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A B S T R A C T

First-principles density functional theory method is employed with experimental techniques to investigate the
redox properties and charge storage performance of seven quinone derivatives and to assess their potential as
cathodes in sodium-ion batteries. The computed redox properties are comprehensively correlated with other
properties, namely, electron affinity (EA), solvation energy, charge storage capacity, and energy density. The
correlations are further verified to be applied not only to quinones but also to other organic molecules. The
established universal correlations highlight three main conclusions. First, EA and solvation energy need to be
cooperatively tuned to achieve a specific redox potential. Second, the exceptionally high performance of
anthraquinone-2,6-dicarboxylic acid can be explained by the correlation of the redox potential with EA and
solvation energy. Third, the differences in the performance between the calculated and experimental values for
the other six quinone derivatives mainly result from the Na binding configurations, highlighting the
experimental charge capacity is extraordinarily enhanced by metastable Na binding scenarios.

1. Introduction

Sodium-ion batteries (SIBs) have recently attracted significant
attention as the most promising technology for replacing lithium-ion
batteries (LIBs) owing to the low cost driven by the abundance of
sodium resources [1–8]. In the pursuit of high-performance electrode
materials for SIBs, organic materials have attracted particular attention
due to several advantages such as low cost with large-scale production,
environmental friendliness, sustainability, and structural diversity
[2,3,6,9,10]. In addition, the structural changes of organic materials
during the redox reactions with metal ions are very small compared to
inorganic materials [11,12].

Considerable efforts have been recently made to identify promising
organic cathode materials with better performance such as high energy
densities as well as enhanced redox potential. In the early stage,
a variety of conducting polymers such as polypyrroles [2,3] and

polythiophenes [13] have been investigated as promising cathode
materials in SIBs and their potential has been evaluated. For example,
Wang and coworkers reported that hollow polypyrrole nanospheres
exhibited superior rate capability and sustained cycling stability [2].
Yang and coworkers proposed an aniline/o-nitroaniline copolymer
with the high potential and strong capacity retention as cathode
materials in SIBs [13]. They reported that PF6

- anions in the electrolyte
would be doped into and de-doped from the polymer during the
charging and discharging processes, respectively [13]. Very recently,
the efforts have been extended from anion-driven p-type polymers into
cation-driven n-type organic molecules, aiming at the identification of
promising cathode candidates with higher energy densities for
rechargeable batteries [14–28]. Carbonyl-based compounds, which
can reversibly bind with Li- or Na-ions via carbonyl groups, has
attracted intensive interests [14–22]. The past few years have
witnessed the efforts in understanding their redox properties through
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either experimental or computational methods [23–28]. For instance,
Dunn and coworkers synthesized naphthalene diimide derivatives with
tailored functionalities, and showed that redox potentials varied from
2.3 to 2.9 vs. Li/Li+ with different substituted functional groups [23].
In addition, Zhang and coworkers developed high-performance organic
cathodes with enhanced redox potential and cyclic stability for SIBs
through tailoring conjugated backbones in polyimides [29].

In addition, a few computational studies have been devoted to
investigating the redox properties of quinone-based organic molecules
for rechargeable secondary batteries [15,18,24,25]. Aspuru-Guzik and
coworkers employed a large-scale computational screening approach to
efficiently predict the redox potentials of a broad array of quinone
derivatives for redox flow battery applications [24]. Assary and coworkers
investigated the redox potentials associated with the transfers of the first
and second electron(s) into anthraquinone derivatives [25]. In our
previous studies, we investigated the redox potentials of various qui-
none-based organic molecules as cathode materials in LIBs [15,18].
Despite all these significant efforts, the progress in understanding the
redox properties of the organic molecules is still limited to tuning their
redox potentials by employing structural variations on their design.
Fundamental understanding of their redox properties in a correlation
with other parameters, such as electron affinity (EA) and solvation, is not
thoroughly accomplished yet. In particular, there is no study on the redox
properties of organic molecules interacting with sodium atoms during the
discharging process, which is essential for the improvement of the cell
performance. Thus, a guideline for the rational design of novel organic
cathode materials is highly desired.

In this study, we aimed at achieving fundamental understanding of
the redox properties of quinone-based organic molecules by seeking their
correlation with key parameters, such as EA and solvation energy, and
evaluating their potential in terms of their performance for SIB applica-
tions. For this goal, we investigated the seven quinone derivatives
(see Fig. 1), namely 1,4-benzoquinone (BQ), 1,4-naphthoquinone, 9,
10-anthraquinone (AQ), 2-aminoanthraquinone (AAQ), 2,6-diaminoan-
thraquinone (DAQ), anthraquinone-2-carboxylic acid (CAQ), and anthra-
quinone-2,6-dicarboxylic acid (DCAQ), which were employed in our
previous study [18]. The contribution of the EA and solvation energy to
the redox potential are systematically scrutinized for the organic
molecules bound with Na atoms during the discharging process. This
analysis is further extended to their theoretical charge and energy
capacities, aiming at the design of the complete correlation of the
EA – solvation energy – redox potential – theoretical performance.

2. Materials and methods

2.1. Computational section

2.1.1. Na binding energies and binding free energies
All of the calculations were performed by using Jaguar with 6–31 G

+(d,p) basis set and PBE0 level of theory [30]. The Na binding energies
(ΔEb) of the seven quinone derivatives, namely 1,4-benzoquinone, 1,
4-naphthoquinone, 9,10-anthraquinone, 2-aminoanthraquinone, 2,
6-diaminoanthraquinone, anthraquinone-2-carboxylic acid, and an-
thraquinone-2,6-dicarboxylic acid, in vacuum can be predicted by
Eq. (1) as,

ΔE E E E= − −b Q Na Q Na0, ( + ) 0, 0, (1)

Here, E Q0, , E Na0, , and E Q Na0,( + ) represent the density functional
theory (DFT) calculated total energies for the geometrically optimized
models of a bare quinone derivative, Na atom, and quinone derivative
with Na, respectively. For each system containing a quinone derivative
with Na, all conceivable Na binding sites were considered to system-
atically and reliably identify a most stable configuration of the system.

To predict the Na binding free energies (ΔGb) of the seven quinone
derivatives in vacuum, the vibrational and entropic contributions to the
free energies were considered by Eq. (2) as,

ΔG G G G= − −b Q Na Q Na+ (2)

Here, GQ, GNa, and GQ Na+ represent the Gibbs free energies for the
geometrically optimized models of the bare quinone derivative, Na
atom, and quinone derivative with Na, respectively. The Gibbs free
energy can be defined by Eq. (3) as,

G E E PV TS= ( + + ) −vib0 (3)

Here, Evib, P, V, T, and S represent the vibrational energy, pressure,
volume, temperature, and entropy, respectively. The computed Na
binding free energies of the seven quinone derivatives in vacuum can
be finally converted into those (ΔGsoln) in solution by incorporating the
solvation free energy for each of the bare quinone derivative, Na atom,
and quinone derivative with Na into the Eq. (2).

2.1.2. Redox potentials
All of the calculations were performed by using the Jaguar with a

6–31 G+(d,p) basis set. Both the PBE0 and PWB6K levels of theory
were chosen to compute the optimized geometries of the seven quinone

Fig. 1. Chemical structures of the seven quinone derivatives. Structures of 1,4-benzoquinone (BQ), 1,4-naphthoquinone (NQ), 9,10-anthraquinone (AQ), 2-aminoanthra-
quinone (AAQ), 2,6-diaminoanthraquinone (DAQ), anthraquinone-2-carboxylic acid (CAQ), and anthraquinone-2,6-dicarboxylic acid (DCAQ). The atoms in gray, white, red, and blue
correspond to carbon, hydrogen, oxygen, and nitrogen, respectively.
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derivatives either with or without Na binding [30]. The vibrational
frequency calculations, with the same levels of theory and basis set,
were further computed to evaluate the Gibbs free energies at 298 K in
vacuum. The solvation free energy calculations were computed using
Poisson-Boltzmann implicit solvation model to approximate the solva-
tion contributions to the free energies [31]. A dielectric constant of
16.14, which reliably describes the polarity of the solvents of ethylene
carbonate (EC) and dimethyl carbonate (DMC) in mixture (3:7 v/v) in
our systems, was used for the solvation free energy calculations.

The thermodynamic cycle which was used to predict the redox
potentials of the quinone derivatives is described elsewhere [15–19,32].
The redox potential ( E∆ red) of an active positive electrode material in
solution with respect to a Na/Na+ reference electrode can be predicted by
Eq. (4) as,

ΔE G
nF

V= −∆ −1.73red
soln

(4)

where, G∆ soln is the difference in the Gibbs free energy in solution during
the reduction, n is the number of electrons transferred, and F is the
Faraday constant [32,33]. The constant, 1.73 V, indicates the redox
potential of the Na/Na+ reference electrode. The electronic properties (the
HOMO and LUMO energy levels as well as the electron affinity) of the
active positive electrode materials were also computed to rationalize the
predicted redox potentials.

2.1.3. Correlation of electron affinity – solvation energy – redox
potential

According to the thermodynamic cycle, the difference in the Gibbs
free energy of a quinone in solution phase during the reduction is
defined by the sum of the EA and solvation energy [15–19,32]. Here,
the EA ( G∆ gas) is the change in the Gibbs free energy of the quinone
during the reduction in gas phase. The solvation energy ( G∆∆ solv) is the
change in the solvation free energy of the quinone through its state
change from the neutral state to the anionic state in the solvent phase
as defined by G G R G R∆∆ = ∆ ( ) − ∆ ( )solv solv solv− , where G R∆ ( )solv − and

G R∆ ( )solv denote the solvation free energies of the anionic and neutral
states, respectively. Thus, the difference in the Gibbs free energy of a
quinone in solution phase during the reduction is described as

G G G∆ = ∆ + ∆∆soln gas solv. Combined with the reorganized form of Eq.
(4), namely G nF ΔE∆ = − ( +1.73)soln red , the final equation is defined by

G nF ΔE G∆∆ = − ( +1.73) − ∆solv red gas.

2.1.4. Theoretical charge capacities and energy densities
The theoretical charge densities (Q) of the seven quinone deriva-

tives, describing the maximum number of Na atoms that would be
stored in the molecules, were computed by

Q Ah kg nF
M

( / ) =
3.6 w (5)

Here, Mw denotes the molecular weight in mol/g. For the calcula-
tions, each Na atom was assumed to be placed in the thermodynami-
cally most stable position. The predicted charge densities of the
molecules were then employed to reliably compute their energy
densities (W ) which would be defined by [11]

∫W Wh kg V q dq( / ) = ( )
Q

0 (6)

2.2. Experimental section

All the organic molecules were purchased from Sigma-Aldrich, p-
Benzoquinone (BQ), 1,4-Naphthoquinone (NQ), Anthraquinone (AQ),
Anthraquinone-2-carboxylic acid (CAQ), 2-Aminoanthraquinone
(AAQ), 2,6-Diaminoanthraquinone (DAQ). The few-walled carbon
nanotubes (FWNTs) were synthesized by chemical vapor deposition
method according to previous papers [34,35]. A mixture of FWNTs (3

mg) and organic molecules (3mg) was added to DI-H2O (15ml). The
solutions were sonicated for overnight. The solution was filtered
through a Celgard 3501 membrane, then the obtained composite films
were dried at 70 oC for overnight.

The electrochemical measurement was conducted using two elec-
trode Swagelok cells. A piece of Na foil was used as anode, the
composite films were directly used as cathodes, and two pieces of
Celgard 2500 were used as separators. The electrolyte used was 1M
NaPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC)
(3:7 v/v, BASF). All the cells were assembled in an argon filled glovebox
(MBraun). The electrochemical measurements were conducted using
Bio-Logic VMP3 potentiostat/galvanostat at room temperature.
The reduction potentials were measured using cyclic voltammetry in
the voltage window of 1.0–4.0 V vs. Na.

3. Results and discussion

The seven quinone derivatives with different backbone lengths and
functionalities were adapted from our previous study [18]. Fig. S1 in
Supplementary information shows the DFT-calculated redox potentials
of the pristine quinone derivatives, which were compared with values
experimentally measured from cyclic voltammetry (Fig. S2 in
Supplementary information). Our DFT-computed results showed an
uncertainty of ~0.3 V as compared with the electrochemical measure-
ments, indicating the reliability of our computational protocol. The
highly accurate computational protocol allowed us to draw solid
conclusions by systematically analyzing the redox properties and
performance of the quinone derivatives in the following sections.

Note that another computational approach utilizing the Na-binding
reaction scheme has been also reported to calculate the redox
potentials of materials [36–38]. However, this approach usually
requires the well-defined positions of Na atoms in the materials to
predict the redox potentials, which is not trivial usually due to the
uncertainty in predicting accurate crystalline structure. In addition, the
molecular electrochemical reduction process occurs before the mole-
cules accommodate sodium cations during the discharging process.
Therefore, our approach estimating the intrinsic electrochemical
reduction potential of molecules, would be very useful for the organic
materials whose sodiated structures are not known clearly.

Further, please note that the quinone derivatives can be chemically
bound onto conductive carbon materials, such as graphenes and carbon
nanotubes, which would be a strategy to use the quinone derivatives in
cathodes by preventing the molecular dissolution [39]. Polymerization
is another strategy to resolve this issue [39]. Liu et al. demonstrated the
high cycling stability with self-polymerized dopamines which were
spontaneously coated on the surfaces of few-walled carbon nanotubes,
indicating the successful incorporation of organic molecules in cath-
odes [16].

3.1. Redox properties of quinones at thermodynamic equilibrium
state

The redox properties of organic molecules employed for the
cathodes in SIBs are generally considered to depend on their electronic
structures. Our previous study has also shown that the interactions
between organic molecules and Li during the charging and discharging
processes will affect their redox properties [18]. Thus, to obtain a
comprehensive understanding of their redox properties in SIBs, we first
determined the most energetically favorable binding sites for Na atoms
at each sodiation step by considering a vast number of possible
positions for Na binding. Only configurations with most energetically
favorable Na binding were further investigated for predicting their
redox potentials. Meanwhile, the electronic structures of sodiated
molecules were also discussed.

Fig. 2 shows the general aspect on the effects of aromaticity,
functionality, and Na binding thermodynamics on the redox properties
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of the quinone molecules at equilibrium. Three main features were
highlighted from these comparisons.

First, the redox potentials of the bare molecules could be tuned in
the desired direction by systematically modifying their structures or
functionalities. Increasing the number of aromatic rings from zero (BQ)
through one and to two (AQ) aromatic rings (Fig. 2a) decreases the
redox potential of quinone derivatives as shown by the red square
symbol. On the other hand, the redox potential could also be tuned by
incorporating functional groups, increasing (decreasing) the redox
potential with incorporating electron withdrawing carboxylic acids
(donating amines).

Note that these trends in SIBs are similar to those in LIBs,
suggesting that general nature of redox properties would be indepen-
dent of the battery type [18], which can be explained by chemical
intuition: the electron-withdrawing or electron-donating functional
groups would make the main redox-active carbonyls either more
electrophilic or nucleophilic, respectively. Similar conclusions were
also confirmed in other studies. Aspuru-Guzik and coworkers predicted
in their database that BQ had the highest redox potential among all the
quinone derivatives [24]. They also showed that incorporating elec-
tron-withdrawing functional groups could increase the redox potential.
Likewise, Assary and coworkers showed that increasing the number of
electron-withdrawing chloro groups in AQ could further increase its
redox potential [25].

Second, the redox potential of sodiated-quinone derivatives was
continuously decreased as Na atoms were progressively added into the
molecule during the discharging process. The insertion of Na atom into
the molecule could weaken the electrophilicity of the molecule. Third,
most importantly, our calculations predict that the number of Na atoms
stored in a quinone at their most stable positions through sodiation
during the discharging process would generally depend on the number
of carbonyl groups in the molecule. Note that a quinone anion reduced
by the addition of an electron attracts a Na cation to form a quinone-Na
complex, which is repeated during the discharging process. Thus, the
complex needs to sustain its reductive ability (i.e., positive redox
potential) to accept additional Na atoms as cathode. The electron-
deficient nature of the quinone backbone is strengthened with the
increase in the number of electron-withdrawing carbonyls due to the
inductive effect. This leads to the increase of the number of Na atoms
stored in the molecule with sustaining its reductive ability. Specifically,
in Fig. 2, it is shown that five quinone derivatives (BQ, NQ, AQ, AAQ,
and DAQ) with one bound Na atom near carbonyl moieties have

negative redox potentials with respect to Na metal anode, meaning that
they lose their cathodic activities after they accept one Na. This
indicates that each of them could store only one Na atom.

In contrast, CAQ with a carboxylic functional group (i.e., carbonyl
moiety) showed a negative redox potential after binding with two Na
atoms, suggesting a theoretical charge capacity is two Na atoms per
molecule. Surprisingly, DCAQ which was generated by the addition of
another carboxylic functional group into CAQ, resulted in a significant
increase in the number of stored Na atoms, sustaining its cathodic
activity (i.e., a positive redox potential) even after binding with five Na
atoms. This indicates that six Na atoms can be theoretically stored into
each DCAQ.

For all the seven quinone derivatives, the first Na atom was
preferentially bound near one of the two main redox-active carbonyls as
illustrated in Fig. S4 in the Supplementary information. It is worthwhile
to note that a certain amount of electronic charge (0.7 – 0.8e) was
transferred from Na atom to each quinone, and the degree of the charge
transfer was further increased by 0.11 – 0.12e in dielectrically polarized
environment (Fig. S5 in the Supplementary information). Note that
organic solvents of ethylene carbonate and dimethyl carbonate in
electrolytes generate the dielectric polarization [40]. In CAQ and DCAQ,
the second Na atom preferred to bind to the other carbonyl group. Once
the two main redox-active carbonyls in the DCAQ were occupied by two
Na atoms, two more Na atoms could be favorably positioned to the
carbonyl moieties in the carboxylic groups. Lastly, two more Na atoms
could be further added next to the first two bound Na atoms, resulting in
two Na atoms binding to each central carbonyl. This is unusual in
comparison to our previous studies on quinones [18] and dopamines [16]
where only one Li atom could be bound to each carbonyl. This leads to the
unexpectedly high Na charge capacity of DCAQ.

3.2. Computed performance vs. experimental performance

The afore-mentioned understanding on the change in the redox
potentials of the quinones during the discharging process allows us to
estimate their theoretical charge capacities and energy densities as shown
in Figs. S6 and S7 in the Supplementary information. These two
theoretical performance parameters were computed using Eqs. (5) and
(6) by assuming the maximum number of Na atoms stored into each
quinone at thermodynamic equilibrium state. Here, Na atoms were
assumed to occupy the most stable positions from the thermodynamic
point of view at each sodiation stage. We highlight a remarkable

Fig. 2. Redox potential correlations (as determined using the PBE0 functional). Correlations of the redox potential with (a) backbone aromaticity and (b) functionalities
based on the most stable Na binding configurations. In a, the number of aromatic rings in BQ, NQ, and AQ are zero, one, and two, respectively. In b, the redox potentials are depicted as
a function of the number of electron-donating (i.e., –NH2) or electron-withdrawing (i.e., –COOH) groups incorporated in AQ. On the x-axis, the numbers of electron-donating and
electron-withdrawing groups are denoted by negative and positive integers, respectively. The PWB6K-based results are shown in the Supplementary information.
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observation in which the DCAQ was predicted to exhibit higher theoretical
charge capacity (543 Ah/kg) and energy density (536Wh/kg) in compar-
ison to any other cathode materials reported for LIBs and SIBs [1,41,42].
The theoretical performance parameters would be constant because Na
atoms would be strongly bound to the DCAQ. Note that both of the redox
potential and charge capacity would contribute to the energy density
based on the definition of the energy density in Eq. (6). Thus, the
capability of the DCAQ storing a large number of Na atoms during the
discharging process would lead to such a high energy density. In contrast,
our electrochemical measurements for experimentally available six qui-
nones revealed that five of the quinones, namely the NQ, AQ, AAQ, DAQ,
and CAQ, showed much higher specific capacities than our theoretical
results. Such an unexpected disagreement was not observed in our
previous study for LIBs, indicating that Na atoms might not be placed
in their most stable positions owing to kinetic limitation such as the
blockage of main redox-active carbonyls [18].

To explain this unexpected discrepancy between our computational
and experimental results, we explored various discharge scenarios
associated with metastable Na binding for each quinone as shown in

Fig. 3. Specifically, under the assumption that the most stable Na
binding configurations would not be available owing to a steric
hindrance or kinetic limitation, we focused on identifying other Na
binding configurations that could meet the experimental charge
capacity sustaining the redox potential higher than 0.7 V vs. Na/Na+

(considering the afore-mentioned DFT uncertainty of 0.3 V vs. Na/
Na+) for each quinone. For instance, the experimental charge capacity
(1.8 Na atoms per AQ in average) of AQ can be rationalized by the
storage of at least four Na atoms in a discharge scenario associated with
metastable Na binding, as shown in Fig. 3c. The resultant profiles for
the charge capacity and energy density that reflect the explored Na
binding scenarios are shown in Fig. 4, exhibiting a great agreement
between experiment and computation. A striking observation from the
figures was that such extraordinarily high charge capacities would be
feasible if extra Na atoms were able to bind weakly with quinone-Na
complexes. For instance, in the case of the DAQ with two Na atoms
symmetrically bound on top of aromatic rings, the third Na atom was
predicted to be weakly bound on top of the two bound Na atoms
sustaining the redox potential of 1.0 V vs. Na/Na+. Thus, it is reason-

Fig. 3. Possible Na binding scenarios (as determined using the PBE0 functional) for the six experimentally available quinone derivatives. Bindings of (a)BQ, (b)NQ,
(c)AQ, (d)AAQ, (e)DAQ, and (f)CAQ, with Na atoms at their metastable positions. The number of Na atoms corresponds to the experimental charge capacity for each quinone derivative,
which is shown as a function of the cell voltage.
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ably expected from the observation that the experimental charge
capacities might be fluctuated with the possible release of weakly
bound Na atoms. Note that the nature of the smallest quinone, BQ,
being easily dissolved by organic solvents might have led the quinone
to have a relatively low experimental charge capacity despite the
expectation of the analogous situation with the five quinones stated
above.

3.3. Correlation of electron affinity – solvation energy – redox
property

Our previous studies on the Li-based redox properties of quinones
and carbon materials have shown two main features [15–19]. (i)
Organic molecules would sustain the cathodic activity exhibiting
positive redox potentials until each carbonyl could bind with one Li
and thereby no carbonyl is available for further Li binding. (ii) The
cathodic activity would strongly rely on the solvation energy. Organic
molecules with negative solvation energy (i.e., solvation free energy at
the neutral state > solvation free energy at the anion state) would be
cathodically active exhibiting positive redox potentials. However, the
results predicted on the basis of the most stable Na binding configura-
tions in this study do not follow the first feature as stated in the

previous section. In addition, the solvation energy – redox property
correlation suggested in the second feature is not mature enough to be
utilized to establish a design strategy for promising cathode materials
in SIBs. For instance, DCAQ with six Na atoms bound at their most
stable positions became cathodically inactive, exhibiting a negative
redox potential despite its negative solvation energy (see Fig. 5a). Thus,
the correlations of three key components, namely EA, solvation energy,
and redox property, were comprehensively investigated in three
approaches to unveil fundamental structure-property relationships.

The simplest way to explain the redox properties of the seven
quinone derivatives was to correlate the redox properties with their
electronic structures, such as the EA, lowest unoccupied molecular
orbital (LUMO), and highest occupied molecular orbital (HOMO) for
both the most stable and metastable Na binding cases, as shown in
Fig. S9 in the Supplementary information. It seems that the linear
correlations of the redox potential with the EA, LUMO, HOMO, and
HOMO-LUMO gap were observed within the range of positive redox
potentials. It was particularly highlighted that the more negative values
for EA, LUMO, and HOMO would have higher redox potentials for
quinones with more reductive ability while the more positive value of
HOMO-LUMO gap would be related to higher redox potential. Similar
observations had been consistently reported from other studies and our
previous studies [15–19,43]. It was, therefore, concluded that the EA
and LUMO would be indicators to predict the redox potentials of
various organic molecules unless the redox potentials are negative.

To provide a better understanding on the redox properties of
quinones, we correlated their redox potentials with either of two
primary contributors to determine the redox properties, namely EA
and solvation energy as shown in Fig. 5 for the most stable Na binding
configurations and Fig. S10 in the Supplementary information for the
metastable Na binding configurations. This approach could draw the
main conclusion: the cathodic activity would strongly rely on the
solvation energy and thereby a positive solvation energy would gen-
erally lead to a negative redox potential. Our previous study had also
correlated the redox properties with these two contributors indepen-
dently [18]. Here, the contributions of EA and solvation energy are
defined by the changes in its Gibbs free energy and solvation free
energy during its state changes from the neutral to anionic state,
respectively. Note that a negative value for the EA (solvation energy)
means that the anionic state is thermodynamically more stable (pre-
ferred to be solvated) as compared with the neutral state. The EA was
always negative regardless of the quinone type and number of the
bound Na atoms, indicating that the reduced state would be always
more preferred than the neutral state. In contrast, the solvation energy
relied on the Na binding state significantly. For the most stable Na
binding configurations, five quinone derivatives, namely the BQ, NQ,
AQ, AAQ, and DAQ, exhibited negative values for the solvation energy
of these pristine molecules, while the solvation energy turned into
positive after one Na bound to these quinones. The changes in the
solvation energy from negative to positive values suggest that the
anionic state would become less favorable to be solvated than the
neutral state, resulting in negative redox potentials. Likewise, CAQ
binding with 2 Na atoms exhibited a positive value for the solvation
energy, leading to a negative redox potential. However, to be noted,
DCAQ with six bound Na atoms did not follow this correlation,
exhibiting a negative redox potential despite its negative value for the
solvation energy. This indicates that this approach is not still sufficient
to perfectly describe the structure-property relationships. Note that, for
the metastable Na binding cases, all exhibited negative values for the
solvation energy, leading to positive redox potentials.

Thus, a comprehensive and robust correlation that can be applied to
any organic molecules for cathodes in SIBs without exception is
necessarily built as the last approach. The novel correlation established
in the final stage using Eq. (4) is defined by

z nF x y x y= − ( +1.73) − = −23.061( +1.73) − (7)

Fig. 4. Profiles of the calculated redox potential (as determined using the
PBE0 functional). Calculated redox potential vs. (a) charge capacity and (b) energy
density for the six experimentally available quinone derivatives binding with Na atoms at
metastable positions according to the scenarios described in Fig. 3 during the discharging
process. The experimentally measured charge capacities are also shown.
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Here, x, y, z, n, and F denote the redox potential in V vs. Na/Na+, EA
in kcal/mol, solvation energy in kcal/mol, number of electrons trans-
ferred, and Faraday constant, respectively. Note that this equation can
be simplified into y + z = −40 at the zero-potential. It needs to be
highlighted that this approach describes the correlations between the EA
and solvation energy not only to determine the sign of the redox
potential but also to predict a specific value of the redox potential for
each molecule with/without Na atom(s) bound at the most stable
position(s). (see Figs. 6a and 6b) The same figures containing a set of
molecules with/without Na atom(s) bound at metastable position(s) are
shown in Fig. S12 in the Supplementary information. As shown in
Fig. 6a, the rule of ‘a positive redox potential at a negative solvation
energy’ stated earlier will not be always true if the EA is greater than
−40 kcal/mol. Thus, the case of the DCAQ with six bound Na atoms
having the EA of −23 kcal/mol would exhibit the negative redox
potential of −0.3 V vs. Na/Na+ despite the solvation energy of
−10 kcal/mol. Fig. 6b provides a comprehensive understanding on the
correlation between the EA and solvation energy that should be satisfied
to sustain a given positive redox potential. For instance, a quinone
having the EA of −40 kcal/mol would have to sustain a solvation energy
within the range of −25 ~ 0 kcal/mol to show a redox potential of 1 V vs.
Na/Na+. Likewise, a quinone having the EA of −90 kcal/mol would have
to sustain a solvation energy lower than 50 kcal/mol to show a positive
redox potential. It can be concluded that the highest value for the
solvation energy required to sustain a positive redox potential would
increase with decreasing the EA. It is further emphasized that these
correlations are applied not only to quinones but also to other organic
molecules as shown in Fig. 6 for various organic molecules, such as

trichloro isocyanuric acid, trifluoro isocyanuric acid, caffeine, ascorbic
acid, dehydroascorbic acid, pramipexole, dihydroxyindole, indolequi-
none, corannulenes, and coronenes, indicating that the suggested
correlation can be generalized. The structures of the organic molecules
are shown in Fig. S13 in the Supplementary information.

Finally, it is highlighted from Fig. 6 that the DCAQ and CAQ would
experience a two-stage non-simultaneous transition of the EA and
solvation energy during the Na binding unlike the others. The DCAQ
would experience the continuous transition of the EA toward a less
negative value without a significant change in the solvation energy up
to the binding of two Na atoms followed by the continuous transition of
the solvation energy toward a less negative value without a significant
change in the EA during the binding of three to six Na atoms.
Regarding the EA behavior in vacuum, as shown in Fig. S14 in the
Supplementary information, the HOMO and LUMO of the DCAQ-Na
complex would increase with the bound Na atoms up to two Na binding
(to the central carbonyls), indicating the Na binding weakens the EA.
Once two Na atoms are bound to the DCAQ, the HOMO and LUMO of
the complex would be converged, resulting in the negligible effect of the
additional Na binding (to the carboxylate carbonyls and Na-bound
central carbonyls) on its energy diagram and reduction ability. This
suggests that the first two Na atoms bound to the central carbonyls
would significantly change the electronic structure of the DCAQ as
compared with the subsequent, weak Na binding to the carboxylate
carbonyls and central carbonyls. This also indicates that the first two Na
binding to make DCAQ-1Na and DCAQ-2Na will entail unique electronic
structures in solution phase, which are stabilized well without sacrificing
the solvation energy. In contrast, further addition of Na would generate a

Fig. 5. Contributions to the redox potentials of the seven quinone derivatives. Contributions of (a) the solvation energy and (b) electron affinity (EA) to the redox potential
(as determined using the PBE0 functional) based on the most stable Na binding configuration. The PWB6K-based results are shown in the Supplementary information.
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weak binding without a significant hybridization in their electronic
structures. Thus, the introduction of an electron to the complexes in
solution phase would lead to the incomplete-stabilization, sacrificing he
solvation energy toward a less negative value.

4. Conclusion

In this study, we investigated the fundamental relationships
between the redox properties and performance parameters of seven
quinone derivatives with various Na binding states during the dischar-
ging process for SIB cathodes. Correlation of the DFT-calculated redox

properties with the EA and solvation energy highlighted that the
cathodic activity of a quinone with a positive redox potential could be
sustained by systematically tuning both the EA and solvation energy.
The highest solvation energy required to sustain a positive redox
potential would increase with decreasing EA. The correlations were
further verified to be applied not only to quinones but also to other
organic molecules. The established universal correlations will allow
us to systematically design promising organic molecules (which would
not be limited to quinones) with desired redox properties and
performance for SIB cathodes.

Extension of our efforts to reliably correlate the redox properties
and electronic structures of quinones to the prediction of charge
storage performance based on the maximum number of bound Na
atoms revealed the following striking features. (1) The exceptionally
high charge capacity and energy density computed for DCAQ can be
explained by correlation of the redox potential with the EA and
solvation energy. (2) The computational performance parameters were
much lower than the experimental observation for NQ, AQ, AAQ, DAQ,
and CAQ. This deviation was verified to result from extraordinary
enhancement of the experimental charge capacity by metastable Na
binding configurations.
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 32 
Figure S1: Experimental and calculated redox potentials of six of the quinone derivatives, 33 
namely, 1,4-benzoquinone (BQ), 1,4-naphthoquinone (NQ), 9,10-anthraquinone (AQ), 2-34 
aminoanthraquinone (AAQ), 2,6-diaminoanthraquinone (DAQ), and anthraquinone-2-carboxylic 35 
acid (CAQ), in the absence of Li binding. Anthraquinone-2,6-dicarboxylic acid is not included 36 
because it is not available commercially. The dot lines in blue depict the the error bars to describe 37 
the deviation of the calculated redox potentials of the six quinone derivatives from their 38 
experimental values. 39 
 40 
 41 
 42 
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 43 
 44 

Figure S2: Experimental redox potentials for the six quinone derivatives, namely BQ, NQ, AQ, 45 
AAQ, DAQ, and CAQ(18).  46 

 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
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 60 
 61 

Figure S3: Correlations of the redox potential (as determined using the PWB6K functional) with 62 
(a) backbone aromaticity and (b) functionalities based on the most stable Na binding 63 
configurations. In a, the number of aromatic rings in BQ, NQ, and AQ are zero, one, and two, 64 
respectively. In b, the redox potentials are depicted as a function of the number of electron-65 
donating (i.e., –NH2) or electron-withdrawing (i.e., –COOH)) groups incorporated in AQ. On the 66 
x-axis, the numbers of electron-donating and electron-withdrawing groups are denoted by 67 
negative and positive integers, respectively. 68 
 69 



Energy Storage Materials                                                                                                                                                  Page 5 of 15 
 

 70 
 71 

Figure S4: The most stable Na-binding configurations and average binding free energies (BFE) 72 
(in kcal/mol Na) in solution for the seven quinone derivatives, namely BQ, NQ, AQ, AAQ, DAQ, 73 
CAQ, and anthraquinone-2,6-dicarboxylic acid (DCAQ). For each quinone derivative, the most 74 
stable position of each Na atom is searched to have the lowest total energy. The atoms in gray, 75 
white, red, blue, and violet correspond to carbon, hydrogen, oxygen, nitrogen, and sodium, 76 
respectively. 77 
 78 
 79 
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 80 
 81 

Figure S5: Atomic charges for three quinone derivatives, namely BQ, NQ, and AQ. The atoms in 82 
gray, white, red, and violet correspond to carbon, hydrogen, oxygen, and sodium, respectively. 83 
 84 
 85 
 86 
 87 
 88 
 89 
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 91 
Figure S6: Profiles of the calculated redox potential (as determined using the PBE0 functional). 92 
Calculated redox potential vs. (a) charge capacity and (b) energy density for the seven quinone 93 
derivatives binding with Na atoms at the most stable positions during the discharge process. The 94 
experimentally measured charge capacities are also shown. 95 
 96 
 97 
 98 
 99 
 100 
 101 
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 103 
 104 
Figure S7: Profiles of the calculated redox potential (as determined using the PWB6K 105 
functional). Calculated redox potential vs. (a) charge capacity and (b) energy density for the 106 
seven quinone derivatives binding with Na atoms at the most stable positions during the discharge 107 
process. The experimentally measured charge capacities are also shown. 108 
 109 
 110 
 111 
 112 
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 114 
 115 

Figure S8: Contributions to the redox potentials of the seven quinone derivatives. Contributions 116 
of (a) the solvation energy and (b) electron affinity (EA) to the redox potential (as determined 117 
using the PWB6K functional) based on the most stable Na binding configuration. 118 

 119 
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 120 
Figure S9: Correlations of the redox potential with (a) EA, (b) LUMO energy level, (c) HOMO 121 
energy level, and (d) HOMO-LUMO energy gap for the seven quinone derivatives with or 122 
without bound Na atom(s). The open and closed symbols indicate the most stable Na binding 123 
cases labeled by “Stable” and metastable Na binding cases labeled by “Other”, respectively. 124 

 125 
 126 
 127 
 128 
 129 
 130 
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 132 
 133 

Figure S10: Contributions to the redox potentials of the six experimentally available quinone 134 
derivatives. Contributions of (a) the solvation energy and (b) EA to the redox potential (as 135 
determined using the PBE0 functional) based on the metastable Na binding configurations. 136 

 137 
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 139 
 140 

Figure S11: Correlations between the EA and the solvation energy. Correlations to (a) determine 141 
the sign of the redox potential and (b) predict a specific redox potential within the range of 0 - 6 142 
V vs. Na/Na+. The data points (as determined using the PWB6K functional) correspond to the 143 
seven quinone derivatives with or without bound Na atom(s) at the most stable position(s). 144 
 145 
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 146 
 147 
Figure S12: Correlations between the EA and the solvation energy. Correlations to predict a 148 
specific redox potential within the range of 0 - 6 V vs. Na/Na+. The data points (as determined 149 
using the PBE0 functional) correspond to the six experimentally available quinone derivatives 150 
with or without bound Na atom(s) at the metastable position(s). 151 
 152 
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 153 
Figure S13: The structures of various organic molecules employed to verify the generalization of 154 
the suggested correlations. The atoms in gray, white, red, blue, pink, yellow, cyon, and light green 155 
correspond to carbon, hydrogen, oxygen, nitrogen, boron, sulfur, fluorine, and chlorine, 156 
respectively. 157 
  158 
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 160 
Figure S14: The energy diagrams (HOMO/LUMO) for seven quinone derivatives, namely BQ, 161 
NQ, AQ, AAQ, DAQ, CAQ, and DCAQ, with or without bound Na atom(s). In the figure, the 162 
HOMO is placed at a lower energy level than the LUMO. 163 
 164 
 165 
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