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Mukhtiar Ahmed,”” Sourav Bhowmick,™ Andrei Filippov,® Patrik Johansson,*™ and

Faiz Ullah Shah*®!

Abstract: Five new n-tetrabutylphosphonium (P,.,)* cation-
based ionic liquids (ILs) with oligoether substituted aromatic
carboxylate anions have been synthesized. The nature and
position of the oligoether chain affect thermal stability (up to
330°C), phase behaviour (T;<—55°C) and ion transport.
Furthermore, with the aim of application in lithium batteries,
electrolytes were created for two of the ILs by 10 mol%
doping using the corresponding Li-salts. This affects the ion

diffusion negatively, from being higher and equal for cations
and anions to lower for all ions and unequal. This is due to
the stronger ionic interactions and formation of aggregates,
primarily between the Li* ions and the carboxylate group of
the anions. Electrochemically, the electrolytes have electro-
chemical stability windows up to 3.5V, giving some promise
for battery application.

J

Introduction

The immense need for electrochemical energy storage is today
largely fulfilled by rechargeable lithium-ion batteries (LIBs) due
to their high energy density, low cost, and stable cyclability,"
Yet, the conventional liquid electrolytes employed have some
fundamental safety issues™®* being based on lithium hexafluor-
ophosphate (LiPF,), which decomposes at elevated temper-
atures, producing e.g. highly toxic hydrofluoric acid (HF) and
organo-phosphorous compounds,®® dissolved in highly flam-
mable carbonate-based organic solvents. Today, the field of LIB
R&D urges for electrolytes that are non-flammable and both
thermally and electrochemically stable in order to intrinsically
improve the safety.”'"

lonic liquid (IL) based electrolytes is one route pursued,
which uses the fact that ILs offer wide liquidus ranges, high
thermal stabilities, negligible volatilities, and are non-flammable
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- hence promising with respect to safety.'”' The most
commonly studied IL-based electrolytes for LIBs are made by
dissolving either lithium bis(trifluoromethanesulfonyl)imide
(LITFSH™ ™! or lithium bis(fluorosulfonyl)imide (LiFSH" in an IL
of the same anions and well-known cations such as
phosphonium,™” pyrrolidinium,"® imidazolium,"
morpholinium® or piperidinium.?" The use of these fluorinated
anions is, however, less desirable due to their sensitivity to
moisture, corrosion of current collectors, and potential health
and environmental risks during both production and
recycling.?2¥

The anion also plays an important role in the overall
physicochemical and electrochemical properties, including the
mobility of the Li* ions - via ion-ion and other interactions.””
While many studies of IL-based electrolytes have been reported
during the last two decades™? most use commercially
available ILs®” and only few new anions have been
reported.B’3¥ Here we present a new class of fluorine-free ILs
and their corresponding electrolytes based on anions with
aromatic centre and different oligoether chains. The use of a
carboxylate group alongside an ether oxygen atoms containing
chain, make these anions mimic the organic solvents commonly
used in LIBs, such as glymes,®*>” and carbonates,**** but with
the idea of the advantageous IL properties added in the design
- and therefore systematic correlations between anions/ILs and
key physicochemical properties are developed, with an empha-
sis on the ion transport and usefulness as battery electrolyte
components.

Results and Discussion

We start with outlining the synthesis and structural character-
ization of both the ILs and the electrolytes, followed by
assessing their phase and thermal behaviour, before discussing
LIB-relevant performance parameters such as ionic conductivity,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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electrochemical stability, and ion diffusion. Finally, the coordi-
nation and ion-ion interaction aspects are discussed with the
help of FTIR spectroscopy data.

Synthesis and characterization

A multistep synthetic protocol was used to create the ether
functionalized aromatic acids, which are then further converted
to ILs — whereof a brief description is provided below. First,
tosylation of the alcohols was performed by using 4-toluene-
sulfonyl chloride (TsCl) to make them better alkylating agents
(Scheme 1a). Second, the tosylated alcohols were reacted with
aromatic methyl esters in the presence of a mild base i.e; K,CO;
using acetonitrile (MeCN) as a reaction medium to obtain the
ether functionalized ethylsalicylates, which subsequently are
further converted into their corresponding acids via ester

TsCl, KOH

hydrolysis (Scheme 1b). Finally, the acids were converted to ILs
through a simple neutralization reaction with n-tetrabutylphos-
phonium hydroxide. The corresponding Li-salts were synthe-
sized by direct neutralization of the acids with LiHCO; in
aqueous medium.

The chemical structures of all the ILs (Figure 1) agree well
with the mass spectrometric data and the multinuclear ('H, "*C
and *'P) NMR spectroscopic analysis. The 'H and “C NMR
spectra of the intermediate compounds showed all the
characteristic resonance lines as presented in Figures S5-14.
The 'H NMR spectra of the ILs show characteristic resonance
lines for the methylene protons of the ether chains in the
anions in the range from 3.5 to 4.3 ppm. The absence of the
broad resonance line for the acidic proton and the appearance
of resonance lines at 0.90-1.0 ppm for the terminal methyl
groups, the multiplet 1.46-1.54 ppm for the methylene protons,
and another multiplet 2.39-2.46 ppm for the aliphatic alkyl
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Scheme 1. (a) Tosylation of iso-propoxy ethanol (2-1E), and (b) Synthesis of 2-(2-isopropoxyethoxy)benzoic acid (2-IEBA).
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Figure 1. Chemical structures and abbreviations of the ILs.
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chains attached to the (P,4,)* cation corroborated the
successful deprotonation of the corresponding acids and
formation of the ILs (Figures S15-19). The *C NMR spectra
revealed resonance lines in the region 65-80 ppm attributed to
the aliphatic carbon directly attached to the oxygen atoms in
the ether chains of the anions (Figures S20-24). In addition, the
3C resonance lines for the carboxylate groups in the anions are
found in the range 167-174 ppm. Finally, the *'P NMR spectra
indicate single resonance lines at ca. 33 ppm for the phospho-
rous nucleus in the cation (Figures 525-29).

Thermal properties

All ILs and electrolytes show excellent dynamic thermal stability
with decomposition temperatures up to 330°C (Figure 2), with
the caveat that the dynamic TGA overestimate stability and
should be complimented with isothermal TGA, especially for IL-
based electrolytes.*” The (P,4.,)(3-IEBA) and (P,4,,)(4-IEBA) ILs
show relatively higher thermal stabilities and one-stage decom-
positions. In contrast, the (P,4)(2-IEBA), (P444.)(2-EEBA) and
(P4444)(2-MEMBA) ILs exhibit two-stage decompositions, with a
major weight loss of ca. 70% at the first stage, which, perhaps a
bit surprisingly, most probably is due to the decomposition of
the (P,4.,) " cation.®”
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The lower thermal stability of the ILs with ortho-substituted
anions is due to the simultaneous inductive effect of the
phenolic oxygen atom directly attached to the aromatic ring
and the steric effects of the attached oligoether chains. This in
turn leads to a decrease in the electron density around the
carboxylate groups of these anions and this to a decrease in the
overall ion-ion interactions. These effects are much less
pronounced both at the meta- and para-positions, and at the
meta-position resonance effects also come into play, causing an
increase in the polarity of the anion through a push-pull
mechanism and hence increased ion-ion interactions and this
correlates with the highest thermal stability of the ILs made.

Doping the neat ILs with Li-salts brings additional polarity
and electrostatic interactions and further improvements in the
thermal stability (Figure 2c¢), in agreement with the literature on
IL-based electrolytes.” The rate of weight loss during the first
decomposition step is much higher than for the second
decomposition step (Figure 2b) and also much lower for the
electrolytes as compared with the neat ILs (Figure 2d). Overall,
the thermal stabilities of these ILs and electrolytes are
considerably higher as compared to traditional organic solvent-
based electrolytes and quite comparable with phosphonium-
based ILs containing fluorine-free anions.”**"

From the DSC traces of the IEBA-based ILs, the change in
the position of the ether chain on the phenyl ring with respect
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Figure 2. TGA thermograms (a and c), and DTG curves (b and d) of the ILs and the electrolytes.
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to the carboxylate group clearly affects the T, with a gradual
increase from ortho to meta to para (Figure 3, Table 1). As
expected due to the structural flexibility, an increase in the
ethoxy units of the ether chains decreases the T, however,
branching the ether chain leads to a slight increase. Overall, the
T, of these ILs are higher than for the previously reported non-

—— (P,,.)(2-[EBA)
—(P,,,)3-IEBA)

—— (P,,)(4-IEBA)

—— (P,,.)(2-EEBA)

—— (P,,.,)(2-MEMBA)
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—r—————7 77—
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Tempreture (°C)

Figure 3. DSC traces for the ILs and the electrolytes. The traces are shifted
along Y-axis for clarity.

Table 1. Thermal properties and ionic conductivities of the ILs and the
electrolytes.

IL/Electrolyte T, T, olScmTat20°C
(P4444)(2-1EBA) —60 282 1.9E-4
(P4444)(3-IEBA) —58 330 1.0E-4

(P4444) (4-1EBA) —56 291 5.6E-5
(P4444)(2-EEBA) —58 282 6.1E-5
(P4444)(2-MEMBA) —62 284 6.7E-5
[(P4444)(2-1EBA)]g o [(Li)(2-IEBA)], 4 —62 288 1.2E-4
[(P4444)(2-EEBA)]y o [(Li)(2-EEBA)]o; —60 289 5.5E-5

o

Tempreture (°C)
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2.8 3.0 312 3:4 3.6 3.8 4.0
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aromatic ether-based (P,4,,)(MEEA) IL,* which probably is due
to the contribution of the phenyl ring, providing additional pi-
pi stacking and restricting the free low energy rotations of the
ether chains.*¥ As expected, doping with Li-salt slightly increase
the T,, indicating some dynamic cross-linking by Li*.*

lonic conductivity

Turning to more battery related properties, the ionic conductiv-
ity is affected by changing the position of the ether function-
ality to a larger extent than by changing length of the ether
functional group (Figure 4, Table S1). The (P,,,,)(2-IEBA) IL with
its ortho substitution on the anion shows the highest
conductivity, which is attributed to reduced ion-ion interactions
by the repulsion between the terminal isopropyl group of the
(2-IEBA)~ anion and alkyl chains of the (P.,)* cation. Similarly,
the para-substituted (P,.,)(4-IEBA) IL has the lowest ionic
conductivity because the ether group is far from the carbox-
ylate group and there is no hindrance for the (P,,,,)" cation to
approach the (4-IEBA)” anion. The (P,4,)(2-EEBA) IL with a
shorter ether chain provide comparable ionic conductivity to
the (P444)(2-MEMBA) IL with a slightly longer ether chain, which
is in accordance with the previous findings for ether functional-
ized cation-based ILs.**' The addition of Li-salt lead to a slight
decrease in the ionic conductivity, which is primarily due the
reduction of free volume as a result of stronger electrostatic
interactions (Figure 4b), but also the creation of triplets with
multiple anions as well as dynamic cross-linking.

In more detail, the VFT analysis show that the E; for the
IEBA-based ILs decreases as (Pj44)(4-IEBA) > (P4444)(3-IEBA) >
(P4444)(2-IEBA) (Table S1), in accordance with the DSC data. It is
also clear that the number of charge carriers, reflected by o,
increases by adding Li-salts to the ILs. As expected, the T,
obtained are ca. 60 K lower than the T, obtained from the DSC
data, which is in accordance with the empirical approximation
for IL-based electrolytes: T,/T,~0.75.%
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Q
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Figure 4. lonic conductivity of the ILs (a) and the electrolytes (b) as function of temperature. The solid lines indicate best fit of the data to the VFT equation.
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Electrochemical stability

For the electrochemical stability and first of all the cathodic
part, all ILs and electrolytes reveal continuous reduction below
1V vs Li/Li* (Figure 5, Table 2), which can be correlated to the
presence of acidic alpha methylene protons in the
phosphonium cation.*>**¥ Yet, (P,,,,)(3-IEBA) shows somewhat
improved cathodic stability as compared with the other ILs,
which again might be related to the electron donating effect of
the oxygen atom towards the carboxylate group via a
resonance effect. In the anodic part, the IL anions oxidizes
between 3.5-4.0 V vs. Li/Li* and the on-set is a function of the
number of ethoxy units in the chain.

Both the ILs and the electrolytes based on (P,.4)(2-1EBA)
and (P,444)(2-EEBA) have slightly narrower ESWs - with the
oxidation arguably due to the ethoxy groups present in the
anion.” In addition, two pronounced peaks C, and C, observed
in the cathodic scan, at 1.30 and 0.75 V vs. Li/Li*, which can be
associated with underpotential deposition (UPD) of lithium as
well as partial decomposition of the (P,.,)* cations on the GC
electrode.”**" The UPD layer formation can modify the nature
of the GC WE surface, which is beneficial for extending the
cathodic limit of the electrolytes, whereas the Li* ions can pass
and prevent further reduction of the (P,,,) " cation.

The reversibility and long-term electrochemical stability is
further assessed by cyclic voltammetry (CV) data (Figures S30).
The three cycles at a slower scan rate (1 mVs") and the
hundred cycles at a higher scan rate (100 mVs™") of the
[(P4444)(2-EEBA)]o 5[(Li)(2-EEBA)], ; electrolyte confirmed the rever-
sibility and long-term electrochemical stability. Overall, the
ESWs (ca. 3.14-3.57V) are comparable with the commonly
studied imidazolium-*? and phosphonium®-based ILs with
TFSI and other fluorinated anions. A caveat is that all these
ESWs should be regarded as the upper limits as we are utilizing
LSV data and the ILs and the electrolytes are highly viscous at
room temperature.

(a) 1.5
——(P,...X2-IEBA)

{63 (P,...(3-IEBA)
~7E‘ —— (P, )(4-IEBA)
2 0.5 _(Paaaa)(z EEBA)
E (P,...)(2-MEMBA)
> -—
g 001
)]
o
= .05
8
5
© 10]

15 : . , . . ; .

02 04 10 16 22 28 34 40 46

E (V vs. LilLi")

Table 2. Cathodic and anodic limits and ESWs of the ILs and the
electrolytes at 20°C using GC as WE. The limits are determined by a
0.1 mAcm™? cut-off current density.

IL/Electrolyte Ec (Vvs. Li/Li")  E,(Vvs. Li/LiY)  ESW

(P4444)(2-1EBA) 0.53 3.85 3.32
(P4444)(3-IEBA) 0.40 3.89 3.49
(P4444)(4-1EBA) 0.88 4.01 3.13
(P4444)(2-EEBA) 0.43 4.02 3.59
(P4444)(2-MEMBA) 112 4.20 3.08
[(Paaa) (2-IEBA)o, [(Li)(2-IEBA)],, 042 3.89 3.47
[(P44aq)(2-EEBA)]yo [(Li)(2-EEBA)],;  1.39 3.68 2.29

NMR diffusometry

The diffusion coefficients of all species show monotonous
increases as function of temperature, and all also follows VFT
behaviour (Figure 6a, Table S2). For all the ILs the self-diffusion
coefficients of the cations (Do) and the anions (D,,,.), as
measured by 'H NMR spectroscopy, are approximately same
and cannot be separated, which is expected as they are of
comparable size. The Dy, Was also measured by *'P NMR
spectroscopy (Figure 6b), which corroborate this picture.

The addition of Li-salt decreases the diffusivity of both
cations and anions (Figures 6¢c and 6d), due to additional
electrostatic interactions. The diffusivity of the cations is
suppressed to a larger extent than the anions, which is rather
unexpected as the Li*™ cations in general interact with the IL
(and salt) anions® but at the same time Li* diffuses the
slowest by virtue of triplets and larger aggregates forming.

The large differences in the VFT fits between ILs and
electrolytes (Figure 6 and Table S2) can be understood by the
free volume available,* decreasing upon Li-salt doping, which
also increases the ion-ion interactions, manifested as slightly
changed apparent activation energies, Ey, as well as in D,. As a
sidenote, the T, obtained from the ionic conductivity data are
lower than the T, obtained from the diffusivity data; this as the
latter is an average of the diffusion coefficients of isolated,
paired, and clustered ions, regardless of charge, whereas the
former only has contributions from charged species.

(b) 15
—(P,,,)(2-EBA)
1 01— [(P,,.)(2-EBA)] [(Li)(2-IEBA)],,
— (P, (2-EEBA)
05]—[(P,...(2-EEBA)] [(Li)(2-EEBA)],,

©
o
|

Current Density (mA cm™)
=3
o
1

-1.04

-1.5 T T T T T T
02 04 10 16 22 28 34 40 46

E (V vs. LilLi")

Figure 5. LSV curves of the ILs (a) and the electrolytes (b) using GC as WE at 20°C.
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Figure 6. Diffusion coefficients of ions: (a-b) the neat ILs, and (c-d) the neat ILs and the electrolytes measured by 'H (a-d), *'P (b) and ’Li (c-d) NMR
spectroscopy. Symbols indicate experimental data and the solid lines represent the VFT fits.

In order to further compare the diffusivity of the ions in the
electrolytes, the apparent transference numbers t; for each ion
were calculated from their diffusion coefficients D; using the
following Equation (1):>>*°

X;D;
"7 5w, M
where X; is the molar fraction of each ion. The anion ¢; is higher
than for both the (P,,)" cation and the Li* cation (Figure 7).
The latter has the smaller contribution, which is expected due
to being only 10 mol%, but is likely also affected by the
formation of aggregates. PFG NMR diffusometry, however,
fundamentally underestimate the diffusion coefficients of
charged species and therefore the t; of Li* cations determined
by electrochemical techniques can be 2-3 times larger.*”

Infrared spectroscopy
Focusing on the asymmetric and symmetric stretching of the
carboxylate group, the C—O stretching and the CH, rocking

bands of the anions, the ILs all have the former appearing as a
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broad band at ca.1595 cm™ with distinct satellite bands on
both sides, indicating several types of coordination sites/
interactions, whereas in contrast the symmetric stretching band
appears as a single broad peak at ca. 1380 cm™, both thus
indicative of carboxylate-cation interactions (Figure 8).*® The
symmetric stretching bands for both the (P,.,)(3-IEBA) and
(P4444)(4-IEBA) ILs shift slightly towards higher wavenumbers as
compared to (P,44,)(2-IEBA), which likely is due to an electronic
effect of the phenolic oxygen (Figure 8a).

The C-O stretching region, 800-1200 cm™', contains two
main bands: one at 1093 cm™' (asymmetric stretching) and one
at 920 cm™' ((symmetric stretching combined with CH, rocking)
(Figure 8b)."% For the latter the distinct shoulders found for
both (P,444)(2-IEBA) and (P,4.,)(2-MEMBA) indicate interactions of
the ethoxy units of these anions with the aliphatic protons of
the (P444) " cation.

As was expected, doping with Li-salt changes the inter-
actions and thus the spectra; the peak at 1595 cm™' split into
two distinct bands, confirming strong Li*- carboxylate group
interactions, and similar changes are seen in the symmetric
stretching band at 1380 cm™' (Figure 8¢). In contrast, there are
minimal changes in the lower wavenumber regions, indicating
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Figure 8. FTIR spectra of the ILs (a and b) and the electrolytes (c and d).

weaker interactions with the ethoxy units of the ether chains
(Figure 8d).
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Conclusion

Despite the structural similarities, the (Pg4)(2-IEBA) IL offered
key beneficial properties including lower T, higher ionic
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conductivity and higher ion diffusivity, but lower dynamic
thermal stability, than both (P,44,)(3-IEBA) and (P44,4)(4-IEBA) ILs.
As was expected, the addition of Li salt to the ILs decreased the
ionic mobility and thereby lead to reduced ionic conductivity
and ion diffusivity, although both the latter increase monotoni-
cally as a function of temperature. The anions diffuse faster
within the electrolytes than the (P,,,)* cations and Li* ions,
despite the fact that the FTIR spectroscopy data revealed
interactions between the Li* ions and the carboxylate group of
the anions. Altogether, the designed ILs and the electrolytes are
fluorine-free and have better physicochemical properties than
conventional LIB electrolytes and have a potential to be used as
electrolytes in next generation batteries operating at elevated
temperatures and with limited ESWs.

Experimental Section

Materials: Unless otherwise noted, all the commercial reagents
were utilized without any additional purification. Salicylic acid (ACS
reagents, >95% purity), 4-toluenesulfonyl chloride (ACS reagents,
>97 % purity), 2-ethoxyethanol (>99% purity), iso-propoxy ethanol
(>99% purity), diethylene glycol monoethyl ether (>99% purity),
an aqueous solution of tetrabutylphosphonium hydroxide (40 wt%
in water) and lithium hydroxide monohydrate (ACS reagents,
>98% purity) were received from Sigma-Aldrich. Sodium sulphate
(Na,S0O,), potassium carbonate (K,CO,), lithium bicarbonate (LiH-
CO;), methanol, dichloromethane (DCM), acetonitrile and
diethylether were all purchased from VWR (BDH) chemicals. The
water content was measured by Karl Fischer titration using
Metrohm 917 Coulometer, Switzerland, placed inside a Mbraun
glovebox with water and oxygen contents <0.5 ppm and was
determined to be <100 ppm for all synthesized ILs and the
electrolytes.

Synthesis: The synthesis procedure for 2-(2-isopropoxyeth-
oxy)benzoic acid (2-IEBA) is described in detail, all the other acids
are synthesized using the same two-step reaction procedure.

Synthesis of 2-(2-isopropoxyethoxy)benzoic Acid (2-IEBA)

Step 1: Synthesis of 2-isopropoxyethyl 4-meth-
ylbenzenesulfonate: Solution of potassium hydroxide (0.38 g,
6.9 mmol, 1.2 equiv.) in water (20 mL) was dropped into the iso-
propoxy ethanol (0.9 g, 8.6 mmol, 1.5 equiv.) over 5 minutes and
after complete addition the mixture was further stirred for 10
minutes. Solution of 4-toluenesulfonyl chloride (1.1 g, 5.7 mmol,
1 equiv.) in THF (500 ml) at room temperature was dropped into
the mixture under vigorous stirring over 50 minutes and stirred at
ambient temperature for further 24 hours. 250 mL of water was
added to reaction mixture and extracted with DCM (3x 100 mL).
The organic layer was dried over Na,SO,, gravity filtered, and the
solvent was removed by rotary evaporation, a pale-yellow liquid
was obtained and used in the next step without any further
purification.

Step 2: Synthesis of Aromatic Acids: A solution of 2-isopropox-
yethyl 4-methylbenzenesulfonate (38.7 g, 0.15 moles, 1.5 equiv. in
100 ml of dry acetonitrile), methyl salicylate (15.2 g, 0.1 moles,
1 equiv.) and potassium carbonate (69 g, 0.5 moles, 5 equiv.) in a
dry acetonitrile (250 mL) was heated at 70°C under N, and
continuous stringing for 48 hours. The yellow suspension was
filtered off and the solid was washed with 60 mL of acetonitrile. The
extract and washes were concentrated via rotary evaporation. The
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residue was extracted with DCM (3 x50 mL). The organic phase was
washed with water (6 X150 mL). The organic layer was dried over
Na,SO,, gravity filtered, and the solvent was removed by a rotary
evaporation to afford the product ether functionalized ethylsalicy-
late as a yellow oil. In the next step, the product was dissolved in
THF:MeOH (1:1, 50 mL) and dropped into the aqueous solution of
LiOH.H,O (3 equiv.), stirred at room temperature for 12 hours,
neutralized with 0.1 M HCl and extracted with DCM (3x 25 mL). The
organic phase was washed with water (6x150 mL), dried over
Na,SO,, gravity filtered, and the solvent was removed by rotary
evaporation to afford the product 2-(2-isopropoxyethoxy)benzoic
acid (2-IEBA) as a dark yellow liquid. All the acids were separated in
good yields ca. 60 %.

2-(2-isopropoxyethoxy)benzoic acid (2-IEBA): Dark yellow liquid.
'H NMR (400.21 MHz, CDCl,), *(ppm): 10.34 (b, 1H), 8.16-8.14 (d,
=82 Hz TH), 7.56-7.52 (d, *Jyyy=8.1 Hz, TH), 7.11-7.03 (t, *Jyy=
83 Hz 1H), 437-434 (t, *J=43Hz, 2H, O—CH,-), 3.84-3.82 (¢,
=45 Hz, 2H, —CH,—0), 3.72-3.66 (sept, *Jyyy=6.1 Hz, TH, —CH),
1.21-1.20 (d, *Jyy=6.1 Hz, 6H, —CH;) ppm. *C NMR (100.64 MHz,
CDCly): 171.20, 163.58, 132.43, 121.78, 114.56, 72.47, 68.12, 66.45,
22.19.

3-(2-isopropoxyethoxy)benzoic acid (3-IEBA): Dark yellow liquid.
'H NMR (400.21 MHz, CDCl;), °(ppm): 11.66 (b, 1H), 7.73-7.71 (d,
*Jyw="7.6 Hz TH), 7.66 (s, 1H),7.40-7.36 (t, *J,,=8.0 Hz TH), 7.19-7.18
(t, 3Juu=8.0 Hz 1H), 4.20-4.17 (t, *J,,=4.8 Hz, 2H, O—CH,—), 3.85-
3.82 (t, ¥yy=4.7 Hz, 2H, —CH,~0), 3.76-3.69 (sept, >}y =6.7 Hz, TH,
—CH), 1.24-123 (d, *jy=6.2Hz, 6H, —CH;) ppm. "*C NMR
(100.64 MHz, CDCl3): 171.20, 163.58, 132.43, 121.78, 114.56, 72.47,
68.12, 66.45, 22.19.

4-(2-isopropoxyethoxy)benzoic acid (4-IEBA): Dark yellow liquid.
"H NMR (400.21 MHz, CDCly), ®(ppm): 8.07-8.05 (d, *J,,=8.6 Hz, 2H),
7.99-797 (d, *Jyu=86Hz, 2H), 4.21-4.18 (t, *J,y=4.6 Hz, 2H,
O—CH,-), 3.83-3.81 (t, Yy=5.2 Hz, 2H, —CH,—0), 3.81-3.68 (sept,
3J4,=6.0 Hz, 1H, —CH), 1.24-1.22 (d, *,;y=6.1 Hz, 6H, —CH,) ppm.
3C NMR (100.64 MHz, CDCl,): 171.20, 163.58, 132.43, 121.78, 114.56,
72.47,68.12, 66.45, 22.19.

2-(2-ethoxyethoxy)benzoic acid (2-EEBA): Dark yellow liquid. 'H
NMR (400.21 MHz, CDCl;), ®(ppm): 10.81 (b, 1H), 8.14-8.12 (d, *Jyu=
7.9 Hz 1H), 7.55-7.51 (t, *Jyy=7.6 Hz, 1H), 7.13-7.11 (d, *Jyy=7.5 Hz
1H), 7.10-7.03 (t, *J,y,=8.3 Hz, 1H), 4.37-4.34 (t, *J,y,=4.3 Hz, 2H,
O-CH,-), 3.84-3.82 (t, *Jyyy=4.2 Hz, 2H, —CH,~0), 3.62-3.56 (t, *Jyy=
6.9 Hz, 2H, —CH,—0), 1.25-1.21 (d, *},;y=6.9 Hz, 3H, —CH,) ppm. *C
NMR (100.64 MHz, CDCl,): 165.85, 157.64, 134.93, 133.71, 122.62,
118.74, 113.75, 69.48, 67.86, 67.09, 15.03.

2-(2-(2-methoxyethoxy)ethoxy)benzoic acid (2-MEMBA): Dark yel-
low liquid. '"H NMR (400.21 MHz, CDCl,), ®(ppm): 10.91 (b, 1H), 8.18-
8.16 (d, *Jyy=8.0 Hz 1H), 7.55-7.52 (d, *J,;,y=8.1 Hz, 1H),7.14-7.06 (¢,
*Juy=8.1 Hz 1H), 4.40-4.37 (t, *Jyy=4.6 Hz, 2H, O—CH,-), 3.95-3.92
(t, >y =4.9 Hz, 2H, —CH,~0), 3.64-3.62 (t, *Ji4y=4.3 Hz, 2H, —CH,~0),
3.54-3.53 (t, *Jyy=>5.2 Hz, 2H, —CH,—0), 1.20 (t, *Jyu=5.1 Hz, 3H,
—CH;) ppm. *C NMR (100.64 MHz, CDCl;): 165.71, 157.57, 134.92,
133.81, 122.65, 118.70, 113.57, 71.05, 69.93, 69.33, 68.83, 66.87,
15.23.

Synthesis of lonic Liquids: An aqueous solution of the tetrabutyl-
phosphonium hydroxide (13.82 g, 50 mmol) was added dropwise
into the stirred aqueous solution of the acid (50 mmol in 50 ml of
water). The reaction mixture was stirred at room temperature for
4 hours and progress of the reaction was monitored via thin layer
chromatography (TLC) and upon completion of the reaction water
was removed under reduced pressure using a rotary evaporator.
The products were washed three times with 50 ml of diethyl ether
before being dissolved in dichloromethane and dried over anhy-
drous Na,SO,. Finally, the solution was filtered, residual solvent was
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removed under reduced pressure, and the final products were dried
in a vacuum oven at 80°C for more than 4 days. All the products
were separated in quantitative yields.

(P4444)(2-IEBA): Pale yellow liquid. MS (ESI). (Ci¢H5P)": Calcd m/z
259.2556. Found m/z 259.2565, [C,,H,s0,]": Calcd m/z 223.0975,
Found m/z 223.1071. '"H NMR (400.21 MHz, CDCl;), >(ppm): 7.45-
7.44 (d, *Jyy=6 Hz 1H), 7.09-7.07 (d, *J,y=7.5 Hz, 1H), 6.85-6.82 (m,
2H), 4.18-4.16 (t, *Jyy=>5.6 Hz, 2H, O—CH,-), 3.76-3.73 (t, *Jyu=
5.1 Hz, 2H, —CH,—0), 3.61-3.58 (sept, *Jyyy=5.1 Hz, TH, —CH), 2.41-
2.34 (m, 8H, P—CH,-), 1.48-1.46 (m, 16H, —CH,-), 1.21-1.20, (d,
3Juu=6.1 Hz, 6H, —CH5) ppm. 0.84-0.87 (t, 3Jy4=7.1 Hz, 12H, —CH,)
ppm. C NMR (100.64 MHz, CDCl,): 171.20, 163.58, 132.43, 121.78,
114.56, 72.47, 68.12, 66.45, 22.19. 'P NMR (162.01 MHz, CDCl,):
33.00 ppm.

(P4444)(3-IEBA): Pale yellow liquid. MS (ESI). (Ci¢Hs6P)": Calcd m/z
259.2556. Found m/z 259.2569, [C;,H,;0,]7: Calcd m/z 223.0975,
Found m/z 223.0934. '"H NMR (400.21 MHz, CDCl,), “(ppm): 7.67-
7.65 (m, 2H), 7.20-7.16 (m,1H), 6.90-6.88 (m, 1H), 4.17-4.13 (t, *Jyy=
5.0 Hz, 2H, O—CH,—), 3.78-3.75 (t, *Ju=6.11 Hz, 2H, —CH,—0), 3.72-
3.67 (sept, *Jyy=6.6 Hz, 1H, -CH), 2.45-2.38 (m, 8H, P—CH,-), 1.52-
147 (m, 16H, —CH,-), 1.20-1.18, (t, *},y=5.2 Hz, 6H, —CH,) ppm.
0.98-0.92 (t, 3Jyy=3.5 Hz, 12H, —CH;) ppm. *C NMR (100.64 MHz,
CDCl,): 171.48, 158.57, 142.61, 128.08, 122.25, 116.48, 114.71, 72.06,
67.86, 66.83, 24.21, 24.07, 24.06, 24.03, 22.27, 19.18, 18.17, 13.60. *'P
NMR (162.01 MHz, CDCl,): 33.03 ppm.

(P4444)(4-1IEBA): Pale yellow liquid. MS (ESI). (Ci¢H5P)*: Calcd m/z
259.2556. Found m/z 259.2565, [C;,H,s0,]: Calcd m/z 223.0975,
Found m/z 223.0934. '"H NMR (400.21 MHz, CDCl;), >(ppm): 7.99-
7.97 (d, ¥y =8.4 Hz, 2H), 6.82-6.80 (d, *Juyy=8.4 Hz, 2H), 4.10-4.08
(t, *Juy=4.9 Hz, 2H, O—CH,—), 3.77-3.64 (m, 2H), 1.42-1.40 (m, 16H,
—CH,), 1.20-1.18, (t, ¥uy=52Hz, 6H, -CH;) ppm. 0.98-0.92 (t,
3Juy=3.5 Hz, 12H, —CH,) ppm. *C NMR (100.64 MHz, CDCl,): 171.82,
160.00, 132.72, 131.14, 113.37, 116.48, 72.25, 67.77, 66.67, 24.10,
23.95, 23.89, 23.85, 22.19, 19.00, 18.53, 13.54. *'P NMR (162.01 MHz,
CDCl,): 32.96 ppm.

(P4444)(2-EEBA): Pale yellow liquid. '"H NMR (400.21 MHz, CDCl;),
%(ppm): 7.45-7.43 (d, *}y=7.2 Hz 1H), 7.09-7.05 (d, *),,,=7.9 Hz,
1H), 6.85-6.81 (m, 2H), 4.19-4.16 (t, *Juy = 5.4 Hz, 2H, O—CH,-), 3.76-
3.73 (t, *Jyy=>5.3 Hz, 2H, —CH,—0), 3.57-3.51 (t, *Jy,=6.9 Hz, 2H),
2.39-2.36 (m, 8H, P—CH,—), 1.46-1.44 (m, 16H, —CH,-), 1.19-1.17, (d,
3Juy=7 Hz, 3H, —CH;) ppm. 0.84-0.87 (t, 3Jyy=7.1 Hz, 12H, —CH,)
ppm. C NMR (100.64 MHz, CDCl,): 172.67, 155.29, 134.71, 129.02,
127.54, 120.93, 114.18, 69.32, 68.93, 66.88, 24.18, 24.03, 23.98, 19.01,
18.54, 15.41, 13.66. *'P NMR (162.01 MHz, CDCl,): 33.03 ppm.

(P4444)(2-MEMBA): Pale yellow liquid. MS (ESI). (C;¢H;P) *: Caled m/z
259.2556. Found m/z 259.2552, [C;5H,,0]: Calcd m/z 253.1081,
Found m/z 253.1321. '"H NMR (400.21 MHz, CDCl,), “(ppm): 7.43-
741 (m, 1H), 7.08-7.04 (m, 1H), 6.83-6.79 (m, 2H), 4.17-4.15 (t,
*Juy=5.2 Hz, 2H, O—CH,-), 3.82-3.79 (¢, *Jyy=5.3 Hz, 2H, —CH,—0),
3.68-3.66 (t, *Jiy=4.3 Hz, 2H), 3.56-3.45 (m, 8H) 2.33-2.30 (m, 8H, P-
CH,—), 1.46-1.44 (m, 16H, —CH,-), 1.19-1.17, (d, *jyy=7 Hz, 6H,
—CH;) ppm. 0.84-0.87 (t, 3Jyy="7.1 Hz, 12H, —CH;) ppm. *C NMR
(100.64 MHz, CDCl,): 172.78, 155.29, 134.42, 128.93, 127.67, 120.84,
114.51, 77.59, 77.28, 76.96, 70.77, 69.97, 68.88, 66.68, 24.13, 23.98,
23.95, 23.90 18.96, 18.49, 15.27, 13.61. *'P NMR (162.01 MHz, CDCly):
33.04 ppm.

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 Bruker Topspin 3.5 software.
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Thermal Analysis: Thermogravimetric analysis (TGA) was performed
using a PerkinElmer TGA 8000 under N, gas at a heating rate of
10°C per min. About 2-4mg of sample was used for each
experiment. The onset of decomposition temperature, 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 the sample placed in
an aluminum pan. DSC data were collected at a scanning rate of
5°Cmin~' 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 mLmin~". 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 aid of the Pyris software.

Electrochemical Characterization: The electrochemical stability and
ionic conductivity were determined using a Metrohm Autolab
PGSTAT302N electrochemical workstation with a FRA32 M module
for impedance measurements, all controlled by a Nova 2.02
software. A sealed Microcell HC from RHD instruments Germany
was used to hold about 70 pL of the sample. To determine the
electrochemical stability window (ESW), linear sweep voltammetry
(LSV) was performed with a three-electrode setup: a glassy carbon
(GQ) wire with a diameter of 2 mm as a working electrode (WE), a
Pt crucible as counter electrode (CE) as well as a sample container,
and an Ag wire coated with AgCl as a pseudo-reference electrode
(RE). Both cathodic and anodic scans were recorded at a scan rate
of 1 mVs™". The electrochemical potentials were calibrated using

ferrocene as an _internal reference and shifted using E,;4;" ~E,
FCI+3.2 V.GEO(E)The ESWs limits were defined by 0.1 A4 cGt-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 10040.1°C. A two-electrode configuration was
employed for ionic conductivity measurements, with a wire Pt as a
WE and a 70 pL Pt crucible as a sample container as well as CE.

Prior to each LSV and ionic conductivity measurement, both the
electrodes were polished with a 0.25 m of Kemet diamond paste.
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.

The relationship between temperature (T) and ion conductivity (o)
was fitted using the Vogel-Fulcher—Tammann (VFT) Equation (2).

O = 0,€eXp @

=)

Where o, is a pre-exponential factor, B and T, are adjustable
parameters, where the former is an empirical fitting parameter
related to T, and activation energy (E,) of the system, and the latter
is referred to the ideal vitreous transition temperature, at which
configurational entropy vanishes.

NMR Diffusometry: Pulsed field gradient (PFG) NMR diffusometry
measurements were performed using the same NMR spectrometer
and 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 closed with a
plastic stopper to avoid contact with air. Prior to measurements,
each sample was equilibrated at a specific temperature for 30 min.
The details of the PFG NMR technique for measuring molecular

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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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,
diffusion decay of A in the case of simple non-associating molecular
liquid can be described by Equation (3):*?

A(g,6,1,) = A(0)exp(-y°g"5°Dt,) ®)

where A(0) is the factor proportional to the proton content in the
system, and to spin-lattice and spin-spin relaxation times, y 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.

The diffusivity data is analyzed by fitting into the following VFT
Equation (4):

(T_To) @

where D, T,, B are adjustable parameters. Energy of activation for
diffusion is related with B as E,=BxR. We have described D(T) by
fitting Dy, T, and B.

D =D,exp

FTIR Spectroscopy: The attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectra were recorded using a Bruker IFS
80v spectrometer equipped with a deuterated triglycine sulfate
(DTGS) detector and diamond ATR accessory, employing the
double-side forward-backward acquisition mode. The total number

of scans was 256, co-added and signal-averaged at an optical

resolution of 4 cm™.
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Structural analogous ionic liquids
(ILs) and electrolytes comprising oli-
goether-based flexible aromatic
anions offer different physicochemical
properties. The designed ILs and the
electrolytes are fluorine-free and have
better physicochemical properties
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than conventional electrolytes and
have a great potential to be used as
electrolytes in next generation
batteries, in particular those operating
at elevated temperatures and with
limited electrochemical stability
window.
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