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Investigating the abnormal conductivity behaviour
of divalent cations in low dielectric constant
tetraglyme-based electrolytesf

¢ Cristina lojoiu, (2 *°¢

*3 and

Long Hoang Bao Nguyen, (2 £ Tanguy Picard,
Fannie Alloin, ©2°¢ Nicolas Sergent, ©2'° Marie-Liesse Doublet
Jean-Sébastien Filhol 2 *3¢

Solutions made of tetraglyme (G4) containing Ca(TFSI), have been studied as models to understand the
solvation structure and the conductivity properties of multivalent ions in low dielectric constant ethereal
electrolytes. These solutions have been characterised using electrochemical impedance spectroscopy,
rheological measurement, and Raman spectroscopy. The ionic conductivity of these electrolytes shows
an intriguing non-monotonic behaviour with temperature which deviates from the semi-empirical
Vogel-Tammann-Fulcher equation at a critical temperature. This behaviour is observed for both
Mg(TFSI), and Ca(TFSl),, but not LiTFSI, indicating a difference in the solvation structure and the
thermodynamic properties of divalent ions compared to Li*. The origin of this peculiar behaviour is
demystified using temperature-controlled Raman spectroscopy and first-principles calculations
combined with a thermodynamic analysis of the chemical equilibrium of Ca®* ion-pairing versus
solvation. As long-range electrostatic interactions are critical in solutions based on low dielectric
ethereal solvents, a periodic approach is here proposed to capture their impact on the solvation
structure of the electrolyte at different salt concentrations. The obtained results reveal that the
thermodynamic and transport properties of Ca(TFSI),/G4 solutions stem from a competition between
enthalpic (ionic strength) and entropic factors that are directly controlled by the solution concentration
and temperature, respectively. At high salt concentrations, the ionic strength of the solution favours the
existence of free ions thanks to the strong solvation energy of the polydentate G4 solvent conjugated
with the weak complexation ability of TFSI™. At elevated temperatures, the configurational entropy
associated with the release of a coordinated G4 favours the formation of contact ion-pairs due to its flat
potential energy surface (weak strain energy), offering a large configuration space. Such a balance
between ion-pair association and dissociation not only rationalises the ionic conductivity behaviour
observed for Ca(TFSI),/G4 solutions, but also provides valuable information to extrapolate the ionic
transport properties of other electrolytes with different M(TFSI), salts dissolved in longer-chain glymes
or even poly(ethylene oxide). These findings are essential for the understanding of solvation structures
and ionic transport in low-dielectric media, which can further be used to design new electrolytes for
Li-ion and post Li-ion batteries as well as electrocatalysts.

Introduction

The global battery market has been in constant expansion in
recent years with tremendous development being foreseen in
the next decades as induced as an immediate consequence of
electrified transportation and the installation of electrical grid
storage to accommodate intermittent energy production. In
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order to ensure a sustainable supply chain, battery productions
need to be “green” regarding their environmental impact.?
So far, rechargeable lithium-ion batteries (LIBs) are the domi-
nant energy storage technology for mobile devices, but lithium
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mining has caused significant ecological and social effects.>*
Furthermore, the use of rare metals such as cobalt in these
batteries has caused great impacts on the environment and the
price of the full device.® Academic and industrial research
nowadays aim to minimise the use of rare metals in batteries,
and improve the power and energy densities of the cells.
In order to ensure an ecological and sustainable supply of
batteries adapted to our modern life’s demands, calcium-ion
rechargeable batteries have been explored.®® Indeed, Ca is the
fifth most abundant element on Earth, available in most
countries at a reasonable extraction price, by-passing all the
economic and political constraints in the technological transi-
tion to come. Furthermore, calcium is safer than lithium due to
its lower reactivity when exposed to air and moisture.

The growth of calcium-ion rechargeable batteries is conju-
gated to the development of new Ca®"-conducting electrolytes.
In order to satisfy all the practical requirements, the newly
developed electrolyte must possess a high Ca®" conductivity
(>107*S cm™" at room temperature), a transference number of
Ca”" approaching 1, and high chemical and electrochemical
stabilities.’®!" Moreover, materials used as electrolytes must be
safe and non-flammable, with low toxicity and low manufactur-
ing cost. Organic carbonates have long been used as solvents
for electrolytes in LIBs thanks to their high dielectric constant,
wide electrochemical windows, and the capability to dissolve a
considerable amount of salts at ambient temperature.'* None-
theless, recent research has shown that carbonate-based elec-
trolytes are not ideal for multivalent batteries as the solvent
molecules tend to be reduced before the metal deposition can
occur.”*™" Promising Ca plating and stripping have recently
been reported in electrolytes using glyme- or ether-based
solvents, indicating the particular role of low dielectric media
in the electrochemical activity of multivalent ions."®™*°

To design proficient Ca>* electrolytes, the solvation structure,
the physical properties, and the conduction mechanism in
Ca*" electrolytes should be well comprehended. Among the
glyme-based family, tetraethylene glycol dimethyl ether (tetra-
glyme or G4) exhibits intermediate properties between molecular
and polymer glymes. A detailed investigation of the Ca®'-O
interaction in tetraglyme solution is thus representative for the
whole glyme family. Most glyme molecules possess a high
donor number (DN), which is a measure of the Lewis basicity
of the oxygen’s electron lone pairs, helping them to dissolve a
significant amount of Ca®>' salts. Nevertheless, glyme-based
solvents possess a low dielectric constant (¢, = 7.0-7.5), leading
to great complexities when examining their physical properties.
When dissolved in solution, a solvated ion can still interact
with other cations and anions through the long-range electro-

static interaction, whose energy can be expressed by U =

N12¢*
Amege,r
¢1 and g, that are present in a medium of ¢, dielectric constant.
In conventional carbonate-based electrolytes, the dielectric
constant is high (&, = 89.0 for ethylene carbonate or &, = 40-60
for mixtures of carbonated solvents) so that the ion-ion

where r is the distance between the two ions of charge
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interactions are efficiently screened by the solvents, which
significantly reduces their contribution to the system’s total
energy. Although the ionic interactions can be reasonably
estimated using Debye-Hiickel theory,’ it is only applicable
to diluted solutions (~0.01-0.1 M) in high-dielectric media and
cannot be universally applied. In order to model and predict
the thermodynamic properties of low-dielectric media in a
qualitative way, it is necessary to develop a new modelling
approach to account for the contribution of these long-range
electrostatic interactions.

In this study, several Ca(TFSI),/G4 solutions were prepared,
and their ionic conductivity and viscosity were evaluated at
different temperatures and concentrations, and then compared
with those of the LiTFSI/G4 electrolyte. Abnormal behaviours
were detected in Ca(TFSI),/G4 solutions and the origin of these
abnormalities was thoroughly investigated using a combined
experimental and theoretical approach. In these solutions,
contact ion-pairs occur preferentially at elevated temperatures,
and differs from those usually observed in Li* electrolytes. The
ion-pair structure was elucidated using first-principles density
functional theory (DFT) calculations combined with vibrational
spectroscopy. Furthermore, the chemical equilibrium between
ion-pair association and dissociation was estimated using
periodic calculations to include the effect of the long-range
electrostatic interactions on the energy of the charged ions at
different salt concentrations. The obtained results reveal that
the ion-pair formation is an endergonic process that turns to be
exergonic at high temperatures or low salt concentrations due
to a subtle balance between the ionic strength of low-dielectric
media and entropy gain when G4 molecules are released during
ion-pairing. Such a fundamental knowledge in ion-pair for-
mation mechanism is vital to the understanding of solvation
properties in low-dielectric media, which is not fully compre-
hended at the present time. Moreover, the results discovered in
this work can be used as guidance to develop new electrolytes
for rechargeable batteries, especially those using non-polar
solvents.

Results
Conductivity and viscosity measurements

The conductivity (o) of Ca(TFSI),/G4 solutions was measured at
different salt concentrations in a temperature range of —20 to
90 °C (Fig. 1a). By varying the salt concentration, the ionic
conductivity of the Ca(TFSI),/G4 solutions increases monotoni-
cally up to 0.8 M while in the case of Mg(TFSI),/G4 the
conductivity maxima was observed at 0.55 M.>' The reason
for this difference is related to the solvation structure of Mg>"/
Ca®" in G4 and the energy of the M*>-O interaction. The
measured conductivity was then fit using the semi-empirical
Vogel-Tammann-Fulcher (VIF) model (eqn (1)), which gene-
rally describes the conductivity behaviour of amorphous poly-
mer and liquid electrolytes vs. temperature.

o= U—OT X exp (R(T_if%)) (1)

This journal is © the Owner Societies 2022
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(a) Temperature dependence of the conductivity of Ca(TFSI),/G4 solutions at different salt concentrations. (b) VTF fit of the conductivity recorded

on a 0.5 M Ca(TFSI),/G4 solution. (c) Temperature dependence of the viscosity of Ca(TFSI),/G4 solutions at different salt concentrations. (d) Walden plot
of Ca(TFSI),/G4 solutions at different salt concentrations. The Walden plot of a 0.5 M LiTFSI/G4 solution was plotted as a reference for comparison

purposes.

where ¢ is the ionic conductivity of the solution, the pre-factor
g, characterises the inherent conductivity of the electrolyte and
is related to charge carrier concentration and attempt fre-
quency for ions to transit between solvation sites. B is a
constant representing the pseudo-activation energy related to
the segmental motion of the polymer/solution. T, is the Vogel
temperature, commonly called ideal glass transition tempera-

ture, below which no more segmental motion is possible. It is
1

3
generally observed that Ty ~ ZTg ~ sz (where Ty is the glass

transition temperature and Ty, is the melting temperature) for
polymer-based electrolytes.>>*

A severe deviation from the VTF model is observed at a
relatively low temperature for all solutions, e.g. 37 °C fora 0.5 M
Ca(TFSI),/G4 solution (Fig. 1b). This behaviour is abnormal as
in typical solutions, charge carriers’ mobility increases with
temperature due to the viscosity decrease. Furthermore, the
“critical temperature” (T.) associated with the onset of the
deviation from the VTF law, shifts to a lower temperature when
lowering the salt concentration, from 7. = 333 K in 0.8 M
Ca(TFSI),/G4 to 293 K in a 0.1 M solution. Such a deviation is
not observed in a 0.5 M LiTFSI/G4 solution (Fig. S2, ESIt) and
has never been reported to the best of our knowledge. The
presence of a “critical temperature” in Ca(TFSI),/G4 electro-
lytes could be a consequence of the low dielectric constant
value of G4 that strongly increases long-range cation/anion

This journal is © the Owner Societies 2022

electrostatic interactions, in particular for solutions based on
divalent cations. Forero-Saboya et al. investigated carbonate-
based electrolytes and also observed a different behaviour for
Mg>" or Ca**-based electrolytes compared to the Li* one; never-
theless, the evolution in the conductivity of these carbonate-
based electrolytes followed the VTF model, even at high
temperatures.”

The temperature dependence of the viscosity of Ca(TFSI),/
G4 solutions at different salt concentrations is depicted in
Fig. 1c. The addition of Ca(TFSI), into liquid tetraglyme led
to an increase in the solution viscosity as a consequence of the
interaction between Ca®> and the G4 electron lone-pairs.
By increasing temperature, the viscosity drops rapidly, and its
evolution vs. temperature follows the VIF model perfectly,
which is not the case for conductivity. At a given temperature,
the conductivity increases continuously with the concentration
while a discontinuity is noticed for the viscosity, i.e., a large
increase in solution viscosity is observed when moving from
0.6 M to 0.7 M solution. This viscosity/conductivity non-
correlated process could be related to the formation of a gel
due to Ca**-0 interactions at a certain concentration. However,
such a structure was not observed by rheology measurements
showing that the Ca(TFSI),/G4 electrolytes behave as a
Newtonian liquid irrespectively of the salt concentration
(Fig. S3, ESIt). DSC measurements were also performed (Fig. S4,
ESI{) and contrarily to what has been observed for lithium

Phys. Chem. Chem. Phys., 2022, 24, 21601-21611 | 21603
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electrolytes in G4,”**” two melting points were observed up to
0.8 M, indicating the presence of crystalline solvate structures
with a low melting point at around —32 °C. The eutectic point
corresponds to the 0.8 M concentration, i.e., a molar ratio of four
G4 per Ca(TFSI),.

To further investigate the link between conductivity and
viscosity, one can plot their product, normalised by the salt
concentration, as a function of temperature (Fig. 1d), known as
Sxn

C
polymer, the ionic conductivity is linked to the motion of both
anions and cations, and the charge mobility is in turn linked to
the ability of the host network to accommodate the charge
transport, which is quantified by its viscosity and structural
relaxation time. In general cases, the viscosity and conductivity
are inversely proportional, making their normalised product a
constant with respect to temperature, which is the case for
0.5 M LiTFSI/G4 (Fig. 1d). Nevertheless, the constant line in the
Walden plot only holds in solutions, where the number of
charge carriers is constant in the temperature range investi-
gated. In 0.1-0.3 M Ca(TFSI),/G4 solutions, the Walden plot
shows a plateau at low temperature, followed by a slight
deviation at higher temperatures. On the other hand, the
Walden plot deviates brutally from the constant line in 0.4-
0.8 M Ca(TFSI),/G4 solutions, which might be related to a
change in the number and/or the nature of charge carriers with
temperature (Fig. 1d). This behaviour has been previously
reported for Ca(NO;), hydrate melts, and this abnormality
was assigned to structures formed in the liquid phase.*®

the Walden plot =£(7).”®*° In a liquid or amorphous

Origin of abnormal behaviours

The deviation in the conductivity and the Walden plots of
Ca(TFSI),/G4 solutions indicates a decrease in the number of
charge carriers and the formation of new ionic species in the
solution at elevated temperatures. One possibility for the
change in the number of charge carriers is the ion-pair for-
mation. Nevertheless, the actual structure of [Ca-TFSI]" contact
ion-pair in G4 solution has never been reported in the litera-
ture. Theoretical DFT calculations were thus employed to
elucidate the structure and shed light on the mechanism of
ion-pairing.

In a recent study, we reported that Ca®>* ions in a 0.5 M
Ca(TFSI),/G4 solution are solvated mainly in the form of
mer-[Ca(G4),]*", in which two G4 molecules participate in the
solvation, each G4 donating four of its oxygens to the coordina-
tion to Ca®", i.e. [4 + 4].>" The complexation to TFSI~ requires
the departure of one G4 molecule in mer-{Ca(G4),]** and leads
to a [5 + 2] solvation sphere in which one Ca-O bond is missing
compared to the fully solvated [4 + 4] sphere (Fig. 2). In TFSI ",
the negative charge is delocalised over the O—S-N-S=—O0 group,
in which both N and O atoms can act as electron donors.
Experimental and theoretical data have shown that oxygen
atoms in the sulfonyl groups have a higher affinity to cations
than nitrogen in the imide.**® Furthermore, the nitrogen
atom has a great steric hindrance in its surrounding; hence,
only oxygen atoms participate in the ion-pair formation.

21604 | Phys. Chem. Chem. Phys., 2022, 24, 21601-21611
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[Ca(pn,-TFSI)G4]* Tetraglyme
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o
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mer-[Ca(G4),]**

Solvent-separated ion-pair

TFSI-

Fig. 2 Molecular representation of the [mer-[Ca(G4),l//TFSII* solvent-

separated ion-pair and its evolution to the trans-[Cal(u,-TFSI)(G4)]* con-
tacting ion-pair and free ions.
Different conformations and structures of the TFSI™ and

[Ca(TFSI)(G4)]" contact ion-pair were generated and are shown
in Fig. S5 and S6 (ESIt). Results show that trans-[Ca(p,-
TFSI)(G4)]" is the most stable form, contributing mainly to
the thermodynamic properties of the solutions, which will be
focused on in the following text.

Due to its high charge value, the mer-[Ca(G4),]”" complex
can attract and interact with free TFSI” in the solution to form
the solvent-separated ion-pair [[Ca(G4),]//TFSI]". In this struc-
ture, Ca®>* remains fully bonded to G4 molecules while TFSI~
resides in its second solvation shell at a relatively close distance
(Fig. S7, ESIT). Even though TFSI™ is not directly bonded to the
Ca®" centre, the electrostatic interaction between them limits
the free motion of the ions, thus having a direct impact on the
solution’s ionic conductivity. Due to the mechanical flexibility
of long tetraglyme chains, [Ca(G4),]>" can adopt several
solvation structures with different organisations of tetraglyme
molecules. Instead of having a [4 + 4] coordination as in the
mer-structure, [Ca(G4),]>" can adopt a [5 + 3] solvation sphere
(Fig. S8, ESIt), where the energy difference between the two
forms is only 37.7 k] mol " (390 meV),*! which is accessible by a
gain in the configurational entropy of the less coordinated G4
molecule or thermal excitation. By considering different con-
formers, the energy of the [[Ca(G4),]//TFSI]" solvent-separated
ion-pair can then span over an energy range of 37.7 k] mol *
depending on the local configuration of the coordinated G4
molecules (Fig. 3); such an energy span is also expected for free
ions. In reality, the energy of the [[Ca(G4),])//TFSI]" solvent-
separated ion-pair spans over a wider range than that of free
ions due to (i) different conformers of solvated Ca>", (ii) the
distance between solvated Ca®" and TFSI ™, and (iii) the direction
where TFSI™ approaches the solvated Ca>*. Nonetheless, all
these factors cannot fully be captured due to the limitations of
DFT calculations; we have thus limited our consideration in the
conformer contribution.

The total energy of different Ca®* solvation and ion-pair
structures as a function of the solution concentration is
reported in Fig. 3. The results show that the [[Ca(G4),]//TFSI]"
solvent-separated ion-pair is the most stable species, especially
at low concentrations (Fig. 3). This result agrees with previous

2+
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Fig. 3 Concentration-dependent free enthalpy of: Free mer-[Ca(G4),1>*

and TFSI~ (Black line), contact ion-pair trans-[Ca(u,-TFSI)(G4)]* with a G4
molecule in its second solvation shell (Red line), and solvent-separated
ion-pair [[Ca(G4),l//TFSII™ (Blue line). The dotted region indicates the
energy range of solvent-separated ion-pairs with a consideration of the
different Ca®* solvation forms and the coloured areas represent different
stability domains of the species.

studies showing that multivalent ions were prone to ion-pairing
even at modest concentrations.’”*' This emphasises that
even though G4 is capable of dissolving the Ca(TFSI), salt
thanks to the strong Ca®’’-O interaction (see Table 1), the
solvated [Ca(G4),]** are not completely separated from TFSI ™.
The strong electrostatic interactions of Ca** with its surroun-
dings thus make the motion and properties of solvated
Ca”" strongly correlated with those of its counter-ions at all
concentrations.

The energy of doubly-charged mer-[Ca(G4),]*" is more sensi-
tive to the solution concentration than the singly-charged
solvent separated [[Ca(G4),]//TFSI]" and contact ion-pair trans-
[Ca(u,-TFSI)(G4)]". Consequently, the fully solvated species
becomes more stable than the solvent-separated and contact
ion-pair species at a critical concentration above which a higher
molar fraction of mer-{Ca(G4),]** should occur in the solution.
This leads to the existence of three distinct regions in the phase
diagram (Fig. 3), in which the thermodynamic stability of the
solvated species is ranked as follows:

e Region 1 (low concentration): solvent-separated ion-pair >
contact ion-pair > free ions.

e Region 2 (medium concentration): solvent-separated ion-
pair > free ions > contact ion-pair.

e Region 3 (high concentration): free ions > solvent-
separated ion-pair > contact ion-pair.

View Article Online
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Raman intensity

1000 1200

800

200
Wavenumber (cm™)
Fig. 4 Raman spectra acquired on Ca(TFSI),/G4 solutions at different salt

concentrations. Insets focus on the zoom of some important vibrational
modes.

Interestingly, the conversion of the most stable species, i.e.,
solvent-separated ion-pairs or free ions, to contact ion-pairs is
computed as an endergonic process (~100-200 meV) at 0 K. As
this process is accompanied by a release of a tetraglyme
molecule which possesses high configurational entropy due
to the long organic chain with several degrees of freedom
associated with the rotations around the chemical C-O, C-C
bonds, the chemical equilibrium should turn in favour of the
ion pair formation at elevated temperatures due to significant
entropy gain. Indeed, the energy difference between solvent-
separated ion-pairs/free ions and contact ion-pairs is around
100 meV (Fig. 3), which can be easily compensated by vibra-
tional and configurational entropy contributions of free tetra-
glyme molecules at elevated temperatures. Upon heating, it is
therefore expected that the [Ca(p,-TFSI)(G4)]" contact ion-pair
formation can occur, which can alter the ionic conductivity of
the solution. The temperature at which [Ca(p,-TFST)(G4)]" for-
mation occurs can be considered as the “critical temperature”,
which is associated with a decrease in solution ionic
conductivity.

Ion-pair formation detection

In order to verify these theoretical predictions, Raman spectro-
scopy was employed to follow the evolution in the nature of
TFSI” anions upon heating. This technique is capable of
distinguishing TFSI™ in the contact ion-pairs from those being
in the outer-sphere of Ca** or free in the solution.

Fig. 4 shows the Raman spectra obtained for various
Ca(TFSI),/G4 solutions. The characteristic vibrational modes

Table 1 Energy of M—O bonds in mer-[Ca(G4),]>* and [Ca(u,-TFSI)(G4)]*, and the energy required for the G4 deformation calculated with the SCAN-
rVV10 functional in the VASP code. The coordination number of each central ion is indicated in square brackets. All calculations were performed using a

simulation box in the size of 20 x 20 x 20 A

Average Ey_o per bond  Average Eyo (rrsyy per bond
1

Estrain fOor G4 Percentage of Egirain (G4)

Em-o (K] mol™") (k] mol™") (k] mol™) (kJ mol™) compared to Eyo (%)
mer-[Ca(G4),]*" [4 + 4] —1463.0 —182.9 97.5 6.7
[Ca(u,-TFSD)(G4)]" [5 + 2] —1444.7 —206.4 —265.2 48.2 3.3

This journal is © the Owner Societies 2022

Phys. Chem. Chem. Phys., 2022, 24, 21601-21611 | 21605


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2CP03200G

Open Access Article. Published on 09 August 2022. Downloaded on 1/23/2026 6:23:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of TFSI™ and Ca”'/G4 system are: (i) the symmetric and anti-
symmetric SO, wagging modes () at 397 and 408 cm ™", (ii) the
symmetric CF; bending (J) coupling with expansion-contrac-
tion of the O=S-N-S=O0 group at 740 cm ', (iii) the deforma-
tion vibration of C-H, C-C, and C-O bonds of G4 molecules
coordinated to Ca®>" at 868 and 879 cm ', and (iv) the C-F
stretching mode (v) at 1242 cm™".** As shown in Fig. 4, the
intensity of these characteristic vibrational modes increases
gradually with the salt concentration.

Among all characteristic vibrations, the essential one is the
TFSI™ contraction-expansion mode locating at 740 cm ™. It has
a trivial intensity in IR spectroscopy but is the most intense
band observed in Raman spectroscopy. It is originated from the
symmetric CF; bending (0) and the expansion-contraction of
the O=S-N-S=O group, the coupling of which could result
from the wavenumber superposition or a Fermi resonance
(Video S1, ESIt).*>™*® The deconvolution of this signal required
at least three components located at: (i) 731 cm™* to take into
account the background effect,*” (ii) 740 cm " corresponding to
free TFSI™, including those residing in the second coordination
sphere of Ca** in the G4 solution (3 cm™" shifted compared to
free TFSI™), and (iii) 748 cm™" corresponding to the TFSI~
coordinated to the M™ in the ion-pair (Video S2, ESIf), i.e. Ca>*
in this study (Fig. S9, ESIt). Even though the Ca**-O stretching
component in the vibrational eigenvector was relatively weak in
this wavenumber range, it was sufficient to modify the force
constant and the vibrational wavenumber of the TFSI™ group.
Assuming a similar sensitivity to Raman scattering of free and
coordinated TFSI", the Raman intensity ratio reflects the
percentage of each kind of TFSI™ that is present in the electro-
lyte. At a molar concentration greater than 0.3 M, the integrated
area of the 748 cm ™' band always equals ca. 10% of the total
area of the 740 cm '-centered vibrations (Table S1, ESIY})
indicating a nearly constant fraction of ion-pairs in the
solution. At lower salt concentrations, ie., 0.1 M and 0.2 M,
the peak at 748 cm ™! has a higher contribution (Table S1, ESI{),
indicating that [Ca(u,-TFSI)(G4)]" ion-pairs are formed and can
be observed partially at ambient temperature. This result agrees
with theoretical predictions and confirms the presence of free
Ca*" and TFSI ions at high salt concentrations, consistent with
the ionic conductivity of these concentrated solutions at
moderated temperatures.

To demonstrate the important presence of contact ion-pairs
upon heating, temperature-dependent in situ Raman spectro-
scopy was performed for the solution with the weakest ionic
strength, 0.1 M Ca(TFSI),/G4. The in situ experiment was
focused especially on the vibrations around 740 cm ™' as they
can provide quantitative information on the amount of bound
and free TFSI™ in the solution. Fig. 5 shows the evolution in
intensity of this band as a function of temperature. Upon
heating, the intensity of the signal corresponding to free TFSI™
decreases while the one corresponding to bound TFSI™ gradu-
ally grows (Fig. 5), indicating a temperature-driven formation of
contact ion-pairs. The increasing amount of [Ca(u,-TFSI)(G4)]"
ion-pair leads to a loss in the number of charge carriers and a
change in the mean diffusion coefficient. These phenomena are
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Fig. 5 Evolution in the position and the intensity of the characteristic
expansion—contraction mode of TFSI™ at 740 cm™! during the
temperature-dependent in situ Raman measurement performed on a
0.1 M Ca(TFSI),/G4 solution.

entirely coherent with the loss in ionic conductivity of the 0.1 M
Ca(TFSI),/G4 solution, the deviation from the VIF-law, and the
peculiar behaviour of Walden product at elevated temperatures.
By taking into account the presence of free and bound TFSI™,
the corrected Walden product shows a constant line in the
whole temperature range, which ensured the sole role of ion-
pairing in the abnormal behaviour of 0.1 M Ca(TFSI),/G4
solution (Fig. S10, ESIY).

For comparison purposes, Raman measurement was also
conducted for a 0.2 M LiTFSI/G4 solution (i.e. same TFSI_
concentration as in 0.1 M Ca(TFSI),/G4). Results show a gradual
decrease in the band’s intensity at 740 cm™" when the tem-
perature increased (Fig. S11, ESIT), which is due to a change in
its Raman activity. Nevertheless, the signal of the [Li-TFSI]
contact ion-pair is not detected in this temperature range. This
comparison reveals different solvation and ion-pair structures
for mono- and divalent cations, as discussed below.

Discussions

Organic carbonates have long been the focus of the battery
community as a practical solvent for electrolytes in recharge-
able LIBs."® Nonetheless, carbonate molecules possess a high
dipole moment that will be greatly polarised when they are
coordinated to a highly charged cation, such as Mg>*, Ca®*, and
AI**. The carbonate molecules in the first coordination sphere
of multivalent ions will consequently be reduced before the
metal deposition can occur.”® On the other hand, non-polar
solvents, such as glyme molecules, can exhibit great reduction
in stability even if they are coordinated to a highly polarised
cation. Nonetheless, it has long been considered that glyme-
based solutions are not ideal electrolytes for batteries as they
possess a low dielectric constant and would poorly dissociate
the ions. Depending on the chain length, glyme molecules can
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actually act as multidentate ligands,*” and the solvated ions are
highly stabilised through a chelating effect facilitated by the
relatively low mechanical stress associated with the glyme
strain. Long-chain glyme-based molecules, e.g., triglyme and
tetraglyme, can thus dissolve a significant amount of salts,
which can be used as electrolytes for rechargeable batteries."®

The great influence of the ionic strength on the stability of
charged ions is a peculiar property of solvents possessing a low
dielectric constant value, in which long-range electrostatic
interactions have a great contribution to the system’s total
energy. In most studies, the theoretical enthalpy or Gibbs free
energy of a reaction in liquid phase is computed using a
molecular approach (isolated molecules/ions surrounded by
an implicit solvent model) that assumes an infinite dilution.
Such a consideration is only appropriate when investigating
highly dilute solutions in high dielectric constant media, where
the ion-ion interaction is completely smeared out. In solutions
containing a significant amount of solute, the ion-ion inter-
action must be included in the total energy by applying the
Debye-Hiickel solution model, only valid in high-dielectric
media, as a data post-treatment process. As an alternative of the
Debye-Hiickel model for low dielectric constant media, the
present study shows that affordable periodic calculations with
varied simulation boxes including punctual counter-ions,
e.g., C17, lead to reliable results that qualitatively compare with
the experimental data.

Based on this methodology, the solvation properties of
Ca(TFSI),/G4 solutions at various concentrations were investi-
gated to elucidate the abnormal behaviour experimentally
observed for their ionic conductivity. Results show that solvated
Ca** in G4 solutions has a great tendency to form solvent-
separated ion-pairs due to the strong electrostatic interaction of
Ca®" with the counter TFSI™ ion located in its outer-sphere.
At high concentration, free ion mer-[Ca(G4),]*" is even more
stabilised than the solvent-separated species (Fig. 3) making it
the dominant species thanks to the strong ionic strength of the
medium allowing long-range electrostatic stabilisation.

Upon heating, both the conductivity and temperature-
dependent Raman measurements suggest that solvent-separated
ion-pairs or free ions evolve toward [Ca(,-TFSI)(G4)]" contact ion-
pairs. Using the energy analysis approach as described in ref. 31,
48, the interaction energy of Ca®>-O bonds and strain energy
required for the deformation of G4 molecules in free mer-
[Ca(G4),]*" and [Ca(y,-TFSI)(G4)]" can be deconvoluted (Table 1).
The Ca**-O (TFSI") interaction energy is 40% stronger than that
of Ca**-0 (G4), i.e., —265 vs. —185 kJ mol ", due to an enhanced
electrostatic interaction between Ca®** and TFSI~, inducing a
competition between Ca*>~O (TFSI~) and Ca®*-O (G4). Nonethe-
less, the number of Ca**-O bonds being one less in [Ca(j,-
TFSI)(G4)]" [5 + 2] than in mer-[Ca(G4),]** [4 + 4], the total Ca*'~
O interaction energies in the two systems turn to be very similar
(Table 1). The direction of the chemical equilibrium between
these two species can be easily switched by a small energy
variation due to concentration/temperature changes. Moreover,
the replacement of a tetraglyme molecule in the doubly-charged
mer-[Ca(G4),]** complex by TFSI™ leads to a decrease in the ionic
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strength of the media together with a significant increase in
the system’s entropy due to the multiple configurations of a
free tetraglyme molecule. These two factors are the driving force
for the contact ion-pair formation upon heating, which
fully rationalises the decrease in the ionic conductivity with
temperature.

Overall, the results presented in this study demonstrate
a subtle chemical equilibrium existing in the Ca(TFSI),/G4
solution between solvated Ca®>" and singly-charged ion-pairs
(solvent-separated or contact). The weakly endergonic reaction
enthalpy computed at 0 K for the [Ca(G4),]”" + TFSIT =
[Ca(u,-TFSI)(G4)]" + G4 equilibrium is sufficient to explain
why Ca(TFSI),/G4 solutions are so sensitive to concentration
and/or temperature effects. Whether this equilibrium turns in
favour of ion-pair association or dissociation clearly lies in the
enthalpy/entropy competition one may tune it through the
modulation of concentration and temperature. Increasing salt
concentration moves the equilibrium towards ion-pair disso-
ciation thanks to the ionic strength (enthalpy gain) which
stabilises solvated Ca®>" above a critical concentration (Region
2). While this is beneficial to ionic conductivity, the persistent
occurrence of solvent-separated ion-pairs, irrespective of the
concentration, contributes to reduce the optimal ionic conduc-
tivity one may envision in solutions with solely solvated Ca**.
One way to prevent the dominant contribution of solvent-
separated ion-pairs at low salt concentrations would be to
monitor the solution’s ionic strength through the so-called
“salt effect”. As an example, adding non-electroactive salts,
such as [N(Bu),]Cl, would increase the ionic strength of the
solution and favour fully solvated mer-[Ca(G4),]*" species even
at low Ca(TFSI), concentrations.

Increasing the temperature now moves the equilibrium
towards ion-pair association thanks to the entropy gain asso-
ciated with the conversion of Ca-chelating G4 having a few
accessible conformations, into free G4 having around 3'°
accessible conformations. Remarkably, temperature does not
act as a stabiliser of the contact ion-pair but triggers its
formation indirectly from the large entropy gain associated
with the increasing fraction of free tetraglymes in the solution.
The detrimental impact of ion-pairing on the ionic conductivity
of the solution could be easily prevented by using longer-chains
glyme solvents up to polyethylene oxide (PEO) polymers.
Indeed, while the enthalpy contribution to the solvation struc-
tures of Ca”" is expected to be similar in Ca(TFSI),/PEO polymer
electrolytes and in liquid ethereal solutions, the important loss
in configuration entropy in longer-chains free glymes and
polymers should prevent or delay the formation of ion-pairs
towards higher temperatures. Therefore, Ca(TFSI),/PEO is
expected not to be a strong entropy-driven system as tetraglyme
and its properties should be mainly dictated by ionic strength
making it a better ionic conductor than liquid Ca(TFSI),/G4.

At this stage, one may wonder whether the peculiar beha-
viour observed in Ca(TFSI),/G4 will also be encountered in
other systems, such as Mg(TFSI),/G4 solutions. In order to
clarify this point, a 0.5 M Mg(TFSI),/G4 solution was prepared,
and its temperature-dependence conductivity was also
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Fig. 6 (a) Temperature dependence of the conductivity of 0.5 M
Mg(TFSI),/G4 solution compared to 0.5 M Ca(TFSI),/G4. A divergence
from the VTF model was observed for both solutions. (b) Structure of the
[Mg(uo-TFSI(G4)]* ion-pair optimised by the SCAN-rVV10 functional
embedded in the VASP code.

1
measured (Fig. 6a). The ¢ =f (?) relation also shows a non-

monotonic response; there exists a ‘critical”’ temperature,
beyond which the solution conductivity starts to deviate from
the VIF model, alike in Ca(TFSI),/G4 solutions. This phenom-
enon is also assigned to the ion-pair formation at elevated
temperatures. In a recent study, we have demonstrated that
Mg”>* in G4 solution shows structural flexibility. Under G4-
deficient conditions, Mg>" exists in the form of [Mg(G4)]**
while two G4 molecules participate in the solvation process to
generate mer-[Mg(G4),]** [3 + 3] when there is a G4 surplus.® In
0.5 M Mg(TFSI),/G4 solution, mer-{Mg(G4),]*" is the preferred
solvation form and the [Mg(TFSI)(G4)]" ion-pair formation
reaction can be written as in Fig. S12 (ESIT). Nevertheless, there
is a transformation in the coordination number of Mg”* from
[3 + 3] to [5 + 2] during the ion-pair association (Fig. S12, ESIT).
Alike Ca**, Mg”>" ion-pair can exist in the form [Mg(u,-
TFSI)(G4)]" or [Mg(u,-TFSI)(G4)]" with the latter being more
stable (Fig. 6b). The thermodynamic properties of ion-pair
formation in 0.5 M Mg(TFSI),/G4 solution are then expected
to be similar to those in Ca(TFSI),/G4 solutions, therefore
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favouring the [Mg(p,-TFSI)(G4)]" formation at elevated tempera-
tures. These findings are consistent with previous studies
showing that in low-permittivity solvents, such as monoglyme,
diglyme, or triglyme, the fraction of free Mg*>* in Mg(TFSI),-
based electrolytes increases at higher salt concentrations.*®™?
Table S2 (ESIt) summarises the Mg>'-O interaction energy
with different glymes, from monoglyme up to tetraglyme;
it is apparent that the strength of the Mg®>*-O interaction is
invariant with the chain length. Moreover, all glyme-based
media exhibit a similar dielectric constant (g, = 7.2-7.5). The
invariance in the magnitude of the short- and long-range
interactions when varying the chain length is the origin of
the abnormalities observed in glyme-based solutions contain-
ing divalent salts. The physical properties of low dielectric
Mg(TFSI),/G4 and Ca(TFSI),/G4 solutions are thus very differ-
ent from those known for conventional electrolytes. Therefore,
a suitable ionic strength must be tuned through the ‘“salt
effect” when employing Mg(TFSI),/G4 or Ca(TFSI),/G4 as the
electrolyte for rechargeable batteries in order to maximise the
amount of free solvated ions.

These findings now allow us to rationalise the different
behaviour of the LiTFSI/G4 system, where no ion-paring is
detected in 0.2 M solution even at elevated temperatures (Fig.
S11, ESIY). According to our previous study, Li" in G4 solution is
solvated in the [Li(G4)]" form with all five oxygen atoms of the
G4 molecule participating in the coordination.’™* The ion-
pairing reaction, [Li(G4)]" + TFSI = [Li(TFSI)(G4)] is now
associated with a loss in entropy due to the combination of
ions, which cannot occur at high temperatures. Furthermore,
[Li(G4)]" bears one charge and is stabilised at all concentrations
due to the ionic strength, which is not the case for the
[Li(TFSI)(G4)] neutral species. In LiTFSI/G4 solutions,
both enthalpic and entropic effects tend to favour the existence
of solvated [Li(G4)]", irrespective of the concentration and
temperature.

In this study, the leading parameters governing the solvation
properties of generic M"*(TFSI),/Gm solutions were identified
and their associated ionic conductivity was fully rationalised.
These factors should be listed as follows:

e Short-range chemical interactions: they are determined by
the strength of the interaction between the solvated cation and
the solvent molecules in the first solvation sphere and their
magnitude is proportional to Z*, Z being the charge of the
central ion.

e Long-range electrostatic interactions: they are dominant in
low-dielectric media and their magnitude is proportional to the
charge of the solvated species present in the solution.

e Solvent configuration entropy: this quantity is critical
for solvents undergoing large entropy variation during the
(de)solvation process.

e Solvent stress: this quantity is indirectly linked to the
previous one and is related to the strain energy required for a
solvent molecule to coordinate to the central ion. It is negligible
in monodentate ligands/solvent molecules but might become
important in some multidentate ligands when the electron-
donor atoms need to drastically reorganise to coordinate the
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central cations. As a destabilizing factor competing with the
solvation energy, it can prevent the separation of anions and
cations.

The above-mentioned factors exist in all kinds of liquid
electrolytes at different extents, influencing the stability and
the reactivity of the solvated cations. In conventional carbonate-
based electrolytes, the dielectric constant is usually quite large
and the organic carbonate molecules are monodentate,* > so
that their solvation properties are primarily dominated by the
short-range chemical interactions. In the tetraglyme solvent,
the G4 molecule is multidentate with five electron-donor oxy-
gens and chelation occurs due to a moderate solvent stress.
Therefore, these intermediate molecular weight glyme-based
systems should be considered as ‘‘entropy-driven solvents”.
Due to its low dielectric constant, the long-range electrostatic
interaction is not negligible, which can directly affect the
energy of the solvated ions. Nevertheless, the low-dielectric
medium opens the possibility to modulate the solvent proper-
ties, such as the structure and the solvation energy, through a
variation of the ionic strength at different solution concentra-
tions, which might have a paramount impact on the interface
stability and the reactivity of the solvated species.

Besides electrochemistry, several biochemical processes,
such as enzyme activations or protein-inhibitor interaction,
have been reported to occur in extremely low dielectric constant
environments with the peculiar role of the ion-pairing
process.’®°" Consequently, the results and methodology devel-
oped in this study can further be applied to these systems.

Conclusions

In this study, we have investigated the particular conductivity
behaviour of Ca(TFSI),/G4 and Mg(TFSI),/G4 solutions vs.
concentration and temperature. For weak ionic force solutions,
a solvent-separated ion-pair is the most energetically favourable
species and upon heating, a critical temperature exists, beyond
which the ion-pair formation occurs, thus driving the ionic
conductivity down and leading to a change of the Walden
product with temperature. In high concentration solutions,
the free solvated ions become favoured thanks to the high
ionic strength of the solution. These behaviours are completely
different from those observed in conventional carbonate-based
electrolytes and in LiTFSI/G4 electrolytes, which is a conse-
quence of the low-dielectric medium with divalent cations (in
contrast to monovalent) and the high configuration entropy
change coming from the release of multidentate flexible G4
molecules. These unexpected behaviours can be explained
using periodic electrolyte models in which explicit solvated
species are surrounded in an implicit solvent model and where
the boundary conditions can be used to vary the salt concen-
tration. This approach allows capturing the long-range electro-
static interactions and their influence on the energy of the
different solvated species expected to occur in the solutions.
The present analysis not only rationalises the abnormal ionic
conductivity behaviour of [M**(TFSI),])/G4 solutions but also
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sheds light on the three leading parameters that can be tuned
to design better electrolytes: ionic strength, solvent conforma-
tional entropy, and solvation stress. These findings, hopefully,
will lead to a paradigm shift in how solvated ions and molecular
electrolytes are modelled, which might impact the development of
new electrolytes, especially those for multivalent rechargeable
batteries as well as electrolysis and electrocatalysis.
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