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Impact of Li, Na and Zn metal cation concentration in EMIM-TFSI ionic

liquids on ion clustering, structure and dynamics†

Samanvitha Kunigal Vijaya Shankar,a Yann Claveau,∗,a Tojo Rasoanarivo,a Chris Ewelsa and Jean Le Bideaua

Abstract: We use molecular dynamics calculations to investigate the behavior of metal cations (Li, Na and Zn) within ionic liquids

(ILs), specifically EMIM-TFSI, and their impact on key properties, particularly focusing on ion-ion correlations and their influence

on diffusion and conductivity. The study explores the competition between metal cations and EMIM ions for binding to TFSI and

analyzes ion pair dynamics, revealing that metal cation-TFSI pairs exhibit significantly longer lifetimes compared to TFSI-EMIM

pairs. This competitive interaction and the increased stability of metal cation-TFSI pairs at higher concentrations leads to reduced

ion exchange, resulting in decreased diffusion and conductivity. The observations underscore the importance of ion size and charge

in determining their behavior regarding IL dynamics. Overall, this work provides valuable insights for designing ILs with customized

properties, particularly in the context of optimizing conductivity and addressing energy storage challenges.

1 Introduction

Room-temperature ionic liquids (ILs) have emerged as useful
electrolytes in the field of electrochemistry, offering safer alter-
native to traditional solvents.1–3 ILs have found applications in
batteries and supercapacitors due to their low flammability, wide
electrochemical window, and low volatility.4,5 In addition, their
viscosity decreases with increasing temperature. This makes them
particularly suitable for higher operating temperature ranges,
as ILs demonstrate good ionic conductivities under such condi-
tions.6,7 Within this context, there has been a significant surge
of interest in developing metal-ion IL-based batteries as poten-
tial strategic replacements for conventional Li-ion batteries elec-
trolytes. The ongoing quest for sustainable alternatives to Li+

includes notably monovalent ions such as Na+ and divalent ions
such as Zn2+.8–12

Exploration of ILs as electrolytes relies on understanding their
dynamical properties such as diffusivity and conductivity. Previ-
ous studies have shown that adding metal cations greatly influ-
ences the dynamics of IL ions.13,14 Those metal cations interact
with the anions of the IL and this, in turn, affects the dynamics
of the system. In particular, several experimental and simulation
studies have consistently shown that the introduction of metal
cations to ILs significantly influences their viscosity and, conse-
quently, their conductivity:15–17 experiments, e.g. by Han et al.18

and Martinelli et al.,19 have demonstrated that the conductivi-
ties of various Li based ILs decrease due to a combination of fac-
tors including ionic association, viscosity, anion size, and thermal
properties; molecular dynamics simulations by Kubisiak et al.20

observed a decrease in IL diffusivity and conductivity upon the
introduction of lithium or sodium cations, with the effect vary-
ing with metal concentration; Borodin et al.21 further explored
the structure and transport of monovalent (Li, Na) and divalent
(Mg, Zn) metal cations as a function of temperature in PYR14TFSI
using both molecular dynamics and quantum mechanics.

While these studies highlight the significant impact of con-
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centration, nature (monovalent or divalent), size, and electronic
structure of the metal ion on the dynamics of the ions in the sys-
tem, a comprehensive comparative study examining the distinct
effects on IL behaviour with the addition of various metallic ions
is lacking. Numerical values from molecular dynamics are force
field dependent, and it is important to compare results generated
using consistent force fields and parameterisations.

Fig. 1 Ball and stick images for EMIM+ and TFSI− ions. In all our
simulations, atoms are free to rotate around bonds. Hence, in case of
TFSI, distances between carbons at the end vary (example distance shown
correspond to the configuration of TFSI in the figure).

This current study explores dynamic aspects of the inter-
play between different metal cations, i.e. Li+, Na+ or
Zn2+ and a host IL, ethyl,methylimidazolium (EMIM) and
bis(trifluoromethylsulfonyl)imide (TFSI) (Fig. 1). The EMIM-
TFSI ionic liquid is chosen as it is well-known and well-studied,22

with a stable electrochemical potential window up to 4.6 V.23 It
also shows a high conductivity well adapted to supercapacitors
operating above room temperature. The addition of metal salt is
desirable for pseudosupercapacitors and hybrid systems, in order
to provide higher power and higher energy density systems.24

Using classical molecular dynamics simulations, our aim is to un-
derstand the interactions between the different species through
a thorough comparison of structural and dynamic properties as a
function of concentration, temperature and metal cation type.
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2 Computational method

Simulations were conducted using the LAMMPS molecular dy-
namics package.25 Input files were prepared with the help of
fftool26 and packmol.27 Resultant atom trajectories were anal-
ysed using the TRAVIS package,28 MDAnalysis,29,30 and in-house
Python scripts.

We first studied neat EMIM-TFSI as a reference, before mixing
EMIM-TFSI with varying concentrations of monovalent (Li(TFSI),
Na(TFSI)) and divalent (Zn(TFSI)2) salts. The non-polarisable
CL&P force field31 was used for EMIM+, TFSI−, Li+, and Na+.
For Zn2+, which is not currently included in CL&P, we used Stote
parameters,32 which are also based on standard 12-6 Lennard-
Jones and Coulomb potentials.

An infinite liquid is simulated using a periodic box. We ensured
that the cubic box is large enough to avoid finite size effects (typi-
cally a width w at least four times the van der Waals radius cut-off,
i.e. w ∼ 50 Å), through a convergence study of diffusion coeffi-
cient in NVT simulations on EMIM-TFSI, from w = 40 to 60 Å.
As a result, our neat EMIM-TFSI system contains 300 ion pairs
contained in a cubic box with side length 51.47 Å. The concentra-
tion of the added salt was varied from nMe+/nMe++EMIM+ = 0.04

to 0.24 cationic molar fraction. The resultant compositions of all
the systems are detailed in Table 1.

Table 1 Composition of the simulated systems for metal cations Li, Na
and Zn. Cationic molar fractions are given in parentheses

Nb of Metal cations Nb of EMIM cations Nb of TFSI anions
(concentration) (concentration) with Li/Na with Zn

12 (0.04) 288 (0.96) 300 312
36 (0.12) 264 (0.88) 300 336
72 (0.24) 228 (0.76) 300 372

A time-step of 1 fs was used throughout, with atomic coor-
dinates stored every 2 ps. Long range electrostatic interactions
were solved using the PPPM solver. The cutoff for long range
interactions was set at 12 Å. The Shake algorithm was used to
constrain H bonds. The systems were equilibrated in the NPT
ensemble at P = 1 atm for 10 ns until the density was fully con-
verged. The systems were then further equilibrated in the NVT
ensemble for 10 ns. Production runs were carried out in the NVT
ensemble for 50 to 70 ns depending on the temperature. All runs
at 393 K were carried out for 50 ns except the ion-pair lifetimes
for the Zn system which ran for 180 ns, due to the long stability
lifetimes of Zn-TFSI pairs. In principle one should avoid using
NVT for production runs since thermostats can affect the dynam-
ics of the system. However, NVT simulations are computationally
less expensive and more stable than NVE simulations. To ensure
that the NVT ensemble is an acceptable approximation, we ver-
ified that the use of a Nose-Hoover thermostat does not affect
significantly the dynamics of our systems (more details in ESI).

Representative convergence studies are given in ESI, including
densities that are in good agreement with experiment (less than
2% deviation where experimental data available).

3 Results and Discussion

3.1 Analysis of Self Diffusion Coefficients

The average self diffusion coefficients of all the ions in the system
are obtained through the Einstein relation from mean squared
displacement (MSD) calculations:33

D =
1

2d
lim
t→∞

d

dt

〈

1

N

N

∑
i=1

|⃗ri(t)− r⃗i(t0)|
2

〉

t0

(1)

where d is the dimensionality of the system, N is the number of
ions, r⃗i(t) is the position of ion i at time t, and ⟨·⟩t0 denotes an
average over all starting times t0.

The calculated values for the Li+ system are shown in Figure 2.
In general the EMIM self-diffusion coefficients are approximately
twice that of the TFSI, which are themselves roughly twice that
of the Li. The diffusion coefficients of all the ions in the system
increase continuously with temperature, as expected. This allows
us to focus on the system at high temperature, i.e. 393 K, to en-
sure faster dynamics and reduce the computational cost. The self
diffusion coefficients in the Na+ and Zn2+ systems as a function
of temperature behave very similarly, and are given in ESI.

We next explore the variation in self-diffusion coefficient as a
function of metal cation concentration at 393K. Figure 3 shows
that while, in general, all the ion self-diffusion coefficients de-
crease with increasing metal cation concentration, there are some
ion-specific features. This is in good agreement with previous sim-
ulations performed with different parameters for Na and Li.34,35

We note that these self-diffusion coefficients are around one or-
der of magnitude lower than those reported in experiments,36

a discrepancy commonly seen in studies of ILs when using non-
polarisable force fields. However, it has been shown that this does
not impede the analysis of relative trends.37

As the concentration of metal cations increases, the diffusion

Fig. 2 Calculated self-diffusion coefficients (10−7 cm2s−1) of the com-
ponent ions in bulk Li-EMIM-TFSI, as a function of temperature (K),
with Li concentrations of 0.04 (rose), 0.12 (pink), and 0.24 (magenta).
Symbols represent EMIM (circles), TFSI (triangles) and Li (squares).
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Fig. 3 Calculated ion self-diffusion coefficients in Mex-EMIM1−x-TFSI
systems (Me=Li, Na, Zn), as a function of concentration x at T = 393 K.
Red dotted lines indicate Li based IL, blue lines are for Na and green
dashed lines for Zn. Circles show EMIM cations, triangles for TFSI anions
and squares for metal cations.

coefficients of both TFSI and metal cations decrease. This is con-
sistent with an increasing number of TFSI anions bound to the
metal cations as the metal concentration increases and is dis-
cussed further in Section 3.3.

Turning to the metal cations, both Na and Li show very simi-
lar self-diffusion coefficients (although DNa decreases slower than
DLi with concentration), significantly larger than that of Zn. This
suggests that ion charge state is a key driver in determining self-
diffusion. This is despite the possibility of Na+ ions potentially
being able to pair with more TFSI due to their size (see Section
3.2 below). In contrast, the divalent cation Zn2+, due to its dou-
ble valency and size comparable to Li+, is expected to interact
more strongly with the TFSI ions in the system, resulting in the
lowest diffusion coefficients.

Interestingly, we also note a reduction in the self-diffusion co-
efficients of the EMIM ions concurrent with an increase in metal
cation concentration, even though we do not expect them to be di-
rectly coupled. However, analysis of the underlying mechanisms
resulting in these trends in diffusion coefficient, in particular for
DEMIM, is difficult based only on system averaged data. In order
to obtain more insight into the processes at play, it is necessary to
examine the local structure, as well as the diffusive behaviour of
individual ions within the overall population.

3.2 Structure Analysis

The diffusion process is intimately tied to the structure. There-
fore, a thorough understanding of the structure will help in com-
prehending the interactions among the different species. For this
reason, radial distribution functions (RDF) are plotted as a func-
tion of concentration and nature of metal cation. Figures 4a
and 4c show the RDF of TFSI oxygen atoms (OTFSI) and centers
of mass of TFSI ions themselves around the metal cations. Fig-
ures 4b and 4d show the corresponding integrated RDFs, which
represent the associated coordination numbers for oxygen atoms

and TFSI centers of mass around metal cations respectively.
Interestingly the local structure seems to be largely indepen-

dent of the metal cation concentration. The first solvation shells
of OTFSI around Zn2+ and Li+ are both situated at 2.1 Å, whilst
for Na+ it is further away at 2.5 Å (Fig. 4a). This largely reflects
their respective ionic radii: Zn2+ (0.88 Å) and Li+ (0.90 Å), being
smaller than Na+ (1.16 Å), can be in closer proximity to the oxy-
gen atoms. In each case there is a single O-cation distance, with a
sharp peak for Zn, slight broadening for Li, and significant broad-
ening for Na. This broadening reflects the binding strength to the
ion (the ion’s "softness"), again primarily due to the cation charge
state and the distance of the oxygen from the cation nucleus. A
broader secondary peak around 2.2 Å further from the cation rep-
resents the oxygen atoms attached to the second sulphur of TFSI.
The integrated RDF for OTFSI (Fig. 4b) around Me+ shows clearly
six oxygen atoms around Zn, corresponding to an octahedral con-
figuration (Fig 5). The Na and Li form a much less pronounced
plateau, converging to between five and six oxygen neighbours,
suggesting similar oxygen octahedral coordination but with sig-
nificantly more structural variation.

Unlike the single peak for individual OTFSI, the distribution of
TFSI molecules around Li and Na show two distinct peaks, again
with the TFSI slightly further from the Na (Fig. 4c). From the
integrated RDF (Fig. 4d) the closer peak corresponds to around
2 TFSI molecules for Li and Na, with 2 further TFSI molecules
described by the second peak. Since 5-6 oxygens sit around the
Li and Na, together these results suggest that Li and Na have, on
average, two more tightly bound TFSI and two slightly further
away, and of these, typically two are bound via a single oxygen
atom and two with two oxygens. Previous experimental results
obtained by decomposition of Raman spectra show a signature
associating 2 TFSI per Li+,38 suggesting the more weakly bound
pair seen in the RDF are not detectable in Raman.

The Zn-TFSI RDF is more complex since the second peak also
has a slight shoulder at about 4.2 Å. The integrated RDF (Fig. 4d)
shows that there are on average 0.5 - 0.8 TFSI most closely bound
to Zn, and around 5.5 - 5.2 TFSI in total when all three peaks are
integrated. These fractional values can either come from an aver-
age over different configurations, or could be linked to time aver-
aging of the RDF over the whole production run (see Section 3.4).
Considering the 0.24 molar cation concentrations where the to-
tal TFSI in the coordination shell converges cleanly to 5.2, these
results suggest that in the majority of cases, TFSI are arranging
in a distorted octahedron around the Zn. The integrated RDF
shows that there is one closer TFSI site, one intermediate and
four slightly further away, however the closer TFSI site is not al-
ways occupied. Given the oxygen coordination is stable at six, this
suggests that in the cases where the closer TFSI is not occupied,
one of the other TFSI has two oxygen atoms bound to Zn, likely
associated with the observed peak shoulder in the Zn-TFSI RDF.
These configurations are represented by two snapshots in Fig. 5
where the octahedron cages of 6 oxygens is made by 6 or 5 TFSI.

Similar results have been obtained regarding the coordination
of oxygen of TFSI in PYR14-TFSI with metal cations.21 How-
ever, they found that most of Zn2+ solvates was dominated by
bidentate coordination configurations (3 TFSI sharing 2 oxygens).
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(a) (b)

(c) (d)

Fig. 4 Radial distribution functions for (a) TFSI oxygen atoms and (c) TFSI ions, around metal cations (Li, Na and Zn). Coordination number of (b)
TFSI oxygen atoms and (d) TFSI ions around metal cations. Magenta indicates Li systems, blue for Na and green for Zn. Light colors (solid lines) are
for low metal cation concentration (0.04), dark colors (dashed lines) for high concentration (0.24). System temperature is 393 K, all distances in Å.

These differences could be due to the different cation of the IL
(PYR14 instead of EMIM) or more likely to the use of a polaris-
able force field. Indeed, another study on EMIM-TFSI20 showed
that the use of non-polarisable force field tend to increase the
fraction of monodentate interactions between the Li or Na cation
and TFSI anions, which in turn decreases the diffusivity. How-
ever, they have also showed that the non polarisable force field
better reproduce experimental trends than Drude-particle force
field, although the latter performs better quantitative estimates
of diffusion coefficients and conductivities.

We note that at the highest 0.24 cation molar concentration, if
each of the 72 Zn was surrounded by 5.2 unique TFSI molecules
this would require 374 TFSI molecules, that is to say all the TFSI
(see Tab. 1). This implies that either some TFSI molecules must
be shared between Zn atoms, or that the system no longer has

any TFSI interacting only with EMIM. The same conclusion can
be drawn for cations in the other systems, for example in 0.24 Li
and Na, if each cation had 4 unique TFSI neighbours, that would
require 288 of the 300 TFSI molecules in the system.

The above structural analysis is consistent with the observed
diffusivity (Fig. 3), where Zn2+ diffuse slower due its stronger
interaction and its greater number of tightly bound TFSI, and al-
though Na+ ions have more oxygen around them than Li+, their
soft interaction (broad peak, "soft" solvation shell) allows them to
diffuse faster than Li+. However, while the structural analysis can
explain the varying diffusion speeds of the metal cations, it does
not provide an explanation for the observed decrease in EMIM
cation diffusion with increasing metal-cation concentration. To
address this, dimer lifetime analysis is required.
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(a)

(b)

Fig. 5 Snapshots of (a) 6 TFSI in octahedral configuration around Zn2+ and (b) 5 TFSI in octahedral configuration around Zn2+ with one of the
TFSI sharing 2 oxygens with TFSI.

3.3 Lifetime Analysis of Ion Pairs

The dynamics of ILs is predominantly governed by ion-ion corre-
lations, which can be described via correlation functions between
different ion types. Here, we use dimer existence auto correlation
functions (DACF) as implemented in TRAVIS.28

A DACF for a given set of particles is defined as a function that
retains a value of 1 as long as the specified criteria are met, and
transitions to 0 once the criteria are no longer satisfied, i.e.

c(τ) =
1

N2

N

∑
i=1

N

∑
j=1

∫ ∞

0
βi j(t)βi j(t + τ)dt (2)

where, βi j =

{

1 if criteria is satisfied

0 otherwise
. In this study, threshold

distance criteria have been chosen as follows. For EMIM-TFSI
pairs, they are considered to be paired if the distance between
the geometric centre of the two species is less than the sum of
the maximal molecular radii rEMIM + rTFSI =7.80 Å. The cut-off
distances for metal cation-TFSI are chosen from the end of the
first solvation peak in the cation-OTFSI RDF (Fig. 4a), and set to
3.35 Å for Li-TFSI, 3.56 Å for Na-TFSI and 2.80 Å for Zn-TFSI.

Using the above criteria, the lifetime T of the aggregate is then
twice the total integral of this auto-correlation function c(τ):

T = 2

∫ ∞

0
c(τ)dτ (3)

Figure 6 shows the lifetime of different TFSI-cation complexes
as a function of metal cation concentration. The metal cation-
TFSI species have lifetimes one to two orders of magnitude longer
than TFSI-EMIM, consistent with their stronger binding. The

Fig. 6 Lifetime of different ion pairs in the system as a function of metal
ion concentration (Eq. 3), at 393K. Circles are for EMIM-TFSI pairs,
triangles for TFSI-metal ones. Black represents neat IL, red is for Li
based ILs, blue for Na based ones and green for Zn based ion pairs.
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lifetime ordering for metal cation-TFSI is in agreement with the
structural data in Section 3.2 and the calculated ion self-diffusion
coefficients (Fig. 2). The shortest lived species are Na-TFSI with
average lifetime from 2.3-3.3 ns, while Li-TFSI is around three
times longer (around 9ns). This explains why, despite having
more oxygen in its first solvation shell, Na+ maintains a diffu-
sion coefficient similar to that of Li+ (Fig. 3) due to this higher
exchange rate of TFSI ions. Zn-TFSI lifetimes are over 50 times
longer than Na (around 120 ns), consistent with the calculated
strong Zn-TFSI binding, and its low self-diffusion coefficient. Dur-
ing the calculation runs of 50 ns for Na and Li, there is therefore
extensive breaking and reforming of cation-TFSI pairing (notably
for Na), whereas for Zn-TFSI the complexes are extremely stable,
even over the extended 180 ns calculation period chosen.

As the concentration of metal cation increases, the interaction
between the metal cation and TFSI becomes more pronounced
and persists for a longer duration, partly also because there is
then less "free" TFSI available for exchange. This is manifested
by the extended lifetime of metal cation-TFSI dimers at higher
concentrations, in turn resulting in slower diffusion of the metal
cations. These longer metal cation-TFSI interactions clearly dom-
inate the briefer EMIM-TFSI encounters, thereby influence the dy-
namics of the entire system. This can be seen by the increase in
EMIM-TFSI lifetime with increasing metal cation concentration,
and explains the decrease in diffusion rate of EMIM and TFSI ions
in metal cation-EMIM TFSI system in comparison to neat EMIM-
TFSI (Fig. 3). Since these are the majority carriers in the system,
this is also linked to experimentally observed viscosity increases.
The lifetime increase is most evident in Li-TFSI (increase of 60%
going from 0.04 to 0.24 molar concentration), compared to 45%
for Na and only 11% for Zn.

Considering the lifetime data as a whole we can start to build
an overall picture of ion behaviour in these systems. At lower
metal cation concentration, TFSI-Na and TFSI-Li clusters are
shorter lived, with the metal cations more mobile consistently.
The remaining TFSI-EMIM form short-lived, relatively weakly
bound couples. As the metal cation concentration increases, there
is an increased trend to forming more stable, longer-lived TFSI-
metal clusters, which slow the metal cations down. This also
structures and "rigidifies" TFSI-EMIM exchange with less over-
all TFSI mobility, leading to a slight increase in lifetime of TFSI-
EMIM clusters as a result. Within this picture there are differences
for the different metal cations. Na+ is larger and less tightly
bound to TFSI, hence maintaining shorter lived clusters and a
higher diffusivity as a result. In stark contrast Zn2+ is tightly
bound to its TFSI neighbours, forming extremely long-lived clus-
ters with a very low metal cation diffusivity.

3.4 Distribution of diffusion coefficients

The above analysis is primarily focused on trends exhibited by
averaged observables. While this approach provides a broad
overview of the behaviour, it may mask discrete behaviours within
the ILs. By plotting the distribution of these quantities, it is possi-
ble to reveal the existence of multiple distinct populations.

To achieve this, the entire MSD curve for each individual ion in

the system was fitted. Even though such a fit does not represent
the diffusive regime as per standard MSD curves (limt→∞

dMSD
dt ),

it still yields a value (the slope) that we can term as the "over-
all diffusion coefficient" for that ion. This value accounts for the
entire path traversed by the given ion throughout the simulation
run, thereby eliminating the occurrence of negative diffusion co-
efficients due to poor fits for some ions. To enhance statistical
robustness, nine sets of different trajectories have been accumu-
lated.

The distribution of diffusion coefficients of EMIM, TFSI and
metal ions are plotted for two molar ratios of metal cations (0.04
and 0.24) in Fig. 7. In general the metal cations show the small-
est full width half maximum (FWHM) in the diffusion coefficient
values, indicating they show relatively uniform behaviour. The
distribution in TFSI values is roughly twice that of the metal
ions. EMIM shows the highest range in values, with FWHM 3-
4 times that of the TFSI, more consistent with conventional liq-
uid behaviour. In all cases the distribution appears monomodal,
although we cannot exclude the possibility of two peaks that
are partially overlapping due to the use of window algorithm.
This algorithm increases the statistics by iterating over the ref-
erence time. However, this approach could potentially mask a
bimodal distribution. The reason is that the window algorithm
averages over different time windows, which could blend two
distinct peaks into a single one if these peaks occur in different
time windows. Therefore, while the window algorithm enhances
the overall statistics, it might also mask the presence of multiple
distinct behaviors in the diffusion coefficients. Even when we ana-
lyze the mean square displacement (MSD) of each ion separately,
this sum over t0 could still potentially hide a bimodal distribu-
tion. Hence, while our results suggest a monomodal distribution,
further analysis with a different method might be necessary to
confirm this.

The most notable change occurs with increased metal cation
concentration, which greatly decreases the spread in distribution
of diffusion coefficients, as well as decreasing the fitted maxi-
mum. Notably this behaviour is also seen in the EMIM popula-
tion, as well as the TFSI and metal cations. This clearly shows
that increasing the metal cation concentration renders the whole
system more homogenous, reducing the spread of faster diffusing
ions. This suggests the metal cations are reducing variability in
the system, rendering it more ordered and "rigid". This is consis-
tent with the calculated increase in ion-pair lifetimes seen above.

Comparing the metal cations, the distribution width of metal
cation diffusion coefficients for Li, Na and Zn reflect the strength
of the metal-cation binding. At 0.24 molar concentration the
broadest distribution in cation diffusion coefficients is for Na
(FWHM of 7× 108 cm2/s), with Li approximately half this, and
Zn nearly 20 times smaller. This is fully consistent with the RDF
data and local structure discussion presented above.

Building on the analysis of diffusion coefficients and dimer life-
times, we have shown that the lifetime of metal-TFSI pairs signif-
icantly influences the overall diffusion. Increasing the quantity of
metal-TFSI pairs orders the whole system, reducing the amount
of TFSI available to pair to EMIM, and it is these more weakly
interacting species that are dominating the system diffusion. The
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 7 Histograms of diffusion coefficients of individual ions in the system as a function of metal cation molar concentration. Pink, blue and green
are Li, Na and Zn based ILs respectively. First, second and third rows show distribution of diffusion coefficient of EMIM, TFSI and metal cations
respectively. Densities have been normalized by their maximum to make reading easier. Full width half maximum (FWHM) and average density
coefficients are indicated each plot based on a Gaussian fit.
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effect of adding more metal cations on EMIM diffusivity therefore
suggests that the primary impact of metal cations on overall con-
ductivity is indirect rather than direct. To explore this in more
detail, we next turn to conductivity calculations.

3.5 Conductivity

Conductivity of a system is the collective dynamic property ob-
tained due to the contribution of all the interactions between dif-
ferent pairs of ions in the system. It is derived from ion-ion corre-
lation function while accounting for the charge of the interacting
species.

The ionic conductivity of the systems is derived from the Green-
Kubo relation and reads as follows:

σ =
1

6kBTV
lim
t→∞

d

dt

〈

N

∑
i=1

N

∑
j=1

qiq j

[

r⃗i(t)− r⃗i(t0)] · [⃗r j(t)− r⃗ j(t0)
]

〉

(4)
Where t0 refers to initial time , qi, q j r⃗i, r⃗ j refer to the charge and
position of the ith and jth particles and ⟨·⟩ denotes the ensemble
average of the system.

Correlation between particles implies that their movements
are not independent; the displacement of one particle is associ-
ated with the displacement of another. In Eq. 4, the dot prod-
uct of the displacement vectors of the i-th and j-th particles,
[⃗ri(t)− r⃗i(t0)] · [⃗r j(t)− r⃗ j(t0)], quantifies this correlation. A positive
dot product indicates that the particles move in the same direc-
tion, while a negative dot product means movement in opposite
directions. This leads to four possible scenarios:

• When qi and q j have the same sign (qiq j > 0):

– If the particles are correlated and move in the same
direction (forming a charged aggregate), their contri-
bution to the conductivity is positive.

– If they move in opposite directions, their contribution
is negative.

• When qi and q j have opposite signs (qiq j < 0):

– If the particles are correlated and move in the same
direction (forming a neutral aggregate), their contri-
bution to the conductivity is negative.

– If they move in opposite directions, their contribution
is positive.

The formula for ionic conductivity derived from the Green-Kubo
relations, as shown in Eq. 4, offers several advantages over the
Nernst-Einstein equation σ = Nions

V kBT ∑
Nspecies
i=1

q2
i Di. Firstly, it takes

into account the correlations between the movements of different
ions, which the Nernst-Einstein equation does not (although other
groups have successfully proposed ways to exploit the Nernst-
Einstein equation39). This makes it a more accurate represen-
tation of the actual behavior of ions in a real system, where the
movements of ions are often correlated due to their strong elec-
trostatic interactions with each other. Secondly, the Green-Kubo
formula for ionic conductivity is directly related to values that can
be measured with dielectric spectroscopy. Dielectric spectroscopy

Fig. 8 Total conductivity using Green-kubo formula in function of metal
concentration.

measures the response of a material to an applied electric field,
which is directly related to the movements of charged particles
within the material. Therefore, the Green-Kubo formula provides
a theoretical basis for understanding the results of dielectric spec-
troscopy measurements.

Using the above formula, the conductivity of the different sys-
tems is represented in Fig. 8. It shows that the conductivity de-
creases with increase in concentration of metal cation like diffu-
sivities and dimer lifetimes.

Although Zn systems possess the lowest diffusion coefficients,
relatively more TFSI around Zn2+, longest lifetime for Zn-TFSI
ion pairs due to the divalency of Zn2+ ions and their small sizes,
the ionic conductivities of the three systems remain quite close,
similar to EMIM-TFSI dimer lifetimes.

Similarly to Ref.20 we have calculated the different correlations
in Eq. 4: Me-TFSI, Me-EMIM, EMIM-TFSI, EMIM-EMIM, TFSI-
TFSI, Me-Me. Figure 9 represents these contributions for a Zn
concentration of 0.04. Others systems can be found in ESI.

Firstly, it is important to acknowledge the substantial uncer-
tainty surrounding the conductivities. The conductivity can fluc-
tuate significantly (ranging from half to double), particularly at
lower metal concentrations, depending on the time range over
which the charge correlations have been fitted. This aligns with
the diffusion coefficient histograms (Fig. 7), which also have a
wider distribution at lower metal concentrations. We see the
same pattern here: at lower concentrations, charge correlations
vary greatly from one pair to another, resulting in these erratic
curves. Therefore, it’s risky to compare different systems.

However, one commonality is that the primary contributors to
conductivity are, firstly, EMIM-EMIM pairs and, secondly, EMIM-
TFSI pairs. For the same reason, despite the Zn-TFSI dimer hav-
ing a very long lifetime, 50 ns runs are adequate for analyzing
correlations since metal-ion pairs don’t significantly contribute to
conductivity.

This observation is consistent with the observed dimer life-
time: metal-cations are stuck to TFSI while EMIM cations can
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(a)

(b)

Fig. 9 (a) Correlations between ion pairs and (b) their corresponding conductivity, for Zn-EMIM-TFSI with a Zn concentration of 0.04. 15 trajectories
have been used at 0.04, for 50 ns and 9 for others concentrations. The conductivity is proportional to the slope of the correlation at large time.

exchange their counterions. However, by increasing the concen-
tration, EMIM becomes more strongly paired to TFSI. To increase
the conductivity it is then crucial to decrease correlations between
the metal ion and its counterion.

Due to the poor statistics it is impossible to discuss the correla-
tion trends in greater detail. The use of a window algorithm (iter-
ating over initial time to artificially increase the number of trajec-
tories) or additional trajectories should be considered. however,
the use of window algorithm, as in the case of the diffusion coef-
ficient distribution, could potentially mask certain features of the
data. Specifically, if there are multiple distinct correlation trends
present, the window algorithm could blend these into a single
trend due to its averaging over different time windows. This
could result in the loss of information about individual trends and
make it appear as though there is only a single, uniform correla-
tion trend. Therefore, while the window algorithm can enhance
the overall statistics and allow for a broader analysis, it may also
obscure the presence of multiple distinct behaviors in the correla-
tion trends. Consequently, while it is a useful tool, its use should
be complemented with other methods to ensure a comprehensive
analysis.

4 Conclusions

The study shows that all dynamical properties exhibit a decrease
with increasing concentration of metal-cations. A notable com-
petition is observed between metal-cation and EMIM in their
propensity to form a bind with TFSI. At high concentration, the
metal cation-TFSI ion pairs are more stable and persist for a
longer duration, which in turn leads to a decrease in the num-
ber of free TFSI ions. This results in a decrease in TFSI ions to

interact with EMIM ions, which in turn leads to a decrease in the
number of "free" EMIM ions, hence to diffusivity and conductivity.

The diffusion of Li+ and Na+ ions is similar, with Na+ ions dif-
fusing slightly faster than Li+ ions. This is due to the larger size of
Na+, which allows it to be less strongly paired to TFSI than Li+,
and thus to exchange its counterions more easily. The influence of
metal cations on conductivity is not direct, but rather indirect. De-
creasing their correlations with their counterions should lead to
an higher conductivity by increasing degrees of freedom of EMIM
and TFSI. In order to further investigate charge correlations and
related conductivity, it would be necessary to increase the number
of trajectories.

Moreover, the soft character and larger radius of Na+ ions leads
to a higher mobility, especially at low concentration when there
are more "free" TFSI. On the other hand, Zn, with its two charges
and small size form a strong and stable dimer with TFSI.

In the future design of ionic liquids with high conductivity, soft
ions should be preferred. This is because soft ions can more easily
form and break connections, leading to higher conductivity.

For applications in energy storage, the design of the IL could
be such that the metal cation is less tightly bound to TFSI than
EMIM. This points towards a strategy of confinement for reduc-
ing metal ion correlations, which could open roads for the devel-
opment of high-performance ILs for all solid-like energy storage
devices. The less tightly paired the metal cation is with TFSI, the
more freely it can move, potentially leading to higher conductiv-
ity.
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