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ABSTRACT: Detailed speciation of electrolytes as a function of chemical system
and concentration provides the foundation for understanding bulk transport as well
as possible decomposition mechanisms. 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 generally exhibit low permittivity, which typically increases
the complexity of the electrolyte species. To improve our understanding of ionic
population and associated transport in these important classes of electrolytes, the
speciation of Mg(TFSI), in monoglyme and diglyme systems is studied via a
multiscale thermodynamic model using first-principles calculations for ion
association and molecular dynamics simulations for dielectric properties. The
results are then compared to Raman and dielectric relaxation spectroscopies, which
independently confirm the modeling insights. We find that the significant presence
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of free ions in the low-permittivity glymes in the concentration range from 0.02 to 0.6 M is well-explained by the low-permittivity
redissociation hypothesis. Here, salt speciation is largely dictated by long-range electrostatics, which includes permittivity increases
due to polar contact ion pairs. The present results suggest that other low-permittivity multivalent electrolytes may also reach high

conductivities as a result of redissociation.

O ne of the impediments toward improving Mg electro-
chemistry is the lack of a fundamental understanding of
the governing electrochemical and physiochemical properties
of the electrolyte. Although there exists a significant body of
work focusing on transport properties, solvation, and electro-
chemical stability,"° ion pairing and speciation remain poorly
understood for commonly studied multivalent electrolyte
systems,” despite their crucial importance to overall electrolyte
behavior. A critical leap in understanding of multivalent
electrolytes is needed to accelerate their development and
achieve parity with lithium electrolytes.

Most Li ion and specifically high-permittivity electrolytes
studied for electrochemical applications exhibit a decreasing
molar conductivity with increasing concentration,®
pairing and viscosity increase. In contrast, multivalent
electrolytes (which are generally prepared with solvents of
low static permittivity,” e.g,, € < 10) can show an increasing
molar conductivity A (concentration-normalized conductivity)
with increasing concentration. More precisely, in concentration
ranges of electrochemical interest (e.g., 0.01 to 1 M), the molar
conductivity initially increases and eventually reaches a
maximum at moderate concentrations. The initial increase in
molar conductivity for low-permittivity multivalent electrolytes
may be due to a dramatic, more complex change in ion
speciation compared with high-permittivity monovalent
electrolytes.

as ion
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Two representative low-permittivity multivalent Mg
electrolytes are magnesium bis(trifluoromethylsulfonyl)imide,
Mg(TFSI),, in monoglyme (G1) and Mg(TFSI), in diglyme
(G2), which have been widely investigated for use in
electrochemical cells,” primarily because of their high
conductivity, solubility, and commercial availability. These
anion—solvent combinations are also widely utilized for
lithium—oxygen and lithium—sulfur electrochemistry.””""
However, Mg(TFSI), in ethers requires an additional salt
(e.g, MgCl,) in order to allow plating and stripping at high
Coulombic efficiencies.” Nonetheless, the present work will
focus specifically on Mg(TFSI), in ethers without an
additional salt, as even such simple electrolytes, which are
the subject of intense research and interest,”*®'*"?
poorly understood in terms of salt speciation'* and bulk
thermodynamic properties.15

For Mg(TFSI), in both Gl and G2, the concentration-
dependent molar conductivity deviates from that of high-
permittivity electrolytes (Figure 1)."'% The molar conductiv-
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Figure 1. Measured conductivity (left) and molar conductivity (right)
as functions of the concentration of Mg(TESI), in G1 or G2 solvent.

ity increases with concentration, indicating nonconventional
behavior: typically (e.g, for high-permittivity solvents) the
molar conductivity decreases with increasing concentration in
the dilute limit following Kohlrausch’s law,"” and at
concentrations of ~0.5 M following, among other factors,
significant viscosity and ion pairing increases.'® The molar
conductivity increase for G1 and G2 suggests that ion pairing
decreases™ (i.e., the population fraction of charge carriers is
increased), contrary to what would be expected from simple
predictions based on the law of mass action.

Salama et al. suggested on the basis of diffusion and Raman
measurements that Mg(TFSI), in Gl exists primarily as free
ions independent of concentration,'” a finding that is under
contention.”” Similarly, Kubisiak and Eilmes'” reported
molecular dynamics (MD) simulations that showed strictly
solvent-solvated Mg** from 0.1 to 1 M Mg(TESI), in G1. Sa et
al. studied Mg(TFSI), in G2 and found an (unusual) increase
in the diffusivity of the salt by an order of magnitude as the
concentration increased from 0.1 to 0.7 M, which was
suggested to be a result from a “complicated solution
environment at different ionic strengths”.'® Using MD they
found a significant presence of solvent-separated ion pairs
(SSIPs) or free ions and a monotonic increase in ion pairing
with increasing concentration from 0.2 to 2 M. Unfortunately,
the results from Salama et al., Kubisiak and Eilmes, and Sa et
al. are not consistent with the relevant molar conductivity
increase. Via X-ray and MD studies of 0.4 M Mg(TFSI), in
G2, Lapidus et al.” found that approximately half of the Mg**
was free, with the remaining split into contact ion pairs (CIPs)
or neutral triple ions. Kimura et al., who studied Mg(TFSI), in
triglyme via conductivity and Raman measurements, suggested
a shifting equilibrium between SSIPs and free ions as the
concentration is varied to explain the increasing molar
conductivity, but they did not provide a physical motivation
for such a mechanism."® The differences in the aforementioned
interpretations and suggestions illustrate that no clear
consensus has yet emerged regarding the speciation in low-
permittivity multivalent systems.

We hypothesize that the interplay between ion pairing and
molar conductivity can be rationalized via a phenomenon
termed redissociation.'”™>* In low-permittivity electrolytes,
associated salt species tend to form as a result of the strong
electrostatic interactions compared with polar solvents.”* If
these associated species are endowed with a significant dipole
moment, they will increase the total permittivity via an increase
in the orientational polarizability and favor a larger population
of dissociated salt sgecies, i.e.,, redissociation, as the
concentration increases.”>*>* Previous studies of the interplay
between permittivity increase and ion association have focused
on monovalent salts.'”*'™>***7*” To the best of our
knowledge, redissociation has not been analyzed or proposed
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for nonaqueous multivalent systems, despite the inherently
stronger electrostatic interactions present.

Characterization of ion pairing for multivalent liquid
electrolytes systems is quite challenging because of the strong
interionic interactions in solution: many conventional
techniques such as conductometry are often not directly
applicable,” and the challenges are compounded for low-
permittivity systems. In order to evaluate the redissociation
hypothesis for low-permittivity multivalent electrolytes, herein
we use a multiscale computational model (MSM) to predict
the permittivity and salt speciation as functions of concen-
tration. To verify the results, we use Raman spectroscopy and
dielectric relaxation spectroscopy (DRS). While previous work
on combined permittivity and szpeciation diagrams have used a
posteriori experimental data,””*®*’ the current MSM is
entirely theoretically and computationally based and relies on
experimental data only for validation. Furthermore, a
significant number of dielectric relaxation studies have been
carried out on low-permittivity monovalent systems'*>">%*” as
well as some high-permittivity multivalent systems,28 but to
date none have been carried out on low-permittivity multi-
valent electrolytes, the subject of the present work.

For a system with divalent cations and monovalent anions,
the concentration association constant K, directly provides the
ratio of the concentration of associated monocationic CIPs
(capy+) to those of the free ions (c,, and c_) via the following
relationships:**

= Kf{y**y‘

Ccip, +

KA(C) = fe,A

G-

(1)

in which the thermodynamic association constant K3 has been
introduced as well as the concentration activity coefficients of
the multivalent cation, anion, and contact ion pair (y,,, y_, and
Yeip respectively), and the permittivity correction term f 4. K3
accounts for specific short-range interactions, while the activity
coeflicients y; and the permittivity correction term f, , account
for long-range nonspecific electrostatic interactions.

With the assumption that only free ions and contact ion
pairs are present, the following concentration conservation
equation can be written:

cip

€= Gyt Cipy (2)
Moreover, charge neutrality imposes the following condition:
e (3)

In the present work, K} is obtained through first-principles
electronic structure calculations within a continuum solvation
model enhanced with an explicit first solvation shell for the
multivalent cation (see Methods). For low to moderate
concentrations (e.g, up to 0.7 M), a Guggenheim-type
equation is often used for activity coeficients,”® where the
first term is the Debye—Huckel expression; such a model is
employed in the present work, as follows:”>*°

Y

ycip,+

- 10_4ADH\/T/(1+BDH(ZDH‘H)
4)

In the above equation, the symbols have their typical
significance:”*° Bpy is the Debye—Huckel term, apy is the
distance of closest approach, Apy is the Debye—Huckel
parameter, and I is the ionic strength. While Guggenheim-type
expressions also include linear and higher-order terms in the
ionic strength for the ions’ chemical potential, here we assume
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that the impact of terms in addition to the standard Debye—
Huckel expression due to changes in permittivity is first-
order.”*” Thus, the role of such terms is fulfilled by f. ,
described above. Hence, we neglect any higher-order
corrections.

If the permittivity of the electrolyte remains fairly constant
as a function of concentration, then f, , would equal unity.
However, if the permittivity changes appreciably, as it tends to
do for low-permittivity electrolytes, then the following
phenomenological equation can be used:'’

fo=e b + b
4T T =0 e (s)
where €(c) is the concentration-dependent permittivity, e(c =
0) is the permittivity of the neat solvent, and b is a positive
phenomenological constant.

With increasing concentration of charged species, the
charged species’ activity coeflicients y; decrease and hence
compete 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 associa-
tion if the permittivity decreases).

Together, eqs 1—5 allow for the construction of speciation
diagrams from first-principles calculations provided that €(c) is
known in the desired concentration range. The concentration
dependence of € can be expressed as follows:

(c) =¢e(c=0) + Aegc; + O(cic.)
€ € Z € S ©

where Ag; is the dielectric constant increment for species i.
Here it is assumed that Ae; is independent of concentration
and that higher-order terms can be neglected. When eq 6 is
coupled to eqs 1-—5, then the total permittivity can be
calculated as a function of concentration provided that each
Aeg; is known. As described in Methods and in a previous
publication,” Ae; can be calculated from classical MD
simulations.

Figure 2 shows the static permittivity (dielectric constant)
(top) and the speciation (bottom) as functions of concen-
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Figure 2. (top) Permittivity and (bottom) speciation diagram of
Mg(TFSI), in G2 at 25 °C. In the speciation diagram, the solid lines
show the computed species fractions ¢;/c, except in the case of the
anion, for which 0.5¢;/c is shown. Species in question are illustrated in

bubbles.
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tration for Mg(TFSI), in G2. The static permittivity is
computed to increase from 7.4 (neat G2) to 14.8 (0.5 M),
while it is measured to increase from 7.4 to 16.2. There is good
agreement throughout the studied concentration range (0.02
to 0.5 M). The error bars are a consequence of the fitting
procedure required to extract the static permittivity values
from the frequency-dependent spectra (see Methods). The
tendency of the permittivity to increase with concentration is
different than what is observed for salts in typical high-
permittivity electrolytes (e.g, NaCl in water), where the
dielectric constant typically decreases with concentration as a
result of the loss of free solvent molecules due to binding to
the solvation shell of free ions, thus reducing the orientational
polarizability of the solution.’* Here, the increase in
permittivity with concentration unequivocally indicates that
associated species, e.g., CIPs, which have a strong dipole
moment, are present in appreciable quantities in the solution.

The speciation inferred from the Raman analysis of TFSI ion
pairing is in good agreement with the computed values (Figure
2, bottom). Here the population fractions of free ions increase
with concentration while that of the associated species (i.e.,
CIPs) decreases, consistent with the molar conductivity
increase.

Table 1 shows the computed dielectric increments for the
salt species, which were used in the MSM. We note that

Table 1. Computed Dielectric Increments Per Mole of
Species and K3 Values

solvent Ae,, /M Ae_/M7! Aecyp, /M K3
G2 —-11 -3.0 147 52 % 108
Gl -13 -2.7 72 3.6 X 10°

although the presence of free ions tends to lower €, the
decrease is much less than the increase in € due to CIPs.
Figure 3 shows the static permittivity (top) and the
speciation (bottom) as functions of concentration for Mg-
(TESI), in G1. The static permittivity is computed to increase
with concentration from 7.0 (neat G1) to 10.8 (0.57 M salt in
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Figure 3. (top) Permittivity and (bottom) speciation diagram of
Mg(TFSI), in G1 at 25 °C. In the speciation diagram, the solid lines
show the computed species fractions ¢;/c, except in the case of the
anion, for which 0.5¢;/c is shown. Species in question are illustrated in

bubbles.
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G1) and is measured to increase from 7.0 to 12.3 by DRS, in
general agreement. No data points were obtained between 0.05
and 0.57 M because of the miscibility gap in the electrolyte"
(see Methods).

The bottom panel of Figure 3 shows the speciation as a
function of concentration. The Raman analysis of associated
TESI™ populations is consistent with the trends: the fraction of
CIPs generally decreases and the fractions of free ions increase
with increasing concentration, qualitatively similar to the
Mg(TFSI), in G2 system. The high-concentration (0.57 M)
population experimental data are within 5% of the computed
values, but the lower concentrations do not show such
agreement. The disagreement suggests that either the
computed K, is overestimated at the lower concentrations or
higher-order aggregates could be present (e.g, SSIPs, triple
ions), which is discussed further below. The Raman data points
indicate a slight increase in ion pairing by 0.6% in going from
0.035 to 0.05 M. However, the error estimate for Raman
inferred populations due to instrument noise is 6% at the
lowest concentration (0.02 M) and otherwise generally
decreases with increasing concentration (error bars are not
displayed here for visual clarity; see the Supporting
Information). Thus, here the emphasis is placed on the
general trend of decreasing ion pairing with increasing
concentration.

At high concentrations, the permittivity of G2 electrolytes is
higher than that of G1, despite a similar fraction of ion pairing
according to Raman spectroscopy, and this highlights an
important difference in CIP structure tendencies. As shown in
Table 1, CIPs in G2 show a much larger dielectric increment
increase than those in G1 (147 M™! versus 72 M), which
allows the electrolyte to reach a higher static permittivity
despite 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 bidentate majority configuration of the CIP in G1 (see the
inset 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 K3 values for the two studied
systems (G2 and G1) are on the order of 10® (Table 1), while
for high-permittivity electrolytes typically K3 is much smaller
(e.g., on the order of 10%).”® The concentration-dependent K,
values are dramatically lowered from the permittivity increase,
a phenomenon specific to low-permittivity systems.

As part of the presented results, a few possible sources of
error should be considered and discussed. First, the
assumption of a concentration-independent interionic distance
parameter apy could in principle be improved.” In this work
we derive apy; as the sum of radii’*®*” of a CIP and an anion,
providing a reasonable value for a multivalent Mg** system.”
Second, assuming that CIPs are the only associated species is
certainly an approximation, especially in the low-concentration
regime. For previous multivalent systems, SSIPs were shown to
be present at low concentrations (below 0.2 M),*® which may
explain the disagreement at low concentration for the
Mg(TFSI), in Gl and G2 systems. 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 presence of SSIPs in this work.
Moreover, the agreement between the MSM and the DRS and
Raman analyses at higher concentrations supports the
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assumption of CIPs as the majority associated species at
higher concentrations.

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

In contrast to high-permittivity Li ion electrolytes, multi-
valent electrolytes for battery applications, which generally use
low-permittivity solvents, show an increasing molar con-
ductivity with increasing concentration. To improve our
understanding of the complex speciation in these liquids, we
have used modeling and DRS to establish an increase in static
permittivity as a function of salt concentration in Mg(TFSI),/
GI and G2 electrolytes. Furthermore, the speciation diagrams
constructed from the multiscale modeling methodology show
an increase in the fraction of dissociated species with
concentration, which is confirmed experimentally by Raman
spectroscopy. The combined evidence strongly indicates that
polar contact ion pairs that form at low concentration trigger a
redissociation mechanism, leading to an increase in free
charge-carrier ions at higher concentrations. For Gl, the
dramatic change in speciation from redissociation may also
play a role in the miscibility gap from 0.05 to 0.57 M."
Furthermore, the current results suggest that for low-
permittivity multivalent electrolytes, redissociation is a non-
specific effect (i.e., independent of the salt chemistry),
provided that a considerable population of strongly polar
associated species persists. Preliminary measurements indicate
that many Mg** and Ca*" electrolytes of interest exhibit
increasing molar conductivity with concentration, and further
investigations linking these observations to the attendant
cluster structures and populations will be the subject of future
publications. Finally, the ability to tune redissociation—and
therefore speciation and transport—via designer salt additives
remains a viable path forward.

B METHODS

Infinite-dilution association constants K3, shown in Table 1,
were calculated via first-principles quantum-chemistry calcu-
lations. Hybrid DFT calculations were undertaken with
Gaussian 016 software’® using the wb97x-d functional® with
the def2tzvp basis set’” and a continuum solvation model*'
(CSM) using the neat solvent permittivity as well as an explicit
first solvation shell for cations. Before geometry optimization
via ab initio methods, initial configurations were picked via
conformational analysis using MacroModel*” and an OPLS-
based force field,*> where structures with dentation matching
those from the classical MD simulations were picked. In order
to correct for spurious contributions of low-frequency modes
to the vibrational partition function, Truhlar’s correction** was
applied using Patton’s code.*’ fea was calculated using the
optimized geometries of the neat solvent and then single-point
calculations as the permittivity of the CSM was varied. A
function as described by eq S was fit (further details are
provided in the Supporting Information). 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 Ae;, MD simulations were undertaken
with GROMACS*® as described in a previous publication.”

https://dx.doi.org/10.1021/acs.jpclett.0c00334
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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—dissipation theorem, the dipole of the salt
species had to be drawn and included in the total polarization.
This was undertaken with an in-house code as described and
provided in the previous publication.”> As was necessary,
certain of the simulations carried an overall charge, for which
the GROMACS software provided a correcting background
homogeneous charge.***’” For charged associated salt species,
the net charge was subtracted at the center of mass.* Briefly,
the dipole moment P of the associated salt species can be
written as follows:

= zmm qionsr’C (7)

in which “ions” refers to the atomic point charges of the salt
species and «x indicates the given Cartesian direction. If the
associated salt species has an overall charge, then the
contribution from the center of mass (COM) charge can be
subtracted:

P

salt species,x

Ps,alt species,j = Lalt species,j rCOM(quk) (8)

Electrolyte solutions for ionic conductivity, DRS, and
Raman measurements were prepared in an argon-filled
glovebox (MBraun) with H,O < 1 ppm and O, < 0.1 ppm.
The solvents 1,2-dimethoxyethane (G1) and diethylene glycol
dimethyl ether (G2) were purchased in anhydrous form from
Millipore-Sigma, distilled, and stored over 3 A molecular sieves
with activated alumina. Mg(TFSI), (Solvionic, 99.5%) was
dried under vacuum at 170 °C for a minimum of 48 h prior to
use. It was found that the dissolved Mg(TFSI), salt imparted a
nontrivial solution volume increase over that of the pure
solvents, and thus, careful measurement of the overall solution
volume was required in order to obtain accurate molarity
values. This was particularly important for solutions of
moderate to high concentration. Consistent with a previous
report, we found that Mg(TFSI),/G1 solutions exhibited a
significant miscibility gap between ~0.05 M and ~0.57 M,
precluding measurements at intermediate concentrations.'”

Solution ionic conductivities were measured in the
aforementioned glovebox using an AC impedance system
incorporating a homemade conductivity probe consisting of
two parallel Pt electrodes. The cell constant of this
conductivity probe was periodically calibrated in KCI solutions
of various concentrations to ensure measurement 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
spectral fitting of the TFSI™ breathing mode region (~740
cm™') using Gaussian/Lorentzian line shapes, similar to
published methods.”® Selected examples are shown in the
Supporting Information.

Dielectric spectra were measured in glass vials using an
immersed slim-form coaxial probe (Keysight N1501A) and a
vector network analyzer (Keysight P9375A) over the frequency
range from 0.5 to 26.5 GHz. Multiple measurements were
made to ensure repeatability, and various immersion depths
were tested to confirm the absence of associated artifacts.
Calibration was maintained and periodically refreshed using an
ECal module (Keysight N7SSSA). A three-point calibration
was performed before each DRS series using air, a short circuit,
and tetrahydrofuran.*” During spectral acquisition, the samples

2050

were briefly exposed to air (<1 min). However, no subsequent
changes were observed in DRS measurements repeated after
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 GI1
electrolytes and one Cole—Cole relaxation and one Debye
relaxation for G2 electrolytes®*>* (further details are provided
in the Supporting Information).
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