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ABSTRACT: We reveal the general mechanisms of partial
reduction of multivalent complex cations in conditions specific
for the bulk solvent and in the vicinity of the electrified metal
electrode surface and disclose the factors affecting the reductive
stability of electrolytes for multivalent electrochemistry. Using a
combination of ab initio techniques, we clarify the relation
between the reductive stability of contact-ion pairs comprising a
multivalent cation and a complex anion, their solvation structures,
solvent dynamics, and the electrode overpotential. We found that
for ion pairs with multiple configurations of the complex anion
and the Mg cation whose available orbitals are partially delocalized
over the molecular complex and have antibonding character, the
primary factor of the reductive stability is the shape factor of the
solvation sphere of the metal cation center and the degree of the
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convexity of a polyhedron formed by the metal cation and its coordinating atoms. We focused specifically on the details of Mg
(II) bis(trifluoromethanesulfonyl)imide in diethylene glycol dimethyl ether (Mg(TFSI),)/diglyme) and its singly charged ion
pair, MgTFESI". In particular, we found that both stable (MgTFSI)* and (MgTFSI)® ion pairs have the same TFSI configuration
but drastically different solvation structures in the bulk solution. This implies that the MgTFSI/dyglyme reductive stability is
ultimately determined by the relative time scale of the solvent dynamics and electron transfer at the Mg—anode interface. In the
vicinity of the anode surface, steric factors and hindered solvent dynamics may increase the reductive stability of (MgTFSI)* ion
pairs at lower overpotential by reducing the metal cation coordination, in stark contrast to the reduction at high overpotential
accompanied by TFSI decomposition. By examining other solute/solvent combinations, we conclude that the electrolytes with
highly coordinated Mg cation centers are more prone to reductive instability due to the chemical decomposition of the anion or
solvent molecules. The obtained findings disclose critical factors for stable electrolyte design and show the role of interfacial

phenomena in reduction of multivalent ions.

B INTRODUCTION

Magnesium-based energy storage technologies attract increas-
ing attention due to their potential to revolutionize large scale
applications such as transportation and grid storage. The
attractive combination of high volumetric capacity, potentially
low cost, and environmentally benign character makes Mg

batteries a strong candidate to provide the necessary
technological advances beyond lithium ion. Promising scientific
findings of Mg battery operational characteristics are potentially
transformative to commercialization. Since ground-breaking

. . 1-3
innovations

in the realization of Mg-ion rechargeable
batteries, significant effort has been invested in the search for
an optimal combination of electrodes/electrolyte materials that
would provide the desirable energy density, maximum
Coulombic efficiency (CE), reversible plating/stripping of
Mg, and superior cycling performance. One key parameter
for Mg battery performance—the electrochemical stability of an
electrolyte—has become a focus of many experimental and
theoretical studies.”””
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The electrochemical stability of the electrolyte is largely an
interfacial phenomenon whose description requires a proper
handling of the absolute reference for oxidation/reduction
potentials,”~" the accounting for the screening of charged
systems, ' >** and the electrode potential dependent renorm-
alization of the quasiparticle gap of a molecule coupled to a
metal surface” ™ as well as the establishing of voltage
dependence of the chemical reactions, their pathways, and
transition states.'””*** Accounting for the effects of solvent on
the electrolyte stability constitutes another challenge for
theoretical studies. By contrast with simple cations solvation
evident in aqueous solutions, complex Mg-based organic salts
demonstrate a significant degree of contact-ion pairing in
common organic solvents even at relatively small concen-
trations.”* " The reduction of such ion pairs may involve both
the Mg cation center and anion. Therefore, the solvation
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Figure 1. Schematics of possible bulk-like and interfacial mechanisms of the reduction of (MgTFSI)* ion pair solvated in diglyme. Mg atoms
indicated as golden, diglyme solvent molecules encased in ellipses, and the remaining atoms constituting the TFSI™ anion (C: cyan; N: blue; O: red;
F: pink; S: yellow). (a) The (MgTFSI)" cation in the bulk diglyme with the Mg cation center fully coordinated by oxygens. Reduction is only
possible at high overpotential (red dashed arrow). (b) Mg cation center is instantaneously undercoordinated due to solvent thermal fluctuations with
resulting electron transport at lower overpotential (solid red arrow). (c) The (MgTFSI)* cation at the anode interface. The electron transfer (solid
blue arrow) is facilitated by the lower Mg coordination likely induced by proximity to the surface. (d) The electron transfer mechanism via reduction
of an intervening solvent molecule adsorbed on the electrode surface (dashed blue arrow).

structure of multivalent ions at each charge state is believed to
critically impact the reversible plating/stripping at the anode,
the ease of electrochemical deposition and related over-
potential, and thus the overall CE and cycling performance.”*”
Since the ion configurations and their solvation structures at
the interface are predetermined by those in the bulk solution, in
most of the studies the electrochemical stability windows are
derived from the properties of electrolytes computed for the
bulk 6313334

However, in the conventional picture of multivalent ion
deposition,” the details of the transition from a fully charged
and highly coordinated form of a metal cation to its partially
discharged and lower coordinated form remain largely unclear.
The vicinity of the electrified anode surface may significantly
impact the ion coordination and the solvent dynamics*® and
thus the relative time scales of the solvent reorganization and
intrinsic electron transfer.”’ > This in turn will affect the
reductive stability that can be derived either from the Marcus
picture of nonadiabatic electron transfer in the outer-sphere
reaction governed by thermal fluctuations”*' or from more
advanced explicit treatment of the solvent relaxation based on
constrained DFT and nonadiabatic dynamics.”*™*’

Having accepted the importance of the specific spatial
arrangement of coordinating solvent molecules for the
reductive stability of complex ion pairs (see below the results
of the current work), first we would like to provide plausible
instances where that coordination might be altered in the
vicinity of an electron source—the anode. In Figure 1 we
outline schematically plausible mechanisms of a partial
reduction of a multivalent cation (exemplified with (MgTFSI)*

solvated in diglyme, see below) and highlight the difference
between the reduction processes occurring in the bulk solvent
and at the interface. This cartoon serves only illustrative
purposes and does not claim to provide any quantitative details
of the actual mechanisms. At this stage, we are guided by the
general expectations of how the proximity of the electrode
surface may influence the solvent dynamics and how, in its turn,
it may impact the reductive stability. Below (see Discussion) we
provide the theoretical rationale for the proposed mechanisms.
In the bulk, the outer-sphere reaction via a nonadiabatic
electron transfer can occur either at a significant overpotential
to overcome the high solvent coordination of a metal cation
(Figure 1a) or by assistance of solvent thermal fluctuations
possibly reducing the cation coordination (Figure 1b). By
contrast, at the interface, adiabatic electron transfer can be
either facilitated by the reduced cation coordination assisted by
the vicinity of the electrode surface and the modified solvent
dynamics, e.g., adsorption of solvent molecules (Figure 1c), or
mediated by the reduction of a solvent molecule sandwiched
between the electrode surface and the cation (Figure 1d). This
latter mechanism may or may not result from a lower Mg
coordination due to the (probable) subsequent rearrangements
of its solvation sphere upon solvent molecule reduction. For
details see the Discussion.

Recently, electrolyte solutions based on magnesium(II)
bis(trifluoromethanesulfonyl)imide (Mg(TFSI),) in different
solvents, e.g., diethylene glycol dimethyl ether (diglyme, G2) or
acetonitrile (AN), were proposed as a promising candidate for
advanced Mg batteries. These systems provide a relatively facile
delivery of Mg** ions in a chloride-free electrolyte and an
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electrochemical stability (anodic limit >4.0 V vs Mg/
Mg*)**?%*% in cells with a working Mg electrode. However,
these electrolytes suffer from low (<87%) CE, significant
overpotential, destructive incompatibilities with Mg metal
resulting in passivation of the anode surface, and parasitic
loss of electrolyte due to the electrochemical decomposition of
solvent (e.g, AN) mimicking Mg-plating/insertion.”® Another
peculiarity of the Mg(TFSI),/G2 electrolyte is the debated
instability of plating/stripping overpotentials at different salt
concentrations and current densities.”***""

In pursuit of understanding the Mg(TFSI), electrolyte
behavior and its potential improvement, extensive computa-
tional studies were carried out.”®*”*' Using a combination of
classical MD simulations and quantum chemistry calculations
hybridized with implicit solvent models,> it was shown that the
solvent donor strength and its chelating ability largely
determine the solubility of Mg(TFSI), and the ion-pair
solvation structure. The concentration-dependent instability
of the Mg(TFSI), salt at Mg metal potentials was assigned to a
drastic decrease of dissociation energy of the C—S bond in the
cation-reduced (MgTFSI)° complex leading to its decom-
position into neutral [Mg'—CF;SO,NSO, ]° and CF; frag-
ments.”’ However, the relationship between the solute
concentration and the electrochemical stability of anions is
far from being fully understood and is still debated®>****%*
since the proposed mechanism does not exclude other
processes involving solvent impurities or predicted cleavage
of the (TFSI)™ ion on the Mg surface.”>*

Given the complexity and richness of the electrochemistry of
the Mg(TFSI),/G2 electrolyte, we present an in-depth ab initio
study to elucidate the connection between relevant solvation
structures of complexes formed in the bulk solution and their
electrochemical stability in the vicinity of the Mg metal anode
and formulate a set of general guidelines for selection or design
of stable electrolytes.

B METHODOLOGY

The equilibrium speciation in G2 between Mg(TFSI),, Mg*,
(MgTESI)*, and (TFSI)” is not yet fully studied both in bulk
electrolyte and at the interface. The fundamental premise for
our study of Mg(TFSI), in diglyme is that the stability of the
electrolyte is dictated by the electrochemical stability of
(MgTFSI)" and its reduced form (MgTFSI)’. Here, we limit
our consideration solely to an elementary act (electron
transfer), without any further implications for the thermally
random coexistence of the fully charged and partially
discharged forms of the ion pair in vicinity of each other.
Moreover, we do not consider a bulk-phase coexistence of
charged and neutral ion pairs either. In assumption that the
proximity of the electrode surface may significantly impact the
solvation structure of the (MgTFSI)* ion, we consider different
fully and undercoordinated possible configurations of
(MgTFSI)* in charged and partially discharged (MgTFSI)°
states.

The systematic study of the correlation between the solvation
structure (coordination configuration) and the mechanisms of
chemical instability induced by a partial reduction in the bulk
solvent is carried out in two steps. At the first step, the quantum
mechanical study of small molecular clusters of (MgTFESI)”*
and one, two, and three G2 molecules is performed. The effects
of finite temperature and condensed liquid phase on the Mg
cation center coordination are accounted for by the use of ab
initio molecular dynamics (AIMD) simulations. Since no

specific assumptions about the relative time scales of the
intrinsic electron transfer rate and the reorganization of the
solvent at room temperature are made, we explore the
structural stability (susceptibility to the decomposition upon
the partial reduction) of the (MgTFSI)® unit in both relaxed
and unrelaxed to the zero-charge states of the (MgTFSI)*
cation solvated in G2. The accurate definition of the chemical
stability of a particular configuration requires the exploration of
the free energy landscape of a solute, its local minima, and
transition barriers with the solvent dynamics treated explicitly.
Because of the computational overheads of this approach, here
we explore the local minima of the potential energy of different
configurations and check their susceptibility to chemical
decomposition by testing their stabilities in the condensed
phase at the room temperature for at least 10 ps. We use
molecular orbitals analysis as a key tool to distinguish the stable
molecular configurations from unstable ones. This tool enables
us an insight into the reorganization of the electron density, the
hybridization of states of Mg cation, (TFSI)”, and solvent
diglyme molecules.

Computational Details. Quantum Chemistry Calcula-
tions. Optimized geometries, relative energies, and molecular
orbital are calculated with the DFT TeraChem package.” As
was reported in the previous extensive computational studies of
aprotic ionic liquids,” traditional functionals (e.g., B3LYP) give
large deviations from the high level benchmark (CCSD(T)/
complete basis set) results. Insufficient basis sets (lower than 6-
31 Pople family) show erroneous instability of (MgTFSI) in
the presence of any G2 molecule. However, it was found that a
combination of traditional functionals with the third version of
Grimme’s empirical dispersion correction®” usually produces
excellent results with the 6-311++G(3df;2p) basis set.”® In our
calculations we use B3LYP-D3 functional with the 6-311++G**
basis set. We use the L-BFGS geometry optimization method*®
with the termination criterion for the maximum energy gradient
component of 4.5 X 107* au. Wave function convergence
threshold is set as 3.0 X 10™°. Two-electron integral threshold is
set as 1.0 X 1072, and the basis set linear dependency threshold
is of 1.0 X 107* Partial charges were computed using the full
NBO analysis. For the open shell (MgTFSI)° molecule
unrestricted, KS orbitals were computed.

ESM Calculations. For the isolated and solvated in G2
(MgTFSI)* ion pair, the mutual alignment of Mg state with
respect to the Mg-slab Fermi energy at different distances is
evaluated within the effective screening medium (ESM)
model'"*** implemented in the SIESTA package.”’ This
model is based on solving the Poisson’s equation under open
boundary conditions (or conditions dictated by the electrode
environment) at z € (—oo, 00) separately from the Kohn—
Sham equation defined for the finite cell with imposed periodic
boundary conditions (PBCs). In the adiabatic limit all the
electronic properties are uniquely defined by the ground state
electronic density. The entire system is characterized by the
common Fermi energy which accounts for the (possible)
electron transfer between the slab and the molecular cluster.
Thus, we do not use any specific energy level alignment scheme
a posteriori and rely on the common E;. The slab is modeled by
a unit cell (4 X 4 X 6, 144 atoms). The distance between the
exposed surface of the slab and the fictitious electrode is set as
25 A to provide enough free space between electrodes to
accommodate other species. In both cases the surface of the
electrode is kept pristine and not covered by the solvent. We
use the PBE functional®’ and pseudopotentials with the cutoff
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Figure 2. Most stable configurations of (MgTFSI)" where Mg is coordinated by three oxygens (30), two oxygens (20), and a nitrogen (NO).
Corresponding HOMO and LUMO orbitals are shown. Red and blue colors of orbitals correspond to opposite phases. Mg = gold, C = cyan, S =

yellow, O = red, N = blue, F = brown.

energy of 400 Ry. The non-spin-polarized static calculations are
done within the eigenvalue tolerance of 107* eV, using the DZP
basis. The Brillouin zones of the unit cells are sampled by the
Monkhorst—Pack grid®* with the k-point grid 7 X 7 X 1.
Geometry optimization is carried out for all the PNCs within
the conjugated gradient algorithm, until all the forces are F <
0.04 eV/A and the stress in the periodic direction is ¢ < 0.01
GPa. A6 X 6 X 4 (a=b =3208 A) slab with 144 Mg atoms
was employed. The distance between the slab surface and the
fictitious electrode was set as 25 A. For an isolated ion pair, for
each distance between Mg atom and the slab surface the
position of Mg was kept fixed and the rest of the system was
relaxed. For a solvated ion pair ((MgTFSI)* and six G2
molecules), for each distance between Mg atom and the slab
surface, the coordinates of (MgTFSI)* were kept fixed whereas
the slab and the G2 were kept free to relax.

Ab Initio Molecular Dynamics Simulations. AIMD
simulations were conducted for (MgTESI)*/® ion pairs in G2
at the PBE-D3 level with the TZV2PX basis set as implemented
in the CP2K package.””>** As found in the previous studies,”
this functional/basis set combination is recommended for
accurate studies of energetics of ionic liquid clusters. For all
AIMD simulations, the energy grid cutoff was set as 320 Ry and
the total energy was sampled at the I'-point. Using a sampling
of 0.5 fs, we performed simulations of 20 ps within canonical
ensemble (NVT) at 300 K with the Nosé—Hoover thermo-
stat.”>%® For simulations of (MgTESI)* in G2 we used a box 23
X 23 x 23 A’ containing 23 G2 molecules and one ion pair
(with an “effective” concentration of ~0.3 M). For simulations
of (MgTFSI) in G2, a box of 22 X 22 X 22 A containing 19

G2 molecules (with an “effective” concentration of 0.37 M)
was used. Preliminary 10 ns pre-equilibration NPT (P = 1 atm,
T = 300 K) classical MD simulations were performed for each
system to achieve the equilibrium density of G2 (0.968 g/cm’®
vs experimental value 0.937 g/cm®) as implemented in
LAMMPS®” using GAFF/RESP force field keeping the
structure of the MgTEFSI unit fixed. The NBO charges of
(MgTESI)*"° from previous isolated clusters calculations were
used. The absolute entropies of (NO) and (20) configurations
of (MgTFSI)* in G2 were computed using the two-phase
thermodynamics model.**~7°

B RESULTS AND DISCUSSION

Stability of (MgTFSI)° in Diglyme: Quantum Chem-
istry Study of Small Molecular Clusters. Both the structure
of (MgTESI)? itself and additional diglyme molecules which
coordinate Mg may affect the chemical stability of (MgTESI)".
However, the solvation structure and the molecular config-
uration of (MgTFSI)® are predetermined by the preferred
structure of (MgTFSI)* arriving from the bulk of the solution,
dynamics of intrinsic electron transfer, and solvent relaxation
occurring at the Mg anode interface. We begin our study by
examining the equilibrium configurations of (MgTFSI)" in the
gas phase and in the G2 solvated form.

Our calculations (see Methodology) show that there are
three most stable configurations of (MgTFSI)* where Mg is
coordinated by (a) three oxygens (30), (b) two oxygens (20),
and (c) nitrogen and oxygen (NO) shown in Figure 2. The
corresponding bond lengths and atomic charges are summar-
ized in Table SI. The relative formation energies and energies
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Figure 3. Most stable configurations of (MgTFSI)° where Mg is coordinated by two oxygens (20), nitrogen (NO), and three oxygens (30).

Corresponding SOMO orbitals are shown.
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Figure 4. Configurations of (MgTFSI)? and one diglyme molecule where Mg is coordinated by two oxygens (20), nitrogen (NO), and three
oxygens (30). The shapes of Mg coordination are trigonal pyramid, square planar, and tetrahedral, respectively. Corresponding SOMO orbitals are

shown.

in parentheses corrected by accounting for vibrational
enthalpies of these configurations are 0 eV, 0.038 (0.026) eV,
and 0.185 (0.181) eV, respectively. Interestingly, the
optimization of Mg(TFSI)2 results in a structure where Mg
has a tetrahedral coordination and one TFSI unit provides two
oxygens whereas another TFSI unit provides nitrogen and
oxygen. AIMD simulations (>10 ps) of Mg(TFSI), show that
(20-NO) coordination dominates in the bulk G2 as well. As
expected,”** the electronic density is delocalized over the TESI
unit whereas the vacant orbital is largely localized on Mg, in
agreement with previously reported results’’ such that an
incoming electron would reside on Mg and the SOMO orbital
of (MgTFSI)® would be similar to the LUMO of (MgTESI)*.

Starting from the configuration of (MgTFSI)*, the geometry
optimization of the partially reduced charge state (MgTFSI)°
and molecular orbital analysis revealed the following results.
The most stable configurations are (20) and (NO), while the
relaxation of the (30) configuration leads to the (20)
configuration. However, we will keep all these three
configurations for the analysis since they are predetermined
by the fully charged form (MgTFSI)*. The optimized structures
are shown in Figure 3, and the corresponding bond lengths and
atomic charges are summarized in Table S2. The relative
formation energies and energies in parentheses corrected by
accounting for vibrational enthalpies of these configurations are
0 eV, 0.332 (0.330) eV, and 0.970 (0.973) eV, respectively.

DOI: 10.1021/acs.jpcc.5b08999
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08999/suppl_file/jp5b08999_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b08999

The Journal of Physical Chemistry C

Antibonding
orbital

Antibonding
orbital

e
) @

Figure 5. Configurations of (MgTFSI)° and two/three diglyme molecules with corresponding SOMO orbitals. (a) (20) configuration; (b) (30)
configuration with two diglyme molecules preoptimized; (c) (NO) configuration; (d) (30) configuration with nonoptimized structure of diglyme
molecules; (e) (20) configuration with two diglyme molecules chelating Mg; (f) (20) configuration with three diglyme molecules. SOMO orbital is

shown from aside.

The additional strain caused by the redundant coordination
of Mg in the (30) configuration of (MgTFSI)’ and
deformation of the populated Mg s-orbital lead to a slight
promotion of an antibonding orbital on the C—S bond.
However, it does not lead to spontaneous breaking of the C—S
bond; instead the structure relaxes to the (20) structure. At
this stage, we propose an hypothesis that any possible reason
for the (MgTFSI)® instability is caused by promotion of an
antibonding orbital on the C—S bond caused by a significant
deformation of electron density of the populated Mg s-orbital.
Any geometrical constraint either from the TFSI-part or
diglyme molecules resulting in deformation of the Mg s-orbital
should lead to the instability of TFSI in the (MgTFSI)°
complex, given that the available TFSI orbital has antibonding
character at the C—S bond.

To explore this assumption, we analyze the molecular
orbitals (SOMO) of (MgTFSI)° while adding gradually the
diglyme molecules. The optimization of the (MgTFSI) in the
(20) configuration and one diglyme molecule gives the
structure shown in Figure 4. G2 provides only one oxygen
coordinating Mg* and does not chelate it, in contrast with the
fully solvated cation Mg?*.**”" The overall coordinating
structure is the trigonal pyramid with plenty of free space to
accommodate the Mg s-orbital intact. Therefore, no pro-
nounced antibonding orbital on the C—S bonds is observed.
This is not the case for both (NO) and (30) structures of
(MgTFSI)®. For a casual (NO) configuration taken from
AIMD simulations of (MgTFSI)* in G2 (see below), Mg is
coordinated by three oxygens and nitrogen approximately in a
square-planar configuration where the nitrogen lone pair keeps
Mg in the plane (see Figure 4). As one can see, a significant

deformation of the Mg SOMO s-orbital leads to the promotion
of an antibonding 6™ orbital on the C—S bond and its breaking.
The optimization of (MgTFSI)* in (30) configuration and one
diglyme molecule results in the tetrahedral coordination of Mg
with four oxygens. The optimization of (MgTFSI)° with the 4-
fold Mg coordination leads to the breaking of the C—S bond
due to the occupancy of the ¢* orbital. The drastic difference
between 3- and 4-fold Mg coordinations reveals the role of the
shape of the solvation shell and its compactness and supports
our general hypothesis about the primary factor causing the
instability of TFSI unit in the (MgTFSI)® complex.

Analysis of the (MgTFSI)® complex with two diglyme (see
Figure 5) molecules further clarified the connection among
CN, the solvation structure, and stability of the TFSI unit.
Optimization of the (20) configuration shows that Mg is 4-fold
coordinated in a seesaw-shaped structure (Figure Sa) (d(O-
(G2)—Mg) = 2.3 A, d(O(TFSI)-Mg) = 2.1 A). The seesaw
shape of the Mg coordination provides enough space to
accommodate an electron on the Mg s-orbital without
promoting an antibonding character on either C—S bond. In
the case of the (30) configuration (Figure S b), preoptimiza-
tion of G2 molecules with fixed geometry of (MgTFSI)° also
results in the seesaw shape of the Mg coordination with a slight
promotion of antibonding on the C—S bond due to the
redundant 3-fold coordination from the TFSI unit. However, if
the initial structure of G2 enforces the tetrahedral shape of the
Mg coordination (as in the (MgTFSI)* case, see Figure 5d), it
promotes the significant weakening of the C—S bond and the
following dissociation of the molecule. More crowded
coordination of Mg, for instance, the square pyramidal (see
Figure Sc), as in the case of the (NO) structure with overall 5-
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Figure 6. Pair radial distribution functions, g(r), of oxygen and nitrogen in two NO and 20 configurations of (MgTFSI)* and (MgTFSI)° solvated in
bulk G2. (a) g(r) of oxygen in (MgTFSI)* in NO configuration, (b) g(r) of oxygen in (MgTFSI)* in 20 configuration, (c) g(r) of nitrogen in
(MgTFESI)* in NO (solid black and blue lines) and 20 (dashed black and blue lines) configurations, (d) g(r) of oxygen in (MgTESI)® in 20
configuration, (e) relative formation energies (eV) of isolated ion pairs (MgTFSI)* (blue bars) and (MgTFSI)° (red bars) in 30, 20, and NO
configurations. Zero energies indicate the most stable configurations; (f) relative enthalpies (€V) AH (blue bars) and Gibbs free energies (eV) AG
(red bars) of (MgTFSI)* solvated in bulk G2 for 20 and NO configurations. Zero energies are for the most stable 20 configuration of (MgTFSI)* at

T =300 K.

fold coordination of Mg (taken from a snapshot of AIMD of
(MgTESI)* solvated in the bulk G2) deforms significantly the
Mg s-orbital and thus promotes antibonding on the C—S
bonds.

Further analysis revealed that even if Mg is chelated by two
diglyme molecules and 6-fold coordinated (see Figure Se)
provided that (MgTFSI)? is in the (20) configuration, there is
still enough space to accommodate an electron on Mg s-orbital
without promoting any cleavage of the TFSI unit. This
observation has an important implication for the charge
transfer process involving the highly coordinated Mg center
of the complex cation. Highly extended LUMO orbital (Figure
Se) of (MgTFSI)" may easily hybridize with the anode surface
states, thus furthering the electron transport. The optimization
of (20) structure with an additional third diglyme molecule
shows that the solvated structure stabilizes in the seesaw-shaped
4-fold Mg-coordination (see Figure 5f) with no antibonding on
C—S bond.

The analysis of the origin of the chemical instability would
greatly benefit from the molecular level diagram reflecting the
effects of the redundant Mg coordination. However, the strong
coupling between the metal cation center and the TFSI unit
hinders us from such an interpretation. To some extent the
effects of the extra Mg coordination in the mutual alignment of
the energy states as well as on their individual components can
be estimated for the analysis of the PDOS of (MgTFSI)® with
one diglyme molecule in (20) and (30) configurations (see
Figure S4). As one can see, the change in coordination of Mg
(an additional oxygen from TFSI) results in changes in the

component contributions to the SOMO orbital: for the
tetrahedral coordination, the TFSI and diglyme components
become more prominent. This is compatible with the picture of
the SOMO orbital (Figure 4). In addition, the change from 20
to 30 also slightly raises the energy of the frontier orbital,
revealing the role of the additional coordination in stabilizing
the cationic charge state of Mg. For the highly coordinated Mg
(5—6 oxygens vs 3—4) this effect is expected to be more
pronounced and in fact was confirmed by our ESM calculations.

The above observations allow us to draw the following
conclusions. The primary factor determining the stability/
instability of the TFSI unit in the (MgTFSI)’/G2 complex is
the shape of the Mg coordination. In order to not promote the
instability, the solvation shell of Mg should be sufficiently open
or ample to accommodate an extra electron on the Mg s-orbital
without deforming it. A similar criterion was used’” to explain
pre-edge absorption features in the Mg K-edge spectra of Mg-
MOF-74 suppressed upon specific adsorption of CO, at open
Mg sites in that metal—organic framework due to the distortion
of the local symmetry of the Mg 3s-orbital. The coordination of
Mg in the first solvation sphere is highly directional due to the
electron lone pairs of oxygens and nitrogen with approximately
equal distances (~2.1 A) between Mg and other atoms
coordinating it. Therefore, as a quantitative measure of the
ability of the solvation sphere to accommodate an extra
electron, one can use its shape factor—defined by the degree to
which a polyhedron formed by Mg and coordinating atoms is
convex around the Mg vertex (see Figure S1). The more the
Mg polyhedron vertex protrudes outward (i.e., the smaller the
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Solvated ion-pair near the Mg-anode
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Figure 7. (top) PDOS of Mg in an isolated (MgTFSI)* ion near the Mg slab at different distances between Mg and the slab surface. (bottom) PDOS
of Mg in a solvated by G2 (MgTFSI)* ion near the Mg slab at different distances.

corresponding solid angle of the polyhedron), the less the
populated Mg 3s-orbital will be deformed. This criterion
explains the stability of the trigonal pyramid and the seesaw
configurations of (MgTFSI)° (Figure 4 (20), Figure Sa,f) and
likewise the instability of the square-planar, square-pyramid,
and tetrahedral configurations (Figure 4 (NO), (30) and
Figure Sc,d).

Neither the (NO) nor (30) structure of (MgTFSI)° can
generally meet this requirement due to the steric repulsion of
the electron in the Mg s-orbital by lone pairs of nitrogen or
oxygens (provided by TFSI and diglyme molecules), whereas
the (20) configuration fulfills this condition. Given the fact that
the (20) configuration has the lowest energy and should
dominate a thermodynamic ensemble, we conclude that the
(MgTFSI)° complex in G2 is stable.

To explore other factors which can affect the stability of
electrolyte, we tested two more cases: (MgTFSI)O/ * with AN
molecules and (MgHMDS)O/ * with diglyme molecules. The
electron affinity of an AN molecule is higher by ~0.35 eV than
that of a G2 molecule and can be easily hybridized with the
SOMO of (MgTFSI)® (see Figure S2). Moreover, SOMO
orbitals for configurations optimized for both charge states are
strongly localized on the AN molecules which can explain the
observed reductive instability of AN.® In contrast to the
(MgTFESI)*/G2 system, the reduction of the (MgHMDS)* pair
leads to the population of an orbital localized on the solvating

G2 molecules without promotion of antibonding orbitals on
the HMDS anion (see Figure S3). Therefore, by this
comparison, we may list additional factors which play a
significant role in the selection of stable electrolytes: the relative
energy alignment of LUMO orbitals of solvent molecules and
ion pairs, the degree of delocalization of the LUMO orbital of
the ion pair and its bonding/antibonding character, and the
hybridization of LUMO orbitals of solvent molecules and the
ion pair.

Solvation Structures of (MgTFSI)* and (MgTFSI)° in
Bulk Diglyme: Ab Initio Molecular Dynamics Study. In
order to further explore the reductive stability of MgTFSI-
based electrolyte and account for the effects of finite
temperature and condensed phase conditions, we employ
AIMD to study the relevant solvation structures of (MgTFSI)*
and (MgTESI)? in G2 (for details, see Methodology). Our
simulations of the (MgTFSI)* ion in G2 at room temperature
exhibit two dominant configurations corresponding to (20)
and (NO) coordinations of Mg (see Figure 2) with the relative
enthalpies of ~0 and 1.24 eV, respectively, by contrast to the
alignment of the formation energies of isolated (MgTFSI)*
(Figure 6e,f). The estimations of the free energy barrier (NO)
— (20) give a value of ~3kzT at room temperature. Radial pair
distribution functions of oxygens for both (20) and (NO)
configurations are shown in Figure 6a,b. The overall shape of
the first coordination sphere in (20) configuration is close to
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octahedral. The shape of the first coordination sphere in (NO)
configuration is less symmetric. Number of oxygens coordinat-
ing Mg in these two configurations in the first solvation sphere
is 4 and 6, respectively. On the other hand, these two
configurations are quite distinct with respect to the nitrogen
atom coordinating Mg. As seen in Figure 6c, in the (NO)
configuration, nitrogen forms a short chemical bond (x2.3 A)
with Mg whereas in the (20) configuration the Mg—N distance
is about 3.7 A. Using the “two phase thermodynamics model”
(see Methodology) we estimated the absolute entropies of
(NO) and (20) configurations. In contrast to expectations, the
entropic contribution significantly reduces the enthalpy differ-
ence. The free energy difference AGo)-(0) = 0.14 eV
favoring the (20) configuration (Figure 6f). Therefore, the
equilibrium population of (NO) configuration of (MgTFSI)*
ion pair versus its (20) configuration in G2 at 300 K is ~0.4%,
suggesting that (20) configuration is the dominant one.
However, since the (NO) configuration is more entropically
favored, at higher temperatures this configuration may be
populated as much as the (20) configuration. A simple
estimate gives T = 338 K at which AG(y0)-(20) = 0 (ignoring
any temperature dependence in either the enthalpy or entropy
over this small range).

The AIMD simulations of (MgTFSI)® solvated in G2 show
that only its (20) (see Figure 3) configuration is stable. Mg is
coordinated by ~3 oxygens (CN = 3.2, 2 oxygens from the
TFSI unit and 1 from G2 molecules; see Figure 6d). The shape
of the first coordination sphere is close to trigonal pyramid with
an extra oxygen aside with an ample free of atoms space around
it to accommodate the 3s electron on Mg.

Discussion. The results of our quantum mechanical study
of isolated clusters of (MgTFSI)" with several G2 molecules
and AIMD simulations of the ion pair in the bulk G2 solvent
show that the most dominant configuration of the (MgTFSI)*
ion is the (20) configuration where Mg is coordinated by 6
oxygens. On the other hand, we found that the (MgTFSI)°
complex in the (20) configuration is the only stable
configuration whereas others (NO and 30) are not and
decompose by the C—S break. However, the coordination of
Mg in (MgTFSI) in the bulk G2 is significantly lower (CN =
3.2), and any higher coordination promotes instability on the
TESI unit. Therefore, the ultimate reductive stability of
MgTEFSI/G2-based electrolyte is determined by dynamics of
the solvent and the electron transfer at the Mg—anode
interface.

Since the equilibrium configuration of the MgTFSI ion pair
in the charged and discharged states is the same (20), the
overall process of the reduction can be viewed as an outer-
sphere reaction. If the electron transfer is much faster than the
reorganization of the solvent, then upon reduction the
(MgTFSI)® will decompose due to the compactness of its
solvation sphere as schematically shown in Figure 1a. However,
this is only possible at the relatively high overpotential.
Alternatively, the resonant electron transition at the lower
overpotential may be assisted by solvent thermal fluctuations
reducing the CN of the metal cation. In this case displayed in
Figure 1b (MgTFSI)? will remain stable after the charge
reduction of (MgTFSI)*. The probability of such an event is
believed to be small due to the large free energy barrier
associated with a spontaneous drastic change of the CN. On the
other hand, the vicinity of the electrified electrode surface may
switch the electron transfer mechanism and modify the solvent
dynamics and thus the reductive stability of the electrolyte.

To clarify the role of the interface, we use the ESM model
(see Methodology) to perform the analysis of the Mg PDOS
for the isolated and solvated in G2 (MgTFSI)* ion near the Mg
surface. The results are shown in Figure 7. Because of its high
electron affinity and a significant coupling to the Mg surface
states even at S—6 A (Figure 7, top panel), the bare (MgTFSI)*
ion easily reduces via adiabatic electron transfer. On the other
hand, the dipolar field generated by solvating G2 molecules
stabilizes the Mg cation, preventing the electron transfer by
shifting Mg 3s level well above the E; (Figure 7, bottom panel).
Therefore, at small anode overpotentials, highly coordinated
(MgTFSI)" ions remain unreduced and thus stable. As one can
see from Figure S5, the solvent empty states are well above the
Fermi energy and are not expected to get involed into the
reduction. The change of the DOS of the slab states (when
molecular cluster is at 5.5 A distance) is caused by its
interactions with diglyme molecules.

However, the coordination of Mg in (MgTFSI)* at the
interface may get reduced due to the hindered dynamics of G2
molecules adsorbed on the anode surface providing less
oxygens for the Mg cation and/or due to thermal fluctuations
of the solvent in the double layer (Figure 1c). Therefore, the
surface layer solvent molecules may prevent to some extent the
electron transfer but at the same time reduce the risk of the
reductive instability of (MgTFSI)®. Assuming the limitations of
both the ESM model and our computations setup for the
interface, one should keep in mind that the discussion of the
reductive stability if the cation in terms of the surface
overpotential and the cation solvation energy cannot be well
performed here since we miss the thermodynamic component.
The electrode potential was not set at the equilibrium of the
reaction Mg®" + 2e < Mg". Therefore, the conversion of the
cation LUMO screening energy by the solvent molecules into
the units for the overpotential remains largely unclear, as is the
quantitative discussion of the surface assisted hindrance of the
solvent dynamics influencing the solvation structure of the
cation-pair. That would require a fully self-consistent computa-
tional procedure with an explicit treatment of the electron
transfer reaction. In this case, the LUMO screening potential
(~2 V; see Figure 7, bottom panel) could serve as a first rough
estimate of the overpotential at which the electron transfer
reaction would go efficiently.

Another mechanism remaining heretofore unexplored
implies the (MgTFSI)* reduction mediated by the reduction
of the adsorbed solvent molecule (Figure 1d). Because of the
high local electric field induced by the anode and the cation, the
G2 solvent molecule sandwiched in between may accept and
then pass the electron to the Mg cation center. For such an
electron-rich molecule as a diglyme molecule, the reduction
does not however lead to its fragmentation as we checked by
our quantum mechanical calculations of an isolated diglyme
molecule and in conditions when it is in between the Mg
surface and the (MgTFSI)* ion (using the constrained DFT).
Therefore, this scenario does not refer to the solvent
decomposition. Upon possible structural rearrangements (e.g.,
repulsion of other solvent molecules) following or parallel to
the G2 molecule reduction, the Mg coordination may be
reduced, thus facilitating the electron transfer from the G2
molecule to the ion pair and favoring its reductive stability.

B CONCLUSION

Using a combination of quantum chemistry calculations with
AIMD simulations, in this work we explored the factors
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determining the reductive stability of electrolytes for multi-
valent ions, specifically, the Mg(TFSI),/diglyme system. We
found that for ion pairs with multiple points of contact between
the Mg cation and this complex anion both the internal ion-pair
configuration and the solvation structure of the Mg cation
center are important factors in determining bulk reductive
stability. Moreover, the entropic contribution to the overall
solvation free energy of different ion-pair configurations is an
important factor as much as their enthalpies. In particular, in
the condensed phase, there are two major configurations of
(MgTFSI)* where Mg is coordinated either by two oxygens or
by one nitrogen and one oxygen from TFSI, whose relative
population at room temperature is 1:0.004 (albeit with a
significant temperature dependence driven by entropy). In the
fully solvated (20) coordination of the (MgTFSI)* cation, Mg
is coordinated on average with 5—6 oxygens, whereas in the
stable (20) configuration of the reduced (MgTFSI)° ion pair in
bulk diglyme, Mg is coordinated by only 3—4 oxygens. The
primary factor in the (MgTFSI)*/diglyme reductive stability is
the shape factor of its solvation sphere (defined by the
convexity of the polyhedron formed by Mg and its coordinating
atoms and by the steric angle of the polyhedron at the Mg
vertex) that determines the ease of the accommodation of an
electron in the Mg 3s-orbital. We also considered the role of
the interface in lowering the risk of reductive instability of
(MgTFSI)°. By examining other solvent combinations
((MgTFSI)*/AN, (MgHMDS)*/diglyme), we found that the
degree of delocalization of the LUMO orbital of the ion pair, its
antibonding character, and the relative alignment of LUMO
orbitals of solute and solvent and degree of their hybridization
are the key factors to consider when selecting a stable
electrolyte. All results we obtained suggest that for an
electrolyte with a high coordination of the multivalent metal
cation the risk of reductive instability generally increases.
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