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Featured Application: Novel electrolyte solvents for aprotic secondary batteries based on Li, Na or
other alkaline/alkaline metal elements.

Abstract: Pyrrolidinium-based (Pyr) ionic liquids are a very wide family of molecular species.
Pyrrolidinium cations are electrochemically stable in a large potential interval and their molecular size
hinders their transport properties. The corresponding ionic liquids with trifluoromethyl sulphonyl
imide anions are excellent solvents for lithium/sodium salts and have been demonstrated as electrolytes
in aprotic batteries with enhanced safety standards. In this study, the analysis of the physicochemical
properties of a homologous series of pyrrolidinium-based ionic liquids with general formula Pyr; , TESI
(x = 1-8) have been tackled by first principles calculations based on the density functional theory.
The molecular structures of isolated ions and ion pairs have been predicted by electronic structure
calculations at B3LYP level of theory in vacuum or in simulated solvents. Thermodynamic properties
have been calculated to evaluate the ion pairs dissociation and oxidation/reduction stability. This is
the first systematic computational analysis of this series of molecules with a specific focus on the
impact of the length of the alkyl chain on the pyrrolidinium cation on the overall physicochemical
properties of the ion pairs.

Keywords: ionic liquids; density functional theory (DFT); computational chemistry

1. Introduction

Ionic liquids are a very wide class of materials with extremely varied properties and highly
diversified potential ranges of application [1,2]. Their use as solvents in battery electrolytes was
proposed in the early 2000s and has so far been demonstrated for an extremely large number
of ionic couples (e.g., pyrrolidinium, pyridinium, ammonium, imidazolium cations couples with
hexafluorophosphate, bis-trifluoromethyl sulphonyl imide, trifluoromethyl sulphonate, and any
other anions) [3-5]. Methyl-alkyl pyrrolidinium-based (Pyr; «) bis-trifluoromethyl sulphonyl imide
(TFSI) ionic liquids have found in particular successful applications in many different novel
aprotic battery formulations thank to their (a) large electrochemical stability, (b) facile synthesis,
(c) extended thermal stability, and (d) good transport properties [6-11]. The ability of Pyr; ,TFSI ionic
liquids to dissolve lithium and sodium salts [6-8] in particular allows researchers to obtain concentrated
electrolytes suitable for real applications in Li-ion and Na-ion batteries with superior performance
in terms of thermal stability [9,10] and hazard mitigation [11]. Overall, the development of a new
electrolyte formulation for any aprotic battery chemistry requires a complex compromise to balance
different functional properties such as electrochemical stability, transport, viscosity, thermal stability,
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chemical stability, or stability of the metal ion coordination shells [12,13]. Thus, knowledge of the
physicochemical properties, such as ion pair structure, dissociation energies, and oxidation/reduction
potentials, is fundamental to drive the screening and selection of innovative solvents [13].

In this study, the analysis of the physicochemical properties of a homologous series of
pyrrolidinium-based ionic liquids with general formula Pyr;,TFSI (x = 1-8) have been tackled by
first principles calculations based on the density functional theory using the Gaussian09 suite [14-16].
The molecular structures of isolated ions and ion pairs have been predicted by electronic structure
calculations at B3LYP [14,15] level of theory in vacuum or in simulated solvents. Thermodynamic properties
have been calculated to evaluate the ion pairs dissociation and oxidation/reduction stability.

In the literature, the structure and physicochemical properties of Pyr; ,TFSI ionic liquids have
been studies widely by many authors (see, as an example, Triolo and coworkers [15,16], Passerini and
coworkers [4,7,17], and us [9,10]). These ionic molecules self-organize in the liquid phase in
meso-domains where ionic and amphiphilic molecular fragments are clustered. This structural
organization leads to the facile mobility of small size ions like Li* [10,17] and the easy dissociation of
alkaline metal salts in a wide concentration range [6,7]. Experimentally, the electrochemical stability
and transport properties of many Pyr; ,TFSI ionic liquids have been reported [3,7,8,10,17] but a rational
analysis of the impact of the size of the methyl-pyrrolidinium alkyl chain has not been reported so far.
The study presented here is the first systematic computational analysis of Pyr; TFSI (x = 1-8) molecules
with a specific focus on the impact of the length of the alkyl chain on the overall physicochemical
properties of the ion pair.

2. Materials and Methods

The density functional theory (DFT) was adopted to calculate molecular properties of ions and
ion pairs and to make thermodynamic predictions following the same approach validated by us in [18].
A B3LYP functional [19] was adopted within the 6-31++g(d,p) basis set [20] in the final calculations.
The choice of the B3LYP functional has been done to follow the same computational approach illustrated
by Angenendt [21] and considering [18]. In this last study, we estimated the mean accuracy of various
density functionals (either purely DFT or hybrid) compared to post-Hartree Fock (post-HF) methods.
Apparently, post-HF methods, like MP2, are still too computational expensive to deal with large
molecules with few tenths of atoms, thus B3LYP is still an optimal compromise to achieve reasonable
accuracy on energetics. Based on our previous method validation, the computational accuracy has
been evaluated in approximately 8 k] mol~!. In all calculations, we incorporated solvation effects by
employing a self-consistent reaction field in continuum solvation model C-PCM [22,23]. As model
solvents, we used tetrahydrofurane (dielectric constant ¢ = 7.42) to mimic the low dielectric constant of
Pyr, « TFSI pure ionic liquids [24,25].

Simulating ion pairs requires a careful screening of the multiple possible configurations.
Here, four ion pairs configurations were pre-evaluated for each molecular system to identify the
most stable one. The computational protocol follows this procedure: (a) cations and ions are
optimized individually in vacuum and in simulated solvent using the level of theory discussed above;
(b) four different starting structures for each ion pair are identified using the SECIL code [21] that
generates automatically and “mindlessly” a preset number of pair configurations; (c) these preliminary
configurations are relaxed to local minima using the Hartree-Fock 6-31 g(d,p) method and the
simulated solvent; (d) for each ion-pair, the configuration with the minimal total energy was selected.

All molecular structures were relaxed to their minima: frequency calculations were performed to
check that the minima all have real vibrational frequencies. The basis set superimposition error (BSSE)
correction37 has been evaluated at the same level of theory for all ion pairs. All calculations have been
carried out by using the Gaussian09 package [14]. The cartesian atomic position of all the optimized
structures of ion pairs are reported in the Supplementary Material (Tables S1-58). Molecular sizes
have been calculated by evaluating the volume inside a contour of 0.001 electrons Bohr=> density.
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Ion pair Gibbs energy of dissociation energies in ions, i.e., AissG°298x, Were obtained from the
total energies by the simple equation:

AgissGoogx = [GgggK(cation) + GgggK(anion)] — GSog (fon pair).

Ionization energies (Ejon) of anions were obtained in vacuum from the energy of each ions
and the corresponding neutral molecule (open shell, doublet spin state) with one missing electron.
The Franck—Condon approximation was assumed (vertical transitions), and thus, the energies of the
neutral radicals were calculated from the nonrelaxed geometry of the corresponding anions following
the method described by Truhlar and coworkers [26,27]. A similar approach has been adopted for
the ionization energies of ion pairs as well as for the electron affinities (EA) of cations and neutral
ion pairs. EA and E;,, were converted to approximate oxidation and reduction potentials vs. Li*/Li,
accordingly to what was suggested by Johansson and coworkers [12,28]. In particular, to convert the
EA and E;yy, in units of eV, to a relative potential in reference to the Li*/Li redox couple, a constant
value (k) was subtracted from the calculated absolute potential. It is known and widely accepted that
the reference half reaction behind the SHE—the Standard Hydrogen Electrode— has an experimental
absolute oxidation potential close to 4.5 eV [26,27]. Since the Li*/Li couple is at —3.04 V vs. SHE,
the calculated oxidation potential can be compared to the Li+/Li reference by relating it to an absolute
value of 1.46 eV.

3. Results

3.1. Ion Pairs Structure

A visual summary of the molecular structures of the ion pairs analyzed is shown in Figure 1.
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Figure 1. Molecular structures of the studied ionic couples Pyr; x TFSI (x = 1-8).

In all cases, the [Pyr; " --TFSI7] ion pairs assemble by facing the partial negative charges
concentrated on the oxygen atoms of the sulphonyl groups on the TFSI™ anion and the positive charges
delocalized over the alkyl chains on the Pyr;* cations. In particular, in all pyrrolidinium rings,
the positive charge is distributed on the carbon atoms directly bonded to the quaternary nitrogen atom
thus leading to highly delocalized cations. Nitrogen atoms are negatively charged on both ions.

As expected, the increase of the size of the lateral alkyl chain on the pyrrolidinium cation leads to
an increase of the molecular volume as shown in Figure 2a. On the other hand, the distance between
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the negatively charged nitrogen atoms on the TFSI2~ anion and the Pyr; * cations has a nonmonotonic
trend (see Figure 2a). In particular, the nitrogen atoms increase their distance from 5.45 to 5.62 A,
passing from x = 1 to x = 4, whereas the N N distance drops below 5.4 A for longer alkyl chains
(x > 4). This trend closely matches the evolution of the partial negative charges on both nitrogen atoms
(see Figure 2b). The analytical report of the charges on all atoms in all ion pairs is reported in the
Supplementary Materials (Tables S1-58).
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Figure 2. (a) Size of the ion pair and N-N interatomic distance in the ionic couple in function of the
length of the pyrrolidinium later alkyl chain; (b) evolution of the Mulliken charges on the nitrogen
atoms in the ionic couples in function of the length of the pyrrolidinium later alkyl chain in comparison
with the dipole moment.

These parallel trends highlight the alteration of the structures of the ion pairs passing from short
to long lateral alkyl chains on the pyrrolidinium cation. In fact, longer later alkyl chains apparently
weaken the ion pair coupling in small Pyr; ™ (x = 1-4) cations. This effect leads to an increase of
the dipole moments. On the contrary, in large Pyr; * (x = 5-8) cations, the decrease of the negative
charges on the nitrogen atoms leads to a closer coupling of the ion pairs, thus resulting to a drastic
drop in the dipole moment.

In summary, the structure of the Pyr; ,TFSI ion pairs alters with the elongation of the lateral alkyl
chain on the pyrrolidinium cation. The volume on the neutral pairs increases monotonically but ions
are more distant passing from x = 1 to x = 4, whereas from x = 5 to x = 8, the ionic couple is packed
more efficiently. This nonmonotonic trend is likely driven by the delocalization of the negative charge
of the nitrogen atom on the pyrrolidinium cation with long alkyl chains. This structural evolution has
a remarkable impact on the dipole moment of the ion pair that reaches a maximum for Py; 3TFSI and
Pyr 4TESI and then has drops of approximately 10% for longer alkyl chains.

3.2. Dissociation Thermodynamics

The thermodynamics of the dissociation reactions of the ion pairs in the simulated solvent is
summarized in Table 1 in comparison with the dissociation of the LiTFSI in the same conditions.

All the ionic couples are only weakly bonded, and the interionic coupling shows a trend closely
matching the evolution of the structure (see previous section). In fact, the elongation of the alkyl chains
on the pyrrolidinium cations from x = 1 to x = 4 weakens the ionic interaction, resulting in a slight
increase of the Gibbs energy of dissociation. On the oppositive, the closer packing of the ionic couple
observed form longer alkyl chains (from x = 5 to x = 8) on the pyrrolidinium cation leads to almost null
dissociation energies. It is remarkable to note that the LiTFSI salt, typically used electrolytes for Li-ion
batteries constituted by TSFI-based ionic liquids [9,10], has a largely positive dissociation Gibbs energy
at 298 K. These thermodynamic features suggests that electrolytes constituted by Pyr; cTSFI solvents
and LiTFSI salts are constituted by weakly interacting Pyr; «* and TFSI™ ions that coordinate strongly
bonded Li*--TFSI™ pairs. In this respect, the elongation of the alkyl chain on the pyrrolidinium cation
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is expected to impact on the mobility of Li* ions due to the increase of the ionicity of the solution.
This ionicity increase, induced by the larger dissociation of the ionic liquid pairs with longer alkyl
chains, may enhance the viscosity of the solution at the same salt concentration but may also alter the
mesoscopic structuration of the ionic/amphiphilic domains of the ionic liquid phase [15,16].

Table 1. Summary of the Gibbs energy of dissociation of the various ionic liquids.

Gibbs Energy of Dissociation at 298 K

Dissociation Reaction e
AdisngggK/kJ mol

PerTFSI - Per* + TFSI~ 2.6
PerZTFSI - Pyr1,1+ + TFSI™ 4.7
Pyr; 3TFSI — Pyr; 1* + TFSI- 5.9
Pyr1,4TFSI - Per* + TFSI™ 8.7
Pyr1,5TFSI - Pyr1,1+ + TFSI™ 3.0
Pyr; 6 TFSI — Pyr; 1* + TFSI- 18
Pyr1/7TFSI - Per* + TFSI~ 0.3
PyI'l,gTFSI - Pyr1,1+ + TFSI™ 0.4

LiTFSI — Li* + TFSI~ 540

3.3. Electrochemical Stability

The computed reduction and oxidation potentials of the ionic pairs are shown in Figure 3.
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Figure 3. Predicted electrochemical stability windows for the Pyr; TFSI (x = 1-8) ionic liquids.

The electrochemical stability, both in reduction and in oxidation, of the Pyr; , TFSI ionic liquids
are apparently barely affected by the elongation of the later alkyl chain on the pyrrolidinium cation.
Remarkably the electrochemical stability of the isolated ions is much smaller compared to ionic couples.
This discrepancy likely suggests a remarkable impact on the effective oxidation and reduction onset
potential of the ionic association in liquid electrolytes.
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These computational estimates can be compared with the few available experimental
electrochemical stability values reported in the literature by means of voltametric runs [9,10,29-35].
The cathodic stability of the Pyr; NTFSI solvents (N = 3-7) ranges between 0 and —0.2 V vs. Li*/Li:
our predictions are in excellent agreement with these experimental determinations, thus confirming the
reliability of the methodology. Turning to the anodic stability, for Pyr1,4TFSI, many reports observed
values ranging between 4.2 to 5.5 V vs. Li*/Li, whereas less is known for the other molecules in
the series. In this view, our predictions are the first systematic report. It should be noted that the
electrochemical oxidation and reduction potentials are strongly dependent on the nature of the working
electrode surface/composition (e.g., Pt, Pd, stainless steel, carbon coated copper, copper, aluminum) and
well as on the voltametric experimental conditions (scan rate, potential holds, temperature, nature of
the counter electrode, nature of the reference electrode). In the case of reduction potentials, a further
critical point is the overlap of the degradation chemistry of the ionic liquid molecules with the plating
reaction of alkaline metals on the working electrode when lithium/sodium counter electrodes are used.

Overall, our analysis confirms that all Pyr; ,TFSI have an electrochemical stability that is suitable
for application as electrolyte solvents in aprotic batteries (both Na- or Li-based). In fact, the typical
positive electrodes working potentials ranges between 3.5 and 4.5 V vs. Li [36] whereas negative
electrodes operate at potentials between 1.5 and few mV vs. Li (e.g., Li4TisO1, graphite) [37,38].

4. Conclusions

In this work, the analysis of the thermodynamic and physicochemical properties of the Pyr;  TFSI
(x = 1-8) ion pairs have been modeled in simulated solvent in order to mimic the properties of the
corresponding ionic liquids. DFT calculations have been performed to predict the structure of the ion
pairs, their dissociation thermodynamics, and electrochemical stability.

In summary, this study suggests to group this family of ionic pairs in two subgroups: short-chain
(X = 1-4) and long-chain (x > 5) ionic liquids based on the length of the lateral alkyl chain on the
methyl-pyrrolidinium cation. The volume on all ion pairs increases monotonically but cations and
anions are more distant passing from x = 1 to x = 4, whereas from x = 5 to x = 8, the ionic couple is
packed more efficiently. This nonmonotonic trend is likely driven by the delocalization of the negative
charge of the nitrogen atom on the pyrrolidinium cation with long alkyl chains. Similarly, the elongation
of the alkyl chains on the pyrrolidinium cations from x = 1 to x = 4 weakens the ionic interaction
resulting from a Gibbs energy of dissociation that increases from slightly negative to slightly positive.
On the oppositive, the closer packing of the ionic couple observed form longer alkyl chains (from x = 5
to x = 8) on the pyrrolidinium cation leads to slightly negative dissociation energy. On the contrary,
the electrochemical stability shows similar behaviors between short-chain and long-chain ion pairs.

Overall, this study suggests that the use of Pyr; TFSI ionic liquid with longer alkyl chains
compared to the typical Pyr; 4TFSI [9] may provide advantages due to the closer but weaker coupling
of the ionic pair in the liquid phase. Further analyses are in progress to extend the description of these
molecular systems while considering charged adducts (e.g., Pyr; N(TFSI); ™ or (Pyr; N)2TFSIT ) as well
as higher levels of theory including dispersion interactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/23/8552/s1,
Table S1: Atomic coordinates and Mulliken charges of the Pyr;  TFSI ion pair. Table S2: Atomic coordinates
and Mulliken charges of the Pyr; ,TFSI ion pair. Table S3: Atomic coordinates and Mulliken charges of the
Pyry 3TFSI ion pair. Table S4: Atomic coordinates and Mulliken charges of the Pyr; 4TFSI ion pair. Table S5:
Atomic coordinates and Mulliken charges of the Pyr; sTFSI ion pair. Table S6: Atomic coordinates and Mulliken
charges of the Pyr; ¢ TFSIion pair. Table S7: Atomic coordinates and Mulliken charges of the Pyr; ;TFSI ion pair.
Table S8: Atomic coordinates and Mulliken charges of the Pyr; gTFSI ion pair.
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