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Efforts to expand the technological capability of batteries have generated increased interest in divalent cationic
systems. Electrolytes used for these electrochemical applications often incorporate cyclic ethers as electrolyte solvents; however, the
detailed solvation environments within such systems are not well-understood. To foster insights into the solvation structures of such
electrolytes, Ca(TFSI), and Zn(TFSI), dissolved in tetrahydrofuran (THF) and 2-methyl-tetrahydrofuran were investigated through
multi-nuclear magnetic resonance spectroscopy (7O, **Ca, and “’Zn NMR) combined with quantum chemistry modeling of NMR
chemical shifts. NMR provides spectroscopic fingerprints that readily couple with quantum chemistry to identify a set of most
probable solvation structures based on the best agreement between the theoretically predicted and experimentally measured values
of chemical shifts. The multi-nuclear approach significantly enhances confidence that the correct solvation structures are identified
due to the required simultaneous agreement between theory and experiment for multiple nuclear spins. Furthermore, quantum
chemistry modeling provides a comparison of the solvation cluster formation energetics, allowing further refinement of the preferred
solvation structures. It is shown that a range of solvation structures coexist in most of these electrolytes, with significant molecular
motion and dynamic exchange among the structures. This level of solvation diversity correlates with the solubility of the electrolyte,
with Zn(TESI),/THF exhibiting the lowest degree of each. Comparisons of analogous Ca** and Zn** solvation structures reveal a
significant cation size effect that is manifested in significantly reduced cation—solvent bond lengths and thus stronger solvent
bonding for Zn* relative to Ca*". The strength of this bonding is further reduced by methylation of the cyclic ether ring. Solvation
shells containing anions are energetically preferred in all the studied electrolytes, leading to significant quantities of contact ion pairs
and consequently neutrally charged clusters. It is likely that the transport and interfacial de-solvation/re-solvation properties of these
electrolytes are directed by these anion interactions. These insights into the detailed solvation structures, cation size, and solvent
effects, including the molecular dynamics, are fundamentally important for the rational design of electrolytes in multivalent battery
electrolyte systems.
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Understanding and advancing the systems available for energy
storage represent a topic of immense interest due to a growing
economic and technical demand for larger capacity, durable
battery cells. Rechargeable Li-ion batteries dominate the
market as state of the art in terms of energy capacity and
long-term stability; however, the present formulation is

© 2022 Battelle Memorial Institute. . X
Published by American Chemical https://doi.org/10.1021/jacsau.2c00046

W ACS PUblicationS Society 917 JACS Au 2022, 2, 917-932


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Zhi+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+R.+Jaegers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+T.+Hahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenda+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kee+Sung+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+A.+Sears"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+A.+Sears"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijayakumar+Murugesan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+R.+Zavadil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+T.+Mueller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.2c00046&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00046?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jaaucr/2/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/4?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/4?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.2c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

insufficient to meet the needs of more energy-intensive
technologies which have sparked the demand for improved
battery performance standards and necessitate refined electro-
chemical cell formulation. These efforts have been directed at
divalent cation systems such as Mg”* and Ca®" due to their
theoretically higher energy density compared to the Li-ion
technology.1 Further, divalent Zn>* is perceived to be an
attractive alternative to Li* for economic and environmental
reasons.” The stronger interactions between the divalent
cations and their environments result in relatively higher de-
solvation barriers, necessitating a new regime of electrolyte
compositions and renewed efforts to characterize novel battery
formulations. Indeed, magnesium-based batteries have at-
tracted attention in recent scientific efforts since understanding
the underlying mechanisms behind their performance limi-
tations may lead to the development of a viable material.*~®

One feature of batteries that plays an important role in
electrochemical performance is that of the electrolyte
composition. Electrolytes are important components respon-
sible for transferring active ions between the electrode surfaces
during electrochemical cycling as well as directing the
formation and composition of the solid—electrolyte interphase.
Aside from the selection of cations, whose size may play a role
in directing the solvation structures, the anions and solvents
employed also have a direct role in the bonding environment,
that is, the solvation structures, and thus Coulombic
interactions. The inclusion of various cyclic ethers, such as
tetrahydrofuran (THF), has been shown to modulate the
properties of electrolytes. The structure of THF can be tuned
through methylation to 2-methyl-tetrahydrofuran (2-MeTHEF),
imparting new chemical properties which have been shown to
improve electrolyte stability when in contact with acids and
reactive metals in Li-based systems. The methylated cyclic
ether is sometimes considered to be a favorable hybrid solvent
between THF and dialkyl ethers in terms of polarity and Lewis
base strength.”® Use of 2-MeTHF has also improved the
solubility of Mg-based halides and TFSI salts.”” Breakthroughs
in Mg** cation utilization have extensively employed THF as
the solvent due to favorable reductive stability, coordination of
cations, and tendency for Mg** deposition from complexes
such as Mg,CL;".'"" Such effects also appear to apply when
other divalent cations are present. For example the first high-
efficiency Ca®* electrolyte (Ca(BH,),/THF) utilized THF.'®
Therefore, 2-MeTHF might also be utilized successfully as a
multivalent battery solvent if its solvating properties can be
understood and controlled. Given the importance of cyclic
ethers in the quest to improve advanced battery materials,
understanding the interactions between THF and 2-MeTHF
and the ions present in divalent cation electrolyte solutions will
provide important structure—property correlations to guide
future development.

To understand how the ligand substitution of the cyclic
ether and cation size impact the solvation structure and
performance of the electrolyte systems, detailed character-
izations of the interactions between solvent molecules, cations,
and anions are required. Studies investigating the unique
properties of Ca®* have shown the role of the solvent structure
and concentration in controlling the coordination strength, ion
transport, and electrochemical performance.'’™"” These results
demonstrate the need to deeply characterize how the solvent
and anion, both of which impact the cation coordination and
performance, interact with the cation in the electrolyte.
Toward this goal, we recently investigated the ion interactions
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present in Ca(TFSI), and Zn(TFSI), electrolytes dissolved in
ether and glyme solvents, finding significant correlations
between these interactions and electrolyte transport proper-
ties."” Despite containing the same anions, we found that these
electrolytes exhibit a surprisingly large variation in solubility
behavior in cyclic ethers, which is a critical property
determining the electrolyte utility. To illustrate, Zn(TFSI), is
scarcely soluble in THF (~0.004 M) but freely soluble in 2-
MeTHF (>0.5 M), while Ca(TFSI), is freely soluble in either
solvent. Furthermore, these electrolyte examples yielding high
solubility were shown to vary in ionic conductivity by nearly 2
orders of magnitude. Raman analysis indicated that significant
contact ion pair (CIP) populations exist in each of these
electrolytes, suggesting that more nuanced details of the first
shell cation—anion interactions determine both their solubility
and transport behaviors.'” Our prior studies mainly illustrated
that anions coordinate more readily with divalent cations in
cyclic ethers than in glymes, and the coordination of the anions
with Ca®* is more pronounced than with Zn** in a glyme
solvent due to the cation size effect.'” Although this prior work
showed the relation between salt dissociation and the transport
properties of electrolytes, it only estimated the average,
ensemble solvation structures by providing a percentage of
uncoordinated TESI™ anions for each sample without
describing the detailed solvation structures. The specific cation
size effects among cyclic ethers, including the methyl
substitution effects, are also unknown. In the present work,
we use multi-nuclear NMR as a nondestructive technique that
is nonperturbative to the electronic environment to be
analyzed, capable of isotopically specific analysis of the
electronic environments of electrolyte constituents. NMR has
found profound use in the field of electrochemical energy
storage and serves as an important tool for characterizing the
electrodes, solid electrolyte interphases, and the electro-
lytes.””*' The custom-built NMR probe employed herein
enables detection of low-concentration ionic solutions at
natural abundances that are not generally possible on
commercial systems.”””>* Indeed, we have previously used
this technique to successfully study various Mg** sys-
tems,”*'?2%>526 and in this work, we broaden this knowledge
base by focusing on two less-well-studied multivalent electro-
lyte cations due to the relatively challenging and resource-
intensive nature of their NMR-active isotopes, Ca**, whose
NMR-active ®*Ca nucleus exhibits a low natural abundance of
0.135% and a sensitivity nearly 6 orders of magnitude lower
than 'H, and Zn>* whose NMR-active ’Zn nucleus exhibits a
natural abundance of 4.1% and a sensitivity that is 4 orders of
magnitude lower than 'H. To accomplish this, we employ
multinuclear natural abundance (*’O, natural abundance of
0.038%; *Ca; and “Zn) NMR of these quadrupolar nuclei
coupled with quantum chemistry-predicted chemical shifts,
including quantum chemical comparisons of solvation
structure energetics. Together these techniques demonstrate
the complex solvation structures of Ca** and Zn®' battery
electrolyte systems, revealing the effects of cation size and
solvent structures. Ligand substitution and salt concentration
are also shown to modulate the coordinating ability of the
solvent molecules with important ramifications for solubility,
conductivity, and de-solvation properties. The detection and
interpretation of such solvent—cation—anion interactions have
direct implications on the choice and performance of solvents
in a battery system.
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Electrolytes of 0.8 mM to 0.5 M X(TFSI), (X = Ca, Zn) in THF and
2-MeTHF were prepared in an argon-filled glovebox as follows:
quantities of the divalent X-(TFSI), (Solvionic, 99.5%, dried under
vacuum at 170 °C) were added to each solvent (Millipore-Sigma, 99%
+, anhydrous) at room temperature and allowed to fully dissolve.
Final concentrations were determined from the total solution volume.
Both salts are highly soluble in 2-MeTHF, but only Ca(TFSI), is
highly soluble in THF. The saturated concentration of Zn(TFSI), in
THF was determined at approximately 4 mM. We note that the
commercially available Zn(TFSI), contains a small amount of
insoluble material regardless of the solvent used, but this finely
suspended material is visually distinct from undissolved Zn(TFSI),.
About 3.0 mL of each electrolyte solution was sealed in a
commercially available clear glass vial measuring 34.9 X 14.3 mm in
diameter, where sealing was achieved via a polytetrafluoroethylene
(PTFE)-lined rubber liner within the cap that was augmented by
applying PTFE tape to the vial threads. The vials containing the
electrolyte samples were then directly placed inside the 15 mm
internal-diameter large-sample-volume probe for the NMR measure-
ment (see below).

170, Zn, and **Ca NMR experiments were performed using a Varian
850 MHz NMR spectrometer equipped with a custom 15 mm
diameter large sample volume probe where the advantages of the
significantly increased sensitivity from the use of the combined high
magnetic field and larger-sample volume allow for NMR detection of
low-concentration species at a natural abundance.”> The correspond-
ing Larmor frequencies (f) and NMR parameters for the nuclei
probed are shown in Table 1, where fis the spectrometer frequency, a,

Table 1. NMR Experimental Parameters

7/2 pulse width a

nucleus  f (MHz) (us) (mts) d, (s) reference (0 ppm)
70 115.190 15 30 0.05 D,0¢
$Ca 57.184 50 30 0.3 1 M CaCl, in D,O
Zn 53.166 50 30 03 1M Zn(NO;), in

D,0
“The 7O chemical shift of H,O is 2.9 ppm with respect to D,O (0
ppm).

is the acquisition time of each transient, and d, is the recycle delay.
Recycle delays were assessed to be sufficiently long based on a
comparison to a spectrum of a representative sample collected with a
longer recycle delay to that used in this study and the absence of
selective observation under such conditions.

A single-pulse sequence with an excitation pulse corresponding to a
45° tip angle was employed for each acquisition. The total data
acquisition time for each experiment varied from a few hours to as
long as 3 days, depending on the linewidth of the peaks, the sample
concentration, and the sensitivity of the nuclei. Al NMR measure-
ments were carried out at room temperature (20 °C).

Computational modeling of the NMR chemical shifts (DFT-NMR)
was carried out using the Amsterdam Density Functional (ADF-2018)
package.”” Geometries were optimized using the generalized gradient
approximation applied to the Becke—Lee—Yang—Parr***® functional.
Calculations were carried out by using the all-electron TZ2P basis set
(triple-¢, 2-polarization function) with Slater-type orbitals® imple-
mented in the ADF program. Cluster formation energies were
estimated at the same level of theory taking the 0 K DFT energy of
the cluster and subtracting the energy of the ion/molecular
constituents in vacuum. Though clusters were optimized in a vacuum,
explicit solvents near the cation of interest were employed as a
reasonable first approximation.”’ NMR chemical shielding calcu-
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lations were performed based on the geometry-optimized structures at
the same level of theory and with the same basis set for each atom. To
convert the calculated shielding to the experimentally observed scale,
a reference shielding for each nucleus (**Ca, “Zn, or '"O) was
established in accordance with the use of experimental references of
1.0 M CaCl, in D,0 for *Ca, 1.0 M Zn(NO;), in D,O for “’Zn, and
D,O0 for 70, respectively. The Ca®* in 1.0 M CaCl, and Zn*" in 1.0
M Zn(NO;), are fully solvated by water molecules. Solvation
numbers ranging from 6 to 27 water molecules were examined as
solvation shells around each Ca® or Zn?*, and the geometries were
optimized before NMR calculations. For all the calculations, the first
solvation shell of the cation relaxed to contain six water molecules to
form an octahedral coordination with the remaining water molecules
entering into the second or third solvation shell. With the increase of
water molecules from 6 to 27, the calculated **Ca chemical shielding
progressively decreased. Regression analysis of the chemical shielding
as a function of the number of water molecules reveals a *Ca
chemical shielding approaching 1093 ppm when a Ca®" is solvated by
infinite number of water molecules. Thus, the equation J,,, = 1093 —
Sca1c Was used to convert the calculated *Ca chemical shielding to the
experimentally observed scale with reference to 1.0 M CaCl, in D,O.
Detailed descriptions of the relationship between *Ca (¥Zn)
chemical shielding and the number of solvating H,O molecules is
provided in Supporting Information Figures S1—S3 and Table S1.
Note that the current NMR calculations do not differentiate between
H and D isotopes of hydrogen. For Zn, the calculated shielding
values for Zn>* solvated by 10, 12, and 20 water molecules are similar,
that is, 1789.6 ppm for 10 H,0O, 1788.3 ppm for 12 H,0O, and 1785.8
ppm for 20 H,O. Given the non-continuous changes in the shift from
4 to 20 waters, the average of these three tight clusters (1788 ppm) is
taken as the reference. In fact, the average shielding of Zn>* with 4, 6,
10, 12, 16, and 20 H,O is 1784.9 ppm, which is very close to 1788
ppm, supporting this decision. To convert the calculated shielding to
the experimentally observed “’Zn chemical shift scale with reference
to 1.0 M Zn(NOs;),, the following equation is used: §y,, = 1788 —
Scae- Similarly, for the 17O chemical shift reference, clusters containing
up to 14 H,O molecules were used to simulate the effect of the
hydrogen bonding network, and the chemical shift of the center-most
oxygen was used since it experiences the effects of the simulated
hydrogen bonding network (averaging with those on the outside of
the cluster would skew the results). The following equation was found
valid to convert the calculated shielding to the experimentally
observed 17O chemical shift scale with reference to pure water: &, =
2478 — 8.

A variety of solvation models for Ca** or Zn*" containing zero to
two TFSI™ anions (+2 to neutral cluster charge) and zero to six 2-
MeTHF or THF molecules were relaxed, and then the 7O and **Ca
or Zn chemical shifts were evaluated. The models are proposed
based on the Ca®* or Zn** cation coordinating with the oxygen atoms
in the systems, with each TFSI™ offering two coordination sites
(bidendate) to a divalent cation, while each solvent molecule offers
one coordination site since there is only one oxygen atom in each
molecule of either THF or 2-MeTHF. This ansatz covers the range of
possible coordination numbers from 4 to 6. A coordination number of
4 is based on the nominal formula of bidentate Ca(TFSI), or
Zn(TESI),, whereas the coordination number 6 is the maximum
coordination that Zn®* will likely accept and is the experimentally
observed value for Ca®* as X-ray absorption spectroscopy (XAS)
measurements suggest in solutions with THF.”> Specifically, the
following four types of models are used (see Scheme 1). Type-1: a
fully solvated Ca** (or Zn>*) cation that is coordinated by four to six
THF (or 2-MeTHF) molecules; type-2: a Ca(TFSI)* or Zn(TFSI)*)
CIP cation with bidentate anion coordination and two to four solvent
molecules; type-3: neutral Ca(TFSI), or Zn(TFSL,) with one or two
solvent molecules; and type-4: a CIP in which the cation expresses
monodentate anion coordination and four solvent molecules (based
on a recent report showing a monodentate TFSI coordination
structure of Mg2+).33 The predicted 70, #Ca, and “Zn chemical
shifts are listed in Table S2. Note that during geometry optimization,

https://doi.org/10.1021/jacsau.2c00046
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Scheme 1. Pictorial Representations of the Four Types of Models Utilized
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Figure 1. 7O NMR spectra (with reference to D,0) of the TESI™ anion (a) and the 2-MeTHEF solvent (b) in electrolytes with two concentrations
(0.1 and 0.5 M) of Ca(TFSI), and Zn(TFSI), in 2-MeTHF, showing the increased line broadening of both the anions and the solvents at an
increased concentration and the trend of the chemical shifts related to the two different cations.

no restrictions are applied, that is, the geometries of each model are
fully optimized and successfully converged.

Analysis of Anion and Solvent Environments by 70
NMR. Both Zn(TFSI), and Ca(TFSI), are highly soluble in 2-
MeTHEF, yet these solutions differ in ionic conductivity by
nearly an order of magnitude, with Zn(TFSI), having a greater
conductivity than Ca(TFESI),.'"” To understand the origin of
this difference from a fundamental solvation perspective, two
samples, of both salts in 2-MeTHEF, with concentrations of 0.1
and 0.5 M, were investigated using 7O NMR to interrogate
both the anion—cation and solvent—cation interactions.

Evidence of a Fast Molecular Exchange. A single '"O
NMR peak is observed for the TFSI™ anion at each salt
concentration for both the Ca?* and Zn** solutions, indicating
a significant random molecular motion (including rotation,
vibration, segmental motion, and reorientation of the
molecule) associated with the TESI™ anion at a time scale

much faster than the NMR time scale of milliseconds. Such a
random molecular motion results in an average of the observed
chemical shift of the four oxygen atoms in a TFSI™ anion,
generating a single peak. This further indicates that the
exchange of TFSI™ into and out of the M** (Ca®* or Zn**)
solvation shell is relatively rapid. A single 7O peak is also
obtained for the solvent 2-MeTHF. Based on quantum
chemistry analysis (vide infra), some of the 2-MeTHF
molecules are bound to the cation (M = Ca®** or Zn>") to
form the solvation shell around the cations, while most of the
solvent molecules are free of cationic interactions owing to the
much larger pool of 2-MeTHF relative to that of M(TFSI), for
the given salt concentrations investigated. A single solvent 70
NMR peak provides strong evidence that there is extensive
molecular exchange between the bound and the free solvent
molecules with a time scale much faster than the NMR time
scale of milliseconds. Such a quick exchange motion also
averages out the chemical shift difference among the various
bonded positions to the cations, reflecting a chemical shift that
favors that of the free molecules due to their relative

920 https://doi.org/10.1021/jacsau.2c00046
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abundance. The importance of such a molecular exchange is
twofold: (a) creating an opportunity for the cations to move
much more efficiently across space, that is, self-diffusion in the
absence of an electric field and migration between the anode
and the cathode during the charge—discharge process in the
presence of an electrical field and (b) creating an opportunity
for the cations to be de-solvated/re-solvated at the electrode
interfaces.

Evidence of CIP. Since the '"O chemical shift for a TFSI~
anion solvated by each solvent alone should be the same for
both the cases of Ca®>* and Zn>' in the absence of cation
interactions, their disparities (Figure 1la) provide strong
evidence of CIP formation between TFSI™ and either cation.
Indeed, contact ion pairing has been demonstrated for both
Ca(TFSI), and Zn(TFSI), in 2-MeTHF through Raman
spectroscop}f, suggesting relatively weak solvent—cation
interactions. """ However, solvent-shared ion pairs (SIPs)
may still be present in addition to the CIPs. To verify this
possibility, DFT-NMR calculations were conducted. It was
found that SIPs are indeed possible for the system of
THF¢Ca(TFSI)* and THF¢Zn(TFSI)* where the first
solvation shell contains six THF molecules with the oxygen
atom from each THF coordinated to Ca®" and where the first
solvation shell to Zn?' can have either five or six THF
molecules. The corresponding models are depicted in Scheme
SL.

Cation Size Effects and Spectroscopic Criteria/
Evidence for Identifying Solvation Structures. For the
0.1 M and the 0.5 M Ca(TFSI), salt concentrations, the
linewidth of the 7O peak associated with TFSI is significantly
broadened at a 0.5 M concentration compared with that of 0.1
M (1157 Hz for 0.5 M vs 658 Hz for 0.1 M), while the peak
centers for the TFSI™ anion are only slightly different (ie,
159.3 for 0.1 M and 159.7 ppm for 0.5 M) (Figure 1 and Table
2). Similar results are obtained for the case of Zn(TFSI),.

Table 2. Experimental '’O Chemical Shifts

2-MeTHF
TESI” ppm  THF ppm ppm
sample (Avy, Hz)  (Avy, Hz)  (Avy), Hz)
pure THF 19.5 (135)
pure 2-MeTHF 46.65 (156)
0.1 M Ca(TFSI),/THF 159.3 (658) 19.3 (128)
0.5 M Ca(TFSI),/THF 159.7 20.2 (237)
(1157)
0.1 M Ca(TFSI),/2-MeTHF  159.1 (968) 46.5 (169)
0.5 M Ca(TFSI),/2-MeTHF  159.1 47.1 (480)
(1127)
0.8 mM Zn(TESI),/THF 19 (213)
4 mM Zn(TFESI),/THF 160 (580) 19 (215)
0.1 M Zn(TFSI),/2-MeTHF  154.78 46.2 (176)
(760)
0.5 M Zn(TFSI),/2-MeTHF 1542 45.2 (540)
(1270)

However, relative to the Ca®* system, the 70 chemical shift of
TEFSI™ in the Zn system is shifted upfield by about S ppm, that
is, at 154.78 ppm for the 0.1 M and 154.2 ppm for the 0.5 M
Zn(TFSI),, respectively, indicating a strong cation size effect
that we propose impacts the observed ionic conductivity
trends. Complementary information on the bonding status of
the solvent can be directly obtained from the '’O NMR spectra
of 2-MeTHEF. Relative to pure 2-MeTHF, the 'O peak center
gradually shifts upfield (i.e, decreasing shift values) with an
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increasing salt concentration for Zn**, while an opposite peak
shift trend is obtained in the case of Ca®>" (Figure 1b). This
distinct and opposite 7O NMR shift behavior for Ca** and
Zn*" provides another unique criterion for establishing
concrete pictures of the solvation structures of cations (Ca*
and Zn”*) using quantum chemistry (DFT-NMR) calculations.

Structure-Directing Roles of the Cation Size and the
Solvent. While the solubility of Ca(TFSI), is similar in either
THF or 2-MeTHF (>0.5 M), the solubility of Zn(TFSI), is
dramatically lower in THF (~0.004 M). Since solubility
quantifies the equilibrium state achieved when the rate of
dissolution (or solvation) equals the rate of precipitation, the
large difference in solubility between the two salts in THF
indicates a strong cation size effect on solvation structures and
dynamics. The 7O NMR spectra provide insight into this
relationship. It is shown in Figure S4a (Supporting
Information) that the center of the TFSI™ 'O peak for
Ca(TFSI), in THF is located at about 159.3 (0.1 M) and
159.7 ppm (0.5 M). These chemical shifts are similar to those
of Ca(TFSI), in 2-MeTHF, which indicates a similar chemical
environment and perhaps a similar solvation structure in either
solvent. Furthermore, the 4 mM Zn(TFSI), in THF exhibits a
TFSI™ peak center at a similar value to that of Ca(TFSI),,
indicating a similar TFSI” chemical environment in THF
regardless of the cation. However, this chemical shift is about §
ppm downfield from the 7O peak measured for Zn(TFSI), in
2-MeTHF (Figure la), indicating that the solvent has a
profound effect on the Zn>*—TESI~ coordination structure.
Therefore, the large solubility difference for Zn(TFSI), in
THE versus 2-MeTHEF is correlated to this structure difference.
It should be pointed out that this is the first time an O peak
for TFSI™ can be detected at a salt concentration as low as 4
mM and at a natural 'O abundance. We attempted a similar
experiment using a solution with a 0.8 mM Zn(TFSI),
concentration in THF; however, no TESI” 7O peak could
be detected after a couple of days of continuous data
acquisition even using a high field and large sample volume.
It is also noted that the peak center for 4 mM Zn(TFSI), in
THEF is essentially the same as that of the pure solvent THF
due to the negligible number of Zn** solvation shells in
solution.

Relative Exchange Dynamics. A single narrow *Ca
NMR peak is observed for Ca(TFSI), in both THF and 2-
MeTHEF, with chemical shifts/half linewidths displayed in
Table 3 for 0.1 and 0.5 M Ca(TEFSI), in THF as well as 0.1
and 0.5 M Ca(TFSI), in 2-MeTHF (see Figure 2). There are
two explanations which can describe the observed single and
very narrow $Ca peak; (1) a unique coordination structure

Table 3. Experimental **Ca and Zn Chemical Shifts

*Ca ppm Zn ppm
sample (Av,), Hz) (Av,), Hz)
1 M CaCl, 0 (62)
0.1 M Ca(TFSI),/THF —19.8 (40)
0.5 M Ca(TESI),/THF —-19.1 (49)
0.1 M Ca(TESI),/2-MeTHF —22.3 (47)
0.5 M Ca(TFSI),/2-MeTHF —-22.5 (52)
1 M Zn(NO3), 0 (85)
0.1 M Zn(TESI), 2-MeTHF -50.5 (1273)
0.5 M Zn(TESI),/2-MeTHF —50.2 (1836)
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Figure 2. (a) ®*Ca NMR spectra of 0.1 and 0.5 M Ca(TFSI), in THF and 2-MeTHF. (b) Zn NMR spectra of 0.1 and 0.5 M Zn(TFSI), in 2-
MeTHF. Note that it is not possible to obtain ©’Zn NMR spectra of the 0.8 and 4 mM Zn(TFSI), in THF due to poor sensitivity at such low

concentrations of Zn**.
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Figure 3. Quantum-chemistry-predicted *Ca and 7O chemical shifts from the various solvation structures of Ca(TFSI), dissolved in THF (a—c)
and 2-MeTHF (d—f), respectively. In the legend, “Ca*” indicates a Ca®" cation coordinated by only solvents, either THF (a—c), or 2-MeTHF (d—
f). “Ca(TFSI)*” represents a bidentate contact Ca**—TFSI~ ion pair that is coordinated by different numbers of solvent molecules. “Ca(TFSI),” is
for a neutral molecule that is coordinated by solvents, representing the case of solvents in salt. The horizontal dotted line represents the
experimentally observed chemical shift. The structure for each cluster and coordination number can be found in Table S2, where the coordination

numbers are given.

around Ca®* with extremely high symmetry plus fast molecular
motion and (2) fast time averaging among several unique
coordination structures plus fast random molecular motion. In
the second case, the Ca** must be highly mobile through space
or fast solvent rearrangements are taking place. Due to the
significant interactions of both TFSI™ and solvent molecules
with Ca®*, its environment is not likely to be extremely
symmetric as will be clear later in the discussion of the
quantum chemistry results, suggesting that the second
explanation is more reasonable. In contrast to Ca**, a much
broader (relative to the reference solutions as shown in Figure
SS5) “Zn NMR peak is observed for Zn(TFSI), in 2-MeTHF.
This linewidth increases significantly with a concentration from
1273 Hz (0.1 M) to 1836 Hz (0.5 M), suggesting more diverse
Zn** coordination structures and/or with decreased time
averaging between these solvation structures (ie., slower
exchange). Such a slower exchange for Zn>* compared to
Ca®" could be explained by differences in cation charge density
and apparent solvent and anion binding strength. The
relatively smaller linewidth changes of **Ca and Zn relative

922

to 7O with increasing concentration may be due to '’O being
more sensitive to the surrounding environment due to the
presence of ionic and covalent interactions. Higher concen-
trations restrict the movement of electrolyte constituents and
such a restriction is more obvious for 7O species.

Relative Solvation Interactions. Aside from the slight
increase in linewidth at a higher concentration, it is interesting
to note that relative to those in THF, the **Ca peaks in 2-
MeTHEF are clearly shifted upfield by more than 2 ppm and the
difference increases at increased salt concentrations. Further-
more, the *Ca peak center moves in the opposite direction
with THF as opposed to 2-MeTHEF, highlighting the effects of
methyl group substitution. Previously, we found that the ionic
conductivity of Ca(TFSI), in THF is over 1 order of
magnitude higher than in 2-MeTHF, presumably due to the
decreased anion—cation interactions observed in the former."’
The observed changes in the Ca®* environment for THF versus
2-MeTHF, that is, Ca®" is more shielded (manifested by a 2
ppm upfield shift) in 2-MeTHF than in THF, will offer great
insights into the mechanisms that will be made clear in the
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Figure 4. Quantum-chemistry-predicted ““Zn and 7O chemical shifts from the various solvation structures of Zn(TFSI), dissolved in THF (a—c)
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either THF (a—c) or 2-MeTHF (d—f). “ZnTFSI*” represents a bidentate contact Zn**—TFSI~ ion pair that is coordinated by different numbers of
solvent molecules. “Zn(TFSI),” denotes a neutral molecule that is coordinated by solvents, representing the case of solvents in salt. The horizontal
dotted line represents the experimentally observed chemical shift. The structure for each cluster and coordination number can be found in Table
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detailed discussion of the solvent methyl substitution effects
later in this work. For “Zn, the peak center is essentially
unchanged within the experimental error range for both the 0.1
and 0.5 M concentrations, that is, —50.5 ppm (0.1 M) and
—50.2 ppm (0.5 M), suggesting that the average Zn**
environment is less concentration-dependent and therefore
less variable than that of Ca®". One might expect this variability
to correlate with the de-solvation kinetics of these electrolytes,
although no direct evidence for this is currently available.

Identification of Cation Solvation Structures. The
impacts of the solvation structure on the predicted chemical
shifts of the measured nuclei are shown in Figures 3 and 4 for
Ca and Zn, respectively, for a variety of model systems (Table
S2 and Scheme 1). For Ca(TFSI), in THF, an increasing Ca—
O coordination number from 4 to 6 results in an upfield
chemical shift (decreased ppm) for **Ca, '’O of THF, and '"O
of the TFSI™ associated with the CIP of Ca(TFSI)*.

The increased shielding for the cation is likely a reflection of
the increased electron density imparted by the added
coordination of Ca to O atoms. The decreased chemical shifts
in 7O may be due to the higher electron density as the
molecules become more bound in a tighter configuration.
Furthermore, for the same Ca—O coordination number, the
neutral species—Ca(TFSI),—have the most upfield shifted
chemical shifts for the cation, the anion, and the solvents.
Some similar trends are observed for the cases of Ca(TFESI),
dissolved in 2-MeTHEF, for example, decreased chemical shift
values for the cation, the anion, and the solvents with
increasing Ca—O coordination number. The oxygen within
TFSI™ associated with the neutral species of Ca(TFSI), is
upfield shifted compared with the cases of the CIP CaTFSI*
(Figure 3b,e). Given the experimental values of ~20 ppm
(THF, of which a vast majority are free in solution), 160 ppm
(TFSI") and —19 ppm (*¥*Ca) for O in the case of
Ca(TFSI), dissolved in THF, the probable solvation
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structures, based on best agreement with experimental values,
consist of CIPs solvated by four THF molecules, neutral
species of Ca(TFSI), with one and two THF molecules, and
Ca’" solvated by five and six THF molecules, for which several
structures with contrasting charges and coordination environ-
ments have been proposed and compared on the basis of
predicted chemical shift and cluster formation energy (see the
Supporting Information for an additional description). Taking
these factors into account enables the identification of
solvation structures which match the observed chemical shift
by preferring those with lower energies. The results clearly
suggest that neutral clusters are the most prevalent species in
solutions for Ca(TFSI), in THF, a result consistent with those
from Raman studies."”

For Ca(TFSI), in 2-MeTHF, the experimental values were
measured as ~47 ppm (2-MeTHF), 160 ppm (TFSI™), and
—23 ppm (**Ca). A neutral cluster of Ca(TESI), with two 2-
MeTHF molecules would be the most abundant solvation
species based upon the relatively low formation energy.
Furthermore, the possibility of monodentate neutral Ca-
(TFSI), solvation structures, where each TESI™ anion donates
only one oxygen atom for the bonding with Ca**, derived from
the study of Mg?* systems,”” has also been investigated with
quantum chemistry calculations on models of Ca(TFSI),
coordinated with four solvent molecules of either THF or 2-
MeTHE. Despite the agreement between predicted and
observed values for 7O and the low energies (=459 kcal/
mol) of such a cluster, the TESI™ and Ca chemical shift values
are still 10—20 ppm disparate, so it is also possible that Ca with
a coordination number of 5 provides the best overall
agreement (—458 kcal/mol for THF). The possible solvation
structures justified by quantum chemistry calculations based on
the best agreement with experimental results are summarized
in Table 4. It is apparent that the solvation structures in the
studied electrolytes may contain multiple structures, indicating
the coexistence of a range of complex solvation structures in
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Table 4. Calculated Model Chemical Shift™”

Cluster
23, Formation
Structure Model 3 Y0res1 | & Omhe iana °" | Energy
(kcal/mol)/
Likelihood
-0.78
THF» 24.055
1
THF; 20.12
6.2
THF>-TFSI 176.13 | 22.43
-8.1
THF3-TFSI 176.17 | 15.55
0.4
2-MeTHF» 52.135
0.44
2-MeTHF; 39.38
6.08
2-MeTHF>-TFSI 176.26 | 49.42
75
2-MeTHF;3-TFSI 174.6 426
-259.5
THFsCa®* 35.346 -13.92 P
277
THFCa?* 26.972 -37.78 P
-352.51
THF>Ca(TFSI)* 178.975 | 38.505 -6.35 p
-374.9
THF3Ca(TFSD)* 173.2225 | 30.32 -12.89 P
-391.1
THF4Ca(TFSI)* 170.5225 | 22.275 -35.89 P
-439.8
THFCa(TFSI) 165.045 | 29.43 -35.46 L
-453.9
THF2Ca(TFSL). 166.489 | 19.205 -41.03 L
-458.8
THFCa(TFSI) 173.265 | 29.1 -43.76 MP, consistent
monodentate with Raman?
-253.7
[
2-MeTHFsCa?* 67.156 -19.28
2616
2-MeTHFeCa?" 58.44 -60.01 P
-373.1
[
2-MeTHF3Ca(TFSI)* 173.2925 | 61.503 -9.83
924 https://doi.org/10.1021/jacsau.2c00046
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Table 4. continued

Cluster
Formation
43,
Structure Model 50res1 | & Omue 7592:a or Energy
(kcal/mol)/
Likelihood
-382.3
2-MeTHF4Ca(TFSI)' 173.14 | 51.9625 -47.42 P
-439.3
2-MeTHFCa(TFSI): 166.031 | 63.49 -30.84 L
-452.2
2-MeTHF2Ca(TFSI)2 166.391 | 52.395 -42.3 MP, consistent
with Raman'
-449.2
2-MeTHFsCa(TFSI:- | oo ce | 5p1 5865 L
monodendate
374
THFsZn?* 7.634 -16.15 P
-381.7
THFeZn** 15.262 -105.29 P
-499.7
p
THF4Zn(TFSI)* 163.665 | 8.4925 -82.72
-562.9
THF2Zn(TFSI)2 15829 | 4.135 57.92 MP
-563.4
THF4§n(TFSI)z— 166.6 16.8 -87.54 MP, consistent
monodentate with Raman!
-362.5
2-MeTHFsZn®* 43.898 -63.39 P
-354.1
2-MeTHFsZn** 46.388 -185.33 P
-483.1
)-MeTHF:Zn(TFSI) | 17151 | 43.1325  |-14033 | ©
-559.8
2-MeTHF>Zn(TFSI) | 159.284 | 38.98 74.14 MP, consistent
with Raman?
Wy o ¥ -549.6
G eur 2-MeTHFAZn(TFSD2- | 66 5 446 13827 | L
S monodendate

“Reported chemical shifts are average values among the chemically equivalent sites between different molecules due to fast exchange of the
molecules in the models as explained in detail in the text. This table is a list of only likely solvation structures based on the agreement with the
experimental values. Those highly likely are further emphasized. P—possible, L—likely, MP—most probable. borg = 247.8 — Oeal, 0%y = 1093 —

O-calc, 579Zn = 1788 — Oalcr

the cases of Ca(TFSI), dissolved in either THF or 2-MeTHEF.
Measured Raman spectra reveal noticeable differences in the
TESI™ coordination structures of THF or 2-MeTHF that assist
in identifying the most prevalent structures.'” In particular, the
reported line-shapes suggest that THF tends to allow a mixture
of monodentate (slight blue shift) and bidentate (large blue
shift) TFSI™ populations, while 2-MeTHF primarily favors a
bidentate population. This observation is consistent with the
relative free energy differences found among the computed
clusters from quantum chemistry and with the slightly different
O rpe; chemical shift values in THF versus 2-MeTHF.

925

In contrast, for the cases of Zn(TFSI), dissolved in THF or
2-MeTHF with increasing Zn—O coordination number, the
7O chemical shifts of the TESI™ anion and the solvents shift
downfield (increased chemical shift values), while the chemical
shift of “’Zn shifts upfield (decreased chemical shift values) for
each of the three types of model solvation structures: Zn>*
solvated by solvents only, bidentate ZnTFSI* CIPs, and neutral
species of Zn(TFSI),. This distinct difference with respect to
the cases of Ca’* highlights the cation size effect, whereby the
larger Ca** cation yields 7O chemical shifts of coordinating
molecules, which are higher than those which do not
coordinate. The larger cation size of Ca** means that smaller
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Table S. Cation Size Effects: Calculated 70 NMR Chemical Shifts of TFSI™, 2-MeTHF, **Ca, and ®Zn on Selected Solvation

b
Structures®

*Ca-O
3 Zn-O .
Structure Model 8 7 Oresi 3 7 Orue 8 79C 2 distance | Formation
or “Zn A energy
(A)
TFSI (CIS) 174.4
2-MeTHF, 52.1 -0.4
45.8
2-MeTHF; 39.4 0.44
2-MeTHF,-TFSI 176.3 49.4 -6.08
175.5 46.1
2-MeTHF;-TFSI 174.6 42.6 -7.5
2-MeTHF;sCa?" 67.2 -19.3 2.405 '25L3'7
2-MeTHF¢Ca*" 58.44 -60.01 '26L1'6
+ -382
2-MeTHF4Ca(TFSI) 173.14 51.9625 -47.42 L
2-MeTHFCa(TFSI), 166.031 63.49 -30.84 —43L9.3
2.416
Ca-MeTHF
-452.2
2-MeTHF,Ca(TFSI), 166.4 52.4 423 A
2.361
Ca-TFSI
2-MeTHF,Ca(TFSI),- -449.2
monodendate 173.55 5281 -58.65 L
2-MeTHFsZn?" 43.9 -63.4 2.173 _36L2'5
2-MeTHF¢Zn*" 46.39 -185.33 -.54.2
2-MeTHF4Zn(TFSI)’ 171.51 43.13 -140.33 -483.1
2.153
Zn-MeTHF
-559.8
2-MeTHF,Zn(TFSI), 159.3 39.0 -74.1 A
2.157
Zn-TFSI
S e B
Geplor s 2METHFZn(TESI:- | g6 5 446 -138.27 -549.6
o ﬁ,’l fad monodendate

“P—possible, L—likely, MP—most probable. bAverage distance between the cation and the bonded oxygen.
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Figure 5. Quantum-chemistry-predicted 7O, **Ca, and “Zn chemical shifts in solvation structures of 2-MeTHF;Ca**/2-MeTHFZn** and 2-

MeTHF,Ca(TFSI),/2-MeTHF,Zn(TFSI),.

coordination numbers retain a significant distance between the
molecules in the first solvation shell, resulting in a net
deshielded YO nucleus, which becomes more shielded as the
first solvation shell is populated. In contrast, the smaller Zn**
cation is sufficiently small to shield the nucleus of '’O beyond
what occurs in a free solution, but the increasing Zn—0 bond
lengths at a higher coordination number deshields the nucleus
to a greater extent than new shielding imparted by additional
molecules in the first solvation shell. Given the experimental
values of about 45 ppm (2-MeTHF), 154 ppm (TFSI™), and
—50 ppm (“Zn) for Zn(TESI), dissolved in 2-MeTHF, the
most probable solvation structures, based on the best
agreement with experimental values, include CIPs solvated
by four 2-MeTHF molecules, neutral Zn(TFSI), solvated by
two 2-MeTHF also with a Zn—O coordination number of 6,
Zn solvated only by five 2-MeTHF molecules with a Zn—O
coordination number of 5, and monodentate TFSI™ neutral
species with Zn(TFSI), coordinated by four 2-MeTHF
molecules, also with a Zn—O coordination number of 6.
Since it is not presently possible to obtain “Zn NMR spectra
on Zn(TFSI), dissolved in THF due to the low solubility (4
mM and lower), no experimental shift is available to compare
with computed values. Experimentally, we do know that the
70 chemical shift of the TFSI™ oxygen is located at about 154
ppm while that of the THF oxygen is at about 19 ppm, the
latter of which is the same as from pure THF. This is quite
reasonable as for a solution of 4 mM Zn(TFSI), in THF, most
of the THF molecules do not participate in the solvation
structure of Zn>" on the timescale of an NMR experiment. The
weighted average of the chemical shifts will be nearly the same
as that of pure THF assuming a fast molecular exchange
between the Zn-bonded and the free THF molecules.
Therefore, the criterion now relies on the 7O chemical shift
of 160 ppm to deduce the solvation structures. The most likely
solvation structures are, therefore, the neutral bidentate
Zn(TFSI), species solvated by two THF molecules (Zn—O
coordination number = 6), where the predicted chemical shifts
are about 158 ppm (7O in TESI”), 4 ppm (7O in THF), and
—58 ppm (“Zn) and the monodentate Zn(TFSI), with four
THF molecules (Zn—O coordination number = 6), where the
predicted chemical shifts are about 166 ppm ('’O in TFSI"),
16.8 ppm (7O in THF), and —87.5 ppm (“Zn). It is thus
apparent that the solvation structures of Zn(TFSI), are unique
to the solvents when comparing those in THF to those in 2-
MeTHF, with THF containing predominantly monodentate
and bidentate neutral species. This small number of structures
may be the reason why the solubility of Zn(TFSI), in THF is
much lower than that in 2-MeTHF; the diversity of
energetically favorable solvation structures increase the
solubility in 2-MeTHF. The THF analogue also has a
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formation energy about 10 kcal/mol lower in magnitude
than that of the 2-MeTHEF solvated cluster, suggesting that it
has a tighter binding. Further, these two structures also exhibit
a relatively tighter binding compared to most other cluster
models presented at —563 kcal/mol. The results suggest that
monodentate TFSI coordination is preferred in THF while
bidentate TFSI is preferred in 2-MeTHF, a result consistent
with differences in the Raman spectra of these solutions in our
previous works.'” A possible explanation is that the
monodentate configuration allows more THF molecules to
coordinate to Zn>" while 2-MeTHF is too bulky to derive such
a benefit. It is worth considering why the monodentate-type
structure could limit the solubility. Perhaps it favors
aggregation by allowing the monodentate TFSI to bridge to
other Zn** species. Table 4 summarizes the probable solvation
structures for both Ca/Zn (TFSI), in solvents of THF/2-
MeTHF from this study.

Cation Size Effects. Insights into the cation size effects can
now be obtained by comparing the cation—oxygen bond
lengths in similar solvation structures between the cases of
Ca’ and Zn*" in the solvent 2-MeTHF, where the only
difference is the selection of Ca®>* or Zn**. The choice of 2-
MeTHF for this discussion is due to the high cation
concentration (>0.1 M) available for both Ca** and Zn** so
that the metal cation NMR chemical shifts can be observed
experimentally. Based on the best agreement with experimental
values of 7O shifts of TFSI™ and 2-MeTHF as well as the **Ca
and “Zn chemical shifts, the following two pairs of solvation
structures can be identified for the comparison, that is, 2-
MeTHFCa**/2-MeTHF;Zn**, where a cation is solvated by
five 2-MeTHF molecules and 2-MeTHF,Ca(TFSI),/2-
MeTHF,Zn(TFSI),, where a neutral salt species is solvated
by 2-MeTHF molecules (Table 5).

The average '"O chemical shift value of an isolated TESI™ is
174.4 ppm. When TFSI™ is solvated by two to three 2-MeTHF
molecules, the average 70O chemical shift value for the TFSI™
group is 175.5 ppm (Table 5), indicating a small contribution
from the solvents that is primarily due to the longer distance
between the solvent molecules and the TFSI™ anion. It is
found that the shortest distance between any one of the TFSI
oxygen atoms and any one of the protons of 2-MeTHF is
greater than 2.7 A. Similarly, the calculated 70 chemical shift
for 2-MeTHEF is at 46.1 ppm (Table S), which is close to that
of pure 2-MeTHF (45.8 ppm, Table 5), further validating the
weak interaction between the solvent molecules of 2-MeTHF
and TESI™ when a TFSI™ is solvated by 2-MeTHF alone. The
trend of the predicted chemical shifts for 2—MeTHF5Ca2+/ 2-
MeTHFZn** and 2-MeTHF,Ca(TFSI),/2-MeTHF,Zn-
(TESI), is summarized in Figure S. The trends of the chemical
shifts precisely match the experimentally observed trends
shown in Figures 1 and 2, that is, the '’O NMR chemical shifts
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Table 6. Solvent Effects (Methyl Substitution Effects): Calculated '’O NMR Chemical Shifts of TFSI~, THF, 2-MeTHF, and
*3Ca on Selected Solvation Structures

3 Y0rsi 3 "Ornp *Ca-0O Formation
Structure Model 2.MeTHF 54Ca | Zn-O energy
distance
-0.78
THF, 24.1
22.1
-1
THF; 20.1
6.2
THEF,-TFSI 176.1 224
176.2 19.0 -8.1
THF5-TFSI 176.2 15.6
0.4
2-MeTHF, 52.1
45.8 0.44
2-MeTHF;3 39.4
-6.08
| 2-MeTHF,-TFSI 1755 | 176.3 49.4
46.0 75
2-MeTHF5-TFSI 174.6 42,6
2372 -259.5
THF;sCa** 35.3 -13.9
Ca-THF -391.1
2.423
THF4Ca(TFSI)® 170.5 223 -35.9
Ca-TFSI
2363
Ca-THF -453.9
2.403
THF,Ca(TFSI), 166.5 19.2 -41.0
Ca-TFSI
2355
Ca-THF -458.8
2.429
;‘:E;g:g;fl)z 173.3 29.1 -43.8
Ca-TFSI
2.347
2.405 -253.7
2-MeTHFsCa®" 67.2 -19.3
Ca-MeTHF | -382
2.467
2-MeTHF,Ca(TFSI)* 173.1 52.0 -47.4
Ca-TFSI
2.377
Ca-MeTHF | -452.2
2.416
2-MeTHF,Ca(TFSI), 166.4 52.4 -42.3
Ca-TFSI
2.361
Ca-MeTHF | -449.2
4. Y 2- 2475
o f'}-‘:- MeTHFsCa(TFSI),- 173.6 52.8 -58.7
-"i",""g & monodendate Ca-TFSI
2.363
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of the TFSI™ associated with 2-MeTHF,Zn** shifted upfield
compared to TFSI™ with 2-MeTHF;Ca*" (Figures Sa vs la),
while the '”O chemical shifts associated with the solvents of 2-
MeTHF shifted upfield for the case of Zn®* but shifted
downfield for the case of Ca®* (Figures Sb vs 1b) relative to
pure 2-MeTHF. Furthermore, the chemical shift values of “’Zn
are also found to be more negative than those of $Ca, in
excellent agreement with experimentally observed trends
(Figures Sc ws 2). Significantly reduced bond distances
(Table S4) and thus, a stronger bonding as suggested by the
distances and confirmed by the formation energy of the cluster
[—454 vs —560 kcal/mol for 2-MeTHF,Ca(TFSI), and 2-
MeTHF,Zn(TFSI),, respectively, see Supporting Informa-
tion], between the coordinated oxygen atoms in both the
solvents and TESI™, in the case of Zn**, are responsible for the
experimentally observed chemical shift differences between the
electrolytes of Zn(TFSI), and Ca(TFSI), in the studied cyclic
ethers (Tables 3 and 4). For example, the average cation—O
bond distance decreases from 2.405 A for the case of 2-
MeTHFCa*, consistent with previous reports from XAFS of
2.41'7=2.173 A for 2-MeTHF;Zn*". Such stronger interactions
are reflected in the lower formation energy for the Zn cluster
by nearly 110 kcal/mol. Similarly, for 2-MeTHF,Ca(TFSI),,
the average Ca—O bond distances are 2.416 A for the
coordinated Ca**-solvent O atoms and 2.361 A for Ca**—
TFSI~, while for 2-MeTHF,Zn(TFSI),, the corresponding
bond distances decrease to 2.153 A for the Zn**-solvent and
2.157 A for Zn**—TFESI™, respectively, with the 2-MeTHF,Zn-
(TESI), cluster exhibiting an energy ~110 kcal/mol lower.
These combined energetic and bond distance analyses suggest
that the anions bind more strongly to Zn** than to Ca*".

Solvent Effects. Solvent effects are evaluated by comparing
the cation—oxygen bond lengths in similar solvation structures
between the cases of Ca’* in solvents of THF and 2-MeTHF.
Ca®* was selected since concentrations of 0.1 M and above can
be achieved in both THF and 2-MeTHF solvents, and
therefore the cation NMR chemical shifts can be obtained
experimentally. Based on the best agreement with experimental
values of the shifts of 7O of TFSI~, THF, and 2-MeTHF as
well as the **Ca chemical shifts, the following three pairs of
solvation structures are chosen for the comparison: 2-
MeTHF,Ca**/THF;Ca>* where a Ca®* is solvated by five
solvent molecules, 2-MeTHF,Ca(TESI),/THF,Ca(TESI),
where a neutral salt species is solvated by two solvents, and
2-MeTHF,Ca(TFSI)*/THF,Ca(TFSI)* where a Ca®>*—TFSI™
CIP is solvated by four solvent molecules (Table 6).

Theory predicts '"O chemical shift values of 22.1 ppm for
pure THF and 45.8 ppm for pure 2-MeTHF (Table 6) that are
in excellent agreement with the experimental values of 19.5
ppm (THF) and 46.7 ppm (2-MeTHF). No significant
difference in the 'O chemical shifts is predicted by theory
when a TFSI™ anion is solvated by either THF (176.2 ppm) or
2-MeTHF (175.5 ppm), indicating that the interaction
between the solvent molecules and the TFSI™ anion is weak
owing to the large distance between the TFSI™ anion and
THEF. For 2-MeTHF;Ca**/THF;Ca?*, 2-MeTHF,Ca(TFSI),/
THF,Ca(TESI),, and 2-MeTHF,Ca(TESI)*/THF,Ca-
(TFSI)*, a general trend is predicted by theory that the *Ca
resonances are upfield shifted for 2-MeTHF solvated models
relative to those of THF. This trend agrees very well with the
experimental observations shown in Figure 2a. The predicted
70 NMR chemical shift of solvent molecules associated for
each pair of solvation structures is upfield shifted by about 30
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ppm for CaTFSI', which also agrees well with the
experimentally observed trends (Table 2). Theory also predicts
that the ”O chemical shifts for TESI™ anions (Table 6), on the
other hand, are not sensitive to the methyl substitution for
each pair of solvation structures, also consistent with
experimental observations (Table 1). A detailed evaluation of
the solvation structure pairs reveals that the methyl
substitution in the 2-position of THF causes an elongation
of the bond between the Ca®>" and the coordinated oxygen
atoms. Specifically, the average Ca—O bond distance increases
from 2.372 A for the case of THF; Ca** to 2.405 A for 2-
MeTHF Ca**(Table S5). This may also be reflected in the
smaller formation energy of the substituted ether (2-MeTHF)
solvate relative to THF (—534 vs —259 kcal/mol). Similarly,
for THF,Ca(TFSI),, the average Ca—O bond distances are
2.404 A for the coordinated Ca**-solvent O atoms and 2.356 A
for Ca**—TFSI™, while for 2-MeTHF,Ca(TFSI),, the corre-
sponding bond distances increase to 2.416 A for the Ca®'-
solvent and 2.361 A for Ca**—TFSI", respectively. Similar
trends are observed for the cases of 2-MeTHF,Ca(TESI)*/
THF,Ca(TFSI)*. This demonstrates that 2-MeTHF exhibits a
weaker interaction with Ca** than does THF, which explains
the smaller amount of dissociated TFSI™ observed through
Raman spectroscopy in previous studies.'”'” Furthermore, the
shorter TESI—Ca** bond distances than solvent—Ca®* bond
distances calculated in either solvent case confirm the relatively
stronger interaction of TFSI™ with Ca®*" compared to cyclic
ether solvents. Based on the results from this work, a potential
explanation for the previously reported enhanced ionic
conductivity of Ca(TFSI), in THF over 1 order of magnitude
higher than in 2-MeTHF'” is the smaller Ca** solvation cluster
size associated with THF than that of 2-MeTHF rather than
the decreased anion—cation interactions observed in the
former. The smaller solvation cluster size facilitates efficient
ion transfer and thus, enhanced ionic conductivity, assuming
similar molecular dynamics in both solvents. Coupled with the
higher percentage of free TFSI™ anions in THF solvents based
on Raman results, these two phenomena may account for an
enhanced ionic conductivity.

Taken together, the solvation structures of Ca(TFSI), in
THF and 2-MeTHEF are generally similar with the coexistence
of several solvation structures. For Ca(TFESI), in THF, the
most probable first shell solvation structures include CIPs
solvated by four THF molecules, that is, the CaTFSI" with six
Ca—O coordinations, neutral species of Ca(TFSI), with one
and two THF molecules, and pure THF-solvated species of
Ca® with five and six THF molecules. Combined with an
analysis of the relative energies and previous findings, there
appears to be some preference for neutral species of
Ca(TFSI), with one and two THF molecules. Methylating
the THF molecule (2-MeTHF) in the Ca?* system leads to
probable solvation structures, with the coordination mimicking
the THF system, that is, the CaTFSI' with six Ca—O
coordinative bonds, neutral species of Ca(TFSI), with two
2-MeTHF molecules, which is most probable, and pure 2-
MeTHF solvated species of Ca** with six 2-MeTHF molecules.
Monodentate Ca(TFSI), structures are also possible solvation
structures, where each TFSI™ anion donates only one oxygen
atom for the bonding with Ca®>" and is coordinated by four
solvent molecules of either THF or 2-MeTHF. Solvent SIPs
are possible for the species of THF;Ca(TFSI)* and THF¢Zn-
(TFSI)* where the first solvation shell contains six THF
molecules with the oxygen atom from each THF coordinated
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to Ca** and where the first solvation shell to Zn** can have
either five or six THF molecules. Similarly, for Zn(TFSI),
dissolved in 2-MeTHF, the most probable solvation structures
include CIPs solvated by four 2-MeTHF molecules, that is, the
bidentate CaTESI* with a Zn—O coordination number of 6,
neutral Zn(TFESI), solvated by two 2-MeTHF also with a Zn—
O coordination number of 6, Zn solvated only by five 2-
MeTHF molecules with a Zn—O coordination number of 5,
and monodentate TFSI™ neutral species with Zn(TFSI),
coordinated by four 2-MeTHF molecules. While multiple
solvation structures are also found for the case of Zn(TFSI), in
2-MeTHEF, the solvation structures of Zn(TFSI), in THF are
more homogeneous, containing predominantly monodentate
and bidentate neutral species. A comparison of similar
solvation structures between Ca®* and Zn”* reveals a significant
cation size effect that is manifested by the significantly reduced
bond lengths between the cation and the coordinated oxygen
atoms, that is, a stronger bonding to the cyclic ethers, for the
cases of Zn>" relative to Ca®". Significant solvent effects were
also observed between the cases of THF and 2-MeTHF, where
the methyl substitution was found to cause an elongation of
the bonds between the cations and the coordinated oxygens
atoms. The results from this study offer insights for electrolyte
design in terms of efficient cation transfer and overall
electrolyte stability. Efficient cation transfer can be achieved
through a combination of the following attributes: (a) small
solvation structures which promote fast movement of the
solvated cation; (b) weak bonding of the cation with the anion
and the solvent to promote fast ion exchange through space or
via fast solvent/anion rearrangements; (c) weak interactions of
the fully solvated cation cluster with the surrounding
environment for fast movement of the solvated cation; (d)
quick exchange of cations, anions, and solvent molecules
among various possible solvated structures in the electrolytes if
they coexist; and (e) stability of electrolytes in solution with
the absence of decomposition at the electrode surface during
cation desolvation-associated deposition and during resolva-
tion of cations during the stripping of the electrochemical
cycle. To this end, the tighter bonding observed for Zn>*
relative to Ca** may indicate a slower ion exchange and ionic
diffusivity, and the methylated cyclic ethers may provide an
improved electrochemical performance.

In this work, we have shown that the natural abundances **Ca,
Zn, and 7O NMR provide a sufficiently sensitive strategy to
gain structural information about solvation structures that can
be accurately predicted with quantum chemistry DFT to offer
detailed insights into solvation structures in electrolytes
containing Ca(TFSI), or Zn(TFSI), in cyclic ether solvents
of THF and 2-MeTHF. Based on the best multi-nuclear
agreement between the theoretical and the experimentally
observed chemical shifts and relative energetic comparisons,
detailed solvation structures can be proposed and are
supported when considering the formation energies of the
clusters for a given cluster charge state. We show that selection
of cations determines the strength of the metal—Ojen:
bonding environments for cyclic ethers in the electrolyte and
that such a strength is consistent with what would be expected
from the electronegativities and sizes of the ions. Methyl
substitution on the cyclic ether solvents also leads to a
weakening of the metal—Oy,,.,c bond, potentially due to steric
hindrance effects. These properties have implications on ion
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transport during electrochemical cycling. The results also
demonstrate fast molecular exchange on a time scale on the
order of milliseconds among/between the various complex
solvation structures through a combination of solvent re-
arrangements, cation exchange, molecular rotation, vibration,
and so forth. Insights into the detailed solvation structures,
including cation size and solvent effects, as well as apparent
molecular dynamics, reveal the potential underlying explan-
ations for solubility, and likely ion transport, which are
fundamentally important for rational design of electrolytes in
multivalent battery electrolyte systems, where improved
performances are an ongoing central concern.
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