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ABSTRACT.  We prepared a series of binary mixtures composed of certain K salts (KX) and 

pentaglyme (G5) with different salt concentrations and anionic species ([X]−: [(CF3SO2)2N]− = [TFSA]−, 

[CF3SO3]
− = [TfO]−, [C4F9SO3]

− = [NfO]−, PF6
−, SCN−), and characterized them with respect to their 

phase diagrams, solvate structures, and physicochemical properties. Their phase diagrams and thermal 

stability strongly implied the formation of equimolar complexes. Single-crystal X-ray crystallography 

was performed on certain equimolar complexes, which revealed that G5 molecules coordinate to K+ 

cations in a characteristic manner, like 18-crown-6 ether in the crystalline state, irrespective of the 

paired anions. The solvate structures in the molten state were elucidated by a combination of 

temperature-dependent Raman spectroscopy and X-ray crystallography. A drastic spectral variation was 

observed in the [K(G5)1][TfO] Raman spectra, indicating that solvate structures in the crystalline state 

break apart upon melting. The solvate stability of [K(G5)1]X is closely related to the ion–ion interaction 

of the parent salts. A stable solvate forms when the ion–dipole interaction between K+ and G5 

overwhelms the ion–ion interaction between K+ and X−. Furthermore, the physicochemical properties of 

certain equimolar mixtures were evaluated. A Walden plot clearly reflects the ionic nature of the molten 

equimolar complexes. Judging from the structural characteristics and dissociativity, we classified 

[K(G5)1]X into two groups, good and poor solvate ionic liquids. 

 

KEYWORDS: solvate ionic liquids, glyme-K salt binary mixtures, solvate structures, physicochemical 

properties 
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1. INTRODUCTION 

Recently, the subclasses of ionic liquids (ILs) has gradually broadened owing to the emergence of 

various characteristic IL analogs.1–9 They possess rather remarkable features which makes 

understanding these complicated systems important. Among them, solvate ILs are a particularly 

significant class because of their potential for widespread application.9–17 The term “solvate ILs” was 

first proposed by Angell according to the following definition: ILs where ligand molecules, as a third 

component, strongly coordinate to the cations and/or anions, thereby forming robust complex ions.18 

Because solvate ILs can involve various metal cations as component ions by complexation of salts with 

appropriate ligands, they are promising substances in diverse areas of materials science. 

One of the representative solvate ILs is glyme-Li salt equimolar complexes. We have reported that 

equimolar mixtures of certain Li salts and glymes (CH3O(CH2CH2O)nCH3) are in the liquid state at 

ambient temperature and behave like typical aprotic ionic liquids.8,9,19 Systematic studies on the glyme-

Li salt mixtures identified their characteristic features. Complexation of Li+ ions with glymes 

considerably enhances their oxidative and thermal stability, and results in anomalous solubility.8,9,12,13,20 

The ionic nature of the equimolar mixtures is dominated by the Lewis basicity of the paired anion 

species.21 Glyme length also significantly impacts the solvate stability of complex cations in the 

electrolyte.22,23 These studies, and subdivision of solvate ILs based on their structural stability, are 

summarized in our recent perspective article.24 Many researchers have also reported the fundamental 

properties and possible applications of solvate ILs. Brouillette’s and Henderson’s groups previously 

performed pioneering work on the phase diagrams and solvate structures of a series of glyme-Li salt 

mixtures.25–30 Theoretical calculations of equimolar glyme-alkali metal salts have been performed to 

obtain stable solvate structures.31,32 Bruce et al. reported the selective ion transport behavior in glyme-

LiAsF6 complex-based solid electrolytes.33,34 The first use of glyme-Li solvate ILs was as an alternative 

electrolyte for Li-secondary batteries. Owing to their remarkable properties mentioned above, solvate 
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ILs have proved to be fascinating electrolytes in Li-secondary batteries with a variety of cathodic and 

anodic materials.10–13,35,36 

On the basis of the similarity of the chemical nature among congeners, an appropriate combination of 

glymes and other alkali-metal salts should potentially form solvate ILs. Previously, we revealed that 

certain equimolar mixtures, composed of appropriate glyme and alkali metal salt paired with the 

[TFSA]− anion, can be classified as solvate ILs.23 Glyme-Li and glyme-Na systems with equimolar 

mixtures of ClO4
− or other imide anions can also be referred to as solvate ILs.21,37 However, the border 

for the K-glyme system is still unambiguous. To this end, we herein studied a series of glyme-K salt 

binary mixtures with respect to their phase diagrams, solvate structures, and physicochemical properties. 

A variety of K salts paired with different anions, such as bis(trifluoromethanesulfonyl)amide 

([(CF3SO2)2N]− = [TFSA]−), trifluoromethanesulfonate  ([CF3SO3]
− = [TfO]−), 

nonafluorobutanesulfonate ([C4F9SO3]
− = [NfO]−), hexafluorophosphate (PF6

−), and thiocyanate (SCN−), 

were selected as the parent salts to investigate the anionic (Lewis basicity) effect on the characteristics 

of the complexes. On the basis of the preferential coordination number and high affinity of 18-crown-6 

ether with K+ cations,38–41 these K salts were complexed with pentaglyme (G5), in which six oxygen 

atoms are involved within a single molecule, hereafter abbreviated as [K(G5)n]X based on the molar 

ratio of the K salt and G5. 

Phase diagrams provide significant information about the binary mixtures that form complexes at 

certain molar ratios. From these diagrams, the stable complex compositions were examined. The solvate 

structures of the 1:1 complexes, [K(G5)1]X, in the crystalline state were revealed by single-crystal X-ray 

structure analyses. By comparison with the solvate structures with different cationic and anionic 

components, the correlation between the solvate structures and the constituents of the complexes was 

elucidated. With the results of X-ray structure analyses and the Raman spectra, the “liquid state” solvate 

structure and the coordination structure of the mixtures and 1:1 complexes were examined. Furthermore, 

various liquid properties of equimolar liquid molten mixtures were investigated. Based on the structural 
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characteristics and physicochemical properties, we considered whether a series of [K(G5)1]X can be 

categorized as solvate ILs. 

 

2. EXPERIMENTAL SECTION 

Materials.  K[TFSA], K[TfO], K[NfO], KPF6, KSCN, and 18-crown-6 ether were purchased from 

Wako Chemical. All the K-salts were dried under high vacuum at 80 ºC for 36 h, and stored in an Ar-

filled glove box before use. G5 was supplied by Nippon Nyukazai and used as received. The residual 

water content in G5 measured by Karl-Fischer titration was less than 30 ppm. A series of G5-K salt 

binary mixtures [K(G5)n]X, with molar ratios in the range n = 0.8–9 (mole fraction x = 0.10–0.55), were 

prepared by mixing stoichiometric K salts and G5 in the Ar-filled glove box. The mixtures were heated 

to 60 ºC and stirred for 24 h to achieve complete mixing. Equimolar mixtures consisting of 18-crown-6 

ether and K salts, abbreviated as [K(18C6)1]X, were also obtained by mixing appropriate quantities of 

each in the glove box. Owing to the high melting point of the resulting complexes, these crown-ether 

based complexes were prepared by addition of parent salts into the 18-crown-6 ether/acetone solution, 

followed by solvent removal under vacuum. 

Measurements.  The thermal properties such as melting point (Tm), solid-solid transition temperature 

(Ttr), glass transition temperature (Tg), and other thermal transition temperature (Tx), were determined by 

differential scanning calorimetry (DSC; DSC6220 or DSC7020, Seiko). The samples were hermetically 

sealed in aluminum pans in the glove box. The samples were scanned under a nitrogen atmosphere at a 

heating rate of 5 or 10 ºC min−1 over a temperature range from −100 to 100 ºC. The sample pans were 

cooled/annealed repeatedly to achieve complete crystallization of the complexes. The peak tops of the 

endothermic peaks were taken as Tm, Ttr, and Tx. The onset in heat capacity change was taken as Tg. To 

estimate the temperature dependent thermal stability of the mixtures, a thermogravimetry (TG) 

measurement was performed with a TG/TDA 6200 (Seiko) from room temperature to 500 ºC at a 

heating rate of 10 ºC min−1 under a nitrogen atmosphere. The thermal decomposition temperature (Td) 
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was defined as the temperature at 5% loss of weight. For the 1:1 mixtures, the temperature dependences 

of the liquid density, viscosity, and ionic conductivity were estimated in the temperature range of 40–80 

ºC. The liquid density and viscosity were determined using a SVM3000 (Anton Paar). The ionic 

conductivity was measured using the complex impedance method in the frequency range of 13×106−5 

Hz with a sinusoidal alternating voltage amplitude of 10 mV root-mean-square (rms) (4192A, Hewlett 

Packard). The cell constants for the lab-made cells with two platinum black electrodes were determined 

in a 0.01 M KCl aqueous solution at 25 ºC. The platinum black electrodes were dipped in the mixture, 

and the sample cell was thermally equilibrated at each temperature for at least 60 min using a thermostat 

chamber. 

Raman spectra measured with a portable Raman system (RMP-330, Jasco) were excited by a 532 nm 

solid-state laser. The resolution of the apparatus was ca. 2 cm−1. Raman spectra of all mixtures were 

measured in the range of 1570 to 370 cm−1 at ambient temperature (22±2 ºC). For equimolar complexes, 

[K(G5)1]X, Raman spectra at 20, 50, and 80 ºC were collected using a hot stage with a temperature 

controller (mK1000, Instec) to examine the coordination environment of the complexes in the liquid 

state. All Raman spectral bands were analyzed for different compositions at different temperatures, and 

suitable spectra ranges were used to analyze the variation of the Raman shift and wave shape attributed 

to representative vibrational modes of each component:30,42–51 glyme, from 900 to 780 cm−1; [TFSA], 

from 760 to 720 cm−1; [TfO], from 1060 to 1000 cm−1; [NfO], from 1040 to 1000 cm−1; PF6, from 760 

to 720 cm−1; and SCN, from 770 to 710 cm−1. 

Suitable crystals of [K(G5)1][TfO], [K(18C6)1][TfO], [K(18C6)1]PF6, and [K(18C6)1]SCN for single-

crystal X-ray diffraction were obtained by slow condensation of dilute solutions. The crystallization 

conditions have almost no effect on the resulting crystal structures. Each single crystal was mounted on 

a glass pin coated with a minimal amount of perfluoro ether oil to avoid adsorbing moisture and cooled 

to −100 ºC by a stream of nitrogen gas. Crystal evaluations and data collections were performed with a 

Rigaku Mercury70 diffractometer using graphite monochromated Mo-Kα radiation. The structures were 

solved by direct methods SIR9252 and refined by full-matrix least-squares SHELXL-97.53,54 Non-
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 7

hydrogen atoms were refined anisotropically, and hydrogen atoms were included in their ideal positions. 

All calculations were performed using the crystallographic software package.55 

Calculations.  The Gaussian 03 program56 was used for the ab initio molecular orbital calculations. 

The geometries of ion pairs were fully optimized at the HF/6-311G** level. The intermolecular 

interaction energies (Eint) were calculated at the MP2/6-311G** level by the supermolecule method.57,58 

The basis set superposition error (BSSE)59 was corrected for all the interaction energy calculations using 

the counterpoise method.60 The stabilization energy for the formation of ion pairs from isolated ions 

(Eform) was calculated as the sum of Eint and the deformation energy (Edef), which is the increase of 

energy of anions by deformation of the geometry associated with the ion pair formation.61 The Edef was 

calculated at the MP2/6-311G** level. 

 

3. RESULTS AND DISCUSSION 

3.1 Phase diagrams and thermal properties 

Phase diagrams: Figure 1 illustrates the phase diagrams for the binary mixtures of G5 and a series 

of K salts with [TFSA]–, [TfO]–, [NfO]–, PF6
–, and SCN– anions. The diagram for G5-K[TFSA] is 

reproduced from ref. 23. Except for the G5-KPF6 systems, the diagrams showed similar patterns. The Tm 

minima appeared at KX mole fractions of x = 0.1–0.25 (n = 9–3). Further addition of K salts into the 

mixtures elevates Tm, and consequently, Tm reached a maximum at 1:1 composition. These results 

strongly suggest the formation of 1:1 complexes [K(G5)1]X. For the mixtures with [TFSA]−, [NfO]−, 

and SCN− anions, only the Tg was observed in the composition range of x = 0.25–0.4 (n = 3–1.5), the so-

called crystallinity gap. It is well known that [TFSA]− and [NfO]− anions can possess diverse 

conformations62,63 and an SCN− anion can coordinate to a K+ cation in the thiocyanate (K–SCN) and 

isothiocyanate (K–NCS) forms.51 These anionic structural aspects probably prevent mixtures from 

crystallizing. 
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 8

 

Figure 1. Phase diagrams of [K(G5)n]X paired with [TFSA]−, [TfO]−, [NfO]−, PF6
−, and SCN− anions as a function of 

mole fraction of K salts. The symbols in the figure indicate Tm (closed circles), Ttr (closed triangles), Tg (closed 

squares), and Tx (closed argyles, crosses). Solid and dotted lines are a guide to the eye. 

 

 As shown in the DSC curves (Figure S1), the peaks observed before melting for pure G5, 

[K(G5)9][TFSA], and [K(G5)9][NfO] were probably due to the solid-solid transition (Ttr) of G5. For the 

[K(G5)n][TFSA] system, some endothermic peaks were observed at −15, −5, and 5 ºC before melting in 

the range of x = 0.4–0.55 (n = 1.5–0.8). These peaks were largest in the [K(G5)1][TFSA], suggesting 

that they arise from certain thermal events related to the phase transition of [K(G5)1][TFSA]. The DSC 

measurements were performed repeatedly on these samples, and the results were reproducible. As 

illustrated in Figure 1, the G5-KPF6 binary mixtures show a peculiar diagram distinct from the others. 

The Tm values of [K(G5)1.5]PF6 and [K(G5)2]PF6 are nearly equal to that of [K(G5)1]PF6, and these 

mixtures (and also more diluted systems) show thermal transitions due to G5 simultaneously. 
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Interestingly, the solid constituents precipitated from solution by storing certain diluted mixtures (1 < n 

< 4) for a few days at room temperature. These results imply a low affinity of [K(G5)1]PF6 for G5, and 

this is why the phase transitions of both [K(G5)1]PF6 and pure G5 appear in the binary mixtures 

involving excess G5. Additional phase transitions, other than the aforementioned thermal events, were 

also observed in the range of x = 0.25–0.55 (n = 3–0.8) at ca. −10 ºC. The largest peak was observed in 

the [K(G5)2]PF6 curve (Figure S1). Although the single phase has not been isolated, this result suggests 

the presence of a metastable 2:1 phase (n = 2) other than the equimolar complexes. The complicated 

peaks observed before melting for the mixtures are plotted in Figure 1 as Tx. 

Thermal properties: The Tm values of [K(G5)1]X are listed in Table 1. In comparison with the 

corresponding 18-crown-6 ether-K salt binary systems, all [K(G5)1]X equimolar mixtures possess 

relatively low Tm below 100 ºC (the Tm of [K(18C6)1][TFSA] is 162.9 ºC). Higher conformational 

flexibility of G5 compared to 18-crown-6 ethers causes a larger entropy change through melting, ∆Sm, 

and thus, Tm of the resulting complexes becomes lower (Tm = ∆Hm/∆Sm, ∆Hm is the enthalpy of fusion). 

Interestingly, as well as typical ILs with onium cations,64–66 the anionic structure strongly influences the 

Tm values of [K(G5)1]X. It has been reported that the interionic interaction between parent cations and 

anions affects the Tm of glyme-Na complexes.37 That interaction is closely related to the stabilization 

energy of ion pair formation, Eform, for parent salts. Ab initio quantum calculations were performed to 

yield the Eform of the studied parent K salts. The optimized structures of these salts are included in the 

Supporting Information (Figure S2). The calculated Eform values were −102.1, −105.6, −101.1, −103.6 

and −103.8 kcal/mol for KPF6, K[TfO], K[TFSA], KSCN, and K[NfO], respectively, indicating that the 

order of the calculated Eform is inconsistent with the Tm order: [K(G5)1]PF6 > [K(G5)1][TfO] > 

[K(G5)1][TFSA] > [K(G5)1]SCN > [K(G5)1][NfO]. This result suggests the presence of other 

significant factors that determine Tm. The Tm values of typical imidazolium-based ILs are influenced not 

only by interionic interactions but also conformational flexibility of component ions and packing 

structures in the crystalline state.67–69 Conformational flexibility due to long fluoroalkyl chains within 

the [NfO]− anion and multiple coordination structures caused by an SCN− anion possibly lead to an 
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 10

unexpectedly low Tm of [K(G5)1][NfO] and [K(G5)1]SCN. On the other hand, the Tm value of 

[K(G5)1][TfO] was lower than [K(G5)1]PF6 even though the Eform of K[TfO] is larger than that of KPF6. 

The cause of this phenomenon will be discussed in the next section. 

 

Table 1. Melting points (Tm) and thermal decomposition temperature (Td) for the studied [K(G5)1]X and pure G5. 

Sample Tm / ºC Td / ºC 

Pure G5 −17.0 162 

[K(G5)1][TFSA] 35.9 220 

[K(G5)1][TfO] 39.6 177 

[K(G5)1][NfO] 8.6 190 

[K(G5)1]PF6 47.9 176 

[K(G5)1]SCN 34.1 180 

 

From the thermal stability measurements, we can judge whether the binary mixtures of G5 and K 

salts form stable complexes or not. The thermal stability of different composition of [K(G5)n]X was 

evaluated by TG, and the TG curves were included in the Supporting Information (Figure S3). Like the 

glyme-Li and glyme-Na salt systems,19,37 the thermal stability of mixtures improves with increasing salt 

concentration. It should be noted that mass loss in these systems occurs by evaporation of uncoordinated 

(or highly exchangeable) glyme molecules. Interestingly, although DSC results suggest the presence of 

metastable phases, a corresponding stepwise mass change could not be observed in the TG curves of 

dilute mixtures containing excess glyme. These results strongly suggest exceptionally high thermal 

stability of [K(G5)1]
+ complex cations. 

Differences in the thermal decomposition temperature (∆Td) between [K(G5)1]X and pure G5 are 

shown in Figure 2. The thermal stability of [K(G5)1]X strongly depends on the paired anion species. 

[K(G5)1][TFSA] was stable up to 200 ºC (Table 1). [K(G5)1][NfO] was also relatively stable, whereas 

the ∆Td values of the other equimolar complexes were lower. These results suggest that the interaction 

between K+ cations and anions (K+–X−) affects the interaction between K+ cations and glymes (K+–
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glyme). Because the K+–X− interaction screens the positive charge on K+ cations, stronger K+–X− 

interactions leads to weaker ion dipole (K+–glyme) interactions. As mentioned before, the Eform of the 

parent salts (K+–X− interaction) is in the order as follows: K[TfO] > K[NfO] > KSCN > KPF6 > 

K[TFSA], suggesting that the weak K+–[TFSA]− interaction causes high thermal stability in 

[K(G5)1][TFSA]. We have no precise explanation for the relatively high Td of [K(G5)1][NfO]; however, 

the cohesive nature of the long fluoroalkyl groups of [NfO]− anions can impart strong K+–glyme 

interactions. 

 

 

Figure 2.  ∆Td of [K(G5)1]X paired with [TFSA]−, [TfO]−, [NfO]−, PF6
−, and SCN− anions. 

 

3.2 Solvate structures in the crystalline state 

Single-crystal structures of [K(G5)1][TFSA], [K(G5)1]PF6, and [K(18C6)1][TFSA] have been 

reported before.23 In this study, the crystal structure of [K(G5)1][TfO] was clarified. The 

crystallographic data of [K(G5)1][TfO] is summarized in Table S1, and the thermal ellipsoid models of 

the solved structure are shown in the Supporting Information (Figure S4). Because of the low Tm and 
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low crystallinity, single crystals of [K(G5)1][NfO] and [K(G5)1]SCN could not be obtained. Instead, the 

single crystal structure of the corresponding crown-ether based complex, [K(18C6)1]SCN, was 

successfully solved. The structures of [K(18C6)1][TfO], and [K(18C6)1]PF6 were also clarified. Their 

crystallographic data and solvate structures in the crystalline state were included in Supporting 

Information (Table S1 and Figures S5–S7), and were employed to extrapolate the solvate structures of 

the glyme complexes more precisely. 

Figure 3 illustrates the solvate structures of [K(G5)1][TFSA], [K(G5)1][TfO], and [K(G5)1]PF6 in the 

crystalline state along the b-axis. They form characteristic solvate structures. In the crystals, K+ cations 

were typically coordinated by six oxygen atoms from a single G5 molecule and two oxygen ([TFSA] 

and [TfO]) or fluorine (PF6) atoms from each anion, resulting in the octa-coordinated solvates. For the 

[K(G5)1][TFSA] solvate, nona-coordinated K+ cation, where an additional fluorine atom from the 

trifluoromethyl group also coordinates to K+ cation, was observed.23 As shown in Figure 3, the 

coordination manner of anions was different depending on the complexes. One anion coordinates to two 

different K+ cations in [K(G5)1][TFSA] and [K(G5)1]PF6, resulting in the aggregate type (AGG) 

solvates. On the other hand, for the [K(G5)1][TfO] solvate, two oxygen atoms of a single [TfO]− anion 

coordinate to a single K+ cation in a bidentate form, leading to CIP-II (contact ion pair with a bidentate 

anion) type solvate. These differences were also seen in the corresponding crown-ether based complexes 

(ref. 23, Figures S5 and S6). As shown in Figure S7, [K(18C6)1]SCN belongs to the AGG type solvate, 

suggesting that [K(G5)1]SCN also forms an analogous structure in the crystalline state. Anionic 

structure dependence on the solvate structures has been reported for glyme-Li and glyme-Na equimolar 

complexes,27,28,37 and this observation in [K(G5)1]X structures agrees well with that observed in 

[Na(G4)1][TFSA] (AGG) and [Na(G4)1]ClO4 (CIP-II). The cause of this phenomenon in [Na(G4)1]X 

complexes was closely related to the Eform of the parent salts: glyme-Na equimolar complexes with 

higher Eform tend to form CIP-II. The anionic effect on solvate types seen in [K(G5)1]X can be explained 

in a similar manner to the glyme-Na equimolar complexes. Furthermore, the lower Tm of [K(G5)1][TfO] 
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compared to [K(G5)1]PF6 probably arises from this structural difference, CIP-II for the former and AGG 

for the latter. 

 

Figure 3. Packing diagrams of [K(G5)1][TFSA] (upper), [K(G5)1][TfO] (middle), and [K(G5)1]PF6 (lower) along the 

b-axis. Disorder atoms and H atoms are omitted for clarity. Purple K; red, O; gray, C; blue, N; yellow, S; green, F; 

orange, P. 

 

Although the solvate types of [K(G5)1]X differ depending on the paired anionic structures, the 

coordination manner of the glymes to K+ cations was similar. In these solvates, the glyme molecules 

coordinate to K+ cations with a characteristic framework, as seen in 18-crown-6 ether-based complexes. 
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The conformations of the coordinating glymes are as follows: tgt-tg′t-tgt-tg′t-tgt, tgt-tg′t-tgt-tg′t-tgt, and 

tg′t-tgt-tg′t-tgt-tg′t for [K(G5)1][TFSA], [K(G5)1][TfO], and [K(G5)1]PF6, respectively, where t and g 

mean trans and gauche conformations, respectively (Table S2). The distances between K+ cation and 

oxygen atoms within glymes (K–Oglyme) were 2.826–2.913, 2.882–2.943, and 2.820–2.910 Å for 

[K(G5)1][TFSA], [K(G5)1][TfO], and [K(G5)1]PF6, respectively (Table S3). Stronger K+–X− interaction 

of the parent K[TfO] salt should lead to weaker K+–glyme interaction, resulting in relatively longer K–

Oglyme distances for [K(G5)1][TfO]. 

 

3.3 Raman spectra: concentration effect and solvate structure in the liquid state 

Raman spectroscopy is one of the most powerful methods for evaluating complexation in glyme-salt 

mixtures. In the case of glyme-Li and glyme-Na systems, characteristic Raman bands were observed at 

ca. 870 cm−1, the so-called breathing mode.23,30,37,42 This band corresponds to the combination of COC 

stretching and CH2 rocking modes of the coordinating ligand molecules, and is one of the fingerprint 

modes for the complex formation. Conveniently, certain anionic Raman bands are sensitive to the 

variation of the coordination manner of the anions. In this section, we discuss the effect of concentration 

on the coordination environment around K+ cations based on the spectral variation of the representative 

cationic and anionic Raman bands. From the temperature dependent spectra, the solvate structures in the 

(molten) liquid state are also examined. 

Concentration effect: Cationic Raman spectra of [K(G5)n]X at different concentrations are shown in 

Figure 4. Spectral correction was carried out by using the salt concentration and the peak areas of the 

representative anionic bands. This figure clearly illustrates that the intensity of the broad Raman bands 

observed around 850 cm−1, attributable to free G5, decreased as the K salt concentration increased, 

while the representative peak at ca. 870 cm−1 emerged simultaneously, irrespective of the paired anion 

species. This result suggests that the formation of the [K(G5)1]
+ complex cation proceeds even at low 

concentrations by consuming free glymes with the addition of K salts. At the 1:1 composition, except 

for [K(G5)1][NfO], the bands attributable to the uncoordinated free glyme completely vanished, 
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implying that the binary mixtures of G5 and K salts formed complexes in a 1:1 relationship. These 

observations agree well with the phase diagrams (Figure 1). Although the Raman spectra of 

[K(G5)n][NfO] indicates the formation of certain complexes, broad bands still remained even at 

equimolar composition, suggesting the presence of some free glymes. 

 

 

Figure 4. Concentration dependence of cationic Raman spectra for G5-KX mixtures paired with [TFSA]−, [TfO]−, 

[NfO]−, PF6
−, and SCN− anions. The Raman spectrum of pure G5 was also included in each figure. The captions of “S” 

and “L” in each legend mean “solid” and “liquid” states, respectively. 

 

Taking into account the concentration dependence of the Raman spectra of G5-KPF6 systems, the 

spectral shapes of [K(G5)1]PF6 and [K(G5)1.5]PF6 seem similar as both samples are in the solid state. As 

described in the previous section, phase separation (precipitation) occurs in [K(G5)1.5]PF6 and 

[K(G5)2]PF6 by storing them for a few days. Separating the supernatant liquid from the precipitated 

solid of [K(G5)2]PF6, and then measuring their Raman spectra showed that the liquid and solid 

constituents were similar to those of pure G5 and [K(G5)1]PF6, respectively (Figure S8). 
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Variation in the anionic Raman spectra provides useful information on the coordination manner of the 

anions and the dissociation state of the parent salts. The concentration dependence of the anionic spectra 

for [K(G5)n]X with different anions are shown in Figure 5. Each spectral range adopted in this study 

corresponds to the anionic vibrational modes as follows: expansion-contraction modes for the entire 

[TFSA]−, S–O stretching modes for [TfO]− and [NfO]−, P–F stretching modes for PF6
−, and C–S 

stretching modes for SCN− anions. The anion dependent spectral variation can be observed. For G5-KX 

mixtures with [TFSA]−, [NfO]−, and PF6
− anions, the spectral shapes and frequencies for each anion 

were similar irrespective of the salt concentration. For G5-K[TfO] mixtures, the S–O stretching mode 

would slightly shift to the low-frequency side as the salt concentration increased. In the case of Li[TfO], 

the reported S–O stretching modes observed at 1032, 1042, and 1052 cm−1 are assigned to free 

(uncoordinated) ions, CIP, and AGG, respectively.45–47 Based on the crystal structure of [K(G5)1][TfO], 

the [TfO]− anions in this crystalline equimolar complex coordinate to K+ cations in a bidentate form, 

resulting in CIP-II type solvate (Figure 3). Thus, the concentration dependent shift of [TfO]− anions to 

the low-frequency side observed in G5-K[TfO] mixtures could be attributed to the variation of AGG to 

CIP. The pronounced anionic spectral variation was observed for G5-KSCN mixtures. In dilute systems 

(n > 1), two peaks at ca. 745 and 733 cm−1 were observed. At the equimolar composition, a single peak 

appeared at 745 cm−1, suggesting that the coordination manner of the SCN− anions is concentration 

dependent. Evtushenko et al. assigned the bands at 745 and 733 cm−1 to free SCN− anions and K–SCN 

coordination, respectively.51 Although there is no information on the coordination manner of SCN− 

anion in [K(G5)1]SCN, the single crystal structure of [K(18C6)1]SCN was clarified. In this complex, 

both K–SCN and K–NCS forms can be seen in the crystalline state (see Figure S7). In the Raman 

spectrum of [K(18C6)1]SCN crystal (Figure S9), a single peak appears at 735 cm−1, corresponding to 

the modes of SCN− anions participating in coordination to K+ cations. From this spectrum, it can be 

speculated that SCN− anions do not participate in coordination to K+ cations in [K(G5)1]SCN crystals 

thereby forming a solvent-separated ion pair type solvate, even though the coordinating SCN− anions 

are present in dilute mixtures (n > 1). 
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Figure 5. Concentration dependence of anionic Raman spectra for G5-KX mixtures paired with [TFSA]−, [TfO]−, 

[NfO]−, PF6
−, and SCN− anions. The captions “S” and “L” in each legend mean “solid” and “liquid” states, respectively. 

 

Equimolar complexes and their structures in the liquid state: The frequencies of the 

representative Raman bands observed in the cationic and anionic spectra for 1:1 complexes are 

summarized in Table 2. In addition, anionic Raman spectra and representative Raman frequencies for 

the corresponding crown-ether based complexes are also included in the Supporting Information 

(Figure S9 and Table S4). The cationic spectra have bands at nearly identical frequency, ca. 870 and 

835 cm−1, irrespective of the paired anion species. In the case of [Li(glyme)n]X and [Na(glyme)1]X, the 

cationic spectra varied depending on the solvate structure of the complexes.30,37 Therefore, these results 

indicate that the coordination manner of glymes in [K(G5)1]X with different anions was nearly identical, 

which supports our speculation on the unsolved solvate structures of the [K(G5)1][NfO] and 

[K(G5)1]SCN complexes. 
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Table 2. Selected vibrational frequencies of the coordinating glymes and counter anions observed in the Raman spectra 

of [K(G5)1]X. 

 
Raman shift / cm−1 

[K(G5)1][TFSA] [K(G5)1][TfO] [K(G5)1][NfO] [K(G5)1]PF6 [K(G5)1]SCN 

Coordinating glyme 870 872 866 873 868 

 835 834 834 832 837 

Counter anions 741 1032 1021 741 745 

 

The anionic spectrum of [K(G5)1][NfO] in the liquid state was similar to that of [K(18C6)1][NfO] in 

the crystalline state, as shown in Figures 5 and S9. In the case of the complexes paired with the 

structurally analogous [TfO]− anion, both [K(G5)1][TfO] and [K(18C6)1][TfO] form CIP-II type solvate, 

and they showed similar anionic spectra in the crystalline state. These results suggest that [NfO]− anions 

in molten [K(G5)1][NfO] coordinate to K+ cations in a similar manner to those in crystalline 

[K(18C6)1][NfO]. 

As described above, although the solvate structures of the equimolar complexes in the crystalline 

state were clarified by X-ray crystallography, there was no information on the structures in the liquid 

state. The solvate structures in the liquid state are important because they are closely related to the ionic 

nature and the properties of the molten complexes, especially their ionic conductivity. By considering 

the Raman spectra of both the crystalline and liquid states, the solvate structures of [K(G5)1]X in the 

liquid state were elucidated. 

Each sample was enclosed in a capillary and the Raman spectra were collected at different 

temperatures (20, 50, and 80 ºC). [K(G5)1][NfO] was in the liquid state at all applied temperatures. 

Temperature dependent Raman spectra in the range of 900–700 cm−1 are illustrated in Figure 6. The 

cationic spectral shape of [K(G5)1][TFSA] and [K(G5)1]PF6 was insensitive to the phase state and 

temperature, suggesting that glymes coordinate to K+ cations in a similar manner in both liquid and 

crystalline states. In the case of [K(G5)1]SCN, the breathing modes still appeared in the liquid state, 
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however, broad bands attributable to free glymes were also observed at 850–780 cm−1 as the 

temperature increased. In addition, the band due to the C–S stretching mode of the SCN− anion at ca. 

745 cm−1 was broadened. This result strongly suggests that the solvate structures in the crystalline state 

were partially broken by melting, resulting in the release of free glymes. In particular, the spectral shape 

of [K(G5)1][TfO] varied considerably upon melting. The sharp peak observed at ca. 755 cm−1 in the 

crystalline state was assigned to the C–F stretching mode of [TfO]− anion, and this peak was also 

sensitive to the variation of coordination environment of the anion.45 In the liquid state, the spectral 

shape, especially the representative bands due to the complex cation (ca. 870 and 835 cm−1) and [TfO]− 

anion (755 cm−1), varied considerably. The representative cationic bands shifted to the low-frequency 

side and the anionic band splits into two sharp peaks. The cationic spectral shape at 80 ºC was similar to 

that of free glyme, suggesting that a large amount of free (or highly exchangeable) glymes emerged by 

breaking the solvate structure. The anionic spectral variation also supports the change in the solvate 

structure of [K(G5)1][TfO] upon melting. 
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Figure 6. The effect of temperature on the Raman spectra of [K(G5)1][X] with [TFSA]−, [TfO]−, [NfO]−, PF6
−, and 

SCN− anions. 

 

Except for [K(G5)1][NfO], the degree of spectral variation by melting depended strongly on the 

paired anion species, in the order as follows: [TfO]− > SCN− > PF6
− ≥ [TFSA]−. This order is completely 

consistent with that of the Eform of the parent salts. Therefore, it can be concluded that the solvate 

stability is closely related to the ion-ion interaction of the parent salts, and stable complexes can be 

achieved only when the G5–K+ interaction overwhelms ion–ion interactions, such as the system paired 

with the weak Lewis basic [TFSA]− anion. These phenomena have also been reported for glyme-Li 

systems; the Lewis basicity of the paired anion species has a strong impact on the solvate stability of the 

equimolar complexes.21 
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3.4 Physicochemical properties 

Table 3 summarizes the physicochemical properties, such as density (ρ), concentration (c), viscosity 

(η), and ionic conductivity (σ), determined in this study for [K(G5)1][TFSA], [K(G5)1][NfO], and 

[K(G5)1]SCN at 40 ºC. The relatively high crystallinity of [K(G5)1][TfO] and [K(G5)1]PF6 made it 

difficult to measure the properties of these complexes. By considering all the various properties and 

structural aspects, the ionic nature of [K(G5)1]X was elucidated. 

 

Table 3. Transport properties for [K(G5)1][TFSA], [K(G5)1][NfO], and [K(G5)1]SCN at 40 ºC. 

 
F. W.  

/ g mol−1 

ρ  

/ g cm−3 

c  

/ mol dm−3 

η  

/ mPa s 

σ  

/ mS cm−1 
Λimp/Λideal 

[K(G5)1][TFSA] 585.58 1.384 2.364 115.7 1.14 0.56 

[K(G5)1][NfO] 604.52 1.407 2.327 131.7 0.52 0.30 

[K(G5)1]SCN 363.51 1.170 3.218 178.1 0.93 0.51 

 

Liquid density and concentration: The temperature dependence of ρ was evaluated in the 

temperature range of 40–80 ºC. The c values of the equimolar mixtures were calculated by using the ρ 

and formula weight. These results are included in the Supporting Information (Figure S10). As shown 

in Figure S10, ρ decreased as the temperature increased, and the order of ρ for the mixtures with 

different anionic structures at the same temperature is as follows: [K(G5)1][NfO] > [K(G5)1][TFSA] > 

[K(G5)1]SCN (Table 3). A large number of fluorine atoms within a single anion caused high ρ in 

[K(G5)1][TFSA] and [K(G5)1][NfO]. The c values for the mixtures at the same temperature showed 

inverse order to ρ. [K(G5)1]SCN has an exceptionally high c (3.2 mol dm−3) compared to the others (ca. 

2.3 mol dm−3), as a result of the low formula weight of the parent KSCN salt and the molar volume of 

SCN− anions. 

    Viscosity and ionic conductivity: The temperature dependences of η and σ for [K(G5)1][TFSA], 

[K(G5)1][NfO], and [K(G5)1]SCN are displayed in Figure S11. Both parameters exhibit non-Arrhenius 
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type temperature dependent behavior. As listed in Table 3, the η values at 40 ºC were 115.7, 131.7, 

178.1 mPa·s for [K(G5)1][TFSA], [K(G5)1][NfO], and [K(G5)1]SCN, respectively. Strong interionic 

interactions per unit volume, due to high c, probably leads to high η in [K(G5)1]SCN. On the other hand, 

η of [K(G5)1][NfO] was higher than that of [K(G5)1][TFSA] despite both having comparable c. This 

phenomenon probably arises from a strong cation–anion interaction (Eform) and the flexibility of the 

perfluorobutyl group within a [NfO]− anion.70 Interestingly, taking notice of σ, the values for 

[K(G5)1][NfO] were considerably lower than those for [K(G5)1][TFSA] and [K(G5)1]SCN. Because σ is 

a function of the number and mobility of charge carriers, c and η are the predominant factors that affect 

σ. However, the low σ observed in [K(G5)1][NfO] cannot be explained in terms of only these parameters, 

and hence, this result suggests the existence of other significant factors. For typical ILs, because they 

can be regarded as extremely concentrated electrolytes, the dissociativity or correlation of ionic motion 

resulting from interplay between anions and cations (i.e., ionicity) strongly affects their ionic nature. 

The c values listed in Table 3 do not correspond to the net “ionic concentration”. Therefore, the 

dissociativity of the mixtures was evaluated by means of Walden’s rule, and their ionic nature will be 

discussed. 

Anionic and cationic effect on ionic nature: The Walden plots for [K(G5)1][TFSA], [K(G5)1][NfO], 

and [K(G5)1]SCN are depicted in Figure 9. In this figure, Λimp means the molar conductivity defined as 

σ/c. The ideal KCl aqueous solution where K+ cations and Cl− anions are completely dissociated is 

considered to afford an ideal straight line with a slope of unity in Walden plots. This figure clearly 

illustrates that while the plots of [K(G5)1][TFSA] and [K(G5)1]SCN are located near the ideal line, 

[K(G5)1][NfO] deviated from the ideal appreciably, suggesting high associativity between K+ and 

[NfO]−. The dissociativity can be estimated roughly by the ionicity defined as Λimp/Λideal, where Λideal 

denotes the ideal molar conductivity based on the ideal line. These values at 40 ºC are also included in 

Table 3. The ionicity of [K(G5)1][NfO] was lower than the others. Angell et al. classified protic ILs into 

four groups by means of the deviation of the Walden plots from the ideal line (namely ionicity): super 

ILs (exceeds the ideal line), good ILs (near the ideal), poor ILs (moderately deviated from the ideal), 
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and non-ILs (far from the ideal).71 In a recent article, we also proposed subdivision of solvate ILs into 

“good” and “poor”, based on their chemical nature.24 On the basis of these classifications, 

[K(G5)1][NfO] should belong to poor solvate ILs, indicating that K+ cations and [NfO]− anions are 

mutually associated and present as neutral species rather than the cases of [K(G5)1][TFSA] and 

[K(G5)1]SCN. On the other hand, the ionicity of [K(G5)1]SCN is similar to that of [K(G5)1][TFSA] 

although the Raman results imply destruction of solvate structure by melting, suggesting that K+ and 

SCN− ions are still dissociated even in the liquid state. [K(G5)1][TFSA] shows the highest ionicity of 

the three mixtures, and this value is nearly consistent with the representative solvate IL, 

[Li(glyme)1][TFSA].19 Therefore, [K(G5)1][TFSA] can be classified as a “good” solvate IL. On the 

basis of their chemical nature, [K(G5)1]X complexes paired with [TfO]−, [NfO]−, PF6
−, and SCN− anions 

are considered to be “poor” solvate ILs. 

 

 

Figure 9. Walden plots for [K(G5)1][TFSA], [K(G5)1][NfO], and [K(G5)1]SCN with KCl ideal line. 

 

Previously, we reported that [Li(glyme)1]ClO4 showed solvate IL features.21 Moreover, equimolar 

mixing of NaClO4 and certain glymes (G4 or G5) also provides relatively stable complexes.37 However, 

KClO4 is hardly soluble in G5, implying that cationic species (Lewis acidity) is also a predominant 

factor affecting the ionic nature of the mixtures. The increase in cationic size decreases the interactions 
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of cations with glymes and anions. Owing to the large contribution of the induction interaction (induced 

polarization) to the attraction between the cation and glyme, the cationic size affects the susceptibly of 

the cation–glyme interaction rather than the cation–anion interaction. Moreover, the induced 

polarization decreases rapidly with distance, while the electrostatic interaction between cation and anion 

decreases gradually.72 As a result, the increase in the cationic size enhances the relative stability of the 

cation–anion complexes compared with that of the cation–glyme complexes. This is why the limited 

equimolar complex, incorporating parent K salt with rather weak ion–ion interaction, can be classified 

as good solvate ILs. Therefore, it can be concluded that an appropriate combination of anionic structures 

and cationic metal species is critical for realizing “good” solvate ILs which behave similarly to typical 

aprotic ILs in the molten state. 

 

4. CONCLUSIONS 

The phase behavior, solvate structures, and physicochemical properties of a series of glyme-K salt 

binary mixtures, [K(G5)n]X, were explored. The Tm values exhibited maxima at the equimolar 

composition irrespective of the paired anion species. The thermal stability of equimolar mixtures, 

[K(G5)1]X, depended strongly on the paired anionic structure, and [K(G5)1][TFSA] was stable up to 

200 ºC. X-ray crystallography revealed that G5 molecules coordinate to K+ cations in a characteristic 

manner like 18-crown-6 ether does. These results clearly showed that [K(G5)1]
+ complexes form in the 

equimolar binary mixtures. Raman spectra of the different states suggest that the stability of the studied 

complexes strongly depends on the ion–ion interaction (Eform) of the parent salts. Characteristic spectral 

variation was observed in the temperature dependent [K(G5)1][TfO] spectra, indicating that the solvate 

structure in the crystalline state would be broken by phase transition. These results agree with the 

anionic structure dependence of the thermal stability for the equimolar mixtures. Furthermore, the 

Walden plots of certain liquid samples clearly reflects their ionic nature. Judging from the dissociativity 

(ionicity) and the solvation environment in the liquid state, [K(G5)1][TFSA] possesses enough potential 
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regarding as ILs, thus can be classified as a solvate IL. According to studies of the glyme-alkali metal 

salt binary mixtures, anionic Lewis basicity and cationic Lewis acidity have a strong impact on whether 

they belong to (good) solvate ILs or not. 
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