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Structural and dynamical heterogeneities at the
nanoscale in alkali/earth alkaline ionic liquid
electrolytes: experiment and molecular simulation
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lonic liquids (ILs) are versatile solvents for a wide range of substances, including alkali and alkaline earth
salts. Mixtures of ILs and these salts are promising electrolytes for Li and post-Li batteries, offering
unique properties such as stability and viscosity. These characteristics stem from the multiscale coupling
between structural and dynamical aspects of ILs. We focus in this study on a family of electrolytes based
on the iconic IL 1-butyl-3-methylimidazolium trifluoromethylsulfonimide (BMIMTFSI), in which alkali
(Li*, Na*, K*, Cs*) and alkaline earth (Mg?*) TFSI salts are dissolved. First, we demonstrate how classical
molecular dynamics (MD) allows reproducing structural scattering features and self-diffusion coefficients, as
measured by wide angle X-ray scattering and pulsed field gradient NMR. With this approach, we show that
MD also helps to decipher the subtle differences between electrolytes in which alkali or earth alkaline ions
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are dissolved. Second, molecular dynamics analyses based on a single particle tracking strategy allows
unravelling the correlations between structural and dynamical heterogeneities in a multiscale approach (from
DOI: 10.1039/d5cp04760a coordination spheres/fs to nanosegregation/hundreds of ns), therefore evidencing a large distribution of

dynamics and the presence of clusters with long lifetime. All these results sort out time/temperature
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1. Introduction

Room temperature ionic liquids (RTILs) are composed solely
of ions which form a liquid at ambient temperature or even
below." Keeping in mind that most common inorganic salts
have high melting points (e.g. NaCl melting point is 801 °C),
this exceptional feature for a system made up of charges only
results from the specific molecular architecture of RTILs.
In fact, they involve an adequate combination of (i) organic
cations and (ii) organic or inorganic anions, which present
molecular flexibility and delocalized charges. This combination
leads to a subtle balance between strong coulombic inter-
actions and high conformational entropy.” Therefore, at the
molecular level, these systems present antagonist features,
i.e. ionic/polar and aliphatic/apolar moieties, which leads to a
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equivalence, which appears as a key to understand the behavior of nanostructured fluids.

very specific nanoscale organization with strong local hetero-
geneities.>” In addition to this specific molecular organization,
the strong coulombic interactions involved in RTILs also lead
to an extremely low vapor pressure, very good electrochemical
and thermal stabilities, and very broad range of viscosities.
Furthermore, owing to their specific chemical structures, RTILs
have the unique ability to dissolve either ionic compounds or
organic entities. As a result, these liquids can be tuned for a
broad range of applications where they are used as specific
solvents for synthesis, separation, catalysis, energy, magnetism,
lubrication, heat transfer fluid.®™

With these specific properties, large amount of Li salts may
be dissolved in RTILs leading to electrolytes which are consid-
ered as promising candidates for advanced lithium batteries
with many advantages (thermal stability, sustainability, low
cost and efficiency, safety aspects).’® In particular, they can
be used in both standard and extreme conditions (low or high
pressure/large range of temperature).'>"> However, the growing
need for specific systems dedicated to various applications in
this field also requires the development of specific and/or post-
lithium batteries based on other metal redox couples such as
sodium, potassium, magnesium, calcium, aluminum or zinc
ions.'® In this context, the opportunity to use IL-based electro-
Iytes for such new generation of devices has already been
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fostered to R&D stages with promising results.
broadly, the propensity of ionic liquids to dissolve more or less
selectively metal salts has also applications in various other
fields such as purification or extraction technologies.'® None-
theless, subtle differences of salt solubility inside an homo-
logous series (same anion, various cations) may be rationalized
in terms of size, surface charge density, polarizability, electro-
negativity, HOMO/LUMO energies (i.e. hard/soft scale) of the
different alkali/alkaline earth cations.'”'® However, systematic
fundamental studies based on experimental, molecular simula-
tion or theoretical approaches remain scarce.'®>*

We recently investigated experimentally the properties of a
series of alkali/alkali earth electrolytes based on the mixture of
1-butyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)
imide (BMIMTFSI) with alkali (lithium, sodium, potassium,
cesium) and earth alkali (magnesium) TFSI salts (XTFSI, X =
Li, Na, K, Cs, Mg) at various concentrations.>® The transport
properties of these electrolytes were analyzed over a wide range
of temperatures using a multi-technique approach: viscosity,
conductivity and diffusivity. Correlations between viscosity
and ionic conductivity measurements as determined using a
Walden plot indicate that all these electrolytes are “good ionic
conductors” according to Angell’s classification.”® Further-
more, these experiments provide evidence that transport prop-
erties measured at room temperature are strongly affected by
the nature and the concentration of the added alkali/earth
alkali added ions. However, when these measurements are
performed over a broad range of temperatures including con-
ditions near to the electrolyte glass transition temperature T,
a master curve is obtained as the corresponding data collapse
onto a single plot for all alkali cations and concentrations.
Nonetheless, despite this general behavior, subtle yet notice-
able differences are observed between monovalent alkali and
divalent earth alkali ions. While these differences point to
specific individual and collective transport behaviors, their
underlying molecular mechanisms remain to be identified.
In this framework, joint experimental and classical molecular
dynamics approaches appear as a powerful strategy to describe
finely these systems.>*® In more detail, the synergy between
these two approaches allows one to decipher the structure and
dynamics of RTIL-based electrolytes at the nanoscale. In particu-
lar, when a reasonable forcefield and methodology are employed,
molecular dynamics (MD) simulations not only reproduce experi-
mental results with precision but also provide deeper insights. For
instance, MD enables the characterization of ion-correlation
modes and lifetime of ion pairs, which are not otherwise difficult
to measure experimentally.>®

In this paper, we employed a combined experimental and
molecular simulation strategy to delve the properties of
BMIMTFSI/XTFSI electrolytes. In more detail, we investigate
the role of (i) the nature of the cation (X = Li, Na, K, Cs, Mg),
(ii) the ionic concentration, and (iii) the temperature. First, the
comparison of molecular simulation results with experimental
data for both structural and dynamical features (X-ray scatter-
ing and NMR self-diffusion coefficients) allows us to assess
the quality of the employed MD forcefield and methodology.
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Second, MD allows us to decipher the molecular structure of these
complex electrolytes (e.g. cation coordination shell and aggrega-
tion) as well as to elucidate transport processes on a large time
range and ion-pairing lifetime. Third, through in-depth analysis of
MD trajectories, we reveal pronounced heterogeneities in the
dynamical properties when the ions present in the mixtures vary.
We relate such dynamical heterogeneities to very different local
coordination sheathes but also to different physical chemistries
when considering alkali and earth-alkali based electrolytes.

2. Methods

2.1. Experimental methods

2.1.1. Sample preparation. 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BMImTFSI) and cesium bis
(trifluoromethylsulfonyl)imide (CsTFSI) were purchased from
Solvionic, lithium bis (trifluoromethyl sulfonyl) imide (LiTFSI)
from Aldrich and used as received. Sodium, potassium and
magnesium bis(trifluoromethylsulfonyl)imides (NaTFSI, KTFSI,
Mg(TFSI), respectively) were synthesized from an acid-base
reaction and purified following the procedure described in
our previous work.”® The purities of the different starting
chemicals (commercial and synthesized) are better than 98%
and the amount of water below 100 ppm as measured by Karl
Fisher method. Such low amount is not easily detected by
"H NMR. The electrolytes considered in this study were pre-
pared by mixing the required amount of BMImTFSI and alkali-
TFSI salt in an argon filled glove box. The mixtures were stirred
at 80 °C until homogeneous solutions are obtained and then
cooled to RT to confirm the complete dissolution of the salt.
Solubility was deemed sufficient if the solution remains clear
without cloudiness or solid particles after standing for 72 h at
RT. In this work, the electrolytes are named [X][BMIm]|[TFSI]f
where X represents the alkali/earth alkaline cation and fis the
molar fraction of dissolved salt, defined as the number of M™*
ions per the number of BMIm" cations (f= M/BMIm). The fwas
varied between 0.1 and 0.4.

2.1.2. X-ray scattering. Wide angle X-ray scattering (WAXS)
measurements were performed on a laboratory XEUSS 2.0
instrument (Xenocs, France). The instrument uses a microfo-
cused Cu K, source with a wavelength of 1.54 A (corresponding
to a beam energy of 8 keV) and a 2D Pilatus3 detector (Dectris,
Switzerland). The sample to detector distance was set to
0.168 m to yield an accessible Q range of 0.08 A*-2.9 A™*
compatible with the MD analysis. In this geometry, the whole
instrument, including sample holder is under vacuum. The
experiments were performed with a collimated beam size of
0.5 x 0.5 mm?®. The sample distance of the setup was calibrated
before each set of measurements in using the diffraction peaks
of a reference silver behenate sample. The liquid samples were
introduced into X-ray glass capillaries of 1.5 mm diameter
(WJM-Glas, Miiller GmbH, Germany) in a glove box and sealed,
and 1.5 hours acquisition was required. However, electrolyte
containing cesium ions absorb strongly X-rays and it requires to
use 0.2 mm thick borosilicate flat capillaries from Vitrocom®
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as the best compromise between absorption (glass walls plus IL
sample) and scattered signal. Angular averaging was performed
and scattering from empty beam, capillaries and dark field were
measured independently and subtracted using standard protocols.

2.1.3. Pulsed field gradient nuclear magnetic resonance.
Self-diffusion coefficients were measured by pulsed-field gradi-
ent nuclear magnetic resonance (PFG-NMR) using a Bruker 400
Avance III HD spectrometer (frequencies are 400.13, 376.50
and 155.51 MHz for 'H, '°F and Li, respectively) and a Bruker
300 Avance III spectrometers for '**Cs PFG-NMR (frequency:
39.35 MHz), both equipped with 5 mm diffusion probe and
temperature regulation unit (20-80 °C, accuracy and stability
+2 °C). ILs were filled into small diameter tube (d = 4 mm) in
the glove box, then were flame sealed to prevent the humidity.
Stimulated echo sequence was used. The maximum magni-
tude of the pulsed field gradient for both spectrometer was
900 G cm ™', the diffusion delay 4 was adjusted between 50 ms
and 100 ms, and the gradient pulse length ¢ was set between
1 ms and 5 ms depending on the diffusion coefficient and
the nature of the mobile species. At higher temperature,
some measurements were also performed with 4 = 200 ms to
confirm that no convection artifacts occur. The self-diffusion
coefficients were determined from the classical Stejskal-
Tanner equation:*’

In(I/1o) = —D(Gy8)*(4 — 3/3) (1)

where G is the magnitude of the two gradient pulses applied,
y is the gyromagnetic ratio of the nucleus under study and I and
I, are the integrated intensities of the signal obtained respectively
with and without gradient pulses. Here, we used 16 equally spaced
gradient steps for each experiment and the number of scans was
adjusted to obtain good signal to noise ratio. Repetition rate
between scan was set to 5 T; (typically 10 to 15 s) to allow a
complete relaxation of the spins and the acquisition of quantita-
tive data. For such experiments, frequency lock is not necessary as
the magnetic field is stable enough even for long acquisition and
homogenity of the magnetic field is performed by optimization
of the NMR FID signal. Data acquisition and treatment were
performed with Bruker Topspin software.

2.2. Computational methods

The structure and dynamics of the BMImMTFSI/XTFSI electro-
lytes were simulated by means of classical molecular dynamics
(MD) using an all-atom description. All molecular simulations
were performed using LAMMPS package (version 2Jul2021).%®
The imidazolium-based IL was described using the classical
force field developed by Canongia Lopes et al.>® with its new
parameterization by Kéddermann et al*° Parameters deter-
mined by Netz and coworkers were used for the alkali*' and
earth alkali®* cations. In all of these force fields, the overall
cation and anion charge is unity (g = +1e) with each atom X in
the ion carrying a partial charge (|gx| < 1e).

Interactions between the different atoms were calculated as the
sum of the dispersion interaction with a repulsive short-range
contribution and the Coulombic interaction. The repulsion-
dispersion interactions were described using a Lennard-Jones
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potential, in which the cross-parameters oy; and &; between
atom types k and j are obtained from the Lorentz-Berthelot
mixing rules of like-atom pairs. The like-atom parameters for
the IL were taken from ref. 33. The electrostatic interactions
were calculated using the Ewald sum technique to correct for
the finite size of the simulation box (the parameters were
chosen so that the relative accuracy is 10~°). More details are
provided in the SI (Fig. S1 and Table S1).

Simulation boxes containing 124 ion pairs (box size L ~ 35 A
with compositions given in Table S2) were used to determine
quantities related to dynamical parameters (self-diffusion coef-
ficients, ion-paring and association mode lifetimes) (Fig. 1).
Even if the size of these simulation boxes are rather small
compared to other studies (which may induce some systematic
variations of diffusion coefficients,** this choice was guided by
the need to maintain a reasonable computation time - given
the number of systems under study and the duration of the
trajectories required for our analysis. In addition, significantly
larger systems, obtained by using 3 x 3 x 3 duplicated simula-
tion boxes and containing 3348 ion pairs (box size L ~ 100 A)
were also considered for the structural studies. These larger
systems enable the investigation of characteristic sizes exceed-
ing the observed heterogeneities. In particular, such large
system sizes allow probing length scales compatible with the
scattering vector range measured in WAXS experiments (0.1 A™" <
Q < 3.2 A7 corresponding approximately to distances in the
range of 2 A < [ < 60 A). The temperature T and pressure P
were controlled using a Nosé-Hoover thermostat and barostat
(relaxation time constants of 0.01 and 0.1 ps, respectively).*
The molecular dynamics simulations were integrated using the
Verlet algorithm with a timestep of 1 fs. For all trajectory
calculations, and another 1 ns equilibration run was first
performed in the NPT ensemble (P = 1 bar, T = 500 K) to bring
the system to equilibrium, and then the system was quenched
at the studied temperature, and another 1 ns equilibration run
was performed (NPT ensemble, P = 1 bar, T desired) to ensure
the stabilization of the total energy of the system and of the size
of the simulation cell (Fig. S2). Then, another NVT equili-
bration run (~1 ns) was performed before acquiring data in a
final production run. Some short dynamical trajectories were
used to obtain very accurate mean-square displacements at
short times: 0.1 ns trajectories were recorded with a 10 fs
sampling timestep. For longer dynamics, up to 200 ns trajec-
tories with a 1 ps sampling timestep were used.

For the larger boxes used for the structural study, 50 con-
figurations were used in the NPT ensemble and a large sampling
timestep of 1 ps was considered to ensure that the different
configurations are statistically uncorrelated.

3. Results

Results obtained from molecular dynamics studies are relying
on an adequate choice of forcefield and methodologies and its
validation requires to compare how simulation results compare
with real-world experiments. The aim of this section is to
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Fig. 1 Typical molecular configuration used to study properties for ionic liquid based electrolytes by molecular dynamics. This sample contains 104
BMIm™ cations, 20 Li* and 124 TFSI™~ anions, corresponding to [BMIm]ILI][TFSI]0.2 composition. The box is at T = 300 K and its size is L ~ 38 A in each
direction. Each ion type is presented on the right, BMIm (top), TFSI (middle), Li* (down). Colored atom representation is carbon: cyan, hydrogen: white,

fluorine: pink, sulfur: yellow, oxygen: red and nitrogen: blue and Li*: orange.

compare results obtained through these two approaches —
either for structural (e.g. coherent structure factor S(Q)) or
dynamical (e.g. individual self-diffusion coefficients D;) aspects.

3.1. Structure

Fig. 2a presents the experimental X-ray scattering data for pure
BMImTFSI and BMIMTFSI/XTFSI electrolytes for the higher salt
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concentrations (X = Li*, Cs*, f= 0.4 Mg”* f = 0.2) in the range
0.1 A7' < Q < 2.5 A" at room temperature. For ionic liquids,
this scattering vector range allows us to probe the nanostruc-
turation of these complex liquids, resulting from a competition
between entropic disordering forces and coulomb ordering.
Fig. 2b presents the total scattering function S(Q) for the same
electrolytes as calculated from molecular dynamics trajectories.
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Fig. 2 WAXS diffraction pattern of pure BMIMTFSI and [XI[BMImTFSIIf electrolytes (X = Li*, Cs*, f = 0.4 Mg®* f = 0.2) (a) experiments at room
temperature (b) molecular dynamics at T = 300 K. These patterns are shifted vertically for the sake of clarity.
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Results corresponding to intermediate composition are also
presented in supplementary information (Fig. S3). For all
mixtures, a strong agreement is observed between the molecu-
lar simulation approach and the experimental data, which
already indicates that our MD strategy is reasonably robust to
get structural information on our mixtures.

Pure BMIMTFSI presents two strong peaks, a broader one
around Q = 1.36 A™* and a narrower at Q = 0.85 A%, The first
one is observed in all ionic liquids and is assigned to inter and
intramolecular contributions related to the neighboring species
(i.e. anion pair atoms, adjacent tails, cation-anion neighbors).
The second one is only observed for ionic liquids with larger
anions and is then attributed to correlations between anions,
and between the head group of imidazolium ring and the
anion.? Its shape is strongly modified when adding alkali or
earth alkaline cations to the mixture. Moreover, a third com-
ponent at lower Q appears as a shoulder around 0.5 A™* for Li"
or a peak around 0.4 A~ for Cs" and Mg?* (Fig. S3). Such
correlation at lower scattering vector (ie. it corresponds to
longer correlation distances) reflects some structural inhomo-
geneity at the nanometer scale.> Such peak in the low-Q
domain is also sometimes referred to as a prepeak (or first
sharp diffraction peak) and found in ionic liquids when a long
alkyl chain is linked to the ionic core (ammonium, imidazo-
lium) but also in some other ionic liquids when lithium salt is
added.”®?*”*% This correlation reflects a self-organization inside
the liquid at a real space distance (d ~ 27/Q) in the 1-2 nm
range which is comparable to the molecular size of the imida-
zolium cation (0.7-1 nm depending on its configuration).
As the intensity of this peak increases strongly with the addi-
tion of more Cs* and Mg>" cations, it shows that the repetition
structure occurs over few domains. It points out that these
liquids get some nanoscale structuration corresponding to
the segregation between polar/ionic counterpart and apolar
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moieties - as already discussed in the literature."****° In the
meantime, with the addition of alkali salt, the amplitude of the
medium peak is decreasing while the peak at larger scattering
vector shifts to lower value (longer correlation distances) with
addition of Li'. These effects are evolving slightly with the
nature of the cation (cf. Fig. S4 for Na" and K" cations) up to
inversion and are even more pronounced when Cs" is added.
Comparable trends have been also observed in other ionic
liquids based electrolytes based upon doping with various
alkali cations.*”

3.2. Dynamics

The self-diffusion coefficients D; of the different species i inside
these mixtures — imidazolium cation (BMIm"), trifuorosulfon-
imide (TFSI") and Li* and Cs" alkali cations - were measured
experimentally by means of 'H, '°F, "Li and "**Cs PFG-NMR
respectively.”® In parallel, molecular dynamic simulations were
performed to obtain mean square displacements of the center
of mass of the different species and to infer self-diffusion
coefficients. These results, presented in Fig. 3 (with comple-
mentary results provided in Supplementary data, Fig. S5 and
S6), show good agreement between PFG-NMR experiments and
MD. Notably the MD values are consistently slightly higher than
experimental values.

Fig. 3 presents the evolution of self-diffusivities D; of the
different species i inside [X][BMImMTFSI]0.2 electrolytes at T =
298 K as obtained from PFG-NMR experiments and analyses of
MD trajectories. For pure BMImMTFSI (f = 0), diffusion coeffi-
cient for BMIm is slightly higher than for TFSI as it was already
measured and computed in previous work.***"** This difference
is related to the relative mass of both ions and high dissociation
ratio, corresponding to rather uncorrelated long range translation
motion. Lower values are measured by NMR as it was also
sketched in previous work. However, further NMR experiments
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] N M b)
] 34
1% 2 .
47 21 A i
] \ 1] : /-k
—~ ] x % D; (x10" m?%s™) \ |
FI(D i \ T T T T
3 01 2 3 4 5
E ] AR NMR \\
:‘9 ] ‘o pe + -+ \
24 N T X
a 4 = \ s . +
12 X
1 = - = \
11 E x - % AR
i E yd N
1l m o — © — ——Q/ AN x -
] g )
02— L —Na" K Cs Mg~

Fig. 3 Comparison of self-diffusion coefficients D; as determined from (a) PFG-NMR experimental measurements®® and (b) MD mean square
displacements for [XI[BMIMTFSI0.2 (X = Li*, Na*, K*, Cs*, Mg®*. (298 K for NMR, T = 300 K for MD). Direct comparison between experimental and
MD values, which are presented in the inset, show good agreement between the values. Uncertainities, which are not displayed on the graph for the sake

of clarity, are around 10% for both NMR experimental and MD values.
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and MD simulations were also performed for this system on a
larger temperature range (up to 7 = 350 K and T = 500 K for
NMR and MD respectively). The corresponding results, which
are presented in Fig. S5a, also show strong agreement between
these two approaches on this large temperature range.

The impact of the addition of alkali/earth alkali ions is also
presented in Fig. 3 as well as in Fig. S5 and S6. It yields to a
significant decrease of mobility for both BMIm and TFSI
species as the self-diffusion coefficient of alkali cation is
remarkably smaller (as measured for Li" and Cs" and computed
for all ions). This effect has already previously been reported in
a wide range of ionic liquid based electrolytes. In fact, even if
the alkali is the smallest/lightest species of the mixtures, a
strong complexation by the anion leads to a larger effective
species (i.e. less mobile).>”**™** These association effects are
also noticeable for the TFSI anions. Such cation-anion asso-
ciations were already depicted in some similar systems from
Infrared, Raman and NMR spectroscopies,*®*” and supported
by MD analysis in various similar systems. It was also further
analyzed in these electrolytes on the basis of molecular
dynamics.>>*® At constant molar ratio, this effect is more
pronounced for the smallest Li' cation than the larger Cs".
These effects are also evidenced from the MD approach allow-
ing to get a more complete overview on these systems. Experi-
mental and MD results are presented in Fig. 3b. It highlights
that the hindrance of BMIm and TFSI translational mobility is
more pronounced for Li* and Mg>" and decreases slightly as the
alkali ion becomes bigger. This effect is consistent with those
observed in dilute aqueous electrolyte, where bigger anions
correspond to lower charge surface densities, less interactions
with solvent/water molecules and a decrease of the size of the
effective hydrodynamic radius.*’

Here, in IL, composed of ions, the size of the mobile species
is determined by the average size/molecular weight of the alkali
cation and its average complexation sheath, as well as the
stability and lifetime of bigger clusters (based on more than
one alkali cation) as it will be detailed later. The validity of our
molecular modelling approach is also confirmed from the
comparison of self-diffusion coefficients, as obtained from
NMR experiments and MD trajectories analysis on a large range
of temperature as presented in Fig. S5b and c. They evidence a
free-volume like dependence as it was also measured from
viscosity and ionic conductivity measurements.*’

4. Discussion
4.1. Structure

The total scattering structure factor is a weighted sum of all
partial structure factors S;(Q) between each pair of atoms i,j

(eqn (2)):*°

S(Q) -1= <i Cibi)
i=1

where ¢; = N/N is the mole fraction of atom type i, b; the
scattering length of atom type i (which is proportional to the

_22

> () oy [Sy0) - 0] (@)

ij
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number of electrons in the atom for X-ray scattering) and S;(Q)
are the partial structure factor between each atom pair i and j.
They are derived within the Ashcroft-Langreth formalism®
from the partial radial distribution function, G(r), which are
themselves calculated from the MD trajectories:

sin Qr

or

where J;; is the Kronecker delta function. Different aspects of
the structure of liquid organization in ionic based electrolytes
can be highlighted more efficiently either from the partial
radial distribution functions G(r) or the partial structure factor
S;(Q). These calculations make it possible to analyze liquid
organization from an atomic site-to-site perspective. They also
allow us to gather a series of partial structure factor S,g(Q) to
highlight the contributions and interactions of specific
chemical groups or species (i, j denotes atoms while A and B
represents center of mass (COM) of ions). Fig. 4 presents the
total structure factor S(Q) and the partial contributions Sp(Q),
based on the COM of the different ions as well as the corres-
ponding partial radial pair distribution Gag(R) for pure
BMImMTFSI and the more concentrated electrolytes based on
Cs" (f= 0.4, Fig. 4b) and Mg”" (f= 0.2, Fig. 4c); these electrolytes
being chosen at the highest concentration of salt that enhance
all effects, which are gradual with concentration as presented
in supplementary information (experimental and corres-
ponding calculated S(Q) on Fig. S3 and S4 and corresponding
radial distribution functions G,g(R) on Fig. S7). The structure
factor S(Q) of BMIMTFSI presents a broad peak centered at Q ~
1.4 A™' and a small and narrower peak around Q ~ 0.8 A™".
Assignments of these two contributions are highlighted from
the decomposition of the total structure factor S(Q) into the
partial structure factor S,p(Q) of the COM description. The
narrower peak at lower Q corresponds to the positive cation/
cation and anion/anion contribution, which are counterba-
lanced by a negative anti-peak corresponding to cation/anion
correlations. These partial signals are rather intense and
narrow and they partially compensate each other when they
are summed, as was also observed for other ILs.>* This provides
evidence for a well ordered sequence of alternating cations and
anions as a signature of a well-organized liquid and tagged as
the charge signature. In BMImTEFSI, the second scattering peak
is observed around Q = 1.5 A~* and also corresponds to cation/
anion, anion-anion and cation-cation correlations. This peak,
which corresponds to most diffuse interactions between mole-
cular segments, is found in all ionic liquids and corresponds to
adjacency arising from intra or intermolecular correlations.>?
Upon addition of alkali or earth alkaline cations, strong
modifications of the structure factor S(Q) are observed: (i) the
decrease of intensity of the peak around Q ~ 0.8 A™* and
(ii) the appearance of a wide peak at smaller scattering vector
around Q ~ 0.3-0.4 A™'. These effects are getting more
pronounced upon increasing the concentration and the mole-
cular mass of the added cation as can be observed from
experiment and MD approach (Fig. S3 and S4). Origins of these
transformations are clearly evidenced from the COM partial

SH(0) — 6 = dnp(cicy)'V? .:rz Gy(r) —1] dr (3)
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Fig. 4 Description of the structure of [X]I[BMIMTFSI]f electrolytes at T = 300 K: total and partial structure factors (top) and corresponding partial radial
pair distributions (bottom) in a COM description for (a) f = 0 (neat BMImTFSI) (b) [X] = Cs, f = 0.4 (c) [X] = Mg, f = 0.2. Molecular representation of (d) an

isolated Cs monomer (CsTFSI,)*~ and (e) a Cs dimer (Cs,TFSI;)>~. TFSI are

in different configurations: (blue) monodentate with one Cs, (red) bidentate

with one Cs, (green) TFSI bridging two Cs*, monodentate on both sides, (yellow) TFSI bridging two Cs*, bidentate on one side, monodentate on the

other side.

structure factor S,g(Q) analysis (Fig. 4a—c); even if the appear-
ance of S(Q) are rather similar for [Cs][BMImTFSI|0.4 and
[Mg][BMIMTFSI]0.2, they correspond to two different changes
of the partial scattering scheme. In the case of Cs', its high
electronic number is related to a strong scattering length and
the structural correlations related to cesium are getting strong.
Most specifically, the Cs-TFSI correlations lead to a strong and
broad peak at low Q and a narrow and strong antipeak around
Q0 ~ 1 A%, while simultaneously the correlations corres-
ponding to the raw BMIMTFSI ionic liquid are broadening
and decreasing. A small Cs-Cs contribution also appears.

3856 | Phys. Chem. Chem. Phys., 2026, 28, 3850-3865

It indicates that introduction of Cs' disrupt the structural
organization within the ionic liquid as Cs" coordinates with
TFSI™ anions clusters, leading to the formation of Cs centered
aggregates (as will be detailed in the next section). In the case of
the addition of Mg>*, modification of S(Q) arises from a strong
modification of the initial correlations of the raw ionic liquid
with also the appearance of a strong contribution below 0.6 A™*
for both TFSI/TFSI and BMIm/TFSI (also BMIm/BMIm
not presented here). Moreover, the addition of Mg”" leads
to a strong reorganization of the ionic liquid with an efficient
nanostructuration at the nanometer scale.

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04760a

Open Access Article. Published on 21 January 2026. Downloaded on 4/8/2026 3:10:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

More details about the change of local coordination sheath
are deciphered from the COM radial distribution functions
Gap(r) which are presented also in Fig. 4a-c for BMImTFSI,
[Cs][BMIMTEFSI]0.4 and [Mg][BMIMTFSI]0.2 (see also Fig. S7 for
other [X]|[BMIMTFSI]f compositions). The large number of
oscillations in the partial distribution functions provide evi-
dence for the strong degree of organization between cations
and anions, which extends up to more than 3 nm (4 layers) in
pure BMImMTFSI. This organization is strongly affected when
alkali cations replace the BMim" but still remains beyond more
than one coordination layer. However, major changes are
observed in the coordination of TFSI™ anions, which present
a strong correlation with the added alkali/earth alkaline
cations. The ordering of this coordination shell is evidenced
by the amplitude of the correlation peaks which splits into two
components corresponding to two coordination modes of the
TFSI anion around a cation: the bidentate corresponding to
shorter distances and monodentate corresponding to longer
distances (¢f. molecular scheme in Fig. 4d).

Other geometries arise when alkali cations are forming
some aggregates (Fig. 4€) and TFSI are bridging the Cs" cations.
Similar distances are then measured between Cs' and TFSI~
COM. All these configurations coexist for all alkali cations, but
the ratio of the two configurations differs slightly with the
nature of the cation and also the concentration of the added
salt (Fig. S7). The pair distribution function Gx.x(r) corres-
ponding to the distance between two alkali cations also pre-
sents well-defined oscillations, which indicate the presence of
dimers or even larger salt aggregates as will be discussed in the
following sections.

We note that addition of Mg”* leads to stronger and sharper
correlations with their close shells, therefore indicating more
structured coordination shells. The number of TFSI and nearest
X ions in the coordination shell of the alkali cation are obtained
from the numerical integration of the Gy rpsi(r) and Gx x(r)
functions respectively as presented in Fig. S7 and Table 1.
These findings are in agreement with those depicted from
spectroscopic studies.’® The number of anions in the coordina-
tion sphere is around 4 for alkali ions with a slight dependence
with the nature of alkali and increases with salt concentration.
On the other hand, it is around 5-6 for Mg?" electrolytes and
decreases with the concentration. Even at low alkali concentra-
tions, a noticeable amount of alkali ions is present in the
second coordination shell. It increases slightly with the atomic
number of the cation and more noticeably with the amount of
salt - reaching up to 3 for larger concentrations. Also, this
proximity is much less in the case of the divalent Mg>".
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PCCP

These differences are also sketched from the ratio of cations
which are associated through TFSI anions. In the case of alkali
ions, a single anion may link to two cations but is also some-
times engaged in the complexation, while two TFSI anions are
engaged to link to two Mg>" ions. Analysis of the size distribu-
tion of the clusters shows that they reach larger average sizes
upon increasing the ratio of alkali ions (typically a large
number of clusters with 3, 5 and 8 alkali are observed for f =
0.1, 02 and 0.4 but few larger clusters are also observed) and
smaller for earth alkaline (only dimers are observed for f= 0.1,
larger clusters for f= 0.2).

4.2. Dynamics

Fig. 5 presents the mean square displacements (MSD) for
the center of mass of the different components (Ar?(z) =
{(ri(t) — r:(0)))*> where the brackets denote statistical average
over representative configurations of the system in the NVT
ensemble). We show the data for the pure BMImTFSI, [Li]0.2
and [Mg]0.1 electrolytes computed at T = 300 K and T = 500 K.
These trajectories present various motional regimes corres-
ponding to different characteristic time scales.”*

(1) At shorter times (lower than 1 ps), ballistic regime of
COM is evidenced as MSD ~ ¢> for both BMIm" and TFSI ™. This
regime corresponds to the very local translations of species
before interacting with their neighbors. This time domain
covers amplitude motion below 1 A and corresponds to Debye
Waller and vibrational modes as already discussed for similar
systems.>® However, smaller alkali/earth alkali cations present
a more complex behavior (non monotonous) which is identi-
fied as wobbling and rattling modes inside complexation
37,3556 These modes are more clearly evidenced from
the short time velocity autocorrelation function (vacf) plots
(inset of Fig. 5b). They show multiple oscillations regimes with
an apparent period depending on the nature of the alkali/earth
alkali cations. Their characteristic frequencies may be retrieved
from a Fourier transform analysis (Fig. 5b). Each of them
presents many transitions, which may be related to alkali ion
in some specific location or different motion modes, and a
strong shift is observed between the different alkali corres-
ponding to the difference of mass m.””

(2) At intermediate times (1 ps-10 ns), a non-Gaussian regime
is observed as MSD ~ ¢ with 0.5 < « < 2. This regime
corresponds to displacements in the order of 0.1-1 nm. In fact,
this regime corresponds to a combination of molecular localized
motions such as rotation, tumbling, chain conformation changes
and short range displacements which are difficult to decorrelate.

cavities.

Table 1 X" coordination and molecular environment in ionic liquid electrolytes based on XTFSI/BMIMTFSI as a function of the nature of the cation and
the concentration at T = 300 K. The values were determined by integrating the corresponding Gyr) (cf. Fig. S7 in SI)

T (K) X cation Li* Na* K Cs' Mg>*
0.1 0.2 0.4 0.2 0.2 0.1 0.2 0.4 0.1 0.2
300 K Number of TFSI™ in X coordination shell 3.8 3.9 3.8 4.1 4.2 4.2 4.3 4.6 5.8 5.2
Number of X" in X coordination shell 0.5 1.2 2.5 1.2 1.4 0.7 1.8 3.2 0.4 0.9
% X" monomer 81 59 40 58 56 71 46 28 80 70

This journal is © the Owner Societies 2026
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Fig. 5 Dynamic properties of [XI[BMIMTFSIIf electrolytes. (a) Mean square displacements Ar? as a function of time t for [Li] f = 0.2 at T = 300 K and
T =500 K. The green, blue and magenta lines correspond to the results for the center of mass (COM) for the X alkali cation, BMIm cation and TFSI anion,
respectively. In each panel, the black solid lines indicate the ballistic regime Ar? ~ t? as encountered at short times and the Fickian regime Ar? ~ t
corresponding to self-diffusion at longer times. Short and long trajectories (see computational methods section) are merged to probe dynamics on a
large time scale [0.01 ps—175 ns]. (b) Phonon spectra/magnitude spectrum for the different alkali in these electrolytes obtained by Fourier Transform
of vacf (presented in the inset) to obtain rattling frequencies of the cations inside these electrolytes (10 THz = 333 cm™3). (c) Evolution of individual self-
diffusion coefficients with temperature. Comparison of NMR experimental values with MD for [LiJ[BMIMTFSI]0.2. Similar plots for BMIMTFSI and

[CsI[BMIMTFSI]0.2 are presented in Fig. S5.

(3) At long times (typically above 10 ns), Fickian regime is
attained as MSD ~ ¢ for the different ions of the electrolytes.
The characteristic time to reach this regime is larger at lower
temperatures as expected. This regime corresponds to the long
range translational motion regime with displacements at the
nanometer scale and above - i.e. much larger than the size of
the species. Individual self-diffusion coefficients D; of the
different species can then be extracted using Einstein formula
Ar?() = 6D{t). These values can be compared with those
obtained by pulsed field gradient NMR using "H and "°F nuclei
(for BMIm" and TFSI~ ions) and "Li or "**Cs (for Li* and Cs"
alkali cations). These elements are the only ones to present
magnetic properties allowing to reach diffusion coefficients.
For pure BMIMTFSI, NMR and MD diffusion coefficients values
are in good agreement. They show that BMIm" cation is slightly
faster as TFSI™ as expected from the ion mass differences and
relatively well dissociated salt. The good agreement between
MD and NMR measurements is also observed on a large
temperature range (T = 300 K-353 K, Fig. 5c, Fig. S4a and
Table S5). Both approaches show curved shapes which indi-
cate that self-diffusion follows free volume like mechanisms

N X

the added alkali/earth alkali cation is much slower than that of
other cation and anion, even if its mass/ionic ratio is much
smaller than other ions (with the exception of Cs* which is
rather comparable). These trends and the D; values measured
from PFG-NMR measurements are in good agreement. This
mobility decrease was also already measured in all kind of
polymers and liquid electrolytes (including also many different
ionic liquids), where Li" cations were always much slower than
other ions.®”°" This fact is related to the strong complexation of
the alkali ion by few anions (3 or 4 generally, c¢f structure
analysis), therefore leading to much larger diffusing species or
even larger aggregates containing few X' (see cluster analysis
above). These effects are increasing for all ions when the
amount of alkali salt fincreases. For a given fratio, the mobility
decrease is more pronounced for the lighter alkali, Li* (lower
polarizability/higher charge surface) and decreases as the alkali
becomes bigger. The impact of adding the divalent earth alka-
line Mg®" is also more pronounced in the decrease of the
diffusion coefficients. As these electrolytes have a potential
application for next-generation electrolytes, it is helpful to
determine the alkali transport number ¢,y which is defined as:

Zalk X Dak

lak =

Nak X Zalk X Daix + NMim X ZBMIm X DBMIm + N1Fs1 X Z1Fs1 X DTFs1

(VTF model) as was already evidenced by ionic conductivity and
viscosity measurements in our previous work® and for other
ionic liquid-based electrolytes.>®>°

Upon addition of alkali cation, the self diffusivities of BMIm
and TFSI decrease while the added alkali get an even smaller
diffusion coefficient - as was already measured in all alkali/
ionic liquid mixtures.>”** Also, the self-diffusion coefficient of

3858 | Phys. Chem. Chem. Phys., 2026, 28, 3850-3865

(4)

where N,i, Zaik, Nemim, Zemim, Nrrs1 and zrpsy are respectively
the molar fractions and the ionic charges for the alkali, BMIm
and TFSI in the electrolytes. This dimensionless transport
number is compared with those determined from NMR experi-
ments in Table S5. This quantity is crucial in the frame of alkali
transport efficiency. The reported values are very low (between
0.01 and 0.1), therefore reflecting the slow diffusion coefficients of

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04760a

Open Access Article. Published on 21 January 2026. Downloaded on 4/8/2026 3:10:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

alkali compared to BMIm and TFSI. The values obtained from
NMR self-diffusion coefficients (when available) are always larger
than those obtained from MD. The values increase with the
amount of added alkali, as the number of charge carrier increases.
They are slightly higher for Cs" than Li*, and much smaller in the
case of the earth alkaline magnesium. All these arguments are
also supported by the good agreement between experimental
ionic conductivities and the Nernst-Einstein values computed
from molecular dynamics (c¢f Table S5). Ionic conductivities of
Cs' based electrolytes are slightly larger than those based on Li",
while those of based on Mg”* are very low. A strong decrease of
ionic conductivity is also measured upon increasing the concen-
tration, as was already observed and discussed in previous
studies.’” The computed Nernst-Einstein values are around
twice higher than those measured, which indicates a moderate
dissociation ratio (~50%) in agreement with experimental
measurements.*

4.3. Ion pairing and association

Peculiar properties of [X|[BMIMTFSI|f electrolytes are strongly
related to the specific dynamics and availability of the X alkali/
earth alkaline ions. These features can be depicted from the
stability and lifetime of the complexation shell composed of
TFSI~ anions and the larger polyanionic clusters X,[(TFSI),,]™ ™~
in which at least two alkali cations are linked through anion
bridges. If partial distribution functions Gag(r) and individual
COM self-diffusion coefficients D; give information about struc-
ture and dynamics averaged on the whole population of the
simulation box, microscopic mechanisms involved in mobility
processes may be gained from the analysis of ion cross-dynamics
which measures the pairing time between two ions.®> This is
computed by the correlation function P(¢) = (0(¢)0(0)) where 0(t) =
1 if both ions are adjacent at time ¢ and 6(¢) = 0 otherwise.®> The
distance at which two ions are considered as adjacent corre-
sponds to the first minimum in the G, g(r) functions. These
curves and the corresponding values are reported in Table S6.
They spread in the range of 6 to 7 A for X-TFSI pair and 9.5 to
10 A for X-X and BMIm-TFSI pairs depending on the nature of
the alkali. The pairing time distributions P(t) for X-TFSI, X-X
and BMIm-TFSI pairs determined at 7= 500 K are presented in
Fig. 6 for [X|[BMIMTFSI| f (f= 0.2 for Li and Cs, and f= 0.1 for
Mg). These curves may be fitted by an exponential law P(t) =
Pyexp(—t/z.), and the characteristic relaxation decays 7. are
presented in the inset and in Table S7. The relaxation times
corresponding to the solvent BMIm-TFSI are much shorter
than those corresponding to the coordination of the cation
X-TFSI and the longer one corresponds to the X-X proximity
(i.e. the lifetime of the alkali based clusters). This could
correspond to the fact that TFSI bonded to one Li cation is
looser than those connected inside alkali multimers. All these
pairs lifetimes are much longer for LiTFSI than CsTFSI based
electrolytes and they slightly increase with the alkali concen-
tration. This may be a molecular finding to explain the higher
self-diffusion coefficients of Cs compared to Li at similar
concentrations and temperatures (similar trends are also
observed at T = 300 K as shown in Table $7).** In the case of
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Fig. 6 Lifetime distribution of ion complexation and ion pairing/
aggregation in [XI[BMIMTFSI]f electrolytes at T = 500 K. (a) Time correla-
tion function P(t) of ion/ion solvent [BMIm-TFSI], alkali coordination
[X=TFSI] and aggregation [X-X] for X = Li, Cs and Mg. lon pairing
corresponds to distances between ions which are shorter than the first
minimum of the G(r) pair distributions. These distances are reported in
Table S6. Inset: evolution of ion pairing time t. as a function of the ratio
fat T = 500 K. The symbols correspond to the (@) X-TFSI (+) X-X and
(A) BMIm-TFSI ion pair correlations.

-

MgTFSI, the correlation time of BMIm-TFSI pair is rather
comparable to those of alkali based systems (~200 ps) but
the lifetime of the Mg>" coordination shell is much longer than
the calculated trajectory (~200 ns). This makes a major differ-
ence between earth alkaline and alkali cations. Upon decreas-
ing the temperature to T 300 K, for [Li][BMImTFSI]0.2 and
[Cs][BMIMTFSI]0.2, the lifetime of BMIm-TFSI correlation and
those around the alkali increase considerably - it becomes
larger than 12 ns (Table S7). Yet, it remains an order of
magnitude below that for [Mg][BMImTFSI]0.1 at T = 500 K
(even if the associated diffusion coefficients are much smaller).
These differences may be related to our experimental studies
which evidence slight differences between the nature of the
dissolved cations and most specifically when comparing alkali
to earth alkali.”®

However, such a global/statistical MD analysis leads to
the average behavior of the different species inside the
[X][BMIMTFSI|f electrolytes but lacks the molecular scale
description of the molecular transport mechanisms. In fact,
experiments describing these systems on large time/space scale
evidence heterogeneous dynamics, with regions of slow and
fast dynamics®>®® which may be correlated to strong structural
heterogeneities.®” Recently, some refined approaches of self-
diffusion coefficients as measured by PFG-NMR®® or single-
molecule tracking of probes®® have shown multimodal
dynamics - ie. with mesoscopic domains having different
mobilities correlated to the lifetime of structural correlations.
In this context, more information on the heterogeneity in these
electrolytes can be gained from the specific behavior of each
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individual ion in using single-particle tracking strategy. As an
example, individual MSDs for every ion of the [Li[BMImTFSI]0.2
electrolyte at T = 300 K are presented in Fig. S9. This figure
indicates that during the whole trajectory individual MSD
spread over a large range of values for all ions. Even if very
long trajectories are computed (~150 ns), individual MSD
present meaningful evolution only up to 20 ns as statistics
becomes poor over longer times. A more synthetic view of the
spanning of these individual MSD inside this system is also
presented in Fig. S10, which displays the evolution of all
individual MSDs for the three families of ions: lithium, BMIm
and TFSI. For each ion type, the two external bold lines
represent the trajectories of the slowest and fastest ions while
the dashed line represents the average behavior of each ion
species (as discussed in previous sections). The pale tinted
domains represent the scattering of the translational behavior
of each species. Complementary information can be gained
from the distribution of individual MSD at a fixed time P,,yq,
as represented with the histogram of Fig. 7a for a trajectory
of 1 ns. At T = 300 K, a broad distribution of MSD is found for
TFSI cations on the whole trajectory time - nearly spanning
from those of Li' to those of the more rapid BMIm" cations.
These data also indicate the scattering of the translations for
Li* cations (ie. the coexistence of slow and fast Li" over
the whole trajectory), while all BMIM" cations behave nearly
identically. Upon increasing the temperature to 7 = 500 K,
the distribution of MSD is narrow for the three cation types and
no overlap of the MSD is found on the whole trajectory.
Identically, Fig. 7b presents the individual MSD behavior
for [Mg][BMIMTFSI]0.1 electrolyte at T = 500 K. While the
averaged MSD of the three species are rather similar to those
in [Li[BMIMTFSI]0.2 at the same temperatures (see also
Table S5), MSD of TFSI present a strictly bimodal distribution:
MSDs of the slowest TFSI™ being similar to thus of the Mg?*
ions, while the fastest TFSI™ anions corresponds to those of
the BMIm' cations. These observations strongly suggest that
[Mg][BMIMTFSI]0.1 behaves as a dynamical biphasic system in

—Li* 500K
4 — BMIm* L

] 300K TFSI- L

40 .

Pmsd (a.l.l.)
N
o
|
T

1 10 100 1000
msd1ns (Az)

View Article Online

Paper

which cation-anion pairing (both for Mg-TFSI and BMIm-TFSI)
remains on a very long time scale and even for duration long
enough to reach the Fick self-diffusion regime. This is in complete
agreement with the lifetime of ion complexation and ion pairing/
aggregation time constant as detailed above (Fig. 6 and Table S7).
It may also explain experimental findings such as the change in
the Walden exponent.”

As a further step, we delve the coupling between individual
dynamics and the corresponding local structure (ion pairing,
ion aggregates, etc...) along the trajectory of specific ions -
Le. those that can be considered as ‘slow’, ‘fast’ or ‘mean’
depending where they stand in the MSD distributions. This is
illustrated in Fig. 8, which presents the time evolution of the
TFSI-Li pair distribution function along a trajectory for a
selected ‘mean’ TFSI. This one was intentionally chosen as
showcase. However, additional data obtained with various Li
and TFSI ions in the same mixture support the same conclu-
sions (Fig. S11). In this Figure, the time evolution of the pair
distribution function Grgsrpi(r,t) = f(t) is sketched using 2D
level maps and subsequent projections are added to gain
further insights. Upper traces correspond to horizontal projec-
tions of the G(r) = f(¢) 2D maps at specific times to highlight the
evolution of pair distribution functions Grgsiri(r), Grrsi-smim(7)
and Gresrrrsi(r). The curve on the left side represents the
evolution of the “instantaneous individual MSD” of this ion as
calculated for a duration of 2 ns along the trajectory (MSD, ). The
2D projection map clearly indicates major temporal variations of
Grrsi-1i(7) around the selected TFSI anion. This evolution is also
supported by the selected Gap(r) presented as the top projection.
Successively, this TFSI is not coordinated by Li* cations (0-25 ns),
then coordinated to one Li* cation (25-145 ns) and then by to two
Li" cations after 145 ns. The second coordination shell corres-
ponding to farther TFSI-BMIm and TFSI-TFSI correlations are
rather constant during the whole trajectory.

Changes between these different coordination schemes
influence concomitantly the dynamics as evidenced by the
measurement of MSD, s, which strongly decreases as the local

40 Lol ol (N IO I B 4}

1 b) 500K |
’5 ) — Mg** I
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3 — TFSI-
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Fig. 7 Distribution of MSD (Pnsq) as measured for a trajectory of 1 ns for the three species inside: (a) X = Li, f = 0.2, T = 300 K and T = 500 K and

(b) X = Mg, f=0.1,T=500K.
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selected to obtain statistically relevant dynamical, structural and cross-coupled information. Central view: 2D level map for Gres—i(r). Top: projections of
Gpglr) for selected trajectory sections as underlined by the color rectangle on 2D map. Left: MSD calculated for a 2 ns range (MSD, ) along the trajectory.
msd, s corresponding to “slow” and “fast” regime also presented as dashed lines.

coordination shell becomes bigger and consists of more Li
neighbors around TFSI. These conclusions are corroborated by
monitoring the behavior of fast and slow TFSI (Fig. 9a and b),
which present respectively no and two Li* cations in the coordina-
tion shell of TFSI™ during the whole trajectory. This indicates the
strong coupling between local structural and dynamical hetero-
geneities. Li" cations have similar heterogeneous behavior
(Fig. S11a—c) but coordination shells are more complex and could

involve temporarily some various geometries corresponding
to Li*---Li" clusters engaging different TFSI bridging geometries,
as explained in a previous section. Similar phenomena are also
observed for [Mg][BMIMTFSI] (Fig. S12), therefore further indicat-
ing the strong synergy between ion coordination spheres and their
dynamics. This also indicates that during the whole trajectory and
even at T = 500 K, Mg>" ions are either only complexed by TFSI
anions or making stable ion clusters.
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| 2= . - 10 4
LT - = |
100 P 4 8 1004 =T T
g S z =i
pot | i = 6 £ = i
i P = |
50 N < 4 504 = : T :
I = = | =t
i | s 2 a
i < - - H
I< .' 1 i
0 . . 0 0 -t T .
0.5 1 15 0 5 0.5 1 15 0 15 20

mMsdzns (A2)

msdans (A7)

Fig. 9 Time dependence of the radial distribution function along a 170 ns trajectory for [LII[BMIm][TFSI]0.2 at 300 K around selected individual anions:
(a) fast and (b) slow TFSI™. A sampling of 2 ns was selected to obtain clear-cut dynamical, structural and cross-coupled informations. Central: 2D level
map for Gresi—1i. Left: msd calculated for 2 ns range (msd, ) along the trajectory. msd, s correspondinng to “slow” and “fast” regime also presented

as pale colored broad vertical lines.
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5. Conclusion

This study investigated the use of ionic liquids (ILs) as versatile
solvents for alkali and alkaline earth salts, highlighting their
potential as promising electrolytes for Li and post-Li batteries.
By focusing on the iconic IL 1-butyl-3-methylimidazolium tri-
fluoromethylsulfonimide (BMImTFSI) with dissolved alkali
(Li*, Na*, K', Cs") and alkaline earth (Mg>*) TFSI salts, we
demonstrated how classical molecular dynamics (MD) simula-
tions can effectively reproduce structural and dynamical effects
in these complex liquids, i.e. the local nanoorganization and
the self-diffusion coefficients as measured through wide-angle
X-ray scattering and pulsed-field gradient NMR measurements
respectively on a large range of temperatures. The choice of a
small system size,* and of classical force field allows us to
reproduce all the dynamical trends of electrolytes with a con-
sequent gain of computing times compared to those involved
with polarizable force field.®*”° The diffusion coefficient values
are still lower, and scaled forcefield with reduced partial
charge, i.e. ¢ = +£0.7 is sometimes used to compensate rather
arbitrarily these effects.”" However larger simulation boxes are
needed to avoid finite size artefacts in the structural properties.
All these protocols allow us to reveal the subtle behavior
differences between electrolytes containing alkali and alkaline
earth ions, which appear to be strongly connected to the life-
time association of the cation and TFSI anions. One step ahead
of standard statistical analysis of experimental results or MD
trajectories, single-particle tracking strategies reveal uncovered
correlations between structural and dynamical heterogeneities
across multiple scales - from coordination spheres to nanose-
gregation and from picoseconds to hundreds of nanoseconds
time scales. This work not only advances our understanding of
IL-based electrolytes but also paves the way for the development
of more efficient and stable energy storage solutions.
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