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Abstract 
Recently new ionic fluids such as super-concentrated electrolyte solutions, solvate 

ionic liquids and deep eutectic solvents attracted much attention in the field of the liquid 
electrolytes for the next generation electrochemical devices and processes. Basic 
composition of these new ionic fluids is similar among them; solvent and a large/excess 
amount of salt mixtures, though the solvent is sometime solid at ambient temperature. 
Here, we found and demonstrated that LiTFSA (TFSA = (CF3SO2)2N-) mixtures with 1,3-
propanesultone (PS) or tetrahydrothiophene-1,1-dioxide (SL) yield a homogeneous liquid 
at room temperature at wide range of composition. In order to clarify unique high Li+ 
transference number in these mixtures, speciation and dipole reorientation dynamics were 
studied for these mixtures to be evident large scale size aggregates formation in these 
mixtures.    

Introduction 
To achieve sustainable society, it is crucial to realize next generation electrochemical 

devices and/or processes such as secondary batteries of higher energy density and 
electrodeposition of higher efficiency. Room-temperature ionic liquids had been attracted 
much attention as new class of electrolytes during last a few decades. Further new 
electrolytes are currently focused such as super-concentrated solutions [1, 2], solvate 
ionic liquids [3-6] and deep eutectic solvents [7] via room-temperature ionic liquids. 
These new electrolytes are frequently consisted of similar components; solvent and a 
large/excess amount of salt mixtures. As Angell mentioned, the first member of this class 
electrolyte would be hydrate melts like CaNO3･4H2O. [8-10] It is easily speculated the 
salt lattice energy should be reduced by containing small amounts of solvent molecules 
to lower the melting point. However, physicochemical or thermodynamic definition is 
still unclear for these electrolytes. Recently, we attempted to clarify the definition and 
propose less than 1 % relative solvent activity to its neat liquid. [11] 

From both the scientific and industrial viewpoints, one of the most important 
properties of liquid electrolytes is ionic transport one as conductivity and viscosity. As 
Angell proposed, Walden rule or product is useful because this empirical rule generally 
well hold in the wide range of liquid electrolytes. [12] In this sense, rotational motion of 
ions and solvents in solution are significant, as well established as the Stokes-Einstein-
Debye (SED) equation. [13] Fig. 1 shows viscosity vs. relaxation time plots for 43 polar 
organic solvents that observed as the dipole re-orientation by means of the dielectric 
relaxation spectroscopy (DRS). According to the SED relationship, viscosity should be 
proportional to the relaxation time. The slope is unity for the solid line shown in the figure, 
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Fig. 1  Relationship between viscosity and relaxation time determined with the 
DRS for 43 organic solvents. 
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which clearly exhibits the SED relationships generally holds among a large number of 
polar solvents. On the other hand, we found super-ionic proton conduction in pseudo 
protic ionic liquids and demonstrated that the acetate/acetic acid rotational motion plays 
crucial role in this super-ionic proton conduction with the DRS technique. [14] Similarly, 
we recently found quite slow relaxations exist in the glyme type solvate ionic liquids, and 
pointed out that this quite slow relaxation could be closely related with specific lithium 
ion conduction that contains combination of the solvent/anion exchange of lithium ion 
and their rotational motion. [15]   

In this contribution, we mainly discuss two subjects; 1) glass-forming liquid 
electrolytes as a new class of liquids and 2) their speciation and dipole re-orientation 
dynamics. 1,3-propanesultone (propane sultone: PS) is a 5 membered ring sulfonic acid 
ester and analogues of tetrahydrothiophene-1,1-dioxide (sulfolane: SL). As easily 
expected by their molecular structures and electrostatic potentials shown in Fig. 2 and 
Table 1, the solvating ability to the lithium ion of PS should be weaker than that of the 
SL. Dokko et al. found that Li+ diffuse fastest than the anion and the SL in super-
concentrated lithium salt SL solutions. [16, 17] This unique behavior is similar for the 
lithium salt PS solutions as shown in Fig. S1 in the supporting information. 
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 Table 1  Atomic partial charge of the sulfonyl oxygen atoms, bond lengths, atom-
atom distances and dipole moments with the ChelpG method at the HF/6-
31G(d)//MP2/cc-pVTZ levels of theories for PS and SL.  

PS SL
Charge (O) -0.48 -0.52

S-O / Å 1.47 1.49
O…O / Å 2.57 2.59

Dipole Moment / Debye 5.59 4.98

Glass-forming liquid electrolytes 
Before detailed discussion, it is worth mentioning the concept of recent new ionic fluids 

such as super-concentrated solutions, solvate ionic liquids and deep eutectic solvents. As 
aforementioned, the concepts of these ionic fluid are currently similar; i.e., those consist 
of solvent and a large or excess amount of salt. With regard to ionic liquids, though there 
are some representations　[18-21], their definition is currently clear. Angell suggested 

Fig. 2  Molecular structures of 1,3-Propanesultone (PS: upper panels) and 
tetrahydrothiophene-1,1-dioxide (SL: lower panels), their CPK models and the 
electrostatic potential with the ChelpG method at the HF/6-31(d)//MP2/cc-pVTZ levels 
of theories. 
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that ionic liquids be defined as liquids composed solely of ions, in principle, with melting 
points below 100°C, and also classified the ionic liquids into four categories. [22] As 
aforementioned, we recently proposed that salt and solvent mixtures that have less than 1 
% component solvent activity relative to that of the neat solvent could be practically 
identical to the ionic liquids. [11] In addition, the definition is also unclear for the super-
concentrated electrolyte solutions such as the Water-in-salt. It is unclear whether the 
super-concentrated electrolyte solutions are the same as or different from concentrated 
solutions as an extension of conventional dilute solutions. 

On the other hand, the eutectic mixtures should be absolutely different solutions 
compared to the ionic liquids, solvate ionic liquid and super-concentrated electrolyte 
solutions. The term of eutectic has been used by Guthrie in 1884 for the first time [23]. 
However, it should be clear that a eutectic mixture is a homogeneous mixture that has a 
melting point lower than those of the constituents and that the lowest melting point over 
all the mixing ratios and the composition are called the eutectic temperature and the 
eutectic composition. As far as we are aware, deep eutectic solvents were used for choline 
chloride and urea mixtures for the first time [7]. Abbott et al. noted a behavior of deep 
melting point depression in eutectic compositions of choline chloride and urea and called 
them deep eutectic solvents. In fact, according to the phase diagram, the eutectic 
composition should be choline chloride : urea = 1 : 2. However, the physicochemical or 
thermodynamic definitions for the deep eutectic solvents are still unknown. Among them, 
some do not seem to indicate eutectic points at the eutectic composition. AlCl3-amide and 
AlCl3 carbamide systems also yield molten salt mixtures at ambient temperature. It was 
considered that AlCl3 dissolves in the solvents and disproportionation reactions; 2AlCl3 
↔ AlCl2

+ + AlCl4
 occurs, so that these mixtures were first proposed as ionic liquids 

composed of an aluminum dichloro complex cation [AlCl2(solvent)n]+ instead of an 
organic cation and a tetrachloroaluminate anion [AlCl4]. [24] After that, AlCl3-amide 
and AlCl3-carbamide systems are thought as eutectic mixers or deep eutectic solvents, 
[24-27] though, no phase diagram is reported for them as far as we know. On a phase 
diagram, the eutectic temperature is seen as the eutectic point. For this kind of mixtures, 
the eutectic composition should be specific and fixed based on the Gibbs’ phase rule. In 
this meaning, it can be said that chorine chloride and urea mixture is a typical eutectic 
mixture. Here, let us go back to the Wilkes’ chloroaluminate ionic liquids. [28, 29] In the 
phase diagram of AlCl3-1-ethyl-3-methylimidazolium chloride (C2mimCl) and AlCl3-1-
ethylpyridinium chloride mixtures, specific and fixed eutectic points can be recognized 
at a 　 glance. [30] Furthermore, these melting points at the eutectic compositions 
extremely low relative to other non-eutectic composition and yield narrow deep valley. 
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Based on the above discussion, we again recognize importance of the phase diagram 
for the solvent mixtures with a large and/or excess amount of salt. Fig. 3a and 3b shows 
roughly drawn phase diagrams for LiTFSA (TFSA: N(SO2CF3)2

)-PS and LiTFSA-SL 
systems. Differential scanning calorimetry (DSC) and Thermogravimetry (TG) 
thermograms TG are also shown in Fig. S2 and S3, respectively. As clearly shown in the 
DSC thermograms for neat PS and SL, these solvents have solid/solid phase transition 
probably due to the plastic crystal phase. For both systems, with adding LiTFSA salt, the 
peak arising from melting/freezing disappeared, followed by that ascribable to the 
solid/solid phase also transition getting lost. The thermal anomalies only found for the 
glass transition in the range of 0.1 < xLi < 0.8 for PS and 0.1 < xLi < 0.4 for SL, where xLi 
stands for the mole fraction of LiTFSA with Tg (glass transition temperature) increasing 
up to around -13 °C for PS and -38 °C for SL as the increase of the LiTFSA. It should be 
noted that hot crystallization was observed at xLi = 0.1 for both systems, though both 
molecules of small molecular weight. These facts suggest that both of mixtures of a 
specific composition range behave like a polymer or a gel, hence it could be said that 
these mixtures of the respective specific composition range should be a new class of 
liquids called glass-forming liquid electrolyte, not super-concentrated solutions, solvate 
ionic liquids and deep eutectic solvents.　One of the most important features of the glass-
forming liquid electrolyte is the melting/freezing temperature lowering down to around 

Fig. 3  Composition dependence of thermal anomalies in binary mixtures of LiTFSA-
PS (a) and LiTFSA-SL (b). The temperature decline from the heating and cooling 
processes are shown in closed and open symbols, respectively. The black, red circles 
and the triangle indicate the melting/freezing points (Tm/Tf), the glass transition point 
(Tg) and the temperature at which the hot crystallization occurs. (c) The temperature 
lowering (T) from the ideal melting/freezing point to the observed 
melting/freezing/glass transition point for the LiTFSA-solvent mixture. T of the 
C2mimCl-AlCl3 mixture is shown as a solid line for comparison. xAl represents the 
mole fraction of AlCl3 salt.
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the room temperate. One of the most important characteristics of the glass-forming liquid 
electrolytes is that their melting/freezing temperatures drop to near room temperature.  
The temperature lowering, T = Tideal – Tm/f/g is shown in Fig. 3c, where Tideal amd Tm/f/g 
represent the ideal melting/freezing point and the observed melting/freezing/glass 
transition point for the mixture. Tideal should be given as Tideal = Tm/f, 1 + x2 (Tm/f, 2 - Tm/f, 1) 
where Tm/f, 1, Tm/f, 2 and x2 stand for the melting/freezing point for component 1 or 2, and 
the molar fraction of the component 2, respectively. T of C2mimCl-AlCl3 mixtures also 
shown in Fig. 3c for comparison. The T of both mixtures is about 150°C, comparable to 
that of the C2mimCl-AlCl3 mixture. [30] Here, it should be emphasized that the main 
motivation in this work is to clarify currently vague electrolyte solutions containing 
solvent and a large or excess amount of salt. As is well known, a numerous number of 
ionic liquids, super-concentrated electrolyte solutions exhibit the glass transition. We 
consider that the glass-forming liquid electrolytes should contain a part of ionic liquids 
and the super-concentrated electrolyte solutions, yet it absolutely differs from (deep) 
eutectic solvents.

Speciation and dipole re-orientation dynamics 
High ionic conductivity or high transference number of Li+ in solutions plays a key 

role for realization of high-energy density rechargeable batteries. Such ion transport 
properties in solutions are governed by the inter-molecular potentials. Structural 
knowledge of solutions, which is silhouette of the inter-molecular potentials, can be 
obtained as radial distribution functions or pair correlation functions by X-ray/neutron 
scattering techniques or molecular dynamics, Monte Carlo simulations. On the other hand, 
Raman/IR spectra as a vibrational spectroscopy frequently used for electrolyte solutions 
consisted of the anion/solvent of polyatomic molecules. Formation distribution functions 
determined by analyzing Raman/IR spectra can give mean solvation number or mean 
anion binding number, which is just stoichiometric number of the ionic species existing 
in solutions. For this purpose, the MCR-ALS (multi curve fitting-alternative least 
squares) technique [31, 32] seems to be useful. We recently developed the CLSA 
(complementally least squares analysis) technique [11] that similarly gives the formation 
distribution functions of the anion/solvent in solutions. 

The CLSA was applied to LiTFSA-PS and LiTFSA-SL systems to evaluate mean 
solvation numbers or mean anion binding numbers to the Li+ for LiFSA-PS as shown in 
Fig. 4. As clearly exhibited in this figure, mean two solvent molecules and one anion 
directly coordinated Li+ aggregated species of [Li(solvent)2(TFSA)] as a constituent unit 
mainly exist in both mixtures at a larger LiTFSA concentration of 3 mol dm-3. As 
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expected, 

Fig. 4  Mean solvation numbers (MSN) and mean anion binding numbers (MABN) 
for LiTFSA-PS  (closed) and LiTFSA-SL systems (open) , respectively, evaluated 
with the CLSA. Total is shown in black, which is the sum of MSN and MABN. MSN 
and MABN are shown in blue and red, respectively. 
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from the weaker solvation ability of PS relative to SL, the contact ion-pair (CIP) and/or 
the aggregates (AGG) formations occur at a lower LiTFSA concentration in PS than SL. 
Raman scattering factors and formation distribution functions are also shown in Fig. S5 
and S6. For both mixture systems, the respective solvent and anion exist as 3 species; 
free, bound1 and bound2 for the solvent and free, CIP/AGG and AGG for the anion. Free 
can be ascribed to the solvents in bulk and those in the Li+ solvation shell higher than the 
second one for the solvents, and free anion and those in in the Li+ coordination shell 
higher than the first one for the anion. Solvent bound1 can be assigned to directly 
coordinated solvent molecules in the solvated Li+ and in the CIP and/or the AGG and 
anion CIP/AGG also to the latter. Solvent bound2 and anion AGG can be attributed to the 
bridging ones in the Li+-TFSA-solvent aggregates. DFT calculation performed for some 
typical models for the CIP and AGG at the B3LYP/cc-pVDZ level of theory to obtain the 
optimized geometries and theoretical Raman spectra as shown in Fig. S7-S10. A Raman 
scattering factor for the CIP/AGG is larger than those for free, which suggests that the 
CIP/AGG contains a few anions. Similarly, a Raman scattering factor for the AGG is the 
most intense, which indicates that the AGG should include several anions. It is considered 
that the AGG formation in highly concentrated lithium salt plays key role for the largest 
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self-diffusion coefficient for the Li+ in the super-concentrated lithium salt SL solutions. 
[17] Here, the AGG formation is directly evidenced in LiTFSA-PS and LiTFSA-SL 
mixture systems. 

Knowledge on the rotational motion in solutions can be obtained some experimental 
techniques. By means of the DRS, the dipole reorientation relaxation in a liquid can be 
observed as a complex primitivity * = ’ + i’’, where ’, ’’ and i represent a relative 
dielectric constant, a dielectric loss and an imaginary unit, respectively. DRS has some 
advantages against NMR; 1) DRS can determine both of the relaxation time and strength 
for the respective dipole of polar species in solutions, while NMR gives only a time-
averaged relaxation time due to the chemical exchange and 2) the relaxation strength is 
related with an effective dipole moment of the polar species in solutions, so that a space 
scale for the dipole can be obtained in some case. On the other hand, DRS has also a weak 
point; it is difficult to the deconvolute and assign the observed relaxation when some 
relaxation times are close among them. In addition, it may be hard to observe the dipole 
reorientation relaxation of a short lifetime polar species such as the solvent separated and 
solvent shared ion-pairs. DRS is now used as new technique for speciation analysis and/or 
dipole re-orientation dynamics of Li and Mg salt solutions [33-39]. Among them, the 
attribution of SIP and CIP is not always correct, considering the lifetime of the labile/inert 
ion-pairs.  

The observed complex permittivities and typical deconvolution results using 
superposition of the Debye relaxation model for both systems are shown in Fig. S11. The 
fastest relaxation composed of two Debye functions can be ascribed to the bulk solvent 
molecules. However, the assignment is difficult for two of newly appeared relaxation 
upon addition of LiTFSA. Here, we attempted to entirely different approach from the 
conventional DRS analysis. The relaxation strength for ith polar species, Si, can be 
expressed as the Cavell equation [40, 41]; 

𝑆𝑖
∗ = 𝑆𝑖 

2𝑠 + 1

𝑠
 
𝑘𝐵𝑇0

𝑁𝐴
=   𝑖,  𝑒𝑓𝑓

2𝑐𝑖

, where s, 0, kB, NA and eff T are the relative permittivity, permittivity in vacuo, the 
Boltzmann constant, the Avogadro number, the absolute temperature and the effective 
dipole moment, respectively. The effective dipole moment represents that in solution, not 
gas phase, so that it would be more useful to discuss polar species in solution. Discussions 
are given later in detail on the evaluation of the effective dipole moment based on the 
Cavell equation. On the other hand, the Cavell equation tells us for the relaxation strength, 
in other words, the intensity in DRS to be directly proportional to the polar species 
concentration, as well as Raman spectra. This suggests the DRS intensity, particularly 
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that in the imaginary part should be directly correlates with the Raman intensity. 
Consequently, 

Fig. 5  2D correlation analysis between the Raman spectra of solvents and the 
dielectric loss (imaginary part of the complex permittivity). Left panels show the 
Pearson’s correlation coefficients, middle and right panels display synchronous, and 
asynchronous of the Noda-Ozaki 2D hetero-correlation spectroscopy, respectively. 
Noda-Ozaki 2D hetero-correlation spectroscopy is normalized with the maximum 
absolute value among the synchronous correlation. Red and blue represent high 
positive and negative correlation, respectively. Green corresponds to within the value 
of 0.85 in the Pearson’s correlation coefficients and around 0 in the Noda-Ozaki 2D 
hetero-correlation spectroscopy. The color mapping for asynchronous is expanded by 
a factor of 2.5 due to the weak correlation. The upper and lower panels are those for 
LiTFSA-PS and LiTFSA-SL systems, respectively.

as the first step, the MCR-ALS analysis was applied to the DRS data as exhibited in Fig. 
S12. For both systems, the relaxations of the three species were necessary to describe the 
observed dielectric loss spectra based on the eigenvalues. The observed dielectric spectra 
were reproduced with the Hamilton R factor of 2.2 and 2.3 % for the PS and SL system, 
respectively. This is quite suggestive to ascribe the observed relaxation to the chemical 
species in solutions. However, thus evaluated resolved relaxations and resolved 
concentration seem to lose physical meaning; the resolved relaxations for the species2 
and species3 cannot be described by using a sole model function such as Debye, Cole-
Cole and Cole Davidson. 
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As the second step, we applied two types of Raman/DRS two-dimensional (2D) 
correlation analysis to both mixtures. Here, 2D means the apparent Raman spectra, which 
is the Raman spectra divided by the scattering species concentrations, and the dielectric 
loss (the imaginary part of the complex permittivity). The first one is simple Pearson’s 
correlation coefficient [42] and the second one is the Noda-Ozaki 2D hetero-correlation 
spectroscopy [43, 44], as shown in Fig. 5 and 6 for PS and SL systems, respectively. 
Pearson’s correlation coefficient is defined as the ratio between the covariance of two 
variables and the product of their standard deviations. Details of the Noda-Ozaki 2D 
hetero-correlation spectroscopy is described in supporting information. One of the 
characteristics of the Noda-Ozaki 2D hetero-correlation spectroscopy is to express the 
correlation between two different spectra in terms of two kinds of correlations called 
synchronous and asynchronous. Synchronous correlation is the relationship between two 

Fig. 6 2D correlation analysis between the Raman spectra of TFSA and the dielectric 
loss (imaginary part of the complex permittivity). Figure representation is the same as 
Fig. 5.

spectral intensities increasing or decreasing in the same or opposite direction, similar to  
Pearson's correlation coefficient. Asynchronous correlations are significant when the 
apparent Raman intensity at a given wavenumber and the dielectric loss intensity at a 
given frequency increase or decrease with increasing lithium salt concentration, 
respectively, and when there is a divergence between these changes. 

As clearly indicated in Pearson’s correlation coefficients and the Noda-Ozaki 
synchronous correlation drawn in Fig. 5 and 6, the relaxation of the highest frequency can 
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be attributed to the free solvent for both PS and SL systems. 　With regard to the free 
solvent, the effective dipole moment can be successfully evaluated to be 8.5 and 6.0 for 
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Fig. 7  Relaxation strength vs. the respective polar species concentration determined 
with the CLSA. S*

2 vs. cf_solvent, S*
3 vs. cb1_TFSA and S*

4 vs. cb2_TFSA, are shown in black, 
red and blue, respectively. Left and right panels are for LiTFSA-PS and LiTFSA-SL 
systems, respectively. 

PS and SL, respectively as shown in Fig. 7, which are consisted with theoretical values 
in the isolated gas phase. Additionally, the relaxation of the lowest frequency also 
ascribed to the AGG. Though the assignment is clear in the 2D correlation, it is difficult 
to estimate accurate and precise the effective dipole moment for the AGG due to the lack 
of observed frequency and concentration ranges for PS and SL systems, respectively. 
However, it is worth noting the obtained values are rather small of 8.0 and 7 for PS and 
SL systems, respectively, as shown in Fig. 7. Such a small dipole moment for the AGG 
is discussed later. On the other hand, the assignment is unclear for the relaxation of the 
intermediate frequency. Therefore, we attempted to assess the 2D correlation between the 
respective calculated spectra to obtain good correlation between the anion bound1 in 
Raman and the intermediate relaxation in DRS as shown in Fig. S13. However, it should 
be noted that the synchronous and the asynchronous in the Noda-Ozaki 2D hetero-
correlation spectroscopy are considerably small values and remarkably significant 
relative to those shown in Fig. 5, respectively, so that it is difficult to attribute the 
relaxation of the intermediate frequency to Raman visible species. However, it is worth 
evaluating the effective dipole moment based on the anion bound1 concentration, though 
the estimated effective dipole moment is less accurate and with a large uncertainty than 
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the free solvent to be 13 and 11 for PS and SL as shown in Fig. 7. This implies that the 
intermediate relaxation observed in the DRS should consist of several polar species; the 
solvated solvent molecules, the CIP and probably small size AGGs. Moreover, we should 
emphasize that the silent in Raman spectrum like the solvent separated/shared ion-pair 
could yield the dipole response in DRS, and on the contrary the ion-pairs with symmetric 
charges like a double dimer should be silent in DRS though it involves in both solvent 
and anion Raman bands as bound species. 

Finally, we discuss a time scale of the dipole reorientation observed in DRS. Fig. S14 
exhibits the relationship between the solution viscosity  and the relaxation time 
determined by DRS. All of the indexes evaluated from log vs. log were significantly 
greater than unity, which indicates that the Stokes-Einstein-Debye relationship breaks 
down for the electrolyte solutions, as easily expected by taking account that the Stoke-
Einstein relationship breaks down for the electrolyte solutions. However, it worth 
mentioning that the relaxation times for the AGG in both mixtures rather slow. As 
aforementioned, with regard to the glyme based solvent ionic liquids, the extremely slow 
relaxation was found and they relate with the specific Li+ conduction in which Li+ is 
transported with the solvent/anion exchange. [8] The relaxation time for the AGG in PS 
and SL systems is also significantly slow, which suggests that the space scale of the AGG 
should be large. In addition, the estimated effective dipole moments for the AGG in PS 
and SL systems are rather small, though with less accuracy and large uncertainty, which 
could be comes from the formation of the large space scale AGG with symmetric charges. 
However, taking into consideration the fact that Li+ can be transport much efficiently with 
the AGG formation in PS and SL systems, we should make much more effort to clarify 
such an extremely slow relaxation found in new class of liquid electrolyte. 

Conclusion 
LiTFSA-PS and LiTFSA-SL binary mixture systems were studied by means of DSC, 

Raman spectroscopy and DRS techniques and DFT calculations. Only the glass transition 
was observed in the range of 0.1 < xLi < 0.8 for PS and 0.1 < xLi < 0.4 for SL, which is 
evidenced these ionic fluids should be a liquid at wide range of lithium composition and 
temperature. Hence, we believe this class of ionic fluids should be called glass-forming 
liquid electrolyte. Mean solvation numbers and mean anion binding numbers were 
evaluated for these binary mixtures, which suggests that free, CIP/AGG and AGG species 
of both the solvent and the anion exist in these binary mixtures. Furthermore, dipole 
reorientation dynamics for the bulk solvent and the AGG was elucidated, particularly it 
is implied that the AGG, in which the charges are symmetric to yield relatively a small 
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dipole moment, has a large space scale. The AGG could play a key role for the unique 
Li+ conduction in PS and SL based glass-forming liquid electrolytes.   
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