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Research Papers 

Prediction of Pourbaix diagrams of quinones for redox flow battery by 
COSMO-RS 

Théophile Gaudin *, Jean-Marie Aubry 
CNRS, UMR 8181, UCCS-Unité de Catalyse et Chimie du Solide, Centrale Lille, University of Lille, Artois University, Lille F-59000, France  

A B S T R A C T   

Redox-flow batteries are relevant to store energy from intermittent sources such as solar panels or wind turbines, thereby smoothing their energy supply. Up to now, 
most redox-flow batteries are based on vanadium. Vanadium is a rare and expensive material, thus recent research has focused on redox-flow batteries based on 
organic compounds and, in particular, anthraquinones as electroactive materials. However, the tunability of organic chemistry poses a needle-in-haystack challenge 
as the structures exhibiting the most desirable electrochemical properties may be hard to pinpoint. Moreover, the low water solubility of the most readily available 
anthraquinones may hinder their use as battery electrolytes. To aid in such endeavor, a theoretical approach is proposed to predict Pourbaix diagrams of redox-active 
organic compounds, allowing in silico anticipation of their electrochemical behavior in the entire pH range. DFT/COSMO-RS predicted pKa and reduction potentials 
are in good agreement with experimental data, and the resulting calculated Pourbaix diagrams are also in agreement with 4 experimental ones from literature, 
proving the reliability of the method. Finally, the effect of nature and position of some functional groups on the anthraquinone backbone is discussed, illustrating the 
power of the method to both understand and quantify the electrochemical activity of redox active organic materials.   

1. Introduction 

Redox flow batteries (RFBs) are secondary (i.e. reusable) batteries in 
which the energy conversions are based on the reversible electro-
chemical reactions of two redox couples, which are dissolved in liquids 
and separated by a membrane that allows ion exchange [1]. RFBs are 
ideally suited for relatively large stationary applications (capacities of 1 
kWh to 10 MWh) [2]. In particular, RFBs have environmental relevance 
as a suitable technology for energy storage from intermittent sources 
such as solar or wind power [3]. 

Water is most commonly chosen as a solvent for electrochemical 
reactions in RFBs, since it is widely available and provides better ion 
solubility and conductivity than most organic solvents [4]. In addition, 
as the most common and safest solvent on earth, water is the solvent of 
choice wherever sustainability is a key challenge. Nevertheless, it is 
important to note that in water, pH effects can impact which protonated 
form of the reduced and oxidized species participate in the redox reac-
tion. This in turns influences their electrochemical activity as well as 
their water solubility, and thus taking into account pH effects is relevant 
to the energy storage capacity of the RFB. Because of this, pH-potential 
diagrams (named Pourbaix diagrams) of the electrolyte species are 
important to consider at early stages of the RFB’s design. Thermody-
namically, Pourbaix diagrams can be reconstructed based on pKa and 
standard reduction potentials of the involved species. 

Currently, most RFBs are based on vanadium, taking advantage of 
the various oxidation states of vanadium as both the negolyte and pos-
olyte [5], leading to easier design and operation of batteries [6]. How-
ever, vanadium is relatively rare and expensive [7]. Thus, in recent 
years, RFBs based entirely or partly on more sustainable organic elec-
trolytes have attracted increasing interest [8]. For example, quinones, 
and in particular anthraquinones, are cheap and renewable. However, 
anthraquinone itself has very low solubility in water. Fortunately, qui-
nones are a tunable class of compounds as different functional groups 
can be attached at their multiple substitution positions (cf. Scheme 1). 
Consequently, their water solubility can be increased by polar functional 
groups. 

Nevertheless, such functionalization can change the potential of 
their electrochemical reaction at any pH, and therefore alter the energy 
storage capacity of the RFB. 

Since the functional groups grafted onto the quinones, and the 
phenolic alcohols of their reduced forms, can be pH-sensitive in water, 
the reduction potential changes as a function of the pH of the solution. 
Pourbaix diagrams represent the evolution of reduction potential with 
the pH, and thus are targets of interest to anticipate the electrochemical 
behavior of quinones in aqueous RFB. In Fig. 1, a typical Pourbaix dia-
gram for benzoquinone in water is sketched. 

As detailed below, predictive models exist for the properties that 
characterize Pourbaix diagrams (reduction potentials and pKa). pKa is 
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the pH at which there are equal concentrations of a species in its pro-
tonated and deprotonated form. Some species, including in particular 
the reduced forms of the quinones, have several labile hydrogens, and 
therefore several pKa in the experimentally accessible pH range. There is 
a wealth of existing methods for predicting pKa [9], including empirical 
methods like Quantitative Structure Property Relationships (QSPR) 
[10], group contributions [11], or more theoretical approaches like 
quantum chemistry [12] combined with explicit water molecules [13] 
and/or solvation models like the COnductor-Like Screening MOdel 
(COSMO-RS) [14]. Although errors of ± 0.2-0.4 pKa units are already 
achievable from models fitted for particular families of molecules [9,11] 
(with the obvious shortcoming of a smaller applicability domain), errors 
of ± 0.6-1.5 pKa units are usual for more general methods [9,10]. 

By definition, the reduction potential is a difference between two 
electric potential differences. The fist potential difference is the one 
associated with the acquisition of one electron by a molecule, and the 
other one is associated with a reference reduction reaction, such as the 
reduction of the proton. The reference potential difference being well- 
known (e. g., EH+/H2 = 4.42V for the reduction of the proton at 
ambient conditions in water [15]), when predicting the reduction po-
tential for a given redox reaction, only the reduction of the molecule of 
interest remains to be modelled. 

Here, two main types of reduction potentials may be the target for 
prediction, the electron-affinity EA, or single-electron reduction poten-
tial, and the standard electrode potential E. Both EA and E directly 
depend on standard Gibbs free energies of their respective reaction 
ΔrG0, and the number of involved electrons (1 for reaction 1 and 2 for 
reaction 2) and Faraday’s constant F Eqs. (1) and ((2)): 

Q +
1
2

H2 ̅̅̅̅̅̅̅̅ →

Δr G0
1 Q⊙− + H+⇒EA = −

ΔrG0
1

F
(1)  

Q + H2 ̅̅̅̅̅̅̅̅ →

Δr G0
2 QH2⇒E = −

ΔrG0
2

2F
(2) 

Prediction of the EA has been explored by many studies [16]. In 
quantum chemistry, this implies the modeling of systems with unpaired 
electrons (i.e. open-shell calculations), which are more complex to 
handle than species with paired electrons [17]. Errors of about ± 65 mV 
are expected for particular subclasses of compounds using tailored level 
of theories and solvation models, but more general and unbiased ap-
proaches lead to errors of ± 150-200 mV. The second type, E, is the 
reduction potential [18]. It generally implies both a reduced and an 
oxidized form that are thermodynamically stable, and does not involve 
radicals and open-shell calculations. In the context of Pourbaix dia-
grams, we are interested in the reduction potential when proton activity 
is 1 mol/L, i.e. at pH = 0, and measured with respect to a reference 
(generally the standard hydrogen electrode), since it is the one available 
from experiments [8]. This potential is also called formal electrode po-
tential and denoted E0. Prediction of formal electrode potential of an-
thraquinones from first principles has been explored by Kim et al. [15] 
using DFT and an implicit solvent model with good results (errors of 
about 30-60 mV), but for some anthraquinones, it appeared that explicit 
hydrogen bonding of water could not be neglected, and Kim et al. had to 
use sophisticated QM/MM calculations to account for such effect, 
meaning that their method may fail in some cases. Additionally, re-
searchers have been using a correlation between the standard electrode 
potential and the calculated heat of formation at 0 K [19]. This approach 

has been tested on 6 anthraquinones in a recent work, and a good cor-
relation coefficient R2 of 0.97 was obtained [20]. However, this method 
requires calibration of the linear fitting coefficients to a set of similar 
molecules before any prediction can be made. Finally, Fornari and De 
Silva [21] attempted prediction of pH-dependent redox potentials. 
However, their method is not fully from first principles as the pKa used 
in their method comes from machine learning. Moreover, the errors are 
substantial (mean absolute error of about 150 mV on pH-dependent 
potentials). This could be due to the use of structures optimized both 
in the gas phase and in solution, increasing the potential sources of error. 

In this work, we present a method to predict Pourbaix diagrams 
based on ab initio calculations and COSMO-RS theory. Briefly, our 
proposed method consists of prediction of pKa from the COSMOtherm 
software [22,23], and prediction of the redox potential, either at pH =
0 by accounting for the protonation states at this standard point 
(labelled E0 in Fig. 1) or at high pH in which no proton exchange is 
expected (labelled E∞ in Fig. 1). Then, the Pourbaix diagram is recon-
structed accounting for the relative population of each protonated state 
for both reduced and oxidized forms of the quinone, based on combining 
Nernst and Henderson-Hasselbalch equations. 

2. Experimental 

The general methodology developed in this work to predict Pourbaix 
diagrams (or pH-dependent reduction potentials) is presented in 
Scheme 2. We first establish the various structures of all oxidized and 

Scheme 1. General redox reaction of benzo-, naphtho-, and anthra-quinones 
(Q), giving the corresponding hydroquinones (QH2). 

Scheme 2. Methodology of prediction of Pourbaix diagrams from COSMO-RS 
used in this work. 

Scheme 3. Redox and acid-base equilibria between benzoquinone (Q) and 
hydroquinone in acid (QH2), monodeprotonated (QH− ) or dideprotonated 
(Q2− ) forms. 
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reduced forms of the molecules in all of their protonation states, for 
example, by drawing them on a molecule editor and saving them as 
SMILES strings. Then, we optimize their geometries in a perfect 
conductor, yielding COSMO files for each of them. Using the COSMO 
files, we apply COSMO-RS to get their Gibbs free energies in water which 
allows calculating the dissociation constant pKa and the formal reduc-
tion potential E0. Finally, using thermodynamics, we determine the 
predominant species as a function of pH and E in order to build their full 
Pourbaix diagrams. 

2.1. Thermodynamic workflow 

As we study the conversion of species between different redox forms 
and protonation states (cf. Scheme 3) in water, we need the levels of 
energy of each of the involved species in water. 

To calculate this energy level, a simple thermodynamic cycle is 
employed (cf. Scheme 4): the Gibbs free energies of the molecules in the 
ideal conductor GX

COSMO, with X = Q, QH2, QH− and Q2− ) are first 
calculated (at the DFT level BP86 [24,25] with TZVP [26] basis set using 
the COSMOconf [27] and Turbomole [28] softwares) in the ideal 
conductor (COSMO [29, 30]). Then, COSMO-RS theory [30–32](which 
was applied using the COSMOtherm [22] software) allows to calculate 

the Gibbs free energy of transfer from the ideal conductor to water. In 
the context of COSMO-RS theory, this Gibbs free energy corresponds to 
the chemical potential of the molecule in water μX

aq. By adding the two 
contributions together, we obtain the Gibbs free energy of the molecule 
in water, GX

aq = GX
COSMO + μX

aq. Finally, the relevant states are 
compared to yield the Gibbs free energy associated with the relevant 
transformation, as shown in Eqs. (3)–(6) and Scheme 4. 

ΔGred,Q
aq,0 = GQH2

aq − GQ
aq − 2GH+

aq ⇒E0 (3)  

ΔGred,Q
aq,∞ = GQ2−

aq − GQ
aq⇒E∞ (4)  

ΔGdiss,QH2
aq = GQH−

aq + GH+

aq − GQH2
aq ⇒pKa1 (5)  

ΔGdiss,QH−

aq = GQ2−

aq + GH+

aq − GQH−

aq ⇒pKa2 (6) 

One could also formulate the thermodynamic cycle starting from the 
gas phase and then calculating the Gibbs free energy of solvation into the 
liquid phase [12,16]. However, in this approach, two calculations are 
required, one for the molecule in the gas phase (to get the gas phase 
energy) and one for the molecule in the ideal conductor (to get the 
COSMO file). By directly calculating the molecule in the proper refer-
ence state for COSMO-RS calculations, there is no need for any gas phase 
calculation, which also means that one potential source of error is 
avoided and the calculations are potentially more robust. 

2.2. pKa of acids in aqueous solutions 

The pKa is directly related to the Gibbs free energy of dissociation. 
For example, as illustrated in Scheme 4, the pKa of QH-, describing the 
deprotonation of QH− into Q2− , writes as Eq. (7) [33]. 

pKa,QH− =
ΔGdiss,QH−

aq

RTln10
− log[H2O] ≡ aΔGdiss,QH−

aq + b (7) 

ΔGdiss,QH−

water is obtained by the procedure outlined in Scheme 4 and Eq. 
(6), and GH+

aq from Eq. (6) can be either calculated or extracted from 
tabulated experimental data [12]. 

In a series of papers, Eckert et al. [23,34-36] explored the predictive 
power of combining DFT with COSMO-RS in order to predict the pKa of 
acids and bases in various media. They found that in water, the coeffi-
cient a and b in Eq. (7), though in the correct order of magnitude, were 
not exactly 1/RTln10 and log[H2O], respectively, for acids in water 
[34]. Further calculations [23] have shown that this inconsistency can 
be fully accounted for by the occurrence of specific hydration of the 
ionized groups, notably for high values of pKa, generally associated to 
high concentrations of charge on the anion, which was not taken into 
account as ΔGdiss,AH

water was obtained without placing explicit waters around 
the modelled structures. The COSMOtherm software, for acids in water, 
automatically corrects the slope and intercept to account for this 
inconsistency, avoiding the rather complex [13] step of placing explicit 
waters at suitable positions around the relevant species, and calculates 
GH+

aq from the COSMO files of water and hydronium at the appropriate 
temperature [23]. 

2.3. Reduction potential of quinones E∞ 

The reduction potential labelled E∞ in Fig. 1, for a given quinone Q 
without acid or basic side groups, is directly derived the Gibbs free en-
ergy of the reduction reaction. For the reduction of Q into Q2− , this 
Gibbs free energy of reduction can be expressed as (cf. Scheme 4 and Eq. 
(3)). 

The standard hydrogen electrode potential, EH+/H2, is chosen as a 
reference for the calculated potential, as it is typically used as a refer-
ence for experimental data available in literature [15,20]. In this work, 
we use the commonly chosen value [15] EH+/H2 = 4.42V. The 

Scheme 4. Thermodynamic cycle illustrating Gibbs free energies associated 
with reduction and protonation of a quinone. 

Fig. 1. Typical Pourbaix diagram of the redox couple benzoquinone (Q)/hy-
droquinone (QH2) depicted in all their thermodynamically stable acido-basic 
forms in the 0–14 pH range. 
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theoretical relationship between ΔGred,Q
water and E∞,Q

water for a 2-electron re-
action is [37]: 

E∞,Q
water = −

ΔGred,Q
aq,∞

2F
− EH+/H2 (8)  

2.4. Prediction of the standard electrode potential E0 

The Nernst equation is: 

E = E0 − 2.303
〈nH+〉pHRT

ne− F
pH (9)  

where 〈nH+〉pH the number of liberated protons upon the redox reaction 
at a given pH and ne- is the number of electrons exchanged during the 
redox reaction. Since experimental data are generally available for 
standard electrode potential, i. e., at pH = 0, E0 is the property to be 
targeted for assessment of the predictive power of the method. Since the 
pH-dependent term of Eq. (9) vanishes due to the standard hydrogen 
electrode potential being also taken at pH=0, E◦ can be predicted taking 
advantage of the experimentally known GH+

aq , 272.0 kcal/mol [12]. 
Then, like for the deprotonated species (Eq. (8)), for a two-electron 
process, the standard electrode potential is computed as: 

E0,Q
water = −

ΔGred,Q
aq,0

2F
− EH+/H2 (10) 

In the more general case, standard electrode potentials should be 
calculated based on the predominant acidobasic form at pH = 0, which 
can be identified from the pKas of the species at hand. 

2.5. Construction of Pourbaix diagrams from pKa and reduction potential 

In the general case, both oxidized and reduced species on either side 
of the redox reaction are pH-sensitive. Furthermore, species may co- 
exist in different protonation states at pH close to the pKa of their 
labile functional groups. However, for clarity, we illustrate the con-
struction of simulated Pourbaix diagrams on the simple example of 
benzoquinone (symbolized by Q). For general equations, the interested 
reader is referred to Appendix A. 

First, we determine the population of each protonation form QH2, 
QH− , and Q2− of the reduced benzoquinone (hydroquinone). To do so, 
we combine the COSMO-RS computed dissociation constants with the 
material balance for all forms of hydroquinone. 

With reference to Scheme 4, we have the Henderson-Hasselbalch 
equations for the two deprotonation reactions: 

10pH− pK1
a =

[QH− ]

[QH2]
(11)  

10pH− pK2
a =

[
Q2−

]

[QH− ]
(12) 

The following equations define the amounts (mole fractions) of each 
form of hydroquinone: 

xQ2− =

[
Q2−

]

Ctot,QH2

; xQH− =
[QH− ]

Ctot,QH2

; xQH2 =
[QH2]

Ctot,QH2

(13)  

where Ctot,QH2 is the total concentration of hydroquinone introduced in 
the system. We then introduce the material balance for hydroquinone 
protonation forms in solution: 

xQ2− + xQH− + xQH2 = 1 (14) 

Combining eqs. 11-14 yields expressions for the fraction of hydro-
quinone in each of the QH2, QH− and Q2− forms at a given pH: 

xQH2 =
1

1 + 10pH− pK1
a + 102pH− pK1

a − pK2
a

(15)  

xQH− =
10pH− pK1

a

1 + 10pH− pK1
a + 102pH− pK1

a − pK2
a

(16)  

xQ2− =
102pH− pK1

a − pK2
a

1 + 10pH− pK1
a + 102pH− pK1

a − pK2
a

(17) 

With the population of each protonation form of hydroquinone at 
hand, the average number of exchanged protons for the reduction re-
action (〈nH+〉pH in Eq. (9)), can be calculated by summing up the con-
tributions of each relevant form (eq. 18): 

〈nH+〉pH = 2xQH2 + xQH− (18) 

Of course, in the general case (cf. Appendix A), even the oxidized 
form may exhibit labile protons, and these have to be subtracted from 
〈nH+〉pHaccording to the contribution of each oxidized protonation form. 
Once 〈nH+〉pH is calculated for the entire pH range, any Pourbaix diagram 
can be fully reconstructed from a single reduction potential and all the 
pKas of oxidized and reduced species, and the distribution of protonated 
forms can even be accounted for, in the vicinity of pKas. To the best of 
our knowledge, the general formulation presented in Appendix A has 
never been published in the literature and could find independent 
application in retro-fitting pKa values from Pourbaix diagrams. As in Eq. 
(9), E0, by definition, does not depend on pH and, on small pH intervals, 
〈nH+〉pHcan also be considered pH-independent, the derivative of Eq. (8) 
can be evaluated numerically thanks to Eq. (19). 

dE
dpH

⃒
⃒
⃒
⃒

pH
= − 2.303

〈nH+〉pHRT
ne− F

(19) 

The Nernst equation can be reformulated, in view of Eq. (19), in an 
integral form Eqs. (20) and ((21)). 

E = E0 +

∫pH

0

dE
dpH

dpH (20)  

E = E∞ −

∫+∞

pH

dE
dpH

dpH (21)  

where, for some quinone in water, E∞ can be estimated based on 
quantum chemistry and COSMO-RS calculations thanks to Eq. (8). Eqs. 
(20) and (21) can be discretized for small pH intervals (e. g. ΔpH =
0.01), cf. Eqs. (22) and (23). 

E ≃ E0 +
∑pH=pHtarget

pH=0

dE
dpH

⃒
⃒
⃒
⃒

pH
ΔpH (22)  

E ≃ E∞ −
∑pH=pHmax

pH=pHtarget

dE
dpH

⃒
⃒
⃒
⃒

pH
ΔpH (23) 

If a reliable prediction of E◦ can be obtained by use of Eq. (2), then 
Eq. (22) is the preferred route to predict Pourbaix diagrams. Using the 
predicted pKa, values of 〈nH+〉pH can be predicted over all the relevant pH 
range, and numerical integration from Eq. (22) combining predicted E0 

with 〈nH+〉pHat each pH yields the full Pourbaix diagram. Alternatively, 
Eq. (23) can be used if the model underlying use of Eq. (10) has de-
ficiencies. By this approach, predicted E∞ (Eq. (8)) can be combined 
with consideration that 〈nH+〉pH ≈ 0at sufficiently high pH to reconstruct 
the Pourbaix diagram from the other end. The approach presented in 
this section has been implemented in an in-house Python script to 
reconstruct the Pourbaix diagrams from predicted reduction potentials 
and pKa. 
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Table 1 
Molecules studied in this work. Bold: redox potential predictions, italic: pKa predictions, underlined: Pourbaix diagram predictions.  
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2.6. Studied molecular structures 

In Table 1, we summarize the list of molecules studied herein to 
predict their pKa (names in italics), their redox potentials (names in 
bold) and / or their Pourbaix diagrams (names underlined). 

3. Results and discussion 

3.1. Prediction of pKa 

Though it performed well for monoacids (cf. Introduction), and also 
appeared to perform well for amino-acid and peptides that possess 
multiple acido-basic functional groups [38], to the best of our 

knowledge, the ability of COSMO-RS to predict multiple pKa of species 
containing such multiple pH-sensitive phenol functions was never 
assessed systematically. Thus, in this section, we check the predictive 
power of COSMO-RS in that respect, for various quinones and hydro-
quinones,. Table 2 reports experimental and predicted pKa for a set of 
molecules close to the target molecules. As can be seen in Fig. 2 (left), a 
good agreement is obtained with experimental data, with a root mean 
square error (RMSE) of 0.9 pKa units, in line with performance of state of 
the art general models [9,10]. 

It can be noticed that pKa of 2nd deprotonations are generally 
underestimated by about 1 unit. This corresponds to an over- 
stabilization from COSMO-RS of the deprotonated form compared to 
the protonated form. This is ascribed to the original parameterization of 

Table 2 
Experimental vs. predicted pKa for phenols, naphthols, quinones, quinols and anthraquinones and anthraquinols  

Molecule Experimental pKa Predicted pKa Ref. 

Structure N◦ Substituents(i) 1st–––NH+ 1st-OH 2nd-OH 1st–––NH+ 1st-OH 2nd-OH 

7 R2 = OH  4.2   3.7  [39] 
8 R2,5 = OH  2.7 5.2  3.2 4.6 [40] 
9 R2,3,5,6 = OH  4.8 6.8  4.0 4.4 [39]           

1 R1 = Ph  10.0   10.1  [39] 
2 R2 = Ph  9.7   9.6  [39] 
3 R1,2 = 10.3   9.9  [39] 

4 R1 = NO2, R4 = Ph  6.7   7.4  [39] 
10 R3 = OH (hydroquinone)  10.2(ii) 11.7(ii)  10.2 10.2 [39] 
11 R1,2,4,5 = Me, R3 = OH  11.5   11.2  [39] 
12 R1 = NO2, R3 = OH  7.6 10.1  7.4 8.9 [39] 
13 R1,5 = NO2, R3 = OH  4.4 9.1  4.7 7.4 [39] 
14 R1,5 = Cl, R3 = OH  7.3 10.0  8.0 10.0 [39]           

23 R2 = OH (lawsone)  4.5(ii)   4.1  [39] 
24 R5 = OH (juglone)  8.9   8.4  [39]           

15 R1 = OH  9.6(ii)   9.3  [39] 
16 R2 = OH  9.8(ii)   9.7  [39] 
25 R1,4 = OH  9.4 10.9  10.0 10.4 [39]           

17 R8 = OH 5.0 9.8  5.4 9.4  [39] 
18 R4 = Me, R8 = OH 5.6 10.0  6.1 9.6  [39] 
19 R3,4 = Me, R8 = OH 5.8 10.1  6.2 9.6  [39] 
20 R2,4 = Me, R8 = OH 6.2 10.6  6.7 9.8  [39]           

33 R2 = OH  7.1   6.5  [41] 
39 R1,2 = OH (alizarine)  6.8 11.1  5.6 10.1 [42] 
40 R1,4 = OH (quinizarine)  9.8 12.6  8.9 10.9 [43] 
41 R1,8 = OH (chrysazine)  8.3 12.5  8.8 11.9 [44] 
42 R2,6 = OH (anthraflavic acid)  7.4 8.7  6.5 6.8 [41] 
53 R1,2 = OH, R3 = SO3

− (red S)  5.5 11.0  3.8 8.9 [40] 
57 R1,5 = OH, R2,6 = SO3

− (iii) 9.2   8.3 [45]           

58 R2,7 = H  7.8 11.4  8.7 10.0 [46] 
59 R2,7 = SO3

− 7.6 10.6  6.1 9.4 [47] 

(i)RX = H unless otherwise stated; (ii) values in parentheses are average of literature values; (iii) a first deprotonation is expected from molecular structure but no 
experimental value is available. 

T. Gaudin and J.-M. Aubry                                                                                                                                                                                                                   



Journal of Energy Storage 49 (2022) 104152

7

COSMO-RS, based on neutral compounds, and its pKa model, parame-
terized from first protonations only. The discrepancy here could come 
from an over-estimation of the hydrogen-bonding term due to polari-
zation charge densities being too high at the position of the phenolate. 

3.2. Prediction of reduction potential E0 

Table 3 reports the experimental and calculated standard electrode 
potentials at pH = 0 for various quinones and anthraquinones. Overall, a 

good predictive power is obtained by the present method, with a RMSE 
of 0.052 eV for a range of values between -0.1 and 0.9 eV. However, 
three molecules substantially increase the RMSE: 1,4-dioxy(-2-propenyl) 
anthraquinone, 1,4-di-methoxy anthraquinone and 1-methoxy-4-oxy 
(-2-propenyl) anthraquinone (cf. Fig. 3). For these molecules, E0 is 
overestimated by about 0.15 V. 

These 3 molecules already appeared as outliers in a previous study 
[15]. At that time, authors proposed that this error appeared to originate 
from the neglect of explicit hydrogen bonding between water molecules 

Fig. 2. Left: Fit plots for pKa predictions. Errors for the overall set of deprotonations: R2 = 0.89, RMSE = 0.9 pKa units; for first deprotonation: R2 = 0.92, RMSE = 0.7 
pKa units; for the second deprotonation: R2 

= 0.91, RMSE = 1.4 pKa units. Right: Fit plot for prediction of standard electrode potential at pH 0. Outliers of Figure 3 are 
circled to show improvement obtained from use of Eq. (23). 

Table 3 
Experimental and calculated standard-state potentials for a series of quinones and anthraquinones. Additional calculations based on Eq. (23) are in parentheses.  

Molecule(i) E0 (V vs. SHE) Ref 

Structure N◦ Substituents Exper. Calcul. 

1,2-benzoquinone 5 - 0.83 0.81 [20] 
1,4-benzoquinone 6 - 0.70 0.70 [20] 
1,2-naphthoquinone 21 - 0.55 0.51 [20] 
1,4-naphthoquinone 22 - 0.47 0.44 [20] 
9,10-phenanthraquinone 26 - 0.44 0.37 [20] 

27 Rall = H (anthraquinone) 0.09 0.09 [20] 
35 R2 = COOH 0.21 0.17 [15] 
36 R2 = COOMe 0.22 0.18 [15] 
31 R1 = NH2 0.04 0.00 [15] 
37 R2 = NH2 0.08 0.01 [15] 
54 R1 = NH2, R2,3 = Me -0.03 -0.02 [15] 
55 R1 = NH2, R2,4 = Me -0.08 -0.06 [15] 
44 R1 = NH2, R2 = Et -0.04 -0.01 [15] 
32 R1 = SO3

− 0.20 0.23 [15] 
38 R2 = SO3

− 0.19 0.18 [15] 
48 R1,5 = SO3

− 0.24 0.33 [15] 
45 R1,8 = SO3

− 0.21 0.24 [15] 
46 R2,6 = SO3

− 0.23 0.23 [15] 
47 R2,7 = SO3

− 0.23 0.25 [15] 
56 R1,8 = OH, R2,7 = SO3

− 0.12 0.10 [15] 
43 R1 = OH, R4 = 0.16 0.12 [15] 

50 R1 = OMe, R4 = 0.16 0.31 (0.16) [15] 

51 R1,4 = 0.15 0.31 (0.11) [15] 

49 R1,4 = OMe 0.15 0.31 (0.14) [15] 

(i)RX = H unless otherwise stated 

T. Gaudin and J.-M. Aubry                                                                                                                                                                                                                   



Journal of Energy Storage 49 (2022) 104152

8

in the ether groups vicinal to the redox active carbonyls. To account for 
the discrepancy, Kim et al. used additional QM/MM calculations. 
However, as stated in the previous section, COSMO-RS parameterization 
for pKa calculations allows for an empirical recovery of explicit hydra-
tion effects. Thus, taking advantage of this parameterisation, we carried 
out calculations of E0 based on Eq. (23) for the three outliers. This 
allowed to greatly reduce the error (cf. Table 3 and Fig. 2 (right)) 
without requiring to use a third-party software to run QM/MM calcu-
lations. A possible explanation for these specific molecules to appear as 
outliers is that the sterical hindrance produced by the side groups on 
position 1 combined with explicit waters of hydration on the ether 

moiety leads the molecule to be harder to reduce than expected, causing 
lower E0 than expected. 

This suggests that this auxiliary COSMO-RS method can be used 
instead of a QM/MM calculation to predict E0 more accurately, when-
ever explicit hydration of a vicinal function to a reactive function of 
interest may impact proton or electron transfer. 

3.3. Prediction of Pourbaix diagrams 

Pragmatically, to anticipate systematic deviation pKa predictions on 
higher ionized units, 1 pKa unit has been added to original 

Fig. 3. Oxidized and reduced forms of (a) 1,4-di-methoxy anthraquinone, (b) 1-hydroxy-4-oxy(-2-propenyl) anthraquinone and (c) 1,4-dioxy(-2-propenyl) 
anthraquinone. 

Fig. 4. Predicted Pourbaix diagrams of (a) anthraquinone 27 (b) anthraquinone-2,7-disulfonate 47, (c) 1,8-dihydroxyanthraquinone (chrysazine 41) and (d) 3,3’- 
(9,10-anthraquinone-diyl)bis(3-methylbutanoic acid) 52 vs. experimental data [20,48–50]. 
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COSMOtherm predictions for all protonations beyond the first. We first 
present the predicted pKa of anthraquinone itself using this approach in 
Fig. 4 (a). 

To obtain the Pourbaix diagram of Fig. 4 (a), we used predicted E0 

value of 0.09 V from eq. 10 as well as predicted pKa1 = 8.7 and pKa2 =

10.0 from COSMOtherm. To anticipate systematic error at the second 
deprotonation, we corrected pKa2 by 1 unit (i.e. pKa2,corrected = 11.0) as 
suggested in Section 3.1. There is excellent agreement between experi-
mental data [48] and the computed Pourbaix diagram. 

The Pourbaix diagram of the well-known anthraquinone-2,7-disul-
fonate (AQ-2,7-DS) was then predicted. As sulfonic acids are strong 
acids, their pKa is expected to be below 0 and is not considered, and all 
states of protonation and oxidoreduction contain two anionic side 

groups. Predicted E0 of 0.25 V, pKa1 = 6.1 and pKa2,corr = 9.4 + 1 = 10.4 
were used to predict the Pourbaix diagram in Fig. 4 (b). 

Good agreement with experimental data is also obtained, though the 
underestimation of the first pKa value results in a small overestimation 
of the reduction potential of about 0.05 V at high pH. Comparing Fig. 4 
(a) and (b), It can be seen that the overall increase in the value of the 
reduction potential due to the introduction of sulfonate groups is 
correctly predicted. 

To further assess the predictive power of our method, we applied it to 
the more challenging Pourbaix diagram of 1,8-dihydroxyanthraquinone, 
which contains additional hydroxy groups susceptible to deprotonation. 
This yields a potentially more complex Pourbaix diagram with multiple 
slope inflections, as found by Cao et al.[49]. To construct the Pourbaix 

Table 4 
pKa and reduction potentials predicted for analyzing the impact of incremental structural variations on the Pourbaix diagram.  

Anthraquinone Redox Anthraquinol 

N◦ Abbreviation pK1
a  pK2

a  pK3
a  E0 E∞(a) pK1

a  pK2
a  pK3

a  pK4
a  pK5

a  

27 anthraquinone    0.10 -0.45 8.7 11.0(b)    

28 AQ-1-OH 9.3   0.04 -0.70 5.8 10.3(b) 17.6(b)   

33 AQ-2-OH 6.5   0.07 -0.63 8.8 10.2(b) 11.2(b)   

30 AQ-1-COOH 3.1   0.20 -0.46 3.7 9.0 13.3(b)   

35 AQ-2-COOH 3.7   0.19 -0.38 4.9 8.8 10.9(b)   

32 AQ-1-S -0.5   0.28 -0.41 -2.1 8.5 14.1(b)   

38 AQ-2-S -0.2   0.35 -0.19 -1.5 8.4 10.9(b)   

29 AQ-1-NO2    0.27 -0.14 3.9 11.8    
34 AQ-2-NO2    0.27 -0.10 4.8 10.0(b)    

39 alizarin 5.6 11.0(b)  -0.05 -1.12 5.5 10.2(b) 11.5(b) 20.6(b)  

40 quinizarin 8.9 11.9(b)  -0.10 -1.20 5.3 8.2(b) 17.2(b) 21.8(b)  

53 Red S -3.0 4.8 9.9(b) -0.02 -1.10 -1.6 5.2 9.3(b) 11.2(b) 19.6(b) 

52 DPivOHAQ 5.1 5.8  0.08 -0.47 5.1 5.9 9.6(b) 10.9(b)   

(a) E∞ values computed by applying eq. 8 were not used to construct the displayed Pourbaix diagrams but are provided for completeness 
(b) predicted pKa increased by one unit to account for the strong ionic character of the resulting anion. 

Fig. 5. Predicted Pourbaix diagrams of (a) 1-hydroxy anthraquinone (AQ-1-OH) 28 and 2-hydroxy anthraquinone (AQ-2-OH) 33, (b) anthraquinone-1-carboxylic 
acid (AQ-1-COOH) 30 and anthraquinone-2-carboxylic acid (AQ-2-COOH) 35, (c) anthraquinone-1-sulfonate (AQ-1-S) 32 and anthraquinone-2-sulfonate (AQ-2-S) 
38, (d) 1-nitro anthraquinone (AQ-1-NO2) 29 and 2-nitro anthraquinone (AQ-2- NO2) 34. 

T. Gaudin and J.-M. Aubry                                                                                                                                                                                                                   



Journal of Energy Storage 49 (2022) 104152

10

diagram (Fig. 4 (d)), E0 = -0.032V was predicted from Eq. (10) and pKa 
were predicted (and corrected for poly-anions) for both oxidized (pKa1 
= 8.8, pKa2,corr = 12.9) and reduced (pKa1 = 4.2, pKa2,corr = 10.8, pKa3, 

corr = 13.0 pKa4,corr = 19.7) forms by COSMOtherm. 
The last challenging molecule that we targeted is the 3,3’-(9,10- 

anthraquinone-diyl)bis(3-methylbutanoic acid) (DPivOHAQ) [50]. This 
molecule contains both carboxylic acid and phenolic alcohol functional 
groups, which can both be deprotonated. Moreover, in fact, the available 
experimental Pourbaix diagram was measured for a mixture of 
regio-isomers. So, we computed the Pourbaix diagrams for the two 
regio-isomers. According to our calculations, the result was identical to 
the eye, with no significant differences in predicted pKa and reduction 
potentials for both oxidized and reduced species. So, we assumed that a 
mixing rule was not needed in this case. We obtained E0 = 0.079V by Eq. 
(10) and pKa (corrected for poly-anions) for oxidized (pKa1 = 5.1, pKa2, 

corr = 5.8) and reduced(pKa1 = 5.1, pKa2,corr = 5.8, pKa3,corr = 9.6 pKa4, 

corr = 10.9) forms by COSMOtherm. Overall, the agreement with 
experimental measurements is good, though our model slightly un-
derestimates the reduction potential over the entire pH range for this 
species, of about 50 mV, which is in line with our RMSE in prediction for 
E0. 

Here again, a good overall quantitative agreement is obtained be-
tween predictions and experiments, and the decrease of the redox po-
tential due to the addition of the two hydroxyl groups is reproduced by 
the calculations. Furthermore, the initial slope corresponding to a single 
proton exchange is correctly predicted. However, it seems that the first 
pKa of the oxidized form is underestimated, and in fact is experimentally 
above the second pKa of the reduced form, resulting in a flat line on the 
experimental Pourbaix diagram that is not reproduced by calculations. 
Finally, it can be noticed that experimental Pourbaix diagrams of an-
thraquinones could be impacted by dimerization reactions as well as the 
presence of relatively stable radical intermediates [51], which were not 
accounted for here. Thus, it seems that the simple thermodynamics of 
acid dissociation and reduction, excluding radicals, already affords good 
predictive power for Pourbaix diagrams of anthraquinones. 

3.4. Impact of chemical groups on Pourbaix diagrams of quinones 

In this section, we predict Pourbaix diagrams of a few model an-
thraquinones to evaluate the impact of side groups on electrochemistry 
of anthraquinones (cf. Table 4 for the corresponding pKa and reduction 
potentials). As model functional groups, we include a strong electron 
attractor, the NO2 group, a strong electron donor, the -OH group, and we 
also evaluate the impact of two common ionizable groups, which are 
typically used to confer water solubility, SO3

− and COOH. In all pre-
dicted Pourbaix diagrams, the upper line represents the thermodynamic 
limit that would be imposed by the common Ferricyanide/Ferrocyanide 
redox posolyte on the potential difference, and the lower line represents 
the thermodynamic limit that is imposed by the oxidation of water itself. 

First, the impact of simple addition of an OH group is discussed (cf. 
Fig. 5 (a)). The position of the hydroxy group introduces a noticeable 
difference in the diagrams. Indeed, though a OH group in the 2nd 

position decreases the reduction potential at most pHs, and especially in 
basic media, this is not the case when the OH groups is at the 1st position. 
This can be attributed to the formation of an intramolecular hydrogen- 
bond, which stabilizes one of the protons in higher pH (cf. Fig. 6). 

The OH group at the second position, since it takes its phenate form 
at a lower pH, has a strong electron-donating effect on the aromatic ring, 
making it harder to reduce the anthraquinone, making the reaction more 
efficient to store energy. Thus, introducing OH moieties in places where 
they are not stabilized through hydrogen bonding can be a convenient 
approach to decrease the reduction potential and optimize the negolyte 
performance of the anthraquinone. In addition, OH groups introduce 
ionization sites that can be beneficial to increase hydro-solubility at 
higher pH. 

Carboxylic acid moiety (cf. Fig. 5 (b)) seems to slightly increase 
reduction potential (by about 100 mV) up to about pH 10. As COOH 
groups have pKa lower than 10, it seems that even carboxylates exhibit 
electron withdrawing on the anthraquinones in both reduced and 
oxidized forms, making it less efficient as a negolyte. The effect seems to 
be offset at higher pH, perhaps because, as the ring becomes more 
electron-rich due to deprotonation of phenates on the reduced form, the 
carboxylate group becomes saturated in electrons and cannot withdraw 
more of them from the ring. As this group in carboxylate form can 
promote water solubility, given a suitable posolyte, the relatively weak 
effect on reduction potential may be tolerable. 

The common sulfonic acid moiety exhibits a difference between the 
1-substituted and the 2-substituted forms (cf. Fig. 5 (c)). Indeed, though 
the 2-substituted form maintains a noticeable increase in reduction 
potential through the full pH range, by more than 100 mV, again sug-
gesting an electron-withdrawing effect by the sulfonates, and making 
the anthraquinone intrinsically less efficient as a negolyte, this effect is 
halved for the 1-substituted form, and even removed at pH 13-14. The 
main cause is probably sterical hindrance between the electroactive 
oxygen and the sulfonate for the 1-substituted form relative to the 2- 
substituted one, destabilizing the oxidized form more than the 
reduced form (in which intramolecular hydrogen-bonding can 
compensate the effect). 

A last, interesting case is the one of the nitro-group. As can be seen in 
Fig. 5 (d), a single nitro-group, through its large electron-withdrawing 
effect, produces a large increase of 300 mV on the reduction potential, 
regardless of the substitution position. This indicates that polynitro- 
substituted anthraquinones could be good candidates as RFB posolytes. 

Fig. 6. Intramolecular hydrogen bond between the hydroxy and one of the 
redox active oxygens, for 1-hydroxyanthraquinone (left) and 1-hydroxyanthra-
quinol (right). 

Fig. 7. Structures of quinizarin, red S and simpler comparable anthraquinones.  
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3.5. Comparison of predicted Pourbaix diagrams of well-known 
anthraquinones 

For two important and cheap anthraquinones from the dye industry, 
quinizarin and Red-S [52], experimental Pourbaix diagrams were not 
available. As can be seen in Fig. 7, these two anthraquinones are 
multifunctional. With the new prediction method, it is interesting to 
study the predicted Pourbaix diagrams for these common anthraqui-
nones, and to compare them with simpler structures, by gradual intro-
duction of functional groups. Based on these comparisons, molecular 
design guidelines can be given. 

In the case of anthraquinone, it can be noticed (Fig. 8 (a)) that the 
introduction of a second OH group, when compared to the 1-hydroxy- 
anthraquinone, further decreases the reduction potential over the 
entire pH range. Thus, the ddp improvement observed for the addition of 
one -OH group can be further magnified by the addition of other -OH 
groups. However, this decrease becomes more moderate starting at pH ≈
8. Indeed, while the oxidized form conserves a strongly intramolecularly 
H-bonded proton until high pH (as confirmed by the calculated second 
pKa of 11.9), the reduced form can undergo two deprotonations before it 
has to break a strong intramolecular hydrogen bond for further depro-
tonation. Thus, though it might improve the stability of the electrolyte, 
intramolecular H-bonded alcohols tend to decrease the achievable ddp 
compared to alcohols which cannot generate such bonds. 

When it comes to the Red-S (Fig. 8 (b)), promisingly, the calculated 
reduction potential is almost identical to the one of alizarin in the entire 
concentration range, despite the presence of a sulfonate group that, 
when alone in the molecule, substantially decreases the achievable ddps. 
This indicates that the enhancing effect of -OH groups outweighs the 
inhibiting effect of sulfonate groups. Therefore, the combination of -OH 
groups for ddp increase and sulfonate group for solubilization can be 
recommended for maximum performance of negolytes in redox flow 
batteries. 

4. Conclusion 

In this article, a new approach to predict Pourbaix diagrams in silico, 
based on DFT and COSMO-RS, is proposed. Based on good-quality pre-
dictions of pKa and a phenomenological correction for higher deproto-
nations (with RMSE of about 0.9 units), as well as reduction potentials 

(with RMSE of about 36 mV), combined with Handerson-Hasselbach 
and Nernst equations, the predicted Pourbaix diagrams of four known 
anthraquinones are in good agreement with experimental data. 

Encouraged by the predictive power of the method, we provide a 
systematic analysis of the effect of a few functional groups at different 
substitution positions. This yields guidelines for the use of substituted 
anthraquinones as either negolyte or posolyte, with consideration of the 
enhancement of their water solubility. 

In the future, the impact of counter ions, potentially pairing with the 
quinones or increasing the solubility of the corresponding salts, on 
Pourbaix diagrams, could be considered. Recent improvements of 
COSMO-RS [53] to account for species with multiple charges should 
eliminate the need for a phenomenological pKa correction for these 
species in the near future. In addition, even though in principle the effect 
of temperature is automatically included by our approach within the 
applicability range of COSMO-RS, it could be interesting to verify if the 
predictions are equally reliable in the entire temperature range for the 
liquid state of water (0 to 100◦C). To the end, the inclusion of radical 
reactions on Pourbaix diagrams could lead to refined predictions rele-
vant to their reactions in batteries. 
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Appendix A. Calculation of the number of exchanged protons in a redox reaction for a general species with pH-sensitive oxidized and 
reduced forms 

For any pH-sensitive species i, a ratio of the protonated and de-protonated forms at equilibrium can be calculated by the Henderson-Hasselbalch 
equation at any pH: 

Fig. 8. Predicted Pourbaix diagrams of well-known quinizarine 40 and Red-S 53 compared with simpler anthraquinones.  
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10pH− pKi
a =

[A− ]

[AH]
(A.1) 

where [A-] is the concentration of the basic form, and [AH] is the concentration of the acid form. 
Let us define i as the number of deprotonated sites on a species. For example, QH− corresponds to i = 1, and Q2− to i = 2. For a given oxidized or 

reduced species, the numbers of molecules Ni of all protonation states in the solution are recursively related. Rearranging eq. A.1 yields: 

10pH− pKi
a =

[A − ]

[AH]
=

Ni+1

Ni

⇔ Ni+1 = 10pH− pKi
a Ni

(A.2) 

Generalizing eq. A.2 by recursive substitution yields: 

Ni+j = Ni

∏j

k=i
10pH− pKk

a (A.3) 

Applying eq. A.3 for i = 0 yields: 

Nj

N0
=

∏j

k=0
10pH− pKk

a (A.4) 

The proportions xi of each protonation state i are defined as: 

xi =
Ni

∑

j
Nj

(A.5) 

Dividing eq. A.5 by N0 on numerator and denominator and inserting eq. A.4 into it yields: 

xi =

∏i

k=0
10pH− pKk

a

1 +
∑

j

∏j

k=0
10pH− pKk

a

=
10

∑i

k=0
(pH− pKk

a)

1 +
∑

j
10

∑j

k=0
(pH− pKk

a)

(A.6) 

Then, the expectation value of the number of deprotonated protons on a given species at a given pH is obtained (cf. eq. A.7). 
〈
ndep

〉

pH =
∑

i
xi(pH)⋅i (A.7) 

And so, the number of liberated protons upon the redox reaction is straightforwardly calculated by counting the protons on oxidized and reduced 
forms and calculating the difference between the counts (cf. eq. A.8) 

〈nH+〉pH =
(

nred
lab −

〈
ndep

〉red
pH

)
−
(

nox
lab −

〈
ndep

〉ox
pH

)
(A.8)  

where the superscript “red” denotes the reduced species, the superscript “ox” denotes the oxidized species, and nlab denotes the total number of labile 
protons of a species. 
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