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A series of pyrrolidinium-based ionic liquid electrolytes were investigated to explore the potential
benefits of incorporating mixed anions, such as bis(fluorosulfonyl)imide and bis(trifluoromethylsulfonyl)-
imide used in this study. The effect of mixing anions on fundamental physicochemical properties
was investigated, with particular emphasis on transport properties and lithium-ion coordination. More
specifically, the electrolytes were systematically characterized in terms of phase behavior, density,
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viscosity, transport properties (ionic conductivity and self-diffusion), and intermolecular interactions. The
results show that mixing anions modifies the nature of intermolecular interactions, which, in turn, alters
DOI: 10.1039/d6cp00353b the coordination of Li* with its counterions. In the case of the (LiFSl) »(Pyri4TFSl)g g sample, this resulted

in improved thermal and transport properties, anticipating an improved performance in lithium-ion
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1 Introduction

Ionic liquids (ILs) are a unique class of compounds that consist
of (ideally) only ions and have a melting point below 100 °C."!
Notably, by selecting a specific combination of anions and
cations, the physico-chemical properties of an ionic liquid
can be tuned to suit specific applications.? Furthermore, com-
pared to conventional solvents, ILs exhibit broader electro-
chemical stability windows, good ionic conductivity, high
thermal stability, non-flammability and low volatility. Conse-
quently, they have been extensively studied for various applica-
tions, such as catalysis,” gas separation,*™® and energy storage
devices, including lithium-ion batteries.””

Among the vast variety of ionic liquids, those based on
pyrrolidinium have been extensively studied for lithium-ion
batteries due to their capacity to support lithium electrochem-
istry and promote the formation of a stable solid electrolyte
interphase (SEI).’®'" However, a key challenge in using ionic
liquids in Li-ion batteries is their limited transport properties
(i.e., slow Li' transport) and strong Li‘-anion interactions.
Several strategies have been considered to address this issue,
mainly aiming to enhance the diffusivity of the lithium ions.
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These include the use of molecular additives,'* eutectic mix-
tures,">'* and binary/ternary ionic liquid systems.">™*° Appetecchi
et al. investigated a mixture of N-methyl-N-propyl pyrrolidinium
bis(fluorosulfonyl)imide (Pyr;3FSI) and N-butyl-N-propyl pyrrolidi-
nium bis(trifluoromethanesulfonyl)imide (Pyr;,TFSI) ILs with
0.3 M of either lithium hexafluorophosphate (LiPFg) or lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salts. Their find-
ings demonstrated enhanced ionic conductivity in ternary
systems compared to binary ones, with a stronger effect at low
temperatures.’® Zhou et al. examined the phase behavior of the
same systems, reporting the absence of phase transitions
beyond a molar ratio of 0.3 with either salt.?"**> Moreover,
Bayley et al. studied ternary systems having Pyr,; as the common
cation, paired with either FSI or TFSI anions over a broad
compositional range in the presence of a lithium salt (0.5 m).
Their results showed increased diffusivity of Li and TFSI ions
upon addition of FSI.>* Nadhern4 et al. investigated the electro-
chemical performance, in Li-ion batteries, of binary systems
containing 0.7 M LiFSI or LiTFSI in Pyr,,TFSIL. The authors
reported higher charge/discharge capacities and improved elec-
stability in the LiFSI/Pyr,,TFSI mixed anion
system.>* Similarly, Lahiri et al. observed comparable results in
a 1 M LiTFSI/Pyr,FSI system.>

To strengthen the understanding of the molecular interac-
tions and transport mechanisms in these mixed-anion ionic

trochemical

liquid electrolytes, a multi-technique approach was employed
to investigate mixtures of Pyr;,-based ionic liquids and lithium
salts. An in-depth analysis of their phase behavior, transport
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properties, Li-ion coordination and intermolecular interactions
was conducted, providing a side-by-side explanation of how Li"
mobility is related to Li-ion coordination.

2 Experimental details
2.1 Chemicals

The lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) (99.9%)
and lithium bis(fluorosulfonyl)imide (LiFSI) (99.9%) salts,
along with 1-butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide
(Pyr14FSI) (99.9%) and 1-butyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide (Pyr;,TFSI) (99.9%) ionic liquids, were pur-
chased from Solvionic. The molecular structures of the ions found
in the ionic liquids and in the salts are shown in Fig. 1.
All compounds were dried under vacuum in a Biichi oven at
353 K for 12 hours and then stored in an argon-filled glove-
box, before mixing and investigations.

2.2 Preparation

Samples were prepared by mixing ionic liquids and Li salts in a
0.2LiA; : 0.8Pyr,,A, molar ratio, where A; and A, represent the FSI or
the TFSI anion. All samples were prepared and stored in an argon-
filled glovebox with O, and H,O levels below 1 ppm. Throughout the
following text, the samples are named (LiA; ) 2(Pyri44s)0.s-

2.3 Methods

2.3.1 Differential scanning calorimetry (DSC). DSC mea-
surements were performed using a DSC 250 from TA Instru-
ments. Samples were placed in hermetic aluminum pans and
sealed in an argon-filled glovebox. DSC thermograms were
collected under helium flow (50 mL min ™), over the tempera-
ture range of 123 K to 373 K with heating and cooling rates of
5 K min~". Two scans were recorded for each measurement.
The glass transition temperatures (T,) were extracted from the
second heating scan curves using sigmoid functions and the
identification of the inflection points.

2.3.2 Viscosity and density. Viscosity and density measure-
ments were carried out using an Anton Paar DMA 4500 M
oscillation U-tube densitometer over the temperature range of
293 K to 353 K in 10 K increments. The density accuracy is
about 40.0001 g cm . The viscosity was determined using a
Lovis 2000 ME rolling ball viscometer module, using which the
dynamic viscosity (1) was estimated from the density of the
fluid (p) and the velocity of the falling ball (v), as p = p-v.
The viscosity measurement has an accuracy of up to 0.1% and a
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Fig.1 Molecular structure of the 1-butyl-1-methylpyrrolidinium (Pyri4)
and lithium (Li) cations and the bis(fluorosulfonyl)imide (FSI) and the
bis(trifluoromethylsulfonyl)imide (TFSI) anions.
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repeatability of 0.5%. The temperature accuracy is £0.02 K with
a repeatability of £0.005 K.

2.3.3 Dielectric spectroscopy. Conductivity data were
collected using a novocontrol GmBH broadband dielectric
spectrometer, a parallel plate sample cell with stainless steel
electrodes and a 3 mm spacer. Measurements were conducted
in the frequency range of 107>-10” Hz and the temperature
range of 173-373 K. Data were collected every 10 K with a
stabilization time of 180 s at each temperature. From three
repeated measurements of the same solution, a value for the
standard deviation has been estimated.

2.3.4 Nuclear magnetic resonance diffusometry. NMR
experiments were performed using an AVANCE III HD Bruker
NMR spectrometer, operating at 14.1 T and equipped with a
Diff30 probe connected to a 60 A gradient amplifier. RF coil
inserts of a 5 mm "H/*H double coil, a 5 mm *°F single coil, and
a 5 mm ’Li single coil configuration were used. The self-
diffusion coefficients of the different species, ie., Pyry, (‘H),
FSI/TFSI (*°F) and Li cation ("Li), were determined at five
different temperatures in the range of 298-353 K. A 5 mm
NMR tube was filled (~1.5 cm) with the liquid sample and
sealed in the glovebox using PTFE sealing tape. A regular
stimulated echo NMR sequence (diffste) was wused at
room temperature. However, a double stimulated echo NMR
sequence (diffDste) was employed at higher temperatures
to ensure that thermal convection did not affect the results.
An 18 us 90-degree pulse, a 2 s acquisition time, a 5 s recycling
delay, a 100 ms diffusion delay (4) and a 1 ms gradient pulse
duration (0) were used. The maximum gradient strength (g)
varied in the range of 100-1200 Gauss per cm while keeping k
constant; k is defined as

k= (0974 — 513) (1)

where 4 is the diffusion delay time, ¢ is the gradient pulse
duration, y is the gyromagnetic ratio of the studied nucleus and
g is the gradient strength.

The gradient strengths were calibrated using reference
samples with known self-diffusion coefficients; the "HDO trace
signals in the D,O reference sample, hexafluorobenzene (C¢Fe)
and a standard 1 M LiCl in the H,0 sample were recorded for
'H, "F and ’Li, respectively.”® To determine the intensity
attenuation, the average of all "H NMR signals was considered
for the Pyr,, cation. For the Li cation, the signal at —0.4 ppm in
the “Li spectrum was utilized, while the signals at —80 ppm and
50 ppm in the °F spectrum were used for the TFSI and FSI
anions, respectively.

2.3.5 Raman spectroscopy. Raman spectra were recorded
using a Bruker MultiRAM Fourier transform Raman spectro-
meter equipped with a Nd:YAG laser (1064 nm) and a liquid
nitrogen-cooled Ge diode detector. The nominal laser power
was set to 720 mW, with a spectral resolution of 2 em™" (full
width at half-maximum). A Blackman-Harris three-term win-
dow function was applied for apodization, and the spectra were
acquired as the average of 1000 scans. In order to estimate
the integrated areas under selected peaks, a multi-peak fitting
procedure based on a linear background and Voigt profiles was
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applied using the Origin lab software. The spectral region
680-780 cm ™~ * was deconvoluted into six contributions, corres-
ponding to spectroscopically free FSI (I, separated from
cations), weakly coordinated FSI (I, contact ion pairs), strongly
coordinated FSI-Li" (III, ion aggregates), the two conformers
(cisoid (IV) and transoid (V)) of spectroscopically free TFSI, and
coordinated TFSI-Li" (VI). In the fitting procedure, peak posi-
tions, full widths at half maximum (FWHM), and Voigt profiles
were fixed, while heights were left as a free fit parameter. The
population of the “free” and ‘“coordinated” anions was esti-
mated from the relative intensities of the six components, as
expressed below:

Ciree Fs1 = m ()
Ceoordinated FSI = % ()
Cree TFSI = % (4)
Ceoordinated TFSI = m (5)

where A;, An, Ann, Ay, Ay, and Ayp are the integrated areas of
contributions I, II, III, IV, V and VI, respectively. These calcula-
tions are valid assuming that the Raman activities of the
different TFSI and FSI conformations are equivalent,>”*® so
the integrated areas directly reflect their relative populations.
Then, the average number of FSI and TFSI anions coordina-
ting with Li" (Nanion-1i+) was determined using the following
equation:

Ccoordinated anion (6)
X

Nanion-Li+ =

where x is the molar fraction of Li* ions.

3 Results and discussion

For a comprehensive understanding of the transport properties
of the electrolytes at focus in this work, their phase behavior,
viscosity, density, ionic conductivity and self-diffusion, as well
as intermolecular interactions, with a focus on coordination,
were investigated.

3.1 Phase behavior

The phase behavior was investigated using DSC, and the DSC
thermograms are shown in Fig. 2. Both neat ionic liquids,
Pyr,4FSI and Pyr;,TFSI, show melting peaks and glass transi-
tion from which the glass transition temperature (7T,) was
determined. The T, of Pyr4FSI is found around 165 K, while
that of Pyr,,TFSI is slightly higher, observed at about 184 K.*
In addition, the DSC curves of the neat ionic liquids reveal cold
crystallization and solid-solid transitions. However, the phase
behavior is significantly altered with the addition of Li salts.
Either salt in the Pyr,;,FSI-based systems inhibits recrystalliza-
tion and stabilizes the liquid phase down to the Tg, which is

This journal is © the Owner Societies 2026
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Fig. 2 DSC thermograms of Pyri4FSI (a) and Pyri4TFSI (b) based samples.

Table 1 Glass transition temperatures (Tg) of all ionic liquid electrolytes,
extracted from the second heating scan of the DSC curve

Sample Ty (K)
Pyr,,FSI 165
(LiFSI)o »(Pyr;4FST) g 175
(LiTFST) 5(Pyr,4FST)o 175
Pyr,, TFSI 184
(LITFSI)g »(Pyr,4TFSI) g 195
(LiFSI)o 5(Pyr,,TFSI) 184

found at 175 K. For Pyr,,TFSI with added LiTFSI, recrystalliza-
tion and melting are still observed; however, these transitions
are suppressed upon mixing anions, i.e., with the addition of
LiFSI. Interestingly, the glass transition temperature increases
by 11 K when LiTFSI is added to Pyr,4TFSI, whereas a T, similar
to that of the neat IL is observed for the mixed-anion system
(LiFSI added to Pyr,,TFSI), see also the values in Table 1. Thus,
the incorporation of LiFSI into a TFSI-based ionic liquid has a
more pronounced effect compared to the reversed scenario.
Interestingly, an opposite trend was observed for imidazolium-
based electrolytes.*°

3.2 Viscosity and density

Viscosity and density values, measured as a function of tem-
perature, are shown in Fig. 3a and b. Corresponding values are
summarized in Table S1. In Pyry,FSI-based electrolytes, the
addition of either lithium salt leads to an increase in both
density and viscosity. For the electrolytes based on Pyr,,TFSI,
the addition of LiTFSI salt leads to an increase in density and
viscosity compared to the neat ionic liquid, whereas, upon
the addition of LiFSI, these increases are less pronounced,
resulting in lower density and viscosity compared to those
of the LiTFSI-containing electrolytes. Overall, Pyr,,FSI-based
electrolytes exhibit lower viscosity and density compared to
the Pyr;,TFSI-based electrolytes, as previously reported in
the literature.®® These results suggest that anion mixing in

Phys. Chem. Chem. Phys.
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Fig. 3 Viscosity (a), density (b) and ionic conductivity (c) values measured as a function of temperature. The dashed lines are guides to the eyes. The error

bars are smaller than the plotted symbols and are therefore not visible.

Pyr,,TFSI-based electrolytes significantly modifies the intermo-
lecular interactions, with possible effects on the Li*-anion
coordination.

3.3 Transport properties

The ionic conductivity was measured in the temperature range
193-373 K, using a broadband dielectric spectrometer (BDS),
and the measured values are plotted in Fig. 3c. The ionic
conductivity values are summarized in Table S2. For all electro-
lytes, the ionic conductivity increases with increasing tempera-
ture. The neat Pyr,,FSI exhibits higher ionic conductivity than
Pyr,,TFS], in agreement with the viscosity trend above and with
the literature.®® In general, the addition of a Li salt to the neat
ionic liquids leads to a decrease in ionic conductivity, which
can be attributed to the corresponding increase in viscosity
discussed above.

The measured density, viscosity and conductivity data were
used to create a Walden plot with the aim of highlighting
differences in ionic association and related transport mechan-
isms. The Walden plot is generally based on the Walden
equation described by Angell et al.:**

An*=C (7)

where A is the molar conductivity, # is the viscosity, « is an
adjustable parameter and C is a temperature dependent
constant.

The Walden plots of all electrolytes are shown in Fig. 4. In
this plot, the diagonal line represents the behavior expected
from an aqueous solution of 0.01 M KCl, in which all ions are
assumed to be dissociated and to diffuse independent of each
other. A negative deviation from the reference line, also known
as the ideal line, can be seen as a measure of ion association
within the ionic liquid system, a rationale for the conductivity
being lower than expected from the mobility of free ions.** The
data of all investigated ionic liquids fall below the ideal line,
with deviations ranging from —0.140 to —0.343, increasing
from the neat ionic liquids to the electrolytes (Table S3). This
implies, according to Angell et al., the presence of ionic inter-
actions that prevent full ion dissociation.** Additionally, upon
the addition of a salt, the Walden plots of the Pyr,,TFSI-based
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Fig. 4 Walden plot for Pyri4FSI and Pyri4TFSI based samples.

ionic liquids show a slightly greater deviation from the ideal
line than those of Pyr,,FSI-based ionic liquids. The slopes of all
lines, reflecting the temperature dependence of ion association,
are approximately 0.90, consistent with values typically
reported for ionic liquids.****

The ionic conductivity values of the mixed-anion electrolytes
were also plotted on a Tg-scaled Arrhenius plot (an Angell’s
plot), normalizing the temperature scale to each material’s
glass transition temperature, Fig. 5. The T, values used in this
approach are those obtained from the DSC data discussed
above, also reported in Fig. 1. This representation allows
extending the discussion of ionic conductivity to the concept
of fragility; fragility is a fundamental property of glass-forming
liquids that describes how rapidly the dynamics change upon
heating from the glass transition temperature Ty, or vice versa.
In an Angell’s plot, fragile liquids display a strong curvature,
whereas stronger liquids exhibit a closer to linear behavior. In
Fig. 5, the ionic conductivity values for the two samples con-
verge onto a single curve, revealing similar fragility and indicat-
ing that their temperature-dependent conductivities evolve in a
comparable manner relative to T, despite differences in com-
position and glass transition temperatures. Consequently, their
dynamics change at a similar rate near T,, where rapid changes

This journal is © the Owner Societies 2026
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in dynamics facilitate higher mobilities at elevated tempera-
tures, an advantageous behavior for practical applications.*®
To selectively distinguish Li* ion transport, which cannot be
resolved by BDS, the self-diffusion coefficients of all involved
ionic species, i.e., Pyryy, Li*, FSI and TFSI, were estimated using
NMR diffusometry, Fig. 6a-f. The extracted self-diffusion coef-
ficient values are summarized in Table S4. While for Pyr;,FSI,
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the anion exhibits higher diffusivity than the cation, the
opposite trend is observed for Pyr;,TFSI. This finding aligns
with earlier studies and may be attributed to the size difference
between the FSI and TFSI anions.>’™*° When salts are added,
the self-diffusion coefficients of all ions decrease due to
increased viscosity, in agreement with the viscosity and con-
ductivity data discussed above. Interestingly, the addition of
LiFSI to Pyry,TFSI leads to a smaller decrease in diffusion
coefficient than the addition of LiTFSI (especially at lower
temperatures). This difference may be attributed to the smaller
size of the FSI anion, favoring fluidity. Importantly, in FSI-
based systems, the self-diffusion coefficients of all ions, includ-
ing the Li’, remain higher than those of TFSI-based systems,
consistent with previously reported results.'>?° The relative
contribution of Li* ions to the overall conductivity can be
estimated by calculating the apparent transference number
(ti+) from the diffusion data. High Li" transference numbers
are essential for efficient charge-discharge performance in Li-
ion batteries. Across all studied electrolytes, the #;+ remains
approximately 0.07 with a negligible temperature dependence
(Table S5). These values are consistent with the literature and
indicate that the Li" contribution to the conductivity remains
similar across all four electrolytes.

To gain deeper insight into the degree of ion dissociation,
the ratio of molar conductivity A//Ayg, also known as ionicity,

1H 19F 7Li
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Fig. 6 The three upper panels and the three bottom panels show the self-diffusion coefficients estimated for the Pyr4FSI based (a)—(c) and the Pyri4TFSI
based (d)-(f) samples, respectively. The first (a) and (d), second (b) and (e) and third (c) and (f) columns show self-diffusion values measured from the *H,
19 and “Li nuclei. Dashed lines are guides to the eyes. The error bars are smaller than the plotted symbols and are therefore not visible.
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Fig. 7 Molar conductivities obtained from NMR and impedance measurements for Pyri4FSI (a) and Pyri4TFSI (b) based samples. Estimated ionicity values

as a function of temperature (c).

was estimated.*'™** A is the molar conductivity obtained from
impedance measurements (eqn (8)), while Ang is the molar
conductivity calculated from the self-diffusion coefficients
using the Nernst-Einstein equation (eqn (9)):
Gdc * Mol

o

A= (8)
with 4. being the ionic conductivity measured by BDS, M, the
molar mass of the solution = yy My + YsaeMsare and p the
density of the solution,

(xpyryy - Dpyr,, +x1Fs1 - Drrst + Xpsit - Dest + xpi+ - Dyt ) - F?
R-T

ANE =
©)

where F is the Faraday constant, R is the universal gas constant
and x; is the molar ratio of the ith component. The molar
conductivities and ionicity values are summarized in Table S6.
Fig. 7a and b show that A is smaller than Ay in all systems and
at all temperatures. Consequently, the ionicity A/Axg shows a
value <1 in all studied liquids, as shown in Fig. 7c, indicating
that some ionic species diffuse in pairs or clusters, hence not
contributing to the macroscopically measured ionic conductiv-
ity, in line with the trend observed in the Walden plot (Fig. 4).
The ionicity decreases in both systems with the addition
of Li salt, in particular, when anions are mixed, highlighting
overall stronger interactions and aggregate formation in the
electrolytes.

3.4 Ion coordination

Further insight into the nature of intermolecular interactions
can be obtained by Raman spectroscopy. Room temperature
Raman spectra were recorded for both the neat ionic liquids
and the electrolytes, Fig. 8. In Pyr,,TFSI-based systems, the
strongest vibrational mode occurs around 743 cm ', corres-
ponding to the expansion-contraction mode of the TFSI anion
(vs S-N-S and v, CF;).** The sensitivity of this mode to the
coordination of the anion has been thoroughly investigated
using both experimental and theoretical methods.””*> In the
neat Pyr,,TFSI, TFSI exhibits two coexisting, weakly coordi-
nated conformers (cis and ¢rans). The two conformers give rise
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Fig. 8 Experimentally recorded Raman spectra (symbols), fitting peaks
(colored Voigt profiles) and fit results (black lines) for all Pyri4-based
solutions. Peaks are labeled consistently across all six panels as follows:
spectroscopically free FSI (1), weakly coordinated FSI (I1), strongly coordi-
nated FSI-Li* (Ill), cis (IV) and trans (V) conformers of spectroscopically
free TFSI, and Li*-coordinated TFSI (VI).

to two closely spaced bands in the Raman spectrum between
740 and 744 cm™'. With the addition of LiTFSI, a new Raman
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Table 2 Average humber of Li*-coordinated FSI and TFSI anions (Nanion—vi+)
estimated from peak fitting the Raman spectra

Samples Nesivi+ Nrpsi-vit
(LITFSI)y ,(Pyr,4TFSI)g — 2.17
(LiFSI)o.5(Pyr14FST)o.s 3.33 —
(LiFSI)o 5(Pyr,,TFSI)g g 0.73 1.78
(LITFSI)y (Pyr, ,FSI)g ¢ 2.70 0.54
band appears at higher frequencies, around 748 cm™’, attrib-

uted to TFSI anions coordinating with the Li* cation.*®™*® The
average number of TFSI anions around a Li" anion was calcu-
lated to be 2.17 (Table 2).*® Similarly, FSI in Pyr,,FSI exhibits
two conformations (C; and C,) that coexist at room tempera-
ture, associated with two (theoretically calculated) closely
spaced Raman modes at 725 and 732 cm™'. However, a single
broader Raman band is typically observed experimentally
around 730 cm ™. Upon addition of LiFSI, an additional Raman
mode has been reported in the literature at approximately
744 cm™ ", corresponding to FSI coordinated with Li*.**>° The
calculated average number of FSI anions surrounding Li® is
3.33 (Table 2), which is higher than the corresponding number
of TFSI in the (LiTFSI),,(Pyr14TFSI)os sample (2.17). This
suggests that Li* coordination involves more FSI than TFSI
anions, consistent with the results discussed above.

However, mixing anions results in a more complex Li*
solvation structure. Six Raman modes were identified and
fitted, corresponding to two conformers of weakly coordinated
TFSI, one Li'-coordinated TFSI, one free FSI, one weakly
coordinated FSI (contact ion pairs) and one strongly FSI coor-
dinated Li* (ion aggregates). The calculated average numbers of
FSI and TFSI anions coordinating with Li" were 0.73 and 1.78
for the (LiFSI), ,(Pyr14TFSI)y s sample and 2.70 and 0.54 for the
(LiTFSI)o »(Pyr,14FSI)s g sample. Consequently, the average num-
ber of anions around each Li' in the (LiFSI)y,(Pyri4TFSI)og
sample, with mixed anions, is 2.51 slightly higher than that in
the single-anion electrolyte (LiTFSI)y ,(Pyr 4 TFSI)y s (2.17). This
can be explained by the higher ability of FSI to coordinate
with Li". In contrast, the average number of anions around Li*
remains nearly unchanged in the Pyr,,FSI-based samples.

2.0
© (LiFSIo(Pyrs4FSl)os
m (LiITFS)o2(Pyr14FSl)os
1 & (LiTFSl)oo(Pyri4TFSl)og
1.5 # (LiFSI)o2(Pyr14TFSl)og
<2 o
E ]
—-“2 1.0—_ n
&
0.5 #
] &
T=298K
00—+ 7T+ T T
20 25 3.0 3.5

Narion-i* (arb. u.)

Fig. 9 The Li* self-diffusion coefficient (Dy;+) as a function of the average
number of Li*-coordinated anions Nnion_Li+). The dashed line is a guide to
the eyes.
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The total number of anions coordinated with Li ions in the
IL system plays a significant role in determining the strength
of the Li-ion solvation structure, which, in turn, influences
the transport properties of the Li ion. We find that the order
of this coordination across the four samples is as follows:
(LiTFSI)o 5(Pyr,4TFSI)g s < (LiFSI)o(Pyr4TFSI)gs < (LiTFSI),,-
(Pyr4FSI)os < (LiFSI)o5(Pyry4FSI)o .

These results are consistent with the higher Li" self-
diffusion coefficients observed for Pyr;,FSI-based systems
compared to their counterparts. Fig. 9 illustrates the correlation
between the average number of Li-coordinated anions
(Nanion-1i ') and Li" mobility (Dy;+), showing that an increase in
Nanion-1i+ 1S associated with an increase in Dy;+.

Conclusions

In summary, mixtures of pyrrolidinium-based ionic liquids and
0.2 mole fraction of lithium salts with either identical or mixed
anions were investigated with a focus on their physicochemical
properties, particularly Li-ion diffusion and coordination. The
incorporation of lithium salt generally leads to increased
viscosity, higher glass transition temperature (Ty), reduced
ionic conductivity and slower ion diffusivity compared to
those of neat ionic liquid systems. Notably, mixing anions
shows a more pronounced effect in Pyr,,TFSI-based systems,
where the addition of FSI anions significantly lowers T, and
enhances both conductivity and ion diffusivity. This behavior
is likely due to the smaller size and greater Li-coordinating
ability of the FSI anion compared to those of TFSI, which
alters the intermolecular interactions within the system.
Despite the positive impact of the mixed-anion approach,
the larger size of the TFSI anion has a dominant impact
reducing ion transport and increasing viscosity, relative to
the systems rich in FSI. Although some observed effects, such
as the increased viscosity and decreased conductivity, may be
expected to persist at other Li salt concentrations, as reported
in the literature, further studies are necessary to confirm
these trends in the herein studied systems.’®’> Among the
mixed-anion solutions investigated in this work, (LiTFSI), ,-
(Pyr,14FSI)o s emerges as a promising candidate for lithium-ion
battery electrolytes, due to its favorable balance of transport
properties and thermal behavior.
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