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Abstract

Detailed speciation of electrolytes, as a function
of chemical system and concentration, provides
the foundation for understanding bulk trans-
port as well as possible decomposition mech-
anisms. In particular multivalent electrolytes
have shown a strong coupling between anodic
stability and solvation structure. Furthermore,
solvents that are found to exhibit reasonable
stability against alkaline earth metals gener-
ally exhibit low-permittivity which typically in-
creases the complexity of the electrolyte species.
To improve our understanding of ionic popula-
tion and associated transport and in these im-
portant classes of electrolytes, the speciation
of MgTFSI2 in monoglyme and diglyme sys-
tems are here studied via a multiscale ther-
modynamic model using first principles calcula-
tions for ion association and molecular dynam-
ics simulations for dielectric properties. The re-
sults are then compared to Raman and dielec-
tric relaxation (DRS) spectroscopies, which in-
dependently confirm the modeling insights. We
find that the significant presence of free ions
in the low permittivity glymes in concentration
ranges from 0.02 M to 0.6 M is well explained by
the low permittivity redissociation hypothesis.
Here, salt speciation is largely dictated by long-
range electrostatics, which include permittivity
increases due to polar contact-ion pairs. The

present results suggest that other low permit-
tivity multivalent electrolytes may also reach
high conductivities due to redissociation.

Main Text

One of the impediments towards improving Mg
electrochemistry is the lack of the fundamental
understanding of the governing electrochemi-
cal and physiochemical properties of the elec-
trolyte. Although there exists a significant
body of work focusing on transport properties,
solvation and electrochemical stability,1–6 ion
pairing and speciation remain poorly under-
stood for commonly studied multivalent elec-
trolyte systems,7 despite their crucial impor-
tance to overall electrolyte behavior. A critical
leap in understanding is needed in multivalent
electrolytes to accelerate their development and
achieve parity with lithium electrolytes.

Most Li-ion and specifically high-permittivity
electrolytes studied for electrochemical appli-
cations exhibit a decreasing molar conductivity
as a function of concentration,8 as ion-pairing
and viscosity increase. In contrast, multiva-
lent electrolytes (which are generally prepared
with solvents of low static permittivity,2 e.g.
ε < 10) can show an increasing molar conduc-
tivity Λ (concentration normalized conductiv-
ity) versus concentration. More precisely, in
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concentration ranges of electrochemical inter-
est (e.g. 0.01 M to 1 M), the molar conduc-
tivity initially increases and eventually reaches
a maximum at moderate concentrations. The
initial increase in molar conductivity for mul-
tivalent low permittivity electrolytes may be
due to a dramatic, more complex change in
ion speciation as compared to monovalent high-
permittivity electrolytes.

Two representative low permittivity multi-
valent Mg2+ electrolytes are MgTFSI2 (Mg
bis(trifluoromethylsulfonyl)imide) in mono-
glyme (G1) and MgTFSI2 in diglyme (G2),
which are widely investigated electrolytes for
use in electrochemical cells,2 primarily due to
their high conductivity, solubility and com-
mercial availability. This anion-solvent com-
bination is also widely utilized for Li-Oxygen
and Li-Sulfur electrochemistry.9–11 However,
MgTFSI2 in ethers requires additional salt (e.g.
MgCl2) in order to allow plating and strip-
ping at high Coulombic efficiencies.2 Nonethe-
less, the present work will focus specifically
on MgTFSI2 in ethers without additional salt,
as even such simple electrolytes, which are the
subject of intense research and interest,3,4,6,12,13

are still poorly understood in terms of salt
speciation14 and bulk thermodynamic proper-
ties.15
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Figure 1: Measured conductivity (left) and
molar conductivity (right) as a function of
MgTFSI2 salt concentration in G1 or G2 sol-
vents.

For both MgTFSI2 in G1 and G2, con-
centration dependent molar conductivity de-
viates from that of high permittivity elec-
trolytes (Figure 1).15,16 The molar conductivity
increases with concentration, indicating non-
conventional behavior: typically (e.g. for high
permittivity solvents) molar conductivity de-

creases as a function of concentration in the di-
lute limit following Kohlrausch’s law,17 and at
concentrations ∼ 0.5 M following, among other
factors, significant viscosity and ion pairing in-
creases.18 The molar conductivity increase for
G1 and G2 suggests that ion pairing decreases13

(i.e. the population fraction of charge carriers
is increased), contrary to what would be ex-
pected from simple predictions based on the law
of mass action.

Salama et al. suggested from diffusion
and Raman measurements that MgTFSI2 in
G1 exists primarily as free ions, indepen-
dent of concentration,15 a finding under con-
tention.6,7 Similarly, Kubisiak and Eilmes12 re-
ported MD simulations which showed strictly
solvent-solvated Mg2+ from 0.1 M to 1 M
MgTFSI2 in G1. Sa et al. studied MgTFSI2

in G2, and found (an unusual) increase in dif-
fusivity of salt from 0.1 M to 0.7 M by an or-
der of magnitude, which is suggested as result-
ing from a “complicated solution environment
at different ionic strengths”.16 Using MD they
found a significant presence of SSIPs or free
ions, and monotonically increasing ion-pairing
with concentration from 0.2 M to 2 M. Unfortu-
nately, the results from Salama et al., Kubisiak
and Eilmes and Sa et al. are not consistent
with the relevant molar conductivity increase.
Lapidus et al.,6 via X-ray and MD studies of
0.4 M MgTFSI2 in G2, found approximately
half of Mg2+ was free, with the remaining split
into contact ion pairs (CIPs) or neutral triple
ions. Kimura et al., who studied MgTFSI2

in triglyme via conductivity and Raman, sug-
gested a shifting equilibrium between solvent-
separated ion pairs (SSIPs) and free ions as
concentration is varied to explain the increasing
molar conductivity, without providing a physi-
cal motivation for such a mechanism.13 The dif-
ferences in the aforementionned interpretations
and suggestions illustrate that no clear consen-
sus has yet emerged regarding the speciation in
low permittivity multivalent systems.

We hypothesize that the interplay between
ion pairing and molar conductivity can be ra-
tionalized via redissociation.19–23 In low permit-
tivity electrolytes, associated salt species tend
to form due to the strong electrostatic interac-
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tions compared to polar solvents.24 If these as-
sociated species are endowed with a significant
dipole moment, they will increase the total per-
mittivity via an increase in the orientational po-
larizability and favor a larger population of dis-
sociated salt species as concentration increases,
a phenomenon termed redissociation.21,22,25

Previous work on studying the interplay be-
tween permittivity increase and ion association
has focused on monovalent salts.19,21–23,25–27 To
the best of the authors’ knowledge, redissocia-
tion has not been analyzed or proposed for non-
aqueous multivalent systems, despite the inher-
ently stronger electrostatic interactions present.

Characterization of ion pairing for multiva-
lent liquid electrolytes systems is quite challeng-
ing due to the strong interionic interactions in
solution: many conventional techniques such as
conductometry are often not directly applica-
ble,24 and the challenges are compounded for
low permittivity systems. In order to evalu-
ate the redissociation hypothesis for low per-
mittivity multivalent electrolytes, we herein use
a multiscale computational model (MSM) to
predict permittivity and salt speciation as a
function of concentration. To verify the re-
sults, we undertake Raman and dielectric re-
laxation spectroscopy (DRS). While previous
work on combined permittivity and speciation
diagrams have used a posteriori experimental
data,23,28,29 the current MSM is entirely the-
oretically and computationally based, and re-
lies on experimental input only for validation.
Furthermore, a significant number of dielec-
tric relaxation studies have been carried out on
monovalent low permittivity systems,19,21,26,27

as well as some high-permittivity multivalent
systems,28 however none yet on multivalent low
permittivity electrolytes — the subject of the
present work.

For a system with divalent cations and mono-
valent anions, the concentration association
constant KA directly provides the concentra-
tion ratio of associated monocationic contact
ion pairs ccip,+ to free ions c++ and c− via the
following relationships:24

KA(c) =
ccip,+
c++c−

= K0
A

y++y−
ycip

fε,A (1)

In the above equation, the thermodynamic
association constant K0

A is introduced, as well
as the concentration activity coefficients of the
multivalent cation, anion, and contact ion pair
y++, y−− and ycip,+ and the permittivity correc-
tion term fε,A. K0

A accounts for specific short
range interactions while the activity coefficients
yi as well as the permittivity correction term
fε,A, account for long-range non-specific elec-
trostatic interactions.

Assuming only free ions and contact ion pairs
then the following concentration conservation
equation can be written:

c = c++ + ccip,+ (2)

Moreover, charge neutrality imposes the fol-
lowing condition:

2c++ + ccip,+ = c− (3)

In the present work, K0
A is obtained through

first-principles electronic structure calculations
within a continuum solvation model enhanced
with an explicit first solvation shell for the mul-
tivalent cation (see Methods). For low to mod-
erate concentrations (e.g. up to 0.7 M), a
Guggenheim - type equation is often used for
activity coefficients,28 where the first term is
the Debye-Huckel expression, employed in the
present work, as follows:28,30

y++y−
ycip,+

= 10
−4ADH

√
I

1+BDHαDH
√
I (4)

In the above equation, the symbols have
their typical significance,28,30 where BDH is the
Debye-Huckel term, αDH is the distance of clos-
est approach, ADH is the Debye-Huckel param-
eter and I is the ionic strength. While Guggen-
heim - type expressions also include linear and
higher order terms in ionic strength for the ions’
chemical potential, here we assume that addi-
tional terms to the standard Debye-Huckel ex-
pression impact first order due to changes in
permittivity.31,32 Thus, the role of such terms
is fulfilled by fε,A, described above. Hence, we
neglect any higher order corrections.

If the permittivity of the electrolyte remains
fairly constant as a function of concentration,
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then fε,A would equal unity. However, if the
permittivity changes appreciably, as it tends
to for low permittivity electrolytes, then the
following phenomenological equation can be
used,19 where b is a positive phenomenological
constant:19

fε,A = exp(
−b

ε(c = 0)
+

b

ε(c)
) (5)

With increasing concentration of charged
species, the yi charged species activity coeffi-
cients decrease, hence competing with the mass
action law which promotes association. If the
permittivity increases, then this will act as an
additional driving force for reduced association
(and increased association if the permittivity
decreases). Together, equations 1, 2, 3, 4 and
5 allow for construction of speciation diagrams
from first principles calculations provided ε(c)
is known in the desired concentration range.

ε(c) = ε(c = 0) +
∑
i

∆εici +O(cicj) (6)

In equation 6, the concentration - dependent
permittivity is equal to the permittivity of the
neat solvent ε(c = 0) in addition to the dielec-
tric increment per species ∆εi multiplied by the
concentration of said species ci. ∆εi is here in-
dependent of concentration, and it is also as-
sumed that higher order terms can be neglected.
If coupled to equations 1-5, then the total per-
mittivity can be calculated as a function of con-
centration, provided each ∆εi is known. As de-
scribed in the methods, and in a previous pub-
lication,33 ∆εi can be calculated from classical
molecular dynamics simulations.

Figure 2 (top) shows the static permittivity
(dielectric constant) as a function of concentra-
tion and the speciation as a function of con-
centration (bottom) for MgTFSI2 in G2. The
static permittivity is computed to increase from
7.4 (neat G2) to 14.8 (0.5 M), while it is mea-
sured to increase from 7.4 to 16.2. There is good
agreement throughout the studied concentra-
tion range (0.02 M to 0.5 M). The error bars are
a consequence of the fitting procedure required
to extract the static permittivity values from

Figure 2: Permittivity (top) and speciation di-
agram (bottom) of MgTFSI2 in G2 at 25◦C.
Computed species fraction ci/c is shown with
solid lines, except for the anion which is shown
for 0.5 ci/c. Species in question are illustrated
in bubbles.

the frequency dependent spectra (see Methods).
The tendency of the permittivity to increase
with concentration is different than salts in typ-
ical high permittivity electrolytes (e.g. NaCl in
water) where the dielectric constant typically
decreases with concentration due to the loss
of free solvent molecules bound into the solva-
tion shell of free ions, thus reducing the orien-
tational polarizability of the solution.34 Here,
the increase in permittivity with concentration
unequivocally indicates that associated species,
e.g. CIPs, which hold a strong dipole moment,
are present in appreciable quantities in the so-
lution.

The speciation inferred from the Raman anal-
ysis of TFSI ion pairing is in good agreement
with the computed values (Figure 2, bottom).
Here, the population fraction of free ions in-
creases with concentration, while the associated
species, e.g. CIPs, decrease, consistent with the
molar conductivity increase.

Table 1 shows the computed dielectric in-
crement per salt species, which was used in
the MSM. We note that the presence of free
ions tends to lower ε, however, the decrease is
much less than the increase in ε from associated
species (CIP).

Figure 3 shows the static permittivity as a
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Table 1: Computed dielectric increment per
mole of species, and computed K0

A

solvent ∆ε++

1M
∆ε−
1M

∆εCIP,+
1M

K0
A

G2 -11 -3.0 147 5.2 ×108

G1 -13 -2.7 72 3.6 ×108

Figure 3: Permittivity (top) and speciation di-
agram (bottom) of MgTFSI2 in G1 at 25◦C.
Computed species fraction ci/c is shown with
solid lines, except for the anion which is shown
for 0.5 ci/c. Species in question are illustrated
in bubbles.

function of concentration (top) and the speci-
ation as a function of concentration (bottom)
for MgTFSI2 in G1. The static permittivity is
computed to increase with concentration, from
7.0 (neat G1) to 10.8 (0.57 M salt in G1), and is
measured to increase from 7.0 to 12.3 by DRS,
in general agreement. No data points were ob-
tained between 0.05 M and 0.57 M due to the
miscibility gap in the electrolyte15 (see Meth-
ods).

The bottom panel of Figure 3 shows the spe-
ciation as a function of concentration. The Ra-
man analysis of associated TFSI− populations
is consistent with the trends: the fraction of
associated salt (CIPs) generally decreases with
concentration and fraction of free ions increases
with concentration, qualitatively similar to the
MgTFSI2 in G2 system. The high concentra-
tion population experimental data (0.57 M) are
within 5 % of the computed values, but the

lower concentrations do not show such agree-
ment. The disagreement suggests that either
the computed KA is overestimated in the lower
concentrations, or there could be presence of
higher order aggregates (e.g. solvent separated
ion pairs, triple ions), which is discussed futher
below. The Raman data points indicate a slight
increase in ion-pairing from 0.035 M to 0.05
M by 0.6 %. However, the error estimate for
Raman inferred populations due to instrument
noise is 6 % in the lowest concentration (0.02
M), and otherwise generally decrease with in-
creasing concentration (error bars are not dis-
played here for visual clarity, see SI). Thus, the
emphasis is here placed on the general trend of
decreasing ion-pairing with concentration.

At high concentrations, the permittivity of
G2 electrolytes is higher than that of G1, de-
spite a similar fraction of ion pairing according
to Raman spectroscopy, and this highlights an
important difference in CIP structure tenden-
cies. As shown in Table 1, CIPs in G2 show a
much larger dielectric increment increase than
G1 (147/M versus 72/M), which allows the elec-
trolyte to reach a higher static permittivity de-
spite having a similar fraction of CIPs. The
larger dielectric increment is due to a preference
for the more polar monodentate configuration
of the CIP in G2, in contrast to the bidendate
majority configuration of the CIP in G1 (see in-
set illustrations in Figure 3). In the model used
herein, we approximate the majority dentation
as the only ion-pair structure, although likely
some admixture of both dentations is present
in both liquids.The K0

As for both studied sys-
tems (G2 and G1) are on the order of 108 (Table
1), while for high permittivity electrolytes typ-
ically K0

As are much smaller (e.g. on the order
of 102).28 The concentration - dependent KAs
are dramatically lowered from the permittivity
increase, a phenomenon specific to low permit-
tivity systems.

As part of the presented results, a few possi-
ble sources of errors should be considered and
discussed. First, the assumption of a concentra-
tion - independent interionic distance parame-
ter αDH could in principle be improved.35 In
this work we derive αDH as the sum of radii36,37

of a CIP and an anion, providing a reasonable
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value for a multivalent Mg2+ system.35 Second,
assuming CIPs as the only associated species
is certainly an approximation, especially in the
low concentration regime. For previous multi-
valent systems, SSIPs were shown to be present
at low concentrations (below 0.2 M),28 which
may explain the disagreement at low concen-
tration for the MgTFSI2 in G1 and G2 sys-
tems. Unfortunately, the low frequency limit of
DRS, and the Raman analysis methods (which
cannot distinguish between free ions and SSIPs,
and show higher errors at lower concentrations),
preclude us from directly investigating the pres-
ence of SSIPs in this work. Moreover, the agree-
ment between the MSM with DRS and Raman
analysis at higher concentrations supports the
assumption of CIPs as the majority associated
species at higher concentrations.

Importantly, for both G1 and G2 electrolyte
systems, the calculated values for permittiv-
ity and speciation and the respective experi-
mental data are consistent with the redissocia-
tion hypothesis. More precisely, the permittiv-
ity increase, in addition to the increasing ionic
strength, which enhances screening of free ions
and lowers their chemical potential (via equa-
tion 4), explain the dramatic stabilization of
free ions at higher concentrations.

In contrast to high-permittivity Li-ion elec-
trolytes, multivalent electrolytes for battery ap-
plications, which generally use low permittivity
solvents show an increasing molar conductiv-
ity versus concentration. To improve our un-
derstanding of the complex speciation in these
liquids, we use modeling and DRS, to estab-
lish an increase in static permittivity as a func-
tion of salt concentration in Mg(TFSI)2/G1
and G2 electrolytes. Furthermore, the spe-
ciation diagrams constructed from the multi-
scale modeling methodology show an increase in
the fraction of dissociated species with concen-
tration, which is confirmed experimentally by
Raman spectroscopy. The combined evidence
strongly indicates that polar contact ion-pairs
that form at low concentration trigger a redis-
sociation mechanism, leading to an increase in
free, charge-carrier ions at higher concentra-
tions. For G1, the dramatic change in speci-
ation from redissociation may also play a role

in the miscibility gap from 0.05 M to 0.57 M.15

Furthermore, the current results suggest that
for multivalent low permittivity electrolytes, re-
dissociation is a non-specific effect (i.e. in-
dependent of the salt chemistry), provided a
considerable population of strongly polar asso-
ciated species persists. Preliminary measure-
ments indicate that many Mg2+ and Ca2+ elec-
trolytes of interest exhibit increasing molar con-
ductivity with concentration, and further inves-
tigations linking these observations to the at-
tendant cluster structures and populations will
be the subject of future publications. Finally,
the ability to tune redissociation - and there-
fore speciation and transport - via designer salt
additives remains a viable path forward.

Methods

Infinite dilution association constants K0
A,

shown in Table 1, were calculated via first prin-
ciples quantum chemistry calculation. Hybrid-
DFT calculations were undertaken with Gaus-
sian 016 software38 using ωb97x-d39 with the
def2tzvp basis,40 with a continuum solvation
model41 (CSM) using the neat solvent per-
mittivity, as well as an first explicit solvation
shell for cations. Before geometry optimization
via ab initio methods, initial configurations
were picked via conformational analysis us-
ing MacroModel42 and an OPLS-based force
field,43 where structures with dentation match-
ing those from the classical molecular dynamics
were picked. In order to correct for spurious
contributions of low frequency modes to the
vibrational partition function, Truhlar’s44 cor-
rection was applied using Patton’s code.45 fε,A
was calculated using the optimized geometries
of the neat solvent and then single point cal-
culations as the permittivity of the CSM is
varied. A function as described by equation 5
was fit (further details in SI). This yielded an
analytic function allowing the computation of
the correction to the association constant due
to the change in permittivity.

In order to calculate ∆εi molecular dynam-
ics calculations were undertaken with GRO-
MACS,46 with details following those of a previ-
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ous manuscript.33 Briefly, each simulation held
a single salt species in a box of solvent, such
that the concentration was 0.1 M. In order to
include the contribution of salt species to the
total permittivity, via the fluctuation dissipa-
tion theorem, the dipole of the salt species had
to be drawn and included in the total polariza-
tion. This was undertaken with in house code,
described and provided in a previous publica-
tion.33 As was necessary, certain of the simula-
tions carried an overall charge, which, for which
the GROMACS software provided a correct-
ing background homogeneous charge.46,47 For
charged associated salt species, the net charge
was subtracted at the center of mass.46 Briefly,
the dipole moment P of the associated salt
species can be written as follows:

Psalt species,x = Σionsqionsrx (7)

In the above equation, ions refers to the atomic
point charges of the salt species and x the
given cartesian direction. If the associated salt
species has an overall charge, then the center of
mass (COM) charge can be subtracted:

P ′salt species,j = Psalt species,j − rCOM(Σkqk) (8)

Electrolyte solutions for ionic conductivity,
DRS, and Raman measurements were prepared
in an argon-filled glove box with H2O < 1 ppm
and O2 < 0.1 ppm (MBraun). The solvents
G1 (1,2-dimethoxyethane) and G2 (diethylene
glycol dimethyl ether) were purchased in an-
hydrous form from Millipore-Sigma, distilled,
and stored over 3 Å molecular sieves with ac-
tivated alumina. MgTFSI2 (Solvionic, 99.5%)
was dried under vacuum at 170◦C for a mini-
mum of 48 h prior to use. It was found that the
dissolved MgTFSI2 salt imparted a non-trivial
solution volume increase over that of the pure
solvents and thus careful measurement of over-
all solution volume was required to achieve ac-
curate molarity values. This is particularly im-
portant for solutions of moderate to high con-
centration. Consistent with a previous report,
we find that MgTFSI2/G1 solutions exhibit a
significant miscibility gap between∼0.05 M and
∼0.57 M, precluding measurements at interme-

diate concentrations.15

Solution ionic conductivities were measured
in the aforementioned glove box using AC
impedance incorporating a home-made conduc-
tivity probe consisting of two parallel Pt elec-
trodes. The cell constant of this conductivity
probe was periodically calibrated in KCl solu-
tions of various concentrations to ensure mea-
surement accuracy.

Raman spectroscopy was performed in sealed
vials on a WITec Confocal Raman Microscope
using a 532 nm excitation laser. The TFSI
speciation was measured through careful spec-
tral fitting of the TFSI breathing mode region
(∼740 cm−1) using Gaussian/Lorentzian line
shapes, similar to published methods.5,48 Select
examples are shown in the supporting informa-
tion document (SI).

Dielectric spectra were measured in glass vials
using an immersed slim-form coaxial probe
(Keysight N1501A) and vector network ana-
lyzer (Keysight P9375A) over a frequency range
from 0.5 to 26.5 GHz. Multiple measurements
were made to ensure repeatability, and vari-
ous immersion depths were tested to confirm
the absence of associated artifacts. Calibra-
tion was maintained and periodically refreshed
through an ECal module (Keysight N7555A).
A three-point calibration was performed before
each DRS series using air, short-circuit, and
tetrahydrofuran.49 During spectral acquisition,
the samples were briefly exposed to air (< 1
min). However, no subsequent changes were
observed in DRS measurements repeated af-
ter long-term exposure to air, indicating that
the measurement is insensitive to electrolyte
air exposure over these time-scales. DRS data
were fit with two Debye relaxations for G1 elec-
trolytes, and one Cole-Cole and one Debye re-
laxation for G2 electrolytes50–52 (Further de-
tails in Supporting Information).
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