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ABSTRACT: In a comprehensive investigation of the dinuclear Mn Lm‘-edgesl
[Mn,O;]" cluster, the smallest dimanganese entity with two y-oxo
bridges and a terminal oxo ligand, and a simplified structural model
of the active center in the oxygen-evolving complex, we identify
antiferromagnetically coupled high-spin manganese centers in very
different oxidation states of +2 and +5, but rule out the presence of
a manganese(IV)-oxyl species by experimental X-ray absorption
and X-ray magnetic circular dichroism spectroscopy combined with
multireference calculations. This first identification of a high-spin
manganese(V) center in any polynuclear oxidomanganese complex 635 640 645 650 655 660
underscores the need for multireference computational methods to
describe high-valent oxidomanganese species.

photon energy [eV]

B INTRODUCTION species are elusive. Except for tetrahedrally coordinated
manganese(V) in bulk brownmillerites and hypomanganates,
which trivially form high-spin manganese(V)-oxo centers,””*"
only two experimentally verified high-spin oxidomanganese(V)
complexes exist,””~** both of which are mononuclear whereas
natural oxygen evolution requires multinuclear complexes.*
Furthermore, no experimental evidence for any manganese-
(IV)-oxyl species has been found to date to the best of our
knowledge. This problem has already been addressed in many
experimental and computational studies on small polynuclear
manganese model systems that contain bis(u-oxo) bridged
manganese centers as basic structural motifs of OEC. More
than 100 of these species have been studied, all of which carry
manganese centers in oxidation states of +2, + 3, or 434
Consequently, the question remains as to whether any
manganese(V)-oxo or manganese(IV)-oxyl species can be
identified in complexes with more than one manganese center.

Manganese chemistry is complex and rich because of the large
number of accessible oxidation states, and ranges from
fundamental processes in water splitting and applications in
water treatment to C—H bond activation.'™ In particular,
natural water splittingl’6 by an oxygen-bridged CaMn,Ojq
cubane cluster as the oxygen-evolving complex (OEC) of
photosystem II points at an interesting problem: Although
there is tremendous progress in understanding photosynthesis
in the Kok cycle’™” and despite the fact that the relevant state
of OEC has been studied intensively, by serial femtosecond X-
ray crystallography,”'°~"? reaction kinetics,”'® electron para-
magnetic resonance, and X-ray spectroscopy,zo_22 the
exact reaction mechanism that forms dioxygen is still under
debate.”>** At the heart of the problem of dioxygen formation
is the nature of the active species that is described as one of the

manganese(IV)-oxyl or manganese(V)-oxo valence tautomeric ; . ¢ .
forms,”>™*" which are linked to fundamentally different Here we examine the [Mn;0,]" cluster, the simplest bis(u-

mechanisms of dioxygen formation, either by radical oxo) bridged dimanganese complex with a terminal oxo ligand.
2005 i ’ 5730 We show, by X-ray absorption (XAS) and X-ray magnetic
coupling or by nucleophilic oxygen—oxygen coupling. ircular dichroism (XMCD) o mbined with
For lack of direct experimental data on the electronic structure c1rcu'a chroism . spec OSCOF 4 FO nec wi
of individual manganese centers in OEC, mechanistic multireference calculations, that [Mn,05]" in its ground state

interpretations often rely on density functional theory (DFT) carries two strongly charge-disproportionated high-spin
calculations.”***"** These DFT studies predominantly favor =
manganese(IV)-oxyl species in OEC,>*>** whereas results on Received:  October 16, 2024 AL
artificial water-splitting suggest manganese(V)-oxo species as Revised:  January 10, 2025
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Figure 1. X-ray absorption spectra at the manganese L, ; edges of [Mn,0;]" (solid green trace), along with the fit of the sum of two reference
spectra, [Mn,"]* (purple trace)* and [Mn"0,]* (blue trace) in panel (a), and [Mn™O]"* (light red trace)*' and [Mn'YOOH]* (orange trace)*” in
panel (b). Only the combination of manganese centers in oxidation states +2 and +5 in panel (a) can reproduce the higher-energy transitions of
[Mn,05]* in contrast to the centers in oxidation states +3 and +4 in panel (b). The fits of reference spectra to [Mn,0;]" yield cosine similarities*®

of 0.983 and 0.907 for (+2,+5) and (+3,+4), respectively.

manganese centers in oxidation states of +2 and +5,
respectively, while DFT consistently but incorrectly predicts
a minimum energy structure of [Mn,O;]" with the metal
centers in oxidation states +3 and +4. Only a multireference
approach is capable of correctly determining the electronic
ground state. This might be relevant to any conclusion drawn
on dioxygen formation by manganese centers from DFT
calculations, and calls for further computational development
to efficiently but correctly describe the processes in the
oxygen-evolution reaction, where at least part of the multi-
nuclear complex needs to be treated with a multireference
approach.

B RESULTS

Electronic State of [Mn,0;]* and Evidence for +2 and
+5 Oxidation States of the Manganese Centers.
Oxidation states can be derived from experimental L-edge X-
ray absorption spectra either by determination of excitation-
energy shifts,”” or by comparison to experimental48 or
computational reference spectra, the latter often computed
by wave function-based ab initio methods.*"**~>" In Figure 1,
the X-ray absorption spectrum of [Mn,O;]" at the manganese
L,; edges is presented. Notably, the L; edge is remarkably
broad with a full-width at half-maximum (fwhm) of about 5.5
eV, but still shows well-resolved multiplet structure. The
determination of median excitation-energy shifts (see SI for
details) results in average oxidation states for multinuclear
complexes, and yields +3.5 for [Mn,05]*, which is compatible
with three oxo-ligands, but not with an oxyl ligand. The
reported structure of [Mn,05]*, with its two oxygen-bridged
manganese atoms and an additional terminal oxygen ligand, is
compatible with suggested oxidation states +3 and +4 of the
manganese centers, respectively.sz’53 However, oxidation states
of +2 and +5 would also be in agreement with an average
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oxidation state of +3.5 of the manganese centers in [Mn,0;]".
To determine the individual oxidation states of the two
manganese centers of [Mn,0;]*, a more detailed analysis is
required. Since reliable calculation of L-edge spectra, despite
significant progress in the field of multireference approaches, is
still limited to single transition-metal centers, because
computational costs scale with the size of the active space,”*
we here resort to experimental reference data, shown in Figure
1. This is justified because the L-edge of 3d transition-metal
compounds is predominantly influenced by the occupation of
the 3d-derived states,”> which is strongly interlinked with the
oxidation state of the metal center.’®’ Additionally, oxo-
ligands are weak ligands, positioned to the left in the
spectrochemical series,”” typically resulting in small crystal
fields. The anticipated effect of symmetry and crystal field on
spectral shapes of the manganese centers in the reference
systems for different oxidation states of manganese and
[Mn,0,]* should therefore be small.

By fitting reference spectra to the spectrum of [Mn,05]*, cf.
Figure 1, it becomes clear that a linear combination of spectra
of manganese in oxidation states +3 and +4 cannot reproduce
the spectrum of [Mn,0;]", especially at the high-energy part of
the L; edge; whereas a combination of reference spectra of
manganese in oxidation states +2 and +5 not only leads to
better agreement at the high-energy tail of the L; edge but also
reproduces the overall structure of the L; line considerably
better. This is also evident from a quantitative analysis giving
cosine similarities of 0.983 and 0.907 for the two combinations
of oxidation states, respectively.”® See SI for details of the
reference data and the fitting procedure.

The remaining small discrepancy in Figure 1(a) might result
from the lower coordination of the manganese(V) center in
[MnO,]" as compared to [Mn,05]*. We have recently shown
that, within the same oxidation state of a manganese center,
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the L; edge can shift by up to 0.44 eV per coordination
number with increasing coordination.”” Moreover, even within
the same oxidation state and coordination number, the median
excitation energy can vary by up to 0.4 eV.”” Allowing for an
energy shift of the manganese(II) and manganese(V) reference
spectra in the fit, we achieve almost perfect agreement,
reflected in a cosine similarity of 0.994, of the sum of the
reference spectra of manganese in oxidation states +2 and +$
with the L-edge absorption spectrum of [Mn,05]*, as can be
seen from SI Figure 6. The resulting shift of the manganese(V)
spectrum of 0.44 + 0.04 eV is consistent with the lower
coordination number of manganese in the reference spectrum.
This is in stark contrast to the fit of a pair of reference spectra
of manganese in oxidation states of +3 and +4, again with the
absolute energy of the reference spectra as an additional free fit
parameter, for which the best cosine similarity of 0.987 can
only be obtained if the manganese(III) spectrum is shifted by
—0.6 + 0.08 eV, indicating a lower oxidation state than +3, and
the manganese(IV) spectrum is shifted by 1.76 + 0.04 eV,
indicating a higher oxidation state than +4, see SI Figure 7.
Clearly, the resulting relative energy shift of 2.36 + 0.09 eV
contradicts the initial assumption that oxidation states would
only differ by one, but indicates again that oxidation states of
both manganese centers differ by three, compatible only with
manganese oxidation states of +2 and +5 in [Mn,05]*.

Our experimentally assigned oxidation states are corrobo-
rated by our theoretical findings. The electronic ground state
of [Mn,0,]" is *A, (C,,) at the DMRG-NEVPT2 level, >
see Table 1 for relative energies, and SI section 4 for a detailed

Table 1. Total Spin Multiplicity, Individual Oxidation
States, Representation of the Local Spins to Illustrate
Interatomic Spin Coupling, and Relative Energies at DFT
and DMRGSCF/SC-NEVPT?2 Levels of Low-Energy Species
of [Mn,0;]"

2S + 1 oxidation states spin states relative energy [eV]
(Mn, Mn) (O, Mn, Mn)  DMRG-NEVPT2 TPSSh

4 (+5,+2) (1l 11, LD 0 0.10
6 (+5,+2) (4, 1, WD) 0.06 0.37
8 (+5+42) (1, 11, 11111 022 0.24
2 (+4,+3) (4, 111, LI 0.26 0
8 (+4,+3) (T4, 111, 1111) 0.39 0.13
8 (+4+2) {111, 11111) 0.82
10 (+4,+2) (r, 11, t11t) 1.40

“While in DFT (+2,+5) and (+3,+4) isomers are very close in energy,
the three energetically lowest isomers at DMRGSCF/SC-NEVPT2
level are all (+2,+5), and the (+2,+5) ground state is more stable by
260 meV than the lowest (+3,+4) isomer. States where a
manganese(IV) center is bound to an oxyl radical are very high in
energy, at least 0.82 eV above the global minimum in DFT. These
high-energy manganese(IV) oxyl isomers did not convergence at the
DMRGSCE level.

discussion of the computational procedure. Analysis of the
occupation of the localized DMRGSCEF orbitals (see SI Figures
10—13) vyields manganese oxidation states +2 and +5 in
agreement with Mulliken spin populations, known to be a
reliable measure of oxidation states in manganese-oxo
systems,62 at the manganese centers of the same 4A2 (sz)
state at the DMRG/HCI® (4.1 and —1.2) and DFT (4.64 and
—2.02) level. Hence, we clearly demonstrate manganese
centers in oxidation states +5 and +2 in dinuclear [Mn,0,;]",
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both experimentally and at the DMRG-NEVPT2 level. The
*A, (C,,) global minimum is more stable by 260 meV than the
lowest-energy structure with oxidation states of +3 and +4 of
the manganese centers. In contrast, DFT consistently seems to
predict the wrong energetic order of isomers, and prefers
oxidation states of +3 and +4 in our and other studies.’>*> For
more details on the energetics of the isomers at different levels
of theory see SI section S4.

Excluding Possible Oxyl-Character of [Mn,Os]*. To
further corroborate our compelling experimental and theoreti-
cal evidence for manganese centers of oxidation states +2 and
+S in [Mn,05]", we carried out XAS at the oxygen K-edge to
probe any possible radical character of the oxo-ligands that
might result from small or inverted ligand fields.”* Exper-
imentally, the presence of an oxygen-centered radical can be
tested by a distinct low-energy transition at about 526.5 eV in
oxygen K-edge X-ray absorption.®”®® Our X-ray absorption
spectrum at the oxygen K-edge of [Mn,0;]" is depicted in
Figure 2. The experimental data is well reproduced by the TD-
DFT calculated spectrum for the *A, (C,,) ground state. The
agreement is particularly good at low excitation energies, while
the high-energy transitions are known to be less well

Oxygen K-edge

experiment

+2/+5, 25+1=4

NNARY:

theory

oo

+2/+4 radical, 25+1=10

ion yield [arb. units]

+2/+4 radical, 25+1=8

|

530 532
photon energy [eV]

Figure 2. Experimental oxygen K-edge spectrum of [Mn,0;]"
compared to the calculated TD-DFT spectra of the *A, (C,,) ground
state of [Mn,05]" as identified by DMRG-NEVPT?2, and to selected
excited states of [Mn,O;]* with oxyl radical character. All calculated
spectra are shifted by +13.3 eV to match the experimental spectrum.
The calculated spectrum of the global minimum species matches the
experimental spectrum best. The low-energy transition around 526.5
eV, indicated by dashed lines and present only in the calculated
spectra of isomers with manganese(IV)-oxyl-character, is a signature
of an oxygen-centered radical.*>®® The absence of this transition in
the experimental spectrum rules out any contribution of an oxyl
species in [Mn,0;]". Additionally shown are spin densities for each
species. Owing to covalent bonding, there is a finite spin population at
the terminal oxygen of 0.37 in the ground state. This value is,
however, significantly smaller than the spin population of 0.93 in the
two manganese(IV)-oxyl species.

https://doi.org/10.1021/jacs.4c14543
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reproduced due to approximations employed in TD-DFT.%’
Importantly, neither the experimental nor the computational
spectrum display the typical low-energy excitation associated
with an oxygen-centered p-hole at about 526.5 eV.> Instead,
the lowest-energy excitation is a transition into a manganese—
oxygen hybrid molecular orbital of strong manganese character
with significant admixture of p-orbitals from the terminal
oxygen atom. In contrast to the calculated oxygen K-edge
spectrum of the lowest-energy manganese(V)-oxo species, the
computed spectra of the two manganese(IV)-oxyl isomers of
[Mn,O;]" exhibit the characteristic excitation at lower photon
energies, as expected (see Figure 2). Even more, the lowest-
energy oxyl radical species of [Mn,05]" is at 0.82 eV at the
DFT level as listed in Table 1, and could not be located at all at
the DMRG-NEVPT2 level. Thus, an oxygen-centered radical
in the ground state of [Mn,0;]" can be ruled out from our
experimental and theoretical data. Still, the strong hybrid-
ization of manganese and oxygen orbitals results in a sizable
spin density at the terminal oxygen atom even for the *A, (C,,)
manganese(V)-oxo species as can be seen from the spin
densities shown in Figure 2.

In order to further elaborate on this, we quantify oxygen spin
populations as well as manganese—oxygen bond lengths in the
state-specifically optimized structures. We find a manganese—
terminal-oxygen bond length of 1.54 A for [Mn,O5]" in its
ground state, in good agreement with the range of bond
lengths of 1.55—1.59 A reported for manganese(V)-oxo
species, but in contrast to the expanded bond lenggth of 1.76
A reported for manganese(IV)-oxyl entities,"**"* which
again agrees with 1.72 A for our manganese(IV)-oxyl isomers
of [Mn,0;]" presented in Figure 2. Because small molecular
systems like [Mn,O;]" are covalently bound, a clear assign-
ment of spin densities to either one of the extreme cases,
manganese(V)-oxo or manganese(IV)-oxyl, is less obvious, as
evident from the nonvanishing spin density at the terminal
oxygen ligand, and from the manganese—oxygen hybrid
character of the LUMO. Consequently, reported spin
populations at the oxygen ligand span a much wider range
than bond distances. For manganese(IV)-oxyl species, reported
spin populations range from 0.43”” to 0.85,°° while they range
from 0.14”7 to 0.45™ for manganese(V)—oxo species. Here, we
find a spin density at the terminal oxygen atom of 0.37 for the
*A, (C,,) ground state of [Mn,0;]*, in agreement with the
range given for terminal oxo-ligands but below the range given
for oxyl species. Thus, combining our experimental and
computational evidence, the presence of an oxyl ligand in
[Mn,0,]" can be safely ruled out.

Antiferromagnetic Coupling of Local High-Spin
States at the Manganese Centers. The XMCD spectrum
of [Mn,0;], displayed in Figure 3, shows a clear dichroism,
indicative of a net magnetic moment. Since the XMCD spin
sum rule breaks down, and prohibits quantitative analysis for
early transition metals, or for transition metals in high
oxidation states,”> XMCD reference spectra of high-spin
manganese(Il) in [Mn,]*,** and of high-spin manganese(V)
in [MnO,]™* are used to identify local high-spin states, and
their coupling, in XMCD of [Mn,0;]" that, in zero order
approximation for two localized magnetic moments at the
manganese centers, should be a linear superposition of the
reference XMCD signals. For details of the spectral analysis see
SL

Most prominent in the XMCD signal of [Mn,O;]", cf.
Figure 3, is the significant, negative intensity around 640 eV,
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Figure 3. Experimental XMCD spectrum of [Mn,0,]* (green trace),
compared to XMCD reference data of manganese(Il) in [Mn,]**
(purple trace) with its dominant, negative contribution at 640 eV, and
of manganese(V) in [MnO,]* (blue trace).*” The XMCD pattern of
[Mn,05]* at 640 eV agrees with manganese(1I), but follows the data,
inverted in sign, of manganese(V) above 643 eV. This indicates
antiferromagnetic coupling of the local high-spin states at the
manganese(II) and manganese(V) centers in [Mn,0;]*, leading to
an overall quartet spin state.

which is reproduced by the reference spectrum of manganese-
(II), and can thus be attributed to the local high-spin
manganese(II) center of [Mn,0;]*. The vanishing contribu-
tion of manganese(II) to the higher-energy part, above 642 eV,
of the XMCD spectrum can be reproduced by variation of the
Slater integrals in Hartree—Fock calculations,”* and is
explained by covalent bonding of manganese(II) to the
bridging oxygen, absent from the reference spectrum. Above
642 eV, the XMCD signal of [Mn,O;]" follows the sign-
inverted XMCD of high-spin manganese(V), except for a
deviation around 650 eV, where a remaining manganese(II)
contribution is visible, see SI for details. The good agreement
with the model spectra allows us to also assign a local high-spin
manganese(V) center, and to conclude antiferromagnetic
coupling of both centers, in agreement with the ‘A, (C,,)
ground state predicted by DMRG-NEVPT?2 theory, cf. Table
1. Interestingly, for all models of the state S, of the Kok cycle
that are currently considered, the spins of manganese atoms
involved in O, formation also couple antiferromagnetically,
which is a prerequisite to form dioxygen in a triplet
state 2427:3075,76

In addition to the *A, (C,,) ground state, our DMRG-
NEVPT?2 calculations also predict a close-lying sextet state,
with a local low-spin state at the manganese(V) center, at only
0.06 €V relative energy, below the accuracy of the theory, and
therefore considered degenerate. Although a minor population
of [Mn,0,]" in this sextet state cannot be ruled out from the
experimental data, we exclude a dominant contribution
because of the good agreement with the local high-spin state

https://doi.org/10.1021/jacs.4c14543
J. Am. Chem. Soc. 2025, 147, 7336—7344
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of manganese(V) in contrast to the vanishing XMCD signal of
a singlet manganese(V). This also indicates that the sextet state
is indeed higher in energy than the quartet state. This close-
lying local low-spin state might, however, offer a spin degree of
freedom that could be beneficial in chemical reactions with
specific requirements for the spin states of the products, such
as triplet dioxygen formation.

Discussion. As concluded above, [Mn,0;]", as a simple
bis(y-oxo) bridged dinuclear manganese complex with a
terminal oxo ligand, is the first reported dimanganese-oxo
species to exhibit a high-spin manganese center in oxidation
state +5. Furthermore, this high-spin manganese(V) center is
coupled antiferromagnetically, via bis(u-oxo) bridges, to a
high-spin manganese(Il) center, resulting in a coordination
entity that sustains two strongly charge-disproportionated
manganese centers in very different oxidation states of +2 and
+3.

Our finding of high-spin manganese(V) is in line with
artificial water splitting, where manganese(V)-oxo species are
proposed to play an essential role.”**° In natural water
splitting, the mechanism of dioxygen formation is still
unknown,'”?*?** and whether manganese(IV)zz’25 or
manganese(V)27’30 centers, in combination with oxo or oxyl
ligands, are formed, is an open question. For [Mn,0;]" our
results clearly indicate a high-spin manganese(V)-oxo center in
the lowest-energy species but exclude the presence of
manganese(IV)-oxyl, although strongly covalent bonding
between the manganese center and the terminal oxygen
inevitably leads to spin density at the oxygen site and blurs the
clear distinction between oxo and oxyl species in computa-
tional approaches. This has already been hinted at for
[Mn"H;buea(0)]**”” but, as shown here, also holds true for
polynuclear manganese-oxo species.

Our experimental and computational evidence shows that
oxidation of the manganese center is preferred over oxyl
formation even if this leads to strong charge disproportionation
in [Mn,O05]*. This finding challenges results based on DFT,
which favors a manganese(IV)-oxyl species as the active site of
the OEC, but for which spin-energetics and the amount of
radical character strongly depend on the choice of func-
tional.””’®”” Even for the simplest bis(u-oxo) bridged
dimanganese unit with a terminal oxygen ligand, popular
density functionals do not describe the lowest-energy species,
or energetic ordering of [Mn,0;]" isomers, correctly, neither
in our nor in other studies.”™>’ Instead, multireference
methods, DMRG-NEVPT?2 in our case, need to be employed
to find the correct energetics for [Mn,0,]*. Hence, DFT-based
predictions do not describe the energetics of transition-metal
oxides correctly, in particular those of high-valence states, but
might erroneously favor a + 4 oxidation state and oxyl ligand,
e.g., as in the case of the active center in OEC. In light of our
findings, any proposed mechanism of dioxygen formation at
high-valent manganese centers that is solely based on DFT
computations without direct experimental evidence of the
electronic structure should be viewed with caution even if the
calculations are seemingly consistent with experimental
structural data.®

Although the lowest-energy structure of [Mn,0;]" exhibits
structural similarity to the proposed dangling manganese(V)
site of OEC, the manganese(V) center in [Mn,0;]* possesses
lower, i.e., 3-fold, coordination (see SI for details) and lacks
any ligands or substrate water molecules. It would therefore be
interesting to study model systems with 6-fold-coordinated
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manganese centers that are structurally closer to the proposed
manganese(IV)-oxyl species, or to study model systems with S-
fold-coordinated manganese centers as even better structural
models of the proposed manganese(V) active site in OEC than
[Mn,O;]*. These experiments could elucidate whether a
change in symmetry could indeed induce an inverted ligand
field that would result in localization of the spin density at the
oxygen site.”””*” Such an approach would also facilitate further
investigation into the reliability of DFT in predicting the
oxidation states of manganese centers in more complex ligand
environments; and could indicate whether our [Mn,0,]*
model system represents an unusual exception or whether
high-spin manganese(V) centers in polynuclear manganese-
oxo complexes might be more common than expected.

In summary, our results clearly demonstrate that elusive
high-spin manganese(V) exists in the ground state of a
dimanganese oxide complex, while no experimental observa-
tion of any manganese(IV)-oxyl species has been reported yet,
despite numerous theoretical predictions.”*" Although any
conclusion on our [Mn,0;]" model complex can only be
transferred carefully to OEC, it still underlines the need to
reassess computational models that are based on DFT only. In
this respect, our findings might advance the understanding of
possible oxidation and spin states in polynuclear oxidomanga-
nese complexes of relevance not only to biological and artificial
water splitting, but also to high-valent manganese redox
chemistry in general.

B METHODS

Experimental Details. The XAS and XMCD measurements were
carried out at the ion trap endstation,*”® located at beamline UE52-
PGM of the synchrotron radiation facility BESSY II operated by
Helmholtz-Zentrum Berlin.

Dimanganese oxide cations are produced by DC-sputtering of a
manganese target of 99.95% purity in a helium and argon atmosphere
at liquid nitrogen temperature while simultaneously introducing trace
amounts of oxygen to the discharge. The ion beam is then guided via
a hexapole ion guide and quadrupole mass filter, selecting the species
of interest, to a liquid-helium cooled quadrupole ion trap for cooling
of the clusters to a temperature of approximately 20 K. Typical mass
spectra are shown in SI Figure 1. Photon energy calibration was
performed using the neon 1s excitation in the beamline ionization cell
and verified at the oxygen K-edge, giving a photon energy uncertainty
of +0.1 eV. X-ray absorption spectra at the oxygen K-edge were
recorded using a linearly polarized X-ray beam by tuning the photon
energy across the oxygen K-edge between 520 and 540 eV. The
spectra were recorded with a step width of 50 meV and bandwidth of
128 meV. XAS was performed in ion yield mode which, at the
absorption edges of interest, is a good approximation of the X-ray
absorption cross section. The parent and product ions were detected
by a reflectron time-of-flight mass spectrometer. A compilation of the
fragmentation channels and partial in yield spectra for different
product ions is given in SI section 2. For the XMCD measurements, a
superconducting solenoid creates a homogeneous magnetic field of
ppH = 4.95 T along the trap axis to magnetize the sample. Ion yield
spectroscopy is performed by collecting product ions resulting from
X-ray absorption of photons with helicity parallel and antiparallel to
the magnetic field axis, respectively.** The photon energy was tuned
across the manganese L,; edges from 630 to 670 eV, with a
bandwidth of 167 meV and a step width of 60 meV. Partial ion yield
spectra are presented in SI Section 2 for showcasing the stability and
reproducibility that is necessary for XMCD spectroscopy. The XAS
signal was derived from an average of X-ray absorption spectra
recorded with opposite circular polarization.

Furthermore, we can exclude two major sources of radiation
damage to the sample. Commonly, the radiation damage-induced
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reduction of a sample is caused by the Auger electrons of a support or
solvent. In contrast, in our gas-phase experiments, the only source of
Auger electrons, apart from the sample itself, is the helium buffer gas.
However, because of the low absorption cross section, below 5§ X 1073
Mbarn,®® of helium at the manganese L-edge and oxygen K-edge, and
because of the low number density of helium of typically 10™* atoms
cm™, orders of magnitude below condensed matter in solution or
deposited samples, any reduction of our sample by radiation damage
is highly unlikely. Furthermore, we estimate the upper limit for the
contribution of sequential two-photon X-ray absorption to the X-ray
absorption spectra, which would lead to additional ionization or
dissociation, to be 10735

Computational Details. This work encompasses reports of
quantum chemical calculations on different levels of theory using
multiple programs. In the following, technical details of the different
sets of calculations are described.

All DFT calculations presented in this work were conducted with
the ORCA program package in its version 5.0.3.°° As outlined in the
scientific sections of this manuscript, molecular geometries were
optimized for various electronic states within the framework of
broken-symmetry density functional theory (BSDFT). Based on the
success in previous studies,””® the TPSSh functional”®”' was
utilized for this step of the computational studies. The main basis set
used was defZ—TZVP,92 whereas the def2/] auxiliary basis set was used
during the Coulomb matrix builds with the density fitting.”>~*° For
treating the Hartree—Fock exchange, the COSX approximation was
used.”®”” Additionally, the D3 dispersion correction with the Becke—
Johnson damping was enabled.”®

Oxygen K-edge XAS was simulated by means of time-dependent
density functional theory calculations employing the TPSSh func-
tional, while allowing for the excitation of electrons from molecular
orbitals with a primary ligand 1s character.”® Oxygen Is orbitals were
localized using the Pipek—Mezey scheme to simulate the underlying
phenomena.'” The Tamm—Dancoff approximation'’' was employed
in all TD-DFT calculations, and scalar relativistic effects were
approximated using the zeroth-order regular approximation
(ZORA).'"%>'%* Simulated spectra were generated by convoluting
the calculated transitions with Gaussian functions of 0.65 eV width to
simulate both experimental resolution and lifetime broadening.*” All
computed spectra were shifted by +13.3 eV to align with experimental
spectrum, a necessary adjustment to account for systematic errors
introduced by the TD-DFT method and dependent on the chosen
functional and basis set.”’

Additional calculations that used wave function-based multi-
reference (MR) electronic structure methods were conducted to
obtain refined single point energies of the different [Mn,O;]" isomers
with different spin and oxidation state distributions. All reported MR
calculations were performed with the HUMMR program, formerly
named MOLBLOCK.®' The def2-TZVP basis set was employed for
all atoms. All required two-electron integrals were evaluated utilizing
the density-fitting approximation with the def2-TZVP-C basis set.
The ASSIST scheme was used to select a suitable active orbital space
of (25e, 200) and generate suitable starting orbitals.'®* Since this
active space size is out of reach for conventional, Full-CI based
CASSCF calculations, the density matrix renormalization group
implementation in the BLOCK program was used as approximate
solver"® for the active space Full-CI equations.'”™'®” During these
DMRGSCEF calculations, a bond dimension of m = 500 was employed
leading to the overall largest discarded weight of 1.332 X 107'* for the
octet. After DMRGSCEF calculations were brought to convergence
with the super-CI approach'®® dynamical correlation effects were
taken into account through second order n-electron valence state
perturbation theory (NEVPT2) in its strongly contracted form.*>'*
During these calculations a reverse schedule''® was employed with a
maximal bond dimension of m = 1000 and a final bond dimension of
m = 600. Active space spin densities and spin populations were
subsequently obtained from configuration-based heatbath-CI calcu-
lations® utilizing the converged DMRGSCEF orbitals.

7341

B ASSOCIATED CONTENT

© Supporting Information

The following files are available free of charge. The Supporting
Information is available free of charge at https://pubs.acs.org/
doi/10.1021/jacs.4c14543.

Additional experimental data such as mass spectra,
different ion yield channels, Hartree—Fock simulations
of the XMCD signal, additional computational details
including coordinates of all low lying isomers of
(Mn,O;]" (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Michael Roemelt — Institut fiir Chemie, Humboldt-Universitit
zu Berlin, 12489 Berlin, Germany; ® orcid.org/0000-0002-
4780-5354; Email: michael.roemelt@hu-berlin.de

J. Tobias Lau — Abteilung fiur Hochempfindliche
Réntgenspektroskopie, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, 12489 Berlin, Germany;
Physikalisches Institut, Universitit Freiburg, 79104 Freiburg,
Germany; © orcid.org/0000-0003-0976-6902;
Email: tobiaslau@helmholtz-berlin.de

Authors

Olesya S. Ablyasova — Abteilung fir Hochempfindliche
Rontgenspektroskopie, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, 12489 Berlin, Germany;
Physikalisches Institut, Universitit Freiburg, 79104 Freiburg,
Germany; © orcid.org/0009-0009-1373-172X

Mihkel Ugandi — Institut fir Chemie, Humboldt-Universitit
zu Berlin, 12489 Berlin, Germany

Esma B. Boydas — Institut fir Chemie, Humboldt-Universitit
zu Berlin, 12489 Berlin, Germany

Mayara da Silva Santos — Abteilung fiir Hochempfindliche
Rontgenspektroskopie, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, 12489 Berlin, Germany;
Physikalisches Institut, Universitit Freiburg, 79104 Freiburg,
Germany

Max Flach — Abteilung fiir Hochempfindliche
Réntgenspektroskopie, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, 12489 Berlin, Germany;
Physikalisches Institut, Universitit Freiburg, 79104 Freiburg,
Germany; orcid.org/0000—0002—5327—1555

Vicente Zamudio-Bayer — Abteilung fiir Hochempfindliche
Rontgenspektroskopie, Helmholtz-Zentrum Berlin fir
Materialien und Energie, 12489 Berlin, Germany;

orcid.org/0000-0002-4038-0584

Konstantin Hirsch — Abteilung fiir Hochempfindliche
Réntgenspektroskopie, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, 12489 Berlin, Germany;

orcid.org/0000-0001-5050-3026

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c14543

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Beamtime for this project was granted at the Ion Trap
endstation of BESSY II, beamline UES2-PGM, operated by
Helmholtz-Zentrum Berlin. J.T.L., M.F,, M.S.S., and O.S.A.
acknowledge support by the DFG funded Research Training

https://doi.org/10.1021/jacs.4c14543
J. Am. Chem. Soc. 2025, 147, 7336—7344


https://pubs.acs.org/doi/10.1021/jacs.4c14543?goto=supporting-info
https://pubs.acs.org/doi/10.1021/jacs.4c14543?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14543/suppl_file/ja4c14543_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Roemelt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4780-5354
https://orcid.org/0000-0002-4780-5354
mailto:michael.roemelt@hu-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Tobias+Lau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0976-6902
mailto:tobias.lau@helmholtz-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olesya+S.+Ablyasova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-1373-172X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihkel+Ugandi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esma+B.+Boydas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mayara+da+Silva+Santos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Flach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5327-1555
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vicente+Zamudio-Bayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4038-0584
https://orcid.org/0000-0002-4038-0584
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantin+Hirsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5050-3026
https://orcid.org/0000-0001-5050-3026
https://pubs.acs.org/doi/10.1021/jacs.4c14543?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Group RTG 2717 “Dynamics of Controlled Atomic and
Molecular Systems”. M.U. acknowledges funding by the DFG
through project RO5688/1.

B REFERENCES

(1) Barber, J. A Mechanism for Water Splitting and Oxygen
Production in Photosynthesis. Nat. Plants 2017, 3, No. 17041.

(2) Kirkis, M. D.; Verho, O.; Johnston, E. V.; Akermark, B. Artificial
Photosynthesis: Molecular Systems for Catalytic Water Oxidation.
Chem. Rev. 2014, 114, 11863—12001.

(3) Liu, C; Rao, G.; Nguyen, J.; Britt, R. D.; Rittle, J. O2 Activation
and Enzymatic C-H Bond Activation Mediated by a Dimanganese
Cofactor. J. Am. Chem. Soc. 2025, 147, 2148—2157, DOI: 10.1021/
jacs.4c16271.

(4) Wang, K; Mayer, J. M. Oxidation of Hydrocarbons by
[(Phen)2Mn(u-O)2Mn(Phen)2]3+ via Hydrogen Atom Abstraction.
J. Am. Chem. Soc. 1997, 119, 1470—1471.

(5) Von Gunten, U. Oxidation Processes in Water Treatment: Are
We on Track? Environ. Sci. Technol. 2018, 52, 5062—5075.

(6) Cox, N.; Pantazis, D. A.; Lubitz, W. Current Understanding of
the Mechanism of Water Oxidation in Photosystem II and Its
Relation to XFEL Data. Annu. Rev. Biochem. 2020, 89, 795—820.

(7) Kok, B.; Forbush, B.; McGloin, M. Coorperation of charges in
Photosyntetic O, evolution — I. a linear four step mechanism.
Photochem. Photobiol. 1970, 11, 457—475.

(8) Bhowmick, A.; Hussein, R.;; Bogacz, I; et al. Structural Evidence
for Intermediates during O2 Formation in Photosystem II. Nature
2023, 617, 629—636.

(9) Greife, P.; Schénborn, M.; Capone, M.; Assungao, R.; Narzi, D.;
Guidoni, L.; Dau, H. The electron-proton bottleneck of photo-
synthetic oxygen evolution. Nature 2023, 617, 623—628.

(10) Kern, J.; Chatterjee, R;; Young, L. D.; et al. Structures of the
Intermediates of Kok’s Photosynthetic Water Oxidation Clock. Nature
2018, 563, 421-425.

(11) Suga, M; Akita, F.; Yamashita, K; et al. An Oxyl/Oxo
Mechanism for Oxygen-Oxygen Coupling in PSII Revealed by an x-
Ray Free-Electron Laser. Science 2019, 366, 334—338.

(12) Yano, J.; Kern, J.; Yachandra, V. K. Structure Function Studies
of Photosystem II Using X-Ray Free Electron Lasers. Annu. Rev.
Biophys. 2024, 53, 343—36S.

(13) Vinyard, D. J.; Khan, S.; Brudvig, G. W. Photosynthetic Water
Oxidation: Binding and Activation of Substrate Waters for O-O Bond
Formation. Faraday Discuss. 2015, 185, 37—50.

(14) Chrysina, M; Heyno, E.; Kutin, Y.; Reus, M.; Nilsson, H,;
Nowaczyk, M. M.; DeBeer, S.; Neese, F.; Messinger, J.; Lubitz, W.;
Cox, N. Five-Coordinate Mn v Intermediate in the Activation of
Nature’s Water Splitting Cofactor. Proc. Natl. Acad. Sci. U.S.A. 2019,
116, 16841—16846.

(15) Krewald, V;; Retegan, M.; Cox, N.; Messinger, J.; Lubitz, W.;
DeBeer, S.; Neese, F.; Pantazis, D. A. Metal oxidation states in
biological water splitting. Chem. Sci. 2015, 6, 1676—1695.

(16) Krewald, V.; Retegan, M.; Neese, F.; Lubitz, W.; Pantazis, D.
A.; Cox, N. Spin State as a Marker for the Structural Evolution of
Natures Water-Splitting Catalyst. Inorg. Chem. 2016, 5SS, 488—501.

(17) Cox, N,; Retegan, M,; Neese, F.; Pantazis, D. A.; Boussac, A.;
Lubitz, W. Electronic Structure of the Oxygen-Evolving Complex in
Photosystem II Prior to O-O Bond Formation. Science 2014, 345,
804—808.

(18) Cox, N.; Rapatskiy, L.; Su, ]J.-H.; Pantazis, D. A.; Sugiura, M;
Kulik, L.; Dorlet, P.; Rutherford, A. W.; Neese, F.; Boussac, A.; Lubitz,
W.; Messinger, J. Effect of Ca2+/Sr2+ Substitution on the Electronic
Structure of the Oxygen-Evolving Complex of Photosystem II: A
Combined Multifrequency EPR, SSMn-ENDOR, and DFT Study of
the S2 State. J. Am. Chem. Soc. 2011, 133, 3635—3648.

(19) Kulik, L. V.; Epel, B,; Lubitz, W.; Messinger, J. Electronic
Structure of the Mn4OxCa Cluster in the SO and S2 States of the
Oxygen-Evolving Complex of Photosystem II Based on Pulse 55Mn-

7342

ENDOR and EPR Spectroscopy. J. Am. Chem. Soc. 2007, 129,
13421—-13435.

(20) Chrysina, M.; Drosou, M.; Castillo, R. G.; Reus, M.; Neese, F.;
Krewald, V.; Pantazis, D. A.; DeBeer, S. Nature of S-States in the
Oxygen-Evolving Complex Resolved by High-Energy Resolution
Fluorescence Detected X-ray Absorption Spectroscopy. J. Am.
Chem. Soc. 2023, 145, 25579—25594.

(21) Haumann, M.; Miiller, C.; Liebisch, P.; Iuzzolino, L.; Dittmer,
J.; Grabolle, M.; Neisius, T.; Meyer-Klaucke, W.; Dau, H. Structural
and Oxidation State Changes of the Photosystem II Manganese
Complex in Four Transitions of the Water Oxidation Cycle (SO — S1,
S1 — 82, S2 — 83, and S3,4 — S0) Characterized by X-ray
Absorption Spectroscopy at 20 K and Room Temperature.
Biochemistry 200S, 44, 1894—1908.

(22) Haumann, M; Liebisch, P.; Miiller, C.; Barra, M.; Grabolle, M.;
Dau, H. Biochemistry: Photosynthetic O2 Formation Tracked by
Time-Resolved x-Ray Experiments. Science 2005, 310, 1019—1021.

(23) Eckardt, N. A.; Allahverdiyeva, Y.; Alvarez, C. E.; et al. Lighting
the Way: Compelling Open Questions in Photosynthesis Research.
Plant Cell 2024, 36, No. koae203.

(24) de Lichtenberg, C.; Rapatskiy, L; Reus, M; Heyno, E;
Schnegg, A.,; Nowaczyk, M. M,; Lubitz, W.; Messinger, J.; Cox, N.
Assignment of the Slowly Exchanging Substrate Water of Nature’s
Water-Splitting Cofactor. Proc. Natl. Acad. Sci. US.A. 2024, 121,
No. 2319374121.

(25) Siegbahn, P. E. M. O-O Bond Formation in the S4 State of the
Oxygen-Evolving Complex in Photosystem II. Chem.—Eur. ]. 2006,
12, 9217-9227.

(26) Siegbahn, P. E. M. Nucleophilic Water Attack Is Not a Possible
Mechanism for O—O Bond Formation in Photosystem II. Proc. Natl.
Acad. Sci. US.A. 2017, 114, 4966—4968.

(27) Krewald, V.; Neese, F.; Pantazis, D. A. Implications of
Structural Heterogeneity for the Electronic Structure of the Final
Oxygen-Evolving Intermediate in Photosystem IL J. Inorg. Biochem.
2019, 199, No. 110797.

(28) Song, X.; Wang, B. O-O Bond Formation and Oxygen Release
in Photosystem II Are Enhanced by Spin-Exchange and Synergetic
Coordination Interactions. J. Chem. Theory Comput. 2023, 19, 2684—
2696.

(29) Yang, S.; Yue, K; Liu, X; Li, S.; Zheng, H.; Yan, Y.; Cao, R;;
Zhang, W. Electrocatalytic Water Oxidation with Manganese
Phosphates. Nat. Commun. 2024, 15, No. 1410.

(30) Guo, Y.; Messinger, J.; Kloo, L.; Sun, L. Alternative Mechanism
for O2 Formation in Natural Photosynthesis via Nucleophilic Oxo-
Oxo Coupling. J. Am. Chem. Soc. 2023, 145, 4129—4141.

(31) Siegbahn, P. E. Water Oxidation Mechanism in Photosystem I,
Including Oxidations, Proton Release Pathways, O—O Bond
Formation and O 2 Release. Biochim. Biophys. Acta, Bioenerg. 2013,
1827, 1003—1019.

(32) Ariafard, A; Longhurst, M.; Swiegers, G. F.; Stranger, R.
Mechanisms of Mn(V)-Oxo to Mn(IV)-Oxyl Conversion: From
Closed-Cubane Photosystem II to Mn(V) Catalysts and the Role of
the Entering Ligands. Chem.—Eur. . 2024, 30, No. €202400396.

(33) Li, X; Siegbahn, P. E. M. Water Oxidation for Simplified
Models of the Oxygen-Evolving Complex in Photosystem II. Chem.—
Eur. J. 2015, 21, 18821—18827.

(34) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.;
Crabtree, R. H.; Brudvig, G. W. A Functional Model for O-O Bond
Formation by the O2-Evolving Complex in Photosystem II. Science
1999, 283, 1524—1527.

(35) Limburg, J.; Vrettos, J. S.; Chen, H.; De Paula, J. C.; Crabtree,
R. H,; Brudvig, G. W. Characterization of the O , -Evolving Reaction
Catalyzed by [(Terpy)(H , O)Mn ™ (O) , Mn 'V (OH ,)(Terpy)]-
(NO ;) ; (Terpy = 2,2:6,2° “Terpyridine). J. Am. Chem. Soc. 2001,
123, 423—430.

(36) Shimazaki, Y.; Nagano, T.; Takesue, H.; Ye, B.-H.; Tani, F;
Naruta, Y. Characterization of a Dinuclear Mn V=0 Complex and Its
Efficient Evolution of O , in the Presence of Water. Angew. Chem., Int.
Ed. 2004, 43, 98—100.

https://doi.org/10.1021/jacs.4c14543
J. Am. Chem. Soc. 2025, 147, 7336—7344


https://doi.org/10.1038/nplants.2017.41
https://doi.org/10.1038/nplants.2017.41
https://doi.org/10.1021/cr400572f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400572f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c16271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c16271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c16271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c16271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c16271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja963180e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja963180e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-biochem-011520-104801
https://doi.org/10.1146/annurev-biochem-011520-104801
https://doi.org/10.1146/annurev-biochem-011520-104801
https://doi.org/10.1111/j.1751-1097.1970.tb06017.x
https://doi.org/10.1111/j.1751-1097.1970.tb06017.x
https://doi.org/10.1038/s41586-023-06038-z
https://doi.org/10.1038/s41586-023-06038-z
https://doi.org/10.1038/s41586-023-06008-5
https://doi.org/10.1038/s41586-023-06008-5
https://doi.org/10.1038/s41586-018-0681-2
https://doi.org/10.1038/s41586-018-0681-2
https://doi.org/10.1126/science.aax6998
https://doi.org/10.1126/science.aax6998
https://doi.org/10.1126/science.aax6998
https://doi.org/10.1146/annurev-biophys-071723-102519
https://doi.org/10.1146/annurev-biophys-071723-102519
https://doi.org/10.1039/C5FD00087D
https://doi.org/10.1039/C5FD00087D
https://doi.org/10.1039/C5FD00087D
https://doi.org/10.1073/pnas.1817526116
https://doi.org/10.1073/pnas.1817526116
https://doi.org/10.1039/C4SC03720K
https://doi.org/10.1039/C4SC03720K
https://doi.org/10.1021/acs.inorgchem.5b02578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1254910
https://doi.org/10.1126/science.1254910
https://doi.org/10.1021/ja110145v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110145v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110145v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110145v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071487f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071487f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071487f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071487f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c06046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048697e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048697e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048697e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048697e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048697e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1117551
https://doi.org/10.1126/science.1117551
https://doi.org/10.1093/plcell/koae203
https://doi.org/10.1093/plcell/koae203
https://doi.org/10.1073/pnas.2319374121
https://doi.org/10.1073/pnas.2319374121
https://doi.org/10.1002/chem.200600774
https://doi.org/10.1002/chem.200600774
https://doi.org/10.1073/pnas.1617843114
https://doi.org/10.1073/pnas.1617843114
https://doi.org/10.1016/j.jinorgbio.2019.110797
https://doi.org/10.1016/j.jinorgbio.2019.110797
https://doi.org/10.1016/j.jinorgbio.2019.110797
https://doi.org/10.1021/acs.jctc.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-45705-1
https://doi.org/10.1038/s41467-024-45705-1
https://doi.org/10.1021/jacs.2c12174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbabio.2012.10.006
https://doi.org/10.1016/j.bbabio.2012.10.006
https://doi.org/10.1016/j.bbabio.2012.10.006
https://doi.org/10.1002/chem.202400396
https://doi.org/10.1002/chem.202400396
https://doi.org/10.1002/chem.202400396
https://doi.org/10.1002/chem.201501593
https://doi.org/10.1002/chem.201501593
https://doi.org/10.1126/science.283.5407.1524
https://doi.org/10.1126/science.283.5407.1524
https://doi.org/10.1021/ja001090a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001090a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001090a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200352564
https://doi.org/10.1002/anie.200352564
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(37) Jiang, P.; Li, J.; Ozarowski, A.; Sleight, A. W.; Subramanian, M.
A. Intense Turquoise and Green Colors in Brownmillerite-Type
Oxides Based on MnS+ in Ba2In2—xMnxOS5+x. Inorg. Chem. 2013,
52, 1349—1357.

(38) Reinen, D.; Rauw, W.; Kesper, U.; Atanasov, M.; Giidel, H. U.;
Hazenkamp, M.; Oetliker, U. Colour, Luminescence and Bonding
Properties of Tetrahedrally Coordinated Chromium(IV), Manganese-
(V) and Iron(VI) in Various Oxide Ceramics. J. Alloys Compd. 1997,
246, 193—208.

(39) Taguchi, T.; Gupta, R.; Lassalle-Kaiser, B.; Boyce, D. W,;
Yachandra, V. K;; Tolman, W. B.; Yano, J.; Hendrich, M. P.; Borovik,
A. S. Preparation and Properties of a Monomeric High-Spin MnV—
Oxo Complex. J. Am. Chem. Soc. 2012, 134, 1996—1999.

(40) Gupta, R; Taguchi, T.; Lassalle-Kaiser, B.; Bominaar, E. L;
Yano, J; Hendrich, M. P.; Borovik, A. S. High-Spin Mn— Oxo
Complexes and Their Relevance to the Oxygen-Evolving Complex
within Photosystem II. Proc. Natl. Acad. Sci. U.S.A. 2018, 112, 5319—
5324.

(41) Delcey, M. G.; Lindblad, R;; Timm, M.; Biilow, C.; Zamudio-
Bayer, V.; von Issendorff, B.; Lau, J. T.; Lundberg, M. Soft X-ray
Signatures of Cationic Manganese— Oxo Systems, Including a High-
Spin Manganese(V) Complex. Phys. Chem. Chem. Phys. 2022, 24,
3598-3610.

(42) Ablyasova, O. S.; Zamudio-Bayer, V.; Flach, M.; et al. Direct
Spectroscopic Evidence for the High-Spin State of
Dioxidomanganese(V). Phys. Chem. Chem. Phys. 2024, 26, 5830—
583S.

(43) Guan, J.; Duan, Z.; Zhang, F.; Kelly, S. D.; Si, R,; Dupuis, M.;
Huang, Q; Chen, J. Q; Tang, C,; Li, C. Water Oxidation on a
Mononuclear Manganese Heterogeneous Catalyst. Nat. Catal. 2018,
1, 870—-877.

(44) Wiechen, M.; Berends, H.-M.; Kurz, P. Wateroxidation
Catalysed by Manganese Compounds: From Complexes to
‘Biomimetic Rocks. Dalton Trans. 2012, 41, 21-31.

(4S) Zamudio-Bayer, V.; Hirsch, K.; Langenberg, A.; Kossick, M.;
Eawicki, A.; Terasaki, A; von Issendorff, B.; Lau, J. T. Direct
Observation of High-Spin States in Manganese Dimer and Trimer
Cations by x- Ray Magnetic Circular Dichroism Spectroscopy in an
Ion Trap. J. Chem. Phys. 2015, 142, No. 234301.

(46) Guo, M.; Killman, E; Pinjari, R. V.; Couto, R. C.; Kragh
Serensen, L.; Lindh, R.; Pierloot, K;; Lundberg, M. Fingerprinting
Electronic Structure of Heme Iron by Ab Initio Modeling of Metal L-
Edge X-ray Absorption Spectra. J. Chem. Theory Comput. 2019, 15,
477—489.

(47) Tan, H.; Verbeeck, J.; Abakumov, A; Van Tendeloo, G.
Oxidation State and Chemical Shift Investigation in Transition Metal
Oxides by EELS. Ultramicroscopy 2012, 116, 24—33.

(48) Cramer, S. P.; DeGroot, F. M. F.; Ma, Y.; Chen, C. T; Sette, F.;
Kipke, C. A,; Eichhorn, D. M.; Chan, M. K,; Armstrong, W. H.; Libby,
E.; Christou, G.; Brooker, S.; McKee, V.; Mullins, O. C.; Fuggle, J. C.
Ligand Field Strengths and Oxidation States from Manganese L-edge
Spectroscopy. J. Am. Chem. Soc. 1991, 113, 7937—7940.

(49) Ablyasova, O. S.; Guo, M,; Zamudio-Bayer, V.; Kubin, M,;
Gitzinger, T.; da Silva Santos, M.; Flach, M.; Timm, M.; Lundberg,
M,; Lau, J. T.; Hirsch, K. Electronic Structure of the Complete Series
of Gas-Phase Manganese Acetylacetonates by X-ray Absorption
Spectroscopy. J. Phys. Chem. A 2023, 127, 7121-7131.

(50) Maganas, D.; Kowalska, J. K;; Van Stappen, C.; DeBeer, S.;
Neese, F. Mechanism of L2,3-Edge x-Ray Magnetic Circular
Dichroism Intensity from Quantum Chemical Calculations and
Experiment—A Case Study on V(IV)/V(III) Complexes. . Chem.
Phys. 2020, 152, No. 114107.

(51) Boydas, E. B,; Roemelt, M. The trials and triumphs of
modelling X-ray absorption spectra of transition metal phthalocya-
nines. Phys. Chem. Chem. Phys. 2024, 26, 20376—20387.

(52) Gutsev, G. L.; Bozhenko, K. V.; Gutsev, L. G.; Utenyshev, A.
N.; Aldoshin, S. M. Dependence of Properties and Exchange
Coupling Constants on the Charge in the Mn20O n and Fe20 n
Series. J. Phys. Chem. A 2018, 122, 5644—5655.

7343

(53) Zimmermann, N.; Bernhardt, T. M.; Bakker, J. M.; Landman,
U,; Lang, S. M. Infrared Photodissociation Spectroscopy of Di-
Manganese Oxide Cluster Cations. Phys. Chem. Chem. Phys. 2019, 21,
23922-23930.

(54) Khedkar, A.; Roemelt, M. Modern Multireference Methods and
Their Application in Transition Metal Chemistry. Phys. Chem. Chem.
Phys. 2021, 23, 17097—-17112.

(55) van der Laan, G.; Kirkman, I. W. The 2p Absorption Spectra of
3d Transition Metal Compounds in Tetrahedral and Octahedral
Symmetry. J. Phys.: Condens. Matter 1992, 4, 4189—4204.

(56) Bendix, J.; Brorson, M.; Schiffer, C. E. Coordination Chemistry;
American Chemical Society, 1994; Chapter 18, pp 213—225.

(57) Jergensen, C. K. Differences between the Four Halide Ligands,
and Discussion Remarks on Trigonal-Bipyramidal Complexes, on
Oxidation States, and on Diagonal Elements of One-Electron Energy.
Coord. Chem. Rev. 1966, 1, 164—178.

(58) Holleman, A. F. Lehrbuch der Anorganischen Chemie; Wiberg, E.,
Ed.; De Gruyter: Berlin, Boston, 2020.

(59) Flach, M.; Hirsch, K.; Timm, M.; Ablyasova, O. S.; Santos, M.
d. S,; Kubin, M.; Biillow, C.; Gitzinger, T.; von Issendorff, B.; Lau, J.
T.; Zamudio-Bayer, V. Iron L3-edge Energy Shifts for the Full Range
of Possible 3d Occupations within the Same Oxidation State of Iron
Halides. Phys. Chem. Chem. Phys. 2022, 24, 19890—19894.

(60) Guo, S.; Watson, M. A,; Hu, W,; Sun, Q,; Chan, G. K.-L. N-
Electron Valence State Perturbation Theory Based on a Density
Matrix Renormalization Group Reference Function, with Applications
to the Chromium Dimer and a Trimer Model of Poly(p-Phenyl-
enevinylene). J. Chem. Theory Comput. 2016, 12, 1583—1591.

(61) Roemelt, M.; Krewald, V.; Pantazis, D. A. Exchange Coupling
Interactions from the Density Matrix Renormalization Group and N-
Electron Valence Perturbation Theory: Application to a Biomimetic
Mixed-Valence Manganese Complex. J. Chem. Theory Comput. 2018,
14, 166—179.

(62) Blomberg, M. R. A; Siegbahn, P. E. M. A Comparative Study of
High-Spin Manganese and Iron Complexes. Theor. Chem. Acc. 1997,
97, 72—80.

(63) Ugandi, M.; Roemelt, M. A configuration-based heatbath-ClI for
spin-adapted multireference electronic structure calculations with
large active spaces. J. Comput. Chem. 2023, 44, 2374—2390.

(64) Mizokawa, T.; Khomskii, D. I; Sawatzky, G. A. Spin and
Charge Ordering in Self-Doped Mott Insulators. Phys. Rev. B 2000,
61, 11263—11266.

(65) Loh, Z.-H.; Doumy, G.; Arnold, C.; et al. Observation of the
Fastest Chemical Processes in the Radiolysis of Water. Science 2020,
367, 179—182.

(66) da Silva Santos, M.; Medel, R;; Flach, M.; Ablyasova, O. S,;
Timm, M.; von Issendorff, B.; Hirsch, K.; Zamudio-Bayer, V.; Riedel,
S; Lau, J. T. Exposing the Oxygen-Centered Radical Character of
Tetraoxido Ruthenium(VIII) Cation, [RuO4]+. ChemPhysChem
2023, 24, No. 202300390.

(67) Frati, F.; Hunault, M. O. J. Y.; de Groot, F. M. F. Oxygen K-
edge X-ray Absorption Spectra. Chem. Rev. 2020, 120, 4056—4110.

(68) Lundberg, M.; Blomberg, M. R. A; Siegbahn, P. E. M. Oxyl
Radical Required for O-O Bond Formation in Synthetic Mn-Catalyst.
Inorg. Chem. 2004, 43, 264—274.

(69) Song, Y.-T.; Li, X.-C.; Siegbahn, P. E. M. Is There a Different
Mechanism for Water Oxidation in Higher Plants? J. Phys. Chem. B
2023, 127, 6643—6647.

(70) Ashley, D. C.; Baik, M.-H. The Electronic Structure of
[Mn(V)=0]: What Is the Connection between Oxyl Radical
Character, Physical Oxidation State, and Reactivity? ACS Catal.
2016, 6, 7202—7216.

(71) Collins, T. J; Gordon-Wylie, S. W. A Manganese(V)-Oxo
Complex. J. Am. Chem. Soc. 1989, 111, 4511—4513.

(72) Liao, R.-Z,; Siegbahn, P. E. M. Quantum Chemical Modeling of
Homogeneous Water Oxidation Catalysis. ChemSusChem 2017, 10,
4236—4263.

https://doi.org/10.1021/jacs.4c14543
J. Am. Chem. Soc. 2025, 147, 7336—7344


https://doi.org/10.1021/ic3020332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic3020332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0925-8388(96)02461-9
https://doi.org/10.1016/S0925-8388(96)02461-9
https://doi.org/10.1016/S0925-8388(96)02461-9
https://doi.org/10.1021/ja210957u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210957u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1422800112
https://doi.org/10.1073/pnas.1422800112
https://doi.org/10.1073/pnas.1422800112
https://doi.org/10.1039/D1CP03667J
https://doi.org/10.1039/D1CP03667J
https://doi.org/10.1039/D1CP03667J
https://doi.org/10.1039/D3CP05468C
https://doi.org/10.1039/D3CP05468C
https://doi.org/10.1039/D3CP05468C
https://doi.org/10.1038/s41929-018-0158-6
https://doi.org/10.1038/s41929-018-0158-6
https://doi.org/10.1039/C1DT11537E
https://doi.org/10.1039/C1DT11537E
https://doi.org/10.1039/C1DT11537E
https://doi.org/10.1063/1.4922487
https://doi.org/10.1063/1.4922487
https://doi.org/10.1063/1.4922487
https://doi.org/10.1063/1.4922487
https://doi.org/10.1021/acs.jctc.8b00658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ultramic.2012.03.002
https://doi.org/10.1016/j.ultramic.2012.03.002
https://doi.org/10.1021/ja00021a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00021a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c02794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c02794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c02794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5129029
https://doi.org/10.1063/1.5129029
https://doi.org/10.1063/1.5129029
https://doi.org/10.1039/D4CP01900H
https://doi.org/10.1039/D4CP01900H
https://doi.org/10.1039/D4CP01900H
https://doi.org/10.1021/acs.jpca.8b03496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b03496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b03496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP04586D
https://doi.org/10.1039/C9CP04586D
https://doi.org/10.1039/D1CP02640B
https://doi.org/10.1039/D1CP02640B
https://doi.org/10.1088/0953-8984/4/16/019
https://doi.org/10.1088/0953-8984/4/16/019
https://doi.org/10.1088/0953-8984/4/16/019
https://doi.org/10.1016/S0010-8545(00)80170-8
https://doi.org/10.1016/S0010-8545(00)80170-8
https://doi.org/10.1016/S0010-8545(00)80170-8
https://doi.org/10.1039/D2CP02448A
https://doi.org/10.1039/D2CP02448A
https://doi.org/10.1039/D2CP02448A
https://doi.org/10.1021/acs.jctc.5b01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s002140050239
https://doi.org/10.1007/s002140050239
https://doi.org/10.1002/jcc.27203
https://doi.org/10.1002/jcc.27203
https://doi.org/10.1002/jcc.27203
https://doi.org/10.1103/PhysRevB.61.11263
https://doi.org/10.1103/PhysRevB.61.11263
https://doi.org/10.1126/science.aaz4740
https://doi.org/10.1126/science.aaz4740
https://doi.org/10.1002/cphc.202300390
https://doi.org/10.1002/cphc.202300390
https://doi.org/10.1021/acs.chemrev.9b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0348188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0348188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c03029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c03029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00194a063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00194a063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201701374
https://doi.org/10.1002/cssc.201701374
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(73) Piamonteze, C.; Miedema, P.; de Groot, F. M. F. Accuracy of
the Spin Sum Rule in XMCD for the Transition-Metal L Edges from
Manganese to Copper. Phys. Rev. B 2009, 80, No. 184410.

(74) Peng, G.; van Elp, J; Jang, H.; Que, L., Jr; Armstrong, W. H.;
Cramer, S. P. Magnetic Circular Dichroism of Oxygen-Bridged
Dinuclear Iron Complexes. J. Am. Chem. Soc. 1995, 117, 2515—2519.

(75) Guo, Y; Li, H.; He, L.-L.; Zhao, D.-X; Gong, L.-D.; Yang, Z.-Z.
The Open-Cubane Oxo-Oxyl Coupling Mechanism Dominates
Photosynthetic Oxygen Evolution: A Comprehensive DFT Inves-
tigation on O-O Bond Formation in the S4 State. Phys. Chem. Chem.
Phys. 2017, 19, 13909—13923.

(76) Capone, M.; Guidoni, L.; Narzi, D. Structural and Dynamical
Characterization of the S4 State of the Kok-Joliot’s Cycle by Means of
QM/MM Molecular Dynamics Simulations. Chem. Phys. Lett. 2020,
742, No. 137111.

(77) Britt, R. D.; Suess, D. L. M,; Stich, T. A. An Mn(V)-Oxo Role
in Splitting Water? Proc. Natl. Acad. Sci. U.S.A. 2018, 112, 5265—
5266.

(78) Lundberg, M.; Siegbahn, P. E. M. Agreement between
Experiment and Hybrid DFT Calculations for O-H Bond Dissociation
Enthalpies in Manganese Complexes. J. Comput. Chem. 2005, 26,
661—667.

(79) Venturinelli Jannuzzi, S. A; Phung, Q. M.; Domingo, A;
Formiga, A. L. B.; Pierloot, K. Spin State Energetics and Oxyl
Character of Mn-Oxo Porphyrins by Multiconfigurational Ab Initio
Calculations: Implications on Reactivity. Inorg. Chem. 2016, S5,
5168—5179.

(80) Pantazis, D. A. Clues to How Water Splits during Photosyn-
thesis. Nature 2023, 617, 468—469.

(81) Shimoyama, Y.; Kojima, T. Metal-Oxyl Species and Their
Possible Roles in Chemical Oxidations. Inorg. Chem. 2019, 58, 9517—
9542.

(82) Hirsch, K; Lau, J. T,; Klar, P.; Langenberg, A.; Probst, J;
Rittmann, J; Vogel, M.; Zamudio-Bayer, V.; Moller, T.; von
Issendorff, B. X-Ray Spectroscopy on Size-Selected Clusters in an
Ion Trap: From the Molecular Limit to Bulk Properties. J. Phys. B At.
Mol. Opt. Phys. 2009, 42, No. 154029

(83) Langenberg, A.; Hirsch, K.; Lawicki, A.; Zamudio-Bayer, V;
Niemeyer, M.; Chmiela, P.; Langbehn, B.; Terasaki, A.; Issendorff,
Bv.; Lay, J. T. Spin and orbital magnetic moments of size-selected
iron, cobalt, and nickel clusters. Phys. Rev. B 2014, 90, No. 184420.

(84) Niemeyer, M.; Hirsch, K.; Zamudio-Bayer, V.; Langenberg, A ;
Vogel, M.; Kossick, M.; Ebrecht, C.; Egashira, K.; Terasaki, A.; Moller,
T.; V Issendorff, B,; Lau, J. T. Spin Coupling and Orbital Angular
Momentum Quenching in Free Iron Clusters. Phys. Rev. Lett. 2012,
108, No. 57201.

(85) Yeh, J. J; Lindau, I. Atomic Subshell Photoionization Cross
Sections and Asymmetry Parameters: 1 < Z < 103. At. Data Nucl.
Data Tables 1985, 32, 1—153.

(86) Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA
quantum chemistry program package. J. Chem. Phys. 2020, 152,
No. 224108.

(87) Jensen, K. P. Bioinorganic chemistry modeled with the TPSSh
density functional. Inorg. Chem. 2008, 47, 10357—10365.

(88) Iron, M. A,; Janes, T. Evaluating transition metal barrier heights
with the latest density functional theory exchange-correlation
functionals: The MOBH35 benchmark database. J. Phys. Chem. A
2019, 123, 3761—3781.

(89) Zhao, C; Wu, R; Zhang, S.; Hong, X. Benchmark Study of
Density Functional Theory Methods in Geometry Optimization of
Transition Metal-Dinitrogen Complexes. J. Phys. Chem. A 2023, 127,
6791—6803.

(90) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E.
Climbing the density functional ladder: Nonempirical meta-
generalized gradient approximation designed for molecules and solids.
Phys. Rev. Lett. 2003, 91, No. 146401.

(91) Perdew, J. P.; Tao, J.; Staroverov, V. N.; Scuseria, G. E. Meta-
generalized gradient approximation: Explanation of a realistic

7344

nonempirical density functional. J. Chem. Phys. 2004, 120, 6898—
6911.

(92) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297-330S.

(93) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—1065.

(94) Dunlap, B. I; Connolly, J. W. D; Sabin, J. R. On some
approximations in applications of X alpha theory. . Chem. Phys. 1979,
71, 3396—3402.

(95) Vahtras, O.; Almléf, J.; Feyereisen, M. W. Integral
Approximations for LCAO-SCF Calculations. Chem. Phys. Lett.
1993, 213, 514—518.

(96) Izsék, R.; Neese, F. An overlap fitted chain of spheres exchange
method. J. Chem. Phys. 2011, 135, 144105 DOI: 10.1063/1.3646921.

(97) Izsék, R; Neese, F.; Klopper, W. Robust fitting techniques in
the chain of spheres approximation to the Fock exchange: The role of
the complementary space. J. Chem. Phys. 2013, 139, No. 094111.

(98) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104 DOI: 10.1063/1.3382344.

(99) DeBeer George, S.; Petrenko, T.; Neese, F. Prediction of iron
K-edge absorption spectra using time-dependent density functional
theory. J. Phys. Chem. A 2008, 112, 12936—12943.

(100) Pipek, J.; Mezey, P. G. A fast intrinsic localization procedure
applicable for ab initio and semiempirical linear combination of
atomic orbital wave functions. J. Chem. Phys. 1989, 90, 4916—4926.

(101) Hirata, S.; Head-Gordon, M. Time-dependent density
functional theory within the Tamm-Dancoff approximation. Chem.
Phys. Lett. 1999, 314, 291—-299.

(102) Lenthe, E. v.; Baerends, E. J.; Snijders, J. G. Relativistic regular
two-component Hamiltonians. J. Chem. Phys. 1993, 99, 4597—4610.

(103) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Relativistic total
energy using regular approximations. ]. CHem. Phys. 1994, 101,
9783—-9792.

(104) Khedkar, A.; Roemelt, M. Extending the ASS1ST Active Space
Selection Scheme to Large Molecules and Excited States. Journal of
Chemical Theory and Computation 2020, 16, 4993—5005.

(105) Chan, G. K.-L.; Head-Gordon, M. Highly correlated
calculations with a polynomial cost algorithm: A study of the density
matrix renormalization group. J. Chem. Phys. 2002, 116, 4462—4476.

(106) Chan, G. K--L. An algorithm for large scale density matrix
renormalization group calculations. J. Chem. Phys. 2004, 120, 3172—
3178.

(107) Sharma, S; Chan, G. K. Spin-adapted density matrix
renormalization group algorithms for quantum chemistry. J. Chem.
Phys. 2012, 136, No. 124121.

(108) Kollmar, C.; Sivalingam, K.; Helmich-Paris, B.; Angeli, C.;
Neese, F. A perturbation-based super-CI approach for the orbital
optimization of a CASSCF wave function. J. Comput. Chem. 2019, 40,
1463—1470.

(109) Angeli, C.; Cimiraglia, R.; Malrieu, J.-P. n-electron valence
state perturbation theory: A spinless formulation and an efficient
implementation of the strongly contracted and of the partially
contracted variants. J. Chem. Phys. 2002, 117, 9138—9153.

(110) Olivares-Amaya, R.; Hu, W.; Nakatani, N.; Sharma, S.; Yang,
J.; Chan, G. K.-L. The ab-initio density matrix renormalization group
in practice. J. Chem. Phys. 2015, 142, No. 034102.

https://doi.org/10.1021/jacs.4c14543
J. Am. Chem. Soc. 2025, 147, 7336—7344


https://doi.org/10.1103/PhysRevB.80.184410
https://doi.org/10.1103/PhysRevB.80.184410
https://doi.org/10.1103/PhysRevB.80.184410
https://doi.org/10.1021/ja00114a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00114a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP01617D
https://doi.org/10.1039/C7CP01617D
https://doi.org/10.1039/C7CP01617D
https://doi.org/10.1016/j.cplett.2020.137111
https://doi.org/10.1016/j.cplett.2020.137111
https://doi.org/10.1016/j.cplett.2020.137111
https://doi.org/10.1073/pnas.1505223112
https://doi.org/10.1073/pnas.1505223112
https://doi.org/10.1002/jcc.20206
https://doi.org/10.1002/jcc.20206
https://doi.org/10.1002/jcc.20206
https://doi.org/10.1021/acs.inorgchem.5b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/d41586-023-01388-0
https://doi.org/10.1038/d41586-023-01388-0
https://doi.org/10.1021/acs.inorgchem.8b03459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-4075/42/15/154029
https://doi.org/10.1088/0953-4075/42/15/154029
https://doi.org/10.1103/PhysRevB.90.184420
https://doi.org/10.1103/PhysRevB.90.184420
https://doi.org/10.1103/PhysRevLett.108.057201
https://doi.org/10.1103/PhysRevLett.108.057201
https://doi.org/10.1016/0092-640X(85)90016-6
https://doi.org/10.1016/0092-640X(85)90016-6
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/5.0004608
https://doi.org/10.1021/ic800841t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic800841t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1063/1.1665298
https://doi.org/10.1063/1.1665298
https://doi.org/10.1063/1.1665298
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.438728
https://doi.org/10.1063/1.438728
https://doi.org/10.1016/0009-2614(93)89151-7
https://doi.org/10.1016/0009-2614(93)89151-7
https://doi.org/10.1063/1.3646921
https://doi.org/10.1063/1.3646921
https://doi.org/10.1063/1.3646921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4819264
https://doi.org/10.1063/1.4819264
https://doi.org/10.1063/1.4819264
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803174m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803174m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp803174m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.456588
https://doi.org/10.1063/1.456588
https://doi.org/10.1063/1.456588
https://doi.org/10.1016/S0009-2614(99)01149-5
https://doi.org/10.1016/S0009-2614(99)01149-5
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1021/acs.jctc.0c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1449459
https://doi.org/10.1063/1.1449459
https://doi.org/10.1063/1.1449459
https://doi.org/10.1063/1.1638734
https://doi.org/10.1063/1.1638734
https://doi.org/10.1063/1.3695642
https://doi.org/10.1063/1.3695642
https://doi.org/10.1002/jcc.25801
https://doi.org/10.1002/jcc.25801
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.4905329
https://doi.org/10.1063/1.4905329
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

