
Generalizable, Tunable Control of Divalent Cation Solvation 
Structure via Mixed Anion Contact Ion Pair Formation 

Journal: Journal of Materials Chemistry A

Manuscript ID TA-ART-12-2023-007613.R1

Article Type: Paper

Date Submitted by the 
Author: 17-Jan-2024

Complete List of Authors: Lavan, Sydney; Argonne National Lab, 
Ilic, Stefan; Argonne National Laboratory, Materials Science Division
Viswanath, Shashwat; Argonne National Laboratory, Materials Science 
Division
Jain, Akash; Argonne National Laboratory, Materials Science Division
Surendran Assary, Rajeev; Argonne National Laboratory, Materials 
Science Division;  
Connell, Justin; Argonne National Laboratory, Materials Science Division

 

Journal of Materials Chemistry A



1

Generalizable, Tunable Control of Divalent Cation Solvation Structure via Mixed Anion 
Contact Ion Pair Formation

Sydney N. Lavan1,2, Stefan Ilic1,2, Shashwat Viswanath1,2, Akash Jain1,2, Rajeev S. Assary1,2 and Justin G. Connell1,2*

1 Joint Center for Energy Storage Research, Argonne National Laboratory, Lemont, IL 60439, USA
2 Materials Science Division, Argonne National Laboratory, Lemont, IL 60439, USA

* Email: jconnell@anl.gov

Abstract

Multivalent batteries are a promising new technology for energy storage, but they face challenges 

to developing suitable electrolytes that can support reversible deposition/dissolution at the metal 

anode and enable compatibility with high voltage oxide cathode materials. In this work, we 

investigate the solvation behavior of Zn2+, Mg2+, Ca2+ and Cu2+ in mixed anion electrolytes 

containing TFSI- and Cl-. Raman and nuclear magnetic resonance spectroscopies are utilized to 

probe the bulk solvation structure of these electrolytes and demonstrate that mixed anion contact 

ion pairs (CIPs) are formed in all four systems, indicating this behavior is likely general to divalent 

cations. Furthermore, the relative population of mixed anion CIPs can be tuned by controlling the 

relative ratio of TFSI:Cl, with significant CIP populations observed even at low relative fractions 

of Cl-. These findings imply that modifying the anion chemistry can easily adjust the solvation 

structure of bulk cations, which has important implications for the development of next-generation 

electrolytes. By understanding the factors that influence the formation of mixed anion CIPs, we 

can design systems that promote the formation of electrochemically-active solvation structures 

that can enable multivalent batteries with improved performance and lifetimes.
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Introduction

The need for diverse battery materials to support the growing energy storage landscape is a 

significant challenge, and multivalent batteries are a promising avenue for advancement.[1–4] 

These batteries utilize earth-abundant, non-toxic elements like Mg2+, and Zn2+, which can provide 

comparable or higher theoretical specific capacities than existing Li-ion systems while enabling 

stable supply chains.[5–9] However, multivalent chemistries face challenges, such as developing 

suitable electrolytes that can support reversible deposition/dissolution at the metal anode and 

enable compatibility with high voltage oxide cathode materials. Many multivalent electrolytes 

developed to date rely on high chloride (Cl-) concentrations to drive reversible redox processes at 

the anode, but these systems are incompatible with oxide cathodes due to parasitic reactions at 

high voltage. [6,10]

Recent research has shown that Cl- reduces the overpotential for metal dissolution, which 

comes at the cost of a higher overpotential for metal deposition. The addition of weakly-

coordinating anions, like bis(trifluoromethane sulfonyl) imide (TFSI-), can enable reversible metal 

deposition and dissolution in mixed anion electrolytes through a cooperative effect that arises due 

to differences in halide-cation and TFSI-cation complex association strength.[11,12] Mixed anion 

electrolytes have been further shown to exhibit emergent solvation behavior, whereby TFSI- anions 

that do not coordinate with Zn2+ in isolation are induced to form contact ion pairs (CIPs) when 

combined with halides (e.g., Cl-, Br-, I-).[11] This phenomenon was confirmed by through a 

combination of X-ray absorption spectroscopy (XAS), Raman spectroscopy and density functional 

theory (DFT) modeling. Importantly, this bulk solvation behavior was found to affect the 

electrochemical response in mixed anion electrolytes, where the association of halides with TFSI- 

was found to influence the rate at which charge/discharge may take place. These results have 

important implications for controlling the efficiency of metal deposition/stripping and suggest a 

new framework for electrolyte design, where weakly-coordinating anions can be induced to 

participate in the first solvation shell of the working cation in the electrolyte bulk due to the 

presence of a second anion. Despite this new understanding of cation speciation, it is unclear 

whether the emergent solvation behavior described for Zn-based systems is generalizable to other 

multivalent electrolytes.

In this study, we expand on our previous work by examining the extent to which solvation 

structure can be tuned as a function of anion and cation chemistry.[13] We primarily utilize Raman 
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and nuclear magnetic resonance (NMR) spectroscopies to probe the bulk solvation structures of 

zinc, magnesium, calcium and copper-based electrolytes containing TFSI- and varying ratios of 

Cl- in diglyme (G2). Consistent with our previous work in Zn-based electrolytes[13], we identify 

the presence of a new vibrational mode on the low frequency side of the overall Raman peak 

envelope for both Mg and Ca-based electrolytes that we assign to mixed anion CIPs. This 

assignment is corroborated by 19F NMR spectroscopy, which shows systematic shifts in the TFSI- 

resonance that match changes in the Raman spectra as the relative concentration of Cl- is increased. 

DFT calculations indicate the additional vibrational mode for Mg-based electrolytes is consistent 

with a mixed anion CIP, in direct analogy with results for Zn-based electrolytes. Interestingly, 

Raman analysis of Cu-based electrolytes does not show the same signatures of mixed anion CIP 

formation, but 19F NMR spectroscopy of these electrolytes again suggests that they also form 

mixed anion CIPs. We demonstrate that significant populations of mixed anion CIPs are formed 

even at relatively low Cl- contents, and that it is possible to tune the relative population of the 

mixed anion CIPs for all electrolytes investigated by controlling the relative ratio of TFSI:Cl. 

These results point to new possibilities in controlling bulk cation solvation structures in multivalent 

electrolytes, where the relative fraction of electrochemically-active solvation structures can be 

directly tuned to modulate deposition kinetics as well as the overall electrolyte reversibility.

2. Experimental Methods
2.1 Electrolyte Preparation

Zn(TFSI)2, Mg(TFSI)2 Ca(TFSI)2 and Cu(TFSI)2 (Solvionic, 99.5%), ZnCl2, CuCl2
  (Sigma Aldrich, anhydrous, 

99.995% trace metals basis) CaCl2 (Sigma Aldrich, anhydrous >97% trace metal basis) and MgCl2 (Beantown 

Chemical, 99.99% trace metals basis) were all dried under vacuum for at least 48 hours and at temperatures ≥100C. 

The solvent diglyme was dried under activated basic alumna for more than 48 hours and then distilled under vacuum 

over Na/K alloy. The H2O content was less than 0.2 ppm and was determined by Karl Fischer titration. For all 

experiments the electrolytes were prepared in an Ar atmosphere glovebox (O2 and H2O < 0.5 ppm) and left to stir 

overnight before use.

2.2 Raman Scattering Measurements

To assess the TFSI- sensitive vibrational modes we used a Renishaw in via Reflux Raman micro-spectrometer fitted 

with a 20x microscope objective. The solution phase Zn2+ and Mg2+ measurements were excited at 633 nm and 

collected with 1800 grooves/mm diffraction grating. The solution phase Cu2+ measurements were excited at 532 nm 

due to fluorescence and collected with 1800 grooves/mm diffraction grating. We can achieve as high as 0.2 cm-1 

spectral resolution dependent on the grating and the laser. The experimentally measured peaks for Zn2+ and Mg2+ were 
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determined from a combination of ~75% Lorentzian line shapes and ~25% Gaussian line shapes (Voigt) for the “free 

TFSI” and 50%/50% mix for the higher CIP peaks. The fluorescent backgrounds were subtracted. Each sample was 

prepared in a glovebox then transferred to quartz vials for Raman measurements, and the spectrometer was calibrated 

to a Si reference prior to each measurement. The monodentate TFSI peak for Cu2+ was found to fit best at 746 cm-1 

compared to 742 cm-1 (Zn2+, determined in our previous work [11]) and 744 cm-1 (Mg2+, determined by Watkins and 

Buttry [14].

2.3 19F Nuclear Magnetic Resonance Spectroscopy

NMR spectra were recorded on a 300 MHz Bruker Avance spectrometer at ambient temperature, with D2O capillary 

for locking. We kept the TFSI- concentration constant and changed the Cl- concentration due to the low solubility of 

Cu salts.

2.4 Density Functional Theory Calculations

We employ first principles calculations utilizing density functional theory (DFT).[15,16] The performed DFT 

calculations were carried out using Gaussian software to compute optimum structures and energies. We utilized 

polarizable continuum model (PCM) using 7.23 as the dielectric constant for diglyme. For the structure and frequency 

calculations, the B3LYP/6-31+G(d) was used.[17] First, we optimized geometries of the complexes to identify the 

most stable configuration with the lowest ground state energy. Subsequently, we used the Freq=Raman keyword to 

compute the force constants and the vibrational frequencies. 

3. Results and Discussion

3.1 Spectroscopic Evidence for Formation of Mixed Anion Contact Ion Pairs 

We begin with Raman experimental measurements of electrolytes containing 0.1 M 

ZnTFSI2, MgTFSI2, CaTFSI2 and CuTFSI2 in diglyme (black curves, Figure 1). We note that the 

TFSI- concentration was held fixed for all electrolytes studied in Figure 1 ([TFSI-] = 0.2 M), 

enabling us to explore fundamental interactions, ion dynamics, and solvation structures at a 

constant TFSI- concentration. Furthermore, we are specifically investigating contact ion pairing, 

which is crucial to the performance of these electrolytes and has been shown to occur even at lower 

concentrations.[18] As reported previously [14,19–21], these spectra can be fit using Voigt 

functions to determine the relative populations of different TFSI- coordination environments (see 

Experimental Methods for details). Specifically, these peaks have been assigned to “free” TFSI- 

(740 cm-1), where “free” TFSI- is not strongly associated with any cation,  monodentate CIPs with 

TFSI- (742, 743, 744 and 746 cm-1) for  Zn2+, Ca2+, Mg2+ and Cu2+, respectively, and bidentate 

CIPs with TFSI- (750 cm-1). Figure S2 shows an example model structure of a metal cation 
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coordinated to TFSI- in a mono- and bidentate configuration with an explicit G2 molecule – 

M(TFSI)mono(G2) and M(TFSI)bi(G2), respectively. We note that the coordination environment for 

Ca2+ (coordination number, CN = 8) is different than for Zn2+, Mg2+ and Cu2+ (CN = 6).[11,21,22] 

The larger coordination shell for Ca2+ requires the use of a fourth peak at 746 cm-1 to fit the TFSI-

only data in Figure 1c, which has been previously assigned to an additional CIP environment that 

is not observed for Zn2+ and Mg2+.[21]

When Cl- is added to the electrolyte in a 1:1 ratio with TFSI- (0.2 M total [M2+], Figure 1), 

significant additional intensity to the low frequency side of the Raman peak envelope is observed 

for Zn2+, Mg2+ and Ca2+ electrolytes that cannot be fit by the same peaks used for the TFSI-only 

data. As demonstrated previously for Zn-based electrolytes, this additional, low frequency 

intensity can be fit with an additional peak at 738.7-738.9 cm-1 (Figure 1a-c). We propose that this 

additional vibrational mode in the Mg2+ and Ca2+ data corresponds to a mixed TFSI-Cl CIP, in 

direct analogy with Zn2+ electrolytes, which we will explore further below. We highlight that the 

formation of multi-anion complexes occurs even at low concentrations, which is remarkable given 

that such ion pairing interactions are generally not observed until much higher concentrations, such 

as those achieved in so-called water/solvent-in-salt or localized high concentration electrolytes. 

[5,23,24] Interestingly, the same trends in mixed anion CIP formation are observed at higher total 

cation concentrations as well (Figure S1). For TFSI-only electrolytes (Figure S1a), we observe a 

minor blue shift as the concentration is increased from 0.1 M to 1.0 M, which is in line with 

previous results for Mg2+ that have shown blue shifting of the Raman envelope as more CIPs are 

formed relative to free TFSI-. Consistent with our results in more dilute electrolytes, comparison 

of 0.5 M TFSI-only Zn and Mg-based electrolytes with 1:1 TFSI:Cl electrolytes (Figure S1b-c) 

reveals that both Zn2+ and Mg2+ still exhibit a red-shifted feature, indicating these mixed anion 

CIP structures are present at higher concentrations as well and demonstrating that mixed anion 

CIP formation takes place across a broad concentration range.

We note that these results are consistent with those of Hahn et al., where Raman 

spectroscopy was employed to investigate the influence of solvent structure and TFSI- 

concentration on the formation of CIPs. [25] Specifically, the percentage of uncoordinated TFSI- 

appeared to be more dependent on solvent structure than concentration within the examined 

concentration range. This aligns with our current study, which underscores the dominant role of 

solvent structure in determining the extent of direct anion-cation interactions. Furthermore, the 
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glyme-based solvents were found to facilitate more efficient oxygen-cation coordination due to 

their ability to form multidentate chelate structures, as opposed to cyclic ethers with single oxygen 

atoms attached to bulkier ring structures. Importantly, they also noted a lack of correlation between 

uncoordinated TFSI- percentage differences and solvent dielectric constant, further supporting the 

assertion that specific solvent-cation interactions play a critical role.

Figure 1. Raman spectroscopy (dots) and corresponding Voigt fits (lines) of the TFSI- vibrational mode 

comparing (a) 0.1M ZnTFSI2 to mixed  0.1M ZnTFSI2 + 0.1 M ZnCl2 electrolytes; (b) 0.1M MgTFSI2 to mixed  

0.1M MgTFSI2 + 0.1 M MgCl2 electrolytes; (c) 0.1M CaTFSI2 to mixed  0.1M CaTFSI2 + 0.1 M CaCl2 

electrolytes (d) 0.1M CuTFSI2 to mixed  0.1M CuTFSI2 + 0.1 M CuCl2 electrolytes.

Table 1 summarizes the relative contributions for each solvation environment for the 4 

cations with TFSI- only and a 1:1 ratio of TFSI:Cl. We observe some trends when analyzing the 

peak contributions for each cation. For the TFSI-only electrolytes, the “free” TFSI- solvation 

structure dominates, as expected. In all cases monodentate CIPs generally have a higher population 

than bidentate. In the case of Ca2+, the fraction of CIPs present is significantly higher for the TFSI-
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only electrolytes than for all other cations studied. We also find for Zn2+, Mg2+ and Ca2+ that the 

“free” TFSI- peak percentage decreases when Cl- is present, with Mg2+ exhibiting a higher 

contribution from the mixed anion CIP peak as compared to Zn2+ and Ca2+. The emergence of 

these lower frequency, mixed anion CIPs is correlated with a decrease in the intensity of the higher 

frequency, single anion CIPmono peak in both Zn- and Mg-based electrolytes. Interestingly, Cu-

based mixed anion electrolytes do not exhibit any significant changes in their Raman spectra upon 

the addition of Cl- (Figure 1d). Specifically, we find that “free” TFSI- dominates for both the TFSI-

only and the mixed TFSI/Cl solutions. Indeed, the only change observed is the disappearance of 

the monodentate CIP mode at 746 cm-1, suggesting that, if present, mixed anion CIP modes are 

not distinguishable from the free TFSI- mode by Raman. 

Table 1. Relative percent populations of the different TFSI- solvation environments determined from the fittings of 
experimental Raman data in Figure 1.

Solvation 
Structure ZnTFSI2

ZnTFSI2 
+ ZnCl2

MgTFSI2
MgTFSI2 
+ MgCl2

CuTFSI2
CuTFSI2 
+ CuCl2

CaTFSI2
CaTFSI2 
+ CaCl2

M(TFSI)mono(Cl) - 40% - 51% - - - 19%

“Free” TFSI- 95% 54% 89% 43% 97% 99% 48% 56%
M(TFSI)mono 2% 3% 9% 3% 3% 0.3% 4% 2%
M(TFSI)CIP - - - - - - 31% 14%
M(TFSI)bi 3% 3% 2% 2% 0.1% 0.1% 17% 9%

3.2 Calculated Raman Spectra and Thermodynamic Favorability of Mixed Anion CIPs

Density functional theory (DFT) calculations were utilized to understand the low-

frequency intensity observed in Raman spectra and other bulk solvation trends. The calculations 

were conducted using Gaussian's implicit solvent model with diglyme (G2) as the solvent, 

modeling both monodentate and bidentate CIP structures with G2 molecules present. Here we 

focus on Zn2+, Mg2+ and Cu2+ due to the challenging nature of uniquely determining the Ca2+ 

solvation environment, particularly in mixed anion systems, due to its larger CN. Given the 

experimental results presented above, we suspect it would likely behave similarly, and we 

highlight the results of Hahn et al. who have already extensively considered the coordination 

structure of Ca in TFSI-based electrolytes. [21] Our work here focuses on monodentate CIP 

structures only. Results on bidentate CIPs for Zn2+ have been previously reported.[13]

As shown in Figure 2a, DFT calculations predict the complex breathing mode of the TFSI- 

anion at 765 and for Zn(TFSI)mono(G2). When Cl- ions are added to these solvation structures, DFT 
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predicts a red shift in both modes, with the predicted red shift for the Zn(TFSI)mono(Cl)(G2) mode 

of ~4 cm-1 most consistent with the relative positions of the 742 and 738.8 cm-1 peaks observed in 

the experimental Raman data, as previously reported. Similar trends are observed in the case of 

magnesium (Figure 2b), where the Mg(TFSI)mono peak is predicted at 763 cm-1 and exhibits a ~3 

cm-1 red shift upon the addition of Cl-, consistent with our assignment of the low frequency mode 

deriving from the presence of mixed anion CIP interactions. We note that there is a smaller red-

shift for Mg(TFSI)mono in the presence of Cl- compared to Zn(TFSI)mono. This ionic coordination 

might not be accurately captured by the DFT calculations, leading to an underestimated red-shift 

prediction. Furthermore, vibrational modes are generally treated as harmonic oscillators in DFT, 

neglecting higher-order oscillations (anharmonicities). The complex interactions between the 

Mg(TFSI)mono(Cl) CIP and its environment could induce anharmonic effects that modify the 

vibrational frequency, potentially contributing to the larger observed red shift in the experiment. 

Nevertheless, the red shifts predicted for Zn- and Mg-based mixed anion CIPs are both larger than 

those predicted for Cu-based CIPs (~1 cm-1, Figure S4), which is consistent with the lack of any 

distinguishable mixed anion CIP feature in the Raman analysis of Cu-based electrolytes.
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Figure 2: DFT calculated Raman spectra for (a) Zn(TFSI)mono(G2) and Zn(TFSI)mono(Cl)(G2), and (b) 

Mg(TFSI)mono(G2) and Mg(TFSI)mono(Cl)(G2). All structures include explicit G2. The frequencies are not scaled. (c) 

DFT calculated Gibbs free energy values (eV) for two modeled structures. M-TFSI in the presence of one diglyme 

molecule and M-TFSI + Cl in the presence of one diglyme molecule. M is the three different cations studied: zinc in 

green; magnesium in blue and copper in orange.

Thermodynamic calculations were performed to gain a better understanding of the relative 

driving forces for CIP formation and determine whether mixed anion CIPs are favorable in Zn-, 

Mg- and Cu-based electrolytes. The formation free energy, also known as the Gibbs free energy 
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of formation (G), is a thermodynamic quantity that describes the energy change associated with 

the formation of a compound from its constituent elements, considering both enthalpy and entropy 

contributions. [26] We modeled two systems: the first contains each cation with TFSI- in the 

presence of one diglyme molecule and the second system is the same but with one Cl- added. We 

note that these results do not change if a second diglyme is included in the simulation (i.e., to allow 

for the possibility of full octahedral coordination by the solvent). The computed G values are 

shown in Figure 2c, and Table S1 summarizes the reactions and resulting CIP structures of all 

three metal ions. The free energy of contact ion pair formation is more favorable for the mixed 

anion system than for the pure TFSI- systems. In particular, the Gibbs free energy values for all 

three M-TFSI + 2 diglyme species are low (≤ -0.18 eV), consistent with the low degree of CIP 

formation observed experimentally in TFSI-only electrolytes for all three systems. Upon adding 

Cl- to the system, the Gibbs free energy values are an order of magnitude more negative (~ -1 eV), 

indicating a significant thermodynamic driving force for CIP formation when Cl- is present. We 

note that this is not simply an electrostatic effect due to the formation of a neutral species in the 

multi-anion CIP complexes. Although electrostatic interactions often play a significant role in the 

binding of oppositely charged ions, the system's behavior goes beyond simple charge 

neutralization. Additional considerations, such as the specific geometry of the coordination 

environment, the arrangement of anions around the metal cation in multi-anion CIPs, and 

electronic structure effects contribute significantly to the observed stability of the formed 

complexes. This implies that a comprehensive understanding of the coordination behavior in these 

systems requires a deeper exploration of factors beyond conventional electrostatic considerations.

Overall, these DFT results provide valuable insights into the stability and coordination 

behavior of Zn-, Mg- and Cu-based electrolytes with TFSI- and Cl- in the presence of diglyme. 

Calculations indicate that mixed anion CIP formation is thermodynamically favorable in Mg2+ and 

Cu2+ electrolytes, which is in direct analogy to the Zn-based systems. Calculated Raman spectra 

for Mg-based CIP structures indicate a similar degree of red shifting of the TFSI- CIP modes as 

predicted for Zn-based CIPs. These shifts are further consistent with the position of the additional 

red shifted intensity observed in the experimental Raman data for Mg electrolytes, strongly 

suggesting that the same mixed anion CIPs identified in Zn-based mixed anion electrolytes are 

also formed in the Mg-based analogues. In light of the comparable Raman results observed for Ca-
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based electrolytes presented above, we expect the formation of mixed anion CIP structures to be 

thermodynamically favorable in these electrolytes as well.

3.3 Tuning Bulk Cation Speciation

Given the lack of Raman sensitivity to mixed anion CIP formation in Cu-based electrolytes, 

we performed 19F NMR spectroscopy to further investigate CIP formation in these mixed anion 

systems. Figure 3 compares the position of the TFSI- resonance for electrolytes with varying ratios 

of Cl- added to a fixed concentration of TFSI-. Interestingly, the position of the TFSI- resonance in 

TFSI-only electrolytes closely follows the solubility of the corresponding salts – i.e., CuTFSI2 is 

the least soluble and is the most downfield shifted (-78.55 ppm); followed by CaTFSI2 (-79.26 

ppm), MgTFSI2 (-79.35 ppm) and ZnTFSI2 (-79.40 ppm). The incremental addition of 

corresponding chlorides to a 0.1 M solution of M(TFSI)2 yields a gradual downfield shift of the 
19F resonance of TFSI- for Zn2+, Mg2+ and Cu2+. We have previously observed the same 

concentration-dependent behavior in Mg-mixed anion electrolytes [13], and we attribute these 

shifts to the formation of mixed anion CIPs. In particular, the TFSI- coordination environment 

should not otherwise be affected given that the total TFSI- concentration is held constant in all 

cases. Furthermore, no significant TFSI-only CIP formation is expected at this concentration (0.2 

M TFSI-) [5,27], nor are large populations of CIPs observed in the Raman analysis above. 

Combined with the clear impact of Cl- addition on the TFSI- resonance, these results strongly 

indicate a multi-anion interaction that is consistent with mixed anion CIP formation.

Surprisingly, the same addition of CaCl2 to Ca(TFSI)2-based electrolytes yields shifts with 

a markedly different trend. Upon addition of 0.5 and 1 eq of CaCl2, we observe an upfield shift of 

the TFSI- peak. The further addition of 2 equivalents of Cl- to 0.1 M CaTFSI2 results in a downfield 

shift of the resonance toward the TFSI-only peak position. Although the reason behind this non-

linear behavior in the peak position is unclear, we speculate that it derives from the presence of 

the additional CIP structures formed by Ca2+ relative to those observed for Zn2+, Mg2+ and Cu2+, 

which we will explore in more detail below. Regardless of the direction of TFSI- resonance shift, 

however, it is evident that introduction of chlorides induces changes in the local TFSI- solvation 

structure. In combination with the Raman results in Figure 1, these NMR data strongly suggest 

that shifts in the TFSI- resonance are induced by mixed anion CIP formation.
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Figure 3. 19NMR Spectra of the fluorine in TFSI- comparing (a) 0.1M Zn(TFSI)2 with incremental addition of 

ZnCl2; (b) 0.1M Mg(TFSI)2 with incremental addition of MgCl2; (c) 0.1M Ca(TFSI)2 with incremental addition 

of CaCl2; (d) 0.1M Cu(TFSI)2 with incremental addition of CuCl2.

Having identified the formation of mixed anion CIPs in all four electrolyte systems and to 

better understand the trends observed in 19F NMR, we conducted further experimental Raman 

measurements on Zn-, Mg- and Ca-based electrolytes using the same TFSI:Cl ratios to determine 

the extent to which the relative fraction of mixed anion CIPs is indeed modulated by the presence 

of Cl- (Figure 4). Overall, we observe that the population of mixed anion CIPs can be tuned in all 

three systems by the relative fraction of Cl- present.  For Zn- and Mg-based electrolytes the fraction 

of mixed anion CIPs reaches a maximum at a 1:1-1:2 TFSI:Cl ratio, whereas Ca-based electrolytes 

exhibit a peak in mixed anion CIPs at ca. 4:1-2:1 TFSI:Cl, after which the population decreases 

upon further Cl- addition. Figure S5 illustrates the change in Raman spectra fitting for Mg-based 

electrolytes, and Tables S2, S3 and S4 provide a summary of the peak contributions for each 

solvation environment for all TFSI:Cl mixed ratios studied for Zn2+, Mg2+, and Ca2+, respectively. 
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Figure 4. Experimental ratio trend of ZnTFSI2 + ZnCl2 (green), MgTFSI2 + MgCl2 (blue) and CaTFSI2 + CaCl2 

(red) of the mixed CIP percentages for the different TFSI:Cl ratios investigated.

Interestingly, relatively small Cl- additions (i.e., 4:1 TFSI:Cl) are sufficient to induce a 

measurable population of mixed TFSI-Cl CIPs in all three systems, with Ca-based electrolytes 

exhibiting the highest fraction of mixed anion CIPs at this Cl- content. At higher Cl- fractions, Mg-

based electrolytes exhibit a larger population of mixed anion CIPs relative to Ca- and Zn-based 

electrolytes. We note that this higher propensity for mixed anion CIP formation in Mg-based 

electrolytes relative to Zn2+ is consistent with observations in other single anion electrolytes, 

including very weakly coordinating anions such as tetrakis(perfluoro-tert-butoxy) aluminate 

(TPFA), [28,29] suggesting that the driving force for mixed anion CIPs follows similar cation 

trends as single anion CIP formation. The higher charge density of Mg2+ may result in stronger 

electrostatic interactions with the Lewis basic sites on the TFSI anions, promoting the formation 

of stable, monodentate CIPs.[30] The increased charge density may also facilitate a more efficient 

utilization of coordination sites, potentially favoring the formation of monodentate complexes.
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The Raman data for Ca-based electrolytes also provide a possible explanation for the shifts 

observed in the 19F NMR data in Figure 3c. As quantified by Raman in Figure 1c and Table 1, 

single anion CIPs are present at substantially higher fractions in the TFSI-only Ca-based 

electrolytes relative to the analogous Mg-, Zn-, and Cu-based systems. The addition of Cl- disrupts 

these single-anion CIP interactions by forming a new population of mixed anion CIPs (Table S4). 

These mixed anion CIPs likely displace some fraction of TFSI- from participating in single anion 

CIP structures, leading to an increase in the relative population of free TFSI- (Table S4), consistent 

with previous reports.[31] As the overall fraction of CIP structures is net lower, the TFSI- 

resonance shifts upfield as observed in Figure 3c. In contrast, for Zn2+, Mg2+ and Cu2+, the fraction 

of TFSI- in CIP structures increases with increasing Cl- content at all fractions studied, leading to 

the consistent, downfield shifts in the TFSI- resonance observed in the NMR data in Figure 3. The 

exact mechanisms driving the complex evolution of Ca2+ coordination structures are still unclear, 

in particular, why the TFSI- resonance shifts back downfield upon the addition of two equivalents 

Cl- without an apparent increase in the total fraction of CIPs measured by Raman. Indeed, the 

dynamic evolution of Ca2+ CIP environments are of significant interest for further investigation, 

but they are beyond the scope of this work. Importantly, the Raman and NMR data, along with the 

DFT calculations, clearly indicate that that mixed anion CIP formation is general to divalent 

cations, and that it is possible to tune the solvation environment by controlling the relative fractions 

of TFSI- and Cl- in solution for Zn-, Mg-, Cu and Ca-based electrolytes. 

Furthermore, these results can more generally explain previous observations in mixed 

TFSI/Cl electrolytes, as well as provide clear design rules for how to develop new multivalent 

electrolytes. Specifically, there are multiple examples in the literature that demonstrate the 

significant impact of TFSI:Cl ratio on Mg electrolyte performance[17,23,32], generally with 

higher Cl- fractions yielding improved efficiency. In the context of this work, one significant 

driving force for these improvements in reversibility is almost certainly the increasing fraction of 

mixed anion CIPs in those electrolytes. In particular, disruption of the strong cation-Cl bonding of 

single anion CIPs by TFSI- in favor of mixed anion CIPs is likely key to maximizing the population 

of active complexes in the electrolyte that improve overall efficiency. We have also recently 

demonstrated that the formation of mixed anion CIPs in non-halide, TFSI-based dual anion 

systems containing trifluoromethanesulfonate (OTf-) yields improved performance as the fraction 

of mixed anion CIPs increases.[13] In this mixed TFSI-OTf system, disruption of Mg-OTf single 
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anion CIPs (which are largely insoluble, like Cl-only CIPs) in favor of mixed anion CIPs with 

TFSI- is essential to improving efficiency and reversibility. The TFSI-OTf system also 

demonstrates that the concepts elaborated in this work are relevant well beyond halide-containing 

electrolytes. Overall, maximizing the population of mixed anion CIPs appears to be critical to 

designing dual anion electrolytes with improved performance relative to single anion analogues.

4. Conclusions

We have demonstrated the presence of mixed anion CIPs in Mg-, Ca- and Cu-based 

electrolytes, in direct analogy to those previously reported for Zn-based systems, and that in all 

systems it is possible to tune the bulk solvation structure as a function of anion chemistry. 

Specifically, Raman spectroscopy reveals the presence of mixed anion CIP formation in Zn-, Mg- 

and Ca-based electrolytes via the evolution of red-shifted intensity upon the addition of Cl- to 

TFSI-containing electrolytes. Interestingly, Cu-based electrolytes do not exhibit similar features 

in Raman; however, 19F NMR spectroscopy reveals identical shifts in the TFSI- resonance as those 

observed in Zn- and Mg-based electrolytes, indicating the presence of mixed anion CIPs in Cu-

based electrolytes as well. DFT calculations further support the identification of the additional 

vibrational mode in Mg-based electrolytes as a mixed anion CIP, and thermodynamic calculations 

reveal that mixed anion CIP formation is thermodynamically favored in Zn-, Mg- and Cu-based 

systems. The relative population of mixed anion CIPs in all systems can be tuned by adjusting the 

TFSI:Cl ratio. In Mg2+, Zn2+ and Ca2+ systems we can quantify this evolution and demonstrate that 

even small amounts of Cl- are sufficient to induce a measurable population of mixed anion CIPs. 

These findings open possibilities for controlling the solvation structures of multivalent cations in 

the bulk electrolyte, enabling direct modulation of deposition kinetics and overall electrolyte 

reversibility. By understanding the role of anions in controlling bulk solvation behavior and 

demonstrating the tunability of solvation structures, this study paves the way for improved 

electrolyte design and the development of advanced multivalent battery systems.

Supporting Information

The SI contains Raman data for higher TFSI and mixed TFSI:Cl concentrations; tables of 

populations of CIP for different TFSI:Cl ratios for each cation; calculated monodentate cation 
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coordination structures; a summary of the implicit DFT-predicted vibrational modes; the 

calculated free energies and the calculated monodentate Cu-TFSI Raman spectra.
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