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Pyrrolidium- and Imidazolium-Based lonic Liquids and
Electrolytes with Flexible Oligoether Anions

Mukhtiar Ahmed,” Andrei Filippov,” Patrik Johansson,*™ and Faiz Ullah Shah*®

A new class of fluorine-free ionic liquids (ILs) and electrolytes
based on aliphatic flexible oligoether anions, 2-(2-methoxy-
ethoxy)acetate (MEA) and 2-[2-(2-methoxyethoxy)ethoxy]-
acetate (MEEA), coupled with pyrrolidinium and imidazolium
cations is introduced. For the ILs with MEEA anions, Li*
conducting electrolytes are created by doping the ILs with
30 mol% of LIMEEA. The structural flexibility of the oligoether
functionality in the anion results in glass transition temper-

Introduction

The liquid electrolytes used in conventional lithium-ion bat-
teries (LIBs) are made by dissolving lithium hexafluorophos-
phate (LiPF) in flammable organic solvents such as ethylene
carbonate (EC) mixed with linear carbonates, where EC
facilitates Li* solvation and the formation of a stable solid
electrolyte interphase (SEl) on the graphite anode,™? while the
linear carbonates, such as dimethyl carbonate (DMC), diethyl
carbonate (DEC), and/or ethyl methyl carbonate (EMC), improve
the physical, especially reduces viscosity, and electrochemical
characteristics.?¥ These linear carbonates, however, have low
flash points and can easily catch fire in batteries under severe
conditions, and this can in turn result in catastrophic thermal
runaway.”

Another main concern with conventional organic liquid
electrolytes is the LiPF; salt, which has been proven to
decompose at elevated temperatures producing PFs and LiF,
the former rapidly reacting with traces of water releasing highly
toxic hydrofluoric acid (HF) and a reactive intermediate
phosphoryl fluoride (POF,),” which is even more toxic than HF.
These decomposition products are also extremely reactive
towards both cathodes and anodes, adversely affecting the
performance and service life of a battery™ and creating
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atures (T,) as low as —60°C for the neat ILs and the electrolytes.
The imidazolium-based ILs and electrolytes reveal better
thermal stabilities but higher T, and lower electrochemical
stabilities than the corresponding pyrrolidinium-based ana-
logues. All neat ILs show comparable transport properties for
the cations and these decrease by the addition of lithium salt —
the pyrrolidinium-based electrolyte being affected the most.

enormous health and environmental problems during the
battery recycling process.”! Taken altogether, it is imperative
that the current organic liquid electrolytes are replaced by non-
flammable, fluorine-free, and yet performant electrolytes.
Oligoethers (also known as “glymes”) are a group of organic
compounds with the general chemical formula [R-(OCH,CH,),-
OR], often referred to by the abbreviation Gn, where “n” stands
for the number of repeating units and indicated by the letters
monoglyme (G1), diglyme (G2), triglyme (G3), tetraglyme (G4),
etc. This class of solvents has been intensively examined during
the past two decades, mostly because of their attractive
physicochemical features."®'? Glymes can even dissolve an
equimolar amount of some lithium salts via an ether multi-
dentate coordination functionality, making complexes known
as solvate ionic liquids (SILs) as they mimic ionic liquids (ILs),
with high thermal and electrochemical stabilities."® The Lewis
acidity of Li* is substantially decreased as a result of the
complex formation, which is equivalent to the production of
weakly Lewis-basic anions such as PF;~ and BF,” with the
interaction of a Lewis acid."¥ Compared to carbonate-based
organic solvents, glymes have higher flash points and better
solubility of lithium salts,"™ but due to the presence of oxygen
lone pairs they suffer from instability at high redox potentials.'®
This work is a continuation of our previous study of
phosphonium-based ILs with oligoether-based anions."” The
main objectives of this study is to combine the oligoether-
based anions with pyrrolidinium and imidazolium cations and
investigate the effects of cation structures on the Li-salt
solubility, thermal and electrochemical stabilities, and ion
transport properties of the resulting ionic liquids and electro-
lytes. In addition, we here exploit the characteristics of glyme
solvents with those of ILs based on small organic cations such
as pyrrolidinium and imidazolium. Undoubtedly, electrolytes
based on ILs offer a range of suitable advantages including low
volatility and high thermal and electrochemical stabilities and
can additionally be made fluorine-free and task-specific with
synthetic diversity."”"'® In general, their physicochemical and
transport properties are determined by the sizes of ions and the

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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interactions between the cations and anions, which can be
functionalized due to the vast freedom in structural design to
reduce these interactions and enhance the ion mobilities.?%

Experimental

Materials and Synthesis

Unless otherwise stated, all the commercial reagents were utilized
without any additional purification. 1,2-dimethylimidazole (ACS
reagents, >97 % purity), n-methylpyrrolidine (ACS reagents, >97%
purity), 1-bromobutane (>99% purity), silver(l) oxide (>99.9%
purity), 2-[2-(2-methoxyethoxy)ethoxylacetic acid (>97 % purity), 2-
(2-methoxyethoxy)acetic acid (>97 % purity) and lithium hydroxide
monohydrate (ACS reagents, >98% purity) were received from
Sigma-Aldrich. Sodium sulphate, dichloromethane (DCM) and
diethyl ether were purchased from VWR (BDH) chemicals. The
synthesis and structural characterization of the ILs are detailed in
the supporting information (SI).

The electrolytes were made by dissolving 30 mol% of the
corresponding lithium salts in the neat ILs to get concentrated
solutions. All the samples were kept in a vacuum oven at 80°C for
at least four days before any measurement. The water content was
measured by Karl Fischer titration (using Metrohm 917 Coulometer,
Switzerland) placed inside an argon filled Mbraun glovebox and
was determined to be less than 100 ppm for all synthesized ILs and
the electrolytes (Table 1).

Nuclear Magnetic Resonance Spectroscopy

The structures and purity of all the synthesized products were
confirmed by using a Bruker Ascend Aeon WB 400 (Bruker BioSpin
AG, Fallanden, Switzerland) nuclear magnetic resonance (NMR)
spectrometer. CDCl; was used as a solvent. The working frequencies
were 400.21 MHz for 'H, 100.64 MHz for '*C, and 162.01 MHz for >'P.
Data were processed using the Bruker Topspin 3.5 software.

Thermal Analysis

Thermogravimetric analysis (TGA) was performed using a Perki-
nElmer TGA 8000 under N, gas at a heating rate of 10°C per min.
About 2-4 mg of sample was used for each experiment. The onset
temperature of decomposition, T, was calculated from the
intersection of the baseline weight and the tangent of the weight
versus temperature curve using the Pyris software. Differential
scanning calorimetry (DSC) was performed using a PerkinElmer DSC
6000 on 2-5 mg of sample placed in an aluminium pan. DSC data

were collected at a scanning rate of 5°C min~' for both cooling and
heating traces. To maintain an inert environment inside the sample
chamber, dry N, gas was delivered at a constant flow rate of
20 mL min~". The glass transition temperature (T,) was determined
by using the inflection mid-point of the initial S-shaped transition
slope and determined from the onset with the help of the Pyris
software.

Electrochemical Characterization

The electrochemical stability and ionic conductivity were deter-
mined using a Metrohm Autolab PGSTAT302N electrochemical
workstation with a FRA32 M module for impedance measurements,
all controlled by the Nova 2.02 software. A sealed Microcell HC
from rhd instruments Germany was used to hold about 70 pL of the
liquid sample. To determine the electrochemical stability window
(ESW), linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
were performed with a three-electrode setup: a glassy carbon (GQ)
wire as working electrode (WE), a Pt crucible as counter electrode
(CE) as well as sample container, and an Ag wire coated with AgCl
as pseudo-reference electrode (RE). Both cathodic and anodic scans
were recorded at a rate of 1 mVs™". The electrochemical potentials
were calibrated using ferrocene (Fc) as an internal reference and
shifted using E " ~Eerct + 3.2 V.24 The ESWs limits were defined
by a 0.1 mAcm™? cut-off current density.

The ionic conductivity was obtained from the impedance measure-
ments performed in a frequency range from 1 Hz to 1 MHz with an
AC voltage amplitude of 10 mV,,.. All the impedance spectra were
measured during heating and cooling over a temperature range
from —20 to 100+0.1°C. A two-electrode configuration was
employed for ionic conductivity measurements, with a wire GC as
WE and a 70 pL Pt crucible as sample container as well as CE.

Prior to each CV and ionic conductivity measurement, both
electrodes were polished with a Kemet diamond paste (0.25 um).
The cell constant was calculated using a Metrohm 100 Scm™" KCl
standard solution (K., =18.5396cm™"). The cell was thermally
equilibrated for 10 minutes before recording the impedance
spectra.

PFG NMR Diffusometry

Pulsed field gradient (PFG) NMR diffusometry measurements were
performed using a Bruker Ascend/Aeon WB 400 (Bruker BioSpin AG)
NMR spectrometer with a resonance frequency of 400.27 MHz for
'H and 155.56 MHz for ’Li. The PFG NMR measurements were
performed with a PFG NMR probe Diff50 (Bruker) with a maximum
amplitude of the magnetic field gradient pulse of 29.73 Tm™". The
samples were placed in a standard 5 mm NMR glass tube and

Table 1. Physiochemical properties of the ILs and the electrolytes.

System Water content T, Ty o Ec En ESW
(ppm) °Q) (°Q) (Sem™) @ 20°C (vs Li/Li") (vs Li/Li")

(MBPyrr)(MEA) <71 -79 200 — — — —
(MBPyrr)(MEEA) <69 -77 207 4.2x107* 0.60 4.05 345
(MMBIm)(MEA) <79 -72 211 3.3x107* 1.25 4.26 3.01
(MMBImM)(MEEA) <74 —63 235 4.6x107* 0.73 4.14 3.41
[(MBPyrr)(MEEA)],, <89 —69 231 7.5x107° 0.47 4.07 3.60
[Li(MEEA)]y5

[(MMBImM)(MEEA)],, <92 —61 245 8.4x10°° 1.50 436 2.86
[Li(MEEA)]o5
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closed with a plastic stopper to avoid contact with air. Prior to
measurements, each sample was equilibrated at a specific temper-
ature for 30 min. The details of the PFG NMR technique for
measuring molecular diffusion  coefficients are available
elsewhere.” The diffusivity of a molecule is the diffusion decay
(DD) of amplitude A of NMR spectral line, obtained by Fourier
transformation of a descending half of stimulated-echo (StE), as a
function of the amplitude of applied pulsed field gradient. For the
stimulated echo pulse sequence used, DD of A in the case of simple
non-associating molecular liquid can be described by the Eq. (1):%%

A(g, 0,t;) = A(0) exp(—y*g*6°Dty) (M

where A(0) is the factor proportional to the proton content in the
system, and to spin-lattice and spin-spin relaxation times, v is the
gyromagnetic ratio for a used nucleus; g and 0 are the amplitude
and duration of the gradient pulse; t, is the diffusion time; and D is
the self-diffusion coefficient. t, was in the range 4-100 ms for 'H
diffusion and 5-15 ms for ’Li diffusion. No diffusion time depend-
ence was observed in these measurements.

Results and Discussion

We start with the synthesis and structural characterization of
the neat ILs and the electrolytes, followed by investigation of
their thermal and phase behaviour before moving on to more
battery-related properties such as electrochemical stability, ion
transport properties including ionic conductivity, ion diffusivity
and apparent transference numbers. Finally, variable temper-
ature "Li NMR spectroscopy is employed to understand the Li*
coordination and ion-ion interactions.

Synthesis and Characterization
A multistep protocol was used to synthesize the new oligoether
functionalized ILs. The synthesis and characterization are briefly

described here while the details are presented in the SI. The
synthesis started with the preparation of the bromide salts,?”

0]
%J\\//O\/\O/
(MBPyrr)(MEA)

/

8
N O’J\/O\/\O/

N

M

(MMBIm)(MEA)

Figure 1. Chemical structures and abbreviations of the ILs and the ions.
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which subsequently were converted into the corresponding
hydroxides using Ag,0 as an oxidizing agent and water as a
solvent and hydroxy precursor at ambient temperature
(Scheme S1). The hydroxide salts were further converted into
ILs by a direct neutralization reaction with oligoether-based
carboxylic acids in aqueous medium. The water was removed,
and the products were dried prior to characterization.

The chemical structures of all the ILs agree well with the 'H
and C NMR spectroscopic data. First, the '"H NMR spectra of
the ILs (Figures S1-S4) show characteristic resonance lines for
the butyl chain, a triplet for the methylene protons alpha to the
charged nitrogen atom appears in the range from 4.1 to
4.5 ppm for imidazolium and from 3.5 to 3.7 ppm for
pyrrolidinium salts, and the doublet of three methyl protons
with a distinct triplet appear around 0.9 ppm for both systems.
Second, the 'H resonance lines in the range from 3.5 to 4.3 ppm
are attributed to the methylene protons of the ether chain in
the anion and additionally the absence of any broad peak
above 7 ppm confirm the deprotonation of the acids-anion
formation, complimented by the presence of the aromatic
signals at ca. 7.32 and 7.65 ppm for the imidazolium cation and
verify the formation of the ILs. Finally, the presence of "C
resonance lines in the C NMR spectra around 65-72 ppm for
ethoxy group, the appearance of signals at ca. 175 ppm for the
carboxylate groups and the presence of "C resonance lines
below 40 ppm for the aliphatic carbons (Figures S5-58) confirm
the successful synthesis of the targeted ILs. The structures and
abbreviations of the synthesized ILs are shown in Figure 1.

Thermal properties

All the neat ILs show dynamic thermal stability >200°C as
revealed by the TGA (Figure 2a and Table 1), which is consid-
erably higher as compared with traditional organic liquid
electrolytes.”” To truly establish any long-term thermal stability
of IL-based electrolytes, however, the dynamic TGA should be
complemented by isothermal TGAP®" |t is clear that by

(MBPyrr)(MEEA)

/
LS of
N O’J\/O\/\O/\/O\

N

(MMBIm)(MEEA)
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Temperature (°C)
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Figure 2. TGA thermograms of neat ILs and electrolytes (a), and DSC traces for neat ILs and electrolytes (b). The DSC traces in (b) are shifted along the Y-axis

for clarity.

keeping the anion constant, the thermal decomposition of the
imidazolium ILs proceed over a wider temperature region than
for the pyrrolidinium analogues, suggesting the imidazolium
ring to limit the thermal stability, which is consistent with the
literature.”>* Keeping the cation constant, the IL with the
bulkier oligoether anion is somewhat more stable, which is in
contrast to observations made for ILs with oligoether cations.”
This can be attributed to the oxygen electronegativity in the
ether chain, which in cations weakens the covalent bond
between the positively charged “hetero” atom and the alpha
carbon, favouring thermal breakdown, while in the case of the
anion it rather stabilizes the negative charge and somehow
prevents the thermally induced decomposition.

As expected, and observed earlier,"'” the thermal stability of
the LIMEEA salt is ca. 50 K higher than that of the neat ILs,
which is due to the stronger electrostatic interactions and the
absence of any organic cation; and for the same reasons, the
thermal stability of the electrolytes is improved as compared to
the parent ILs. Overall, thermal stability of neat ILs and
electrolytes are slightly lower when compared to their
phosphonium analogues.™

The corresponding DSC traces reveal that all the neat ILs
and the electrolytes are glass-forming liquids, that is, they all
exhibit glass transitions temperature (T), in the temperature
range from —78°C to —61°C (Figure 2b and Table 1). The
ethoxy groups of the anions are playing a decisive role in
suppressing the crystallization of these salts. The imidazolium-
based ILs exhibit higher T, temperatures than the correspond-
ing pyrrolidinium-based analogues, which might be due to the
stronger ion-ion interactions mainly induced by the n-n stacking
of the imidazolium rings,® and thus, a higher thermal energy is
required to reach the same ionic mobility as for the pyrrolidi-
nium-based ILs. For the same cation, increasing the number of
ethylene oxide units in the anion increased the T, indicating a
reduced mobility of the alkoxy chains. This agrees with the
previous observations for ILs containing ether functionalized
cations.®**! Doping of the ILs with 30 mol% LIMEEA salts

ChemPhysChem 2024, e202300810 (4 of 9)

slightly increased the T, which is quite expected due to the
enhanced ionic interactions.*®*”

lonic Conductivity

Despite the structural differences, ionic conductivities of all the
neat ILs are comparable throughout the whole studied temper-
ature range and continuous increases are observed as a
function of temperature (Figure 3). As compared to neat ILs, the
electrolytes display lower ionic conductivities due to the
decrease in free volume as a result of increased Coulombic
interactions between the Li* ions and the anions, leading to
aggregate formation. A similar trend has been observed for Li-
salt doped ether functionalized ammonium-based“” and
phosphonium-based™ ILs. Electrolytes with the imidazolium-
based cations have higher ionic conductivities at lower temper-
ature, but the difference diminishes at higher temperatures,
mainly from increased concentration of charge carriers.”"!

The ionic conductivities are further analyzed by fitting the
data to the following Vogel-Fulcher-Tammann (VFT)
equation.”?

—-B
0 = 0, exp <—(T — To)> (2)

Where o, is a pre-exponential factor, B is an empirical
material-dependent fitting parameter related to the T, and
activation/pseudo activation energy (E,) of the system. The
reference temperature T, is attributed to the ideal vitreous
transition temperature at which configurational entropy
vanishes."¥ T, is determined by fitting the temperature-depend-
ent ionic conductivity data to the VFT equation for the best
linearity relationship. The resulting VFT parameters shows that
E, for the imidazolium-based IL and their electrolytes is slightly
higher than for the pyrrolidinium-based analogues, and even
higher for electrolytes, indicating that the addition of Li-salts
increases the ionic interactions, which agrees with the DSC data

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. lonic conductivity as a function of temperature for neat ILs and electrolytes. The solid lines indicate the best fit of data using the VFT equation.

and again suggests that slightly higher energy is required to
reach the same ion mobility (Table S1). As expected, the T,
values in all these systems are about 50 K smaller than the glass
transition temperatures T, and in accordance with the empirical
approximation for ionic liquid-based electrolytes: T,/T,~0.75.4%

Electrochemical Stability

To evaluate the ESWs, both cathodic and anodic LSV experi-
ments were performed on GC as a working electrode at 20°C

(Figure 4 and Table 1). Relatively wider ESWs are observed for
the pyrrolidinium-based ILs with a common anion as compared
to the imidazolium-based ILs, but still with narrower ESWs than
for phosphonium-based ILs containing the same anion."” For
the same cation, an increase in the number of ethoxy units in
the anions decreases the cathodic stability but the anodic
stability significantly increases and thereby an overall wider
ESW. For the electrolytes, the pyrrolidinium-based electrolyte
has a wider ESW than the imidazolium-based electrolyte. These
ESWs (ca. 2.8-3.6 V vs. Li/Li*) are narrower than for previously
reported ILs and their electrolytes containing non-fluorinated

1.0
] —— (MMBIm

o
(&)
1

{ —— (MBPyrr)(MEEA)
)(MEA)

—— (MMBIm)(MEEA)

1—— [(MBPyrr)(MEEA)]_ [(Li)(MEEA)],,

—— [(MMBIm)(MEEA)], [(Li)(MEEA)]

0.3

Current Density (mA cm®)
o o
o o

L
o

E (V) vs. LilLi*

Figure 4. LSV curves of neat ILs and electrolytes on GC electrode at 20°C.

ChemPhysChem 2024, e202300810 (5 of 9)

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85U017 SUOLUWIOD SAIIEID 3dedl|dde ay) A peussnoB afe 3l YO ‘N JO S3jni oy Aeiqi auljuO AS|1AA UO (SUONIPUOD-pUe-SLLLBIALICD" A3 Afe.q 1o UO//:SdNY) SUONIPUOD pue SWid | a1 38S *[202/€0/02] Uo Afeigiauliuo A(1M ‘ABojouyse JO AlsieAlun sieweyd Ag 0T800£202 2Udo/200T OT/I0p/wod A3 (1M Aeid i puljuo adoune-Ans weyy/sdny wo.y papeojumod ‘0 ‘TH9.6€0T



Chemistry
Research Article Europe

European Chemical

ChemPhysChem doi.org/10.1002/cphc.202300810 Societies Publishing
anions,**? but comparable with conventional LIB electrolytes, electrode.***” Changing the cation from imidazolium to

such as 1 M LiPFg in EC:DMC (3.7 V vs. Li/Li")."*"

The electrochemical stabilities of the electrolytes at different
temperatures using a 1 mVs™' scan rate and the long-term
reversibility at 30 °C with a 100 mVs™' scan rate are accessed by
CV (Figures 5 and 6). The shape of the CV curves remain
unaffected by the changes in either the temperature or the
scan rate and no additional peaks are observed, indicating the
absence of any impurities in these electrolytes.*® At 30°C, the
imidazolium-based electrolyte shows very stable reversibility in
the voltage range from 1.0 to 3.9V (vs. Li/Li*) but the redox
peaks appear at 1.5 and 3.4 V (vs. Li/Li") at higher temperatures
(50 and 80°C). The reduction peak is attributed to under-
potential deposition (UPD) of lithium followed by reduction of
the imidazolium cation, while the oxidation peak indicates
partial decomposition of the carboxylate anion on the GC

0.8

pyrrolidinium, a significantly higher current is produced during
the reduction process, while a comparable current is released in
the oxidation process, which is accordance to published data.””
Both the electrolytes revealed excellent long-term electro-
chemical stability at 30°C on the surface of a GC electrode
(Figure 6). At higher temperature peaks for UPD of lithium are
visible at almost the same range as for the imidazolium-based
electrolyte. Overall, the pyrrolidinium-based electrolytes exhibit
higher electrochemical stabilities than the imidazolium-based
electrolytes and vice versa for neat ILs.
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Figure 5. CVs (3 cycles) of the [(MMBIm)(MEEA)],,[(Li)(MEEA)],; (a—c) and the [(MBPyrr)(MEEA)],,[(Li)(MEEA)],5 (d-f) electrolytes at different temperatures using
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NMR Diffusometry

'H PFG NMR diffusometry was employed to acquire deeper
insights into the relative mobility of cations and anions in neat
ILs and electrolytes and to better comprehend the transport
properties at a molecular level. As expected, the diffusion
coefficients of all the ions exhibit a monotonous increase as a
function of temperature and follow VFT trends (Figure 7).
Similarly to the ionic conductivity data, all the ions in the neat
ILs diffuse with comparable diffusion coefficients throughout
the studied temperature range (Figure 7a). For the electrolytes,
the diffusion coefficients of the all ions in imidazolium-based
system are slightly larger than for the pyrrolidinium-based and
agree well with the ionic conductivity data. The addition of Li-
salt, however, reduces the diffusivity of the MEEA anions in
both the electrolytes - although the pyrrolidinium-based
electrolyte is affected more due to the dominant electrostatic
interactions. Despite its smallest size, the Li* ion diffuses the
slowest, suggesting strong interactions with the MEEA anions
and possible formation of ion-pairs/aggregates (Figure 7b and
). The interactions and aggregates are stronger and bulkier for
the pyrrolidinium-based electrolyte, as evident from the slower
Li* diffusivity (Figure 7d).

The VFT parameters (Eq. (3))®? of the diffusivity data are
larger for the ions of (MMBIm)(MEA) compared to other ILs and

1E-10 4

1E-1144a  (MBPyrr)" in (MBPyrr)(MEEA)
(MEEA) in (MBPyrr)(MEEA)
(MMBIm)” in (MMBIm)(MEA)
(MEAY) in (MMBIm)(MEA)
(MMBIm)" in (MMBIm)(MEEA)
(MEEA) in (MMBIm)(MEEA)

D (m%s)
* 4«

A

1E-12

27 28 29 30 31 32 33 34
1000/T (K™

= (MMBIm)’in [(MMBIm)(MEEA)] [(Li)(MEEA)],)
® (MEEAY in [(MMBIm)(MEEA)] [(Li)(MEEA)] ,
E15 * Li'ir:[(MMBIIm)(MEEIA)]O7[(Li|)(MEEA?] .
27 28 29 30 31 32 33 34
1000/T (K™

0.3

even larger for the electrolytes (Table S2), the former can be
interpreted as diffusion in a homogeneous matrix, which is
essentially governed by the free volume available,®® while the
latter is due to enhanced ion-ion interactions, which is reflected
in the slightly higher apparent activation energy, £y, as well as
in D, T, from ionic conductivity data is lower than T, from
diffusivity data; the latter is an average of the diffusion
coefficients of solitary, ion-paired, and aggregated ions regard-
less of charge, whereas the former only contains contributions
from charged species.”

D = Dy exp (4(7_ — To)) (3)

The apparent transference numbers (t;) for each ion in the
electrolytes were calculated from their diffusion coefficients
using Eq. (4):*”

XD

= 2x;D;

(4)

The MEEA anion has higher transference numbers in both
electrolytes as compared to the organic cations and the Li*
cations, and this is obviously due to the higher content of MEEA
anions (Figure 8). The t; of the Li™ ions is the smallest due to

(b) 1E-104

A (MBPyr)'in [(MBPyrr)(MEEA)], [(Li)(MEEA)] )
v (MEEA) in [(MBPyrr)(MEEA)], [(Li)(MEEA)], ,
* Li*in [(MBPyrr)(MEEA)], [(Li)(MEEA)], |

1E-12 T T T T T
27 28 29 30 31 32 33 34
1000/T (K™
d
()1E-10—
@
Eqg11
Q
e Li'in [(MMBIm)(Pyrr)]o_7[(Li)(Pyrr)]03
» Li'in [(MMBIm)(MEEA)]O7[(Li)(MEEA)]03
1E-12 ' :

30 31 32 33 34
1000/T (K™)

27 28 29

Figure 7. Diffusion coefficients of ions as a function of temperature in the neat ILs (a), [(Pyrr)(MEEA)],,[(Li)(MEEA)], 5 electrolyte (b), [((MMBIm)(-
MEEA)],,[(Li)(MEEA)],; electrolyte (c), and the comparative Li* diffusion in the electrolytes (d).
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Figure 8. Apparent transfer numbers of ions in the (a) [(Pyrr)(MEEA)],,[(Li)(MEEA)],; and (b) [((MMBImd)(MEEA)],,[(Li)(MEEA)], ; electrolytes.

two main reasons; the lower concentration and the potential
aggregate formation. It is well known that transference
numbers calculated from PFG NMR diffusometry are under-
estimated due to aggregate formation in the electrolytes and
do not reflect the true ionic contributions to conductivity, and
the values are often approximately half of those determined by
electrochemical techniques.®®

’Li NMR spectroscopy

The full width at half-maximum (fwhm) of the ’Li NMR spectra
for the electrolytes initially increase as a function of temper-
ature and then decrease continuously, indicating faster Li* ion
mobility at slightly elevated temperatures (Figure 9a and Fig-
ure S9). This suggests efficient ion dissociation with increasing
temperature, leading to homogeneity, which agrees well with
the ionic conductivity and ion diffusivity data, and also to our
previous study."® The chemical environment in the electrolytes
is strongly affected by increased temperature, but the electro-
lytes are influenced differently. The chemical shift of Li* in

(a) 100
—&— Li"in [(MBPyrr)(MEEA)], [(Li)(MEEA)],,

90 —®— Li'in [(MMBIm)(MEEA)], [(L))(MEEA)] ,

80- i/g

704

Line width (Hz)

60+

50 -
A

40 T T T T T T T
290 300 310 320 330 340 350 360 370

Temperature (K)

[((MMBIm)(MEEA)],,[(Li)(MEEA)],; moves towards lower ppms,
while for [(MBPyrr)(MEEA)],,[(Li)(MEEA)],; it shifts towards high-
er ppms (Figure 9b). This indicates completely different changes
in the chemical environments, which also is reflected in the
diffusion data (Figure 7d).

Conclusions

Our comparative analysis of pyrrolidinium- and imidazolium-
based ILs comprising oligoether anions show the latter to offer
slightly better thermal and electrochemical properties, but
relatable transport properties. The anions’ structural flexibility
contributed towards reduced glass transition temperatures of
the ILs and the electrolytes. As expected, the ion mobility is
reduced upon addition of lithium salts due to reduced free
volume and aggregate formation, which also results in lower
transference numbers for the Li* ions over the whole studied
temperature range. The mobility of MEEA anion is strongly
affected by addition of the lithium salt, revealing electrostatic
interactions between Li* ions and anion - aggregate formation

(b) 1.70
1.68-

1.66

1.644

1.624

Chemical shift (ppm)

1.601 @ Li*in [(MBPyrr)(MEEA)]__[(Li)(MEEA)]

0.7/ 0.3
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Figure 9. Line widths (a) and chemical shifts (b) of the ’Li NMR spectra for the electrolytes as a function of temperature.
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as confirmed by ’Li NMR. Overall, the introduced ILs and the
electrolytes can potentially serve as safer electrolytes for 2-3 V
batteries, especially operating at elevated temperatures.
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Here we present fluorine-free pyrroli-
dinium- and imidazolium-based ionic
liquids and electrolytes with flexible
oligoether anions. The electrolytes

offer promising physicochemical and
transport properties that can poten-
tially be used in lithium batteries, es-
pecially at elevated temperatures.
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