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Abstract: Novel ionic liquid (IL) electrolytes based on the asymmetric (fluoromethylsulfonyl)
(trifluoromethylsulfonyl)imide (FTFSI)− anion, combined with the N-trimethyl-N-butyl-ammonium
(N1114)+ and N,N-diethyl-N-methyl-N(2-methoxyethyl)-ammonium (N122(2O1))+ cations, were suc-
cessfully synthesized and investigated in terms of thermal, vibrational and electrochemical properties.
Thermogravimetric measurements revealed that the ionic liquids are stable up to 300 ◦C (2% mass
loss). Differential scanning calorimetry measurements evidenced no phase transition down to −90 ◦C,
suggesting a transition towards a glass state at lower temperatures. Infrared spectroscopy measure-
ments, for the first time performed on ILs containing FTFSI, could not detect any crystallization down
to −140 ◦C. The frequency of the main absorption bands of the ILs are in good agreement with DFT
calculations. The FTFSI ionic liquid electrolytes, containing 20% mol of LiTFSI, show no solid-liquid
phase transition due to the asymmetry of the FTFSI− anion, increasing the −10 ◦C conductivity up to
10−4 S cm−1. These interesting ion transport properties remarkably extend the operative temperature
range down to low temperatures. The FTFSI electrolytes exhibit remarkable electrochemical stability
up to 4.8 V, this making them appealing for realizing safer and highly reliable lithium battery systems
operating at high voltages.

Keywords: FTFSI; ionic liquids; asymmetric anions; thermal properties; ionic conductivity

1. Introduction

Ionic liquids (ILs) have a long history [1], but they were the object of a rapid increase in
interest in the last 25 years [1], witnessed also from the development of industrial processes
involving ILs [2]. In general, they possess peculiar properties, such as a low vapor pressure,
high thermal and electrochemical stability, large liquid ranges that can extend below room
temperature, high ionic conductivity and good solubility properties; therefore, they were
proposed for uncountable applications [3–6], such as solvents, electrolyte components,
lubricants and heat transfer media.
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Electrochemistry is one of the most studied application for ILs, as they are consid-
ered as valid alternatives to the more usual organic alkyl-carbonates, which are the main
components of lithium cell electrolytes [6]. In the last years, the application of batteries
to the automotive sector has pushed research towards innovative cells, with even higher
energy and power densities, that need novel materials to fulfill these requirements. In this
framework, ILs have the potentiality to highly surpass the performances of organic solvents
because of their higher thermal stability, non-flammability and larger anodic stability [6].
High energy and power density values in general require the use of materials at higher
operative voltages (around 5 V).

There is a limited number of ILs that can work at such high potentials without the occur-
rence of decomposition (oxidation), and all of them contain highly fluorinated anions. The most
widely used anions are bis(trifluoromethylsulfonyl)imide (TFSI) and bis(fluorosulfonyl)imide
(FSI). However, other fluorinated anions, such as (trifluoromethanesulfonyl)
(nonafluorobutanesulfonyl)imide (IM14), (difluoroethanesulfonyl)(nonafluorobutanesulfonyl)
imide (IM24), (nonafluorobutanesulfonyl)(toluenesulfonyl)imide, (IMT4) and
1,3-hexafluoropropane-disulfonylimide (IM3) were also investigated, providing good elec-
trochemical performances [7]. Moreover, the fluorosulfonyl-(trifluoromethanesulfonyl)imide
(FTFSI) asymmetric anion was additionally proposed [8].

The first study on FTFSI-based ILs reported a thermal stability above 250 ◦C, a strong
resistance to crystallization, values of ionic conductivity above 10−4 S cm−1 even at −40 ◦C
and an electrochemical stability exceeding 5 V [8]. The use of FTFSI-containing ILs was
also studied in dual-ion cells, in comparison with liquids based on the TFSI anion [9,10].
Some studies were devoted to the investigation of the anodic stability of the aluminum
current collectors for high voltage supercapacitors [11], sodium [12] or lithium cells [13]
in the presence of FTFSI-based ILs. This class of Ils was also used as components of
polymeric electrolytes based on polyethylene oxide [14,15]. Concentrated electrolytes
composed of LiFTFSI, LiFSI and ether solvents were reported for improving the cycling
stability of lithium metal and inhibiting Li-metal dendritic growth [16]. ILs combining
alkoxy-functionalized ammonium cations with asymmetric FTFSI anions seem to give
rise to optimized ILs with improved fluidity [17]. FTFSI ILs were used as electrolytes
also in combination with organic carbonates, providing some eutectic composition [18,19].
Certain recent studies were devoted to the investigation of the Solid-Electrolyte Interphase
(SEI) developed when FTFSI-based ILs are used as electrolytes [20,21] or components of
a polymer electrolyte [15]. The TFSI and FTFSI salts are reported to lead to thicker, more
highly passivating surfaces than those developed in the presence of FSI salts [20]. Ionic
liquids based on the FTFSI anion, combined with the trimethyl-isobutyl-ammonium cation
(N111i4)+, have shown interesting physicochemical and electrochemical properties and the
ability of keeping in a super-cooled state for more than one year [22]. However, LiFTFSI
and LiFSI salts are favorable for forming less dendritic, denser and more compact lithium
metal deposits [15]. In particular, the SEI layer in LiFTFSI-based electrolytes contains an
optimum amount of inorganic species (mainly LiF), a prerequisite for a mechanically and
electrochemically stable SEI layer [15]. In cells containing a Si anode and a Ni-rich layered
oxide cation, the decomposition of the (fluorosulfonyl)(trifluoromethanesulfonyl)imide
(FTFSI) anions leads to a LiF- and Li3N-rich SEI [21]. The development of passivation films
on LiF was also computationally investigated by Rigoni et al., because lithium fluoride is
one of the main components of the SEI layer on electrodes [23]. Other computational and/or
experimental studies regarded the coordination of FTFSI-based ILs with Li ions [24–27],
many times in connection with the Raman bands of the aggregates, which were firstly
calculated by Giffin et al. for pure ionic liquids [28].

In view of the relatively limited studies of ionic liquids based on the FTFSI anion
compared to the FSI and TFSI, we synthesized two new ILs coupling the FTFSI anion with
two different quaternary ammonium cations, namely the N-trimethyl-N-butyl-ammonium,
(N1114)+, and the N,N-diethyl-N-methyl-N(2-methoxyethyl)-ammonium (N122(2O1))+.
The same cations were previously investigated by us in conjunction with the symmetric FSI
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and TFSI anions [29–31] and, therefore, a direct comparison of the properties of the derived
ionic liquids is feasible. We characterized the new FTFSI ILs concerning their thermal,
vibrational and electrochemical stability, liquid range and ionic conductivity.

2. Materials and Methods

The N1114-FTFSI and N122(2O1)-FTFSI ionic liquids were synthesized and purified
according to a procedure which uses water as the only processing solvent [32,33]. The
precursors N-trimethyl-N-butyl-ammonium bromide (N1114Br, Solvionic, 99 wt.%) and
N,N-diethyl-N-methyl-N(2-methoxyethyl)-ammonium bromide (N122(2O1)Br, Solvionic,
99 wt.%) were previously treated trough activated carbon (Sigma-Aldrich, Darco-G60) [33]
in deionized water (Millipore ion-exchange resin deionizer). Then, the purified aqueous
precursors were reacted with LiFTFSI (Provisco, >98 wt.%) to obtain (anion exchange
reaction) the IL materials, which were rinsed with deionized H2O to remove LiBr, LiFTFSI
excess and water-soluble impurities. Finally, the ILs were vacuum dried (oil-free pump)
at room temperature for 2 h and, successively, at 80 ◦C for 48 h. The chemical structure of
the (N1114)+ and N122(2O1)+ cations (Figure 1) was validated by 1H NMR measurements
(Figure S1 as Supplementary Data), this confirming the feasibility of the synthesis route.
The moisture and bromide content of the ionic liquids, determined by Karl–Fisher titration
and X-ray fluorescence according to a route previously reported [33], was found to be
lower than 2 and 5 ppm, respectively. The overall purity level of the N1114-FTFSI and
N122(2O1)-FTFSI ionic liquids, checked by UV-Vis spectrophotometry measurements as
reported in previous work [33], was found to be above 99 wt.%.

Figure 1. Chemical structure of the FTFSI− anion, and N1114+ and N122(2O1)+ cations.

The thermal stability of the synthesized ILs was investigated by thermogravimetry.
For this purpose, a Setsys Evolution 1200 TGA system by Setaram (KEP Technologies
Gropu, Mougins—Sophia Antipolis, France) was used. Measurements were conducted in
an argon atmosphere (60 mL/min) with a temperature rate of 10 ◦C/min and an initial
mass of about 25 mg.

The possible presence of low temperature phase transitions was investigated by means
of differential scanning calorimetry measurements, using a Mettler Toledo DSC 3 system
(Mettler Toledo, Columbus, OH, USA) equipped with a Huber TC100 Cryocooler (Peter
Huber Kältemaschinenbau AG, Offenburg, Germany). An argon flux of 50 mL min−1 and
a temperature rate of 5 ◦C min−1 were applied. The mass of the samples was in the range
of about 20 mg.

The ionic conductivity of the ILs and their mixtures with LiTFSI (Solvionic, >99.9 wt.%,
battery grade) was investigated as a function of the temperature. The molar fraction of
LiTFSI in the LiTFSI-IL mixtures was 0.2, corresponding to a molar concentration around
0.8 M (i.e., close to that of commercial, organic solvent-based LIB electrolytes). The binary
LiTFSI-IL electrolytes were prepared in a controlled argon-atmosphere glove-box (Jacomex
SAS, Dagneux, France, H2O and O2 content < 1 ppm) by dissolving the proper amount of
lithium salt in the IL. The electrolytes (handled in the glove-box) were housed in sealed,
glass conductivity cells (AMEL 192/K1, Amel Electrochemistry, Milano, Italy) equipped
with two porous Pt electrodes (i.e., the cell constant was determined through a 0.1 N KCl
aqueous solution). In order to reach a stable low temperature state, the cells were dipped in
liquid nitrogen for 30–60 s and then quickly transferred into the climatic chamber (Binder
GmbH, Tuttlingen, Germany, MK53, used for the temperature control) at −40 ◦C [34]. Then,
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the cells were kept at −40 ◦C for at least 18 h prior to starting the conductivity tests, run
from −40 to 80 ◦C at low scan rate (1 ◦C h−1) for better evidencing the phase transitions [35],
through an AMEL 160 conductivity-meter.

The anodic stability of the 0.2LiTFSI-0.8IL electrolytes was investigated using car-
bon working electrodes (in order to better simulate the situation in battery cells [30]).
Electrodes were prepared by blending 70 wt.% Super C45 (IMERYS) and 30 wt.% Na-
carboxymethylcellulose (CMC, Dow Wolff Cellulosics, Bomlitz, Germany) in deionized
water. The so-obtained slurry was cast onto Al foils (30 µm thick), initially dried in external
atmosphere (to massively remove the aqueous solvent). Coin-electrodes (10 mm diameter)
were punched and then heated under vacuum at 150 ◦C overnight (glass oven) prior to
being introduced in the glove-box. The electrochemical cells were manufactured (within the
glove-box) by housing the carbon electrode, a glass fiber separator (16 mm diameter) and a
lithium disk (10 mm diameter) into 2032 MTI containers. The IL electrolyte was initially
spread (20 µL) onto the carbon electrode and then dropped (30 µL) onto the separator. Prior
to sealing, the cells were subjected to a 30-min vacuum step to allow the full loading of the
carbon electrode and separator by the viscous electrolyte. Cyclic voltammetry (CV) tests
were carried out on the Li/Carbon cells in the 3.0–5.0 voltage range (1 mV s−1) at 20 ◦C
(Binder climatic chamber).

Infrared spectroscopy measurements were conducted both in the mid- and in the
far-infrared range. In the former range, an Agilent 660 spectrometer (Agilent Technologies,
Santa Clara, CA, USA) with a DTGS detector and a KBr beamsplitter was used. In the far
infrared range, we used the IFS125 spectrometer (Bruker, Billerica, MA, USA) of the AILES
beamline of Soleil Synchrotron with a Mylar beamsplitter and a bolometer as detector. For
both configurations, the sample was placed in a vacuum tight cell for liquids equipped
with diamond optical windows, in order to avoid contaminations from air or moisture.
The spectral resolution was fixed to 1 cm−1 for both spectrometers. A Specac Variable
Temperature Cell (Specac Ltd., Orpington, UK) and a Cryomech cryocooler (Syracuse, NY,
USA) allowed us to vary the temperature of the sample in the mid- and in the far-infrared
range, respectively.

The infrared spectra of the possible conformers of the FTFSI anion were obtained by
means of DFT calculation at the B3LYP level of theory, combined with the 6-31G** basis
set. Calculations were performed by means of the Firefly software [36,37]. Starting from
the geometry of the three conformers reported by Giffin et al. [28], we re-optimized the
structures by means of DFT calculations and the vibration frequencies and the infrared
intensity were calculated. To compare the calculated IR spectra with the experimental
ones, the former was simulated as the sum of Gaussians curves with maxima at each
calculated vibration frequency, a fixed 10 cm−1 linewidth and an intensity proportional to
the calculated one.

3. Results and Discussion

In the following, the results about the different investigations conducted on the two
ionic liquids will be presented and discussed, with the sections divided according to the
experimental techniques used for the study.

3.1. Thermal Properties

The thermal stability of the two synthesized samples was investigated by means of
thermogravimetric measurements. For comparison, the TGA curves of the ionic liquids
containing the same N1114+ cation and the FSI− or TFSI− anions or the N122(2O1)+

cation and the TFSI anion are also displayed. The thermal stability of the FTFSI-based ILs
(Figure 2) is similar to that of the FSI-based ionic liquid and is much lower than that of
the ILs containing the TFSI anion [29]. In fact, one observes a mass reduction of about
2% (1%) around 381 (371) ◦C in N1114-TFSI, ≈373 (366) ◦C in N122(2O1)-TFSI, ≈315 (301)
◦C in N1114-FTFSI, about 304 (288) ◦C in N1114-FSI and ≈298 (278) ◦C for N122(2O1)-
FTFSI. The lower thermal stability of the FTFSI and FSI ILs is due to the presence in
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both anions of at least one SF bond, which is much weaker than the CF3 bonds present
in TFSI. Moreover, both ILs based on the N122(2O1)+ cation have lower decomposition
temperatures than those of the materials with the N1114+ cations. The values of the thermal
decomposition of the presently investigated ILs based on FTFSI are close to those previously
reported for PYR13-FTFSI, PYR14-FTFSI and PYR12O2-FTFSI ranging between 252 and
285 ◦C for a 1% mass loss [8]. Meister et al. reported that the main decomposition of pure
PYR14-FTFSI takes place at 305 ◦C [9], whereas Al-Masri [38] showed that N-isopropyl-
N-methylpyrrolidinium-FTFSI decomposed above 289 ◦C. On the other hand, Gao [17]
reported a much lower decomposition temperature of ~218 ◦C for N-N-diethyl-N-methyl-N-
(2-methoxyethyl)ammonium (fluorosulfonyl)(trifluoromethanesulfonyl)imide. Differently
from the other ILs samples, N122(2O1)-FTFSI shows three decomposition steps, likely due
to formation of less volatile decomposition products.

Figure 2. TGA curves of the investigated FTFSI-based ionic liquids in comparison with ILs containing
the same cations and the FSI or TFSI anions.

The possible occurrence of low temperature phase transition was studied by means of
differential scanning calorimetry. Figure 3 reports the DSC curves measured on heating
between −85 and + 50 ◦C. Neither liquids display marks of melting or glass transition in this
temperature range, nor any sign of crystallization on cooling (data not shown). Most likely,
this behavior is ascribable to the asymmetric configuration of the FTFSI− anion [22], which
(analogously to that observed in other asymmetric anion ILs [35]) hinders the formation
of the IL ion lattice and, consequently, prevents the crystallization process (or lowers the
melting temperature). It is plausible that both ILs undergo a glass transition at temperatures
lower than the minimum here investigated. This result is in line with the presence of glass
transitions in similar ionic liquids based on the FTFSI anion. Indeed, Reiter reported a
glass transition temperature between −103 and −107 ◦C for PYR13-FTFSI, PYR14-FTFSI
and PYR12O2-FTFSI [8]; Meister indicated a Tg = −103 ◦C for PYR14-FTFSI [9], whereas
Gao showed that DEME-FTFSI has a glass transition at −107.8 ◦C [17]. On the other
hand, Yunis reported a melting transition (25 ◦C) and two solid-solid phase transitions in
N,N-Diethylpyrrolidinium(fluorosulfonyl)(trifluoromethanesulfonyl) imide, an IL which
possesses a symmetric cation [39]. N-isopropyl-N-methylpyrrolidinium FTFSI was reported
to melt at 25 ◦C [38]. Al-Masri suggested that a crucial role in the high melting temperature
of this IL was played by the branching of the cation alkyl chain [38].
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Figure 3. Differential scanning calorimetry curves of the investigated ILs.

3.2. Ionic Conductivity

Figure 4 reports the conductivity vs. temperature dependence (depicted as an Arrhe-
nius plot) of the FTFSI ionic liquids and their mixtures with the LiTFSI salt. No crystalline-
liquid phase transition is shown within the whole temperature range investigated, which in
agreement with previous DSC measurements. A Vogel−Tammann−Fulcher (VTF) behav-
ior (i.e., absence of a linear dependence) typical of the IL electrolytes [40] is observed even
in the presence of the LiTFSI salt, and these results are in good agreement with the DSC
data reported in Figure 3. The incorporation of the LiTFSI lithium salt (full data markers
in Figure 4) into the pure ILs (open data markers) leads only to a moderate decrease in
conductivity. The high charge density on the Li+ cations (much higher than that of the IL
cations) results in the increase of the ion–ion interactions, in turn increasing the viscous
drag and, therefore, depleting the ion transport properties [30]. A moderately lower con-
ductivity is shown by the N122(2O1)-FTFSI electrolytes, due to the larger steric hindrance
of the N122(2O1)+ cation with respect to N1114+, (leading to higher viscosity). However,
interesting conduction values (>10−4 S cm−1) are observed already at −10 ◦C in both FTFSI
ionic liquid electrolytes, which approach 10−3 S cm−1 at 20 ◦C. This makes the FTFSI-based
electrolytes of interest even for low temperature applications.

Figure 4. Ionic conductivity vs.temperature dependence, reported as Arrhenius plot, of pure FTFSI
ionic liquids and their electrolyte mixtures with the LiTFSI salt (mole fraction equal to 0.2). Panel
(A): (N1114)+ based electrolytes. Panel (B): (N122(2O1))+ based electrolytes. Heating scan rate:
1 C h−1.
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3.3. Electrochemical Stability

The anodic stability of the FTFSI ionic liquid electrolytes (IL:LiTFSI mole ratio = 4:1)
was investigated through cyclic voltammetries (CVs) carried out using carbon working
electrodes. The results, depicted in Figure 5, evidence very low current flows (normalized
with respect to the geometrical area of the carbon working electrode) in the first anodic scan.
A remarkable reduction inthe current density (<10 µA cm−2) is observed in the following
cycles up to the massive degradation (oxidation) of the electrolyte samples occurring around
4.8 V vs. the Li+/Li◦ redox couple), and no other feature is observed. This indicates an
excellent anodic stability up to 4.8 V and suggests that the irreversible oxidation processes
taking place during the first anodic scan are likely associated to impurities, even if in very
low content, rather than to the ionic liquids and/or the LiTFSI salt [30]. The drastic decay
of the current flow through the cell after the first anodic sweep also supports a high purity
content of the investigated samples. Overall, the FTFSI electrolytes show electrochemical
robustness against oxidation up to 4.8 V, this making them appealing for high operative
voltage lithium battery systems.

Figure 5. Anodic cyclic voltammetries of the 0.2LiTFSI-0.8N1114-FTFSI (panel (A)) and 0.2LiTFSI-
0.8N122(2O1)-FTFSI (panel (B)) ionic liquid electrolytes. Carbon and lithium metal are used as
the working electrode and the counter electrode, respectively. Scan rate: 1 mV s−1. Temperature:
20 ◦C. The current density value was obtained by normalizing the current flow with respect to the
geometrical surface area of the working electrode.

3.4. Vibrational Properties

The three possible structures of conformers identified by Giffin [28] were re-optimized
by means of DFT calculations at the B3LYP/6-31G** level. The relative energies of the
three conformers, the vibrational frequencies and infrared intensities are reported in
Tables S1 and S2 of the Supplementary Materials. The difference between the conformers
comes from the different FSSC dihedral angle, which is equal to 153.2 (anti configuration),
−40.6 (gauche) and 6.1 (syn)◦ for Conf_A, Conf_B and Conf_C, which have relative energies
of 0.0, +1.1 and +2.9 kJ/mol (see Table S1 of the Supplementary Materials). These values are
in line with those reported in the only study about conformers of FTFSI, which is available
in the literature [28].

The temperature dependence of the mid-infrared spectra of the two ILs are reported
in Figure 6, together with the calculated absorbance of the three conformers of FTFSI.
The far-infrared spectrum could be measured only for N1114-FTFSI and is reported in
Figure 7, in comparison with the computational results. Figures 6 and 7 display a good
correspondence between the expected vibrational lines of the FTFSI conformers and the
measured absorbance lines in the whole energy range, provided that the frequencies of the
calculated absorptions are scaled by a factor of 1.04 for the mid-infrared or 1.065 for the far-
infrared. This procedure is usually performed for comparing calculated and experimentally
measured spectra.
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Figure 6. Temperature dependence of the mid-infrared spectrum of N122(2O1)-FTFSI (panel (a)) and
N1114-FTFSI (panel (b)) and comparison with the calculated absorbance of the three conformers of
the FTFSI anion (panel (c)); a scaling factor of 1.04 was used for the calculated frequencies.

Figure 7. Temperature dependence of the far-infrared spectrum of N1114-FTFSI (upper part) and
comparison with the calculated absorbance of the three conformers of the FTFSI anion (lower part);
a scaling factor of 1.065 was used for the calculated frequencies.

Analogously to the case of many ionic liquids containing other fluorinated anions, like
TFSI or FSI, the infrared spectrum is dominated by the absorption lines of the anion, except
above 1400 cm−1, where one can find NH, CH or OH bending and stretching bands, usually
coming from the cations. Moreover, a limited spectral region between 800 and 1050 cm−1 is
usually free from the vibrations of the anions, thus containing vibrations only belonging to
the cations. Indeed, these spectral regions are those presenting different absorption bands,
due to the occurrence of different cations in the two ILs.

Figures 6 and 7 show that despite there is a clear narrowing of all absorption lines at
low temperatures, there are no disappearing bands or abrupt changes inthe spectra. This
fact further suggests that no crystallization of the ILs occurs even at the lowest temperatures
investigated here, which is in agreement with the previously reported DSC results and
further extending the investigated temperature range. Moreover, the vibrational bands
of the three conformers of FTFSI are very close to each other, and it is not possible to
identify clear spectral marks of any of the conformers of FTFSI. This is different from the
TFSI anion, for which clear marks of the two cis and trans conformers are visible in the
infrared spectra [41]. Instead, for FSI, the infrared spectra of its two conformers are rather
superimposed, and the lines found in the experimental spectra come from the superposition
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of the contribution from the two rotamers [42]. The infrared spectrum of FTFSI-based ionic
liquids, to the best of our knowledge, has never been reported before. However, some
vibrational properties obtained by means of Raman spectroscopy were reported by Giffin
et al. [28]. Moreover, these authors concluded that the vibrations of the three conformers
of FTFSI are highly superimposed and, possibly, a Raman line centered around 740 cm−1

could be composed of the contributions from two conformers [28].
A last remark concerns the temperature evolution of the far-infrared spectrum below

200 cm−1, as reported in Figure 7. In this region of the spectrum, one usually observes a
broad peak centered around 90 cm−1, which was attributed to the dispersion forces acting
in the ILs [31,41,42]. In the case of hydrogen bonding occurring in the ionic liquids, two
side bands centered around 50 and 120 cm−1 can also be present [31,41,42]. In N1114-FTFSI,
these side bands seem to not be present and the temperature evolution is similar to that
reported for N122(2O1)-TFSI, where the peak centered around 80 cm−1 does not split at low
temperatures but shifts towards higher frequencies as the temperature is reduced [31]. This
fact was interpreted as an evidence that hydrogen bonding is not energetically favored in
N122(2O1)-TFSI [31]. In view of the previous findings, we can suggest that in the presently
investigated N1114-FTFSI hydrogen bonding also does not play a central role among the
inter- and intra- molecular interactions.

4. Conclusions

Two novel ionic liquids, N1114-FTFSI and N122(2O1)-FTFSI, were synthesized by an
anion exchange reaction in water. The purity of the liquids was higher than 99 wt.% and
the water content lower than 5 ppm. The mass loss measured on heating did not exceed 2%
below ~300 ◦C. Both ILs did not crystallize on cooling down to −90 ◦C, as witnessed by DSC
measurements. Infrared spectra as a function of temperature suggests that crystallization
does not occur even down to −140 ◦C. For both ILs, the ionic conductivity was higher than
10−4 S cm−1 already at −10 ◦C, suggesting the possible application as a low temperature
electrolyte. Moreover, a high anodic stability, up to about 4.8 V vs. Li, of the mixtures
with the LiTFSI salt was obtained. This fact confirms that ILs based on the FTFSI anion are
appealing for realizing safer and highly reliable lithium battery systems operating at high
voltages.
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is detected. Table S1: Relative energy of the conformers of FTFSI calculated by DFT calculations in
vacuum at the B3LYP/6-31G** level and the corresponding FSSC dihedral angle; Table S2: Frequencies
and infrared intensities of the three conformers of FTFSI, calculated by DFT calculations at the
B3LYP/6-31G** level in vacuum.
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