Table 6 (dark upper faces due to photographic adjust-
ments). In comparison with freshly polished specimens the
appearance of all metal specimens was affected by the contact
with IL at elevated temperatures. Especially, specimens immersed
in IL3 were characterized by severe surface damage.

The mass loss of each specimen was investigated and the
results are presented in Fig. 6 for CuSn8P alloy and in Fig. 7 for
100Cr6 alloy, respectively. Substantial mass loss was found for
CuSn8P and 100Cr6 specimens that were in contact with IL3 in
both “open” and “closed” conditions. A qualitative comparison of
the results for mass loss with those for metal content in IL in
Table 5 shows a good correspondence.

3.2.1. Corrosion evaluation with applied CuSn8P alloy—*open”
condition

Under the condition of “open” artificial aging a lower corrosion
potential of CuSn8P alloy is observed for IL containing NTF,

Summary of the metal contents in ILs as corrosion indicator during the artificial aging experiments. In the case of CuSn8P the copper content was measured and regarding

100Cr6 the amount of iron was measured by ICP-OES.

IL Name Alloy ICP-OES “Open’’ experiment “Closed” experiment

150 °C 175 °C 150 °C 175°C
IL1 Butyl-trimethyl-ammonium NTF, CuSn8P Cu (ppm) 90 1100 90 220
L2 Choline NTF, 6 640 30 20
IL3 Choline methanesulfonate 3500 86000 8400 16000
IL1 Butyl-trimethyl-ammonium NTF, 100Cr6 Fe (ppm) 2 2 2900 6300
L2 Choline NTF, 2 1 1700 4500
IL3 Choline methanesulfonate 8100 38000 7700 14000

Table 6

Overview of metal specimens after the final artificial aging step examined optically after cleaning step with 2-propanol, toluene and petroleum ether. Specimens of both

materials have approximate dimensions of 5 mm x 5 mm x 5 mm.

Opened Closed
L Name Alloy experiment experiment
175°C 175°C
IL1
2 Choline
I3 Choline
Methanesulfonate
IL1 Butyl-trimethyl-ammonium
NTF,
Choline
1] NTF,
I3 Choline

Methanesulfonate




80 L. Pisarova et al. / Tribology International 46 (2012) 73-83

8.5%

5.0 -

4.0 A

3.0 A

2.0 4

CuSn8P mass loss (%)

1.0 1

0.0

IL1 IL2 IL3

Fig. 6. Mass loss of CuSn8P specimens after last artificial aging step at 175 °C.
Results for “open” experiments (air), marked yellow, and for “closed” experiments
with defined water content (humid), marked orange. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Mass loss of 100Cr6 specimens after last artificial aging step at 175 °C.
Results for “open” experiments (air), marked light blue, and for “closed” experi-
ments with defined water content (humid), marked dark blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

anions (IL1 and IL2) even though the copper content indicates
already an advanced level of corrosion, especially at 175 °C
(Table 5).

SEM-EDX analyses of CuSn8P surface resulting from artificial
aging with IL1 (used as obtained) revealed a layer of rough
structure mainly composed of carbon, oxygen, fluorine and sulfur.
This suggests that parts of the layer originate from the IL itself.
This conclusion is in agreement with the findings of Bardi et al. [9]
and Perissi et al. [10]. However, they stated that the interaction
layers are formed by decomposition products of IL, which was not
confirmed by our study using MS of artificially aged IL as discussed in
Section 3.1.3. Currently, it cannot be definitively excluded that
volatile but corrosive degradation products were formed during
artificial aging. Such volatiles would have been lost under the “open”
experimental conditions. As no evidence for the formation of volatile
degradation products of IL was found, one would conclude that
either no degradation products evolved or all degradation products
had low boiling points.

IL2 used as obtained in the corrosion experiment interacted
with the CuSn8P alloy in a different way: a structured layer
covered the whole surface of the specimen being clearly different
from the composition described for immersion in IL1. The main
elements found were copper and oxygen, hence suggesting the

Fig. 8. Corrosion shown at a magnification of 100 x together with rupture lines
seen at a magnification of 500 x (upper right corner inset) is revealed by SEM of
CuSn8P specimen surface (upper left corner inset) after being in contact with pure
IL3 in “open” artificial aging experiment.

formation of copper oxide. No carbon, fluorine or sulfur was
present (monitored by EDX) indicating that IL was not directly
involved in the formation of a reaction layer.

The behavior of IL3 in contact with the copper alloy differs
significantly from the other two investigated ILs. Choline metha-
nesulfonate (IL3) exhibited a very corrosive behavior already at
the first stage of artificial aging at 150°C and the corrosion
proceeded rapidly to a tremendous extent. As shown in Fig. 8
after final artificial aging step, the specimen surface was signifi-
cantly damaged, which is in agreement with the high copper
content measured by ICP-OES in the IL and the high mass loss. The
corroded CuSn8P surface indicates both the etching type of
corrosion and the formation of the so-called “rupture” lines
alongside of the lamellar grains of CuSn8P (Fig. 8).

Bright spots of IL3 affected surface were found in SEM-EDX
images as a result of a heavily charged non-conductive surface with
a significantly higher content of Sn compared to the surrounding
area. This suggests the formation of non-conductive tin oxide by an
etching mechanism, when only Sn is left out on the surface and
oxidized. Such an etching mechanism was also proposed for copper
material in contact with 1-hexyl-3-methyl-imidazolium tetrafluor-
oborate reported by Zhou et al. [1]. It can be suggested that the
etching could be caused by attack of degraded IL3 choline moiety as
confirmed by MS analysis and discussed in Section 3.1.3.

3.2.2. Corrosion evaluation with applied CuSn8P alloy—*closed”
(with defined humidity) condition

In the case of humid environment with defined water content of
1.5% in IL, low copper contents were measured in IL1 and IL2
containing NTF,. Unexpectedly, ICP-OES of IL1 and IL2 showed that
CuSn8P remained unaffected and even indicated lower corrosion
than under “open” condition with presence of air (Table 5).

SEM-EDX analysis of CuSn8P specimen surface resulting from
artificial aging with IL1 with 1.5% of water content gave again a
layer mainly formed by carbon, oxygen, fluorine and sulfur, most
probably originating from the IL itself. The layer was brittle and
peels off easily. Beneath the brittle layer the microstructure of the
unaffected substrate material became visible and was confirmed
by SEM-EDX spot analysis.

A similar surface composition but with a different - crystalline -
structure was found for CuSn8P immersed in IL2 with 1.5% of water
content. The SEM image in Fig. 9 clearly shows that the surface is
covered by crystals of various sizes. When studying these crystals at
higher magnifications they easily melted due to the higher energy
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Fig. 9. SEM image of CuSn8P after being in contact with IL2 containing 1.5% water
(upper left corner inset) reveals crystal growth of various sizes at a magnification
of 1000 x . These crystals readily melt during SEM analysis at a magnification of
10.000 x (upper right corner inset) due to higher energy electron beam.
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Fig. 10. EDX analysis of CuSn8P specimen surface from last artificial aging step at
175 °C after being in contact with IL2 containing 1.5% water. Area scan covered an
area of 95 x 125 um? of the surface shown in Fig. 9. Spot scan was done of one
larger crystal of copper oxide.

impact of the electron beam. The spot analysis of a selected single
crystal revealed that the main elements are copper and oxygen
whereas the matrix surrounding the crystals consists of carbon,
fluorine and sulfur as can be seen in Fig. 10.

The lower corrosion potential also of choline methanesulfo-
nate (IL3) with 1.5% of water content is supported by ICP-OES,
showing roughly 5.5 times lower copper content in comparison to
artificial aging with pure IL3 in “open” experiment. Also specimen
weight loss throughout the artificial aging is significantly lower
and optical appearance of the metal specimen supports lower
corrosion as well. The surface revealed by SEM-EDX is severely
etched but not to such an extent as observed for IL3 artificially
aged in air.

Summing up, choline NTF, (IL2) seems to have lower corrosion
potential in comparison to the butyl-trimethyl-ammonium NTF,
(IL1) in contact with CuSn8P alloy under both artificial aging
conditions in air and with addition of water, respectively.
Furthermore, the results suggest that IL1 creates surface layers
composed of IL moieties both under “open” and closed, humid
conditions. On the contrary, artificial aging of IL2 resulted in the
formation of copper oxide layer or copper oxide crystals
embedded into a matrix composed of IL moieties. The methane-
sulfonate anion and/or the reduced stability of IL3 choline
moiety leading to (2-methoxyethyl)trimethyl-ammonium formation

seem to be responsible for the enhanced corrosion behavior when
compared to the IL1 and IL2 containing NTF, anions.

3.2.3. Corrosion evaluation with applied 100Cr6 alloy—"“open”
condition

The iron contents of IL with 100Cr6 measured after final
artificial aging step in contact with air are for all three ILs
considerably lower than the copper content during artificial aging
with CuSn8P alloy (Table 5). Low corrosion extent of 100Cr6
monitored by means of iron content in artificially aged IL was
particularly observed in the case of NTF, containing IL (IL1 and
IL2). The combined results obtained by ICP-OES and SEM-EDX
revealed no severe attack of the 100Cr6 surface when immersed
in pure IL1 and IL2.

Surface analysis of the metal specimen immersed in IL1
showed that the surface was completely covered with evenly
distributed small structures at a magnification of 10.000 x . The
EDX area scan found a high content of oxygen in the surface
which suggests the formation of iron oxide as main corrosion
product.

SEM-EDX of 100Cr6 specimen removed from aged IL2 revealed
that no damage to the surface occurred as depicted in Fig. 11. The
EDX area scan (area of 45 x 60 um? of the surface shown in
Fig. 11) resulted in almost 98% of iron content corresponding to
the iron content of unaffected 100Cr6. Furthermore, droplets of
high carbon content can be seen at a magnification of 10.000 x
which were uniformly distributed over the entire surface. The
droplets observed can be attributed to residual IL.

Choline methanesulfonate (IL3) fails again under “open” arti-
ficial aging condition in terms of stability and proves to be very
corrosive. SEM-EDX analysis shows high oxygen content on the
surface which indicates that the iron oxide is formed as main
corrosion product.

3.2.4. Corrosion evaluation with applied 100Cr6 alloy—*“closed”
(with defined humidity) condition

In contrast to the artificial aging with pure NTF, based ILs (IL1
and IL2) showing exceptional low corrosion, a significantly higher
corrosion was observed in the presence of water (defined content
of 1.5%) in ILs (Table 5). Also significantly more severe corrosion
was observed when compared to the artificial aging of IL1 and IL2
under the same humid conditions but in contact with CuSn8P
alloy. This observation can be partially attributed to 100Cr6 itself

a ;
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Fig. 11. SEM image of 100Cr6 specimen (upper left corner inset) immersed in IL2
during “open” artificial aging experiment. At a magnification of 2.000 x unaf-
fected surface of the 100Cr6 specimen EDX analysis (not shown) revealed almost
98% of iron content supporting low corrosion. At a magnification of 10.000 x
(upper right corner inset) small drops of high carbon content with uniform
distribution over the surface were found. It is suspected that these droplets are
residual IL.
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Fig. 12. SEM image of 100Cr6 immersed in IL2 containing 1.5% of water (upper left
corner inset) reveals a brittle layer at the magnification of 100 x . Furthermore,
EDX analysis (not shown) revealed the presence of iron oxide. Corrosion even
continued beneath the oxide layer as shown at the magnification of 500 x (upper
right corner inset).

as it is known to be a material prone to corrosion especially under
humid conditions.

The corroded (with IL1 and IL2) specimens had similar surface
features in terms of oxygen and iron being the main components
suggesting the presence of iron oxide. Only the crystalline
structure differentiated the two surfaces from each other. In the
case of IL1, the residues from corrosion were uniformly distrib-
uted over the specimen surface and the visual appearance of
reddish layer proposed the presence of iron oxide. Fig. 12 clearly
shows that a brittle layer of iron oxide was formed during
corrosion of 100Cr6 with IL2 containing 1.5% of water and that
corrosion continued beneath this layer.

The same trend as with CuSn8P was observed for 100Cr6 in IL3
where it proved to result in severe corrosion. During artificial
aging of IL3 under humid conditions a porous layer consisting of
iron and oxygen was formed by corrosion.

Summing up the results for 100Cr6, the corrosion potentials of
butyl-trimethyl-ammonium NTF, (IL1) and choline NTF, (IL2) are in
a similar range under all conditions examined (temperatures, “open”
and closed conditions) examined. However, choline NTF, shows
lower corrosion and less pronounced surface changes. Furthermore,
the mass losses of the specimens after the final artificial aging step
of IL1 and IL2 are comparable. The results indicate that choline NTF,
may be less harmful in terms of corrosion. Choline methanesulfo-
nate (IL3) showed severe corrosion under all conditions supported
by mass loss, metal content in IL3 and SEM-EDX analysis. The
presence of significant amounts of water leads to elevated corrosion,
which is attributed to the general corrosion sensitivity of 100Cr6.
Additionally, the more pronounced corrosion in the case of IL3 could
be assigned to the methanesulfonate anion and/or to the reduced
stability of IL3 choline moiety prone to transmethylation.

The applied experimental setup for artificial aging proved
suitable to evaluate the corrosiveness of studied IL under oxida-
tive and well-defined humid conditions. Based on the results, it
can be stated that under some conditions the principle applic-
ability of IL as lubricants is given.

4. Conclusions

Three ionic liquids (IL) were investigated for their thermo-
oxidative stability and corrosiveness in a single approach by the
implementation of artificial aging procedures under oxidative or
well-defined humid conditions. The IL selection based on their

structures has been chosen to fulfill technical requirements for
general applications as stated above and to confer environmental
sustainability at the same time.

For a better understanding of the degradation mechanisms in
the ILs mass spectrometry emerged as highly valuable tool to
reveal chemical deterioration of lubricants. For the first time, low
molecular mass analytes - starting ILs and degradation products -
were successfully examined by LDI- and MALDI-TOF-MS in
combination with PSD and CID for structural elucidation. LDI
technique proved to be the most suitable and enabled straight
forward as well as rapid structural elucidation without any kind
of sophisticated sample preparation.

Using “high end” desorption/ionization mass spectrometric
techniques, methylated choline has been identified as the degra-
dation product of choline methanesulfonate leading to the for-
mation of (2-methoxyethyl)trimethyl-ammonium which can
together with methanesulfonate moiety be responsible for the
severe corrosion properties of IL3 in comparison with IL1 and IL2.
In contrast to IL3, NTF, based IL with butyl-trimethyl-ammonium
(IL1) and choline (IL2) proved to be highly stable under the
conditions applied. An interesting outcome was the resistance
of choline towards degradation in the case of choline bis(trifluor-
omethylsulfonyl)imide (IL2), where, on the other hand, choline
originating from choline methanesulfonate (IL3) is progressively
methylated. This finding indicates again the importance that IL
moieties — anion and cations - cannot be considered separately
from each other due to possible synergistic effects as well as
undesirable side effects. Important consideration arise which
indicates that some choline based ionic liquids will not be
applicable under the conditions of long-term thermo-oxidative
stress, even though conferring the sustainability by lowering the
(eco)toxicological impact.

Investigation of ILs and metal specimens after artificial aging
revealed following findings:

e The extent of corrosion increases with increasing temperature.

e Humid conditions may lead to elevated corrosion as found for
100Cr6 but not for CuSn8P.

e Corrosiveness of ILs depends on the choice of both anion and
cation. Severe corrosive attack was found for choline metha-
nesulfonate (IL3) in all artificial aging experiments. Choline
NTF; (IL2) revealed significantly lower corrosiveness with least
pronounced specimen surface changes.

e When comparing the corrosiveness of the most hydrophobic
non-functionalized IL1 and medium hydrophobic choline
based IL2, IL2 performed unexpectedly less corrosive. Thus,
the implementation of hydroxyl group into the cation alkyl
side chain confers to less IL corrosiveness, and it delivers at the
same time the benefit of lower (eco)toxicological impact to the
environment.

e Surfaces affected by corrosion may form oxide layers such as
copper, tin and iron oxide as well as reaction layers with IL
involved.

In all attempts, IL3 showed the largest corrosion impact on the
surface of both copper alloy and steel. Hence, replacement of
cation and anion in IL by more environmentally benign species
requires further investigation. Currently, choline NTF, appears as
best compromise between lubricant performance in terms of
thermo-oxidative stability, of low corrosiveness and of low
potential ecotoxicity.

Research will continue to focus on two aspects: (1) gaining
more information about the degradation process, in particular
quantification of degradation products and their kinetics and
(2) the impact of both (a) environmentally benign design and
(b) of degradation products on tribological performance.
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Abstract

In contrast to well understood degradation mechanisms in conventional lubricants generally promoted by
thermo-oxidative stress, the degradation of ionic liquids is widely unknown although they are considered as promising
novel types of lubricants. Hence, the ionic liquid long-term stability has been evaluated by small scale artificial alteration
experiments under thermo-oxidative conditions. The ionic liquid selection was based on non-functionalized and func-
tionalized ammonium type cations with three different counter anions. The identification of ionic liquid degradation
products accomplished by high end mass spectrometric methods, namely time-of-flight/reflectron time-of-flight
mass spectrometry and linear quadrupole trap-orbitrap-mass spectrometry, revealed that ionic liquids which were
composed of functionalized cation moieties were prone to degradation. Furthermore, the amounts of the most abundant
degradation product formed under various artificial alteration conditions have been quantified by ultra high pressure
liquid chromatography coupled to electrospray ionization linear quadrupole ion trap orbitrap mass spectrometry, sug-
gesting that the ionic liquid degradation preferably takes place at higher temperatures after a longer period of time.
The proposed degradation mechanism requires the presence of nucleophilic species such as methanesulphonate anion.
The (eco)toxicological impact of the selected ionic liquids have been evaluated by comprehensive toxicity studies and
biodegradation experiments. As the evaluation of selected ionic liquids revealed contrary assessments from stability and
(eco)toxicological studies, the need for mutual and complementary consideration of the ionic liquids for a successful
implementation of ionic liquid lubricants has been disclosed.
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Introduction
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Ionic liquids (ILs) are organic or semiorganic salts
with physicochemical properties considerably pre-
determined by the choice of cation and anion. Thus,
they offer the possibility to obtain desired properties,
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such as melting point, viscosity, etc. Their vast struc-
tural variability leads to many potential applications,
e.g. as electrolytes, thermal fluids or engineering fluids
such as novel lubricants.'®

Implementation of ILs into large scale applications
demands the fulfilment of technical requirements as
well as passing the Registration, Evaluation,
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Authorization and Restriction of Chemicals (REACH)
requirements.” In accordance with REACH, extensive
IL toxicity studies with different test systems comprising
enzyrnes,8 mammalian cell lines,”!' bacteria,'>!?
fungi,'*'* algae,'>'® plants'”'® and crustaceans' were
performed. Common conclusion is that ILs with
longer side chains have higher toxicity in contrast to
short, polar functionalized side chains.® Less signifi-
cant influence on the toxicity was shown for cation
head group and anion.'””'”?' Nevertheless, highly
fluorinated anions such as (CF3;S0,),N™ as well as
phosphates or sulphates with long alkyl chains®'*?
and aromatic head groups like imidazolium®'* usually
increase the IL toxicity. The environmental impact of
a compound is also classified by its biodegradability.
For example, pyridinium with ethyl and octyl side
chains fully mineralize within 28 days;**** whereas,
imidazolium cations are just partially biodegradable.”
Thus, considering both, toxicity and biodegradation,
ILs without aromatic systems, short and polar functio-
nalized side chains and non-fluorinated anions should
be preferred. Furthermore, compounds structurally
based on natural substances are a promising strategy.*
In the field of lubrication, favourable IL properties
such as negligible vapour pressure, wide liquid range and
enhanced thermal stability are beneficial assets com-
pared to the possibilities of conventional synthetic oil
lubricants. This unique set of properties predetermines
ILs as suitable candidates for lubrication applications
where enhanced long-term lubricant performance
under high vacuum and elevated temperature are
required. A review by Zhou et al.” identified the need
for extensive IL long-term stability evaluation as this
crucial characteristic is greatly dependent on the choice
of IL moieties — also evaluated by our recent study.?’
The review on the IL chemical stabilities by Sowniah
et al.®® also refuses the presumption of generally
assumed IL inertness. In the industrial lubrication
field, the methods designed for evaluation of hydrocar-
bon-based lubricants are insufficient to study IL stabil-
ity. Hence, IL stability is mostly evaluated by means of
non-isothermal®>** and isothermal thermo-gravimetric
analysis (TGA)*'** usually applied in short-term
experiments. Some long-term standard test methods,
e.g. rotating bomb oxidation test, have also been
applied®® but failed to identify the degradation products
evolved. There are only a few studies making use of pyr-
olysis gas chromatography®> and TGA combined with
mass spectrometry (MS)**% to identify degradation
products of imidazolium IL. However, these approaches
do not simulate the conditions of long-term thermal
stress as they apply high heating rates. To our know-
ledge, there is only one publication by Meine et al.,*®
dealing with the quantification of imidazolium based
IL degradation products by potentiometric titration.

In our approach, small scale artificial alteration
experiments have been applied with the aim to estimate
IL long-term performance in industrial applications
under simulated thermo-oxidative stress and to gain
insight into the degradation processes. The knowledge
of IL degraded species can help to better understand
the mechanisms of tribochemical reactions and how
friction and wear are affected. Thus, the IL
matrix was selected for a better understanding
of structure—property relationships by varying IL
hydrophobicity, anion nucleophilicity and cation side
chain functionality. The impact of copper catalyst is
examined as copper is known to promote oxidation of
conventional lubricants. IL stability has been evaluated
by high-end MS techniques, namely laser desorption/
ionization time-of-flight MS (LDI-TOF-MS) and ultra
high pressure liquid chromatography coupled to electro-
spray ionization linear quadrupole ion trap orbitrap
MS (UHPLC-ESI-LTQ-orbitrap-MS) with the aim to
identify 1L degradation products and to quantify the
degradation products formed under different artificial
alteration conditions.

The ILs chosen were also subjected to thorough
toxicity and biodegradability assessments to verify
their benignity suggested by structural designs
following the (eco)toxicological requirements as
discussed above. This interdisciplinary assessment
emphasizes the importance of an integrated approach
towards IL applicability for large scale usage based on
the knowledge on their chemical stabilities, toxicity and
persistency in the environment of both intact and
degraded IL structures.

Experimental
IL structural selection

IL1-IL6 samples were provided by IoLiTec (Ionic
Liquids Technologies, Heilbronn, Germany) both as
synthesis on request or as catalogue products. The
cation moieties of selected IL are based on quaternary
ammonium with and without alkyl side chain modifica-
tion. The alkyl chain has been functionalized
by polar hydroxyl or methoxy groups, respectively.
The polar functional groups are aimed to lower the
(eco)toxicity impact as recommended in the published
literature®® and discussed in the introduction part.
The selected (2-hydroxyethyl)-trimethyl-ammonium
cation is also known as choline being a water sol-
uble essential nutrient. (2-methoxy-ethyl)-trimethyl-
ammonium cation was selected to find out whether an
increase of stability could be achieved while maintaining
high polarity. The anions vary from hydrophobic
bis(trifluoromethylsulphonyl)imide  to  hydrophilic
methyl sulphate and methanesulphonate to investigate
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Table 1. Overview of the investigated ILs and the purities provided by the supplier lonic Liquids Technologies.

IL Name Structure Purity
ILI Tributyl-methyl-ammonium = o 98% <500 ppm halides
methanesulphonate J_\/N%ﬁ fc:sifo*
IL2 Butyl-trimethyl-ammonium (o] 98% <100 ppm halides
methanesulphonate TN ILJ'— _g_o‘
1
| o)
IL3 (2-hydroxyethyl)-trimethyl-ammonium | o 98% <100 ppm halides
methanesulphonate Ll —e 0
I
o/ | o
IL4 (2-methoxyethyl)-trimethyl-ammonium | (‘3l 98% <100 ppm halides
methanesulphonate L — e g
*OI | o
IL5 (2-methoxyethyl)-trimethyl-ammonium | o 98% <100 ppm halides
methyl sulphate *r —0-S-0~
- OI ‘ I
IL6 (2-methoxyethyl)-trimethyl-ammonium 0. N._O 99% <1000 ppm halides
bis(trifluoromethylsulphonyl)imide N Fo T s
—OI ‘ F7F(O \K
IL: ionic liquid.

structure—property relationships of 1L stability. Hence,
IL1-1L4 represent the variation of cation side chain with
methanesulphonate anion while IL4-1L6 enable the
comparison of the effect of anion variation on IL stabil-
ity, toxicity and biodegradability. The complete over-
view of the selected IL matrix together with their
purity as provided by the supplier is summarized in
Table 1.

Artificial alteration experiments

In order to estimate IL long-term stability, small scale
artificial alteration has been applied to the same IL
sample by three steps of subsequently increasing tem-
perature. Accordingly, artificial alteration was started
at 150°C for 7 days, then continued at 175°C for
additional 7 days and completed at 190°C as final
temperature for further 7 days.

Two parallel experiments were performed for all
chosen ILs, with copper as potential oxidation catalyst,
stopped after the second alteration step at 175 °C due to
expected catalytic effects, and without metal presence,
carried out up to the third alteration step at 190°C,
both performed under contact with air.

For carrying out the experiments, conventional glass
laboratory test tubes have been used as vessels after
thorough cleaning with methanol, toluene, petroleum

ether and drying with dry and oil-free compressed air.
The copper catalyst represented a copper wire of 0.1 cm
diameter and 3.8cm length, cleaned with petroleum
ether and dried. The ILs were used as obtained within
the range 1-6 g. To ensure a direct comparison between
the samples, the ratio of IL in grams to copper wire in
grams was kept constant. The samples were stored in a
common laboratory oven. The sampling took place
at the end of each alteration step (seventh day each).
The above described experiments are summarized in
Table 2.

In order to study the impact of water on IL
degradation, also artificial alteration experiments with
Cu in the presence of 1.5% (w/w) water were carried
out under ‘closed’ condition in sealed glass tube.
Therefore, alteration steps at 150°C and 175°C were
applied in accordance to the general procedure as
described above (Table 2).

Experiments for degradation mechanism elucidation

For the confirmation of the previously suggested 1L3
degradation mechanism based on transmethylation,’
IL3 was subjected to artificial alterations performed
in presence of 20% (w/w) of methyl methanesulphonate
(methanesulphonic acid methyl ester), acting as sup-
posed intermediate product and in presence of 20%
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Table 2. Overview of conditions applied in the artificial alteration experiments. IL sampling took place after seventh day of each

temperature step.

Temperature
IL General condition Catalyst 150°C 175°C 190°C
ILI Air ‘Opened’ Continuous = vV vV vV
Cu vV vV -
IL2 - vV vV vV
Cu vV vV =
IL3 - Y% v vV
Cu vV vV -
IL4 - vV vV vV
Cu vV vV =
IL5 - Y% v vV
Cu vV vV -
IL6 - vV vV vV
Cu vV vV =
IL3 20% A ‘Closed’ - vV — —~
20% B - vV - -
1.5% water Cu vV vV -
- Discont. - - Vv vV
IL: ionic liquid.

‘A’ stands for methyl methanesulphonate, ‘B’ for ethyl methanesulphonate and ‘discont.” for discontinuous.

(w/w) ethyl methanesulphonate (methanesulphonic
acid ethyl ester) to evaluate the reactivity of longer
chain alkylation agent. The reactions were carried out
in ‘closed’ set up in a sealed glass tube, cleaned as
described previously, and only the first step at 150°C
for the duration of 7 days has been performed, due
to expected fast reaction rates, once the supposed
intermediate product is present. The sampling took
place at the first and seventh day for the comparison
of the degradation product amounts present. The methyl
methanesulphonate was obtained in 99% purity as
stated by the supplier Sigma—Aldrich (Vienna, Austria)
and ethyl methanesulphonate in 99% purity as stated by
the supplier VWR (Vienna, Austria).

For the determination of widely unknown kinetics
of IL degradation, IL3 was also subjected to
discontinuous artificial alteration experiments with
temperatures at 175°C and 190°C, respectively.
‘Discontinuous’ means independent experiments at
the stated temperature with durations of 1, 2, 5 and 7
days followed by MS analysis to monitor the build-up
of degradation products. The reaction was carried out
under ‘closed’ conditions in sealed glass tubes as
already described (Table 2).

Analytical techniques

IL stability is most commonly determined by TGA at
usually fast heating rates of 10 °C/min or higher and is

rarely coupled to infrared spectroscopy or MS for
the identification of degradation products evolved.
In order to obtain insight into the build-up of
degradation products and mechanisms probably
occurring under long-term thermo-oxidative stress,
high-end MS techniques have been applied to the IL
sampling steps from artificial alterations.

LDI-TOF/RTOF-MS approach. Fresh IL sample solutions
and solutions of samples from artificial alteration
steps have been prepared in the concentration
range 0.5-1% (w/w) in methanol. IL methanolic solu-
tions of 0.8 uL have been applied onto the stainless
steel target and the solvent was let to dry at room
temperature. As straight forward desorption/ionization
approach, the ultraviolet laser desorption ionization
technique has been selected using the nitrogen
laser operating at a wavelength of A=337nm and a
repetition rate of 20Hz. As analyser, the Shimadzu
Biotech Axima TOF? LDI tandem TOF instrument
(Shimadzu Biotech Kratos Analytical, Manchester,
UK) has been used with a curved-field RTOF as MS2
allowing post-source decay (PSD) or alternatively high
energy (20keV) collision induced dissociation (HE-
CID) with helium as collision gas. The instrument has
been calibrated before each sample set to be measured
within the m/z range of the measured analytes and
while achieving a mass tolerance of 200-500 mDa.
Each sample has been examined in both positive and
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Table 3. Elemental composition and calculated monoisotopic
mass (Da) of representative IL moieties.

Elemental Monoisotopic
IL moiety composition mass (Da)
- Ci3H3N 200.23728
\N+
i Tﬁ
| CsHsN 116.14392
AT N
|
| CsHi4NO 104.10754
o/ |
| CeHsNO 118.12319
_oI |
2 CH;05S 94.98029
_ﬁ_o_
(0]
o CH;30,S 110.97521
—O—ﬁ—o_
o
o. N .o C,F¢NO,S, 279.91730
Sg” g7 =
F I I
F7F(o 07:<F
IL: ionic liquid.

negative ion mode within an m/z range 1-1000 and
mass spectra have been acquired at least from 500 indi-
vidual unselected laser shots using the raster mode. For
structural determination purposes, the PSD and HE-
CID experiments were carried out while selecting a pre-
cursor ion with a mass window of +2Da from the
monoisotopic precursor ion. PSD spectra were based
at least on 500 single laser shots (so-called profiles).
In the case of HE-CID experiments, helium gas was
used as collision gas at collision energy of 20 keV and
each CID spectrum was based on at least 1000 single
laser shots. The summary of the representative IL moi-
eties with their elemental composition and monoisoto-
pic mass values are compiled in Table 3.

UHPLC-ESI-LTQ-orbitrap-MS approach. All solvents were
of chromatographic quality, methanol (>99.9%,
Chromasolv grade) and water (Chromasolv grade)
were obtained from Sigma—Aldrich (Vienna, Austria).
Fresh ILs and IL samples from artificial alteration
experiments were diluted in methanol for the final

concentration levels of 10 and 1 mg/L. The stock solu-
tion of IL4 calibration standard, identical with IL3
altered product, was prepared in methanol in a con-
centration of 10mg/mL and the subsequent series of
dilutions were performed to yield appropriate concen-
tration levels of standard solutions.

For obtaining high mass accuracy mass spectra, an
UHPLC-MS system consisting of Rheos Allegro
UHPLC quaternary pump (ThermoScientific, Bremen,
Germany), HTS PAL auto-sampler (CTC analytics,
Zwingen, Switzerland), six-port Cheminert injection
valve (0.25mm  bore) from VICI (Schenkon,
Switzerland) and a LTQ orbitrap XL hybrid tandem
MS equipped with an IonMax API ion source with
the ESI probe mounted (ThermoScientific, Bremen,
Germany) were used. Measurements were carried
out solely in positive ion mode with the experimental con-
ditions applied as follows: spray voltage of 4kV, capillary
voltage of 41 V, all other voltages optimized for maximum
molecular ion transmission, nitrogen sheath gas with a
flow rate of 40 units (no conversion in SI-units is provided
by the manufacturer) and the transfer capillary tempera-
ture at 275°C. Full scan high resolution mass spectra
(R=30,000 FWHM at m/z400) were collected at a
selected m/z range of 50-300 with maximum injection
time of 200ms. For verification of the ion identities
from full scan high resolution measurements at the
same time, low energy-CID (MS/MS) was applied
to the expected precursor ion mass in the second
scan event. The parameters applied were as follows:
isolation and activation width of 2 Da, activation time
of 30ms, normalized collision energy at 50% (100%
equals 5eV according to the manufacturer), helium as
collision gas. The mass accuracy with external calibration
was in the range 5-10 ppm in all measurements. For data
acquisition and data processing, Xcalibur v2.0 software
was used.

An aliquot of 2 pL of each IL sample was injected
onto a Kinetex PFP 2.6um analytical column
(50 x 2.1mm? i.d.) connected to a pre-column, both
from Phenomenex (Aschaffenburg, Germany) and the
separation was performed at ambient temperature. The
mobile phase was a binary mixture of buffer solutions
prepared as follows: water with 10mM ammonium
acetate and adjusted with acetic acid to pH 4.3 (A),
methanol with 10mM ammonium acetate (B). The
system was operating at gradient elution ramping
from 60% to 100% B over 5min with a 100% B
column cleaning step of S5min and with a 10min re-
equilibration phase. The flow rate was chosen at
200 uL/min and the column dead time was calculated
to be 0.61 min (method 1).

For higher sample throughput, the gradient was
adjusted as follows: 60-100% B over 2min with a
100% B column cleaning step of 2min and with a
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Figure 1. Calibration line (1) based on IL4 cation (identical to altered product of IL3 cation), constructed with the calibration
standards in the concentration range 20—-100 pig/L for low yields of altered product in IL3 samples, with a coefficient of determination

R? equal to 0.9904.
IL: ionic liquid.

7min re-equilibration phase. The flow rate was
adjusted to 250 pL/min and the column dead time cal-
culated to be at 0.48 min (method 2).

Quantification of the altered product in 113 samples
subjected to artificial alteration experiments was
accomplished by external calibration using IL4 as cali-
bration standard (identical to IL3 altered product). The
calibration standard solutions were prepared by dilu-
tion series of 1L4 stock solution prepared at 10 mg/mL
to obtain the final concentration range of 20 ug/L to
1 mg/L. The samples of IL3 subjected to artificial alter-
ation experiments as described in the previous sections
as well as the samples of IL3 obtained from earlier arti-
ficial alterations”” were diluted to concentrations of 10
and 1 mg/L, respectively, and injected together with the
calibration standards at the same run, applying the
UHPLC method 2. The corresponding peak areas of
the respective standard concentration were obtained
by manual integration using Xcalibur v2.0 software
and the calibration curves were plotted in Microsoft
Excel 2003 (Redmont, WA, USA). Linear regression
was applied to the calibration data points obtained
and was described by coefficient of determination R’
and the relative SD (%RSD). These values were deter-
mined from three replicates of the quality control (QC)
standard selected from calibration standard solutions.
The contents of the altered product (IL4) in the samples
of IL3 subjected to artificial alteration experiments were
calculated from the corresponding calibration while
considering the dilution factor applied and expressed
as weight percentage (%) based on the weight of the
IL3 sample aliquots used for quantification.

As the amount of altered sample within 113 varied, two
calibrations have been constructed from the calibration
standards injected. The calibration line (1) constructed
within the IL4 concentration range 20-100pg/L
with applied linear regression described by coefficient of

determination R? of 0.9904 and with the %RSD of 2.8
determined from three repetitions of the QC standard
of 100 pg/L concentration is shown in Figure 1. The cali-
bration line (2) constructed within the IL4 concentration
range 40 pg/L to 1 mg/L, suitable for quantification of
higher yields of IL3 altered product, with applied linear
regression described by coefficient of determination R*
of 0.9965 and with the %RSD of 3.7 determined from
three repetitions of the QC standard of 100 pg/L concen-
tration is shown in Figure 2.

Toxicity and biodegradability assessment

Chemicals. Cell culture media, sera and phosphate buffer
were purchased from Invitrogen Life Technologies
(Frankfurt, Germany) and WST-1 reagent was obtained
from Roche Diagnostics (Mannheim, Germany).
Dimethylsulphoxide (DMSQO), trifluoroacetic acid,
5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB), bovine
serum albumin (BSA), KH,PO,, K,>HPOy,
NazHPO4~2H20, CaC12°2H20, MgSO47H20 and
FeCl; were received from Sigma—-Aldrich (St Louis,
MO, USA). Acetonitrile, NH4Cl, NaCl, KOH, acetyl-
choline esterase (AChE, obtained from electric eel) and
acetylthiocholine were purchased from Fluka (Buchs,
Switzerland) and NaHCO; from GIBCO BRL
(Eggenstein, Deutschland).

AChE inhibition assay. The inhibition of acetylcholinester-
ase was measured using a colorimetric assay based on
the reduction of the dye DTNB by the enzymatically
formed thiocholine moiety from the AChE substrate
acetylthiocholine iodide. The assay is described in
detail by Stock et al.® Briefly, a dilution series of the
test substances in phosphate buffer (0.02M, pH 8.0)
containing maximum 1% methanol was prepared dir-
ectly in the wells of a 96-well microtitre plate. DTNB
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Figure 2. The calibration line (2) based on IL4 cation being identical to altered product of IL3 cation, constructed with the
calibration standards in the concentration range from 40 ug/L to | mg/L for higher yields of altered product in IL3 samples, with a

coefficient of determination R* equal to 0.9965.
IL: ionic liquid.

2mM, 0.185mg/L. NaHCO; in phosphate buffer
pH 8.0) and the enzyme (0.2 U/mL, 0.25 mg/mL BSA
in phosphate buffer pH 8.0) were added to each
well. The reaction was started by the addition of
acetylthiocholine iodide (2mM in phosphate buffer).
The final concentrations were 0.5mM of DTNB
and acetylthiocholine iodide and 0.05 U/mL of AChE,
respectively. Each plate contained blanks (no enzyme)
and control samples (without substance, no toxicant).
Enzyme kinetics was measured at 405nm at 30s inter-
vals in a microplate reader (MRX, Dynatech
Laboratories, Chantilly, Virginia, USA) for 5min.
The enzyme activity was expressed as the slope of
optical density (OD/min) from a linear regression.
The relative toxicity of the samples was expressed as
percentage of enzymes activity compared to the control
samples.

Cell viability assay with IPC-81 cells. Cytotoxicity was deter-
mined for the promyelocytic leukemia rat cell line
IPC-81.% Cultures of IPC-81 were grown in medium
(with L-glutamine, without NaHCOs;, supplemented
with 1% penicillin—streptomycin and 1% glutamine,
pH 7) with 10% horse serum at 37°C (5% CO,) devel-
oped by Roswell Park Memorial Institute (RPMI).
The cytotoxicity assay was carried out according to
Ranke et al.” Cell viability was measured using a col-
orimetric assay for 96-well plates with 2-(4-iodophe-
nyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2 H-tet-
razolium monosodium salt (WST-1) reagent. Each
plate contained blanks (no cells), controls (no toxi-
cants) and substance in 1:1 (v/v) dilution series.
Stocks of ILs were prepared in culture medium with
0.5% DMSO to improve solubility of the substances.
This DMSO concentration has been proven not to be
cytotoxic. For the test, IPC-81 cells in a concentration
of 15x 10°cells/mL (in RPMI with 8% fetal calf

serum) were incubated for 44 h in 96-well plates in the
presence of substance and for additional 4 h in the pres-
ence of WST-1 reagent. Cell viability as the ability to
reduce WST-1 was observed photometrically at 450 nm
in a microplate reader (MRX, Dynatech Laboratories,
Chantilly, Virginia, USA). Cytotoxicity of the com-
pounds was expressed as percentage of cell viability
measured as WST-1 reduction compared to controls.
Each dose response curve was recorded for at least
nine parallel dilution series on three different 96-well
plates. Positive control samples with carbendazim
(Sigma—Aldrich, St Louis, MO, USA) were checked
in regular intervals.

Luminescence inhibition assay with the marine bacteria Vibrio
fischeri. The bioluminescence inhibition assay with the
marine bacterium Vibrio fischeri (V. fischeri) was per-
formed according to DIN EN ISO 11348-2.*° The
freeze-dried bacteria were purchased from Dr Lange
(Disseldorf, Germany). In order to exclude pH effects,
a phosphate buffer (0.02M, pH 7.0, including 2%
sodium chloride) was used to prepare a solution of
200 mg/L of the selected substances. The freeze-dried
bacteria were rehydrated according to the test protocol
after which 500 uL of the bacteria solution were pre-
incubated for 15min at 15°C with the thermostat
LUMIStherm (Dr Lange, Diisseldorf, Germany). The
initial luminescence has been measured, 500uL of
the sample were added and after incubation time of
30 min, the luminescence was measured again using
LUMIStox 300 (Dr Lange, Diisseldorf, Germany).
The relative toxicity of the samples was expressed as
the percentage of luminescence compared to control
samples. The tests were carried out at least twice for
each substance with two replicates per concentration
and at least four control samples (2% NaCl solution,
phosphate buffered).
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Acute immobilization assay with Daphnia magna. The 48 h
acute immobilization test with the crustacean Daphnia
magna (D. magna) was assessed using the commercially
available Daphtoxkit F (MicroBioTest, Gent, Belgium)
referred to in Organization for Economic Co-operation
and Development (OECD) guideline 202.*' The
detailed description how to perform this assay is
given in the supplier’s standard operational proced-
ure.*” The tests with neonates less than 24h old
obtained by the hatching of ephippia, were performed
at 20°C in the dark. Five pre-fed animals were incu-
bated with the substances in 10 mL of mineral medium,
included in the Daphtoxkit F. The numbers of immo-
bilized or dead organisms were checked after 24 and
48 h. The relative toxicity of the samples was expressed
as the percentage of not affected organisms compared
to control samples. For each substance, five different
concentrations of the IL in five replicates and five con-
trol samples were investigated. All the experiments were
performed at least twice. The sensitivity of the organ-
isms to K,Cr,0; (Sigma—Aldrich, St Louis, MO, USA)
was checked routinely once a new batch of organisms
was obtained.

Effect data modeling. Dose response curve parameters
and plots were obtained using the drift software pack-
age (version 0.05-92) for the R language and environ-
ment for statistical computing.*’

Ready biodegradability according to OECD 301F Manometric
respirometry. The manometric respirometry test was per-
formed according to OECD guideline 301F.** The bio-
logical oxygen demand of the substance was determined
for 28 days using BOD TRAK (Hach Lange,
Diisseldorf, Germany). Acquired from the wastewater
treatment plant at Delmenhorst (Germany), the inocu-
lum was filtered and aerated for 5 days before use. A
mineral medium containing final concentrations of
85mg KH,PO4/L, 217.5mg K, HPO4/L, 221.3mg
Na,HPO4-2H,O/L, 17mg  NH4CI/L, 36.4mg
CaCl,-2H,0O/L, 22.5mg MgSO4-7TH,O/L and 0.25mg
FeCl3/L (pH 7.2) was added to the filtrate. The samples
containing inoculated media and 50 mg/L substance
were prepared, as well as blank samples (inoculated
media without test substance). Here, a bacteria
number of 10°cells/mL was applied determined by
Paddle-Tester (Hach Europe, Disseldorf, Germany).
The flasks containing vessels with KOH to ensure
absorption of the carbon dioxide evolved were closed
with gas tight stoppers and stored in the dark at 20 °C.
The oxygen consumption was determined manometri-
cally. Biodegradation of the substance was calculated
by the oxygen uptake for the substance (corrected by
the oxygen demand of the blank samples) with respect
to the theoretical oxygen demand (ThOD) of the

substance and the amount of substance present in the
sample as stated in equation (1)

O, uptake (s) — O, uptake (b)

c (s) - ThOD (s) 0 @

% biodegradation =

where s represents the substance, b stands for blank,
oxygen uptake is in mg/L, substance concentration ¢
is expressed in mg/L and ThOD is described in
mg(0;)/mg(s) unit.

Results and discussion

IL altered product identification by
LDI-TOF/RTOF-MS

Non-functionalized ammonium-based ILI and IL2. 1L1
and IL2 based on non-functionalized IL cation
moieties proved to be stable under all artificial alter-
ation conditions, without and with copper as catalyst
in both positive and negative ion mode (no data is
shown).

(2-methoxyethyl)-trimethyl-ammonium  based IL4—IL6. The
series of ILs based on (2-methoxyethyl)-trimethyl-
ammonium cation with m/z 118 (IL4-1L6) subjected
to artificial alterations with and without copper
showed in positive ion mode the presence of altered
product at m/z104 with low-signal intensity. The
signal intensity of this altered product has not signifi-
cantly changed throughout the artificial alteration
under both conditions. For comparison, the mass spec-
tra of 1L4-1L6 from the third alteration step at 190 °C
without copper presence are shown in Figure 3.

Spectra obtained by a TOF analyser are of low mass
accuracy. In order to gain more structural information,
the observed mass at m/z 104 has been selected as pre-
cursor ion in the HE-CID experiment for generating
the corresponding CID fragmentation spectrum as
shown in Figure 4. The obtained spectrum was subse-
quently compared with the HE-CID spectrum of
fresh IL3 cation of m/zat 104. The fragments obtained
from both m/z 104 precursor ions are identical and
hence the altered product is identified as (2-hydro-
xyethyl)-trimethyl-ammonium moiety, i.e. the choline
cation.

The corresponding fragmentation pathway based
on the obtained HE-CID spectra with fragment
ions at m/z60, 58, 45 and 42 were successfully
attributed to the structures and are summarized
in Figure 5. The elucidated product ions from frag-
mentation further supports the identification of
the (2-hydroxyethyl)-trimethyl-ammonium as altered
product of IL4-1L6.
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Figure 3. LDI mass spectra in positive ion mode of IL4-|Lé obtained from third artificial alteration step at 190°C, sampled after
seventh day, showing the presence of altered product at m/z 104. In the LDI spectrum of fresh IL4, no mass at m/z 104 was present, as

well as it was not detected for fresh IL5 and IL6 (data not shown).
LDI: laser desorption ionization; IL: ionic liquid.
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Figure 4. HE-CID spectra in positive ion mode of IL3 (2-hydroxyethyl)-trimethyl-ammonium cation at m/z 104 (A) compared with
the HE-CID spectra of altered product at m/z 104 observed in IL4, IL5 and IL6 series based on (2-methoxyethyl)-trimethyl-ammonium
cation (B). The fragments from both precursor ions at m/z 104 are identical, identifying the degradation product as (2-hydroxyethyl)-

trimethyl-ammonium moiety.
HE-CID: high energy collision induced dissociation; IL: ionic liquid.

The presence of (2-hydroxyethyl)-trimethyl-ammo-
nium as degradation product suggests that the degrad-
ation mechanism based on demethylation occurs during
the IL4-IL6 artificial alteration. Hence, it cannot be
excluded that the demethylation can take place directly

from the quaternary ammonium leading to volatile
amine as altered product. However, volatile tertiary
amines are difficult to be detected under the measure-
ment setup of high vacuum LDI-TOF-MS in presence
of quarternary ammonium cations.
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Figure 5. Productions from fragmentation of (2-hydroxyethyl)-trimethyl-ammonium moiety identified as degradation product in IL4,

IL5 and IL6 samples from artificial alteration experiments based on

HE-CID using a LDI-TOF/RTOF-MS.

IL: ionic liquid; HE-CID: high energy collision induced dissociation; and LDI-TOF/RTOF-MS: laser desorption ionization time-of-flight/

reflectron time-of-flight mass spectrometry.

In the negative ion mode, the anions of IL4 and 1L6
were stable throughout the artificial alteration experi-
ment. But the methyl sulphate anion moiety of IL5 at
m/z 111 was hydrolysed in all cases which resulted in the
formation of hydrogen sulphate occurring at m/z 97 as
can be seen in Figure 6. The methyl sulphate instability
in aqueous solution leading to hydrolysis was already
stated by Wasserscheid et al.® However, no water has
been added in the experiments. Hence, IL was only
possible to react with atmospheric moisture and water
already dissolved in IL. The observed ion at m/z 79 does
not correspond to fresh or to altered IL anion moiety
and can be attributed to a background anion.

(2-hydroxyethyl)-trimethyl-ammonium based IL3. All sam-
pling steps from the artificial alterations of IL3 were
measured in both positive and negative ion modes. In
the negative ion mode, methanesulphonate performed
as stable anion moiety under all conditions (data not
shown). In the positive ion mode, a degradation prod-
uct at m/z 118 has been detected in all cases additionally
to the authentic IL3 cation at m/z 104. The degradation
product intensities at m/z118 under the examined
artificial alteration experiments are summarized in
Figure 7.

In order to obtain structural information of the pre-
sent degradation product at m/z 118, the 1L3 sample
from the last artificial alteration step at 190 °C has been
subjected to HE-CID experiment which enables

pronounced fragmentation of the m/z 118 precursor
ion. The HE-CID spectrum with the obtained product
ions important for structural confirmation is shown in
Figure 8.

In our previous research with alteration experiments
under different conditions, the IL3 degradation product
at m/z 118 was elucidated as (2-methoxyethyl)-tri-
methyl-ammonium moiety supported by the CID spec-
trum where low signal intensity ions at m/z 43, 74, 86 and
102 have been detected with very high and time consum-
ing number of laser pulses.”’” However, spectra based
on lower number of laser pulses and of low mass
accuracy allow the detection of product ions occurring
only in higher abundances. Thus, such spectra
generated from the altered product at m/z 118 could
easily lead to ambiguous data interpretation. Hence,
two possible fragmentation pathways can be suggested
based on the data obtained as it is depicted in Figure 9,
revealing (carboxymethyl)-trimethyl-ammonium moi-
ety as well as (2-methoxyethyl)-trimethyl-ammonium
moiety, both products of reasonable degradation
mechanisms.

As shown, the product ion at m/z59 can represent
fragment carrying information of the alkyl chain func-
tionalization. Thus, for unambiguous confirmation of
the identity of chemical structures in general and of
the degradation product at m/z118 in detail, high
mass accuracy spectra have been acquired by
UHPLC-ESI-LTQ-orbitrap-MS as further discussed
below.
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Figure 6. LDI mass spectra in negative ion mode of fresh IL5 with methyl sulphate moiety at m/z || 1(top), IL5 sample from last
artificial alteration step with copper as catalyst at 175 °C (middle) and spectrum of IL5 from last artificial alteration step without
copper at 190 °C (bottom) showing the increase of hydrogen sulphate at m/z 97 in the artificial alteration steps.

LDI: laser desorption ionization; IL: ionic liquid.
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Figure 7. LDI mass spectra in positive ion mode of fresh IL3 compiled with IL3 samples from last artificial alteration steps under each
experimental set up, sampled after seventh day. As the degradation product at m/z |18 increases over time in comparison to the fresh
IL cation moiety at m/z 104, also the fragment ion at m/z 59 increases.

LDI: laser desorption ionization; IL: ionic liquid.

IL3 altered product identification by UHPLC-ESI-LTQ-
orbitrap-MS$

In order to confirm the identity of the degraded product
at m/z 118, the IL3 sample from the last step of artificial
alteration experiment without copper at 190°C
has been measured by UHPLC-ESI-LTQ-orbitrap-MS
as described in ‘UHPLC-ESI-LTQ-orbitrap-MS
approach’ using UHPLC method 1. From the full

scan mass spectrum, following ion chromatograms

were extracted based on the monoisotopic
values: m/z104.10754 corresponding to authentic
IL3  (2-hydroxyethyl)-trimethyl-ammonium cation,

m/z118.08679 corresponding to (carboxymethyl)-tri
methyl-ammonium as one possible degradation product
and m/z 118.12319 corresponding to (2-methoxyethyl)-
trimethyl-ammonium moiety as another possible deg-
radation product. The extracted ion chromatograms
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Figure 8. HE-CID spectrum in positive ion mode of 1000 profiles of detected altered product at m/z | 18 as precursor ion, in the IL3
sample from artificial alteration without copper presence at 190 °C, sampled after seventh day with the obtained product ions for

further structural elucidation.

HE-CID: high energy collision induced dissociation; IL: ionic liquid.

obtained are shown in Figure 10. While applying
Gaussian smoothing (seven points) and a mass accuracy
of 5 ppm, (2-hydroxyethyl)-trimethyl-ammonium cation
of IL3 at m/z 104.10754 was detected at a retention time
of 0.74min and only the (2-methoxyethyl)-trimethyl-
ammonium at m/z118.12319 as degradation product
was found at a retention time of 0.83 min. These findings
clearly exclude the presence of (carboxymethyl)-tri-
methyl-ammonium.

IL3 altered product quantification by UHPLC-ESI-
LTQ-orbitrap-M$

The obtained calibration line (2) enabled quantification
of IL3 degradation product from samples subjected to
artificial alteration experiments at the second step at
175°C, sampled at the seventh day. The corresponding
results are presented in Table 4. As can be seen, the
amount of altered product in IL3 is in very similar
range regardless of the type of metal or alloy used as
potential catalyst or without a metal presence at all.
However, lower amount of altered product was quan-
tified in the case of artificial alteration performed under
‘closed’ condition in sealed glass tube with the addition
of 1.5% (w/w) water. This is an important finding since
usually a negative influence of water on the stability of
ILs is anticipated as reported by Minami, e.g. by
Hofmann elimination.***

For gaining information on IL3 kinetics of artificial
alteration, the IL3 samples from subsequent as well as
from discontinuous artificial alterations as described in

‘Experiments for degradation mechanism elucidation’,
were quantified using calibration line (1) and the results
were compared as presented in Table 5. The discontinu-
ous artificial alteration at both 175°C and 190°C,
respectively, leads to altered product quantities in simi-
lar range in comparison with subsequent artificial alter-
ation at second step at 175°C. It could be concluded
that the altered product build-up is slow and the highest
increase is observed at the subsequent alteration in the
third step at 190°C, suggesting that the reaction takes
place mostly at higher temperatures over a longer
period of time. On the other hand, the amount of reac-
tion product from the experiment using the supposed
intermediate product based on methyl methanesulpho-
nate added at 20% (w/w) suggests that once the inter-
mediate product is formed, the reaction takes place at
high reaction rate even at low temperature, as can be
seen from the quantity of altered product at first day at
150°C. The amount almost doubles at 150°C at the
seventh day, probably due to some autocatalytic effect
taking place.

IL degradation mechanisms elucidation

The addition of methyl methanesulphonate as alkyl-
ation agent to artificial alteration experiments of 1L3
gave evidence for the degradation mechanism of IL3
based on transmethylation where methyl methane-
sulphonate is supposed as intermediate product. In
parallel, further experiments with addition of ethyl
methanesulphonate at 20% (w/w) were carried out to
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Figure 9. Two possible ambiguous interpretations of the fragmentation of the altered product at m/z | 18 based on HE-CID spectra
obtained, leading to structural elucidation of either (carboxymethyl)-trimethylammonium (a) or (2-methoxyethyl)-trimethyl-ammo-

nium (b) moiety as the degradation product.
HE-CID: high energy collision induced dissociation.

study the reactivity of an alkylation agent with longer
alkyl chain. LDI spectra of both IL3 samples from
first sampling day are shown in Figure 11. The high
signal intensity of IL3 altered product at m/z118 is
present already at the first sampling day at 150°C,
suggesting high reaction rate and high yield of the
altered product as confirmed by quantification in
Table 5. Additionally, high intensity altered product
at m/z 132 is present from artificial alteration with
ethyl methanesulphonate corresponding to the
expected difference of Am=14Da from the altered
product at m/z118. Fragment ions in the lower m/z
range are also distinguishable: in the case of altered
product at m/z118 (A) the ion at m/z 59 is present at
higher abundance. This could be an indication that m/z 59
rather corresponds to CH;OCH,CHJ than to ion-
radical of trimethylamine. In the case of altered

product at m/z132 (B) a high intensity fragment ion
at m/z45 is characteristic to the artificial alteration in
presence of ethyl methanesulphonate.

For the structural elucidation of the altered products
at m/z 118 and 132, HE-CID experiments by means of
LDI-TOF/RTOF-MS have been performed. As the
product ions of precursor ion at m/z 118 were identical
(data not shown) to the ones of authentic (2-methox-
yethyl)-trimethyl-ammonium moiety as shown in
Figure 8, the possible degradation mechanism based
on transmethylation with methyl methanesulphonate
as intermediate product proved to be feasible.
HE-CID spectra of the altered product at m/z132
yielded product ions at m/z 73, 60, 59, 58, 45 and 42
as shown in Figure 12. They were assigned to the
corresponding structural fragments as summarized in
Figure 13, confirming the transfer of the ethyl group
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Figure 10. Extracted ion chromatograms of 5 ppm mass accuracy with Gaussian smoothing (seven points) applied to IL3 sample
from artificial alteration without copper presence at 190 °C showing the presence of intact (fresh) IL3 (2-hydroxyethyl)-trimethyl-
ammonium at m/z 104.10754 eluting at 0.74 min and confirming the identity of (2-methoxyethyl)-trimethyl-ammonium moiety as
degradation product at m/z | 18.12319 eluting at 0.83 min. There is no evidence for (carboxymethyl)-trimethyl-ammonium at m/z
118.08679. The full scan chromatogram has been measured with method |.

IL: ionic liquid.

Table 4. Amounts of (2-methoxyethyl)-trimethyl-ammonium as altered product in IL3 samples from artificial alteration at second

subsequent step at 175 °C, sampled after seventh day.

General condition Artificial alteration parameter

Added water % (w/w) Altered product % (w/w)

Without catalyst Air - 34

Cu Air - 3.9

Cu + water Closed 1.5 1.7

CuSn8P Air - 33

CuSn8P + water Closed 1.5 0.6

100Cré Air - 3.8

100Cré6 + water Closed 1.5 NA
IL: ionic liquid.

The quantities are obtained from the calibration (2) and recalculated to weight percentage based on the IL3 sample aliquots used for quantification.
‘NA’ states that the amount cannot be quantified as it falls below the limit of quantification.

from ethyl methanesulphonate to (2-hydroxyethyl)-tri-
methyl-ammonium.

As the degradation products formed during IL3 arti-
ficial alterations were confirmed unambiguously, it
enabled the suggestion of the degradation mechanisms
taking place under IL3 long-term thermo-oxidative
stress as described in Figure 14. In the first reaction
step, an equilibrium between protonated/deprotonated
(2-hydroxyethyl)-trimethyl-ammonium and deproto-
nated/protonated methanesulphonate could be estab-
lished (1.a). As tetraalkyl ammonium compounds are
possible to release an alkyl group to give a tertiary
amine, demethylation of (2-hydroxyethyl)-trimethyl-
ammonium could occur to form methyl methanesulpho-
nate from methanesulphonate anion (1.b). The inter-
mediate products of deprotonated choline from 1l.a
and methyl methanesulphonate from 1.b are then able
to react with each other to result in (2-methoxyethyl)-

trimethyl-ammonium and methanesulphonate (2). As
proposed by the reaction mechanism, methanesulpho-
nate is restored after reaction (2) has taken place and
hence seems to act as catalyst. The formation of N,N-
dimethyl-ethanolamine as degradation by-product (1.b)
has to be unambiguously detected by another suitable
technique. By analogy with methyl methanesulphonate,
intermediate reaction product ‘A’ can be replaced by
ethyl methanesulphonate.

Toxicity of selected IL

Toxicity studies were carried out using different bio-
logical systems of varying complexity. The results
expressed as ICsy or ECsq values in mg/L are listed in
Table 6. For IL2-IL6 this results were already pub-
lished elsewhere*® and were added here for the complete
overview and comparison.
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Table 5. Amounts of (2-methoxyethyl)-trimethyl-ammonium as altered product in IL3 samples expressed as weight percentage.

Artificial alteration

Parameter Setup Temperature Sampling day Alkylation agent % (w/w) Altered product % (w/w) Calibration curve
Air Continuous 150°C 7th - 12 2
175°C 14th 34
190°C 2lst I
Closed Discontinuous 175°C Ist - NA |
2nd NA
5th 25
7th 3.1
Closed Discontinuous 190°C Ist - 9
2nd 22
5th 22
7th 4.5
Closed Discontinuous 150°C Ist 20 22 2
7th 42
IL: ionic liquid.

Methyl methanesulphonate was used as alkylation agent. ‘NA’ states that the amount cannot be quantified as it falls below the limit of quantification.
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Figure 11. LDI spectra in positive ion mode of IL3 artificial alteration experiments performed with 20% (w/w) addition of methyl
methanesulphonate at 150 °C (A), sampled after first day, with the altered product present at m/z | 18. Correspondingly, IL3 subjected
to artificial alteration with 20% (w/w) of ethyl methanesulphonate at 150 °C (B), sampled after first day, formed altered product at m/z

132.
LDI: laser desorption ionization; IL: ionic liquid.

Using high throughput screening tests with the iso-
lated enzyme AChE, an important biomarker for the
central nervous system, all tested IL showed no inhib-
ition effect up to the maximal tested concentration of
100 mg/L. The same results in terms of the lumines-
cence inhibition were obtained for the marine bacter-
ium V. fischeri. This is in good agreement to previously
reported results, where cations with short alkyl side

chain (such as ethyl) or chains containing functional
groups showed significant lower toxicity in several
test systems compared to more hydrophobic
cations, 1012151747

Additionally, the cytotoxicity tested with the leuke-
mia rat cell line IPC-81 support these results, showing
that IL2-IL6 with relatively short side chains and
(partly) functional groups gave ECsy values of above
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Figure 12. HE-CID spectrum in positive ion mode of the IL3 altered product at m/z 132 found after artificial alteration in the

presence of 20% (w/w) ethyl methanesulphonate.
HE-CID: high energy collision induced dissociation; IL: ionic liquid.
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Figure 13. Suggested product ions from fragmentation of IL3 altered product at m/z 132 formed in the presence of 20% (w/w) ethyl

methanesulphonate based on HE-CID product ions acquired.
IL: ionic liquid; HE-CID: high energy collision induced dissociation.

1000 mg/L, whereas IL1 with three butyl chains has a
lower ECs, value of 370mg/L equivalent to a higher
cytotoxicity.

The classification of the studied compounds regard-
ing their toxicity towards an aquatic environment with
the crustacean D. magna showed for 1L3 an LCs, value
above 100 mg/L which is considered to be ‘not harmful
to aquatic organisms’. However, all other IL except 1L4

revealed values between 10 and 100 mg/L leading to the
classification as ‘harmful to aquatic organisms’. For
IL4, the LCs, value was lower than 10 mg/L but greater
than 1 mg/L. Thus, IL4 is classified to be ‘toxic to aqua-
tic organisms’.**

The results obtained and summarized in Table 6 are
contrary to the above mentioned rule of thumb regard-
ing side chain length and functionalization. Here, IL1
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Figure 14. Anticipated degradation mechanism of IL3 is based on the identified degradation products by MS experiments.
Possible reaction pathway is supported by the recovery of the IL3 anion as no other degradation species have been found.

IL: ionic liquid; MS: mass spectrometry.

Table 6. Toxicity results of investigated ILs in different test systems.

Cytotoxicity

Acetylcholinesterase inhibition IPC-81

Luminescence inhibition
(Vibrio fischeri)

Reproduction inhibition
(Daphnia magna)

ICso (mglL) ECso (mg/L) LCso (mg/L)
IL (95% confidence interval) (95% confidence interval) (95% confidence interval)
ILI >250 370(£30) >100' 40-50
IL2 180(25)" >1000' >100' 14!
IL3 >100' >1000' >100' >100'
IL4 >100' >1000' >100' 8!
IL5 >100' > 1000 >100' 15(£2)"
IL6 >100' >1000' >100' 19(£3)"
IL: ionic liquid.

Data from Stolte et al.*®

containing tributyl-methyl-ammonium cation showed a
moderate effect and is less toxic than 1L2 and IL4-1L6
which are all characterized by shorter and functionalized
side chains. 114 turned out as the most toxic compound
of the investigated matrix showing an LC s, value of only
8mg/L. Only IL3 passes the above criteria in a positive
sense. However, stability studies of this IL showed the
formation of (2-methoxyethyl)-trimethyl-ammonium
moiety during long-term thermo-oxidative stress. The
identified structure corresponds to the cation in fresh
IL4 which emerged to be ‘toxic to aquatic organisms’.

Biodegradation of selected IL

The biodegradation experiments were carried out only
for IL containing the methanesulphonate anion since
(CF5S80,),N~ (IL6) is known to be not readily

biodegradable.*” Based on the guideline that a sub-
stance is considered ‘readily biodegradable’ when bio-
degradation reaches a minimum of 60% within 28 days,
1L4 did not pass this criterion as shown in our recent
study*® and hence IL5 containing the same cation was
not investigated in detail in this study. The biodegrad-
ation results of IL1-IL3 based on manometric respiro-
metry test according to OECD guideline 301F are
presented in Table 7. Under the applied conditions,
only IL3 is readily biodegradable (74%). This result is
consistent to previous findings where a biodegradation
rate of 89%* was found. However, the application
of this IL in industrial processes and its specific
degradation mechanism can lead to the formation
of (2-methoxyethyl)-trimethyl-ammonium moiety (see
IL4) which was shown to be ‘not readily biodegrad-
able’. IL1 and IL2 showed almost no biodegradation
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Table 7. Biodegradation results and classification of investi-
gated IL according to OECD 30IF (manometric respirometry).

IL Biodegradation (%) Classification

ILI 7 Not readily biodegradable
IL2 4 Not readily biodegradable
IL3 74 Readily biodegradable

IL: ionic liquid; OECD: Organization for Economic Co-operation and
Development.

(7% and 4%, respectively). Therefore, they are classi-
fied as ‘not readily biodegradable’. Contrary to these
findings, an excellent biodegradation rate of 88% for
IL2 has been previously published.*® As the inoculums’
cell density was the same (10° cells/mL), this difference
maybe explained by the different origin of the waste
water. This may result in a different composition of
organisms and thus possibly explaining different abil-
ities to degrade the selected compounds.

Joint interdisciplinary conclusion

Non-functionalized IL1 and IL2 ammonium cations
with methanesulphonate anion perform stable under
all selected artificial alteration conditions. Hence, they
can be recommended for future IL lubricant designs
from stability point of view. However, as demonstrated,
they do not comply with environmental regulations as
both are evaluated as harmful to aquatic organisms and
not readily biodegradable. Nevertheless, in case of 1L2
it was observed that under specific conditions of suit-
able waste water composition and specific environmen-
tal conditions it was readily biodegradable.

IL4-1L6 based on (2-methoxyethyl)-trimethyl-
ammonium cation with three different counter anions
were all prone to a low degree of degradation by the
formation of (2-hydroxyethyl)-trimethyl-ammonium
under all artificial alteration conditions. From the tox-
icity and biodegradability point of view, these IL are
classified as harmful or even toxic to aquatic organisms
and are not readily biodegradable. Hence, the IL struc-
tural approach based on methoxy group functionaliza-
tion cannot be recommended in general for IL-based
lubricants.

IL3 composed of (2-hydroxyethyl)-trimethyl-ammo-
nium methanesulphonate has been evaluated as instable
under the applied experimental conditions. Applying
high resolution accurate MS, the altered product has
been unambiguously identified as (2-methoxyethyl)-tri-
methyl-ammonium. Based on the degradation product
quantification it can be concluded that the degradation
mechanism takes place especially at higher temperatures
over a longer period of time. No catalytic effect of
copper has been observed. Water seems to suppress the

formation of this degradation product. However, as spe-
cially designed experiments revealed, once the inter-
mediate product based on methyl methanesulphonate
is formed the reaction takes place rapidly. The suggested
degradation mechanism is based on transmethylation
and requires the presence of nucleophilic species, as
this is the case for the methanesulphonate anion. The
occurrence of volatile degradation species as by-pro-
ducts, as proposed in 1L3 degradation mechanism, and
their detection will be the scope of future research.
Contrary to the low stability of IL3, its assessment
based on toxicity and biodegradability evaluation
recommends this IL as non-toxic and readily biodegrad-
able. Hence, the joint conclusion leads to recommenda-
tion of the (2-hydroxyethyl)-trimethyl-ammonium
moiety for further structural IL lubricant design in par-
ticular in view of tribological performance.

This research study clearly showed that special care
has to be taken with the selection of both cation and
anion to maintain high thermo-oxidative stability as
well as low toxicity and high biodegradability.
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Due to lack of experimental work clearly describing ionic liquids (ILs) degradation which could take place
under application conditions, specially designed artificial alteration experiments were performed to derive
degradation mechanisms most probably taking place under long-term thermo-oxidative stress. The use of
mass spectrometry enabled identification of IL degradation products both in liquid and gas phases. The
mechanisms of intermolecular transmethylation in ammonium ILs proceeding via anion-derived inter-
mediates have been identified. Hence, care has to be taken for applying ILs in processes, e.g. in lubrication
applications, as it is shown that IL altered products can negatively influence friction and wear performance
as well as can lead to build-up of vapour pressure in otherwise non-volatile ILs.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ionic liquids (ILs) have became recognized as promising novel
lubricants often outperforming conventional lubricants especially
due to their tunable properties, ability to significantly lower
friction as well as wear and to effectively dissipate heat under
tribological contact [1-9]. They are under consideration and in
several cases already in use for applications varying from operat-
ing fluids in pumps, compressors, as lubricants in aerospace
applications and in nanotechnology, etc. [10-13].

As we just start to understand the structure-property relation-
ships in ILs, these are being deliberately structurally modified
with the aim to improve their properties. Lately, an extensive
review has been published solely dedicated to the ether and
alcohol functionalized ILs discussing their properties and attrac-
tive applications [14]. Thus, vinyl and polar functional groups
were recently being implemented into IL side chains and inves-
tigated for their use as lubricants [15-17]. The above mentioned
structural designs, implementing polar functional groups, are in
line with IL structural recommendations from research groups
studying IL (eco)toxicity and biodegradability [18-20]. Further-
more, non-aromatic IL cation moieties are recommended over the
aromatic ones and also the need to replace halogenated IL anions
has been disclosed [21-25].

* Correspondence to: AC?T research GmbH, Austrian Centre of Competence for
Tribology, Viktor Kaplan Strasse 2, 2700 Wiener Neustadt, Austria.
Tel.: +43 2622 81600 352.
E-mail address: pisarova@ac2t.at (L. Pisarova).

0301-679X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.triboint.2013.02.020

High temperature stability is often reported for ILs, however in
the most cases it is assessed by means of thermogravimetric
analysis (TGA) applying high heating rates in short time [26-28].
As previously reported, such approach can only serve for relative ILs
comparison and cannot be related to IL long-term stability [29,30].
By comparing obtained decomposition temperatures from TGA
experiments and also from the vessel scale degradation experi-
ments, such as RPVOT (rotating pressure vessel oxidation test), it
was observed that IL stability strongly depends on its anion moiety
[26,31-33]. However, IL degradation was in the most cases assessed
visually by stating the IL coloration. Just in rare cases where TGA
was coupled to detection techniques such as mass spectrometry
(MS) or by approach of pyrolysis followed by gas chromatography
coupled to electron impact (EI) mass spectrometry (GC-MS), it was
possible to detect IL decomposition products [34-36]. Based on the
identified products mainly from ILs with halides or halogenated
anions, reactions mostly occurring as dealkylation of the cation side
chains were proposed. Some studies already described the non-
inertness of ILs in which elimination reactions can occur leading to
volatile degradation products [37-39]. In our recent experimental
study we have concluded that also non-halogenated anion can
induce such reactions and can initiate another degradation
mechanism depending on the cation moiety [40]. The importance
of IL long-term degradation studies due to slow degradation rates
has been also highlighted with the emphasis that some reactions do
not lead to mass loss and hence are not detected by TGA technique
[40,41].

In previous studies we have focused on elucidating the
ammonium-based IL degradation products present in the liquid
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phase after long-term thermo-oxidative stress [40,42]. In order to
complete the evaluation of these ILs stabilities, an approach by
means of stable isotopic tracers to track any chemical changes on
the molecular level in order to bring unambiguous evidence of the
degradation mechanism was selected. After small-scale artificial
alteration experiments the presence of degraded species has been
investigated by direct infusion of diluted sample aliquots into an
electrospray ionization linear quadrupole ion trap orbitrap mass
spectrometer (ESI-LTQ-orbitrap-MS).

Furthermore, we focus not just on identification of primary
volatile degradation products described in the literature [43-45],
but our aim was to elucidate all further major compounds present in
the gas phase after long-term thermo-oxidative stress. Such informa-
tion is essential in order to apply ILs in industrial applications as
generated degradation products can alter their (i.e. intact ILs) physico-
chemical properties and even cause a build-up of pressure in
otherwise non-volatile ILs [46,47]. The volatile degradation species
evolved during long-term thermo-oxidative stress were analysed by
means of a headspace-cold trap GC-MS approach.

Tribological investigations of selected intact IL and the IL repre-
senting its main degradation product, have been performed in order
to understand how the performance will be affected when used
as lubricants. Therefore, the neat ILs have been evaluated at
two different temperatures on steel-steel contacts using an
Schwing-Reib-Verschleiss (SRV) tribometer. Friction and wear have
been determined and the surfaces were analysed by white light
confocal microscopy and X-ray photoelectron spectroscopy (XPS).

2. Experimental

2.1. Investigated compounds

Ionic liquids IL1 to IL6 used in this research work are all based
on quaternary ammonium cations, with and without side chain

functionalization, and are combined either with hydrophilic
methanesulphonate or hydrophobic bis(trifluoromethylsulfony-
limide anions. Studied ILs were obtained from IoLiTec (Ionic
Liquids Technologies, Heilbronn, Germany). Furthermore, chloride
based compound with deuterated (2-hydroxyethyl)-(trimethyl-
Dg) ammonium cation, equivalent to non-deuterated IL1 and IL2
cation moiety, was obtained from CIL (Cambridge Isotope Labora-
ties, Andover, Massachusetts, USA). All compounds together with
their cation and anion monoisotopic masses as well as purities as
obtained by the suppliers are summarized in Table 1.

2.2. Artificial alteration experiments

In order to gain knowledge about ILs long-term stability,
small-scale artificial alteration experiments were performed
under thermo-oxidative stress. In order to detect chemical
changes on the molecular level during IL degradation, a mixture
of methanesulphonate based IL1 and its deuterated cation analo-
gue based on chloride anion was prepared as 4:1 ratio (w/w)
mixture. A mixture of 1g in total was prepared in a 6 mL
headspace glass vial sealed by crimping with silicone-PTFE septa,
both from Chromacol (Herts, UK) and subjected to 190 °C in a
laboratory oven for the duration of 7 days. Analogously, in order
to maintain volatile species evolved during IL alteration, tem-
perature of 150 °C was applied for the duration of 7 days. Head-
space volume in this experimental set up was increased by use of
10 mL headspace glass vials which were sealed containing
200 mg of IL in presence of air and closed by crimping with
ultraclean and high temperature stable silicone-PTFE septa, both
from Chromacol (Herts, UK). Under these conditions, the total
average mass loss of 10 parallel experiments with IL5 was 5 mg
after 7 days at 150 °C, which proved the tightness of the used
experimental set-up.

Table 1
Summary of the investigated compounds together with their monoisotopic masses and purity as obtained from the suppliers.
IL Name Cation Monoisotopic Anion Monoisotopic Purity
mass (Da) mass (Da)
. ; |
- (2-Hydroxyethyl)-(trimethyl-pg)-ammonium J_NL 113.16403 cl- 34.96885 98%
chloride HO |
| o
IL1 (2-Hydroxyethyl)-trimethyl-ammonium INL 104.10754 7Lo* 94.98029 98% <100 ppm
methanesulphonate HO | (‘3' halides
IL2 (2-Hyd thyl)-trimethyl i »‘:‘ 104.10754 W 279.91730 99% <100
-Hydroxyethyl)-trimethyl-ammonium — . i i : < ppm
bis(trifluoromethylsulphonyl)imide no—" ‘ F>Fr° °1<F halides
| o
IL3 (2-Methoxyethyl)-trimethyl-ammonium INL 118.12319 7§fo’ 94.98029 98% <100 ppm
methanesulphonate — ‘ ‘C|) halides
‘,, Ol ®
IL4 (2-Methoxyethyl)-trimethyl-ammonium N— 118.12319 F i i F 279.91730 99% <1000 ppm
bis(trifluoromethylsulphonyl)imide —o—"" | F>Fr° TF halides
/—/7 ﬁ
IL5 Tributyl-methyl-ammonium SN 200.23728 —s—o 94.98029 98% <500 ppm
methanesulphonate f H g halides
butyl-methyl i e g
IL6 Tributyl-methyl-ammonium N 200.23728 I I 279.91730 99% <100 ppm
bis(trifluoromethylsulphonyl)imide _/_/ H F>‘F/o 07:<F halides
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2.3. Applied analytical techniques for IL alteration studies

2.3.1. Elucidation of IL1 degradation mechanisms

Aliquot of IL1 mixture with its chloride analogue after thermo-
oxidative stress has been diluted in methanol ( > 99.9%, Chroma-
solv grade), supplied from Sigma-Aldrich (Vienna, Austria), to a
final concentration at 100 ppm level. The obtained diluted sample
was analyzed by direct infusion electrospray ionisation (ESI) in an
IonMax API ion source with the ESI probe coupled to LTQ orbitrap
XL hybrid tandem MS (ThermoScientific, Bremen, Germany).
Measurements were carried out solely in positive ion mode with
the experimental conditions applied as follows: spray voltage of
4 KV, capillary voltage of 38V, all other voltages optimized for
maximum molecular ion transmission, nitrogen sheath gas with a
flow rate of 10 units (no conversion in SI units is provided by the
manufacturer) and the transfer capillary temperature at 275 °C.
Full scan high resolution mass spectra (R=30,000 FWHM at m/z
400) were collected at a selected m/z range of 50 to 500 with a
maximum injection time of 200 ms. For further structural eluci-
dation, low energy-CID (MS/MS) experiments were performed on
selected precursor ions with parameters as follows: isolation and
activation width of 2 Da, activation time of 30 ms, normalized
collision energy optimized from 30 to 50% (100% equals approxi-
mately 5 eV according to the manufacturer) and helium (He) as
collision gas. For data acquisition and data processing, Xcalibur
v2.0 software was used.

2.3.2. Analysis of volatile degradation species

The qualitative information of the present gaseous degradation
products after thermo-oxidative treatment was obtained by
instrumental set up of the TriPlus headspace (HS) autosampler
followed by internal Cold Trap 915 (CT) and Trace GC Ultra
capillary gas chromatograph coupled to TSQ Quantum XLS mass
spectrometer (GC-MS), all from ThermoScientific (Austin, Texas,
USA). After the artificial alteration experiments, each headspace
vial was transferred to the HS oven and incubated for additional
30min at 150 °C while agitated each 20s in 5s intervals to
enhance the equilibrium state between liquid and gas phase.
Afterwards, 100 pL of the headspace volume was sampled by a
gas tight HS syringe heated to 130°C and injected into a
programmable temperature vaporization injector (PTV) operated
in constant temperature mode at 200 °C and in splitless mode for
2 min. Sample carry over was avoided by flushing of the HS
syringe after each injection with He gas for 30 s. The sample was
subsequently cryo-focused with liquid nitrogen at —150 °C with
2 min hold time and transferred to the column by thermal
desorption at 30 °C/s rate until 200 °C with 1 min hold time.
Chromatographic separation was performed with He as carrier
gas at 2mL/min constant flow using ZB-5 Phenomenex
(5%-phenyl-95%-dimethylpolysiloxane phase) capillary column
of 60 m length, 0.32 mm [.D. and 0.25 pm film thickness. The GC
temperature program was set to 40 °C initial temperature for
4 min hold time followed by 10 °C/min temperature ramp until
250 °C with 10 min hold time. The transfer line was kept at 250 °C
and the effluent was ionized by EI (70 eV) with source tempera-
ture at 200 °C while the mass analyzer operated in the scan mode
between m/z 10 to 300. For data acquisition and data processing,
Xcalibur v2.0 software was used.

2.4. Tribological investigation

Tribological properties of selected intact IL1 and IL3 related to
the main degradation product of IL1, as elucidated by our
previous research work [40], were compared in 100Cr6
(AISI52100) steel-steel contacts at 100 and 150°C under

Table 2
Overview of the tribometrical conditions applied under oscillating reciprocating
motion on steel-steel contact for selected ILs performance comparison.

Parameters Applied load (N) 100
Hertz contact stress (GPa) 1.46
Hertz deformation indentation (um)  4.37
Frequency (Hz) 50
Stroke (mm) 1
Temperature (°C) 100 and 150
Duration (min) 60

Fluid quantity (mL) ~0.05 (1 drop)

Specimens  Ball  Material 100Cr6
Diameter (mm) 10
Hardness (HRC) 60
Surface roughness R, (Lm) 0.025

Disc  Material 100Cr6

Size (mm) 024 x 7.9
Hardness (HRC) 62
Surface roughness R, (m) 0.45-0.65

atmospheric conditions. An SRV tribometer (Optimol Instruments
Priiftechnik, Munich, Germany) with ball-on-disc configuration in
oscillating reciprocating motion was employed these ILs. The
details of the tribometrical conditions are listed in Table 2. Fresh
metal specimens were used for each lubricant and experiment.
The specimens were washed in three different solvents (toluene,
isopropanol and petroleum ether) for ten minutes each, using an
ultrasonic bath, before and after the experiment. Friction coeffi-
cients were continuously recorded over time and each experi-
ment was performed twice. Average friction coefficients were
calculated for each experiment after a run-in period of 10 min.
Exceptions from this general procedure are discussed in Section
3.4.

2.5. Surface analyses

White light confocal microscope pSUSF (NanoFocus, Oberhausen,
Germany) was used to evaluate surface topographies. The obtained
topographic data were used for calculation of average ball wear
scar diameters (length and width) and average ball and disc wear
volumes, using a wear volume calculation tool developed at AC?T
research GmbH [48].

XPS analyses were conducted using a Thermo Fisher Scientific
Theta Probe (East Grinstead, UK) with a monochromatic Al K,
X-ray source (hv=1486.6eV) and a hemispherical analyzer.
The measurements were performed at a base pressure of
2 x 10~° mbar. The elemental and chemical composition of the
wear track surfaces was obtained by spot analysis with an X-ray
beam with a diameter of 400 pm at a pass energy of 200 eV for
the survey spectra and 50 eV for the detail spectra.

Depth profiles were acquired from each tribolayer by sputter-
ing an area of 2 x 2 mm? of the wear tracks with Ar* ions at an
acceleration voltage of 3 kV and a sputter current of 1 pA. From
these parameters, an approximate sputter yield of 0.05 nm/s was
calculated. After each sputter level, snap shot spectra at a pass
energy of 150 eV of the elements C, Fe, S, and O were obtained.
The spectra were analyzed with the Avantage Data System
software version 4.75 (Thermo Fisher Scientific, East Grinstead, UK),
using Gaussian-Lorentzian peak fitting.

3. Results and discussion
3.1. IL1 degradation mechanism elucidation

Investigating the degradation mechanism of IL1 suggested to
be based on transmethylation via methyl methanesulphonate as
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intermediate product [40], the aim is now to unambiguously
detect that a former step of demethylation is taking place in the IL
cation by using deuterated IL1 cation analogue. This is now
possible by use of accurate mass spectrometry at high resolution
due to difference in m/z corresponding to methyl-chain versus
deuterated methyl-p; chain enabling disclosure of elemental
composition.

Hence, diluted sample aliquots of the mixture consisting of IL1
and its deuterated chloride based analogue (as described in
Section 2.2.), sampled on the 1st and 7th day from artificial
alteration process at 190 °C, were analysed by ESI-LTQ-orbitrap-
MS as described in Section 2.3.1 and their corresponding mass
spectra are shown in Fig. 1.

In the positive ion ESI mass spectra obtained, not only the
intact cations of (2-hydroxyethyl)-trimethyl-ammonium (IL1)
at m/z 104.10653, but m/z 104 throughout the paper, and
(2-hydroxyethyl)-(trimethyl-pg)-ammonium at m/z 113 of its
deuterated analogue were present, but unexpectedly also high
signal intensity of m/z 107 and 110 were detected. Based on the
obtained accurate m/z values (Am=0.001) enabling elucidation of
their elemental composition and on the analysed MS/MS data
presented in Fig. 2, these structures were elucidated as singly (m/z
107) and doubly (m/z 110) ps3-methylated species of the former
IL1 cation (m/z 104). This gives clear evidence for a cross-
methylation taking place between the cation moieties present
and it is suggested that it is initiated via anion-derived
intermediates.

Furthermore, clear signal intensities at m/z 118, 121, 124, 127,
130 were detected. As the IL1 degradation proceeds through
methylation of its cation functionalized hydroxyl chain, the ion
at mfz 118 is assigned to (2-methoxyethyl)trimethyl ammonium
moiety. In analogy, the ion at m/z 130 shall correspond to fully
p3-methylated moiety of the former deuterated cation of m/z 113
and this is supported by its elemental composition. The structures
of ions at m/z 121, 124 and 127 - which could represent either
methylated or ps-methylated cations with the same elemental
composition — were elucidated by fragmentation together with

104.10653

107.12536

110.14419
113.16301

ions at m/z 118 and 130, in order to obtain their product ions
which are shown in Fig. 3.

By studying the obtained product ions, it was possible to
confirm that they originate from both feasible structural varia-
tions of ions at m/z 121, 124, 127 and their elucidated fragmenta-
tion pathways are summarized in Fig. 4.

These findings are another evidence of further methyl group
rearrangements suggested to be based on the reaction of the
anion-derived intermediates with the cation hydroxyl group. As
the methyl chloride is highly volatile, hence lost, it can be
concluded that methyl methanesulphonate plays a more signifi-
cant role as intermediate in the formation of (2-methoxyethyl)-
trimethyl-ammonium moieties.
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Fig. 2. Low energy CID (MS/MS) spectra of degradation products detected at m/z
107 and 110, leading to structural elucidation of retro-alkylated IL1 cation with
one or two methyl-p; groups.
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Fig. 1. ESI-LTQ-orbitrap-mass spectra of 4:1 (w/w) mixture consisting of IL1 and its chloride based deuterated analogue, measured after 1st day (A) and 7th day (B) at 190 °C.
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Fig. 3. Low energy CID (MS/MS) spectra of degradation products detected at m/z 118, 121, 124, 127 and 130 with their corresponding product ions as obtained by

ESI-LTQ-orbitrap-MS analysis.
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Fig. 4. Elucidated fragmentation pathways of degradation products detected at m/z 121, 124 and 127, confirming the presence of both feasible degradation product species
for each selected mass. The ions at m/z 118 and 130 shown in Fig. 3 refer to purely non-deuterated and fully ps-methylated species, respectively, hence have unambiguous
chemical structures.
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Fig. 5. Low energy CID (MS/MS) spectrum of degradation product at m/z 116 suggested to be a secondary degradation product of primary degradation product of (2-

methoxyethyl)-trimethyl-ammonium moiety, as based on the elucidated product ions.

Table 3

Summary of degradation species formed in the mixture of IL1 and its deuterated chloride based analogue after 7 days of thermo-oxidative stress at 190 °C as identified by
ESI-LTQ-orbitrap-MS. The further p;-methylated analogues of 122 m/z have not been detected.

Monoisotopic

mass (Da) Elemental compositon Structure mass (Da) El comp Structure mass (Da) El comp Structure
GHs CHs CHs
104.10754 C5Hy4NO N—CH, 11812319 CgHigNO N*CH, 121.14201 CgD3H;3NO N*CHg
| |
HC’—/_CH3 Hzc—o—/_CH3 .33(;_0_/_CH3
¢, ¢Ds £Dg
107.12636 CsD3H;NO 'I“LCHg 121.14201 CgD3Hy3NO —/—rI\PCH3 124.16084 CgDgH1oNO _/—Ql‘—co-a3
HO CH, HyC—O CH, D;C—O CH,
Dy ¢Dg €Dy
110.14519 C5DgHgNO _/—Il*f—cog 124.16084 CgDgH1oNO _/—lld"—coa 127.17968 CgDgH7NO f;f—coa
HO CHy H3C—O: CHy D,C—O0 CH,
¢Dg ¢Ds ¢Ds
113.16403 C5DgH5NO N-CD, 127.17968 CgDgH7NO W—CDa 130.19850 CgD12HsNO E“LCD:}
HO—/_ICD3 |-|3c—o—/_CD3 DGC_Q_/_CD3
€D, ]
N™cH N=cH
CH 3 3
re Hsc—o—//_.'gH3 D4C—0 / <':H3
116.10753 CgH14NO _//_’l‘_CHa 119.12636 CgD3H{1NO 122.14519 CgDgHgNO
HiC—O: CHy ?+H3 (I;Ps
N=CH 3 / N=cD,
S /4 | |
D3C— / CH, H3C—0O CHjy

Additionally to the above described degradation species, ions
of low signal intensities corresponding to ions at m/z 116, 119 and
122 were detected only after the 7th day at 190 °C. Based on
performed MS/MS analyses and with the knowledge of the ion
elemental composition, the suggested structure of the detected
m/z 116 ion can represent a secondary degradation product of
(2-methoxyethyl)-trimethyl-ammonium cation as shown in Fig. 5.

Correspondingly, ions at m/z 119 and 122, can represent
degradation products of species with m/z 121 and 124, all
produced by hydrogen elimination. No degradation species of
m/z 127 and 130 have been detected. All elucidated degradation
species present after artificial alteration after 7 days at 190 °C are
summarized in Table 3.

3.1.1. Degradation products of IL1 impurities
In the obtained IL1 used for artificial alteration experiments,
the presence of two impurities with longer hydroxyl

functionalized chains was detected. These impurities represent
[HO—CHz—O—CzH4—N(CH;¢,)3]1L and [HO—CzH4—O—C2H4—N(CH3)3]Jr
as elucidated from the obtained product ions and presented in
Fig. 6. This additional species with longer hydroxyl functionalized
chains were investigated in order to verify if they follow the same
degradation mechanisms as the IL1 cation.

After artificial alteration at 190 °C of the above described
mixture of IL1 and its chloride based deuterated analogue, species
with common mass difference of 3 Da, corresponding to replace-
ment of CH3 by CD3 group, were detected in the mass spectrum
obtained after 1 day as shown in Fig. 7.

This resembles the degradation products of IL1 cation. Due to
low signal intensities of newly found ions at m/z 137, 140 and
151, 154, 157 and 162, 165, 168 series, their low energy CID (MS/
MS) fragmentations could not be successfully carried out. Hence,
the nature of this species is based solely on their high accurate m/
z values and hence their derived elemental composition, while
taking into account the possible analogy with IL1 cation reactions
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Fig. 6. Full scan mass spectra of IL1 (A) containing two impurities in the obtained batch, followed by low energy CID (MS/MS) spectra of impurity 1 with m/z 134 (B) and

of impurity 2 with m/z 148 (C).
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Fig. 7. Full scan mass spectrum of two impurities in IL1 together with their detected degradation species which evolved after artificial alteration carried out for 1 day at

190 °C.

and their proposed assigned structures are summarized in
Table 4. Based on the mass spectra obtained after 7 days at
190 °C, it was observed that the above described impurities and
their associated degradation species were not stable under
applied conditions as they almost utterly vanished (data not
shown).

3.2. IL degradation under tribometrical conditions

After the tribometrical experiments discussed further below,
the IL samples were collected and analysed with ESI-LTQ-
orbitrap-MS by direct infusion. In the obtained mass spectra from
IL1 used as lubricant during SRV experiments at 100 and 150 °C,
traces of ion at m/z 118 have been detected. This could be due to
slow reaction kinetics, as the SRV experiments have been per-
formed at significantly lower temperatures and only for 1h
compared to artificial alteration experiments. Nevertheless,

detection of the ion at m/z 118 and its MS/MS product ions being
identical to those of (2-methoxyethyl)trimethyl ammonium moi-
ety, unambiguously confirmed that the chosen tribometrical
conditions lead to the same degradation product as the artificial
alteration experiment.

In the case of IL3, the obtained mass spectra have not revealed
presence of any degradation product after the performed tribo-
metrical experiments at both 100 and 150 °C.

3.3. lonic liquids volatile degradation products

As suggested by the degradation species detected during
artificial alteration of IL1 and its chloride based deuterated
analogue, the reactions taking place under the applied conditions
require the presence of anion-originating intermediates, such as
methyl chloride and/or methyl methanesulphonate. Thus, the
detection of both was the aim of these investigations in order to
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Fig. 8. Total ion chromatogram of headspace phase obtained by HS-CT-GC-EI-MS analysis of mixture consisting from IL1 and its chloride based deuterated analogue

subjected to artificial alteration at 190 °C for 1 day.

Table 5
Summary of volatile species present in the mixture of IL1 and its deuterated chloride based analogue after 1 day at 190 °C, as identified by HS-CT-GC-EI-MS.
Retention time (yin) 55 6.8 7.9 8.2 82
i o o o
Structure 0-C-0 HsC-Cl HE oy H3C-OH o 7
Molecular ion (m/z) 44 50 (53)* 18 32367 44
Match/reverse match/probability (%) 928/929/33 821/946/99 676/686/66 859/872/89 806/810/46
Retention time (min) 8.7 8.9 10.0 10.1 11.9
cl cl OH
— < S
Structure +— HO— ° \o _O_/_
Molecular ion (m/z) 59 (62,65,68)* 46 74 (77)* 84 76 (79)*
Match/reverse match/probability (%) 884/884/78 792/898/86 834/911/91 914/915/96 913/915/97
Retention time (min) 12.2 124 135 14.0 15.1
o— o— S\ | /N
Structure —o o—"" Q < N— Q z—
N wo—’" _/
Molecular ion (m/z) 90 (93)? 94 (97)? 88 89 101 (104)?
Match/reverse match/probability (%) 832/840/90 893/894/95 909/909/80 891/906/62 874/875/96

unambiguously confirm a degradation mechanism based on
cation demethylation followed by methylation of hydroxyl func-
tionalized cation side chain.

Hence, the gaseous phase obtained after 1 day at 190 °C was
analysed by a HS-CT-GC-EI-MS in order to detect the primary
produced volatile degradation species. The obtained total ion
chromatogram (TIC) is presented in Fig. 8 with major volatile
compounds labelled by their corresponding retention times. A
summary of the identified volatile species is presented in Table 5
together with their corresponding m/z values of the molecular
ions and the obtained indicators of the library match serving for
qualitative identification.

Each of the detected peaks was identified by comparison of its
measured mass spectrum with NIST mass spectral library
(National Institute of Standards and Technology, Gaithersburg,
Maryland, USA, 2008 edition). The most abundant volatile
detected is (2-hydroxyethyl)-dimethyl-amine with a retention

time (tg) of 14.0 min confirming the demethylation of the IL1
cation and representing the volatile by-product of IL1 degrada-
tion. The anion-intermediate product based on methyl chloride
(tg=6.8 min) is detected as well, as it represents a low boiling
compound. However, the methyl methanesulphonate is not
detected in the presented separation/detection system. This could
be due to its less nucleophilic nature in comparison to chloride
anion which could lead to slow reaction kinetics and the fact that
after methylation of the hydroxyl group of cation side chains it is
restored as initial anion methanesulfonate, whereas methyl
chloride is lost. Some of the detected volatiles at tz 8.2, 8.7,
8.9 and 12.4 min, give evidence of dealkylation taking place on
the hydroxy- and methoxy-functionalized ammonium side chain
as well. Most of the other identified volatiles can be contributed
to the further thermo-oxidative degradation of the amine itself, as
it leads to carboxylic acids, aldehydes and to species with ring
annulation [49,50].
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Not just primary volatile degradation species of ionic liquids
IL1 to IL6, but also those evolved after long-term thermo-oxida-
tive stress after 7 days at 150 °C were identified by method
described in Section 2.3.2 using HS-CT-GC-EI-MS set up. The
summary of the detected volatile compounds present after the
7 days artificial alteration experiments is shown in Table 6.

In general, it can be stated that bis(trifluoromethylsulfonyl)i-
mide based ILs (IL2, IL4 and IL6) produce considerably less type of
volatile degradation products in comparison to methanesulpho-
nate based ILs. In the case of bis(trifluoromethylsulfonyl)imide
based ILs for all cation variations, the methylated anion has been
detected, however in considerable lower amounts in the case of
tributyl-methyl-ammonium cation, hence not listed in Table 6.
This can probably be because of steric hindrance of longer butyl
chains as the cation methyl group is not readily accessible.
However, it is concluded that even anions of low nucleophilicity
can play a substantial role in IL degradation mechanism.

On the contrary, methyl methanesulphonate as suggested
intermediate product in methanesulphonate based ILs degrada-
tion mechanism was detected only in the case of (2-methox-
yethyl)-trimethyl-ammonium (IL3). In this case, the methylated
anion does not have the option to be fully regenerated back to
initial anion as it is in the case of (2-hydroxyethyl)-trimethyl-
ammonium (IL1). Regarding IL5, both feasible amine types of
tributyl-methyl-ammonium cation - dibutyl methylamine and
tributylamine - are detected at tz 18.3 and 22.3 min. This is the
one and only case where the supposed amines as by-products of
quaternary ammonium dealkylation are detected and it allows to
deduce that these non-functionalized amines are more stable as
the functionalized amine analogues of IL1 to IL4. In summary, IL5
provided the largest variety of types of major volatiles degrada-
tion products with many species originating from cation butyl
chain and further oxidation reactions. Most of the other identified
volatiles of IL1 to IL6 can be contributed to the continuously on-
going thermo-oxidative degradation of the amines itself [49,50].

3.4. Tribological investigation of IL1 and its degradration product
related to IL3

As concluded from IL1 degradation behaviour discussed above,
the (2-methoxyethyl)trimethyl-ammonium moiety is present in
the liquid phase as the primary degradation product. Hence, its
formation can possibly influence the tribological properties of IL1,
once applied as fresh neat lubricant. The (2-methoxyethyl)tri-
methyl-ammonium moiety together with the methanesulphonate
anion - thus identical to IL3 - was used for comparison of its
tribological performance to intact IL1 in order to investigate how
friction and wear could be affected by the degradation product
build-up.

Therefore, the tribological investigations were carried out on
steel-steel contacts at two elevated temperatures at 100 and
150 °C, respectively, to take account for the alteration conditions
chosen. The representative friction curves obtained over the time
under boundary lubrication conditions and the corresponding
average friction coefficients together with standard deviations for
each experiment performed are based on data points obtained as
presented in Fig. 9.

For each of the experiments, no pronounced running-in period
took place under the selected conditions. Friction coefficient of
IL1 at both 100 and 150 °C was around a value of 0.1 with slight
decrease at the end of experiment at 100 °C as opposite to mild
increase at 150 °C. Furthermore, in case of IL1, between 20 and
30 min, some high friction spikes (partial seizures) are observed
during the experiments at both temperatures, as can be seen in
Fig. 9. Such spikes were not considered for the calculation of the

average friction coefficients as they do not represent the stable
friction regime.

The IL3 shows at 100 °C a constant friction in the range of IL1
friction coefficient until about 30 min, however afterwards has
increasing trend in contrast to decreasing friction of IL1. Even
more different performance of IL3 can be observed at 150 °C,
where after an initial low friction, a sharp increase in friction
coefficient is observed for about 30 min, followed by a recovery to
a lower friction region. This same behaviour was also observed in
the duplicate experiment under the same conditions. The high
friction regime was stable only for about 5 min in each run at
friction coefficients of 0.20 and 0.21, respectively, after which
friction started to descent into the lower friction area. Thus, the
average friction coefficients were calculated in the case of IL3
experiments at 150 °C after the high friction regime. It can be
observed that IL3 leads at both temperatures, but especially at
150 °C to higher average friction values than IL1. Similar friction
behaviour as for IL3 at 150 °C was described for [BF4] ~ and [PFg] ™
based ILs and was related to tribo-chemical reactions at the
interface [2,8]. Hence, we could suspect that the high friction
regime represents some kind of “induction period” within which
tribo-chemical interactions lead to tribolayer formation even-
tually resulting in lower friction.

The wear-preventing properties were studied by comparing
the topography of rubbed surfaces, as shown in Figs. 10 and 11 .
While the ball and disc wear at 100 °C for both ILs shows several
abrasion grooves, smoother wear scars were obtained at 150 °C.

In general, the obtained wear volumes on the disc (range of
10° pm?) were higher than those on the ball (range of 10° um?) as
depicted in Fig. 12. The average wear volumes were calculated
based on two subsequent experiments with error bars represent-
ing the minimum and maximum values within two experiments
performed. However, the ball wear volume for IL3 at 150 °C
represents single value due to observed corrosion which
prevented measurement of the correct ball wear volume in the
second run.

From Fig. 12 it can be seen, that the ball wear volumes for both
ILs are in similar range at 100 °C, while the disc wear volume of
IL3 is already notably higher. More apparent difference between
the IL performances can be seen at 150 °C, where both ball and
disc wear volumes of IL3 are significantly higher than that of IL1,
indicating decline of IL3 wear preventing properties. Furthermore,
average of the ball wear scar diameters (length and width) of both
runs for particular IL and temperature were calculated based on
values measured with an optical microscope. The average values
of the ball wear scar diameters were at 100 °C as follows: 677 and
713 pm for IL1, 769 and 719 pm for IL3. The same trend was
found at 150 °C: 768 and 682 um for IL1, 822 and 848 um for IL3.
Thus, these results mirror the similar trend of increasing average
wear volumes with temperature, while IL3 causing more pro-
nounced wear than IL1.

3.5. Elemental and chemical surface analyses by XPS

The IL3 special friction characteristics at 150 °C were exam-
ined in detail by stopping the tribometrical experiment at 150 °C
after 10 min in the higher friction regime to be able to compare
the elemental and chemical surface composition with the surface
after completed experiment exhibiting low friction.

The XPS surface analysis after the interrupted and completed
tribological experiments with IL3 did not reveal significant
difference in neither the elemental composition nor the chemical
binding state of the studied elements. Interestingly, no nitrogen
from the (2-hydroxyethyl)-trimethyl-ammonium cation of IL3
was observed on both surfaces by XPS approach.
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Fig. 9. Plot of friction coefficients of IL1 and IL3 versus time as observed at 100 °C (A) and at 150 °C (B) under tribometrical conditions summarized in Table 2. The average
friction coefficients across each experiment performed twice (run 1 and 2) with error bars indicating standard deviation, are taken after the run-in period (10 min) apart
from IL3 at 150 °C where the friction coefficient is averaged after the friction stabilized again at lower level (after 35 min).

Prior to the XPS analyses, it was hypothetically assumed that
the surface of the interrupted experiment exhibiting high fric-
tion is lacking sulphides, which are known to be generated
through tribo-chemical reactions in the tribocontact. Since these
sulphides have superior tribological properties, lack of these
compounds could explain the observed higher friction coeffi-
cient. The binding energies measured for sulphur were located at
168.3 ( +£0.1) eV, assignable to the sulphur of the IL3 anionic
moiety (sulphonate), and at several sulphidic binding states in
the range of 161.1 to 161.7 eV which are shown in Fig. 13. The
overall sulphur content on both surfaces was about 5 atomic %
and the ratio between sulphonate and the sulphide was
around 1.

Since the surface analysis of the observed layers from inter-
rupted and completed tribological experiments did not result in
significant difference to explain the different tribological

behaviour, the depth profiles of the wear tracks were acquired
to analyse their approximate thickness and composition.

Both surfaces were cleaned by soft sputtering with Ar™ ions
using 1 kV acceleration voltage and 1 pA sputter current for a
period of 20s before measurements, hence about 50% of the
carbon contamination on the surface was removed.

The depth profiles of the two tribolayers revealed that the
sulphur content within the layer of the interrupted experiment
was significantly lower than in the case of the completed experi-
ment as presented in Fig. 14.

Although the chemical information especially for sulphur is
lost through the sputtering process, it can be assumed that
sulphides are the dominant sulphuric compounds in the layer
and therefore are considered being responsible for the tribological
properties of the respective surfaces, which would explain the
different friction behaviour according to the stated hypothesis.
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Fig. 10. Surface topographies of 100Cr6 ball and disc after tribological experi-
ments at 100 °C using IL1 (upper row) and IL3 (bottom row) as neat lubricants.

Fig. 11. Surface topographies of 100Cr6 ball and disc after tribological experi-
ments at 150 °C using IL1 (upper row) and IL3 (bottom row) as neat lubricants.

Both layers have a thickness of about 250 nm as based on the
estimated sputter yield of 0.05 nm/s.

4. Conclusions

Our aim was to find out how ILs can be altered during their use
as lubricants by performing artificial alteration experiments to
simulate long-term thermo-oxidative stress. By use of mass
spectrometry, it was possible to show, that cross-methylation
on IL cation takes place via an inter-molecular mechanism based
on a nucleophilic attack of anions to the ammonium methyl group
which leads to the generation of volatile amines. Additionally,
anion-originating intermediate products are involved in the sub-
sequent methylation of hydroxyl functionalized cation side chains
leading to new IL moieties and hence altering the properties of
the former IL. Due to the observed initial higher signal intensities
of newly formed cross-methylated cations, it can be concluded
that the demethylation of the cation takes place faster than the
hydroxyl-group methylation. In summary, these processes in fact

A12

[:“Jo0°c
[is0°c

8

Ball wear volume (105 pm?)
o

IL1 IL3

[:“J100°c
[isoc

Disc wear volume (10 um?3)

IL1 IL3
Fig. 12. Calculated average wear volumes of ball (A) and disc (B) after tribome-
trical experiments with IL1 and IL3 as neat lubricants. The error bars indicate the
maximum and minimum values obtained within 2 runs. In the case of IL3 at

150 °C, the ball wear volume represents only single value due to corrosion in the
second experiment.

Intensity (a.u.)

S0,2/S0,2 5?2
1';2 1:57 1(I52 Binding
energy (eV)

Fig. 13. Sulphur binding energies obtained from S2p spectrum measured in the
middle of the wear track after completed tribometrical experiment with IL3.

hinder the total degradation of the ammonium ILs, however they
give a rise to mixture of species with divergent properties,
supposedly causing problems once used in long-term real-world
applications. The complex mixture of volatile species evolved
during the IL deterioration can also cause significant build-up of
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Fig. 14. Obtained depth profiles showing distribution of sulphur in the tribolayers
after completed (A) and interrupted (B) tribological test with IL3.

pressure in the lubricant containing objects in contrast to other-
wise unaltered, hence non-volatile ILs.

It is also important to note, that stability of IL used as oil
additive together with conventional additives in base oils can be
distinctively different from the findings gained in this work.
Hence, this research topic will be the scope of our further
investigations. By considering the tribological performance of
selected ILs representing potential intact lubricant (IL1) and its
main degradation product (IL3), it was observed that the presence
of the degradation product could in principle have a negative
impact on the wear formation, especially at higher temperature as
observed in the obtained wear data.
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