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Abstract: Pyrrolidinium-based (Pyr) ionic liquids (ILs) have been proposed as electrolyte compo-
nents in lithium-ion batteries (LiBs), mainly due to their higher electrochemical stability and wider
electrochemical window. Since they are not naturally electroactive, in order to allow their use in LiBs,
it is necessary to mix the ionic liquids with lithium salts (Li). Li-PF6, Li-BF4, and Li-TFSI are among
the lithium salts more frequently used in LiBs, and each anion, namely PF6 (hexafluorophosphate),
BF4 (tetrafluoroborate), and TFSI (bis(trifluoromethanesulfonyl)azanide), has its own solvation char-
acteristics and interaction profile with the pyrrolidinium ions. The size of Pyr cations, the anion
size and symmetry, and cation-anion combinations influence the Li-ion solvation properties. In this
work, we used molecular dynamics calculations to achieve a comprehensive view of the role of each
cation—anion combination and of different fractions of lithium in the solutions to assess their relative
advantage for Li-ion battery applications, by comparing the solvation and structural properties of
the systems. This is the most-comprehensive work so far to consider pyrrolidinium-based ILs with
different anions and different amounts of Li: from it, we can systematically determine the role of each
constituent and its concentration on the structural and dynamic properties of the electrolyte solutions.

Keywords: electrolyte solutions; transference number; structural properties

1. Introduction

Ionic liquids (ILs) are a set of ionic compounds that remain liquid at room temperature
or close to it, with melting temperatures normally in the range 25-100 °C [1]. They are
usually formed by an organic, bulky, and asymmetric cation and an inorganic or organic
and symmetric anion. Initially used as solvents, ionic liquids can now be employed in a
large variety of applications, such as gas storage, lubricants, sensors, reaction media, and
lithium batteries, among others [2-7]. The molecular structure of the cations, composed by a
delocalized charge moiety such as imidazolium, pyridinium, pyrrolidinium, or ammonium,
among others, bonded to a flexible organic chain with different lengths can be combined
with anions of different sizes, shapes, orientations, and complexities. The combination
induces a self-organization and determines the physical and transport properties of the
species in the ionic liquid [8-13]. A lower volatility and flammability and a good chemical
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and thermal stability compared to traditional solvents make ionic liquids interesting for
application in batteries, often in conjunction with polymeric chains [14-17].

Pyrrolidinium-based ionic liquids (Pyr1X-anion) have been proposed as electrolyte
components in lithium-ion batteries (LiBs), mainly due to their higher electrochemical
stability and wider electrochemical window [18-21]. Besides, pyrrolidinium cations have
been extensively pointed out as appropriate for use in LiBs due to their versatility, allowing
combinations with different anions [20,22]. Their action has been reported to be very
sensitive to changes in their lateral chains [3,23-25]. However, they are not naturally
electroactive, and in order to allow their use in LiBs, it is necessary to mix the ionic liquids
with lithium salts [26,27].

The performance of the ionic liquid-Li-ion electrolyte solutions is related to the mo-
bility of the Li-ions and is thus closely affected by the Li-ion local environment, i.e., its
solubility and solvation properties. Moreover, it is important to understand how the lithium
salts affect the electrode-IL interface [28,29]. According to the literature [26], lithium mo-
bility in the ionic liquid is mainly ruled by two mechanisms: (i) the vehicular mechanism,
where Li™ moves together with its anionic solvation shell, and (ii) the exchange mechanism,
where LiT moves by jumping from one solvation shell to another [26,30]. The predomi-
nance of one mechanism above the other is reported as being dependent on the interactions
among the three species (anion, cation, Li), with the vehicular one seeming to be the most-
significant. Along with an improvement of the Li-ion mobility with the increment of the
lithium content, an increase in the viscosity and density of the electrolyte solution has also
been reported [27,29,31-33]. These variations are also related to the temperature, and they
have different trends for different cation-anion combinations.

Li-PF6, Li-BF4, and Li-TFSI are among the lithium salts more frequently used in
Li-ion batteries, and each anion, namely PF6 (hexafluorophosphate), BF4 (tetrafluoroborate)
and TFSI (bis(trifluoromethanesulfonyl)azanide or bis(trifluoromethane)sulfonimide, also
referred to as NT f,) has its own solvation characteristics and interaction profile with the
pyrrolidinium ions. PF6 is reported as having a small temperature range for applications,
since it is subject to degradation at temperatures larger than 60 °C, while it crystallizes at
lower temperatures (—20 °C) [20]. BF4 does not present such temperature limitations, tends
to improve the transport properties, and has been used for probing electrolyte interactions
since it tends to form bonds with the Li-ions of an intermediate strength relative to the
Li-PF6 and Li-TFSI bonds [34]. Li-TFSI is the most-used lithium salt because the negative
charges are more dispersed throughout the anion sulfonyl groups, and the interactions
with the lithium ions are weaker, allowing for an improved diffusivity [20,33].

Canongia Lépes and coworkers reported in 2004 [35] a systematic study using inter-
action parameters based on the OPLS-AA [36] and Amber [37] force fields to model ionic
liquids formed by the 1-alkyl-3-methylimidazolium cation and the most-common anions
(i.e., BF4, PF6, Cl, etc.). These results were validated by comparing the resulting density
with the experimental results, showing good agreement. The group extended their studies
to include pyridinium, phosphonium [38], and pyrrolidinium [39] cations, and all these
results were compiled in a model called the CL&P force field [40]. Although extensively
used and considered successful to obtain structural properties, this force field and similar
ones fail in explaining dynamic properties such as self-diffusion, viscosity, and conductivity.
This is probably related to the overestimation of the electrostatic interactions, which cause
a considerable charge ordering, due to the fact that these classical force fields do not take
into account charge transfers and polarization effects [41].

Borodin and coworkers [2] developed a polarizable force field used to obtain both the
structural and dynamic properties of a wide variety of ionic liquids. The essential difference
with the the Canongia Lopes model is that, besides the intramolecular (bonds, angles, and
dihedrals) and intermolecular (van der Waals and electrostatic) energy terms, it includes a
polarization energy term, which comes from the interaction between induced dipoles. In a
similar approach, i.e., taking into account a polarization term, McDaniel and coworkers [42]
proposed an ab-initio-derived forcefield to study imidazolium-based ionic liquids. In both
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studies, this methodology showed results in good agreement with the experimental ones,
especially for the dynamic properties. However, it increased significantly the computational
cost of the simulations.

Alternatives have been proposed to reproduce the dynamic properties. Among them,
we mention the optimization of the van der Waals parameters [43], the use of scaled charge
models [44,45], or performing the calculations at high temperatures [8]. In particular, the
scaled charge models, which consist of using a fraction of the atomic partial charges instead
of the full ones for each ion (i.e., 0.5-0.9 |e|), showed good agreement with the experimental
results. Their results compared also favorably in comparison with the polarizable force
field models, especially for the structural properties. The theoretical justification for using
the partial charge method is that it mimics the charge transfer between the ions, and albeit
that it is capable of accurately reproducing the properties of neat ionic liquids, it becomes
problematic when one has to consider other solute elements in the simulation, such as
monoatomic ions and organic molecules. This is due to the fact that the choice of applying
or not the charge scaling to the solute entities is not trivial [41].

Considering the different models described and the nature of our systems, we chose
to use the Canongia Lopes intramolecular and intermolecular parameters for cations
and anions, recalculating the partial charges after proper minimization and vibrational
frequency calculations. We used a full-charge model (q = +1.0 for the pyrrolidinium cations
and Li, q = —1.0 for the anions), since among the species considered, we have Cl and Li,
both monoatomic. This choice was made because of the amount of species we considered,
neat and with different fractions of Li, which resulted in a large number of calculations.
Therefore, the classical force field with a full-charge model provided us with the appropriate
tool for building a broad picture by isolating the effects of each variable, while keeping,
at the same time, the computational cost within reasonable bounds.

In order to achieve an understanding of the role of each variable that determines
the interaction profile of the species in the electrolyte solution, we considered ionic lig-
uids (ILs) obtained by combining the pyrrolidinium cations (1,n-alkyl-pyrrolidinium) with
different alkyl chains (Pyr1X : X = 2,...,6) and anions with different sizes and sym-
metries: the monoatomic chloride (Cl), the quasi-spherical tetrafluoroborate (BF4) and
hexafluorophosphate (PF6), and the symmetric, but linear-shaped bis(trifluoro-methane)
sulfonimide (TFSI). The codes, names, structural formulas, and 3D representations of all
species considered in this work are listed in the Supplementary Material: Table S1. We
aimed to understand how the structural and dynamic properties vary with the cation-anion
combinations. We also analyzed the variations of these properties with the addition of
different fractions of lithium and investigated the properties related to the Li conductivity
in the ionic liquid-Li electrolyte solutions that would allow them to be applied in Li-ion
batteries. In Section 2, we describe the methodology used throughout this paper, the com-
putational details, and the constituents of our systems. In Section 3, we present first the
results and discussions for the neat ionic liquids (Section 3.1) and then those relative to
the electrolyte solutions, formed by the ionic liquids with different fractions of Li-ions
(Section 3.2).

2. Methods and IL Systems

Classical molecular dynamics simulations with an all-atom approach and using pe-
riodic boundary conditions in all directions, as implemented in the Gromacs 2020 soft-
ware [46,47], were used to study the structural and dynamic properties of electrolyte
solutions, based on ionic liquids and different amounts of lithium. OPLS-based force field
parameters [36] improved by Canongia Lopes [38] were used to model the intramolec-
ular and intermolecular interactions, and Lorentz—Berthelot mixing rules [48] were used
to obtain the crossed terms for the non-bonded atoms. In order to treat the long-range
electrostatic interactions, the Ewald summation technique [49] was used, with a grid spac-
ing of 12 nm and a cut-off distance 1.6 nm for all systems, and hydrogen bond lengths
were constrained using the LINCS algorithm [50]. Self-diffusion of the ionic species was
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obtained from the mean-squared displacement (MSD) along a time interval f, with the
Einstein correlation (Equation (1)), where r(t) are the positions at each time ¢#:

. 1. 2
D = lim (MSD) = = lim (| r(t) —r(0) [*) M)

The self-diffusion (D) allowed us to obtain the transference number, defined as the
weighted average of the diffusion of each species that form the system. Therefore, the Li
transference number (¢1;) can be calculated from Equation (2):

fri * Dy,

tr; = 7 2
b fLi*DLi+fcat*Dcat+fan*Dan @

where f1;, feat, and fa;, are the fractions of the Li, cation, and anion, respectively, and Dy,
De¢at, and Dy, are the self-diffusion values of the Li, cation, and anion, respectively.

The individual molecules were built using the Avogadro software [51,52], and the struc-
tures were optimized using density functional theory (DFT) calculations, as implemented
in the Orca software [53]. Vibrational frequency calculations were performed to verify if
the configurations obtained corresponded to the minima in the potential energy surface.
Both the optimization and frequency calculations were performed using the B3LYP/G
functional [54] and a 6-31g(d) basis set [55]. Partial charges were obtained from an electro-
static surface potential methodology (CHelpG) [56], at the B3LYP//6-31g level of theory.
Indeed, for the calculations considering only the ionic liquids, some works in the litera-
ture [40,44] mention that a higher level of theory would be more appropriate to account for
the cation—anion interactions. However, some works, including recent ones [13,45], have
pointed out that B3LYP//6-31g can be considered an appropriate choice, providing enough
accuracy on energetics at a lower computational cost [13,39,45], and to date, we have not
found any work that extends this benchmark study for ternary electrolyte solutions as
those considered in our work.

Pyrrolidinium-based cations (1-n-alkyl-1-methyl-pyrrolidinium) were combined with
chloride (Cl), tetrafluoroborate (BF4), hexafluorophosphate (PF6), and bis(trifluoromethane)
sulfonimide (TFSI) anions to form the so-called neat ionic liquids, while a fraction of
the cations were replaced (1:1 proportion) by lithium cations (Li) to form the electrolyte
solutions. In this study, we chose to keep the number of ion pairs fixed, 400 ion pairs, and to
collect the properties at the same temperature, 400 K. We chose to perform all calculations
at a temperature higher than room temperature, in order to obtain reasonable results with
shorter trajectories and computational time [8].

The Gromacs pre-processing tools [47] were used to build the simulation boxes, which
were obtained by placing randomly the 400 ion pairs in a cubic box. For the minimization
phase, we used the steepest-descent [46] algorithm for the first run, followed by an 1-
bfgs [46] algorithm for the second run. The first equilibration cycle was performed using
the leap-frog integrator, with a 1.0 fs time step, using a velocity-rescale thermostat [57]
and the Berendsen barostat [46,58] in an isothermal-isobaric (NPT) simulation, followed
by an isothermal-isovolumetric (NVT) simulation with the same thermostat. This cycle
was performed using 1 bar of pressure and 400 K temperature for all systems. After this
phase, an annealing protocol was used, by increasing the temperature up to 700 K and
decreasing it to 400 K. A second equilibration cycle was performed after the annealing
phase, with (i) an NPT ensemble using the Berendsen barostat [46,58] and a velocity-rescale
thermostat [57] (10 ns), (ii) an NPT ensemble with the Parrinello-Rahman barostat [59] and
the same thermostat (10 ns), and finally, (iii) an NVT run with the same thermostat, also for
10 ns. For some systems, this protocol was performed one more time in order to achieve an
equilibrated configuration. Finally, a 20 ns production phase, also at a 400 K temperature
and 1 bar of pressure using the same thermostat and the Parrinello-Rahman barostat, was
performed in order to extract the properties of interest. Both the second equilibration cycle
and the production run were performed with a 0.5 fs time step.
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In this study, we considered ionic liquids (ILs) obtained by combining the following
cations: 1-methyl-1-ethyl pyrrolidinium (Pyr12), 1-methyl-1-propyl pyrrolidinium (Pyr13),
1-methyl-1-butyl pyrrolidinium (Pyr14), 1-methyl-1-pentyl pyrrolidinium (Pyr15), and 1-
methyl-1-hexyl pyrrolidinium (Pyr16) with the anions: chloride (Cl), tetrafluoroborate (BF4),
hexafluorophosphate (PF6), and bis(trifluoro- methane)sulfonimide (TFSI), to understand
how the structural and dynamic properties vary with the cation-anion combinations. We
also analyzed the variations of these properties with the addition of different fractions of
lithium and investigated the properties related to the Li conductivity in these ionic liquid-Li
electrolyte solutions that would allow them to be applied in Li-ion batteries. Although some
of the cation—anion combinations, for example Pyr13-PF6 and Pyr12-BF4 [33], present
a solid-state phase at lower temperatures (melting points at 200 °C [60] and 280 °C [61],
respectively), we nevertheless considered also their combinations in order to have a broad
view of the trends of the systems with and without lithium with the anion dimension.
Figure 1 shows on the top row three of the pyrrolidinium cations (Pyr12, Pyr14, and Pyr16)
and the Li-ion and on the bottom row all the anions we considered in our simulations.

- @
Li
(™) L vy VL Wi
Pyrld Pyrl6
et v—&v
cl
el ©. TFSI

900.00»«0
s P O N B C H

Figure 1. Top row: three of the pyrrolidinium cations (Pyr12, Pyrl4, and Pyr16) and the Li-ion;
bottom row: anions Cl, BF4, PF6, and TFSI.

3. Results and Discussions
3.1. Neat Pyrrolidinium-Anion Ionic Liquids

In this subsection, we present the results of the density, pair correlation function
(g(r)), and coordination of the neat ionic liquids, considering the pyrrolidinium cations
(Pyrl, X : X =2,...,6) in combination with Cl, BF4, PF6, and TFSI. Figure 2 shows the IL
density as a function of the size of the aliphatic chain of the pyrrolidinium cations, for each
anion considered. We can see that the density increased as the size of the anion increased,
and it slightly decreased linearly as we increased the cations’ carbon chain. Furthermore,
the larger the anion, the more significantly the density varied with the size of the cation.
We also analyzed the molar mass of each ion, and we observed that the molar mass of
the anions changed with the kind of anion more significantly, while for the cations, it
varied linearly with the increase of the carbon chain. The molar masses of all species are
listed in Table 1 and a graphic representation can be found in the Supplementary Material:
Figure S1.
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Pyr12
Pyrl3
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Figure 2. Density of the neat ionic liquids as a function of the size of the pyrrolidinium aliphatic
chain, for all anions.

The decrease in density due to the increase of the cation lateral chain has been re-
ported in the literature by many authors [9,33,62-66], for different ionic liquid systems and
different cations. Riither and co-workers [33] discussed in their review on ionic-liquid-
based batteries that the properties such as the geometry, charge density, and distribution
of the anions will determine the structure of the solvation shell and will influence the
density and diffusion of the ions, while the cations will induce a much smaller influence.
Méndez-Morales and coworkers [9] investigated systems with BF4, PF6, and TFSI as the
anions, but with only one cation: 1-butyl-3-methylimidazolium (BMIM). They found a
trend very similar to ours, with the densities varying in the sequence BF4 < PF6 < TFSI,
and there was no discussion about the reason for this trend. A similar trend was also
reported by Haskings and co-workers [32], which compared the properties of Pyr14-TFSI,
Pyr13-FSI (N-methyl-N-propylpyrrolidinium bis(fluorosufonyl)imide), and EMIM-BF4
(1-ethyl-3-methylimidazolium boron tetrafluoride). They did not consider all possible
cation—anion combinations and did not isolate the effect induced by varying the cation
size (Pyr14 > EMIM > Pyr13) or the anion size (TFSI > FSI > BF4) separately. However,
they observed that the density decreased noticeably as the anion size decreased, with
Pyr14-TFSI having a larger density than Pyr13-FSI and EMIM-BF4.

Tong and coworkers [65,67] suggested that the density increases with the number of
atoms with larger electronic densities (such as oxygen and fluorine) present in the anions,
and it decreases as the length of the cation aliphatic side chain increases. Yamaguchi and
coworkers [66] used the parameters ¢ (¢ = Tsmaller ion/ T1arger ion) and shape of the ions to
analyze their correlation with the ionic conductivity in plastic ionic liquids, mentioning
specifically that this ¢—conductivity correlation was not necessarily related to the shape
(spherical or not) of the ions.

Table 2 presents a comparison between the results obtained in this work and the
simulations and/or experimental results found in the literature. It is important to mention
that the simulations were performed at different temperatures, and also, the methodologies
applied are different. Chaban and co-workers’ results [44] were obtained with the same
force field parameters we used, but they used a scaled model for the charges, while we
used the full-charge model. Nevertheless, our calculated density for Pyr13-TFSI is in
concordance with [44] with a deviation of 2% and with their simulation results for the
Pyr14-Cl with a deviation of 6%. Kashyap and co-workers [68] also used the same force
field parameters and a scaled charge model for their calculations, and although they used
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a lower temperature, we can see that the trend was the same as ours, with the densities
decreasing as we increased the size of the carbon lateral chain of Pyr1X.

Table 1. Molar mass of cations and anions.

Cations Molar Mass (g/mol) Anion Molar Mass (g/mol)
Pyr12 114.2 Cl 354
Pyr13 128.2 BF4 86.8
Pyrl4 142.3 PF6 144.9
Pyrl5 156.3 TFSI 280.1
Pyrl6 170.3 - -

Table 2. Comparison between the density results obtained in this work and the simulation/experimental
results found in the literature (density in g-cm™3).

(400 K) Haskings [32] (390 K) Chaban [44] (355 K) Kashyap [68] (295 K)
This Work sim/exp sim/exp sim/exp

Pyr13-TFSI 1.362 1.264/- -/1.378 -

Pyr14-Cl 0.969 -/1.049 0.910/- -
Pyr14-BF4 1.047 1.315/1.313 1.004/- -
Pyr14-TFSI 1.341 1.346/1.398 1.453/1.390
Pyr15-TFSI 1.294 - - 1.418/1.360
Pyr16-TFSI 1.263 - - 1.387/1.320

Figure 3 presents the center-of-mass cation—cation, cation-anion, and anion-anion
pair correlation functions (g()) for the Pyr12—anion and Pyrl6—anion. The results for the
other pyrrolidinium cations and all the cation-anion combinations can be found in the
Supplementary Material: Figures S2 and S3. We observed that the intensity of the first
peak of the cation—cation g(r) decreased with the increase of the cation aliphatic chain,
and the position and form of the first peak were similar for BF4 and PF6 in all cases, except
for Pyr12. Indeed, the first peak was always the one related to Pyr1X—Cl, the smaller
anion. Furthermore, we can observe that the cation—cation g(r) curves for TFSI are similar,
except for Pyrl6. When we compared the cation—anion g(r), for Cl and BF4, the smaller
the anion, the closer it was to the cation, for all cations. Furthermore, the intensity of the
first peak decreased as well, although to a lesser extent than for the cation—cation g(r).
For PF6 and TFSI, the peaks were closer to each other in the systems with Pyr12 and Pyr13
as cations, while the cation—anion distances increased with the size of the anion, for Pyr14,
Pyr15, and Pyrl6. We can also see the formation of a second peak close to the first one,
for Pyr15 and Pyr16 for all anions, except TFSI, which indicates two preferred near neighbor
positions of the cations with respect to the anions. As the cation aliphatic chain increased,
the position of this second peak shifted to larger values of r.

Table 3 shows the position of the first peak in the cation—anion g() curves, for all the
systems considered. We can observe that, for a given anion, the peak position changed at
most 0.3 A as we varied the cation. If we fixed the cation, however, the position of the anion
varied in the range of 0.4-1.3 A. We can summarize our results in this way: (i) the larger
the anion, the larger is the cation—anion distance, while (ii) the larger the cation, smaller is
the cation—-anion distance.
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Figure 3. Center-of-mass cation—cation, cation-anion, and anion—anion pair correlation functions

(g(r) for all the cation—anion combinations with: (a) Pyr12 as the cation; (b) Pyr16 as the cation.

Table 3. Position of the first peak in cation-anion g(r) for all the systems. Values in A.

Cl BF4 PF6 TFSI
Pyr12 44 5.0 54 5.5
Pyr13 42 5.0 54 55
Pyr14 42 49 5.1 5.5
Pyr15 4.1 4.7 5.1 5.3
Pyrl6 43 4.7 5.1 53

Figure 4 presents the coordination number (CN), calculated as the integral over the
first peak of the center-of-mass cation—anion g(r), where we can notice that, for the same
anion, we had a slight decrease in the CN value with the increase of the cation aliphatic
chain. However, the values were very similar considering different anions, except for the
systems with Cl. A similar decreasing trend depending on the size of the cation lateral
chain was also reported by Nasrabadi and coworkers [63], which suggests that the increase
in the alkyl chain decreased the degree of ordering in the ionic liquid.
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Figure 4. Coordination number (CN) of all neat ionic liquids.

Figure 5 presents the histograms of the number of anions around a cation within
a distance of 5 A, and Figure 6 shows the number of cations around each anion at the
same distance, averaged over the entire whole MD trajectory for all systems and using
the center-of-mass as a reference. We can observe that, corresponding to the coordination
number analysis presented in Figure 4, the figures show similar distributions for all anions,
except for Cl. In a more general view, we can see that we have a broader distribution for
anions around the cations (Figure 5) than for cations around the anions (Figure 6), which is
probably related to the symmetry of the anions. We can also notice that the distributions
are similar if we consider different cations around a given anion. It is worth remembering
that we intend to discuss in the following sections how these structural properties varied
when we replaced different amounts of pyrrolidinium cations with lithium cations.

3.2. Li-lonic Liquid Electrolyte Solutions

Here, we present the results for the IL-Li-ion electrolyte solutions, with the IL formed
by pyrrolidinium cations (Pyr1X: X =2, ...,6), the anions BF4, PF6, and TFSI, and replacing
fractions of the cations (0.25 and 0.50) by Li with a 1:1 proportion. We discuss the variations
of the structural properties such as the density, g(r), and solvation when we compare
the systems with and without Li and also present the dynamic properties transference
number of Li (f;;) and self-diffusion. Figure 7 shows the density of the ionic liquid-Li
electrolyte solutions, in which a fraction of the pyrrolidinium cations were replaced by
lithium cations, in comparison with the density of pure ionic liquid systems. As discussed
in the previous section, for the neat ionic liquids (0.0 fraction of Li), the density values
varied more significantly with the size of the anion than with the size of the cation lateral
chain, at least for chains up to six carbon atoms. This trend was preserved when we
replaced a fraction of the pyrrolidinium cations by lithium ions. Furthermore, for each ionic
liquid, the density values increased as we increased the fraction of Li-ions in the system.
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Figure 5. Histograms of the number of anions within 5 A of one cation.

Figure 8 shows the percentage of the increase in the density with respect to the neat
ionic liquids, highlighting that, with the same concentration of Li, the percentage increases
in density were similar: for all ionic liquids, the presence of 0.25 Li (¢ of different colors)
led to an increase in the range of 6-8%, while for 0.50 Li (O of different colors), it was in
the range of 13-20%. In this representation, we can see that, in most cases, the variation in
density depended on the anion and the cation, and for both fractions of lithium, the systems
with PF6 had a larger increase in density compared to the other ILs. This variation in density
with the addition of different amounts of lithium is in agreement with what was reported
by Mendez-Morales in previous works [9], in which an increase of 5% for smaller amounts
of Li and around 12% for 40% of it were reported.

From the analysis of the g(r), we observed that the increase in the amount of lithium
practically did not affect the cation—cation g(r), and therefore, it did not affect the cations’
structuration. On the other hand, it affected the cation-anion and anion—anion g(r) struc-
turation. For the cation—cation g(r) (Supplementary Material, Figure S4), we can observe
that the height of the first peak decreased with the increase in the cation aliphatic chain,
and the peak width was smaller for the smaller cations, as happened for the neat ionic
liquids. There was also a small dislocation of the first peak to larger r values as the size of
the cation, i.e., the size of their aliphatic chains increased. The variation in height of the
peaks as the fraction of lithium increased was due to the fact that (g(r)) was normalized by
the density, and except for the height, there was no variation in the curves in systems with
BF4 and PF6 with the increase of the Li concentration.
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Figure 9 presents the center-of-mass cation—anion g(#) for the same systems with
different amounts of lithium. We can observe that we had a small dislocation of the first
peak to smaller values of r as the size of the cation increased. Furthermore, considering
systems Pyr1X-BF4 and Pyr1X-PF6, for Pyr16, a second peak appeared very close to the
first one, at the same time that the intensity of the peak decreased, which also happened
for Pyr15 (Supplementary Material: Figures S5-57). We can suggest from this that, for the
smaller cations, the first solvation shell was more uniform, and for the larger ones, some
anions were closer to the cation than others, forming a non-uniform solvation layer, since
the anions were symmetric and the cations were not, especially the ones with a longer
aliphatic chain. In systems with Pyr1X-TFSI and 0.25 Li, in the case of the larger cations
(Pyr16 and Pyr15), there was only one well-defined peak, and a second peak appeared
for the cases with the smaller cations (X: 2-3). For Pyr1X-TFSI with 0.50 Li, the second
peak decreased as the size of the Pyr1X aliphatic chain decreased, but it was still present
for Pyr16.

Figure 10 presents the center-of-mass anion—anion g(r), for the same systems. Different
from the other g(r) curves, this g(r) underwent significant changes as the amount of lithium
increased. As presented in Supplementary Material Figure 52, Pyr1X-BF4 and Pyr1X-PFé6
with no lithium showed a well-defined first peak for all systems and a small shoulder close
to it in the systems with smaller cations, forming a double-peak structure, which suggests
two preferred positions or orientations of the anions. There was also in this case a small
dislocation of the position of the first peak to larger r values, as happened for cation—cation
g(r), and this dislocation was less significant for systems with TFSI. Furthermore, for TFSI,
there was never the double peak.
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Figure 9. Center-of-mass cation—anion g(r) for all the systems with different amounts of lithium.

The substitution of Pyr with Li strongly altered the form of the curves: systems with
Pyr1X-BF4 presented a double first peak in all cases instead of the well-defined first peak in
the systems without Li, as well as a double second peak at a 0.25 Li concentration with small
cations. Systems with Pyr1X-PF6 presented a well-defined first peak, but a second small
peak arose in all cases, with different forms and positions depending on the cation and on
the Li content. TFSI-based ILs with 0.25 Li presented a small double peak, the second one
being higher than the first one, and with 0.50 Li, a higher first peak. A similar trend was
observed by Haskins and co-workers [32]. The peak located at larger r corresponded to
the anions that were strongly bound to Li, while the peak at smaller r corresponded to the
anions coordinated to the pyrrolidinium cations, suggesting that increasing the amount of
Li, the average anion—-anion distance increased.

Figure 11 shows the center-of-mass Li—anion g(r) for all the systems with lithium.
We can notice that the intensity and the form of the peaks were different for different
anions. These intensities could allow one to infer the strength of the Li-ion interactions,
noticing that Li-BF4 was the stronger one, followed by Li-TFSI and Li-PF6, respectively.
Furthermore, if we considered the end of the first peak as the end of the first solvation shell
(0.35 nm for BF4, 0.40 nm for PF6, and 0.50 nm for TFSI), all systems presented a double
peak, indicating that the Li-ions coordinated with more than one anion. The length of the
aliphatic chain of pyrrolidinium ions did not affect either the position or the form of the
peak in g(r), except for the systems with PF6 as the anion and a 0.25 Li fraction.



Batteries 2023, 9, 234

14 of 22

3 R R - BF’1 o BF‘

- 1 r & 1 | Pyrl2
2 S ........... ................... lu- ........... ............. —_ P}fl‘l4

- L n\ A | pws
1% | = S I |lf’\/-k,:~—u

- L Y : i

[~ ] [T |
Y I N . |
?ﬁ B |: 'I ; ]

1 A

U ] : | : ] ]

o A O e

.. Trst | [ TES
p)] NN SR S B U - —
I o = ] i "\ ‘*\.‘U - ]
l ........... f s S CR B P I-\E‘/- .;E__ =

O 05 1 15 20 05 1 15 2

r (nm) r (nm)

Figure 10. Center-of-mass anion—anion g(r) for all the systems with different amounts of lithium.

Based on the results of g(r), we propose a strategy to understand how the ions aggre-
gate in the system: considering the Li—anion distance (r) obtained from g(r), we used a
Gromacs tool to select all Li cations in the box and to count how many anions there were at
a distance r of those Li-ions, then divided by the number of Li-ions in the system, along
the trajectory. From this result, we built the histograms shown in Figure 12, (a) for systems
with 0.25 Li and (b) with 0.50 Li. From these results, we can observe that, in Pyr1X-BF4:
0.25 Li, the Li-ions were on average close to more than two anions. Systems with PF6 as the
anion had a non-linear behavior: with Pyr13 and Pyr14, Li was close to less than 2 anions,
and with Pyr12, Pyr15, and Pyrl16, Li was close to more than 2 anions. Finally, systems with
TFSI as the anion had only one TFSI close to each Li in most cases, the exception being the
system with Pyr14-TFSIL Therefore, we suggest that Li-ions form clusters with the anions,
which reduces their mobility, as happens in systems with imidazolium-based ionic liquids
combined with the same anions and different amounts of lithium [8,9].
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Figure 11. Center-of-mass Li-anion g(r) for all the systems with different amounts of lithium.

Systems with a larger fraction of lithium (0.50 Li) had a similar trend depending on the
size of the pyrrolidinium cation for systems with BF4 and PF6 as the anions, considering
that the average number of anions around the lithium ions was in the range 1.5-2.0, while
for TFSI as the anion, the average was close to 1.0 for the systems. For all systems with
TFSI in this case, there would be no “free” lithium, in the sense that all distributions in the
histograms were larger than 1, so apparently increasing the fraction of lithium, the amount
of “free” lithium decreased, although we would expect the opposite trend.

If we look at the average number of anions around one Li, we can see that systems with
PF6 and BF4 anions and 0.25 Li formed larger clusters, and this average number varied for
Pyr1X cations with different side chains (different X) in an unclear trend. Indeed, for 0.25 Li,
Pyr13-BF4 and Pyr14-BF4 seemed on average to form larger clusters than Pyr13-PF6 and
Pyr14-PF6, while the other cations showed the same cluster size, independent of the anion.
The Pyr1X-TFSI systems formed clusters involving more than one TFSI with lithium only
in the system with Pyr14. For 0.50 Li, the trend was clearer: PF6 and BF4 formed clusters
with more than one lithium, and TFSI coordinated with one lithium.
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Figure 12. Histograms of the number of anions around the Li-ions throughout the trajectories, for all

systems. In (a) with 0.25 Li and in (b) with 0.50 Li.

Considering the systems Pyr12-TFSI, Pyr13-TFSI, Pyr15-TFSI, and Pyr16-TFS], all
with 0.25 Li, that had the average number of anions around the Li smaller than 1, if we
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Self-diffusio

assumed that we can have up to 3 anions that could be “free” throughout the trajectory, we
can calculate the degree of dissociation («), defined as

Np;

W= —
NLi—anion

®3)
where Nj; is the number of “free” Li-ions and Ny;_4uion 1S the total number of Li-ions
forming Li-anion ionic pairs. Therefore, we had for all these cases « = 0.03 [69].

3.3. Dynamical Properties

As mentioned previously, the self-diffusion of the ionic species was obtained from
mean-squared displacement (MSD) calculations. These results are presented in Figure 13.
The first thing to mention is that, in systems with no lithium, both species self-diffused
faster than in the systems with lithium, i.e., the self-diffusion of the species invariably
decreased as the amount of lithium increased, and in systems with BF4 and TFSI, the
cations diffused faster than the anions. On the other hand, for systems with 0.25 Li and
TFSI as the anion, all species diffused faster. It has been reported in the literature that the
diffusion of lithium is usually smaller by one order of magnitude than the diffusion of the
other ionic species, especially because Li tends to be strongly bonded to the anions, as well
as because the density increases with the increase of the lithium fraction. Considering the
diffusion of Li in each system, if one has to chose one among the ionic liquids presented
here for an application that requires a better self-diffusion, it seems more interesting to
use Pyr13-BF4, Pyr15-BF4, Pyr16-BF4, Pyr13-TFSI, and Pyr14-TFS], all with 0.25 Li. The
general trend of Li diffusion following this order TFSI > BF4 > PF6 is coherent with other
studies reported [9].

cation

anion

L1

Cations

Figure 13. Self-diffusion of all species in the systems considered.
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As explained in Section 2, from the self-diffusion values of all species, we can calculate
the transference number (Equation (2)). Figure 14 presents the Li transference number
(t1;) as a function of Pyr1X, for the systems with different amounts of lithium. It has been
reported in literature [26,64] that {1; normally increases with the lithium fraction, but for
some cases, there is a competition between the effect of increasing the lithium fraction and
the increment in viscosity due to it. Lourengo and co-workers [64] also suggested that f;; is
mainly ruled by viscosity and Li—anion interaction. The systems that had BF4 as the anion
did not show a clear trend either with the variation of the cations or with the amount of
lithium: for smaller cations (Pyr12, Pyr13, and Pyr14), t;; increased linearly with the cation
size in each Li fraction and increased significantly with the increase in the lithium fraction.
For Pyr15, t;; was larger for 0.25 Li, while for Pyr16, it was larger for 0.50 Li. Systems with
PF6 as the anion showed a clear increase in t;; with the increase in the Li fraction except
for Pyr16, and with the variation of ¢, for systems with TFSI, the trend depending on the
cation size was very similar for both Li fractions. Based on these results, a larger fraction of
lithium would allow the use of different combinations of cations and anions to improve
the performance.

B BF4
A PEG
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Figure 14. Transference number (t7;) as a function of Pyr1X, for the systems with different amounts
of lithium.

4. Conclusions

In this work, we used molecular dynamics simulations to systematically study the
properties of neat ionic liquids formed by pyrrolidinium cations with different sizes of
aliphatic chains and anions with different sizes, shapes, and symmetry profiles, from the
monoatomic C1~ to the bulky TFSI. We investigated how structural properties such as the
density, pair correlation function, and solvation determine the self-organization of these
species. Based on this broad view, we analyzed how these properties varied as we replaced
a fraction of the pyrrolidinium cations by lithium ions, forming a ternary solution. Finally,
we evaluated how the structural parameters, together with dynamic properties such as
self-diffusion and transference number, could determine the more appropriate cation-anion
combinations and lithium fraction, which will support the use of Li-ion batteries.

We observed that neat ionic liquids presented a density value that increased signif-
icantly as we increased the anion size and slightly increased as we increased the cation
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aliphatic chain. This trend was preserved when we replaced part of the pyrrolidinium
cations by lithium cations; however, the larger the Li fraction, also the greater was the
density. The g(r) curves underwent more significant changes in shape and first peak po-
sition when the kind of anion was changed than when the cations or lithium amounts
were changed. The cation-anion and anion-anion g(r) curves presented differences with
the increase of Li, showing in some cases shoulders slightly before or after the first peak,
showing more than one preferential position for the ions in the solvation shell.

From the analysis of the dissociation degree, we propose that 0.25 Li-Pyr1X-TFSI
systems, except 0.25 Li-Pyr14-TFSI, could be good for applications in Li-ion batteries, since
these dissociated ions could move more easily in the electrolyte solution. On the other
hand, the Li self-diffusion analysis showed a similar trend for TFSI, with Pyr13 and Pyr14
as the most-promising cations. The transference number results also pointed out TFSI as
the most-promising anion, also for larger concentrations of Li.

Our analyses showed that Li-ions usually form clusters with more than one anion,
but for the TFSI-based ILs, where Li usually “bonds” to only one anion. The number of
molecules on the Li solvation shell depends both on the specific cation-anion combination
and on the Li fraction in the solution. Therefore, we can propose that large amounts of
lithium do not necessarily increase the Li-ion mobility, because more clusters can be formed,
which will tend to decrease the lithium mobility.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries9040234 /51, Table S1: Identification of all species consid-
ered in this paper; Table S2: Energy values obtained from DFT calculations of each species; Figure S1:
Calculated molar mass of cations and anions; Figure S2: Center-of-mass cation-cation, cation-anion
and anion-anion pair correlation functions (g(r)); Figure S3: Center-of-mass cation-cation, cation-
anion and anion-anion pair correlation functions (g(r)); Figure S4: Center-of-mass cation-cation g(r)
with all fractions of Li; Figure S5: Center-of-mass cation-anion g(r) with all fractions of Li; Figure S6:
Center-of-mass anion-anion g(r) with all fractions of Li; Figure S7: Center-of-mass cation-cation g(r)
for systems Pyrl12-anion, Pyrl4-anion and Pyrl6-anions.
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