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Accelerated lithium-ion diffusion via a ligand ‘hopping’ mechanism 
in lithium enriched solvate ionic liquids. 

Timothy Harte,a Bhagya Dharmasiri,*a Garima S. Dobhal,a Tiffany R. Walsh,*a and Luke C. 
Henderson*a 

Solvate ionic liquids (SILs), equimolar amounts of lithium salts and polyether glymes, are well studied highly customisable 
“designer solvents”. Herein the physical, thermal and ion mobility properties of SILs with increased LiTFSI (LiTFSA) 
concentration, with ligand 1:>1 LiTFSI stoichiometric ratios, are presented. It was found that between 60-80 °C, the lithium 
cation diffuses up to 4 times faster than the corresponding anion or ligand (glyme). These systems varied from viscous liquids 
to self-supporting gels, though were found to thin exponentially when heated to mild temperatures (50-60 °C). They were 
also found to be thermally stable, up to 200 °C, well in excess of normal operating temperatures.  Ion mobility, assessed 
under an electric potential via ionic conductivity, showed the benefit of SIL optimisation for attaining greater concentrations 
of Li+ cations to store charge during supercapacitor charging and discharging. Molecular dynamics simulations interrogate 
the mechanism of enhanced diffusion at high temperatures, revealing a lithium hopping mechanism that implicates the 
glyme in bridging two lithiums through changes in the denticity. 

Introduction 

Ionic liquids (ILs) have numerous applications in various fields, 
including materials science, chemistry, and biology.1 This is 
largely due to their tailorability from limitless constitutional 
variations,2 ability to act as reaction media, electrolytes,3 and 
enhancing biological activity in pharmaceuticals.4

They are desirable for their non-flammability, wide 
electrochemical potential window, negligible vapour pressure, 
high ionic conductivity, high chemical stability and solubilising 
power.5, 6 ILs are of particular interest as electrolytes in lithium 
ion batteries (LIB),7, 8 as they obviate risks associated with 
traditional LIB electrolytes (LiPF6 and organic solvents) which 
are flammable and degrade above 60 ℃ in the presence of 
water.9 This temperature (60 ℃) is lower than typical electric 
vehicle operating temperatures without active or passive 
cooling.10 ILs are alternatives to traditional electrolytes, capable 
of routine operation at relevant temperatures, making them 
potential candidates for application in uncooled structural 
supercapacitors in electric vehicles.

Solvate ionic liquids (SILs) are one of four groups of ILs,11 and 
were first identified as a distinct IL in their own right by Tamura 
et al. in 2010.12 SILs have three components, a salt consisting of 
a cation and anion, and a ligand molecule (usually an oligoether) 

that is coordinated to one of these ions. SILs typically exist by 
chelating a hard cation, in this case lithium, thereby diffusing 
and ‘softening’ the cationic charge over multiple atoms (Fig. 1, 
a & b).11 SILs have been used as electrolytes in LIBs,13-16 as a 
sizing agent for carbon fibre in structural composites,17 as 
reaction media,1, 18 and in bi-continuous electrolyte systems in 
structural supercapacitors.19 SILs can be thought of as “designer 
solvents”, as alteration of component ligands, cations & anions 
can be used to tune the physicochemical properties of the SIL.20-

22

SILs used in this study were lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI, also called TFSA, 
bis(trifluoromethylsulfonil)amide) dissolved in either 
triethylene glycol dimethyl ether (G3) or tetraethylene glycol 
dimethyl ether (G4) shown in Fig. 1. 
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Fig. 1 Generalised reaction scheme and structures of G3 (a) and G4 (b). 

A limitation of these SILs is their human and environmental 
toxicity, however this must be placed in context with the 
environmental pollution potential and toxicity posed by 
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traditional LIB electrolytes (LiPF6) and the application of G3 and 
G4 as comparatively lower toxicity solvents.23-25

Henderson et al. first characterised Li+ salts chelation with 
G3/G4 ethereal solvents and Eyckens et al. with respect to 
Kamlet-Taft and Gutmann (Lewis Acid) acceptor properties.1, 26, 

27 Tong et al. investigated the effect of increasing Li+ salt 
concentrations in imidazolium ionic liquids (e.g. [C2mim][TFSI]), 
experimentally and in conjunction with molecular dynamics 
simulations. Findings showed ILs had higher viscosity, density 
and lithium transference numbers (tLi) with increasing LiTFSI 
concentration.28 The effect on physical and electrical properties 
with increasing LiTFSI concentration in SIL systems, greater than 
1:1, remains unexplored. At 1:1 ratios [Li-G3]TFSI and [Li-
G4]TFSI fulfil the SIL criteria outlined by Mandai et al.,29 and 
have properties consistent with ILs.30 At higher Li salt 
concentrations [Li-G3]TFSI and [Li-G4]TFSI can be considered as 
concentrated lithium salts in solvent, lithium enriched SILs or 
quasi-SILs. With higher LiTFSI ratios, [Li-G3]TFSI and [Li-G4]TFSI 
can be considered, in effect, ILs as they maintain their physical 
properties of low vapor pressure, thermal stability, and high 
ionic conductivity.

G3/G4 Lewis base oligo-ether groups coordinate with the 
lithium cation, diffusing the charge of the ion and enabling the 
dissolution of LiTFSI. The influence of the ratio of ethereal 
solvent ether oxygens to Li cations was of theoretical interest, 
as G3 (of analogous carbon and oxygen number as 12-crown-4) 
is the ideal size for Li+ chelation with four ether oxygen atoms 
per Li+ cation.31, 32 The SIL composed of 1:1 [Li-G4]TFSI is of 
interest as the lithium-to-oxygen ratio is 1:5, offering the 
potential to coordinate additional lithium cations. 

Previous work by Dharmasiri et al. used 1:1 [Li-G3]TFSI, 
SIL:epoxy (7:3, w/w), in a resin encapsulated bi-continuous 
electrolyte system for structural carbon fibre (CF) 
supercapacitors.19 High LiTFSI concentrations in [Li-G3]TFSI and 
[Li-G4]TFSI SILs can create conductive gels due to the increase 
in viscosity with increasing LiTFSI concentration.20 High 
concentration SILs with increased LiTFSI may serve as a route to 
solid-state electrolytes, eliminating the need for encapsulation 
in bi-continuous resin systems, as done previously with other 
SILs.33, 34

The goal of studying these mixed systems being that when 
more ions are available for polarisation and migration during 
charging, the potential to increase the total charge stored in a 
capacitor also increases. Optimising electrolyte ion 
concentration could improve the performance of structural 
supercapacitors, as pseudocapacitance and EDLC are both 
affected by diffusion-controlled processes and EDL formation is 
influenced by ion concentration.35-42 

As mentioned previously, increasing lithium concentration 
in SILs increases viscosity,20 so the benefits of increased ion 
concentration during supercapacitor charging may come at a 
cost to reduced ion mobility in higher viscosity solutions. Ueno 
et al. previously investigated 1:1 G3:LiTFSI and G4:LiTFSI 
physical properties including 7Li,1H, and 19F rates of self-
diffusion at 30 °C, ionic conductivity and thermal properties.43 
Findings showed that [Li-G3]TFSI had a higher viscosity (169 
mPa s) compared to [Li-G4]TFSI  (81 mPa s). Conversely, [Li-

G4]TFSI  had a higher ionic conductivity than [Li-G3]TFSI at 1.6 
mScm-1 and 1.1 mScm-1, respectively, as would be expected 
from their viscosity. The tLi values for 1:1 G3:LiTFSI and G4:LiTFSI 
were 0.6 and 0.52, respectively, while the self-diffusion 
coefficients were DLi 0.89, DH 0.84 & DF 0.57 for G3 and DLi 1.31, 
DH 1.29 & DF 1.22 for G4 (all of the same magnitude, x10-7 cm2s-

1).43 
Yoshida et al. has previously investigated sub-stoichiometric 

lithium salt ratios, increasing concentrations of ether solvents 
in a range from 400:1 to 1:1 (G3/G4:LiTFSI) and reported 7Li,1H, 
and 19F rates of self-diffusion, viscosity and ionic conductivity at 
30 °C.20, 43 In that work, viscosity increased with increasing LiTFSI 
concentration, while ionic conductivity peaked, at ~ 3.7(G3) and 
3.3(G4) mScm-1, at approximately 4:1 G3/G4:LiTFSI and 
decreased to ~ 1.6(G3) and 1(G4) mScm-1, values similar to 1:1 
ratios reported by Ueno et al. Self-diffusion of ethereal solvents 
was ~60% faster than Li+ & TFSI- for higher solvent ratios and 
approximately equal for 1:1 ratios.20, 43

Aguilera et al. examined the nano-structure of G4:LiTFSI 
across a range of concentrations, from dilute to equimolar, 
utilising small-angle X-ray scattering (SAXS) and Raman 
spectroscopy. The population of uncoordinated G4 was found 
to decrease with LiTFSI concentration increasing and even at 
equimolar ratios a population of uncoordinated G4 existed.44 
Previous G3/G4:LiTFSI molecular dynamics simulations by 
Jankowski et al. focused on reducing LiTFSI concentration from 
equimolar ratios.45

Herein, we address the current research gap on 
understanding physical, thermal, ion mobility and self-diffusion 
properties of lithium enriched G3/G4:LiTFSI. The glyme:LiTFSI 
stoichiometries examined here are 1:4 and 1:3.5, for G3, 1:1.75 
and 1:1.25 for G4, and 1:3, 1:2.5, 1:2, 1:1.5 and 1:1 for G3 and 
G4, for context and comparison to literature values. We report 
the self-diffusion properties of 7Li,1H, and 19F nuclei, and Li+ 
transference numbers, present in G3/G4:LiTFSI samples over a 
temperature range, 20-80 °C, relevant to their application as 
electrolytes in energy storage applications.10 To complement 
those data, ion mobility, thermal stability and thermal phase 
state are also presented to provide context on how these 
materials handle and can be processed.

Experimental Methods

Materials and Methods

All chemicals and solvents were purchased from Sigma-Aldrich 
Australia and used without further purification.

Sample nomenclature. SIL samples are named as G(Glyme)[3 
or 4]-(Glyme:LiTFSI Molar ratio). For instance, G3-1:2 refers to 
a triglyme sample with a 1:2 molar ratio of glyme to LiTFSI.

Diffusion NMR measurements. Multinuclear (7Li, 155.3 MHz; 
1H, 399.7 MHz; and 19F, 376.1 MHz) NMR relaxation and 
diffusion measurements of SIL samples were performed at 
temperatures from 20-80 °C in increments of 10 °C for all 
samples and from 50-80 °C in increments of 5 °C for sample 
ratios between 1:1 and 1:2. Samples were allowed to 
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equilibrate for at least 5 minutes at each temperature after 
instrument temperature stability was reached. 

A double stimulated echo Pulse Field Gradient (PFG) NMR 
pulse sequence, developed and previously used by Gunathilaka 
et al. 2022,46 was used to reduce the effect of convection on the 
measurements. Decay data was fitted to a single exponential 
function using Bruker Topspin software v3.6.5. All 
measurements were conducted on a Bruker Ascend 300WB 
superconducting magnet connected to a Bruker Avance III NMR 
spectrometer system using BCU II & BCU 20 temperature 
regulation systems at a field strength of 7.05 T (70500 Gauss, ν 
= 300 MHz). 

The gradient pulse duration δ was fixed at 2.0 ms, and 
maximum gradient strength and diffusion observation time 
were optimised for each sample. For 1H, maximum gradient 
strength was chosen between 3 and 27 Tm-1, with diffusion 
observation time (Δ) between 25 and 110 ms. For 19F, maximum 
gradient strength was chosen between 5 and 27 Tm-1, with 
diffusion observation time (Δ) between 25 and 130 ms. For 7Li, 
maximum gradient strength was chosen between 10 and 29.7 
Tm-1, with diffusion observation time (Δ) between 25 and 750 
ms. Repetition time was 1.00 s for 1H and 19F nuclei and 
between 1.00 and 1.46 for 7Li nuclei.

The standard deviation of diffusion coefficients for the 
samples between 1:1 and 1:2 for G3 and G4 were calculated by 
repeating measurements at 80 °C for the 3 nuclei. The 
calculated standard deviation is reported in Table S1 (ESI). For 
higher ratio samples, the standard deviation for G3 and G4 1:2 
nuclei diffusion measurements was used as the variation was 
negligible in these samples.

Li+ transference numbers (tLi) were calculated by equation 
(1) below.

 (1)𝑡𝐿𝑖 =  
𝐷𝐿𝑖

𝐷𝐿𝑖 +  𝐷𝐹

where  and  are the diffusion coefficients for Li+ and F 𝐷𝐿𝑖 𝐷𝐹

nuclei, respectively. The authors acknowledge that equation (1) 
does not account for dynamic ion correlations and cross-
correlation effects.47

Rheology. Rheological experiments were conducted on a TA 
Instruments HR-1 Rheometer using parallel plate geometry, 
with disposable 25 mm diameter aluminium plates. A frequency 
of 1 Hz, strain of 0.01 (1%), 25 µm trim gap and 500 µm gap 
between plates (minimum sample volume of 245 µL) was used 
for all measurements. A flow temperature ramp experiment 
method, heating at 1 °C/min from 25 to 80 °C, was used to 
measure change in complex viscosity versus temperature.

Fitting of experimental viscosity data was performed using 
the Vogel-Fulcher-Tamman (VFT) equation (2) below.

 (2)log10𝜂 ∗ = 𝐴 +  
𝐵

𝑇 ―  𝑇0

where η*is complex viscosity,  is η*
0 (Pa·s),  and  are 𝐴 𝐵 𝑇0

constants.20, 48 Complex viscosity (η*) as opposed to viscosity (η) 
was measured as viscosity cannot be measured on parrel plate 
geometry rheometers. η* differs from η by accounting for 
dynamic material behaviour under oscillatory shear. Unlike η, 

which measures resistance to steady flow, η*assesses both 
elastic and viscous reactions to changing shear rates. η* is used 
as an accurate measure of η in various published works.49, 50

Differential Scanning Calorimetry (DSC). DSC experiments 
were performed with a Netzsch Polyma DSC instrument. 
Samples were heated to 120 °C at 10 K/min, held isothermally 
for 5 min, to remove residual water, cooled to –70 °C at 10 
K/min, held isothermally for 5 min and heated to 120 °C at 5 
K/min. The final heating cycle was used for data analysis. Tg and 
Tm(°C) were taken as the midpoint of these transitions. TL/L (°C) 
was taken as the midpoint of the liquid-liquid phase transition 
that occurs around room temperature. 

Thermo-gravimetric analysis (TGA). TGA experiments were 
performed on a Netzsch TG 209 F1 Libra. Less viscous samples 
(G3/4 1:1 to 1:2) were heated to 120 °C at 20 K/min, held 
isothermally for 5 min, to remove residual water. More viscous 
samples (G3/4 1:2.5 to 1:4) were heated to 130 °C at 20 K/min, 
held isothermally for 10 min and cooled to 100 °C at 20 K/min. 
Samples were then heated to 600 °C at 10 K/min under N2 
atmosphere. Greater isothermal water removal drying time was 
applied in more viscous samples as the high viscosity of these 
sample inhibits drying. Td (°C) was determined as the 
temperature at which a 5% mass loss occurred above 150 °C. 
This method was modified from literature, Ueno et al. 2012,43 
as the 5% mass loss > 150 °C was found to be more reliable with 
atmospheric exposure of ionic liquid samples occurring during 
TGA sample preparation. 

Ionic Conductivity. Electrochemical impedance spectroscopy 
(EIS) experiments were performed with a Biologic SP300 
Potentiostat Electrochemical station using Biologic EC-Lab 
v11.42 software in an air condition temperature-controlled 
room at 17.5 °C ±0.5 °C. The frequency was swept from between 
100.000 mHz to 100.000 kHz with 10 points per decade and a 
sinus amplitude of 10.0 mV. 

During EIS measurements, liquid samples of G3&G4-1:1 to 
1:2 (1 mL) at room temperature (17.5 °C ±0.5 °C) were placed 
between two 0.55 mm copper plates in a 1x1x2 cm 3D printed 
plastic sample holder. Measurements were conducted in a two-
electrode configuration. Ionic conductivity (δ) was calculated 
using equation (3) below. 

 (3)δ =  
𝑑

𝑅𝑏𝑆

where  is the thickness of the electrolyte sample (the distance 𝑑
between the copper plates on the inside of the 3D printed 
sample holder),  is the bulk resistance of the sample and  is 𝑅𝑏 𝑆
the surface area of the sample in contact with the electrodes. 
Synthesis 

Synthesis of SILs [Li-G3]TFSI and [Li-G4]TFSI drew on previously 
published reports for equimolar [Li-G3]TFSI and [Li-G4]TFSI 
synthesis.49 LiTFSI and G3/G4 were combined at different molar 
ratios according to Table 1 to form [Li-G3]TFSI and [Li-G4]TFSI, 
respectively. Reactants were stirred at room temperature for 
two days and subsequently dried under high vacuum for 1 h at 
140 °C to remove residual water. Water content, measured by 
Karl Fischer titration, is detailed in ESI table S2.
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Table 1 Investigated SIL samples showing the sample name & composition, lithium 
to ether ratio, ether oxygen atom to lithium ratio & ether oxygen atom per 4 
oxygen atoms to lithium ratio.

Ether:LiTFSI 𝑟 =  
[Li]

[ETH] 𝑟EO =  
No.ETH O

Li 𝑟4EO =  
No.4 ETH O

Li

G3-1:1 1.0 4.00 1.00

G3-1:1.5 1.5 2.67 0.67

G3-1:2 2.0 2.00 0.50

G3-1:2.5 2.5 1.60 0.40

G3-1:3 3.0 1.33 0.33

G3-1:3.5 3.5 1.14 0.29

G3-1:4 4.0 1.00 0.25

G4-1:1 1.0 5.00 1.25

G4-1:1.25 1.25 4.00 1.00

G4-1:1.5 1.5 3.33 0.83

G4-1:1.75 1.75 2.86 0.71

G4-1:2 2.0 2.50 0.63

G4-1:2.5 2.5 2.00 0.50

G4-1:3 3.0 1.67 0.42

In the table r is the molar ratio of LiTFSI to glyme.  is the number of ether oxygen 𝑟EO

atoms present in G3 or G4 per lithium atom.  is the ratio of ether oxygen atoms 𝑟4EO

to lithium atoms per 4 ether oxygen atoms, derived from template synthesis of 12-
Crown-4 ethers, lithium is the favoured group 1 cation for 12-Crown-4 ethers.32  

Results and Discussion

Diffusion NMR

Fitting of relaxation data, for 7Li, 1H and 19F nuclei, did not 
indicate the existence of more than one diffusing nuclei 
population per nuclei in each SIL sample. However, PFG-NMR 
measurements capture averaged diffusing species in SIL 
samples, so Li+ transference numbers (tLi) calculated from PFG-
NMR data include transport of both associated and dissociated 
species (if any). The data showed decreasing diffusion speeds of 
nuclei with increasing LiTFSI concentration and decreasing 
temperature (Fig. 2a & 2b). This is unsurprising and consistent 
with the temperature dependence viscosity of SIL samples (Fig. 
3 & Fig. 3).

The tLi for G3-1:1 and G4-1:1, 0.61 and 0.52, respectively, 
and diffusion coefficients DLi 0.89, DH 0.84 & DF 0.57 for G3 and 
DLi 1.31, DH 1.29 & DF 1.22 for G4 (all x10-7 cm2s-1) reported by 
Yoshida et al. 2011 at 30 °C indicated Li+, TFSI- & Glyme all 
diffuse at approximately the same speeds in the SILs. Diffusion 
coefficients differed by a maximum of 0.09 of an order of 
magnitude with the exception of G3 F, differing by just under 
1/3rd of an order of magnitude from G3 Li.20 All tLi calculated 
from PFG-NMR data are detailed in table S3 & S4 (ESI). 

Notably, tLi for G3-1:1 at 70-80 °C (tLi = 0.71, 0.75 & 0.80, 
respectively) and G3-1:1.5 at 80 °C (tLi = 0.67) indicate Li+ is 
diffusing significantly faster than the TFSI counter anion.  
Statistically significant faster Li+ diffusion than the glyme (G3) 
and TFSI in G3-1:1 at 70-80 °C & G3-1:1.5 at 80 °C is shown in 
Fig. 2a, where an increasing deviation in tLi is noted compared 

to the fluorine. In the G4 system, significantly faster lithium 
diffusion, relative to glyme and anion, was observed for G4-1:1 
for 5 °C increments between 65-80 °C (tLi = 0.64. 0.69, 0.75, 0.80, 
respectively) and G4-1:1.25 at 75-80 °C (tLi = 0.65 & 0.72, 
respectively). Furthermore, Li+ diffusing significantly faster than 
other species, albeit by a smaller margin, was observed in G4-
1:1.25 at 75-80 °C, G4-1:1.5 at 80 °C & G4-1:2 at 75-80 °C (Fig. 
2b). 

The exact mechanism of this difference in diffusion is 
unknown but it is possible that, at higher temperatures, Li+ may 
have sufficient energy to dissociate from the ligand 
coordination with G3 or G4 and participate in a hopping effect, 
jumping from ligand to ligand. The G3 ligand, with 4 ether 
oxygens, is the ideal binding size for the Li+ cation. Whereas, G4 
with 5 ether oxygens, is larger and has a looser chelation with 
the Li+ cation. This is supported by longer Li+-O bond lengths 
being reported for G4, suggesting a weaker interaction between 
the Li+ cation and the ligand, relative to G3.51 Similarly, 
molecular dynamics simulation (vide infra) shows that G4-1:1 
has a lower interaction with sulfonamide oxygen (i.e. Li-O(TFSI)) 
than both the G4-1:1.25 and G3-1:1, supporting the proposed 
extra chelation ability of G4. This mechanism is explored in 
greater detail below. 

Nevertheless, our observations are consistent with PFG-
NMR findings here showing Li+ diffuses faster than other species 
in the G4-derived SIL at lower temperatures than when the G3 
ligand is used. Fig. 2c shows Li+ diffusing statistically 
significantly faster in G4 samples than the analogous G3 
samples between the ratios of 1:1 and 1:2.

a)

Page 4 of 10Physical Chemistry Chemical Physics



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

Fig. 2 (a) A 3D plot showing Ln of diffusion coefficients of 7Li, 1H and 19F nuclei 
present in Li, glyme & TFSI components of SIL samples G3-1:1 through to G3-1:2 
across the 50-80 °C temperature range. (b) A 3D plot showing 50-80 °C diffusion 
data for G4-1:1 through to G4-1:2 SIL samples. (c) A 2D plot showing Li nuclei 50-
80 °C diffusion data for G3 and G4 samples 1:1 through to 1:2. Figures S5-S7 plot 
these plots (a-c) without connecting lines to avoid misleading false cusps.

At lower temperatures (20-60 °C) the PFG-NMR results were 
consistent with previous findings where all three SIL 
components diffuse at approximately the same speeds (Fig. 2a, 
Fig. 2b, S1, S2, S8 & S9). Higher concentration SILs showed the 
expected continued reduction in diffusion speeds as LiTFSI 
concentration was increased (S3, S4, S10 & S11), likely due to 
viscosity increases.

Thermal properties 

Temperature dependence of SIL sample viscosity was measured 
by rheology. SIL samples displayed rapid reduction in viscosity 
with temperature increase (Fig. 3). G3 samples had higher 
viscosity at each LiTFSI ratio than G4 samples (Fig. 3 & S12-S16), 
as would be expected considering the coordinative capability of 
the G3 glyme. Viscosity measurements with VFT fitting curves 
are shown in figures S12-S16 (ESI). The temperature-dependent 
viscosity reduction of G3 & G4 SILs makes them suitable for use 
in manufacturing processes. Raising the temperature, for 
example, to 50-60 °C, will exponentially lower the viscosity of 
high Li+ concentration SILs, enabling their processing as thin 
liquids that solidify or gel upon cooling. This provides a means 
for the electrolyte to ‘wet out’ the electrodes, separator, etc. 

efficiently, before cooling to a gel and thus retaining their 
desirable spill mitigation properties. Viscosity best-fit 
parameters are summarised in table S11.

 
Fig. 3 Log10 complex viscosity vs 1/temperature for (a) G3 and (b) G4 SIL samples.

Thermal stabilities 

Thermogravimetric mass loss curves (Fig. 4a & Fig. 4b) display 
multistep mass losses for SIL samples. The temperature at 
which a 5% mass loss occurred for SIL samples, Td (°C), increases 
with increasing LiTFSI concentration (Fig. 4c). The Td for neat G3 
and G4 is 103 °C and 133 °C, respectively.43 In 1:1 SIL ratios when 
the Li cation coordinates with oligo-ethers (G3 or G4) the Td of 
the resulting SIL is raised to 212.1 °C and 204.5 °C for G3-1:1 and 
G4-1:1, respectively (Fig. 4). Raman spectroscopy of G3-1:1 and 
G4-1:1 showed free G3 and G4 in these SILs was a negligible 
percentage,51 however a population of free G3 and G4 still 
exists in 1:1 ratios. Aguilera et al. found through Raman 
spectroscopy fitting a population of TFSI- coordinated with Li+ 
existed in G4:LiTFSI at equimolar ratios, and hence concluded a 
population of uncoordinated G4 was also present at equimolar 
ratios.44 As LiTFSI concentration increases this would, 

b)

c)

a)

b)
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theoretically, increase the amount of Li+ available to coordinate 
with ‘uncoordinated’ glyme oxygen species and hence push the 
equilibrium ratio of free-glyme:coordinated-glyme towards the 
latter. This would correlate to a reduced population of free 
glyme at higher Li+ concentrations, thereby increasing the Td of 
the SIL. The Td of G4 SILs upwards from G4-1:1.5 in 
concentration is likely dominated not by ether Li+ coordination, 
as the G4 Td of these samples is higher than G3 which 
coordinates the Li+ more strongly but by increased carbon chain 
length and molecular weight, as is the case for pure G4 vs. G3 
Td. Td of G4-1:1.5 upwards is also possibly influenced by the 
increased coordination of multiple Li+ cations by a single G4 
ligand, which occurs more so for G4 than G3 due to G4’s longer 
ethereal chain length. Notably, the Td of all SIL samples exceeds 
that of organic solvents typically used in traditional LIBs (e.g. 
carbonate solvents, ethylene carbonate, etc.) and further 
illustrates their suitability as thermally stable and safe 
electrolytes in LIBs and supercapacitors.9 Isothermal stability of 
SIL samples was not performed as Yoshida et al. has previously 
reported the isothermal thermal mass loss of G3/G4:LiTFSI at 
equimolar ratios. The observed SIL Td trend would likely be 
replicated in isothermal stability.20

Fig. 4  (a)TG curves for G3 samples. (b) TG curves for G4 samples. (c) A plot showing 
Td °C for G3 and G4 samples. Reported Td °C are detailed in Table S14 (ESI). Figure 
S19 plots 4c without connecting lines to avoid misleading false cusps. 

Assuming that Td is an indication of ‘uncoordinated glyme’, 
then G4-1:1 possessing a Td lower than G3-1:1 Td (Fig. 4c) would 
indicate greater coordination between Li+ and G3 at 1:1 ratio 
than G4. This is consistent with G4-1:1 having too many ether 
oxygens (5) per Li+ for optimum binding at a 1:1 ratio. The Td for 

G4-1:1.25, oxygen:lithium ratio of 4:1, adds further credence to 
this hypothesis as it is higher than the G3-1:1 Td. 

DSC thermograms for G3&G4-1:1 through to 1:2 SIL samples 
are shown in figures S17 & S18 (ESI). The G4-1:1 possessed a 
glass transition temperature (Tg) of -54.0 °C and G3-1:1 Tm of 
20.7 °C correlate to Tg and Tm of -54 °C and 23 °C, respectively, 
reported in literature.12, 30, 43 A pattern of increasing glass 
transition temperature (Tg) and increasing RT liquid-liquid phase 
transition temperature (TL/L) is evident in G4 samples with 
increasing LiTFSI concentration. DSC measurements were 
performed repeatedly on SIL samples, with reproducible 
results.

Ion dynamic properties

a)

b)

c)
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Ionic conductivity, ion mobility under an electrical potential, 
was assessed in G3&G4-1:1, at 0.25 (G4) and 0.5 (G3) molar 
increments, from 1:1 to 1:2 (glyme: LiTFSI) SIL samples using 
electrochemical impedance spectroscopy (EIS). Ionic 
conductivity, displayed in Fig. 5, shows a decreasing trend with 
increasing LiTFSI concentration. G4 SIL samples show 10.65%, 
29.52% and 78.14% higher ionic conductivity than G3 at 1:1, 
1:1.5 and 1:2 ratios, respectively. Through line of best fit 
extrapolation (table S18), the same ionic conductivity of G3-1:1 
can be achieved by a G4 ratio of G4-1:1.19. 

Fig. 5 Ionic conductivity values with standard error for G3&G4-1:1 through to 1:2 
SIL samples. Reported values and raw data are detailed in Table S15-17 (ESI). 
Figure S20 plots fig. 5 without connecting lines to avoid misleading false cusps.

Molecular Dynamics Simulations

Classical molecular dynamics simulations were conducted for 
the G3-1:1, G4-1:1 and G4-1:1.25 systems to explore the 
possible mechanism of lithium diffusion at higher 
temperatures. Radial distribution functions (RDFs) and 
coordination number distributions of lithium to O(TFSI), O(G3) 
and O(G4) are shown in Fig. S10 and S11. These indicate that 
although all the glyme-Li+ interactions are approximately equal 
between G3-1:1, G4-1:1 and G4-1:1.25, the TFSI- interaction 
with Li+ is weaker in G4-1:1 compared with G3-1:1 and G4-
1:1.25.

 The simulations were also able to estimate the proportion 
of free (un-coordinated) glyme in the liquids at room 
temperature. The amount of free glyme is negligible (2.3%) for 
G3-1:1, 2.6% for G4-1:1 and 1.5% for G4-1:1.25. These values 
correspond well with the proportion of free G4 inferred from 
fits based on neutron diffraction52 and Raman spectroscopy. 
Additionally, these support the hypothesis outlined above 
based on Td where G3-1:1 has a higher Td than G4-1:1 due to a 
slightly higher amount of free glyme, and that the G4-1:1.25 
sample has a lower proportion of free glyme resulting in a 
higher Td. 

Simulations were conducted at a substantially elevated 
temperatures of 227 °C (where lithium enters a “diffusive 
regime” using the force field) and 427 °C and were unable 
recover the observed trend of markedly increased diffusion of 
lithium relative to the other components of the liquid (Table 
S19). However, it is noted that simulations reported by Dong 

and Bedrov, based on polarisable force fields, have also been 
unable to recover this behaviour, with the authors ultimately 
concluding that lithium diffuses with a segmental motion in its 
solvation sphere.53 

Nonetheless, the current simulations at 427 °C revealed 
lithium diffusion via a “hopping” mechanism with the glyme 
molecules facilitating this hopping by bridging between two 
lithium ions, as indicated by complexes (4) and (5) in Fig. 6a. 
This mechanism was observed several times within each of the 
production run trajectories at the elevated temperature of 427 
°C. Fig 6a summarises one such event. The mechanism begins 
with the G4 molecules increasingly converting to 
mono/bi/tridentate coordination with the lithium at the higher 
temperature in contrast with their coordination via all five of 
their oxygens at 25 °C (Fig. 6b). The free TFSI- ions make up the 
rest of the first coordination sphere, until a G4-Li solvate 
complex interacts with an all TFSI-coordinated Li+. This leads to 
the formation of a Li-G4-Li bridging complex that eventually 
loses one lithium and becomes a new Li-G4 solvate complex 
(complex (6) in Fig. 6a).  Although there is an average increase 
in the proportion of TFSI- coordinating to Li+ in the G4-1:1, there 
is no change to TFSI- coordination structure in the G4-1:1.25 
(shown in Fig. S12). The role of the TFSI- anions is therefore 
significant in this lithium hopping mechanism as the latter ratio 
has a slightly lower diffusion coefficient. Although this type of 
hopping mechanism has been previously hypothesised in the 
literature,54 no direct evidence to support this has been 
reported to date. Simulations at elevated temperatures of 227 
°C and 427 °C do not represent the real system at 30 °C and 80 
°C but provide supportive evidence of a likely mechanism 
hypothesised by experiment. Previous reports using this force 
field and scaled charges also used elevated temperatures of 227 
°C to discern diffusion coefficient trends and conduction 
mechanisms. More efforts in this area are required to recover 
the diffusion trends observed within this current work which 
are challenging for other previous work as well.55-57
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(1)

(4) (5) (6)

(3)(2)

Fig. 6 (a) Example of the hopping mechanism of lithium diffusion taken from 
simulations at 427 °C of GL4-1:1 and GL4-1:1.25. The pink atom is the lithium 
followed throughout the trajectory. The green atom is a lithium that is complexed 
to a new GL4 molecule. (b) and (c) Histograms of the proportion of GL4 and their 
respective denticity to a lithium ion in GL4-1:1 at 25 °C and at 427 °C. (d) and (e) 
Histograms of the proportion of GL4 and their respective denticity to a lithium ion 
in GL4-1:1.25 at 25 °C and at 427 °C.

Conclusions

Self-diffusion properties of G3/G4:LiTFSI were found to be 
temperature and Li+ concentration/viscosity dependant. Li+ 
acceleration, characterised by the independent and faster 
movement of Li+ compared to glyme and anion components, 
was observed in G3-1:1 (70-80 °C), G4-1:1 (65-80 °C), G3-1:1.5 
and G4-1:1.5 (80 °C), and G4-1:1.25 and G4-1:2 (75-80 °C). 
Molecular dynamics simulation supports the proposed 
mechanism of lithium ‘hopping’ between glyme units facilitated 
by the TFSI anion.

The viscosity of SIL samples was found to exhibit 
temperature-dependent exponential thermal thinning 
behaviour, indicating the suitability of SILs for thermal infusion 
manufacturing processes. The thermal stability of SIL samples 
was confirmed, and higher LiTFSI concentration samples were 
shown to be stable electrolytes with Td °C values exceeding 
those of traditional LIB organic solvents. These properties make 
them suitable for use in LIBs and structural supercapacitors. The 
G4-1:1 Td °C value being less than the G3-1:1 Td °C, despite pure 
G4 having a Td °C 30 °C higher than pure G3 confirmed 4-ether 
oxygens per Li atom as the ideal chelating ratio. These findings 
suggest ether oxygen:cation ratio should be used to define 
ethereal SILs component ratios instead of stoichiometric ratios 
outlined in SIL criteria by Mandai et al.29

Ionic conductivity findings showed G4 SIL 1:1 to 1:2 ratios 
had >10% higher ionic conductivity than comparable G3 ratios. 
These findings have practical implications for future research on 
structural CF supercapacitors, such as those reported by 

Dharmasiri et al.,19 to increase the energy storage performance 
of these devices. The comparatively higher ionic conductivity of 
G4 than G3 means that G4-1:1.19 can be used as a substitute to 
G3-1:1 with the same ionic conductivity, in the same volume, 
but with more Li+ cations present to store charge.

Planned future work on SIL optimisation involves 
investigating higher lithium concentrations using tetraglyme-
monoethyl:LiTFSI, reported as [Li(G4Et)][TFSA] by Tamura et al. 
to have desirable properties, including 27% lower viscosity, 2% 
lower density, 23% higher Li+ self-diffusion speed, and similar 
ionic conductivity and tLi as G4-1:1.12 These properties make 
tetraglyme-monoethyl:LiTFSI ideal for investigation as a SIL 
solvent for lithium ‘packing’ in higher lithium concentration 
SILs.
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