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Abstract 

The ionic liquids (ILs) 1-Ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide 

[EMMIM][TFSI], 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate [EMIM][OTf] and 

1-Ethyl-3-methylimidazolium dicyanamide [EMIM][DCA] were evaporated by effusion and a 

time-of-flight (TOF) instrument was employed as the mass analyzer while vacuum ultraviolet 

(VUV) light in the energy range 9 - 20 eV was used to excite the IL molecules. Fragmentation 

patterns with respect to excitation energy are discussed and decomposition products are 

analyzed. Hydrogenated and dehydrogenated fragments are discussed. Our experiment seems 

to show that the ionic liquids with larger anions have less cation fragmentation. 

[EMMIM][TFSI] was studied for the first time and it produces different fragments than 1-

Ethyl-3-methylimidazolium based ionic liquids. Surprisingly 1-Ethyl-3-methylimidazolium or 

1-Ethyl-2-methylimidazolium cations were not detected in the [EMMIM][TFSI] 

fragmentation pattern. 
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1. Introduction 

Ionic liquids (ILs) are generally defined as molten organic salts with a melting point below 

100 °C. These compounds have attracted significant interest in the last few decades because of 

their uncommon physicochemical properties such as low melting temperatures, excellent 

solvation ability, relatively high thermal stability, low vapor pressure, non-flammability, and 

high electrochemical stability [1]. 

 

ILs have several applications in diverse fields, such as electrochemistry, nanotribology, 

synthesis, catalysis, green chemistry, nanotechnology, solar cells, fuel cells, batteries and ionic 

propulsion. With the availability of many suitable anions and cations, it is possible to synthesize 

a vast number of different ILs with designed properties. A promising application of ionic liquids 

is in lubricants. As ILs are highly polar, they can form a very strong effective adsorption film 

on specific metal surfaces, which contributes to their prominent anti-wear capability [2]. 

Because of their low volatility ILs are applicable under vacuum and are especially useful in 

spacecraft applications [3]. However, in outer space conditions the influence of ionizing 

radiation on the properties of IL becomes important.  

 

Ionic liquids are composed of an organic cation [C]+ and organic or inorganic anion [A]-. In the 

present work, we use the notation [C][A] for ion pairs. Such ion pairs are also called IL 
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molecules by several authors. Although ILs have very low vapor pressures at room temperature, 

vaporization  does occur at elevated temperatures and gas-phase experiments are possible [4]. 

There are some experimental studies of gaseous ILs made by mass spectrometry (e.g., [5-7] and 

references therein), but detailed studies of fragmentation under ionizing radiation are rather few. 

Both experimental [8-12] and theoretical [13-16] studies have shown that thermal vaporization 

of ILs produce mainly ion pairs in high vacuum. Ion pairs have also been directly observed by 

field ionization [12] and indirectly by soft-ionization mass spectrometry [9, 17], line-of-sight 

mass spectrometry [10, 18]and UV spectroscopy [19].  

 

 

In this work, we study the photo-induced fragmentation processes by detecting fragment ions 

and their varying intensities as a function of VUV light wavelength of three different ILs: 1-

Ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide [EMMIM][TFSI], 1-Ethyl-

3-methylimidazolium trifluoromethanesulfonate [EMIM][OTf] and 1-Ethyl-3-

methylimidazolium dicyanamide [EMIM][DCA]. The chemical structures of these ILs are 

shown on Figure 1. 

 

 
Figure 1. The chemical structures of a) [EMMIM][TFSI], b) [EMIM][OTf] and c) 

[EMIM][DCA]. 

 

[EMMIM][TFSI] has promising applications in fuel cells [20] and rechargeable lithium 

batteries [21]. [EMIM][OTf] has been studied as a electrolyte in electrochemical double-layer 

capacitors [22] and batteries [23]. [EMIM][DCA] can be used as a lubricant in vacuum [2], in 

fuel desulfurization [24], propulsion [25] and electrochemical deposition [26]. 

 

For practical applications, the stability of the ILs is important. They can have different chemical 

and structural weaknesses. For example, it has been suggested that the primary degradation 

pathway for the [EMIM]+ cation in dry conditions is nucleophilic attack on the C2 position [27]. 

To prevent this, methylation of the [EMIM]+ C2 position can be used to substitute the acidic 

hydrogen, which will prevent the formation of the N-heterocyclic carbene. This methylation of 

the [EMIM]+ cation to form the [EMMIM]+ cation increases the chemical stability of the IL, 

but also prevents hydrogen bonding interactions between the cation and anion. [28, 29]  

 

Adding or removing functional groups can have a large impact on the physiochemical 

properties and chemical stability of the molecule. Noack et. al [28] have shown that the 

previously mentioned methylation decreases the electron density at the C2 position (the carbon 

atom between the two nitrogen atoms) and increases the density at the C4 and C5 positions. 

This electron density redistribution increases the regularity of the system, decreases the entropy 

and reduces the number of configurational conformers. The anion prefers to be above or below 
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the imidazole ring and less in the co-planar configuration with the anion near the C2 position. 

In the macroscopic scale, this methylation results in an increased viscosity and a higher melting 

point.  

 

The aim of this study is to identify the fragmentation pathways of [EMIM]+ and [EMMIM]+ 

cations and to compare the effect of different anions on the photofragmentation channels. To 

the best of our knowledge, there are no previous TOF-MS (time-of-flight mass spectrometry) 

studies of [EMMIM][TFSI] and [EMIM][OTf], but the TOF-MS spectra of [EMIM][DCA] 

have been previously reported by Chambreau et al in [30], where photons in the energy range 

7.4 to 10.0 eV were used as the excitation source. The electronic structure and fragmentation 

of the similar IL, [EMIM][TFSI], has been studied extensively [8, 31-34].  

Using comparable methods we have previously investigated the fragmentation of different 

molecules [35, 36] and ILs such as [EMIM][BF4] [37]. In our recently published article, the 

vapor phase structures of several ILs, including [EMMIM][TFSI], [EMIM][OTf] and 

[EMIM][DCA] have been predicted using hybrid-DFT (see figure 2) and good agreement was 

found between the experimental UPS (Ultraviolet Photoemission Spectroscopy) and the 

calculated electronic structures [38, 39]. 

` 

 

 
Figure 2. Predicted ion pair structures using hybrid-DFT of a) [EMMIM][TFSI], b) 

[EMIM][OTf] and c) [EMIM][DCA]. Carbon, nitrogen, hydrogen, sulfur and oxygen atoms 

are represented by black, blue, white, yellow and red colors. Reproduced with permission 

from Kuusik et al ACS Omega, 2021. 6(8): p. 5255. [38] 

 

 

2. Experimental 

 

 [EMMIM][TFSI] (purity 99.90%), [EMIM][OTf] (purity 99%) and [EMIM][DCA] (purity 

98%) were purchased from IoLiTec Ionic Liquids Technologies GmbH, Germany. The 

chemical structures of the ILs under study are shown in Figure 1. 

 

ILs are generally hygroscopic. Therefore, the sealed IL bottles were opened immediately before 

introducing the IL into the effusion cell, and the cell was mounted in the vacuum system, which 

was pumped down as quickly as possible. About 1.5 ml of IL sample was injected into 10 ml 

quartz crucibles in a fume hood. The ILs were exposed to ambient air for 5-10 minutes during 

the sample transportation. Gas-phase IL ion pairs were generated using thermal vaporization 
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with an effusion cell (model NETZ-40 from MBE Components). A liquid nitrogen cold trap 

was used during the measurements to lower the base pressure in the experimental chamber.  

 

The ILs were vacuum dried inside the analysis chamber at 110 °C overnight to reduce the water 

content. The temperature for the experiment of each IL was chosen for optimal detector signal 

intensity and optimal analyzer chamber pressure in the 10-7 mbar range. During the experiment 

the following parameters were used:  

 

[EMMIM][TFSI] was dried in vacuum for 11 hours at 180 °C prior to measurements. The 

pressure in the experimental chamber was around 4*10-7 mbar during the measurements. 

Maximum temperature of the effusion cell was 220 °C during the TOF-MS measurements.  The 

color of the IL had changed from clear transparent to dark brown (with sediment) during the 

experiment (duration 9 h). This indicates that some thermal degradation processes occurred 

during the above-mentioned conditions.  

 

 [EMIM][OTf] was dried in vacuum for 12 hours at 110 °C prior to measurements. The pressure 

in the experimental chamber was around 8*10-7 mbar during the measurements. Maximum 

temperature of the effusion cell was 245 °C during the TOF-MS measurements. The color of 

the IL had changed from clear transparent to clear orange color during the experiment (duration 

10 h).  

 

[EMIM][DCA] was dried in vacuum for 12 hours at 110 °C prior to measurements. The pressure 

in the experimental chamber was around 2*10-7 mbar during the measurements. Maximum 

temperature of the effusion cell was 140 °C during the TOF-MS measurements. The color of 

the IL had changed from clear transparent to opaque black and a dark red film had formed on 

the crucible’s walls during the experiment (duration 11 h). 

 

Thermogravimetric analysis has shown that the thermal decomposition onset for the ILs are, 

266.0–284.0 °C for [EMIM][OTf] [40] and 284 °C for [EMIM][DCA] in nitrogen environment 

[41]. The thermal stability of the above mentioned ILs has been investigated [42-45]. No 

thermogravimetric analysis for [EMMIM][TFSI] has been published, but [PMMIM][TFSI] 

with onset temperature of 462 °C [42] should be a close approximation. [PMMIM]+ (1,2-

Dimethyl-3-propylimidazolium) has one more carbon atom in the alkyl chain compared to 

[EMMIM]+ which should not affect the thermal properties of the IL considerably [46].  

 

The maximum operation temperature for 24 hours was experimentally determined by 

isothermal thermogravimetric analysis to be between 120 and 160 °C for [EMIM][DCA] [41]. 

We monitored changes in the TOF-MS spectra over time to understand the effects of thermal 

decomposition on the measurements. For [EMMIM][TFSI] and [EMIM][OTf] no major 

changes in the spectra were observed. However, for [EMIM][DCA] changes in the relative 

intensities of the peaks over time were detected, possibly due to thermal decomposition of the 

IL. 

 

The TOF-MS measurements were carried out at the FinEstBeAMS beamline of the MAX-IV 

1.5 GeV storage ring [47]. The beamline is equipped with a collimating grazing incidence plane 

grating monochromator and toroidal focusing mirrors. A 92 l/mm grating was used which 

covers the energy range from 4.5 eV to 50 eV. In the experiments, the following filters were 

used in the given photon energy ranges to suppress any higher order radiation coming from the 

monochromator: MgF2 in 5.5-10.7 eV, In in 11.2-16.5 eV, and Sn in 18-24 eV. 
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The ion TOF spectra were recorded using a Wiley-McLaren TOF mass spectrometer equipped 

with a RoentDek GmbH 75mm active area MCP (microchannel plate) and Hexanode delay line 

detector. The flight times of the positive ions were used to determine their masses. Data 

acquisition is based on high-bandwidth waveform signal capture from the ion detector directly 

to the acquisition computer. In the present experiments, the time resolution was 1 ps. Our TOF-

MS set-up can only detect positive ions and will not detect any neutral fragments or negatively 

charged ions. 

 

The main benefits of using synchrotron VUV light as an excitation source for TOF-MS are high 

intensity and tunability of the excitation photon energy. The high sensitivity of VUV TOF-MS 

enables the detection of thermal decomposition products well below the thermal decomposition 

onset temperature determined via differential scanning calorimetry (DSC) and TGA [48].  

 

3. Results and Discussion 

3.1. Photoionization 

Isolated ion pairs can be prepared in the gas phase by thermal vaporization [49]. Previous 

studies [8, 10-13, 15, 50] have shown that IL vapors are composed of neutral ion pairs under 

moderately high temperature and low pressure.  

 

We claim that the IL vapors in this experiment contain neutral ion pairs, [C][A]. Here the 

notation [C][A] denotes a bound ion pair of a positively charged cation, [C]+, and a negatively 

charged anion, [A]-. Indirect evidence for the vaporization of isolated neutral ion pairs is 

provided by the UPS experiments [38] performed in the same conditions. In addition, we 

observed no detectable signal with the TOF analyzer without VUV light. 

 

When the sample is irradiated by VUV photons, there are two main mechanisms that can 

produce intact cations [C]+. The first process is the photoexcitation of the IL followed by the 

possible dissociation to an intact cation and anion: 

 

[C][A] + hν → [C][A]* → [C]+ +[A]- (1) 

 

 

The second mechanism is the photoionization of the ion pair, which generates intact cations by 

dissociation: 

 

[C][A] + hν → [C]+ +[A]
●
 + e-   (2) 

 

 

Since both of these mechanisms also generate various other ions resulting from fragmentation, 

TOF-MS is an excellent experimental method to study these processes. 

 

 

3.1 [EMMIM][TFSI] 
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Figure 3. TOF-MS spectra of [EMMIM][TFSI]. The spectra have been normalized to m/z 125 

peak height and offset vertically. Excitation photon energies and key fragments are given in the 

figure.   

 

TOF-MS spectra of [EMMIM][TFSI] (see figure 3) were acquired with 10.5, 12, 13, 14, 15, 

16 eV photon energies at the temperature of 200 °C. Due to the relatively low photon energies 

and intensities used for the photoexcitation, only singly charged ions are present in the 

spectra.  

 

The intact [EMMIM]+ cation peak was identified at m/z 125 and the cation fragments were 

observed at m/z 42, 54, 68, 81, 82, 96, 97. The peak at m/z 81 is assigned to [2MIM-H]+ 

(dehydrogenated 2-Methylimidazolium, C4H5N2
+). The peak at m/z 82 is assigned to 

[2MIM]+• (2-Methylimidazolium, C4H6N2
+•). The peak at m/z 96 is assigned to [MMIM-H]+• 

(dehydrogenated 2,3-Dimethylimidazolium, C5H8N2
+•). The peak at m/z 97 is assigned to 

[MMIM]+ (2,3-Dimethylimidazolium, C5H9N2
+). The peak at m/z 68 is assigned to [IM-H]+• 

(dehydrogenated imidazolium, C3H4N2
+•). During the fragmentation of EMMIM and EMIM 

based ILs the aromatic imidazolium ring can remain intact or it may break. For example, the 

imidazolium ring is intact in the latter fragments, but the fragments at m/z 42 (C2H4N
+) [51] 

and 54 (C3H4N
+) result from the breaking of the imidazolium ring [52].  The observed 

fragmentation pathways are graphically represented on figure S1.  

 

One would expect to observe a fragment at m/z 111, because the typical fragmentation pattern 

for a similar IL, [EMIM][TFSI], involves the loss of the methyl group from the nitrogen 

position [53]. However, no [EMIM]+ peak at m/z 111 was detected. We propose that 

fragmentation pathways that involve the loss of the ethyl group are so much more probable 

that the m/z 111 fragment was undetectable in this experiment.  

 

We suggest that the peak at m/z 82 should be assigned to 2-Methylimidazolium and not 3-

Methylimidazolium, because TOF-SIMS experiments have demonstrated that imidazolium 

based ILs have the highest probability to fragment from the longest alkyl chain in N positions 

and C-C bonds have an order of magnitude lower probability to break [52]. Our suggestion is 

supported by the values of average bond energies: 3.6 eV (347 kJ/mol) for the C-C bond and 

3.2 eV (305 kJ/mol) for the N-C bond [54]. 
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Figure 4. The relative intensity (peak intensity relative to the sum of IL related fragments) of 

the main fragments of [EMMIM][TFSI] as a function of excitation energy. Dotted lines 

represent odd-electron fragments and solid lines even-electron fragments. The m/z 125 curve 

has been multiplied by 0.1 for better visual comparison. 

 

Several noteworthy behaviors can be deduced from the data in Figure 4. It is evident, that the 

intensities of the [2MIM]+• peak at m/z 82 and the dehydrogenated [MMIM-H]+• peak at m/z 

96 have very similar excitation energy dependencies. Both of these fragments are odd-electron 

cations. Therefore, they are fragmentation pathways from the same initial state. This means that 

after ionization or excitation the ion-pair can fragment by losing either the ethyl group or both 

the ethyl group and methyl group from the nitrogen positions. These are competing decay 

channels with approximately equal probability. The main [EMMIM]+ cation peak at m/z 125 

and the [MMIM]+ peak at m/z 97 behave somewhat similarly, but differ around 15 eV. 

Therefore, it is difficult to make clear conclusions about those fragments. The dehydrogenated 

[MIM-H]+• peak at m/z 81 behaves differently from all the other fragmentation channels. No 

hydrogenated fragments were detected for [EMMIM][TFSI].  

 

The origin of dehydrogenated [2MIM-H]+• fragments is not clear. The first possibility is that 

dehydrogenation occurs during the heating and evaporation process in the crucible similarly as 

with [EMIM][BF4] [41]. The second possibility is that dehydrogenated species are the result of 

different fragmentation pathways. The detailed mechanism is not fully understood [41]. 

 

 

 

3.2 [EMIM][OTf]  
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Figure 5. TOF-MS spectra of [EMIM][OTf]. The spectra have been normalized to the m/z 111 

peak height and offset vertically, except the 9 eV curve which has not been normalized.  

Excitation photon energies and key fragments are given in the figure. 

 

A weak signal of [EMIM-H]+• at 110 = m/z was detected already at 110 °C during heating, 

which originates from the modification of the IL by the residuals inside the IL [30]. The TOF-

MS were measured using 9, 10.5, 12, 14, 15 and 16 eV photon energies at the temperature 243 

°C, where the residual products were not observed and the main signal originates from the 

vaporized [EMIM][OTf] ion pairs (Figure 5).  

 

The peaks at m/z 68, 81, 82, 83, 96 and 111 correspond to [IM-H]+• (dehydrogenated 

imidazolium), [MIM-H]+, [MIM]+•, [MIM+H]+, [EIM]+• (1-Ethylimidazolium) and [EMIM]+, 

respectively (see Supplementary Figure S1). Besides the separation of the anion and cation from 

the ion pair, three fragmentation channels can be identified. The first one involves the loss of 

the methyl (-CH3) group and produces [EIM]+• fragments. The second one involves the loss of 

the ethyl (-C2H5) group and produces [MIM-H]+, [MIM]+• or [MIM+H]+ fragments. At 

excitation energies 15 and 16 eV the corresponding triple peak feature at m/z 81-83 can be 

clearly observed (Figure 5). The third fragmentation channel involves the loss of both alkyl 

groups and produces [IM-H]+•.  

 

 
Figure 6. The relative intensity (peak intensity relative to the sum on IL related fragments) of 

the main fragments of [EMIM][OTf] as a function of excitation energy. Dotted lines represent 

odd electron fragments and solid lines even electron fragments. The m/z 83 curve has been 

multiplied by 4 for better visual comparison. 

 

The energy dependence of the main fragments of [EMIM][OTf] (Figure 6) will be discussed 

next. Firstly, the way how the main intact cation peak intensity varies over energy is interesting. 

At low energies, its intensity is high, then it drops significantly at around 9 eV and then rises 

again. We interpret this analogously to our previous study of [EMIM][BF4] in [37]. When the 

photon energy is below the ionization threshold, but over the first photoexcitation resonance, 

the ion-pairs are photoexcited and they can fragment to their cation and anion constituents 

(according to eq. 1). When the photon energy is raised over the photoexcitation threshold energy 

but it is still below the ionization energy, the signal decreases as the photoabsorption cross 

section decreases. Starting from the photoionization threshold the cation peak signal starts to 

increase again. This analysis is based on the assumption that there are many excited states below 

the ionization threshold, similarly to [EMIM][BF4][37]. These states are dissociative and result 

in various fragments. An extensive study of excited states of several ILs using EELS, UPS and 

DFT [55] further supports this analysis. Unfortunately, the lack of sufficient data points 

prevents us from determining the ionization energy exactly but it is approximately 10 eV. 
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Secondly, the two dominant cation fragmentation peaks at m/z 96 and m/z 82 seem to behave 

similarly. Therefore, we assume that the fragmentation to [MIM]+• and [EIM]+• are probabilistic 

outcomes from the same initial state. 

 

Thirdly, the [MIM]+• at m/z 82 and the hydrogenated [MIM+H]+ peak at m/z 83 behave almost 

identically at low energies. From about 14 eV onwards the [MIM+H]+ diverges to higher 

intensity compared to its m/z 82 counterpart. Therefore, the fragmentation to [MIM]+• or to 

[MIM+H]+ seem to be competing decay channels and when there is more energy deposited, the 

system seems to prefer the [MIM+H]+ fragmentation channel. 

We draw the following conclusion from these behaviors: there is no reason to assume the 

presence of a hydrogenated [EMIM][OTf] in the liquid phase, as the [MIM]+• and [MIM+H]+ 

peaks are naturally explained.  

 

However, the presence of dehydrogenated [EMIM][OTf] cannot be ruled out. A weak signal of 

the [EMIM-H]+• at 110 = m/z was detected already at 110 °C during heating. This peak can 

originate from the modification of the ionic liquid by the residuals inside the IL [30].The 

dehydrogenated [MIM-H]+ peak at m/z 81 behaves differently from other peaks (Figure 6). Its 

intensity seems to be anti-correlated to the intensity of the [EMIM]+ peak at m/z 111 and 

therefore it could result from thermal decomposition products. Furthermore, unlike in the case 

of [EMIM][BF4] [37], the dehydrogenated [EIM-H]+• at m/z 95 is not observed in 

[EMIM][OTf]. 

 

  

3.3 [EMIM][DCA] 

 

 
 

Figure 7. TOF-MS spectra of [EMIM][DCA]. The spectra have been normalized to m/z 96 peak 

height and offset vertically. Excitation photon energies and key fragments are given in the 

figure.  

 

The TOF-MS spectra of [EMIM][DCA] were acquired with 9, 9.2, 9.5, 10.5, 12, 14 and 16 eV 

excitation energies (Figure 7). The same m/z 82, 96, 110, 122, 150 peaks as in the Chambreau 

et al. experiment [30] were observed in our [EMIM][DCA] TOF-MS spectra. Peaks at m/z 68, 

81, 82, 96, 97, 110, 111, 121, 122 and 150 correspond to [IM-H]+•, [MIM-H]+, [MIM]+•, [EIM]+•, 

[EIM+H]+, [EMIM-H]+•, [EMIM]+, MIM-NCN-H+ (dehydrogenated 2-cyanoimino-3-

methylimidazole), MIM-NCN+• (2-cyanoimino-3-methylimidazole) and EMIM-NCN+ (2-

cyanoimino-1-Ethyl-3-methylimidazole, NCN-ylidene).  
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The [EIM]+• fragment at m/z 96 and the hydrogenated [EIM+H]+ fragment at m/z 97 have very 

similar energy dependencies (see supplementary figure S3).  We draw a similar conclusion as 

in the [EMIM][OTF] case from this data: the fragmentation to [EIM]+ or to [EIM+H]+ seem to 

be competing decay channels from the same initial state. Again, there is no need to suppose the 

presence of hydrogenated [EMIM][DCA] but rather the the [EIM+H]+ peak results from the 

cleavage of the methyl group when it leaves a hydrogen behind (i.e a net loss of CH2).   

 

It is likely that the peak at m/z 150 is a liquid phase reaction product [30, 56], EMIM-NCN+• 

 (NCN-ylidene), involving the carbene intermediate. It is well-known that carbenes are highly 

reactive [57, 58]. The mechanism proposed by Chambreau et al. involves the proton transfer 

from [EMIM]+ to the [DCA]- anion to form HDCA. This is followed by the rapid nucleophilic 

attack by EMIM: to the carbon in HDCA. The inner nitrogen of HDCA can migrate to C2 on 

the imidazole ring, followed by the elimination of HCN, resulting in the formation of EMIM-

NCN+• [30]. EMIM-NCN+• is a proposed thermal decomposition product of [EMIM][DCA] 

because there is strong evidence that the [DCA]- anion can cause SN2 dealkylation of 

imidazolium [30, 59, 60]. In addition, dynamics simulations and statistical modeling of thermal 

decomposition of [EMIM][DCA] provide a theoretical explanation for the formation of EMIM: 

(dehydrogenated EMIM carbene) via transfer of the C2 proton of [EMIM]+ to [DCA]− [56].  

 

Therefore, we also suggest that the reaction product EMIM-NCN is formed in liquid phase and 

is not a result of gas phase interactions. The experimental chamber pressure was increasing over 

time even when the effusion cell temperature was kept constant for 4 hours during the 

experiment. In our experience if the only process involved is thermal evaporation then the 

experimental chamber pressure should decrease over time as the water evaporates from the IL 

and there is outgassing from the vacuum chamber’s inner surface. The constant increase in the 

pressure over time can be caused by thermal decomposition of the IL or chemical reactions 

inside the IL. As the experiment was carried out at 140 °C, well below the 284 °C thermal 

decomposition temperature of [EMIM][DCA] [41], a plausible explanation is that the decrease 

of the water content creates an environment where chemical reactions can take place to produce 

EMIM-NCN+•. This could be a useful one-pot synthesis method for NCN imidazolium-ylidene 

species without the need for flammable solvents at lower temperature than reported previously 

[30]. We observed the EMIM-NCN+• reaction product already at 140 °C in contrast to the TOF-

MS experiment of Chambreau et al., which was conducted at 200 °C effusive source 

temperature. We suspect that this could be due to the longer vacuum drying process by us.  The 

vacuum drying process of [EMIM][DCA] was not mentioned in the publication [30]. 

The peaks at m/z 121 and 122 are the fragments resulting from loss of an ethyl group from the 

EMIM-NCN+• reaction product. This assignment is based on the fact that the fragment has a 

m/z 28 difference from the EMIM-NCN+• parent compound, which indicates a loss of an ethyl 

group.  As with [EMIM]+ fragments involving alkyl group losses, the dehydrogenated species 

MIM-NCN-H+•• can be also observed at m/z 121. The peak at m/z 110 is assigned to [EMIM-

H]+•. The structures of the fragments are represented in supplementary Figure S3.  

  

3.4 Comparison of ILs 

 

Deyko et al. concluded that the intact cation to main fragment ratio seems to depend on the size 

of the anion [6]. It is of interest to compare the intensity of the intact cation peak to the sum of 

the areas of the main cation fragments ([MIM]+•, [MMIM]+, [EIM]+•). The ratio was highest for 

[EMMIM][TFSI] and lowest for [EMIM][DCA]. Tolstogouzov et al. performed a TOF-MS 

experiment on [EMIM][TFSI] using 20 eV electron ionization and observed a fragment to 

parent cation ratio similar to our results of [EMMIM][TFSI] [61]. However, a 70 eV 
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electrospray ionization line-of-sight 1MS experiment of [EMIM][TFSI] demonstrated a lower 

ratio [6]. Our experiment seems to confirm this hypothesis: ILs with larger anions have less 

cation fragmentation.  

 

 

TOF-SIMS spectra of [EMIM][TFSI] have been reported [31, 32, 62]. Both 2 keV He+ and 2.5 

keV Ga+ was used for excitation. The cation fragment peak assignment looks remarkably 

similar to our [EMIM][OTf] TOF-MS spectra with 16 eV excitation energy. The cation 

fragments have less intensity in the TOF-SIMS study of [EMIM][TFSI] when compared to our 

[EMIM][OTf], but the main fragment peaks [MIM]+•, [MIM+H] + and [EIM]+• peaks seem to 

be in roughly the same proportion in respect to each other [32]. The main difference with our 

results is the higher intensity of peaks at m/z 40-42 and 52-56. The peaks in these regions are 

associated with the fragmentation of the imidazolium ring. Breakup of the ring is more probable 

with higher energy ions.  

 

 

The additional peaks from EMIM-NCN+• in the TOF-MS spectra of [EMIM][DCA] makes it 

difficult to compare [EMIM][DCA] and [EMIM][OTf] directly. Both [EMIM]+ based ILs 

produce preferably [EIM]+• fragments at lower (below 12 eV) excitation energies. In addition, 

[EMIM][OTf] exhibits a triple peak feature for [MIM-H]+, [MIM]+• and [MIM+H]+. The 

[EMIM]+ cation and the hydrogenated [MIM+H]+ are not present in [EMIM][DCA], but the 

hydrogenated [EIM+H]+ and dehydrogenated [EMIM-H]+ fragments are observed. 

[EMMIM][TFSI] produces different fragments than [EMIM]+ based ILs: [MMIM-H]+ and 

[MMIM]+ are observed and no hydrogenated species are detected. 

 

 

5. Conclusions 

 

A TOF-MS study on the fragmentation of [EMMIM][TFSI], [EMIM][OTf] and [EMIM][DCA] 

ionic liquids has been successfully carried out using photoexcitation with energies from 9 to 16 

eV. VUV induced fragmentation of vapor phase imidazolium-based ionic liquids gives rise to 

various ions corresponding to different fragmentation pathways. The largest intensity of the 

intact cation peak relative to the sum of the areas of the other cation fragments was detected in 

the case of [EMMIM][TFSI]. Our experiment seems to confirm the hypothesis that the ILs with 

larger anions have less cation fragmentation.  

In case of [EMMIM][TFSI] the loss of a methyl group from the nitrogen position should 

produce a [EMIM]+ peak at m/z 111. However, unexpectedly in [EMMIM][TFSI] we did not 

observe this peak in the photon energy range of 10.5 to 16 eV.  

Even at low temperatures of 140 °C, the temperature induced reaction product 2-cyanoimino-

1-Ethyl-3-methylimidazole at m/z 150 was observed in the TOF-MS spectra of [EMIM][DCA].  

[EMIM][OTf] exhibits a triple peak feature consisting of [MIM-H]+, [MIM]+ and [MIM+H]+. 

The [MIM]+ and [MIM+H]+ fragments of [EMIM][OTf] were seen to behave very similarly 

with respect to excitation energy. This is also the case for [EIM]+ and [EIM+H]+ fragments in 

[EMIM][DCA]. We conclude that in each case they result from the same initial state and there 

is no need to assume the presence hydrogenated [EMIM][DCA] or [EMIM][OTf] species in the 

liquid phase. 

[EMMIM][TFSI] produces different fragments than [EMIM]+ based ILs: [MMIM-H]+ and 

[MMIM]+ are observed and no hydrogenated species are detected. 
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