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ORIGINAL ARTICLE

Use of quantum-chemical descriptors to analyse reaction rate constants
between organic chemicals and superoxide/hydroperoxyl (O2

��/HO2
�)

Tom M. Noltea,b and Willie J. G. M. Peijnenburgc,d

aDepartment of Environmental Science, Institute for Water and Wetland Research, Radboud University Nijmegen, Nijmegen, the
Netherlands; bLaboratory of Inorganic Chemistry, Eidgenossische Technische Hochschule (ETH) Zurich, Zurich, Switzerland; cNational
Institute of Public Health and the Environment, Bilthoven, The Netherlands; dInstitute of Environmental Sciences (CML), Leiden
University, Leiden, The Netherlands

ABSTRACT
The reaction between superoxide (O2

�2) and organic chemicals is of interest in many scientific
disciplines including biology and synthetic chemistry, as well as for the evaluation of chemical
fate in the environment. Due to limited data and lack of congeneric modelling, the involvement
of superoxide in many complex processes cannot be adequately evaluated. In this study, we
developed new quantitative structure–property relationship (QSPR) models for the prediction of
the aqueous-phase rate constant for the reaction between superoxide and a wide variety of
organic chemicals reacting via one-electron oxidation, reduction and hydrogen-transfer. It is
shown that the relative importance of these pathways is related to frontier molecular orbital
(FMO) interaction and to pH. The class-specific QSPRs developed have good statistics
(0.84� R2� 0.92). For non-congeneric chemicals it is demonstrated that the reactivity toward
superoxide can be described by applying explicit descriptions for competition kinetics and speci-
ation. Therefore, the relationships developed in this study are useful as a starting point to evalu-
ate more complex molecules having, for example, multiple reactive functional groups, labile
H bonds, or delocalised cationic charges. However, additional kinetic data and more rigorous
computation are needed to evaluate such molecules.
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Introduction

Molecular oxygen (O2) is involved in many (bio)chem-
ical reactions and can be both beneficial and harmful in
nature. Reactions between ground-state O2 (triplet-state
diradical) and singlet-state molecules are spin-forbid-
den. However, the addition of a second electron fills
one of its two degenerate orbitals, yielding a reduced
species with one unpaired electron and a net negative
charge. The transfer of an electron to O2 to yield super-
oxide, O2

�2 (spin-allowed), results in a more reactive
species which can participate in both one- and two-
electron reactions [1]. Due to its reactivity, superoxide
has found use in organic synthesis. Superoxide is versa-
tile; it can function either as an oxidant or reductant
depending on the oxidation–reduction potential of the
reacting molecule, as an oxygen nucleophile or as a
Brønsted base [2,3]. For example, it can be used for sub-
stitution and hydrolysis reactions, that is, with alkyl

halides, tosylates and esters [2]. Superoxide is a poten-
tial “green” reagent to replace invasive, hazardous, toxi-
cologically and environmentally demanding reagents
[3]. For example, Jiang et al. used potassium superoxide
(KO2) as an alternative oxidant in a Winterfeldt reaction
instead of O2/KOt-Bu [4]. O2

�2 can convert amines to
carbonyl compounds via N-chloramines [5] and to car-
bamates using tetraethylammonium superoxide and
carbon dioxide [6]. O2

�2 can also be used to activate
reagents such as arenesulfonylperoxy- or arenesulfinyl-
peroxy radicals which can regioselectively epoxidize
olefins, desulphurise thiocarbonyls to carbonyls, cleave
C¼N bonds to C¼O, and convert of benzylic methyl-
enes to ketones [7]. Despite the increasing use of O2

�2

in synthesis, reactions are often carried out in “classic”
organic solvents such as benzene, chloroform, toluene
and DMF. More friendly solvents are bio-based, such as
esters, alcohols, terpenes and DMSO [2]. An aqueous

CONTACT Tom M. Nolte tom.m.nolte@gmail.com Department of Environmental Science, Institute for Water and Wetland Research, Radboud
University Nijmegen, Nijmegen, the Netherlands

Supplemental data for this article can be accessed here.

� 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way.

FREE RADICAL RESEARCH
2018, VOL. 52, NO. 10, 1118–1131
https://doi.org/10.1080/10715762.2018.1529867

http://crossmark.crossref.org/dialog/?doi=10.1080/10715762.2018.1529867&domain=pdf
https://doi.org/10.1080/10715762.2018.1529867
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


solvent has often been regarded as the apex of green
chemistry [8], but its applicability depends very much
on the nature of the reagents and the desired reaction.
Thus, in order to aid further “greening” of synthetic
chemistry, more information is needed on the relative
reactivity of O2

�2 toward organic chemicals in aqueous
(and bio-based) solvent.

Apart from its use in synthesis, superoxide is bio-
logically relevant [9]. O2

�2 can be generated from
“leakage” of electrons along the cellular electron trans-
port chain or from quinines, metal complexes, aromatic
nitro/amino compounds, or conjugated imines during
redox cycling. Since reactions between singlet-state
and triplet-sate molecules are spin-forbidden, enzymes
have to provide mechanisms to adjust the spin value of
O2 (i.e. via reduction to superoxide) or of its substrates.
The reductant can be a metal complex or an organic
molecule with an accessible radical form [1]. It has been
shown that O2

�2 is involved in P450 oxidation in the
human liver [10], and is produced intracellularly by fla-
voenzymes such as xanthine oxidase, lipogenase, cyclo-
oxygenase and the NADPH-dependent oxidase of
phagocytic cells. O2

�2 is also generated extracellularly
by reduction via cell surface enzymes, or via the release
of labile redox-active compounds in the extracellular
milieu. In water, O2

�2 has a typical half-life of tens of
seconds to hours indicating that O2

�2 can influence local
redox chemistry on a scale which is biologically signifi-
cant. In a typical “healthy” cell, the steady-state intracel-
lular O2

�2 concentration is approximately 100 pM (10�10

M) [11]. Therefore, O2
�2 may react with biomolecules via

a chain reaction of free-radical formation. Oxidative
stress arises when the cellular production of reactive
oxygen species (such as O2

�2) overrides the natural
anti-oxidant (radical-scavenging) capacity and is an
important mechanism that contributes to carcinogen-
esis in humans [12]. To combat such effects, the human
body produces natural anti-oxidants such as superoxide
dismutase (SOD) of which the metal-containing active
site can alternately react both as a reductant and as an
oxidant with O2

�2. Additionally, anti-oxidants can be
taken in via food or supplements.

O2
�2 is also ubiquitously present in surface waters [3].

Photolysis of dissolved organic matter (DOM) is a major
source of O2

�2, but microbial activity and photolysis of
trace metal complexes may contribute as well. O2

�2 can
accumulate in natural water bodies to typical concen-
trations of 10�11 to 10�9 M, depending on location and
depth. In the upper water column, which receives more
sunlight and is biologically more active, the concentra-
tion may range from 10�9 to 10�7 M, as was deter-
mined from formation rate experiments [13–16]. These

concentrations are sufficiently high to ensure that O2
�2

can react at environmentally relevant rates and suggest
that O2

�2 may be important in the photochemical deg-
radation of various anthropogenic or naturally occur-
ring chemicals [17]. Lastly, O2

�2 has also been detected
during advanced (Fenton-type) wastewater treatment
in which it contributed to the degradation of chemicals
such as atrazine (herbicide) and rhodamine B (dye) [3].

Given the wide involvement of O2
�2 in chemical, bio-

logical and environmental processes, knowledge on its
relative reactivity toward organic chemicals is crucial.
Lots of data is already available for O2

�2 and reactive
oxygen species (ROS) in general. In the light of
“intelligent” experimentation and cost-effectiveness of
(environmental) risk assessment, such data should be
used to assess new (untested) chemicals as well. To this
end, various quantitative structure–property relation-
ship (QSPR) models have been developed capable of
predicting the reactivity of O2

�2 toward “new”, untested
compounds [18,19]. Many have investigated the anti-
oxidative capacities of food constituents and supple-
ments such as flavonoids and polyphenols [20,21].
However, most data (and models) have been expressed
using qualitative (in vitro) assays and chemical descrip-
tors such as lipophilicity and water solubility/hydration
energy, that is, bioavailability [22], instead of kinetic
parameters more directly describing the chemical reac-
tion. Moreover, many such QSPRs describe general anti-
oxidant activity (e.g. in terms of ROS inhibition), which
obscures the proportion of the anti-oxidant activity
exerted by O2

�2 specifically [19,23,24].
Different chemical descriptors have been used to

explain the reactivity toward O2
�2. For example, the

number of OH groups, bond dissociation energy (BDE),
energy of the lowest unoccupied molecular orbital
(LUMO), and half peak oxidation potential have been
used to describe the antioxidant activity for a range of
structurally similar compounds [18,24] reacting via H-
abstraction and addition [25]. However, the reaction
rate with O2

�2 may also depend on the protonation
state of the chemical (which can be affected the
medium pH) as was shown for other oxidants, for
example, the hydroxyl radical [26,27], manganese(IV)
complexes [28] and thiazine dyes [29]. The pH-depend-
ence may be especially relevant to O2

�2 reactions
because the superoxide molecule itself is also suscep-
tible to (de)protonation [30]. Many existing QSPRs for
“anti-oxidant activity” have limited applicability, being
developed for similar (congeneric) chemicals, for
example, chalcones [19], flavonoids [18], coumarins
[20], arylamines derivatives [31]) only. Evaluation of kin-
etic data becomes more complicated when different
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chemicals, reacting through different mechanisms, are
considered together. Chemicals can have complicated
structures, characterised by the simultaneous presence
of different functional groups and flexible substruc-
tures. Hence, more complex QSPRs use descriptors
characterising H-bond donor capacity and ortho/para/
meta substitution [24]), 3D distribution of electronega-
tive atoms and electrostatic environment [18,31], delo-
calisation and superdelocalizability. Despite recent
progress, the relative importance of structural charac-
teristics and pH/pKa on the reaction rate is still not well
understood. Consequently, there are few QSPR models
that can predict O2

�2 reactivity across different series of
chemicals. Despite the absence of such QSPRs, we
hypothesised that it is possible to establish a “global”
model using generic QC descriptors, as long as the
influence of pH/pKa on reactivity is included explicitly.

In order to evaluate the involvement of superoxide
in complex (bio)chemical processes, we aimed to
develop a generic QSPR model for the prediction of
aqueous-phase reaction rate constants that is applic-
able across various chemical families. To this end, we
reviewed the available kinetic data for superoxide and
information on reaction pathways from the literature.
Acknowledging the importance of the reaction pathway
and charges, we computed quantum-chemical and
electro-topological descriptors for specific speciation
states and evaluate their relevance to kinetic parame-
ters both empirically and mechanistically.

Methods

Data selection

Data for the bimolecular reaction rate constant (krO2
�2

and krHO2
�) was gathered from publications using Web of

Science and Google Scholar search engines (before
December 2017). Notable sources were the review by
Bielski et al. (1985) [30] and the NDRL/NIST Solution
Kinetics Database [32] in which data were categorised
based on endpoint, method, similarity of values, etc.,
allowing comparison and quality selection. The energy
and electronic structure of an organic molecule can be
significantly altered by pH, as was previously shown to
affect kinetic parameters for related oxidants [33]. Hence,
for QSPR development (or at least as a starting point
therefore), pH should be reported in the experiments.
Free radical compounds were excluded due to their rela-
tively high, often diffusion-limited, reactivity (thereby
focussing on longer-lived chemicals) and to standardise
the calculation of molecular descriptors. The final
dataset contained approximately 200 heterogeneous
organic chemicals with aqueous-phase rate constants

(Supporting Information Table S1), determined via vari-
ous methods, mostly using laser flash photolysis and
pulse radiolysis (X, c and e-) techniques [34].

Descriptor calculation

Since the dataset included ionisable chemicals, pKa, pKb
and dominant speciation states at experimental pH
were taken from literature or (depending on availabil-
ity) predicted using Chemaxxon [35] (R2¼ 0.778,
N¼ 653 [36] and R2¼ 0.76, N¼ 261 [37]). This resulted
in neutral, anionic, cationic, zwitterionic and multivalent
chemical structures. Speciation-specific structures
(either protonated or deprotonated depending on
experimental pH) were pre-optimised in the gas phase
using OpenBabel, version 2.3.0 using the mmff94 force
field [38]. Structures were further optimised and quan-
tum chemical (QC) molecular descriptors (MD), for
example, EHOMO (energy of the highest occupied
molecular orbital), ELUMO (energy of the lowest unoccu-
pied molecular orbital), polarizability and dipole moment
were calculated semi-empirically (PM7 [39]) using MOPAC
(2016) [40] and the COSMO (conductor-like Screening
Model) approximation for water (NSPA¼ 92) [41] imple-
menting the correct net charge on the chemical
(Supporting Information Figures S2 and S3), analogous to
a previous study [33]. Additional MD were calculated
using Chemopy [42] after geometry optimisation with
which we attempted to develop a multiple linear regres-
sion (MLR) model, but this did not yield satisfactory results
(see Supporting Information Figure S4).

Model building

In water, O2
�2 is in a pH dependent equilibrium with its

conjugate acid HO2
�. However, the pKa of HO2

� is 4.88
[43] which implies that at neutral pH all but 0.3% of
superoxide is present as the anion (negatively charged),
Equation (1):

O��2 þ Hþ ! HO�2 logK ¼ �4:88 (1)

Depending on the pH and the chemical evaluated,
O��2 /HO2

� can react either via oxidation or reduction
(Table 1). Although highly variable, the average experi-
mental pH for all the data was approximately 7
(Supporting Information Table S1) which implies that
superoxide is most often present in its anionic form
(O2
�2), increasing the likelihood of a reductive pathway.

Preliminary analysis showed that most of the variance
(50%) in the data was explained by ELUMO, with (poly)-
phenols and aromatic cations being notable outliers
(Supporting Information Figure S1(B)).
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Reductive pathway

In an attempt to explain the aforementioned outliers,
data recorded at pH <7 were excluded to limit the
influence of HO2

� (which can react as an electrophile,
instead of nucleophile). Since for polyphenols H-
abstraction (i.e. oxidation) has been reported to be an
important mechanism, compounds lacking functional
groups other than phenols were excluded, and consid-
ered separately (see Section on “Oxidative pathway”).

Oxidative pathway

To investigate the relative importance of the oxidative
pathway, we evaluated the relevance of EHOMO to the
rate constants obtained only at acidic conditions. Data
were included for which pH �4.9 (in which HO2

� is the
predominant speciation state). Data were also included
when it was specifically stated “reaction with HO2

�.” Apart
from pH, no further selection based on chemical families
was performed. Hence, (poly)phenols were included.

Statistical analysis

Stepwise regression was used to select relevant descriptors
and develop QSPRs. The coefficient of determination (R2),
the residual sum of squares (rss), and probability values (p)
were calculated as indicators of the goodness of fit and
correspondence of the relationship between descriptors
and experimental data, respectively. All QSPRs were eval-
uated using leave-one-out cross-validation (Q2

LOOCV).
External validation is important to determine the robust-
ness and predictive capability of a QSPR [50]. In some

cases though, external validation can underestimate the
predictive capability. Moreover, reserving a fraction of the
data for external validation may be a waste of useful infor-
mation. When only a limited amount of descriptors are
used the statistics for the training and test set converge,
irrespective of data partitioning and descriptors used [51].
To determine whether external validation is useful here (in
addition to R2, rss, p and Q2

LOOCV), we applied external val-
idation to the oxidative model (data randomly split 80:20).
In addition, we tested the QSPR (developed for acidic
pH,� 4.9), using data recorded at 4.9� pH� 7.

Results

Reductive pathway

From the initial analysis (on the entire dataset, with an
average pH of �7, i.e. mostly reducing conditions), ELUMO

was found the most relevant descriptor (Supporting
Information Figure S1(B)). Subsequently, the relationship
was strengthened for the curated dataset (including only
data for which pH� 7). Illustratively, low values for ELUMO

were calculated for the highly conjugated fullerene C-60
(Figure 1), the carbonyl compound diphenoquinone
(Supporting Information) and the powerful oxidant tetrani-
tromethane (Figure 1). Conversely, high values were
obtained for acetate (Figure 1) and tert-butyl hydroperox-
ide (Figure 1). These extreme values (�2.5 to þ2.0eV)
mark the applicability domain of the QSPR developed
(Equation (2)):

log kr O2
�� ¼ �2:5 ELUMO þ 3:2 pH � 7ð Þ (2)

N ¼ 127; R2 ¼ 0:84; Q2
LOOCV ¼ 0:83;

p < 10�5; rss ¼ 19:78

Table 1. Properties of reactive oxygen species.
ROS property O2

�2 HO2
� OH� (at pH 7) 1O2 (at pH 7)

E�ox/red (V)
a,b,c �0.18d þ0.79e þ1.902g þ0.81i

þ1.46f þ2.730h
ESOMO (eV)j �3.8 �5.7 �8.0 �
DHf

0 (kJ mol�1)a 80 138 �7 94.3
[I]ss in surface water (M) 10�9� 10�7 10�11� 10�9k 10�19� 10�17 10�14� 10�13

kr for phenol (M
�1 s�1) 5.8� 102l 2.7� 103m 6.6� 109n 2.6� 106o

Modified from Young [16].
aYoung [16].
bBockris and Oldfield [44].
cArmstrong et al. [45].
dO2þ e– ! O2

�2.
eHO2

� þ e� ! HO2
�.

fHO2
� þ e�þHþ ! H2O2.

gOH� þ e– ! OH–.
hOH� þ e–þHþ ! H2O.
i1DgO2(aq)þ e� ! O2

�2.
jCalculated using restricted open-shell HF (ROHF) using the PM7 method, see Descriptor calculation.
kBased on pH¼ 6.9, pKa¼ 4.9 and [I]ss (“steady-state” concentration) for O2

�2 in the upper layer of surface waters.
lBy Wardman [46].
mBy Kozm�er et al. [47].
nLuo et al. [48].
oArnold et al. [49].
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As mentioned above, aromatic cations (shown in purple
in Figure 1) and compounds with only phenolic functional
groups (excluded from Figure 1) were outliers and thus
not included in derivation of the uni-parameter QSPR
(Equation (2)). The uni-parameter model was established
with satisfactory correlation (R2¼ 0.84) and interpretability.
Since no other descriptors were selected which signifi-
cantly improved the model we discuss the outliers based
on mechanistic grounds and propose additional chemical
descriptors that may be screened as soon as more kinetic
information becomes available (see Discussion).

Oxidative pathway

Under oxidising conditions EHOMO was identified as the
most relevant descriptor for the reaction rate constant.
Initially, only data recorded at pH �4.9 were included,
analysis of which ascertained the oxidative nature of
HO2
� (and relevance of EHOMO) under such conditions,

Equation (3) (filled red symbols in Figure 2):

log kr HO2
� ¼ 2:1 EHOMO þ 22:9 pH � 4:9ð Þ (3)

N ¼ 24; R2 ¼ 0:92; Q2
LOOCV ¼ 0:89;

p < 10�5; rss ¼ 5:47

Subsequently, data recorded at pH up to 7 for non-
phenols reacting via one-electron oxidation or addition
was added. This significantly strengthened the relation-
ship with EHOMO. A high value for EHOMO for

hydroethidine and a low value for DL-threonine corre-
sponded to high and low rate constants, respectively
(Figure 2). The extreme values for EHOMO were �11.0 to
�8.0 eV, and mark the applicability domain of the third
QSPR developed, see Equation (4).

log kr HO2
�=O2

�� ¼ 1:7 EHOMO þ 19:9 pH up to 7ð Þ (4)

N ¼ 46; R2 ¼ 0:92; Q2
LOOCV ¼ 0:91;

Q2
ext 9ð Þ ¼ 0:98; p < 10�5; rss ¼ 1:91

Finally, compounds recorded at pH approximately 7
reacting via H-transfer were added (e.g. phenols), open
black symbols in Figure 2. These compounds were not-
able outliers (higher rate constants than expected). For
completion, EHOMO was computed also for their depro-
tonated structures (filled black symbols, Figure 2).

Discussion

Reductive pathway

Rate constants for reduction by O2
�2 increase when the

difference between the energy of the singly occupied
molecular orbital (ESOMO) of O2

�2 and ELUMO (of the
organic singlet) decreases (e.g. ELUMO¼�2.7 eV for ful-
lerene C-60, Figure 1). The energy of the SOMO of O2

�2

is approximately �4 eV, as calculated empirically
(Table 1). The slope of Equation (2) (i.e. 2.5 ± 0.1 eV�1)
agrees well with previous results for radical reactions
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Figure 1. Relationship between the energy of the lowest unoccupied molecular orbital (ELUMO) and the bimolecular reaction rate
constant with O��2 (i.e. under reducing conditions, pH� 7). The data shown exclude compounds with no functional groups other
than phenols. Dashed lines indicate confidence levels of 2r. Purple data points denote aromatic cations (outliers). Structures
shown indicate the applicability domain.
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involving many different hydrogen atom donors [52]
which found 2.5–3 orders of magnitude difference in
reactivity per eV. The dependence of kr on these energy
differences is attributable to frontier molecular orbital
(FMO) interaction but may also result from the increas-
ing polarisation, and concomitant stabilisation, of the
transition state as the energy difference between the
reactants decreases [53]. Based on considerations
described in detail elsewhere [54,55] Klopman and
Salem proposed a simplified formula for the energy
change (DE, and by extension kr), when two orbitals of
two reactants (nucleophile and an electrophile) overlap
(Equation (5)) [56]. Based on a constant value for ESOMO

(O2
�2), ELUMO would be inversely proportional to kr:

logkr � �Qnuc Qelec

eR
þ 2 bcnuc celecð Þ2
EHOMO;nuc � ELUMO;elec

The coulombic term The frontier orbital term

(5)

In which b denotes the resonance integral and cnuc
and celec the atomic orbital coefficients on the nucleo-
phile and electrophile, respectively. Full interpretation
of results via Equation (5) would require accurate
determination of the ESOMO for aqueous superoxide.
However, it is noted that the value obtained (Table 1)
is uncertain (��4 eV). Based on their relatively low
ELUMO, aromatic cations are prone toward nucleophilic
attack, more so than simple benzenes, or even pyri-
dines [57,58]. Looking at Figure 1, however, aromatic
cations are notable outliers (purple data points). Their

relatively low reactivity may be the result of several
effects, not accounted for in the descriptor calculation
or in the theoretical assumptions made (Equation (5)).
Firstly, solvent H2O molecules may interact with the
aromatic cation via lp–p interaction [33,59,60]. In lp–p
interactions, the HOMO of the molecule bearing the
lone pair and LUMO of the p moiety are concerned,
and their gap substantially affects the interaction
energy. A positive charge on a heteroaromatic mol-
ecule can enhance the magnitude of the lp–p inter-
action energy, more so than for neutral compounds
[61]. This effect may be inadequately covered via the
conductor-like screening (COSMO) approximation for
water in the derivation of QM descriptors (see
Methods) [40,41]. Illustratively, Scheiner et al. found
that the lp–p interaction energy of a water–imidazole
complex will increase by protonation of the imidazole
moiety [62]. For lucigenin (Figure 1) specifically, the
redox equilibrium is solvent dependent, with polar
solvents inhibiting the rate constant [63]. Second,
nucleophilic attack by O2

�2 may result in a consider-
able relocalization of charges in the aromatic mol-
ecule. This is not accounted for by Equation (5), hence
a specific term for delocalisation and bonding-like
interactions in the transition state may be needed. In
analogy, a distinction between inner-sphere and
outer-sphere mechanisms could be useful. The struc-
tural variability of the compounds investigated falls
within the Marcus “normal” region (rate constants
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increase with higher DE, i.e. when orbital energies are
similar). Apparently activation energies are relatively
low as compared with DEFMO or depend heavily on
DEFMO themselves, but this may not apply to aromatic
cations. Third, steric and geometric effects might play
a role because O2

�2, and/or H2O solvent molecules
would need to be able to approach the empty p	
orbital. Ring flattening is known to affect the LUMO
energy [58,63], and HOMO/LUMO transitions have
been associated with the dihedral angle between aro-
matic planes [64]. Coulombic interaction between the
reagents is not expected to lower the rate constant
since the charge of aromatic cations is opposite to
that of O2

�2 which would only promote the reaction
(first term in Equation (5)). Lastly, in order for a reduc-
tion reaction to proceed, the symmetry of overlapping
orbitals should be the same (antisymmetric, e.g. in the
case of carbonyl species) [53].

Compounds with notable deviation from Equation
(2) (lower kr than expected, but not necessarily outliers)
include mitoxantrone and indigodisulfonate (Figure 1).
For compounds such as these, intramolecular H-bond-
ing, XH–p, lp–p and p–p interactions may be involved
[62,65,66]. As compounds containing no functional
groups other than phenols were excluded from the
QSPR building (outliers in Equation (2), see Supporting
Information), it should be no surprise that the ArOH-
containing compounds are among the ones deviating
from Equation (2) (Figure 1), see also the combined
model in Figure 3. Hesperetin and 3,4-dihydroxyaceto-
phenone have higher values than expected, possibly
also due to H-bonding. It is noted that H-bonding has
been used to describe H-abstraction (i.e. oxidation)
reactions of phenolic antioxidants [67,68]. Variability in
the experimental pH causes some of the variance in the
reductive model, for example, in cases when the pKa of
the compounds is unknown (i.e. predicted) or the
experimental system is not buffered (as is also expected
for the oxidative model), see also Figure 3. However,
the hydrogen-donating capacity of HO2

� is likely not an
issue [69] because only data for which pH >7 was
included, that is, extent of protonation of O2

�2 is low.

Oxidative pathway

As the difference between ESOMO (HO2
�, ��6 eV) and

EHOMO (organic singlet) decreases, the rate constant
for oxidation by HO�2 (or O��2 ) increases. This is illus-
trated for hydroethidine and threonine, being the
far-right and far-left data points in Figure 2. Under
oxidising conditions (pH< 4.9), the QSPR for kr(HO2

�)
developed had good statistics (Equation (3)). As

might be expected, external validation (N¼ 9,
Q2

test¼ 0.98) did not provide additional information
on the performance of the uni-parameter models
(Equation (4)) although it confirmed their predictive
capabilities (see Supporting Information). Analogous
to the reductive pathway, the high correlation can
be attributed to FMO interaction [53]. The QSPR
developed for reaction with HO2

�/O2
�2 under inter-

mediate conditions (pH up to 7) also had good statis-
tics (R2¼ 0.95), but only when excluding H-donor
molecules (i.e. (poly)phenols) measured at pH
approximately 7 (Figure 2). For instance, the rate
constant measured for hydroquinone at pH approxi-
mately 7 is over 3 orders of magnitude higher than
expected on the basis of Equation (3). Interestingly
though, when EHOMO is computed for the anionic
form of hydroquinone the data fell within the
expected range (filled black symbols in Figure 2),
even though the pKa of hydroquinone is only
approximately 10. The DEHOMO for hydroquinone/
(mono-)deprotonated hydroquinone is 2 eV which
would imply a 3–4 orders difference in kr according
to Equation (3), which matches the experimental val-
ues for hydroquinone (logkr¼ 7.2 and 3.9) obtained
at neutral and at acidic pH, resp. For (poly)phenols
such as hydroquinone, H-abstraction has been estab-
lished to be the dominant pathway for reaction with
O2
�2 [70]. Concomitantly, H-abstraction by O�2 may

result in the same product as in case of electron
transfer by HO2

�, Equation (6):

ArO� þ H�2 ! ArO� þ HO2
� electron transferÞð (6)

ArOHþ O��2 ! ArO� þ H�2 proton transferÞð
þ

ArOHþ O��2 ! ArO� þ HO2
� hydrogen transferð Þ

Previously, the rate of hydrogen abstraction by 23
structurally different, positively-charged aryl radicals
has been correlated with the (calculated) vertical elec-
tron affinities (EA) of aryl radicals [52] (EA�negative of
ELUMO). Conversely, the vertical ionisation energies of
hydrogen-atom donors were found to play an import-
ant role. It is also noted that the protonation of O2

�2 by
a free proton is diffusion limited: 5–7.2� 1010 M�1 s�1

(for 2� pH �4), that is, not rate limiting [30]. It is, there-
fore, to be expected that, as a general rule, H-abstrac-
tion by O2

�2 is related to the energy of the HOMO.
Based on this, the calculation of EHOMO for the deproto-
nated structure might be justified, in order to compare
the data for hydrogen transfer reactions to reactions
involving (rate limiting) electron transfer only.
When the deprotonated structures are included in
Equation (3) (closed black symbols in Figure 2) the
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upper limit of the applicability domain for the QSPR for
kr(HO2

�) increases from �8.5 to �7.5 eV.
In the case of phenols, hydrogen transfer is expected

at the O–H bond. However, an O–H bond itself might be
part of the HOMO. Hence, bond dissociation energies
(BDE) for simple phenols (and other congenic series) have
been correlated to EHOMO as well as antioxidant activity
[67]. Many other chemicals families are known to partici-
pate in H-abstraction such as sulphides [71,72], pyrroles
[73] and benzylic C–H bonds [74]. Generally, if the BDE is
lower than the BDE of the OO–H bond of hydroperoxyl,
the reaction is favoured (�344, 368 and 377 kJ mol�1 for
4-HOC6H4O–H, HOO–H and ROO–H, respectively, in DMSO
[75]). Reaction rates are generally relatable to BDE [66].
However, analysis using the BDE of structurally different
H-donors (X–H, with X being any heavy atom) did not
reveal a significant correlation [52]. Apparently the rele-
vance of BDE depends on the type of hydrogen-atom
donor. It is known that an anionic charge can cause a dra-
matic weakening of an adjacent C–H bond [76], and even
small variations in BDE may be associated with large varia-
tions in rate constants. In contrast to a concerted mechan-
ism, stepwise H-abstraction may first involve rate-limiting
proton transfer to superoxide, with the deprotonated
structure subsequently undergoing fast oxygenation
[77,78]. Therefore, BDE is only a primary descriptor for a
rough estimate of the kinetics. For a better estimate of
the kinetics, a more thorough knowledge of the oxidative
scavenging mechanism is required [66]. For complex (pol-
y)phenols a combination of descriptors such as EHOMO,
pKa, BDE, hydrogen bonding, as well as geometrical
descriptors may be needed [67,68,79]. For example, the
pKa’s of hydroquinone are indicators of the electron dens-
ity (e.g. the lower the pKa, the less stable to autoxidation)
[80] (Figure 2).

Varying the pH may not only affect the protonation
state of the organic chemical, but it also changes the
reduction potential of the superoxide (Table 1). The dif-
ference in ESOMO between HO2

� and O2
�2 is approximately

2 eV (Table 1). When treating the SOMO of HO2
�/O2
�2 as

the electron accepting orbital, a “relative” rate constant
may be calculated based on this energy difference and
Equation (1): logkr (rel.)¼�5. This would imply a 5 orders
of magnitude decrease in the observed oxidation rate
constant upon deprotonation of HO2

�. This agrees with
experimental values of 1.18 (±0.20)� 103 and
1� 10�2 –1� 10�1 M�1 s�1 reported for the reaction of
linoleic acid with HO2

� and O2
�2, respectively (i.e. 4–5

orders of magnitude difference) [30]. Hence, for reactive
functional groups with pKa or pKb n pH the depend-
ence of the oxidative reaction rate (kr HO2

�/O2
�2) on pH is

due to ESOMO changes upon (de)protonation of the

oxidant. As noted, for compounds with relevant
(de)protonable groups such as (poly)phenols the appar-
ent kr may increase at higher pH due to H-transfer.
However, H-transfer cannot explain the kinetic data for
(poly)phenols at extreme (alkaline) pH. In such cases
there is no (weak) phenolic proton to be abstracted
by the O2

�2 (see also Figure 4), and logkr for oxidation
should decrease according to the lower reduction
potential for O2

�2 compared with HO2
� (Table 1;

Equation (4)). The other way around, literature indi-
cates that HO2

� is rather feeble with regard to H-
abstraction, as compared with other oxidants [69],
which explains the strong correlation at acidic pH
(<4.9) (Figure 2). These competing effects may be the
reason for local optima in HO2

�/O2
�2 rate constants for

certain compounds [21,30,81,82], for example, for
ascorbic acid as found by Nadezhdin and Dunford
(1979) [82].

Competition kinetics and pathway analysis

According to FMO theory, the difference between
ELUMO and EHOMO is the most important parameter
describing the rate of electron transfer, irrespective of
the reaction coordinate (direction of electron flow). For
this reason, Figure 3 shows both oxidation and reduc-
tion rate constants (from Figures 1 and 2) versus the
difference between ELUMO (organic singlet) and ESOMO

(O2
�2), as well as between and EHOMO (organic singlet)
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dashed lines indicate confidence intervals of 2r.

FREE RADICAL RESEARCH 1125



and ESOMO (HO2
�). Doing so, we visualise the SOMO of

HO2
�/O2
�2 as both the electron donating (blue) and

accepting (red) orbital.
The combined model yields proper statistics

(R2¼ 0.84, N¼ 170, Figure 3). Some of the (poly)phenols
identified as outliers in Figure 2 might be explained in
terms of the combined model, which has a (log) stand-
ard deviation (SD) of 1.0 M�1 s�1 (1.1 and 0.5 for the
reductive and oxidative model, resp.). However, when
correcting for protonation (Equation (6)) the experimen-
tal values are fully within the expected range (dashed
lines in Figure 3). Organic cations remain outliers (see
Reductive pathway section). From Figure 3 it may be
noted that the dependence (i.e. slope) of kr on DEFMO

for reduction (2.5 ± 0.1 eV�1) is greater than that for oxi-
dation (2.1 ± 0.1 eV�1), although the residual variance
for the regression is high (blue symbols) and experi-
mental pH is highly variable (open red symbols). Based
on the Salem–Klopman equation (Equation (5)) how-
ever, there should be no difference in the slopes
between the regressions of jELUMO� ESOMO(O2

�2)j and
jEHOMO� ESOMO(HO2

�)j (Figure 3) when considering equal
heterogeneity in chemical structure. Nevertheless, the
simultaneous incorporation of multiple experimental
pH, functional groups and reaction pathways may affect
the overall dependence on DEFMO. Obviously, since
both a reductive and oxidative pathway may be pos-
sible for one chemical one needs to determine both
jELUMO� ESOMO(O2

�2)j and jEHOMO� ESOMO(HO2
�)j. Even

though this increases the computational time needed it
may provide valuable mechanistic information, since
the relative importance of the competing pathways
may be determined. We stress that experiments involv-
ing superoxide and organic chemicals are inherently
complex due to competing reductive and oxidative
pathways. Speciation of the organic chemical as func-
tion of the pH further increases the complexity.
Nevertheless, disentanglement of speciation states,
reaction pathways, and other factors can help to
develop a robust model (Figure 4). This may be particu-
larly useful when one needs to distinguish between the
simultaneous influence of pH on both the oxidant and
reductant. As mentioned, O2

�2 can react with H-donors
(i.e. (poly)phenols) via H-abstraction (top left arrow in
Figure 4). However, we note again that the hydroper-
oxyl radical (HO2

�) can also behave as a hydrogen-donor
molecule (dashed bottom-right arrow in Figure 4), due
to its weak O–H bond (49 kcal/mol) [69]. This phenom-
enon is expected to occur primarily at acidic pH
(pH< 4.9) at which it may compete with one-elec-
tron oxidation.

Limitations, implications and outlook

As with any empirical model, the quality of the data
heavily affects the strength of the relationships and
confidence in predictions made therewith. The data
used in this study originates from different methods.
Hence, varying quality and systematic differences may
be expected. Matrix or temperature effects may have
played a role, such as reaction or complexation with
metal impurities (e.g. copper), interaction with buffering
agents, or ionic strength impacts in general. Ideally rate
constants extrapolated to zero ionic strength should be
used, but this requires detailed mechanistic information
that is commonly lacking. To exclude the involvement
of metal cations, chelating agents are useful, but not
uniformly applied. Also, side reactions may have
occurred involving, for example, the solvated electron
or the hydroxyl radical in case of improper quenching.
These issues may be especially pronounced for data
acquired using competition kinetics, which is inherently
less reliable [30]. The majority of the data, however, was
generated using pulse radiolysis and flash photolysis,
which are somewhat similar techniques [30,34]. For
example, a factor 1.4 difference was found for the kr of
Cytochrome C measured using pulse radiolysis
(kr¼ 8.0� 105, pH¼ 7.2, using either tert-butanol or gly-
cerol as OH� scavenger) and flash photolysis
(kr¼ 5.84� 105, pH¼ 7.3, using tetramethylenediamine,
EDTA and FMN) [30]. A difference of “only” a factor of
1.8 was reported for a dioxouranium(VI)–hydroperoxy

Figure 4. Possible flows for proton transfer (green) and elec-
tron transfer (blue/red) between superoxide (O2

�2/HO2
�) and

an organic molecule (XH/X�). The solid blue and red arrows
correspond to the data in Figure 1 (reduction) and Figure 2
(oxidation), respectively. Black arrows denote hydrogen trans-
fer (i.e. combined proton and electron transfer). The import-
ance of H-transfer is relatable to the relative BDE of X–H.
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complex measured using pulse radiolysis and electron
paramagnetic resonance (kr¼ 5� 105, and 9.0� 105),
respectively [30]. Hence, the quality of the data (uncer-
tainty <0.3 in log units) is not expected to influence
the relationships developed in this study, and the data
is not over-fitted.

The models developed in this study (Equations (2–4))
should be utilised only for chemicals for which the
models are parameterised. As noted in the Methods sec-
tion, we made no prior distinction between chemicals;
which were diverse including polycyclic aromatics, halo-
genated aromatics, carboxylic acids, enes, quinones,
phenols/phenolates, ethers, aldehydes, thiols, aryl-
amines, aliphatic amines, peptides, N–O bonds and N–X
(halogen) bonds. For polyphenols and other com-
pounds with weak R–H bonds, for example, <377 kJ
mol�1 (flexible, multi- and poly-functional chemicals in
general) predictions for kr(O2

�2) are possible, but more
accurate values can be obtained using additional
descriptors accounting for intramolecular interaction,
competing reaction pathways and speciation.
Illustratively, for theaflavin (a well-known polyphenolic
antioxidant, with pKa� 6) logkr(O2

�2) values of 5.5(±1.1),
5.9(±0.5) and 7.3(±1.0) can be derived for one-electron
reduction, one-electron oxidation and H-transfer,
respectively (the latter upon deprotonating its struc-
ture, see Equation (6)) (using Equations (2) and (3)). The
experimental value, approximately 7 [66] indicates that
H-transfer is the dominant pathway at neutral condi-
tions, but this may be different at other pH which can
affect the protonation state as well as intramolecular
interaction. For larger molecules with multifunctional
groups intramolecular H-transfer could be relevant,
especially when information on the reaction product is
desired. This study does not necessarily consider com-
pounds with multiple weak X–H bonds which may
extend the number of possible pathways, and add-
itional descriptions that would be needed [83].
Moreover, H-transfer can occur via proton-coupled elec-
tron transfer (PCET), hydrogen atom transfer (HAT), or
electron proton transfer (EPT), each with different char-
acteristics [66,84–86]. Tautomerization (e.g. for keto-
enols [87] and halogen-substituted amides [88]) should
be accounted for by establishing the most stable iso-
mer. In turn, highly captodative molecules might not
be accurately described by our method because delo-
calisation in the transition state needs to be taken into
account. Better results might be achievable using ab-
initio methods (i.e. density functional theory) but these
are computationally demanding, especially for large,
flexible structures. Hybrid methods (e.g. combined
quantum mechanics/molecular mechanics) may be

suitable to study large molecules, especially when the
electrostatic effect of water molecules is to be incorpo-
rated (i.e. aromatic cations, see above). Lastly, there is
an increasing need to quantify the contribution of tun-
nelling [86]. Often observed for (but not limited to)
phenolic antioxidants, tunnelling reduces the apparent
Arrhenius activation energy of electron or H-transfer
reactions. Tunnelling is dependent on the conformation
and compactness of the transition state, the energy
landscape and thermal fluctuations [65,89], and can
theoretically increase the apparent rate up to several
orders of magnitude [89,90].

Importantly, Equations (2–4) should not be applied
to radical intermediates, stabilised radicals, or com-
pounds containing significant “radical character,” such
as proxyls and verdazyls [91,92] because of the empir-
ical nature of the method. Obviously, this study also
does not consider metal-containing complexes (e.g.
predicted values for logkr(HO2

�) of ferro(II)cyanide and
bis(histidinato)copper(ll) of 6.2 and 6.3 (±0.5)
versus experimental values of 4.8 and 8.5, see
Supporting Information). For one, a coordinating
metal ion may lower the electron density of the
reactive centre, or it may participate in redox reactions
itself (especially when d-electrons are involved).
Whereas aliphatic cations were included, aromatic
cations were shown to be systematic outliers (as
discussed previously), and hence fall outside of
the applicability domain. Though our models are
parameterised toward organic molecules, the reaction
site can involve a heteroatom (O, S, N, etc.).
Based on this, the relationships might be useful for
fully inorganic molecules as well. For example,
predicted and experimental values for logkr (O2

�2) of
H2O2 are 1.4(±1.1) and 0.3, respectively, and for molecu-
lar bromine (Br2) being 9.0(±1.1) and 9.7, respectively.
However, higher uncertainty needs to be anticipated as
illustrated by predicted and experimental values for
logkr (O2

�2) of ozone being 6.4(±1.1) and 9.2,
respectively.

The study may be useful to explain the kinetics for
related oxidants as well. For example, the hydroxyl rad-
ical (OH�) is generally more reactive then HO2

� as is indi-
cated by their reduction potential (Table 1).
Considering the SOMOs of OH� and HO2

� as the electron
accepting orbitals, one can predict a relative rate con-
stant of 105–106 (i.e. 5–6 orders of magnitude faster
reaction with OH�, compared with HO2

�) using their
energy difference (2.3 eV) and Equations (2 and 3). This
value is in line with experimentally derived values for kr
of 2.7� 103 and 1� 1010 (for HO2

� and OH�, respect-
ively) for phenol, that is, approximately 6.5 orders of
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magnitude difference (Table 1). Such derivations should
be considered rough estimates though, since the reac-
tion coordinate and geometry of transition states can
vastly differ between oxidants [93]. Moreover, hydration
and coulombic forces need to be taken into account,
which are reagent-specific [94]. Also, OH� is more likely
to react via H-abstraction than is HO2. For more accur-
ate cross-radical predictions electrode potentials could
be used. Such information is available [45], even for
complex redox couples such as the iron-oxo species
present in oxidising P450 enzymes [95].

Anti-oxidant activity in in vitro assays has often been
explained in terms of lipophilicity, for example, through
the octanol–water partitioning coefficient [22,96]. From
this, it is clear that not solely the radical quenching cap-
acity, but also bioavailability is relevant for complex
biological systems. Moreover, certain anti-oxidants may
act as competitive inhibitors of ROS-generating
enzymes or oxidative signal transducers. Nevertheless,
we feel that the relationships derived in this study are
useful to initiate the description and explanation of
electron transfer involving superoxide. By extension,
many phenomena observed in biology, synthetic
photochemistry and environmental science can be bet-
ter understood. We also feel that we alleviated some of
the previous difficulties with applying QSPR to describe
the reactivity of non-congeneric chemicals with super-
oxide. Further model refinement and extension to more
complex molecules may require flexible and non-linear
algorithms and additional quantum chemical descrip-
tors using semi-empirical MO theory.
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