Inorganic Chemistry

pubs.acs.org/IC

Experimental and Computational X-ray Emission Spectroscopy as a
Direct Probe of Protonation States in Oxo-Bridged Mn'" Dimers
Relevant to Redox-Active Metalloproteins

Benedikt Lassalle-Kaiser,” Thaddeus T. Boron IIL¥ Vera Krewald,® Jan Kern,T’|| Martha A. Beckwith, ¥+
Mario U. Delgado-]aime,§ Henning Schlroedelr,T Roberto Alonso-Mori,II Dennis Nordllundl,||
Tsu-Chien Weng,“ Dimosthenis Sokaras,” Frank Neese,§ Uwe Bergmann,” Vittal K Yachandra,Jr

Serena DeBeer,*>" Vincent L. Pecoraro,** and Junko Yano*''

"Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
iDepartment of Chemistry, University of Michigan, Ann Arbor, Michigan 48109, United States
$Max Planck Institute for Chemical Energy Conversion, Stiftstrasse 34-36, 45470 Miilheim an der Ruhr, Germany

ISLAC National Accelerator Laboratory, Menlo Park, California 94025, United States

J'Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853, United States

© Supporting Information

ABSTRACT: The protonation state of oxo bridges in nature is of profound
importance for a variety of enzymes, including the Mn,CaOj cluster of photosystem

II and the Mn,O, cluster in Mn catalase. A set of dinuclear bis-y-oxo-bridged Mn'"

complexes in different protonation states was studied by K/ emission spectroscopy to
form the foundation for unraveling the protonation states in the native complex. The

valence-to-core regions (valence-to-core XES) of the spectra show significant changes

in intensity and peak position upon protonation. DFT calculations were performed to

simulate the valence-to-core XES spectra and to assign the spectral features to specific

transitions. The Kf3, s peaks arise primarily from the ligand 2p to Mn 1s transitions,
with a characteristic low energy shoulder appearing upon oxo-bridge protonation.

The satellite KB” peak provides a more direct signature of the protonation state
change, since the transitions originating from the 2s orbitals of protonated and

unprotonated y-oxo bridges dominate this spectral region. The energies of the Kf”
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features differ by ~3 eV and thus are well resolved in the experimental spectra. Additionally, our work explores the chemical
resolution limits of the method, namely, whether a mixed (4-O)(u-OH,) motif can be distinguished from a symmetric (4-OH),
one. The results reported here highlight the sensitivity of K/ valence-to-core XES to single protonation state changes of bridging
ligands, and form the basis for further studies of oxo-bridged polymetallic complexes and metalloenzyme active sites. In a

complementary paper, the results from X-ray absorption spectroscopy of the same Mn'" dimer series are discussed.

B INTRODUCTION

Protonation states of oxo-bridging and terminal ligands (O*7,
OH™, OH,) often control catalytic function in inorganic and
bioinorganic catalysts, by modulating the charge density
distribution between the metals and ligands, the pK, of
bound water/hydroxide, and the covalency between metals and
ligands. Examples of such systems include catalysts involved in
O, association and dissociation reactions. In the hydrogen
peroxide disproportionation reaction, catalyzed by Mn catalase,
oxo bridges undergo protonation and deprotonation events that
are essential to their physiological function, and certain
protonation states are known to inhibit the catalytic reaction."
In the water-oxidation reaction catalyzed by the Mn,CaOjq
cluster in photosystem II, protonation state changes in the
bridging oxygen (u-oxo or u-hydroxo) and/or a terminal
substrate water as aqua or hydroxo have been proposed during
the four electron redox chemistry.*~>
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More generally, protonation/deprotonation reactions of
metal centers in biology are now recognized as important
processes that moderate reaction chemistry. For example,
copper oxo/hydroxo/peroxo complexes play vital roles in
respiration, such as in hemocyanin,® in biological metabolic
pathways such as catechol oxidase activity’ or activation of
aliphatic C—H bonds by dopamine f-monooxygenase, peptidyl-
glycine a-amidating enzyme, and particulate methane mono-
oxygenase.” Another important reaction is the reduction of
ribonucleotides to the deoxy form in ribonucleotide reductase
catalyzed by the FeFe or FeMn cluster, in which the O,
activation by the FeMn cluster may be accompanied by the
protonation state changes at the bridging oxygen.” It is also
known that FeFe clusters in soluble methane monooxygenase
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catalyze the hydroxylation of methane to methanol.'*~"
Understanding these events requires techniques that are
sensitive enough to differentiate species that differ only by a
single proton.

Numerous small molecule mimics exist in the literature for
these biological systems."> Model compounds assessing the
properties and reactivities of Mn™'—OH and Mn"V=0 as well
as FeY—OH and Fe'V=0 species have been reported by
several groups."®™>' Que and co-workers have examined Fe
complexes that are remarkable for their H-atom abstraction
capabilities.”>*® In some systems, it is possible to resolve the
protonation state of oxo-bridged species through single-crystal
X-ray crystallography6 where unusually long or short M—O and
M—OH bonds have been reported.'*** However, the chemical
assignment of these unusual bond distances and associated
protonation states is not always straightforward and could be
further strengthened using a technique that has more direct
sensitivity to the protonation event.

Several techniques have the potential to detect a single
protonation event, while few of them can directly and
selectively probe the protons in the first coordination sphere
of a transition metal ion. Potential methods include vibrational
spectroscopy”> and ligand sensitive EPR techniques such as
ENDOR (electron nuclear double resonance), ESEEM
(electron spin echo envelope modulation), and HYSCORE
(hyperfine sublevel correlation).”**” The advantage of X-ray-
based methods over EPR techniques is their element specificity
and that they are not restricted by the spin states of the
compounds.

In two complementary papers™® we explore the sensitivity of
both X-ray absorption (XAS) and X-ray emission spectroscopy
(XES) to changes in ligand protonation state. XAS can serve as
an indirect probe of the protonation state through changes in
local symmetry and metal—ligand bond distances at the
catalytic site.”” The assignment of protonation states by XAS
is further strengthened by close correlation to theory, as
explored in the preceding paper.”®

XES is complementary to XAS and provides a direct probe of
the filled molecular orbitals. In a KB XES spectrum, the “main
line” features, Kf3; 3 and Kf#', correspond to a transition from a
metal 3p orbital to a metal 1s hole (Figure 1). Due to a strong
contribution from 3p—3d exchange contribution, this region of
the spectrum is dominantly influenced by the number of
unpaired spins of the metal and hence its oxidation and/or spin
state. To higher energy is the valence-to-core region (or also
called Kp,; and Kp" features, Figure 1). These features
correspond primarily to transitions from ligand 2p and 2s
orbitals, respectively, and as such contain direct information
about the ligand identities.**>°

In this work, the use of XES as a sensitive probe of single
protonation events at bridging oxygen atoms is explored. A set
of homologous dinuclear Mn"' complexes that were initially
synthesized by Baldwin et al,”” in which the protonation state
of the bridging oxygen atoms was changed systematically, is
used as a test set (see Figure 2, Chart 1). This series serves as a
model system to study the nature of protonation state changes
in oxo bridges. A combination of XES data and DFT
calculations provides a detailed understanding of the origin of
valence-to-core emission peaks, making XES an important tool
to resolve protonation states of bridging oxygen atoms in
biological catalysts. The technique also allows us to differentiate
between two possible structures for the doubly protonated
species, namely, a bis-y-hydroxo vs a p-oxo-y-aqua bridged
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Figure 1. Energy diagram representing the X-ray absorption and
emission preocesses at the K-edge of Mn. Blue arrow: absorption of a
photon, exciting a Is-electron into the continuum, leaving a 1s-hole.
Green arrow: relaxation of ligand 2s/2p electron into the 1s-hole,
emitting a photon in the Kf” or Kp,; energy range. Red arrow:
relaxation of a metal 3p electron into the 1s-hole, emitting a photon in

the KB’ or Kf, ; energy range.

Figure 2. Fully optimized structure of 1 and details of the protonated
cores of 2, 3a and 3b. Color code for the atoms as follows: Mn purple,
O red, N blue, C gray, H white.

Chart 1. Representation of the Dinuclear [LMn™VO],H,, (x =
0—2) Compounds, Their Total Charges and the Selected
Core Bond Distances from DFT Geometry Optimization”**
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“L stands for the salpn ligand.*> Comparison with EXAFS data® and
bond angles are given in Chart S1 in the Supporting Information.
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complex (Chart 1). Although a symmetric doubly protonated
bridging motif is chemically more reasonable, we wish to
explore the ability of valence-to-core XES and the accompany-
ing DFT calculations to distinguish between these isomers.
Such aquo units have been formulated recently as bridging
motifs for the Mn,CaOj core of the oxygen evolving complex
(OEC).”

B MATERIALS AND METHODS

XES Measurements. XES measurements were performed on
beamline 6-2 at SSRL, with an operating ring current of 300 mA. The
beamline monochromator, using two cryogenically cooled Si crystals in
(111) reflection, was used to set the incident photon energy to 10.4
keV. The X-ray beam was focused to 0.6 (V) X 0.5 (H) mm (fwhm)
by means of vertical and horizontal focusing mirrors. The X-ray flux at
10.4 keV was 3.0 X 10'? photons X s™' X mm™2 Multiple spots were
used for collecting each XES spectrum, and the total amount of
photons deposited on each sample spot was 2.7 X 10'* photons, which
is below the threshold of radiation damage determined by XAS (ref
28). Samples were kept at a temperature of 10 K in a liquid helium
flow cryostat.

Emission spectra were recorded by means of a high-resolution
crystal-array spectrometer, using the 440 reflection of 14 spherically
bent Si(110) crystals (100 mm diameter, 1 m radius of curvature),
aligned on intersecting Rowland circles.*® An energy-resolving Si drift
detector (Vortex) was positioned at the focus of the 14 diffracting
elements. A helium-filled polyethylene bag was placed between the
cryostat and the spectrometer to minimize signal attenuation due to air
absorption.

The fluorescence signal from the sample was divided by the incident
flux (I,), as monitored by a helium-filled jonization chamber. Spectra
were calibrated using MnO as a reference. The first moments of the
Kp,; and Kf, 5 peaks of a MnO spectrum were calibrated to 6491.00
and 6534.25 eV, respectively.’® Data were collected at 10 K in a
continuous flow liquid helium cryostat (Oxford Instruments CF1208)
under helium exchange gas atmosphere.

Analysis of XES Spectra. The XES spectra were fit using the
program BlueprintXAS.*® For each compound, ~100 fits of the KA
main line and valence to core regions were generated, and at least 90
reasonable fits were included for a statistically significant average
(results are reported in Table 1, see Figure S2 in the Supporting

Table 1. Experimental and Calculated Intensity Weighted
Average Energies (eV) and Areas for Total Valence-to-Core
Regions®

experiment calculation
calculation area IWAE (eV) area IWAE (eV)
1 45.40 6529.2 19.13 6530.8
2 41.28 6528.5 19.76 6530.6
3a 43.94 6528.7 18.70 6531.0
3b 18.28 6530.7

“Calculated areas correspond to the sums of the oscillator strengths of
the predicted transitions and are multiplied with 1000, but otherwise
unscaled. Calculated IWAEs are shifted by 59.2 eV.

Information for second derivatives). All of the emission spectra are
normalized to a total integrated area of 1000. Reported experimental
areas are based on the average of all good fits. Due to errors in
normalization, background subtraction and fitting, a 10% error in the
reported areas is estimated.*> To appropriately and quantitatively
compare the calculated XES spectra with the experimental data, the
valence-to-core regions were analyzed in a comparable fashion,
yielding intensity-weighted average energies (IWAE) and areas of fit
or calculated peaks. The direct comparability of these parameters was
established in ref 39. The reported experimental peak areas and IWAEs
are those of the best-fit averages.

12917

Computation of XES Spectra. Valence-to-core X-ray emission
spectra were calculated with the one-electron DFT approach
implemented in the ORCA program package.*” The geometries for
these calculations were obtained from full relaxations of the crystal
structure for compound 1, with the correct number of protons added
in the ap}i)ropriate positions. These calculations used the BP86
functional™"** with the scalar-relativistically recontracted* Karlsruhe
triple-{ def2-TZVP(-f) basis set.** More details on the geometry
optimization are given in ref 28. The method for calculating XES
spectra has been published and tested.>>® The present paper follows
the latter publication in correcting the molecular orbitals for spin—
orbit coupling, with the spin—orbit mean-field approximation (SOMF)
for the SOC operator.*** The functional BP86 with def2-TZVP(-f)
and def2-TZV/J basis sets and the conductor like screening model
(COSMO*) for dichloromethane (¢ = 9.08) was used here. The
resulting computed spectra were energy-shifted by 59.2 eV to higher
energy and broadened by 3.5 eV as discussed in ref 36. Additionally,
the intensity of the calculated spectra was divided by two, since
contributions from two donor sites are considered in the calculations,
but the experimental normalization procedures result in spectra
normalized to only one donor site. To understand the character of the
calculated spectral features, it is sufficient to analyze the donor orbital
character, since a one-electron picture was employed.

B RESULTS AND DISCUSSION

When the [Mn"(salpn)(O)], dimer was originally reported, X-
ray crystal structures of the protonated species were not
available.”® The protonation states of the oxo bridges were
inferred from IR and UV—visible spectroscopy as well as XAS
techniques. Using the changes in Mn—ligand and Mn—Mn
distances, it was deduced that the protonation of the oxo
bridges proceeded from a bis-yi-oxo through a y-oxo-y-hydroxo
and finally to a bis-y-hydroxo complex. To test the sensitivity of
valence-to-core XES to different types of oxo-bridge proto-
nation patterns, not only a bis-u-hydroxo complex was
considered in the calculations but also a y-oxo-y-aquo species.
With the complementary approaches of XES and XAS data (in
the preceding paper”®), combined with spectral calculations, it
is possible to identify the protonation states of the bridges
definitively as described below.

XES Spectra. The Kf emission spectra consist of the Kf’
and Kf, ; features, that together are called the main line, and
the significantly less intense valence-to-core region at higher
energy. The main line extends from 6472 to 6500 eV and is
shown in Figure 3. There is a small shift of the K, ; highest
energy fit component maximum to higher energy upon
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Figure 3. Main line of the X-ray emission spectra of compounds 1

(solid black), 2 (dotted red) and 3 (dashed blue).
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protonation of the bridging oxygen atoms, however the
magnitude is less than 0.25 eV and thus not sufficiently
significant to correspond to changes in the Mn oxidation states.
These small changes are consistent with the lack of XAS edge
energy changes.”® It was shown previously that the dominant
factor increasing the Kf,; energy for Mn monomers is an
increased 3p—3d exchange interaction.®® Since the 3p—3d
exchange interaction can be linked to covalency, it is
worthwhile to consider the changes in covalency across the
series. At each protonation step, the covalency of the Mn—O
bonds in the core decreases: the bis-u-O core is the most
covalent and the bis-#-OH core the least covalent. The
decrease in covalency of the bridging motifs should increase the
3p—3d exchange interaction across the series, which may
explain the slightly larger splitting of the Kf’ and Kf, ; features
upon protonation and hence the small shifts observed in the
Kp, ; features.

The valence-to-core XES region shows two characteristic
peaks, the KB at 65116522 eV and the Kf, s at 6522—6540
eV (Figure 4a). Clear changes were observed for the three
compounds with different protonation states (1—3 in Chart 1):
both Kp,; and Kp” features shift to lower energy upon
protonation, accompanied by a decrease in peak intensity. For
compounds 2 and 3, a shoulder at the lower-energy side of the
Kp, s peak grows in (~6530 eV). To emphasize the differences
between the spectra for the three models, Figure S1 in the
Supporting Information shows the difference spectra of 2 with
1 and 3 with 1.

The fits to the XES data are composed of a background,
which is the sum of the contributions from the Kf# main line
features (K’ and Kf3, 3), and four to six features in the valence-
to-core region (see Figure 4b—d). The total areas and IWAEs
from the fits are given in Table 1.

KB" Region. The Kp” peaks are due to transitions from
molecular orbitals of primarily ligand ns character. As ligand ns
orbitals minimally participate in bonding with the metal, these
features serve as excellent probes of ligand identity.>*~>°
Focusing on the spectral shape in the 6511—6522 eV spectral
range of Figure 4a, one can visually observe an intense and
relatively narrow signal for compound 1 at 6519 eV (solid
black), a less intense and broad signal for compound 2 between
6516 and 6519 eV (dotted red), and again a relatively narrow
signal with the lowest intensity of the series for compound 3 at
6516 eV (dashed blue). The fits in this spectral region
distinguish two peaks for compounds 1 and 2, while for
compound 3, only a single peak component is observed (see
Figure 4). For the bis-u-O bridged complex 1, the feature at
higher energy has a smaller area than the one at lower energy.
In compound 2, there are two features at similar energies to
those for compound 1, but here the higher energy component
is less intense while the lower energy component is of
comparable intensity. In contrast, a single feature is observed
for complex 3, which has a lower intensity than the combined
intensities of the two components in 1 and is shifted toward
lower energies compared to the peaks with larger areas of
compounds 1 and 2.

For the three compounds, the ligands are either oxygen-
based (bridging oxo and hydroxo, salpn O) or nitrogen-based
(salpn N). The protonation of the oxo bridges has a larger
influence on the equatorial Mn—O/N,,,, bond lengths than on
the axial metal—ligand distances: here, the change is 0.11 A for
Ogpn and 0.10 A for Ng,pn between 1 and 3a. The axial bond
lengths change much less (0.06 A for Ogapny 0.01 A for Niaipn
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Figure 4. (a) Valence-to-core region of the X-ray emission spectra of
compounds 1 (solid black), 2 (dotted red), and 3 (dashed blue). (b—
d) Fits to the spectra of compounds 1—3. Second derivatives of the
background-subtracted normalized data are given as Figure S2 in the
Supporting Information.

dx.doi.org/10.1021/ic400821g | Inorg. Chem. 2013, 52, 12915—12922



Inorganic Chemistry

between 1 and 3a). Since the equatorial distance changes are
relatively large, one cannot necessarily expect the ligand
contributions to be constant, but for extensive ligand systems,
the contributions in the valence-to-core region are expected to
be relatively small.>>* It can thus be expected that the fit
component at higher energies is due to transitions from O,
2s orbitals, whereas the one at lower energies is due to
transitions from OHyg. 28 and N/Ogy,, 25 orbitals. We assign
the spectra with the help of DFT calculations (vide infra).

Kp, s Region. Here, in the 6522—6540 eV energy range, the
main change upon protonation is a systematic decrease in
intensity of the main feature at ~6535 eV and a concomitantly
increasing shoulder at its lower energy side, ~6530 eV. In the
fits, the K3, s region consists of three to four components (see
Figure 4b—d). The intensity increase of the low energy
shoulder with each protonation event is due to the decrease in
the one or two components at highest energy and a shift of the
components displayed in light and dark blue to lower energy.
Thus, the whole Kf3, § region becomes broader with successive
protonation of the bridging oxo groups.

Upon protonation of the bridging oxygen atoms, the IWAE
of the total valence-to-core region increases slightly, from
6529.2 eV (1: bis-u-O) to 6528.5 eV (2: (u-O)(u-OH)) and to
6528.7 eV (3: bis-u-OH). The peak areas change more
significantly, from 4540 (1: bis-u-O) to 41.28 (2: (u-O)(u-
OH)) and to 43.94 (3: bis-u-OH).

Calculated XES. The calculated valence-to-core XES
spectra for models 1, 2, 3a and 3b are shown in Figure §,
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Figure S. Calculated valence-to-core spectra of compounds 1 (solid
black), 2 (dotted red), 3a (dashed blue), and 3b (dashed-dotted
green). Calculated spectrum is shifted by 59.2 eV.

and the IWAEs and peak positions are summarized in Table 1.
The general trends in both the KB” (65116525 eV) and the
Kp,s (6525—6540 eV) regions are well-reproduced. The Kj”
feature in the calculated spectrum of compound 1 is located at
the highest energy compared to the other features in the series
(6520.4 eV, black in Figure S) and is predicted to have an
asymmetric narrow peak in agreement with experiment. The
calculated spectrum of the doubly protonated species 3a shows
a similarly narrow but symmetric feature appearing at the
lowest energy of this series (~6518.5 eV, blue in Figure S),
reproducing the experimental trend. Most importantly, the
width of the KB” peak of compound 2 is the broadest in this
region, which is in excellent agreement with the experimental
data. In fact, the broad calculated KB” peak of compound 2
extends from the lower energy end of compound 3a to nearly

the higher energy end of compound 1. This is also predicted to
be the case for the spectrum of the putative complex 3b. To
higher energies, in the Kf, 5 region between 6524 and 6540 eV,
the intensity of the main feature at ~6535 eV decreases upon
protonation. Just as in the experimental spectra, the shoulder at
~6530 eV increases in intensity between the unprotonated and
the protonated complexes.

Regarding the ability of XES to distinguish the symmetric
(3a, dihydroxo) vs the asymmetric (3b, oxo-aqua) doubly
protonated species, we note that the spectra of complexes 3a
and 3b differ in the intensity distribution of the Kf” region.
The spectrum of 3a reproduces a narrow, intense feature
shifted to lower energies compared to that of 1, whereas the
spectrum of 3b is broad and of low intensity. Thus, the
spectrum of 3a yields a better match with experiment than that
of 3b. This is also in line with the calculated energetic and
magnetic data for both structural proposals.”®

The fact that the KB” regions of 2 and 3 are clearly
distinguished by experiment and the demonstration that
models 2, 3a, and 3b are computationally distinct give
confidence in the ability of valence-to-core XES to differentiate
not only between complexes in different protonation states
(bis-p-ox0, p-oxo-pi-hydroxo, bis-y-hydroxo) but also between
complexes of the same nuclearity with different bridging motifs
(bis-p-hydroxo, p-oxo-p-aquo).

Assignments of the KB” Region. Figure 6 shows the
origin of the Kf” and Kf,; regions of the valence-to-core
spectra, determined on the basis of the calculated spectra. The
Kp” fteature arises from electronic transitions from O and N 2s
into Mn 1s orbitals. The Oy, 2 and Ny, 2s contributions
appear at the same energies in all spectra, and thus can serve as
reference points. For compound 1, the transitions appear in the
order Ogpy 25, Ny 28, Oprigge 28 from lower to higher energy,
where the Oygee 25 components are the most intense. The
Obrigge 28 and Oy, 2s transitions are separated by ~3 eV
according to the calculations. Upon single protonation, yielding
2, no energetic shifts are observed for transitions from the
Obridge 28 orbitals with respect to their positions in the spectrum
of 1, whereas the transitions from the single-protonated
bridging oxygen atoms (OHbridge 2s) are shifted into the energy
region of the O, 2s transitions. Inspection of the isosurfaces
representing the donor orbitals of these transitions reveals that
the orbitals have mixed Oy, 25/ Opyigge 28 character (see Figure
7). The broad feature of the K" peak in compound 2 can thus
be explained by the distinct energy separation of ~3 eV
between the protonated and unprotonated oxo-bridge 2s
orbitals. In the doubly protonated compound 3a, the OHyg,.
2s components appear at energies between the Oy, 2s and
N,ipn 25 ones, their close energy levels making the K" feature
appear as a single peak. For compound 3b, the H,Opg5. 28
components are found at energies lower than those of Oy, 2,
which increases the asymmetry of the KB” feature and broadens
it relative to the peak of compound 3a. The Oyg,. 28 position
is the same as those observed in the compounds 1 and 2.

In short, the Kf” region of Mn'" dimers with protonated or
unprotonated oxo bridges can be attributed to transitions from
Obridgge 28 Ogppn 28 and Ny, 2s orbitals. The energetic
positions of the Oygqe 2 transitions shift by more than 3 eV
upon protonation, significantly broadening the spectra.
Regarding the relative intensities, the approximate order is
calculated to be Opygge 28 3> OHyyigge 25 > Ogyppn 28 > Ny, 28
> H,Opgqe 2s. The reason for the strong contribution of
transitions from Opg,e 25 orbitals to the envelope intensity is
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Figure 6. Assignments of the calculated XES valence-to-core region
based on the orbital character corresponding to the individual
transitions for compounds 1 (a), 2 (b), 3a (c) and 3b (d). The left
side shows the K" region, and the right side shows the Kf, ; region
with different intensity scales. Gray areas where transitions of different
donor orbital character appear; from left to right: H,Opgge 28, Ogatpn
25, Ngyipn 28, Oyigge 28 in the left half; OH/OH, 2p and LMCT, Mn—
O/Ngjpn and Mn—Opgq. in the right half. Transitions from orbitals
with OHyge 28 character are found either in the Oy, 2s region
(mixed with Oy, 2s character) or separately in the Ny, 2s energy
region (darkest gray). Representative donor orbitals for each of the
spectral regions are shown in Figure 7.

attributed to the shorter Mn—Oyg5. than Mn—Oy,,, distances.
Mn—Oigq. distances of 1.81—1.82 A were obtained from the
crystal structure in compound 1, whereas Mn—Oy,,,, and Mn—
Nipn distances in this complex are much longer (1.91-1.93 A
and 2.00—2.06 A, respectively). This trend is reproduced in the
DFT calculations, where Mn—Oy,;,. distances of 1.82—1.83 A
and longer Mn—0,, and Mn—N_y,, distances (1.93—1.95 A,
2.00—2.05 A) were obtained for 1.>> Upon protonation of the
bridging oxygen atoms, the Mn—OHj,q,. distance is expected
to increase to ~1.97 A based on the DFT optimized geometry.
The elongation of the bridging oxygen atoms upon protonation
is consistent with the EXAFS results (for details, see the
Supporting Information and the preceding XAS paper”®). The
Kp” components of these protonated oxo bridges have lower
intensities due to the lower overlap of the donor with the
acceptor orbitals, which is linked to the distance between donor
site and acceptor site. Based on the distance argument only, one

HQObn’dge osalpn O Hbridge obridge

2s 2s 2s 2s

Figure 7. Representative donor orbitals corresponding to each of the
assigned regions of the Kf” peak in Figure 6 (except “Neatpn 287
instead “OHyqq. 28" is shown in a separate panel); from top to
bottom: bis-u-oxo (1), p-oxo-u-hydroxo (2), bis-u-hydroxo (3a), u-
oxo-p-aquo (3b).

would then expect lower intensities for transitions originating
from OHyq4qe 2s orbitals than for those from Oy, 2s orbitals
(Mn—O distances of 197 A and 1.84—1.87 A in 3a,
respectively). The slightly higher intensities found in the
calculations (Figure 6, 3a panel) can be explained with the
more localized O 2s character in ligands of smaller size,*®
leading to more intense transitions from the OH bridge than
from the O atoms in the salpn ligand. For a bridging aquo
ligand, the Mn—H,Oy;q,. distance will be further elongated
(~2.2 A) and the donor orbital less localized, and indeed these
transitions are computed to be the least intense (Figure 6, 3b
panel).

Assignments of the Kf,s Region. The calculated Kp, s
main features of the three compounds exhibit no major energy
shifts, whereas the decrease in peak intensity upon protonation
is significant. In agreement with experiment, the area of the
total Kf3, s region shows little variation. In compound 1, the
shoulder at ~6530 eV originates from transitions of LMCT
(ligand—metal charge transfer) character from the salpn ligand.
The increase in the shoulder intensity in compounds 2 and 3
stems from additional transitions out of hydroxo-bridge orbitals
of p-character, that fall into the same energy region. The most
intense peak is largely due to transitions from Mn—0/N,, 2p
and Mn—Oy,;4 2p based molecular orbitals (see Figure 6).

Correlation of Experimental and Calculated Valence-
to-Core Regions. Although, from visual inspection only, the
agreement of calculation and experiment is good, it is
worthwhile to quantify the agreement by correlating the
experimental and calculated areas. The X-ray emission spectra
are compared to a previously published set of monomer data
that includes Mn(II) as well as Mn(III) and Mn(IV) data.*
Figure 8 shows the correlation, where the trendline based on all
data points is forced through 0 and follows y = 0.477x. The
adjusted R value of 0.992 indicates good agreement between
experiment and calculation. More details on the monomer data
and the error bars are given in the Supporting Information.

Based solely on this correlation, it is not possible to
discriminate between the bridging motifs of 3a and 3b.
However, the differences in the K" intensity distributions in
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Figure 8. Correlation of experimental and calculated areas. Red
diamonds correspond to the areas of the dimers; the unfilled red
diamond corresponds to data for dimer 3b. Monomer data are shown
as black circles. The linear regression line is based on both the
monomer and the dimer data and forced through 0. It follows the
equation y = 0.477x with an adjusted R value of 0.992.

the 6511—6522 eV spectral region clearly show that, for the
symmetric compounds 1 and 3, narrow signals at different
energies are observed whereas, for the asymmetric compound
2, a broad K" feature is observed. Thus, the envelopes help to
understand the differences between the calculated spectra of 3a
and 3b compared to the experimental one. For lower-resolution
data, it is however crucial to make use of the complementarity
of X-ray absorption and emission spectroscopy. As is presented
in ref 28, the pre-edge areas for compound 3b are clearly
outside the correlation range.

B CONCLUSION

In this study, we have demonstrated that XES valence to core
spectra probe the ligand environment of metals with great
sensitivity, including single protonation events. In particular,
the Kp” satellite peaks can be used to discriminate among a set
of three Mn'" dimers in which the protonation states of
bridging oxygen atoms are changed systematically. The limits of
structure discrimination were further explored by comparison
to calculated spectra for the two isomers [Mn',(salpn),(u-
OH),]** and [Mn",(salpn),(u-OH)(u-OH,)]**. We find that
even such fine differences can be reliably evaluated by DFT
calculations, and given the size of these spectral changes they
should also be experimentally observable. The application of
these methods to metalloprotein active sites will certainly pose
greater challenges. However, the observation of single light
atoms from valence-to-core XES has already been demon-
strated for both nitrogenase and the OEC.***? The
determination of more subtle changes, such as single
protonation events within the OEC active site, may be
addressed by utilizing difference spectra to highlight the
changes between different S states. The Mn,CaO; complex
has a ligation sphere that may be composed of oxygen-derived
ligands (including O*~, OH", and/or H,0), carboxylate ligands
and histidine ligands. While all of these ligands will contribute
to the Kf,s region of the spectrum, the most significant
intensity in the KA” region will derive from OH~ or O*~
ligands. As the present study shows, the changes between oxo
and hydroxo groups should result in clear spectral changes,
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which may be highlighted by examining spectral differences.
The observation of such (de)protonation events at manganese-
bound oxo bridges should provide fundamental insights toward
understanding of the catalytic cycle of the OEC, as well as other
enzymes featuring dinuclear, high-valent manganese ions in
their active sites, such as manganese RnR or manganese
catalase.”*’

The assignments of the valence-to-core region show that the
transitions of largest intensity in the Kf” region are due to
transitions from the oxo-bridge 2s orbitals, which are
significantly more intense than transitions from salpn-N/O 2s
or hydroxo/aquo-bridge 2s orbitals. This is attributed to the
shorter Mn—O distance and more localized donor orbital
character in the unprotonated bridges, leading to larger overlap
of donor and acceptor orbitals and hence more intense
transitions. In the Kp, 5 region, a shoulder in the lower energy
range is shown to be indicative of bridging hydroxo 2p
contributions which are only present in protonated species,
leading to increased intensity in this region across the series.

The data presented here demonstrate the exquisite chemical
sensitivity of valence-to-core XES, which is further strengthened
when combined with X-ray absorption spectroscopy.”®
Together these two techniques provide powerful element-
specific tools to monitor changes in the ligand environment in
metalloproteins, possibly during catalysis, by neglecting the
overwhelming number of surrounding light atoms. A further
challenge will be to detect protonation state changes that occur
at terminal ligands in multinuclear complexes, and such studies
are underway.

B ASSOCIATED CONTENT

© Supporting Information

Full geometry details (Chart S1). Experimental valence-to-core
difference spectra (Figure S1). 2nd derivatives of the valence-
to-core background-subtracted spectra (Figure S2). Examples
of input files for XES calculations. Reference monomer data
including standard deviations (Table S1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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