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Synthesis of Ca(PF6)2, Formed via Nitrosonium Oxidation of Calcium
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The development of rechargeable Ca-ion batteries as an alternative to Li systems has been limited by the availability of suitable electrolyte salts. We present the synthesis of complexes of Ca(PF6)2 (a key potential Ca battery electrolyte salt) via the treatment of Ca metal with NOPF6, and explore their conversion to species containing PO2F2− under the reaction conditions.
Alternative battery technologies to Li-ion systems have been the focus of considerable interest in recent years as they present the possibility of achieving higher electron storage capacities, reducing the risk of thermal runaway, and utilizing less expensive and more Earth-abundant elements as active ions.1,2 Among these alternative battery technologies (including Na-, Mg-, and Al-ion), development of rechargeable Ca-ion batteries has been largely neglected due to a lack of effective Ca-ion electrolyte systems and poorly understood electrochemistry. In addition to being the fifth most Earth-abundant element, Ca has a theoretical anode-based capacity of 2073 mAh∙cm-3 and a reduction potential only 0.17 V higher than Li, making it an attractive multivalent ion for the construction of high-voltage batteries.3 Furthermore, the large ionic radius of Ca2+ ion (1.14 Å), and thus lower charge density with respect to Mg2+ and Al3+, could permit faster solid-state diffusion into electrode materials, in electrodes with appropriately sized voids within the structure, an issue that has limited the construction of efficient Mg-ion batteries so far.3
	The electrochemical behaviour of the Ca-based electrolyte Ca(AlCl4)2 has been studied in primary cells in SOCl2 using a Ca anode, but rapid passivation or corrosion of the electrodes was observed.4 Early electrochemical studies of Ca salts in organic solvents identified Ca(BF4)2 in THF or N-methylpyrrolidone as a potential Ca-ion electrolyte candidate due to the stability of the salt towards reduction by Ca anodes.5 It was not until 2015 that Palacín and co-workers demonstrated the reversible stripping and plating of Ca (over 30 cycles) using electrolytes based on Ca(BF4)2 and Ca(ClO4)2.6 Additionally, Ca(PF6)2-based electrolytes have been investigated by Ingram and co-workers using manganese hexacyanoferrate-derived cathode materials.7 These systems exhibited high electrochemical stability and reversible charge/discharge profiles over tens of cycles, demonstrating the potential of Ca(PF6)2 as an electrolyte salt. The reversible electrochemistry and large stability window (ca. 4 V) exhibited by these electrolytes could ultimately lead to the development of competitive rechargeable Ca-ion batteries, given effective Ca cathode materials, although multiple challenges remain.
	Motivated by the success of the electrolytes based on Ca(BF4)2- and Ca(PF6)2, we aimed to investigate the formation of Ca(PF6)2 using a direct anhydrous synthesis developed by our group for the formation of Mg(PF6)2 (Scheme 1).8 This approach avoids the multiple drying stages required in established preparations of Ca(BF4)2 and avoids salt metathesis methods employed to prepare Ca(PF6)2 previously, which can often afford impure materials.9,10 Compared to the Mg analogues, Ca(PF6)2 complexes formed using NOPF6 are found to be more reactive, and are readily oxidized to PO2F2− salts in the presence of adventitious air or moisture. Although the addition of crown ether ligands limits the oxidation of the PF6− anion—affording isolable complexes—products containing PO2F2− can be obtained deliberately from the crown ether mixtures by exposure to ambient atmosphere.


Scheme 1 Synthesis of Group 2 M(PF6)2(L)n complexes using NOPF6, where M = Mg or Ca.
	Having previously reported the isolation of anhydrous Mg(PF6)2(CH3CN)6 through the reaction of Mg metal with NOPF6,8 preparation of the analogous Ca(PF6)2 salt was attempted by treating Ca filings with two equivalents of NOPF6 in dry CH3CN. We found, however, that the formation of Ca(PF6)2 was much more sensitive to oxidation than the Mg analogue, potential sources of oxygen including trace amounts of air and impurities such as CaO. Under inert atmosphere and using freshly distilled CH3CN, the reaction of Ca with NOPF6 afforded a yellow solution as well as a white precipitate, which could be removed by cannula filtration. Following filtration, the solution was reduced to dryness and the solid was redissolved in a minimum amount of dry CH3CN. X-ray analysis of colorless crystals grown from the saturated CH3CN solution identified the product as the coordination polymer 1, composed of repeating Ca(PO2F2)(PF6)(CH3CN)4 units, obtained in 58% yield (Figure 1). The monomer unit of 1 shows a tetrahedral PO2F2− anion, chelating the central Ca2+ ion through the oxygen atoms (O1-Ca and O2-Ca bond lengths, 2.600(5) and 2.816(6) Å), forming CaOPO four-membered rings. Four molecules of CH3CN occupying the remaining coordination sites on Ca2+ and with PF6− remaining ion-separated in the lattice. Both of the oxygen atoms of the PO2F2− anion act to bridge the Ca monomer units (in addition to chelating each Ca2+), resulting in a polymeric structure (bridging O1-Ca and O2-Ca bond lengths, 2.340(5) and 2.295(6) Å) and forming CaOCaO four-membered rings.
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Figure 1 Crystal structure of 1 showing several Ca(PO2F2)(CH3CN)4 repeat units. Protons and PF6− anions have been omitted for clarity (Ca, dark blue; C, grey; F, yellow; N, light blue; O, red; P, orange). 
	Solution-state 19F and 31P NMR spectra of 1 at room temperature are consistent with the presence of PO2F2−, a known PF6− hydrolysis product, and PF6− anions.11,12 The 19F NMR spectrum contains two doublets at δ = -86.7 (1JPF = 929.0 Hz) and -73.0 (1JPF = 706.4 Hz) ppm and the 31P NMR contains a quintet at δ = -22.2 ppm (1JPF = 933.3 Hz) and a heptet at δ = -144.6 ppm (1JPF = 706.3 Hz), in both cases corresponding to the PO2F2− and PF6− anions, respectively.
	In contrast to the relative stability of Mg(PF6)2(CH3CN)6, which is isolated under identical conditions to 1, the Ca analogue appears to favour the decomposition of PF6− anion. To eliminate the possibility that the Ca2+ ion was accelerating this conversion of PF6−, 15-crown-5 was added to the reaction with the purpose of limiting Ca-F interactions by occupying coordination sites on Ca2+.13 19F and 31P NMR spectra of the material obtained from the reaction of Ca with NOPF6 in the presence of 15-crown-5 are found to be free of any signals attributable to PO2F2−. X-ray analysis of crystals obtained by layering dry Et2O onto a concentrated CH3CN solution (46% yield) shows the structure of 2, having the formula [(Ca⊂15-crown-5)4(PF6)2(MeCN)2](PF6)6 (Figure 2). In this structure, the four Ca2+ ions in the cation are each capped on one ‘face’ by a 15-crown-5 ligand with the two PF6− anions bridging the four metal ions together using five of the six F-atoms. The PF6− anions exhibit two bonding modes, bonding with two Ca2+ via two κ2-interactions (F3/F5-Ca1 and F2/F6-Ca2 range, 2.312(2)-2.368(3) Å) and forming the macrocyclic arrangement via a further κ1-interaction (F4-Ca1, 2.283(2) Å). This situation represents an uncommon bonding mode of the PF6− anions, as well as a rare example of bridging PF6− ligands within a metal complex.14–18
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Figure 2 The cation of 2, showing unusual the bridging and chelating bonding modes of the PF6− anions in the [(Ca⊂15-crown-5)4(PF6)2(MeCN)2]6+ cation. Protons and ion separated PF6− anions have been omitted for clarity (Ca, dark blue; C, grey; F, yellow; N, light blue; O, red; P, orange).
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Figure 3 19F NMR (376 MHz, 298 K, CD3CN) spectroscopic analysis of Ca(PF6)2 hydrolysis in a) the absence of and b) in the presence of 2 equivalents of 15-crown-5 (bottom spectra: Ca(PF6)2 species freshly exposed to hydrous CH3CN; top spectra: sample after prolonged exposure to hydrous CD3CN). Note: Si species are likely generated through HF etching of the glassware.
	Solutions of 2 in wet ‘bench-top’ CH3CN and Et2O and/or under ambient atmosphere result in the formation of only minor amounts of PO2F2−, as determined by monitoring the 31P and 19F NMR spectra at various stages of the reaction (ESI Figure S6). In contrast, similar solutions of the reported Ca(PF6)2,7 not stabilised by a crown ether, result in significant PF6− hydrolysis to PO2F2− and PO3F2− over a 20 hour period (Figure 3a).12 Treatment of this Ca(PF6)2 species with two equivalents of 15-crown-5 significantly limits conversion of PF6− to PO2F2− over a 60 hour period in benchtop solvent, supporting the proposed role of the crown ether in hindering PF6− decomposition in our system (Figure 3b). 
	As the presence of the crown ether permitted the isolation of Ca(PF6)2 complex 2 under inert conditions and stabilized it toward hydrolysis, we were next interested in the extent to which the crown ether ligands influenced the stability of the complex with respect to other oxidation pathways. The reaction of NOPF6 (2 equiv.) with Ca metal in the presence of 15-crown-5 in CH3CN and exposed to moist air throughout the reaction period by way of a needle, produced a yellow solution along with a white solid. The 19F and 31P NMR spectra of the isolated yellow solution exhibited resonances attributable to both PO2F2− and PF6− anions (ESI Figures S9-S11). The same reactivity was observed for analogous reactions of NOPF6 and Ca in the presence of 18-crown-6. Colorless crystals of the 18-crown-6 product, 3, could be obtained in 15% yield by layering saturated CH3CN solutions of the crude solid residue with dry Et2O. Single crystal X-ray analysis of 3 shows a polymeric structure containing [(Ca⊂18-crown-6)(PO2F2)(PF6)] units bridged by κ1-interactions of the two O-atoms of the PO2F2− anions (O1-Ca and O2-Ca, 2.267(7) and 2.282(7) Å; Figure 4). 
[image: ]
Figure 4 Crystal structure of the PO2F2−-containing Ca⊂crown coordination polymer 3. Protons, ion separated PF6− anions, and disorder have been omitted for clarity (Ca, dark blue; C, grey; F, yellow; N, light blue; O, red; P, orange).
	Accordingly, we believe that PO2F2− does not result solely from the hydrolysis of PF6− but through oxidation by NO to produce 1 or NO2 (generated from NO and O2) to produce 3 (eq. 1).19–23 Furthermore, this oxidation may be aided by accessible sites on Ca2+ (as will be the case in the absence of an encapsulating crown ether ligand), resulting in CaF2 precipitation. This is supported by the inhibition of PO2F2− formation through the incorporation of multidentate crown ether ligands, allowing the isolation of compound 2.


[bookmark: _GoBack]	Solid-state NMR spectroscopic analysis of residues taken from oxidized reaction mixtures exhibits signals corresponding to CaF2 in the 19F domain (δ = -108 ppm, ESI Figures S15-S16), confirming the generation of calcium fluoride in these systems (eq. 1). Interestingly, a new species, 4, can be identified by in situ solution-state NMR spectroscopic measurements conducted during the oxidation of the 15-crown-5-containing mixtures (ESI Figure S17). Single crystal X-ray analysis conducted on crystals of 4 reveal a [(15-crown-5)3(Ca4F4)(PF6)]3+ cation, comprised of a central Ca4F4 cubane- type structure [core F-Ca bond length range, 2.247(2)-2.313(3) Å; core Ca-F-Ca and F-Ca-F bond angle ranges, 101.95(9)- 105.4(1)° and 73.23(8)-76.77(8)°, respectively] and three ion-separated PF6− anions (Figure 5a). The solution 19F NMR spectrum of isolated crystals of 4, obtained in 27% yield, redissolved in CD3CN exhibits a broad singlet at δ = -98.3 ppm and a quartet at δ = -106.6 ppm. 19F-19F COSY analysis (2JF-F = 17.4 Hz) confirms that these two signals are coupled and arise from the distinct 19F environments within the cationic cage (Figure 5b). From the 19F NMR spectroscopic data it is clear that this Ca4F4 cation is retained in solution. While transition metal fluoride cubanoid structures are known,24 this structure is not only  unprecedented for CaF species, but soluble molecular Group 2 fluorides are rare, generally.25
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Figure 5 Solid- and solution-state analysis of Ca4F4 cubanoid 4. a) Crystal structure of 4 with protons and ion separated PF6− anions omitted for clarity (Ca, dark blue; C, grey; F, yellow; N, light blue; O, red; P, orange). b) 19F NMR spectroscopic analysis of 4 showing the 2J F-F coupling.
In summary, we have reported the formation of Ca(PF6)2 complexes, potential battery electrolyte materials, and have investigated their reactivity in the presence of ambient atmosphere. These complexes are prepared using an efficient route that does not require extra drying steps or salt metathesis methods. Ca(PF6)2 is stabilised by crown ethers under the reaction conditions employed, limiting decomposition of the PF6− anion to PO2F2− or PO3F2−. Investigations of the selective oxidation of the PF6- anion suggest that the formation of the PO2F2− anion from the PF6- anion does not occur simply via hydrolysis or aerobic oxidation, but occurs in the reaction system itself and possibly involves NO or NO2. Our initial studies demonstrate the relative sensitivity of Ca(PF6)2 species compared to the Mg analogue. This reactivity is likely related to the lower charge density of Ca2+ and weaker solvent-cation interactions of the complex, which could permit Ca2+-PF6− ion pairing to accelerate the decomposition of the PF6− anion.  Accordingly, the possible involvement of Ca-PF6 interactions in the observed reactivity points towards the use of strong donor solvents in electrolyte solutions for the prevention of adventitious PF6− decomposition. In addition to the insight gained from studying the behaviour of these complexes, we have presented a number of compounds that are highly unusual both in terms of their bonding structure (1, 2, and 4) and their structures in the solid state (3). Furthermore, the in situ generation of molecular Ca fluoride complexes (exemplified by 4) presents the potential to form new, non-aqueous Alkaline Earth metal fluorinating agents.
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