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Manganese—oxo species catalyze key reactions, including C—H bond activation or dioxygen formation in
natural photosynthesis. To better understand relevant reaction intermediates, we characterize electronic
states and geometric structures of [MnO,]* manganese—oxo complexes that represent a wide range of
manganese oxidation states. To this end, we apply soft X-ray spectroscopy in a cryogenic ion trap, com-
bined with multiconfigurational wavefunction calculations. We identify [MnO,]* as a rare high-spin
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manganese(v) oxo complex with key similarities to six-coordinated manganese(v) oxo systems that are
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1 Introduction

High-valent transition metal-oxo species are key intermediates
in a range of important reactions, including C-H bond activation
and water oxidation." Insight into their electronic structure is
important for the development of new catalysts as the design
criteria change depending on the expected mechanism.>
Reaction intermediates have been isolated and experimentally
characterized in a wide variety of systems, ranging from enzymes
to zeolites.>” However, the proposed reactive species are often
too short-lived to be trapped and in those cases theory becomes
the main source of information. The most prominent example is
the light-induced oxidation of water in the oxygen-evolving
complex (OEC) in photosystem II* where intermediates are
still under debate. A leading proposal from density-functional
theory (DFT) calculations is a mechanism where a triplet
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proposed as reaction intermediates in catalytic dioxygen bond formation.

manganese(iv)-oxyl radical couples with an oxo bridge to form
the O-O bond.’ Other proposals invoke nucleophilic attack on a
triplet manganese(v)-oxo group or even the involvement of
manganese(vi) species."®"” For synthetic manganese complexes
proposed as oxygen evolution catalysts, no reactive species have
been trapped and their identities are often under debate.'*™*°
DFT calculations predict the formation of high-spin manganese-
oxo species, typically in the form of a manganese(iv)-oxyl
radical.>** These predictions require experimental confirmation,
not least because relative spin-state energetics and the amount of
radical character depend on the density functional.”*">°

Partly inspired by the proposed role of manganese in the
OEC, a large number of synthetic manganese(v)-oxo complexes
with porphyrinoid or tetra-ionic macrocyclic ligands have been
characterized.”” > Unlike the proposed high-spin (triplet)
species in the OEC, these complexes are all singlets, although
calculations suggest that the reactive species could still be in
thermally activated triplet excited states.>***”*® Only one high-
spin manganese(v)-oxo complex, [Mn"H;buea(0)], has been
characterized so far and serves as the main template of this
elusive species.*>*? It activates C-H bonds but does not show
water-oxidation activity.

Neutral manganese-oxo clusters have been widely used to
give deeper insights into the nature of the metal-oxygen
bonds,”** but the possibility to study cations leads to important
extensions in terms of structures and oxidation states. Among these
systems, diatomic metal-oxo species have been investigated in depth
as some of them, including [MnO]', are able to activate primary C-H
bonds.*™° The formal oxidation state of manganese can then be
further modified by varying the number of bound oxygen atoms.
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In complex environments, X-ray spectroscopy offers a
selective probe of the metal in the catalyst because of the
metal-centered core hole. Metal L-edge X-ray absorption
spectroscopy (XAS) directly probes the metal-derived 3d valence
orbitals through dipole-allowed 2p — 3d transitions.’™*> This
soft X-ray technique is frequently used to study heterogeneous
manganese catalysts,>>® but high-valent coordination
complexes in catalytic environments have presented a chal-
lenge due to large background absorption and potential sample
damage from the X-ray beam.’””® Recently, damage-free
manganese L-edge X-ray absorption spectra of the OEC in
different oxidation states were collected using liquid jets in
combination with an intense X-ray source and the same technique
can also be used to study solvated manganese complexes.>

The key question in these studies is how the electronic structure,
most notably oxidation state and spin multiplicity, of a high-valent
metal-oxo complex is reflected in X-ray spectra. In manganese L-
edge XAS, the excitation energy is shifted to higher energy with
increasing oxidation state.’*>*"®* However, for highly covalent
complexes oxidation is also accompanied by significant changes
in the metal-ligand interactions. As metal L-edge XAS is highly
sensitive to these interactions, the observed edge shifts and spectral
changes differs significantly between complexes.***> The chal-
lenges of interpreting metal L-edge X-ray absorption spectra have
inspired the development of a wide range of theoretical methods,
including multiplet calculations, DFT-based approaches, and mul-
ticonfigurational wavefunction theory.***®”> These models makes
it possible to correlate spectra and electronic structure, and to
identify unknown species from their spectral fingerprints.

To realize the potential of soft X-ray spectroscopy for exploring
high-valent metal-oxo intermediates requires the generation of
model complexes with relevant spin and oxidation states; experi-
mental methods to ensure the collection of damage-free spectra;
and an accurate mapping between spectra and electronic
structure through theoretical modeling. Here we address all three
issues by collecting soft X-ray spectra, at the manganese L and
oxygen K edges, of a novel series of cationic [MnO,]" (n = 1-4)
manganese-oxo complexes, with an ion-trap setup specifically
designed for X-ray spectroscopy of size-selected and trapped cold
ions.”* %" This approach makes it possible to study a series of
high-valent manganese model complexes without considering
wet-chemistry synthetic strategies or stability against reactions.
The experimental data are complemented by multiconfigurational
calculations of the most stable geometries, spin multiplicities and
electronic states.®" The same theory framework is used to simulate
oxygen K-edge and manganese L-edge spectra of selected
complexes. The spectral simulations also serve to decouple
geometric and electronic structure effects by analyzing changes
in oxidation state and bond lengths separately.

2 Methods and materials
2.1 Experimental details

The experimental data was obtained with the Ion Trap end-
station at the UE52-PGM beamline of the BESSY II synchrotron
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radiation facility operated by Helmholtz-Zentrum Berlin.”®**%
Ionic species were produced with a magnetron-sputtering gas-
aggregation cluster source through DC sputtering of a manganese
target at room temperature while adding oxygen to the helium-
argon plasma. The plasma composition had a typical He:Ar: O,
ratio of 300:30:1 at a total pressure of ~1 mbar. The cationic
species were directed via electrostatic fields and a radio frequency
hexapole ion guide to a quadrupole mass filter, where the
molecular ion of interest was mass selected. The continuous
beam of mass-selected ions was guided to the ion trap for X-ray
absorption spectroscopy, where precursor ions were accumulated,
and further extracted in short bunches to the time-of-flight mass
spectrometer. The helium-buffer-gas loaded ion trap was cryo-
genically cooled to 15 K, and continuously refilled with [MnO,,]"
precursor ions that were thermalized by collisions with helium
atoms. The ion temperature is estimated to 15-20 K*>®> because
of radio-frequency heating inside the ion trap. After X-ray
absorption, the core excited state primarily relaxes via Auger
decay. The intensity of the product ions, i.e. the partial ion yield,
was recorded while scanning the photon energy over the
respective absorption edges. This ion yield mode provides the
same information as electron-yield detection of inner shell absorp-
tion spectra. The monitored ion yield channel was Mn*" for both
absorption edges and for all investigated manganese oxide ions,
except for the manganese L-edge of [MnO,]" for which an ion yield
channel of O," was used as this channel is less sensitive to potential
contamination from smaller [MnO,]" species.

For [MnO]", the oxygen K-edge was scanned with a photon
energy bandwidth of 130 meV and a step width of 100 meV. For
the manganese L-edge the settings were 170 meV and 100 meV,
respectively. For all other ions the bandwidth and step size were
130 meV and 75 meV at the oxygen K-edge, and 170 meV and
85 meV at the manganese L-edge. Photon energy calibration
was performed using neon K-edge photoionization in the
beamline ionization cell®* and checked at the oxygen K-edge,
giving a photon energy uncertainty of +0.1 eV. For a better
comparison of experimental and theoretical spectra, the direct-
photoionisation background is approximated by the corres-
ponding integrated X-ray absorption spectrum and has been
subtracted from all experimental spectra.

2.2 Computational details

All calculations were performed using OpenMOLCAS.*> To
determine the electronic state and geometric structure of each
of the four manganese-oxo ions, the relative energies of a large
number of different isomers have been calculated. Geometry
optimizations of trial structures that represent all possible
oxidation states were performed using numerical complete
active space (CAS) second-order perturbation theory (PT2)
gradients at the ANO-RCC-VTZP basis set level,***%” with the
Douglas-Kroll-Hess Hamiltonian to describe scalar relativistic
effects.®®%° The valence active spaces of the complexes included
five orbitals corresponding to the manganese 3d levels and
three orbitals for each oxygen atom, corresponding to the
atomic 2p orbitals, see Fig. 1. Additionally, for [MnO]", because
of the lower oxidation state of the manganese center, an extra
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Fig. 1 Active spaces for calculations of ground and valence excited states
of the four [MnO,]" (n = 1-4) complexes, with RAS1 orbitals in blue, RAS2
orbitals in red and RAS3 orbitals in yellow.

orbital was added, corresponding to the manganese 4s atomic
orbital, to correlate with the singly occupied formally o* orbital.
This extra 4s orbital only had a minor influence on the
computed spectra, see Fig. S1 and S2 (ESIt).

For [MnO,4]", this active space would correspond to 17
orbitals, which is computationally demanding at the CAS level,
and restricted active space (RAS) calculations were used
instead.’”®* Orbitals were partitioned in RAS1, RAS2 and
RAS3 spaces depending on if they were doubly occupied, singly
occupied or empty in the dominant electronic configuration.
Specifically, all the formally oxygen orbitals were assigned to
RAS1 since they are doubly occupied, except for the dioxygen n*
and o* orbitals which are singly occupied (and thus in RAS2)
and empty (in RAS3) respectively. By contrast, all the manga-
nese 3d orbitals were empty and thus in RAS3, except for one
singly occupied orbital, which is placed in RAS2. Up to two
holes (electrons) were allowed in RAS1 (RAS3) during the
geometry optimization. This number was increased to four
for a final single-point calculation to calculate final energies
and thus rank the possible isomers or electronic states.

For the PT2 calculations, the default ionization-potential
electron-affinity (IPEA) shift of 0.25 hartree has been used
throughout,” as well as an imaginary shift of 0.3 hartree.”> Oxida-
tion states are assigned based on Mulliken spin populations as they
correlate strongly with formal manganese oxidation states.’**>

X-ray spectra were calculated using the RAS approach as
described in detail elsewhere.’®®” The total number of orbitals
in the valence active space is the same as for the ground state
calculations, but core orbitals were added to describe core
excitations. For oxygen K-edge spectra, all oxygen 1s orbitals are
placed in the RAS1 space, restricting the number of excitations to
one. For manganese L-edge X-ray absorption spectra the RAS1
space instead consists of the three manganese 2p orbitals. Core
hole states were generated using a projection operator that
selectively removes configurations with fully occupied core
orbitals.”® To pick relevant spin multiplicities, the spin-selection
rules of the electric dipole transitions (AS = 0) and the spin-orbit
operator (AS = 0, £1) were considered. Orbital optimizations were
performed using state-average RASSCF, performed separately for
each spin multiplicity and irreducible representation. The exact
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numbers of valence and core-excited states are given in Table S1
in the ESL{ To avoid orbital rotation, i.e., that the hole appears in
a higher-lying orbital, the core orbitals have been frozen in the
final states. Due to the wide energy range of the final states,
coupled with a high density of states, a very large number of final
states are required, up to 130 per spin and irreducible representa-
tion. We have therefore taken advantage of a new efficient
configuration interaction (CI) algorithm to converge state-
average calculations with a large number of states.’® Final
energies were obtained with multistate RASPT2 including
all states from the RASSCF calculations.”® In the PT2 step,
excitations from all orbitals, including the core, have been
included. Spin-orbit coupling is described by a RAS state-
interaction (RASSI) approach.'%*'%!

For [MnO;]", the above-mentioned active space consists of
14 valence orbitals, which is tractable for the ground-state
calculations, but no longer feasible when core orbitals are
added and a large number of core-hole states are simulated.
Instead, we split the active space further, moving all orbitals
that are empty in the main ground-state configuration to RAS3,
and allowing up to three excitations into this space in the
RASSCF calculation. We then performed additional RAS-CI
calculations allowing up to five excitations, using the orbitals
from the previous RASSCF calculation. For the oxygen K-edge,
the difference between three and five excitations was minor for
the energies, see Fig. S3 (ESIf), and the spectrum with five
excitations was used. For the manganese L-edge, the difference
between three and five excitations was significant, especially for
the energy shifts, see Fig. S4 (ESIf), which meant that the
calculation did not converge with respect to the size of the
excitation space, and no spectrum can be given.

L-edge X-ray absorption spectra are convoluted with a Lor-
entzian of 0.34 eV full-width half-maximum (FWHM) for the L
edge, and 0.39 eV FWHM for the L, edge, to account for core-
hole lifetime broadening.®* Oxygen K-edge spectra are lifetime-
broadened by a 0.16 eV Lorentzian.'®® The calculated spectra
were further broadened with a Gaussian of 0.4 eV FWHM to
account for the experimental bandwidth of 0.17 eV, and to
approximate additional broadening by unresolved vibrational
excitations in the core-excited state.

A Boltzmann averaging of the contributions from different
initial states were made. The similarity between experimental
and simulated spectra has been evaluated using the weighted
cross-correlation function with a width of 1.75 ev.'**'% For
oxygen K edges, similarity has been evaluated over the 525-535 eV
range, while similarity for manganese spectra have been
evaluated over the L; edge (538-548 eV). Simulations do not
accurately calculate the absolute edge position, mainly due to
limitations in the basis set. When comparing to experiment,
the theoretical spectra are shifted, by approx. 2 eV, to maxi-
mize the similarity with experiment. The intensity is scaled to
match the integrated intensity over the same range as the
similarity measure. However, the similarity measure is inde-
pendent of any intensity scaling applied uniformly across the
spectrum. Energy shifts and scaling factors of all simulated
spectra are given in Table S1 (ESIY).
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3 Results

Computational and experimental results for different complexes are
presented sequentially. After electronic and geometric structures
have been determined, the correlation between spectra and
properties, e.g., oxidation states, are analyzed.

3.1 Assignment of oxidation states and spin multiplicities

3.1.1 [MnO]". For [MnO]" our CASPT2 calculations give a
°TI ground state with a Mn-O distance of 1.675 A, see Fig. 2.
Above the ground state, there are >X* and "IT states at 0.31 and
0.73 eV. Properties of electronic states within 1.0 eV of the
respective ground states of different complexes are given in
Table 1, with additional electronic and geometric structure details
in Tables S2 and S3 (ESIt). Geometry and energetics of [MnO]" are
notably difficult to predict,"°*'%” but our °Il-assignment is in
agreement with photodissociation experiments,'*® and the equili-
brium distance is only slightly shorter than the 1.70 A predicted
for the °I1 ground state by multi-reference configuration inter-
action calculations.""”

The oxidation state of manganese in [MnO]" is +3. This
complex has significant Mulliken spin population on both,
manganese (4.5) and oxygen (—0.5) centers, see Table 1.
Compared to the expected values for a high-spin manganese(u)-
oxo complex, 4 and 0 unpaired electron spins, respectively, this
represents a partial electron transfer from oxygen to manganese.
In the orbital diagram, there are single unpaired electrons in the
metal-dominated 16 (two), 95, and one of the 4r orbitals, see Fig. 3.
There is also significant correlation between the oxygen-dominated
31 and metal-dominated 4n (n*) orbitals, which in terms of
occupation number corresponds to half an electron. This is
consistent with a lowering of the bond order. Interestingly, the
calculated Mn-O distance is still noticeably shorter than the 1.78 A
of the [Mn""H;buea(O)]>~ high-spin manganese(m)-oxo complex.*’

The O K-edge spectrum of [MnO]" consists of an intense
narrow band of transitions around 526 eV with only a few
minor transitions after 529 eV. The simulated oxygen K edge
spectrum of the *I1 state reproduces not only the main peak but
also the less intense transitions.

Theory also gives good agreement with the experimental
manganese L-edge spectrum of [MnQ]', although the shoulders
are slightly underestimated. The energy of the L, edge is
underestimated because of the perturbation treatment of
spin-orbit coupling in this simulation protocol, but not related
to this particular complex.”>"'%*"® The theoretical spectra for
the °X" state differ significantly from those of the °I1 state, and

Mn02+ Mn03+

119.6°

MnO*
1196

6
1673 A{ V . WZB A
)

Fig. 2 Optimized geometries of four manganese—oxo cations [MnO,]*
(n = 1-4) obtained with CASPT2/RASPT2.

1610 A
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lead to less agreement with experiment, as seen both visually in
Fig. 4 and from the numerical similarity scores in Table S1
(ESIt). The spectral comparison thus corroborates the calcula-
tions of relative energies of the different valence electronic
states. The comparison between theory and experiment for
different states thus agrees with the previous assignment of a
°T1 ground state'®”'*® of [MnO]" and validates our computa-
tional approach.

3.1.2 [MnO,]". [MnO,]" adopts a bent C,, geometry with a
*B, ground state, see Fig. 2. The two unpaired electrons are in
10a; and 4b; non-bonding metal orbitals, which gives a Mulli-
ken spin population on the manganese center of 2.17, see Fig. 3
and Table 1. This is consistent with a high-spin manganese(v)
complex. The lowest singlet state is much higher in energy, at
0.89 eV, see Table 1. Superoxide or peroxide isomers with O-O
bonds lie more than 1 eV higher in energy. The computed Mn-
O bond distances in the ground state are 1.584 A. These are
shorter than the 1.67 A distance of the high-spin
[Mn"H;buea(0)] complex and actually closer to the 1.55 A of
a low-spin manganese(v)-oxo complex.?” The shorter calculated
bond distances of the dioxide cation compared to the coordina-
tion complex are consistent with our [MnO]" results.

The experimental and simulated X-ray absorption spectra
for [MnO,]" are presented in Fig. 4. The oxygen K-edge band
starts at higher energies than that of [MnO]", around 528 eV,
and has a more complex structure with at least two main
transitions and a few minor ones appearing as shoulders. The
simulations of the high-spin manganese(v) *B; state reproduces
the spectra well, with all the main peaks included and only
minor errors in position.

The manganese L-edge spectrum is very complex, with a
highly structured L; peak spanning almost 5 eV, from approxi-
mately 640 to 645 eV. Within the edge there are four distinctive
peaks, a sharp first peak followed by multiple intense peaks
with a maximum at 642.4 eV. The simulated *B; spectrum
includes all the complex structure within the L; edge, and
reproduces the relative intensity between the different features.
In contrast, X-ray absorption spectra calculated for the lowest
singlet state gives a poorer match with experiment, see Fig. 4
and Table S1 (ESIT). Both edges show less agreement between
relative intensities of the different spectral features. This is
interesting as the singlet is the open-shell singlet equivalent of
the triplet that differs only in the relative orientation of the
spins on the two singly-occupied orbitals shown in Fig. 3. The
manganese L-edge spectrum shows significant differences to
the [MnO]" spectrum in terms of shape, and the transitions are
shifted to higher energies.

There are no manganese(v) reference spectra to compare
with, but surprisingly the shape is similar to that of Mn;O,
oxide."™ This oxide is formally a mix of manganese(n) and
manganese(u) with a maximum 1.5 eV lower in energy than
that of the [MnO,]". It should be noted that complex spectra
like the one of [MnO,]" are often associated with mixed-valence
states or partially beam-damaged samples that contain metal
centers in different oxidation states. Here, we demonstrate that
a single valence can also result in such a complex spectrum.

Phys. Chem. Chem. Phys., 2022, 24, 3598-3610 | 3601
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states, relative energies, Mulliken spin populations, and key bond distances
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1-4) complexes, with tentative formal oxidation

Mulliken spin Distances (A)

Molecule  Geometry State  Rel. energy (eV) Oxidation state Mn O (ox0) O, Mn-O Mn-OO 0-0
MnO Linear C., ox* 0 il 516 —0.16 1.622
MnO* Linear C., I 0.00 111 4.50 —0.50 1.675
syt 0.31 111 4.01 —0.01 1.593
Tl 0.73 i 4.98 1.02 1.841
MnO?** Linear C., T 0 I 419 —1.19 2.120
MnO, Bent C,, ‘B, 0 v 3.07 —0.03 1.639
MnO," Bent C,, B, 0.00 \% 2.17  —0.09 1.584
'B, 0.89 v 0.14 —0.14 1.570
MnO;" Pyramidal Cs, A, 0.00 Vil 0 0 1.610
Side-on 0, C; A’ 0.42 v 3.34 —036  —0.98 1.615  1.899 1.306
Pyramidal Cj, A, 0.53 VII 0.87 0.37 1.618
A, 0.62 VII 1.08 —0.36 1.623
End-on O, C; A" 0.74 I 2.80 —0.12  —0.68 1.721  2.055 1.218
MnoO," Side-on O,” C,, ‘A, 0.00 VI 1.00 —0.01  —1.00 1.523  1.864 1.255
A, 0.08 VI 1.01 —0.01  1.00 1.523  1.866 1.254
0,>7-0," Cyy A, 0.12 v 2.93 —0.79/—0.15 1.900/1.770  1.258/1.388
End-on 0,” C; ‘A" 0.18 VI 0.99 0.01  —1.00 1.544  1.969 1.200
A" 0.26 VI 0.98 0.01  1.00 1.544  1.969 1.200

3.1.3 [MnOs]". The most stable conformation of [MnO;]" is
pyramidal Cj,, with a closed-shell 'A; electronic configuration,
see Fig. 2. There are three relatively short Mn-O bonds showing
that all oxygen ligands are in the oxo form, which corresponds to
manganese(v) in [MnOj;]". This is the same oxidation state as in
permanganate, [MnO,] . These two complexes have similar Mn-O
bond lengths, with 1.61 A for [MnO;]" and 1.63 A for [MnO,]~.**
The second most stable state, at 0.42 €V, has a very different
structure, namely a superoxo-oxo form with side-on O, , and
would correspond to a manganese(wv) species, see Table 1.

The experimental K-edge and L-edge spectra, as well as the
simulated 'A; oxygen K-edge spectrum, are shown on Fig. 4.
The oxygen K-edge shows two main peaks with large (2.6 eV)
separation. The first peak at 528.2 eV also has a high-energy
shoulder. Interestingly, there is a broad resonance in the high-
energy region starting at 537 eV, where one would expect the
0-0O bond c* transition. However, the intensity is lower than
expected for a superoxo or peroxo species, as seen from the
comparison to [MnO,]" below. The spectrum is reproduced by
theory with good accuracy, with all the intense low-energy
peaks well described. The broad resonance after 537 eV does
not appear, but this is a result of the limited number of final
states in the calculation.

The manganese L-edge spectrum has a small pre-edge peak
and two main L; peaks separated by 2.1 eV. The spectrum is
clearly shifted to higher energies compared to [MnO,]", which
is in line with the high manganese(vi) oxidation state. The
spectrum can be compared to permanganate, [MnO,]| ", where
damage-free spectra have recently been obtained,”” and both
show three main spectral features with similar relative intensities
and energy positions. With 14 valence orbitals, see Fig. 3, L-edge
simulations become challenging and no converged spectrum was
obtained, as described in the Computational details.

3.1.4 [MnO,]". Finally, for [MnO4]" the most stable con-
former is assigned as a manganese(vi) superoxo-dioxo species,
that is two oxo groups and one side-on O, with an overall C,,

3602 | Phys. Chem. Chem. Phys., 2022, 24, 3598-3610

symmetry, see Fig. 2. This 'A, state is an open-shell singlet, with
two antiferromagnetically coupled spins on manganese and
O, respectively, see Table 1. The oxidation state of manganese
is +6 in [MnO,4]". The O-O bond distance is short for a superoxo
species, 1.26 A, which indicates backdonation from antibonding
O-O orbitals to the metal. The coupling between the spins is
weak and the corresponding triplet state is close in energy
(0.08 eV). Three additional states are within the margin of error:
a manganese(lv) peroxo-superoxo triplet species at 0.12 eV,
followed by two states at 0.18 eV and 0.26 eV with an end-on
O,-species, giving Cs symmetry. Assigning oxidation states for
the latter two isomers is challenging but the Mulliken spin
populations are consistent with dioxo-superoxo manganese(vi)
species, see Table 1.

The oxygen K-edge spectrum of [MnO,]" shows a highly
structured region between 529 and 533 eV, with four major
resonances, but also a broad resonance around 539 eV. The
latter clearly indicates the presence of an oxygen-oxygen bond as
predicted by our calculations, but it is difficult to say if the
complex contains two O, subunits or one O, and two oxo groups.
Also, it is not possible to distinguish between superoxo or peroxo
forms. The manganese L-edge spectrum is broad with one main
peak at 643.9 eV and clear shoulders on both sides. The L;
excitation energy is relatively high, see Fig. 5, which means
that among the electronic structure alternatives, the higher
manganese(vi) oxidation state seems to be a better fit. For
this state, there are no corresponding model spectra to
compare to.

3.2 Analysis of L; X-ray absorption energies

Shifts in the L; excitation energies are frequently used in the
assignment of oxidation states. In the current analysis, the
previously assigned manganese oxidation states, ie., +3 for
[MnO]', +5 for [MnO,]’, +7 for [MnO;]" and +6 for [MnO,]",
are used to study trends in excitation energies. The analysis
shows a clear trend towards higher energy of the manganese L;
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Fig. 3 Active valence orbitals for the four [MnO,]* (n = 1-4) complexes
with CAS/RAS self-consistent field occupation numbers.

edge for higher formal oxidation states, see Fig. 5. The shift per
oxidation state of manganese is approximately 1 eV. The exact
number depends on how the position is measured, either as the
median (at 50% of the integrated intensity) or as the energy at
maximum intensity: for median and maximum, the slopes
from the linear fits are 0.95 eV + 0.02 eV and 1.17 eV +
0.10 eV. The observed linear relationship of L; median and
oxidation state in Fig. 5 corroborates our assignment of
manganese oxidation states.

In contrast, the oxygen K-edge excitation energies do not
show any clear correlation with formal oxidation states. For
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completeness, the oxygen K-edge energies, plotted versus the
number of oxygen atoms, are given in the ESI,} see Fig. S5.

4 Discussion

In this section we first discuss the different factors affecting the
measured oxidation state shift, ie., the electronic structure
assignments and the definition of the edge position. The shift
is then analyzed by further simulations of redox events. Finally,
the relevance of the high-spin manganese(v)-oxo complex as a
model for other high-valent manganese oxo systems is discussed.

4.1 Oxidation states and spectral shifts

The results illustrate the use of an ion trap to collect high-
quality, largely damage free, soft X-ray spectra of high-valent
manganese oxo species. For the first three complexes, [MnO,]"
(n = 1-3), the electronic structure assignments can be made
with high confidence. First of all, the computed energy gaps
between our assigned ground states and the other possible
isomers are higher than the expected accuracy of the method.
Secondly, the assignments match those of the isoelectronic
CrO,, species, °IT* for CrO, *B, with bent geometry for CrO,, and
pyramidal 'A, for CrO,.** Finally, for the first two complexes the
simulated spectra can be used to assign electronic structure
directly from the XAS fingerprints. Taking the highly structured
[MnO,]" spectrum as an example, the spectrum for the B, state
gives good agreement with experiment, better than the alter-
native "B, state, see Fig. 4. This means that [MnO,]" is clearly
identified as a high-spin manganese(v) species. This is relevant
because there is considerable debate regarding the relative
roles of singlet and triplet manganese(v) intermediates in
different porphyrinoid systems,>2¢:36-38113

The electronic structure assignment is less clear for [MnO,]".
Here our calculations give the lowest energy for 'A, superoxo-
dioxo manganese(vi), but a manganese(wv) species is also among the
low-lying isomers within the uncertainties of our computational
method, see Table 1. It is worth noting that our 'A, ground-state
differs from the proposed ‘A ground state in C, symmetry of CrO,,
which is best described as dioxo-peroxo chromium(vi) with a
significantly longer oxygen-oxygen bond."'*'"® The complex
electronic structure interactions make the assignment of formal
oxidation states challenging for [MnO,]", but we are still confident
that our assignment is correct as it matches best all our theoretical
and experimental evidence.

After the uncertainty in assigning the oxidation state, the
second largest uncertainty when calculating edge shifts is the
definition of the excitation energy. Using the assigned oxidation
states in Table 1, different measures give shifts in excitation
energies that vary between 0.95 eV + 0.02 eV (median) and
1.17 eV £ 0.10 eV (maximum), see Fig. 5. For the current data set,
with well-resolved intense peaks in the same edge, the median is
preferred as it is not sensitive to small changes in relative
intensity of these peaks. Therefore median values will be used
in further analysis, unless specified otherwise.

Phys. Chem. Chem. Phys., 2022, 24, 3598-3610 | 3603


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp03667j

Open Access Article. Published on 25 January 2022. Downloaded on 12/4/2025 4:58:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
I I | T I T R T I
a e O K edge F . MnL;,edges
& 5% s
A %, £ N
- - + o= .
¥ - "“3‘; MnO, \:. i\‘ _,‘.’"'-"4\
1 %, N :
A D™ e ~ Y. SR,
s’ My o wes’ 'v."-“.iﬂ’\‘\" . \1—,.,,‘-;-.;..,,‘-“ fg S el
MnO,"
= —— Theory 1A1
"
!
3
2
5
2
[
€
3
A
i SR NI VR
1 | | 1 | | | | | | |
525 530 535 540 545 550 640 645 650 655 660

Energy (eV)

Fig. 4 Experimental ion yield spectra at the oxygen K edge and the manganese L edge for [MnO,|" (n = 1-4) (dotted lines) together with theoretical
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Fig. 5 Experimental manganese Lz excitation energies as a function of
assigned formal oxidation state for [MnO,]" (n = 1-4). The excitation energies
have been determined according to two different measures: median refers to
the energy at which the accumulated intensity reaches 50% of the integrated
Lz intensity, while maximum refers to the energy of the intensity maximum.
Error bars are within the size of the markers. The lines are linear fits (y = a + bx)
with coefficient values with one standard deviation given as a = 638.19 +
0.14 eVand b = 0.95 + 0.02 eV for the median, and a = 636.87 &+ 0.53 eV and
b =117 + 0.10 eV for the maximum positions.

The shift in excitation energy of the current manganese-oxo
complexes lies in the lower end of previously determined shifts.

3604 | Phys. Chem. Chem. Phys., 2022, 24, 3598-3610

Similar shifts of 0.7-1.2 eV per oxidation state have been
observed in manganese oxides,"’® and in highly covalent
iron-sulfur or iron hexacyanide complexes.®*®* Larger shifts
of 1.5-2 eV have been observed in another study of manganese
oxides,®" in inorganic complexes,*>*>°" and for Mn(acac),
(n =2-3).°>"" These shifts have typically been calculated using
the intensity maximum, and it can be noted that for Mn(acac),,
the shift reduces to 0.9 eV, closer to the values of our study,
when using the first moment.®*

4.2 Computational analysis of shifts in absorption onsets

Theoretical shifts for the whole series could not be calculated
due to challenges in simulating [MnO;]" and [MnO,4]" L-edge
spectra using the RAS approach. The main benefit of such
simulations would be additional insight into the electronic
structure of [MnO,]", but this is not critical for the current
conclusions. It should be noted that this limitation is not due
to the size of the molecular ion, but instead to the large number
of very covalent Mn-O bonds, which makes it difficult to reduce
the number of oxygen 2p orbitals from the active space.
RAS simulations of metal L-edge XAS have previously been done
for medium-sized systems such as heme complexes,"'***° and
should be able to treat relevant manganese-oxo coordination
complexes.

This journal is © the Owner Societies 2022
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In the RAS calculations, the 1.7 eV shift between
manganese(ur) and manganese(v) is reproduced with a deviation
of 0.25 eV, similar to the 0.3 eV deviation in previous calculations
of Mn(acac), complexes.®* For the oxygen K-edges, the maximum
deviation in edge position relative to [MnO]" is slightly larger,
0.49 eV. This is reasonably good accuracy, at least for the
manganese L-edges, considering that both the number of atoms
and the active spaces differ between complexes, reducing the
systematic error cancellation we would otherwise expect.'*"

Changing the oxidation state leads to both changes in the
total electron density and in the metal-ligand binding, where
the latter is reflected in bond distances. Analyzing these two
factors can provide further understanding of how redox events are
expressed in X-ray spectra. For manganese-oxo systems, a relevant
question is how to distinguish a metal-based from a ligand-based
oxidation, e.g., manganese(v)-oxo compared to a manganese(iv)-
oxyl radical.>**?® These two species differ in charge and spin
distribution, as well as significant differences in Mn-O bond
distances, ranging from approx. 1.55 A for a manganese(v)-oxo
triple bond to approx. 1.8 A for manganese(iv)-oxyl radicals.?*2%”

The analysis is most straightforward for [MnO]" where the
Mn-O distance is the only geometric parameter. In this system,
increasing the bond distance in the simulations leads to a
lowering of the energy of the antibonding n* orbitals, labeled
4rm in Fig. 3. This can be seen as a red-shift of the n* peak in the
oxygen K edge with increasing distance, see Fig. 6. The effect
is 1.3 eV for a +£0.2 A shift of the bond distance, see Fig. 6.
The manganese L-edge spectrum shows a similar shift of the
main peak to lower energies, 1.1 eV for the full 0.4 A range.
Looking at the smaller 0.1 A range, which represent more
typical structural changes, the shift is 0.4 eV.

Instead looking at changes in total charge, theoretical
results for the [MnO]" complex were compared to MnO and
[MnOJ** respectively. MnO is a high-spin °Z" manganese(i)-oxo
complex, in agreement with previous assignments,*2>123
while [MnOJ]** is a ‘¥~ manganese(u)-oxyl radical, see
Table 1. Using the same [MnO]" equilibrium geometry for all
three complexes, thus removing the effect of the oxidation on
the bond distance, gives a total shift of 0.6 eV for the entire
series, see Fig. 7. Since the series corresponds to a change in
formal manganese oxidation state from +2 to +3, this value is

-02A — -0.1 A — Equilibrium — +0.1 A — +02A

O K-edge Mn L;,-edge

Intensity (a. u.)
o
o

0.4 (\ /\
> A Y‘ 20X / \‘Q //\
0.0 #“'/ A A — N
526 528 530 532 534 638 642 646 650 654 658
Energy (eV)

Fig. 6 RASPT2 calculated oxygen K-edge and manganese Lz-edge X-ray
absorption spectra calculated with different deviations from the 1.675 A
equilibrium distance of [MnO]*. Note the difference in energy scale
between the two plots.
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Fig. 7 Comparison of RASPT2 oxygen K-edge and manganese L-edge spectra
for MnO, [MnOJ* and [MnOJ?* calculated at the optimized [MnO]* geometry.

actually close to, although slightly smaller than, the average
shift we observe for [MnO,]".

Using relaxed geometries instead, we note that the Mn-O
distance is actually longer in [MnO]** compared to [MnO]", see
Table 1, despite the formal removal of a n* electron. This can be
explained by electrostatic repulsion in this highly charged system.
Because of this, when going from MnO to [MnOJ**, we obtain a
small red shift (—0.2 eV), see Fig. S6 (ESIt). This exemplifies the
effect of bond elongation we mentioned earlier. In normal bond-
ing situations, where the Mn-O bond distance decreases upon
oxidation, the effects of changes in charge and geometry work in
the same direction to generate the observed oxidation state shifts.

Although there exist general trends between oxidation state
and excitation energy, our analysis of these highly covalent
complexes illustrates how difficult it is to definitely assign
electronic structure changes in redox reactions from excitation
energy shifts alone. This makes it valuable to perform simula-
tions that can accurately analyze and predict spectral changes.

4.3 Relevance of the high-spin manganese(v)-oxo complex

As discussed above, the results allow us to assign [MnO,]" as a
high-spin manganese(v) complex. In the OEC of photosystem II,
the final oxidation step is proposed to be an oxidation of a
high-spin manganese(wv) to a high-spin manganese(v)-oxo or a
manganese(iv)-oxyl radical.® To analyze the relevance of
[MnO,]" as a model of a hypothetical hexa-coordinate triplet
manganese(v)-oxo intermediate in the OEC, it is useful to look
at orbital diagrams in more detail.

MO, - C,, MOL; - C,, MOL, - C,;,
(yz—-o0%) (z2-0'o) (z2-0'p)
(z2-0% (K22 — ') 4
(xz - (X2-y2,Xy = 0'6q)
(xz,yz — ')
1 (xa —nb) 4(: _4._
yz—)
(x2-y2 — nb) (xy — nb)

Fig. 8 Schematic orbital diagrams for manganese(iv) and manganese(v)—oxo
complexes in different ligand environments, assuming the ligands L to be only
o donors. For MOL, the distinction between Ggq and m* is only approximate as
all these orbitals belong to the e irreducible representation of the Cs, point
group, and are therefore allowed to mix. The d? electron configuration is
shown in black arrows, while the additional d* electron is shown in blue.
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[MnO,]" has a (d,2_2)'(d,,)" orbital configuration, see Fig. 3
and 8, where both orbitals are largely non-bonding. In the
standard analysis of hexa-coordinated metal-oxo systems (Ca)
symmetry,"”»'*® manganese(v) has a (dy)'(d,d,,)" orbital
configuration, where d,, is largely non-bonding and the latter
two orbitals are n* antibonding, see Fig. 8. When it comes to
unoccupied orbitals important for the XAS signatures, both
[MnO,]" and a hexa-coordinated metal-oxo complex thus have
one empty n* and two empty c* orbitals, although the energy
splittings and orbital shapes differ. This can be compared to
[Mn"H;buea(0)], where DFT calculations give a (d)'(d.)"
ground state where both are largely n* orbitals,*® and all empty
orbitals are mainly of o* character.

Next, we look at the expected changes in the X-ray absorption
spectra for a manganese(iv)-to-manganese(v) transition. Based on
the orbital diagram, reduction of a hexa-coordinate manganese(v)-
oxo complex would add an electron to a m* orbital. This is in
contrast to [Mn"Hzbuea(O)], where the extra electron should go
into one of the two o, orbitals. However, reducing [MnO,]"
form MnO, also adds an electron to a n* orbital, and the geometric
and electronic structure effects should be similar to the hexa-
coordinated complex. Thus, our [MnO,]" should be a valuable
model to understand the spectral changes in the reactive state of
the OEC.

To analyse this transition further, we simulated the X-ray
absorption spectra of MnO,. MnO, is a high-spin manganese(wv)
species with a bent geometry similar to [MnO,]".*' The additional
electron in the n* orbital leads to a moderate increase in the
Mn-O bond distances by 0.05 A, see Table 1. The simulated
oxygen K-edge spectrum shows large effects of the reduction, with
the intensity of the first (n*) peak nearly halved, see Fig. 9. This is
consistent with the 2a, orbital becoming singly occupied. There is
also a significant shift towards lower energies for the entire
spectrum. For manganese L-edge XAS, manganese(iv) has a
similar spectral shape to manganese(v) with a very broad
and highly structured L; edge. The main difference is the
reduced intensity of the first peak. The theoretical reduction is
accompanied by a 0.64 eV red-shift, which is slightly below the
average 0.95 eV shift for the entire series.

Thus, the trends in the experimental spectra and our calculations
show that a shift of a little less than 1 eV is to be expected upon
oxidation from manganese(iv)-oxo to manganese(v)-0xo.
In contrast, as shown in the [MnO]"" series, if the oxidation

MnO, — MnO,*
1.0
O K-edge Mn L, ,-edge
S o8
< 06
z
2 04
b}
£ o2 ’
0.0
525 527 529 531 533 535 638 642 658
Energy (eV)

Fig. 9 Calculated oxygen K edge and manganese L-edge spectra of
MnO, and [MnOl,™.
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occurs on the ligand instead, forming manganese(v) oxyl, we
do not expect a significant shift, especially when the effect of
the longer bond distance is taken into account. This is note-
worthy, as for such covalent complexes, the charge density
around the metal is likely very similar between manganese(v)-
oxo and manganese(iv)-oxyl. At the end, it is thus rather
clear that a manganese(v)-oxo and manganese(iv)-oxyl should
have very different X-ray signatures. The appearance of a
manganese(v)-oxo after an oxidation event should then be
recognizable, either as a new feature on the high-energy side
of the manganese L; edge, or as a shift of the total edge position
reflecting a slight increase of the average oxidation state of all
manganese ions in OEC.

The final question is how well multinuclear clusters like
the OEC are approximated by their mononuclear fragments.
Experimental spectra of manganese(u)-to-manganese(iv)
oxidations in the OEC show a shift in energy consistent with
that of mononuclear metal complexes.>® Theoretical models
would be useful to understand the effects of metal-metal
coupling as observed in transition metal dimers.”””"%%
However, the RAS method has only in special cases been able
to simulate X-ray absorption spectra of strongly coupled
open-shell transition metal dimers,"*® and metal L-edge X-ray
absorption spectra have only been calculated for weakly
coupled metal dimers.'*® DFT-based approaches such as time-
dependent DFT and DFT restricted open-shell configuration
interaction can handle much larger systems.®®®® Although these
approaches have issues to formally describe antiferromagneti-
cally coupled ground states, it is possible that they could be used
to understand the structural and electronic effects on the spectra
of multinuclear metal clusters.

5 Conclusions

Soft X-ray absorption spectroscopy of cationic mononuclear
manganese-oxo complexes provides clean fingerprint signatures
of manganese centers in high oxidation states, ranging from +3
to +7. Accurate spectral simulations can not only be used to
identify electronic structure based on spectral fingerprints, but
also enable a clear separation of electronic and geometric effects
on spectral shape and edge position. The good agreement
between experimental and calculated L-edge X-ray absorption
spectra allows for definite assignments of electronic state and
oxidation state, and give insight into how the oxidation state is
expressed in ligand K-edge and metal L-edge X-ray absorption
spectra. For the manganese L edge, our experimental results give
an average blue-shift of approximately 1 eV per oxidation state of
these simple complexes, independent of the measure.

Among the complexes investigated here, [MnO,]" is specifically
interesting as it represents a new type of high-spin manganese(v)-
oxo complex of potential relevance to water splitting in the oxygen-
evolving complex of photosystem II. Our calculations show that
the manganese(iv)-to-manganese(v) oxidation process involves the
Mn-O n* orbitals, similar to the expected oxidation process of a
proposed six-coordinate manganese(v)-oxo complex in the OEC.
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Based on our results, we propose manganese L-edge XAS as a
means to potentially distinguish this species from an oxyl radical
in the OEC by spectral shape and excitation energy.
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