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EZ3 XAS and EPR in Situ Observation of Ru(V) Oxo Intermediate

in @ Ru Water Oxidation Complex**

Natalia Levin,* Carla Casadevall,™® George E. Cutsail, IIl> < Julio Lloret-Fillol,*®’

Serena DeBeer,” and Olaf Ridiger*®

In this study, we combine insitu spectroelectrochemistry
coupled with electron paramagnetic resonance (EPR) and X-ray
absorption spectroscopies (XAS) to investigate a molecular Ru-
based water oxidation catalyst bearing a polypyridinic back-
bone [Ru"(OH,)(Py,Metacn)]**. Although high valent key inter-
mediate species arising in catalytic cycles of this family of
compounds have remain elusive due to the lack of additional
anionic ligands that could potentially stabilize them, mecha-
nistic studies performed on this system proposed a water
nucleophilic attack (WNA) mechanism for the O—O bond
formation. Employing insitu experimental conditions and
complementary spectroscopic techniques allowed to observe
intermediates that provide support for a WNA mechanism,
including for the first time a Ru(V) oxo intermediate based on
the Py,Metacn ligand, in agreement with the previously
proposed mechanism.

In the quest for feasible renewable energy schemes, the
“hydrogen economy” offers an attractive solution,"” where H,
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and O, can be produced through water electrolysis (Egs. 1, 2),
employing the intermittent energy surplus arising from renew-
able energies. These two species can later on be recombined in
fuel cells to afford a green energy source at any required
moment, releasing only water and steam as by-products.” The
water splitting reaction is complex and requires the use of
catalysts to make it feasible. In particular, the water oxidation
(WO) half-reaction, requiring 4 electron transfer steps remains
the most challenging reaction, and to date, most homogeneous
WO catalysts (WOC) operate at moderate overpotentials. Over
three decades ago, the first well-characterized synthetic WOC
was reported: the Ru-based “blue-dimer” (BD).”' Since then,
important effort has been put in the development of new
homogenous catalysts, but guidelines for predictive rational
design to improve WOCs are still insufficiently developed. The
WOCs are typically complexes based on transition metals that
help reduce the energy barrier for the process. The first critical
step involves the formation of a high-valent metal-oxo species
that arises from the subsequent oxidation of an aquo complex.
Then, this oxo species can follow two major mechanisms: water
nucleophilic attack (WNA) where a second water molecule
attacks the electrophilic high-valent M-oxo species or intra-
molecular radical coupling of two M-oxyl units (12 M) where the
new O—O bond comes from the radical coupling between two
equal species.”

2H,0 — O, + 4H" + 4e” )

2H" +2e” — H, )

Continuing on the path of the BD, many Ru-based
complexes have appeared as good WOCs, showing stability and
high efficiency.® Even if a lot of interest is directed to the use of
less expensive, earth abundant metals as catalysts, the high
efficiency and especially the stability of Ru species is still to be
surpassed.”’ Additionally, the complexity of the WO reaction,
due to the multiple bond breaking and forming processes that
take place during its mechanism, requires the involvement of
multiple intermediates. In this regard, spectroscopic techniques
are of special interest, and particularly in situ/operando techni-
ques, where the catalyst and its intermediate species are
characterized while performing the desired reaction.

Among Ru-based WOCs, owing to the ligand stability
towards oxidation and its versatility for symmetric and non-
symmetric functionalization,” catalysts based on the macro-
cyclic 1,4,7-triazacyclononane (tacn) are very interesting for the
study of the WO reaction.”’ The catalyst [Ru"(OH,)(Py,"*tacn)]**
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, reported by the group of Lloret-Fillol is a mononuclear Ru-
WOC bearing a tacn-derived backbone.®@ The starting com-
pound and further species arising in the catalytic cycle [Ru"-
(OH)(Py,"*tacn)I** and [Ru"(O)(Py,"*tacn)]** were character-
ized by different spectroscopic  techniques,  UV-vis
spectroelectrochemistry, Cryo-spray high-resolution mass spec-
trometry (CSI-HRMS) and a complete Pourbaix diagram for the
species was obtained.®? DFT calculations together with '*O-
labelling and kinetic studies pointed towards a WNA mecha-
nism.

Using an isolated [Ru"(O)(Py,"tacn)]** as a starting
material, a Ru(lV) side-on peroxo species (*n-Ru"(0—0)) was
isolated as an intermediate after the rate determining step in
the WNA mechanism)® In the same work, a [Ru'-
(0)(Py,"tacn)** was proposed as the species responsible for
the O—O bond formation via WNA (Figure S1).

With the aim of characterizing the proposed active species
of the catalytic cycle, a detailed experimental and theoretical
investigation of the well-defined monomeric catalyst [Ru'-
(OH,)(Py,"*tacn)]** is presented. Owing to its rather slow
catalytic performance (TOF 41073578 [Ru'-
(OH,)(Py,"*tacn)]** is an ideal platform to trap intermediate
species. These experiments allow us to understand the
electronic structure of the catalytic intermediates and will
therefore pave a path for controlling the reaction’s mechanism
and designing tailor-made WOCs based on earth-abundant
metals.

Herein, a study with complementary in situ Electron Para-
magnetic Resonance (EPR) and X-ray Absorption Spectroscopy
(XAS) is presented. EPR spectroscopy is often used to study
WOCs and intermediates within a catalytic cycle that alternate
between EPR active and inactive spin-states. Ru" species show
EPR signals arising from a S=1/2 spin center with anisotropic g-
values and have been detected in ex situ experiments for
monomeric®'” and dimeric catalysts." However, EPR spectra

of more elusive Ru' species, regardless of being related to
WOCs or not, have been reported for fewer monomeric!'%'2
or dimeric species."'"®<'*) XAS measurements complement EPR,
since the former, owing to its element-selective properties, offer
unique insight into the geometric and electronic structures of
all Ru-based species (both EPR active and inactive).l'%=<"!

In order to facilitate intermediate trapping, we designed an
EPR spectroelectrochemical (SEC) electrolysis cell built around a
Quartz EPR-tube that can be completely frozen during an
applied potential (Figure S2). The most extended type of
spectroelectrochemical in situ EPR cells use a flow scheme and
are used to monitor the electrochemical formation of organic
radicals, which can be performed at room" or elevated
temperatures." The study of transition-metal paramagnetic
species requires low-temperature EPR measurements to slow
the fast relaxation of the unpaired electrons. Therefore, for
transition metals, EPR electrochemical titrations are usually
performed by ex situ electrolysis, taking samples at different
applied potentials and freezing them, requiring usually larger
volumes of sample and sample transfer operations that may
hinder detection of unstable species. Our newly designed cell
operates with very limited volume (250 pL), avoids clogging
issues that could result from freezing/thawing a flow system
and may be used not only for X-band but also for Q-band or
pulsed measurements. Our first aim was to validate the cell by
running SEC in aqueous solutions and compare the results with
samples prepared in a traditional two-compartment electrolysis
cell. We prepared a 2 mM solution of [Ru"(OH,)(Py,"tacn)]**
and applied different potentials based on previous electro-
chemical measurements.®™ At 0V vs Ag/AgCI/KCl sat., the EPR
showed almost a clean background, as expected for a Ru"(OH)
complex (Figure 1, left, top spectrum). Upon oxidation at 0.5V a
rhombic signal appears with anisotropic g-values and resolved
hyperfine coupling along g; from the *Ru (12.7% natural
abundance, n.a.) and 'Ru (17.0% n.a.) isotopes, each having /=
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Figure 1. Left: X-band in situ EPR spectra of [Ru"(OH,)(Py,"*tacn)]** in aqueous solution: phosphates buffer 0.1 M/NaOTf 2 M, pH 7.2 at 10 K. Measured in the
in situ EPR electrochemical cell under 0V (top panel, blue spectrum) and under 0.5 V (middle panel: experimental spectrum (green, background corrected
with the blue spectrum under 0 V) and simulated spectrum (black)). Bottom panel: components present in the simulation of the green spectrum. Major
component (grey) accounts for 87 % of the intensity (g =[2.386, 2.168, 1.892], A=[5.2, 9.6, 48]/10* cm™', W=[1.76, 0.105, 16.7] G). Minor component (pink)
accounts for 13% of the intensity (g =1[2.582, 2.417, 1.760], W=[50.5, 17.2, 57.0] G). Right: Ru K-edge XAS spectra of [Ru"(OH,)(Py,"*tacn)]** in aqueous
solution: phosphates buffer 0.1 M/NaOTf 1 M. Freeze-quenched samples prepared in a UV-vis electrochemical cell under different potentials: 0 V (blue), 0.5 V
(green), 1.3 V (orange). Inset: First derivative of the Ru K-edge XAS spectra. All reported redox potentials are referred to Ag/AgCl, KCl sat.
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5/2 nuclear spin (Figure 1, left, middle spectrum). There is also a
13% component of a species exhibiting a broader EPR
spectrum, as reported elsewhere for another WOC and
attributed to a small amount of an intermediate species with a
distorted ligand environment."™ Further increase of the
potential to 1.3V results in the reduction of the EPR signal as
the sample is further oxidized to the EPR silent Ru(lV) form (not
shown). These results were undistinguishable to the spectra
obtained ex situ (Figures S3 and S4) and in agreement with UV-
Vis observations. In parallel to the EPR experiments, the ex situ
samples were also freeze-quenched and X-ray K-edge absorp-
tion spectroscopy was collected at a synchrotron light source.
The XANES Ru K-edge spectra (Figure 1, right) show a small shift
of the rising edge to higher energies as the applied potential is
increased subsequently from 0 to 0.5 and 1.3 V (vs Ag/AgCI/KCI
sat.), in agreement with the increment in the oxidation state of
the metal. This shift is more evident on the first derivative plot
in Figure 1 (right, inset), where the appearance of a feature in
the pre-edge region at 22116 eV is also visible. The pre-edge
transitions correspond to dipole forbidden 1 s to 4d transitions
that upon mixing with the 2p orbitals of the ligands become
partially allowed. As the complex is oxidized to Ru(IV) oxo, the
2p orbitals of the O overlap more strongly with the 4d orbitals
and the intensity of the pre-edge increases."™ The calculated
spectra using TD-DFT agree with these observations and allow
us to confirm the orbital origin of the pre-edge feature for the
more oxidized species (Figure S5). Ru K-edge EXAFS was
collected and is shown in Figure S6. Data analysis indicate
shortening of the Ru—O distance upon increase of the oxidation
state and is in agreement with DFT optimized structures (1.78
vs 1.80 A, respectively, Table S1).

Similarly to what we did for the spectroelectrochemical EPR
cell, we designed an in situ XAS-electrolysis cell. We built a thin-
layer flow cell for electrolysis that could be used while
simultaneously collecting XAS in fluorescence mode (Figure S9).
We could reproduce under insitu conditions the results

measured ex situ (not shown) with potential equilibration times
around 20 min.

In acidic aqueous solutions, we could not detect any species
compatible with an oxidation state higher than 4+, both using
EPR or XAS spectroelectrochemical cells, when starting from
[Ru"(OH)(Py,"*tacn)]**. To investigate if a Ru(V) could be part
of the catalytic cycle, we repeated the SEC experiments using
isolated [Ru"(0)(Py,"tacn)]*** in dry organic solvent. Prior to
the SEC experiment a square wave voltammetry (SWV) was
recorded to select the applied potentials. Two small peaks can
be identified in the SWV at 1V and a faint one at 1.5V
(Figure 2), in agreement with previous studies.” For the EPR
experiment, the electrolysis was carried out at —50°C inside a
N, atmosphere glovebox using butyronitrile as solvent. The as-
dissolved compound did not exhibit any prominent spectral
feature, owing to the EPR-silent Ru(lV) state, with just a small
signal from Ru(lll) species (Figure 2, left, top spectrum). After
applying a constant potential for 10 minutes, the sample was
rapidly frozen at applied potential. At +1.5V (vs Ag/AgCI/KCI
sat.), the EPR measurements shows a new signal (Figures 2 left
and S11) with a prominent positive peak at 265 mT and a zero-
crossing feature at 295 mT. These two features are assigned as
the g, and g, features of a new rhombic EPR spectrum where g,
is broad and not observed at higher fields. This spectrum may
be simulated as an anisotropic S='/, spin (Figure 2 left). This
new S="/, EPR signal is generated at higher potentials than the
S=0, d* Ru(lV) starting material (Figure 2, top left). This signal
can be reproduced while cycling back and for between 1.2 and
1.5V, indicating reversibility in the process. The new half-
integer spin species indicates a one-electron oxidation and the
broad EPR spectrum and large g-shifts suggest the unpaired
electron is Ru-centered due the large spin-orbit coupling of Ru.
Parallel in-situ XAS studies (below) suggest the Ru center is
oxidized. The new EPR signal is therefore most consistent with a
Ru(V) oxidation state and accounts for 92% conversion of the
relative integration of the Ru(lll) S="/, species.
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Figure 2. Left: X-band in situ EPR spectrum of [Ru“’(O)(PyZ""etacn)]2+ in dry butyronitrile TBAPF¢ 0.3 M measured at 25 K in the in situ EPR electrochemical cell
under 1.1V (top, orange spectrum) and under 1.5 V (middle, purple spectrum). Bottom spectrum: simulated spectrum (black) of the middle spectrum
(g=1[2.67, 2.37], g5 not resolved). Right: Ru K-edge XAS spectra of [Ru“’(O)(PyZM“tacn)]Z’r in dry acetonitrile TBAPF¢ 0.1 M measured in the in situ X-ray
electrochemical cell under increasing potentials: 1.1V (orange), 1.7 V (grey), 2.0 V (purple). Inset: SWV voltammogram of [Ru"(0)(Py,"*tacn)]*" in dry
acetonitrile TBAPF4 0.1 M measured in the in situ X-ray electrochemical cell. All reported redox potentials are referred to Ag/AgCl, KCI sat.
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XAS experiments present additional challenges such as long
scan times (several minutes) and room temperature restricted
in situ measurements. To overcome these limitations we used
the QEXAFS setup at SuperXAS beamline at SLS. By doing so,
we collected 600 spectra during a 10 min exposure time, after
which we exposed the beam to fresh solution. Room-temper-
ature measurements did not yield changes in the XAS measure-
ments, probably as a result of the instability of high-valent
ruthenium under the intense photon flux of the experiment.
Freezing of the sample during acquisition with liquid nitrogen
stream was necessary to observe shifts of the XAS edges. The
Ru K-edge XAS data (Figure 2, right) shows an increase in the
rising edge as the applied potential is increased, which is
consistent with the formation of high-valent Ru species.

In summary, we have shown how in situ spectroelectro-
chemistry can be employed to trap and characterize extremely
reactive intermediate species. By applying the appropriate
redox potential we have demonstrated that we can quantita-
tively transform the [Ru"(OH,)(Py,"*tacn)]** into its correspond-
ing Ru(lll) EPR-active form. Further oxidation shifted the Ru K-
edge to higher energy, and produced an EPR silent state, in
agreement with the formation of the Ru(lV) oxo complex.
Oxidation of the Ru(lV) oxo complex in dry organic solvent
showed a further increase of the Ru K-edge to higher energy,
indicating that this mononuclear Ru(IV)=0 complex could be
further oxidized. The new EPR signature is most consistent as a
Ru(V). This work shows that combination of electrochemistry
with in situ spectroscopy can help to capture catalytic inter-
mediates and provide the foundation to understand how
electrocatalysts work.
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