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Abstract: Dynamic tribochemical processes for dicationic ionic liquid containing a germinal
imidazolium cation head groups bridged by a poly(ethylene glycol) and
bis(trifluoromethylsulfonyl)imide anion were studied wusing time-resolved Mechanically
Stimulated Gas Emission Mass-Spectrometry (MSGE-MS). In comparison with similar
monocationic imidazolium ionic liquids with short alkylic or long polyether side chains the
dicationic ionic liquid had lower coefficient of friction on Ti6Al4V alloy and smoother behaviour.
The analysis of volatile decomposition products suggested multiple tribochemical reactions in
which both anionic and cationic moieties are involved. Tribochemical degradation of cations was
mainly through detachment of the side and bridging chains from the imidazolium head groups.
Absence of volatile products containing nitrogen implies that imidazole group remained
unchanged. Hydrogen and water desorption were attributed to the reactions of hydrogen fluoride
being a product of anion degradation with titanium and titanium oxide.

Keywords: Ionic liquids; dicationic; imidazolium; poly(ethylene glycol); tribochemistry;
mechanically stimulated gas emission mass-spectrometry

1. Introduction

Room-temperature Ionic Liquids (ILs) are salt structures consisting of large cation and anion
moieties, which are characterized by melting temperatures below 100 °C. In tribological
applications, the ILs have demonstrated superior performance as lubricants under both mixed and
boundary conditions [1-9]. Under severe environments, in space and at high temperatures IL-base
lubricants are especially propitious due to their exceptional tribochemical thermal and stability, both
oxidative and nonoxidative [10-14]. During the last decade imidazolium-base ionic liquids with
fluorinated anions have been specially addressed in a number of studies [1,15-17]. The application
range of the imidazolium ILs was further expanded by rational designing of the molecular structure
and side chains offering the possibility of obtaining versatile ILs with tailored polarity,
hydrophobicity, corrosive and antioxidant properties [7,18-25]. Generally, the increase of the length
of alkyl side chains attached to a cation head group leads to improvement of wear resistance, but this
effect is not straightforward [2,22,26]. Substitution of alkyl chains by poly(ethylene glycol) (PEG)
improved tribological performance of the IL, although at the cost of decreasing its thermal stability
[8,27]. Another approach relies on bridging two cationic head groups by PEG chain. Molecular
dynamics simulation and advanced spectroscopy have revealed significant difference in structural
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45  heterogeneity and nano-organization between monocationic and geminal dicationic ILs with long
46  connecting chain [28-31] that is associated with better tribological properties, higher stability, lower
47  toxicity and corrosiveness of the dicationic ILs [14,31-41].

48 In literature there is a consensus of opinions that the good friction-reduction and
49  wear-resistance properties of ILs owe to their ability to form stable adsorbed layers and protective
50  tribo-films [4,27,42-44]. For ILs with fluorinated anions, Jimenez et al. [26] noted that formation of a
51  metal fluoride-rich boundary tribolayer is necessary to achieve a good tribological performance. Cai
52 etal. [8] studied the changes in the chemical composition of steel surface subjected to rubbing under
53 PEG lubrication with various imidazolium ILs additives and provided the evidences for complicated
54  tribochemical reactions leading to formation of iron oxides, fluorides and sulphates. Physical
55  adsorption of nitrogen double-bond compounds on steel surface was also reported [45]. Mahrova et
56  al. [46] showed that the tribofilms formed by some pyridimiun-based dicationic ILs with PEG
57  bridging chain were able to significantly reduce friction in comparison with glycerol base stock, but
58  had much higher wear rate. However, in most of the studies the steps of tribochemical processes
59  laying behind remain poorly understood. In a large measure, this is due to the low yield and
60  selectivity of tribochemical reactions [11] and lacking of a broadly available experimental technique
61  for time-resolved characterization of tribochemical reactions at a buried interface. In the vast
62  majority of experimental studies a post mortem approach has been employed that consists in
63  analysing possible chemical changes on the worn surfaces, wear debris and in the lubricants
64  following a tribological test [7,11,47].

65 A new family of experimental techniques that combine tribometry with mass-spectrometry or
66  surface sensitive techniques has recently emerged [48-54]. These new techniques can provide
67  important information on development of tribochemical processes in the course of a tribological test.
68  In the present work we probed tribochemical processes in dicationic imidazolium ionic liquid with
69  PEGsw bridging chain and bis(trifluoromethylsulfonyl)imide (NTf2) anion on Ti6Al4V substrate
70 using Mechanically Stimulated Gas Emission (MSGE) mass-spectrometry. This material was selected
71 for the substrate because of the technological implications [26] and to be able to contrast the results
72 of this study with previous works [26,44,46]. The tribochemical reactions were analyzed through
73 measuring of the composition and emission kinetics of volatile products as function of the normal
74 load and tests duration. The products of tribochemical reactions were identified using statistical and
75  correlation analyses. The results were compared with the tribochemical behaviour of an homologous
76 monocationic ionic liquid [27,44].

77  2.Experimental

78  2.1. Materials

79 Dicationic geminal imidazolium IL with a polyethyleneglycol (PEGsw) bridging chain and
80  bis(trifluoromethanesulfonyl)imide anion was synthesized and kindly provided by Dr. M. Mahrova.
81 [46,55]. The structures of the dicationic IL (IL2-di) and its monocationic analogue (IL2) used as a
82  benchmark in this study are shown in Figure 1.
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84 Figure 1. Molecular structures of the dicationic IL and analogue monocationic IL.
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85 A drop of 1 ul of IL was supported on a titanium grade 5 flat sheet. The pin was an alumina ball,
86 3 mm in diameter. Before each experiment both the substrate and the pin were ultrasonically
87  degreased in acetone and ethanol bath. To eliminate the adsorbed water and air-borne carbonaceous
88  contamination the pin was etched in a hot Piranha solution (3 parts of concentrated sulphuric acid
89  and 1 part of 30% hydrogen peroxide solution) for several minutes.

90  2.2. Experimental techniques and procedures

91 Tribological characterization and analysis of mechanically stimulated gas emission were carried
92 out using an original ultrahigh vacuum system [49,50]. A friction cell with a reciprocating pin-on-flat
93  configuration was specially designed to obtain nearly zero intrinsic gas emission. For the sake of
94 comparison with the reference IL, friction force was measured under the same conditions as in the
95 work [44]: the normal load was 9.8 N and mean linear velocity was 2.7 mm/s. The composition of the
96  emitted gases was analysed by a quadrupole mass-spectrometer. During MSGE measurements, the
97  force gauges were off to avoid cross talk, while the experimental conditions were changed to
98  optimize the operating conditions for the mass-spectrometer (avoid amplifier overloading, reduce
99  contamination of the electron multiplier by volatile organic compounds and enhance dynamic
100 response): the normal load was 0.9-1.8 N and the mean sliding velocity was 0.18 m/s. A diaphragm
101  of well-defined molecular conductance situating between a vacuum chamber and a pumping line
102 provided for quantification of the rate of gas emission using a dynamic gas expansion method [56].
103 High stability of the residual gas pressure is crucial for accurate measuring of tiny pressure
104 variation associated with MSGE. Therefore, the system was kept under pumping until the variation
105  of the mass-spectrometer signals was below 3%/hour, usually for 48-72 hours. With the residual
106  pressure stabilized, the reference mass-spectrum of residual gases was obtained. For this purpose,
107  five or more mass-spectra were measured. These data was organized in a matrix with N columns
108  representing the spectral components with different mass-to charge ratios, m/z, and n- rows
109  representing the samples of the mass-spectra. The sample mean and the sample standard error were
110 determined column-wise yielding the vectors of size N of a reference mean mass-spectrum, RMS,
111 and a reference standard errors, RSE, correspondingly.
112 Mechanically stimulated gas emission was studied by measuring the mass-spectra in the course
113 of rubbing and for several hundreds of seconds after its end. The return of all mass-spectrometry
114  signals to their initial background level was chosen as a criterion for measurement ending. The
115 matrix of the measured data, MS, had n rows corresponding to MSGE mass-spectra of N channels
116  each. Differential mass-spectra, DMS, characterizing the emitted gases were obtained by subtracting
117  the reference spectrum RMS from each row of the matrix MS:

”deiJ. = mSi']- — rmsj||i=1._n;j=1._Ni (1)

118 A t-test (Ho: dmsi=0 and Hi: dmsi#0) was used to check the statistical significance of the values
119 of DMS [27]. A statistics

rse;

was compared with the critical value of Student’s distribution, tj g,

120 where k=n is the number of degrees of freedom and « is the significance level. The null hypothesis
121 was accepted if

dei’ j <t 2
rse; = tka ( )
122 When a highly dynamic emission process is measured by a mass-spectrometer, the sequential

123 form of channel’s measuring may lead to significant increase of the data variation. This may hamper
124 identification of the volatile components being the ion precursors. To face this problem a
125  behavioural analysis of the mass-spectroscopic signals was developed [44,57] and applied in this
126  work. The method is based on the hypothesis that the signals having the same behaviour of the time
127  series should originate from the same precursors. For this purpose the DMS was resized by
128  removing null columns, i.e. the null components of the differential mass-spectra, and then Pearson
129 correlation coefficient, r, was calculated for each pair of the DMS components. Statistical significance
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130 of the r was analysed using hypothesis tests with Ho: =0 and Hi: r#0. The null hypothesis was
131  rejected if the corresponding p-value was below a.

132  3.Results and discussion

133 The behaviour of friction coefficient of IL2-di is shown in Figure 2 (a). Friction coefficient
134 rapidly stabilized without pronounced run-in. The steady coefficient of friction (COF) was about 0.2
135 - slightly lower, than for homologous monocationic IL2 (see Figure 2 (b)). For comparison, the

136  results of previous study [58] for homologous monocationic IL2 and IL1
137 (1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide) are also shown in Figure 2 (b).
138  For dicationic IL with PEG bridging chain the COF decreased on 30% with respect to monocationic
139 IL with alkyl side chains and 10% with respect to monocationic IL with methoxyPEG side chain.
140  These results are in line with literature [14,36,46].
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142 Figure 2. (a) Time series of friction coefficient for dicationic IL2-di. (b) Mean coefficient of friction
143 (COF) and standard error of mean for IL2-di. The data for two homologous monocationic IL2 and IL1
144 (1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide) from [44] is also shown for the
145 comaprison. (c¢) Optical image of the worn surface after tribological test. (d) Mean cross-section
146 profile of the wear track. The shaded area depicts the confidence interval (a=0.05)
147 The worn surface (Figure 2 (c)) showed longitudinal abrasion marks. The mean cross-section

148  profile is shown in Figure 2 (d) by a solid line, while the shaded area depicts the confidence interval.
149 The surface morphology was irregular across the wear track (large variation of the height along y),
150  but quite regular in the longitudinal direction (x) that follows from relatively small spread of the
151  confidence interval. Blakish pileups on the sides of the wear track should be related with the
152 products of tribochemical reactions rather than with plastic deformation of the substrate. Presence of
153  blakish deposits on the valleys between the longitudianl marks also points on the possible tribofilm.
154 Wear of the tribofilm together with the substrate corrosion/tribocorrosion could be the reason of
155  changing the colour and transparency of the IL2-di which turned black and opaque after the test.
156  Despite absence of evident corrosion signs immediately after the friction test, corrosion pits
157  appeared on the whole sample surfaces, both rubbed and not, when the samples was kept covered
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158 by IL2-di for several days after the test. The possible mechanisms of corrosion will be discussed at
159  the end of this section.

160 The differential mass-spectra of volatile products emitted from IL2-di during rubbing (see
161  Figure 3) presented similitude with the DMS of IL2, which were reported previously [44]. For both
162 IL2 and IL2-di the spectral components can be classified into the four groups shown in Table 1.
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164 Figure 3. Mean differential mass-spectra (DMS) of emitted volatile products of tribochemical
165 reactions with IL2-di as function of normal load: (a), (b) 0.9 N; (c), (d) 1.8 N. All DMS were obtained
166 during rubbing: (a) and (c) correspond to the initial stage of the test; (b) and (d) correspond to the
167 final stage of the test.
168 Table 1. Groups of the components of DMS of IL2-di
Group mj/z Possible precursors
A 19, 31, 32, 51, 69 CFs, CF<Hy, CF«Hy*, CFxHy*, PEG (31, 32)
B 12-16 CHs, CHs*, CHs*
C 24-34, 39-45, 55-58 PEG, alkanes
D 2,17,18 H., HO
169
170 The group of ions A can be ascribed to volatile compounds originating from the trifluoromethyl

171 detachment from the anion, while the ions at m/z 31 and 32 could also have contributions from PEG
172 fragments. The component at m/z 51 was the most intensive in this group. The signal m/z 50 was
173 excluded from the DMS after the significance test since the null hypothesis was not rejected. This
174 finding contrasts the results obtained for monocationic IL2, for which both m/z 50 and 51 were
175  statistically significant [44]. It also suggests that after detachment from the anion, trifluoromethane
176  recombines with H and reaches the mass-spectrometer as fluoroform rather than carbon
177  tetrafluoride or trifluoromethyl radical. This is supported by the observation that the relative
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178  intensities of the signals at m/z 50, 51 and 69 are in reasonable compliance with the corresponding
179  components of the fragmentation patterns CHFs [59] (Figure 4). The large difference between the
180  experimental data and the reference spectra for the signals at m/z 31, 32 can be ascribed to the
181  contributions from CHsO* and CHiO¢, respectively. Notwithstanding this difference, the
182  experimental data is closer to the fragmentation pattern of fluoroform, than CFa. The signal of F* at
183  m/z 19 was weak in all cases, and the differences between the experimental spectrum and the
184  fragmentation patterns were within the measurement uncertainty.
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186 Figure 4. Relative intensities of signals from the group A and fragmentation patterns for electron
187 impact ionization for CFs+ and CHFs adapted from [59]. All the data were normalized by the signal
188 m/z 69.
189 Good correlation was also found between the relative intensities of the signals of group B and

190  the fragmentation pattern for methane (Figure 5). The correct proportion between the ions at m/z 15
191  and 16 indicates that these ions come from methane rather than from higher alkanes, for which the
192 signal at m/z 16 is lacking. Methane can be formed from methyl radicals in a two-step reaction: i)
193 detachment from the butyl side chains of the cations, and ii) recombination with hydrogen atom
194  extracted from the environment, e.g. from acidic C(2) position on the imidazolium ring [60,61]. This
195 process is promoted by poor proton abstracting ability of the NTf2 anion [62]. Previously this model
196  was put forward to explain tribochemical emission of methane from N-alkylimidazolium
197  bis(trifluoromethanesulfonyl)imide ILs and IL2 [27,44,48]. Ethyl group of PEG could be another
198  precursor of methane. The radicals have to undergo complete recombination before they reach the
199  mass-spectrometer as it is evidenced from the ratio between m/z 15 and 16.

100] [ DMS IL2-di

_ = cH,

R 80

Q

o

s

8 60

c

=3

®

o 401

2

©

&) ) -ﬂ |:'

0]
12 14 15 16

200 miz:
201 Figure 5. Relative intensities of signals from the group B and fragmentation patterns for electron

202 impact ionization for CHs adapted from[59]. All the data were normalized by the signal m/z 16.
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The excess of ions at m/z 12 and 14 can be related with the presence of butyl (C4) and propyl
(C3) radicals among the emitted gas species. These radicals can be originated from homolytic
cleavage of C-C or C-N bonds at butyl side chain attached to the cation. Previously it was suggested
that part of C3 and C4 can reach a mass-spectrometer in a radical form due to their lower reactivity
in comparison with methyl [44]. The stabilization increases with the increasing number of alkyl
substituents on a radical centre because of hyperconjucation [63]. Due to the specifics of detachment
from butyl side chains, C3 and C4 radicals should have one methyl and two or three methylene
groups. Thus, the mass-spectrum of C3 and C4 radicals should have an excess of the ions at m/z
12-14 at the cost of the ions at m/z 15.

Correct attribution of the components of the group C to the ion fragments is not an easy task
due to the large number of possible precursors, which can be emitted from the IL in molecular,
radical or ionic forms. In the case of IL2 [44], the peaks m/z 24-48 were ascribed to a mixture of C2-C3
alkanes, their radicals and the products of non-oxidative decomposition of PEG including methyl
and ethyl alcohols, noncyclic ethers, formaldehyde, acetic aldehyde, ethylene oxide, carbon mono-
and dioxide among others [64]. The relative intensities of the components with m/z 24-34 determined
in this study matched well the DMS of IL2 [44], but the DMS of IL2-di and IL2 differed in the range
m/z 37-48. For IL2 the highest peak was at m/z 43, whereas for IL2-di it was at m/z 44. In comparison
with IL2 the relative intensity of m/z 44 rose almost five-fold. This component can be ascribed to the
ions CsHs*, C2H4O* and CO»*. The ion CsHs* is the principal ionized fragment of butane under
electron ionization [59] and can originate from butyl side chain of the cation. For each cation IL2-di
has twice butyl groups as IL2. In literature there is no information on the fragmentation patterns of
alkyl and ethoxy radicals. However, it is reasonable to suggest that if butyl arrives at a
mass-spectrometer as radical, the main ionized fragment could be the same as for butane, i.e. CsHs*.
This is because dissociation enthalpies of bonds adjacent to a radical centre decreases on 50-70
kcal/mole [63] and the dissociation under electron impact should be localized at the C-C- bond. A
PEG monomer -(CH2)(CH2)O- can be detached from the polymer chain via tribochemical bond
scission. This processes relies on the bond stretching that reduces the thermal energy required for
cleavage of a bond [65,66]. In PEG, bond cleavage occurs mainly at C-O since the principal
mass-spectral peaks of volatile products formed nonoxidative pyrolysis are CH«O* and C2H4O* with
m/z 32 and 44, respectively [67]. If the detached monomer is further non-dissociatively ionized the
ion C2HsO* with m/z 44 can be formed. This differs from electron ionization of PEG, which yields
C2Hs0+ with m/z 45 as the principal component. Finally, significant contribution from carbon dioxide
is not expected since oxidative processes are hindered in vacuum.

The differences between IL2 and IL2-di imply that tribochemical stability of PEG chain
decreased in dicationic configuration. This finding is in line with the results on thermal stability of
dicationic ILs. Mahrova et al. [46] reported that thermal stability of dicationic N-alkylpyridinium ILs
with PEG bridging chains decreased in comparison with an equivalent monocationic
N-alkylpyridinium IL. Patil and coworkers [31] studied imidazolium, pyrrolidinium and
phosphonium dicationic ILs with various lengths of alkane linkage chain and found that maximum
thermal stability corresponded to C9 and decreased with further increasing of the linkage chain
length. Emission of imidazolium head groups or its components could not be detected in this work
in the range of m/z 1-120 that accords with the previous studies on tribochemical degradation [44,53],
but contrasts with thermal [62] and X-ray radiation induced chemical degradation of
N-alkylimidazolium cations [68]. Slightly lower chemical stability of IL2-di can favour passivation of
metal surfaces and improve wear resistance.

For both IL2-di and IL2 the patterns of the NTf. anion tribochemical decomposition were alike.
It can be related with the fact that the structure of the anion seems to be insensitive to the length of
the linkage chain as well as to the number of the imidazolium head groups in the cation [30]. The
results of the present study support the conclusions drawn in the previous work [44] that
detachment of trifluoromethyl was the principal mechanism of the NTf. anion degradation on Ti
substrates and contrast the findings of the work [27], in which NTf. tribochemical degradation on
zirconia substrate was accompanied by emission of sulphates and/or sulphite. The difference in the

d0i:10.20944/preprints201707.0054.v1
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degradation steps of the anion on different substrates could be linked to the bond strength between
the anion and the substrate. The anion can be immobilized on hydroxyl-terminated oxide surface by
strong covalent bonding [27,33,69,70], while on partly oxidized metal surface only physical/chemical
adsorption and hydrogen bonding occur. A covalently bonded anion can be subjected to larger
strain under interfacial shearing and underwent more significant degradation, than an adsorbed
anion. It is worth mentioning the similarity of the volatile products for the tribochemical
degradation of the anion observed in the present work and X-ray radiation induced chemical
degradation reported by Keppler et al. [68]. Both of these processes significantly differ from thermal
degradation, which initiates from SOz release [62].

Deeper insight into the origin of various ions in the DMS as well as the tribochemical processes
lying behind can be gained using behavioural analysis of the time series of the DMS signals [44].
Figure 6 shows several typical behaviours measured at two normal loads. In contrast with the IL2,
the signals did not show well-defined behavioural patterns, rather complex behaviours, which can
be characterized by superposition of various elemental patterns. At the lower load, two behavioural
patterns were identified (Figure 6 (b) and (c)). The first one showed an intensive burst just at the
beginning of the experiment followed by a transitional decay, which ceased even before the end of
rubbing. The mass-spectral components with m/z 15, 51 and 69 (CHs*, CHFz*, CFs*) among others
behaved following this pattern. The second pattern was characterized by a step-wise increase at the
beginning of rubbing and almost linear decreasing trend during rubbing. After the rubbing end the
signal returned to the zero almost instantaneously. The mass-spectral peaks of group C mainly
behaved following the second pattern. At the higher loads both patterns drastically changed. In the
first pattern (Figure 6 (c)) after the initial burst the signals stabilized. After the rubbing end the
signals transitionally returned to zero with a characteristic time constants in the range 150-250 s. In
the second pattern (Figure 6 d) the decreasing trend switched to the growing one. After the rubbing
end the signals slowly returned to zero with larger time constants, than in the first pattern.

In addition, a third pattern was identified for the mass-spectral peaks, which did not appeared
at the lower load and corresponded to hydrogen and water (Figure 6 (a)). This pattern was
characterized by a very slow dynamics and certain delays at the beginning of rubbing and at its end.
This indicates that water and hydrogen emission was not directly related with tribochemical
activation, rather with some secondary reactions. Our previous experiments have shown that the
substrate and the pin could not be the sources of hydrogen or water. Neither had it to be the IL2-di
since it was kept under vacuum for at least 48 hours before the experiment and water emission was
not observed under the lower load.

Emission of H2 and H20 could be conceivably ascribed to the reactions of HF with Ti and TiO:
[71]:

2Ti + 6HF = 2TiF; + 3H,, ©)

TiO, + 2HF = TiOF, + H,0, (4)

whereas HF can be formed as a product of the reaction of the anion with the hydroxyl-terminated
surface of the alumina pin [70]. In fact, micro-Raman confocal and XPS analyses revealed the
presence of TiFs and TiOF: on worn titanium surfaces lubricated with IL2 and other ILs with
fluorinated anions [9,26,44].

Figure 7 shows the upper half of the correlation matrix of the DMS. The values of the Pearson
correlation coefficients are codified by four grey levels. White cells correspond to those pairs of
signals, for which the null hypothesis of the statistical significance of the correlation coefficient was
not rejected. Strong correlation can be observed for m/z 2, 17 and 18 that supports the hypothesis of
the common precursors and mechanisms of Hz and H20 emission. Also there is strong correlation
within the following groups: (25, 26, 27), (27, 28, 29) and (30, 31). Moderate correlation can be
observed between the peaks of the three groups: 14-16, 24-31 and 39-44, as well as between these
peaks and m/z 51, 54 and 69. These findings suggest that the processes of anion and cation
decomposition are much stronger correlated than for the monocationic IL2, for which the cationic
and anionic decomposition products showed different emission behaviours.

d0i:10.20944/preprints201707.0054.v1
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306 Figure 6. Some typical behaviour patterns of differential mass-spectrometric time series. (b) and (d)
307 correspond to the load 0.9 N, whereas (a), (¢) and (e) correspond to 1.8 N. The numbers at plot
308 indicate the mass-to-charge ratio, m/z.
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310 Figure 7. The upper half of the Pearson’s correlation matrix for the DMS signals. The mass numbers
311 of signals are shown at the rows and columns. The colour scale indicates the values of Pearson’s
312 coefficient of correlation.

313 The observed changes in triboemission behaviour with the normal load could be interpreted in
314  terms of formation and wearing off the protective tribofilm. Under given mild experimental
315  conditions frictional heating should be discarded as a driving force of tribochemical reactions
316 [72-74]. It should be noted that under low sliding velocity, like in this study, the molecules in the
317  liquid phase could not be strained sufficiently to trigger tribochemical reactions. Only the molecules
318  bonded to the surface could be subjected to sufficient strain. So, the volatiles detected in this study
319  had to originate from the tribofilm. Although a tribofilm was not analysed in this study, there is
320  plenty of experimental evidences that dicationic ILs with longer bridging chain tended to adsorb on
321  the surface creating large aggregate structures and exhibiting better packing than monocationic ILs
322 [29,75]. Better lubricity of the IL2-di in comparison with the IL2 can be associated to these compact
323 aggregate structures and higher surface activity of dicationic ILs with larger spacer lengths [75].
324  Under the lower normal load compact aggregate structures could probably accommodate the
325  interfacial shear and protect the substrate from damage. Weak bonding between the ions in the
326  aggregate layer prevented the anions from stretching and intensive tribochemical decomposition.
327  Thus, after short run in the emission of the decomposition products corresponding to the anion
328  completely ceased. On the other hand, the emission of fragments of the side and bridging chains of
329  the cationic moiety could be related with distinguishing features of the molecular structure of the
330  dicationic ILs. For longer bridging chains, e.g. larger than 6 methylene groups, two imidazolium
331  rings tended to position themselves above and below each over forming m—7t stacking interactions,
332 and the bridge chain extended perpendicularly to the imidazolium ring [38]. In this work we carried
333 out simple molecular mechanics modelling using Chem3D Pro in order to determine optimal
334  3-dimensional arrangement of atoms in the cation representing a local energy minimum. The results
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335  are shown in Figure 8. Although only a single cation was modelled and the electrons were not
336  explicitly considered in the modelling, in the majority of stable molecular conformation found by the
337  modelling the cation tended to fold over the PEG bridging chain with two imidazolium heads
338  approaching each other.

339 (@) (b)

340 Figure 8. Optimized 3-dimensional stable molecular conformation of the cation of dicationic IL
341 representing a local energy minimum. a) 2-dimensional structure; b) 3-dimensional structure. Im1

342 and Im2 are the imidazolium head groups; Bul and Bu2 are the butyl side chains. The atoms are

343 represented by the following colours: H - white, C - grey, N - blue and O - red.

344 Some chain-chain interaction was reported for alkyl chains with 12 or more methylene groups

345 [30]. The conformation of the cation having the imidazolium heads bonded to each over and to a
346  substrate and the side and the bridging chains protruding outside can probably be a reason for
347  continuous emission of cationic fragments even under low load. With the increasing normal load
348  both the cation and anion degradation intensified. On the other hand, removal of the aggregate
349  adsorbed layer under the higher load could allow HF to attack the surface. Slow dynamics of water
350  and hydrogen emission could be related with slow diffusion through the IL followed by desorption
351  fromi its surface.

352 4. Conclusions

353 Mechanically stimulated gas emission spectrometry was applied for studying dynamic
354  triboemission processes in germinal dicationic IL with N-alkylimidazolioum cation head groups,
355  PEG bridging chain and bis(trifluoromethanesulfonyl)imide anion. Homologous monocationic IL
356  was taken as a benchmark. It was found that dicationic IL had better lubricity. Friction coefficient
357  was stable without noticeable run in. The general structures of the mass-spectra of volatile
358  components emitted from the dicationic and monocationic ILs were alike. However, the dicationic IL
359  had much stronger peak at m/z 44, which was ascribed to a monomer of PEG and butyl. This implies
360  less tribochemical stability of PEG as a bridging chain, than a free side chain. Tribochemical
361  decomposition of the anion seemed insensitive to the number of the cationic head groups. The
362  behaviour of mass-spectral time series significantly varied with the applied normal load. At the
363  lower load the signals tended to decrease during rubbing, while at the higher load they increased. In
364  contrast with the homologous monocationic IL the time series of the ions originated from cation
365  precursors and anion precursors showed good correlation. The complex behaviour of the
366  mechanically stimulated gas emission was interpreted in terms of dynamic formation and
367  destruction of a protective tribofilm. Mechanically stimulated gas emission mass-spectrometry has
368  been proven as a powerful tool for dynamic analysis of complex tribochemical processes.
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