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ABSTRACT: L, ;-edge X-ray absorption spectroscopy (XAS)
has demonstrated unique capabilities for the analysis of the
electronic structure of di-Ru complexes such as the blue dimer
cis,cis-[Ru"", 0 (H,0), (bpy),]** water oxidation catalyst. Spec-
tra of the blue dimer and the monomeric [Ru(NH;)s]*" model
complex show considerably different splitting of the Ru L, ;
absorption edge, which reflects changes in the relative energies
of the Ru 4d orbitals caused by hybridization with a bridging
ligand and spin-orbit coupling effects. To aid the interpretation
of spectroscopic data, we developed a new approach, which
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computes L, ;-edges XAS spectra as dipole transitions between molecular spinors of 4d transition metal complexes. This allows for
careful inclusion of the spin-orbit coupling effects and the hybridization of the Ru 4d and ligand orbitals. The obtained theoretical Ru
L, 3-edge spectra are in close agreement with experiment. Critically, existing single-electron methods (FEFF, FDMNES) broadly
used to simulate XAS could not reproduce the experimental Ru L-edge spectra for the [Ru(NH;)e] ** model complex nor for the
blue dimer, while charge transfer multiplet (CTM) calculations were not applicable due to the complexity and low symmetry of the
blue dimer water oxidation catalyst. We demonstrated that L-edge spectroscopy is informative for analysis of bridging metal
complexes. The developed computational approach enhances L-edge spectroscopy as a tool for analysis of the electronic structures
of complexes, materials, catalysts, and reactive intermediates with 4d transition metals.

1. INTRODUCTION

X-ray absorption spectroscopy (XAS) at L, 3-edges of transi-
tion metals (TM) reflects excitations from 2p to unoccupied
levels with primary d-character. L, ;-edge spectra provide direct
information about details of the electronic structure of the metal
centers in transition metal complexes, catalysts, and materials.' >
However, the power of this technique has been largely under-
utilized in studies of the electronic structure of 4d TM complexes
due to complications with the theoretical treatment as well as
experimental problems in obtaining spectra without artifacts.
Earlier, analyses of Ru L-edges were reported for Ru-containing
oxides, perovskite systems, and the [Ru(NHj)s]Cls, KzRuCly,
and [Ru(bpy);]*" model complexes.*® An increasing interest in
analysis of L-edge spectra is expected as new soft X-ray free
electron lasers, covering the suitable energy range for this
spectroscopy, are coming online. Work at Ru L-edges is moti-
vated by the need of electronic structure analysis of Ru-based
water oxidation catalysts and catalytic intermediates in the water
oxidation reaction. For these catalysts, the changes in Ru oxida-
tion state are central to the catalytic activity.”'* Information on
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the electronic structure of Ru-based catalysts for water oxidation
is of great importance in facilitating our understanding of the
water oxidation mechanism and in developing new, efficient
catalysts for utilization in light-to-energy conversion devices for
solar fuels.

A wide variety of transition metal complexes exist as multi-
nuclear y-oxo-bridged or, in general, ligand-bridged complexes.
The electronic structures of such complexes can be quite
intriguing due to various types of interactions between the metal
centers facilitated by the presence of the bridging ligand. Multi-
nuclear metal sites occur in some important metalloenzymes, but
they usually contain 3d transition metals. We found only a few
examples of L-edge analyses of dinuclear sites.'>"*

To take full advantage of L-edge spectroscopy for analysis of
electronic structures, in particular for molecules containing
several metal centers interacting via ligands, it is desirable to
have a simulation tool that can predict the L, ;-edge XANES
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spectra on the basis of the molecular geometry and electronic
configuration of the transition metal complex. Implementation of
full multiple scattering (FMS) and ab initio approaches within
and beyond the muffin-tin (MT) potential approximation'*'® is
available in the widely used FEFF'~'* and FDMNES? codes.
XAS spectra of 4d transition metals are less affected by multiplet
effects, which makes it possible to apply single electron ap-
proaches to describe their XAS spectra. However, we demon-
strate that FEFF and FDMNES fail to reproduce the L, ;-edge
XANES spectra of the [Ru(NH;)4]*" model complex and the
“blue dimer”, cis,cis-[Ru",O(H,0),(bpy) 4] (PFs) 4, water oxida-
tion catalyst, and we discuss possible reasons for the observed
inconsistencies.

The charge transfer (CT) multiplet (CTM) approach devel-
oped by Thole and de Groot™'~>* (CTM4XAS code) includes
charge transfer and multiplet effects. This technique successfully
reproduced the L-edges spectra of [Ru(NH3)s]*", Ru-containing
crystals with Ru" and Ru" centers such as Ru'vO,, Sr,Ru'" O,
and Sr4Ru2V095, and the long-lived, lowest lying triplet exited
state of the photosynthesizer [Ru''(bpy);]*", [Ru"(bpy),-
(bpy )]*".*** Multiplet effects with the Slater inte%rals reduced
to 25% of their atomic values for [Ru(NH;)s]>*,* to 40% for
Ru', and to 15% for Ru" were introduced to simulate the
experimental spectra.””® These are large corrections because
multiplet effects are considered to be small for 4d transition
metals.'® While CTM calculations were successfully used in these
cases, they have limited applicability for analysis of water oxida-
tion catalysts. The CTM4XAS code is currently limited to
complexes of relatively high symmetry, while catalysts for water
splitting are all low symmetry complexes. The number of
adjustable parameters used in CTM calculations increases when
the TM ion is located in a lower symmetry environment, which
decreases the predictive performance of multiplet structures.
Moreover, the percentage of Slater integral reduction is an
adjustable parameter, which cannot be predicted on the basis
of the molecular and electronic structures of complexes.

To overcome the limitations of the currently available simula-
tion techniques, we introduce a new approach for simulation of
Ru L,;-edge XANES spectra based on the two-component
relativistic zeroth-order regular approximation (ZORA) imple-
mented in the density functional theory (DFT). This approach
allows direct inclusion of spin-orbit coupling effects and hy-
bridization between Ru 4d and ligand orbitals. Theoretical Ru
L,;-edges spectra derived with this approach are in good
agreement with experiment for both monomeric and dimeric
Ru complexes. The relatively small multiplet effects for the
2p—4d interaction and the efficient screening of the 2p core
hole in Ru make our approach suitable for description of the Ru
L, ;-edges. We suggest that this approach should be applicable
for simulations of L-edges of other 4d transition metals. Utiliza-
tion of spinors is not limited to X-ray absorption and can also be
used to describe X-ray emission spectra and others detecting
dipole-allowed transitions.

2. MATERIALS AND METHODS

2.1. Synthesis. For XAS spectroscopy at Ru L-edges, it is important to
use nonchlorinated compounds because the Cl K-edge interferes with the
Ru Ly-edge. The blue dimer as the PF¢ salt, [((bpy),Ru™(H,0)),0]-
(PFy) 4, was prepared from [ ((bpy),Ru™(H,0)),0] (ClO,),, prepared as
described earlier,”® by metathesis by adding NH,PFs to an aqueous
solution of the ClO,  salt. The dimer cation was prepurified by

chromatography on LH-20 Sephadex. Purity was verified by comparison
with known electrochemical and electronic spectra.®® The salt Ru-
(Mebimpy) (bpy) (H,0)](NO3),, where Mebimpy = 2,6-bis(1-methyl-
benzimidazol-2-yl)pyridine and bpy = 2,2"-bipyridine, was prepared as
described previously.>”

2.2. XAS Measurements. XAS results were collected at the
Advanced Photon Source (APS) at Argonne National Laboratory on
beamline 9 at a photon energy of 2.3—3.0 keV and an average current of
100 mA. A Si(110) crystal monochromator with ~0.3 eV energy
resolution was used, and the intensity of the incident X-rays was
monitored by a 100% filled He ion chamber (I,) in front of the sample.
XAS on the microdispersed powder samples was measured in a total
electron yield mode. A thin layer of the sample was dispersed on con-
ducting carbon film. Data on solutions were recorded as fluorescence
excitation spectra using a 4-element energy-resolving detector. The
solution samples were prepared by dissolving the complexes in HNO;
solution (pH = 1) or in water at I mM concentration. Recorded this way,
the data were free of self-absorption artifacts. The spectrum of
[Ru(NH;)c]*" was similar to those reported earlier.”*****® However,
better quality was achieved here by using PF salt. The samples were kept
at 80 K in a He atmosphere at ambient pressure using a continuous-flow
liquid N, cryostage. To reduce the sample damage by X-ray, 80% flux was
used, and no damage was observed in consecutive scans. No more than
five scans were taken at each sample position.

The Ru XAS energy was calibrated by the maxima of the L;-edge of
ruthenium metal (2838 eV), which was measured in the sample position
twice a day during the beamtimes (no variation between the calibrations
was detected from day to day during each single beamtime). The XAS
data were recorded during three beamtimes.

2.3. XAS Calculations. FEFF9.05. FEFF spectra were simulated by
using the self-consistent FMS code FEFF9.05."” " The He-
din—Lundqyvist exchange-correlation (XC) potential with time-depen-
dent local density approximation (TDLDA) was employed. It accounts
for a dynamic screening of the X-ray and the core-hole fields'” and is said
to improve the agreement for experimental transition metal (TM) L, 3-
edges spectra and the intensity ratio of the L,/L;-edges in particular. We
have also tried other options such as various XC potentials, adding extra
charge, and attempting a multitude of core-hole treatments; however, no
significant effects on the spectra shape were observed (Figure S1).
Default values were used for all other parameters.

FDMNES2010. The ab initio FDMNES spectral calculation is based on
the Schrodinger equation, solved using the finite difference method with
the free potential shape having a Hedin—Lundqvist exchange-correla-
tion component. The initially obtained discrete spectra were then
broadened within the arctangent-dependent width model to take into
account the finite mean free path of the photoelectron, the core-hole
lifetime (1.92 eV for L,-edge® and 1.75 eV for Ls-edge),>*" and the
energy resolution of the monochromator (~0.3 eV). Theoretical
simulations of XANES spectra of the blue dimer with the FDMNES2010
code are computer resource intensive due to the large size of the
molecule and the absence of symmetry. Therefore, we performed the
FDMNES simulations without MT potential approximation for 52
atomic clusters (5.1 A radius around the absorber), which should be
quite sufficient and considerably better than the 19-atomic cluster
FDMNES calculations reported earlier."®

2.4. Molecular Structures. The geometry of the [Ru(NH;)q]*"
model complex was assumed to be of high D;; symmetry with Ru—N
distances being constrained to 2.1 A (distance determined from
EXAFS).” The blue dimer Ru;"™, Ru,™ (hereafter abbreviated [3,3])
coordinates were obtained from X-ray diffraction data.”®

2.5. Modeling of the Ru L, 3 XAS Spectra Based on DFT
Calculations. Here, we developed an approach for simulation of
Ru L, ;-edges based on the relativistic two-component zeroth-order
regular approximation (ZORA) DFT calculations. We used as the basis
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Figure 1. (A) Experimental Ru L, 3-edges XANES spectra of [Ru(NHj3)s] (PFq);. A relative energy scale is used with 0 corresponding to 2840.1 eV for
L;- and 2968.9 for L,-edges, and the spectral intensity was adjusted for easy comparison. The inset shows a schematic energy diagram of the 4d orbitals as
they successively experience an octahedral field, a spin-orbit splitting, and a weak tetragonal distortion. Electrons occupying orbitals are denoted by

arrows. The presence of vacant orbitals in both the t,; and the e,

manifolds for Ru** (d*) allows detection of transitions from the 2p level to both the tag

and the e, set of levels, denoted by the A and B peaks. Thus, A/B splitting can be used to estimate 10Dq, the crystal field splitting parameter.” The
forbidden transitions at the L;-edge are marked (XX-black), and both (XX-black and XX-red) are forbidden transitions at the L,-edge. (B) Experimental
Ru L, ;-edges XANES spectra of BD [3,3]. A relative energy scale is used with 0 corresponding to 2840.1 eV for L;- and 2968.9 for L,-edges, and the
spectral intensity was adjusted for easy comparison. The inset shows molecular orbitals involving the Ru 4d electrons in the blue dimer at the closed-shell

electronic state.

Slater orbitals as implemented in the ADF2010 package.**** Molecular
structures of Ru-complexes were used as inputs. The [Ru(NH;)¢]*
complex has a d° configuration so it is an open-shell molecule. The blue
dimer (BD) [3,3] compound has closely spaced singlet and triplet spin
states. Thus, we have chosen to do spin-unrestricted calculations
(needed to describe open shell molecules). Such calculations result in
molecular orbitals (MOs) that are two-component spinors (1) and, thus,
contain wave functions associated with both spin up and spin down

B ge + ﬂpgn
- wge + np;}m

Intensities of 2p-to-unoccupied states XAS transitions were calculated
by integration of dipole transition matrix elements between 2p-origi-
nated MOs (W5, ) and unoccupied MOs, denoted as W:

states:

" o

. 2
Iju 2p, —Lumo j ~ K11y
k = 1...6; j = LUMO...LUMO + N

(2)
where W, and W; are the initial and final states spinors, respectively;
index k enumerates six MOs that comprise the Ru 2p-atomic orbitals
from which Ru L, 3 XAS excitations are calculated; and /i is the dipole
transition matrix operator. This method allows us to account for
spin-orbit coupling effects. In DFT calculations for each spinor (1), four
numerical values of its components’ were extracted on a 3D spatial grid
in close proximity to the absorbing ruthenium atom. While the electro-
nic density of the W, atomic-like MOs is localized near the Ru atom
(Figures S2,3), unoccupied MOs can be delocalized. Because only
integration over the area where W, is nonzero will result in a
contribution to integrals like (2), we demonstrate that integration over
a 3D cubic grid centered on the absorber with a 0.46 A edge is sufficient
to cover the area containing more than 99% of W, electron density
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(Figure S4). Thus, we restricted the integration domain of (2) to this
region. Additional tests demonstrated that we achieved grid-size con-
vergence, and further expansion of the integration range does not result
in any noticeable spectral changes (Figure SS). Simulation of the
XANES spectral region including peaks A, B, and C (Figure 1) requires
integration (2) for the lowest few hundreds of unoccupied MOs. Finally,
Lorentzian broadening of this discrete spectrum was performed using
the energy-dependent arctangent model. This accounted for the finite
mean free path of the photoelectron, the core hole lifetime broadening
(~2 eV), and the monochromator resolution (~0.3 eV) (see the
Supporting Information and Figure S6).

For DFT calculations, we tested several combinations of exchange-
correlation potentials with basis sets of Slater-type orbitals of various
sizes (Table 1). The following exchange correlation (XC) potentials®*
were used: local density approximation (LDA) with parametrization by
Vosko, Wilk, and Nusair,>> generalized gradient approximation with
Perdew—Wang XC part (GGA:BP),>**” together with asymptotically
correct LB94°* and the statistical average of orbital potentials
(SAOP).*** For [Ru(NH,)s]**, double-¢, triple-, and quadruple-&
basis sets of Slater-type were used. For the blue dimer molecule, only the
triple-C basis set was used.

3. RESULTS AND DISCUSSION

3.1. Electronic Structures of the Monomeric [Ru(NH;)g]>*
and di-Ru “Blue Dimer” Complexes and Their Manifestation
in L, 3-Edge Spectra. The absorption edge of Ru L,- and L;-
edges XANES mainly reflect electron transitions from the Ru
core 2p;,, and 2ps3,, to the unoccupied 4d orbitals. Thus, it
contains direct information about the arrangement of unoccu-
pied molecular orbitals (MOs) with high contribution of Ru 4d
electrons. The inset in Figure 1A shows a schematic energy
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Table 1. List of Correlation Potentials and Basis Sets That
Were Used in Spectra Simulations by DFT-Based Approach

Slater-type orbitals

method” XC potential basis set A/B splitting, eV
[Ru(NH,)s]*"
experiment 3.70
1 LDA DZ 4.10
2 LDA TZP 4.05
3 LDA QZ4P 4.02
4 GGA:BP Qz4pP 3.78
N LB9%4 TZP 3.87
6 LB9%4 Qz4P 3.87
7 SAOP Qz4P 3.78
[Rh(NH;)]**
8 LDA Qz4P 4.41
D [3,3]
experiment 2.30
BD [3,3]with Spin-Orbit Coupling
9 LDA TZP 2.39
10 GGA:BP TZP 2.28
11 LB9%4 TZP 228
12 SAOP TZP 2.48
13 SAOP DZ 2.34
BD [3,3] without Spin-Orbit Coupling
1 singlet LB9%4 TZP 243
2 triplet LB9%4 TZP 2.26
3 singlet SAOP TZP 3.26
4 triplet SAOP TZP 2.77

“ Calculations 1—13 were done with the two-component ZORA relati-
vistic approximation.

diagram of the 4d orbitals in the monomeric Ru complex as they
successively experience an octahedral field, a spin-orbit split-
ting, and a weak tetragonal distortion. The presence of vacant
orbitals in both the t,; and the e, manifolds for Ru’* (d°) allows
detection of transitions from the 2p level to both the t; and the
e, set of levels, denoted by the A and B peaks. Thus, A/B splitting
can be used to estimate 10Dq, the crystal field splitting param-
eter. Transitions to the t,, level are not observed at Ru L,-edge
due to spin-orbit effects (Figure 1A). To explain the Ru L-edge
absorption spectrum in the [Ru(NHj)s]Cl; model complex
salt, Sham explicitly calculated the dipole transition intensities
between 2p} mj and the unoccupied valence levels with 4d
character.” He demonstrated that the dipole transition to the
empty t,, state can only arise from the p;/, electrons, explaining
the absence of peak A for the L,-edge (transitions from 2p, /, to
unoccupied MOs) (Figure 1A). The symmetry argument can
help to understand the observed phenomenon if one considers
that 4d spin-orbit coupling removes the degeneracy of both the
T, atomic ground and the 2T, final states,* thus making the
dipole transition of the 2p, , core level electron to the t,,-related
orbital forbidden (Figure 1A, inset). Therefore, peak A at the
L,-edge disappears completely in the case of a Ru’" XAS for
Oy, symmetry compounds.
When two Ru®* (d°) ions are located in one molecule with a
bridging ligand, the frontier molecular orbitals are built by the

10 electrons contributed by the two Ru®" (d°) centers, each of
which finds itself in a pseudo-octahedral environment. With the
Ru—Ru axis denoted by z, this geometry leads to a natural splitting
between the o (dxz,yz, d,), T (dxz,dyz), and 0 (d,,) orbitals. On
the basis of a series of experiments, Weaver et al.” proposed the
MO diagram for the “blue dimer” shown in Figure 1B. The lowest
two orbitals are bonding and principally O(2p) in character. A pair
of nonbonding (or weakly bonding) 0 (d,,) orbitals arise from the
d manifold, followed by the in-phase cornblnatlons of the (d,,d,.)
orbitals (77;, 77,) and finally the antibonding combination (77,
7,%). Three candidates for the ground state were discussed by
Weaver et al.: the closed-shell [0*7,7,> J‘El *] strong coupling
configuration, the triplet state [0* %, ], and a weak
coupling valence bond-like singlet arising from coupling of
localized S = 1/2 Ru centers. The analysis in Figure 1B suggests
that the arrangement of unoccupied orbitals in the “blue dimer”
should be considerably different from those in monomeric Ru
complexes. The bridging ligand, in this case oxygen, contributes
considerably to LUMO, shifting its energy as compared to
monomeric complexes. The Ru L, ;-edges for the “blue dimer”,
cts,czs [Ru™,0(H,0),(bpy).](PFq)4 in its initial oxidation state

[3,3] (Figure 1B) show considerably different splitting of the A/B
peaks as compared to the monomeric Ru complex. This observa-
tion confirms the suggested changes in the relative energies of the
unoccupied orbitals with predominantly d-character.

A closer look at the L, spectrum of BD [3,3] (Figure 1B)
shows that, contrary to [Ru(NH,)s]*", there is a small shoulder
A in the L,-edge spectrum. This dlfference can be readily
explained by the low symmetry at the Ru center in BD [3,3].
This was also observed in the L,-edge of transient species

Rum(bpy) (bpy ™~ )PA Following the arguments of Gawelda
et al,,” one can demonstrate that trlgonal distortion mixes the
spin-orbit split states in the initial (2p®4d°) state. Transitions from
one of these ground states are allowed for all symmetries, and
mixing makes more transitions allowed resulting in the shoulder
A in the L,-edge. Thus, for BD [3,3], feature A is present at both
edges. A careful comparison of the BD [3,3] L;- and L,-edges
spectra show that they are not exactly identical (Figure 1B). The
shoulder A is less pronounced in the L,-edge spectrum.

In addition to this, L, ;-edge spectra contain information about
the oxidation state of the Ru centers. To extract this informa-
tion, it is important to compare the Ru L, 3-edges of BD [3,3] and
other model compounds with Ru in oxidation state Ru(II)
([Ru(Mebimpy) (bpy)(H,0)]**) and Ru(Il) ([Ru(NH;)e]*")
(Figure 2). Spectra of other monomeric Ru(II) and Ru(III)
complexes were recorded, but they were very similar to those dis-
played and are therefore not shown. Figure 2 demonstrates a
considerable shift of the L, ;-edges of BD [3,3] and [Ru(NH3) 1**
as compared to the complex [Ru(Mebimpy) (bpy) (H,0)]**. How-
ever, the positions of peak B in BD [3,3] and [Ru(NH;)]*" are
almost identical at the L;-edge, and the apparent shift in BD [3,3]
relative to [Ru(NH;)s]>" at the L,-edge is due to an increase in
the number of allowed transitions in BD (see below). Our data
support the assignment of the oxidation states of the Ru centers
in BD [3,3] to Ru'"".

To go from the descriptive comparison above to a quanti-
tative analysis, we need to simulate Ru L, 3;-edges spectra.
Because of the high complexity of the “blue dimer” molecule,
we first evaluated various simulation approaches for the model
[Ru(NH;3)6]*" complex.

3.2. Evaluation of the Existing Single-Electron Theoretical
Approaches for Simulation of the Ru L,3-Edges in the
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Figure 3. Ls-edges (left panel) and L,-edges (right panel): experimental spectra of [Ru(NH;)4]** (black); calculations with FEFF code with E Fermi
(Eg) determined by FEFF self-consistently (red line) or manually adjusted to —6 eV from value determined by FEFF (dashed red line); calculations with
FDMNES code (blue line). Unbroadened FDMNES spectrum (blue M) is shown for splitting of the white line (A/B splitting); calculations with DFT
approach with LB94 exchange correlation potential and triple-G (TZP) basis set (green lines). Neither FEFF nor FDMNES reproduces differences
between L;- and L,-edges observed experimentally. DFT approach reproduces experimental spectra very well.

[Ru(NHs)el 3* Model Complex. While it was vigorously demon-
strated that single-electron codes perform poorly for simulations
of 3d transition metal L2,3—edges,16 their applicability to 4d metal
ions is under debate. The relatively small multiplet effects for the
2p core levels of the 4d metal imply that one-electron codes can
be used as a first approximation.'* Among the single electron
techniques, FMS calculations seem to be an attractive approach
for simulation of the Ru L,; XAS. They satisfy some of our
criteria such as: (1) use of molecular structure of the Ru complex
as an input, and (2) ability to deliver spectra in a wide energy
range. The Ru L-edges display spectral features above the
absorption edge (peak C, Figure 1), which potentially carry
information about the structure of Ru com]i)lexes. In Benfatto
et al,, the spectra of [Ru''(bpy);]** and [Ru'"(bpy),(bpy )]**
calculated with the FMS angroach demonstrated some features of
the experimental spectra,">** but failed to give a good agreement
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with experiment. Nevertheless, it was not clear to us to what
extent it can reproduce details of the splitting in the absorption
edge. Figure 3 shows a com})arison of the experimental Ru L, 3-
edges for the [Ru(NHj;)s]"" model complex (black line) and
calculations with FEFF9.05 code based on FMS approach with
muffin-tin potential approximation (red lines). When the Fermi
level (Eg) is obtained by FEFF using its self-consistent approach,
only one peak is present in L3 and L, spectra (red line, Figure 3).
This disagrees with experimental data for the L;-edge. When Eg is
manually set to be red-shifted by —6 eV as compared to Egepm;
determined by FEFF, a second peak can be observed with an
intensity larger than that of peak B (red dash line, Figure 3).
Manual adjustment of the E; shift to some value between —6 and
0 eV can potentially result in an A/B ratio close to that observed in
the experimental L3 spectrum. However, such an exercise has very
little meaning when one wants to predict the experimental

dx.doi.org/10.1021/ja207409q |J. Am. Chem. Soc. 2011, 133, 15786-15794
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spectrum for a particular molecular complex. Figure 3 shows that
the FEFF calculation overestimates t,,—e, splitting (splitting
between A and B peaks). The described discrepancies persist
despite inclusion of several additional options (see Materials and
Methods) claimed to be productive'” in other TM L, ; XANES
simulations. Other parameter settings were also tested with no
important differences being observed (Figure S1). It is important
to emphasize that FEFF cannot reproduce the experimentally
observed difference between the L;- and L,-edges.

Use of the ab initio finite-difference method (FDM) to solve
the Schrodinger equation results in a modest improvement (blue
line, Figure 3). Here, the calculated splitting of the trg—eg
manifold (A/B splitting) and the relative intensities of the A/B
peaks in the L-edge are in better agreement with experiment.
However, the differences between the L;- and L,-edges still
cannot be reproduced.

Looking for a possible origin of the discrepancies between the
predictions of FMS and FDM codes and experimental spectra,
we can mention that those codes are mainly optimized for
calculations in the continuum part of the energy spectrum.
Complex potentials or integration in the complex energy plane
are used in the FMS theory to address discrete states. Numerical
algorithms of the FDM and FMS techniques might effectively
broaden discrete peaks. In case this broadening is larger than the
spin-orbit splitting of energy levels, it may have a range of
consequences, such as complications in resolving occupied states
from unoccupied (problems to find the right Fermi level) or
apparent insensitivity to selection rules. This can lead to incorrect
predictions of L,- and L;-edge spectra. From personal commu-
nication with the developer of the FDMNES code, Dr. Joly, we
have learned that implementation of spin-orbit coupling treat-
ment is still under development in this code.

The above analysis demonstrates that results of the single
electron approaches with MT and beyond MT potential approx-
imation have to be taken with extreme caution as they may fail to
correctly describe splitting of peaks and their relative intensities
at the absorption edge. In the [Ru(NH;)s)** model complex,
these approaches cannot reproduce differences between L,- and
L;-edges.

3.3. DFT-Based Analysis of the Ru L, 3-Edges XANES for
[Ru(NH3)¢]*". The obvious limitations of the currently available
FMS, FDM, and multiplet approaches prompted us to look for
our own solution to the problem. Below, we evaluate an approach
for calculation of the XANES spectra based on ground-state DFT
calculations with the two-component ZORA relativistic approx-
imation. We had to limit ourselves to ground-state calculations as
time-dependent (TD) DFT at this level of theory is currently not
possible for open-shell systems.* In our approach, the geometry
of the molecule is used as an input. MOs are derived in cal-
culations that take into account all electrons of the Ru center
contrary to more common use of frozen-core potential for Ru.
XAS intensities are calculated numerically by integration of dipole
transition matrix elements between the Ru 2p core-levels and the
unoccupied valence band MOs (see Materials and Methods). The
main advantage of this approach is a correct inclusion of spin-
orbit coupling effects. Combinations of basis sets and exchange
correlation potentials were tested for the [Ru(NHs)s)>* molecule
(Table 1, Figure S7). For various basis sets and exchange correla-
tion potentials (Table 1), we found the splitting of the Ru 2p level
to vary from 126 to 133 eV, which is close to the experimental value
of 128.8 eV. The relative intensities of peaks A/B are unaffected by
the selection of basis set/potential, and the A/B splitting changes

L B ——BD[3,3] experiment
—— DFT LB94-TZP
—— FDMNES
—— FDMNES
unbroadened

|

| g

Normalized intensity, rel. units

X-ray energy, eV

Figure 4. Comparison of the experimental Ru L;-edge spectrum of BD
[3,3] complex (black) and calculations using FDMNES code (blue) and
DFT-based approach developed here (red). Unbroadened spectrum
(blue line with M) is shown for splitting of the white line (A/B splitting)
from FDMNES calculations.

very little as indicated in Table 1. All tested combinations of
exchange potentials and basis sets resulted in spectra that are close
to experiment and reproduce the differences between the L;- and
L,-edges well. An example is given in Figure 3.

DFT calculations result in a set of discrete transitions. How-
ever, somewhere above the absorption edge the discrete spec-
trum will change to a continuum and, thus, should not be
described by DFT. One way to estimate the limits of validity of
the DFT approach is to obtain the ionization potential by peak
fitting analysis of the experimental spectra (Figure S8, Table S1).
The analysis in Figure S8 shows that IP lies just below peak C.
This peak can be understood as transitions to quasi bound states
(see discussion below). Interestingly, DFT predicts the presence
of this peak, and use of larger basis sets improves its position
(Figure S7). We note that use of double- basis sets of Slater-type
orbitals is insufficient for description of spectral feature past
white line, while use of triple-C and quadruple-C gives similar
results (Figure S7). Among the three tested correlation poten-
tials, LB94 provides the best match with experimentally observed
spectra (Figure S7). Both LDA and SAOP potentials result in
additional features between peaks B and C in the L,- and L;-
edges, which are not detected experimentally. They also show a
small shoulder on the L,-edge, which is not observed in the
experiment.

In L-edge XANES, electron excitation results in a hole at the
2p level. Various approaches are possible for its treatment such as
Z+1 approximation®' or dynamical screening models.** Spectra
computed for the [Rh(NH;)s]*" complex (Z+1 approximation)
are similar to those of [Ru(NH,)s]**; however, they show less
agreement with experiment (Figures $9,510). Overall, we attri-
bute the surprisingly good agreement between experiment and
theory utilizing ground-state unoccupied levels to the eflicient
screening of the 2p hole in the heavy Ru atom and its small effects
on the relative arrangement of unoccupied orbitals. Similarly,
ground-state calculations (ignoring the core-hole) resulted in
better agreement with experiment in other systems.*>**

3.4. Simulation of the Blue Dimer L, 3 XAS. XAS spectral
analysis at the Ru L, 3-edges shows that the considerably smaller
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Figure 5. The comparison of the experimental and calculated Ru L, 5-
edges for BD [3,3]. Relative energy scale is used with 0 corresponding to
2840.1 eV for L3- and 2968.9 for L,-edges, and spectral intensity was
adjusted for easy comparison. Calculations with direct inclusion of
spin—orbit coupling result in close agreement with experiment.

splitting of the A/B peaks is the main difference between the
“blue dimer” and monomeric Ru complexes: [Ru(NH;)q]**
(Figures 1A, 2) and [Ru'(bpy),(bpy )]**.* It is critical to
determine whether single electron approaches or DFT techni-
ques can reproduce the significant decrease in A/B splitting
detected experimentally for BD.

Figure 4 shows a comparison of the BD [3,3] experimental L3
spectrum with spectra calculated with FDMNES code. This
technique was selected because it reproduced the A/B splitting
in [Ru(NH;)s]*" well (Figure 3). Obviously, FDMNES failed to
reproduce the trend of the much smaller A/B splitting observed
in the BD molecule (Figure 4). Figure 4 includes an unbroadened
spectrum predicted by FDMNES. It shows that the A/B splitting
determined with FDMNES for BD [3,3] is close to that of
[Ru(NH,)s]**(about 3.5—4 V) and is far from the 2.3 eV
observed experimentally for the BD molecule. The reason for this
large discrepancy is unknown. FDMNES simulations for the BD
L,-edge are not shown because we demonstrated earlier for the
model compound that, currently, this method cannot describe
differences between Ru L;- and L,-edges.

Figures 4 and S compare BD [3,3] experimental spectra and
calculated XANES spectra using the DFT-based approach devel-
oped here with the two-component ZORA relativistic approx-
imation. All tested correlation potentials (Table 1) resulted in a
good description of a major decrease in A/B splitting and overall
close agreement between computed and experimental spectra.
For BD calculations, triple- (TZP) basis set was used to deliver
sufficient accuracy, while quadruple- (QZP) turned out to be
computationally too expensive for this molecule. All details of the
spectra such as the small shoulder A in the L,-edge spectrum and
the relative differences between the L; and L, spectra of “blue
dimer” are well reproduced (Figure S). These fine details are due
to some transitions at the L,-edge, which remain forbidden or
have decreased intensities. To the best of our knowledge, no
other simulation approach can provide analysis of the presented
experimental data at a similar level of agreement between theory
and experiment. Potentially, relativistic TD-DFT could be an
even better technique for this type of analysis. However, recent

developments in relativistic TD-DFT are still limited to very
small molecules or molecules with a closed shell.**¢ Our
approach does not account for multiplet effects. Their inclusion
may result in even better agreement with experiment. A config-
uration interaction (CI) approach has been proposed to directly
account for multiplet effects. Currently, its implementation has
been demonstrated for very small molecules of high symmetry.*”
A combination of relativistic DFT and CI calculations, termed
the “ab initio CTM” method, was recently applied to simulate
XANES L, 3-spectra of some 3d TM oxides.” Advantages in
comparison with the CTM approach are clear. Nevertheless,
some shortcomings of the CI method remained, such as high
computational demands, applicability primarily to relatively
small clusters of high symmetry, and absence of solid-state
effects. The approach presented here is similar to “ab initio
CTM”,* in the sense that the effects of Ru—ligand hybridization
and covalency are taken into consideration by utilization of
molecular spinors.

3.5. Electronic Structure of the Blue Dimer. Here, we
experimentally detected and computationally reproduced Ru
L, ;-edges spectra of the blue dimer molecule. Direct inclusion
of spin-orbit coupling allows us to accurately predict spectra
consistent with experiment of both the model [Ru(NH;)4]*"
complex and the BD molecule. The question is whether these
results can help us to better understand the interesting properties
of the blue dimer, which has been studied extensively by various
experimental and computational techniques. BD [3,3] is EPR
silent; however, magnetic susceptibility measurements reveal
1.60 4B moment per molecule, and its solution NMR shows
paramagnetic broadening. Thirty years after the discovery of this
first molecular catalyst for water oxidation, the details of its
electronic structure and the mechanism of catalytic activity are
still being debated.'>***° Interaction of two unpaired electrons
of Ru centers across the u-oxo bridge can potentially result in
various spin states: a strongly coupled sinsglet, or an antiferro-
magnetically coupled singlet or triplet.'>*”*” Because of a rather
small difference in energies of the singlet and triplet states for this
molecule (0.5 keal/mol), current computational techniques have
difficulty interro%atin§ the relative energies of various spin states
in this molecule.'>*>°

Spin-orbit coupling effects are increasingly important for
heavier elements. Here, we cannot describe experimental spectra
as satisfactory unless we carefully account for spin-orbit coupling.
The value of spin-orbit coupling splitting of the 4d level in the Ru
atom is about 0.13—0.14 eV according to different sources.”*"
This is quite large in comparison with the small energy difference
between singlet and triplet spin states in the BD molecule. We
hypothesize that in this molecule spin-orbit coupling results in
mixing of various spin states, mainly singlet and triplet. Because
of such mixing, a pure spin state of the molecule might not be
defined. Interestingly, peak A in the Ru L;- and L,-edges of BD
contains two transitions when the molecule is described with
relativistic ZORA approximation (the spin state is not defined)
and for the triplet state defined with conventional DFT; however,
only one transition is predicted for a strongly coupled singlet.
The experimental difference in peak A/B splitting in the L, and
L; spectra (Tables 1, S1) is more consistent with a triplet or spin-
orbit mixed state than with a strongly coupled singlet. If only
one transition is possible, a decrease in the intensity rather than
a shift in energy is expected when this transition becomes par-
tially forbidden. However, small multiplet effects also cannot be
excluded.
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We attempted calculations for BD in two spin states: strongly
coupled singlet (S = 0) and triplet (S = 1) by doing calculations
without spin-orbit coupling. In this case, it is not possible to
distinguish between L,- and L;-edges. Therefore, we computed
the combined L,_ 3 spectrum by adding transitions from the p,,
py, and p, orbitals to unoccupied MOs. Figure S11 shows a
comparison of spectra calculated for the singlet and triplet with
the experimental spectrum and a calculation with spin-orbit
coupling. A comparison of A/B splitting (Figure S11 and
Tables 1, S1) for these four cases shows that the spectrum
computed with spin-orbit coupling and the triplet spectrum are
closer to experiments, while the corresponding singlet spectrum
shows a more pronounced shoulder at peak A and larger A/B
splitting. Interestingly, the relative energy levels of the lowest
unoccupied orbitals for ZORA calculation are very similar to the
results of calculations with conventional DFT for the triplet state
(Figure S11, inset).

3.6. States above the White Line of RuL-Edge.Ru L, and L3
spectra of the model complex [Ru(NH;)s]** and BD display
peak C lying about 10 eV above the edge (Figures 1—S5). Its
nature generated some discussion in the past. Peak C was
originally attributed to a 2p-to-Ss transition.””*** Later,"" it
was noted that peak C lies above the ionization potential and is
absent in FDMNES simulations with a small molecular cluster, 7
atoms as opposed to 19 atoms. It was then assigned to a multiple
scattering (MS) resonance, which originated from scattering of a
low energy outgoing photoelectron.'® Our data show that peak C
is indeed located above IP for both [Ru(NH;)¢]** and BD
(Figure S8 and Table S1). However, even the smallest Ru-
containing complex [Ru(NH;)s]** demonstrated a noticeable
peak C in both the experimental and the theoretical spectra
(Figures 1, 2). So for this Ru complex, it is not necessary to have
higher coordination spheres to generate peak C. All types of
tested here calculations (FEFF, FDMNES, DFT-ZORA) repro-
duced the appearance of this peak for both molecules. We
propose that it originates from transitions to quasi-bound states
lying above the ionization potential.>* Such transitions are well
described for small diatomic molecules.>* We noticed that the
position of peak C shifts toward higher energy in the sequence:
[Ru(Mebimpy) (bPY)(Hzo)]2+; [Ru(NH;)s]™", and [((bpy),Ru-
(H,0)),0]*" (Figure 2). In this sequence, the positive charge of
the complex increases, which could raise the energy of a 2p-
electron to the quasi-bound state transition. The DFT-ZORA
approach gives the position of peak C for [Ru(NH;)s]*" in
agreement with experiment and slightly underestimates it for BD
[3,3]. In the Z+1 approximation, peak C is shifted to higher
energy (Figures $9,510). Thus, again, we can see that the charge
on the Ru complex affects the position of peak C.

4. CONCLUSIONS

The sensitivity of L, ;-edges X-ray absorption near edge struc-
ture (XANES) spectra to the details of the electronic configura-
tion of Ru complexes was demonstrated for the di-Ru complex
cis,cis-[Ru™,0(H,0),(bpy).] (PFs), water oxidation catalyst.
The obtained spectra are in agreement with assignment of the
Ru"" oxidation state, however, with considerably different split-
ting of the Ru L, ; white lines as compared to monomeric Ru
complexes. Existing single-electron methods (FEFF, FDMNES)
cannot reproduce the details of the experimental Ru L-edge
spectra for the [Ru(NHj;)s]** model complex nor for the blue
dimer. With a theoretical approach using a two-component

relativistic approximation, we achieved a good description of
the experimentally detected electronic transitions at the Ru L, ;-
edges for the Ru model complex and the water oxidation catalyst.
Our approach uses the molecular and electronic structure of the
metal complex as an input for calculations and, thus, allows us to
model how changes in geometry and electronic state of the
catalyst will affect L, 3-edges XAS. Our analysis of the blue dimer
molecule allowed us to put forward a hypothesis that spin-orbit
coupling mixes the singlet and triplet spin states in this molecule.
Future experimental and theoretical characterization of the L, 3
XAS and XES of the blue dimer catalyst with the Ru centers in
high oxidation states will help to better understand the mechan-
ism of water oxidation by this unique catalyst. Our computation
techniques, with careful inclusion of spin-orbit coupling, further
develop L, ;-edges XAS as a critical tool for detailed analysis of
the mechanisms of catalytic reactions in 4d transition metal
complexes.
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