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Fluorinated Linkers Enable High-Voltage Pyrrolidinium-
based Dicationic lonic Liquid Electrolytes

+ [a

Zviadi Katcharava'” Farahnaz Navazandeh-Tirkalaee®,™ Torje E. Orlamiinde,”
Karsten Busse,” Simon-Johannes Kinkelin,” Mario Beiner,”” Anja Marinow,*™ and

Wolfgang H. Binder*"

Novel fluorinated, pyrrolidinium-based dicationic ionic liquids
(FDILs) as high-performance electrolytes in energy storage
devices have been prepared, displaying unprecedented electro-
chemical stabilities (up to 7 V); thermal stability (up to 370°C)
and ion transport (up to 1.45 mScm™'). FDILs were designed
with a fluorinated ether linker and paired with TFSI/FSI counter-
ions. To comprehensively assess the impact of the fluorinated
spacer on their electrochemical, thermal, and physico-chemical
properties, a comparison with their non-fluorinated counter-

Introduction

Hydrophobic, air-stable ILs have emerged as versatile electro-
lyte materials in a diverse array of electrochemical devices,
including lithium ion batteries/ other metal batteries,”
supercapacitors,”’ electrochemical actuators,” solar cells.”!
These electrochemical applications demand high ionic conduc-
tivity as well as robust chemical, thermal, and electrochemical
stability. Particularly, pyrrolidinium-based ionic liquids have
emerged as a promising alternative for electrochemical applica-
tions, due to their enhanced electrochemical and thermal
stability.©

Dicationic ILs (DILs), also termed gemini-ILs are recently
emerging, containing two cationic groups connected via a
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parts was conducted. With a specific focus on their application
as electrolytes in next-generation high-voltage lithium-ion
batteries, the impact of the Li-salt on the characteristics of
dicationic ILs was systematically evaluated. The incorporation of
a fluorinated linker demonstrates significantly superior proper-
ties compared to their non-fluorinated counterparts, presenting
a promising alternative towards next-generation high-voltage
energy storage systems.

spacer/linker chain.”’ Compared to conventional ILs, DILs offer
significantly more options (other than the choice of cations/
anions) to tune properties by varying the spacer (link between
two cations) length and its chemical nature. Various DILs based
on imidazolium, pyrrolidinium and other common types of
cations have been reported,” all containing non-fluorinated
linkers, leaving the unexplored area and potential for further
enhancing properties. Thus, dicationic pyrrolidinium and piper-
idinium bis(trifluoromethane)sulfonimide ionic liquids® exhibit
high electrochemical stability windows of up to 6.0 V vs. Li/Li*
and high thermal stabilities up to ~300°C doped with 1M
LiTFSI. Imidazolium-based dicationic ILs have been evaluated as
potential electrolytes, demonstrating ion conductivities up to
1.02mScm™" at 30°C and electrochemical stability window up
to 5.3 V.11

We here present a novel fluorinated ionic liquid concept
(FDIL) bridging pyrrolidinium-based ILs by fluorinated segments
to combine the advantages of the fluorinated ether compounds
with the unparalleled properties of pyrrolidinium-based ILs (see
Figure 1). Fluorine-containing building blocks, in particular
inside organic electrolytes, have emerged as an attractive
molecular tool to address challenges associated with achieving
key metrics such as high-energy density, cycle life, safety, and
sustainability.” This is attributed to the hydrophobicity, robust
bond strength, stability, and favorable dielectric properties of
fluorine." It is known that incorporation of fluorine enhances
the performance of battery components by imparting them
with high thermal and oxidative stability, chemical inertness,
and non-flammability."" Fluorinated materials also play a vital
role in facilitating the formation of a protective solid interface
layer (SEI) at the metal-electrolyte interface, effectively prevent-
ing further chemical decomposition of the -electrolyte.'”
Depending on specific requirements, fluorine-containing com-
pounds find applications across various battery components,
serving as liquid electrolytes, components of solid or gel

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. a) Schematic structure of dicationic ionic liquid with fluorinated
linker and b) ionic conductivity (at 25-30°C) vs. oxidative stability of relevant
ionic liquids and fluorinated compounds '

electrolytes, salts, functional additives, separators, or protective
coatings for electrodes."” Similar to conventional liquid electro-
lytes, the fluorination of the ILs may induce favorable proper-
ties, potentially enhancing segregation by forming additional
fluorinated domains." This ionic clustering and self-aggrega-
tion within IL can contribute to an elevation in ionic
conductivity, with the added possibility that the fluorinated
domains might further stabilize the SEI layer, rendering them
suitable for applications as valuable electrolytes."

Thus, the combination of the DIL-concept with perfluori-
nated middle segments is envisioned here as unexplored area
of molecular diversity. The here prepared dicationic ionic liquids
combine fluorinated ether chains as their middle segment
(FDILs) and are compared to their non-fluorinated counterparts
(see Figure 1). Similar to non-ionic fluorinated ether electrolytes,
containing hydrofluoroethers displaying enhanced oxidative
and thermal stabilities,"* we designed the perfluorinated
ethereal building blocks to generate enhanced oxidative and
thermal stabilities, herein reaching electrochemical stabilities of
up to 7 Volts. Furthermore, our FDIL-concept bridges pyrrolidi-
nium-based ILs by the now fluorinated segments, to combine
the advantages of the fluorinated ether compounds with the
favorable properties of pyrrolidinium-based ILs like low vola-
tility, non-flammability, good solubility of salts, and high ionic
conductivity.®*'¥ Choice of the counterions was based on
bis(fluorosulfonyl)imide (FSI) and
bis(trifluoromethylsulfonyl)imide (TFSI), due to their favorable
thermal and electrochemical properties.”” The synthesized
dicationic ILs underwent comprehensive investigation to access
their physical, organizational, thermal and electrochemical
properties, with a focus on evaluating the impact of fluorina-
tion. Additionally, in a view toward their potential application
as advanced electrolytes in next-generation batteries, we
systematically studied the influence of added salt on the
features of these novel dicationic ILs.>*'%"
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Results and Discussion

Scheme 1 outlines the synthetic route of the novel fluorinated
dicationic ionic liquids (FDILs) and their non-fluorinated
counterparts (DILs). Initially, N-methylpyrrolidium bromide (IL-1)
was synthesized through quaternization of N-methyl-pyrrolidine
with 1,6-dibromohexane. For FDILs, the subsequent step
involved deprotonating fluorinated tetraethylene glycol (FTEG)
with cesium carbonate in THF, followed by the addition of IL-1
to the solution to yield fluorinated dicationic ionic liquid (FDIL-
1). However, for non-fluorinated DILs, cesium carbonate proved
ineffective for deprotonation, prompting a switch to sodium
hydride. Therefore, predried tetraethylene glycol (TEG) was
then deprotonated using NaH in THF, followed by addition of
IL-1 to produce DIL-1. Finally, a straightforward anion exchange
was performed using either lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium
bis(fluorosulfonyl)imide (LiFSI), to obtain the respective final
products: FDIL-2, FDIL-3, DIL-2 and DIL-3. The details on
synthetic procedure can be found in Supporting Information.
The structure of prepared pyrrolidinium-based dicationic
ionic liquids was confirmed via 'H, »C and 'F NMR spectro-
scopy (for spectra see Figures S1-S3). All compounds showed
the expected resonances in NMR-spectroscopy. In Figure 2, the
corresponding NMR spectra of FDIL-2 are presented. The
successful modification of the FTEG chains was confirmed by
the proton signals of CH,-groups at 4.01 and 3.56 ppm,
respectively. The pyrrolidinium cations were identified by the
signal of CH;-group at 2.95 ppm, as well as the corresponding
proton signals of CH,-groups in the range of 3.49-3.35 ppm and
at 2.06 ppm, respectively. The presence of the TFSI anion was
confirmed through the characteristic signals observed between
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Figure 2. a) "H NMR (*°F in insert), b) *C NMR spectrum of FDIL-2 in DMSO-
ds.
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Scheme 1. Synthesis route of fluorinated and non-fluorinated dicationic ionic liquids.

125-115 ppm in the *C-NMR spectrum (Inset in Figure 1b), and
around —79 ppm in corresponding F-NMR spectrum (Inset
Figure 1a). Additionally, characteristic signals of FTEG chain
were identified in the 'F-NMR spectrum (Inset Figure 1a).

The prepared ILs could be further characterized via electro-
spray ionization mass spectrometry (ESI-MS), both in the
positive and negative mode. Figure 3 lllustrates the expansion
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Figure 3. Expansion of selected ESI-MS signals in positive and negative
mode of FDILs a) FDIL-2 and b) FDIL-3 and their corresponding isotopic
pattern simulations.
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of the selected signals of fluorinated dicationic ILs FDIL-2 and
FDIL-3 in positive and negative mode using [C*", 2 A7] as
notation for the neutral ionic liquid molecule. The comparison
to the simulated isotopic pattern proves the accuracy of the
assignments. The main species in the positive mode can be
identified as [C*", A™]1™, whereas the corresponding triplet anion
species [C*", 3 A7]™ can be observed in negative mode.

In the context of their application as electrolytes, the
physico-chemical properties of both the fluorinated and non-
fluorinated dicationic ionic liquids are summarized in Table 1.

As thermal stabilities represent a key criterion for high
temperature applications, thermogravimetric analysis (TGA) of
the prepared DILs was conducted (Figure 4a), indicating a single
decomposition step with onset decomposition temperatures
(Ty) ranging between 244 and 370°C for FDILs and 220-300°C
for DILs (see Table 1 and Figure 4a). The incorporation of the
strong fluorine-carbon bonds significantly enhances thermal
stability of the fluorinated compounds compared to their non-
fluorinated counterparts,"** evident in Table 1, where fluorina-
tion led to a T4 increase of 70°C for TFSl-based ILs and
approximately 24°C for the FSl-based ones. Additionally, when
comparing the influence of anions, the TFSl-containing ILs
demonstrate significantly higher thermal stability compared to
their FSI-containing counterparts due to the higher nucleophi-
licity of the FSI anion in-line with previous observations."**'®

Controlling the glass transition-temperature (T ) in ionic
liquids is crucial in reaching high conductivity at ambient
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Table 1. Physico-chemical properties of dicationic ionic liquids.
Sample Viscosity (cP) Decomposition Glass transition Oxidative Conductivity (mSem™) Lit I?iffufivity
30°C 70°C temp. T4 (°C) temp. T, (°C) Sgﬁzgmepfvs)ltlon 30°C 70°C (1076 cm?/s)
FDIL-2 1292 167 370 —63 7.00 0.14 0.95
FDIL-24-1.0 M LiTFSI 8801 577 5.75 0.02 0.24 2.66
FDIL-3 1166 181 244 72 5.90 0.25 145
FDIL-3 4 1.0 M LiFS| 1530 219 4.60 0.13 1.00 1.49
DIL-2 4341 300 300 —42 6.20 0.07 0.68
DIL-2+41.0 M LiTFSI 10025 573 5.50 0.01 0.23 248
DIL-3 2531 265 220 51 5.80 0.12 0.88
DIL-3+4 1.0 M LiFSl 4460 419 5.60 0.08 0.84 248
@l
L o e v 95% . temperatures due to coupling of ion transport to the molecular
80 4 dynamics of the IL, described by the Vogel-Fulcher-Tammann
& (VFT)-behavior." The influence of fluorination on the glass
E 60 transition temperatures of the FDILs/DILs was measured by
-%‘) differential scanning calorimetry (DSC) (Table 1), proving that
=z 401 ——FDIL2 fluorination led to a significant decrease in glass transition
204 :gll)llj‘z':; temperatures, observing values of —63°C and —72°C for FDIL-2
—hiY. 5 and FDIL-3, respectively. In contrast, T, ranged from —42°C to
0- —51°C for DIL-2 and DIL-3, respectively (see Table 1 and
(') 1(')0 2(')0 3(')0 4(')0 5(')0 6(I)O 7(')0 8(|)0 900 Figure 4). As expected, the presence of FSI anion led to an
Temperature (°C) average decrease in T, of approximately 10°C compared to the
TFSI counterparts.
(b) A FDIL-3- To get a clearer picture about ion transport-abilities both,
S - FDILs and DILs were characterized by Broadband Dielectric
- — Spectroscopy (BDS). In Figure 5a the conductivity of pure
% . dicationic ILs is plotted as a function of inverse temperature.
= ~ FDIL-2-1.0 M Introducing the fluorinated linker positively impacts the con-
& FDIL-2-0.25 M ductivity, with FDIL-3 and FDIL-2 (0.25 and 0.14 mScm™' at
S IO ¥DIL.2 30°C, respectively) outperforming DIL-3 and DIL-2 (0.12 and
L~ 0.02 mScm™' at 30°C, respectively) (see also Table 1). Addition-
. ll J/gK ally, using FSI as counterion further enhances the ionic trans-
-80 -6|0 _40 _2'0 (') 2'0 4'0 6|0 8|0 100 port properties (FDIL-3 vs. FDIL-2 and DIL-3 vs. DIL-2, Table 1).
The obtained values for non-fluorinated DILs are comparable
Temperature (°C) ) . .
(©) _ with values previously reported for other dicationic ILs
- L evaluated as electrolytes® The conductivity of the here
1 T - reported DILs increases in the order of DIL-2 < DIL-3 < FDIL-2 <
b — — a FDIL-3 across the entire measured temperature range, following
) DIL-3 Vogel-Fulcher-Tammann model described by the equation o=
% i DIL-2-1.0 M oo expl—B/(T-Ty)1,”” where o, represents the constant pre-
S 1 DIL-2-0.25 M exponential factor, B donates the constant related to energy,
] ! DI and T, also known as Vogel temperature, typically lies 50°C
below experimental T,. The best-fit parameters are presented in
1 11 J/gK] Table 2. Vogel temperature values align with the order of the

-80 -60 -40 -20 0 20 40 60 80 100
Temperature (°C)

Figure 4. a) TGA of the prepared dicationic ILs, DSC thermograms of b)
fluorinated DILs FDIL-2 and FDIL-3 before and after addition of the
corresponding Li-salt, ¢) non-fluorinated DILs DIL-2 and DIL-3 before and
after addition of the corresponding Li-salt.
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experimental T, values, indicating the highest pre-exponential
factor o, value for FDIL-3, consistent with experimentally
obtained values. Conductivity behavior is strongly related to
the viscosity of the material, with lower viscosity values
significantly enhancing the ion transport properties of the
material (Figure 5b, Table 1). Both the introduction of the
fluorinated ether linker, as well as the switch to the significantly
smaller FSI anion”?" results in the significant decrease in

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Plot of a) conductivity and b) viscosity as a function of temperature
for the synthesized dicationic ionic liquids including corresponding VFT fit )
Walden plot of DILs.

Table 2. VFT equation parameters of ionic conductivity.

Sample 6,/107" (S/cm) B/10% (K) T, (K) R?

FDIL-2 8.03+0.83 1.20+£0.03 164.7£1.26 0.9999
FDIL-3 11.65+1.17 1.26+0.03 1549+1.4 0.9999
DIL-2 4.86+0.69 0.98+0.03 193.2+1.1 0.9999
DIL-3 481+£1.19 1.00£0.05 1825+25 0.9998

viscosity, thus improving conduction capabilities. The viscosity
of the here reported ILs decreases in the order DIL-2 >DIL-3 >

Chem. Eur. J. 2024, 30, 202402004 (5 of 9)

FDIL-2 >FDIL-3, as well following VFT model (for fitting
parameter see Table S1). As anticipated, the increase in temper-
ature correlates with a reduction in viscosity, and consequently
results in improved ion conductivity. Notably, ion conductivity
reaching up to 1.5 mScm™' was observed for FDIL-3 at 70°C
(Table 1).

The Walden plot of the prepared fluorinated and non-
fluorinated DILs is presented in Figure 5¢c, illustrating the
relationship between molar conductivity (A) and fluidity (1/n).
Walden plot integrates data on density, viscosity, and con-
ductivity to qualitatively access the ionicity of the ILs.”? lonicity
provides valuable insights into transport properties, mobility
and the potential formation of ionic aggregates, whose
presence can decrease the mobility of ILs and increase their
viscosity, leading to the behavior that deviates from that of an
ideal electrolyte.™ Thus, ionicity serves as a measure of
aggregate formation, which is indicated by reduced fluidity and
conductivity of the IL. The classification of ILs using the Walden
plot as initially described by Angell and coworkers,*” compares
the data to an ideal reference electrolyte of aqueous KCI
(0.01 mol/L), where ions are considered to be completely
dissociated. As shown in Figure 5¢, all four investigated DILs lie
just above the ideal Walden line, indicating that they can be
regarded as good ionic liquids with excellent transport proper-
ties, bordering on superionicity. Therefore, these strong ILs
exhibit behavior similar to classical strong electrolytes in terms
of ion association.””! Interestingly, both fluorinated and non-
fluorinated DILs exhibit similar behavior, falling in the same
region of the Walden plot. This indicates the absence of
fluorinated domains. Formation of such domains by the
perfluorinated ethereal building blocks would hinder the
independent movement of ionic components, thus resulting in
lower ionicity.”

Electrochemical stability is a critical consideration in design-
ing electrolytes for lithium batteries. The stability window of
our FDILs and DILs was investigated via LSV measurements in
the range from —8V up to 8 V. As illustrated in Figure 6a, all
investigated dicationic ILs exhibit a promisingly wide stability
window. Both cathodic and anodic stability are in the range of
—5 to =7V, and 5 to 7V, respectively. Furthermore, the
beneficial effect of fluorination is evident when comparing
FDIL-2 to DIL-2. The introduction of a fluorinated linker in the
DIL structure significantly enhances its oxidative stability
(increase from 6V for DIL-2 to 7V for FDIL-2, respectively).
Similar trend is also observed in the case of the reductive
stability (increase from —6V for DIL-2 to —7V for FDIL-2,
respectively). Moreover, the dicationic ILs are non-flammable, as
demonstrated by a simple experiment comparing the burning
behavior of FDIL-2 and DIL-2 -soaked paper (Figure 6¢c and d,
respectively) to unsoaked paper (Figure 6b), clearly illustrating
their non-flammable nature.

We further investigated the influence of salt concentration
on the conductivity and viscosity of both fluorinated and non-
fluorinated DILs. Varying amounts of a corresponding lithium
salt, ranging from O M to 1.25 M (moles of salt per kg of IL),
were added to the dicationic ILs. Figure 7 presents the obtained
data, illustrating how viscosity and conductivity change with
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Figure 6. a) Electrochemical stability of the synthesized dicationic ionic
liquids at room temperature, Flammability test b) untreated paper c) paper
soaked with FDIL-2d) paper soaked with DIL-2.

temperature (see also Figures S4, S7-S10). Notably, the effect of
salt concentration is most pronounced in FDIL-2 (Figure 7a).
The conductivity of FDIL-2 decreases with increasing concen-
tration of added lithium salt, with the effect particularly strong
at the lower temperatures (Figure S4a). The reduction is
presumably linked to the significant increase in viscosity with
higher salt content, restricting the free movement of ions
(Table 52).27

FDIL-3 with FSI as counterion exhibits a weaker dependence
on salt content as shown in Figure 7b, reaching conductivities
of 1073 Scm™" at 70°C, dropping to 107°Scm™" at —20°C. Using
FSI as counterion noticeably reduces the viscosity of the FDIL
across the entire temperature range, while the effect of the
added salt was minimal. The viscosity of FDIL-3 did not exceed
5x10* mPas, while FDIL-2 (1.25 M) reached 5x10°mPas. The
presence of the fluorinated linker in dicationic ILs additionally
enhances the solubility of lithium salt, reaching 1.25 M in FDIL-
2 in comparison to DIL-2 with 1.0 M. The behavior of DIL-2
(Figure 7c) and DIL-3 (Figure 7d) are similar to their fluorinated
counterparts, and TFSI based samples display stronger depend-
ence of both conductivity (Figure S4a and c¢) and viscosity on
the concentration of added lithium salt.
"Li-diffusion coefficients for all ILs were
determined via DOSY-NMR (see Table 1), obtaining Li*-diffusion
coefficients between 1.5 and 2.6x10°°cm?/s (see S11, S12),
which is a magnitude higher than the Li-diffusivity reported for
pure fluorinated ether electrolytes™® but comparable with
values reported for other ILs.”’%*® Glass transition-temperatures,
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Figure 7. Conductivity and viscosity as a function of temperature for a) FDIL-2, b) FDIL-3, c) DIL-2 and d) DIL-3 with different salt concentrations.
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T, are slightly enhanced (see Figure 4b and c) with increasing
salt concentration for both, the fluorinated (FDIL-2 and FDIL-3)
and non-fluorinated ILs (DIL-2 and DIL-3), in-line with
literature.”® It should be noted that the positive effect of
fluorination on the electrochemical stability is also observable
in the presence of additional salt when compared to the non-
fluorinated ILs (see Figure S13).

As clustering effects of salt doping and changes in micro-
structure within ILs are a major factor in determining their
application as electrolytes,” wide angle X-ray diffraction
(WAXD) measurements were conducted. The WAXD patterns of
pure FILs and samples with additional lithium salt are depicted
in Figure 8a. Scattering vectors (q) are correlated to sizes of the
heterogeneities by Bragg's law equation (q=4msin@/). In Fig-
ure 8a, the main peak is observed at ~q=13nm~' (d=
0.483 nm) for both FILs, with an additional smaller peak at ~q=
8.5nm™" (d=0.739 nm) displaying higher intensity for FIL-2
compared to the FSI containing one (FIL-3). For deconvolution
of the observed peaks see Figure S5. It is assumed that higher q
value corresponds to a charge ordering peak which is character-
istic for ionic liquids, as previously reported by Ferreira
et al.,"** closely linked to a scenario of nearest-neighbor
distance, where ions are surrounded by counterions, ensuring
local electroneutrality. Consistent with the observations from
the Walden plot, there was no indication of the formation of
fluorinated domains. The intensity and position of the main
peak remain unaffected by the addition of Li salt. In contrast, a

(a) 2290 T ——¥prL-2
20009 gprL-2-1.0 M
18001 gppr-3
16007 gppL-3-1.0M

Intensity (a.u.)
)
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Figure 8. Wide angle X-ray diffraction (WAXD) measurements of a) FDIL-2
and FDIL-3 in pure form and after addition of the corresponding salt (1 M
concentration), b) DIL-2 and DIL-3 in pure form and after addition of the

corresponding salt (1 M concentration).
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significant broadening of the second peak, observed at the
lower g value, upon the addition of Li salt to FILs can be
observed, possibly related to charge ordering, i.e., from the
correlation of ions of the same charge (cation-cation and
anion-anion). Upon salt addition, the peak significantly broad-
ens, decreases in intensity and shifts to lower g values (from
g=83 to q=69nm~' for FDIL-2 (d=0.753nm to d=
0.911 nm) and from q=84 to q=7.6 nm~' for FDIL-3 (d=
0.748 nm to d=0.826 nm), respectively), which is in accordance
with previous results on ILs.®" This may be an indication for the
presence of LIiTFSI/LiFSI clusters which leads to the increase of
charge distance. In the case of non-fluorinated DILs (Figure 8b),
a less pronounced ordering was observed. Interestingly,
although ordering was observed for DIL-2, the exchange of the
anion to the smaller FSI anion led to a significantly less
pronounced internal ordering of DIL-3 (Deconvolution of the
observed peaks Figure S6). However, the addition of salt
resulted in an almost disappearance of the second peak in both
cases (DIL-2 and DIL-3), indicating the absence of LiTFSI/LiFSI
clusters in non-fluorinated ILs.

Conclusions

Novel dicationic pyrrolidinium-based ionic liquids with aliphatic
and fluorinated ether linkers paired with TFSI/FSI counterions
have been synthesized and demonstrated to reach enhanced
thermal and electrochemical stabilities due to the incorporation
of the fluorinated middle-segment. The results highlight the
beneficial impact of introducing a fluorinated linker into the DIL
structure, significantly enhancing their properties and broad-
ening their application potential. Fluorinated dicationic ILs
(FDILs) exhibit exceptional oxidative stability, reaching up to
7V, while displaying excellent thermal decomposition temper-
atures (up to 370°C) and superior ionic conductivity (up to
1.45 mScm™" at 70°C). Furthermore, choice of the counterion in
dicationic ILs allows for fine-tuning of properties according to
specific application requirements. As the addition of Li-salt
inside the FDILs does not lead to detrimental ion clustering
effects but even enhanced Li-ion solubilities, the here prepared
FDILs represent a novel class of electrolytes with enhanced
stabilities, as needed for many electrochemical devices useful
for charge-storage.

Experimental Section

All used chemicals and instrumentation are described in the SI.
Prior to the analysis, the water content of the prepared DILs was
estimated by Karl Fischer titration using S| Analytics coulometer
TitroLine 7500 KF trace. The water content was ranging from 50—
100 ppm. NMR spectroscopy: 'H, "*C and '°F NMR were measured on
a Varian FT-NMR spectrometer (400 and 101 MHz, respectively)
(Agilent Technologies Germany GmbH & Co. KG, Waldbronn,
Germany). 'Li NMR spectra were recorded at 27°C on a Agilent
500 MHz spectrometer with DD2 console, operating at 195.21 MHz
for “Li. ESI-ToF-MS was performed on a Bruker Daltonics microTOF
via direct injection with a flow rate of 180 puL/h using the positive
mode/negative mode. TGA was conducted using a Netzsch TG-209
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F3 instrument. ATR-IR spectra were measured on a Bruker Tensor
Vertex 70 equipped with a Golden Gate Heated Diamond ATR Top-
plate. DSC data were collected using a PerkinElmer Pyris7. BDS:
Novocontrol “Alpha analyzer” was used for investigating ionic
conductivities. Electrochemical characterization of the compounds by
LSV with 1 mV/s scan rate was conducted inside a glovebox
(SylaTech GB 1200). For this purpose, the samples (10 mm diameter)
were assembled into a Swagelok cell and contacted with two
stainless steel stamps, which were mounted with a defined torque.
An Autolab PGSTAT 204 with FRA32M module by Metrohm
running on Nova 2.1.5 Software was used as a potentiostat. Viscosity
measurements were conducted on Anton Paar MCR-101 DSO
rheometer equipped with cone-plate geometry (d=25 mm). Den-
sity measurements were conducted on Anton Paar DMA 4200
density meter with temperature control. Wide-angle X-ray diffraction
(WAXD) measurements were performed with an Incoatec (Gees-
thacht, Germany) IuS equipped with a microfocus source and a
monochromator for CuKa radiation (lamda=1.5406 A).

The synthesis of both fluorinated (FDILs) and non-fluorinated (DILs)
dicationic ionic liquid was performed in three stages (Scheme 1):
alkylation, synthesis of a dicationic ionic liquid and anion exchange.

Synthesis of IL-1: Alkylation procedure was adapted from Liu et al.*?

Initially, 1,6-dibromohexane (18.0 mmol, 2.78 mL) was added to N-
methylpyrrolidine (14.0 mmol, 1,45 mL) in 15 mL ethyl acetate in a
round-bottom flask and stirred for 24 h at room temperature.
Obtained white powder-like precipitate 1-(6-bromohexyl)-1-methyl-
pyrrolidinium bromide (IL-1) was filtered, washed with ethyl acetate
(3 times) and subsequently dried in high vacuum (0.01 mbar) over
P,O; for 48 h (Yield: 69 %).

Synthesis of FDIL-1: For deprotonation of fluorinated tetraethylene
glycol (FTEG) a modified procedure previously described by Bao
and coworkers™® was used. FTEG (4.4 mmol, 1.7 g) was dissolved
in 50 mL dry THF in a two-neck round-bottom flask connected to a
reflux condenser. Cesium carbonate (Cs,CO;, 2.5eq., 11.0 mmol,
3.4 g), was separately dissolved in 50 mL dry THF and added to the
flask. The suspension was stirred at 80 °C under reflux for 2 h. Then
IL-1 (2.2 eq. respective to FTEG, 9.7 mmol, 3.25 g) was added to the
mixture and left for stirring at 80°C under reflux for 48 h under
nitrogen atmosphere. To extract FDIL-1 the solvent was removed
on rotary evaporator. The residue was dissolved in small amount of
water (~50mL) and washed by diethyl ether (3x50 mL). The
aqueous solution was collected and the product was extracted by
dichloromethane (3x50 mL). The organic solution was dried with
Na,SO, and the solvent was removed by rotary evaporator (Yield:
75%).

Synthesis of FDIL-2 and FDIL-3: For an anion exchange reaction,
FDIL-1 (2.97 g, 3.3 mmol) was dissolved in 100 mL water, to which
either lithium Dbis(trifluoromethanesulfonyl)imide (LiTFSI, 6.0
eq. 19.8 mmol, 5.7 g) or lithium bis(fluorosulfonyl)imide (LiFSI, 6.0
eq. 19.8 mmol, 3.7 g) was added to obtain FDIL-2 and FDIL-3,
respectively. The solution was stirred continuously at 40°C for 48 h.
Finally, fluorinated ionic liquid was extracted by DCM (3x50 mL)
and the organic solution was washed with water (3x100 mL) to
remove the residual Li-salts. The crude product was purified firstly
via silica gel column chromatography. The obtained product was
further purified by precipitating in diethyl ether. Finally, FDIL-2
(Yield: 19%) and FDIL-3 (Yield: 22 %) were dried under high vacuum
(0.01 mbar) over P,0O; for 48 h, and kept in the glove box for further
use.

Synthesis of DIL-2 and DIL-3: Tetraethylene glycol (TEG) was dried
over molecular sieves (3 A°) prior to use. Sodium hydride (NaH,
3.0 eq. relative to TEG,13.2 mmol, 0.54 g) was dissolved in 100 mL
dry THF in a two-neck round-bottom flask under nitrogen
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atmosphere in ice bath. Predried tetraethylene glycol (4.4 mmol,
0.77 mL) was dropwise added to the flask. The suspension was
stirred at 0°C for about 2 h. Then IL-1 (2.2 eq. relative to TEG,
9.7 mmol, 3.25 g) was added to the mixture and left for stirring at
room temperature for 48 h under nitrogen atmosphere. After
reaction completion THF was removed via rotary evaporator and
the residue was directly subjected to anion exchange. For an anion
exchange reaction, DIL-1 was dissolved in 100 mL water, to which
either lithium bis(trifluormtheanesulfonyl)imide (LiTFSI, 6.0 eq. to
the theoretical molar amount of DIL-1) or lithium
bis(fluorosulfonyl)imide (LiFSI, 6.0 eq. to the theoretical molar
amount of DIL-1) was added to obtain DIL-2 and DIL-3,
respectively. The solution was stirred continuously at 40°C for 48 h.
The non-fluorinated ionic liquid was extracted by DCM (3x50 mL)
and the organic phase was washed with water (5x100 mL) to
remove excessive reactants. Then the product was purified by silica
gel column chromatography. Finally, DIL-2 (Yield: 62%) and DIL-3
(Yield: 53%) were dried under high vacuum (0.01 mbar) over P,O;
for 48 h, and kept in the glove box for further use.

Supporting Information Summary

Sl describes all experimental details (synthesis, analyses) and
physical measurements. The authors have cited additional
references within the Supporting Information.***?
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