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lon interactions strongly determine the solvation environments of multivalent electrolytes even at
concentrations below that required for practical battery-based energy storage. This statement is particularly true
of electrolytes utilizing ethereal solvents due to their low dielectric constants. These solvents are among the
most commonly used for multivalent batteries based on reactive metals (Mg, Ca) due to their reductive stability.
Recent developments in multivalent electrolyte design have produced a variety of new salts for Mg?* and Ca®*
that test the limits of weak coordination strength and oxidative stability. Such electrolytes have great potential
for enabling full-cell cycling of batteries based on these working ions. However, the ion interactions in these
electrolytes exhibit significant and non-intuitive concentration relationships. In this work, we investigate a
promising exemplar, calcium tetrakis(hexafluoroisopropoxy)borate (Ca(BHFIP),), in the ethereal solvents 1,2-
dimethoxyethane (DME) and tetrahydrofuran (THF) across a concentration range of several orders of
magnitude. Surprisingly, we find that effective salt dissociation is lower at relatively dilute concentrations
(e.g. 0.01 M) than at higher concentrations (e.g. 0.2 M). Combined experimental and computational dielectric
and X-ray spectroscopic analyses of the changes occurring in the Ca* solvation environment across these
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developed in recent years are fluorinated alkoxy-borates and
aluminates.”™ A particularly significant borate example is
based on the tetra-substituted hexafluoro-isopropoxy ligand,
BHFIP . Both the Mg and Ca salts of this anion can be used to
reversibly electrodeposit the corresponding metal in ether
solvents, and they exhibit high oxidative stability limits.**""
Furthermore, these salts are soluble in most relevant electrolyte
solvents and dissociate very easily due to the extreme charge-
delocalization of the bulky BHFIP~ anion,'>"® leading to high
ionic conductivities and metal deposition/stripping rates.
Therefore, BHFIP™ salts represent an extreme case of super-
weak anion-cation coordination and allow us to understand
the practical limits of ethereal solvent-based electrolytes.
Understanding how the solvation environment of these salts
influences their electrochemical behavior is thus important
from the standpoint of state-of-the-art multivalent battery
development and of electrolyte science in ethereal solvents,
which is critical for beyond Li-ion battery technologies in
general.

While ethereal solvents are advantageous in battery electro-
lytes supporting metal anodes due to their high reductive
stability, they possess small dielectric constants (¢, ~ 7) and
tend to produce lower ionic conductivities than most polar
aprotic solvents, particularly in multivalent systems."* Indeed,
significant ion pair formation and aggregation is a common
observation in Mg”* and Ca** electrolytes and can throttle ionic
conductivity to prohibitive extents, as observed in borohydride
electrolytes.">'® Even in the case of super-weakly coordinating
anions such as BHFIP™ there is a need to understand the
interplay between solvation structure and ion correlations that
may arise due to strong interionic forces, even if contact ion
pairs (CIPs) are not prevalent.’® Furthermore, the dependence
of these features on salt concentration can be non-intuitive,
and understanding the degree to which they can be harnessed
to control electrolyte function informs electrolyte design and
development. For example, the effectiveness of ionic species
formation (i.e. ionicity) has been found to improve with an
increase in salt concentration for both the strongly associating
Ca(BH,), in THF as well as the more weakly associating
Mg(TFSI), in DME or diglyme, despite significant differences
in their relative association tendencies.”'®'” These observa-
tions point to a general trend in solvation behavior across
disparate association regimes that might be extended to even
the most weakly associating salts.

Toward this end we report an investigation of the
concentration-dependent ion correlations of Ca(BHFIP), solu-
tions in the simple ethereal solvents DME and THF. We
confirm that the generalized positive relationship between
effective salt ionicity and concentration does indeed apply to
these electrolytes. We further demonstrate through spectro-
scopic and computational interrogation that these effects ori-
ginate from significant changes in ion pair populations. In
particular, combining the dipolar cluster speciation from
dielectric relaxation spectroscopy and molecular dynamics
(DRS-MD) with the Ca-specific solvation environment from
X-ray absorption spectroscopy and time-dependent Density
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Functional Theory (XAS-TD-DFT) provides atomistic insight
into the 2nd solvation shell structure of Ca®", These techniques
enable identification of the primary ion pair species in these
electrolytes as the solvent-separated ion pair (SSIP), which is a
species not easily identified by other techniques. Finally, we
evaluate the impact of these measured changes in Ca>" solva-
tion environment on calcium cycling behavior.

Methods

Electrolyte preparation

Electrolyte synthesis was performed inside a catalyst-purified,
argon filled glove box (MBraun) with typical water and oxygen
levels below 1 ppm and 0.1 ppm, respectively. All reagents were
purchased from Sigma-Aldrich. DME and THF were distilled
over sodium and stored over activated alumina and 3A mole-
cular sieves prior to use, yielding measured water levels
<5 ppm. These ethereal solvents are volatile, flammable, and
have the potential for peroxide formation, necessitating appro-
priate measures for handling and storage. Ca(BHFIP), salts
were synthesized from Ca(BH,), and molecular sieve-dried
hexafluoroisopropanol (99.9%) as solvates in either DME or
THF, depending on the electrolyte solvent to be characterized,
consistent with previously reported methodology."” Solution
makeup involved using total volume rather than solvent volume
as the basis for the reported molar concentrations. Electroche-
mical experiments were performed using recrystallized solvate
material with purity greater than 99.5% based on '°F nuclear
magnetic resonance (NMR) and ~ 100% based on ''B NMR. We
were unable to achieve the requisite '°F purity in THF solvates
and thus electrochemical results are only reported for DME.

Electrochemical characterization

Measurements were performed using a Solatron Modulab
potentiostat. Ionic conductivity values were measured by elec-
trochemical impedance spectroscopy using a calibrated custom
cell with a cell constant verified through aqueous KCl solution
measurements. Voltammetric measurements were performed
in a small beaker-style three-electrode cell consisting of Ca rod
reference and counter electrodes and a polished Au disc work-
ing electrode with 0.02 cm?® exposed area (BASi). Correction for
IR was performed by first measuring the uncompensated
resistance between the working and reference by electrochemi-
cal impedance spectroscopy and then inputting this value into
the voltammetry parameters within the potentiostat software.
As noted in the text, several different potential scanning
windows were employed in order to optimize the calcium
cycling response at each concentration. This was intended to
account for variation in nucleation overpotential and deposi-
tion current density across the concentration range.

Pulsed field gradient nuclear magnetic resonance

Diffusion coefficients, D, of BHFIP~ anions and solvent mole-
cules were measured at 25 °C by 'F and 'H PFG-NMR,
respectively, on a 600 MHz NMR spectrometer (Agilent)
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equipped with 5 mm z-gradient probe (Doty Scientific) by
employing a bipolar gradient stimulated echo sequence
(Dbppste, VNMR]). The *°F and "H echo heights were observed
with the increase of gradient strength (g) over 16 equal steps
with fixed values of gradient duration (J) of 2 ms and gradient
distance (4) of 30 ms for all samples. Data were fitted with the
Stejskal-Tanner equation,

S(g) = S(0)exp[~D(ygd)*(4 — 9/3)] (1)

where S(g) and S(0) are the echo heights at the gradient strength
of g and 0, respectively. y is the gyromagnetic ratio of
9F (2m 40.078 rad MHz T~ ) or 'H (2n 42.577 rad MHz T ).

Dielectric relaxation spectroscopy

DRS was performed in glass vials using a dielectric probe kit
(Keysight N1501A) and vector network analyzer (Keysight
9375A) over a frequency range of 0.5 to 26.5 GHz. Each set of
measurements were performed with three-point calibration
using air, water, and THF. Duplicate measurements were
performed after recalibration to verify consistency. Simulta-
neous fitting of the real and imaginary components of the
complex permittivity was performed using one Debye relaxation
for the solvent and one Cole-Cole relaxation for the ion pairs."®
The Cole-Cole relaxation accounts for broadening (« > 0) due
to a distribution of relaxation time constants arising from ion
pair configurational variability. This model is physically reason-
able given the size and flexibility of the BHFIP™ anion. The
value of o was allowed to vary between 0 and 0.3 in these cases.
The solvent relaxation frequencies were constrained to not
exceed that measured for the neat solvent, which would be
physically unreasonable. The solution ionic conductivity was
treated as an adjustable fitting parameter but was constrained
to differ from the independently measured conductivity by no
more than 10%. Due to the high ionic conductivity of the
concentrated samples, the lower frequency limit used for fitting
¢ was increased from the instrumental limit of 0.5 GHz up to
0.6-1.0 GHz, depending on sample conductivity. This is gen-
erally necessary in DRS analyses to eliminate unphysical &’
responses that occur in highly conductive solutions."®?° The
full range of ¢’ values (which are not affected by conductivity)
were still utilized in each case.

X-Ray absorption spectroscopy

XAS was performed at the Ca K-edge using beamline 9 BM and
20 BM of the Advanced Photon Source. Liquid electrolytes were
dispersed onto porous polyolefin discs (Celgard, 25 pm in
thickness) and sealed within an aluminized-mylar pouch. A
Si(111) monochromator and a Rh coated mirror for harmonic
suppression with a cutoff energy of 6 keV were both used.
Measurements of the highly concentrated -electrolytes
(0.4-0.45 M) were acquired in transmission mode by dispen-
sing each solution-phase electrolyte into a stack of Celgard to
optimize the absorbance pathlength. Measurements of the
dilute electrolytes were performed in fluorescence mode by
positioning the sample at a 45° angle relative to the incident
beam. Based on the concentration regime used within the
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experiments, self-absorption effects are expected to be mini-
mal. The data were dead-time corrected to account for satura-
tion effects of the fluorescence detector, and the total count
rate did not exceed 80 000 counts per second for each element
at the Ca white line. The energy scale of the XAS data was
calibrated by defining the first derivative maximum of a tita-
nium foil absorption spectra as 4966 eV. Energy reproducibility
was checked by periodically measuring the spectra of the Ti foil.
XAS data were normalized to unit step height using the Athena
software package.”’ X-Ray absorption pre-edge structure was
analyzed using XASViewer within Larch.>” Pre-edge features
were edge-subtracted using the combination of a Lorentzian
to define the absorption edge and a linear function for the pre-
edge background.

Simulations and computational methods

Classical molecular dynamics (MD) simulations were used for
the dielectric increment calculations, as discussed in previous
publications.’”** The herein used methodology is species-
constrained MD, which differs from conventional MD simula-
tions that have non-constrained speciation and more than one
salt species in the simulation box (i.e. where equilibria is
present between various free and associated salt species in
solution). By using one salt species (free cation, anion, CIP,
SSIP etc.) in the simulation box, we can study the given ionic
species’ dielectric contribution while being assured of its
identity. These salt species were placed in a box with 96 DME
solvent molecules or 112 THF solvent molecules (approximate
salt concentration of 0.10 M) using PACKMOL.> The SSIP
species were simulated with constraints found via electronic
structure methods (see below). Specifically, distances of 5.8 A
for Ca-Bgygp in THF and 7.0 A for Ca-Bgyprp in DME were
used. No constraints were necessary for the free, CIP or neutral
species. MD calculations were carried out with the GROMACS
software.”® The electrolyte systems studied were equilibrated
first using a Berendsen barostat (NPT),*® followed by heating
and cooling steps. Afterwards, NVT ensemble production runs
were undertaken using the velocity rescaling thermostat.”” In
the systems studied, the single salt species were associated for
the duration of the simulation (each at least 10 ns). The
dielectric constant of the entire electrolyte was found through
consideration of the dipole moment of both solvent molecules
and the associated salt species. The neat solvent dielectric
constant was subtracted from the calculated dielectric constant
of the studied electrolyte system, and this difference divided by
the salt concentration (e.g. 0.10 M) provides the dielectric
increment per salt species, as appearing in Table 1. In the case
of associated salt species which have an overall charge (e.g. the
SSIP or CIP), the charge multiplied by the center of mass
distance was subtracted from the dipole moment as discussed
in a previous publication."”” The THF force field parameters
were taken from Caleman et al®® and the Ca** forcefield
parameters from the standard OPLS forcefield.***° The BHFIP ™~
anion and DME solvent molecule forcefield parameters were
standards from OPLS, and the atomic charges were generated
with Maestro software.®® For the DME solvent molecule, the
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Table1 Calculated net dielectric increments (A¢) and relaxation frequen-
cies (f) for various hypothesized electrolyte species from MD simulations

DME THF
Species” Ae MY  f(GHz) Ae (M) f(GHz)
Solvent — 20 £1 — 52 + 4
Ca*" —14+1 — —8.79 £ 0.04 —

BHFIP™ 5.0+ 0.1 — —-31+04 —
Ca(BHFIP), —2.7+01 14402 —-1.4+0.1 1.2 +0.3
Ca(BHFIP)¢p" 48 +4  0.88 4 0.20 44 +1 0.60 + 0.16
Ca(BHFIP)sgp’ 363 +3  0.42 + 0.08 257 +10  0.35 + 0.05

“ Explicit solvent molecules omitted for clarity.

atomic charges were scaled by 0.82 to reproduce the neat
solvent dielectric constant. We note that dielectric increment
values calculated in MD are likely dependent on the forcefield
parameters used, which could lead to dielectric increment
changes if partial solvent or ionic charges are scaled by
~0.8x. Nevertheless, we found that such changes are small
enough to not significantly affect the inferred speciation behav-
ior or jeopardize the essential conclusions of the study (see
ESLt Fig. S1). Error estimates for the dielectric increment
values were calculated from duplicate simulations and
analyses.

Electronic structure methods, which were used to generate
Ca-Bgypp distance constraints in the SSIP structures, were
undertaken with Gaussian software.®® The ®B97X-D
functional®® was used with the 6-31+G(d,p) Pople basis set.
Explicit solvent molecules were used (coordination numbers of
6 and 8 for THF and DME respectively), enhanced with a
polarizable continuum model (¢, = 7) to account for long-
range electrostatic solvation effects.**>*

Time-dependent density functional theory

Geometric relaxations of [Ca(THF)g]**, [Ca(DME)]** and
[Ca(THF)s(BHFIP),] were performed using the TPSS functional
and the def2tzvp basis set,*® as implemented in the ORCA 4.2
code.’” We then used TD-DFT to obtain the XAS spectra using
the BHLYP functional and the def2tzvp basis set,*®*?° as this
combination has proven to be most accurate in reproducing the
pre-edge peaks by only slightly adjusting the energy of overall
spectra.’®

Results and discussion

Significant non-monotonic changes in effective electrolyte ioni-
city occur across a wide range of Ca(BHFIP), concentrations in
both DME and THF. These changes are clearly demonstrated in
the electrolyte molar conductivity (A4), which represents the
ionic conductivity divided by the molarity of the salt (Fig. 1). In
both solvents, A reaches a minimum at 0.005-0.01 M (Fig. 1a).
A then increases by approximately a factor of two as concen-
tration is increased to 0.1 M. As concentration approaches the
solubility limit (0.4-0.45 M), A begins to decrease again due to
increasing viscosity and decreasing ion mobility. At concentra-
tions below the range highlighted in Fig. 1, A exhibits a
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Fig. 1 (a) Molar conductivity values of Ca(BHFIP), solutions in DME and
THF solvents. (b) Diffusion coefficients of the BHFIP™ anions measured at
select salt concentrations in these solvents by PFG-NMR. Additional
conductivity and PFG-NMR data are contained in the supporting informa-
tion document, Fig. S2 and S3 (ESI¥).

monotonic decrease with increasing concentration, consistent
with classical dilute electrolyte behavior (ESL T Fig. S2). It is
noteworthy that nearly identical behavior is observed whether
DME or THF is used as the solvent, despite their differences in
structure, coordination strength, and coordination number
toward Ca®".">"® The fact that the A vs. concentration trends
are independent of these factors suggests that long-range
interactions are responsible rather than differences in 1st
solvation shell features. PFG-NMR measurements of BHFIP™
diffusivity aid in interpreting these findings as the anion
mobilities measured at 0.01, 0.1, and 0.4-0.45 M show a
consistent decrease with increasing concentration, consistent
with an increase in viscosity (Fig. 1b). The fact that A increases
between 0.01-0.1 M despite a significant decrease in anion
mobility indicates that de-correlation of cation-anion motion is
occurring over this concentration range. The decrease in
A observed at concentrations above 0.2 M indicates that de-
correlation is no longer significant enough to overcome the
reduced ion mobilities.

The observation of a 4 minimum at what would practically
be considered very dilute salt concentrations is typical of
electrolytes based on low permittivity solvents such as ethers
or dialkyl carbonates.™'”"*°"*> Normally, such observations are
reported for strongly associating salts such borohydrides, but
we find that this occurs even for the extremely weakly associat-
ing salt Ca(BHFIP),. This conductivity behavior results from the
persistence of interionic attraction over significant length
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scales, as quantified by the Bjerrum length,

, q1q2
=— 2
B 4TE6()81»kB T ’ ( )

where g; represents the charges on the two ions of interest, & is
the permittivity of vacuum, ¢, is the solvent dielectric constant,
ks is the Boltzmann constant and T is the temperature.*?
Indeed, even at 0.01 M the average interionic distance (38 A)
of a divalent 1:2 salt electrolyte calculated based on ion
number density is much shorter than the corresponding Az of
this electrolyte in DME (158 A). By contrast, the corresponding
Jg of a 1:2 electrolyte in water (14 A) is shorter than the
interionic distance and thus Coulombic attraction is less than
the thermal energy. In other words, even when ‘practically”
dilute by electrochemical cell standards, ether-based electro-
lytes are not ‘theoretically’” dilute in terms of their ionic
interactions. Therefore, it is in fact reasonable to observe that
the strong Coulombic interaction between Ca>* and BHFIP~
leads to significant correlated motion at low concentrations
despite the extreme charge de-localization and weak coordina-
tion strength of the anion. An increase in A with increasing
concentration, as we observe at 0.1-0.2 M, has been historically
attributed to various causes, including the conversion of neu-
tral ion pairs to charged aggregates, such as triple ions in Li"
electrolytes,** enhanced salt ionicity/dissociation due to the
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“«

presence of significant CIP dipoles, ie. CIP-induced ‘re-

dissociation”,"”*>*¢ or simply ion mobility enhancement inde-
pendent of CIP formation.”” In a recent investigation, we found
that the average speciation of Ca®" in 0.2 M Ca(BHFIP), solu-
tions with either DME or THF as solvents exhibits little to no
CIP formation."® This result demonstrates that charged aggre-
gates are not responsible for the elevated A values at these
concentrations. Likewise, re-dissociation induced by a signifi-
cant CIP population is also inconsistent with these results.
Enhanced ionic diffusivities can also be ruled out based on the
decreasing anion diffusivity reported herein. Although Ca** diffu-
sivity is not measured, approximately one order of magnitude
increase in D¢, would be required to explain the A increase, which
is unlikely. In other words, the usual explanations for an increas-
ing A vs. concentration trend fall short in explaining the case of
Ca(BHFIP),. Thus, a more thorough analysis of the solvation
environment is needed to understand the origin of reduced ion
correlations at elevated salt concentrations.

The weak coordination strength of BHFIP™ suggests that ion
correlations would probably exist as long-lived SSIPs. Direct
evidence for the existence and evolution of SSIP populations is
afforded by DRS. Unlike most vibrational spectroscopic meth-
ods that are sensitive primarily to 1st-shell interactions, DRS
can readily detect SSIPs due to their large dipole moment."®
This sensitivity is demonstrated in Fig. 2a and b, which
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Fig. 2 (aand b) Complex permittivity spectra measured across the dilute Ca(BHFIP), concentration range in (a) DME and (b) THF by DRS. The upper, blue
curves represent measured real permittivity (¢/) spectra while the lower, orange curves represent the measured imaginary permittivity (¢”) spectra. Dashed
lines represent extrapolated fits of these spectra incorporating one Debye and one Cole—-Cole relaxation. (c and d) Measured dipolar dispersion
amplitudes (¢, — ¢.,) as a function of salt concentration in (c) DME and (d) THF. The values corresponding to the complex permittivity data displayed in
(a and b) fall along the steeply rising portion of the curve. The complex permittivity data measured at higher concentrations are shown in the ESI,} Fig. S4.
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compares the complex permittivity behavior as a function of
Ca(BHFIP), concentration in the 0.005-0.05 M range where the
ion correlations are strongest. Both DME and THF based
solutions exhibit two primary dipole relaxations: a high fre-
quency solvent relaxation (f ~ 35 GHz and 63 GHz, respec-
tively) and a low frequency ion pair relaxation (f ~ 0.5 GHz).
Numerical fitting of the ¢’ and & spectra allows extraction of
the relevant dipole relaxation parameters (ESI, Tables S1 and
S2). While the total solvent dipole amplitude decreases slightly
across this concentration range, the amplitude of the apparent
ion pair dipoles increases dramatically. This dipole population
causes the total solution dielectric constants (¢;) to exhibit a
proportional increase with salt concentration, approximately
doubling the neat solvent values at 0.05 M in both DME and
THF (see ESLt Fig. S5). At higher concentrations (see ESLf
Fig. S4), the ion pair dipoles cease their proportionate increase
in spectral contribution with concentration.

The changes in ¢, originating solely from dipole rotations are
quantified from the fitted data by calculating each electrolyte’s
dipolar dispersion amplitude (¢, — &), which involves sub-
tracting the high frequency intramolecular and electronic per-
mittivity contributions. When (¢, — ¢.,) is plotted vs. salt
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concentration two distinct concentration regimes are observed
(Fig. 2c and d). From 0 to 0.05 M, the value of (¢, — &)
increases sharply and almost linearly with concentration. At
higher concentrations these values tend to decrease slightly
before either increasing slightly (DME) or levelling off (THF).
Changes in these values are related to the number of ion pair
dipoles formed in solution (positive influence) as well as the
irrotational binding of solvent to Ca®" (negative influence).
Irrotational binding typically includes solvent molecules
beyond the 1st shell.>® Based on an analysis of the fitted DRS
data,"®?° the number of irrotationally bound solvent molecules
per Ca”" (Z;5) decreases from approximately 30 to 10 across the
salt concentration range of 0.05-0.4 M (ESL Fig. S5c). At 0.4 M
the Z values begin to approach the expected Ca®" 1st shell
coordination numbers of DME (4) and THF (6)." This reduced
coupling of Ca®" with solvent beyond its 1st shell at higher
concentrations may further improve its mobility, providing a
benefit beyond simple ion pair de-correlation. Nevertheless, the
existence of two distinct concentration regimes in the dipolar
dispersion amplitude (0.005-0.05 M and 0.05-0.4 M) is fully
consistent with the two measured A regimes. This provides
strong evidence that the rotationally correlated ions detected by
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DRS are the translationally correlated ions responsible for limiting
A at low salt concentrations (0.01 M). Subsequent computational
analysis (vide infra) confirms that these ion pairs are SSIPs.

The local structures of the Ca-BHFIP ion pairs are identified
by using MD simulations to determine the dielectric properties
of various salt clusters and then comparing these with the
measured DRS data. In the case of SSIPs, quantum chemistry
was used to determine the geometry used in MD simulations.
The primary cluster property of interest from MD is the
dielectric increment (A¢), which quantifies the impact that each
species would have on the overall dipolar dispersion amplitude
in solution. This method accounts for both the time-averaged
dipole moment of the clusters themselves and their influence
on overall solvent contributions. The calculated Ag values of the
free ions, neutral clusters, and exemplar ion pair structures
(CIP or SSIP) are shown in Table 1 along with each species’
calculated relaxation frequency (f). The Ae values calculated for
the free ions Ca®>" and BHFIP™ are negative, demonstrating that
complete dissociation of Ca(BHFIP), into uncorrelated cations
and anions would cause ¢ to decrease substantially with
increasing salt concentration. This is because the ions them-
selves possess no net dipole moment and they reduce the total
free solvent population through direct coordination and volu-
metric displacement, respectively. Similar arguments apply to
the neutral Ca(BHFIP), cluster, which also has a negative, albeit
less so, Ae. By contrast, the computed Ae¢ values for the
Ca(BHFIP)" CIP clusters in DME and THF are quite large at
48 M " and 44 M, respectively, owing to their large dipole
moments. However, when these values are compared with the
measured (g — &,,)/c values of over 100 in the low concentration
regime (see ESI,¥ Fig. S5b), it becomes clear that these CIPs
cannot explain the large measured permittivity increase. Only
SSIPs in which the anion exhibits a significant residence time
in the second solvation shell of the cation (see Fig. 3) can
explain this increase. Due to the larger distance between the
cation and anion in these clusters (i.e. larger dipole moment),
the corresponding Ae values increase significantly to 363 M ™"
(DME) and 257 M~ (THF), respectively. These large A¢ values
can thus account for the (&, — ¢.,)/c values measured in the low
concentration regime. The differences in A¢ values are primar-
ily related to the preferred cation-anion distances, which are
found to be larger in DME (Ca-B = 7.05 A) than in THF (Ca-B =
5.83 A) based on quantum chemical calculations. The predicted
SSIP relaxation frequencies for these clusters (0.35-0.42 GHz)
are somewhat lower than the measured frequencies
(0.40-0.78 GHz), but this underestimation is consistent with
the differences between the predicted and measured solvent
frequencies as well. The combined quantum chemical calcula-
tions and MD simulations thus provide strong support for the
assignment of SSIPs as the dominant ion pair species.

Representative solvation structures of the SSIP clusters and
corresponding Ca-O radial distribution functions for solvent
and anion are shown in Fig. 3. These structures exhibit a well-
defined 1st solvation shell of solvent oxygens followed by a less-
defined 2nd shell of both solvent and anion oxygens. The 1st
shell oxygen coordination number (CN) is approximately 8 in

This journal is © the Owner Societies 2021

View Article Online

Paper

DME and 6 in THF, similar to previous X-ray based analyses of
Ca*" solvation in these solvents.'® The 1st shell Ca-Oy, dis-
tances of 2.45 A (DME) and 2.40 A (THF) are also close to the
reported experimental values.’® Based on the previously men-
tioned Ca-B distances, THF allows closer approach of the
BHFIP  in the 2nd shell, leading to smaller Ca-Ogyprp dis-
tances. The larger number of DME oxygen atoms in the vicinity
of Ca®" as shown in the CN data is likely related to the larger
fraction of oxygen atoms in DME molecules compared to THF.
This increased oxygen CN for DME is consistent with the Zz
calculations from DRS fitting once the two oxygen atoms in
DME are accounted for. For example, the Z;z values calculated
at 0.1 M are approximately 21 (DME) and 24 (THF), which
correspond to Ca-Og,p, CN values of 42 and 24, respectively. In
the MD results shown in Fig. 3, these values are reached at
r=9-10 A in both solvents, demonstrating that the length-scale
of irrotational solvent binding in these solutions extends
beyond even the 2nd shell at these relatively low salt
concentrations.

Since the computed SSIP Ae values are greater than the
measured (¢, — ¢, )/c values, the electrolytes likely contain an
equilibrium mixture of SSIPs and free ions (eqn (3)).

Ca®" + 2BHFIP~ «> Ca(BHFIP) gqp + BHFIP™  (3)

This equilibrium would be consistent with previously
reported XAS data indicating CIP clusters are not
prevalent.”>"® Based on this equilibrium, the populations of
SSIPs and free ions can be calculated from the computed Ae
values and the measured (s, — &.)/c values (Fig. 4). This
analysis reveals that the percentage of the total Ca®>" inventory
residing in SSIPs reaches a maximum of 60-70% at 0.01-0.02 M
salt concentration and that this percentage decreases with
increasing concentration, reaching 10-15% at 0.4 M. The
similarity of these values whether the solvent is THF or DME
demonstrates the generality of this speciation behavior in
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ether-based Ca(BHFIP), electrolytes. Importantly, the concen-
tration corresponding to minimum free Ca>" derived from DRS
agrees well with that of minimum A. The fact that the SSIP
percentages are so significant at low salt concentrations despite
the extreme charge delocalization of the BHFIP™ anion is a
testament to the strength of the long-range Coulombic interac-
tions operating in ethereal multivalent electrolytes; the 1st
solvent shell is incapable of eliminating these interactions
and the anion therefore couples strongly to the cation in the
2nd solvation shell. Note that these SSIPs are likely highly
dynamic but have residence times of at least 200-300 ps based
on the DRS relaxation frequencies. From the perspective of
electrochemical behavior, the important takeaway from Fig. 4 is
that the relative concentration of SSIPs in solution decreases
significantly at elevated salt concentrations. Such entities likely
behave differently from free Ca®" at the electrified interface and
may enhance anion degradation during cycling (vide infra).
The driver for more effective de-correlation of SSIPs at
higher salt concentrations likely originates from their large
dipole moments, in accordance with a re-dissociation
mechanism.'”*>*¢ Although the percentage of SSIPs in solution
decreases, their absolute concentration generally increases with
salt concentration. The increasing concentration of these
strong dipoles, manifested as a significantly increased solution
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dielectric constant, serves to decrease the electrostatic interac-
tions among the remaining free ions. In other words, the SSIPs
may be thought of as a stochastic population of highly polar co-
solvent molecules (albeit charged) that improves the de-
correlated motion of the other ions.

The presence of the proposed distinct Ca®* solvation environ-
ments at high and low salt concentrations was validated through
X-ray Absorption Near Edge Spectroscopy (XANES) at the Ca K-edge.
XANES is one of few experimental techniques, along with DRS, that
enables characterization of extended solvation structures such as
SSIPs. This is due to the significant influence of ligand symmetry on
the unoccupied d and p orbitals of Ca®" directly accessible to X-ray
absorption techniques.**° As such, it is uniquely poised to provide
a complementary and element specific test for the presence of these
species; whereas, other element specific spectroscopies, such as
EXAFS, may only identify first shell solvent geometry since the SSIP
EXAFS correlations are simply too far away to be effectively mea-
sured. The local Ca®* solvation structure was thus probed within salt
concentration regimes ostensibly containing either mostly free Ca**
(0.4-0.45 M) or significant SSIPs (0.01 M). In comparing the XANES
spectra measured at these two concentrations (Fig. 5a and b), it is
noteworthy that the two spectra maintain their basic pre-edge line-
shape at approximately 4041 eV albeit with modest changes in
intensity; in DME a single peak is observed while in THF two peaks
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are observed. Our previous work demonstrated that these solvent-
dependent differences result from a difference in Ca-O coordina-
tion symmetry, with THF exhibiting octahedral, 6-fold O coordina-
tion to Ca”* and DME exhibiting 7 or 8fold coordination."
Therefore, it is clear that these basic differences in 1st shell
coordination symmetry are maintained whether the BHFIP~ anion
is present in many of the second solvation shells (0.01 M) or not
(0.4-0.45 M). However, the increase in pre-edge peak intensity for
both DME and THF at the lower concentration, combined with a
slight merging of the two peaks in THF, could indicate a slight
distortion of these Ca-O interactions. A second significant differ-
ence between the low and high concentration spectra is observed via
the rising edge intensity at approximately 4045 eV. A decrease in the
prominence of this feature is observed at 0.01 M. This suggests that
Ca-solvent interactions beyond Ca-O coordination symmetry are
impacted by the presence of BHFIP in the second solvation shell.

To validate the connection between these spectral differ-
ences and the local Ca®" structure, time dependent Density
Functional Theory (TD-DFT) was used to simulate XANES
spectra for the structures of 8-fold coordinated [Ca(DME),]**
and 6-fold coordinated [Ca(THF)s]** both with and without the
BHFIP™ anion present in the second shell (Fig. 5¢ and d). To
reduce the computational cost, TD-DFT calculations were per-
formed in presence of only one BHFIP™ anion. Consistent with
the concentration-dependent experimental measurements,
when BHFIP™ is present the pre-edge line shape is essentially
maintained and the intensity is increased. This confirms that
the basic Ca-O coordination symmetry is maintained in these
two instances. Importantly, we also observed a reduction in the
intensity of the rising-edge peak for the SSIP cluster. This is also
consistent with the experimental spectral changes between the
free Ca®" (0.4-0.45 M) and the SSIP-enriched (0.01 M) regimes.
The general agreement between the measured and simulated
spectral changes supports the claim that the relative prevalence
of the Ca(BHFIP)sqp' cluster is significantly enhanced at low
salt concentrations in both DME and THF. In the THF case, the
XANES spectrum of an additional SSIP structure involving a
shorter Ca®"-BHFIP~ distance (i.e. tighter cation-anion bind-
ing) was simulated (ESL{ Fig. S7a). The spectrum for this
cluster exhibits even more significant changes in both pre-
edge line-shape and rising-edge intensity confirming greater
perturbation of the Ca®>* orbitals due to the proximity of
BHFIP . The TD-DFT calculations were also performed for
the THF SSIP cluster in the presence of an implicit THF solvent
using the conductor-like polarizable continuum model
(CPCM).”" Inclusion of the implicit solvent did not change
these results (ESL,f Fig. S7b). The combined XANES and TD-
DFT results provide clear experimental evidence of perturba-
tion to the electronic orbitals of Ca*>" as a result of significant
SSIP populations.

Elucidation of the electronic transitions giving rise to the
spectral features of the XANES region reveals that the 2nd shell
BHFIP  anion impacts 1st shell solvent structure. The natural
transition orbitals®> and corresponding atomic orbital contri-
butions for the spectra are shown in Fig. S7 (ESIt). In this
region, the relevant electronic excitations are those occurring
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from the Ca 1s orbitals to higher energy orbitals. The lower
energy rising edge peak (states 16 and 20) shows contributions
from the Ca 4p orbitals mixed with Ca 4s along with C and H
contributions from the THF ligands (ESLt Table S4). The
higher energy rising edge peak (states 24 and 26) has contribu-
tions from Ca 3d and 4p mixed with THF-ligand contributions.
Particularly for state 26, we observed the contribution coming
from both O and C of the THF-ligand mixed with the Ca 4p and
3d, making the excited state more delocalized. This explains the
high intensity absorption in this region. Interestingly, we
observed that the Ca 3p orbitals are deep inside the occupied
energy range and that they were not involved in any of the Ca 1s
excitations. Given that the excited states within the rising-edge
region are composed of a mixture of orbitals from Ca and the
coordinating solvent atoms (especially C and H), the reduction
in rising-edge intensity resulting from SSIP formation indicates
that the presence of BHFIP~ within the second solvation shell
slightly modifies or distorts the average orientation of the 1st
shell solvent molecules with respect to Ca®*. However, this
modification appears primarily restricted to the hydrocarbon
backbone of the solvent molecules, leaving the Ca—O geometry
largely unperturbed unless the cation-anion distance becomes
shorter (¢f Fig. S7a, ESIT).

The relative prevalence of free (non SSIP) Ca>" in solution, as
controlled by the salt concentration, correlates strongly with
electrochemical calcium metal cycling efficiency. The ratio of
anodic to cathodic charge passed during calcium stripping and
plating, respectively, i.e. Coulombic efficiency (CE), is a mea-
sure of electrolyte reductive stability during the calcium cycling
process. Comparisons of the CE values measured during early-
stage CV cycling of calcium on gold substrates reveals a positive
dependence on salt concentration across the relevant concen-
tration of 0.05-0.4 M in DME (Fig. 6a). Difficulties in producing
a THF solvate salt of sufficient purity for high CE calcium
cycling prevented a parallel electrochemical investigation in
THF. Electrolytes at the highest concentrations yielded CE
values >70%, generally consistent with literature values,”''">?
although no standard set of conditions for calcium cycling have
been established. In this work, we apply real-time correction for
the measured uncompensated resistance between the working
and reference electrodes at each concentration. This ensures
better accuracy of the measured potential and thus more
consistent potential scanning conditions.>* We find that even
at a concentration of 0.4 M, where ionic conductivity is high
(10 mS em ™), significant uncompensated resistance effects are
present in the 3-electrode beaker cell format (see ESI, T Fig. S9).
After accounting for these effects, we find that reducing the salt
concentration leads to a reduction in both current density
(Fig. 6b) and CE value. The former indicates reduced charge-
transfer kinetics along with a modest increase in concentration
overpotential while the latter indicates increased parasitic loss
due to electrolyte reduction. The charge-transfer kinetics and
parasitic loss are probably linked, but a thorough investigation
of this relationship is beyond the scope of this work.

As shown in Fig. 6a we find a strong correlation between the
relative free Ca** population and the calcium cycling
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Fig. 6 (a) Calcium cycling Coulombic efficiencies (CE) measured by cyclic voltammetry (CV) on gold substrates at various Ca(BHFIP), concentrations in
DME. CV scan rates of 50 mV s~* were used and real-time IR correction was applied. Various cathodic endpoints between —0.32 to —0.5 V were tested
and the CE values are reported for the best conditions in each case. The relative free Ca®* percentage is reproduced from Fig. 4 for comparison.
(b) Example CV curves measured at 0.4 M and 0.1 M Ca(BHFIP), in DME demonstrating the effects of concentration on the measured CV response.

Additional CV curves are shown in the ESI,{ Fig. S8.

performance of the electrolyte. Given the established reductive
susceptibility of the BHFIP  anion during calcium cycling

113335 we propose

leading to fluoride-based film formation,
the anion as the primary source of the instability during
calcium cycling in these electrolytes. In consideration of the
speciation changes occurring as a function of concentration, it
appears that the presence of BHFIP™ in the 2nd-shell of Ca**
leads to an increased likelihood of decomposition. This link
may be intuitively rationalized by the SSIPs favoring Ca®'-
mediated transport of BHFIP~ anions to the electrode surface
during calcium plating. Furthermore, electrostatic interactions
between BHFIP™ and the polarizing Ca®>" cation may alter the
anion’s reductive susceptibility, based on previous investiga-
tions of salt stability in similar multivalent electrolytes.'®>>°
Our XAS results further reveal that the 2nd-shell anion slightly
distorts the 1st solvation shell, which may exacerbate these
issues. These findings demonstrate that ion interactions
beyond the 1st solvation shell are important not just for
conductivity, but for electrolyte stability as well. Therefore, we
propose the unexpected design consideration that reducing salt
concentration may increase the likelihood of anion decomposi-
tion in ether-based multivalent electrolytes.

Conclusions

To better understand the links between multivalent cation
solvation environments and ensemble electrolyte behavior, we
have investigated the concentration-dependent behavior of the
state-of-the-art calcium salt Ca(BHFIP), in exemplar ether sol-
vents. We find that the effective ionicity of these electrolytes
follows a non-monotonic trend indicative of non-intuitive ion
correlations that are largely independent of the specific ether
solvent structure. These correlations result in the observation

Phys. Chem. Chem. Phys.

of a 4 minimum at concentrations near 0.01 M followed by a
large increase in A with increasing concentration. Based on the
measured complex permittivity behavior over this concen-
tration range, we identify these correlations as discrete
Ca(BHFIP) sgp ion pairs with correlated lifetimes of several
hundred ps or more. Complementary solvation structure ana-
lysis through XAS-TD-DFT supports the proposed changes in
free vs. SSIP Ca>* across these concentration regimes. The large
dipole moments of the SSIP species likely assist in the mitiga-
tion of Coulombic interactions at elevated concentrations,
resulting in greater populations of free Ca**. The calcium
cycling behavior of these electrolytes reveals a significant
correlation between electrolyte stability and the fraction of free
Ca>" in the system. These findings demonstrate that even the
weakest associating multivalent salts exhibit significant corre-
lations via ion pairing in ether solvents. The counter-intuitive
concentration dependence of these correlations exhibits a
measurable impact on electrochemical properties.
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