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Improved gravimetric energy density and cycle life
in organic lithium-ion batteries with naphthazarin-
based electrode materials
Masaru Yao1✉, Noboru Taguchi1, Hisanori Ando1, Nobuhiko Takeichi1 & Tetsu Kiyobayashi1

Replacing the scarce metal-based positive electrode materials currently used in rechargeable

lithium ion batteries with organic compounds helps address environmental issues and might

enhance gravimetric electrochemical capacity. The challenge has been to find organic

materials with both high capacity and long-cycle life. Here, we study the naphthazarin (5,8-

dihydroxy-1,4-naphthoquinone) skeleton as a high capacity candidate electrode for lithium-

ion batteries, showing a multielectron-transfer type redox reaction. We also use electron

energy-loss spectroscopy to reveal the reaction stoichiometry during charge/discharge

processes. While the lithium salt of naphthazarin itself helped deliver a high initial capacity,

its cycle-life was not satisfactory. Instead, a newly synthesized naphthazarin-dimer shows a

lengthened cycle-life without sacrificing the initial high capacity of 416 mAh g−1 and energy

density of 1.1Wh g−1.
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Their high energy densities have rendered the lithium ion
batteries (LIBs) an indispensable power source in modern
life. Among the ever-growing demands for the LIBs is the

reduction in the amount of scarce metals, with which the positive
electrodes of the current LIBs are heavily loaded. Increasing the
energy density is also required to drive electric devices a longer
time. As an alternative option to meet these requirements, many
redox active organic compounds have been examined as an
electrode material1–15. The intrinsically heavy metal-free organic
compounds have the potential not only to eradicate the envir-
onmentally undesirable elements from the electrode, but also to
simultaneously increase the gravimetric capacity thanks to their
multi-electron transfer type redox reactions. This high gravi-
metric capacity and a relevant high gravimetric energy density
features of such organic compounds would be favorable especially
when they are applied to aircraft in which the weight of the
batteries do become very important. We have demonstrated in
previous studies that a series of low-molecular-weight quinone
compounds undergo multi-electron redox reactions leading to
high capacities16,17; however, it is still challenging to obtain a
compound which satisfies both the high capacity and long cycle-
life.

In this study, with the objective of a higher capacity, we have
focused our attention on the naphthazarin (5,8-dihydroxy-1,4-
naphthoquinone) derivatives, in which the benzoquinone moiety
is fused with the lithium salt of hydroquinone (NP-Li: 1 in Fig. 1).
The conceivable four-electron transfer redox reaction18 has the
theoretical capacity of 531 mAh g−1, which is more than three
times the practical capacity of the conventional LiCoO2 (ca. 160
mAh g−1) and even higher than the theoretical one of the sim-
plest quinone derivative, 1,4-benzoquinone (496 mAh g−1).
While the naphthazarin monomer suffers from a short cycle-life,
we have proved that the newly synthesized dimer fused by the
dithiin ring (DNP-Li: 2 in Fig. 1) endures longer cycles without
impairing its high capacity. Furthermore, we have successfully
applied electron energy loss spectroscopy (EELS) to quantitatively
analyze the Li ion in the electrode, whereby we are able to
understand the reaction stoichiometry.

Results
Synthesis of naphthazarin derivatives. The naphthazarin Li salt
(NP-Li: 1) was prepared by neutralization of naphthazarin with a
LiOH aq. as described in our previous paper18. To synthesize a
dimer, we used the dithiin ring, a six-membered ring carrying two
sulfur atoms as a linker. The naphthazarin dimer fused by the
dithiin ring unit was synthesized from 2,3-dichloronaphthazarin
in three steps, Fig. 2. First, the hydroxy groups of naphthazarin
were protected by the acetyl group19, then dimerized by the
reaction with rubeanic acid20 to form the dibenzo[b,i]thianthrene
skeleton. A subsequent hydrolysis and neutralization gave the
desired compound (DNP-Li: 2). The yields at each step were
relatively high (>90%). The synthesized 2 is stable upon heating,
i.e., the thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) showed that its decomposition
temperature is close to 400 °C (Supplementary Figs. 1 and 2). A
heating treatment at 350 °C for 1 h of 2 did not drastically affect
the charge/discharge performance. (A small weight change during
heating below 400 °C is considered to reflect the hydrated water
release or the decomposition of impurities.)

While the crystal structure of 2 is not clear at present,
microcrystals were obtained for the acetyl-protected precursor, of
which the SEM analysis indicated that the particles were
columnar crystals with smooth surfaces. Although the crystals
are small (about 30 μm, Supplementary Fig. 3), one crystallite was
large enough to give the X-ray diffractions (Supplementary Fig. 4)

that allowed us to solve the crystal structure. The ORTEP
drawing, Fig. 3a, suggests that the precursor indeed possesses a
dithiin ring and the protective acetyl groups are bonded to the
outer side of the molecule. The peripheral acetoxy groups are
oriented at an angle almost perpendicular to the naphthazarin
plane (84.1°, 84.5°), reflecting the steric effect among these parts.
The two naphthazarin and one dithiin rings virtually form a
single plane; namely, all the 22 atoms (C20S2) in this ring system
are located within 0.011 Å from the mean plane. In the crystal,
this molecule stacks one-dimensionally to form a column
structure with the mean intermolecular distance of 3.41 Å
(Fig. 3b), which is close to the interlayer distance of 3.35 Å for
graphite.

The following novel dimer, 2, does not dissolve in the ordinary
solvents (Supplementary Fig. 5), which is important to realize
long cycle-life active materials. All the characterization measure-
ments, which can be applied to the analysis of the solid-state
compounds, such as MS, IR, elemental analysis, and solid-state
13C-NMR (Supplementary Figs. 6–11), confirm the structure of
the present molecule. The SEM image of the pristine powder of 2,
Fig. 3c, suggests that the micron-size crystals have a prismatic
structure. The XRD pattern indicates that the powders of 2 are
crystalline (Supplementary Fig. 12) and the TEM observation,
Fig. 3d, detected a layered pattern with the interval of ca. 7 Å,
implying a certain ordering of the molecule in the crystal. The
fact that this distance is close to the minor axis length of 2
predicted by DFT of 7.6 Å allows us to infer that 2 forms a layered
structure in the crystal as sometimes seen for ionic organic
compounds21–23.

Battery performance of the naphthazarin monomer and dimer.
As described above, the naphthazarin monomer, 1, is considered

Fig. 1 Chemical structures of the naphthazarin-based organic electrode
compounds. Naphthazarin dilithium salt (NP-Li): 1 and tetra lithium salt of
the naphthazarin dimer fused by the dithiin ring (DNP-Li): 2.

Fig. 2 Synthetic route for the lithium salts of the naphthazarin monomer 1
and the dimer 2. Reagents and conditions: (i) LiOH aq., 50 °C; (ii) acetic
anhydride, reflux; (iii) rubeanic acid, TEA/DMF, 50 °C; (iv) LiOH, H2O/
THF, 70 °C.
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to show a four-electron transfer type redox reaction (Fig. 4a),
which can lead to a high capacity. Figure 4b shows the initial
charge and the following discharge curves of the electrode com-
posed of 1. Since this molecule is in a half-charged state (i.e., the
State of Charge (SOC): 50%) at the pristine state, the capacity
observed during the first charge process corresponds to half of its
full capacity. The following first discharge curve can be roughly
divided in two voltage regions. The higher voltage region around
3.5 vs. LiC.E. reflects the reduction (cathodic) reaction of the
diquinone (the lithium-free derivative shown on the right side of
the redox scheme in Fig. 4a) which should be formed during the
first charge process of the naphthazarin lithium salt 1 (dilithium

form). The lower voltage region around 2 V vs. LiC.E. corresponds
to the further reduction in which the tetra-hydroxy-naphthalene-
tetra-lithium salt (shown in the left side of Fig. 4a) is supposed to
be formed. The observed capacity of 403 mAh g−1 accounts for
76% of the theoretical one, 531 mAh g−1, based on the assumed
four-electron redox reaction per molecule. The average discharge
voltage of 2.65 V vs. LiC.E. is close to that for the benzoquinone
derivatives16. This initial behavior implies that the naphthazarin
skeleton has the potential to work as a high capacity redox unit.
Nevertheless, its cycle stability was poor; namely, as shown in
Fig. 4c, the discharge capacity quickly began to drop after the
second cycle to eventually decay to 39 mAh g−1 after 100 cycles.

Fig. 3 Characterization of some dimeric derivatives. a, b, ORTEP drawing of the acetyl-protected precursor (a) and its stacked structure (b). Crystal
system: monoclinic; Space group: I2/a (No. 15); a: 20.9463(3) Å; b: 4.77582(6) Å; c: 24.9250(4) Å; β:91.3017(12)°; Z: 4; R(I>2σ(I)): 2.61%; R(all): 2.80%;
wR(all): 7.10%; GOF: 1.070; Radiation: Cu Kα; Reflection: 7450; T:− 173 °C. c,d, Wide field SEM (c) and high resolution TEM (d) images of the powder of 2.

Fig. 4 Battery performance of the electrode using the naphthazarin monomer 1. a, Conceivable charge/discharge reaction of 1. b, c Charge/discharge
curves (b) and cycle-performance (c) of the electrode of 1. (Current density: 20mA g−1, Temperature: 30 °C).
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This phenomenon is often seen for low-molecular-weight active
materials, which is considered to reflect the dissolution of such
active materials into the electrolyte solution.

Next, the battery performance of the dimer, 2, is described. The
synthesized dimer, 2, conceivably undergoes an eight-electron
transfer reaction, Fig. 5a, which should lead to the high
theoretical capacity of 462 mAh g−1. (The dithiin ring can
undergo one electron oxidation reaction at higher potential than
the redox of the quinone moieties according to a theoretical
calculation. If one can use this reaction, the theoretical capacity
would be 520 mAh g−1.) The initial charge/discharge and the
following charge curves of the electrode using the dimer 2,
Fig. 5b, are composed of multiple voltage plateau regions, which
resemble the shape of those of 1, though each plateau region is
tilted, probably reflecting the enhanced electronic interaction due
to the dimerization. The order of the Li+ to insert to the molecule
of 2 is not clear at present. A careful operando XRD measurement
and quantum calculation considering the bulk effect would give
us a hint for this issue. The electrode made of 2 delivered a high
initial capacity, 416 mAh g−1, which is also close to the theoretical
value. The average discharge voltage, 2.74 V vs. LiC.E., which
exceeds that of the monomer (2.65 V vs. LiC.E.) by 0.09 V,
translates into the gravimetric energy density of about 1.1Wh g−1.
(Here, the energy density was calculated by multiplying the
specific capacity and average voltage.) The obtained value is
relatively high compared to the already reported compounds of
not only organic5,24,25 but also inorganic positive electrode
materials, except for elemental sulfur. The relatively high specific
mass density of this material, 2.1 g cm−3, which is comparable to
that of graphite (2.2 g cm−3), leads to the volumetric energy
density of 2.3Wh cm−3, exceeding that of LiFePO4, a material

already in actual use (ca. 1.8Wh cm−3). If the full theoretical
capacity of 2 is available, the gravimetric and volumetric energy
densities would reach 1.3Wh g−1 and 2.6Wh cm−3, respectively.
The rate capability of the electrode using 2 was also examined by
discharging at various current densities (Supplementary Fig. 13).
Even at 400mA g−1 (~1 C), the capacity was about 300mAh g−1.
This electrode showed a power maximum (14W g−1) at the
current density of around 8 A g−1. This power output is
comparable to that of an electrode incorporating a commercially
available carbon layer deposited LiFePO4 which has been specially
designed for high-power usage. The impedance measurement
indicated that the internal resistance of the electrode is small
during the middle DOD region as shown in Supplementary
Fig. 14. It should be noted that such a high-rate performance can
be influenced by many other factors including cell components
than the properties of the active material itself; therefore, further
discussion is beyond this study. The dimer electrode excels in
cycling stability, Fig. 5c; it maintained 300mAh g−1 after 100
cycles, a relatively good performance among the low-molecular-
weight quinone derivatives, which tend to leach out into the
electrolyte solutions during cycling, resulting in a short cycle-
life16,17,26. This study demonstrated that the dimerization can
limit the dissolution of the active material into the electrolyte to
improve the cycle stability. Furthermore, an electrode in which the
active material ratio is increased to about 83 wt% was prepared
and examined. Many organic active materials often require a large
amount of carbon additives to obtain their high capacity values.
This extra weight can seriously reduce the capacity value per total
weight of the electrode; therefore, reducing the amount of
conductive additive, and increasing the ratio of active materials
in the electrode are very important to put such organic active

Fig. 5 Battery performance of the electrode using 2. a Conceivable charge/discharge reaction of 2. b, c Typical charge/discharge curves during initial
cycles (b) and cycle-life performance of the electrode incorporating 2 (c). (Current density: 20 or 50mA g−1, Temperature: 30 °C.) d, e Charge/discharge
curves (d) and cycle-life performance (e) of the high-content (83 wt%) electrode containing 2. (Current density (discharge): 20–0.5 mA g−1).
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materials into practical use27. For this study, the prepared high-
content electrode containing 2 showed the very high capacity of
374mAh g−1 at 20 mA g−1 and exceeded 400mAh g−1 at the
lower current densities despite the fact that the active material
ratio was very high (Fig. 5d), which can be a great advantage for its
practical application. (The prepared high-content electrode also
showed fair cycle stability as shown in Fig. 5e). The charge curves
of this high-content electrode apparently differ from those of the
low-content one. The cyclic voltammetry showed that the shape of
the voltammograms varies depending on the carbon-additive
contents in the electrodes (Supplementary Fig. 15a). The shape
was also affected by the scan rate especially for the low-carbon
content electrodes (Supplementary Fig. 15b). These results imply
that the low-carbon content electrode has a high over-voltage and
slow kinetics due to the increased internal resistance and uneven
distribution of the active material in the electrode. To circumvent
these issues, one would need to improve the current collecting
ability in the electrode, for example by a carbon coating on the
active material powders, specially designed conductive additives27,
etc.

A symmetric full cell using the dimer. The two carbonyl and two
hydroxy groups in naphthazarin can undergo reduction and
oxidation, respectively. This bipolar characteristic suggests that its
lithium salt has the potential to work not only as a positive but
also as a negative active material, Fig. 6a. A full cell was tested in
which the electrodes of 2 were used as both the positive and
negative electrodes. The charge/discharge curves during the initial
two cycles, Fig. 6b, have two voltage plateau regions; one is
around 1.8 V and the other is around 1.0 V during the discharge
process, both of which can be explained by the potential differ-
ence between two pairs of two plateaus observed in the half-cell in
Fig. 5b. The observed capacity of 189 mAh g−1 is close to the
theoretical one of 231 mAh g−1 under the assumption of a four-
electron transfer per molecule. The cell maintained the capacity of
122 mAh g−1 after 100 cycles, Fig. 6c. In the literature, one can
find only a limited number of symmetric full-cell tests in which
the same organic material is used in both electrodes28,29. Using
the identical electrode as both the negative and positive electrode
would partially contribute to reducing the battery cost.

Charge/discharge mechanism of the naphthazarin derivatives.
In order to obtain an insight into the reaction mechanism of the
naphthazarin derivatives, ex-situ 1H-NMR spectroscopy was first
used to evaluate the chemical structural change during the charge
and discharge processes of 1. Figure 7a compares the NMR
spectra of the extracts from the electrode in the charged and
discharged states with those of compounds chemically oxidized
and reduced. The spectrum of the fully charged state shifts
downfield from the initial compound 1 and agrees with its che-
mically oxidized state, i.e., diquinone. On the other hand, the
extract from the fully discharged electrode has a signal shifted
upfield from 1 and agrees with that of its chemically reduced
compound, the tetrahydroxy naphthalene lithium salt. The NMR
signals simulated by a quantum chemistry calculation qualita-
tively agrees with these experimental results; viz., the calculation
predicts a downfield 0.24 ppm shift and an upfield 1.1 ppm shift
from 1 for diquinone and the tetraanionic state, respectively.
Incidentally, we found that the polarization function must be
added to the hydrogen atom to reproduce the spectra, implying
the important role played by the higher orbitals of the hydrogen
atom when dealing with the 1H-NMR. These observations sub-
stantiate the fact that the four-electron transfer in Fig. 4a indeed
takes place in the electrode.

Furthermore, the charge/discharge mechanism of 2 during
cycling was also examined by an ex-situ TEM-EELS technique for
the electrode of 2, since the above-mentioned NMR technique is
not suitable for 2 due to its low solubility in the ordinary organic
solvents. While the carrier ion in the rechargeable lithium
batteries is usually Li+, some organic positive electrode active
materials reported for the lithium system accommodate
anions1,3,8 such as PF6− or ClO4

− instead of Li+. Therefore,
identifying the carrier ions is important in understanding the
charge and discharge mechanism to develop a practical battery. In
this study, we successfully identified the carrier ion to be Li+ and
determined its stoichiometry in the electrode of 2. The EELS
signal from the Li atom changed according to the SOC of the
electrodes which were charged or discharged to specific states,
Fig. 7b. The quantitative relation was derived in such a way that
the mean peak area for the initial state was normalized to 4.0 to
which the area for the charged and discharged electrodes was
compared; namely, the Li content per molecule decreased to 0.7

Fig. 6 Charge/discharge behavior of the symmetric full cell using 2 as both the positive and negative electrodes. a Redox reaction of 2 in both
electrodes. b Charge/discharge curves of the full cell. c Cycle-life performance of the full cell.
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(2) after the first charge and increased to 8.5(2) after the
subsequent discharge as shown in Fig. 7c. This result proves that
the charge carrier is Li+ with the reaction stoichiometry that the
molecule releases four Li+ ions during the initial charge and
accommodates eight Li+ ions after a full discharge. This
observation corroborates the total eight-electron redox reaction
of the molecule accompanied by the eight-lithium storage and
release.

In order to understand the charge/discharge behaviors of the
naphthazarin derivatives, their molecular orbitals were calculated
by DFT for 1 and 2. In addition, a model compound, 2′, in which
two naphthazarin moieties are fused with a benzo ring was
compared to clarify the effect of the dithiin ring of 2. As for the
small naphthazarin analogs, the electronic state of their HOMO
and LUMO should be relevant when discussing the electro-
chemical properties and considering their redox mechanism. In
addition to these frontier orbitals, the NLUMO and NHOMO
should also be evaluated for the dimers because of the orbital
splitting caused by the fusion. Figure 8a depicts the related
molecular orbitals of the optimized structures of 1 and 2, and
benzo-fused dimer, 2′, along with the energy diagrams. In each
molecule, the molecular orbitals are delocalized over the
molecules based on their π-characteristics.

Whereas the contours of the orbitals resemble 2 and 2′, their
energy levels are influenced in a different fashion by the ring
fusion. The average energy of the redox-relating orbitals
(NLUMO, LUMO, HOMO, and NHOMO) of 2′ is located at
0.2 eV higher than that of 1. Taking the accrual redox potential
of 1 into consideration, the average potential of 2′ would be
2.48 V vs. Li+/Li, which is lower than that of 1. As is often
observed, the fusion by the sp2-type unsaturated rings tend to
lower the average discharge voltage probably due to the strong
interaction between the redox-relating orbitals, with which our
calculation for 2′ agrees. On the contrary, the effect of the
dithiin-ring fusion on the energy level is limited and opposite to
that of the benzo-ring, for which the saturated sp3-type sulfur

atom that blocks the delocalization of the π-electron is
responsible; i.e., the average energy of these MOs of 2 is
0.1 eV lower than that of 1. The estimated average potential of 2
from this calculation is 2.71 V vs. Li+/Li, which well agrees with
the experimentally observed discharge voltage of 2.74 V vs. LiC.E.
for 2. Using the dithiin ring to fuse organic molecules is thus an
effective way to increase its molecular weight without decreasing
the discharge voltage.

How the intermolecular interaction in the crystal is increased
by the dimerization was also calculated30, in which the fully
charged (oxidized) molecule was examined because its Li-free
state allows us to optimize the structure without introducing the
ambiguity caused by the assumptions in the Li position. The
optimization gave parallel displaced stacking structures for the
fully charged states of 1 and 2, Fig. 8b. The off-set π-stacking is
typical in π-conjugated polycyclic molecules, thus validating the
present calculation. The intermolecular binding energy of the
oxidized 1 and 2 was calculated to be 27 and 81 kJ mol−1,
respectively. While the former value is typical for such stacked
small molecules, the latter is very high for molecules associated by
the van der Waals interaction. Incidentally, a hypothetical trimer,
3, in which three naphthodiquinone moieties are fused by two
dithiin rings, was also calculated to be in a stacked structure with
the intermolecular interaction of 127 kJ mol−1, about five-fold
greater than that of 1. Furthermore, the solvation energy for these
fully oxidized compounds in sulfolane was calculated at the same
level to be 35, 69, and 101 kJ mol−1 for the monomer, dimer and
trimer, respectively, summarized in Fig. 8c along with the
stacking energy. The solvation energy for the monomer is greater
than the binding energy via the π-stacking, which indicates that
the monomer prefers to be dissolved in the solvent. On the other
hand, the trend is opposite for the dimer and trimer; i.e., the
binding energy for these compounds exceeds their solvation
energy. In addition, the energy difference for the trimer is greater
than that of the dimer. This calculation indicates that these
oligomers would hardly dissolve in the solvent.

Fig. 7 Charge/discharge mechanism analysis of the electrodes using the naphthazarin monomer 1 and the dimer 2. a 1H-NMR analysis for 1 during the
charge/discharge processes. The signals with ‘*’ and ‘**’ indicate the minor components of the partially reduced and oxidized states, naphthazarin hydroxy
form and 1, respectively. †The signal positions were calibrated with respect to those of 1 in DMSO-d6. b, c EELS spectra from the Li K-edge (b) and
stoichiometric ratio of Li to 2 with standard deviation bars (c).
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Discussion
The initial discharge capacities and the average voltages are very
similar for the monomer 1 and dimer 2; i.e., 403 and 416mAh g−1

2.6 and 2.7 V vs. LiC.E., respectively. The gravimetric energy
density exceeds 1.0Wh g−1 for both 1 and 2, which is relatively
high compared to those of the reported electrode materials of not
only organic compounds but also inorganic counterparts such as
LiCoO2, Li(Ni-Mn-Co)O2 or LiFePO4 which range from 0.5 to 0.7
Wh g−1 31. Unlike the ordinary quinones, the naphthazarin deri-
vatives can be prepared in the pristine states that contain lithium
ions, which eliminates the necessity to pre-dope Li when manu-
facturing the full cell, thus making naphthazarin an attractive
candidate as a high energy-density active material. The dimer 2
underwent many more cycles than the monomer 1.

Not only is the chemical stability of the material important for
the long cycle-life, but also the dissolution of the organic com-
pound into the electrolyte solution causes the capacity decay,
which is responsible for the poor cycling performance of the low
molecular weight organic active materials as already reported. In
the wake of our previous investigation in a series of alkoxy
benzoquinone analogs, we have established the trend that the
lower the solubility in the solvent, the longer the cycle-life26.
While polymerization has been regarded as a method to suppress
the dissolution, it often significantly diminishes the capacity from
the theoretical one, as exemplified in our previous study in which
the utilization ratio of a naphthazarin polymer was not satisfac-
tory during the charge and discharge32. Introducing polar sub-
stituents is another way to prevent the molecules from dissolving

into the polar solvent, though at the expense of the decrease in the
theoretical capacity per se due to the extra weight of those
substituents14,33.

While the direct fusion of the redox-active moiety is reported to
be effective in extending the cycle-life along with maintaining a high
utilization ratio17, it also lowers the voltage due to the strong
intramolecular orbital interaction. Although the lithium salt of
either monomer 1 or dimer 2 hardly dissolves into the organic
solvent, the fully charged diquinone state of 1 is quite soluble, for
instance, in chloroform, benzene, acetonitrile, DMSO, etc.15,34–36.
The dissolution of the diquinone state of 1 was confirmed by the
color change of the electrolyte solution after cycling in this study. A
theoretical calculation suggested that the intermolecular interaction
in 2, 81 kJ mol−1, is threefold greater than that in 1 and exceeds that
of the hydrogen bond, 10‒40 kJmol−1, which is considered a
relatively strong interaction. The calculation predicts the inter-
molecular interaction of a hypothetical trimer 3 to be 127 kJmol−1,
rivaling that of the covalent bond, 100‒300 kJmol−1. In addition,
the solvation energy calculation gave a further insight about the
solubility of these compounds. Similar to the trend of the binding
energy, the solvation energy also increases as the molecular size
increases. The stacking energy exceeds the solvation energy when
oligomerized. This observation indicates that such high molecular
weight oligomers energetically prefer to be in a bulk environment
rather than to be an isolated solute in the solvent. Although at a
finite temperature the entropy would lever the equilibrium towards
the solution state, the quantum chemistry calculation, which reflects
the state at 0 K, suggests that the increase in the molecular weight
due to the oligomerization renders the solid state stable. Thus we
speculate that the solubility of the fully charged 2, which is still
unknown, would be significantly lower than that of 1 thanks to the
stronger intermolecular interaction. This study demonstrated that
the dimerization or trimerization by the dithiin ring is very effective
in enhancing the intermolecular attraction to overcome the solva-
tion energy so that the dissolution is sufficiently limited to prolong
the cycle-life without affecting the energy density. Thus we spec-
ulate that the solubility of the fully charged 2, which is still
unknown, would be significantly lower than that of 1 thanks to the
stronger intermolecular interaction.

In summary, as a redox active organic unit with a high energy
density, we focused our attention on the naphthazarin (5,8-
dihydroxy-1,4-naphthoquinone) skeleton, of which the theore-
tical capacity is ca. 500 mAh g−1, based on its four-electron
transfer reaction. The lithium salt of the monomer, 1, delivered a
high capacity and high energy density (403 mAh g−1 and 1.1Wh
g−1) during the initial discharge process; however, the capacity
quickly decreased upon cycling. To improve the cycle-stability, a
naphthazarin dimer, 2, fused by the dithiin ring was newly syn-
thesized in order to compare its battery performance to that of
the monomer, 1. The electrode made of 2 initially delivered a high
capacity and gravimetric energy density (416 mAh g−1 and 1.1
Wh g−1, respectively) and maintained about 300 mAh g−1 after
100 cycles. Also, 2 showed the high capacity of 374 mA h g−1

even when the active material content ratio in the electrode was
increase to more than 80%. A quantum chemistry calculation
indicated that the dimerization of the naphthazarin unit by the
sp3-based dithiin ring would not lower the potential. The inter-
molecular attraction through the π-π interaction in the dimer was
calculated to be stronger than the solvation interaction, which
should alleviate the dissolution of the dimer into the electrolyte
solution. We successfully applied the NMR and EELS methods to
prove that the charge carrier is indeed Li by determining the
reaction stoichiometry. Fusing the multi-electron transfer units
by a saturated ring would serve as a guide for designing a new
organic active material that fulfills both the high energy density
and long cycle-life.

Fig. 8 Quantum chemistry calculation for naphthazarin derivatives. a The
calculated energy level diagrams of some MOs of the lithium salt of the
naphthazarin-monomer (1), a benzo-fused dimer (2′), and the dithiin-fused
dimer (2). b The calculated stacking structures of the fully charged states of
1, 2, and a hypothetical trimer 3. c Comparison of stacking energy and
solvation energy calculated for the fully charged state of 1, 2, and 3.
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Methods
Materials. 5,8-Dihydroxy-1,4-naphthoquinone (Alfa Aesar), 2,3-dichloro-5,8-
dihydroxy-1,4-naphthoquinone (Tokyo Chemical Industry), and the other che-
micals used for the synthesis were purchased and used without further purification.
The naphthazarin dilithium salt (1) was prepared by the neutralization of naph-
thazarin with lithium hydroxide. The synthesized compounds were characterized
by the liquid type 1H-NMR and 13C-NMR (JEOL, JHM-ECS series, ν(1H)= 400
MHz), infrared (IR), and mass apparatus (Waters, ACQUITY SQD mass spec-
trometer) equipped with an atmospheric solids analysis (ASAP) or electrospray
ionization (ESI) probes, and melting point measurement (Stanford Research Sys-
tems, OptiMelt MPA-100). A solid-state MAS-13C-NMR (JEOL, JNM-ECX400)
with CPMAS and DDMAS modes was also used to characterize the final com-
pound 2. The specific weight (density) of 2 was measured by gas displacement
pycnometry (Micromeritics Instruments Corp., AccuPyc series). The analytical
data (MS, IR, NMR, SEM, EDX, XRD, etc.) are listed in the Supplementary
information.

Synthesis of the naphthazarin dimer 2. 2,3-Dichloro-5,8-dihydroxy-1,4-naph-
thoquinone 3.0 g (12 mmol) was dissolved in 75 mL of acetic anhydride and the
solution was refluxed for 8 h. After cooling, the precipitate was filtered and washed
to give 3.7 g of a yellow solid of 5,8-diacetoxy-2,3-dichloro-1,4-naphthoquinone19.
Yield: 92%. M.p.: 237 °C. ASAP-MS, m/z: calcd. for C14H8

35Cl2O6,
C14H8

35Cl37ClO6: 342, 344; Found: 343, 345 [M+H]+. IR, cm−1: 1764 (acetyl
C=O), 1684 (quinone C=O). 1H-NMR (400MHz, CDCl3): δ 7.45 (s, 2H, per-
ipheral CH), 2.46 (s, 6H, acetyl CH3). 13C-NMR (400MHz, CDCl3) (Supplemen-
tary Fig. 16): δ 174.0 (C=O), 169.0 (C=O), 148.5 (C–O), 143.2 (C–Cl), 131.9
(C–H), 123.6 (bridgehead C), 21.0 (CH3).

To the solution of 5,8-diacetoxy-2,3-dichloro-1,4-naphthoquinone (0.85 g,
2.5 mmol) and rubeanic acid (0.17 g, 1.4 mmol) in 13mL of N,N-dimethylformamide
was added a small amount of triethylamine. The reaction mixture was stirred for 10 h
at 50 °C. After cooling to room temperature, the precipitate was filtered and washed
with water to give 0.72 g of 1,4,8,11-tetraacetoxydibenzo[b,i]thianthrene-5,7,12,14-
tetrone as a red solid. Yield: 96%. M.p.: 314 °C. ESI-MS(CHCl3), m/z: calcd. for
C28H16O12S2: 608; Found: 608 [M]+. IR, cm−1: 1765 (acetyl C=O), 1655 (quinone
C=O). 1H-NMR (DMSO-d6): δ 7.65 (s, 4H, peripheral CH), 2.33 (s, 12H, acetyl
CH3). 13C-NMR (DMSO-d6) (Supplementary Fig. 16): δ 175.2 (C=O), 168.6 (C=O),
147.3 (C–O), 139.2 (C–S), 131.8 (C–H), 123.1 (bridgehead C), 20.5 (CH3). E.A. calcd.
for C28H16O12S2: C, 55.26; H, 2.65; S, 10.54%. Found: C, 54.79; H, 2.50; S, 10.92%.

1,4,8,11-Tetraacetoxydibenzo[b,i]thianthrene-5,7,12,14-tetrone (0.82 g, 1.4mmol)
was treated in a lithium hydroxide solution in a mixed solvent of water (10mL) and
tetrahydrofuran (50mL), and the resulting solution was stirred for 1 h at 70 °C. After
evaporation of the solvent, the residue was washed with ethanol to give 0.60 g of
1,4,8,11-tetrahydroxydibenzo[b,i]thianthrene-5,7,12,14-tetrone tetra lithium salt (2) as
a bluish purple solid. Yield: 97%. M.p.: >400 °C. ASAP-MS (hydroxy deriv.), m/z:
calcd. for C20H8O8S2: 440; Found: 441 [M+H]+. IR, cm−1: 1635 (aromatic C=C
stretch), 1549 (C=O/CO− sym. stretch), ~1400 (C=O/CO− asym. stretch). 1H-NMR
(DMSO-d6): δ 6.54 (s, 4H, peripheral CH). 1H-NMR (solid, CP-MAS): δ 6.65 (s, 4H,
peripheral CH). 1H-NMR (DMSO-d6) (hydroxy deriv.): δ 11.92 (s, 4H, phenolic OH),
7.47 (s, 4H, peripheral CH). 13C-NMR (solid, CP-MAS): δ 179.3 (C–O), 168.3 (C–O),
138.1 (C–H and C–S), 116.9 (bridgehead C). (Other measurements with different
contact times and the measurement using the dipolar decoupling mode imply that the
peak at 138.1 ppm is an overlapped one.) E.A. calcd. for C20H4Li4O8S2·½H2O: C,
50.77; H, 1.07. Found: C, 50.39; H, 0.71. E.A. calcd. for C20H8O8S2·½H2O (hydroxy
deriv.): C, 53.99; H, 1.93; S, 14.41%. Found: C, 53.95; H, 1.97; S, 14.15%. Specific
weight (density): 2.1 g cm−3.

Single crystal analysis. Single crystals of the acetyl-protected precursor of 2
suitable for X-ray analysis were obtained by a slow cooling of its hot N-methyl-
pyrrolidone solution. A red prism crystal (0.26 × 0.04 × 0.03 mm) was selected and
mounted in a loop. All measurements were made by using a Rigaku XtaLAB PRO
MM007 diffractometer (Rigaku) with multi-layer mirror monochromated Cu Kα
radiation (λ= 1.54184 Å). Data were collected and processed using CrysAlisPro
(Data Collection and Processing Software, Rigaku Corp.). The structure was solved
by direct methods (SHELXT ver. Ver. 2014/5)37 and expanded using Fourier
techniques. All calculations were performed using a crystallographic software
package (CrystalStructure, Rigaku Corp.) except for refinement, which was per-
formed using SHELXL ver. 2014/738.

Preparation of electrodes and cells. As a positive-electrode, a composite sheet
composed of an organic active material powder, acetylene black as the conductive
additive, and polytetrafluoroethylene as the binder was prepared by mixing them in
the weight ratio of 4:5:1 in a mortar. The sheet (~0.8 cm2, ∅~10 mm) was then
pressed onto a mesh-type aluminum current collector. The amount of active
material was approximately 3.00 mg per electrode. The battery performance of the
organic compounds as positive electrode active materials was examined by
assembling IEC R2032 coin-type cells with a lithium metal negative-electrode,
separator, and about 0.2 mL of the electrolyte solution of lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) / sulfolane (2.4 mol kg−1).

Electrochemical measurements. Cyclic voltammetry (CV) was applied to the
prepared cells using electrochemical analyzers (Solartron SI1280B and ALS 610E).
The voltammogram was recorded at the scan rates of 0.2, 0.1, and 0.05 mV/s in the
potential range of 1.2‒4.2 vs. LiC.E. at 30 °C. The electrochemical impedance of the
cells was recorded with the same electrochemical analyzer at the various depth of
discharge. The frequency ranges from 1 × 10−2 to 1 × 105 Hz with an alternative
current signal of 0.1 mA amplitude.

The prepared coin-type cells were galvanostatically charged at the current
density of 50 mA g−1 for the active materials to the upper limit of the voltage of 4.0
V vs. LiC.E. followed by a one-hour potentiostatic charge, then galvanostatically
discharged at 20 mA g−1 to the lower voltage limit of 1.5 V vs. LiC.E. The charge/
discharge measurement was performed by a battery evaluation system (ABE
system, Electrofield Co., Ltd.) at 30 °C. In this paper, the obtained capacities are
expressed in terms of mass of the active material in the positive electrode.

1H-NMR spectroscopy for the monomer 1. The chemical structure change in the
electrode during the charge/discharge process of 1 was measured ex situ by 1H-
NMR spectroscopy. For this measurement, a solution of lithium perchlorate/
dimethyl carbonate (3 mol kg−1) and LiTFSI / tetrahydofuran (3 mol kg−1) were
used as the electrolyte solutions to obtain the charged and discharged states,
respectively. First, the cell at a given state of charge and discharge was disassembled
under an inert atmosphere. The electrode was taken out and dried under reduced
pressure. The redox active components were extracted by immersing each electrode
in (CD3)2SO or D2O, and the 1H nucleus in the solutions was measured. The initial
state of 1 shows a single peak at 6.61 ppm vs. tetramethylsilane (TMS, (CH3)4Si) in
(CD3)2SO and 6.90 ppm vs. sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP,
(CH3)3Si(CD2)2COONa) in D2O. The chemical shift position of 1 in the former
system (DMSO solution) was used as a reference to correct the solvent effect. The
chemically oxidized compound of 1, 1,4,5,8-naphthodiquinone, was prepared using
a hypervalent iodine-type oxidation reagent, [bis(trifluoroacetoxy)iodo]benzene,
according to the literature35. The chemically reduced species, 1,4,5,8-tetra-
hydroxynaphthalene tetra lithium salt, was prepared by reacting 1 and Na2S2O4 in
D2O with an excess amount of LiOH. This reduced tetralithium salt shows a peak
at 6.29 ppm vs. TSP-d4 in D2O without any corrections. To compare the chemical
shift change of the above mentioned states dissolved in different solvents, the peak
of 1 was used as an internal reference.

Theoretical calculations. To obtain the energy level of the molecular orbitals
(MOs), the density functional theory calculation using a popular basis set of 6-31G
(d) and a functional of BLYP were used. In this calculation, a self-consistent
reaction field (SCRF) with the conductor-like polarizable continuum model
(CPCM) was applied to simulate a bulk environment. The redox average potential
of the above-treated molecules was empirically estimated by considering the dif-
ference between the calculated average energy level of the redox-related orbitals of
each molecule and that of the monomer as a potential deviation from the
experimentally obtained average value for 1 (2.65 V vs. Li+/Li). As for the NMR
simulation, a single point calculation using a basis set of 6-31+G(d,p) and the
CSGT method was used for the structure which was optimized at the b3lyp/6-31G
(d) level. To estimate the intermolecular binding energy of 1 and 2, their stacking
structures were optimized by the same basis set using the hybrid DFT functional of
BHandH39, which is often applied for a system including non-covalent interac-
tions, followed by the single point calculation based on the Møller-Plesset per-
turbation theory (MP2) by the same basis set. To take the solvation effect into
consideration, the self-consistent polarizable continuum model (SC-PCM) was
applied to our molecular system. A single point calculation in sulfolane was con-
ducted at the MP2/6-31G(d) level for the optimized structures. All the quantum
chemistry calculations were performed using the GAUSSIAN 03, 09, and 16 pro-
gram packages40 and the calculated MOs were visualized by Gauss View 3.041.

TEM-EELS analysis for the dimer 2. An ex-situ electron energy-loss spectroscopy
(EELS) measurement was used to analyze the charge/discharge mechanism of the
electrode using a scanning transmission electron microscope (TEM) (Titan3 G2 60-
300) equipped with an EELS apparatus (GIF-Quantum, Gatan, Inc.) at an accel-
eration voltage of 300 kV. For this analysis, some cells composed of the positive
electrode using 2 and the lithium metal negative electrode with a 1 mol kg−1

lithium hexafluorophosphate/tetrahydofuran electrolyte solution were prepared.
The electrodes after the charge/discharge test were removed from the cells and
washed with degassed dimethoxyethane to dissolve out the electrolyte salt before
the measurement. The sample powder for the TEM analysis was obtained from the
electrode and directly dispersed on a holey carbon film supported on a Cu mesh.
The change in the lithium ion concentration of the electrode was measured using
EELS. The EELS spectra were measured at the areas where the sulfur atom signals
from the molecular structure of 2 were previously observed by the EDX analysis.
After eliminating the effect of multiple scattering by Fourier-log deconvolution,
each spectrum was filtered by the Savitzky-Golay smoothing, then the exponential
background subtraction method was used to extract the integrated Li K-edge
intensity. To compare the Li K-edge intensity of each sample, the signal was
normalized with the relative thickness and detector counts obtained from electrons
transmitted through the vacuum region. The normalized lithium peak strength
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values were then converted to the amounts of the lithium atom per molecule using
the peak strength of the initial state molecule of 2 which contains four lithium
atoms as a reference.

Data availability
The data that support the findings of this study are available from the corresponding
author (M.Y.) upon reasonable request.
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