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The spin state of metal centers in many catalytic reactions has been demonstrated to be a rate limiting factor
when high-valent metal centers such as manganese are involved. Although numerous manganese(v)
complexes, including a few manganese(v) oxo complexes, have been identified, thus far only one of these,
IMnYHs buea(O)], has been directly confirmed to exist in a high spin state. Such a high-spin manganese(v)
center may play a crucial role in the dioxygen formation process in the elusive S, state of the Kok cycle in
photosystem Il. In this study, we provide direct experimental evidence, using X-ray magnetic circular dichroism
(XMCD) and X-ray absorption spectroscopy (XAS), of gas phase [OMnOJ* as the second known high-spin
manganese(v) oxo complex. We conclusively assign the ground state as *B; (C,,). Additionally, we provide
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fingerprint spectra not only for [OMn" OJ*, but also for the high-spin hydroxidooxidomanganese(iv) ion [OMn"
OHI™ in its *A” (C) ground state that is expected to exhibit similar XAS and XMCD spectral signatures to
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1 Introduction

High valent metal-oxo intermediates are believed to be key in
facilitating numerous biological and abiotic catalytic oxidation
reactions.” There is also evidence that the spin state of these
high-valent metal-oxo complexes determines their reactivity."™
For example, a combined theoretical and experimental study
suggests that the catalytic hydrocarbon oxidation is only facili-
tated via the triplet state of a manganese(v)-oxo complex while
the singlet state of that same species is inactive.® Moreover,
high-spin manganese(v) was also proposed to play a key role in
water splitting as the main active site of the oxygen-evolving
complex (OEC) of photosystem IL’ ' Despite the apparent
importance of high-valent-high-spin manganese centers, only
very few manganese(v)-oxo complexes are known,*"*** most of
which are of tetragonal symmetry resulting in a quenched spin
magnetic moment. To the best of our knowledge, only one
manganese(v)-oxo complex, [MnVH;buea(O)], that exists in a
high-spin (triplet) state has been reported thus far.">'® This
triplet state has been achieved by tailoring a trigonal ligand
symmetry that results in a finite spin at the manganese site.
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Previously, we reported on cationic manganese oxide clusters,
including [OMnO]" for which we experimentally and theoretically
determined the +5 oxidation state."* The comparison of the
spectral shape with the computational X-ray absorption spectro-
scopy (XAS) signature of [OMn"O]" hinted at a high-spin *B,
ground state, in line with a calculated high-spin ground state.
Here, we present X-ray magnetic circular dichroism (XMCD)
spectroscopy of [OMnO]" that allows direct probing of the
magnetic moments of gas-phase ions.'” By this, we now show
conclusively that [OMnO]" is indeed the second reported high-
spin manganese(v)oxo species. Because manganese in oxidation
states +5 and +4 might play a pivotal role in the oxygen evolution
reaction mediated by the OEC,”®'**" we provide fingerprint XAS
and XMCD spectra, as well as median excitation energies of
[OMn"YO]" and [OMn"YOH]" whose oxidation states are deter-
mined by chemical shifts. Locally at the manganese site, the
latter exhibits almost the same symmetry as the neutral OMn' O
complex.

2 Methods

XMCD spectroscopy was carried out at the ion trap end
station,"® " located at beamline UE52-PGM of the synchrotron
facility BESSY II operated by Helmholtz-Zentrum Berlin. Dioxi-
domanganese and hydroxidooxidomanganese cations are pro-
duced by DC-sputtering of a manganese target in a helium and
argon atmosphere while simultaneously introducing trace
amounts of oxygen to the discharge in presence of residual
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water vapour. 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 typical temperature of approximately
20 K. A superconducting solenoid creates a homogeneous
magnetic field of ug H = 4.5 T along the trap axis to magnetize
the sample. Ion yield (action) 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."” Photon energy calibration was per-
formed using the neon 1s excitation in the beamline ionization
cell and checked at the oxygen K-edge, giving a photon energy
uncertainty of +0.1 eV. Crystal field and charge transfer multi-
plet (CF/CTM) simulations were carried out using the program
package CTMA4XAS (version 5.5),>> and multiplet ligand-field
theory calculations were performed using the software package
Xclaim.*® Density functional theory (DFT) calculations were
carried out using ORCA version 4.2.1** and turbomole version
7.6.1 employing the B3LYP functional®**® and def2-TZVP basis
set.>” Search for the [OMn"™VOH]" ground state structure was
performed starting from the reported [OMn"O]" ground state
structure'® adding a hydrogen atom either at the manganese or
oxygen site, respectively. See the ESI} for details.

3 Results and discussion
3.1 Spin ground state of dioxidomanganese(v) cation

The experimental X-ray absorption spectrum of the [OMn'O]"
complex at the manganese L, ; edge is shown in the top panel of
Fig. 1(a) reproducing the data presented earlier'® despite being
collected on different ion yield channels, namely O" here and
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Mn” " in the earlier study."® From the median L; excitation energy
of 642.6 £+ 0.2 eV, also shown in Fig. 1(a) as a dashed black line,
we can deduce the oxidation state*® of the manganese center in
[OMnO]" to be +5 in agreement with the earlier report,™ cf. ESL,t
Fig. S11. The oxidation state assignment is further substantiated
by a DFT Mulliken 3d spin population of 2.2 which is known to
correlate with the oxidation state in manganese.>

In the lower panel of Fig. 1(a) the XMCD signal is presented,
which is the difference in X-ray absorption with helicity of the X-ray
beam parallel and antiparallel to the magnetic field axis. Addition-
ally, we present the XMCD integral in the lower panel of Fig. 1(a).
The XMCD orbital sum rule®*>? directly links the XMCD integral
over both, L; and L,, edges to the expectation value of the orbital
magnetic moment at the manganese center. As can be seen, the
integral over both L, ;-edges approaches zero, indicating a vanishing
orbital magnetic moment. A quantitative analysis using the orbital
XMCD sum rule® yields an orbital magnetization of y;, = 0.01 +
0.05up per electron hole. This agrees with quenching of the orbital
magnetic moment as is expected in C,, symmetry.®> Hence, the
dichroic signal observed is of pure spin character. Since the man-
ganese center has been shown to be in oxidation state +5, which is
equivalent to a nominal local 3d* electron configuration at the
manganese site, the non-vanishing XMCD signal, arising from spin
only, is evidence for a triplet state. We have therefore experimentally
and unambiguously demonstrated that the ground state of the high-
valent [OMn"O]" complex is a high spin *B; (C,,) state.

3.2 XAS and XMCD spectral fingerprinting of [OMn"0]" and
[oMn™OH]"

In our special case of [OMn'O]" there is no need to further
analyse the spectral shape of the L-edge absorption in order to
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Fig. 1 X-ray absorption spectra (upper panel) recorded with negative (blue trace) and positive (red trace) helicity with respect to the magnetic field axis,
and average XAS (black trace) taken at an energy resolution of 170 meV of (a) [OMnVOl* and (b) [OMn'VOH]* complexes. The dashed lines indicate the
median Lz excitation energies of 642.6 &+ 0.2 eV and 641.9 + 0.3 eV, respectively. Lower panel: Experimental XMCD signal (black trace) along with its

integral (green trace) of (a) [OMnYOl" and (b) [OMN"VOH]* complexes.
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extract information on the electronic ground state. However,
fingerprinting of the L,j;-edge multiplet structure is often
successfully employed to determine the electronic configu-
ration of 3d metals and their compounds.**# Additionally,
in case of early or high-valent transition metals, the XMCD spin
sum rule breaks down>® and fingerprinting of the XMCD signal
is the only fallback option to extract information on the spin
state from helicity dependent L-edge absorption. Furthermore,
modelling the spectral shape also allows to extract semi-
empirical parameters such as the crystal field strength induced
by the coordinating ligands.*®

We therefore employed crystal field and charge transfer
multiplet modelling of both XAS and XMCD spectral signatures
of the [OMnO]" complex. However, despite searching a wide
parameter space starting from parameters reported for other
3d*> systems, namely VI;*>*' and FeV,04" the agreement
between experiment and simulation is rather poor as can be
seen from ESILf Fig. S1-S6. It is worthwhile mentioning that
even wave-function based theoretical models struggle to repro-
duce all the features of systems exhibiting a 3d* electron
configuration.”® Moreover, the agreement between XAS and
XMCD signatures of [OMn"O]" with the reported experimental
XAS and XMCD signatures of 3d” systems*®™*” is subpar. For a
thorough overview of the CF/CTM simulations and a compar-
ison of [OMnY0]" XAS and XMCD to reports for VI;***' or
FeV,0,"” see the ESL Interestingly, we find a similarly satisfy-
ing agreement of the [OMn"0O]" XMCD signal with that of Crl;,
as can be seen from ESI,{ Fig. S8, where the metal center,
however, exhibits a 3d* local electronic configuration.***> This
seems to indicate that spectral fingerprinting might not be
robust for high-valent manganese systems.*®

In order to test this hypothesis we have prepared manganese
in oxidation state +4 in a similar local symmetry by reducing
the [OMn"0]" complex using residual water and forming the
hydroxidooxido manganese(iv) cation, [OMn™OH]". Its manga-
nese L, ;-edge X-ray absorption spectrum is shown in the upper
panel of Fig. 1(b) alongside the median L; excitation energy
indicated by the dashed line and its ground state geometry as
identified by DFT. For related manganese oxide species the
shift of the median L; excitation energy has been shown to be
0.95 + 0.02 eV per unit oxidation state.'®> Here, we report the
median L; excitation energy of [OMn"VOH]" as 641.9 4 0.3 eV,
ie., 1.1 eV below and 0.9 eV above the median L; excitation
energy of Mn" and Mn'" centers, respectively.* This reveals an
oxidation state of the manganese center in [OMn"VOH]" of +4
or, put differently, a local 3d* electron configuration. The spins
of these three 3d electrons can couple to give either doublet or
quartet spin states. Although application of the XMCD spin
sum rule in this instance would result in a significant error,*
comparison of the XMCD intensity of [OMn"VOH]" as presented
in the lower panel of Fig. 1(b) to that of [OMn"O]" allows for
exclusion of one of the potential spin states of [OMn"™OH]".
Since the XMCD signal of [OMn"OH]" is larger by a factor of
3 compared to that of *B; (C,,) [OMn"O]" this is evidence for
[OMn"VOH]" to be in a quartet spin state. Furthermore, the
XMCD integral over both L, ; edges indicates a small positive
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orbital magnetization that accounts to 0.011 to 0.014up per
hole, showcasing an almost quenched orbital magnetic
moment. This can be expected as the local symmetry of the
metal center is only slightly disturbed by the addition of
hydrogen atom with respect to the [OMn"O]" complex. The
quartet ground state identified from the experimental data is
also in agreement with our ground state as determined by DFT,
for details see the ESL{

Despite the significantly different XMCD intensity in
[OMn"0]" and [OMn"OH]" complexes, there are only marginal
differences in the XMCD spectral signatures of both molecules
as can be seen from a direct comparison shown in ESI,} Fig. S9.
Consequently, the fingerprint of the XMCD signal of high-
valent manganese is less suitable for determining the respec-
tive electronic configuration and spin state. However, there is a
distinct difference in their XAS spectral signature (see ESL ¥
Fig. S9) that is even more pronounced than in manganese with
a local 3d* and 3d* electron configuration, respectively,*® and
might be used as a spectral fingerprint.

3.3 Energy level diagram and oxygen K-edge X-ray absorption
spectra

Complementary to manganese L, ;-edge X-ray absorption we
also recorded oxygen K-edge X-ray absorption spectra, which
are presented in the right panels of Fig. 2. In the absence of
multiplet effects, X-ray absorption is a measure of the unoccu-
pied density of states. Hence, we also show the oxygen
p-projected density of states in Fig. 2 in comparison to the
experimental oxygen K-edge absorption spectrum. The good
agreement between the calculated density of states and the
experimental data allows us to directly extract energy level
diagrams as presented in the left panels of the same figure.*®
This has the advantage that we do not have to rely on simula-
tions of oxygen K-edge spectra capitalizing on multiconfigura-
tional self-consistent field wavefunction methods as recently
reported.”” The crystal field induced by the oxygen atoms lifts
the degeneracy of the manganese 3d states and groups the
molecular orbitals with significant 3d character.”® In the
[OMn"0]" complex the aforementioned grouping nicely corre-
lates with the orientation of the 3d-derived states relative to the
ligand orbitals. Therefore, the two occupied o-spin molecular
orbitals (MOs) 10a; and 4b, are grouped together and are
separated from the 11a; and 2a, MOs by about 3.8 eV. The
molecular orbital 7b, with significant 3d electron density along
the Mn-O axes experiences an additional energy penalty push-
ing it up in energy by another 1.5 eV. We in turn used these
parameters as a starting point for further CF simulations of the
manganese L, ;-edge XAS and XMCD spectra. Again, the agree-
ment between the resulting simulations and the experimental
spectra remains poor as can be seen from ESI,{ Fig. S7.

The energy separation of 10a, and 4b, of 0.2 eV is consider-
ably smaller than the 3d exchange interaction of 0.45 eV
(CASPT2/RASPT2."*) and 0.55 eV (DFT, B3LYP/def2-TZVP),
respectively, as deduced from the singlet-triplet gap of
[OMn"0]", which is also consistent with the exchange splitting
of 0.53 eV in atomic Ti* * with 3d> configuration.” This results

This journal is © the Owner Societies 2024
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Fig. 2 Left panels: Energy level diagram deduced from « spins along isosur-
face plots of the molecular orbitals of (a) [OMnYOl* and (b) [OMnVOH]*
complexes. Arrows indicate occupied molecular orbitals. Right panel: Com-
parison of oxygen K-edge absorption (340 meV energy resolution) and oxygen
p-projected density of states (broadened with a Gaussian of 0.3 eV full width
half maximum and a 0.16 eV Lorentzian®® to account for experimental
resolution and core hole lifetime, respectively) of (a) [OMn'Ol* and (b)
[OMNVOHI* complexes. Blue and red sticks show o and f spin states,
respectively. For [OMn"VOH]™ we use the molecular orbital nomenclature in
C,y symmetry as the local symmetry at the metal is only slightly disturbed by
the addition of the hydrogen atom. This allows for a more direct comparison to
[OMn¥Ol*.

in the stabilization of the triplet ground state, also present in other
isoelectronic high-valent transition metal dioxide molecules.”"*°

In [OMn"™OH]" with an overall C; symmetty, the local symmetry
at the manganese site deviates only slightly from C,, symmetry. We
therefore use the same nomenclature for the molecular orbitals as in
[OMn"OJ". The crystal field splitting in [OMn™OH]" is less pro-
nounced than in [OMn"OJ", but the molecular orbitals 10a, and 4b,
remain grouped relatively close (0.3 eV) in energy, and 4b; is
separated from 11a, by 0.58 eV. This splitting is still considerably
smaller than the high-spin-low-spin transition energy of manganese
with a 3d® electronic configuration®® resulting in the observed
quartet spin state. As expected the molecular orbital 7b, suffers an
additional energy penalty relative to 2a,, which amounts to 0.9 eV.
From the electron configuration of the [OMn™OH]" complex we
deduce a *A” (C,) ground state, which is identical to the reported
ground state of isoelectronic [OVOH] %"
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At the manganese site the local symmetry resembles neutral
OMnO with similar Mn-O bond distances and angle of 1.603/
1.699 A, 123.5° in [OMn"VOH]" compared to 1.639 A, 118.4°**
and 1.581 A, 131°°* in neutral OMnO. In C,, symmetry the
ground state of the [OMn"YOH]" complex could be described as
a ‘B, state with (10a;)" (4b;)' (11a,)" configuration, in agree-
ment with the ground state reported for neutral OMnO by
DFT,>>%*°%%2 byt distinct from a *B, ground state found by
employing multiconfigurational wavefunction methods."?
However, the latter differs from the former only by swapping
the energetic ordering of the nearly degenerate 11a; and 2a,
molecular orbitals. Furthermore, the leading line in the oxygen
K-edge absorption of [OMn"0]" was predicted to be reduced in
neutral OMnO." Indeed we observe a reduction in intensity of
the low energy line when comparing [OMn"O]" and [OMn"
YOH]" complexes further substantiating the similarity of [OMn"
YOH]" and neutral OMn™ 0. Note, that this reduction is not
present in the oxygen p-projected density of states, which may
also not be expected as this approach neglects any variation of
the oscillator strength due to changing overlap of the 2p
wavefunction and the involved molecular orbitals.

The XMCD and XAS spectra of [OMn"VOH]* should be very
similar to those of the neutral OMnO complex given their
similar local electronic structure and symmetry. Therefore the
XMCD and XAS spectra of [OMn"VOH]" might be used as a
spectral fingerprint for neutral OMnO.

Furthermore, we want to emphasize that neither in the
oxygen K-edge spectrum of [OMn'O]" nor in [OMn"VOH]" the
molecular orbital contributing to the energetically lowest lying
excitation of the spectrum has a prominent 3d character. This
is in contrast to the case of oxygen centered radicals,®® which
can therefore be excluded here.

4 Conclusion and outlook

Using XMCD spectroscopy we conclusively demonstrate that
the ground state of the dioxidomanganese(v) cation is the high-
spin state °B, as foreshadowed by an earlier study employing
experimental and computational XAS only."* Hence, we fully
establish [OMn"O]" as the second known manganese(v)-oxo
complex to exhibit a high-spin ground state.'>'® This is an
important piece of information when considering reaction
pathways involving high-valent species such as [OMn"O]" that
might well be intermediate species for which the spin state
could be rate determining.

Furthermore, we present the first XMCD spectrum of a high-
spin manganese(v) oxo complex, i.e., of a high-spin manganese
center in a local 3d” electronic configuration. Reproducing the
spectral signature properly is a challenge for both semi-
empirical models - as demonstrated here but also for other 3d*
systems®®™* - as well as for wavefunction-based ab initio
electronic structure theory.*> Nonetheless, considerable pro-
gress has been made by wavefunction-based ab initio methods
in reproducing both XAS and XMCD signatures of transition
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metal compounds and will become invaluable in interpreting
experimental data.

Moreover, we also provide the XAS and XMCD spectrum for
the high-spin hydroxidooxidomanganese(iv) cation with almost
identical local symmetry at the manganese site as in [OMnO]"°.
Manganese centers in both, oxidation states +4 and +5, might
play a significant role in the oxygen evolving reaction of
photosystem II. Hence, the reported spectra can serve as a
benchmark not only for studying the OEC but also for studying
other multinuclear manganese systems®“® and to further
refine quantum chemical methods.

However, what remains elusive is the existence of a high-
valent-high-spin species in a multinuclear manganese complex,
which is an issue closely intertwined with important oxidation
reactions such as the Kok cycle.®® We hope that this study will
encourage future studies into such systems.
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