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Materials and Characterizations 
1,4-benzoquinone dioxime (95%, TCI Chemicals), Dimethylglyoxime (98%, TCI Chemicals) 

and anti-Diphenylglyoxime (97%, Sigma Aldrich) were used without further purification. 

1,1,4,4-tetramethoxy-2,3,5,6-tetrahydroximinocyclohexane was prepared according to 

previously published procedure1. Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), Ethylene 

Carbonate (EC), Dimethyl Carbonate (DMC) and Tetragylyme was obtained from Dodo Chem, 

China. Anhydrous solvents (THF, DMF, MeOH and Diethyl ether) for synthesis were purchased 

from Acros Organics and used as received. 

Fourier transform Infra-Red (FTIR) spectroscopy was carried out using an Agilent 

Technologies Cary 630 FTIR operated in transmission or ATR mode. Nuclear Magnetic 

Resonance (NMR) spectra were recorded with a Bruker magnet system 300 MHz/54 mm 

ultrashield spectrometer. Dimethyl sulfoxide-d6 was used as solvent and internal standard for 

chemical shifts. X-ray powder diffraction (XRD) patterns were collected on STOE DARMSTADT 

Transmission diffractometer system using Cu/Mo Kα1 radiation with a wavelength of 

1.540600/0.70930 Å.  

Cyclic Voltammetry 
Cyclic Voltammetry was conducted with a BioLogic Science Instruments SP-300. A three-

electrode system with screen-printed platinum as working and counter electrode and screen-

printed Ag as the pseudo-reference electrode was used for measurements. The DMSO/LiCl 

0.1M medium was used as supporting electrolyte. Typically, 2mM of the active material was 

dissolved in the electrolyte solution. The CV was measured at a scan rate of 100 mV s-1. After 

this test, 2 mM ferrocene was added to the solution and used as an internal reference. 

Cell Assembly and Testing 
The electrodes were prepared by mixing and grinding active materials (50% wt.), 

conductive carbon (40% wt.) and PTFE binder (10% wt.) for 15 min, and then powder mixtures 

obtained were added onto the positive side of the coin cell and pressed with a stainless-steel 

disk. A typical mass loading of 4 mg/cm2 was used. The electrochemical properties and 

galvanostatic charge/discharge were performed in 2032-type coin cells with 13 mm lithium 

chips as the counter and reference electrodes, glass microfiber filters (Whatman GF/D, 

Aldrich) as the separators, with different electrolyte formulations: 5 M LiTFSI in tetraglyme 
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and 7 M LiTFSI in EC/DMC. Galvanostatic charge/discharge tests were performed on a Neware 

battery testing system at ambient temperature.  

Materials Synthesis 
Dilithium dimethylgyloxime (Li2-DMGO) 

Dimethylgyloxime (1.16 g, 10 mmol) was dissolved in anhydrous methanol (20 ml) under 

Argon atmosphere, and Lithium methoxide (760 mg, 20 mmol) was added to the solution 

under stirring. The reaction was allowed to stir for 24 h at room temperature. The yellow 

reaction mixture was poured into 100 mL of anhydrous diethyl ether to precipitate the 

product, followed by filtration, washing with copious amount of diethyl ether and drying at 60 

°C under vacuum. The product was obtained in quantitative yield.  

Dilithium p-Benzoquinone dioxime (Li2-BQDO) 

p-Benzoquinone dioxime (2.76g, 20 mmol) was dissolved in anhydrous THF (20 ml) under 

Argon atmosphere, and solid lithium hydride (320 mg, 40mmol) was added to the solution 

under stirring. The reaction was allowed to stir for 24 h at room temperature. Then, the 

reaction mixture was poured into 100 mL of anhydrous diethyl ether (100 ml) to precipitate 

the product, followed by filtration and washing with copious amount of diethyl ether. The 

product was collected and dried at 60 °C under vacuum to remove residual solvents. The pure 

product was obtained in quantitative yields after annealing at 180 °C for 12 h. 

Dilithium diphenylglyoxime (Li2-DPGO) 

Diphenylglyoxime (240 mg, 1mmol) was suspended in anhydrous tert-butyl alcohol (5ml) 

under Argon atmosphere, and lithium tert-butoxide (160 mg, 2mmol) was added to the 

suspension under stirring. The reaction was kept for 24 h at room temperature. The light 

brown precipitate was then filtered and washed with diethyl ether (10 mL) 3 times. The 

product was collected and dried at 60 °C under vacuum. The pure product was obtained after 

further drying at 200 °C for 2h, with a yield of 90%. 

Poly(1,4-phenyleneazine-N,N-dioxide) (PNND) 

To a stirred solution of 1.38 g p-benzoquinone dioxime (10 mmol) and 0.84 g sodium hydroxide 

(21 mmol) in 30 ml water 30 ml of 5.5% sodium hypochlorite (excess amount) was slowly 

added. A yellow precipitate formed, and the solution turned yellow. Stirring was continued 

for 1h. The precipitate was filtered and washed with water 3 times and acetone, followed by 

drying under vacuum at RT to form PNND, with a yield of 65%.  
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3,4-diphenyl-1,2,5-oxadiazole-2-oxide (DPODO) 

Diphenylglyoxime (0.5 g) was dissolved in methanol (10 mL). A freshly prepared sodium 

hypochlorite solution (10 mL, 20%) was added dropwise to the above solution at a 

temperature below 10 °C under stirring over a period of 30 min keeping the temperature 

below 10 °C. After complete addition, the reaction mixture was further stirred for 1 h at a 

temperature below 10 °C and refrigerated overnight. The reaction mixture was poured onto 

crushed ice and the solid obtained was filtered and dried. Crystallization from methanol 

afforded the title compounds, with a yield of 60%. 

Dilithium 9,10-phenanthrenedione oximate (Li2-PADO) 

To an organic suspension of 9,10-phenanthrenedione (2.08 g, 10 mmol) in EtOH (50 ml), a 

EtOH (30 ml) solution of NH2OH×HCl (1.63 g, 25 mmol) and pyridine (2.03 ml, 25 mmol) was 

added. The resulting organic suspension was refluxed for 22 h, during which time the solids 

dissolved, and the solution turned to clear yellow. The resulting solution was cooled, filtered, 

and left for slow evaporation at room temperature. After 24 h, a yellow microcrystalline solid 

of the dioxime was formed, which was collected by filtration, washed with cold EtOH, and 

dried under vacuum for 24 h. The yield was 90%. 

The lithiation was done by suspending the obtained yellow solid (238 mg, 1mmol) in MeOH (5 

ml) under Argon atmosphere. To the suspension, lithium methoxide (76 mg, 2 mmol) was 

added. The reaction was kept for 24 h under room temperature. The resulting product was 

obtained by adding access amount of anhydrous diethyl ether (30 ml) to the solution. The 

precipitate was collected by filtration, and dried at 60 °C under vacuum, followed by 200 °C 

under vacuum for 3 h. 

Tetralithium-1,1,4,4-Tetramethoxy-2,3,5,6-tetraoximatecyclohexane (Li4-TMTO). 1 

To a solution of phloroglucinol dihydrate (10 g, 0.06 mol) in methanol (100 mL) was added 0.5 

ml of acetic acid. The suspension was cooled to 0 °C, and isopropyl nitrite (22 mL, 0.214 mol) 

was added dropwise within 1h with stirring while the temperature was kept at 0°C. The 

mixture was stirred for 0.5 h at room temperature. After that, the solvent was evaporated in 

vacuo at 35 °C of the water bath. The crude product was suspended in diethyl ether, a solid 

was filtered off, washed with diethyl ether, and dried. The material was used for the next step 

without further purification. 2,4,6-Trinitrosobenzene-1,3,5-triol (12.8g, 0.055 mol) obtained 
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above was solubilized in 200ml of methanol to which 3.84g of hydroxylamine hydrochloride 

was added. The red solution was kept at room temperature for 30 days, afterwards, the white 

precipitate was filtrated, washed with water, methanol and dried at room temperature. Yield: 

11.5 g of H4-TMTO, 65%. 1H NMR (300 MHz, DMSO-d6): δ = 3.15 (6H, s, OMe), 3.41 (6H, s, 

OMe), 11.53 (4H, s, NOH) ppm. 13C NMR (100 MHz, DMSO-d6): δ = 50.77 (OMe), 51.63 (OMe), 

100.12 (C(OMe)), 144.95(C=NOH) ppm. 

100mg (0.31mmol) of H4-TMTO was suspended in methanol (9ml) under Argon atmosphere, 

and lithium methoxide (48.5 mg, 1.27mmol) was added to the solution under stirring. The 

reaction was kept for 24 h at room temperature. Then, to the reaction mixture, anhydrous 

diethyl ether (30 ml) was added to precipitate a white product, followed by filtration and 

washed with diethyl ether 4 times. The solid was dried at 120 °C for 12h under a vacuum to 

remove free diethyl ether and methanol. Yield: 80.5mg, 75%. 
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Crystal structure determination by X-ray powder diffraction method. 
The crystal structure of PNND was solved from the powder XRD data. Powder X-ray 

diffraction (PXRD) patterns were collected on a STOE Stadi P diffractometer in transmission 

geometry equipped with a Cu anticathode (Kα radiation, λ = 1.540600 Å, operating at 50 kV − 

40 mA). For the structure determination from PXRD we followed the following steps: pattern 

indexing, space group determination, structure solution and the Rietveld refinement. The 

indexing procedure was carried out in EXPO20143, and FullProf suite4 using NTREOR, DICVOL. 

By these indexing procedures a monoclinic system was obtained with high figure of merit 

(F.O.M.). Space group determination, structure solution and Rietveld refinement were 

performed in EXPO2014.  

Supplementary Table S1. Powder XRD data and refinement parameters of PNND 
Powder data 

Formula C3H2NO 
Powder Data temperature (K) 295 
Mr  68.055 
crystal system Monoclinic 
space group  P21/n 
a (Å) 6.394(2) 
b (Å) 11.322(4) 
c (Å) 3.7072(12) 
b (deg.) 92.923(8) 
V (Å3) 268.03(15) 
Z 4 
ρ (g cm-3) 1.687 

Data collection 
λ (Å)  1.540600 
qmin−qmax (deg.) 5-70 
2q step (deg.) 0.015 

Refinement 
Profile function Pseudo-Voigt 
Rp 2.27 
Rwp 4.76 
Re 0.992 
R (Bragg) 18.12 
R (structure factor) 13.49 
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Supplementary Table S2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for PNND. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 

Atom x y z U(eq) 
C9 5947 8903 10997 0(6) 
C10 7126 9820 9598 0(7) 
C11 6179 10897 8582 0(6) 
N4 9303 9641 9188 0(4) 
O2 9886 8732 7066 150(6) 

 

Supplementary Table S3. Bond Lengths for PNND. 

Atom Atom Length/Å Atom Atom Length/Å 
C9 C10 1.398377 C11 C91 1.394392 
C9 C111 1.394390 N4 N42 1.328292 
C10 C11 1.405053 N4 O2 1.358861 
C10 N4 1.421947       

 

Supplementary Table S4. Bond Angles for PNND. 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 
C10 C9 C111 117.93 C10 C11 C91 121.36 
C9 C10 C11 120.70 C10 N4 N42 120.15 
C9 C10 N4 118.89 C10 N4 O2 117.95 
C11 C10 N4 120.40 N42 N4 O2 121.89 
 

  



P a g e  | 10 
 

 

Supplementary Table S5. Electrochemical storage mechanisms in reported redox-active 

organic materials, compared to the oximate chemistry disclosed in this work.  

Table adapted from a review article from Philippe Poizot2. 

  



P a g e  | 11 
 
 

 

Supplementary Figure 1. FTIR analysis survey for the synthesis of Li2-BQDO. 

The formation of lithiated product (Li2-BQDO, red curve) is confirmed by the disappearance of 

the weak broad band between 3100-3200 cm-1 attributed to the hydroxyl group of H2-BQDO 

(black curve), however the existence of weak band between 3000-2700 cm-1 for alkyl C-H 

stretching indicates the presence of residual THF in the pristine product. For successful 

implementation of Li2-BQDO as cathode material, all the residual solvents (e.g., THF) needs to 

be completely removed which can be achieved by annealing at 200 °C under dynamic vacuum 

(orange curve).  
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Supplementary Figure 2. FTIR analysis survey for the synthesis of Li2-DPGO. 

The formation of pure Li2-DPGO (red curve) after lithiation of H2-DPGO (black curve) is 

confirmed by the disappearance of weak and broad O-H stretch between 3200-3300 cm-1. 
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Supplementary Figure 3. Ambient atmosphere stability of the lithiated phases.  

Comparative FTIR spectra of pristine and air-exposed (2h) samples of Li2-BQDO (top) and Li2-

DPGO (bottom). Both materials show identical FTIR signatures after air-exposure without any 

sign of decomposition (neither oxidation nor hydrolysis) and change of colour, proving high 

stability under ambient conditions as well as high oxidation potential (> 2.91 V vs. Li+/Li).  
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Supplementary Figure 4. FTIR analysis survey for the synthesis of Li2-DMGO and its air 

stability. 

The formation of lithiated product (Li2-DMGO, red curve) is confirmed by the disappearance 

of the weak broad band between 3000-3400 cm-1 attributed to the hydroxyl group of H2-

DMGO (black curve). Comparative FTIR spectra of pristine and air-exposed (2h) samples of Li2-

DMGO show identical FTIR signatures after air-exposure without any sign of decomposition 

(neither oxidation nor hydrolysis) and change of colour, proving high stability under ambient 

conditions as well as high oxidation potential (> 2.91 V vs. Li+/Li).  
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Supplementary Figure 5. FTIR analysis survey for the synthesis of Li4-TMTO and its air 

stability. 

The formation of lithiated product (Li4-TMTO, blue curve) is confirmed by the disappearance 

of the two broad bands between 3000-3500 cm-1 attributed to the hydroxyl group of H4-TMTO 

(green curve). Comparative FTIR spectra of pristine and air-exposed (2h) samples of Li4-TMTO 

show identical FTIR signatures after air-exposure without any sign of decomposition (neither 

oxidation nor hydrolysis, proving high stability under ambient conditions as well as high 

oxidation potential (> 2.91 V vs. Li+/Li).  
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Supplementary Figure 6. FTIR analysis survey for the synthesis of Li2-PADO and its air 

stability. 

The synthesis of the H2-PADO (blue curve) is confirmed by the appearance of -OH broad band 

between 3000-3500 cm-1. The formation of lithiated product (Li2-PADO, red curve) is 

confirmed by the disappearance of the broad bands. Comparative FTIR spectra of pristine and 

air-exposed (2h) samples of Li2-PADO show identical FTIR signatures after air-exposure 

without any sign of decomposition (neither oxidation nor hydrolysis, proving high stability 

under ambient conditions as well as high oxidation potential (> 2.91 V vs. Li+/Li). Slight 

absorption of moisture was noticed in the air exposed sample (green curve).  
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Supplementary Figure 7. Crystal structure analysis of PNND.  

Experimental X-ray powder diffraction pattern (black dotted line) compared with the Rietveld-

refined profile (red curve) and the difference (blue curve) for PNND. 
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Supplementary Figure 8. Crystal structure of PNND polymer.  

The crystal structure reveals that the polymer crystallizes in the monoclinic space group P21/ 

n (a = 6.394(2) Å, b = 11.322(4) Å, c = 3.7072(1) Å, β = 92.923(6) ◦, and V = 268.03(15) Å3, Table 

S1). Crystal structure shows that the compound polymerizes following the E configuration 

along the N=N. Therefore, the PNND polymer is made up of linear chains, which go parallel 

along the crystallographic a-axis and stack along the c-axis. In the polymeric chain, the atoms 

do not lie on the same plane, but they are distributed on different planes defined by the 

aromatic ring and the -ONNO- connection. The dihedral angle formed by the two planes leads 

to a stair-like structural motif in the polymeric chains. 
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Supplementary Figure 9. Capacity-potential profile of PNND in Li half cells.  

The figure shows the charge-discharge profile of the PNND polymer (oxidized state of Li2-

BQDO). The measurement was performed in a 2-electrode half-cell configuration using PNND 

as positive electrode materials (electrode prepared with 50% PNND, 40% conductive carbon 

and 10% PTFE binder), and Li-metal as reference/counter electrode at a current density of 

39.4 mA/g (equivalent of C/10 rate). We can conclude that PNND and Li2-BQDO have the same 

battery cycling profiles, further corroborating the two-electron reversible redox mechanism 

between PNND (oxidized state) and Li2-BQDO (reduced state).  
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Supplementary Figure 10. Rate capability of Li2-BQDO.  

The graph shows the rate capability of the Li2-BQDO electrode (typical mass loading around 4 

mg/cm2), at various current C-rate using Li-metal as reference/counter electrode and 7 M 

LiTFSI in EC/DMC as electrolyte. The electrode can still reach close to 300 mAh/g at high 

current c-rate of 1C (corresponding to 1 electron exchange in 30 min). From the Normalized 

capacity vs. Potential graph (right), we can see that with increasing the current rate, 

polarization is also increased accordingly, which could be contributed from cathode electrode, 

Li-metal polarization as well as the sluggish ion movement due to the high concentration 

electrolyte.  
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Supplementary Figure 11. The capacity retention and coulombic efficiency with cycling 

attained at C/2 (one electron exchange in 1h) in a saturated LiTFSI in EC/DMC (1:1 vol%) 

electrolyte. 

Compared with Li2-BQ which can only support for one cycle due to the extremely high 

solubility of 1,4-benzoquinone in electrolytes, Li2-BQDO shows quite stable cycling over 50 

cycles with over 75% capacity retention.  
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Supplementary Figure 12. Control experiment on capacity contribution from Ketjen Black 

conductive carbon on cycling. 

Pure Ketjen Black electrode was cycled in 2-electrode cell using Li-metal as counter/reference 

electrode. The C-rate currents for the ketjen black electrode were determined according to 

the current rate applied to Li2-BQDO. 
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Supplementary Figure 13. Comparison of fundamental properties for the main building units 

for the reduced state of 1,4-benzoquinone (Li2-BQ) and lithiated oximate compound Li2-

BQDO. 

a) The hypothesized redox pathway of Li2-BQDO compared with the redox mechanism of Li2-

BQ. b) Typical cyclic voltammetry curves of Li2-BQ measured in DMSO +100 mM 

tetrabutylammonium perchlorate (TBAP) together with Li2-BQDO measured in DMSO +100 

mM LiCl, and to facilitate comparison, all potentials refer to Fc+/Fc calibrated by internal 

reference.  The liquid state cyclic voltammetry of Li2-BQDO shows over 300 mV higher redox 

potential compared with lower values for Li2-BQ, with two pairs of redox waves (anodic peaks: 

-1.13/-0.55, -0.68/-0.5 V for Li2-BQDO and -1.85/-1.69, -0.9 V/-0.8 V for Li2-BQ vs. Fc+/Fc), 

indicating a two-electron stepwise process. 
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Supplementary Figure 14. Solid-state electrochemistry of dilithium-dimethylgyloxime (Li2-

DMGO)  

Charge-discharge profile of Li2-DMGO as cathode materials in a Lithium half-cell. The 

measurement was done with cycling rate of C/10 in electrolyte: 5 M LiTFSI in tetraglyme, with 

a typical mass loading of around 4 mg/cm2. The charge plateau is located at around 3.1V, while 

the discharge plateau is only around 2.1V vs. Li+/Li, leading to a huge polarization of 1V. The 

electrode only reaches 1.5 electron exchange, which most probably due to the high solubility 

problem of both Li2-DMGO and its oxidized state. 
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Supplementary Figure 15. Galvanostatic Intermittent Titration Technique (GITT) analysis of 

the redox chemistry between Li2-DPGO and DPODO. 

The cells were measured under an intermittent discharge/charge for 2 hours at a current rate 

of C/10 with relaxation periods of 1 hour, using DPODO/Li cell given the same redox behavior 

between DPODO and Li2-DPGO. Galvanostatic Intermittent Titration Technique (GITT) shows 

that the majority of the polarization in the cell originates from the delithiation/oxidation 

process. There is clearly over 500 mV polarization in the oxidation process with the curve not 

even stabilizing during relaxation period. Longer time for the relaxation will further increase 

the polarized value, yet solubility could be the major issue if we increase the relaxation time. 

The discharge/reduction process only contribute to ~150 mV of the polarization, and the 

potential is already stabilizing after 1 h of relaxation. The polarization from the charge process 

is most probably contributed by the poor ion movement due the viscous electrolyte used in 

the cell. 
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Supplementary Figure 16. Galvanostatic charge-discharge profile of dilithium 9,10-

phenanthrene dioximate (Li2-PADO). 

The aim of investigating the electrochemical performance of dilithium 9,10-phenanthrene 

dioximate is that by bypassing the trans to cis configuration change, can we decrease or even 

avoid the polarization problem during charge-discharge. Basically, the charging process of Li2-

DPGO is first a trans to cis configuration change and then followed by the oxidation and 

formation of furoxan ring, while Li2-PADO will only simply lose two electrons and two Li+ and 

form furoxan ring.  
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Supplementary Figure 17. Ex-situ FTIR survey of reversible electrochemical conversion 

between Li2-DPGO and DPODO in solid phase. 

Ex-situ FTIR analysis was based on the cycling of pristine DPODO electrode (70% active 

material and 30% conductive carbon). Three different charge-discharge states were analyzed: 

pristine, full-discharged and full-cycled samples. Ex-situ FTIR analysis shows excellent 

reversibility, given the identical spectra between the pristine and full-cycled data. The full-

discharged spectrum was found almost identical to the as synthesized Li2-DPGO sample, 

corroborating the electrochemical redox mechanism between DPODO and Li2-DPGO. 
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Supplementary Figure 18. PXRD data of Li2-BQDO and PNND phases and analysis of Li2-

BQDO-4MeOH crystal structure.  

(a) PXRD of PNND polymer, Li2-BQDO-4MeOH and Li2-BQDO. The crystal structure of PNND 

polymer solved from the PXRD data (orange curve) can be found in Figure S6. Another 

interesting feature worthy to be noted is that Li2-BQDO-4MeOH is crystalline (black curve), 

whereas removing MeOH at 150 °C results in an amorphous Li2-BQDO phase (blue curve). The 

amorphous nature of the Li2-BQDO is constant even during electrochemical charge-discharge, 

proved by in situ XRD analysis in the main text. (b) The single crystals of Li2-BQDO-4MeOH 

were obtained by slow diffusion of diethylether into methanol at -30 °C over a period of one 

month. The X-ray diffraction analysis of Li2-BQDO-4MeOH sshowed that it crystallizes in the 

monoclinic space group P 21/n (a = 7.0409(4) Å, b = 15.3351(10) Å, c = 11.1693(7) Å, β = 94.206 

(6)°, and V = 1202.73 Å3. Each of the oximate function of the molecule is interacting with two 

Li cations which are solvated by four methanol molecules in tetrahedral coordination.  
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Supplementary Figure 19.  in-situ XRD analysis of Li2-DPGO in one complete cycle. 

The pristine Li2-DPGO is poorly crystalline. Upon oxidation/charging, the crystalline Li2-DPGO 

gradually vanishes, and is replaced by a better crystalline new phase which matches with the 

XRD pattern of the chemically synthesized single crystal of DPODO (Acta Cryst. (1978). B34, 

2021-2022). This corroborates the formation of furoxan ring after oxidation of 

diphenylglyoximate. After further discharge, the new Li2-DPGO phase becomes amorphous.  
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DFT Calculation Section (the case study between Li2-DPGO and DPODO) 
 

Computational setup 
The gas-phase simulations were performed with the GAMESS package5. Total energies for 

each of the oxidation states, Etot were computed for the relaxed structures using the 

Minessota M11 exchange-correlation functional6 and the 6-31G** Pople basis set. Solid-state 

calculations were performed using SIESTA7 which uses norm-conserving pseudopotentials and 

LCAO representation of the wavefunction. The exchange correlation functional used was PBE 

for solid, PBEsol8; this choice is known to produce reliable geometric structures for molecular 

crystals bulk states9. In order to take the van der Waals interaction into account, we have used 

the Grimme’s corrections to PBEsol10.   

Geometric models 
Gas phase calculations – were performed for two structures: closed and linear one (Figure 

S17). In all cases, the results are reported after performing a structural relaxation up to a 

gradient of 0.01 eV/Ang  

 

  

Figure S17: Ball-and-stick representation for closed (left) and linear (right) structures of DPODO and 

DPGO2- in gas phase. 

 

For the bulk calculations we start out investigations for two types of packing, characteristic 

to closed / linear structures, respectively. The experimental and calculated values for the cell 

parameters of the two structures are listed in Table S6.  
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 a [Ang] b[Ang] C [Ang] Alpha Beta Gamma 

Row 1 15.15/14.28 12.26/12.25 12.66/11.64 90/89.95 94.36/101.05 90/89.97 

Row 2 11.42/11.95 20.01/20.43 11.70/8.90 90/90 114.71/115.01 90/90 

Table S6: Experimental (bold) / calculated values for the crystal structures for closed structure (Row 1) 

and for the linear one (Row 2). 

 

For the linear structure one DPGO2- and the closed structure one DPODO, we performed 

two types of structural relaxation (up to gradients lower than 0.05 ev/Ang): One, structural 

relaxation applied only to atoms in the cell (experimental geometry of the cell is preserved, 

only atomic position is relaxed); and second, structural relaxation of the atomic positions and 

cell parameters (geometric properties of the cell given in Table S6 is used in calculations, then 

the atomic positions are relaxed).  

The insertion of Li in the structures was simulated using calculations on supercell structures 

with 8 molecules/periodic unit for each of the two models, respectively. The reason of using 

supercell calculations is related to periodic boundary conditions: in absence of a supercell 

models all Li atoms in periodically repeated cell will relax in the same way. A supercell model 

allows a certain degree of freedom for the atoms to relax into different positions around the 

redox centers. The size of supercell is dictated by the computational requests of DFT. 

For both structures we performed structural relaxation for three geometric models: no Li 

atoms included, 50% of the maximum amount of Li atoms in the structure (i.e. 8 atoms in each 

super-cell) and 100% of Li atoms in the structure (i.e. 16 Li atoms per supercell). The initial 

guess for the positions of Li atoms was produced by generating random positions at distances 

between 2.8 and 2.5 Angstroms around the oxygen atoms in the structure. As an example, the 

relaxed structures for 16 Li atoms in the two types of supercells in given in Figure S18. 

The cell parameters after structural relaxation in presence of Li atoms (i.e. 2 16 atoms/cell) 

are given in Table S7. While this could suggest that by inserting Li in structure we get a larger 

volume, we do not see this effect. Remarkably, for closed structure the volume is increasing 
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in presence of Li, while for the linear one the volume is decreasing. Consequently, the 

differences between the volumes of the two cells in presence of Li is smaller. In presence of Li 

the volumes differ with 36 Ang3, compared to a difference of 84 Ang3, for the cells before 

inserting the Li atoms. In other words, DFT results suggests that in presence of Li the linear 

structure reaches a more efficient geometric packing.  

 

 a [Ang] b[Ang] C [Ang] Alpha Beta Gamma 

Row 1 15.21 10.53 12.86 87.16 84.76 89.38 

Row 2 10.25 17.25 11.78 90.52 104.93 89.52 

Table S7: Calculated values for the crystal structure parameters in presence of Li atoms for closed 

structure (Row 1, volume = 2050.03 Ang3 compared to 2344.65 Ang3 without Li) and for the linear one 

(Row 2, volume = 2014.04 Ang3 compared to 2427.212 Ang3 without Li). For comparison, see the values 

in Table S6 for the structures without Li. 

 

            a      b                                                      

       c               d 
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Figure S18: Representations for the atoms in the supercell used in calculations for closed structure 

(a and b) and for the linear one (c and d). Maximum number of Li atoms (i.e. 16) - represented 

with large gray balls – is included in each structure. 

 

 

Results and Discussions 

1. Geometric structures  

We investigate the distances between selected pairs of atoms, using statistical methods; 

to this end we build histograms, and we analyze the distribution of bond lengths in various 

states of the two systems. The histograms are built by selecting all possible pairs of atoms; 

next, the distance between the two atoms is calculated and the result is stored in the 

histogram.  Since the system is periodic not all the pairs are considered by this method. In 

order to estimate the error, we build geometric supercells formed by adding up the geometric 

relaxed positions explicitly computed in a large cell containing 64 molecular units. The 

histogram is built for this system then the values are renormalized to the size actually 

computed i.e. by dividing with 8. Non-integer numbers in the histogram indicate atoms that 

are not properly taken into account due to periodic boundary conditions.  

Our first investigation concerns the atomic pairs relevant for the redox process: Li-O and 

Li-N. The step in this histogram is 0.05 Angstrom (we used 100 steps between 1 and 5 

Angstrom to build the histogram); the results of closed and linear structures are given in 

Figures S19 and S20, respectively.  For each structure we also provide an intuitive / relevant 

representation of a single molecular unit in the bulk, in presence of two Li atoms. According 

to our analysis, it can be noticed that for closed structure, Li atoms are coordinated to O atoms 

(at about 1.9 – 2.0 Angstroms), and we also note from the ball-and-stick representation in the 

left of Figure S18 that the closed structure is broken by Li atoms. For the linear structure, by 

following the same argument of the histogram analysis we can argue that Li atoms are 

coordinated equally to O and N atoms with around 40 pairs of type Li-N at distances equal to 

2.1 and 2.3 Angstrom, respectively, and similar number for Li-O pairs at distances around 1.8 

– 1.9 Angstrom. 
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Figure S19: Left: geometric structure of a molecule in the bulk after structural relaxation in 

presence of Li (gray atoms) – for closed structure. Right: histogram counting the Li-O and Li-N 

distances after structural relaxation in presence of Li atoms in a supercell containing 64 

molecules. While for the Li-N we note a more disperse distribution of the bonds, the values of 

Li-O are grouped around value 1.9 Angstrom.  This suggests that Li is coordinated to O atoms. 

 

  

Figure S20: Left: geometric structure of a molecule in the bulk after structural relaxation in presence 

of Li (gray atoms) – for linear structure. Right: histogram counting the Li-O and Li-N distances, 

respectively, after structural relaxation in presence of all Li atoms; a relatively homogeneous 

distribution of the distances for both Li-N and Li-O distances occurs. 

 

In our second investigation of the inter-atomic distance, we monitor the C=N chemical 

bond in the two structures, as a function of the Li concentration.  In this case we used a smaller 

step in the histogram, since the C=N is a much stronger bond, with expected fluctuations much 

smaller. Therefore, the step used in this case was 0.002 Angstrom (corresponding to higher 
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energy involved in the bond).  The results for the two structures and three concentrations of 

Li are given in Figure S21. For the linear structure, we see that in absence of Li we count sixteen 

C=N bonds around 1.344 Angstrom, which is the expected result. For the closed structure we 

note two groups of eight C=N bonds, with lengths around 1.342 and 1.352, respectively.  

The presence of half of Li atoms (i.e. 8 atoms per structure) leads to a rather chaotic 

behavior for the linear structure. Indeed, the orange histogram indicates an almost uniform 

distribution of the bonds, which is the indication that no dominant structure is present in the 

system. The second Li atom leads to a much less dispersed structure of the histogram, with a 

clear trend to lower values (14 bonds with lengths around 1.333 Angstrom). 

For the closed structure we note that in the presence of a first Li atom has the same effect 

as in the case of linear one but all C – N distances have the tendency to increase in this case. 

For the C=N bond, this means a weakening of the chemical bond in presence of Li atoms.  Also, 

a less structured geometric configuration occurs here in presence of 2 Li atoms per molecule, 

with only six bonds around 1.36 Angstrom. Remarkably, a C=N bond of 1.382 Angstrom was 

obtained indicating an important weakening trend in the C-N binding energy. 

 

 

Figure S21: Histogram of the C-N distances (nitrogen represented with green in the inset of the 

pictures) as function of Li concentration for the two structural models presented in Figures S17 

and S18: top – linear structure; bottom – closed structure. 
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Summary of the investigations of geometric properties: 

• In presence of Li atoms, the linear structure has a lower volume per unit cell, which may 

indicate an energetic stabilization, while for the closed one the effect is the opposite 

(larger volume of the unit cell due to Li insertion). 

•  The molecular unit in presence of Li atoms is of linear type in both structures, similar to 

vacuum; the difference is that in bulk the packing is different, so that individual 

molecular structure in the crystal is not exactly the same. 

• Li is coordinated predominantly to O in closed structure, while for the linear one we note 

a similar statistical trend of Li-O and Li-N bonds. 

• The presence of Li leads to strength of C=N bond in the linear structure and a weakening 

in the closed one. 

 

2. Energetic stability 

We calculate the total energy of the systems in bulk state and as free molecules, and in 

each oxidation state and we plot an energetic diagram with the differences between the 

values. Such differences provide a qualitative indication for the value of the redox potentials; 

full geometric models (including the geometric structure of the transition states between 

linear and closed structures) are necessary to provide realistic estimation of redox potentials. 

Energetic diagram for gas-phase energy of the closed/linear structures in their various 

oxidation states is represented in Figure S22 for relaxed molecules bearing total charges 0, -1 

and -2. As a matter of fact, the linear structure is not stable for charge -2 (i.e., after structural 

relaxation at -2 charge state, the linear structure is transformed into a closed one) and the 

two values are for the closed one. It can be noticed that in gas phase, the most stable structure 

is the structure with Q=-1, while the presence of the second electron is destabilizing the 

structure. 
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Figure S22: Diagram of total energy/molecule for various oxidation states (total charge: 0, -1 and -2 

corresponding to Li0(molecule), Li1(molecule)1- and Li2(molecule)2-, respectively) for linear/closed 

structures (represented with red/blue lines) in gas phase. The differences (expressed in eV) are 

indicated for two types of exchange-correlation functionals, M11 and M15, respectively. 

 

The diagram for total energy of the bulk state with different amounts of Li atoms in the 

structure (0 %, 50% and 100% of the total 16 atom/supercell) are given in Figure S23.  Let us 

note that in this case the presence of Li leads to an energetic stabilization of the structure. 

Moreover, the most stable structures are switched by the Li presence: closed for no Li, linear 

for 16 atoms of Li, while the intermediate case (only half of Li atoms are insert) leads to states 

with energies that are close to each other. Finally, let us note that the results on energetic 

stability corroborate to that on the cell’s volume in presence of Li. Indeed, for the linear 

structure we found that that in presence of Li the cell volume diminishes, indicating a more 

efficient packing, while the total energy of the system shows an important energetic 

stabilization in this case. 
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Figure S23: Diagram of total energy/molecule for various oxidation states (amount of Li per molecule 

formulation: Li0(molecule), Li1(molecule)1- and Li2(molecule)2-, respectively) for linear/closed 

structures (represented with red/blue lines) in bulk. The differences (expressed in eV) are indicated 

for two types of calculations:  experimental cell parameters / calculated cell parameters (see Tables 

S6 and S7), while atomic positions are fully relaxed in all cases. 

 

Summary on investigations over the energetic properties: 

• Gas phase calculations indicate that a charge -2 leads to an energetic destabilization of 

the system. For linear structure, this destabilization is so important that the structure 

does not even exist (it transforms into the linear one). In other words, the exchange of 

the second electron is not acceptable from chemical point of view, in the gas-phase (free 

molecules). 

• Bulk calculations display a different situation. Both structures can accommodate two Li 

atoms per molecule and the energetic stability is increased for linear as well as for closed 

structure. The most important stabilization occurs for the first one. This effect is possible 

due to an important change in the structure and packing of the molecules. 
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• The packing in the solid phase plays the essential role in the redox process; depending 

on the Li concentration, different molecular structures are stable, with an energy barrier 

between them. The direct computation of the energy barrier is not possible since we did 

not investigate the transition state between the two bulk structures. The two 

independent models – linear and closed structure – are consistent with the 

experimental results, indicating an energy barrier around 1 eV between reduced and 

oxidized process of electron change. This mainly due to the structural change in 

presence of Li; the energy difference per Li atom according to present models is 

0.67/0.72 eV for models with experimental / relaxed cell parameters, respectively. 

 

Conclusion 

Calculations in gas phase suggests that the energy related to molecular packing in the 

molecular crystal plays the key role in the redox process, since the vacuum results do not 

predict even the correct trend for the energy in presence of Li (charged molecule). 

Among the effects of molecular packing that can play a role we note: 

• Li is coordinated predominantly to O in closed structure, while in the linear one it is 

coordinated to both O and N, leading to different interaction Li-molecule. 

• In the presence of Li both structures display linear structures of the molecular unit, 

deformations caused by the molecular packing leads to different inter-molecular forces 

in the two structures. 

While we did not perform a full investigation of the transition states between the two bulk 

states in presence of Li, our results on two types of bulk structures (i.e., linear and close one) 

suggests that the two bulk structures can be interchanged in presence of Li. Arguments in 

favour of this are: 

• linear type of both molecules in the bulk structures in presence of Li. 

• relatively similar volumes of the unit cell. 

• higher energetic stability of the linear structure in presence of Li (i.e., about 1.4 eV more 

stable). 

• high flexibility of molecular skeleton. 
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