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Abstract

Quinones have been widely studied as a potential catholyte in water-based redox flow batteries
(RFBs) due to their ability to carry both electrons and protons in aqueous solutions. The wide variety
of quinones and derivatives offers exciting opportunities to optimize the device performance while
poses theoretical challenges to quantify their electrochemical behavior as required for molecular
design. Computational screening of target quinones with high performance is far from satisfactory.
While solvation of quinones affects their potential application in RFBs in terms of both
electrochemical windows, stability, and charge transport, experimental data for the solvation structure
and solvation free energies are rarely available if not incomplete. Besides, conventional
thermodynamic models are mostly unreliable to estimate the properties of direct interest for

electrochemical applications. Here, we analyze the hydration free energies of more than 1,400



quinones by combining the first-principles calculations and the classical density functional theory. In
order to attain chemical insights and possible trends, special attention is placed on the effects of
"backbones" and functional groups on the solvation behavior. The theoretical results provide a
thermodynamic basis for the design, synthesis, and screening of high-performance catholytes for
electrical energy storage.

Key words: Quinones; classical density functional theory (¢cDFT); quantum mechanics (QM); water-
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1. Introduction

Quinones are a large group of chemical species with more than one aromatic ring in each
molecule. These chemicals can carry both electrons and protons and are commonly utilized in the
metabolism of living organisms [1, 2]. In recent years, quinones have been considered good
candidates as the electrolyte on the cathode side (a.k.a., catholyte) of water-based redox flow batteries
(RFBs) owing to their attractive features such as material sustainability, low cost, and customizable
electrochemical properties [3-5]. Successful examples include applications of 2,6-
dihydroxyanthraquinone (2,6-DHAQ) and 4,40-((9,10-anthraquinone-2,6-diyl)-dioxy)-dibutyrate
(2,6-DBEAQ) for long-lasting and high-density electrical energy storage [6-8]. At the same time,
numerous theoretical studies have been reported to examine the effects of quinone chemistry on

electron affinity and solvation [9, 10], interfacial electron transfer [11, 12], and Li-ion binding [13,



14]. However, the large number of different quinones makes it difficult to select the best molecules
only by combinatory experimental trials.

Computational methods provide a valuable alternative to assessing the stability, electrochemical
windows, and solvation properties of vast quinones potentially useful as the catholyte for water-based
RFBs. With ever-increasing computer power, one can, in principle, predict the electronic properties
of these chemical species and their intermolecular interactions in water through quantum-mechanical
(QM) calculations and, subsequently, the solution behavior by using molecular dynamics (MD) or
Monte Carlo (MC) simulations. Whereas reliable thermodynamic data can be obtained for ideal-gas
systems from first-principles predictions, the conventional multiscale procedure is computationally
too expensive to predict the properties of quinones in liquid systems. For practical purposes,
particularly for high-throughput predictions, the application of simplified methods is inevitable to
eschew the computational burden. Toward that end, we often rely on lower-level QM methods or
semi-empirical force fields to describe intermolecular interactions and use liquid-state theories
instead of MD/MC simulation to predict properties affiliated with a large number of thermodynamic
systems.

In previous work [15, 16], we demonstrated that a combination of QM and classical density
functional theory (¢cDFT) could be used to predict the hydration free energies for an extensive library
of organic compounds. The theoretical performance of the multiscale procedure depends on
approximations in the cDFT calculations as well as in QM methods that are employed to predict the
molecular structure and the force-field parameters. It was shown that the optimal computational
procedure reflects not only the accuracy of theoretical predictions at individual scales but often, more

importantly, a reliable linkage between different theoretical methods for electronic structure and



atomic representations to attain the best overall performance. Here, we study the hydration behavior
of quinones with the same multiscale cDFT procedure. Based on molecular parameters attained from
a previous study of polycyclic aromatic hydrocarbons (PAHs) [17], we investigate the hydration free
energies of more than 1400 quinones at the ambient condition. Further, we analyze the effects of
"backbones" and functional groups on hydration free energy and discuss its implication for catholyte
molecular design in water-based redox flow batteries.

The energy density of quinone-based RFBs is dependent on the following three factors: (1) the
selection of quinones as catholytes and their corresponding redox potentials, (2) the amount of
quinones dissolved in water, and (3) the number of electrons participating in the redox reaction per
quinone molecule. In this work, we focus on the hydration of quinones, which is intrinsically related
to the solubility of quinones in water. Whereas energy density is of fundamental importance for the
practical applications of RFBs, the solubility and the solvation behavior of all pertinent materials are
fundamental for understanding their performance under a wide variety of solution conditions. An
ideal catholyte should have a high energy storage capacity, which requires molecules to have
excellent redox ability and good solubility in an electrolyte.

2. Theoretical methods

The theoretical methods to calculate hydration free energy have been discussed in our previous
work [18, 19]. In brief, we define hydration free energy as the change of the grand potential of the
solvent after inserting a solute molecule at a specific temperature and pressure. In this work, each
quinone is treated as a rigid molecule due to a lack of flexibility. For a rigid solute with a fixed
conformation, the grand potential can be assessed from cDFT calculations by minimization of the

grand potential with respect to the density profile of the solvent molecules.



Our cDFT calculation requires as the inputs a semi-empirical force field for both solvent-solvent
and solute-solvent interactions. Combining the QM optimization of the solute structure and force-
field parameters, the multiscale procedure yields an accurate prediction of the hydration free energies,
especially for hydrophobic chemical species [20]. For each solute, the molecular structure is obtained
by energy minimization in a vacuum using the Hartree-Fock (HF) method [21]. The water molecules
are represented by the SPC/E [22]. We use the GAFF [23] force-field parameters to describe the van
der Waals (VDW) interactions between solute and solvent molecules, and AM1-BCC [24] charge
distributions to assign the atomic charges. All QM calculations are based on the ORCA ab
initio quantum chemistry package [25], and cDFT calculations are based on the home-developed
programs. The effective hard-sphere (HS) diameter is set to 2.915 Angstrom in the hard-sphere bridge
functional as that used in a previous study [17]. The same value is used without further optimization

for all theoretical predictions discussed in this work.
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Figure 1. Molecular structures of some representative quinones studied in this work.

3. Results and Discussion
Figure 1 gives the typical molecular structures of quinones considered in this work. Based on the
number of benzene rings, we divide quinones into several subgroups. BQs, NQs, and AQs are referred

to quinone molecules containing one, two, and three benzene rings, respectively. These quinones can



be further classified into 17 entries according to the relative positions of the carbonyl groups. We
have analyzed the effect of the R-group on the solvation of all these seventeen functional groups.
Figure 2(a) presents the distribution of hydration free energies for all quinones studied in this
work. Depending on the molecular size and identification of side chains, the hydration free energy
varies from —80 to —4 kcal-mol~!'. Most quinone molecules have a hydration free energy in the range
from —20 to —4 kcal-mol~!. Eighty-two molecules are in the range from —40 to —20 kcal-mol™!. Fig.
2(b) shows the molecular structures of six quinones with the most negative hydration free energies,
ranging from —80 to —40 kcal'-mol™!. As expected, the addition of hydrophilic functional groups,
namely —COOH and —COOCHj;, makes the hydration free energy more negative, which results in
higher solubilities of these molecules in water. From a thermodynamic perspective, these six

molecules are good catholytes for water-based redox flow batteries.
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Figure 2. (a)The distribution of hydration free energies of 1,486 quinone molecules. (b)The
structures of six molecules with considerably negative hydration free energy.1kcal=4.186 kJ

Figure 3 shows a comparison of the theoretical predictions with the experimental data for the
hydration free energies of three quinone molecules: CAS 524-42-5, CAS 130-15-4, and CAS 84-65-
1 [26]. The predicted hydration free energy for 1,2-naphthalenedione (CAS 524-42-5) is —7.66
kcal/mol, which is slightly higher than that from experiments (—9.22 kcal-mol™'). The predicted

hydration free energy for 1,4-naphthaquinone (CAS 130-15-4) is —7.49 kcal-mol™! (=9.68 kcal-mol™!



from the experiment), and —8.38 kcal-mol™' for 9,10-anthracenequinone (CAS 84-65-1) (=9.57
kcal'mol™' from the experiment). The deviations of theoretical predictions of the hydration free
energies from experiments are 17%, 23%, and 12% for 1,2-naphthalenedione, 1,4-naphthaquinone,
and 9,10-anthracenequinone, respectively. While these numbers are far from perfect, the comparison

with limited experimental results indicates that our predictions are reliable to capture the trend.
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Figure 3. Experimental and predicted hydration free energy of three quinone molecules

The quinone molecules consist of benzene rings as the backbones and hydrophilic groups on the
sidechains. The backbones of quinone molecules are often different in the arrangement of the benzene
rings, which affects the hydration free energy. Fig. 4 shows the distributions of hydration free energies
for different quinone groups, BQs, NQs, and AQs. The distribution of the hydration free energies of
BQs is similar to that of NQs. Both of them have a relatively narrow distribution with a peak in the
range from —10 to —6 kcal'mol™!. The hydration free energies of AQs show a wider distribution
compared to those for BQs and NQs, and its peak is between —14 to —12 kcal-mol~!. Most molecules
with large solubility belong to AQs. The large molecular volume for quinones in this group may be

responsible for the low hydration free energy.
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Figure 4. (a)The distribution of hydration free energies of BQ quinones. (b) The distribution of
hydration free energies of NQ quinones. (¢) The distribution of hydration free energies of AQ
quinones.

As shown in Fig. 5, most quinone molecules have a hydration free energy in the range between

=5 to —40 kcal-mol™!. Only a few quinone molecules have a higher hydration free energy, ranging

10



from —45 to —60 kcal'mol™!, even as high as —80 kcal-mol™!. Fig. 2(b) gives the molecular
configurations of these specific molecules. Common features of these molecules are to have three
rings, a large molecular volume, and many carboxyl groups on the side chain. Because of their strong
interactions with water and excellent solubility, these molecules are highly stable in water, rendering

them as good candidates of the catholyte for aqueous redox flow batteries with high energy density.
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Figure 5. The distribution of hydration free energies of quinones with different "backbones".

The hydration free energies of quinones exhibit an interesting correlation with the functionality
of the R-groups, as shown in Fig. 6. Several functional groups, such as —CH;, —F, —CI, —C,H3,
—CF;, are affiliated with quinones with a narrow distribution of the hydration free energies. Some
other functional groups, like —CHO, —COOCH;, —CN, —COOH, are responsible for a more
scattered distribution of the solvation free energies, and these groups promote solvation in water.
Such a solvation behavior may provide a useful rule of thumb for screening target molecules towards

the water-based battery with higher energy and power density.
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Figure 6. The distribution of solvation of quinones based on different functional groups

To further investigate the effect of the functional group and its relative position on solvation, we
define the relative free energy as the extra free energy induced by substitution from hydrogen to the
functional group. As shown in Fig. 7, the substitution of more hydrogens by the R-group leads to a
more negative hydration free energy. If only one hydrogen is substituted by R-group, such as —CHO,
—COOCH;, —COOH, —PO;H;, and —SO;H, it makes a positive effect for dissolving more quinone
molecules in water. For all hydrogens substituted by R-group, the above substitutions still enhance

solvation.
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Figure 7. (a)The distribution of the relative hydration free energies of quinones with one hydrogen

substituted by R-group. (b)The distribution of the relative hydration free energies of quinones with

all hydrogens substituted by R-group.

The relative positions of the functional groups play a vital role in the properties of quinones in

aqueous solutions. Here, the relative hydration free energy is analyzed based on two relative positions

of carbonyl groups, namely para-quinones and ortho-quinones. As shown in Fig. 8, both para-

quinones and ortho-quinones show a similar distribution. The introduction of —CHO, —COOCH3;,

—COQOH, —PO3H,, and —SO3H also makes the quinone molecules more hydrophilic.
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different functional groups. (b)The distributions of relative hydration free energies of ortho-quinones
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4. Conclusions

In this work, we employed a multiscale procedure to predict the hydration free energies of a large
library of quinones. The multiscale approach includes a quantum-mechanical method (HF) for
structure optimization, classical density functional theory (cDFT) combining with GAFF force-field
parameters for thermodynamic calculations, AM1-BCC charge sets, and SPC/E water model. We

calculated more than 1400 hydration free energies and discussed the effect of "backbones" and

14



functional groups. Introduction of —CHO, —COOCH;, —COOH, —POsH, and —SOsH cause

higher hydration free energy. We hope that the thermodynamic model reported in this work would

provide the first step toward molecular screening and design of catholytes for battery applications.
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