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Introduction

As the world moves towards electromobility and a concomitant decarbonisation of its electricity supply, there is an urgent need to develop innovative, safe, and environmentally friendly rechargeable batteries. Currently, the electrode chemistries of existing Li-ion battery technologies involve transition-metal compounds, which lead to severe issues of cost and environmental concern regarding resource availability and recyclability. [1] Therefore, it is a great challenge to design new electroactive materials that exhibit lower impact on the environment by using, for instance, more abundant chemical elements in their design. [2] The implementation of organic electroactive materials (OEMs) is one possible alternative. [3,4] Considerable efforts have been oriented to the development of OEMs. Firstly, organic chemistry provides great opportunities for discovering innovative electrode materials offering a wide selection for battery applications. Secondly, such new materials can be prepared from abundant chemical elements and through eco-efficient processes. [2,[5][6][7] In recent years, a large number of organic compounds and polymers [8,9] have been considered as electrode materials displaying high charge/discharge potential, respectable specific capacities and good cycling stabilities, such as quinones, [10] amines [11] or carboxylates. [12] OEMs based on carboxylate functional groups directly attached to a delocalized backbone are attractive for negative organic electrodes due to their electrochemical activity for reversible storage of alkali metal ions (Li, Na or K) at low working potential, while simultaneously showing a low solubility in conventional liquid electrolytes. In 2009, Armand and co-workers were the first to report the reversible lithium uptake of such functional groups in the solid state through the dilithium terephthalate salt (Li2-TP), also referred to as dilithium benzenedicarboxylate Li2-BDC. [13] Unfortunately, carboxylate-based electrode materials are typically impeded by sluggish kinetics and large irreversible capacities noticed during the first cycle, the latter behavior usually ascribed to the formation of a solid electrolyte interphase, although not fully understood, as underlined in a recent review article on this topic. [12] Hence, the quest for advanced organic scaffolds bearing carboxylate functional groups is of interest to promote the efficiency of such electrode materials. Herein, we report on the synthesis and electrochemical performance of dilithium-2,1,3-benzothiadiazole-4,7dicarboxylate (Li2-DCBTZ) as new OEM, able to reversibly uptake two electrons through the electroactivity of the terephthalate backbone with better kinetics than the Li2-TP parent structure. Experimental investigation of the electrochemical lithiation mechanism using 7 Li MAS NMR and FT-IR spectroscopy, supported by theoretical calculations, confirm the reversibility of the lithiation process during discharge and charge. Supported by a series of DFT calculations, the improved electrochemical performance of Li2-DCBTZ compared to the parent Li2-TP can be explained by the thiadiazole fused ring that allows for a better delocalization of charge in the conjugated core and maintained aromaticity in the reduced state, together with an improved coordination of inserted Li ions through the O/N network.

Results and Discussion

Design strategy. In carboxylate-based electrode materials, the conjugated backbone and the formal redox-active groups cannot be considered separately to obtain good electrochemical performance. For instance, Fédèle et al. [14,15] have reported that the rate capability of some dicarboxylates is enhanced by an aromatic extension. Interesting features can also be underlined regarding the influence of heteroatoms in the core unit although only few examples have been reported so far. [12] For instance, during galvanostatic cycling of disodium pyridine-dicarboxylate (Na2-PDC) in Li-half cells, Wu et al. [16] observed a lower irreversible capacity in the first cycle but also a potential increase of almost 300 mV in comparison with Li2-TP. Such a behavior seems to be explained by considering a non-innocent participation of the nitrogen atom. Firstly, the higher electronegativity of N compared to C makes the reduction energetically more favorable, and, secondly, the coordination of N to Li facilitates the reduction, as also observed for quinones. [17,18] Later, the Balaya group [19] studied the sodium insertion ability in the same compound and proposed that the first sodiation occurs through bond formation with the nitrogen atom, while the second one proceeds through normal sodiation, as in Na2-BDC. Such findings inspired us to study dilithium benzothiadiazole-4,7dicarboxylate (Li2-DCBTZ) as electrode material, which can be considered at the molecular level as a combined (fused) system of the 2,1,3-benzothiadiazole motif (BTZ or BzNSN) and Li2-TP (Figure 1). Hence after electrochemical reduction by two electrons to Li4-DCBTZ, the charge distribution can be explained by two resonance structures, depicted in Figure 1. In the "through carboxylates" case, the negative charges are localized on the oxygen atoms of the former carboxylate groups, making the six-membered ring partly quinoid. In the "through heterocycle" resonance form, the negative charges are localized in the fivemembered ring and N-atoms therein, leaving the 6-membered ring aromatic. Our investigations show that both forms contribute and that the resonance hybrid structure, shown on the right, as a mixture between both models is the most appropriate description of the doubly reduced form Li4-DCBTZ.

Figure 1. The Li2-DCBTZ salt can be perceived as a hybrid structure between benzothiadiazol (BTZ) and dilithium terephthalate (Li2-TP). The 2-electron electrochemical reduction path could involve both the carboxylate functional groups as well as the heterocyclic ring, since fully delocalized systems are expected after reduction. The resulting topological structure is better described by the resonance hybrid.

To the best of our knowledge only two salts based on the DCBTZ 2-linker (also referred to as BTDC 2-) have been reported in the literature through the synthesis of metal-organic frameworks (MOFs) using Zn 2+ and Cd 2+ as counter cations. [20,21] In fact, several properties can be expected at this stage. First, the charge delocalization is facilitated in Li2-DCBTZ compared to Li2-TP due to the presence of the thiadiazole ring, which enlarges the delocalized core giving rise to potential benefits in terms of rate capability according to Fédèle et al. [14,15] Second, the two nitrogen atoms could play a crucial role in the overall electrochemical process based on a basic resonance diagram similar to Na2-PDC (SI, section 1). In fact, the BTZ motif is itself electroactive at low working potentials with a reversible one-electron electrochemical reaction giving rise to the BTZ •-radical anion. Note that the second reduction is reported to be instable [22,23] in solution, which does not argue in favor of the "through heterocycle" pathway (Figure 1). However, it has also been known for long that BTZ and related compounds exhibit extensive n-delocalization in the heterocyclic ring and quinoid character for the benzene ring. [24] The 4π electron ring system containing a hypervalent sulfur atom generates a more stable Kekulé-type thiadiazole upon accepting an electron. [25] Recently, BTZ derivatives have proven to be promising as negolyte in redox-flow cells in electrolytic media such as LiTFSI (1 M) in acetonitrile. [26,27] Chen et al. [28] reported the reversible one-electron lithiation of poly(5vinylbenzothiadiazole) in the solid state measured in Li half-cells. The latter exhibits a specific capacity of 140 mAh g -1 for an average operating voltage of 1.70 V vs. Li + /Li with 85% capacity retention after 500 cycles at 1 C-rate. Inspired by such properties, our aim was to assess how the redox-active heterocyclic ring could affect the electrochemical reactivity of the Li2-TP backbone through a better stabilization of the charge distributions within the s-p-n conjugation as well as the potential involvement of the nitrogen atoms.

Synthesis and characterizations of Li2-DCBTZ. 2,1,3-Benzothiadiazole (BTZ, 1) was obtained from the reaction of ophenylenediamine with thionyl chloride (SOCl2) in the presence of triethylamine (NEt3). [29] 1 was brominated to dibromo-BTZ 2 followed by nucleophilic substitution, which consisted of replacing bromide [30] by cyanide (CN) groups, to give dicyano-BTZ 3. [31] The hydrolysis of the CN groups allowed to obtain the dicarboxylic acid 4. [21] The last step of the synthesis consisted in the conversion of 4 to the organic salt 5 (Li2-DCBTZ) using lithium hydroxide in water under ambient atmosphere (Scheme 1). Hence the synthesis of the target material Li2-DCBTZ (5) was achieved through a green synthesis route, which consisted in neutralizing the two carboxylic acid functional groups of 2,1,3benzothiadiazole-4,7-dicarboxylic acid (4) with lithium hydroxide in water under ambient atmosphere. More information can be found in the SI section. The resulting brown powder of 5 was characterized by several techniques including 1 H and 13 C NMR spectroscopy (Figures S1-S4) and FT-IR measurements (Figures S5), which revealed that a hydrated form of 5 was obtained. Thermal gravimetric (TG) and differential scanning calorimetric (DSC) analyses (Figure 2a) under argon show a first series of weight loss of ~10.2% occurring between 100 °C and 260 °C, associated with an endothermic phenomenon. This corresponds to a dehydration process of the compound, which was unambiguously confirmed by the water molecules detected by MS, giving rise to the chemical formula Li2-DCBTZ•1.5 H2O for the isolated compound 5. The second series of weight losses starting at 460 °C involves the thermal decomposition of the compound. Note that compound 5 also exhibits good thermal stability up to ca. 300 °C even under air (Figure S6), which is an interesting asset in terms of safety in rechargeable batteries. The thermal properties upon heating of 5 were further studied by temperature-resolved X-ray powder diffraction (TRXRPD) collected from 30 °C to 500 °C under N2 at 0.2 °C s -1 (Figure 2b). First, the recorded data show that Li2-DCBTZ•1.5 H2O is a well crystallized compound, stable until 120 °C. Beyond this value, the hydrated phase undergoes an amorphization step, likely giving rise to the corresponding anhydrous Li2-DCBTZ compound. To isolate this amorphous phase in sufficient quantity, 120 mg of the pristine salt were gently annealed at 200 °C during 24 h. The recovered annealed sample, which had lost 10% in weight as expected (dehydration process), was then further characterized by several techniques. The FT-IR spectrum (Figure 3a) confirmed the disappearance of the O-H vibration bands compared to the hydrated sample initially located within the 3000-3700 cm -1 range as well as the bands at 1556 cm -1 and ca. 625 cm -1 , potentially assigned to d(HOH) and the wagging modes of water molecules (g(w)) [32] without change in the other typical vibration bands. Note that similarities can be noticed with the spectrum of [Zn2(DCBTZ)2]•1.5DMF, [21] especially the two bands at ca. 1400 cm -1 and 1300 cm -1 . Therefore, DFT calculations were performed to allow assigning the IR vibrational bands, as annotated in the spectrum in Figure 3a (further detailed in the SI). 5DMF [21] , (**) signal assigned to the wagging modes of water molecules (g(w)) [32] . The TG measurements were performed under an argon flow at a heating rate of 5 °C•min -1 . CB = Combination bands; fund. = Fundamental.

Finally, the annealed sample exhibited a similar thermal behavior beyond 300 °C (Figure 3b) compared to the TG trace obtained with the pristine hydrated phase (Li2-DCBTZ•1.5 H2O). 1 H/ 13 C liquid NMR spectroscopic measurements together with HR-MS and inductively coupled plasma atomic emission spectroscopy (ICP-AES) analytical data (see the SI) confirmed successful synthesis of pure anhydrous Li2-DCBTZ after annealing of 5 at 200 °C.

Electrochemical reactivity of Li2-DCBTZ vs. Li. The electrochemical behavior of Li2-DCBTZ was evaluated vs. Li in galvanostatic cycling mode by scanning different depths of discharge, since the compound contains different potential redoxactive centers as explained above. Figure 4 shows the most relevant data by considering successively 1.4 V, 1.2 V, 0.8 V, and 0.5 V vs. Li + /Li as the cut-off potential values in reduction and a cycling rate of 1 e -/1 Li + exchanged per Li2-DCBTZ in 5 h (1 Li + /5 h). Stable electrochemical features were obtained within the 2.5-1.2 V potential range, which formally corresponds to a reversible insertion of two Li + ions maximum per formula unit (Qtheo.

(2 e -) = 227 mAh g -1 ). Beyond, poor performance was noticed including a rapid capacity fading together with higher polarization values, the latter being most expressed within the 2.5-0.5 V potential range suggesting an irreversible degradation of the electrode. The potential-composition (E-x) traces within the 2.5-1.2 V potential range (Figure 4a, black and green curves) show sloping curves without obvious plateaus. A limited irreversible capacity at the 1 st cycle (Dxirr. » 25%) is also noticed compared to large values typically reported in the literature for OEMs based on carboxylate functional groups except (at least) for cycling data concerning the Na2-PDC electrode material, for which the nitrogen atom seems non-innocent. [16] Figure S7 shows similar cycling plots to better grasp such electrochemical similarities between Li2-DCBTZ and Na2-PDC, respectively, when tested vs. Li in similar experimental conditions. With an average operating potential of 1.85 V vs. Li + /Li, the Li2-DCBTZ/Li4-DCBTZ system is positively shifted compared to the Na2-PDC/Na2(Li2)-PDC pyridine-based system (<E> = 1.3 V vs.

Li + /Li); for comparison <E> = 0.9 V vs. Li + /Li for the Li2-TP/Li4-TP system. [13] The reason of such a potential increase might be related to the high electron affinity of the BTZ core (electronwithdrawing property of the thiadiazole) compared to the simple phenyl ring in Li2-TP, and/or the electrochemical lithiation proceeds through reduction at N centers rather than carboxylate functions as conceptually underlined in Figure 1. This point will be further discussed later.

Rate capability experiments were also performed to assess the potential benefit of the conjugated BTZ moiety following data reported by Fédèle et al., [14,15] which show that the π-extension of the core unit separating the two redox-active carboxylate groups improves electrode kinetics. Preliminary tests revealed that the carbon black content could easily be reduced to 20 wt% while keeping all other parameters unchanged for the preparation of the composite electrode despite the basic approach used. In other words, no optimization attempts were made to improve the electronic percolation. Figure 5 shows the resulting data achieved through galvanostatic cycling series performed at various rates ranging from 1 Li + /10 h to 1 Li + /1 h repeated 4 times within the 2.5-1.2 V potential window. The corresponding C-rates were C/20, C/10, C/5, and C/2, respectively, assuming a theoretical 2electron reversible electrode reaction for Li2-DCBTZ. The first cycling series confirms that Li2-DCBTZ can sustain a capacity of ca. 190 mAh g -1 at 1 Li + /10 h (C/20), as previously observed for the electrodes containing 33 wt% of conductive carbon (Figure 4), but also ca. 170 mAh g -1 at 1 Li + /5 h (C/10), ca. 150 mAh g -1 at 1 Li + /2.5 h (C/5), and ca. 130 mAh g -1 at 1 Li + /1 h (C/2) with good Coulombic efficiency. However, a slow but continuous capacity decrease was observed by repeating this electrochemical capability test estimated to ca. 8% after each series. This behavior could be attributed to a degradation of the material due to the application of high current rates. Such interesting electrochemical properties for an OEM based on redox-active carboxylate functional groups prompted us to extend this study, since the involved electrode reaction was still ambiguous towards the potential reactivity of the N centers (Figure 1), in order to clarify the charge/discharge mechanism.

Experimental investigation of the electrochemical lithiation mechanism. Ex situ analyses were performed on Li2-DCBTZbased composite electrodes by both 7 Li MAS NMR and FT-IR spectroscopy at different states of discharge and charge during the first cycle within the 2.5-1.2 V potential range. The integrated intensity of the acquired MAS NMR signal is directly proportional to the amount of Li in the sample. We previously developed this technique for studying electrode materials in Li batteries, [33] as recently demonstrated with magnesium (2,5-dilithium-oxy)terephthalate. [6] As long recycle times are necessary in order to avoid saturation of the NMR signal as well as to ensure quantitative results (see the SI section), only three representative points were selected for this study: the starting open circuit voltage (OCV), after reduction to 1.2 V vs. Li + /Li, and finally after recharge up to 2.5 V vs. Li + /Li. Figure 6a shows the corresponding selected (colored) potential values on a representative galvanostatic cycling curve, Figure 6b the respective 7 Li MAS NMR spectra. After discharge and reduction of Li2-DCBTZ, the 7 Li MAS NMR signal was increased, leading to an integrated intensity almost doubled compared to the pristine electrode. As the integrated intensity for Li in the pristine Li2-DCBTZ electrode (OCV) can be normalized to 2, this corresponds to a change to 4 Li atoms per DCBTZ in the discharged sample. After one full discharge/charge cycle, the integrated intensity value was again reduced and found at ca. 2.4. This excess (beyond 2) is well aligned with the coulometric measurements, which indicated an irreversible capacity of ca. 0.5 Li (Figure 6a). Therefore, it is confirmed that a reversible electrochemical insertion/deinsertion process of Li occurs in the solid state with Li2-DCBTZ, leading to Li4-DCBTZ upon discharge.

The reversibility of the electrode reaction was further investigated by ex situ FT-IR analyses. This technique can probe the evolution of organic functional groups in a sample through the stretching mode analysis. Following the seminal study on Li2-TP, [13] several papers have reported relevant IR data to gain insight into the structural evolution at the molecular level of OEMs based on carboxylate functional groups. [34][35][36][37][38] Figure 6c shows an overlay of eight collected FT-IR spectra covering the selected potential points for the first cycle, indicated in Figure 6a. The spectrum recorded in the OCV state matches that after a full discharge/charge cycle at 2.5 V, which confirms the reversibility of the electrochemical process in the solid state. During reduction (discharge), a progressive disappearance of the vibrational bands located at 1600 and 1320 cm -1 can be observed, followed by their complete restauration after oxidation until 2.5 V vs. Li + /Li. In addition, the emergence of a new band located at ca. 1280 cm -1 is noticed that disappears at the subsequent oxidation. To better understand this behavior, anharmonic IR simulations were carried out to assign these bands, as detailed in the SI. The band at 1280 cm -1 can be assigned to an overtone (1278 cm -1 ) in which the four Li atoms in the reduced state Li4-DCBTZ are involved. These IR spectroscopic results supported by calculations seem to indicate that the carboxylate functions are involved in the reversible electrochemical lithiation process, and that the sole double lithiation of the thiadiazole ring proposed in Figure 1, named "through heterocycle", is not favored. Similarly, Yamashita and co-workers [40] have reported electrochemical data measured in non-aqueous solution (dissolved state) of tetracyanoquinodimethane (TCNQ) derivatives, which showed that the reversible electrochemical two-electron reaction of TCNQ was still maintained for a TCNQ derivative fused with a thiadiazole ring. We next performed a series of density functional theory (DFT) calculations to better analyze the electron density at the molecular level to complete this study.

Theoretical investigation of the lithiation mechanism of Li2-DCBTZ.

DFT calculations were performed to analyze the redox properties of Li2-DCBTZ compared to Li2-TP and BTZ for different Li contents. Bond lengths analyses (structures calculated using the PBEh-3c-D3 [41][42][43][44][45] functional including the COSMO [46] solvent model) showed that the electronic structure of Li2-DCBTZ is best represented by the valence structure shown in Figure 7a, left (bond lengths are shown in Figure 7b). The lithium cations are not only bound to the oxygen atoms of the carboxylate groups, but also coordinated by the nitrogen atoms of the BTZ core. This result is in agreement with crystallographic data reported by Hou, Ding and co-workers for the DCBTZ-based MOFs using Zn 2+ and Cd 2+ as counter cations. [20,21] For the reduced form Li4-DCBTZ, the bond lengths (Figure 7b, middle) point to the valence structure shown in Figure 7a, middle. Hence the reduction mechanism shown in Figure 1 named "through carboxylates" seems to be most appropriate. The six-membered ring assumes a quinoid structure, similar to Li4-TP (see bond lengths in Figure 7b, right), and the carboxylate groups are best represented as enolate functions with two negatively charged oxygen atoms each. Two of the Li ions are coordinated not only by oxygen, but also by the nitrogen atoms of the fused thiadiazole core. Nucleus-independent chemical shift (NICS) [47] calculations (B3LYP/6-31G(d) [48,49] level of theory) provided insight into the (anti)aromaticity of the participating species (Figure 7a). A negative NICS value is indicative of a diatropic ring current and aromatic character, while a positive NICS value shows antiaromaticity with a paratropic ring current. Both the six-and the five-membered rings of the BTZ core are aromatic in Li2-DCBTZ, as the NICS values of -7.9 and -14.9, respectively, show. The electron density (calculated at the PW6B95/def2-QZVPP [50,51] level of theory with the COSMO solvent model) is localized on the dicarboxyterephthalate part of the molecule, while the thiadiazole part is electron-deficient (Figure 7c, left). In the doubly reduced form Li4-DCBTZ the situation is quite different. From the calculated bond lengths and the NICS values, the dicarboxyterephthalate part takes on a partially quinoid structure with no remaining aromaticity (NICS -0.2), while the thiadiazole ring retains some of its aromatic character with a NICS value of -4.1. The electron density in the doubly reduced form is equally distributed over the BTZ core as well as the two carboxy groups (Figure 7c, right). This, as well as the additional coordination of two of the lithium cations by the BTZ nitrogen atoms, leads to a stabilization of Li4-DCBTZ compared to Li4-TP and explains the observed enhanced electrochemical activity. Indeed, while the NICS(0) value of Li2-TP with -9.3 is similar to that of the sixmembered ring of Li2-DCBTZ and shows an aromatic core, the NICS(0) of the reduced form Li4-TP takes on a positive value of +8.6. This indicates an antiaromatic character for Li4-TP, as expressed by the valence form shown in Figure 7a on the very right, and should lead to a strong destabilization. This makes the reduction of Li2-TP to Li4-TP more energy-demanding and explains the lower reduction potential compared to Li2-DCBTZ. Further comparison shows that the CC-bonds to the carboxylate groups are longer (1.437 Å) in Li4-DCBTZ than in Li4-TP (1.402 Å) (Figure 7b), which indicates that the valence form shown in Figure 1 bottom (named "through heterocycle") pays some contribution in Li4-DCBTZ, in which the negative charges are partially delocalized over the BTZ core. Hence, while overall the reduction mechanism proceeds mostly in the "through carboxylates" mode (see Figure 1), the BTZ core stabilizes the reduced state and thereby significantly contributes to the redox activity of Li2-DCBTZ. We next performed a topological analysis to better understand the bonding character around the Li ions in the reduced Li4-DCBTZ. The electron localization function (ELF, see SI for computational details) density plot is shown in Figure 8. The dominance of redcolored areas demonstrates the strong covalent bonding character of the DCBTZ backbone. The lone pairs of the four oxygen atoms and the sulfur atoms are also well localized. Furthermore, the highly-localized electron density centered on the Li atoms is also well simulated. Regarding the question whether the "through heterocycle" or "through carboxylates" from Figure 1 better describes the reduced form Li4-DCBTZ, the ELF density map shows that the blue density region between Li-N is shorter than between the Li-O atoms, which indicates a slightly stronger bond between Li-N than Li-O. In order to better characterize both bonds, bond analyses were carried out using natural atomic orbital (NAO) charges, Wiberg bond (WBI) and intrinsic bond strength indices (IBSI, Table 1). The O and N atoms bear an approximate NAO charge of -1, whereas Li is close to the +1 charged state. Concerning the bond indicators, the WBI of the Li-N bond is almost 50% larger than that of the Li-O bond. However, this result has to be taken with caution since the nuclei are different (N vs. O) and the indices very small (<0.1). Furthermore, the IBSIs are 0.22 and 0.25 for Li-N and Li-O, respectively. Consequently, bond indices and NAO charges indicate that both the Li-N and Li-O bonds possess a highly ionic character, and it is very challenging to distinguish to which one the Li ions are preferentially bound. 

Conclusion

In conclusion, we herein present a new design concept to promote the electrochemical activity of conjugated dicarboxylates as organic electrode materials for batteries. Merging the structure of dilithium terephthalate (Li2-TP) with a thiadiazole heterocycle furnished Li2-DCBTZ, which showed reversible uptake of two lithium ions associated with a twofold reduction at an average operation potential of 1.85 V vs. Li + /Li and a capacity of up to 190 mAh g -1 . The reversibility of the double lithiation process was confirmed by 7 Li MAS NMR and FT-IR spectroscopy, supported by theoretical calculations. Compared to Li2-TP, the kinetics of this process were significantly improved. Through a series of DFT calculations, we could demonstrate that the improved electrochemical performance of Li2-DCBTZ compared to the parent Li2-TP can be explained by the fused thiadiazole ring that allows for a better delocalization of charge in the conjugated core and a maintained aromaticity in the reduced state, together with an improved coordination of inserted Li ions through the O/N network. We propose this design strategy as an efficient way to alter and in some aspects improve the electrochemical activity of conjugated carboxylates as next-generation organic electrode materials for batteries.

Experimental Section

Materials and methods

Chemicals were purchased from the following suppliers: 2,1,3-Benzothiadiazole (Sigma Aldrich, ≥ 98.0%); thionyl chloride, SOCl2 (Fisher, ≥ 99.5%); diaminomaleonitrile (Fisher, ≥ 98.0%); bromine, Br2 (Sigma Aldrich, ≥ 99.5%); hydrobromic acid, HBr (Sigma Aldrich, 47%); copper(I) cyanide, CuCN (Fisher, ≥ 99.0%); N,N-dimethylformamide anhydrous. DMF (Fisher, ≥ 99.0%); acetonitrile anhydrous, MeCN (Fisher, ≥ 99.0%); sodium hydroxide, NaOH (Sigma Aldrich, ≥ 97.0%); lithium hydroxide monohydrate, LiOH×H2O (Sigma Aldrich, ≥ 98.0%). The common "LP30" battery grade electrolyte (i.e., LiPF6 1 M in EC:DMC 1:1 vol./vol.) was directly employed as received from Novolyte. Fourier-transform infrared (FT-IR) spectra were recorded on a FT-IR Vertex 70 (Bruker), and pellets were prepared by mixing the synthesized materials with spectroscopic-grade potassium bromide at 1 % (w/w). Synthetic procedures

) was synthesized using a modified literature procedure. [30] A solution of Br2 (7.0 mL, 65.1 mmol, 1.5 eq.) in HBr (47%, 50 mL) was added dropwise to 1 (6.0 g, 43.3 mmol) in HBr (47%, 50 mL) and the mixture was heated under reflux for 16 h.

After cooling to rt it was treated with aq. sat. Na2SO3, the precipitate was filtered off and washed with water. The residue was dissolved in CHCl3 and washed with more water. The organic layer was dried over Na2SO4 and the solvent was removed in vacuo to yield 2 (10.7 g, 36.4 mmol, 84%) as yellow needles. 2,5-Dicyano-benzothiadiazole (3) was synthesized using a modified literature procedure. [31] Compound 2 (3.0 g, 10.2 mmol) and CuCN (1.83 g, 20.4 mmol, 2.0 eq.) were suspended in DMF (30 mL) and heated under reflux for 18 h under inert conditions. The reaction mixture was filtered over a short pad of SiO2 and added to H2O (30 mL) and toluene (30 mL). It was extracted with toluene (3×50 mL), dried over MgSO4 and the solvent was removed to obtain 3 (1.57 g, 8.4 mmol, 82%) as an orange solid. 2,1,3-Benzothiadiazole-4,7-dicarboxylic acid (4) was synthesized using a modified literature procedure. [21] 3 (1.5 g, 8.06 mmol) was stirred in aq. NaOH (25%) at 100 °C for 2 h. The mixture was poured into H2O (800 mL) and the pH adjusted to 2 using conc. HCl. The precipitate was filtered, washed with H2O and EtOH (2 × 20 mL) and dried under high vacuum.

The product 4 (1.53 g,6.85 mmol, 85%) was isolated as a brown solid. 

Electrochemical investigations

Electrochemical investigations were performed in Swagelok Ò -type laboratory cells using a Li metal disc as the negative electrode and two fiberglass separators soaked with LiPF6 1 M in ethylene carbonate/dimethyl carbonate (EC/DMC; 1:1 vol./vol.) as the electrolyte (V » 600 µL). The composite positive electrode was prepared without binder in an argon-filled glovebox by grinding the Li2-DCBTZ powder and carbon black (C-NERGY SUPER C65, IMERYS) using a mortar and pestle; the carbon content of the final composite electrode was 20% in mass unless otherwise noted. The electrochemical measurements were performed using an MPG system (Bio-Logic S.A., Seyssinet-Pariset, France).

Ex situ 7 Li MAS-NMR and FT-IR investigations

The 7 Li MAS-NMR spectra were acquired on a Bruker Avance 200 spectrometer (B0 = 4.7 T) using R.F. pulses at Larmor frequencies of 194.0 MHz at a spinning rate of 25 kHz with a 90° pulse length of 1.4 ms. The studied samples were packed in 2.5 mm diameter zirconia rotors. The integrated intensity for each sample was analyzed using the MestReNova software. Fourier-transform infrared (FT-IR) spectroscopy measurements were recorded on a FT-IR Vertex 70 (Bruker), and pellets were prepared by mixing the synthesized materials with spectroscopic-grade potassium bromide at 1% (w/w). Sample preparation for ex situ 7 Li MAS-NMR and FT-IR measurements: The positive composite electrode was prepared by mixing a powder of Li2-DCBTZ (80 wt%) with carbon black (20 wt%) (C-NERGY SUPER C65, IMERYS) and cycled in galvanostatic mode in Swagelok Ò -type laboratory cells vs. Li at a typical rate of one lithium ion exchanged per mol of Li2-DCBTZ in 5 h. Then, the positive electrode was collected after cell disassembly in a glove box and rinsed repeatedly with DMC and finally dried under vacuum at 60 °C overnight in a glass oven (Büchi B-585 glass oven Kugelrohr-drying model) placed inside the glove box. The as-obtained dried samples (pristine and cycled electrodes) were then analyzed by 7 Li MAS-NMR and FT-IR spectroscopies. bending calculated at 1401 cm -1 . Combination bands involving (mainly) the rings and N-S-N are also present around this fundamental band. The band around 1315 cm -1 is more intricate to unambiguously assign since numerous vibrational signatures are present with a non-negligible intensity. It might correspond to the combination of the fundamental band of the Ph-CC bending and C-H rocking, and the combination bands between CH wagging and the global torsion of the molecule together with some CO2 wagging.

NMR spectra

Anharmonic IR simulations were carried out to assign the experimental bands shown in Figure 6c. According to the simulations, the band at 1280 cm -1 appearing upon reduction is assigned to an overtone (1278 cm -1 ) in which the four Li are involved with an in-phase motion together with a combination band (1280 cm -1 ) between a torsion of the CO2 moiety with the phenyl ring. The presence of four Li atoms results in an overtone at 1278 cm -1 giving rise to a Fermi resonance with the combination band at 1280 cm -1 which enhances its intensity. The observed decrease in intensity of the band at 1600 cm -1 might be explained by the decreased intensity of the computed CH motions localized in this region. Hence, the dipole strength is divided by a factor of two when going from Li2-to Li4-DCBTZ. It must be pointed out that a combination band involving the four lithium and the oxygen atoms clearly indicates that the charge and discharge processes impacts the vibrational signature. In the 1440-1500 cm -1 energy range, there are few simulated vibrational signatures for Li2-DCBTZ whereas there are numerous in the case of Li4-DCBTZ, some with a reasonable dipole strength. It fully explains the increase in IR intensity observed in this region. Finally, the decrease in intensity of the band around 1300 cm -1 is also present in our simulations. Despite a non-negligible number of transitions for Li4-DCBTZ, the associated dipole strengths are one order of magnitude lower than for Li2-DCBTZ. The later result fully explains the evolutions in the IR spectra during charge/discharge processes.

Electrostatic potential maps

Based on the optimized geometries single point calculations were performed for further structural analyses on PW6B95/def2-QZVPP level of theory, [34,35] applying the RI approximation and D3-BJ correction (using TURBOMOLE). The COSMO solvation model with acetonitrile (polarity comparable to the employed battery electrolyte) was used, and the total electrostatic potential (tp) as well as the total electron density (td) were generated. They were visualized as electrostatic potential maps by plotting the electrostatic potential onto the electron density using gOpenMol. [36] The map indicates how the electron density is distributed in the molecule.

Attractive potential (and therefore low electron density) is indicated by red color, blue indicates where high electron density is located. The colors do not display absolute values of any physical parameter.

6.4 Nucleus-independent chemical shift (NICS(0) iso ) values

Nucleus independent chemical shift (NICS) [37] values were calculated at the B3LYP/6-31G(d) [38,39] level of theory using the GIAO [40] (Gauge Including Atomic Orbitals) method with GAUSSIAN g16.C.01. For the NICS(0)iso calculations the geometries were optimized using PBEh-3c and COSMO in acetonitrile. Dummy atoms (Bq) were generated in the ring planes and placed in the center of the five-and six-membered rings using AVOGADRO. Negative NICS values indicate a diatropic ring current (associated with an aromatic character) while positive NICS values indicate a paratropic ring current (associated with antiaromatic character). 

Cartesian coordinates of calculated structures

Scheme 1 .

 1 Scheme 1. Synthesis of dilithium-2,1,3-benzothiadiazole-4,7-dicarboxylate 5 (Li2-DCBTZ).

Figure 2 .

 2 Figure 2. a) Thermogravimetric (TG) and differential scanning calorimetry (DSC) traces of 5 obtained under argon at a heating rate of 5 °C min -1 combined with mass spectrometry (MS) measurements (m/z 18 is ascribed to H2O and 44 to CO2). b) TRXRPD patterns collected under nitrogen flow from 30 to 250 °C. After an isotherm at 250 °C for 16 h the sample was cooled down to 30 °C (* corresponds to the diffraction peak of the sample holder made of Al2O3).

Figure 3 .

 3 Figure 3. Overlaid FT-IR spectra (a) and TG traces (b) of as-prepared Li2-DCBTZ•1.5 H2O (black) and after its dehydration (blue); (*) signal of typical pdisubstituted benzene rings (C-H wagging) at 830-810 cm -1 also reported for [Zn2(DCBTZ)2]•1.5DMF[21] , (**) signal assigned to the wagging modes of water molecules (g(w))[32] . The TG measurements were performed under an argon flow at a heating rate of 5 °C•min -1 . CB = Combination bands; fund. = Fundamental.

Figure 4 .

 4 Figure 4. a) Potential-composition curves (first 5 cycles) of Li half-cells using Li2-DCBTZ as the active electrode material (67 wt%) mixed with 33 wt% of C-NERGY SUPER C65 (no binder) and galvanostatically cycled at a rate of 1 Li + /5 h (I » 22.5 mA per g of Li2-DCBTZ) in EC/DMC (1:1) with 1 M LiPF6 for different depths of discharge. Note that the light green circle indicates the starting open circuit potential (EI=0 » 3 V vs. Li + /Li). b) Corresponding capacity retention (pdischarge/qcharge) curves recorded until 30 cycles.

Figure 5 .

 5 Figure 5. Rate capability testing. Specific capacity and Coulombic efficiency traces vs. cycle number for a Li half-cell using Li2-DCBTZ as the active electrode material (80 wt%) mixed with 20 wt% of C-NERGY SUPER C65 (no binder) and galvanostatically cycled at different rates (C/20, C/10, C/5 and C/2) repeated 4 times using EC/DMC (1:1) with 1 M LiPF6 as the electrolyte.

Figure 6 .

 6 Figure 6. a) Representative potential-composition curve of a Li//Li2-DCBTZ cell showing the selected potential values for the ex situ analyses. Corresponding ex situ 7 Li MAS-NMR (b) and FT-IR (c) spectra.

Figure 7 .

 7 Figure 7. a) Structures of Li2-DCBTZ, Li4-BTDC and Li4-TP with NICS(0)iso values. b) Calculated structures of Li2-DCBTZ, Li4-BTDC and Li4-TP with bond lengths and c) electrostatic potential maps of Li2-DCBTZ and Li4-BTDC.

Figure 8 .

 8 Figure 8. ELF (electron localization function) density heatmap plot of Li4-DCBTZ. Red color indicates strongly localized electrons (lone pair, covalent bond) and blue color the opposite. Atoms are labeled in yellow.

Liquid 1 H

 1 and 13 C NMR spectra were recorded on Bruker AVANCE III at 400 MHz and 100 MHz, respectively. Chemical shifts (δ) are given in ppm relative to TMS. NMR solvents were purchased from Eurisotop Company (purity higher than 99.5%). High-resolution mass spectrometry (HR-MS) was recorded on a XEVO G2-XS QTOF (Waters) operating on ES+, ASAP+, ASAP-. The sample was solubilized in water and the analysis was performed in methanol/water/NH3 (50/50/0.1 vol%). Annealing of Li2-DCBTZ was performed in a Büchi B-585 glass oven (Kugelrohr drying model) which was placed inside a glove box. The Li content was precisely determined by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) using an iCAP 6300 radial analyzer (Thermo Scientific). A mono-element solution of Li (1000 ppm, CHEMLAB) was used for the calibration. The thermogravimetric-differential scanning calorimetry (TG-DSC) analyses were performed with a SENSYS evo (Setaram) whereas thermal analyses coupled with mass spectrometry (MS) were performed with a STA449F3 Jupiter and QMS403C Aëolos instruments (NETZSCH) at a heating rate of 5 °C min -1 up to 800°C under Ar or air. Temperature-resolved X-ray powder diffraction (TRXRPD) patterns collected with a Bruker D8 Advance powder diffractometer equipped with an Anton Parr XRK900 high temperature chamber. Data were collected in the Bragg-Brentano geometry with a Cu-anode X-ray source operated at 40 kV and 40 mA. The Cu-Kb radiation was filtered by means of a Ni foil. The experiments were carried out under nitrogen flow in the 5-40° 2q range with a step of 0.008°, an acquisition time of 0.97 s per step (heating rate of 0.1 °C×s -1 from 30 to 250 °C).

  1 H NMR (300 MHz, CDCl3): δ = 8.14 (s, 2H; Ar-H);13 C NMR (100 MHz, CDCl3): δ = 152.5 (C=N), 134.5 (C _ H), 113.9 (C _ CN), 110.8 (CN); HRMS (ASAP -): m/z calcd for C8H2N4S -:186.0005 [M] -; found: 186.0000.

Dilithium- 2 , 1 , 3 -

 213 benzothiadiazole-4,7-dicarboxylate (Li2-DCBTZ, 5). To a suspension of acid monohydrate 4 (318.0 mg, 1.31 mmol) in ultra-pure H2O (10 mL) was added LiOH•H2O (107.2 mg, 2.55 mmol, 1.95 eq.). After stirring at rt for 18 h excess acid was removed by filtration and the solvent was removed under reduced pressure. The obtained brown solid was washed with EtOH (2 × 5 mL) and dried to afford 5 (276.1 mg, 1.17 mmol, 82%). The sample was then annealed inside a glove box. 1 H NMR (300 MHz, D2O): δ = 7.98 (s, 2H, Ar-H); 13 C NMR (100 MHz, D2O): δ = 173.3 (CO), 152.2 (C=N), 131.9 (C _ H), 129.1 (C _ CO); ICP-AES: calcd (%) for C8H2 6 Li 7 LiN2O4S: Li 5.54, found: Li 5.54; HRMS (ES + ): m/z calcd for C8H2 6 Li 7 LiN2O4S + : 235.0042 [M] + , found 235.0116.

Figure S1. a) 1

 1 Figure S1. a) 1 H liquid NMR spectrum of the as-prepared 2 measured in CDCl3. b) 13 C liquid NMR spectrum of 2 measured in CDCl3.

FigureFigure S6 .

 S6 Figure S2. a) 1 H liquid NMR spectrum of the as-prepared 3 measured in CDCl3. b) 13 C liquid NMR spectrum of 3 measured in CDCl3.

  

  

  

  

  

  

Table 1 .

 1 Computed NAO charges and bond indicators (Wiberg and IBSI).

	Atom	NAO charge	WBI	IBSI
	Li	0.93	-	-
	N	-0.91	-	-
	O	-1.05	-	-
	Li-N	-	0.07	0.22
	Li-O	-	0.05	0.25

Table S2 :

 S2 Coordinates of Li2-TP (PBEh-3c with COSMO).

		x	y	z
	C	-0.445317	0.9986143 -0.0943202
	C -1.0764125 -0.2342987 -0.0762983
	C -0.3281726 -1.4086371 -0.0653684
	C	1.0619845 -1.3288347 -0.0727863
	C	1.6931056 -0.0958778 -0.0905173
	C	0.9448499	1.0784448 -0.1015013
	C	1.6278603	2.4133216 -0.1207125
	C -1.0117299 -2.7432272 -0.0459383
	O 2.8826418	2.4552242 -0.1254213
	O 0.9274718	3.4551615 -0.1313248
	O -0.3120113 -3.7855931	-0.03581
	O -2.2664784 -2.7842792 -0.0402883
	Li -2.0043997 -4.6811884 -0.0176093
	Li 2.6191538	4.3520222 -0.1466001
	H -1.0348589 1.9054665 -0.1027702
	H -2.1568491 -0.2865096 -0.0706716
	H 1.6515418 -2.2356845 -0.0645627
	H	2.77355	-0.043685 -0.0958792

Table S3 :

 S3 Coordinates of Li4-TP (PBEh-3c with COSMO).

		x	y	z
	C -0.8197362 1.1643541	-0.118755
	C -1.4310227 -0.0332191 -0.1175676
	C -0.6857195 -1.2847478 -0.0004044
	C	0.6849281	-1.119431	0.4751433
	C	1.301509	0.0887492	0.4744245
	C	0.6310283	1.2952376 -0.0021858
	C	1.2951359	2.5230493 -0.1316584
	C -1.2911313 -2.5428539 -0.1268411
	O 2.6278998	2.5209554 -0.1760075
	O 0.7185598	3.6562238 -0.2905914
	O -0.5082339 -3.6214778 -0.1703623
	O -2.5473291 -2.7402201 -0.2839885
	Li 0.6437646 -2.6597849 -1.200022
	Li	2.525514	1.0200493 -1.1995683
	Li 2.4155015	4.3623671 -0.4334838
	Li -2.1252907 -4.5296018 -0.4216178
	H -1.4095724 2.0712226 -0.1964242
	H -2.5115194 -0.0876224 -0.1942144
	H 1.1939991 -1.9536989 0.9556413
	H 2.2757552	0.1663092	0.9550235

Table S4 :

 S4 Coordinates of Li2-DCBTZ (PBEh-3c with COSMO).

		x	y	z
	C	-1.891096 -0.6892879 0.1433128
	C -1.7685693 0.7241702	0.0901876
	C -0.5741798 1.3686357 -0.0514803
	C	0.5719375	0.5249329 -0.1464101
	C	0.4470122 -0.9134804 -0.0947468
	C -0.8263686 -1.5381889 0.0558755
	N 1.8381304	0.9072687 -0.2878344
	S	2.7776734 -0.3995835 -0.3511674
	N 1.6273977	-1.517219 -0.2020323
	C -1.0486393 -3.0437575 0.1226134
	C -0.5339258 2.8907136 -0.0993626
	O -0.0232055 -3.7736336 0.0314377
	O -2.2039685 -3.4306152 0.2597839
	Li 1.7042931 -3.5226751 -0.1653765
	O -1.6064477 3.4790445 -0.0164491
	O 0.6029028	3.4250157 -0.2207055
	Li 2.2620007	2.867595	-0.369909
	H -2.8795784 -1.1127735 0.2588307
	H -2.6689788 1.3185384	0.1662423

Table S5 :

 S5 Coordinates of Li4-DCBTZ (PBEh-3c with COSMO).

		x	y	z
	C -2.2756654 -0.5733135 0.0741901
	C	-2.279445	0.7691095 -0.0453592
	C -1.0626078 1.5439259 -0.1027888
	C	0.1634952	0.8417124 -0.0284835
	C	0.1676869 -0.6283459 0.1006907
	C -1.0544762 -1.3394034 0.1529248
	N 1.3893667	1.3549428 -0.0614424
	S	2.52664	0.1153065	0.0568704
	N 1.3965225 -1.1326402	0.155337
	C -1.1418453 -2.7683915 0.2783855
	C -1.1578629 2.9720917 -0.2314577
	O -2.262571 -3.3586716 0.3213498
	O	-0.08214	-3.5158402 0.3523562
	O -0.1023801 3.7270858 -0.2867566
	O -2.2818161	3.554265	-0.2959271
	Li -1.3203271 -4.9568979 0.4623755
	Li -1.3486719 5.1590656 -0.4213241
	Li 1.6267231 -3.0141276 0.3202427
	Li 1.6092341	3.23791	-0.2225283
	H -3.2113619 -1.1145859 0.1135602
	H -3.2181977 1.3036022	-0.101205
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[a] Institute of Organic Chemistry, University of Freiburg, Albertstraße 21, 79104, Freiburg, Germany • Expected contributing structures after the first reduction in the DCBTZ backbone:

• Expected contributing structures after the second reduction in the DCBTZ backbone: (*) signal of typical p-disubstituted benzene rings (C-H wagging) [3] ; (**) signal of wagging modes of water molecules (g(w)) [4] . The corresponding differential charge plot, which mimics cyclic voltammetry curves [5] , is reported on the right. (b) Similar electrochemical cycling data regarding the Na2-PDC electrode material measured in Li half-cell reported by Wu et al. [6] . Adapted with permission, copyrights 2014 Elsevier Ltd.

Computational methods

DFT calculations (apart from for topological and vibrational analyses) were performed with TURBOMOLE V7.4 program package. [7] NICS calculations were conducted with GAUSSIAN g16.C.01 program package [8] and structural modifications with AVOGADRO V1.2.0. [9,10] Calculations of geometries, total energies, electrostatic potential maps and NICS values were performed on Justus High Performance Computing Cluster (JUSTUS 2).

Calculation of total energies

Input structures were drawn in AVOGADRO and the geometry was subsequently optimized on the PBEh-3c level of theory. [11] The resolution-of-identity [12] (RI) approximation for the Coulomb integrals was applied as well as the D3 dispersion correction scheme [13,14] with the Becke-Johnson damping function. [15,16] Frequency calculations confirmed local minima, whereafter geometry optimization was repeated, applying COSMO (conductor-like screening model) [17] with acetonitrile as solvent. The resulting total energies can be found in Table S1 below, the coordinates of the optimized structures in section 6.5. 

Vibrational and topological analysis

For vibrational and topological analyses, DFT calculations were performed using the Gaussian16 program suite. [18] The B3LYP [19][20][21][22] hybrid functional was used together with a triple-ζ basis set with additions of polarization and diffuse functions on all atoms (namely 6-311++G**). All structures were first optimized using tight criteria and checked to be true minima on the potential energy surface. The vibrational signatures of Li2-DCBTZ and Li4-DCBTZ were simulated using anharmonic contributions, i.e. using the so-called VPT2 approach developed by Barone and coworkers. [23][24][25][26] Analyses of the normal modes were performed with the VMS program. [27] In order to assess the bonding character around the Li atoms, topological analyses were carried out using the so-called natural atomic orbitals (NAO), [28] Wiberg indices (WBI), [29,30] electron localization function (ELF) [31] and the intrinsic bond strength index (IBSI). [32] All these analyses were performed using the Multiwfn software together with in-house Python codes. [33] The experimental FT-IR spectrum of Li2-DCBTZ (Figure 3) was then evaluated by means of computational methods. The observed band at ca. 1601 cm -1 is computed with different transitions to explain the observed signature. The first one corresponds to the fundamental band of CC aromatic motions with CH rocking computed at 1607 cm -1 at the anharmonic level of theory. There is also a set of combination bands and Fermi resonances involving COO-Li breathing and stretching, COO and phenyl waggings. It must be noted that the N-S-N moiety is also slightly involved. The second intense band recorded at 1402 cm -1 mainly corresponds to the fundamental signature of the asymmetric Ph-C(COO) stretching together with the CC-ring