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ABSTRACT: Most multivalent secondary batteries have employed electrolytes
composed of cyclic ether solvents such as tetrahydrofuran or linear glycol ether
solvents (glymes) such as 1,2-dimethoxyethane (G1). A robust understanding of
multivalent cation solvation tendencies in these classes of solvents provides insight into
corresponding structure—property relationships which, in turn, promotes the design and
discovery of improved electrolytes. In this work, our goal is to systematically address
how electrolyte constituent properties, namely, ether solvent structure and dication size,
direct the solvation interactions of divalent electrolytes and their resultant properties.
This study utilizes pulsed-field gradient (PFG) nuclear magnetic resonance (NMR)
spectroscopy in conjunction with Raman spectroscopy and ionic conductivity
measurements to elucidate the preferential interactions between multivalent cations,
anions, and solvent molecules along with their correlated ion dynamics. These
investigations incorporate two representative divalent cations (Ca** and Zn**) as well as
two ethereal solvent representatives from both the cyclic ether and glyme structural
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classes. The results reveal that anions coordinate more readily with divalent cations in cyclic ethers than in glymes. Furthermore, the
coordination of the anions with Ca®, i.e., contact-ion pair (CIP) formation is more pronounced than with Zn*" in a glyme solvent of
limited chain length (G1), providing insight into cation size effects that are important for translating solvation behavior across
various multivalent electrolytes. Importantly, we find that specific anion coordination is more strongly controlled by solvent structure
than by salt concentration in the practical range of 0.1—0.5 M. However, simply reducing these inner-sphere inter-ionic interactions
by changing solvent structure does not necessarily de-correlate ionic motion. Instead, concentration-dependent changes in molar
ionic conductivity suggest that second-shell interactions, i.e., solvent separated ion pairs (SSIPs), are prevalent in these electrolytes
and that the solution dielectric constant, which is increased by the presence of dipolar ion pairs, is critical for controlling these
interactions. These findings thus provide a basis for understanding the physical chemistry of multivalent battery electrolytes.

B INTRODUCTION

The major role of the electrolyte in a battery system is
transferring active ions between the two electrodes (cathode
and anode) in accordance with the charge/discharge process.
In addition to this primary role, electrolytes often decompose
at electrode/electrolyte interfaces to form a solid-electrolyte
interphase (SEI) layer, making sustainable battery operation
possible in the case of alkali metals (Li*, etc.). For multivalent
secondary batteries, however, such interphases are not
sufficiently ionically conductive, making electrolyte stability
an important property defining battery performance. It has
become increasingly clear that electrolyte stability, as well as
additional electrolyte properties, depends greatly on the sub-
nanoscale interactions of salt and solvent species constituting
the solvation environment. Hence, understanding how this
environment can be manipulated through salt and solvent
selection has become critical to the progress of advanced
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battery chemistries. Much of the current research in multi-
valent batteries is focused on non-aqueous Mg** chemistries
and aqueous Zn>* chemistries. However, there is growing
interest in non-aqueous Ca** and Zn** chemistries,' ™’
providing an intriguing opportunity to connect scientific
understanding across multiple systems. Many of the major
Mg*" electrolyte discoveries have utilized ethereal solvents
such as tetrahydrofuran (THF) as the solvent of choice due to
good reductive stability and favorable coordination of cations,
supporting Mg** complexes capable of depositing Mg with
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high Coulombic efficiency while minimizing passivation.™"?

Perhaps unsurprisingly, the first electrolyte demonstrating
high-efficiency Ca deposition at room temperature also
employed THF (Ca(BH,),/THF)." In addition to its
demonstrated importance in the development of multivalent
battery electrolytes, THF can be further modified through, for
example, methylation at the 2-position yielding 2-methylte-
trahydrofuran (2-MeTHF). This modification imbues the
electrolyte with new properties, such as improved stability
toward reactive metals and some acids.'*"> 2-MeTHF also
demonstrates improved solubility of salts such as MgBr,, Mgl,,
and magnesium bis(trifluoromethylsulfonyl)imide (MgTFSI,)
as well as other unique properties in organometallic
chemistry.”'® Linear glyme solvents such as 1,2-dimethoxy-
ethane (G1) or triglyme (G3) represent a different structural
class that retains the ether moiety, and such solvents have also
been important for developing Mg battery electrolytes.'” >
Given the growing knowledge of Mg** electrolytes, inves-
tigation into other multivalent electrolytes based on Ca** or
Zn** provides insight into cation-dependent trends that
broaden scientific understanding and aid in developing new
multivalent batteries. For example, we have previously
compared electrolytes based on Mg(BH,), and Ca(BH,),
salts, finding that the differing coordination tendencies of the
two cations leads to dramatic differences in electrolyte
conductivity and electrochemical behavior.”’ We have also
observed that the ethereal solvent/Ca®" cation coordination
strength influences electrochemical behavior in electrolytes
utilizing more typical weakly coordinating anions.”” Ponrouch
et al. also studied a wide range of Ca*" salts in various aprotic
solvents, demonstrating that a wide variety of physo-chemical
properties could be achieved.”® Burrell et al. similarly studied a
variety of aprotic Zn** electrolytes.” In this work, our goal is to
build on the aforementioned studies by comparing Ca** and
Zn*" solvation properties in ethereal solvents. Understanding
how the coordination tendencies of these multivalent cations
vary across the cyclic to linear ethereal solvent structure
provides insight into the structure—property relationships of
these systems, enabling a deeper understanding of rational
electrolyte design and informing the broader field of non-
aqueous electrolyte physical chemistry. Specifically, we address
the question of how the structure of the ether solvent and the
size of the divalent cation control anion interaction tendencies.
These tendencies are critical for determining the solubility,
transport, and even stability properties of multivalent electro-
Iytes. In this work, the interactions of multivalent cations with
supporting electrolyte constituents have been examined with
PFG-NMR measurements of diffusion. These studies are
focused on Zn** and Ca®" electrolytes consisting of two cyclic
ether representatives (THF and 2-MeTHF, Scheme 1) and
two glyme representatives (Gl and G3, Scheme 1) using
bis(trifluoromethylsulfonyl)imide (TFSI) as a benchmark
anion. The TFSI anion was selected due to its importance to
a wide variety of battery electrolyte concepts, including Li—0O,,
Li—S, and water-in-salt systems for Li-ion or Zn batteries.”*™>*
Furthermore, multivalent salts of this anion are commercially
available and are readily probed via NMR and vibrational
spectroscopy.”” By combining the PFG-NMR studies with
analysis of ion populations through Raman spectroscopy and
ionic conductivity measurements, a multifaceted understanding
of inter-ionic interactions that bridges across differences in
cation size (ionic radius, r,,, of Zn** = 0.74 A and Ca®* = 0.99
A),* solvent structure, and salt concentration is offered.
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Scheme 1. Chemical Structures of (a) Glyme (G1), (b)
Triglyme (G3), (c) Tetrahydrofuran (THF), and (d) 2-
Methyl-tetrahydrofuran (2-MeTHF)
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B EXPERIMENTAL METHODS

Sample Preparations. Zn(TFSI), (99.5%) and Ca-
(TFSIL), (99.5%) purchased from Solvionic and dried under
vacuum at 160 °C prior to use. Solvents used in this study were
purchased from Sigma-Aldrich and dried over activated
alumina and molecular sieves yielding a water content of
<10 ppm. All reagent handling was performed in a glovebox
with [H,O] < 1 ppm and [O,] < 0.1 ppm. Various electrolyte
formulations were synthesized by weighing out a prescribed
mass of salt and adding sufficient solvent to achieve a target
solution volume. Two concentrations were targeted in each
electrolyte system to establish rudimentary concentration
trends: 0.1 and 0.5 M. Most multivalent electrolytes based
on ethereal solvents exhibit optimum performance within this
concentration range. However, solubility limitations prevented
achieving these concentrations in some notable instances. In
Zn(TFSI),/Gl we find that phase separation occurs at
intermediate concentrations (between approximately 0.035
and 0.4 M), a surprising phenomenon that also occurs in
Mg(TFSI),/G1l across a similar concentration range,31
suggesting that cation size plays a role in this behavior. In
Zn(TFSI),/THF, salt solubility is limited to less than 5 mM.
In these cases, the concentrations of the insoluble formulations
were adjusted systematically by further solvent addition to
determine the limiting concentration values. Table 1 contains
the final concentrations employed in this study.

PFG-NMR Measurements. All PFG-NMR measurements
were performed on a 600 MHz NMR spectrometer (Agilent,
USA) with a S mm liquid NMR probe. Diffusion coefficients
(D) of TFSI™ anions and solvent molecules were determined
from "F and 'H PEG-NMR, respectively, at 25 °C using the

Table 1. Salt Concentrations Tested within Each Electrolyte
System

concentration (M)

salt solvent low high
Gl 0.035 0.5
G3 0.1 05
Zn(TFSI
n(TESI), THE 0.0008 0.004
2-MeTHF 0.1 0.5
Gl 0.1 0.45
G3 0.1 05
Ca(TESI), THF 0.1 05
2-MeTHF 0.1 05

https://dx.doi.org/10.1021/acs.jpcc.0c09830
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bipolar gradient stimulated echo sequence (Dbppste, vendor
supplied sequence, VNMR]J, Agilent). The PFG-echo profiles
were recorded as a function of gradient strength with 16 equal
steps and fitted with the Stejskal—Tanner equation:

S(g) = S(0) exp[—D(7gd)* (A — 5/3)] (1)

where S(g) and S(0) are the echo heights at the gradient
strengths of g and 0, respectively; D is the diffusion coefficient;
y is the gyromagnetic ratio of '"H or ’F; A is the diffusion
delay, which is the time interval between the two pairs of
bipolar pulse gradients; and ¢ is the gradient length. The time
interval A and 6 were fixed at 30 and 2 ms, respectively, and
the maximum gradient strength was accordingly varied to
obtain the full decay on the PFG-echo profiles. It was not
possible to determine the diffusion coefficients of cations (Zn**
and Ca’") using PFG-NMR due to fast nuclear relaxation
resulting in a null signal after application of the PFG pulse
sequence.

Raman Spectroscopy and lonic Conductivity Meas-
urements. Raman spectroscopy was performed on solutions
sealed in glass vials using a Witec Confocal Raman Microscope
equipped with a 532 nm laser. Deconvolution of the TEFSI
breathing mode region (~740 cm™) was performed using
Lorentzian/Gaussian components, similar to published meth-
ods.*>** Select examples are shown in the Supporting
Information. Ionic conductivity measurements were performed
using electrochemical impedance spectroscopy in a custom cell
containing two parallel Pt electrodes. The cell constant was
calibrated using multiple concentrations of KCI in water. Molar
equivalent ionic conductivities (Ay) were calculated by
dividing the measured ionic conductivity value by the solution
concentration.

Dielectric Relaxation Spectroscopy Measurements.
Solution dielectric constants were measured using dielectric
relaxation spectroscopy (DRS). DRS measurements were
performed in glass vials using a dielectric probe (Keysight
NI1501A) and vector network analyzer (Keysight P9375A).
The complex permittivity was measured from 0.5 to 26.5 GHz
and the experimental data was fit using Debye relaxation
processes for solvent and salt components. Extrapolation of the
fitted spectra to zero frequency yields the dielectric constant of
each solution.”® Further details are provided in the Supporting
Information.

B RESULTS AND DISCUSSION

Relative anion and solvent diffusivities depend on both solvent
structure and salt concentration and provide insight into the
preferential interactions of anion and solvent with multivalent
cations. Diftusion coefficients measured by PFG-NMR for all
samples are presented in Figure la. The results show that the
diffusion coeflicients tend to be inversely proportional to the
viscosity of the solvents (Table 2) as predicted by the Stokes—
Einstein relation:

kg T
D=
6,

)

where kg is the Boltzmann constant, T is absolute temperature,
1 is solution viscosity, and r, is the hydrodynamic radius of the
diffusing molecules.” In every electrolyte system, the diffusion
coefficients of both anion and solvent decrease at the higher
concentration value due to an attendant increase in viscosity.
While the magnitudes of the diffusion coefficients are closely
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Figure 1. (a) Diffusion coefficients of TFSI anion and solvent
molecules (G1, G3, THF, or 2-MeTHF) and (b) diffusion ratios
between anion and solvent (D,,n/Dovent) for different salt
concentrations and cation/solvent pairs. (c) Relative change (R) of
the diffusion ratio (D,pion/Dsoivent) Observed after increasing the salt
concentration by a factor of ~5. Actual concentrations are provided in
Table 1. The actual D values are reported in Table SI.

Table 2. Literature Viscosity and Dielectric Constant (g,)
for G1, G3, THF, and 2-MeTHF Solvents>*

solvents viscosity (mPa-s) €,
Gl 0.46 7.2
G3 1.89 7.5
THF 0.55 7.6
2-MeTHF 0.55% 6.97

related to the viscosity of solution, these values also depend
upon the interactions of these species with one another.
Usually, the measured diffusion coefficient (D) is the weighted
average of the diffusion coeflicient of free ions/molecules
(Dgee) and the diffusion coefficient of ions/molecules
coordinated to the other components of the solution (Dpgyng)-
In aprotic electrolyte solutions, the interaction between anions
and solvent molecules is generally negligible, so the measured
diffusion coefficient of anion (D,,,,) and solvent molecule
(Dgolvent) are well-represented by the following relationships:

D (3)

anion

= anreeanion + (1 - (X)D

cation—anion

https://dx.doi.org/10.1021/acs.jpcc.0c09830
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and

1)solvent = ﬂDfree solvent + (1 - ﬂ)ljcation—solvent (4)

where a and f are the fractions of free anions and solvent
molecules contributing to the measured D,;,, and Dgjeny
respectively. On the basis of the Stokes—Einstein relation (eq
2), where D is inversely proportional to the hydrodynamic
radius (r,) of the diffusing molecules, eqs 3 and 4 can be
rewritten as follows:

1 1
Y O
Vanion rs,anion ranion—cation (5)
and
1 1 1
=p + (- ﬂ)[ ]
Tsolvent rs, solvent Tsolvent—cation (6)
Here 7 pion and 7 oyene are the hydrodynamic radii of the

free anion and solvent, respectively, and 7,0 caion and
Teolvent—cation ar€ the hydrodynamic radii of the complexes
containing anions and solvent molecules bound to the cation,
respectively. From eqs 5 and 6, the effective hydrodynamic
radii of anions (r,,;,,) and solvent molecules (ryyen) Will
change as the solution fractions of free anion and free solvent
change. Since the magnitudes of the measured diffusion
coeflicients are viscosity dependent, it is useful to compare the
ratio of anion to solvent diffusivity, D,nion/Dsotvent (X Tsolvent/
Fanion), i each solution in order to eliminate the viscosity
contribution. This allows one to understand the relative
participation of bound anion (1 — @) and bound solvent (1 —
f) within the cation complexes as a function of cation size,
solvent structure, and concentration. The diffusion ratios
D, ion/ Dsolvent for these multivalent cation electrolyte solutions
are plotted in Figure 1b, and their relative changes after
moving from low to high concentration are plotted in Figure
lc. In THF and 2-MeTHEF, the D,;,,/Dqolvent Value decreased
with an increase in salt concentration for both Ca** and Zn**.
This means that as the salt concentration increases the effective
Tanion iNICreases relative to ry,p,.q reflecting a situation in which
the anion:cation interactions are stronger than the solvent/
cation interactions. The most dramatic decrease in D,/
Dyoyent among these solutions was observed for Zn(TFSI),/
THEF, which was tested at much lower concentrations (where /3
is ~1) due to poor solubility. This abrupt decrease thus signals
an enhancement in TFSI coordination for the higher salt
concentration (vide infra). For the glyme-based solutions, the
D, nion/Dgolvent Tatio increased with an increase in salt
concentration in all cases except Ca(TFSI),/G1. The increased
diffusivity ratio indicates that the solvent—cation interactions
are stronger than the anion—cation interactions, i.e., yjyen
increases relative to r,.,, since a greater fraction of total
solvent is bound to the cations when the cation concentration
is increased. The superior coordination strength of the glyme
solvents relative to cyclic ethers is consistent with previous
spectroscopic analyses of Mg®* and Ca®* salts.””*” The unique
behavior of Ca(TFSI),/G1 among the glyme-based electro-
Iytes indicates that the interaction between GI1 and Ca®* is
relatively weak, and this is likely related to the larger
coordination shell of Ca®" relative to Zn*" yielding different
geometric constraints. The larger D,uon/Diolvent Values
measured for the G3-based solutions compared to that of
Gl-based solutions for both Ca(TFSI), and Zn(TFSI), salts
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implies that G3 interacts more strongly with both cations
leading to even greater salt dissociation and significant
incorporation of G3 into the cation complexes. A previous
investigation indicated that such coordination strength differ-
ences are important for determining electrochemical behav-
ior.”” Overall, the changes in D, 0/Diopene measured as a
function of concentration indicate that anions interact more
strongly with multivalent cations in cyclic ethers than in glymes
and that the larger size of Ca®" leads to an additional
dependence of these interactions on glyme chain length. These
results reveal the importance of solvent structure and its
determination of specific cation interactions as a driver for the
formation of free ions.

The differences in specific anion—cation interactions
between Zn>* and Ca®* electrolytes in these ethereal solvents
are confirmed through Raman spectroscopy. A direct
comparison of Zn(TFSI), and Ca(TFSI), both as neat salts
and in the four solvent systems is shown in Figure 2a,b,
focusing on the TFSI breathing mode. Generally, this mode is
quite sensitive to different coordination environments and has
been studied extensively.””*****’ Uncoordinated TFSI anions

a) b)
G3 G3
=
G
S G1 G1
S
c
£
*
g | THF THF
o
2
©
E | 2-MeThr 2-MeTHF
P4
Zn(TFSI), salt Ca(TFSl), salt
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Raman Shift (cm™)
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Raman Uncoordinated TFSI (%)

Figure 2. (a, b) Measured Raman spectra for the “high” concentration
solutions of (a) Zn(TFSI), and (b) Ca(TFSI),, focusing on the TFSI
anion breathing mode. The low signal-to-noise ratio of the
Zn(TFSI),/THF solution is due to the low solubility limit of ~4
mM. (c) Percentage of uncoordinated TFSI measured by Raman
spectroscopy within each electrolyte as a function of “low” vs “high”
concentration (see Table 1). Zn(TFSI), data is excluded due to poor
signal-to-noise ratio.
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yield a symmetric peak at approximately 740 cm™', while
anions interacting directly with a high charge density cation
exhibit a blue-shift to frequencies ranging from 742 cm™' to
over 750 cm™!, depending on their extent of interaction with
the cation. Intimate, multidentate interactions via multiple
TESI oxygens appear to lead to the largest frequency shifts,
although explicit structural assignments are generally problem-
atic. In our measurements, the spectra for the neat TFSI salts
both yield peak Raman shifts of at least 750 cm™, signaling
intimate TESI—cation interactions present in the absence of
coordinating solvent. When both salts are dissolved in 2-
MeTHEF these frequencies are red-shifted, but only slightly,
and uncoordinated TFSI is only scarcely detectable in the Zn*"
case. This indicates that extensive TFSI interaction with both
Zn*" and Ca’* persists in 2-MeTHF. In THF, which lacks the
steric hindrance of the methyl group, significant changes occur
in the Raman peaks that are consistent with increased solvent
coordination and decreased anion interaction. Most notably, a
peak near 740 cm™! is now observed for both Zn** and Ca*',
indicating that some dissociation of TFSI from the cation has
occurred. Dissociation appears to be greater for Zn*" than for
Ca**, but the low salt concentration of the former makes a
nuanced comparison difficult. In G1, however, these differ-
ences become more obvious. In this solvent Zn(TFSI), is
clearly well-dissociated since only the 740 cm™ peak can be
observed. In contrast, Ca(TFSI), is only slightly dissociated,
and its spectra is still dominated by the blue-shifted Raman
peak. This demonstrates that the relative anion—cation
interactions are stronger in the Ca?" case, which is somewhat
surprising given its charge density is lower than that of Zn>".
Recently reported AIMD-metadynamics simulations indicated
that G1—Ca®" coordination is somewhat weak and flexible,
allowing TFSI to interact more strongly.”” It appears that G1—
Zn*" coordination, however, is much stronger, thus suppress-
ing the TFSI-Zn*" interactions. In G3, both Zn** and Ca'
possess a single Raman peak, indicating that most of the TFSI
is not directly coordinated to Zn>* or Ca®*. This reveals the
strong coordination of G3 to dications of either size, consistent
on previous work in Ca®* electrolytes.”

Raman spectral fitting quantitatively differentiates the
coordinating TFSI anion populations in each electrolyte
(Figure 2c). Deconvolution of the TFSI breathing mode
region of the Raman spectra near 740 cm ™" allows estimation
of the relative concentration of TEFSI that is not directly
coordinated to a cation (see the Supporting Information for
examples).”>*’ Applying this analysis to these solutions reveals
that uncoordinated TFSI populations of over 50% are only
achieved in three electrolytes: Zn(TFSI),/G1, Zn(TFSI),/G3,
and Ca(TFSI),/G3. In all other solutions over 50% of the
TESI is bound to the cation, indicating these solutions contain
primarily contact ion pairs or aggregates rather than free ions.
The delineation of these two groups of electrolytes
corresponds directly to the observed grouping of positive
and negative diffusivity ratio changes observed by PEG-NMR
(Figure 1c): Electrolytes with a low TFSI coordination
percentage exhibit a positive D, ;o/Diovene correlation with
concentration while electrolytes with a high TFSI coordination
percentage exhibit a negative correlation. These relationships
demonstrate the impact of inter-ionic interactions on the
relative anion and solvent diffusivity. The fact that D,/
Dygjyene decreases with concentration in the latter group despite
a small increase in measured percentage of uncoordinated
TESI ions at higher concentration in these solutions indicates
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that the motion of the “liberated” TFSI anions remains largely
correlated to the metal cation. Therefore, the diffusing cluster
size increases as TFSI is displaced from the first shell to the
second shell forming a solvent-separated ion pair (SSIP),
resulting in a lower diffusivity value. The Raman results show
that the percentage of uncoordinated TFSI is more dependent
on solvent structure than on concentration, i.e., the largest
changes occur between electrolytes containing different
solvents rather than between the lower and higher salt
concentrations within the same solvent. This relationship
highlights the dominant role of solvent structure in
determining the general extent of direct anion—cation
interactions within this concentration range, implying the
importance of specific solvent—cation interactions for
determining electrolyte speciation. For example, the glyme
solvents likely provide more efficient oxygen—cation coordi-
nation due to their ability to form multidentate chelate
structures unlike the cyclic ethers, which contain only a single
oxygen atom attached to a bulkier ring structure. The
importance of these specific interactions is also implied by
the lack of correlation between the uncoordinated TFSI
percentage differences and the relatively consistent solvent
dielectric constants (Table 2). The only glyme-based electro-
lyte that does not show preferential solvent—cation inter-
actions based on the Raman and diffusivity analyses is
Ca(TFSI),/Gl1. These findings suggest that the larger size of
Ca** (1,50 = 0.99 A) compared to that of Zn** (r,,, = 0.74 A)
imposes a less favorable geometry for complete multidentate
chelation by several shorter glyme molecules. Taken together,
these results demonstrate that specific solvent—cation inter-
actions are critical for determining the extent of anion—cation
interactions in multivalent electrolytes and the resulting
speciation.

By controlling both ion populations and dynamics, a
solvent’s structure and therefore its specific interaction with
multivalent cations strongly influences the ionic conductivity of
ethereal multivalent electrolytes. However, by comparing the
concentration dependence of molar ionic conductivity (Ay)
within each solution, we find that nonspecific, long-range
interactions are also important for regulating the de-correlation
of ion motion, ie., ionicity. The impact of solvent and
concentration on Ay is shown in Figure 3. Since ionic

100

0.1 E

Molar lonic Conductivity, A,, (S cm?mol)

Figure 3. Concentration-normalized ionic conductivities measured for
the indicated electrolytes as a function of “low” vs “high”
concentration (see Table 1).
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conductivity represents the combined influence of ion
populations (as measured by Raman) and ion mobility (as
measured by PFG-NMR), the trend in which cyclic ether
solvents yield lower conductivities than glyme solvents is not
surprising. However, the concentration dependence is
surprising: All but one of the electrolyte systems show a
significant increase in Ay when concentration is increased,
indicating an increase in effective ionicity. Conventional
intuition would predict ionicity to decrease with increasing
salt concentration due to a lower average inter-ionic spacing
and a decrease in relative solvent concentration. However, low
permittivity solvents often exhibit a non-intuitive Ay, increase
with concentration at moderate to high salt concentra-
tions.”' ™" While originally such behavior was typically
attributed to the formation of triple ions,*’ newer insight
suggests that an increase in solution dielectric constant due to
the presence of dipolar ion pairs induces more -effective
screening of Coulombic interactions between the ionic species
and thus an increased Ay.*>*"** In our measurements, the
increase in Ay, at high concentrations is not generally
commensurate with the small changes in uncoordinated
TESI populations measured by Raman. This suggests that
the increased Ay, is primarily driven by decreased correlation
of separated ion motion, i.e., dissociation of SSIPs, rather than
by enhanced dissociation of bound CIPs. To determine
whether this may be related to an increase in the dielectric
constant of these solutions, we performed DRS as a function of
salt concentration in three electrolytes: Ca(TFSI),/Gl,
Ca(TFSI),/G3, and Zn(TFSI),/Gl. DRS reveals that the
dielectric constants of all three electrolyte solutions increase
significantly above that of the neat solvent, reaching values of
14 or greater (Figure 4a). This confirms that dipolar ion pairs,
observed in the low-frequency region of the microwave DRS
spectra (Figure 4b—d), increase the dielectric constant. These
ion pairs likely include both CIPs and SSIPs. Furthermore, the
slope of the &, versus concentration trend generally decreases
with increase salt concentration, which indicates that the
fraction of these dipolar ion pairs decreases at high salt
concentrations. These observations suggest that dipolar ion
pairs aid in the dissociation of tightly correlated ions, although
additional nuances exist depending on the speciation present in
each system. For example, a system with strong anion—cation
interactions, Ca(TFSI),/Gl, exhibits the greatest increase in
dielectric constant since it has the largest population of CIPs,
whereas a system with far fewer CIPs, Ca(TFSI),/G3, exhibits
a smaller increase in dielectric constant. Nevertheless, this
change is apparently sufficient to decorrelate the SSIPs present
in that system.

These findings demonstrate that second-shell interactions,
e.g., SSIP species to which Raman is insensitive, are prevalent
even in weakly coordinating multivalent electrolytes and are
thus important for determining the ionic conductivity in these
systems. Hence, strong specific solvent—cation interactions do
not guarantee that cation and anion dynamics are uncorrelated.
The lone electrolyte tested that exhibits a decrease in Ay with
increasing concentration is Zn(TFSI),/THF. We attribute the
uniqueness of this electrolyte’s behavior to its much lower
measured concentration range (on the order of 1 mM). At
such concentrations, these solutions approach a more idealized
dilute regime in which the average solution inter-ionic distance
is similar to the Bjerrum length of THF (~7 nm).* In this
case the intrinsic permittivity of the solvent alone is effective at
de-correlating ion motion, and ion correlations therefore
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Figure 4. (a) Dielectric constants plotted as a function of salt
concentration in Ca(TFSI),/G1, Ca(TFSI),/G3 and Zn(TESI),/Gl1.
(b—d) Measured (solid lines) and fitted (dashed lines) DRS spectra
showing the frequency-dependent real (&’) and imaginary (e'’)
permittivities of (b) Ca(TFSI),/Gl, (c) Zn(TFSI),/Gl, and (d)
Ca(TESI),/G3.

increase with increasing salt concentration. Consistent with
this, the D,i0n/Dsolvent decrease as measured by PEG-NMR in
this electrolyte is much greater than that of any other
electrolyte (Figure 1). In summary, the measured Ay trends
confirm the relative differences in specific anion—cation
interaction strength between cyclic ether solutions and glyme
solutions while also revealing the importance of nonspecific
interactions for determining the extent of correlated ion
motion, particular in the strongly interacting glyme solvents.

B CONCLUSIONS

In conclusion, we have addressed the question of how solvent
structure and cation size influence the cation—anion
interaction tendencies of ethereal multivalent electrolytes and
their resulting correlated dynamics. These investigations were
conducted using PEG-NMR, Raman spectroscopy, and ionic
conductivity measurements across two sets of cation sizes, salt
concentrations, and ethereal solvent structures. The results
show that specific solvent—cation interactions are stronger for
glymes than those for cyclic ethers leading to weaker anion—
cation interactions in the former. Ca** generally interacts more
strongly with anions than does Zn>' despite having a lower
charge density, and this is especially obvious in Gl. The
unexpected increase in Ay; measured for all electrolytes when
concentration is increased from ~0.1 to ~0.5 M implies that
second-shell ion correlations are prevalent in this class of
solvents, regardless of variation in specific interactions, due to
their low dielectric constants. As a result, perturbations to the
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overall solution permittivity by dipolar ion pairs appears to be a
general mechanism for de-correlating ion motion in relatively
well-dissociated multivalent electrolytes. Using dielectric
relaxation spectroscopy in select cases, we have confirmed
that dipolar ion pairs can indeed play such a role. Further
multimodal studies are needed to elucidate correlation
between ion-pair motion and permittivity of multivalent
electrolyte solutions. These findings add to the broader
understanding of non-aqueous electrolyte physical chemistry
while also providing a basis for developing design rules for
multivalent electrolytes.
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