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ABSTRACT

Certain molten complexes of Li salts and solvents can be regarded as ionic liquids. In this study, the local
structure of Li" ions in equimolar mixtures ([Li(glyme)]X) of glymes (G3:triglyme and G4: tetraglyme)
and Li salts (LiX: lithtum  bis(trifluoromethanesulfonyl)amide  (Li[TFSA]), lithium
bis(pentafluoroethenesulfonyl)amide (Li[BETI]), lithium trifluoromethanesulfonate (Li[OTf]), LiBFa,
LiClO4, LiNO3, and lithium trifluoroacetate (Li[TFA]) was investigated to discriminate between solvate
ionic liquids and concentrated solutions. Raman spectra and ab initio molecular orbital calculations have
shown that the glyme molecules adopt a crown-ether like conformation to form a monomeric
[Lii(glyme)]" in the molten state. Further, Raman spectroscopic analysis allowed us to estimate the
fraction of the free glyme in [Li(glyme)]X. The amount of free glyme was estimated to be a few percent
in [Li(glyme)]X with perfluorosulfonylamide type anions, and thereby could be regarded as solvate ionic
liquids. Other equimolar mixtures of [Li(glyme)]X were found to contain a considerable amount of free
glyme, and they were categorized as traditional concentrated solutions. The activity of Li" in the glyme-
Li salt mixtures was also evaluated by measuring the electrode potential of Li/Li* as a function of
concentration, by using concentration cells against a reference electrode. At a higher concentration of Li
salt, the amount of free glyme diminishes and affects the electrode reaction, leading to a drastic increase
in the electrode potential. Unlike conventional electrolytes (dilute and concentrated solutions), the
significantly high electrode potential found in the solvate ILs indicates that the solvation of Li" by the
glyme forms stable and discrete solvate ions ([Li(glyme)]") in the molten state. This anomalous Li"

solvation may have a great impact on the electrode reactions in Li batteries.

KEYWORDS: Glyme, Raman spectra, solvate ionic liquids, electrode potential
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Raman spectra and electrode potentials corroborated that glyme-Li salt solvate ionic liquids consist of

crown-ether like complex cation and counter anion with few uncoordinated glyme molecules in the liquid

state.
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1. Introduction

Non-aqueous electrolytes based on ether solvents afford high solubility of Li salts and chemical
stability to lithium metal anodes, enabling their widespread use in lithium primary batteries.! Recent
developments in lithium ion batteries have resulted in the replacement of these ether solvents by carbonate
solvents, because of their incompatibility with graphite anodes and 4V-class cathode materials. However,
carbonate electrolytes undergo side reactions with the reaction intermediates of next generation batteries,
and hence new alternative electrolytes are required.”? The growing demand for high energy density
batteries such as Li-air and Li-sulfur systems have encouraged researchers to revisit ether-based
electrolytes.

Concentrated mixtures of oligo(ethylene glycol) dimethyl ethers (so-called glymes) and Li salts have
been a useful model for polyethyleneoxide (PEO)-based polymer electrolytes, in order to study their ionic
transport mechanism, correlated with the local coordination structure.> Stoichiometric mixtures often
formed crystalline complexes, and a variety of crystal structures of the solvates with different Li salts and
glymes have been determined.”” The glyme-Li salt complexes have also been investigated as small-
molecule solid electrolytes.!® ! Interestingly, some of these complexes even melt near room
temperature. '2

In recent times, these melts have also attracted attention as lithium conducting liquid electrolytes, as
aresult of their ionic liquid (IL)-like behavior. This was first pointed out by Pappenfus et al. for equimolar
mixtures of tetraglyme (G4) and lithium bis(trifluoromethanesulfonyl)amide (Li[TFSA]) or lithium
bis(pentafluoroethenesulfonyl)amide (Li[BETI]),"® and various IL-like properties such as high thermal
stability and low flammability, have since been verified.!* Moreover, the strong complexation with Li*
greatly improved the poor electrochemical oxidative stability of the glymes, which in turn allowed the
reversible charge-discharge of 4V-class Li-ion batteries.!> These molten complexes have been termed
‘solvate’ ILs, and are now recognized as a new generation of ILs in which the ligand molecules (glymes

in this study) strongly coordinate as a third species with the cation and/or anion of the salts.!s 7
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In an earlier work, we reported that low-melting glyme-Li salt equimolar complexes (abbreviated as
[Li(glyme)]X) with different Li salts (LiX) and triglyme (G3) or tetraglyme (G4) can be categorized in to
two types depending on the counter anion X: ordinal concentrated solutions and solvate ILs.'® In the
former, uncoordinated glyme was found to exist even in the presence of an equivalent amount of the Li
salt, while in the latter, ‘free’ glyme was undetectable, and all the glyme molecules participated in
complex formation. This classification of [Li(glyme)]X was based on their physicochemical properties in
the molten state. Diffusion measurements by the pulsed field gradient (PFG)-NMR method showed that
coupled translational motion of glyme molecules and Li" ions can be indicative of the long-lived complex
cation [Li(glyme)]", which is a requirement for solvate ILs.

A crown-ether like conformation of the complex cation [Li(glyme)]" was suggested for
[Li(G3)][TFSA] and [Li(G4)][TFSA], by ab initio molecular orbital calculations.'> However, the structure
of the [Li(glyme)]" complex has not yet been investigated in detail for [Li(glyme)]X in the melt. Here,
we studied the local structure of Li" ions in [Li(glyme)]X by Raman spectroscopy, in both liquid and solid
states, in order to validate the previous classification of [Li(glyme)]X as a solvate IL. Spectroscopic
analysis enabled us to estimate the amount of ‘free’ glyme in [Li(glyme)]X quasi-quantitatively.
Additionally, we show that the electrode potential of Li/Li" is strongly influenced by the presence/absence

of uncoordinated glyme molecules, as well as activity of Li* (or [Li(glyme)]") cation in the electrolyte.

2. EXPERIMENTAL SECTION

Materials. Purified glymes (water content < 50 ppm), triglyme (G3) and tetraglyme (G4), were kindly
supplied by Nippon Nyukazai Co., Ltd., and Li[TFSA] (battery-grade, water content < 50 ppm) was
obtained, courtesy of Solvay Chemicals. Battery-grade Li salts, Li[BETI], lithium
trifluoromethanesulfonate (Li[OTf]), LiBF4, and LiClO4, from Kishida Chemical Co., Ltd., were used as
received. The other Li salts, LiNOs3, lithium trifluoroacetate (Li[TFA]), and LiAsFs (from Sigma-Aldrich),

were dried under high vacuum at an elevated temperature prior to use. Equimolar glyme-Li salt mixtures
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were prepared by mixing appropriate amounts of the lithium salt and glyme in an Ar-filled glove box
(VAC, [H20] < 1 ppm). Typically, the lithium salt and glyme were mixed and magnetically stirred in a
vial, at 60 °C overnight. When necessary, the samples were further heated above their melting point for
several hours to ensure complete mixing. In this study, the glyme-LiX mixtures at 1:1 molar ratios are
referred to as [Li(glyme)]X (indicating the pair of [Li(glyme)]” cation and X anion), and does not
necessarily correspond to the actual chemical formulation in the molten state, whereas, it represents the
intended formula for the crystalline complexes. Because of low thermal stability of the Li salt,
[Li(G4)]AsFs was prepared by mixing equimolar amounts of G4 and LiAsFs in an acetonitrile solution,

followed by removal of the solvent under vacuum.

Measurements. The densities of the mixtures were measured by the SVM3000 viscometer (Anton Paar),
and the molar concentration of Li salt was calculated from the solution density. Raman spectra of the
samples were recorded using a 532 nm laser Raman spectrometer (NRS-4100, JASCO), which was
calibrated using polypropylene and polystyrene standards. The samples were sealed in a capillary tube,
and their temperature was adjusted to 30 + 0.1 °C (unless stated otherwise) using a Peltier microscope
stage (TS62, INSTEC) with a temperature controller (mk1000, INSTEC). Raman bands were analyzed
using the JASCO spectra manager program. When necessary, the intensity was normalized with respect
to the Raman band at 1400-1550 cm ™! (assigned to CH2 bending/scissoring mode),'® on the basis of the
concentration of glyme in the mixtures. The normalized spectra were deconvoluted by a Gaussian-
Lorentzian function for spectroscopic analysis.

Ionic conductivity was measured by the complex impedance method, in the frequency range of 500
kHz—-1 Hz with 100 mV amplitude (VMP3, Bio-Logic). Two platinum black electrodes (CG-511B, TOA
Electronics, cell constant =~ 1 ¢cm™') were dipped in the mixture, and the sample cell was thermally
equilibrated at each temperature for at least 30 min using a thermostat chamber.

The electrode potentials of Li/Li" for the sample electrolytes were measured by recording the

potential difference of a concentration cell between two Li metal specimens in the sample electrolytes,
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and in the reference electrode (Li/Li" in 1 mol dm > Li[TFSA]/G3). Vycor glass was used for the junction
between the reference electrolyte and the sample electrolytes. The potential was recorded using a VMP3
multi-potentiostat (Bio-Logic) at 30 °C in a thermostat chamber. Because the transference number of Li*
is approximately 0.5 in the glyme-Li salt mixtures,'?° the effect of junction potential was assumed to be
negligible in this experiment.

High-energy X-ray diffraction (HEXRD) measurements were carried out at 298 K, using the BL04B2
beam-line of SPring-8 at the Japan Synchrotron Radiation Research Institute (JASRI).?! 22 The sample
solvate IL was set in a cell made of 2 mm thick polyetheretherketone plates, with Kapton® films as an X-
ray window, hermetically sealed with Kalrez® O rings, and stainless steel cover plates. Monochrome 61.6
keV X-rays were obtained using a Si (220) monochromator. The observed X-ray intensity was corrected
for absorption®® and polarization. Incoherent scatterings®* were subtracted to obtain coherent scatterings,
Leon(Q), where Q represents a scattering vector Q = 4nsind/A (6 and A stand for the scattering angle, and
the wavelength of the X-ray, respectively). The X-ray structure factor S(Q) per stoichiometric volume

was obtained, according to

Icoh (Q)_anf;(Q)z +1

1
Qn.f(Q) @

S(Q)=

where n; and fi(Q) denote the number and the atomic scattering factor of atom 7,%° respectively. All data

analysis was carried out using the program KURVLR .2

Computational methods. The Gaussian 09 program was used for density functional theory (DFT)
calculations.?’” The basis sets implemented in the Gaussian program were used, and the geometries of
complexes were fully optimized at the B3LYP/6-311+G** level. Calculations were carried out at the same

level for vibrational analysis.

3. RESULTS AND DISCUSSION
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Coordination structure. Several crystalline solvates of equimolar glyme—Li salt mixtures, [Li(G3)]X or
[Li(G4)]X, have been reported by Henderson and coworkers.”” Their single crystal X-ray diffraction
studies have shown that the coordination structure of the complexes strongly depends on the glyme and
the counter anion X. [Li(G3)][OT{] forms arrays of helical chains of G3 molecules cross-linked by Li*
ions; each G3 molecule is associated with 2 Li" cations. Li* ions adopt a 5-fold coordination, and are
bonded to 1 oxygen atom from the [OTf] anion, and 4 oxygens from two G3 molecules. The same lithium
coordination environment was seen in other 1:1 complexes, such as crystalline [Li(G3)]ClO4, [Li(G3)]|BF4,
and [Li(G3)]AsFs.” In contrast to these complexes with a polymeric coordination ([Lin(G3)a]""), the
[Li(G3)][BETI] crystal consists of a monomeric [Li(G3)]" cation adopting a crown-ether (12-crown-4)
like conformation, and a [BETI] anion. In this complex, Li* is coordinated to four oxygen atoms from a
single G3 molecule and one oxygen atom from the [BETI]™ anion.’ Very recently, the crystal structure of
the low-melting [Li(G3)][TFSA] was reported”® as having a similar coordination structure to
[Li(G3)][BETI], with monomeric [Li(G3)]" cations. However, Li" is 6-fold coordinated, with four oxygen
atoms from a single G3 molecule and two oxygen atoms from a single [TFSA] anion. For G4-based
crystalline complexes, a double helix dimer composed of two Li" cations and two G4 molecules
([Li2(G4)2]*") has been found in [Li(G4)]AsFs.® Each Li" is coordinated to three oxygen atoms from each
G4 molecule (6-fold coordination), and the central oxygen atom of each G4 molecule coordinates to both
Li" cations. The AsFs anion does not participate in coordination.

Raman spectroscopy is a powerful technique for characterization of the coordination structures of
equimolar complexes, in solid and liquid state. For glymes, the Raman bands between 800 and 900 cm ™!
have been assigned to a mixture of modes for CHz rocking vibrations and C-O-C stretching vibrations.?*-
311t is known that a prominent band appears at 865-890 cm ™! upon complex formation with metal ions
(the so-called breathing mode).?> 3> 3 Therefore, the Raman spectrum in this region reflects the
coordination structure of the glyme-Li salt complexes. Raman spectra of the pure glymes and equimolar
mixtures of [Li(G3)]X and [Li(G4)]X are shown in Figure 1. Pure G3 and G4 showed very similar Raman

spectra with three bands at 809, 828, and 851 cm™!, with no visible bands in the range of 865-890 cm .
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These bands were attributed to the vibrations of different conformational sequences of the ethylene oxide
chains with trans (t), gauche plus (g), and gauche minus (g') arrangements. In this study, we did not focus
on the detailed assignments of the bands to the different conformations because of their complexity.>* *°

To determine the coordination structure of [Li(glyme)]X in the liquid state, the spectra were simply

compared to those in the solid state for which the single crystal structure is known.
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Figure 1. Raman spectra of (a) [Li(G3);]X and pure G3 and (b) [Li(G4),]X and pure G4 in the frequency range 800-900

cm L.

The spectra of solid [Li(G3)]ClO4 and [Li(G3)][OTf] are quite similar (Figure 1a) with two bands at
840 and 868 cm !, consistent with their identical structure possessing the helical (¢g'f)s conformation.’
Because the low-melting [Li(G3)][OTf] forms a relatively stable, supercooled liquid at 30 °C, we also
obtained the Raman spectrum of [Li(G3)][OT{] in the liquid state at the same temperature. As seen in
Figure 1a the spectral shape of [Li(G3)][OTf] changed upon melting, with the breathing mode shifting
slightly to a higher frequency and the appearance of a new band at 813 cm™!. These changes are indicative
of different coordination structures of [Li(G3)]" in the solid and liquid states. Raman spectra of another
crystalline complex [Li(G3)][BETI], and the liquid equimolar mixture [Li(G3)][TFSA] are also shown in

Figure 1a for comparison. The solid [Li(G3)][BETI] exhibits a very strong band at 873 cm™!, which was
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assigned to the breathing mode, along with weaker bands at 814, 838, and 850 cm™!. The spectra of liquid
[Li(G3)][TFSA] and [Li(G3)][OTHf] appear very similar to the solid [Li(G3)][BETI]. In addition, the
spectrum of [Li(G3)][OT{] is somewhat broader than the other mixtures, possibly due to a superposition
of the spectra of pure G3 and [Li(G3)][BETI]. This raises the possibility that a certain amount of G3
remains uncoordinated even in the equimolar mixture, [Li(G3)][OT{] melt.

Raman spectra of equimolar mixtures of [Li(G4)]X and pure G4 are shown in Figure 1b. Solid
[Li(G4)]AsFs and [Li(G4)]C104 exhibit four bands at 823, 839, 865, and 886 cm™'. The intense band at
886 cm ! was assigned to the rgt-tg't sequence of the double helix dimer [Li2(G4)2]*".* In liquid
[Li(G4)]ClO4 and [Li(G4)][TFSA], there is no band at 886 cm ™!, indicating the absence of the tgt-tg't
sequence in the liquid state. The spectra of these liquids were characterized by the four bands at 812, 835,
850, and 870 cm™'. Because only the double helix dimer [Li2(G4)2]*" has been reported for crystalline
[Li(G4)]X,® Raman bands of other possible structures such as a crown-ether like [Li(G4)]" were studied

by DFT calculations.>® %’
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Figure 2. The calculated Raman bands and the corresponding optimized geometries of (a) [Li(G3)]* and (b) [Li(G4)]" at

the B3LYP/6-311+G** level.

10
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The HF/6-311G** level optimized geometries for [Li(G3)]* ions'> and [Li(G4)]" ions,*” were used to
obtain initial geometries for the B3LYP/6-311+G** level geometry optimizations and vibrational analysis.
Figure 2 displays the optimized geometries and predicted Raman bands for the [Li(G3)]" and [Li(G4)]"
cations. We confirmed that the calculated Raman spectrum of [Li(G3)]" had an intense band at 874 cm™!
associated with weaker bands at 806, 833, and 846 cm™! (Figure 2a). These bands are quite similar to
those for experimental Raman bands of solid [Li(G3)][BETI] and liquid [Li(G3)]X with [TFSA] and
[OTf] . Therefore, we can conclude that the G3 molecules adopt a crown-ether like conformation to form
amonomeric [Li(G3)]" in these liquid mixtures. The predicted bands of [Li(G4)]" can be seen at 807, 810,
841, 851, and 873 cm ™! (Figure 2b). The resemblance between the experimental Raman bands of the
liquid [Li(G4)]X and the calculated Raman bands for [Li(G4)]" suggests that the G4 molecule is wrapped
around the Li" in a manner similar to the optimized geometry (Figure 2b inset) in the liquid state.

Compared to the polymeric and dimeric coordination structures found in the crystalline phases of
[Li(G3)]X and [Li(G4)]X, the monomeric form of [Li(glyme)]" would be energetically favorable in the
liquid state, due to a larger gain in the translational and rotational entropies. As a result, the complex

cations likely exist as the crown-ether-like monomeric [Li(glyme)]” in the liquid state.

Concentration dependence of Raman spectra. Solvation of Li" ions in the equimolar mixtures
[Li(glyme)]X is governed by competitive cation-anion and cation-solvent interactions. Therefore, one
may expect that a certain amount of the glyme remains uncoordinated in [Li(glyme)]X with an associative
Li salt, according to a simple equilibrium: LiX + glyme 2 [Li(glyme)]" + X". This was indeed suggested
by our previous classification of [Li(glyme)]X into solvate ILs and the concentrated solutions, based on
the diffusion measurements using PFG-NMR.!® The ratio of self-diffusion coefficients of glyme and
lithium (Da/DLi) was clearly higher than unity for the concentrated solutions ([Li(glyme)]X with a less
dissociative LiX). This was attributed to either a fast ligand exchange between the unstable [Li(glyme)]

cations, or the presence of free glymes that do not participate in the coordination of Li" ions. In contrast,

11
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Da/DLi was almost unity in solvate ILs ([Li(glyme)]X with a more dissociative LiX) suggesting the
presence of the long-lived [Li(glyme)]".

The difference in the amount of free glyme in [Li(glyme)]X can also be seen in the Raman spectra
normalized by the total concentration of glyme. Figures 3 a and b show the normalized Raman spectra
of equimolar mixtures of [Li(G3)]X and G3-Li[BETI] mixtures with different molar fractions of Li[BETI]
(XriBeTn) in the range of 800-900 cm™!, respectively. In Figure 3a, the spectral shape strongly depends
on the structure of the anion X. The spectra of [Li(G3)]X with an associative Li salt such as Li[OTf],
LiNO3, and Li[TFA], showed a lower intensity for the breathing mode at ~873 cm™!, and the higher
intensity of the bands in the range of 800-850 cm™!, compared to those for the solid [Li(G3)][BETI] in
which no free glyme exists. The change in the intensities of the bands of [Li(G3)]X appears to resemble
the spectral changes of the mixture of G3-Li[BETI] in Figure 3b. Upon the addition of excess glyme to
solid [Li(G3)][BETI], the intensity of the breathing mode at 873 cm ™! decreases significantly, whereas
the three bands at 809, 828, and 851 cm™! increase, accompanied by a small frequency shift. Therefore,
the presence of free G3 could be responsible for the lower intensity of the breathing mode and the higher

intensities of the bands in the range of 800-850 cm™ .

12
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Figure 3. Normalized Raman spectra of (a) [Li(G3)]X and (b) G3-Li[BETI] mixtures with different molar ratios of Li{BETI]

(XLiBETI).

In order to further elucidate the Li" ion species in [Li(glyme)]X, concentration dependent Raman
spectra of the G3-Li[BETI] mixtures (Figure 3b) were analyzed as model systems. Herein, the Raman
spectra were deconvoluted into four bands at around 810, 835, 850, and 873 cm!, by a Gaussian-
Lorentzian function. Typical results are shown in the Supplementary Information (Figure S1).
Concentration dependent Raman spectra of [Li(glyme)]X, and other G3-LiX and G4-LiX mixtures
(Figure S2) were also similarly analyzed.

Although the bands of the solid [Li(G3)][BETI] overlap with the three bands of pure G3 at 809, 828,
and 851 cm™!, the change in the intensities of the bands in the range of 800-850 cm ! can be ascribed to
the change in the concentration of the free G3 molecules associated with complex formation. Here, we
assumed the sum of the integral intensities of the three bands, /sso, /335, and Is10, to be the integral intensity
of the uncoordinated G3 band, /r, in the dilute region of Li[BETI] (i.e. I+ = Isso + Is35 + Is10). It is related

to the concentration of free G3 (cf) in the mixtures: Ir = Jicr, where Jr is the molar Raman scattering

13
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coefficient of free G3 molecules in this frequency range. Because cf = cc — ncLi,>® where n denotes the

solvation number of the Li" ion, we obtain the following relationship;

I /ey :Jf(cG/CLi_”) (2

(a)
B G3-LiBETI] mixture __,,""-l
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,I'E’
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Figure 4.Plots of It/ci; against cc/cy; for the bands in the range of 800—-850 cm™' of (a) G3-LiX mixtures and (b) G4-LiX

mixtures in the dilute region. The broken lines represent the best linear fitting by the equation I¢/cLi = J(cg/cLi—n).

In Figure 4, I/cLi was plotted against cc/cLi for G3-LiX and G4-LiX mixtures in the dilute region.
The plots yield a straight line, and Jr and » can be obtained from the slope and the intercept, respectively.
The n values for the mixtures are ~1, indicating that both G3 and G4 form a complex cation with Li" at
1:1 molar ratio in the dilute solution. In the concentrated region, the bands in the range of 800-850 cm!
could not be assigned to free G3 molecules because of the non-negligible band overlap. Nonetheless, the
solvation number 7 is also probably one in the concentrated mixtures on the basis of the reported crystal
structures and their Raman spectra, as discussed in the previous section.

Because the band at 873 cm ! was enhanced with increasing cLi, we expected that the linear

relationship between /373 and cii also holds as Is73 = Joncwi with the scattering coefficient of the bound

14
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glymes (Jv). However, the plot of /373 versus cLi had an intercept unlike the expected relationship (data
not shown). This suggests that vibrations of free G3 molecules also contribute in part to the band at 873
cm !, Thus /373 can be represented by contribution from both free (/s73) and bound (fs873) glymes as

Ty = Iiggy + Lgyy = JigysCr + sy 3)
where cv, Jig73 and Jos73 represent the concentration of bound G3 to Li” ions, and the molar Raman
scattering coefficients of the free and bound G3 for the band at ~873 cm™!, respectively. In dilute solutions,
from the relations c» = ncui, cf = cé—ncLi and n ~1, we obtained the relation between Is73, ¢ and cLi as

follows:

1873/CG =Jrgrs + (Jogrs — Jf873)CLi/CG “4)
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Figure 5.Plots of Is73/cG against cri/cg for the bands at ~873 cm™! of (a) G3-LiX mixtures and (b) G4-LiX mixtures. The dotted
lines represent the best linear fit by the equation /z73/cG = Jis73 + (Jog73—J1873)cLi/cG for the data of G3-Li[BETI] and G4-Li[BETI]

mixtures.
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As can be seen in Figure 5, the plot has a linear relationship in the dilute region, and Jis73 and Jvs73
can be estimated from the slope and the intercept, according to Eq. 3. In Figure 5a, the values of /s73/cG
are lower for the G3-Li[OTf] mixtures, and level off at higher cLi/cc for the G3-Li[BETI] and G3-
Li[TFSA] mixtures. This is either due to the generation of free glymes, or the simple decrease in the value
of Raman scattering coefficient of [Li(glyme)1]” (Jos73). Although we could not clarify which factor is
predominant, both are attributed to the pronounced cation-anion (Li-X) interactions. Here we assume that
Jm73 and Jbs73 obtained from the most dissociative G3-Li[BETI] and G4-Li[BETI] mixtures in the dilute
region are constant, independent of the composition of the mixture, and they reflect the ideal Jis73 and
Jog73 of pure G3 and [Lii(G3)1]", respectively, without any contribution from the counter anion. We can

then estimate cr in the equimolar 1:1 mixture Li[(glyme):1]X, by replacing cb with cc—cf in Eq. 2:

C = (1873 —Jos7iCs )/(Jf873 - Jb873) (5
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Figure 6. Estimated percentages of free glyme (ci/cg) in equimolar molten mixtures [Li(glyme);]X at 30 °C.

Figure 6 illustrates the estimated fraction of uncoordinated glyme molecules (ct/cG) in [Li(glyme)]X.
The percentage of free glyme increases with increasing cation-anion (Li-X) interactions characterized by
Lewis basicity (or an electron-pair donating ability) of the anions,* and/or calculated Li-X ion-pair
dissociation energies:*’ [BETI] < [TFSA] < Cl04< BF4< [OTf] < NO3< [TFA]. The fraction of free glyme

was found to be only a few percent in [Li(glyme)]X with [TFSA] and [BETI] anions, confirming that they
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mostly consist of the complex cation [Li(glyme)]"” and the counter anions. Therefore, they can be deemed
as solvate ILs. The other equimolar mixtures of [Li(glyme)]X contain non-negligible amounts of free
glymes (>10 %), and should be categorized as ordinary concentrated solutions or poor solvate ILs.!” These
results are generally consistent with the previous classification of [Li(glyme)]X into the two categories
based on their diffusivity ratios (Dc/Dvi). Indeed, we could confirm that there is a good correlation
between the percentage of free glymes determined by Raman spectra, and the Dg/DLi obtained from the
dynamic properties in the NMR time scale of ~10 ms (Figure 7). In a previous report, [Li(G4)]ClO4 was
regarded as a solvate IL from its Da/DuLi value of 1.06. However, [Li(G4)]ClO4 was found to contain
~20 % of free glyme from Raman spectroscopic analysis, and it should be categorized as a concentrated

solution or a poor solvate IL.

Al —o— [LI(G3)]X
—o— [Li(G4)]X

w
T

Diffusivity ratio, Dg/Dy;
L~

0 20 40 60 80 100
% of free glyme, G/cg

Figure 7. Plots of the diffusivity ratio against the estimated fraction of free glyme (c¢/cc) in [Li(glyme)]X. The diffusivity ratio

data were obtained from ref. 18. The horizontal dotted line indicates Dg/Gr; = 1.

HEXRD measurements.

The local structure of Li" in some solvate ILs was further studied by HEXRD measurements. Figure
8a shows the experimental X-ray structure factors for [Li(G3)][TFSA] and [Li(G4)][TFSA] at 0 <3.0 A~
!, Two intense peaks that are characteristic of the [TFSA]-based ILs*® were observed at ~0.8 and 1.5 A~!
for both solvate ILs. Additionally, the X-ray structure factors for the two solvate ILs clearly differ from
each other, suggesting that the local structure of Li" and/or its long range ordering are noticeably different.

From the figure it is clear that both peak positions for [Li(G3)][TFSA] are slightly smaller than those for
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[Li(G4)][TFSA], indicating that larger Li-solvated clusters exists in the former. In addition, these two
peaks have higher intensities for [Li(G3)][TFSA] than [Li(G4)][TFSA], suggesting that more of the larger
Li-solvate clusters exist in [Li(G3)][TFSA], and the experimental values of S(Q) indicate that the
formation of contact ion-pairs (CIPs) (such as [Li(glyme)][TFSA] and/or [Li(TFSA):]") is greater in
[Li(G3)][TFSA]. Though the discussion is rather speculative, greater CIP formation in [Li(G3)][TFSA]
is consistent with the Raman results.?’ MD simulations based on the improved force fields qualitatively
reproduced the experimental S(Q) as shown by Figure 8b. A more detailed analysis of the MD simulations,
such as pair distribution functions and coordination numbers, has been discussed elsewhere.*! MD
simulations have shown that Li" was coordinated by all four oxygen atoms from G3 and one oxygen atom
from [TFSA] in [Li(G3)][TFSA]. On the other hand, the coordination number of oxygen atoms of G4
was about 4.5 and that of [TFSA] was 0.5 in [Li(G4)][TFSA]. This suggests greater CIP formation in

[Li(G3)][TFSA] than [Li(G4)][TFSA], which agrees with the interpretation of the experimental data.

() )
1.024 G3 1.024
G4
~ 1.001 1.004
=)
=
0.981 0.981
00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0

o/A" 0/A"

Figure 8 Experimental (a) and simulated (b) X-ray structure factors for the LITFSA-G3 (black) and LiTFSA-G4 (red) 1:1

solvated ionic liquids. Simulated one was evaluated from MD trajectories at 303 K.
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Electrode potential.

The activity (or activity coefficient) of solvated ions has been studied for electrolyte solutions, and

t.*> According to the equilibrium reaction, Li*

are strongly dependent upon the ion solvation environmen
+e 2 Li, the electrode potential of Li metal (E1) is associated with the activity of Li" (aLi+) by the Nernst

equation:

E =E +%10gaLi+ (6)

where E1° is the standard electrode potential, R is the gas constant, T is the absolute temperature, and F is
the Faraday constant. In this respect, elucidation of the electrode potential of Li/Li" in highly concentrated
[Li(glyme)]X is of great interest. Similar to a previous report,*> we found that the electrode potential in
the G3-Li[TFSA] mixtures increases drastically in the region of high concentration (cLi > 1 mol dm>),
and was ~200 mV higher in the equimolar composition of [Li(G3)][TFSA] with respect to the reference
electrode (Li/Li* in 1 mol dm™ Li[TFSA]/G3). Figure 9 shows the concentration dependence of the

electrode potential in the glyme-LiX mixtures with different anionic structures at 30 °C.

(a) 03 (b) 2.3
P2 1:1 —¥— G4-Li[BETI] mixture 14
% —¥— G3-Li[BETI] mixture Py —8— G4-Li[TFSA] mixture ' 1:1
@ 021 | —m— G3-LTFSA] mixture £ 02 | —a— G4-LiCIOs mixture
!3 —&— G3-Li[OTf] mixture 5 —&8— G4-Li[OTf] mixture
= o1f 1| 2 01}
& £
'+ = 1:1
) = =
S 00r S 00
] = L
=01 < -0.1
5 3
n? [+
0.2 L . 1 L . L L . L . 02 1 1 1 1 1 1
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Figure 9. Plots of the Li/Li* electrode potential against common logarithm of the Li salt concentration in (a) G3-LiX mixtures
and (b) G4-LiX mixtures at 30 °C. The reference electrode was Li/Li* in 1 mol dm™> Li{TFSA]/G3. Open symbols represent

the calculated electrode potential of Li/Li" on the basis of Eq. 6 and ¢ obtained from the Raman spectroscopic analysis.
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If the activity azi+ is replaced by the concentration cLi, Eq. 5 rationalizes the linear change in the
potential against log cti in the dilute region below 1 mol dm>. However, the electrode potential exhibits
non-linear increases at cLi > 1 mol dm™ (log cLi > 0) for the other glyme-LiX mixtures, as well as the G3-
Li[TFSA] mixtures. To interpret this remarkably high potential, we assumed a more detailed equilibrium
reaction at the Li metal electrode, which takes into account the solvation/de-solvation processes of the

glyme molecules: [Li(glyme)]" + e~ & Li + glyme.* The electrode potential (E2) can be written as:

E,= E§ + 2'3(?RT log HLicelymey 1

(7)
aglyme

where E2° is the standard electrode potential, aLicglyme)}+ and aglyme are the activities of [Li(glyme)]" and
free glyme, respectively. In this equation, the logarithm diverges to an infinitely high value if aglyme was
zero. In the concentrated regime where the amount of free glyme was very small, Eq. 7 is likely to account
for the non-linear increase and the remarkably high electrode potential.

A study of the anionic dependence of the glyme-LiX mixtures revealed that the electrode potential
was higher for more dissociative anions over the whole concentration range, and the order of the anions
for the electrode potential is consistent with the order of the cation-anion (Li-X) interactions: [BETI] ~
[TFSA] > ClO4 > [OT{]. At lower concentrations, the lower electrode potential for the glyme-Li[OTf]
mixtures can be ascribed to the lower degree of dissociation of the Li salt (i.e. the low value of avi+).
Indeed, the ionic conductivity of the G3-Li[OTf] mixtures was much lower than that of the G3-Li[TFSA]
mixtures (Figure S3). The difference in the electrode potentials of the mixtures with dissociative and
associative Li salts, is more pronounced at higher concentrations, probably due to the difference in both
a[Li(glyme)]+ and aglyme as indicated by Eq. 7.

To examine the modified equilibrium reaction in the concentrated regime (cri > 1 mol dm™), the
electrode potential > was estimated using Eq. 7. Here a[Li(glyme)1+ Was assumed to be equal to cLi, and aglyme
was substituted by cf which was determined from the Raman spectroscopic analysis (previous section). In
the dilute solutions (cLi < 1mol dm™), we also assume that a[Lilyme)}+ = cLi and @glyme = cG—cLi for the

calculation of E> using Eq. 7. The detailed procedure is described in the Supplementary Information. As
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shown in Figure 9, the non-linear increase in the electrode potential at higher concentrations was
demonstrated by the estimated E> for the G3-Li[ TFSA] mixtures (open squares in Figure 9a). In addition,
the estimated E> for [Li(glyme)]X with different anions explains the difference in the electrode potentials
among [Li(glyme)]X. The agreement of the estimated E2 with the experimental values indicates that the
amount of free glyme is the crucial factor for the electrode potential of Li/Li* in the concentrated regime.
Conversely, the fraction of free glyme in [Li(glyme)]X was estimated (Table 1) from the experimental
E> values on the basis of Eq. S2, where the activities ajLiglyme);+ and aglyme were replaced by the
corresponding concentrations and the Imol dm™ Li[TFSA]/G3 solution was defined as the reference.
While we could not compare the exact values obtained from these two methods, the dependence of ionic
structure on cf/cc was qualitatively consistent between the calculations, and we could conclude that free

glyme scarcely exists in the solvate ILs (such as [Li(G3)][TFSA], [Li(G4)][TFSA] and [Li(G4)][BETI)).

Table. 1 The fraction of free glyme (cf/cg) in [Li(glyme)]X estimated by Raman spectroscopy and Li/Li* electrode

potential.

cilcg (%) cilcg (%)
from Raman spectroscopy | from Li/Li* electrode potential
[Li(G3)][TFSA] 23 0.057
[Li(G3)][TfO] 30 53
[Li(G4)][BETTI] 0.78 0.16
[Li(G4)][TFSA] 24 0.29
[Li(G4)]CIO4 20 8.2

The electrode potential of Li/Li" in the solvate ILs containing an infinitesimal amount of free glymes
(such as [Li(G3)][TFSA], [Li(G4)][TFSA], and [Li(G4)][BETI]), was significantly higher than the
potential in the 1 mol dm™ Li[TFSA]/G3 reference solution. This suggests that Li" (or [Li(glyme)]") is
thermodynamically less stable in the solvate ILs than in the reference solution, even though the solvate
ILs were found to be highly dissociated (i.e., high ionicity).!® This specific Li" solvation environment in

the solvate ILs could also be the difference from the concentrated solutions such as [Li(G3)][OTf].

21



Physical Chemistry Chemical Physics Page 22 of 25

4. CONCLUSIONS

In this study, we investigated the solvation of Li" in [Li(glyme)]X with different anionic structures,
by Raman spectroscopy and ab initio molecular orbital calculations. While crystalline complexes of
[Li(glyme)]X have various Li" coordination structures, including polymeric, dimeric, and monomeric
complex cations, depending on the glyme and anionic structure, the crown-ether like [Li(glyme)]
complex cation was dominantly formed in the molten [Li(glyme)]X owing to a larger gain in the
translational and rotational entropy upon melting. We estimated the concentration of the uncoordinated
glymes in molten [Li(glyme)]X, which were generated through the equilibrium reaction LiX + glyme 2
[Li(glyme)]” + X". Only a very small amount of free glyme was discernible in the [Li(glyme)]X with
[TFSA] or [BETI], and thereby they could be classified as solvate ILs. On the other hand, [Li(glyme)]X
with other anions was found to contain >10 % of free glymes, and their percentages increased when
combined with more associative anions. These results corroborate our previous categorization of
[Li(glyme)]X into solvate ILs.'"® The X-ray structure factors indicated that CIP formation was more
pronounced in [Li(G3)][TFSA] than in [Li(G4)][TFSA]. In addition, we demonstrated that the
concentration of free glyme in [Li(glyme)]X influenced the electrode potential of Li/Li". The lower
activity of free glyme (aglyme) in the solvate ILs leads to a higher electrode potential (by about 200 mV)
than that in the 1 mol dm > Li[TFSA] reference solution. This suggests that the Li" solvation environment
is energetically more unstable in the solvate ILs despite the dissociation into [Li(glyme)]" and X ™. The
frustrated Li" solvation, along with the low activity of free glyme are responsible for the specific electrode

reactions in the solvate IL-based electrolytes for Li batteries such as graphite anode* and sulfur cathode.**
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