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Degradation of Quinone-based Flow Battery Electrolytes:
Effect of Functional Groups on the Reaction Mechanism**
S. Nandi,[a] L. E. de Sousa,[a] T. Vegge,[a] and P. de Silva*[a]

Organic redox flow batteries are a promising technology for
grid-scale energy storage from renewable energy resources.
However, the chemical instability of the organic electrolytes
prohibits wide-scale commercial implementation as energy
storage materials. Therefore, understanding their chemical
degradation is essential to develop new and resilient electrolyte
materials. In this article, we comparatively studied the chemical
degradation pathways of 4,5-dihydroxybenzene-1,3-disulfonic
acid (BQDS) and 3,6-dihydroxy-2,4-dimethylbenzenesulfonic

acid (DHDMBS) employing potential energy surface exploration.
Both the acid-catalyzed and base-catalyzed pathways have
been considered. Density functional theory was used to
compare the energetics of the reaction paths. The role of
functional groups was investigated to get insight into why
BQDS is prone to degradation and DHDMBS is much more
stable. Furthermore, we studied the effect of the functional
groups on the correlation of free energy of degradation and the
reduction potential of the quinones.

Introduction

Global warming prompts us to urgently shift from the conven-
tional to renewable energy resources such as wind and solar
energy. The energy from solar and wind power is highly
intermittent, and therefore, a grid-scale storage system is
required. Redox flow batteries (RFB) are a promising technology
that has the potential to become commercially available at a
large scale to solve the grid-scale energy storage problem.[1] To
date, most of the commercially available redox flow batteries
use metal-ion-based electrolytes.[2–5] This makes the electrolytes
environmentally harmful. Also, their scarcity and geopolitics
sometimes make them commercially expensive. These short-
comings prompt the scientific community to look for alter-
native electrolytes for RFBs. Organic redox flow batteries
(ORFBs) are one of the greener and cheaper alternatives for
intermittent energy storage compared to metal-ion-based
redox flow batteries.[6] The organic electrolytes, constituted of
simple organic molecules, can be engineered to improve their
physicochemical properties and be prepared from inexpensive
raw materials.[7] However, chemical degradation of ORFB
electrolytes, which leads to the loss of the desired electro-
chemical properties, imposes a major challenge for their

commercial use.[8] Therefore, many researchers are actively
trying to develop new molecules to improve their stability as
RFB electrolytes.[9]

Among the organic molecules, quinones are one of the
most studied electrolyte materials for ORFBs. Since their first
utilization in this context,[10] the quinone-based electrolytes
have gained attention for further research and development.
The redox chemistry of quinones is generally well known, and
their physicochemical properties can be tuned by changing
functional groups. For example, Er et al. performed a computa-
tional high-throughput screening based on density functional
theory by changing functional groups of various quinone
skeletons to predict suitable electrolytes.[11] Such high-through-
put studies can be used to discover new types of ORFB
materials with higher efficiencies, which can be of great
advantage for rapid development of new electrolytes.

Molecular engineering based on functional group tuning
can lead to electrolytes with better electrochemical efficiencies.
However, the molecular species may turn out to be chemically
unstable. Chemical stability is very difficult to predict a priori.
One way to include chemical stability in the high-throughput
screening would be to incorporate the potential energy surface
(PES) exploration tools into the screening procedure. However,
this would make screening computationally very expensive.
Alternatively, one could include the known degradation
reactions that a target molecule might undergo into the
screening procedure to account for at least some degradation
pathways. Tabor et al. used computational screening, which
considered chemical reactions to find correlations between the
reduction potential and the ease of degradation for a library of
quinones.[12] The screening study considered a few types of
degradation reactions, namely 1,4 Michael addition (MA), gem-
diol formation, and substitution reactions. However, the
possibility of parasitic reactions involving the attached func-
tional groups was not considered. Furthermore, the quinones
are used at different pH values to control their redox potentials
or chemical stability. This leads to a situation when the
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degradation may either be catalyzed by an acid or a base.
Although the end products of both the acid- and base-
catalyzed degradation are same, their kinetics may vary. So, it is
important to understand the chemical significance of the
functional groups and analyze their effect on the mechanism
for acid- and base-catalyzed reaction conditions.

4,5-dihydroxybenzene-1,3-disulfonic acid (BQDS) and 3,6-
dihydroxy-2,4-dimethylbenzenesulfonic acid (DHDMBS) are two
examples of organic molecules that have been proposed as
ORFB electrolytes. BQDS was first shown to have the potential
to be used as a posolyte in an all-organic aqueous flow
battery.[10] However, it was later shown that BQDS undergoes
Michael addition with H2O and forms fully-substituted 1,2,4,6-
tetrahydroxybenzene-3,5-disulfonic acid.[13] This degradation
product leads to the loss of electrochemical efficiency and
creates multiple technical problems.[14,15] Later, DHDMBS, a
substituted para benzoquinone, was designed as a Michael-
reaction-resilient ORFB electrolyte.[15] It was shown later that
DHDMBS undergoes protodesulfonation reactions in acid
media by a reaction mechanism that is reversed to
sulfonation.[16] Nonetheless, the BQDS and DHDMBS constitute
a perfect pair to study the effects of functional groups on
different degradation mechanisms.

In this article, we study the effect of two functional groups,
namely CH3 and SO3H, on the free energy of degradation by
choosing BQDS and DHDMBS as a test case. Different possible
degradation paths for 1,4 MA or similar types of reactions are
studied. To understand the effects of the two functional
groups, we systematically increase the complexity of the model
systems by introducing the functional groups one by one to
the simplest quinones. First, the effect of the functional groups
is discussed in terms of the reaction free energies within the
respective subsets. Then the degradation mechanism of BQDS
and DHDMBS was compared between each other. Finally, we
analyze the relationship between the reduction potentials of
the quinones and their degradation reactions’ free energies.

Computational Details
BQDS and DHDMBS differ in their backbone structures; BQDS is a
substituted ortho-benzoquinone, and DHDMBS is a substituted
para-benzoquinone. In accordance with this similarity, our model
system consists of two subsets of quinones. Each of these subsets
contains molecules that start at the benzoquinone and end in
either BQDS or DHDMBS by gradually increasing the number of
functional groups. The model systems studied here are pictorially
represented in Scheme 2.

For constructing the reaction paths, both acid- and base-catalyzed
reaction mechanisms were considered. The proton was modelled
as solvated H3O

+, H-bonded with three H2O molecules (Figure 1a).
Similarly, the OH� anion was modeled as H-bonded to four H2O
molecules (Figure 1b). It was shown that these two models
acurately represent the solvated proton and OH� , and are prone
to the least errors.[17–19] Correspondingly, the energies of the H2O
when required to balance out the elementary steps were chosen
as tetramer or pentamers in their global minima geometries.[20]

When required, the energy of a single H2O molecule was derived

from the energy difference between (H2O)5 and (H2O)4 (Figure 1c
and d).

Three main reaction steps were considered for the degradation
paths in both acid and base medium. We arbitrarily assume the pH
for the acidic medium to be 0.0 and for the basic medium to be
14.0. For the acid-catalyzed path, the reaction sequences are
1) protonation of the carbonyl group, 2) H2O addition, and
3) aromatization. For the base-catalyzed reaction path, the reaction
sequences are 1) OH� addition, 2) aromatization by R3 elimination
as R3OH, and 3) proton rearrangement according to the pKa values
of the product (Scheme 1). The acid-catalyzed reaction paths are
based on the mechanism proposed in the literature.[21] The first
protonation step facilitates the subsequent H2O addition. The H2O
addition step in the acid medium is not a single elementary step
even though in Scheme 1 it is presented as a single step. The H2O
addition follows proton transfer from the newly added H2O to the
unprotonated carbonyl group of the quinone. While sulfonic
groups have negative pKa values, we kept them protonated for the
pH=0 calculations. The reason was that we were not able to
converge the calculations for some of the zwitterionic intermedi-
ates in the acid-catalyzed reactions, which most likely would
require microsolvation to be stabilized. For the base-catalyzed
path, all the SO3H groups were deprotonated. Furthermore, for the
base-catalyzed path, we considered up to two products’ OH groups
to be deprotonated according to their pKa values (Table S2). In
each of the cases, we considered the step with the highest energy
as the thermodynamically limiting (TL) steps which controls the
rate of the degradation path. The reaction free energy of the
thermodynamically limiting step is denoted as DGTL, and the
reaction energy is denoted as DGr. Figure 2 depicts the types of
products considered in the study, with the quinone form of

Figure 1. 3d models of D, I, a) ceH9O4
+, b) H9O5, c) H10O5, and d) H8O4.
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DHDMBS as an example. For clarity, reductive hydroxylation
indicates the addition of the OH group, reductive desulfonation
indicates the removal of SO3H group, and reductive demethylation
indicates the removal of CH3 as CH3OH. For each case, the quinone
gets reduced to the corresponding triol. In addition to these paths,
the protodesulfonation path (Figure S17) is also considered.

Due to the flexible nature of the functional groups, many
conformations are possible for the reactant, intermediate, and
product geometries. Hence, before calculating the reaction ener-

gies, conformation search of each of the stationary points was
performed. A stochastic algorithm was used to explore the
potential energy surfaces and find different conformations corre-
sponding to minima.[22,23] This algorithm uses the normal modes of
the molecules to sample the conformational space. The detailed
procedure is discussed in the Supporting Information.

All the species involved in the reaction paths were optimized using
density functional theory (DFT). The B3LYP functional[24–26] was used
to optimize the geometries. The conductor-like polarizable contin-

Scheme 1. The general steps considered for the acid and base-catalyzed pathways for all the degradation reactions. The last step for the base catalyzed path
is dependent on the pKa of the protons.

Figure 2. Depiction of different types of products formed by the chemical degradation with and without the involvement of the functional groups. The
quinone form of the DHDMBS (I) is taken as an example.

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202200443

Batteries & Supercaps 2023, 6, e202200443 (3 of 10) © 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 26.01.2023

2302 / 277276 [S. 206/213] 1

 25666223, 2023, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202200443 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [15/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



uum model (CPCM) with water as an implicit solvent was used to
optimize the geometries. The redox potential of quinones calcu-
lated with B3LYP funtional and implicit solvation model was shown
to match the experimental values quite well.[27] For the acid-
catalyzed pathway, we used the 6-311G(2df,2p) basis set and for
the base-catalyzed pathway, we added diffusion to the basis set (6-
311+ +G(2df,2p)) to account for the negative charges. Grimme’s
D3 correction was used to account for the dispersion interaction.[28]

The optimizations and single point calculations were carried out
using Gaussian 16 software package.[29] The pKa predictions were
done using the ChemAxon software package which uses a
cheminformatics based approach.[30]

We calculated the redox potentials of the quinones in both acid
and base medium to compare with their reactivity. Quinones
usually undergo a 2e� /2H+ proton coupled electron transfer at low
pH and 2e� reduction at high pH. To compute the redox potential
in the acidic medium, we used the reduction reaction:

Oxþ ne� þ n0Hþ ! Red (1)

where, n is the number of electron, n0 is the number of protons.
Then, the standard redox potential is:

U0 ¼ �
1
ne

DG0
sol� USHE (2)

where, e is the elementary charge. We used the value of USHE as
4.43 V.[31] The quantity DG0

sol can be expressed as:

DG0
sol ¼ G0

solðRedÞ� G
0
solðOxÞ þ n0DG0

s ðH
þÞ (3)

where, G0
solðOxÞ and G0

sol(Red) are the free energies of the oxidized
and reduced species respectively in solvated condition. We used
the value of DG0

s ðH
þÞ= � 11.38 eV.[32] To compute the reduction

potential in the basic medium, we simply put n0=0 in the
Equations (1) and (3). To calculate the reduction potential, we
assumed that the SO3H groups of the quinones remain fully
protonated in acid medium and deprotonated in base medium.

Results and Discussion

DGr of the reactions in acid are given in Table 1. In the case of
the BQDS subset (A–D) (see Scheme 2), DGr gradually decreases
from � 0.73 eV to � 1.22 eV for the reductive hydroxylation
pathway. Since one SO3H group is added successively from A
to D, this gradual decrease of DGr implies that the SO3H group
facilitates degradation irrespective of their position and reac-
tion paths. Similarly, DGr for reductive desulfonation decreases
from � 0.91 eV to � 1.28 eV from B to D. It is interesting to note
that for B and C, which differ by only the position of the SO3H
group, the DGr varies at most 0.13 eV for the acid-catalyzed
degradation to hydroxylated products or desulfonated prod-
ucts. This indicates that the SO3H group exerts very little effect
due to positional isomerism on the free energy of degradation
reaction of the quinones.

For the DHDMBS subset (Scheme 2), the effect of the SO3H
group on ease of acid-catalyzed degradation is also prominent
and in this case DGr decreases from E (� 0.46 eV) to F
(� 0.68 eV). However, from G to I, for which a CH3 group is
added successively in addition to the SO3H group, the DGr

increases from � 0.59 to � 0.34 eV for the reductive hydroxyla-
tion path. A similar trend is also observed for the reductive
desulfonation path. The DGr gradually increases from � 0.68 eV
in F to � 0.40 eV in I with the introduction of CH3 groups. The
effect of the positional isomerism of the CH3 group is not
prominent for both the reductive hydroxylation and desulfona-
tion paths. On a different note, the new CH3 group opens up a
possibility of reductive demethylation. The DGr for demeth-
ylation is, however, very small for both G and H. The decrement
of the exergonicity of the reductive dyhydroxylation by the CH3

group indicates that it incorporates some inertness to the
system for the acid-catalyzed pathway. The DGr for the base-
catalyzed path has quite different trend compared to the acid-
catalyzed path. It increases only slightly from � 0.36 eV to
� 0.27 eV for the hydroxylation path (from A to D). For the
DHDMBS subset, there is no clear trend of the DGr which can
be attributed to either of the functional groups SO3H, and CH3.

Table 1. The reaction free energies (DGr [eV]) and energy of the thermodynamically limiting steps (DGTL [eV]) of the acid-catalyzed paths for the different
types of degradation products, namely reductive hydroxylation, demethylation, and desulfonation. The 2D molecular geometries are provided in Scheme 2.

OH OS3H CH3

Molecule DGr DGTL DGr DGTL DGr DGTL

BQDS

A � 0.73 0.88 – – – –
B � 0.93 1.06 � 0.91 1.06 – –
C � 1.06 0.97 � 0.97 1.02 – –
D � 1.22 1.34 � 1.28 1.49 – –

DHDMBS

E � 0.46 0.83 – – – –
F � 0.68 1.16 � 0.68 1.16 – –
G � 0.59 1.18 � 0.64 1.18 � 0.06 1.18
H � 0.56 1.11 � 0.53 1.17 � 0.08 1.11
I � 0.34 1.24 � 0.40 1.24 0.04 1.08
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The DGr of the base-catalyzed reductive hydroxylation path for
I is highly positive compared to the others and seem to be an
outlier. For the reductive desulfonation path, the DGr decreases
only slightly for the BQDS subset (� 0.49 eV to � 0.55 eV). For
the DHDMBS subset, the DGr of reductive desulfonation are
mostly negative except for I (DGr =0.19 eV). Noticeably, the
DGr of the reductive demethylation for the base-catalyzed path
are highly positive in contrast to the acid-catalyzed paths.
Therefore, in terms of DGr, the basic environment is more
favourable than the acidic environment to suppress degrada-
tion.

In the literature, the formation of H2SO4 from I is attributed
to protodesulfonation (J!K!L; Figure S17).[33] However, L can
also be formed from the desulfonated product (IPa1) which we
propose in this study (I!IPa1!O, Supporting Information).
Interestingly, the DGr for the pathway I!IPa1!O is � 0.23 eV
while that of the pathway J!O is � 0.07 eV. Nevertheless, the
formation of H2SO4 is a very probable degradation path for the
sulfonated quinones.

DGTL varies widely between the acid and base-catalyzed
paths. For all the acid-catalyzed paths, the protonation step is
the thermodynamically limiting step. For base-catalyzed path,
the thermodynamically limiting step is mostly the OH�

addition step. Generally, the DGTL of the acid-catalyzed paths,
which is the protonation step, is much higher compared to
that of the base-catalyzed reactions. This is expected as most
of the quinones are electron deficient due to the presence of
the SO3H groups and thus addition of OH� is more favourable
than the addition of H2O.

For the BQDS subset (A–D), the DGTL for the acid-catalyzed
reductive hydroxylation paths increases steadily from 0.88 eV
to 1.34 eV with the increment of the SO3H groups. The DGTL for
desulfonation path also increases from 1.06 eV for B to 1.49 eV
for D (Table 1). For all the quinones in the BQDS subset, the
reductive desulfonation is kinetically less favorable compared
to reductive hydroxylation. Overall the trend for DGTL shows

that the SO3H group has the effect of making the degradation
reaction slower. The trend of DGTL for the DHDMBS subset (E–I,
Table 1) shows that the DGTL for reductive hydroxylation and
reductive desulfonation is the maximum for I. This trend is
interesting as this implies that even the presence of CH3 groups
makes the acid-catalyzed degradation process slower even
though the overall increase in DGTL is lower compared to the
BQDS subset.

For the base-catalyzed reaction paths, the DGTL does not
vary as drastically as the acid-catalyzed reaction paths (Table 2).
Similarly, the DGTL for the base-catalyzed reductive desulfona-
tion pathway remain around 0.10 eV. Compared to the BQDS
subset, DGTL for both the reductive dehydroxylation and
reductive desulfonation for the DHDMBS subset is much higher.
For the reductive hydroxylation, the highest DGTL is for I and
the highest DGTL value is for H for the reductive desulfonation
reactions. Hence, no clear trend is attributable to the CH3 group
in case of base-catalyzed degradation.

From the discussion above, it is clear that the SO3H group
has much influence on the energetics of the degradation
pathways in the acidic medium. In contrary, the SO3H group
has minimal effect on both DGr and DGTL in the basic medium.
The position of SO3H group does not influence the DGr value to
a great extent. From the analysis of the DHDMBS subset, it can
be stated that the presence of two CH3 groups greatly
decreases the exergonicity of the degradation in acid medium.
The CH3 group can increase the DGTL value for base-catalyzed
degradation and thereby can make the degradation slower for
the DHDMBS compared to BQDS.

We further analyzed the most favorable reductive hydrox-
ylation and desulfonation pathways of BQDS and DHDMBS for
the acid-catalyzed paths in Figure 3. The reductive hydroxyla-
tion of BQDS involves around four times lower DGr than
DHDMBS. The DGr for the reductive desulfonation of BQDS is
similarly three times lower than the DGr for reductive

Scheme 2. The set of molecules investigated in this study. The colored box around the molecules indicates the similarity of the complexity of the molecules.
The blue box indicates the unsubstituted quinones. The yellow box indicates the quinone with one SO3H group. The red box indicates the quinone forms of
BQDS (above) and DHDMBS (below).
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desulfonation of DHDMBS. At the same time, DGTL for BQDS is
only slightly higher than for DHDMBS.

Finally, we also studied the correlation between the
reduction potential and the free energy of the degradation
reactions for all the quinones in both acid and base media. The
redox potentials of the quinones are given in Table 3 and the
redox reactions in acid and base medium are depicted in
Figure 4. The Table also contains the experimental acid-
medium redox potentials that we were able to find in the
literature. The agreement with our calculations is rather good
and does not exceed 0.2 V. For basic conditions, the accuracy is
much lower due to the large errors of the implicit solvation
model for anions, and we expect that the errors to exceed
0.5 V.[27] The reduction potential in the acid medium gradually
increases from A to D. For the para-benzoquinones, first, the
redox potential increases from E to F with the addition of a
� SO3H group. The reduction potential then slightly decreases
with the introduction of one � CH3 group. It further reduces to
0.77 V and � 1.13 V in acid and basic conditions respectively for
I with the introduction of two CH3 groups.

There is a linear correlation between reduction potential in
acid medium and DGr (Figure 5). For the BQDS subset, the DGr

decreases with the increase of the reduction potential. In other
words, with each functionalization by the SO3H group to the

quinones, the reduction potential increases but the DGr

decreases. For the DHDMBS subset, the change in the reduction
potential and DGr follow an opposite trend. For the DHDMBS
subset, the DGr first decreases with the functionalization with
the SO3H group (E!F, Figure 5). However, with the introduc-
tion of the CH3 group (G, H), the reduction potential decreases,
and the DGr increases. For I, the reduction potential is
minimum while the DGr is the highest. This trend is well-
matched with the expectation from the experimental data in
the sense that the CH3 group makes the quinone molecule
resilient for degradation through reductive hydroxylation.
Similar correlation exists for the acid-catalysed desulfonation
reactions (Figure 5b). Interestingly, the second SO3H group
results in a relatively high decrease of the DGr for the BQDS
subset at the cost of only marginally improving the reduction
potential for the reductive desulfonation. DGTL and the
reduction potential increases with the introduction of an SO3H
group in acid medium for the BQDS subset (Figure 5c).
Similarly, for the acid-catalysed reductive desulfonation, the
DGTL increases with the increase in the redox potential. This
trend is opposite to the trend of DGr vs reduction potential for
the acid-catalysed reductive hydroxylation reaction for the
BQDS subset. DGTL remains mostly unaffected by the change in
the reduction potential for the acid-catalyzed reductive hydrox-
ylation and desulfonation paths for the DHDMBS subset.

In the base-catalyzed reactions, both DGr and DGTL changes
very little compared to the base-catalysed reactions for the
BQDS subset. Moreover, the reduction potential also does not
vary much for the BQDS subset in the basic medium. This is
reflected from the correlation plots (Figure 6a). The DGr for
both reductive hydroxylation and desulfonation increases with
the decrease in the reduction potential in the basic medium for
the DHDMBS subset. The DGTL only slightly increases with the
decrease in reduction potential for the DHDMBS subset. There-
fore, there is very little correlation between the reduction
potential and either DGr or DGTL under the base-catalyzed
conditions.

Table 2. The reaction free energies (DGr [eV]), and the energy of the thermodynamically limiting steps (DGTL [eV]) of the basecatalyzed paths for the types
of degradation products, namely reductive hydroxylation, demethylation, and desulfonation. The 2D molecular geometries are provided in Scheme 2.

OH OS3H CH3

Molecule DGr DGTL DGr DGTL DGr DGTL

BQDS

A � 0.36 � 0.11 – – – –
B � 0.38 0.06 � 0.49 0.11 – –
C � 0.30 0.13 � 0.46 0.12 – –
D � 0.27 0.03 � 0.55 0.10 – –

DHDMBS

E 0.12 0.51 – – – –
F � 0.15 0.33 � 0.37 0.24 – –
G 0.02 0.50 � 0.35 0.23 0.74 0.47
H � 0.14 0.49 � 0.14 0.39 0.58 0.69
I 0.30 0.60 0.19 0.29 0.62 0.29

Table 3. Calculated reduction potentials (V) in acidic (“Acid”) and basic
(“Base”) and experimental values in acid (“Experiment”). The reference to
the previously reported experimental reduction potentials are indicated as
subscript.

Species Experiment Acid Base

A 0.83[34] 0.95 � 0.76
B – 1.04 � 0.74
C – 1.10 � 0.75
D 1.10[13] 1.13 � 0.71
E 0.70[34] 0.81 � 0.92
F 0.72[8] 0.92 � 0.89
G – 0.83 � 1.05
H – 0.87 � 0.98
I 0.82[13] 0.77 � 1.13
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Figure 3. The relative energies vs reaction sequences for the energetically most favorable desulfonation and hydroxylation of D and I in acid. a) is the
pathways that lead to a reductive dehydroxylated product, b) is the pathways that lead to reductive desulfonated product.
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Conclusion

In this paper, we studied the degradation mechanisms of BQDS
and DHDMBS in acidic and basic environments. We built
simplified model systems to understand the characteristic of
the functional groups and their effect on degradation mecha-
nisms and reduction potentials of the quinones. We found that
the SO3H group significantly influences the degradation either
by taking part in the reaction mechanism or by decreasing the
reaction free energy in acid medium. In contrast, the CH3 group
makes the quinones more inert by increasing the reaction free
energy and sometimes by increasing the free energy of the
thermodynamically limiting step in acid medium. In the base
medium, the effect of these functional groups on the free
energy changes are smaller than in acid medium. The nature of
the quinones (ortho vs para) influences the reaction thermo-
chemistry, and the para quinones are more stable compared to
the ortho quinones, particularly in the base-catalyzed condition.
We also provide an alternate reaction mechanism to the
protodesulfonation as opposed to the published protodesulfo-
nation path for H2SO4 formation in the case of DHDMBS. In any
case, the relative ease of reductive desulfonation compared to
the other degradation paths shows the importance of including

Figure 4. Schematic representation of the redox reaction for the quinones in
acid and base medium.

Figure 5. The correlation plot for the reduction potential (V) in acid medium vs the free energies of the acid-catalyzed degradation reactions: a) reduction
potential vs DGr for reductive hydroxylation, b) reduction potential vs DGr for reductive desulfonation, c) reduction potential vs DGTL for reductive
hydroxylation, and d) reduction potential vs DGTL for reductive desulfonation.
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functional group reactivity in high-throughput screening
approaches.

The reduction potential of the quinones exhibits an
excellent correlation with the free energy for degradation in
the acidic medium. This correlation is expected as both the
degradation and the reduction of the quinones are reductive
process. The correlation, implies that the SO3H group helps
increase the reduction potential at the cost of easier degrada-
tion. For the CH3 group, the opposite is true. The introduction
of two SO3H group does not improve the reduction potential
significantly but makes the quinone much more susceptible to
the degradation.
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