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ARTICLE INFO ABSTRACT

Keywords: The dynamics in mixtures of ionic liquid and monoatomic cations has been studied at different time scales

Ionic liquid ranging from the nanosecond up to the second. The mixtures were composed of cholinium bis(trifluoromethane-

El'ef;:trc'ﬂyte sulfonyl)imide ([Chol][TFSI]) and LiTFSI, with LiTFSI mole fraction, x;;rps;, Spanning from 0 to 0.5 (saturated
1rrusion

solution), and [Chol][TFSI] and La(TFSI); from O to 0.12. The translational self-diffusion coefficients of Chol*,
TFSI™ and Li* have been measured, along with NMR their relaxation times at various magnetic fields, in order
to decipher the intertwined dynamics between the ions, and to reveal how the local dynamics impact the long

NMR relaxation
Fast field cycling relaxometry
Solvation

Lithium range translational diffusion. When the concentrations of lithium and lanthanum are increased in the liquid, the
Lanthanum long range dynamics of all the ions drop. In the case of LiTFSI, the self-diffusion coefficient of lithium becomes
higher than the one of TFSI at high concentration, revealing a change in lithium transport mechanisms. The NMR
relaxation data confirm this change, showing a clearer transition at x;;rps; = 0.15. It is interpreted as a change
from a vehicular transport mechanism of the lithium below x;;rpg; = 0.15 to a hopping mechanism above. A
similar crossover seems to occur in the lanthanum solutions. This phenomenon seems correlated to the departure

of the hydroxyl group of the organic cation from the lithium solvation shell.
1. Introduction of the diffusion and the systems tends to separate the molecular species
much before the demixing concentration (Rollet et al., 2007); on the
Ionic liquids (IL) are fascinating liquids that exhibit remarkable contrary, the addition of lithium cation induces a great decrease of
structural diversity leading to a surge in various fields such as or- the diffusion (Jayakody et al., 2020; Monteiro et al., 2008; Ngo et al.,

ganic synthesis, metal or biomolecules extractions, electrochemistry,
catalysis ... (Greer et al., 2020). Their specificity originates from a del-
icate balance between interactions: Coulombic, steric, Van der Waals,
H-bond, = — =z, etc. (Hayes et al., 2015). When a new species is in-
troduced in the system, the above-mentioned balance can be strongly
altered and the consequences for the applications for which ionic lig-

2022), that is due to the strong interaction of lithium with the TFSI an-
ion (Lassegues et al., 2009; Monteiro et al., 2008). In this paper, we
have focused on this question from the dynamical point of view, and
in the case where the supplementary species are monoatomic cations.
We have chosen one monovalent cation Li* and one multivalent cation

uids are designed, can be very important. Hence, the identification and La®* .

understanding of the changes of all the properties of the IL has to be The importance of the couples IL/Li* and IL/La>* emerges in ad-
carried out. Both the structural and dynamical properties are modified vanced technologies. The couple IL/Li* is the subject of numerous
upon the addition of a supplementary species. For instance, in the fre- studies related to lithium batteries and supercapitors (Lewandowski and
quently studied IL, 1-butyl-3-methylimidazolium (C,mim) bis(trifluoro- Swiderska Mocek, 2009). In these kinds of applications, transport as-
methanesulfonyl)imide (TFSI), the addition of water yields an increase pects are obviously critical, and more specifically, the one of lithium
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Fig. 1. Chemical structure of [Chol][TFSI].

transport. The decrease of the diffusion of the different species upon in-
creasing the lithium concentration is a major problem, even a blocking
point (Lewandowski and Swiderska Mocek, 2009).

The couple IL/La’" is encountered in the waste recycling domain.
Several studies propose the use of ionic liquids for the liquid-liquid
extraction step in the hydrometallurgy processes (Dai et al., 1999; Oka-
mura and Hirayama, 2021). Indeed, ionic liquids can be used both as
solvent and as extractant for critical metal, like rare earth elements
(REE), in liquid-liquid extraction. In this kind of processes, the extrac-
tion and separation efficiency of REE is often significantly enhanced
in comparison with those using common organic solvents (Dai et al.,
1999; Okamura and Hirayama, 2021). In this case also, the transport of
the different species is crucial. Surprisingly, there are very few studies
on mixtures of ionic liquids and other monoatomic cation than lithium.
The studies dealing with other cation mostly concern other monovalent
cation, in the aim of evaluating their interest for battery (Ngo et al.,
2022; Taige et al., 2012; Vicent-Luna et al., 2018).

In this context, we follow a broad approach of the question by
studying the dynamic of the different species over a wide window of
observation time, spanning from the nanosecond to the second approx-
imately. To cover this range of nine orders of magnitude, we have com-
bined pulsed field gradient (PFG) nuclear magnetic resonance (NMR)
technique to the NMR relaxometry performed at various fields, from
0.0002 T to 11.7 T (i.e. from 10 kHz to 500 MHz at 'H frequency).
Specifically, fast field cycling (FFC) relaxometry, PFG diffusion and
two-dimensional methods further probe molecular motions over a range
of timescales (Kimmich, 1997, 2012, 2019). The Pulsed Field Gradient
(PFG) NMR technique allows the determination of the self-diffusion co-
efficients of molecules and ions at the micron scale, by labeling, thanks
to pulsed magnetic field gradients, their spins according to their spatial
position (Callaghan, 2014; Johnson, 1999; Price, 2009). Easy to imple-
ment and fast, it is probably the most employed method to measure
self-diffusion coefficients in various media, from the common aqueous
solutions (Johnson, 1999) to high temperature molten salts (Rollet et
al., 2009), confined liquids (Callaghan, 2014; Rollet et al., 2001) and
even solids (Fujara et al., 2008). At the micron scale, the measured dif-
fusion coefficients contained many shorter dynamical processes. This is
particularly significant in porous media, where the molecule diffuses in-
side pores and between pores regimes, but also interacts more or less
strongly with the pores (possible intermittent adsorption) (Kimmich,
1997, 2019; Korb, 2018). To access this intermediate time scale, the
only choice is to use NMR relaxometry. Although there is no pore walls
in ILs considered here, their structure and dynamics are known to be
complex (Berrod et al., 2017; Ferdeghini et al., 2017) and NMR relax-
ometry may reveal their several different characteristic time scales. At
low field, NMR relaxometry can also allow us to determine the transla-
tional diffusion coefficient, hence connecting with the time scale of the
PFG NMR technique (Kruk et al., 2014).

The ionic liquid chosen for this study is the cholinium bis(trifluoro-
methanesulfonyl)imide [Chol][TFSI]. The particularity of this IL is that
it carries a hydroxyl group on its alkyl chain (Fig. 1). This hydroxyl
group induces some clustering of the cation via its hydroxyl tail. How
is the hydroxyl group involved in the solvation of lithium and lan-
thanum ions? Does the hydroxyl group improve or impede solvation
and transport? The current study addresses these questions by investi-
gating dynamics using NMR techniques.

Journal of Ionic Liquids 4 (2024) 100087
2. Experimental
2.1. Synthesis of the ionic liquid

Cholinium bis(trifluoromethanesulfonyl)imide, [Chol][TFSI], was
prepared following a literature procedure (Nockemann et al., 2009)
using Lithium bis(trifluoromethanesulfonyl)imide, Li(TFSI) (> 99%,
Solvionic), and N-(2-hydroxyethyl)-N,N,N-trimethylammonium (cholin-
ium) chloride (> 98.0%, Sigma-Aldrich). Li(TFSI) (0.43 mol, 123.55 g)
dissolved in water (25 mL) was added to a solution of cholinium chlo-
ride (0.43 mol, 60.08 g) in water (25 mL). The mixture was vigorously
stirred one hour at room temperature after which, two phases were ob-
served. The IL phase was separated. To remove chloride impurities, IL
phase was washed with water until the addition of silver ions did not
yield an AgCl precipitate. The [Chol][TFSI] IL was freeze-dried and
was obtained with an average yield of 74%. The molecular structure of
[Chol][TFSI] is shown in Fig. 1. I'H NMR (300 MHz, DMSO-d6, & ppm):
5.27 (t, 1H), 3.84 (m, 2H), 3.39 (m,2H), 3.10 (s, 9H).

2.2. Sample preparation

Lithium bis(trifluoromethanesulfonyl)imide, Li(TFSI) (> 99%,
Solvionic), and Lanthanum(IIl) bis(trifluoro-methanesulfonyl)imide,
La(TFSD)3 (> 99.5%, Solvionic) were used to prepare salt solution in
the ionic liquid.

After [Chol][TFSI] was freeze dried, the ionic liquid and the salts
Li(TFSI) and La(TFSI); were further dried in a vacuum furnace at 80 °C
before being inserted in a glove box under argon atmosphere, to avoid
water intake in the sample. Li* and La®" solutions in [Chol][TFSI]
are obtained by adding increasing mass of Li(TFSI) or La(TFSI); in
the ionic liquid [Chol][TFSI] in the inert atmosphere of a glove box.
Li(TFSI) was mixed by using a sonicator and the mixture was heated
at 40°C (above the [Chol][TFSI] melting of 27 °C) until a clear liquid
was formed, La(TFSI); was added to [Chol] [TFSI] and the mixture was
heated to 125 °C during 30 min. The solutions were introduced into the
NMR tubes and then flame-sealed under vacuum using a tip-off mani-
fold (Wilmad-Labglass) before use.

The obtained Li* solutions were liquid at room temperature for Li
molality between 0.05 mol kg~! and 2.5 mol kg~! and solid otherwise.
Hereafter the compositions will be referred to as mole fraction of salts
defined as:

AL TSI ALa(TFSI)3

XLiTFSI = XLa(TFSD); = @

NLTEST + NChol TFST NLa(TFSD); t AChol TFST

2.3. NMR

All experiments were carried out at 40 °C, where all the Li* and
La®* solutions were liquid.

NMR spectroscopy 'H-19F and !°F-7Li HOESY experiments were per-
formed using the 5 mm Jeol JNM-ECZ, Royal HFX probe, at a magnetic
field of 9.4 T ('H Larmor frequency of 400 MHz) and processed with
the JEOL Delta software. Operating this probe at dual tune mode allows
us to perform a series of advanced experiments, which includes 1°F-7Li
HOESY. 'H-"Li 2D heteronuclear NOE were carried out with a 500 MHz
(11.7 T) Bruker AV III spectrometer equipped with 5 mm Double Reso-
nance Broadband Probe (BBI). The mixing time was varied from 0.1 to
2 seconds for each sample to find the optimal time.

PFG NMR NMR Pulsed Field Gradient (PFG) measurements were per-
formed on a 300 MHz and a 500 MHz Bruker spectrometers at 40 °C.
The first one was equipped with a probe capable of producing mag-
netic field gradient pulses up to of 50 G cm™ for 'H and 120 G cm'! for
7Li and '°F experiments. The second one was equipped with a probe of
maximum strength gradient of 55 G ecm™ for 'H experiments. The diffu-
sion measurement was conducted with a 2D sequence using stimulated
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echo and longitudinal eddy current delay with bipolar gradients (Wu et
al., 1995). The gradient pulse duration 6 and the diffusion time A were
in the range of 1 to 10 ms and 0.2 to 2 s, respectively. The gradient
strength g was varied from 2 to 98% of the maximum strength in 16
steps. The diffusion coefficients D were determined by fitting the echo
signal decay with the equation (Wu et al., 1995):

1) = 10y " (47575) @

where g = yG6 and 7 is a delay between bipolar gradient pulses.

High field relaxation The longitudinal relaxation rates for 'H, "Li were
measured at 300 MHz and a 500 MHz, and only at 300 MHz for '°F,
using the same spectrometers as for PFG NMR experiments. Inversion-
recovery pulse sequence was used, with 16 relaxation delays optimized
for each T value, typically varying from 500 ps to 5 s.

Fast Field Cycling (FFC) NMR The 'H NMR relaxation rate dispersion
was measured with a Fast Field Cycling NMR relaxometer Spinmaster
Duo (Stelar s.r.l,, Italy). The relaxation field were varied from 10 kHz
to 40 MHz. For frequencies below 12 MHz, the pre-polarized (PP) se-
quence was used with a polarization field of 20 MHz whereas the
non-polarized (NP) was applied for higher frequencies (Anoardo et al.,
2001). The detection field was 16.29 MHz and the duration of the 90°
pulse set to 9 ps. The recycle delay (time between the repetition of
each sequence) was set to 5 times the longest 7. The field switch-
ing time between the different magnetic fields was chosen to be 3 ms.
Magnetization values were recorded for 32 logarithmically spaced val-
ues of relaxation delays in the approximate range 0.017; — 4T;. In the
whole frequency range explored, the relaxation curves were satisfac-
torily fitted with monoexponential function within experimental error.
The temperature was kept at 40 + 1 °C thanks to a gas flow regulated by
a VTC 91 temperature controller (Stelar s.r.l., Italy).

3. Spin relaxation theory

The longitudinal relaxation time 7| (rate R;) is the characteristic
time of the return to equilibrium of the component of magnetization
along B, magnetic field after a perturbation (Abragam, 1961). This re-
laxation originates from the temporal fluctuations of the magnetic field,
i.e. the fluctuations of the 'H-'H or 1°F-'H dipole-dipole in the ionic lig-
uid under study.

Both intramolecular or intermolecular interactions can be at the ori-
gin of the relaxation process, and when they can be decoupled, the
observed relaxation rate R, is the addition of all the contributions. For
1H, the measured relaxation rate R;(®) can be described as below
Ry =Ry, + REH 4+ RHEE 3)

1,inter 1,inter

where R, ., is the internal cation contribution (‘H-'H), RI'H ~the
s Jinter
F

cation-cation contribution (!H-'H) and Rfimcr the anion-cation contri-
bution (*°F-'H). Ry, can be complex due to the number of internal
motions to considered, but often this contribution is reduced to the
overall tumbling of the cation and is expressed as:

Rl,intra(w) =Cpp [Jintra(w) +4 Jimra(zw)] (C))

Cpp is a constant depending on spin factors and geometry and J;,, (@)
is the spectral density (Fourier transform of the autocorrelation func-
tion) corresponding to the tumbling motion. The simplest way to model
it, is to describe it as a continuous rotational diffusion with a rotational
correlation time z,. In this case, J;,(®) is a Lorentzian function, that
has already been successfully used to fit NMRD profiles of ionic lig-
uids (Bloembergen et al., 1948; Honegger et al., 2020; Jayakody et al.,
2020; Kruk et al., 2016, 2020; Ordikhani-Seyedlar et al., 2015; Over-

beck et al., 2020).
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T,
Jimra(w) = —rz (5)
1+ (a)rr)

In some liquids, the tumbling cannot be described by a single correla-
tion time and a distribution of correlations times has to be employed.
To take this observation into account, a more elaborated Cole-Davidson
model (inspired from dielectric spectroscopy) can be used (Beckmann
et al., 2022; Kruk et al., 2012, 2014; Overbeck et al., 2021; Wencka et
al., 2017) and leads to the following expression of the spectral density.

sin[f arctan(wt)]

Jimra(w) = (6)

w [1 + (w‘r)z] 5

with 7, = fiz. f is a stretching parameter with 0 < f < 1. For g =1, the
Lorentzian form of eq. (5) is recovered.

Rﬁzer and Rﬁ;er contributions are caused respectively by the
cation-cation and anion-cation distance fluctuations (Fraenza and
Greenbaum, 2022; Kruk et al., 2014; Overbeck et al.,, 2020). The
simplest model is to consider that anion and cation are diffusing in-
dependently and only limited by a distance of closest approach (Ayant
et al., 1975; Hwang and Freed, 1975). This model is often referred to as
the force free hard-sphere (FFHS) model of translational diffusion and
leads to the following expressions.

g ey Ny I(I +1)

Rﬁﬁer (@)= 35 5Dy g [Jimer (@) +4 Jiger (207)] )
2,2 .2
g 7h yHyFNFI(I +1)
Rllfifter(w) = 15 bDyy [Jinter(a) —op)+3 Jiper (@)
+6 Jinter(w + wF)] (8)

with the corresponding spectral density (Ayant et al., 1975; Kowalewski
and Mailer, 2006)

3245
Su +2u+]2

©)]

Jinter(w)z
%u6+u5 +4ut + %u3+ %u2+81 u+81

u=+1/2wtp, 7 is the translational correlation time which is computed
2
as 7p = 1’;—_, b denotes the distance of closest approach between the 'H

spin and another cation or an anion, D;; = D; + D, is the relative trans-
lational diffusion coefficient given as the sum of diffusion coefficients
of the interacting species i and j. The quantities Ny and N denote
the number of 'H and '°F nuclei per unit volume.

During the fitting process of the relaxation dispersion curves, due to
the large number of adjustable parameters, some of them were con-
strained. Ny and N were fixed to the values computed from the
density of the ionic liquid. The best distance of closest approach was
found to be b =35 A. The diffusion coefficient of the anion Dypg- was
fixed to the value determined by !°F PFG-NMR while the diffusion co-
efficient of the cation D¢+ was set free for comparison to the value
determined by 'H PFG-NMR. 7 and f§ were free parameters.

For ionic liquids, this description was questioned by Driver et al.
(2017) with a combination of Fast Field Cycling relaxometry and
Molecular dynamics. They suggested that for [C,;mim][PFg], the low-
frequency contribution rather stems from long time correlated reorien-
tational modulations than translational diffusion. However, Honegger
et al. (2020) using the same techniques on [C,mim][N(CN),]) showed
that the low-frequency contribution is caused by translational diffusion.

4. Results and discussion
4.1. Diffusion at long scale

The diffusion at the micrometer scale was investigated for [Chol]
[TFSI] + LiTFSI on one hand and for [Chol][TFSI] + La[TFSI]; on the

other hand. Self-diffusion coefficients of Chol*, Li* and TFSI" were
measured independently by considering the signals of the —N-CH,
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Fig. 2. Left: Self-diffusion coefficient of Chol*, TFSI~ and Li* vs the mole fraction of Li(TFSD), x| irrg- Right: Reduced diffusion coefficients vs the salt mole fraction

for lithium and lanthanum solutions. Dotted and dashed lines are guides for the eye.

group, —CH, -0 group and methyl group (-CH;) on the 'H NMR spec-
trum of cholinium, CF5 group on the °F NMR spectrum of bis(trifluoro-
methanesulfonyl)imide, and simply the single peak on the 7Li lithium
of spectrum.

We present first the results for the [Chol][TFSI] + LiTFSI mixtures
and after will compare them to those for [Chol][TFSI] + La[TFSI];.
The self-diffusion coefficients of cholinium (*H), TFSI (1°F) and lithium
(Li) ions decrease of LiTFSI (Fig. 2) about two orders of magnitude
from the infinite dilution to 3 mol/kg, i.e. X jpgy) = 0.5. Such decrease
when adding lithium salt in ionic liquids has been observed, along with
an increase of the viscosity, for all the studied systems: imidazolium
type with LiTFSI (Lesch et al., 2014; Monteiro et al., 2008, 2010; Ngo
et al., 2022; Saito et al., 2007; Srour et al., 2015; Tsuzuki et al., 2010),
LiBF, (Haskins et al., 2014; Hayamizu et al., 2004; Judeinstein et al.,
2021; Wu et al., 2012) or LiPFg (Saito et al., 2007), pyrrolidinium kind
with LiTFSI (Borodin et al., 2006; Haskins et al., 2014; Li et al., 2012;
Nicotera et al., 2005; Solano et al., 2013) or LiPFy, ammonium kind
(Hayamizu et al., 2008; Le et al., 2010), and other less common ionic
liquids (Monteiro et al., 2010). The density of the liquid also often in-
creases upon lithium salt addition.

Nevertheless, the decrease depends on the ionic liquids. In the case
of [Chol][TFSI], it is by far the strongest observed, as it is usually less
than one order of magnitude. The slowdown of the dynamics in ionic
liquids containing lithium cations has been related to a modification
of the structure of the liquid, through the solvation of lithium (Aguil-
era et al., 2015; Lassegues et al., 2006; Li et al., 2012; Monteiro et al.,
2008) and even with possible clustering of lithium (Haskins et al., 2014;
Lesch et al., 2014). In the case of TFSI anion, lithium cation interacts
more strongly with the oxygen (Xu et al., 2022; Yang et al., 2022) and
is surrounded by approximately three TFSI. Experimentally, the solva-
tion of lithium cation by TFSI anion, is expressed by the evolution of
Drpg; that tends to come closer to Dy; when Li* concentration is in-
creased. In this regard, the effect of anion on transport in lithium/ionic
liquids system has been more often investigated. The very symmetric
BF,~ anion yields a very slow diffusion of Li*, despite Dpp, remains
close to the diffusion value of the ionic liquid cation (Hayamizu et al.,
2004; Judeinstein et al., 2021; Wu et al., 2012), whereas for TFSI, the
diffusion of lithium remains close to other ionic species (Monteiro et
al.,, 2008, 2010; Ngo et al., 2022; Saito et al., 2007; Tsuzuki et al.,
2010). From this comparison emerges the picture of a strong solvation
of lithium by BF,~ and a loose solvation by TFSI anion, in agreement
with the binding energy calculated by Molecular Dynamics Simulations
(Haskins et al., 2014). It can be also underlined that BF,~ is centro-
symmetric whereas TFSI anion is not, and one can suspect that it has
an impact on the modification lithium solvation with its concentration.
This idea of asymmetry has been pushed forward by mixing asymmet-

ric anions (Xu et al., 2022) leading to better transport performance for
lithium.

Another interesting observation in Fig. 2, is the crossing of D;; and
Drpgy around xy ;crpgpy = 0.35, below this mole fraction Dyggy > Dyp; and
above Dy; > Drpg. Note that in pure molten lithium bis(fluorosulfo-
nyl)imide and lithium fluorosulfonyl(trifluoromethylsulfonyl)imide
Dy, > D,,;,, with the respective values of Dj; = 1.4 x 107! m?/s,
Dpg; =55 % 10712 m?/s and Dy; =7 x 10712 m?/s, Dgpg = 0.7 X
10712 m2 /s (Measurements performed at 423 K) (Kubota et al., 2018).

Again, the structure of the different [Chol][TFSI]+LiTFSI mixtures
can be questioned. Many studies, using either scattering techniques, or
spectroscopy, or simulations, have been devoted to the structure of the
liquid when lithium cations are present. Despite the lack of full agree-
ment, a picture of the system can be drawn. In the different ILs/lithium
mixtures studied in the literature, lithium cation is coordinated by the
oxygen of the TFSI and rarely by the nitrogen (Castriota et al., 2005;
Lassegues et al., 2006; Li et al., 2012; Monteiro et al., 2008; Solano et
al., 2013; Umebayashi et al., 2011; Xu et al., 2022). When considering
the radial distribution function (RDF), they clearly show the following
order in the proximity to lithium: oxygen, nitrogen, fluorine. This inter-
mediate distance between lithium and fluorine atoms is confirmed by
our '°F-7Li HOESY experiment (Fig. S7 of the SI)). TFSI solvates Li* by
the coordination of either one (monodentate) or two (bidentate) of its
four oxygen atoms. Studies using Raman spectroscopy combined with
ab initio calculations show that TFSI cis isomer solvates preferentially
the lithium in comparison with the trans isomer, and bidentate config-
uration is the most common (Lassegues et al., 2006; Umebayashi et al.,
2010). Furthermore, they strongly suggest that Li* is solvated by four
oxygens and two TFSI anions. The number is a matter of debate, as nu-
merical simulations find that the mean coordination number of lithium
by TFSI about 3, for the different kinds of ILs studied (imidazolium,
pyrrodylinium and ammonium) and does not change much with the
lithium concentration (Haskins et al., 2014; Li et al., 2012; Monteiro
et al., 2008; Solano et al., 2013; Xu et al., 2022). As pointed out by
Umebayashi et al. (2011) in their study, the radial distribution function
of nitrogen consists in two close peaks at 3.6 and 4.3 A attributed to
bidendate and monodentate conformation, respectively. Hence, the is-
sue is to define where is the first solvation shell. At high concentration,
the lithium affects strongly the long distance organization of the liquid
(Umebayashi et al., 2011).

More interestingly, the local organization around Li* ions changes
with lithium concentration. Again, the publications disagree on this
point. Numerous structural studies based on Raman spectroscopy in-
dicate a decrease of the coordination number along with keeping the
cis isomer conformation and bidentate configuration (option 1), while
most of numerical simulations indicate that at low concentration, Li* is
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1]

@ Li*

Fig. 3. Scheme of two different transport mechanisms of Li* in [Chol][TFSI]: 1) vehicular mechanism: Li* moves with its solvation shell; 2) hopping mechanism:

Li* jumping from one TFSI solvation cage to another.

solvated by both monodentate and bidentate TFSI, but as Li* concen-
tration increases, the monodentate coordination along with a sharing
of TFSI between two lithium becomes predominant (option 2) (Li et al.,
2012; Tong et al., 2020; Umebayashi et al., 2011; Xu et al., 2022). What
can we learn from the study of dynamics?

In option 1, the lithium transport may probably be of vehicular kind,
i.e. lithium moves with its solvation sphere, whatever the concentra-
tion. In option 2, the modification of the structure operates a change
between a vehicle transport mechanism, to a hopping mechanism, i.e.
lithium jumping from one TFSI solvation cage to another. These two
transport mechanisms are illustrated in Fig. 3.

The crossover between Dypg and Dy ; observed in Fig. 2 can be in-
terpreted as an experimental evidence of a change in the mechanism
transport of lithium, the later passing from vehicle kind at low lithium
concentration to hopping kind at high concentration. Similar interpre-
tation has been performed by Dokko et al. (2018), who have evidenced
using PFG NMR such change in the lithium transport mechanism for
sulfolane + LiBF, mixtures. The change occurs around x jrpgyy = 0.35
in [Chol][TFSI] that would correspond, if one considered that it was the
mole fraction for which all the TFSI anions were involved in the solva-
tion of lithium, to a coordination number of about 2.9. It can be noticed
that a change between vehicular and Grotthuss transport mechanisms
has been evidenced proton ionic liquids (Anouti et al., 2010).

The effect of the ionic liquid cation cannot be ruled out. In general,
the diffusion slowdown upon lithium salt addition, is greater in the im-
idazolium family than in the ammonium one, except for the cholinium.
The hydroxyl group has a great impact on the liquid structure because
the H-bond makes it possible the existence of clusters of cation, here
cholinium (Khudozhitkov et al., 2023; Niemann et al., 2019; Strate et
al., 2017). In the case of [Chol][TFSI], Nockemann et al. (2009) have
shown that in its crystal structure, the hydroxyl group was pointing
to the oxygen of the TFSI anion, making H-bond. We have seen that
lithium is solvated by the oxygen of the TFSI anion instead of the nitro-
gen, despite the later is more negatively charged (Tsuzuki et al., 2010),
strongly suggests that the hydroxyl group of the cholinium can partici-
pate to the lithium solvation. In order to probe the proximity of lithium
and the hydroxyl group, Li-'H HOESY experiment has been carried
out (Fig. 4) at different mole fractions. Thanks to the Overhauser effect,
the spatial proximity, within 5 A approximately, of two nuclei of the
same nature (NOESY) and different nature (HOESY) can be evidenced.
In Fig. 4, a cross peak is clearly visible between lithium and the hydro-
gen of the hydroxyl group for x; ;rgs; = 0.02. The organic cation may
thus impact the coordination (monodentate/bidentate) of the lithium.
Counter-intuitively, at high x ;rgg;, there is no more cross peak, mean-
ing cholinium cation is expelled from the solvation shell of lithium, by
increasing the amount of the latter.

\ 7L
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Fig. 4. "H-"Li HOESY of [Chol][TFSI] with x| ;rps; = 0.02, recorded at 11.7 T.

This strong modification of the OH environment is also visible in the
NMR spectra (Fig. S1 of the SI). The peak of the OH shifts toward high
chemical shift values, i.e. there is a deshielding of the 1H, upon lithium
addition. The comparison with the 'H chemical shifts in the following
three systems, neat [Chol][TFSI] (+2.84 ppm), [Chol][TFSI] diluted in
d6-DMSO (+5.23 ppm) (Fig. S2 of the SI) and LiOH (—1.5 ppm) (Liu et
al., 2017), suggests that the addition of lithium in [Chol][TFSI] leads to
the disappearance of the H-Bond between the hydroxyl groups.

The dynamics of the [Chol][TFSI] has also been investigated upon
the addition of La(TFSI);. The reduced self-diffusion coefficients D/D,,
where D is the self-diffusion coefficient for neat [Chol][TFSI], are pre-
sented in Fig. 2 and compared with those of the mixtures with LiTFSIL
The decrease of both cholinium and TFSI D/D, upon salt addition is
notably stronger with La3" than those with Li ™. This is consistent with
the stronger increase of viscosity upon adding multivalent cation than
adding monovalent cation (Ngo et al., 2022; Vicent-Luna et al., 2018).
As expected, the TFSI diffusion is more affected than cholinium one
(note that it was not possible to measure the self-diffusion coefficient
of lanthanum by PFG NMR). These results are in line with the scarce
studies considering the diffusion in ionic liquids containing multi-valent
ions. The simulations of Vicent-Luna et al. (2018) on a large series of
mixtures of 1-butyl-1-methyl-pyrrolidinium TFSI and M(TFSI),, showed
that the more charged ion, the stronger the decrease of the diffusion. It
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is correlated to the solvation of the inorganic cation by the oxygen of
the TFSI anion. The more charged, the higher the coordination number
Vicent-Luna et al. (2018).

4.2. NMR relaxation at high field

To have a better insight into the phenomenon at play, this long
distance transport study (PFG NMR investigates micrometer scale dif-
fusion), needs to be completed by study at a more local scale.

To understand how the inorganic cations impact the dynamics of
the ionic liquids at short timescale, the NMR relaxation rates R, of '°F
and 'H of all chemical groups was then measured. Indeed, R, gives in-
sight into to the dynamics at timescale around 1/, i.e. in the present
case at the nanosecond timescale (Korb, 2018). Hence it gives insight
into how local motions affect long range motions. For 'H carried by the
cholinium, there are two groups of relaxation rates: one related to the
CH,, groups (R; about 1.5 s~ in neat IL) and one related to the OH
group (R, about 0.7 s71). All the values are gathered in the supplemen-
tary information file. Then, for the sake of readability, the relaxation
rates of the protons of the groups —CH;, —CH,—N and —CH, -0 of the
Chol™ cation were averaged and reported as CH,, in Fig. 5.

For both the 1H (all the chemical groups of cholinium) one observes
an increase of Ry with xyirggy Or xp 4c1rsy), - However, there are signifi-
cant differences. First, the 'H R, of OH is much smaller than those of
CH,,. The source of relaxation for 'H being dipole-dipole interaction,
it appears as if, either the distances with other 'H or 1°F are higher,
or the proton dynamics of OH is much faster by exchange with other
OH. One can also notice that the evolution of R; of OH seems to con-
verge with the R, of CH, at high xpirrs; and xp,rrs),- This trend is
more pronounced at 500 MHz (Fig. S8 of the SI). It may indicate that
the dynamics of all the choline groups become similar and correspond
to rotation of the whole organic cation. Furthermore, it suggests that
the H-exchange between OH disappears.

To go further 1°F, as well as ”Li relaxation rates have been measured
and their evolution with mole fraction is plotted in Fig. 6 (it was not
possible to measure 13°La with our spectrometer due to the proximity
of its resonance frequency to the one of 2H used for the By field lock).
Whereas the increase for all the 'H is continuous all over the concen-
tration range, for the '°F, a plateau is reached around x| jpg; = 0.15 for
lithium and xp ,rpsy), = 0.05 for lanthanum. This phenomenon demon-
strates a different evolution of the dynamics for the cholinium and for
the TFSI, as already pointed out previously with our diffusion results.

At this point, it is interesting to look at the 7Li R, variation with
xtrs1 (Fig. 6). Here, it is important to recall that 1°F has 1/2 spin and
its NMR relaxation is ruled by the dipole-dipole interaction and by the
chemical shift anisotropy (CSA) interaction, whereas 7Li has 3/2 spin
and its NMR relaxation is ruled by the dipole-dipole interaction and the
quadrupolar interaction. The complex aspect for 7Li is that none of these

two interactions clearly dominates and both have to be considered. To
be more precise, for the dipolar interaction it corresponds to the rela-
tive fluctuation of two magnetic dipoles, whereas for the quadrupolar
interaction it corresponds to the fluctuation of the electric field gradi-
ent experienced by the nucleus (Kimmich, 1997). Despite their different
relaxation mechanisms, the evolution of the relaxation rates of the two
nuclei can be compared. The ’Li R, is constant up to x; ;yrg; = 0.15 and
decreases above this amount in LiTFSI (Fig. 6). This striking concomi-
tant change of 1°F R and "Li R, shows how their respective dynamics
is intertwined, but in apparent opposite direction. Furthermore, the 7Li
chemical shift variation with xj ;ypg; exhibits a change at the very same
mole fraction (figures shown in the SI).

Hence, the plateau observed for 1°F could correspond to this state of
the liquid structure where each TFSI ion coordinates two lithium ions
via their oxygens creating this way a labile network, similar to those
evidenced in molten fluoride salts (Rollet and Salanne, 2011; Rollet et
al., 2008). The TFSI anions, “trapped” in this network, have in a way a
restricted dynamics. At local scale, the dominant motion of CF;, from
the NMR point of view, is the rotation of the molecular group.

The reverse variation of “Li R,, i.e. plateau followed by a de-
crease suggests the following scene. Up to approximately xp;crgsyy =
0.15, Lithium is solvated similarly by TFSI anions, i.e. it has the
same coordination number. Above this concentration, TFSI anions
are shared between several lithium and create a labile network.
Lithium ions can then jump from site to site. These jumps increase
the lithium mobility that leads to a decrease of R;. Interestingly,
in mixture of n-methyl-n-propylpyrrolidinium bis- (trifluoromethane-
sulfonyl)imide ([PYR13][TFSI]) and 1- ethyl-3-methylimidazolium di-
cyanamide ([EMIM][DCA]) (ratio 1:9) and LiTFSI, the picture seems
different, as the lifetime of TFSI around Lithium decreases with the con-
centration of lithium because of the exchange with DCA anions. (Huang
et al.,, 2019) Nevertheless, the long range diffusion of lithium contin-
uously decreases with LiTFSI mole fraction (Fig. 2) and rules out the
increase of the lithium mobility at long range, but not the jump diffu-
sion process. A decrease of the mobility can also yield to a R, decrease,
as in the famous BPP (Bloembergen-Purcell-Pound) model (Bloember-
gen et al., 1948). In the later, the dynamics is described by a rotational
diffusion of characteristic time 7,, that is expressed in the frequency
domain by a Lorentzian (equation (5)). When 7, becomes higher than
the Larmor frequency, R; decreases. In the present case, rotational
diffusion does not seem suitable and ’Li R, dispersion profile would
be important information to reveal the dynamics at the intermediate
timescale.

Despite the NMR relaxation data at 300 and 500 MHz do not fully
reveal the dynamics of cholinium, TFSI and lithium, they evidence the
modification of the dynamics of TFSI and lithium due to the change of
solvation of lithium by TFSI. The labile network that progressively leads
to an inversion of the self-diffusion coefficients of TFSI and lithium
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around xp ;yggy = 0.35, is already built at lower concentration, around
xritest = 0.15. The fact that a similar plateau (Fig. 6) is witnessed in the
lanthanum systems, suggests that a change in the lanthanum transport
may also occur. It can be noticed that the value of La(TFSI); for which
the plateau is reached, is a factor 3 lower than the one for lithium sys-
tems. This factor, that also separates the charge of Li* and La®*, again
points the image of the formation of a labile network within which the
monoatomic cation moves by jump between one TFSI solvation cage
to another. In this regard, NMR relaxation measurement brings crucial
information to describe the structure and the dynamics of the mixture
LiTFSI with [Chol][TFSI].

4.3. NMR relaxation dispersion

NMR dispersion profiles provide a wider view of the dynamics as
the field is varied - consequently the time - over 4 orders of magnitude,
but the price to pay is the loss of the spectral resolution. Neverthe-
less, as discussed in § 4.2, the relaxation rates of the protons of the
groups —CHj;, —CH,-N and —CH, -0 of the Chol* cation were found
to be very close with a maximum difference of the order of 10%. The
—OH proton relaxation is significantly different but it represents only
about 7% of the magnetization and cannot be isolated in the magne-
tization curves, that were satisfactorily fitted with monoexponential
functions. The 'H NMR dispersion profiles are presented in Fig. 7 for
lithium and in Fig. 8 for lanthanum. The introduction of ions in the
ionic liquid causes an overall increase of longitudinal relaxation rate
R, of the Chol? cation in the whole frequency range. This increase
is more pronounced at low frequency where large scale phenomena,
as translational diffusion, are causing the relaxation. The effect of the
trivalent La3" is stronger than the one of the monovalent Li*, at the
same concentration. This observation is consistent with the diffusion co-
efficients evolution determined by PFG NMR (cf Fig. 2). In the case of
TFSI, the situation is slightly different. The !°F relaxation rate increases
significantly with lithium concentration at low frequency, but merges
and even crosses at intermediate frequency.

To have more insight, the 'H R, dispersions were fitted according
to the method detailed in section 3 and that has been successfully used
for many ionic liquids. Nevertheless, the fitting failed for some of our
samples. More precisely, it was possible to fit all the 'H NMRD profiles
of lanthanum samples (Fig. 8) and the 'H NMRD profiles for the lithium
samples up to xy;prs; = 0.34, but not above (Fig. 7). The fitting param-
eters are gathered in SI in Table S3 and S4. If the liquid became a labile
network, with a change between a vehicle transport mechanism to a
hopping transport mechanism for the lithium, the dynamics of the or-
ganic cation cannot be modeled by a rotational-diffusion anymore, and
a more complex model has to be developed.

Below this value x| ;ygg; = 0.34, the value of the diffusion coefficient
of the cation D¢+ was found to be in fair agreement with the one

derived from 'H PFG-NMR. § values for all the samples were close to 1
for all the solutions investigated in the present study. From these fits, it
has been possible to extract the molecular rotational characteristic time
(z,). The evolution of 7, as a function inorganic salt mole fraction is
plotted in Fig. 9. As expected, 7, increases with xyirrg; and xpyrpsy,
with 7, higher for La®* than for Li* at the same xy;rggy),, similarly
to the order found for the long-range translational diffusion (stronger
decrease of D with lanthanum than with lithium). However, one can
notice some differences with diffusion. On one hand, up to x = 0.35,
these 7, increases are smaller than translational diffusion decrease, and
on the other hand, they vary differently with the salt mole fraction.

The 1°F NMRD profiles for ionic liquids are scarcely measured and
fitted in the literature, despite they are as easily measured as 'H NMRD
profiles. The evolution of the 1°F NMRD profiles with x| ;rpg; is differ-
ent of the one of 'H NMRD profiles. Whereas for 'H R, increases at all
frequencies, 1°F R, strongly increases only at low frequency. The !°F
NMRD profiles even collapse to a common wal slope in the 1-100 MHz
range. The shape of the 1°F NMRD profiles somehow resembles to the
one of glass-forming systems (Becher et al., 2022; Carignani et al., 2018;
Kruk et al., 2012). Furthermore, the model detailed in section 3 fails
to reproduce the experimental curves (Fig. 7). In fact, 1°F relaxation
is both governed by dipolar (DD) and chemical shift anisotropy (CSA)
(Gerig, 1989; Gerig et al., 1979). The difficulty is that CSA scales as
a)(z), which makes the relationship between relaxing rate and spectral
density more complex. The present collected data dot not allow us to
determine the proportion of DD and CSA in the relaxation rate of !°F.
Nevertheless, the very strong increase 1°F R, at low frequency shows
that the long range dynamics is highly slowed down in accordance with
the translational diffusion coefficients. The same observation was done
by Jayakody et al. (2020) in the system [C,mim][TFSI] + LiTFSI, nev-
ertheless the ratio °FR, /'R, at low field is greater in their system
than in [Chol][TFSI].

5. Conclusions

The multiscale dynamics of all the ionic species contained in mix-
tures of ionic liquids ([Chol][TFSI]) and inorganic salts (LiTFSI and
La(TFSI)3) have been studied, for concentration ranging from high di-
lution to saturation. The dynamical data were collected using several
NMR spectrometers and relaxometers in order to get a wide times
scale window (ns-s). Similarly to all the mixtures of inorganic salt and
ionic liquids studied up to now, the addition of lithium and lanthanum
cations yields to an important decrease of the translational diffusion of
all the ionic species. The molecular rotation is also slowed down, but
with a different dependence on xyrrs), - Here, we have experimentally
evidenced a change in the transport mechanism of lithium from a ve-
hicular kind at low xy ;7rs; to a hopping kind at high x; ;7rs;. We suspect
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the existence of a similar change in lanthanum system. The NMR relax-
ation data provide crucial insight into this phenomenon, as important
changes are observed in the relaxation of the nuclei (\°F and ”Li) before
the inversion of the long-range translational diffusion of the ions (inor-
ganic cation/TFSI) is clearly visible. The picture of the scene, that can
be built thanks to diffusion and NMR relaxation rates, is that the addi-
tion of inorganic salt in ionic liquids yields to the progressive formation
of a labile network, in which the inorganic cation becomes able to move
by jumping from one solvation cage formed by TFSI to another.

The combination of investigation methods used in the present study
gives access to the details of the dynamics of all the species and is
readily transferable to other systems of interests, e.g. energy storage
systems. The practical requirements on electrolytes for supercapacitors
and batteries are similar with the critical issue of the fast transport of
charge carriers (Lewandowski and Swiderska Mocek, 2009; Watanabe
et al., 2017; Zhou et al., 2023). Consequently, the current approach
might shed a new light on the solutions envisaged so far: addition of
a low viscosity molecular solvent, use of a porous system to alleviate
the structuring effect of the dissolved Li* ions or the addition of polar
groups on the cation of the IL to gain fluidity.
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