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Superoxide (O3 ) is an oxygen radical anion that damages biochemical systems. Here I executed real-time
computations on the dioxygen/superoxide charge transfer (CT) reaction that is a mode of superoxide rad-
ical formation and propagation: 0, +,05 — ,05 +,0,. Dioxygen/superoxide CT involves a diatomic oxy-
gen dimer encounter complex (EC). I used time-dependent open shell density functional theory (TD-
ODFT)/CAM—B3LYP to show that the parallel quartet EC had an optimized contact distance of 2.62 A,
and a fast oscillating free radical CT reaction time of 97.2 femtoseconds.
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1. Introduction

Dioxygen (0,) and superoxide ion (O ) are reactive diatomic
oxygen radicals. Dioxygen is a stable diradical and the most abun-
dant oxygen allotrope on Earth that is essential to multitudinous
chemical systems including those of atmospheric and oceanic
chemistry (photosynthesis), electrochemistry (electrolysis), and
biochemistry (aerobic respiration). Errors and missteps across
these essential reactions and cascades can cause the formation of
unstable superoxide radicals. The accumulation of superoxide rad-
icals are minor concerns of atmospheric/marine chemistry and
electrochemistry [1-4], and a major concern of biochemistry and
medicine [5,6]. Linus Pauling commented on his discovery of
superoxide radical with: “it is a source of satisfaction to me that
the superoxide radical, whose existence was predicted through
arguments based upon the theory of quantum mechanics, should
have turned out to be important in biology and medicine” [7].
Computational quantum chemistry is utilized here to test hypothe-
ses on superoxide radical formation, propagation, and dissipation.

The quantized configuration of dioxygen is 0,(*%,): 6},0}26%;
G3205, 155, T oy Thob O30, and the quantized configuration of
superoxide is 0, (*Tly): O3 01305,0503,,T5,, 5, 055, b, O30,
Both of these diatomic oxygen molecules have degenerate anti-
bonding orbitals: 5, and 73, which are responsible for their
reactivity. Superoxide formation can occur with the vertical
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attachment of electron number 33 in the diatomic oxygen dimer.
The charge transfer (CT) is a one-electron reduction with equation:

0, 50‘2’ [8,9]. The dioxygen/superoxide charge transfer reaction
has equation: ,0; 4+ ,0; — 40; + ;0. That reaction is one mode
by which superoxide formation and dissipation regularly occurs.

Superoxide formation from and dissipation to dioxygen do not
involve classical chemical bonding, therefore the transition states
are key. Though the CT reaction has been described by five sequen-
tial steps [10,11], it can be effectively described with just two
(excluding equilibrium and relaxation), which are characterized
by 1. the appearance of the key formation of an encounter complex
(EC) structure: 40, ---,0, ; and 2. the formation of an activated
state: 40,(r) - - - ;05 (r). The dioxygen/superoxide EC configuration
can have a multiplicity of either two or four; doublet ECs differ
in their properties from quartet ECs [10]. These reaction mecha-
nisms are dependent on an EC structure. The EC may be of para-
mount importance to the rate and favorability of the
dioxygen/superoxide CT reaction.

The dioxygen/superoxide CT reaction has been previously stud-
ied by other research groups [12-19]. Bu and coworkers found acti-
vation energies and coupling matrix elements for both the doublet
and quartet states, and it was shown that the reaction is most
likely to proceed by the quartet rather than doublet EC [10,11].
Indications show that the gas phase computations of this manu-
script also have applicability to the liquid phase because dioxygen
and superoxide do not leave the gaseous state except under
extreme experimental circumstances [20,21].
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Superoxide radicals are a transient and reactive species not
easily studied even with advanced experimental methodologies
that require sophisticated reagents and instrumentation, such as
particle accelerator pulse radiolysis, electron paramagnetic reso-
nance spectroscopy, and cyclic voltammetry. Computational
methodologies are currently the best method to obtain dioxygen
and superoxide potential energy curves, and the sole method by
which to investigate the femtosecond-scale reaction coordinates
of the transition states, excepting specialist spectroscopy. In this
study, the computational methodologies used were real-time TD-
ODFT and ODFT as the modules, CCSD(T) and CAM-B3LYP as the
XC functionals, and aug-cc-pVTZ and 6-311++Gxx as the basis sets.
TD-ODFT is TD-DFT, except that the DFT is computed with the
open-shell systems of ODFT (using spin-unrestricted
wavefunctions).

2. Methods

2.1. Group theory

Diatomic oxygen is linear and centrosymmetric with a D,
point group designation, and a full rotation of Il ® Il for
0:(*%Z,) and X; ®Tl; for O, (°Tl;). Diatomic oxygen molecular
and 7) have the

orbitals (o reducible representation

A1

Fig. 1. Total isosurface renderings of (A, C) dioxygen and (B, D) superoxide. ODFT
results computed at CAM-B3LYP/aug-cc-pCVQZ. (1) is a cartoon at the yz plane, (2)
is also at the yz plane; (3—6) include axes. Each successive rendering (2—6) varies
the wave cutoff from 0.0002 to 0.001 in 0.002 increments. (C, D) XY translucent
planar slices of total isosurfaces with a wave cutoff of 0.0004.

I' =X @ II(y = 6). An abelian point group was necessary for sym-
metric computations, so a D,; perturbation was assigned due to
shared D, operations (E,2C,,C5,20,, 64,1) [22]. D, partial point
group correlations were verified by computing the D, linear com-
bination and their correlary wavefunctions. Breaking inversion
symmetry by demoting Dy, to C,, was explored [23], but did not
have a discernible effect.

2.2. ODFT and basis sets

Systems were computed in the gas phase implementing hybrid
open-shell density functional theory (ODFT). A coulomb-
attenuated (range-adjusted) functional was used to assess the CT
system: CAM-B3LYP. CAM-B3LYP is a generalized gradient approx-
imation hybrid XC exchange functional (Becke 1993), with Lee-
Yang-Par’s correlation, and a long-range Coulomb-attenuated cor-
rection that is explicitly defined for CT systems [24-27]. CAM-
B3LYP computations implemented ODFT with spherical-harmonic
angular basis sets. Several levels of theory (and with differing dif-
fusions and polarizations) were impartially assayed using the
python programming language. Double * and + were chosen rather
than single * and + for continuing compatibility with other sys-
tems. Full optimization data sets were collected from the Dunning
sets aug-cc-pVTZ and aug-cc-pCVQZ, and the Pople sets 6-31Gsxx,
6-31++Gx*, and 6-311++Gxx. The primary basis sets implemented
here were 6-311++Gx** and aug-cc-pVTZ [28,29]. A representative
NWChem input file for the distance-energy calculations is:

python
geometry ="
geometry noprint; symmetry d2 h
0 0 0%f;
end
x=0.1
while (x < 2.0):
input_parse(geometry% x)
energy = task_energy('dft’)
print * x =%f energy =%f% (X, energy)
X =x+0.01
end
dft
xc xcamb88 1.00 lyp 0.81 vwn_5 0.19 hfexch 1.00
cam 0.33 cam_alpha 0.19 cam_beta 0.46
odft
convergence density 1 d-9
grid fine
maxiter 1000
mult 3
end
print none
task python

2.3. Real-time TD-ODFT

The real-time charge kinetics of the dioxygen/superoxide CT
reaction were obtained through real-time TD-ODFT [30]. The
Kohn-Sham molecular orbitals of the ECs were integrated over
time to generate oscillating charge graphs. First, the ground state
density matrix was computed. Next, the density matrix was prop-
agated utilizing the real-time TD-ODFT module. Lastly, the time-
dependent observable (charge) was recorded as a function of time,
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and graphed. A representative NWChem input file for the real-time
TD-ODFT is:

start tcne

echo

geometry “bottom” units angstroms noautosym nocenter
noautoz

o] 0.67313 0 0
o -0.67313 0 0
end

geometry “top” units angstroms noautosym nocenter noautoz
0 0.60309 2.62 0
o -0.60309 2.62 0
end

dft

xc xcamb88 1.00 lyp 0.81 vwn_5 0.19 hfexch 1.00
cam 0.33 cam_alpha 0.19 cam_beta 0.46
odft
convergence density 1 d-7
grid fine
maxiter 1000
end
charge -1
set geometry “bottom”
dft
mult 2
vectors input atomic output “bottom.movecs’
end
task dft energy
charge 0
set geometry “top”
dft
mult 3
vectors input atomic output “top.movecs”
end
task dft energy
charge -1
set geometry “dimer”
dft
mult 4
vectors input fragment “bottom.movecs
output “dimer.movecs”
noscf
end
task dft energy
rt_tddft
tmax 500.0
dt 0.2
load vectors “dimer.movecs”
print dipole field energy s2 charge
end
task dft rt_tddft

3

”

top.movecs”

3. Results and discussion
3.1. Diatomic oxygen radicals — dioxygen and superoxide

3.1.1. Renderings of the total isosurfaces

Dioxygen and superoxide were first studied independent of the
EC and their CT reaction. Dioxygen and superoxide were computed
in a three-dimensional Hilbert space with the x-axis as the equato-
rial parallel. A visual depiction of the optimized molecular struc-
tures of these two diatomic oxygen radicals were given by the
isosurfaces of Fig. 1.

3.1.2. Potential energy curves with energetic minimums

Potential energy curves and definitive energetic minimums for
dioxygen and superoxide have been experimentally determined
by rotational spectroscopy with a consensus for the lowest total
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Fig. 2. Potential energy curves of dioxygen (blue) and superoxide (red). Computed
at the CCSD(T) and CAM-B3LYP levels of theory. Inset: percent errors relative to
CRC/NIST. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1

Energetic minimums from the geometric optimizations of dioxygen and superoxide at
several different levels of theory. The CAM-B3LYP, CCSD(T), EOM-CCSDT, and MP2
levels of theory utilized the variable basis sets. Included in part for internal
consistency, this data was drawn from a different version of NWChem (6.5) than

2.4. Hardware and software

NWChem 6 software suite (with a tensor contraction engine
and parallel OpenMPI support) with Python 2 was compiled from
source with C/Fortran and executed on Linux operating systems
[31,32]. An 8X/16GB box processed minor preliminary calculations
and most geometric optimizations, and to queue the main compu-
tations including the real-time TD-ODFT.

the rest of the manuscript (6.3).

Level of theory Dioxygen [Ha] Superoxide [Ha]
CAM-B3LYP/6-311++G —150.38 —150.41
CAM-B3LYP/ aug-cc-pVTZ —150.38 —150.38
CCSD(T)/6-311++G —150.08 —150.07
EOM-CCSDT/6-311++G** —149.83 —149.88
MP2 -150.38 -150.24
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Fig. 3. ODFT potential energies of the valent molecular orbitals of dioxygen and
superoxide. (a) Specific energies of the degenerate anti-bonding oxygen orbitals
responsible for the reactivity computed at CAM-B3LYP/6-311++G**, and (b)
optimized vertical detachment input ionization potentials of dioxygen and super-
oxide (d=3A) computed at CAM-B3LYP/aug-cc-pVTZ. A filled bar indicates an
orbital filled with an electron and an empty bar indicates an orbital not filled with
an electron.

energy and optimum intramolecular distance [33-37]. Relevant
computational studies continue to work toward higher resolutions
and lower percent errors. Here I provide potential energy mini-
mums and curves for both species at 0.01 A resolution, and at sev-
eral different levels of theory. Fig. 2 shows the potential energy
curves of dioxygen and superoxide, which have high resolution
and low percent error using the experimental results of rotational
spectroscopy (CRC/NIST data). The energetic minimum of dioxygen
was —150.37209 Ha at 0.60309 A, and the energetic minimum of
superoxide was —150.39349 Ha at 0.67313 A when computed with
the most accurate XC functional, which was CCSD(T), in this case.
The total potential energy of superoxide intersects that of dioxygen
at its geometric minimum, which has implications for the activated
state.
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Fig. 4. Potential energies of the doublet (2) and quartet (4) ECs as a function of
intermolecular contact distance. ODFT results were computed at CAM-B3LYP/aug-
cc-pVTZ. (P) parallel, (L) collinear, (C) crossing, (T1) t-type I, and (T2) t-type II.

Each level of theory shown had an approximation error of <1%
for dioxygen and <2.5% for superoxide relative to CRC/NIST (rota-
tional spectroscopy experiments): 02(32;) =0.602-0.604 A [33],
and O, (*I1,) = 0.668-0.678 A [38]. Spin-paired orbitals had high
overlap at >96% (and typically 98-100%), and energetic variation
from exact repetition or computation alone (spin designation,
etc.) was negligible (<0.002%). Dunning geometric optimizations
that preceded Pople energetics computations did not limit that
error. Switching the initial value of the radius from 0.01 to 10 A
did not limit that error. Increasing the number of SCF optimization
iterations from 50 to 10,000 did not limit that error. A few compu-
tations tested the unrestricted MP2 functional following the find-
ings of a previous publication [15], but CAM-B3LYP stood more
accurate within NWChem. 6-31++Gsxx alleviates that basic error
seen in a prior publication which used 6-31Gx** instead. CCSD(T)
validated certain computations [39]. EOM-CCSDT was more expen-
sive than, yet produced nearly equivalent data points to, CCSD(T).

Table 2
The encounter complex structure coordinates by atom. Consider an equatorial parallel x-axis. The intramolecular contact distances are r, and rp, and the intermolecular contact
distance is d.
Molecule Dioxygen Superoxide
Atom (0] (0] (0] (0]
Coord. X y z X y z X y z X y z
Parallel Tq —d/2 0 —Ty —d/2 0 Ty d/2 0 —Tp d/2 0
Linear —dj2 0 0 —2rq—df2 0 0 d/2 0 0 2rp +d/2 0 0
Crossing 0 Tq —d/2 0 —Tq —d/2 Tp 0 d/2 —Tp 0 df2
T-type 1 —d/2 Tq 0 —d/2 —Tq 0 df2 0 0 2r, +d/2 0 0
T-type 2 d/2 0 0 2rq+dj2 0 0 —d/2 Iy 0 —d/2 —Ty 0
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EOM-CCSDT/aug-cc-pVTZ had the lowest percent error yet
reported for dioxygen at 0.017%, but superoxide did not easily con-
verge under the same symmetry. Minimum energies for dioxygen
and superoxide using CCSD(T) and CAM-B3LYP compared to
EOM-CCSDT and MP2 are given in Table 1.
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3.1.3. Electron potentials of the HOMOs, LUMOs, and SOMOs

The proposed mechanism is the EC and its activated state rather
than simplistic detachment from superoxide and attachment to
dioxygen. Still, as a potential alternative, specific attention was
owed to the molecular orbital electron attachment and detach-
ment energies, which were given in Fig. 3. Dioxygen attachment
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Fig. 5. Real-time TD-ODFT results of the CT reaction of the five quartet ECs at intermolecular contact distances of 2 A and 3 A. To-scale graphs at 0.2 fs intervals. Real-time TD-
ODFT results were computed at CAM-B3LYP/aug-cc-pVTZ. (P) parallel, (L) collinear, (C) crossing, (T1) t-type I, and (T2) t-type II. Blue is the molecule that begins the reaction

as dioxygen and red is the molecule that begins the reaction as superoxide.
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Fig. 6. Real-time TD-ODFT results of the CT reactions for the quartet parallel EC structure at optimized contact distance. Contact distances to maximum times of (a) 2.62 A to
500 fs. Real-time TD-ODFT results were computed at CAM-B3LYP/aug-cc-pVTZ. Blue is the molecule that begins the reaction as dioxygen and red is the molecule that begins
the reaction as superoxide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Real-time TD-ODFT results of the CT reactions for the quartet parallel EC structure. Contact distances to maximum times of 3 A to 10 ps. Real-time TD-ODFT results
were computed at CAM-B3LYP/aug-cc-pVTZ. Blue is the molecule that begins the reaction as dioxygen and red is the molecule that begins the reaction as superoxide. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

forms superoxide. Superoxide detachment forms singlet dioxygen,
and superoxide attachment forms peroxide. Ionizing detachment
from the superoxide highest occupied molecular orbital (HOMO)
is favorable whereas ionizing detachment from the dioxygen
HOMO is not. For the HOMO vertical detachment, dioxygen error
was approximately 7% relative to the CRC experimental value
[40], which was below par for DFT vertical detachment approxima-
tion errors. Ionizing attachment to the lowest unoccupied molecu-
lar orbital (LUMO), which was &3, for diatomic oxygens, is also not
favorable. Both detachment from and attachment to the SOMO,
which is 75, for diatomic oxygen, are energetically favorable.
Superoxide SOMO detachment forms O,('Ag) (singlet dioxygen)
with favorability —0.1536 eV, and superoxide SOMO attachment
forms 037('Zy) (peroxide) with favorability —6.717 eV. Both
detachment from and attachment to superoxide are favorable,
however attachment is considerably more favorable than detach-
ment, indicating attachment reduction to peroxide is more pre-
dominant than detachment oxidation back to dioxygen. These
computational measurements are of the stable chemical species
and not the transient radical species that is most likely to occur
in a physical context. It is probably safe to conclude that the dioxy-
gen/superoxide CT reaction is not the result of a two-step detach-
ment from superoxide followed by attachment to dioxygen; an EC
transition state is apparently necessary for this specific CT reaction.

3.2. Doublet and quartet dioxygen/superoxide encounter complexes

3.2.1. The encounter complexes

The doublet and quartet ECs including the resultant activated
state will now be addressed. The dioxygen/superoxide CT reaction
proceeds by 1. an EC: ,0,---,0;; and 2. an activated state:
a02(1) - - - 05 (r). The EC geometry partially determines the favora-
bility of the CT reaction. The EC can hold a number of structures.
Five structures with an intramolecular covalent radius (r) and
intermolecular contact distance (d) were geometrically oriented

as either parallel (P), collinear (L), crossing (C), or T-type (T1 and
T2) [10], as defined in Table 2. Furthermore, the EC configuration
can have a multiplicity of either two or four (doublet or quartet).

3.2.2. Potential energy curves with energetic minimums

Two unique approaches were used to compute the potential
energy curves of the ECs. 1. The electrons were placed at the appro-
priate occupancies for either the doublet or quartet multiplicity
using the NWChem ‘swap vector’ option, and electron number 33
in the diatomic oxygen system was correctly identified, as con-
firmed by density analyses [41,42]. 2. To test continuity of theory
by a different approach, an ab initio LCAO-MO method was
equipped: the two by two oxygen atoms were geometrically
assembled, the applied charge of electron number 33 was assigned
to the system, and the four atoms were then combined as a dimer.
The results from the ab initio method (approach 2) did not substan-
tially differ from the results of the software-established module
(approach 1). The total potential energies of the doublet and quar-
tet ECs are now given in Fig. 4.

The quartet ECs had lower energy and more definitive metrics
than the doublet ECs: quartet EC energies converge whereas dou-
blet EC energies diverge as the contact distance increases. The
homogeneous quartet ECs had lower energy and the shape of their
potential energy curves were more consistent than that of the
heterogeneous doublet ECs. Here I have used an entirely different
system to confirm finding that the dioxygen/superoxide CT reac-
tion is most likely to occur via the quartet rather than the doublet
state [10]. The energetic minimums of the dioxygen/superoxide
ECs were found utilizing a python iteration. For the quartet state,
the optimum contact distances for the five ECs were 2.91 A for
crossing (%C), 2.55A for collinear (L), 2.62 A for parallel (*P),
2.49 A for T-type I (*T1), and 2.50 A for T-type II (*T2). The exacti-
tude of the radial computations superseded the previously
reported highest resolution of “~3 A” in all cases. All quartet struc-
tures reached an energetic minimum below —300.9 Ha. The quar-
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Fig. 8. Real-time TD-ODFT results of the CT reactions with a third oxygen atom in
the quartet parallel EC structure. Contact distances and number of oxygen atoms of
(a) 2 A and 3 oxygen atoms total, (b) 3 A and 3 oxygen atoms total, (c) 3 A and 4
oxygen atoms total. Real-time TD-ODFT results were computed at CAM-B3LYP/aug-
cc-pVTZ. Blue and green are the molecular structures that begin the reaction as
dioxygen and red is the molecular structure that begins the reaction as superoxide.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

tet parallel EC structure — which was the most energetically favor-
able EC structure studied — reached an absolute minimum at
—300.8021 Ha.

3.2.3. The activated transition state structure

The results hitherto give enough information to build a theory
about the activated state and its potential role as another transi-
tion state in the dioxygen/superoxide CT reaction. The activated
state precedes the completion of one cycle of the CT reaction.
The activated state is the transition structure that follows from
the EC structure. During the course of the CT reaction, the EC struc-
ture may proceed to pair with adjacent diatomic oxygen species in
series in order to transfer the charge to another molecule, accord-
ing to the net equation: .0, +,0, — 0, + ;0,. An energetic equi-
librium may control the CT reaction according to the equation:
Eactivation = E(a02(1)) + E(50; (1)).

3.3. Real-time quartet dioxygen/superoxide charge transfer reactions

3.3.1. The five encounter complexes at two contact distances

After the EC structures were adequately delineated, I computed
the superoxide CT reaction in real-time using TD-ODFT. A dioxy-
gen/superoxide EC structure was programmatically loaded. The

oscillations of electron number 33 were then observed (without
an applied electric field). The results became predictable and con-
sistent: electron number 33 is transferred homogeneously that
varies with EC geometry. Results at the contact distances of 2 A
and 3 A were graphed as shown in Fig. 5. These CT studies in
real-time show that electron number 33 begins on one diatomic
oxygen molecule and then fully transfers to the other diatomic
oxygen molecule, generating a state that is easily described as
superoxide. The frequency of the observed charge oscillation is
dependent on the geometric arrangement of the EC structure
including the intermolecular contact distance between the two
diatomic oxygen molecules. The CT over real-time has both a more
consistent amplitude and a greater frequency with decreasing con-
tact distance for each EC structure, indicating that the CT reaction
is completed both fuller and faster as the diatomic oxygen mole-
cules gain proximity in space. The collinear EC structure is not pre-
cise relative to the other ECs. This lack of precision is reproducible
and apparently an attribute of the geometric arrangement.

3.3.2. Parallel encounter complex at its optimized contact distance

I next sought to test the quartet ECs at their optimized contact
distances, which have minimum energy. Accumulated data at dif-
ferent contact distances gave me an interest in the quartet parallel
EC structure, which has an optimized contact distance of 2.62 A.
The real-time CT results are given in Fig. 6. At the quartet parallel
EC structure with the optimized contact distance, the superoxide
CT reaction occurs at a rate of 97.2 fs, which is the rate at which
the charge oscillates across the diatomic oxygen molecules in
series.

3.3.3. Parallel encounter complex up to ten picoseconds

The electric charge oscillates for the duration of the reaction,
even when observed for up to 10 picoseconds, as given in Fig. 7.
After observing the CT reaction up to 10 ps, a secondary oscillation
pattern emerged at a rate of approximately 2.25 ps. Given just two
diatomic oxygen molecules in series, the CT reaction always had
precise sinusoidal symmetry. Using this system, I was able to
determine the frequency with which the charge was transferred.

3.3.4. Spontaneous dismutation with a third and fourth oxygen atom

To expand on these experiments, I began computing more than
two diatomic oxygen molecules in series by rigid geometric con-
structions, as shown in Fig. 8. Spontaneous dismutation to perox-
ide probably occurred when multiple species (three or four
diatomic oxygen molecules total rather than just two) were com-
puted in series, or the geometric configurations were not accurate
enough to proceed into dismutation chemistry.

4. Conclusion

An understanding of the most prevalent electron acceptor that
is dioxygen, and the reaction which spurns it to radicalize, is of
paramount importance to several fundamental and applied
sciences, most notably aerobic biochemistry.

In this work, ODFT and real-time TD-ODFT computed with CCSD
(T) and CAM-B3LYP as the XC functional were used to compute the
dioxygen/superoxide CT reaction as a model of superoxide radical
formation and propagation. The CCSD(T) computations yielded
dioxygen and superoxide geometric optimizations with very high
accuracy and low percent error (relative to rotational spectroscopy
experiments). This manuscript determined the optimum contact
distances for the structures of the EC of the dioxygen/superoxide
CT reaction. This manuscript is first to apply TD-DFT to the dioxy-
gen/superoxide CT reaction. I found that the favorability of the CT
reaction is a function of the EC. Of the five (ten including multiplic-
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ity) possible structures studied here, the CT reaction almost cer-
tainly proceeds via the quartet parallel EC structure, but this was
already known.

The electron flux may proceed by the picosecond in an adiabatic
cyclic or chain reaction. The extra electron that characterizes
superoxide as a distinct state from dioxygen has high ionic mobil-
ity. The resultant instantaneous point-charged specie is called
superoxide. The real-time TD-ODFT computations here show that
superoxide is well-described as dioxygen with a near-
instantaneous point charge. Superoxide is substantially abundant
as a state of dioxygen. Superoxide radicals were once viewed as a
sparse species, but they are considerably more abundant than
the literature suggests.

The radical is an upstream ‘reactive oxygen species’ that indi-
cate a chemical imbalance called oxidative stress. Oxidative stress
is associated with deleterious physiology including inflammatory
signaling cascades, cell proliferation and angiogenesis or cancers,
lipid peroxidation and protein oxidation, nuclear and mitochon-
drial DNA mutation, and apoptosis/necrosis or cellular death, lead-
ing some researchers to theorize about the ‘free radical theory of
aging’. Therefore, studies on the quantum chemistry of superoxide
radical are of interest to many applied sciences, including those
sustaining the free radical theory of aging and disease.
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