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ABSTRACT: The Li-binding thermodynamics and redox potentials of seven different quinone ool
derivatives are investigated to determine their suitability as positive electrode materials for ~ D ~
lithium-ion batteries. First, using density functional theory (DFT) calculations on the interactions ad "i/ d 9\> ol \
between the quinone derivatives and Li atoms, we find that the Li atoms primarily bind with the f‘ : ‘ ‘
carbonyl groups in the test molecules. Next, we observed that the redox properties of the \
quinone derivatives can be tuned in the desired direction by systematically modifying their NS
chemical structures using electron-withdrawing functional groups. Further, DFT-based 8. %}f
investigations of the redox potentials of the Li-bound quinone derivatives provide insights

regarding the changes induced in their redox properties during the discharging process. The

redox potential decreases as the number of bound Li atoms is increased. However, we found that the functionalization of the
quinone derivatives with carboxylic acids can improve their redox potential as well as their charge capacity. Through this study,
we also determined that the cathodic activity of quinone derivatives during the discharging process relies strongly on the
solvation effect as well as on the number of carbonyl groups available for further Li binding.

1. INTRODUCTION reported that all the transition metals listed above except Ti and

o . . SR
Hybrid-electric and all-electric vehicles are becoming increas- ZnTiXhlbéted a hl_ih re?dox p ot.er'ltlal ( _SAV vf Li/ Lc; )- al
ingly attractive owing to the demand to reduce amounts of e efforts to identify promising positive electrode materials

environmentally harmful gases released by vehicles.!™ with high redox potentials have not been limited to only
Although nickel metal hydride batteries have generally been conve;t(lional traris;tlon metfﬂ omde_sl but ﬁl ave a(iso be.en
used in electric vehicles so far, their limitations such as their ext.en ed to meta “lree organic materials such as re ox-active
short cycle life, high self-discharge rate, and low energy density quinone molecu!es. Organic elfactrodes are attractive beca.luse
have prompted the development of alternative energy storage the cost of storing electrochemical energy can be potentially
devices.*”” Lithium-ion batteries are the most efficient electrical lowered by replacing the expensive transition metal oxides with
energy storage devices, owing to their high energy density and abundantly available carbon-based materials. Quinone deriva-
excellent cycling stability, in contrast to nickel metal hydride tives have beefl stufhed 1ntenswel¥ as promisiig - organic
batteries.® 2 Nevertheless. several bottlenecks related to electrode materials, given the reversible redox reactions that
. , . 18—27

lithium-ion battery technology need to be overcome before can oclcur between t}ée carbon}Ll group an4 Li a(tlom}?. for
these batteries can be employed for large-scale applica- example, Dunn and co-wor ers investigated the cycling
tions. >~ In particular, maximizing as well as sustaining the performances and redox properties of a family of naphthalene
cell voltage of lithium-ion batteries during discharging process diimide derlvatl_ves Wlth t.allor'ed funct19na1h7t1es as positive
is a goal that must be achieved, in order to improve battery electrode materials for lithium-ion batteries.”” They reportec}
performance. Thus, researchers have made significant efforts to that thé redox potentials V-arled from 2j3 to 2.9 V vs Li/ Ll
identify positive electrode materials that show a high redox 'dep ending on the '81'1bst1tuted functl'onal groups, which
potential and would be suitable for maximizing the cell voltage influenced .the solujbﬂlty and. felectronlc“ properties .Of the
when used along with reference negative electrode materials corresponding materials. In addition, Yokoji et al. exploited the
such as graphite.16‘17 For example, Ohzuku et al. determined structural diversity afforded by the introduction of electron-
the redox potentials of spinel-structured Li(MeysMn;)O,,
where Me denotes Ti, Cr, Fe, Co, Ni, Cu, or Zn, for use as Received: December 19, 2015
positive electrode materials in lithium-ion batteries." They Published: January 29, 2016
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Figure 1. Chemical structures of the seven quinone derivatives, namely, 14-benzoquinone, 1,4-naphthoquinone, 9,10-anthraquinone, 2-
aminoanthraquinone, 2,6-diaminoanthraquinone, anthraquinone-2-carboxylic acid, and anthraquinone-2,6-dicarboxylic acid. The atoms in gray,
white, red, and blue are those of carbon, hydrogen, oxygen, and nitrogen, respectively.

deficient perfluoroalkyl groups into benzoquinone to increase
the voltage of benzoquinone derivatives.”® Moreover, research-
ers have also explored the applicability of these quinone
derivatives as redox-active components in redox flow batteries
instead of solid-state electrodes by dissolving the molecules in
various electrolytes.”” > Although these quinone derivatives
have been considered as promising organic electrode materials,
few fundamental studies have attempted to understand their
redox properties, in contrast to the case for inorganic electrode
materials.

To date, only a few computational studies have examined the
redox properties of quinone derivatives. Very recently, Aspuru-
Guzik and co-workers employed a high-throughput computa-
tional approach to determine the redox potentials of a large
number of quinone derivatives with different backbone lengths
and functionalities.”’ Assary and co-workers also employed the
computational approach to investigate the potentials for the
first and second redox reactions of anthraquinone derivatives.*”
In a previous study, we had also investigated the redox
potentials of the oxygen functional group in hydrothermally
reduced graphene oxides using density functional theory
(DFT) calculations.”> Quinone derivatives can react with Li
atoms electrochemically and form a Li-oxygen chemical bond
concomitantly. Since it is expected that the electronic
properties of quinone molecules would be changed by the
attached Li atoms, it is essential to consider the effects of the
presence of the Li atoms on the redox properties of the
quinone derivatives, in order to establish a set of systematic
principles for designing promising metal-free positive electrode
materials with high redox potentials. In this context, it should
be noted that there have been no previous efforts to thoroughly
characterize the effects of the presence of Li atoms on the redox
properties of quinone derivatives.

In this study, we report the fundamental redox characteristics
of quinone derivatives as model molecules for the positive
electrodes for lithium-ion batteries using Truhlar’s ap-
proach.**7*° We aimed to understand the Li-binding properties
and corresponding redox properties of seven quinone
derivatives, namely, 1,4-benzoquinone, 1,4-naphthoquinone,
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9,10-anthraquinone, 2-aminoanthraquinone, 2,6-diaminoan-
thraquinone, anthraquinone-2-carboxylic acid, and anthraqui-
none-2,6-dicarboxylic acid, which are illustrated in Figure I.
The effects of the Li atoms bound on the possible redox-active
sites as a function of the number of bound Li atoms are
investigated systematically for the seven quinone derivatives.
This investigation furthers the goal of establishing design guide
of metal-free redox-active molecules from the view of “Materials
Genome Project””* in the field of lithium-ion battery.

2. RESULTS AND DISCUSSION

2.1. Li-Binding Thermodynamics of Quinone Deriva-
tives. The seven quinone derivatives were investigated
systematically by introducing structural and electronic
variations in the basic molecular frame of quinone. The first-
principles DFT method was employed with two different
functionals (PBE0*™* and PWBG6K’®) via Jaguar®' to
investigate the electrochemical characteristics such as the Li-
binding free energies and redox potentials of the derivatives.
For the DFT calculations, the standard 6-31+G(d,p) basis set
was used.”” A dielectric constant of 16.14, which reliably
describes the polarity of the solvents in mixture (ethylene
carbonate (EC) and dimethyl carbonate (DMC) (3:7 v/v)) in
our systems, was used for the solvation free energy calculations.
The detailed information on the computational method is
described in Supporting Information. We also measured the
redox potentials experimentally using six commercially available
quinone derivative samples to validate the reliability of the
computational approach. The experimental procedure is
described in Supporting Information. The redox potentials of
bare quinone molecules were calculated using the DFT-based
models, and compared with those obtained experimentally in
Figure 2, which shows that the DFT-based computational redox
potentials are in good agreement with the experimentally
determined ones within an uncertainty of ~0.3 V. Further,
given that the degree of agreement between the two sets was
higher than that seen in other studies,*'** the computational
protocol employed in this study should allow for highly
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Figure 2. Experimental and calculated redox potentials of six of the
bare quinone derivatives, namely, 1,4-benzoquinone, 1,4-naphthoqui-
none, 9,10-anthraquinone, 2-aminoanthraquinone, 2,6-diaminoanthra-
quinone, and anthraquinone-2-carboxylic acid, in the absence of Li
binding. Anthraquinone-2,6-dicarboxylic acid is not included because it
is not available commercially.

accurate predictions of the redox potentials. More details of the
calculations performed to determine the thermodynamic

properties of the redox-active materials, such as the Li-binding
free energies and redox potentials, are described in Supporting
Information. Next, we discuss the thermodynamic properties of
the seven quinone derivatives and systematically analyze their
molecular properties such as their molecular geometries, electronic
structures, and solvation effects.

The positive electrode materials used in lithium-ion batteries
undergo the redox reactions associated with Li extraction and
insertion during the charging and discharging processes,
respectively. Therefore, the Li should interact favorably with
the redox active sites of the seven quinone derivatives as a
prerequisite to justify their use as positive electrode materials.
In addition to favorable Li binding, the density of the redox-
active sites should also be high in order to achieve high
capacities during the discharging process when using the
quinone derivatives. To determine the applicability of quinone
derivatives as positive electrode materials, we investigated the
Li-binding energies and structures of the above-mentioned
seven quinone derivatives in the presence of Li atoms, as shown
in Figure 3. The binding energies (BE) of the first Li atom for
the 1Li cases and the second Li atom for the 2Li cases were
calculated based on DFT (PBEO functional) while using the
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Figure 3. Li-binding geometries and binding energies (BE) (in kcal/mol) of the seven quinone derivatives. The Li-binding characteristics for the
carbonyl groups are illustrated for (a) 1,4-benzoquinone, (b) 1,4-naphthoquinone, (c) 9,10-anthraquinone, (d) 2-aminoanthraquinone, and (e)
anthraquinone-2-carboxylic acid. In addition, (f) 2,6-diaminoanthraquinone and (g) anthraquinone-2,6-dicarboxylic acid are found to have not only
carbonyl groups but also four other possible active sites. The atoms in gray, white, red, blue, and violet denote those of carbon, hydrogen, oxygen,
nitrogen, and lithium, respectively.
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Table 1. Li-Binding Energies (BE) and Li-Binding Free Energies (BFE) at 298 K for the Seven Quinone Derivatives Shown in

Figure 3“

1Li binding

2Li binding

quinone position BE (kcal/mol)
1,4-Benzoquinone Figure 3a —26.2
1,4-Naphthoquinone Figure 3b —51.8
9,10-Anthraquinone Figure 3¢ —44.2
2-Aminoanthraquinone Figure 3d, Case 1 —412
Figure 3d, Case 2 —40.9
Anthraquinone-2-carboxylic acid Figure 3e, Case 1 —48.8
Figure 3e, Case 2 —47.0
2,6-Diaminoanthraquinone Figure 3f, Case 1 —37.6
Figure 3f, Case 2 =311
Figure 3f, Case 3 -30.6
Figure 3f, Case 4 —19.8
Figure 3f, Case $ -0.5
Anthraquinone-2,6-dicarboxylic acid Figure 3g, Case 1 -514
Figure 3g, Case 2 —36.7
Figure 3g, Case 3 —35.6
Figure 3g, Case 4 —34.4
Figure 3g, Case S —28.9

BEE (kcal/mol) BEE (kcal/mol)

w/o solvation ~ w/solvation ~ BE (kcal/mol)  w/o solvation  w/solvation
—24.2 —58.4 —89.2 —86.8 —126.1
—49.7 —92.2 —53.4 —-51.6 —81.6
-31.9 —-73.1 —47.6 —45.2 —76.3
—38.3 —79.1 —46.1 —45.2 —75.8
—-384 —-79.4
—48.6 —86.5 —50.8 —46.3 =779
—-59.5 —-1014
—-359 -76.3 —41.8 —40.1 -70.3
—28.7 —-57.6
—28.9 —60.7
—25.0 —69.4
-5.7 —-11.3
—49.7 —88.2 —-55.1 —-532 —81.1
—28.1 —61.0
—-33.2 —74.6
—27.0 —-59.5
-25.9 —64.7

“The Li BFE values were calculated while assuming an implicit solvent phase as well as by taking the vibrational contributions into account.
Additional details are available in Supporting Information. For the anthraquinone derivatives with multiple Li binding sites, the cases are numbered

from the lowest to the highest computed BE values.

following definitions of BE: BE (for 1Li) = E (Q—Li) — E (Q)
— E (Li) and BE (for 2Li) = E (Q—2Li) — E (Q-Li) — E (Li),
where E (Q—2Li), E (Q-Li), E (Q), and E (Li) denote the
total energies of the quinone—2Li complex, the quinone—ILi
complex, bare quinone, and the Li atom, respectively. In the
case of a quinone—1Li complex with multiple configurations,
the configuration with the strongest binding energy was chosen
to predict the BE (for 2Li). Please note that a negative BE value
indicates favorable binding. In the case of 2,6-diaminoanthra-
quinone and anthraquinone-2,6-dicarboxylic acid (see Figure 3,
panels f and g, respectively), it was found that, of the five active
sites available, the carbonyl groups are the most favorable
redox-active sites and have the most negative binding energies.
Thus, the carbonyl groups were considered as the main Li-
binding sites for the rest of the five quinone derivatives as well
(Figure 3a—e).

In keeping with the BE values shown in Figure 3, it is found
that all seven quinone derivatives bind strongly with one or two
Li atom(s) at the main redox-active carbonyl groups. The
calculated BE values indicate that the carbonyl oxygen forms a
chemical bond with a Li atom; this was in keeping with the
results of our previous study on the chemical reactions that
occur between Li atoms and the carbonyl oxygen at the edge of
graphene.” In all the 2Li cases, the second Li atom exhibits
even stronger binding than does the first Li atom. This suggests
that the binding of the first Li atom with the carbonyl group of
the quinone derivatives facilitates the binding of the second Li
atom. It is worth noting that the electron-deficient Li cation
(Lewis acid) binds relatively favorably with the electron-pair-
donating carbonyl functional groups (Lewis base) through
Lewis acid—Lewis base interactions.””** It is found from the
Mulliken charge analysis (Figure S1) on the three representa-
tive quinone derivatives, namely 1,4-benzoquinone, 1,4-
naphthoquinone, and 9,10-anthraquinone, binding with one
Li atom that a certain amount of the electronic charge (0.27—
0.40¢) is transferred from quinone molecule to Li cation to
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form quinone—Li complexes during the discharging process.
Intriguingly, the six-membered rings are the second strongest
binding sites for the electron-deficient Li cation in the case of
2,6-diaminoanthraquinone (Figure 3f) and anthraquinone-2,6-
dicarboxylic acid (Figure 3g), which is understood as an
interaction of Li with the # electrons.

Next, since the electrode material and Li ions interact with
the solvent molecules used in the battery system at certain
temperatures, we calculated the solvation free energy as well as
the vibrational free energy by assuming the thermochemical
harmonic oscillations for Li binding. The Li binding free
energies of the seven quinone derivatives calculated by taking
the solvation effect into account are listed in Table 1 and are
compared with those calculated without considering the
solvation effect. Note that the Li-binding free energies (BFE)
are more negative when the solvation effect is considered.
Figure S1 in Supporting Information describes the change in
the atomic charges for the three quinone derivative—Li
complexes during the solvation process. It is found that
electronic polarization is enhanced through the solvation, and
thereby the binding energy is increased as presented in Table 1.
These results indicate that the solvation effect plays an
important role in enhancing the Li-binding thermodynamics,
meaning that the dielectric environment promotes the
interactions between the Li atoms and the redox-active sites.

2.2. Effect of Aromaticity. Next, we systematically
analyzed the redox properties of the seven quinone derivatives
while focusing in particular on the changes in their redox
potentials during the Li-involving discharging process. First, we
investigated the effect of the backbone aromaticity on the redox
properties by characterizing the redox potentials of three of the
quinone derivatives, namely, 1,4-benzoquinone, 1,4-naphtho-
quinone, and 9,10-anthraquinone. Figure 4a shows the change
in the redox potentials of the three molecules as a function of
the number of the aromatic rings in the molecules: the redox
potential decreases with increasing backbone aromaticity from
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Figure 4. Correlations of (a) redox potential (as determined using the
PBEO functional) and (b) electron affinity (PBEO functional) with the
backbone aromaticity. The numbers of aromatic rings in 1,4-
benzoquinone, 1,4-naphthoquinone, and 9,10-anthraquinone are
zero, one, and two, respectively. The PWB6K-based results are
shown in Supporting Information.

zero (benzoquinone) through one (naphthoquinone) to two
(anthraquinone). It is noted that the benzoquinone exhibits 3.1
V vs Li/Li", the highest redox potential, which is similar to that
reported by Aspuru-Guzik and co-workers on the basis of
computational investigations.”’ In addition, Figure 4a shows
that the redox potential decreases as the number of bound Li
atoms is increased from zero for the bare quinone derivatives
(circle symbol for fully charged state) to two for the quinone
derivatives with two bound Li atoms (inverted triangle symbol
for discharged state). This is consistent with our understanding
of the change in the redox potential during the discharging
process. Only one exception is found in the case of 14-
benzoquinone: the redox potential of 1,4-benzoquinone with
one bound Li atom is higher by 0.8 V vs Li/Li" than that for
bare 1,4-benzoquinone. This exception is attributed to the
unexpected increase in the electron affinity of 1,4-benzoqui-
none after the addition of one Li atom, as shown in Table 2.

It should be stressed that, in Figure 4a, the redox potentials
have negative values for the cases corresponding to the binding
of 2 Li atoms, indicating that the quinone with two bound Li
atoms would be no longer cathodic with respect to Li. In other
words, each quinone derivative has the ability to associate with
up to two Li atoms. Therefore, it is inferred that the ability of
quinone derivatives to undergo the redox reaction can be
harnessed by controlling the number of carbonyl groups.

To understand this phenomenon, we analyzed the electron
affinities of the seven quinone derivatives with and without a
bound Li atom. Here, the electron affinity is defined by the
change in the free energy between that of a neutral system to
that of a negatively charged system. It is found in Figure 4b that
the electron affinity of the three quinone derivatives is
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Table 2. Redox Potentials, Calculated Using the PBEO
Functional and the 6-31+G(d,p) Basis Set, of 2,6-
Diaminoanthraquinone and Anthraquinone-2,6-dicarboxylic
Acid with one Li Atom Bound to Binding Sites Other than
the Carbonyl Groups®

anthraquinone-2,6-dicarboxylic

quinone  2,6-diaminoanthraquinone acid

case  redox potential (V vs Li/Li") redox potential (V vs Li/Li")

Case 2 1.6 2.0
Case 3 13 19
Case 4 —-0.8 22
Case S 3.5 1.6

“The cases mentioned in this table are the same as those listed in
Table 1.

correlated with the number of the aromatic rings. It is
unambiguous that decreasing the aromaticity of a quinone
derivative would generally enhance its electron affinity resulting
in the improved redox potential. More importantly, the
correlation between the redox potential and the electron
affinity for all the seven quinone derivatives is shown in Figure
S. Linear correlations are observed from —2 to 1V, and from 1
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Figure 5. Correlations between redox potential and electron affinity
for the seven quinone derivatives with or without a bound Li atom.
The correlation is depicted by the arrow in gray.

to 4 V as shown in Figure S. Such two distinct correlations
clearly indicate the redox potentials for the 2Li binding cases
can depend not only on the electron affinity but also on other
variables such as solvation, which will be discussed later. More
importantly, it could be unambiguously concluded that redox-
active molecules with more negative electron affinity values
would have higher redox potentials, because the molecules
would be preferentially reductive. The correlations between the
redox potentials and electronic properties, such as highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO), are shown in detail in Figures S4—
S6 in Supporting Information.

2.3. Effect of Functionality. Since the redox properties of
a material are affected by the electronic characteristics of the
incorporated functional groups,”'*** we investigated the
effects of the chemical functional groups incorporated in the
quinone derivatives. For example, Assary and co-workers
investigated the redox properties of 9,10-anthraquinones
functionalized with different numbers of methyl and chloro
groups.”” We extended this investigation by introducing
representative electron-donating (—NH,) and electron-with-
drawing (—COOH) groups into 9,10-anthraquinone, as shown

DOI: 10.1021/jacs.5b13279
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in Figure 1. For five of the quinone derivatives, namely, 9,10-
anthraquinone, 2-aminoanthraquinone, 2,6-diaminoanthraqui-
none, anthraquinone-2-carboxylic acid, and anthraquinone-2,6-
dicarboxylic acid, it is found that the redox properties change
during the discharging process. To introduce two functional
groups, symmetric positions were selected as shown for 2,6-
diaminoanthraquinone and anthraquinone-2,6-dicarboxylic
acid.

The calculated positive redox potentials of the five quinone
derivatives in the absence of Li binding (see Figure 6) indicate

3 T T T
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Figure 6. Change in the redox potentials (as determined using the
PBEO functional) as a function of the number of electron-donating
(ie, —NH,) or electron-withdrawing (i.e, —COOH)) groups
incorporated in 9,10-anthraquinone. On the x-axis, the numbers of
the electron-donating and electron-withdrawing groups are denoted by
negative and positive integers, respectively. The PWB6K-based results
are shown in Supporting Information.

that these five molecules can be used as positive electrode
materials for lithium-ion batteries in the fully charged state. It is
also obvious that the redox potential of the molecules has a
linear relationship with the number of the electron-donating
and electron-withdrawing groups incorporated: the redox
potential increases with an increase in the number of
electron-withdrawing groups, while it decreases with an
increase in the number of electron-donating groups, which is
in agreement with the results reported by Aspuru-Guzik and co-
workers.”' This behavior can be explained on the basis of
chemical intuition: the electron-withdrawing and electron-
donating groups would make the main redox-active sites (ie.,
the carbonyls) more electrophilic and nucleophilic, respec-
tively.*® For instance, the carbonyl groups in anthraquinone-2-
carboxylic acid would have a stronger tendency to accept
electrons than would the carbonyl groups in 9,10-anthraqui-
none, since the carboxylic acid group withdraws electrons from
the molecule. As per this line of reasoning, anthraquinone-2,6-
dicarboxylic acid would have the highest electron affinity. The
relatively low redox potentials of 2-aminoanthraquinone and
2,6-diaminoanthraquinone could be explained using the same
logic.

Another feature seen in Figure 6 is that the redox potential
decreases during the discharging process: V,,1; > Vi > Vyyy
where V' denotes the redox potential. Such a significant
decrease in the redox potentials results in negative redox
potential values for the 2Li binding cases, with the exceptions
being anthraquinone-2-carboxylic acid and anthraquinone-2,6-
dicarboxylic acid. Once the redox potential becomes negative,
the molecule cannot accommodate any more Li atoms when
used as a positive electrode. For the two exceptions
(anthraquinone-2-carboxylic acid and anthraquinone-2,6-dicar-
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boxylic acid), the redox potential remains positive even after the
binding of two Li atoms, meaning that anthraquinone-2-
carboxylic acid and anthraquinone-2,6-dicarboxylic acid can
accept more Li atom (3 and 4 Li, respectively) for cathodic
reduction reactions. This suggests that functionalizing quinone
derivatives with electron-withdrawing groups might be a
promising way of increasing not only their redox potentials
but also their gravimetric capacities. The theoretical capacities
of the quinone derivatives are calculated and compared with the
experimentally measured capacities in Table S1 in Supporting
Information.

2.4. Effects of Solvation. In this section, we analyzed the
effects of solvation in addition to the electron affinity, since the
two are the primary contributors to the calculated redox
potentials. Here, the “solvation effect” is the solvation free
energy change (AAG*Y) of a molecule through its state change
from the neutral state to the anionic state in the solvent phase
as defined by AAG™Y = AGMR™) — AG Y(R), where
AG*M(R™) and AG*"(R) denote the solvation free energies of
the anionic and neutral states, respectively. Note that a more
negative value means that the change from the neutral state to
the anionic state is favored from the viewpoint of the solvation
free energy. Figure 7 shows the effects of solvation as well as
the electron affinities for five quinone derivatives: the electron
affinities are always negative, meaning that the reduced state is
always favored more than the neutral state. However, it turns
out that the solvation effect is significantly affected by the Li
binding state. Three of the quinone derivatives, namely, 2,6-
diaminoanthraquinone, 2-aminoanthraquinone, and 9,10-an-
thraquinone, exhibit a positive solvation effect for the 2Li
binding cases and thus negative redox potentials (Figure 6),
whereas anthraquinone-2-carboxylic acid and anthraquinone-
2,6-dicarboxylic acid exhibit a negative solvation effect and thus
positive redox potentials (Figure 6). When considered with the
redox potentials shown in Figure 6, the results in Figure 7 mean
that solvation for 2,6-diaminoanthraquinone, 2-aminoanthra-
quinone, and 9,10-anthraquinone becomes less favorable in
anionic state than in neutral state with increasing number of
bound Li atoms, whereas anthraquinone-2-carboxylic acid and
anthraquinone-2,6-dicarboxylic acid become more favorable in
anionic state. This observation indicates that the solvation effect
is strongly correlated to the redox potentials of the quinone
derivatives. This suggests that a favorable change in the
solvation free energy of a molecule from the neutral state to the
anionic state (i.e,, a negative solvation effect) is desirable for
improving the redox properties of quinone derivatives for use as
positive electrode materials.

A question arises regarding the change in the redox potential
with the binding of Li atoms at sites other than the carbonyl
groups during the discharging process. To answer this question,
we investigated the redox potentials of two of the quinone
derivatives, namely, 2,6-diaminoanthraquinone and anthraqui-
none-2,6-dicarboxylic acid such that one Li atom was bound to
four binding sites other than the carbonyl group. As shown in
Table 2, anthraquinone-2,6-dicarboxylic acid exhibits relatively
moderate redox potentials which ranged from 1.6 to 2.2 V vs
Li/Li*, while 2,6-diaminoanthraquione exhibits a wider range of
redox potentials depending on the site used (—0.8 to 3.5 V vs
Li/Li*). Note that the redox potentials of anthraquinone-2,6-
dicarboxylic acid and 2,6-diaminoanthraquinone with one Li
atom bound to the carbonyl group are 1.8 V vs Li/Li" and 1.4 V
vs Li/Li*, respectively, as determined from the PBEO-based
calculations (Figure 6), and 1.7 V (vs Li/Li*) and 1.4 V (vs Li/
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Figure 7. Contributions of the electron affinity and the solvation effect
to the redox potentials for the five quinone derivatives shown in Figure
6: (a) without Li; (b) with one bound Li atom; (c) with two bound Li
atoms. The redox potentials (voltage vs Li/Li*) are depicted
numerically for clarity. The colors black and gray denote the values
related to the solvation effect and the electron affinity, respectively.

Li*) respectively, as determined from the PWBG6K-based
calculations (Figure S2). It seems that the redox potential of
anthraquinone-2,6-dicarboxylic acid is not significantly changed
regardless of the binding site, whereas that of 2,6-diaminoan-
thraquinone changes significantly depending on the binding
site. Thus, introducing electron-withdrawing groups is a
promising way for ensuring a stable redox potential.

Lastly, we investigated the effects of the dielectric constant
(e,) of the solvent phase on the redox potential, since the
solvent phase affects the redox potential via the solvation effect
(Figure 7) as well as through the electron aﬂfmityfw’48 For this
purpose, we employed implicit solvation models with various
dielectric constants using the PBEO functional. As shown in
Figure 8, the changes in the redox potentials were calculated for
a wide range of dielectric constants (5—80). Note that the
dielectric constants in Figure 8 do not represent any specific
solvents. The effect of the dielectric constant on the redox
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Figure 8. Redox potentials determined using implicit solvation models
and the PBEO functional for the seven quinone derivatives at various
dielectric constants. The dotted line denotes the dielectric constant
(16.14) corresponding to the solvent mixture (ethylene carbonate/
dimethyl carbonate = 3 mol/7 mol) employed in this study.

potential is similar for all seven quinone derivatives: the redox
potential is increased rapidly until €, = 20 and then leveled off
beyond &, = 30.

2.5. Effect of Presence of Li Atoms. Here, it should be
emphasized that this study is the first to investigate the changes
in the redox potential during the discharging process by taking
into account the presence of the Li atoms bound to the
electrode material molecules. For instance, from the 1Li
binding cases stated above, one can tell how the redox
potentials of the quinone derivatives will change after one Li
atom binds with carbonyl groups during the discharging
process. Our calculations show that, after the quinone
derivatives are reduced via the electrochemical reaction with
Li atoms, their redox potentials would be the values listed in
column A of Table 3. In contrast, if one calculates the reduction
potentials of the reduced forms of the quinone derivatives (i.e.,
without Li atoms), the redox potentials will have the values
listed in column B of Table 3. These results demonstrate that,
in the presence of bound Li atoms, the reduced molecules will
exhibit higher redox potential values than the reduced ones in
the absence of Li atoms by 0.2—0.5 V vs Li/Li*. This clearly
proves that the presence of Li atoms allows for a more reliable
description of the redox properties. We think that this approach
can potentially be extended to investigate the redox character-
istics of Na- and K-ion battery electrodes as well.

3. CONCLUSIONS

In this study, we investigated the Li-binding thermodynamics
and redox properties of seven quinone derivatives. The Li-
binding free energies of the quinone derivatives, determined
through DFT-based calculations, reveal that Li primarily binds
to the carbonyl groups of the quinone derivatives, indicating
that the Li atoms would be bound to the two carbonyl groups
first and then to the other active sites during the discharging
process. This result characterizes not only the redox properties
of the bare quinone derivatives, but also those of the quinone
derivatives with Li-bound carbonyl groups. To the best of our
knowledge, this study is the first to describe the changes in the
redox properties of redox-active molecules during the
discharging process. The calculated redox properties of the
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Table 3. Redox Potentials during the Discharging Process, As Calculated Using the PBEO Functional and the 6-31+G(d,p) Basis

Set, For the Seven Quinone Derivatives”

thermodynamics redox potential (V vs Li/Li")
(A) reduced quinone derivatives
with one bound Li atom (neutral
system state) (B) reduced quinone derivatives without a Li atom (anionic state with charge of —1) difference
1,4-Benzoquinone 3.8 17 2.1
1,4-Naphthoquinone 1.9 1S 0.4
9,10-Anthraquinone 17 1.3 0.4
2-Aminoanthraquinone 14 1.1 0.3
2,6- 14 09 0.5
Diaminoanthraquinone
Anthraquinone-2- 1.6 14 0.2
carboxylic acid
Anthraquinone-2,6- 1.8 1.6 0.2

dicarboxylic acid

“The effect of the presence of Li atoms on the redox potential values is determined by comparing columns A and B: the former corresponds to the

values for when a Li atom is bound, whereas in the latter case, it was

not.

quinone derivatives have the following four features. (1) The
redox potential decreases with an increase in the aromaticity.
(2) The redox potential can be increased by attaching electron-
withdrawing functional groups. (3) The redox potential
generally decreases during the discharging process, because
the electron affinities of the systems decrease with Li binding.
The obtained results indicates that the seven quinone
derivatives exhibit positive (cathodic) redox potentials up to
the 1Li binding state, meaning that the quinone derivatives can
bind with up to two Li atoms during the discharging process. It
is also found that two of the quinone derivatives modified with
carboxylic functional groups maintain their cathodic redox
activities even after binding with two Li atoms. Thus, it is
inferred that the modification of quinone derivatives with
electron-withdrawing carboxyl functional groups is a promising
approach for improving not only their redox properties, but
also their charge capacities. (4) It is confirmed using the
implicit solvent method that the solvent phase has an effect on
the redox properties of quinone derivatives: a solvent phase
with a high dielectric constant can increase the redox potentials
of quinone derivatives. We believe that the results of this study
would be useful in establishing guidelines for designing better

electrode materials.
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