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From Lithium and Sodium Superoxides to Singlet-Oxygen -

Insights into the Mechanism of Dissociation Using SHARC-

MD

Dennis S. Pietruschka,®' Aleksandr Zaichenko,® " Martin Richter,'? Stefanie Grife,™ and

Doreen Mollenhauer*® !

The formation of highly reactive singlet oxygen from alkaline
superoxides presents an important reactivity of this component
class. Investigations of the reaction paths such as disproportio-
nation of LiO, and NaO, have been presented. Furthermore, the
dissociation of these superoxide systems have been discussed
as an alternative reaction channel that also allows the formation
of singlet oxygen. Here, we present a fundamental study of the
electronic nature and dissociation behaviour of the alkali
superoxides. The molecular systems were calculated at the
CASSCF/CASPT2-level of theory. We determined the minimum
energy crossing points along the dissociation required to form
triplet oxygen 0, and singlet oxygen 'O,. Building on these

1. Introduction
1.1. Metal/Air-Batteries and the Pathways to Singlet Oxygen

The reactivity of reduced oxygen species (ROS) in alkali-metal/
air battery systems or more specifically in aprotic alkaline
metal/oxygen-batteries (AAOBs), most often discussed in
terms of lithium- and sodium air-batteries, is one of the major
challenges in realizing these promising systems.!"'® By
combining a metal anode with an oxygen gas cathode,
unprecedented theoretical energy densities of 11429 Whkg™
and 2646 Whkg™' for Li- and Na-AAOBs, respectively have
been postulated.*''? However, the underlying redox
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results, a surface-hopping AIMD-simulation was performed
employing the SHARC program package to follow the electronic
transitions along the minimum energy crossing points during
the dissociation. The feasibility of populating the electronic
state corresponding to the formation of singlet oxygen during
dissociation was demonstrated. For LiO,, 6.85% of the trajecto-
ries were found to terminate under formation of 'O, whereas
for NaO, only 1.68% of the trajectories ended up in 'O,
formation. This represents an inverse trend to that reported in
the literature. This observation suggests that the dissociation is
a viable, monomolecular reaction path to 'O, that complements
the disproportionation pathway.

chemistry is hampered by parasitic side reactions that
irreversibly damage  electrochemically  essential  cell
materials*"'* and continuously degrade additive cell compo-
nents such as redox-mediators."*'” The reaction with electron-
rich reduced oxygen species produces side-products, e.g.
Li,CO,"®" or LiOH.”?**? Since the influence of these compo-
nents disrupts the functionality of the metal/air-cell, the
question of the mechanism of their formation has received
considerable attention.!>*2

Central to the various reaction pathways of parasitic
chemistry in metal/air-systems is the formation of singlet
oxygen. Singlet oxygen 'O, is characterized by a higher
reactivity with other chemical compounds of the same spin-
state compared to the naturally abundant triplet oxygen
30,.%% Interest in the relationship between singlet and triplet
oxygen has been sparked, particularly in relation to reactions
with organic compounds. Research into the lifetime of oxygen
states and their transitions has led to the development of
excitation and deactivation strategies. Studies have also been
conducted on environmental chemical effects and photonic
excitation.”’*? In the context of battery systems, singlet
oxygen was initially identified in experimental studies by
Wandt et al. in operando,”® and its detrimental effect on cell
materials was subsequently proposed in a number of studies
and literature reviews, highlighting its involvement in a
continual degradation of cell components.***** |t should be
mentioned that the possibility of in operando'O,-formation
within AAOBs is not undisputed, and the need for further
analytical-chemical investigation of ROS formation has been
emphasized, e.g., by Schirmann etal.” The fundamental
mechanistic interpretation of the underlying electrochemistry
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focuses on two questions: First, how is this parasitic species
formed during the charge/discharge-process? And second,
how can this formation be prevented or mitigated? In the
research works of Mahne etal.™ Petit etal.”® and Mourad
et al,””” the alkaline metal superoxides LiO, and NaO, have
been proposed as key components in the mechanistic path-
ways. These intermediate species are characterised by their
tendency to disproportionate to the corresponding peroxide.
Their models of the alkaline superoxide disproportionation
reaction and its thermodynamics was based on the hexaatom-
ic molecular dimer structures Li,O, proposed by Bryantsev
et alB**” Their research highlighted the complementary
nature of weak Lewis acids, such as ammonium cations,
present in the solvent as a factor contributing to the
distinction between the alkaline homologues.®® The amount
of singlet oxygen 'O, formed was shown to increase from
lithium to sodium-based materials, which was subsequently
attributed to the relative size of the energy barriers along the
disproportionation mechanism by Petit et al.”® The involve-
ment of the excited 'O, state and its relationship to the
thermodynamics of the ground state, which changes over the
course of the reaction, presents a valuable insight of this
study.””

Recently, in the theoretical work by Zaichenko etal., an
alternative, dissociative pathway leading to the formation of
'0, has been suggested as a viable alternative mechanism to
the disproportionation.® In that work, having chosen a small
size model system, the dissociation curves of alkaline super-
oxides could be reliably described using the multiconfigura-
tional CASSCF/CASPT2 methods. The molecular models of
superoxides used in that study, i.e. the triatomic LiO, or NaO,,
represent the smallest molecular unit capable of achieving the
elemental reactivity of dissociation into its constituents. The
size of the molecular model used allowed investigating the
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underlying electronic transition phenomena. Several crossing
regions along the calculated potential energy curves with the
excited states corresponding to the formation of singlet-
oxygen in the ‘Ag spin-configuration were found. The relevant
important dissociation curves of molecular LiO, (Figure 1a)
and NaO, (Figure 1b) are shown together in Figure 1. Four
different crossing points (CP) have been identified and are
labelled CP, to CP; for later reference.

In addition to the irreducible representations according to
the C,, group, a second labelling scheme is introduced, also
because the trajectories were calculated without implying
symmetry restrictions. The states are considered in their
energetic order for the ground state geometric structre of the
superoxide molecule. According to their electronic character,
the two lowest states, ascending in energy during dissociation
are named as'lonic 1’ (irred. rep. 1°A,, lowest curve in black)
and ‘lonic 2’ (irred. rep. 1%B,, curve in red). Here, the metal
subunit is present in an oxidized form after transferring one
electron to the O,, reducing it to its superoxide form. These
states are abbreviated as 11 and 12, respectively. Conversely,
the three states energy-decreasing states during dissociation
are referred to as ‘Neutral 1’ (irred. rep. 1?B,, curve in light
green),'Neutral 2’ (irred. rep. 1°B,, curve in light blue) and
‘Neutral 3’ (irred. rep. 2°B,, curve in dark green). These states
correspond to an electron configuration in which the metal
and oxygen subunits of the LiO, are both electronically
uncharged. In these configurations, no electron transfer has
taken place from M to O,. In short, these are denoted as N1 to
N3. This scheme provides an intuitive analogy to address
deviations from C,, symmetry in the molecular structures. Both
alkaline superoxides exhibit a qualitatively similar dissociation
behaviour: Following curve I1 in both systems along the
reaction coordinate at a distance ry.o0 1,=2.92 A (or 3.18 A in
the case of NaO,), the crossing point CP, into curve N1 is
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Figure 1. Potential energy curves for the dissociation of the superoxides LiO, and NaO,, calculated at the CASSCF(13,12)/CASPT2/aug-cc-pV5Z level of theory,
taken from Ref. [39]. The energy relative to the ground state is plotted against the perpendicular intramolecular distance ry.oo. The oxygen-bond length ry ¢ is

linearly interpolated between 1.35 A (superoxide) and 1.21 A (dissociated system). The energies are given relative to the energy minimum of the ground state.

The states are coloured and labelled according to their irreducible representation in the C,,-point group (see Ref. [39] for details). A characterisation of the
electronic states is given. The order in which the states are counted refers to the energetic order at the state of the ground state geometric structure (left
hand side of the dissociation curves): The first two energetically ascending states referred to as lonic 1 and lonic 2 (11 and 12); the three descending,
dissociative electronic states are labelled Neutral 1 to Neutral 3 (N1 to N3). The four crossing points are also labelled CP, to CP; for later reference.
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observed. Assuming the states are coupled, this implies an
electron transfer from the superoxide O, anion to the metal-
ion M* and the formation of triplet oxygen (*Z,"). For the LiO,
and NaO, systems this coupling is discussed below. Following
the ground state further, the second crossing point CPj is
found at 3.50 A (or 375 A in the case of NaO,), which this time
crosses with N2 & N3, indicating the formation of the reactive
'0,-species (1Ag). This specific electronic transition is illustrated
in Figure 2 below, which shows a schematic of the electron
transition between the frontier orbitals at CPy. For crossings
starting from the electronic ground state |1, the intuitive
orbital occupation scheme implies electron transitions from
the orbitals of the oxygen component of the LiO, back to the
metal atom, i.e. its reduction to N2.

These crossing points are energetically separated by
0.9 eV. The main difference between the LiO,-system and the
NaO,-system is that the NaO,-system is characterised by a
lower dissociation energy AEg, (1.80 eV compared to 2.30 eV
for LiO,), and the vertical excitation generally requires less
energy compared to the LiO, system. The two analogous
crossings CP, and CP; of the first excited state in the Franck-
Condon region, 12 into N1 or N2 or the degenerate state N3,
represent a similar electronic transition from O, back to M™
but from the orthogonal n*-orbitals of O,” and hence forming
singlet oxygen depicted in the right-hand side of Figure 2.

1.2. Hypotheses on the Formation of '0, in the SHARC-
Approach

From these relationships between the excited states of the
superoxides and the formation of '0, in the static molecular
quantum chemical picture, we hypothesise that, given suffi-
cient energy and appropriate probability for electron hopping,
population of the singlet oxygen state can be achieved during
the dissociation process. The experimental studies of oxygen
formation in AAOBs suggest that the majority of oxygen

E :
lonic 1 (I1)

\

A LiO,
/

& —  a,-25(M),LUMO

dissociation

formed is formed as 0, while a small fraction is formed as
'0,." A further sub-hypothesis is that the quantitative differ-
ences between the potential energy surfaces (PES) of LiO, and
NaO, lead to differences in the population of the electronic
state leading to the formation of singlet oxygen.

In order to investigate these hypotheses, in this work, we
consider the molecular superoxide dissociation from a dynam-
ics’ perspective in this study. The multiconfigurational nature
of the molecular model systems LiO, and NaO,* has to be
maintained in the approach. In addition, non-adiabatic cou-
plings between the different electronic states have to be taken
into account in order to correctly describe electronic tran-
sitions. This is realized here using the SHARC-program package
(acronym for Surface Hopping including ARbitrary Couplings),
developed by the Gonzélez group.”**

This allows the computation of ab initio Molecular
Dynamics (AIMD) trajectories involving transitions caused by
coupling between electronic states by means of a “surface
hopping” algorithm, originally formulated by Tully.*** The
treatment of an ensemble of trajectories, each of which has
the possibility to “hop” to a different electronic state at each
time step, approximates the quantum mechanical evolution of
the nuclear wave packet motion on various potential energy
surfaces. The ability of SHARC to adequately reproduce these
quantum dynamics results has been shown for various
molecular systems."®*® SHARC extends the capabilities of
Tully’s algorithm to arbitrary couplings, including spin-orbit
couplings, by introducing an efficient diagonalisation proce-
dure. For a detailed discussion of the SHARC-algorithm the
basic methodology article is recommended.””

The basic features of the SHARC-algorithm are explained
using the hypothesis of 'O, formation from the alkaline
superoxides as an example. For each the two alkaline super-
oxides respectively, a trajectory ensemble with certain initial
conditions (characterised by nuclear coordinates and the
corresponding nuclear momenta) is first generated. At each
time-step of the AIMD simulation, the nuclear degrees of
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Figure 2. Schematic of the electronic transition from the ground state of LiO,, A, or I1, into the excited state 'A, or N2 along CP; corresponding to the

formation of '0,.
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freedom are then propagated along the potential energy
surface of the system. The motion of the atoms (e.g.
dissociation of the metal atom from the O,-unit with sufficient
energy supply; vibration of the O,-unit) is calculated classically
according to Newton'’s equations of motion using the (on-the-
fly) quantum-chemically computed gradients of the current
electronic state. Transition to other states is realised via
surface-hopping, based on a probabilistic procedure that takes
into account local and non-local (e.g. spin-orbit) couplings. As
the coupling terms are highest in the immediate vicinity of the
crossing regions, transitions between electronic states will
occur predominantly there."”

The evaluation of the individual trajectories and the
ensemble averages provides an overall expression of the
population probabilities and the trajectories’ dynamics along
the electronic states for given initial conditions. Assignment of
the chemical meaning e.g. the distinction between the above-
mentioned states N1, N2, 11, 12 and I3 for the alkaline
superoxide system is realised by following the localised
diabatisation scheme in SHARC. With a sufficiently large
number of trajectories, the ensemble mean eventually ap-
proaches the behaviour of the natural system. Based on the
static picture outlined above, for the state corresponding
ultimately to the formation of '0,, we expect a small number
of trajectories to follow this pathway while the majority
terminate in the state corresponding to the formation of °0,.

1.3. Outline of the Presented Study

The present study of SHARC-dynamics begins with an inves-
tigation of the MECP employing CASSCF/CASPT2-computa-
tions for their search. A full discussion of the influence of the
different types of orbitals commonly employed in the multi-
configurational post-Hartree-Fock treatment of the system for
the computation of the MECP is presented. We show that the
commonly used active space restricted to the 2/3s-orbitals of
the alkali atom and the 2s- and 2p orbitals of the oxygen
atoms, e.g. studies by Allen et al.*® or Pierini et al.*” should
be extended to include 2/3p-orbitals of the alkali metal atom.

Furthermore, the simulation of the dissociating superoxide
systems will be presented in detail. We will analyse individual
trajectories exemplifying excitation/relaxation patterns. These
patterns and the associated reaction channels will be
discussed in the context of the static dissociation curves
presented by Zaichenko etal.*¥ Further, we will compare
between the two superoxides, LiO, and NaO,, based on the
evaluation of the ensemble averages and the trends observed
during the simulation. The discussion of ensemble properties
obtained is best expressed through the specific questions
“Can singlet oxygen be formed during the dissociation
process?” and further “Does the nature of the monomolecular
model system lead to quantitative differences in the amount
of '0, formed?”. It also raises the question of whether the
observed ratios of 'O, formation reflect the experimental
results. Ultimately, this allows discussion of mitigation strat-
egies and comparison with experimentally observed trends

ChemPhysChem 2024, 25, e202400216 (4 of 15)

during dissociation and also, as initially presented, during
disproportionation.

Computational Details

Search for Minimum Energy Crossing Points

In search for minimum energy crossing points (MECP) between
the potential energy surfaces for the dissociation of the LiO, and
NaO, molecules, the optimisation procedures of the OpenMolcas-
program package were employed.?**® As a starting point for the
search of these MECPs, the molecular structures of the crossing
points provided by Zaichenko et al.®” were chosen, which are
characterised by an intramolecular distance between the alkali
atom and the centre of the oxygen bond, ry.oo1,~2.92 A (or
3.18 A in the case of NaO,), together with an oxygen-oxygen bond
distance ro.o) of 1.35 AP¥ These structures, which represent the
points of intersection in the static quantum chemical picture of
the linearly interpolated reaction coordinate, were then re-
optimised taking into account additional non-geometric con-
straints. First, only the interatomic distance ry o0 ;) together with
the bond length of the O,-unit were taken into account in the
optimisation, in order to maintain the fundamental C,, symmetry
of the molecules and consequently the irreducible representations
of the electronic states. The convergence criterium of difference in
their electronic energy at the same coordinates AE < 107° E, was
required to identify the MECP. The computations were carried out
at the SA-CASSCF/CASPT2/cc-pVTZ level of theory.®*** The first six
doublet states were included with equal weight in the state-
averaging.

To assess the influence and composition of the active space on
the quality of the description, discussed in detail in the ESI, the
computations were carried out employing a (13,12) active space.
This active space contains the complete valence electron space
including all 2s and 2p valence orbitals of lithium and oxygen in
the case of lithium superoxide and the 3s-orbitals and 3p-orbitals
in the case of NaO,. Subsequently, the energetically low-lying 2s-
and 2s*-oxygen orbitals were considered inactive, i.e. always
doubly occupied, and were removed from the active space to
form the (9,10) active space. Finally, from this composition of the
active-space, the energetically high-lying orbitals with a predom-
inant contribution of the 2p orbitals of lithium (or 3p orbitals of
sodium) were considered secondary, i.e. always unoccupied, and
therefore also removed to form a (9,7) active space. This smallest
active space - a reduction to only the six 2p valence orbitals of the
oxygen and a minimal selection of valence orbitals of the reaction
partner is employed in literature for example in the quantum
chemical modelling of reactive compounds at local minima such
as alkaline superoxide dimers®® or ethylene or vinylene
carbonates."” In these studies the (9,7) active space was discussed
to be sufficient for the structural and energetic characterisation of
ground and even transition states of oxygen compounds. For the
example of LiO,, a graphical scheme of the three active spaces is
provided in Figure 3.

SHARC-AIMD Studies of the Dissociating LiO, and NaO,

The OpenMolcas-program package®*® was used by the SHARC-
program to calculate the potential energy surface for the
trajectories.®'*? The potential energy surfaces and their gradients
at the time steps were calculated at the SA-CASSCF(9,10)/cc-
pVTZ®” level of theory. Six doublet and four quartet states were
included in the state-averaging in order to take sufficient account
of all electronic states that intersect with each other during the
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Figure 3. Schematic overview of the three investigated active space sizes studied for the LiO,-molecule: (13,12) - the full valence space; (9,10) - excluding the
2s-orbitals of O,; (9,7) - excluding the orbitals with predominantly 2p(Li) nature. A discussion on the influence of the active space size on the optimisation of

the MECP is presented in the ESI.

dissociation process. All states were given equal weight in the
state-averaging process. The system was treated without consid-
eration of symmetry to allow for any kind of molecular
deformation for the initial starting conditions as well as through-
out the simulation runs. Consequently, we apply the alternative

ChemPhysChem 2024, 25, e202400216 (5 of 15)

naming scheme introduced above. At this level of theory, the
analytical computation of gradients was possible, which allowed
for sufficient simulation length and an appropriate step size. The
ensembles of initial conditions for the SHARC-simulations were
first determined by structural optimisation of the electronic
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ground state in conjunction with a calculation of vibrational
frequencies, which confirmed the obtained structures of LiO, and
NaO, molecules to be local minima. Starting from the ground
state nuclear wavefunction, the initial conditions - coordinate
pairs and initial momenta - were sampled from a Wigner
distribution of a harmonic oscillator model around the ground
state minimum %9

The AIMD simulations were then started from these initial
conditions. In a simple modelling approach, the initial conditions
for the trajectories were considered in N1, the state corresponding
to the 1%B,-representation. This vertical excitation was necessary
to give the system enough energy to dissociate completely into a
single metal atom and a dioxygen unit (see Figure 1). In the case
of LiO,, this state is about 3.5eV higher in energy than the
electronic ground state; for NaO, the energy difference is about
2.6 eV. The individual trajectories’ total energy remained con-
served throughout the simulation; hence, the system can be
interpreted as a microcanonical ensemble. A simulation time of
50 fs was considered employing a time step size of 0.5 fs. Hops
between all the electronic states, including quartet-electron
configurations, are in principle possible. The SHARC-internal local
diabatisation and surface hopping scheme was used in conjunc-
tion with a decoherence correction developed by Granucci et al.*”

For LiO, 279 trajectories were sampled for the statistical
formulation of ensemble averages of the state populations. The
number of trajectories was increased to 901 for the NaO, system
to ensure a sufficient sample size for the formulation of converged
ensemble statistics. In all other regards, the statistical evaluation
was performed in analogy using the tools of the SHARC program
suite. The statistical averages over the entire ensemble were
determined by taking into account the sums over the absolute
squares of the diabatic coefficients (quantum amplitudes) of each
trajectory in the ensemble throughout the simulation. The
localised diabatic representation of the trajectories/ensembles
was used to correctly correlate the states with their counterparts
from the static representation of the dissociation curves and
assign their respective chemical meanings.

2. Results and Discussion
2.1. MECPs Along the Dissociation Pathways of LiO, and NaO,

The static picture of the dissociation reaction suggests a
central role for the crossing points CP, and CP; in possible
electronic transition pathways to the electrochemically un-
desirable 'O,-state. The optimisation and analysis of these
crossing points as minimum energy crossing points (MECP)
was performed, in particular the states representing the
formation of neutral molecular oxygen °%,~ (N1, formed
through CP,) and 'A; (N2, formed via CPp). The results of the
systems LiO, and NaO, were compared and contrasted.

Using the MECP optimisation procedure, results were
obtained that were consistent with the results of the static
linear interpolated intrinsic reaction coordinates (LIIC) dissoci-
ation curves (Figure 1). The MECPs are located in spatial
regions comparable to the dissociation curve results from Ref.
[28]. However, the structures obtained allow the comparison
of the internal coordinates outside the limiting linear inter-
polation approach. Tables 1 and 2 summarise the structural
parameters of the four MECP along the dissociation of LiO,

ChemPhysChem 2024, 25, e202400216 (6 of 15)

Table 1. Characteristic internal coordinates of the LiO, molecule at CP, to
CP;, optimised at the CASSCF(9,10)/CASPT2/ANO-RCC-TZVP level of theory
considering the system in C,,-symmetry. The labels of the crossing point
labels were chosen following the labels in Figure 1. The chemical impact of
the crossing points is given in the first column.

MECP r(M-00, 1)/A r(0—0)/A ©0-M-0/°
CP, (—°0,) 2.595 1.230 77.79
CPy (—'0,) 3.095 1.239 78.68
CP, (—°0,) 2384 1.234 77.75
CP; (—'0,) 2.888 1292 78.04

Table 2. Characteristic internal coordinates of the NaO, molecule at the
MECP between the lowest states of excitation, optimised at the
CASSCF(9,10)/CASPT2/ANO-RCC-TZVP level of theory considering the
system in C,,-symmetry. The crossing point labels are chosen in reference
to the labels in Figure 1. The chemical significance of the crossing points is
given in the first column.

MECP Fonoo, /A roo/A Oomo/°
CP, (—°0,) 2.761 1.228 77.80
CP, (—'0,) 3.101 1.232 78.76
CP, (—°0)) 2611 1.240 77.68
CP; (—'0,) 3.054 1.230 79.27

and NaO, optimised at the CASSCF(9,10)/CASPT2/ANO-RCC-
TZVP level of theory. The MECPs are labelled according to the
scheme introduced in Figure 1, with CP, and CP; representing
the crossing points from the systems’ ground state I1 into the
states corresponding to the formation of >0, and '0,, N1 and
N2. CP, and CP; represent analogues of similar electronic
transitions starting from the first excited state 12 of the
superoxide molecules.

For the crossing points CP, and CP; of the LiO,-molecule,
the structural parameters agree very well with those obtained
from the calculation with the larger (13,12) active space
(shown in Tab. ESIT and ESI2), and at the same time offer a
computationally less demanding option. Most importantly, the
succession and order of MECPs along the dissociation coor-
dinate was retained. Hence, the qualitative picture of the static
dissociation curves by Zaichenko et al.”® is conserved in the
optimisation procedure. Structurally, the CP are characterised
by a large distance between the oxygen atoms and the metal
atom and differ from each other in this respect.

An a priori exclusion of the M(p)-involving orbitals in the
optimisation of the MECP [i.e. the choice of a (9,7) active
space] was found to distort the picture of an alkali superoxide
(see here the ESI for a discussion of these structural
distortions). Furthermore, the inclusion of O(2s)-orbitals i.e.
the choice of a (13,12) active space does not contribute to the
spatial or energetic positioning and character of CP, to CP,.
Quantitative influence was only observed for the later crossing
points CP, and CP; in the case of lithium. These two MECP are
of secondary importance to the description of population flow
into the states N2 and N3, as will be demonstrated in the
following section.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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2.2. Dynamic Investigation Using SHARC-AIMD

We now evaluate the possibility of electronic transitions via
the CP, and CP; and subsequent formation of '0, during the
dissociation process of LiO, and NaO,. Employing the SHARC
simulation protocol, an ensemble of trajectories starting in the
state N1 was studied at the SA-CASSCF(9,10)/cc-pVTZ level of
theory and analysed using the internal tools of the SHARC
program.

The trajectories obtained resembled the shape of the
potential energy curves, depicted in Figure 1. The two states |1
i.e., the ground state with crossings CP, and CP; and the first
excited state 12 with intersections CP, and CP; increase in
energy during dissociation. The states with which they
intersect decrease in energy, indicating a transfer of an
electron from the superoxide anion back to the metal cation, a
reduction of the latter.

Moreover, the parallel progression of the curves between
the states N1 and N2 is observed at times of approximately
15 fs onwards of the dissociation. Two excited states (N2 and
N3), corresponding to the formation of 'O, are energetically
degenerate, as indicated by the static dissociation curves of
Zaichenko et al.?”

7.0 ‘

The overview in Figure 4 (vide infra) illustrates a selection
of four exemplary dissociation curves, which exhibit remark-
able electronic transition processes and features that will be
discussed in the following sections. The total energy of the
system, which is the sum of its potential and kinetic energy at
each time step, is represented by a dotted black line. This
energy is conserved throughout the simulation, as indicated
by the horizontal line. The states that can be reached from the
system’s initial total energy via surface hops are presented
below the line while those above the line are unavailable due
to a lack of energy.

2.2.1. Dissociation of the LiO, Molecule

The systematic inspection of all 279 LiO, dissociation trajecto-
ries revealed that with the chosen SHARC-approach, the
dissociation of the superoxide molecules into their compo-
nents is generally observed in the chosen time window of
50fs. Due to the initial momenta in the starting conditions,
not all trajectories necessarily follow the dissociation pattern
resulting from the static dissociation, in which the lithium
atom separates itself along a path perpendicular to the

a)

5.0

Li* (*Sp) + O, (%)

Li* (Sp)+ Oy (°%,)

T 4o |
>0 LS~ TN
O |
~ 30°[
W

20

1ol Li (25,5 ) + O, (35,) -

LiO, (GS
00 I | 2( ) 1 |
0 10 20 30 40 50

t/fs —

Figure 4. Trajectory of dissociating LiO, calculated at the SA-CASSCF(9,10)/cc-pVTZ level of theory. Dissociation of LiO, without any electronic transitions from
the initial excited state N1. The states are coloured and labelled according to their respective diabatic counterparts in Figure 1. The colours represent the
electronic configurations of the following states (in ascending order at t=0): the ionic state 11 (black), ionic state 12 (red), a quartet state that is not populated
during the simulation (grey), the neutral state N1 (green, Li+30,), the neutral states N2 (blue, Li+'0,) and N3 (Li+'0,, green), and another unpopulated
quartet state (grey). Term symbols have been added to further clarify the electronic states. The current electronic state on which the dynamics proceeds is

signified with a circle on top of a curve in every timestep.
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oxygen-bond. The tilt angle ®y.y, in some cases up to 25°,
notably influences the nature of the dissociation curves by
widening the energetic gap between the adiabatic states. This
intrinsic connection between geometry and energetic proper-
ties was also recently illustrated by Pierini etal.”” for the
dissociating charged LiO, -system. This behaviour leads in
many cases to avoided crossings along the reaction coordi-
nate.

Along the trajectories of the dissociating systems, surface
hops, i.e. electronic transitions between the potential energy
surface of the starting state and the energetically ascending
states, CP, and CP; can be observed in the diagonal
representation of the states. In the examples in Figures 4-7,
the electronic transitions are predominantly localised near the
crossing points, where the energetic difference is lowest and
consequentially the coupling terms between two intersecting
states are highest.

Examination of all the dissociation trajectories reveals for
the LiO, system that the vast majority of trajectories follow
some dynamics where relaxation into the energetically lowest
state in the dissociation limit is observed. This corresponds to
the formation of molecular oxygen in the triplet state. In
SHARC'’s diagonal representation of the dissociation curves,

this involves relaxation to the ground state in the first 10 to
15 fs, see Figure 4.

The dissociation of the system into its component parts,
the direct comparison with the static dissociation picture,
presents an oscillation of the energy curves in the energy. This
directly corresponds to the continuous oscillation of the
oxygen bond. This has little effect on the energetic position of
the potential energy curves in relation to each other during
dissociation.

The dissociation and electronic excitation of the system
into higher states was also observed, as shown in Figure 5.
From the initial excitation, the system reaches CP, with the
ascending state I1 as the trajectory progresses. Most of the
population enters this state according to the respective
contributions of the coefficients after 25fs, marked by a
change in the occupied (dotted) curve.

Finally, this dissociation curve intersects with another
excited state. Remarkably, this state N2 (depicted in blue)
parallels the ground state by passing through the neutral
dissociated state from which neutral Li and 'O, are produced.
This represents an event where dissociation into a state that
signifies the formation of singlet oxygen (either N2 or N3)
along the intersections is achieved through the MECP. In all

6.0 |

b)

N TTIND)

Li* (15) + O, (5, )

5.0

4.0

3.0 E

E/eV -—

2.0

1.0 -

LiO, (GS)

0.0

0 10 20

30 40 50

t/ fs —

Figure 5. Trajectory of dissociating LiO, calculated at the SA-CASSCF(9,10)/cc-pVTZ level of theory. Dissociation of LiO, with transition into the state I1 after

25 fs and a second transition to the excited state N2 after 30 fs along CP; (formation of '0,.) The states and crossings are coloured and labelled according to
their respective diabatic counterparts in Figure 1. The states and crossings in the figure are colour-coded and labelled according to their respective counter-
parts in Figure 1. The colours represent the electronic configurations of the following states (in ascending order at t=0): the ionic state 11 (black), ionic state 12
(red), a quartet state that is not populated during the simulation (grey), the neutral state N1 (green, Li+30,), the neutral states N2 (blue, Li+'0,) and N3 (Li
+'0,, green), and another unpopulated quartet state (grey). Term symbols have been added to further clarify the electronic states. The current electronic
state on which the dynamics proceeds is signified with a circle ontop of a curve in every timestep.
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Figure 6. Trajectory of dissociating NaO, calculated at the SA-CASSCF(9,10)/cc-pVTZ level of theory. Dissociation of NaO, with transition into an excited state
11 along CP, after 29 fs. The states are coloured and labelled according to their respective diabatic counterparts in Figure 1. The states and crossings are
coloured and labelled according to their respective counterparts in Figure 1. The states are coloured and labelled according to their respective counterparts in
Figure 1. The colours represent the electronic configurations of the following states (in ascending order at t=0): the ionic state |1 (black), ionic state 12 (red), a
quartet state that is not populated during the simulation (grey), the neutral state N1 (green, Na +30,), the neutral states N2 (blue, Na+'0,) and N3 (Na+'0,,
green), and another unpopulated quartet state (grey). Term symbols have been added to further clarify the electronic states. The current electronic state on

which the dynamics proceeds is signified with a dot in every timestep.

trajectories, N2 and N3 exhibit a characteristic energy differ-
ence of 0.9 eV relative to the ground state N1. This energy gap
indicates the electronic state of a neutral metal atom (Li/Na)
both ground and excited state and triplet oxygen (*0,) for the
ground state curve N1 and singlet oxygen ('0,) for the
degenerate excited state curves (N2 and N3). This value agrees
with the ones previously obtained by Zaichenko at the
CASSCF(13,12)/CASPT2/cc-pV5Z level of theory (see Figure 1).
It should be noted that this event, together with the transition
into the energetically degenerate state N3 (depicted in dark
green), is observed less frequently but still significantly in the
279 trajectories (see Table 3 in section 3.3).

It is observed that the trajectories entering via CP, and
remaining in the ascending excited state 11 (depicted in black)
begin to return to the initial ground state after about 20 to
25 fs. Interestingly, these states introduce a degree of reversi-
bility into the observation of the dissociating molecule: In
some rare cases, they are observed to decay largely, but not
completely, and in the final frames of the simulation, the
dissociation of the molecule appears to reverse. This behaviour
can be interpreted as an internal relaxation pathway open to
the excited superoxide species.

ChemPhysChem 2024, 25, e202400216 (9 of 15)

Table 3. Population probabilities P(MO,) for the five lowest doublet-states
of LiO, (279 trajectories) and NaO, (901 trajectories) at the end point (t=
50 fs) of the simulation run. The SHARC trajectories were calculated without
symmetry.

Electronic state P(LiO,)/% P(NaO,)/%

11 (MO,—~M* +0,7) 7.65 10.73

12 (MO,—M* +0,7) 0.00 0.00

N1 (MO,—M+30,) 85.13 87.58

N2 (MO,—M+'0,) 0.33 0.00

N3 (MO,—M+'0,) 6.52 1.68

Finally, the coefficients of the quartet-states (shown in a
grey tone in Figures 4-7) indicate that spin-crossings into
these states are observed at a rate three to four orders of
magnitude lower than into the doublet-states outlined. We
conclude that these types of crossing are of no practical
importance in the dynamical studies of the model systems
presented. It suggests that these states are not relevant to
battery processes unless specifically affected by the introduc-
tion of heavy atoms in the chemical environment.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 7. Trajectory of dissociating NaO,, calculated at the SA-CASSCF(9,10)/cc-pVTZ level of theory. Dissociation of NaO, with a first transition into the state I1
along CP, state after 30 fs and a second transition into N3 a further excited state along CP; (formation of '0,). The states are coloured and labelled according
to their respective diabatic counterparts in Figure 1. The states and crossings are coloured and labelled according to their respective counterparts in Figure 1.
The states are coloured and labelled according to their respective counterparts in Figure 1. The colours represent the electronic configurations of the
following states (in ascending order at t=0): the ionic state 11 (black), ionic state 12 (red), a quartet state that is not populated during the simulation (grey),
the neutral state N1 (green, Na+30,), the neutral states N2 (blue, Na+'0,) and N3 (Na+'0,, green), and another unpopulated quartet state (grey). Term
symbols have been added to further clarify the electronic states. The current electronic state on which the dynamics proceeds is signified with a dot in every

timestep.

2.2.2. Dissociation of the NaO, Molecule

In analogy to the LiO, molecule the NaO, molecular system
dissociates in a manner that can be deduced from the PESs by
Zaichenko etal®” Two exemplary energy-time curves are
shown in Figures 6 and 7. The same energetic sequence of
states along the dissociation pathway is observed as in
Figure 1, including the crucial MECP CP, and CP;. The first
leads to a crossing into the state N1 representing the
formation of triplet-oxygen *0,. This is followed by the
formation of singlet-oxygen 'O,, further along the intrinsic
reaction coordinate through the states N2 or N3. The most
notable difference from the LiO, dissociation curves is a
generally lower potential energy at the beginning of the
trajectories. While for LiO, the initial conditions sampled from
the Wigner-distribution characterize a total energy between
3.0 and 3.5 eV, for NaO, the total energy ranges between 1.7
and 2.3 eV. This is again consistent with the static picture of
the dissociation.

For NaO,, analogous to the dissociation of LiO,, the system
separates into two components over time, although the

ChemPhysChem 2024, 25, 202400216 (10 of 15)

motion of dissociation proceeds slower by a factor of three
due to the heavier mass of sodium. As shown in Figures 6 and
7, electronic transitions to higher states N2 and N3 are also
observed at later times, after about 30 to 35 fs. Characteristic
transition pattern between states, as described in the previous
sections, were observed throughout the ensemble of trajecto-
ries, albeit at a lower rate. Most of the trajectories followed a
transition-less dissociation pathway into the electronic ground
state in the dissociation limit, corresponding to the formation
of a sodium atom and triplet oxygen 30,. To test for the
possibility that the sample size was insufficient to represent
the dynamics, the total number of trajectories was increased
to 901. This test showed that the average probability of an
electronic transition occurring in the states associated with the
formation of '0, is indeed lower.

An example of the population of the transition to one of
the two degenerate excitations N2 or N3 corresponding to the
formation of '0, is shown in Figure 7. After 30 fs, a transition
to the ascending state 11 (coloured in black) and finally to the
'0,-signifying state N2 or N3 is observed. The slow movement
of the sodium-atom/ion ensures that relaxation to the ground

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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state in this trajectory is prevented and instead the trajectory
assumes the excited state N2 during dissociation. It should be
noted that for this selected trajectory, an initial inclination of
®o.0.m as approximately 18° is observed, again highlighting the
importance of this structural parameter identified by Pierini
et al.bV

A final class of trajectories is presented in Figure 6 where
the trajectories exhibit the formerly identified internal relaxa-
tion pattern. These trajectories occurred at a higher rate than
the electronic transition to singlet oxygen. While the general
trend is towards complete dissociation of the system, there are
exceptions: In the final steps of some trajectories of the
simulation, the dissociation process starts to reverse due to
insufficient momentum against the slope of the potential
energy surface. Hence, beside the nature of the PES, the initial
conditions of the simulation determine this behaviour. This
behaviour of the system follows this internal relaxation
mechanism into the ground state 11 from the initial vertical
excitation into N1.

One last point to mention: Although the total energy
differs between the two molecules LiO, and NaO,, the
gradients are similar in both cases.

2.3. Analyses of the Trajectory Ensembles

Beyond the evaluation of the individual trajectories, the
analysis of ensembles helps to quantify and extend the
previous observations. From the individual trajectories, we
show that for both dissociating superoxides, the formation of
'0, is observed as a rare event. To study the evolution of the
population, the sum of the quantum amplitudes and their
change with time are considered. Normalisation to the number
of trajectories then allows for a probabilistic interpretation.
The normalised probability-time-plots for both systems are
presented in Figure 8. This visualisation is accompanied by a
tabular overview of the final population, presented in Table 3.

The analysis of the ensemble’s population probability
across the five lowest doublet states of the system and over
time complements the discussion of individual trajectories. For

17
@1 5o,
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E 0.8 Li_'_f}OZ
=]
&
~ 0.6
0.4
) w
. .
0 10 20 30 40 50
t/ fs —
n— n NI —— N2 N3 ‘

both LiO, and NaO,, an onset of population flow along the
intersection CP, into the state |1 is observed after approx-
imately 15fs. For LiO,, a larger fraction of the trajectories,
about 19% at a given time, follow this path. For NaO, about
8% of the trajectories exhibit this dissociation pattern. This
population increases until, for LiO, at approximately 28 fs and
for NaO, at about 31 fs, new channels of electronic transition
open up to the system. At this point, the population begins to
flow into the states corresponding to singlet oxygen, N2 and
N3 with one of the two degenerate states, N3, being
populated favourably. Both, the excited states signifying the
reduction under formation of 'O, (along CPy), as well as the
states corresponding to the formation of a metal cation and
superoxide anion, 11 (along CP,), are very sparsely populated
at all points in the simulation. A second type of trajectory
behaviour is observed in the slow return to population of the
initial ground state 1 of the alkaline superoxides. This
behaviour indicates that a certain number of the trajectories
do not complete the dissociation, but instead an inversion of
the reaction coordinate i.e. a relaxation of the system from
initial N1 into ground state |11 is observed.

While for LiO, the combined probability of systems
exhibiting the electronic configuration of singlet oxygen and a
neutral lithium atom in a dissociated state, N2 and N3
amounts to approximately 6.85%, for NaO, a lower probability
of 1.68% for the 'O, formation was observed. The vast majority
of trajectories remained in the electronic state corresponding
to the formation of triplet oxygen. It is noteworthy that in the
case of LiO, 7.65% and in the case of NaO, 10.73% occupy the
intermediate ionic state from which relaxation to the ground
state is possible.

Comparison of these results to experimental findings and
recent mechanistic studies demonstrates that the reaction
channel toward the formation of singlet oxygen is available
alongside the predominant channel leading to the formation
of triplet oxygen. Under the condition of an initial energy
supply, as is conceivable e.g. under the influence of the
Ohmic drop or by the application of an external potential in
the charging process, this represents an available mono-
molecular pathway to the formation of oxygen species in both

b 1
(b)1 NaO,
c
2 3
S o0s Na+°0O,
]
=N
g o6
0.4
0.2 1 Na++o —
Na+ O, 2
0 -
0 10 20 30 40 50
t/ fs —
H— i NI —— N2 —— N3 ——

Figure 8. Temporal progression of the normalised populations of the five energetically lowest doublet states of LiO,, obtained from the analysis of the
quantum amplitudes of 279 SHARC dissociation trajectories and of NaO,, obtained from the analysis of the quantum amplitudes of 901 SHARC-dissociation
trajectories. The naming and colour scheme is chosen in analogy to the labels presented in Figure 1, 11 and 12, N1 to N3.

ChemPhysChem 2024, 25, €202400216 (11 of 15)

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

95U8017 SUOLUWOD SAIIea1D 3|qeal|dde auy Ag peusenob afe sapoie O ‘85N J0 S3|nJ 40y Akeiq1 Ul uO AS|IM UO (SUOTIPUOI-PUe-SWLB)/WOD" A8 1M AReq1BUlUD//:SANY) SUORIPUOD pue SW.B L au1 88S *[5202/£0/02] Uo Al auliuo AS|IM ‘91200202 2udo/200T 0T/I0p/W0d As 1M Aselq 1 jpuljuo'adoine-Ans iwsyy/sdiy wo.j pepeojumod ‘€2 ‘vede ‘TrIL6erT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202400216

spin configurations. Furthermore, as was demonstrated in
addition, based on the difference of the atomic mass of the
alkali metal atoms, a trend in the reactivity of the alkaline
systems could be established: For a slower change in the
systems nuclear coordinates, a lower transition probability is
expected according to the adiabatic theorem.® Finally, the
reaction channel to singlet oxygen is less populated for NaO,
than for LiO,. Following the same trends, a smaller fraction of
the singlet oxygen ('A,) is expected to be formed during
dissociation of superoxides such as KO,. Furthermore, tran-
sitions via the quartet states are considered to play a more
central role for this system.

This observation contrasts with the results of the Freun-
berger group on the disproportionation behaviour of the
alkaline superoxides LiO, and Na0,.**?”” They provided a
mechanistic study of patterns describing the reactivity in the
alkali/air-systems, based on the chemical synthesis of super-
oxide combined with a density functional theory-based
approach. By stabilisation of the peroxidic species, it was
possible to increase the propensity of the system to the
disproportionation mechanism and consequently to the for-
mation of molecular oxygen. Additionally, the introduction of
weak Lewis acids was shown to increase the ratio of singlet
oxygen to triplet oxygen in the mixture of O, formed during
the reaction.

The disproportionation of LiO, and NaO, in a tetraethylene
glycol dimethyl ether solution (TEGDME) was expected to
result in a small fraction of the oxygen formed having a singlet
spin-configuration. Approximately 2% of the oxygen from the
disproportionation of LiO, and up to 12% of the oxygen from
the NaO, were proposed by the authors to be '0,. This is the
opposite trend compared to the ratio determined for the
amount of singlet-oxygen formed during the SHARC-AIMD
dissociation dynamics. It must be mentioned, however, that
this interpretation of the experimental findings is not unan-
imously agreed upon. Schiirmann et al. have raised a critique
on the basis of stability windows for the lithium superoxides
and peroxides within the AAOBs.®

We believe that the results indicate that the presented
mechanistic pathway of singlet oxygen formation by dissocia-
tion complements rather than contradicts the interpretation of
Mourad et al. who suggest disproportionation as the main
cause.”®? |t is advisable to interpret it as an alternative
reaction channel, which in particular has the inverse property
of being more open in the case of LiO, and requiring only one
superoxide monomer. The consideration that there are multi-
ple mechanistically unique channels for the formation of
singlet oxygen was also recently proposed by Dong et al."”®
They observed a bond cleavage channel responsible for more
than 40% of the 'O, formed during the disproportionation. In
the light of these results, the evaluation of the elemental
reaction step of the dissociation as an additional pathway is
highly relevant, especially when considered in the context of
trying to reduce or avoid the formation of 'O, under operating
conditions within metal/air-battery systems. A direct inves-
tigation of the MO,-dimer systems’ excited state dynamics via
SHARC is currently not feasible due to the exponential increase

ChemPhysChem 2024, 25, €202400216 (12 of 15)

in computational demand resulting from the necessary
increase of the active space. The consistent size of a (9,10)
active space allowed for the first quantitative analysis of the
population flow during the dissociation process. With regards
to the disproportionation of two MO,, it may be necessary to
consider increasing the active space to either (18,20) active
space (medium active space size) or (18,14) active space (small
size). Additionally, the elementary step of dissociation is not
straightforward for these systems due to the increased
number of potential degrees of freedom among the hexaa-
tomic systems as compared to the triatomic monomers. For
the dissociation mechanism, this task translates directly into
the question of how crossings between the ascending ground
state and the states leading to the formation of 'O, in the
dissociation limit can be avoided.

The introduction of an extended atomic environment in
the form of a support or solvent offers a direct way to shift the
relative energetic position of the potential energy surfaces
with respect to each other.®’? In particular, the distinction
between ionic and neutral states can allow for specific tuning
of the energetic gaps and positioning of the crossing points.
This is currently subject of further investigation on the class of
the alkaline oxygen compounds of different oxidation states
and embedded in chemical environments. There is also the
question of whether the mechanism of disproportionation
exists also exhibits MECP between coupled states in a
dissociative elementary reaction step. And if so, how might a
step involving cleavage of the O,-bond incorporate it? This is a
particular important subject of discussion when dissociative
elementary steps are proposed, e.g., in the primary mecha-
nistic studies of LiO, disproportionation by Bryantsev et al.®"

Finally, the limitations of the approach presented here for
assessing population fluxes during disproportionation behav-
iour are considered. In order to provide the system with
sufficient energy for the dissociation, a vertical excitation into
its second excited doublet state was chosen. Sufficient energy
supply within chemical cells can be achieved by the Ohmic
drop at the electron interface.”® Additionally, the ground-
breaking research of Ngrskov et al.® demonstrated that the
energetic position of reactants experiences a bias potential
shift relative to the reaction products, which is directly
proportional to an applied bias potential U,,,. This shift could
potentially widen the distance between or even prevent the
crucial motif of MECP in the potential energy landscape of the
dissociation step leading to the formation of '0,. The presence
of the intermediate superoxide species in these regions is
achieved during operation of the cell in both the discharge as
well as the charging procedure, where the application of U,
plays a critical role.”” Moreover, this vertical excitation process
does not necessarily have to be representative of battery
phenomena. In all cases where singlet oxygen was formed, the
population passed through the state corresponding to the
electronic ground state, 11. Therefore, we assume that different
types of energy absorption generally represent the results
discussed. In this approach, successful dissociation curves and
the localisation of electronic transition near the MECPs were
observed.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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The triatomic superoxide model system used represents
the smallest possible molecularly reactive chemical represen-
tation of the superoxide intermediates. This model system size
allowed the SHARC-AIMD-study to be treated using the
multiconfigurational method CASSCF for an accurate descrip-
tion of the different excited states. Due to these model
assumptions, the scope of this study is necessarily limited to
the possibility of '0,-formation in the monomolecular reaction.
However, it is shown that this mechanistic route allows the
generalisation of this reaction pattern to other, broader
chemical reactions in batteries. A complex embedding matrix
of the system can then be interpreted as a perturbation of this
basic reaction pattern. Hence, the dissociative elementary step
leading to the formation of molecular oxygen always needs to
be investigated to facilitate the population of excited state
channels, ultimately forming 'O,.

3. Conclusions

In this study, the mechanism of dissociation of superoxide
molecules as a possible source of reactive singlet-oxygen '0,
in the context of metal/air-battery was investigated using
theoretical methods. Based on the research of Zaichenko
etal,®? the question was investigated whether minimum
energy crossing points between electronic states correspond-
ing to the formation of singlet oxygen are a reason for the
formation of this species. It was also investigated how differ-
ences between the alkaline superoxides LiO, and NaO, trans-
late into different rates for the reactive oxygen species
formation.

For this purpose, an optimisation of the MECP along the
reaction coordinate demonstrates qualitative agreement of
the static picture of the dissociation initially proposed in the
work of Zaichenko et al.”® Three different active spaces were
studied. Quantitatively similar structures and energies were
obtained between the (13,12) and the (9,10) active spaces,
and, for the most part, the (9,7) active space. However, it was
found that optimisation of important MECP between the
ground state and the excited state corresponding to the
formation of reactive singlet-oxygen, e.g., the CP; gave
incorrect structural parameters for the smallest (9,7) active
space.

Building on the static description of the dissociation
reaction and the identified MECPs, the SHARC-AIMD approach
was used to model the population of the states corresponding
to the formation of 'O, in a dynamics approach. The individual
trajectories and the quantum amplitudes of the trajectory
ensembles illustrate a complete dissociation characterised by
rare but still realized reaction channels into the electronic
configuration of singlet oxygen. The trajectories, which
eventually populate the singlet-oxygen states show character-
istic excitation patterns. We consider the presence of these
patterns as a potential indicator for the possibility of '0,-
formation in reactions with a comparable elementary step in
which an oxygen unit dissociates from an electron transfer
partner.

ChemPhysChem 2024, 25, €202400216 (13 of 15)

Differences in the rate of the dissociation reaction were
observed to influence the extent to which the non-adiabatic
transition to these excited-state configurations were observed.
For example, the probability of LiO, forming 'O, during
dissociation is 6.85 % whereas for the heavier NaO, molecule it
is approximately 1.68 %.

The ab initio molecular dynamics simulations using high-
accuracy multiconfigurational post-Hartree-Fock methods ap-
proach provides fundamental insights into the elementary
steps of an intermediate reactivity in metal/air-batteries. In the
context of recent mechanistic studies of 'O,-formation in
alkaline metal/air-cells, these results show an inverse trend to
documented findings, presenting a complementary reaction
channel. In the discussion of how to mitigate the formation of
singlet-oxygen, the importance of an appropriate solvation
approach is emphasised, and further investigations are
required to embed the elementary dissociative reaction step
in an extended environment. Future discussion should also
extend to the introduction of possible additives to the system
such as quenching agent. The results presented demonstrate
the importance of excited state phenomena in the discussion
of chemical reactivity within metal/air-systems and batteries.
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