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ABSTRACT: One of the main impediments faced for predicting emergent properties of a
multivalent electrolyte (such as conductivity and electrochemical stability) is the lack of
quantitative analysis of ion—ion and ion—solvent interactions, which manifest in solvation _ ~_ /~_J '
structures and dynamics. In particular, the role of ion—solvent interactions is still unclear in -
cases where the strong electric field from multivalent cations can influence intramolecular
rotations and conformal structural evolution (ie. solvent rearrangement process) of low
permittivity organic solvent molecules on solvation structure. Using quantitative 'H, '°F, and
70 NMR together with '°F nuclear spin relaxation and diffusion measurments, we find an
unusual correlation between ion concentration and solvation structure of Mg(TFSI), salt in
dimethoxyethane (DME) solution. The dominant solvation structure evolves from contact ion
pairs (ie., [Mg(TESI)(DME),_,]*) to fully solvated clusters (i.e., [Mg(DME);]*") as salt
concentration increases or as temperature decreases. This transition is coupled to a phase
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separation, which we study here between 0.06 and 0.36 M. Subsequent analysis is based on an
explanation of the solvent rearrangement process and the competition between solvent molecules and TFSI anions for cation

coordination.

With recently growing interest in multivalent batteries,
the need for a molecular level view of multivalent ion
diffusivity in nonaqueous and aprotic electrolytes has greatly
increased.'”* However, the complexities associated with
solvation phenomena (such as ion pairing and conformal
structural evolutions) of multivalent cations and molecular
anions in low permittivity solvents is a challenging task. For
example, an increase in the number of contact ion pairs
(CIPs)—the association of oppositely charged ions—with
increasing salt concentration is often invoked as the most
plausible explanation of changes in conductivity and viscosity
for electrolyte solutions. However, the common Mg’* battery
electrolyte system (magnesium bis(trifluoromethanesulfonyl)-
imide (MgTFSL,) in a 1,2-dimethoxyethane (DME) solvent)
displays a unique concentration dependent phase separation
phenomenon and unusual molar ionic conductivity with a
maximum observed around 0.6 M followed by a drop in
conductivity until the solution is saturated. In addition, the
fully solvated [Mg(DME),]**-based adduct structure nucleates
from near-saturated solutions, which is contrary to the
common hypothesis of enhanced ion pairing under higher
ionic populations.”® In addition, recent findings from
spectroscopic and computational studies suggest that Mg-
(TFSI), in DME exists primarily as fully solvated free ions
independent of concentration.”” However, these results are
not consistent with the relevant molar conductivity observed in
this electrolyte system. Recently, Persson et al. reported that
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the molar ionic conductivity evolution and Mg** solvation
structure are mainly dictated by increased permittivity due to
CIP formation that subsequently leads to fully solvated
[Mg(DME);]*" at higher concentrations through a redissoci-
ation process.” The remaining gaps to be explained in the
proposed redissociation mechanism are (a) a quantitative
description of speciation with ionic strength, and (b) an
understanding of the role of conformal structural flexibility of
the DME solvent molecules. Interestingly, the redissociation
mechanism relies on an increase in the orientational polar-
izability of CIP species at higher ionic strength, but the effects
of increased permittivity on conformal structures and the
associated dynamics of flexible DME solvent molecules, as well
as unbound TFSI anions, are still unclear.°™® For example,
hindered intramolecular rotations and conformal structural
evolution due to the electrostatic force of Mg** can bring more
solvating sites of DME molecules in contact with Mg** and
compete with TFSI anions. Such compressive structural
rearrangements can lead to reduction in volume of the solvent
in the Mg®" solvation shell(s) relative to the bulk solution,
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which is commonly referred as electrostriction.” Deeper
understanding of this solvent rearrangement process requires
delineation of specific interaction between various Mg**
species and solvent/anion molecules. In particular, under-
standing the structural and dynamic effects of long-range
electrostatic interaction between CIPs and solvent molecules
can help us explain and predict phase separation phenomena,
ionic diftusivity, and solubility limits of multivalent electrolytes.
Simultaneously probing the solvation structure and associated
dynamics is critical for understanding the role of solvent
rearrangement in these low-permittivity electrolyte solu-
tions.'”"* In order to evaluate the conformal structural
flexibility of solvent molecules under electrostriction con-
ditions, we present a quantitative analysis of Mg>" solvation
structure and dynamics as a function of salt concentration and
temperature using multinuclear NMR spectroscopy.

We prepared MgTFSI,/DME solutions at various concen-
trations: 0.01, 0.05, 0.1, 0.25, 0.35, 0.4, 0.5, and 0.75 M. The
water content is measured using the Karl Fischer titration
method and found to be less than 10 ppm for all solutions (see
the Supporting Information). Two distinguishable layers at
moderate salt concentrations (i.e., 0.1, 0.25, and 0.35 M) are
clearly visible, indicating a phase separation as reported by
Salama et al.® This visually distinguishable phase separation is
predominantly driven by changes in preferential molecular
solvate structures, as evidenced by a decrease in the relative
volume of top layer with an increase in salt concentration.
Figure S1 shows the density and viscosity measured at 25 °C as
a function of MgTFSI, concentration. Within the 0.1-0.35 M
concentration range, the density of the top layer (0.883—0.890
g/mL) and lower layer (0.992—0.998 g/mL) shows minor
changes. Also, the density values of the top and bottom layer
correlate well with the values measured at a lower
concentration (0.883 g/mL at 0.05 M) and at a higher
concentration (1.008 g/mL at 0.4 M) respectively, suggesting
common solvation structures are present. The viscosity
evolution (Figure S1) also displays similar trends, albeit with
different rates of change with salt concentration. The strong
electric field of an Mg®* ion can exert a compressive force on
the solvent in the solvation shell(s), such that the volume of
the solvent in the shell(s) might be smaller than that in the
bulk. Such a volume contraction calculated from the measured
density of the solution was traditionally used as a measure of
electrostriction.” However, the challenges in accurate density
measurement prevent us from analyzing the electrostriction
driven volume contraction in MgTFSL,/DME solutions (see
Figure S2). Hence, we employed NMR spectroscopy to access
a wide temporal regime (microseconds to seconds) of
solvation dynamics along with chemically unique spatial
regimes (up to nanometers) of Mg>" solvation shells by
interrogating specific isotopes (‘H, '°F, 'O, and ** Mg) with
NMR measurements.

Figure 1 shows high resolution 'H and "’F NMR spectra of
the electrolyte solutions at varying salt concentrations
measured using a coaxial insert holding the MgTFSI,/DME
solution and an outer thin-wall NMR tube hosting 1 v %
CF;COOH (as the 'F reference) and 0.1 v % H,O (as the '"H
reference) in D,O (for signal lock), as depicted in Figure S3.
On the basis of our previous study'® and that of Salama et al.’
on the adduct material of Mg(TFSI), and DME as well as the
comparison with DFT calculated chemical shifts (Table 1), we
assign the four 'H resonances from left to right to CH, and
CH, of DME coordinated to Mg** (labeled “bound CH,” and
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Figure 1. Single-pulse 'H (A) and '°F (B) NMR spectra of MgTFSI,
in DME at varying concentrations collected at 10 °C. The asterisk *
indicates the satellite of the *CH, resonance from free DME. 'H
spectra are normalized to the highest peak (free CH;) while 'F
spectra are normalized to the signal from the CF;COOH in the outer
sample space (see text).

“bound CH;”) and CH, and CHj of free DME (“free CH,”
and “free CH;”). Detailed chemical shift comparisons of
experimental and DFT predicted chemical shifts are described
in the Supporting Information (Figure S4 and Table S1). With
this chemical shift based molecular speciation, the composition
of free and bound DME can be directly estimated from 'H
peak ratios. Unlike the solvent molecules, the '’F NMR shows
a single resonance representing faster dynamic exchange
between different bonding and conformational states of TFSI
anions."”

The quantitative concentration of TFSI anions in the top
and bottom layers from the solutions with original
concentrations of 0.1 and 0.25 M are calculated on the basis
of a linear relation obtained from the integration ratio with
respect to the CF;COOH signal (Figure 2A). By interpolating
the integration ratio values of the upper and lower layers to the
calibration curve through linear regression, we obtain a TFSI
concentration of 0.06 and 0.36 M for the top and bottom layer,
respectively. With the density, molarity, and fraction of free
and bound DME estimated from 'H NMR, we can calculate
the molarity of total DME, number of total DME per Mg2+,
and number of coordinated DME per Mg** using the following
equations:

molarity of total DME
density — molarity of MgTFSI, X molar mass of MgTFSI,

molar mass of DME

molarity of total DME

number of total DME per Mg2+ =
molarity of MgTFSI,

number of coordinating DME per Mg2+
= number of total DME per Mg”*

X fraction of coordinating DME

https://dx.doi.org/10.1021/acs.jpclett.0c01447
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Table 1. DFT Predicted Chemical Shift and Experimentally Observed Chemical Shift for 0.01 and 0.75 M of Mg(TFSI), in

DME Solution”
molecule
bulk DME
[Mg(DME)(TFSI))*
[Mg(DME),(TFSD)]*

(Mg(DME),]**

4 'H (ppm) 6 F (ppm) 670 (ppm)
predicted observed predicted observed predicted observed
CH,: 3.69 CH,: 3.67° —47.0 219
CH;: 3.54 CH,: 3.51°
CH,: 437 CH,: 432 -76.16 —80.19 DME: —63.3 DME: —21.9
CHj: 4.12 CH,: 4.07° TFSL: 109.5, 173.3° TESI: 1623
CH,: 4.08 CH,: 4.00° —79.70 —80.64 DME: —59.5 DME: —21.8
CH,: 3.99 CH;: 3.69° TFSL: 109.7, 173.5° TFSI: 162.3
H,C: 425 CH,: 4.00° DME: —64.2 DME: —21.8
H,C: 4.03 CH,: 3.69° TESL: 162.1

“The site-specific predicted values with respective molecular structure are given in Supporting Information. “For 0.01 M Mg(TFSI), in DME

solution; “For 0.75 M Mg(TFSI)2 in DME solution. “For oxygens that are coordinating to Mg“. “For noncoordinating oxygens.
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Figure 2. (A) Integration ratio of 'F signal of TFSI to the external reference CF;COOH plotted against MgTFSI, concentration. A linear
regression of the calibration curve predicts the concentration of the upper and lower layers. (B) Molarity (mol/L) of total DME (black squares),
free DME (blue filled circles) and coordinating DME (red circles). (C) Number of total DME per Mg**. (D) Number of coordinating DME per

Mg as a function of MgTFSI, concentration.

While the molarity of total DME decreases gradually with
salt concentration (Figure 2B), the number of total DME per
Mg** drops significantly from 960 at 0.01 M to 159 at 0.06 M
(upper layer), then dramatically to 24 at 0.36 M (lower phase),
and then continuously decreases to 10 at 0.7S M (Figure 2C).
More importantly, the number of coordinating DME per Mg>*
shown in Figure 2D increases from 0.7 & 0.5 at 0.01 M to 1.0
+ 0.3 at 0.05 M and 1.6 + 0.2 at 0.06 M. Nevertheless, the
ratio reaches 3.0 + 0.1 at higher salt concentrations (>0.36 M)
and remains constant until the solution saturates. This
observation is contradictory to the assumption by Salama et
al. that DME is bound to Mg at a constant 3:1 ratio as
observed for the crystal adduct of MgTFSI, in DME.° DME
has a relatively high Gutmann donor number (19—24 kJ/
mol) ,14’15 suggesting a stronger affinity to Mngr and preference
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for the formation of Mg(DME), (n < 3) clusters. In many
studies, the Gutmann donor number has been employed as a
useful indicator of the affinity to cation for both anion and
solvent.'”"” However, DME has low density (0.8683 g/mL),"*
low viscosity (0.42 mPa-s),"® and low permittivity (~7),°
implying high molecular mobility and a loose molecular
packing. Moreover, DME has been shown by Raman
spectroscopy’” to exist as a mixture of five stable conformers
in the liquid phase at room temperature, labeled on the basis of
local trans (T) and gauche (G) configurations as TGT (42%),
TGG’ (33%), TTT (12%), TGG (9%), and TTG (4%). But
TGT is the only configuration found in the crystalline adduct
of MgTFSL,-3DME,’ suggesting that TGT is the preferential
conformational structure coordinating to Mg®* under sup-
pressed molecular motions. Considering the unique properties

https://dx.doi.org/10.1021/acs.jpclett.0c01447
J. Phys. Chem. Lett. 2020, 11, 6443—6449
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Figure 3. (A) '"H NMR spectra of 0.06 M MgTFSL,/DME at varying temperatures, with each spectrum normalized to its highest peak (free CH;).
(B) Number of bound DME per Mg>" at varying temperatures and concentrations.
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Figure 4. 'F spin—lattice relaxation time T, (A, D), '°F spin—spin relaxation time T, (B, E), and self-diffusion coefficient D of TFSI (C, F) of
MgTFSL,/DME solutions plotted against salt concentration at 10 °C (A)—(C) and plotted against temperature (D)—(F).

of DME, we propose that at lower salt concentrations, the
average greater distance between Mg®" ions and higher
molarity of free DME molecules render effective screening of
the electrostatic interaction. This condition leads to lower
electrostriction and diminished entropy loss at lower salt
concentrations, eventually favoring loosely associated clusters
Mg(DME), (n < 2) owing to the higher degree of freedom
and structural flexibility of DME. In contrast, at higher salt
concentrations, the shorter distance between Mg2+ ions can
enforce stronger electrostatic interactions and dampened
molecular motion of DME due to enhanced electrostriction
and higher entropy loss.'” Under these combined spatial and
dynamic restrictions, DME molecules will obtain the TGT
confirmation where two oxygen from each DME bind with a
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Mg?* cation (bidentate configuration) to form relatively stable
fully solvated cluster [Mg(DME);]** with TFESI anions located
in the secondary solvation shell. These more densely packed
nanoscale solvation structures driven by electrostrictive volume
contraction (i.e., the creation of locally higher density) may
initiate phase separation and become part of bottom layer in
the solution. This putative electrostatic-driven solvent
rearrangement can also be probed by lowering the temperature
of the solution, such that entropic factors including vibrational,
rotational and translational motion of solvent molecules can be
further suppressed.

The 'H NMR resonances of DME molecules show line
narrowing (due to the slower exchange between bound and
free DME) and gradual increase in fraction of bound DME in

https://dx.doi.org/10.1021/acs.jpclett.0c01447
J. Phys. Chem. Lett. 2020, 11, 6443—6449
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the temperature range from +10 °C to —9 °C (Figure 3). The
DME coordinating number at higher concentrations (0.4 and
0.75 M) slightly increases from 3.0 + 0.2 at 10 °C to 3.3 = 0.1
at —9 °C. Remarkably, the coordinating number increases from
1.8 + 0.2 to 3.1 + 0.1 at 0.06 M. Even for lowest concentration
(i.e., 0.01 M), the DME coordinating number doubles from 0.7
+ 0.2 to 1.8 + 0.1 with a decrease in temperature. This overall
increase in solvent coordinating number clearly demonstrates
that reducing DME mobility drives molecular reorganization to
the TGT configuration and subsequently favors fully solvated
[Mg(DME);]*" clusters.

To probe and understand the role of TFSI anion mobility
during the structural evolution of the solvent, we measured F
NMR spin—lattice relaxation times (T,), spin—spin relaxation
times (T,), and self-diffusion coefficients (D) for TFSI as a
function of salt concentration and temperature. The main
relaxation mechanism of the '"F spin—lattice relaxation in
TESI is spin rotation of the terminal CF; groups, whereas the
F spin—spin relaxation of CF; group is determined by the
chemical exchange rate between multiple sites/conformal
structures and the tumbling reorientation of TFSI. Evidently,
the monotonic decrease of 'F T, with salt concentration
correlates with the trend of solution viscosity, reflected in
hindered rotation of the CF; group (Figure 4A). Similarly, at
higher concentrations (>0.36 M), the measured '°F T, values
decrease with concentration since TFSI exists mostly in the
free anion state with Mg** preferentially coordinated in fully
solvated clusters. Conversely, smaller T, values for <0.06 M
suggest that the restricted molecular motion due to the
formation of contact ion pair Mg(DME),(TESI),, (n, m = 1,
2) and faster chemical exchange between free TFSI and the
associated TFSI (Figure 4B). This assumption is supported by
a significant drop in self-diffusion constant of the TFSI anion
from 0.01 to 0.06 M (Figure 4C) that can be ascribed to the
formation of Mg(DME),(TESI),, clusters. Furthermore,
examination of the slopes of F T, and D behaviors as a
function of temperature (Figure 4E,F) reveals a greater change
at lower concentrations (0.01, 0.05, and 0.06 M) than at higher
concentrations (0.36 and 0.75 M), indicating that the local
structure of TFSI evolves from contact ion pairs to free anions
in the solution.

As both the anion and solvent coordination with Mg**
happens through oxygen centers (primarily due to their lone
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pair electrons), the 'O NMR could provide a valuable insight
into the evolution of solvation structure. The O NMR
spectra obtained at all MgTFSL,/DME concentrations (from
0.01 to 0.75 M) display two resonances, at —21.8 and +162.2
ppm, representing DME and TFSI molecules, respectively. The
positions of these resonances are invariant across the entire
concentration range, while the DFT-calculated '"O chemical
shifts are upfield shifted up to 16 ppm for bound DME and 64
ppm for bound TESI (Table 1). The absence of 7O NMR
signals of bound DME and TEFSI species may be due to the
large quadrupolar coupling constant (QCC) associated with
highly asymmetric local environment of bound DME and TFSI
anions. The absence of bound TFESI and DME in ’O NMR
can be confirmed from quantitative calculations. The
theoretical oxygen ratio of DME to TESI in the solution, i.e.
(molarity of total DME X 2)/(molarity of MgTFSL, X 2 X 4),
and the 'O peak integration ratio are plotted as a function of
MgTEFSI, concentration in Figure SB. When assuming all TFSI
anions are free at >0.36 M, we obtained the bound DME to
Mg** ratio of 2.9 + 0.2, which is consistent with 'H NMR.
With the molarity of free DME obtained from 'H NMR, the
bound TFSI to Mg** ratio is calculated to be 0.5—0.7 at lower
concentrations (<0.06 M), indicating that 25—35% of TFSI
exists as CIP based clusters. Note that NMR results reflect an
ensemble average of all configurations present in the solution,
the most reasonable CIP clusters that agree with 'H, °F, and
70 NMR results are [Mg(DME)(TFSI)]* at 0.01-0.05 M
and [Mg(DME),(TFSI)]* at 0.06 M. This further confirms
that the CIP based clusters are favored at lower concentrations.
Considering the significantly lower Gutmann donor number of
TESI (5.4 kJ/mol)*>*' compared to DME (19-24 kJ/
mol),"*"® we expect to have fully solvated clusters [Mg-
(DME);]** as the dominant species at lower concentrations
due to the abundance of DME molecules. However, as
multinuclear NMR studies have revealed, we must consider the
retardation of solvent mobility due to electrostriction along
with structural flexibility of solvent and anion molecules in
predicting the solvation structural evolution. As a low-viscosity
and low-permittivity solvent, weaker intermolecular interac-
tions between the DME molecules enable fast exchange
between conformal states thereby impeding the bidente
coordination needed for [Mg(DME),]** formation. As salt
concentration increases, the enhanced electrostatic interactions
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can force DME molecules to slow down and have enough time
to adjust to an optimum TGT configuration to fully coordinate
with Mg** due to its much higher donor number and thereby
push TESI out of the first solvation shell. Conversely, due to its
larger hydrodynamics radius and stronger electrostatic
interaction with Mg*", TESI has relatively lower mobility,
which subsequently facilitates CIP formation even with the
higher solvent ratios found under low concentration
conditions. It should be noted that the Mg** ions typically
prefer six-coordinated structures at higher concentrations of
MgTESL, in glyme-based solvents.”*>* However, the solvation
structure of Mg®" is highly dynamic, where the rates of ligand
exchange processes (either solvent or TFSI molecular
exchange with bulk solution) can lead to time-averaged
coordination numbers that would depend on the free energy
landscape modulated by the chemical composition and system
temperature.25 The lower coordination number (<6) derived
from NMR analysis of 0.01 M solutions indicates that the
[Mg(DME),(TFSI),]* cluster could exist as a transient state
due to faster dissociative ligand exchange processes (see
Scheme S1). Further experimental and theoretical studies are
ongoing to analyze these ligand exchange mechanisms and
their ultimate effects on Mg”** solvation structure and chemical
properties.

In conclusion, quantitative 'H, °F, and 7O NMR together
with F NMR relaxation and diffusion of MgTFSL,/DME
solutions together demonstrate the transition from CIP-based
clusters [Mg(DME)(TFSI)]* and [Mg(DME),(TFSI)]* at
low salt concentrations (<0.06 M) to fully solvated [Mg-
(DME),]** at higher concentrations (>0.36 M). The phase
separation between 0.06 and 0.36 M is the result of
competition between TFSI and DME to coordinate with
Mg, leading to separate solvation regimes: TESI forms CIPs
when DME is highly mobile and loosely packed; DME has a
much stronger affinity to Mg>" with a preferred conformer
TGT when dynamics are reduced, yielding a higher-density
region with more densely packed DME and fully coordinated
Mg?*. This liquid miscibility gap may be also present in other
multivalent electrolytes when salt anion and solvent molecules
have significantly different donor number, structural flexibility,
and mobility. In particular, the solvent rearrangement in the
vicinity of Mg** cations dictate the molecular mobility and
conformal structures of electrolyte constituents and sub-
sequently influences the evolution of solvation structure. It is
also quite interesting to note that solvent rearrangement and
associated electrostriction processes within the electrode—
electrolyte interphase region can be significantly divergent
from bulk liquid behavior and could dictate (de)solvation
processes and associated electrochemical stability.
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