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1. Computational details

Density functional theory (DFT) based calculations were conducted for geometry optimization,
energy evaluation, and vibration mode prediction of the molecules, using Gaussian 09 quantum
chemistry package.?> Spin-unrestricted calculations were performed based on the Becke-Lee—
Yang—Parr (B3LYP) hybrid exchange-correlation functional’> and triple-zeta valence
polarization (TZVP) basis set.7 The solvation of TEGDME were implicitly considered with
applying dielectric constant of 7.9. Atomic charge was calculated using Mulliken population.®
HOMO density was calculated with CUBEGEN utility embedded in Gaussian 09, and

visualized with Materials Studio package.



2. Supplementary discussions

2.1. Ex situ spectroscopic analyses on DMPZ electrode (Figure 3)

We examined the structural change in the DMPZ electrode during the battery operation using
UV/Vis absorption spectroscopy (Figure 3b). The as-prepared electrode exhibited the
characteristic peak of DMPZ at 336 nm.” However, when the electrode was half-charged (HC)
by one-electron oxidation, two separate absorption bands were observed at 350 and 450 nm,
which may have originated from radical cations.!%!! When fully charged (FC), the absorption
of 350 nm red-shifted further to 370 nm. As the electrode was discharged, the absorption
returned to the previous state. The absorption of the half-discharged state (HD) corresponded
well to the absorption of the HC state, and the absorption of the fully discharged state recovered
the original absorption state at rest, confirming the reversibility and stability of the redox
reaction.

To trace the electron transfers in DMPZ molecules during the electrochemical reactions, we
performed ex situ analyses on electrodes cycled in TEGDME electrolyte with LiTFSI using
spectroscopic tools. The X-ray photoelectron spectroscopy (XPS) scans in Figure S2¢ reveal
the reversible redox reaction around nitrogen atoms in the pyrazine ring of DMPZ during
battery cycling, as proposed in Figure 1a. In the N 1s spectra, the peak centered at 399.7 eV of
the as-prepared electrode shifted to higher energy (AE = ~1 eV) during the charge and then
returned to the initial position. This finding is attributed to the reversible conversion of non-
conjugated sp> —-NC- groups into conjugated sp> —NC- groups, suggesting that the nitrogen
atoms are redox-active centers. The reversible change in the C s spectra was also observed
(Figure 3d). For the as-prepared electrode, the C 1s spectrum was deconvoluted into five peaks
with full-width at half-maximum values of 1.0 eV, corresponding to carbon atoms within -C-C-
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bonds in conductive agent (284.5 eV), methyl groups (284.9 eV), -H-C-C- bonds in benzene
(ring /111, 285.2 eV, 285.6 eV), and -C-N-C- in pyrazine (ring II, 286.2 V) motifs of DMPZ,
respectively (Figure S2).!>14 The peaks for -H-C-C- bonds (285.2 eV, 285.6 ¢V) and -C-N-C-
bonds (286.2 eV) indicated a reversible shift along the state of the charge; however, the degree
of shift was much less than for nitrogen. In our DFT calculations on the DMPZ molecules at
different states of charge, the variation of electron density in carbon and nitrogen atoms was
consistent with the XPS results (Figure S3). For the pristine state, the calculations revealed the
presence of four different electron densities of carbon atoms. As the electrons were extracted
from the DMPZ, the charge density varied most significantly at the nitrogen atoms followed
by the carbon atoms in the heterocyclic system except for the methyl groups, which agrees well
with the XPS results. The degree of variation in the charge density at nitrogen atoms was,
however, less than previously reported for n-type flavinl'!: 281 and pteridinel!3] systems, where
the inserted electrons are localized in the diazabutadiene motif, which plays the roles of both
the redox center and lithium acceptor. In the p-type (anion-associating) DMPZ molecules, the
electrons were observed to be rather delocalized in the heterocyclic system.

The evolution of the molecular structure of DMPZ during the electrochemical reactions was
verified using ex situ Fourier-transform infrared (FTIR) spectroscopy (Figure 3e). According
to the vibrational modes, the FTIR spectra of the as-prepared electrode can be divided into
three regions that represent (i) stretching of C-H bonds in a heterocyclic system and methyl
groups (3800-3100 cm), (ii) stretching of C=C and C-N-C bonds (1700-1250 cm"), and (iii)
bending of C-H bonds in a heterocyclic system and methyl groups (1200-1000 cm™'). The
vibrational mode of each peak was determined using DFT calculations, and the results are listed
in Supporting Table 2. As the DMPZ//Li cells were charged and discharged, the characteristic

FTIR spectra reversibly evolved and were restored. Most peaks observed in the rest state
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(3405-3575, 1615, 1476, 1360, 1277, and 1147 cm™") gradually disappeared during charge and
then recovered by the discharge. We attribute the dramatic change of the spectra to the
delocalized electrons in the heterocyclic system of DMPZ during the redox reactions, which
increase the electron densities of most atoms in heterocyclic systems, affecting their vibrational
modes. Nevertheless, the most noticeable change was observed for the vibrational modes of
stretching of C=C and C-N-C bonds in the heterocyclic system, where a sharp peak was
evolved at 1550 cm™! during the charge, indicating that the nitrogen atoms in the pyrazine ring
are the redox center. The FTIR spectra fully recovered during the following discharge,
indicating that the structural evolution of DMPZ is highly reversible and stable at the molecular

level.



3. Supplementary figures
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Figure S1. Cyclic voltammetry of DMPZ in 0.1 M MgClO4/TEGDME electrolyte. Reversible
two-step redox reactions of DMPZ was observed with large polarization due to the low ionic
conductivity of electrolytes originated from the strong solvation between ions and solvents.
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Figure S2. Deconvolution results of XPS local C 1s spectra of DMPZ electrodes at different
state of charge. Reversible upshift and recovery of binding energy was observed for the peaks
from the active compounds, which indicates the redistribution of electrons in the DMPZ
molecule during the electrochemical cycling.
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Figure S3. Mulliken charge population of DMPZ molecules obtained by DFT calculations.
The most significant change of electron density was observed in pyrazine ring (ring II), which
suggests that the conjugated diazabutadiene motif is the redox center.
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Figure S4. Charge/discharge profiles of DMPZ for initial three cycles within a voltage range
of 3.5-2.0 V (vs. Li) in different electrolytes. a) 1 M LiPF¢ (black), LiClO, (blue), and LiTFSI
(red) in TEGDME electrolytes, and b) 1 M LiPF¢ in EC/DMC electrolyte. The high charge
capacity beyond the theoretical capacity of DMPZ, and low reversible discharge capacity
suggest a possible shuttle reaction of DMPZ due to its high solubility in carbonate-based
electrolytes with high dielectric constants.



Table S1. Redox potentials of DMPZ in various electrolytes. The irreversible oxidation of
[DMPZ],.q in solvents with high donor number is attributed to the demethylation of DMPZ,
which results in the formation of 5-methylphenazinium-type products.

Solvent Redox potential (mV vs. Ag/AgNO3)
(DOHOF number) Ecred/rad Eared/rad E1/2red/rad Ecrad/ox Earadlox E1/2rad/ox
ACN (14.1) -212 -130 -171 502 598 550
TEGDME (16.6) -210 -145 -178 350 426 388
DMF (26.6) -225 -145 -185 - 504 -
(-300)* (-250)* (-275)*
DMSO (29.8) -280 -186 -238 - 434 -
(-385)* (-297)* (-341)*

*Redox potential of shoulder peaks originated from demethylation of DMPZ molecules.

Table S2. Peak assignments in FTIR spectrum. The reversible changes of the vibrational
modes were observed to be most dominant for the stretching of C=C and C-N-C bonds
(Region 2 in Figure 3e) in the heterocyclic system.

Wavenumber Vibrational mode Region in
(cm™) Figure 3d
3405 ~ 3575 Asymmetrical stretching of C-H bonds in methyl groups Region 1
In-plane asymmetrical stretching of C-H bonds in ring | and IlI
1615 In-plane asymmetrical stretching of C=C bonds in ring | and lll Region 2
In-plane symmetrical stretching of C=C bonds in ring | and I
1476 In-plane symmetrical stretching of C=C bonds in ring Il
In-plane asymmetrical stretching of C-N-C bonds in ring Il
1360 In-plane asymmetrical stretching of C-N-C bonds in ring Il
1277 In-plane symmetrical stretching of C=C bonds in ring I, Il and 1lI

In-plane symmetrical stretching of C-N-C bonds in ring I

1147 Rocking of methyl groups Region 3
In-plane bending of H-C=C-H in ring | and IlI
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