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Abstract

Balancing ionic transport, thermal robustness, and electrochemical stability remains an
important challenge in the design of ionic liquid (IL) electrolytes for lithium-based energy
storage. Here, quantitative structure–transport relationships were established through
a systematic comparison of six bis(trifluoromethanesulfonyl)imide ([Tf2N]−)-based ILs
spanning imidazolium, pyrrolidinium, and quaternary ammonium cation families, each
examined in both conventional alkyl and ether-functionalized forms. Density, viscosity,
and ionic conductivity were measured over broad temperature ranges, while Raman spec-
troscopy and electrochemical stability measurements were used to probe ion association
and voltage stability under selected conditions for both neat ILs and LiTf2N-containing
electrolytes. Ether functionalization consistently lowered viscosity and enhanced conduc-
tivity in the neat ILs, whereas LiTf2N addition markedly increased viscosity and reduced
conductivity in all systems. The magnitude of this lithium-induced transport penalty
depended on cation architecture, being smallest for imidazolium systems and largest for
ammonium analogues. Raman spectra indicate that these trends are associated with compe-
tition between Li+–anion coordination and ether-mediated solvation, which modifies ion
association and local coordination environments. Walden analysis showed subionic behav-
ior for all systems, with larger deviations after lithium incorporation, suggesting increased
ion correlation. Electrochemical measurements revealed a complementary trade-off be-
tween transport and stability: the ether-functionalized imidazolium electrolyte containing
0.65 mmol g−1 LiTf2N exhibited the highest ionic conductivity among the lithium-
containing systems, reaching 1.6 and 12.6 mS cm−1 at 25 and 80 °C, respectively, but
the corresponding imidazolium IL had the narrowest electrochemical stability window,
about 4.3 V. In contrast, the ether-functionalized pyrrolidinium and ammonium ILs ex-
hibited wider electrochemical stability windows of about 5.5 V, with improved cathodic
stability and somewhat higher anodic stability than the imidazolium analogue.

Keywords: ionic liquids; ionic conductivity; viscosity; ion transport; imidazolium;
pyrrolidinium; ammonium; bis(trifluoromethanesulfonyl)imide; lithium-ion batteries

1. Introduction
Electrolyte chemistry remains a central constraint in the development of safer, higher-

energy lithium-based electrochemical storage systems. Although conventional carbonate
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electrolytes provide high ionic conductivity, their volatility, flammability, and limited ther-
mal stability restrict operation under elevated-temperature and high-stress conditions [1–3].
Developing liquid electrolytes that simultaneously deliver efficient ion transport, wide
electrochemical stability windows, and improved thermal robustness therefore remains an
important challenge for next-generation batteries.

Ionic liquids (ILs) are promising alternatives because they combine negligible va-
por pressure, low flammability, wide liquidus ranges, and broad electrochemical stability
with substantial molecular tunability through independent choice of cation and anion
structure [2,3]. IL-based electrolytes have been shown to stabilize electrode–electrolyte
interfaces, suppress dendritic metal deposition, and extend operational temperature win-
dows in lithium and metal batteries [3–5]. Their importance is further expanding in liquid,
gel, and polymer electrolyte architectures where interphase stability and non-flammable
operation are increasingly desirable [6,7]. Yet these advantages are offset by a persistent
limitation: many ILs exhibit lower ionic conductivity than conventional organic electrolytes
because of their relatively high viscosities, strong Coulombic interactions, and pronounced
ion correlation.

This transport limitation becomes more acute when lithium salts are introduced.
In lithium-containing IL electrolytes, Li+ coordination to surrounding ions can increase
local ordering, promote ion pairing or aggregation, and reduce mobility [4,5]. As a result,
electrolyte optimization requires balancing multiple coupled variables rather than maximiz-
ing any single property in isolation. High conductivity does not necessarily coincide with
wide electrochemical stability, and molecular features that improve neat-liquid fluidity may
not preserve transport once lithium is added.

Recent theoretical and computational studies reinforce this view. Molecular dynamics
simulations reveal structural and dynamical crossovers arising from ion pairing, clustering,
and electrostatic screening in concentrated ionic media [8]. Complementary theoretical
analyses show that transport in dense electrolytes is shaped by coupled effects of ion
size, concentration, and nanoscale organization rather than by classical dilute-solution
descriptions [9]. These findings indicate that local coordination structure and collective ion
motion are important determinants of macroscopic electrolyte behavior.

Two molecular design variables are especially important: cation architecture and
side-chain functionality. Even with a fixed anion, changes in cation ring structure, charge
delocalization, substituent identity, and molecular packing strongly influence density,
viscosity, conductivity, diffusivity, and electrochemical stability. Systematic studies of imi-
dazolium bis(trifluoromethanesulfonyl)imide ILs established strong alkyl-chain effects on
transport properties [10], while broader comparisons across cation families confirmed im-
portant roles for cation geometry and charge distribution [11–13]. Bulut et al. [14] reported
transport and Walden behavior for several neat imidazolium- and pyrrolidinium-based
[Tf2N]− ILs, providing useful benchmarks for cation-dependent trends. Distinct transport
and electrochemical responses have also been reported for imidazolium and ammonium di-
cyanamide ILs [15], and differences between imidazolium- and pyrrolidinium-based Tf2N
systems have been linked to local structure and viscoelastic relaxation [16]. Recent studies
further emphasize a recurring trade-off between transport efficiency and electrochemical
stability across cation families [17], while subtle pyrrolidinium side-chain modifications
can alter solvation number, conductivity, and oxidative stability [18]. Complementary
thermophysical studies further showed that, even with a common cation, IL viscosity can
vary widely with anion identity, highlighting the broader importance of specific ion inter-
actions and packing effects [19]. In particular, cyano-based anions were associated with
comparatively low viscosities and densities, whereas sulfate- and carboxylate-containing
anions produced substantially higher viscosities.
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Ether functionalization provides an additional route to tune local interactions. Pendant
ether groups can redistribute cation charge, weaken cation–anion interactions, and intro-
duce donor sites for Li+ coordination. In conventional imidazolium [Tf2N] ILs, long alkyl
substituents promote nonpolar domain formation and enhanced nanostructuring [20]. Re-
placing purely alkyl side chains with ether-functionalized groups is therefore expected to
modify local packing and segregation behavior. Spectroscopic, simulation, self-assembly,
and scattering studies support this view, showing that functional side chains can reorganize
cation–anion interactions, nanoscale domains, and liquid packing in ILs [21–23]. Earlier
experimental studies showed that ether-functionalized imidazolium cations can exhibit
improved fluidity relative to conventional alkyl analogues because intramolecular coor-
dination reduces effective ion pairing [24]. Simulations also showed that ether oxygen
atoms participate directly in Li+ solvation and alter diffusion pathways [25]. However,
lithium salt addition introduces competing effects: although Li+ solvation may be en-
hanced, stronger ion association, higher viscosity, and lower conductivity can result [22,26].
Thus, the benefit of ether substitution depends on the broader ionic environment.

Our previous studies identified several of these competing effects in ether-functionalized
IL systems, including reduced cation–anion interactions, altered Li+ coordination en-
vironments, and conductivity changes that did not always track charge-carrier concen-
tration [22,24–26]. Related hybrid polymer–IL and solvate IL systems likewise showed
that transport depends sensitively on lithium coordination environment and cation struc-
ture [27,28]. Despite these advances, direct experimental comparisons that simultaneously
isolate cation family, ether functionalization, and lithium salt incorporation under identical
conditions remain limited.

Here, we sought to address this gap through a controlled comparative study
of six [Tf2N]−-based ILs spanning three major cation families—imidazolium, pyrroli-
dinium, and quaternary ammonium—each examined in both conventional alkyl and
ether-functionalized forms (Figure 1). Density, viscosity, ionic conductivity, Raman spec-
troscopy, and electrochemical stability measurements were used to establish quantitative
structure–property relationships in neat ILs and lithium salt-containing electrolytes. This
comparative design enabled direct evaluation of how cation charge distribution, ring struc-
ture, and ether coordination influence lithium-induced transport penalties, ion association,
and the balance between conductivity and electrochemical robustness. More broadly,
this study highlights cation architecture as an important design variable in developing
next-generation IL electrolytes that balance transport efficiency with practical stability.

Figure 1. Chemical structures of the ionic liquid cations investigated in this work. The series
includes imidazolium, pyrrolidinium, and quaternary ammonium cations bearing either conventional
alkyl substituents or ether-functionalized side chains. Comparison of these cation frameworks
enables systematic evaluation of the effects of cation charge delocalization, ring structure, and ether
coordination on density, viscosity, and ionic conductivity in lithium salt–ionic liquid electrolytes.

2. Materials and Methods
2.1. Materials

1-Methylimidazole (CAS 616-47-7, 99%, Alfa Aesar, Ward Hill, MA, USA), N-
methylpyrrolidine (CAS 120-94-5, 98%, Alfa Aesar), N,N-diethyl-N-methylamine (CAS 616-
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39-7, 97%, Sigma-Aldrich, St. Louis, MO, USA), and 2-chloroethyl methyl ether (CAS 627-
42-9, 98%, Alfa Aesar) were used as received. Lithium bis(trifluoromethanesulfonyl)imide
(LiTf2N, CAS 90076-65-6, 98%, Alfa Aesar) was used as the lithium salt. Acetonitrile (>99%,
J.T. Baker, Phillipsburg, NJ, USA), ethyl acetate (99%, Alfa Aesar), dichloromethane (99+%,
Alfa Aesar), and diethyl ether (anhydrous, >99%, Fisher Scientific, Pittsburgh, PA, USA)
were used as solvents without further purification. Ultrahigh-purity nitrogen (Airgas,
UHP300, 99.999%; <1 ppm O2 and H2O) and distilled water were used for all reactions
and sample preparation.

2.2. Synthesis of Ionic Liquids

Ether-functionalized ILs were synthesized by quaternization of tertiary amines fol-
lowed by anion metathesis. In a typical procedure, 1-methylimidazole (5.66 g, 69 mmol)
and 2-chloroethyl methyl ether (8.04 g, 85 mmol) were combined in a nitrogen-purged
round-bottom flask and heated at 70 °C for 48 h with stirring. After cooling to room temper-
ature, the mixture was extracted with ethyl acetate (20 mL, five times). Residual solvent was
removed by rotary evaporation, and the product was dried under vacuum (60 °C, <10−3

mbar, 24 h) to obtain 1-(2-methoxyethyl)-3-methylimidazolium chloride ([mEtMeIm][Cl]).
The corresponding bis(trifluoromethanesulfonyl)imide IL was obtained by anion ex-

change. [mEtMeIm][Cl] (2.0 g, 11.3 mmol) was dissolved in distilled water (10 mL), followed
by the addition of LiTf2N (3.9 g, 13.5 mmol). The hydrophobic IL phase formed immediately
and was extracted with dichloromethane. Water-soluble by-products were removed by
repeated washing with water (8 mL, five times). The organic phase was evaporated and
dried under vacuum (100 °C, <10−3 mbar, 12 h) to yield [mEtMeIm][Tf2N] (87.5%).

Pyrrolidinium and ammonium ILs were synthesized using analogous procedures.
1-Methylpyrrolidine or N,N-diethylmethylamine was reacted with 2-chloroethyl methyl
ether to produce the corresponding chloride salts, followed by anion metathesis with
LiTf2N to generate the [Tf2N]– ILs.

Butyl-substituted ILs were prepared by alkylation of the corresponding amines with
1-bromobutane at 80 °C for 48 h under nitrogen. The crude products were purified by
repeated washing with cold diethyl ether and dried under vacuum (100 °C, 24 h). Anion
exchange with LiTf2N yielded [BuMeIm][Tf2N], [BuMePyrr][Tf2N], and [BuDEMA][Tf2N],
following established procedures [24,28]. All ILs were subsequently dried under vacuum
at 100 °C for 12 h and handled with minimal exposure to ambient moisture. Residual
water contents were not directly quantified in the present study. However, based on prior
measurements under similar drying procedures, moisture levels are expected to be rela-
tively low [24]. Because all samples were synthesized, dried, handled, and measured using
identical procedures, the reported trends are based on internally consistent comparative
measurements. Trace water can nevertheless influence IL thermophysical and transport
properties [29], and this limitation should be considered when comparing absolute values
across independent datasets.

Chemical structures were confirmed by 1H NMR spectroscopy (Bruker Avance
400 MHz, CDCl3). [mEtMeIm][Tf2N]: δ 8.69 (s, 1H, C2 H), 7.38–7.48 (m, 1H, C4 H), 7.26–7.35
(m, 1H, C5 H), 4.29–4.43 (m, 2H, N CH2), 3.87–4.02 (m, 3H, N CH3), 3.72 (dd, J = 5.04,
4.28 Hz, 2H, CH2O), 3.31–3.43 (m, 3H, O CH3). [mEtMePyrr][Tf2N]: δ 3.55–3.75 (m, 7H,
O–CH3 + CH2–O + N–CH2), 3.25–3.45 (m, 7H, NCH3 + two ring NCH2), 2.05–2.25 (m,
4H, two ring CH2). [mEtDEMA][Tf2N]: δ 3.85–3.70 (m, 2H, NCH2CH2O), 3.55–3.35 (m,
9H, OCH3 + two NCH2CH3 + NCH2CH2O), 3.13–2.96 (s, 3H, NCH3), 1.46–1.29 (t, 6H,
two NCH2CH3).
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2.3. Preparation of Ionic Liquid–Lithium Salt Electrolytes

LiTf2N and the ether-functionalized ionic liquids [mEtMeIm][Tf2N], [mEtMePyrr][Tf2N],
and [mEtDEMA][Tf2N] were dried under vacuum at 100 °C for 12 h and subsequently
handled with minimal exposure to ambient moisture. LiTf2N solutions (≈18.66 wt%) were
prepared in each IL by magnetic stirring until complete dissolution, corresponding to
a LiTf2N concentration of 0.65 mmol g−1 of solution. This concentration was selected
for consistency with our prior study of related ether-functionalized IL systems, where
0.65 mmol g−1 LiTf2N was used as a common reference composition for comparing direct
LiTf2N/IL mixtures with corresponding glyme-containing lithium solvate systems [28].
It also represents an intermediate lithium loading below the highly concentrated regimes
often explored in recent lithium-rich ionic conductors [30]. The resulting mixtures were
stirred for 2 h to ensure homogeneity and then dried under vacuum (60 °C, 12 h) prior
to characterization.

2.4. Characterization Methods

Thermogravimetric analysis (TGA) was performed using a Pyris 1 thermogravimetric
analyzer (PerkinElmer, Waltham, MA, USA) under argon flow (20 cm3 min−1) at a heating
rate of 20 °C min−1.

Liquid densities were measured using a Rudolph Research Analytical DDM-2911
digital density meter equipped with oscillating U-tube detection and Peltier temperature
control. The instrument was calibrated with deionized water before each measurement
series. Viscosity-dependent damping corrections were applied using a 140 cP viscosity
reference standard (S60; CANNON Instrument Company, State College, PA, USA). Mea-
surements were conducted at ambient pressure over the temperature range of 10–90 °C in
5 °C increments, with 15 min equilibration at each temperature set point. The instrumen-
tal accuracies of the density and temperature measurements were 5 × 10−5 g cm−3 and
0.03 ◦C, respectively.

Viscosities were measured using a Brookfield LVDV-II+ Pro cone-and-plate viscometer
equipped with a CP-52 spindle (Brookfield Engineering Laboratories, Middleboro, MA,
USA). Approximately 0.5 cm3 of sample was loaded onto the viscometer plate, and the cone–
plate assembly was sealed to minimize moisture uptake. Measurements were conducted
over 10–100 °C with 20 min equilibration at each temperature and shear rates ranging from
40 to 400 s−1. After measurements at the highest temperature, selected lower-temperature
measurements were repeated to verify that viscosity values were not significantly affected
by moisture uptake during the experiment. The uncertainty in viscosity at the 95% confi-
dence level was generally below 2%.

Electrochemical stability windows were evaluated by cyclic voltammetry in a custom
three-electrode glass cell containing 0.5 cm3 of electrolyte. The cell employed a glassy
carbon working electrode (3.1 mm diameter; BASi Research Products, West Lafayette, IN,
USA), an Ag wire reference electrode, and a Pt coil counter electrode (Ag and Pt wires from
Sigma-Aldrich, Burlington, MA, USA). Voltammograms were acquired at a scan rate of
50 mV s−1. Measurements were repeated over five cyclic scans, and the electrochemical
stability windows were determined from the resulting voltammograms.

Ionic conductivities were measured using electrochemical impedance spectroscopy
(EIS). The electrolyte was contained in a custom Teflon cell with parallel stainless-steel
electrodes. The cell constant (L/A ≈ 3.3 cm−1) was determined using aqueous KCl con-
ductivity standards. Impedance spectra were acquired using a Solartron 1287A potentiostat
coupled with a 1252A frequency response analyzer with a 10 mV AC perturbation over fre-
quencies from 300 kHz to 0.1 kHz. Nyquist spectra were analyzed using complex nonlinear
least-squares (CNLS) fitting in ZSimpWin v3.5 (AMETEK Scientific Instruments, Berwyn,
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PA, USA), and the electrolyte conductivity was calculated from the fitted bulk resistance of
the solution [24]. The uncertainties in all calculated fit parameters were below 15%.

Raman spectra were recorded using an inVia Raman microscope (Renishaw, Wotton-
under-Edge, Gloucestershire, UK) with 514.5 nm laser excitation in a backscattering geome-
try. Laser power at the sample was maintained between 50 and 100 µW and focused using
a 20× objective. Samples were dried under vacuum at 60 °C for 12 h prior to measurement.
Spectra were collected at ambient conditions with five accumulations per sample.

3. Results and Discussion
3.1. Thermal Stability

Figure 2 shows the derivative thermogravimetric analysis (DTGA) profiles of the
ILs grouped by cation family. Distinct DTGA maxima correspond to the temperatures of
maximum mass-loss rate. Onset and peak decomposition temperatures are summarized in
Table 1, together with selected thermophysical and transport properties at 25 °C. Although
the thermal stability of ILs is often strongly influenced by anion identity [31], the common
use of the [Tf2N]− anion in the present study permits direct assessment of cation struc-
ture and side-chain effects. TGA mass-loss profiles (Figure S1, Supplementary Materials)
showed negligible mass loss below approximately 150 °C, indicating minimal residual wa-
ter or low-boiling impurities [32]. The DTGA features discussed below, therefore, primarily
reflect intrinsic thermal decomposition processes.

Figure 2. Derivative thermogravimetric analysis curves for ILs grouped by cation family: (a) imida-
zolium, (b) pyrrolidinium, and (c) ammonium. Within each panel, the ether-functionalized IL (mEt)
and the corresponding butyl-substituted analogue (Bu) are compared over 200–600 °C. Solid lines
represent the mEt ILs and dotted lines the Bu analogues. Numbers adjacent to the peaks denote the
temperatures of maximum derivative mass loss.

A clear cation-dependent stability trend is observed. Based on the DTGA peak tem-
peratures and 5% mass-loss onset temperatures (Tonset; Table 1), thermal stability follows
the approximate order

imidazolium ≳ pyrrolidinium > ammonium.

Thus, imidazolium- and pyrrolidinium-based ILs show the greatest resistance to thermal
degradation, whereas the ammonium systems decompose at lower temperatures. Repre-
sentative Tonset values are 380 °C for [mEtMeIm][Tf2N], 386 °C for [mEtMePyrr][Tf2N],
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and 373 °C for [mEtDEMA][Tf2N]. The corresponding Tpeak values are 480, 449, and 445 °C,
respectively.

Table 1. Thermal decomposition temperatures (onset and DTGA peak, °C) a, formula weight
(FW, g mol−1), and density (g cm−3), viscosity (cP), and ionic conductivity (mS cm−1) b at 25 °C.

Cation FW Tonset Tpeak Density Viscosity Conductivity

mEtMeIm 421.34 380 480 1.50474 45.0 5.18
BuMeIm 419.37 393 489 1.43635 48.2 4.86
mEtMePyrr 424.38 386 449 1.45277 51.1 3.51
BuMePyrr 422.41 428 478 1.39565 69.5 2.93
mEtDEMA 426.40 373 430 1.40741 69.0 2.73
BuDEMA 424.43 388 445 1.35469 109.4 1.81

a Onset temperature corresponds to 5% mass loss and was measured at a heating rate of 20 °C min−1 under an
argon flow rate of 20 cm3 min−1. b Conductivity values at 25 °C were obtained by interpolation using Vogel–
Fulcher–Tammann (VFT) fits.

Within each cation family, side-chain chemistry exerts a secondary but consistent influ-
ence. The butyl-substituted (Bu) ILs exhibit slightly higher Tonset and Tpeak values than their
ether-functionalized (mEt) analogues, indicating modestly improved thermal robustness.

Peak shape provides additional mechanistic insight. Pyrrolidinium- and ammonium-
based systems display relatively sharp, symmetric DTGA peaks, consistent with more
localized or single-step mass-loss events. By contrast, the imidazolium systems exhibit
broader and less symmetric peaks, suggesting overlapping or multistep decomposition
pathways, consistent with reported ring fragmentation and side-chain cleavage processes.

These trends can be rationalized by the combined effects of intrinsic cation stability
and condensed-phase cohesive interactions. Imidazolium cations are often thermally
more robust than tetraalkyl ammonium analogues, consistent with earlier comparative
TGA studies and the stabilizing influence of the heteroaromatic cation framework [33].
Thermal stability is nevertheless strongly modulated by ion identity, substituent pattern,
and decomposition conditions [34,35]. The lower stability of the ether-functionalized
liquids is plausibly associated with reduced liquid-phase cohesion: ether substituents
weaken cation–anion association, and alkoxy-functionalized ILs exhibit significantly lower
vaporization enthalpies than corresponding alkyl analogues [24,36]. By contrast, butyl
substitution restores stronger dispersive interactions and is consistent with the modestly
higher thermal resistance observed here.

It should also be noted that, in [Tf2N]−-based systems, thermal decomposition com-
monly proceeds through anion-centered pathways, including bond cleavage within the
anion and formation of volatile fragments, whereas the cation influences stability more
indirectly through ion pairing, local liquid structure, and volatility effects [33].

3.2. Volumetric Properties and Effect of Lithium Salt

The temperature dependence of density for the six ILs is shown in Figure 3. In all
cases, ρ decreases linearly with increasing temperature over 10–90 °C and is accurately
described by

ρ = a + bT (1)

where a is the intercept (g cm−3) and b is the temperature coefficient of density
(g cm−3 °C−1). The fits show excellent agreement (R2 > 0.999, AAD < 0.02%; Table 2),
indicating highly regular volumetric behavior. Similar linear ρ(T) relationships have been
reported for related [Tf2N]−-based ILs [37].
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Figure 3. Temperature dependence of density for ILs grouped by cation family: (a) imidazolium,
(b) pyrrolidinium, and (c) ammonium. Within each panel, the ether-functionalized IL (mEt), the
butyl-substituted analogue (Bu), and the corresponding LiTf2N-containing mixture (Li + mEt) are
compared. Symbols represent experimental data, and lines denote linear fits.

Table 2. Parameters of Equation (1) used to correlate the densities of the neat ILs and
LiTf2N-containing mixtures. The average absolute deviation (AAD, %) is defined as AAD =
100
N ∑N

i=1

∣∣∣(ρfit
i − ρ

exp
i )/ρ

exp
i

∣∣∣, where ρ
exp
i and ρfit

i are the experimental and fitted densities at the
ith temperature, respectively, and N is the number of data points.

Cation Li+ Concentration
(mmol g−1) a b × 10−3 R2 AAD (%)

mEtMeIm 0 1.8048 −1.01 0.9999 0.0173
0.65 1.8940 −1.07 0.9998 0.0215

mEtMePyrr 0 1.7311 −0.933 0.9999 0.0154
0.65 1.8330 −1.03 0.9999 0.0070

mEtDEMA 0 1.6820 −0.921 0.9999 0.0128
0.65 1.7790 −0.987 0.9998 0.0198

BuMeIm 0 1.7190 −0.948 0.9999 0.0155

BuMePyrr 0 1.6577 −0.879 0.9999 0.0155

BuDEMA 0 1.6125 −0.864 0.9999 0.0160

At a given temperature, density follows the order imidazolium > pyrrolidinium >

ammonium, consistent with prior studies of [Tf2N]−-based ILs [38]. Although the molar
masses of the six ionic liquids investigated are relatively similar (Table 1), their densities
differ systematically, indicating that cation structure and packing efficiency strongly influ-
ence volumetric behavior. The higher density of the imidazolium systems is consistent with
more efficient packing of the relatively compact aromatic cation framework, whereas the
saturated pyrrolidinium and tetraalkylammonium cations occupy larger effective volumes
and, therefore, generate lower bulk densities [38,39].

Within each cation family, the ether-functionalized ILs are consistently denser than
their butyl-substituted counterparts. Comparable behavior has been reported for related
systems and is attributed to the compact conformations accessible to ether-containing side
chains, which reduce excess free volume and improve liquid packing efficiency [40].

Addition of LiTf2N produces a modest but systematic increase in density for all
ether-functionalized ILs (Figure 3), corresponding to relative increases of about 4.5%,
4.9%, and 5.4% at 25 °C for the imidazolium, pyrrolidinium, and ammonium systems,
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respectively (Table A2). Similar density increases upon lithium salt addition have been
reported previously for [Tf2N]−-based IL electrolytes [41,42].

To assess whether the observed density increase could be explained primarily by
composition, ideal additive-volume estimates were calculated using

1
ρmix

= ∑
i

wi
ρi

(2)

where wi and ρi are the weight fraction and density of component i, respectively. The calcu-
lations used the measured pure-IL densities (Table 1) together with a crystalline LiTf2N
density of 2.13 g cm−3. For the present mixtures, the LiTf2N weight fraction was 0.1866,
corresponding to a concentration of 0.65 mmol g−1 solution. The calculated densities
closely approximated the experimental values (Figure 4), indicating that the observed
density increase is largely consistent with compositional and volumetric additivity effects.

Figure 4. Comparison of experimentally measured densities with ideal additive-volume estimates
for LiTf2N-containing ether-functionalized ionic liquid electrolytes. (a) Measured densities of the
Li-containing mixtures compared with densities calculated using the additive-volume relation,
1/ρmix = ∑i wi/ρi, where wi and ρi are the weight fraction and density of component i, respectively.
The calculations used the experimentally measured pure-IL densities together with a crystalline
LiTf2N density of 2.13 g cm−3 and a LiTf2N weight fraction of 0.1866 corresponding to 0.65 mmol
g−1 solution. (b) Relative deviation between the measured and calculated densities, evaluated
using linear fits to the density–temperature data to reduce point-to-point scatter. The measured
densities are systematically lower than the additive-volume estimates by approximately 1–2% over
the investigated temperature range.

At the same time, Li+ coordination and ion association are known to influence lo-
cal liquid structure in [Tf2N]−-based electrolytes. Monteiro et al. [41] showed, through
combined density, Raman spectroscopy, and molecular dynamics analyses, that LiTf2N
addition to a [Tf2N]−-based imidazolium IL promotes Li+-centered aggregates and modi-
fies the local coordination environment. Related simulations further indicate that [Tf2N]−

efficiently solvates Li+ ions and that increasing lithium concentration alters short-range
ionic organization [42].

The present systems exhibit strictly linear ρ(T) behavior across the investigated range,
with no statistically meaningful curvature. This contrasts with the weak quadratic depen-
dence reported by Monteiro et al. [41] for [1-butyl-2,3-dimethylimidazolium][Tf2N]–LiTf2N
mixtures. Because the reported curvature is small, the difference is more appropriately
interpreted as a system-specific response, potentially arising from subtle temperature-
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dependent changes in Li+ coordination or local packing structure, rather than evidence of
a distinct thermodynamic regime. The corresponding thermal expansion coefficients (α)
were estimated from the linear density fits according to

α = − 1
ρref

(
dρ

dT

)
(3)

where ρref is the density at 25 °C and dρ/dT is obtained from the slope of Equation (1)
with T in K. The resulting α values fall within a narrow range of 6.3–6.8 × 10−4 K−1 for all
systems (Figure 5). Lithium addition produces only a small increase in α, indicating that
volumetric expansion is only weakly affected by ion coordination.

Figure 5. (a) Thermal expansion coefficients (α) of the ether-functionalized ILs and their corresponding
LiTf2N mixtures. (b) Li-induced increase in α.

3.3. Rheological Behavior and Viscosity

Figure 6 presents the variation in shear stress with shear rate for [BuMePyrr][Tf2N]
over the temperature range of 20–100 °C. At all temperatures, shear stress increases linearly
with shear rate, confirming Newtonian behavior across the entire range investigated,
with no evidence of shear thinning.

Accordingly, viscosity was obtained from the slope of the linear τ–γ̇ relationship
constrained through the origin:

τ = ηγ̇ (4)

where τ is the shear stress, γ̇ is the shear rate, and η is the viscosity. The slope decreased
systematically with increasing temperature, consistent with the expected thermally induced
decrease in viscosity.

All ILs investigated in this study exhibit similar linear shear stress–shear rate relation-
ships, confirming Newtonian behavior for both neat ILs and their corresponding lithium
salt mixtures. The representative behavior shown in Figure 6 is therefore characteristic of
the entire system.

The measured viscosities (Figure 7) are in good agreement with literature values across
all systems. Detailed quantitative comparisons are provided in Supplementary Materials.
The observed deviations are comparable to the spread among published datasets and
primarily reflect differences in measurement methodology and water content, which is
known to significantly influence ionic liquid viscosity [14,37,43,44].
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Figure 6. Shear stress as a function of shear rate for [BuMePyrr][Tf2N] at different temperatures.
Symbols represent experimental data, while solid lines denote linear fits constrained through the
origin over the measured shear-rate range. Dashed lines indicate extrapolated fits outside the
experimental range. The linear dependence of shear stress on shear rate at all temperatures confirms
Newtonian behavior, and the viscosity at each temperature was obtained from the slope of the
corresponding linear fit.

Figure 7. Temperature dependence of viscosity for ILs grouped by cation family: (a) imidazolium,
(b) pyrrolidinium, and (c) ammonium. Within each panel, the ether-functionalized ionic liquid (mEt),
the butyl-substituted analogue (Bu), and the corresponding LiTf2N-containing mixture (Li + mEt) are
compared over their respective measured temperature ranges. Symbols represent experimental data,
and solid lines denote VFT fits. The addition of lithium salt significantly increases viscosity across all
systems, while ether-functionalized ionic liquids exhibit lower viscosities than their butyl-substituted
counterparts within each cation family.

For ammonium-based ionic liquids, the agreement is particularly strong. The mea-
sured viscosity of [mEtDEMA][Tf2N] (69.03 cP) is essentially identical to the value reported
by Zhou et al. [45], while that of [BuDEMA][Tf2N] (109.38 cP) is close to the reported value
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of 120 cP. These small differences are within the range of literature variability and further
support the consistency of the present measurements.

The temperature dependence of viscosity for all ILs is well described by the VFT
equation,

η = η0 exp

[
Aη(

T/T0η

)
− 1

]
(5)

where η is the viscosity, T is the absolute temperature, and η0, Aη , and T0η are fitting pa-
rameters. Here, η0 represents the high-temperature limiting viscosity, Aη reflects the degree
of non-Arrhenius behavior (liquid strength/fragility), and T0η defines the characteristic
temperature scale for cooperative dynamic slowing-down [26].

To examine reduced-temperature scaling, the data were additionally analyzed using
the framework introduced by Wu et al. [26]. In this treatment, each neat IL and its corre-
sponding Li-containing mixture within a given cation family were constrained to share
common values of η0 and Aη , while only T0η was allowed to vary between compositions.
This assumes that lithium salt addition primarily shifts the cooperative temperature scale
of viscous flow while preserving the intrinsic form of the temperature dependence. Despite
the reduced number of adjustable parameters, the fits remained satisfactory, with only mod-
est increases in RMSE and AAD relative to fully unconstrained regression. The principal
rheological effect of LiTf2N addition can therefore be represented as an increase in T0η .

The fitted parameters (Table 3) show a broadly similar salt effect across the ether-
functionalized systems. LiTf2N addition increases T0η by approximately 13–14 K in every
case (mEtMeIm: +13.3 K; mEtMePyrr: +14.1 K; mEtDEMA: +14.2 K), despite the differing
cation chemistries. This consistent shift suggests a common mechanism in which Li+

coordination to Tf2N− reduces configurational freedom and slows collective structural
relaxation. Because η0 and Aη remain fixed within each pair, the viscosity increase is
therefore attributed primarily to reduced mobility rather than to a substantial change in
fragility or local flow mechanism.

Table 3. VFT fitting parameters for viscosity. For each ether-functionalized neat/LiTf2N-containing
pair, η0 and Aη were fitted as common parameters, while T0η was fitted separately for the neat and
Li-containing systems. The butyl-substituted ILs were fitted independently. n.d. = not determined.

RMSE =
[

1
N ∑(log10 ηfit − log10 ηexp)2

]1/2
.

Parameter mEtMeIm mEtMePyrr mEtDEMA BuMeIm BuMePyrr BuDEMA
Li + mEtMeIm Li + mEtMePyrr Li + mEtDEMA

η0 (cP) 0.125 ± 0.016 0.120 ± 0.019 0.135 ± 0.009 0.080 ± 0.008 0.087 ± 0.019 0.077 ± 0.009
Aη 4.630 ± 0.312 5.345 ± 0.446 4.580 ± 0.148 6.750 ± 0.409 7.000 ± 0.871 6.233 ± 0.358
T0η (neat, K) 166.85 ± 3.35 158.43 ± 4.24 171.88 ± 1.57 145.25 ± 3.29 145.63 ± 6.93 160.46 ± 3.03
T0η (Li, K) 180.16 ± 3.54 172.56 ± 4.52 186.06 ± 1.66 n.d. n.d. n.d.
RMSE (neat) 0.0079 0.0091 0.0052 0.0035 0.0050 0.0047
RMSE (Li) 0.0166 0.0201 0.0084 n.d. n.d. n.d.
AAD (neat, %) 1.537 1.959 0.953 0.694 0.948 0.934
AAD (Li, %) 3.584 4.183 1.560 n.d. n.d. n.d.

Figure 8 shows the same data replotted against reduced temperature, T/T0. Two
key trends emerge. First, the imidazolium and ammonium ether-functionalized systems,
including both neat and Li-containing liquids, collapse closely onto common trajectories.
For these families, lithium addition is therefore captured predominantly as a shift in T0η

with minimal distortion of the underlying transport response. Second, the pyrrolidinium
pair remains displaced to higher viscosities at a given reduced temperature, demonstrating
that reduced-temperature scaling is not universal and retains sensitivity to cation struc-
ture. The butyl-substituted ionic liquids are shifted further still, indicating that side-chain
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chemistry continues to influence transport behavior even after normalization by T0η . Ether
substitution thus lowers not only the absolute viscosity but also the normalized resistance
to flow.

Figure 8. Reduced-temperature scaling of viscosity plotted as η versus T/T0 using pairwise-shared
VFT parameters. The ether-functionalized imidazolium and ammonium systems (neat and Li-
containing) collapse closely onto common trajectories, indicating that lithium addition is represented
primarily through a shift in T0. In contrast, the pyrrolidinium pair remains displaced to higher
viscosities at a given reduced temperature. The butyl-substituted ionic liquids are shifted further still,
demonstrating that normalization by T/T0 captures the dominant salt effect within a given family
but does not eliminate cation- and side-chain-dependent differences in viscous flow.

These results show that viscosity is controlled by two largely independent factors. First,
addition of LiTf2N produces a similar increase in T0η for all ether-functionalized systems,
indicating a common salt effect in which Li+ coordination slows structural rearrangement
and reduces ion mobility. Second, the remaining differences between liquids arise from
cation structure and side-chain chemistry, which determine the baseline viscosity and the
quality of reduced-temperature scaling. Ether functionalization is especially beneficial
because it lowers viscosity while maintaining compatibility with lithium salt, whereas
butyl substitution retains stronger intermolecular packing and higher flow resistance.
A practical implication is that low-viscosity ionic-liquid electrolytes can be designed by
first selecting cations and side chains that minimize neat-liquid viscosity, then adjusting
lithium concentration to balance conductivity and salt-induced thickening.

A useful contrast emerges with the reduced-temperature scaling reported by
Wu et al. [26] for imidazolium iodide and Tf2N− ionic liquids bearing either alkyl or
PEGylated side chains. In that study, the alkyl systems generally lay below the PEG-
functionalized analogues on η vs. T/T0 plots, whereas the present data show the reverse or-
dering: the butyl-substituted ionic liquids lie above the corresponding ether-functionalized
systems, i.e., they retain higher viscosity at the same reduced temperature. The differ-
ent trends reflect the distinct molecular comparisons being made. Wu et al. compared
short hexyl substituents with substantially longer oligomeric PEG chains, for which chain
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length, segmental mobility, and modified nanosegregation can strongly influence trans-
port. Here, chain length is effectively controlled, and the comparison isolates replacement
of an internal methylene unit by oxygen (alkyl → ether substitution in the mEt series).
The lower viscosities of the ether-functionalized liquids therefore reveal the intrinsic con-
sequence of oxygen incorporation: greater conformational flexibility, reduced packing
efficiency, and faster structural relaxation. Thus, when chain-length effects are minimized,
ether insertion lowers both absolute viscosity and normalized flow resistance, while the
higher viscosities of the butyl analogues reflect persistent packing constraints even after
reduced-temperature scaling.

3.4. Ionic Conductivity

Ionic conductivities of the neat ILs were measured by electrochemical impedance
spectroscopy over the temperature range of 0–100 °C in 10 °C increments (Table A9).
For [mEtMeIm][Tf2N], three independent measurements were performed to assess repro-
ducibility. Mean values and associated deviations are summarized in Table S8 (Supple-
mentary Materials). These measurements showed acceptable reproducibility, with relative
standard deviations (RSD) below 7%.

Conductivity increased with temperature for all systems, consistent with enhanced
ionic mobility and reduced viscous resistance at elevated temperature. Figure 9 compares
the temperature-dependent conductivities of the ether-functionalized ILs and their mixtures
with LiTf2N (0.65 mmol g−1) over the range of 0–100 ° C.

Figure 9. Temperature dependence of ionic conductivity for imidazolium (a), pyrrolidinium (b),
and ammonium ILs (c) and their corresponding LiTf2N mixtures (0.65 mmol g−1). Within each
panel, the ether-functionalized IL (mEt), the butyl-substituted analogue (Bu), and the corresponding
LiTf2N-containing IL (Li + mEt) are compared. Symbols represent experimental data, and curves
correspond to VFT fits to the data.

For the neat ILs, imidazolium-based systems exhibited the highest conductivities at a
given temperature, followed by pyrrolidinium and ammonium analogues. This ordering is
consistent with the greater charge delocalization and generally weaker ion association of
imidazolium cations, which facilitate ion transport.

Comparison with published data reveals moderate variability among reported con-
ductivity values. The present conductivities for [mEtMeIm][Tf2N] are higher than those
reported by Bulut et al. [14]. Similarly, the conductivities of [BuMeIm][Tf2N] and
[BuMePyrr][Tf2N] reported by Bulut et al. [14] are substantially lower than those reported
by Vranes et al. [37]. In contrast, the [BuMePyrr][Tf2N] values obtained in the present work
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are in good agreement with those of Vranes et al. [37]. For [mEtMePyrr][Tf2N], the conduc-
tivities reported by Ibrahim et al. [46] are markedly lower than both the present results and
those of Bulut et al. [14].

These differences likely arise from a combination of experimental factors, including
electrode geometry, cell constant calibration, frequency range, equivalent-circuit fitting pro-
cedures, and temperature control during measurement. Sample history may also contribute,
particularly differences in drying protocols or residual impurities such as water and halides,
both of which can strongly influence ionic liquid conductivity. Because conductivity is
highly sensitive to such variables, direct comparison between independently reported
datasets should be made with caution. A detailed tabulated comparison with literature
values is provided in the Supplementary Materials.

The addition of LiTf2N caused a substantial decrease in conductivity for all systems,
consistent with earlier studies on PEG-functionalized ILs [25,26,28]. This behavior is char-
acteristic of Li-salt-doped ILs and is primarily governed by strong Li+–Tf2N− coordination.
Added Li+ preferentially binds Tf2N− anions and available ether oxygen sites to form
contact ion pairs, multidentate complexes, and extended transient aggregates, which re-
duce the population of mobile charge carriers and increase ion–ion correlations that do not
efficiently contribute to net charge transport [25,47,48]. In parallel, incorporation of LiTf2N
increases viscosity and slows structural relaxation of the IL matrix, thereby decreasing the
diffusional mobility of both cations and anions [2,25,49,50]. As a result, the conductivity
loss reflects the combined effects of fewer effective charge carriers and lower ionic mobil-
ity. Although Li+ can migrate through exchange between neighboring coordination sites
at high salt loadings [48,51], this hopping-like mechanism generally does not offset the
reduction in bulk conductivity at the concentrations examined here.

3.5. Transport Penalty Induced by LiTf2N

The transport penalty associated with LiTf2N addition was quantified as the percent
increase in viscosity and percent decrease in conductivity relative to the corresponding neat
ether-functionalized ionic liquid (Figure 10), thereby isolating the effect of Li+ incorporation
across the full temperature range.

The addition of LiTf2N causes a substantial increase in viscosity for all three cation
families across the entire temperature range investigated. The magnitude of this increase
follows the order ammonium > pyrrolidinium > imidazolium, indicating that Li+ coordina-
tion disrupts molecular mobility most strongly in ammonium-based systems. Although the
viscosity penalty decreases with increasing temperature, it remains pronounced throughout
the full range, exceeding ≈80% even at 85 ◦C and reaching ≈350–480% at 10 ◦C.

A similar trend is observed for ionic conductivity. The addition of lithium leads to
a pronounced decrease in conductivity for all systems, with the largest reduction again
occurring in the ammonium ionic liquid. The imidazolium and pyrrolidinium systems ex-
hibit comparatively smaller conductivity penalties, with the imidazolium system showing
slightly greater tolerance to lithium incorporation across most of the temperature range.
Unlike the viscosity response, however, the relative conductivity penalty exhibits a com-
paratively weaker temperature dependence, decreasing only gradually with increasing
temperature. This suggests that although elevated temperature improves ion mobility,
lithium-induced ion association and correlated motion continue to limit conductivity across
the full temperature range investigated.

Thus, the transport penalty associated with LiTf2N addition was substantial and
strongly dependent on both cation structure and temperature. The ammonium system
exhibited the greatest transport penalty, whereas the imidazolium and pyrrolidinium
systems were comparatively more tolerant to lithium incorporation.
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Figure 10. Temperature-dependent effect of LiTf2N addition on the transport properties of ether-
functionalized ionic liquids. (a) Percent increase in viscosity and (b) percent conductivity loss upon
addition of LiTf2N, shown for the imidazolium-, pyrrolidinium-, and ammonium-based systems.
In all cases, LiTf2N substantially increases viscosity and decreases conductivity. The viscosity penalty
remains large across the full temperature range, whereas the conductivity penalty is most severe
at lower temperatures and decreases progressively with increasing temperature. Among the three
cation families, the ammonium system exhibits the largest transport penalty, while the imidazolium
system shows the smallest.

3.6. Fractional Free Volume and Transport Behavior

Fractional free volume (FFV) has previously been used to correlate solubility and trans-
port properties in ionic liquids, particularly for gas transport and diffusion processes [52].
To examine whether the observed transport behavior of the present ILs can be explained
in terms of residual free volume, the molar volume (Vm) and van der Waals volume
(VvdW) were analyzed. The molar volumes were calculated from the experimentally mea-
sured density values, while the van der Waals volumes were estimated using the atomic-
and bond-contribution method proposed by Zhao et al. [53]. The FFV was estimated
according to

FFV =

(
1 − VvdW

Vm

)
× 100 (6)

Table 4 summarizes the calculated values. The VvdW/Vm ratios range from approxi-
mately 0.508 to 0.524, corresponding to FFV values of 47.6–49.8%. Interestingly, these values
are comparable to those previously reported for protic ionic liquids based on diffusion coef-
ficient measurements and analysis using the Sutherland–Einstein framework [54]. The imi-
dazolium ILs exhibit slightly larger FFV values than the pyrrolidinium and ammonium ILs,
while the alkyl-substituted ILs exhibit slightly larger FFV values than the corresponding
ether-functionalized analogues. For example, [mEtMeIm][Tf2N] exhibits the largest FFV
(49.2%), whereas [mEtDEMA][Tf2N] exhibits a somewhat smaller value (47.5%).

However, the FFV differences between the pyrrolidinium and ammonium systems are
relatively modest. In particular, [BuMePyrr][Tf2N] and [BuDEMA][Tf2N] exhibit nearly
identical FFV values of 48.0% and 47.9%, respectively, despite substantial differences in
viscosity, conductivity, and Li-salt transport behavior. These observations indicate that
the unusually large transport penalty observed for the ammonium-based systems cannot
be explained solely on the basis of residual free volume and that ion coordination and
collective dynamic effects play a dominant role.
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Table 4. van der Waals volume, molar volume (25 °C), and fractional free volume (FFV) of the ILs.

IL VvdW (cm3 mol−1) Vm (cm3 mol−1) VvdW/Vm FFV (%)

[mEtMeIm][Tf2N] 142.35 280.01 0.508 49.2
[mEtMePyrr][Tf2N] 153.20 292.12 0.524 47.6
[mEtDEMA][Tf2N] 159.16 302.97 0.525 47.5
[BuMeIm][Tf2N] 146.46 291.97 0.502 49.8
[BuMePyrr][Tf2N] 157.30 302.66 0.520 48.0
[BuDEMA][Tf2N] 163.26 313.30 0.521 47.9

3.7. Conductivity–Viscosity Relationship

The ionic conductivity, σ, of an electrolyte arises from the transport of charged species and
can be expressed as

σ =
Fe

kBT ∑
i

ciDi (7)

where ci and Di are the concentration and diffusivity of species i, respectively, F is Faraday’s
constant, e is the elementary charge, kB is Boltzmann’s constant, and T is temperature.

For a pure IL, if the cation and anion are present at equal number concentration
and their motions are treated as uncorrelated, the molar conductivity, Λ = σ/cIL, can be
expressed in the Nernst–Einstein form as

ΛNE =
Fe

kBT
(D+ + D−) (8)

Using the Sutherland–Einstein relation, D ∝ (T/η), where η is viscosity, yields

Λ ∝
1
η

(9)

For IL–lithium salt (Li+X−) mixtures, contributions from both IL ions and salt species
lead to [26]

Λ =
Fe

Cπη

[
xIL

(
1

r+
+

1
r−

)
+ (1 − xIL)

(
1

rLi+
+

1
rX−

)]
(10)

where C is a proportionality constant, xIL is the mole fraction of IL in the liquid mixture,
and r+, r−, rLi+ , and rX− denote the effective hydrodynamic radii of the IL cation, IL anion,
lithium cation, and salt anion (Tf2N−), respectively. Rearranging,

Λη =
Fe
Cπ

[
xIL

(
1

r+
+

1
r−

)
+ (1 − xIL)

(
1

rLi+
+

1
rX−

)]
(11)

Thus, for approximately constant ionic sizes, the product Λη represents a limiting
hydrodynamic charge-transport efficiency determined by ion size and composition. Walden
plots (log Λ vs. log η−1) therefore provide an empirical framework for assessing deviations
from ideal behavior. Systems that follow the ideal Walden line exhibit decoupled ion
motion, whereas downward (subionic) deviations indicate correlated transport arising
from ion association and coordination.

Previous studies have associated subideal Walden behavior and anomalous ion trans-
port in ILs with ion association and correlated ionic motion [25,54–56]. In ammonium-
and imidazolium-based protic ILs, Walden deviations were associated with strong ion
correlation and predominantly vehicular ion transport rather than Grotthuss-type hop-
ping [54]. These observations indicate that, in highly concentrated ionic environments,
charge transport is strongly influenced by transient ion association and collective ionic
motion. Studies on Li-salt-containing ILs further showed that Li+ coordination with mul-

https://doi.org/10.3390/liquids6020022

https://doi.org/10.3390/liquids6020022


Liquids 2026, 6, 22 18 of 32

tiple anions promotes ionic clustering, long ion-pair lifetimes, and nanoscale structural
organization, leading to reduced ionic mobility and conductivity [25,55]. In pyrrolidinium–
LiTf2N systems, Li+ ions formed extended coordination structures with multiple [Tf2N]−

anions, producing network-like ionic arrangements that increased viscosity, suppressed
conductivity, and enhanced deviations from ideal Walden behavior [56]. These stud-
ies suggest that Walden deviations in concentrated IL electrolytes arise primarily from
ion association, correlated ion motion, and coordination-driven structural heterogeneity
rather than fully independent ion solvation and transport. Similar Li+–anion coordination
and correlated transport effects likely contribute to the Walden behavior observed in the
present electrolytes.

For construction of the Walden plots, the LiTf2N and IL concentrations were calculated
from the solution composition as follows. Let ms denote the LiTf2N concentration (mol g−1

solution) and ρ the solution density (g cm−3). The molar concentration of LiTf2N is given by

cs = ρ ms (12)

and the corresponding mass fraction is

ws = msMs (13)

where Ms is the molar mass of LiTf2N (≈287.09 g mol−1). The IL concentration was
calculated from

cIL = ρ
1 − msMs

MIL
(14)

where MIL is the molar mass of the ionic liquid.
As a qualitative reference, the percent ionicity may be defined relative to the ideal

Walden line as
% ionicity =

Λ
Λideal

× 100 (15)

where Λideal is obtained from a standard reference electrolyte, such as aqueous KCl. Val-
ues below 100% indicate subionic behavior associated with correlated ion motion and
ion association.

All systems lie below the ideal Walden line (Figure 11a), indicating subionic behavior
and significant ion correlation. To quantify deviations from ideality, the Walden deviation
is defined as

∆W = log10

(
Λ

Λideal

)
(16)

More negative ∆W values therefore indicate larger deviations from ideal Walden behav-
ior and lower effective charge-transport efficiency, corresponding to reduced ionicity (cf.
Equation (15)).

The imidazolium systems showed the least negative ∆W values and therefore the
highest charge-transport efficiency among the ILs investigated (Figure 11b,c and Table 5).
At 25 ◦C, BuMeIm gave the smallest Walden deviation (∆W = −0.285) and the highest
ionicity (51.9%), followed by mEtMeIm (∆W = −0.323, ionicity = 47.6%). In contrast,
the pyrrolidinium and ammonium systems showed larger negative deviations and lower
ionicities, consistent with stronger ion correlation and reduced transport efficiency. For ex-
ample, mEtMePyrr gave ∆W = −0.410 and an ionicity of only 38.9%.
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Figure 11. Walden analysis of the ILs. (a) Molar conductivity, Λ, as a function of fluidity, η−1.
Colors denote cation family (blue: imidazolium, ochre: pyrrolidinium, red: ammonium). Filled
markers represent ether-functionalized (mEt) ILs, open circles, squares, and triangles represent
butyl-substituted (Bu) ILs, and open diamonds, pentagrams, and inverted triangles represent the
corresponding LiTf2N-containing systems. Black reference lines correspond to the ideal Walden line
and the 50% and 20% ionicity limits. (b) Temperature dependence of the Walden deviation, ∆W,
for neat ILs. (c) Temperature dependence of ∆W for LiTf2N-containing systems. (d) Lithium-induced
Walden shift, ∆∆W = ∆WIL+Li − ∆Wneat IL, quantifying the effect of LiTf2N addition on deviations
from ideal Walden behavior.

Table 5. Walden deviation (∆W) and ionicity values at 25 ◦C.

System ∆W Ionicity (%)

[mEtMeIm][Tf2N] −0.323 47.6
[mEtMePyrr][Tf2N] −0.410 38.9
[mEtDEMA][Tf2N] −0.372 42.4
[BuMeIm][Tf2N] −0.285 51.9
[BuMePyrr][Tf2N] −0.334 46.3
[BuDEMA][Tf2N] −0.332 46.5

[mEtMeIm][Tf2N] + LiTf2N −0.337 46.0
[mEtMePyrr][Tf2N] + LiTf2N −0.408 39.1
[mEtDEMA][Tf2N] + LiTf2N −0.504 31.4
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The neat ether-functionalized ILs generally showed more negative ∆W values than
the corresponding butyl-substituted analogues (Figure 11b and Table 5) despite their lower
viscosities. Across all three cation families, the butyl analogues gave higher ionicities than
the ether-functionalized systems. For example, BuMePyrr and BuDEMA gave ionicities
of 46.3% and 46.5%, respectively, compared with 38.9% and 42.4% for mEtMePyrr and
mEtDEMA. These results suggest stronger ion correlation and coordination in the ether-
functionalized systems, likely associated with ether oxygen interactions and altered local
ionic organization.

LiTf2N addition generally shifted the ether-functionalized systems toward more
negative ∆W values, although the magnitude of the effect varied substantially across
the cation families (Figure 11c,d). This behavior reflected reduced charge-transport
efficiency arising from Li+–anion coordination and enhanced correlated ionic motion.
At 25 ◦C, the lithium-containing mixtures showed ionicities ranging from 46.0% for
[mEtMeIm][Tf2N] + LiTf2N to 31.4% for [mEtDEMA][Tf2N] + LiTf2N (Table 5), indicat-
ing substantially stronger lithium-induced ion association and transport suppression in the
ammonium system.

To quantify the effect of LiTf2N addition, the change in Walden deviation was
defined as

∆∆W = ∆WIL+Li − ∆Wneat IL (17)

where more negative values indicate a larger lithium-induced reduction in charge-transport
efficiency. The largest change was observed for [mEtDEMA][Tf2N], for which ∆W shifted
from −0.372 to −0.504, whereas [mEtMePyrr][Tf2N] changed only minimally and remained
near ∆W ≈ −0.41 (Figure 11d and Table 5). These results indicate that LiTf2N addition
disrupted charge transport most strongly in the ammonium system and had little effect
on the pyrrolidinium system. The negligible change for the pyrrolidinium system likely
reflects the substantial ion correlation already present in the neat IL, which showed an
ionicity of only 38.9%.

Among the LiTf2N-containing mixtures, proximity to the ideal Walden line followed
the order imidazolium > pyrrolidinium > ammonium (Figure 11c). The imidazolium
system retained the highest ionicity, consistent with reduced ion pairing arising from
charge delocalization in the aromatic imidazolium ring. In contrast, the ammonium system
showed the largest deviation from ideality and the lowest ionicity, indicating stronger
ion association and correlated ionic motion after LiTf2N addition. For all systems, ∆∆W
became modestly more negative with increasing temperature, indicating that increased
fluidity at elevated temperature did not fully eliminate lithium-associated ion correlation.

3.8. Raman Scattering Spectroscopy

Figure 12 presents the Raman spectra in the 720–760 cm−1 region for [BuMeIm][Tf2N],
[mEtMeIm][Tf2N], their mixtures with LiTf2N, and neat LiTf2N. This band arises from
coupled vibrational modes of the Tf2N− anion involving the SNS framework and CF3

groups, and it is highly sensitive to local coordination and conformational state, making it
a widely used probe of ion pairing in Tf2N-based electrolytes [57,58]. Herstedt et al. [57]
showed that the ∼740 cm−1 feature originates from a collective anion vibration rather than
an isolated CF3 bending mode. Fujii et al. [58] further demonstrated that Tf2N− exists as a
dynamic equilibrium between C1 and C2 conformers, whose populations depend on local
environment and temperature.

Upon addition of LiTf2N, the Raman band shifts systematically to higher wavenum-
ber for both ionic liquids. This blue shift signifies stronger Li+–Tf2N− coordination,
which perturbs charge delocalization within the anion and stiffens the coupled SNS mode.
The magnitude of the shift therefore reflects the extent of Li+–anion association and is
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consistent with increasing formation of contact ion pairs and larger aggregates as salt
concentration rises.

The influence of cation functionality is evident from direct comparison of the two
electrolytes (Figure 13). At identical LiTf2N concentrations, the BuMeIm-based electrolyte
exhibits the higher Raman frequency, indicating stronger direct Li+–Tf2N− interactions
than the mEtMeIm analogue. In the ether-functionalized system, the pendant ether oxygen
provides an additional coordination site for Li+, partially solvating lithium and reducing di-
rect Li+–anion coordination. Consequently, the spectral shift is smaller in [mEtMeIm][Tf2N],
consistent with weaker Li+–anion association and reduced ion correlation.

This weaker local Li+–anion coordination does not necessarily translate to more
efficient macroscopic transport. Transient Li+–ether coordination can slow exchange
dynamics and increase correlated motion among Li+, the cation side chain, and Tf2N−.
These constraints reduce the population of independently mobile charge carriers and
suppress conductivity relative to fluidity. Accordingly, the ether-functionalized electrolyte
exhibits a smaller Raman blue shift while still showing a slightly larger Walden deviation
than the BuMeIm system.

Figure 12. Raman scattering spectra in the 720–760 cm−1 region for (a) [BuMeIm][Tf2N],
(b) [mEtMeIm][Tf2N], and (c) neat LiTf2N. For the ILs, spectra are shown for the neat IL, IL + 0.65
mmol g−1 LiTf2N, and IL + 1.0 mmol g−1 LiTf2N. All spectra were baseline-corrected and normalized
to their respective maximum intensities. Symbols denote selected experimental data points shown
for clarity, while lines connect the full spectra and serve as visual guides. Peak positions labeled in
the figure correspond to maxima in the measured spectra, whereas the descriptors summarized in
Table 6 were extracted directly from the baseline-corrected spectra. Increasing LiTf2N concentration
produces a systematic shift of the characteristic Tf2N− band toward higher wavenumbers, consistent
with enhanced Li+–Tf2N− coordination and ion association. The peak position for neat LiTf2N is
shown for reference.

The evolution of peak position with LiTf2N concentration further illustrates this
behavior. For the neat ionic liquids, the Tf2N− band appears at 740.8 cm−1, characteristic
of predominantly weakly interacting anions. Upon addition of LiTf2N (0.65 mmol g−1),
the peak shifts to 741.9 cm−1 and further to 744.2 cm−1 at 1.0 mmol g−1 in the BuMeIm
system. In contrast, the mEtMeIm system exhibits a smaller shift, reaching 743.1 cm−1 at
the highest salt concentration. The larger shift observed for BuMeIm indicates a stronger
local perturbation of the Tf2N− anion and, consequently, stronger Li+–anion association.
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Figure 13. Raman spectra of [mEtMeIm][Tf2N] and [BuMeIm][Tf2N] containing 1.0 mmol g−1 LiTf2N,
compared with neat LiTf2N. The shift of the Tf2N− band toward higher wavenumbers in the BuMeIm
system indicates a greater extent of Li+–Tf2N− coordination.

To quantify these spectral changes, the Raman bands were baseline-corrected using a
linear baseline and analyzed over a restricted window (typically 734–752 cm−1) to exclude
weak secondary features. The primary band was modeled using a pseudo-Voigt function
with a linear baseline,

I(ν) = I0[ξL(ν) + (1 − ξ)G(ν)] + mν + b (18)

where I0 is the band amplitude, ξ is the Lorentzian fraction, and mν + b represents the
baseline. In addition to fit-derived parameters, robust descriptors were extracted directly
from the baseline-corrected spectra, including the peak position νmax, intensity-weighted
centroid ν̄, full width at half maximum (FWHM), and an asymmetry ratio defined as the
ratio of the high- to low-wavenumber half-width at half-maximum, χ = whigh/wlow.

Table 6. Raman band parameters for the Tf2N− mode in neat ILs and LiTf2N-containing mixtures.

System νmax (cm−1) ν̄ (cm−1) FWHM (cm−1) Asymmetry

BuMeIm (neat) 740.8 740.9 8.53 0.89
BuMeIm + 0.65 LiTf2N 741.9 742.0 10.26 1.01
BuMeIm + 1.0 LiTf2N 744.2 742.9 10.03 1.09

mEtMeIm (neat) 740.8 740.5 9.86 1.02
mEtMeIm + 0.65 LiTf2N 740.8 741.7 10.86 1.35
mEtMeIm + 1.0 LiTf2N 743.1 742.3 10.94 1.34

LiTf2N 748.1 747.5 8.58 0.86

Beyond the peak shift, the Raman bands broaden and become increasingly asymmet-
ric with increasing LiTf2N concentration. The FWHM rises from ≈8.5 to ≈10–11 cm−1,
while the centroid remains consistently below the peak maximum. These features in-
dicate a distribution of dynamically exchanging coordination environments rather than
discrete, well-separated species, reflecting coexistence of weakly and strongly coordinated
Tf2N− anions.
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The BuMeIm system shows a larger peak shift but comparatively modest asymme-
try, consistent with a more uniform coordination environment dominated by Li+–Tf2N−

interactions. In contrast, the mEtMeIm system exhibits substantially greater broadening
and asymmetry, indicating a wider distribution of local environments. This behavior is
consistent with ether functionality, introducing additional coordination pathways and
greater structural flexibility, leading to more heterogeneous Li+ solvation.

This interpretation is consistent with our past work [28], which showed that transport
in ether-functionalized IL/solvate IL blends depends strongly on Li+ complexation and
mixture composition, and with recent studies of LiTf2N–glyme systems, where Raman
and infrared spectroscopy and molecular simulations showed that Li+ solvation can in-
volve partially chelating ether donors and that the balance between solvent-separated ion
pairs, contact ion pairs, and anion participation depends sensitively on chain length and
composition [59,60].

These results show that Li salt addition increases both Li+–anion coordination and
structural heterogeneity, with the extent and character of these effects strongly dependent
on cation chemistry. Such differences provide a structural basis for the contrasting transport
behavior of the butyl- and ether-functionalized systems.

3.9. Mechanistic Origin of Structure–Transport Relationships

The combined transport, Raman, and Walden analyses show that electrolyte perfor-
mance is governed by the balance between Li+ coordination strength and coordination
heterogeneity, both of which are controlled by cation structure. Alkyl-substituted ILs favor
stronger and more uniform Li+–Tf2N− interactions, leading to greater ion association
and reduced mobility. Ether-functionalized ILs partially solvate Li+ through pendant
oxygen sites, weakening direct Li+–anion binding but generating a broader distribution
of transient coordination environments. This reduces local ion pairing while increasing
dynamic structural heterogeneity.

These competing effects explain why ether substitution can lower viscosity, increase
ionic conductivity, and alter Raman shifts without necessarily improving Walden behavior.
Ion transport, therefore, depends not only on the average strength of Li+–anion interactions,
but also on how uniformly those interactions are distributed and dynamically exchanged.
Designing high-performance IL electrolytes thus requires simultaneous control of both
coordination strength and coordination heterogeneity.

3.10. Electrochemical Stability Window

The electrochemical stability window (ESW) defines the usable potential range of
an IL and is determined by the onset potentials for oxidation and reduction [61]. Here,
ESWs were evaluated by cyclic voltammetry, with decomposition onsets identified from the
derivative of current density with respect to voltage (dJ/dV), which more clearly resolves
decomposition thresholds than the raw voltammograms.

Figure 14a shows the voltammograms over a wide potential range, while Figure 14b
presents the corresponding dJ/dV profiles. All systems exhibit a broad region of minimal
current bounded by sharp increases at extreme potentials corresponding to reductive and
oxidative decomposition. The positions of these limits depend strongly on cation structure.

Reduction begins first for mEtMeIm at approximately −2.0 V, followed by mEtMePyrr
at −2.7 V and mEtDEMA at −2.8 V. The substantially earlier cathodic decomposition of
mEtMeIm is consistent with the greater susceptibility of imidazolium cations to electron-
induced ring reduction and decomposition [62]. In contrast, the saturated pyrrolidinium
and ammonium cations exhibit significantly enhanced cathodic stability because they lack
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the unsaturated heterocyclic structure characteristic of imidazolium systems. Consequently,
mEtMePyrr and mEtDEMA remain stable to substantially more negative potentials.

Figure 14. (a) Cyclic voltammograms of mEtMeIm, mEtMePyrr, and mEtDEMA ILs showing the first
(dashed lines) and fifth (solid lines) cycles. The current density is plotted as a function of applied
voltage over a wide potential window. All systems exhibit a broad region of low current density,
followed by a sharp increase at extreme potentials corresponding to the onset of electrochemical
decomposition. (b) Derivative of current density with respect to voltage (dJ/dV) for the first (dashed
lines) and fifth (solid lines) cycles of the ionic liquids. Peaks in dJ/dV correspond to regions of rapid
current increase and provide clearer identification of the onset of faradaic processes compared with
the raw cyclic voltammetry data.

Oxidation begins first for mEtMeIm at approximately 2.3 V, followed by mEtDEMA at
2.7 V, whereas mEtMePyrr remains stable to approximately 2.8 V. These values yield ESWs
of about 4.3 ± 0.2 V for mEtMeIm and approximately 5.5 ± 0.2 V for both mEtMePyrr
and mEtDEMA. Although all three ILs contain the common [Tf2N]− anion, the anodic
limit is not determined solely by anion identity. Oxidation of [Tf2N]− is influenced by the
surrounding cation environment and the resulting cation–anion interactions [63]. Stronger
electrostatic interactions can stabilize the anion and shift oxidation to more positive po-
tentials, whereas more charge-delocalized cations may exhibit weaker interactions and
correspondingly lower oxidation onset potentials [64,65]. Reorganization of the local
ionic environment during oxidation can further influence the measured anodic onset [66].
The lower oxidation potential of mEtMeIm relative to mEtMePyrr and mEtDEMA is qualita-
tively consistent with these considerations. The measured onset potential is also influenced
by impurity content, ion pairing, interfacial organization, electrode surface chemistry,
and experimental protocol [67]. These observations demonstrate that electrochemical
stability arises from coupled cation–anion interactions rather than from the isolated sta-
bility of either ion. This interpretation is further supported by reports that [BF4]−-based
imidazolium ILs can exhibit wider ESWs than corresponding pyrrolidinium analogues [62].

To evaluate short-term electrochemical robustness, five consecutive voltage cycles
were collected. The first and fifth scans are shown in Figure 14a as dashed and solid lines,
respectively. The ESW boundaries remain essentially unchanged upon cycling, indicating
that decomposition products formed beyond the stability limits do not significantly perturb
the non-faradaic window under these conditions. Although faradaic currents outside
the ESW decrease by the fifth cycle, consistent with depletion and/or passivation of
electroactive decomposition products, the intrinsic voltage window remains preserved.

Previous mechanistic studies further support the dominant role of the [Tf2N]− anion
in anodic decomposition. Alwast et al. [68] used differential electrochemical mass spec-
trometry to show that anodic decomposition of [BuMePyrr][Tf2N] on Au and glassy carbon
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electrodes is dominated by anion-derived CF3-containing fragments, whereas both cation
and anion contribute under cathodic polarization. Practical ESWs are therefore governed
by coupled cation reduction, anion oxidation, and interfacial reaction pathways rather than
by the isolated stability of individual ions.

4. Conclusions
Cation architecture and side-chain functionality strongly influenced transport, coordi-

nation, thermal stability, and electrochemical robustness in [Tf2N]−-based IL electrolytes.
Across the imidazolium, pyrrolidinium, and quaternary ammonium families, ether func-
tionalization consistently lowered viscosity and increased conductivity in the neat ILs,
confirming its effectiveness for enhancing fluidity and ion mobility. These gains were
only partially retained upon LiTf2N addition. Lithium incorporation increased viscosity,
decreased conductivity, and shifted all systems to more negative Walden deviations, in-
dicating stronger ion correlation and reduced effective charge transport. The resulting
transport penalty was most severe for the ammonium IL and markedly smaller for the
imidazolium and pyrrolidinium analogues.

Raman spectroscopy showed that Li+–Tf2N− coordination competed with ether-
mediated Li+ solvation in determining local structure. Ether substitution weakened direct
Li+–anion interactions but generated a broader distribution of transient coordination
environments. This helps explain why improved neat-IL transport did not necessarily
translate into superior Walden behavior in Li-containing mixtures.

Electrochemical measurements revealed a complementary trade-off. Imidazolium
ILs delivered the highest conductivity but narrower cathodic stability windows, whereas
pyrrolidinium and ammonium ILs provided greater electrochemical robustness. Notably,
the ether-functionalized ammonium IL retained cathodic stability comparable to the pyrro-
lidinium analogue while offering improved transport relative to its butyl counterpart.

Improved IL electrolytes, therefore, require more than independent optimization of
viscosity, conductivity, or Li+ solvation. Effective molecular design requires simultaneous
control of cation charge distribution, side-chain coordination motifs, Li+–anion association,
and electrochemical stability. A useful strategy is to balance fluidity, transport efficiency,
coordination heterogeneity, and voltage stability within a single molecular framework.
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Abbreviations
The following abbreviations are used in this manuscript:

mEtMeIm 1-(2-methoxyethyl)-3-methylimidazolium
BuMeIm 1-n-butyl-3-methylimidazolium
mEtMePyrr N-(2-methoxyethyl)-N-methylpyrrolidinium
BuMePyrr N-(n-butyl)-N-methylpyrrolidinium
mEtDEMA N-(2-methoxyethyl)-N,N-diethyl-N-methylammonium
BuDEMA N-(n-butyl)-N,N-diethyl-N-methylammonium
Tf2N bis(trifluoromethylsulfonyl)imide

Appendix A. Temperature-Dependent Density Data

Table A1. Density (g cm−3) of the neat ILs over the temperature range 10–90 °C.

Temperature (°C) mEtMeIm mEtMePyrr mEtDEMA BuMeIm BuMePyrr BuDEMA

10 1.52045 1.46736 1.42167 1.45113 1.40940 1.36820
15 1.51516 1.46244 1.41687 1.44615 1.40478 1.36367
20 1.50993 1.45758 1.41212 1.44123 1.40021 1.35917
25 1.50474 1.45277 1.40741 1.43635 1.39565 1.35469
30 1.49959 1.44799 1.40274 1.43151 1.39116 1.35026
35 1.49447 1.44325 1.39810 1.42670 1.38669 1.34586
40 1.48937 1.43854 1.39350 1.42191 1.38224 1.34149
45 1.48431 1.43386 1.38891 1.41714 1.37783 1.33715
50 1.47928 1.42919 1.38436 1.41240 1.37343 1.33284
55 1.47426 1.42456 1.37982 1.40768 1.36906 1.32854
60 1.46927 1.41994 1.37531 1.40297 1.36471 1.32426
65 1.46430 1.41535 1.37023 1.39829 1.36037 1.31999
70 1.45936 1.41077 1.36575 1.39363 1.35605 1.31575
75 1.45445 1.40623 1.36130 1.38899 1.35176 1.31152
80 1.44956 1.40171 1.35687 1.38438 1.34749 1.30731
85 1.44470 1.39722 1.35247 1.37979 1.34324 1.30313
90 1.43986 1.39232 1.34808 1.37522 1.33903 1.29895

Table A2. Density (g cm−3) of the IL–LiTf2N mixtures over the temperature range 10–90 °C. The
LiTf2N concentration was 0.65 mmol g−1.

Temperature (°C) Li + mEtMeIm Li + mEtMePyrr Li + mEtDEMA

10 1.59042 1.54085 1.49970
15 1.58480 1.53559 1.49462
20 1.57918 1.53034 1.48953
25 1.57357 1.52507 1.48442
30 1.56802 1.51984 1.47933
35 1.56251 1.51464 1.47426
40 1.55706 1.50946 1.46922
45 1.55165 1.50431 1.46423
50 1.54627 1.49918 1.45928
55 1.54092 1.49405 1.45436
60 1.53561 1.48892 1.44948
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Table A2. Cont.

Temperature (°C) Li + mEtMeIm Li + mEtMePyrr Li + mEtDEMA

65 1.53033 1.48379 1.44462
70 1.52507 1.47866 1.43979
75 1.51985 1.47343 1.43500
80 1.51467 1.46842 1.43024
85 1.50951 1.46327 1.42550
90 1.50438 1.45817 1.42079

Appendix B. Temperature-Dependent Viscosity Data

Table A3. Viscosity (cP) of the neat ILs over the temperature range 10–100 °C.

Temperature (°C) mEtMeIm mEtMePyrr mEtDEMA BuMeIm BuMePyrr BuDEMA

10 93.58 104.60 154.4 98.79 – * 266.40
15 71.03 79.86 115.5 76.24 – * 197.36
20 55.15 62.19 88.70 59.61 86.04 143.06
25 44.95 51.05 69.03 48.24 69.49 109.38
30 35.25 40.73 53.94 39.14 55.91 84.26
35 29.29 33.67 43.10 32.57 46.23 67.57
40 25.61 28.36 35.69 27.53 39.12 54.42
45 20.71 24.27 29.76 23.06 32.21 43.37
50 17.67 20.96 24.92 19.71 27.43 35.80
55 15.14 18.04 21.08 17.03 23.46 29.84
60 13.17 15.69 17.92 14.80 20.14 25.06
65 11.47 13.64 15.56 13.00 17.55 21.84
70 10.07 11.97 13.52 11.32 15.49 18.46
75 9.05 10.73 11.84 10.11 13.57 16.04
80 7.96 9.45 10.44 8.95 11.90 13.89
85 7.18 8.47 9.30 7.89 10.52 12.12
90 6.46 7.65 8.32 7.13 9.41 10.51
95 5.89 6.92 7.44 6.40 8.41 9.33
100 5.39 6.28 6.74 5.90 7.54 8.62

* Viscosities of BuMePyrr at 10 and 15 °C were not calculated due to non-Newtonian behavior.

Table A4. Temperature-dependent viscosity (cP) of ether-functionalized IL–lithium salt mixtures
(0.65 mmol g−1 LiTf2N) measured over 10–85 °C.

Temperature (°C) Li + mEtMeIm Li + mEtMePyrr Li + mEtDEMA

10 426.50 528.06 898.52
25 148.15 186.93 270.29
40 68.70 87.91 110.39
55 33.29 43.43 53.58
70 19.89 24.76 30.01
85 13.12 16.57 18.51

Table A5. VFT fit parameters for the viscosity of [mEtMeIm][Tf2N] obtained from present work
and literature datasets using constrained nonlinear regression. Parameters are reported as value ±
standard error.

Dataset η0 (cP) Aη T0η (K)

Present work 0.125 ± 0.016 4.63 ± 0.31 166.9 ± 3.3
Bulut et al. (6 ppm H2O) [14] 0.071 ± 0.010 6.51 ± 0.49 149.4 ± 4.1
Bulut et al. (680 ppm H2O) [14] 0.123 ± 0.027 5.00 ± 0.63 162.4 ± 6.6
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Table A6. VFT fit parameters for [BuMeIm][Tf2N] obtained from present work and literature datasets.

Dataset η0 (cP) Aη T0η (K)

Present work 0.080 ± 0.008 6.75 ± 0.41 145.2 ± 3.3
Vranes et al. [37] 0.139 ± 0.029 5.33 ± 0.67 156 ± 7
Bulut et al. (14 ppm H2O) [14] 0.140 ± 0.040 5.2 ± 0.9 159 ± 9
Bulut et al. (410 ppm H2O) [14] 0.12 ± 0.10 5 ± 2 163 ± 25

Table A7. VFT fit parameters for [mEtMePyrr][Tf2N] obtained from present work and literature datasets.

Dataset η0 (cP) Aη T0η (K)

Present work 0.120 ± 0.019 5.35 ± 0.45 158.4 ± 4.2
Jacquemin et al. [43] 0.172 ± 0.008 5.00 ± 0.15 159.7 ± 1.7
Marciniak et al. [44] 0.08 ± 0.16 6.7 ± 7.4 147 ± 60
Bulut et al. (11 ppm H2O) [14] 0.079 ± 0.041 6.99 ± 2.01 144.9 ± 15.6
Bulut et al. (310 ppm H2O) [14] 0.14 ± 0.04 5.34 ± 0.94 157.5 ± 9.3

Table A8. VFT fit parameters for [BuMePyrr][Tf2N] obtained from present work and literature datasets.

Dataset η0 (cP) Aη T0η (K)

Present work 0.087 ± 0.019 7.00 ± 0.87 145.6 ± 6.9
Jacquemin et al. [43] 0.140 ± 0.007 5.48 ± 0.17 159.6 ± 1.7
Marciniak et al. [44] 0.140 ± 0.029 5.74 ± 0.69 156 ± 6
Bulut et al. (8 ppm H2O) [14] 0.074 ± 0.012 6.80 ± 0.57 151.1 ± 4.5
Bulut et al. (400 ppm H2O) [14] 0.13 ± 0.08 5.2 ± 1.7 165 ± 17

Appendix C. Temperature-Dependent Ionic Conductivities

Table A9. Ionic conductivity (mS cm−1) of the neat ILs over the temperature range 0–100 °C.

Temperature
(°C) mEtMeIm mEtMePyrr mEtDEMA BuMeIm BuMePyrr BuDEMA

0 1.48 a 1.14 0.71 1.60 a 0.76 0.35
10 2.77 1.94 1.34 2.54 1.44 0.77
20 4.05 a 2.85 2.20 4.10 a 2.39 1.37
30 5.92 a 4.11 3.35 6.05 a 3.61 2.28
40 8.65 5.67 4.78 7.95 4.94 3.44
50 11.30 a 7.42 6.49 10.00 a 6.72 4.90
60 14.15 a 9.47 8.43 12.80 a 8.63 6.63
70 17.83 11.70 10.58 15.90 10.88 8.84
80 21.00 a 14.13 13.08 18.60 a 13.50 11.11
90 24.50 a 16.64 16.46 22.10 a 15.90 13.27

100 28.40 a 18.11 18.40 25.80 a 17.97 15.23
a Values obtained from VFT fits to the mean experimental conductivity values measured at 10, 25, 40, 55, 70, and 85 °C.

Table A10. Ionic conductivity (mS cm−1) of the ether-functionalized IL–LiTf2N mixtures over the
temperature range 10–85 °C. The LiTf2N concentration was 0.65 mmol g−1.

Temperature (°C) Li + mEtMeIm Li + mEtMePyrr Li + mEtDEMA

10 0.63 0.45 0.20
25 1.60 1.09 0.57
40 3.54 2.18 1.28
55 5.94 3.60 2.37
70 9.06 5.63 3.76
85 12.59 8.76 5.27
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