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Abstract: Two di- and tetranuclear Ru(bda) (bda: 2,2"-bipyr-
idine-6,6'-dicarboxylate) macrocyclic complexes were synthe-
sized and their catalytic activities in chemical and photo-
chemical water oxidation investigated in a comparative
manner to our previously reported trinuclear congener. Our
studies have shown that the catalytic activities of this
homologous series of multinuclear Ru(bda) macrocycles in
homogeneous water oxidation are dependent on their size,
exhibiting highest efficiencies for the largest tetranuclear

catalyst. The turnover frequencies (TOFs) have increased from
di- to tetranuclear macrocycles not only per catalyst molecule
but more importantly also per Ru unit with TOF of 6s™' to
875" and 10.5s™' in chemical and 0.6s™' to 3.3s' and
585" in photochemical water oxidation per Ru unit,
respectively. Thus, for the first time, a clear structure-activity
relationship could be established for this novel class of
macrocyclic water oxidation catalysts.

J

Introduction

One of the greatest challenges our society is facing today is
achieving independence of finite fossil fuels and providing an
environmental and climate benign energy supply." Consequen-
ces of burning oil, coal or natural gas such as harmful emissions
and global warming have to be abated urgently to preserve our
planet for future generations” In regard to an alternative
energy supply, green hydrogen obtained by light-driven
splitting of abundant water is a promising solution.”’ However,
since the process of oxidizing water to provide the required
protons and electrons for hydrogen formation is energetically a
highly demanding process, catalysts are needed to overcome
the overpotential of this reaction.” Intensive research on water
oxidation catalysts based on various transition metals has
revealed that ruthenium catalysts are among the most efficient
ones.” Since the discovery of Ru(bda)(pic), (bda: 2,2"-bipyridine-
6,6'-dicarboxylate, pic: 4-picoline) as a highly active water
oxidation catalyst by Sun and co-workers in 2009, several
studies have been reported on diverse Ru(bda)-based catalysts

[a] Dr. D. Schindler, Dr. A.-L. Meza-Chincha, M. Roth, Prof. Dr. F. Wiirthner
Institut fiir Organische Chemie
Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
E-mail: wuerthner@uni-wuerzburg.de

[b] Prof. Dr. F. Wiirthner
Center for Nanosystems Chemistry (CNC)
Universitdt Wiirzburg
Theodor-Boveri-Weg, 97074 Wiirzburg (Germany)

B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202100549
Part of a Special Issue on Contemporary Challenges in Catalysis

 © 2021 The Authors. Chemistry - A European Journal published by Wiley-

VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chem. Eur. J. 2021, 27, 16938 - 16946 Wiley Online Library

bearing modified axial and equatorial ligands.”” Dimeric,®

trimeric® as well as polymeric!'® structures have been obtained
by assembly of multiple Ru(bda) units and axial ligands. In
recent years, our group has developed a family of
supramolecular macrocycles containing three Ru(bda) centers
connected by 1,4-bis(pyrid-3-yl) benzene (bpb) axial ligands
and these trinuclear Ru macrocycles have been shown to be
highly efficient water oxidation catalysts (WOCs).""! Notably, the
reduced flexibility of the trinuclear macrocycles resulted in an
enhanced stability as well as high turnover frequency (TOF) and
turnover number (TON) values in chemical water oxidation,
comparable to those of the oxygen evolving complex of
photosystem Il in nature'? Detailed mechanistic studies
confirmed a water nucleophilic attack (WNA) mechanism for the
catalytic water oxidation with the unfunctionalized trinuclear
macrocycle MC3 (structure shown in Scheme 1) in contrast
to mononuclear complexes such as Ru(bda)(pic), that operate
by binuclear I12M (interaction of two M—O units) mechanism.”
The unequivocally confirmed WNA mechanism of macrocyclic
Ru(bda) complexes makes them particularly interesting for
applications under high dilution conditions and upon anchoring
on surfaces."” Based on theoretical calculations, a preorganized
hydrogen-bonded water network in the macrocyclic cavity of
MC3 has been proposed to explain its high catalytic activity in
water oxidation."'? Very recently, experimental evidence for the
formation of such water networks has been obtained by X-ray
crystal structure analysis and X-ray absorption studies per-
formed on functionalized MC3 derivatives.""® Accordingly,
efficient water oxidation by MC3 and its derivatives is the result
of cooperative proton abstraction during catalysis which leads
to significant reduction of activation barriers for the key proton-
coupled electron transfer processes.'#*

With Ru(bda) as a unique functional unit, we raised the
question how the number of active centers within a multi-
nuclear macrocycle would affect its catalytic efficiency.
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Scheme 1. Synthesis of the new dimeric and tetrameric ruthenium macrocycles OEG-MC2 and OEG-MC4 as well as previously reported trimeric macrocycle

OEG-MC3."""

Although trinuclear macrocyclic Ru complexes have been
reported for the first time in 2016, and several noncyclic di-
and trinuclear Ru WOCs have been developed in the past
decade,® reports on such cyclic Ru complexes are still scarce.
Most recently, our group has reported a dinuclear macrocyclic
Ru complex containing calix[4]arene-based axial ligands that
exhibits unexpectedly high catalytic performance in chemically-
driven and photocatalytic water oxidation."" In the present
study, hitherto unknown di- and tetranuclear Ru(bda) macro-
cycles bearing 1,3- and 1,4-bipyridyl benzene axial ligands have
been constructed by using non-linear derivatives of the
bridging ligands of MC3 and the catalytic activities of the
homologous series of di-, tri, and tetranuclear macrocyclic
complexes OEG-MC2, OEG-MC3 and OEG-MC4 studied in a
comparative manner. OEG (oligoethylene glycole) chains were
introduced in macrocycles to enhance their solubility. Although
the catalytic performance of OEG-MC3 has previously been
studied in chemical water oxidation,"™ its photocatalytic
activities remained unexplored and is accordingly also inves-
tigated in this work.

Our detailed studies have shown that the catalytic efficiency
of the present series of macrocycles in chemical as well as
photochemical water oxidation increases with the increasing

size of the macrocycle with the highest TOF value of 42s™" in

Chem. Eur. J. 2021, 27, 16938 - 16946 www.chemeurj.org

chemical and 23s' in photochemical experiments for the

tetranuclear WOC OEG-MCA4. Increasing catalytic efficiency has
been observed not only for the molecular catalysts, but also per
Ru unit of the multinuclear macrocycles. Thus, for the first time,
a structure-activity relationship has been established for this
unique family of macrocyclic Ru(bda) WOCs.

Results

Synthesis of ligands and multinuclear cyclic Ru(bda)
complexes

The to date unknown di- and tetranuclear Ru(bda) macrocyclic
complexes OEG-MC2 and OEG-MC4 were synthesized using the
axial bidentate ligands L2 and L4 having non-linear arrange-
ments of terminal pyridyl units with meta and para connectivity,
respectively, at a benzene center (Scheme 1). The trinuclear
macrocycle OEG-MC3 has been reported previously and was
synthesized according to literature procedure."™ As the
solubility of metallomacrocycles decreases with increasing
size,"™ solubilizing OEG chains were introduced to the axial
ligands to facilitate the formation of the desired ruthenium
macrocycles. The axial ligands L2 and L4 are literature-unknown

16939  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202100549

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202100549

and were synthesized according to the routes displayed in the
Supporting Information (Scheme S1).

The multinuclear Ru(bda) macrocycles were then synthe-
sized by ligand exchange reactions of standard precursor
complex Ru(bda)(dmso), 1 with the respective bidentate axial
ligands (Scheme 1). Notably, under the previously established
reaction conditions for the synthesis of MC3 macrocycles'>9
including OEG-MC3,""™ the reactions of L2 and L4 with the
precursor complex 1 formed only mixtures of small oligomeric
open chain products. Therefore, reaction conditions needed to
be modulated to enable the formation of macrocyclic com-
plexes using the nonlinear ligands L2 and L4. Indeed, the
reaction of Ru(bda)(dmso), 1 with pyridyl meta-substituted axial
ligand L2 in a 1:1 ratio under nitrogen atmosphere in water at
a higher temperature of 95°C for 3 days afforded the dimeric
Ru(bda) macrocycle OEG-MC2 (Scheme 1). Likewise, the assem-
bly of para-substituted L4 and Ru(bda)(dmso), 1 under nitrogen
atmosphere in ethylene glycol at 95°C for 24 h led to the
formation of the larger tetranuclear macrocycle OEG-MC4. The
separation of macrocyclic products from insoluble polymeric
chains was achieved by column chromatography over Al,O,
and smaller oligomeric open chain side products could be
removed by several size exclusion chromatography cycles over
BioBeads SX1 or SX3 and subsequent gel permeation chroma-
tography (GPC). Pure OEG-MC2 and OEG-MC4 were obtained in
reasonably good isolated yields of 26% and 16 %, respectively,
for such macrocyclizations. Detailed synthetic procedures and

characterization of the new ligands and macrocycles by NMR
spectroscopy, mass spectrometry and CV analysis are reported
in the Supporting Information (Figure S1-512, S15-527).

Characterization of di- and tetranuclear macrocyclic Ru(bda)
complexes

The new Ru(bda) macrocycles were first characterized by 'H
NMR spectroscopy. Traces of paramagnetic and NMR silent Ru**
species were reduced to Ru** by addition of small amounts of
ascorbic acid into the NMR tube to obtain high resolution
spectra as exemplarily shown for OEG-MC4 (Figure 1 and
Figure S7).

One single set of nicely resolved signals for the aromatic
protons of the axial L4 (shown in green) and equatorial bda
ligands (shown in purple) of the tetrameric macrocycle OEG-
MC4 are observed, thus excluding the presence of open chain
side products. The fact that the pyridine protons of the axial
ligands show only one set of signals clearly confirms the high
symmetry and therefore macrocyclic structure of OEG-MC4. In
the case of linear oligomeric structures, multiple signals of these
protons and additional signals of the non-coordinated terminal
pyridine rings or terminal Ru(bda) protons were to expect. The
absence of such additional signals in the proton NMR spectra of
OEG-MC4 as well as OEG-MC2 confirms the formation of
macrocyclic structures (Figure S3 and S7). The smaller macro-

OEG

A |

7.6
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Figure 1. Aromatic region of '"H NMR spectrum of tetrameric OEG-MC4 in CD,Cl,/MeOD/CF,CD,0D 5:3:2 (400 MHz, rt), along with the structure of a
monomeric repeat unit of this macrocycle. Numbers given under the signals correlate to the numbers of protons associated with each signal as determined
by integration of the respective signal area. Colors of the signals correspond to bda (purple) and bpb (green) as highlighted in the structure.
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cycle OEG-MC2 could be further characterized by high-
resolution mass spectrometry (HR-MS). A mass peak was
observed for [M+Nalt with m/z=1823.4219 (calculated
1823.4204), confirming the dimeric structure. Unfortunately,
due to fragmentation of OEG-MC4 it was not possible to obtain
a clean mass spectrum for the tetrameric macrocycle. However,
upon deconvolution of signals the product peak could be
detected as a weak signal but the intensity was not sufficient to
enable reliable analysis of the isotope pattern.

Analytical GPC chromatograms of the purified products
demonstrate the successful separation of macrocycles from
smaller oligomeric side products as well as larger polymers and
clearly indicate the different size of the new macrocycles
compared to the literature-known macrocycles MC3 and OEG-
MC3 (Figure 2).""*9 For GPC analysis, purified samples of di-
and tetrameric OEG-functionalized Ru(bda) complexes were
dissolved in a CHCI;/MeOH (9:1) mixture and injected on an
analytical GPC system with a SDV column (SDV: styrol-divinyl-
benzol-copolymer network). A comparison of the chromato-
grams of MC3 and its OEG-functionalized derivative OEG-MC3
reveals a significant influence of the OEG chains on the elution
behavior of the macrocycle. The retention time of the OEG-MC3
with t=53 min is about half that of MC3 without OEG
functionalization (t=11.3 min). The shorter retention time (t=
4.4 min) of the new tetrameric macrocycle OEG-MC4 than that
of trimeric OEG-MC3 (t=5.3 min) indicates a slightly larger
structure of the former, while the dimeric OEG-MC2 exhibits a
longer retention time of t=6.5 min (Figure 2). The observed
trend in retention times is in agreement with the expected
increasing size from dinuclear to tetranuclear macrocycle as
obtained by molecular modelling (MM2 optimization, Spar-
tan'14, see Figure S13).

To further confirm the structures of the macrocycles, DOSY
NMR spectroscopy of the series OEG-MC2, OEG-MC3 and OEG-
MC4 was performed (Figure S13). The acquired DOSY spectra
show decreasing diffusion coefficients with the increasing size
of the macrocycles from di-, tri- to tetramer. Based on the
diffusion coefficients, the hydrodynamic radius (ry) of each
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Figure 2. Analytical GPC chromatograms of MC3 (green line), OEG-MC2
(blue line), OEG-MC3 (black line) and OEG-MC4 (red line).
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macrocycle was determined according to the Stokes-Einstein
equation (Eq. S1)."

Assuming a nearly spherical particle, the diffusion coeffi-
cient of D=-10.09 m*s™' for OEG-MC4 results in a hydro-
dynamic radius of r,=2.7 nm (diameter d,=5.4 nm). Smaller
hydrodynamic radii of 2.1 and 2.3 nm were obtained for OEG-
MC2 and OEG-MC3, respectively. The size of the macrocycles
estimated from DOSY experiments corroborates very well with
the trends obtained by molecular modelling (Figure S13), thus
again confirming the macrocyclic structure of the multinuclear
Ru(bda) complexes and their structural assignment.

Optical and redox properties

The optical properties of the new di- and tetrameric macro-
cycles OEG-MC2 and OEG-MC4 at different oxidation states
were investigated by spectroelectrochemical measurements in
phosphate buffer/trifluoroethanol (TFE) (1:1) at pH 7 (Figure 3).
The spectroelectrochemical data for OEG-MC3 are shown in
Figure S14d, exhibiting similar intensities and transitions as
reported for trimeric macrocycle MC3 without OEG."'®
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Figure 3. Spectroelectrochemical studies of a) OEG-MC2 (c=219 pM) and b)
OEG-MC4 (c=250 pM) in a 1:1 mixture of H,O/TFE (phosphate buffer, pH 7,
0.1 M).
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The UV/vis absorption spectrum of OEG-MC2 at Ru" state
(Figure 3a, black line) shows a relatively intense sharp band at
300 nm, which is typical for Ru complexes and attributed to the
axial ligand-centered m-mt* transition.”” The two broad bands at
lower energies at about 370 nm and 450 nm correspond to
metal-to-ligand charge transfer (MLCT) transitions from the Ru-
d orbital to the m* orbitals of the axial and bda ligand.”'®
Calculations have shown that the Ru-d to bda-m* MLCT bands
appear at lower energies compared to Ru-d to L-m* (L=axial
ligand)."” Similar transitions were observed for OEG-MC4,
where the axial ligand-centered m-m* transition appears at
about 310 nm (Figure 3b). In this case, Ru-d to L-t* transitions
are not distinguishable from Ru-d to bda-m* due to overlapping
of the signals and thus detected as one broad band from
340 nm to 530 nm with a maximum intensity at 385 nm. It is
known that each Ru oxidation state has a distinctive UV/vis
absorption spectrum.''? By applying an increasing voltage,
stepwise oxidation of the Ru centers from Ru" to Ru" could be
observed in these complexes. Changes in the UV/vis spectra
were observed during the transformation to the Ru" state by a
significant decrease in intensity of the MLCT transition between
340 nm and 430 nm of both macrocycles. Additionally, a new
band arises with a maximum at 700 nm which is of lower
intensity in the case of the dinuclear macrocycle and much
more distinct for the tetranuclear one (Figure 3b). This
absorption band was also observed for the trinuclear non-
functionalized macrocycle MC3. Earlier studies of a series of
homologous trinuclear Ru(bda) macrocycles with different sized
cavities indicate a correlation between the intensity of this
band and the activity of the respective catalysts."'? Detailed
theoretical calculations revealed that this band does not
originate from Ru"-O—Ru" complexes but can be assigned to
the Ru(bda)-o to Ru(bda)-o* transition in the Ru" state."'¥ In
addition, it has been reported that the strong absorption at
700 nm depends on the distance of a coordinated aqua /
hydroxyl molecule to the Ru center."'? It is assumed that, due
to an equilibrium between [Ru"]™ and [Ru"-OH,]" species,™
the existence of this band and its intensity depends on whether
the six or seven coordinated form is favored. Simulations for the
monomeric Ru(bda)(pic), complex demonstrated that no tran-
sition appears at 700 nm as the arrangement of the axial
ligands is blocking the 7™ coordination site at the Ru center and
making it difficult for a water molecule to access the metal
center. In contrast to monomeric Ru(bda)(pic),, macrocycle MC3
has a relatively fixed axial ligand which facilitates the coordina-
tion of water leading to an intense absorption band at 700 nm
as reported previously."' The OEG-functionalized derivative
OEG-MC3 shows similar spectroelectrochemical behavior (Fig-
ure S14d) as parent MC3. For all these macrocycles, the band at
around 700 nm decreases upon further oxidation and finally
vanishes completely when reaching the Ru" state at higher
potentials (from 910 to 1020 mV vs. NHE, see Figure 3 and
S14d).

The redox properties of the macrocycles were studied by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in a 1:1 phosphate buffer/TFE mixture at pH7 (Fig-
ure $15-527). The addition of the non-coordinating co-solvent

Chem. Eur. J. 2021, 27, 16938 - 16946 www.chemeurj.org

TFE was needed to circumvent the poor solubility in pure water
and is reported to have no significant effect on the redox
potentials."'” For OEG-MC2, three redox events were observed
at +0.66V, +0.82V and +1.07 V that can be assigned to the
Ru",/Ru",, Ru",/Ru",, and Ru',/Ru", oxidation processes, respec-
tively. For comparison, OEG-MC4 showed redox processes at
4+0.67V, +0.84V and +1.03V. A comparison of the redox
potentials of di- and tetranuclear macrocycles with those of
trinuclear macrocycles with and without OEG chains revealed
nearly identical oxidation potentials of all macrocycles, indicat-
ing that the different spatial arrangement of the Ru(bda) units
in a di-, tri- or tetranuclear complex as well as the introduction
of OEG chains have only a minor effect on the redox properties
of the Ru center (Table 1). Importantly, since the Ru‘/Ru"
oxidation potential of the macrocycles appears below the Ru"/
Ru" oxidation potential of Ru(bpy);®>* (E=+1.26 V vs. NHE),"”
they appear properly suited for photocatalytic water oxidation
driven by Ru(bpy);®* as a photosensitizer.

Chemical water oxidation

The catalytic performance of new di- and tetranuclear Ru(bda)
macrocycles was first studied in chemical water oxidation using
ceric ammonium nitrate (CAN) as a sacrificial electron acceptor.
Although the use of a sacrificial oxidant to drive the water
oxidation reaction does not mimic conditions that are required
for artificial photosynthesis, it allows for an initial comparison of
trends in catalytic activities of the WOCs. In general, water
oxidation is known to be favored at higher pH which enables
reduction of overpotentials.”® However, chemical water oxida-
tion is commonly performed applying the strong oxidant CAN
which is only stable in acidic media, particularly at pH 1.2
Water oxidation experiments with the OEG-WOCs presented in
this work were performed in air-tight Schlenk flasks attached to
pressure sensors and equipped with a septum for injection of
the catalyst. A fresh solution of excess CAN was prepared in
acidic aqueous mixtures (triflic acid) containing 50 % acetonitrile
as a co-solvent, which was reported to be robust in highly
oxidizing environments.!""?

Oxygen evolution curves at different concentrations for
OEG-MC4 are depicted exemplarily in Figure 4a (see Figure S28
for OEG-MC2). For both new catalysts, an increase in pressure
was observed immediately after addition of CAN. Initial rates of
the water oxidation were determined in the first two seconds of

Table 1. Comparison of redox properties of macrocyclic Ru(bda) com-

plexes MC3, OEG-MC2, OEG-MC3 and OEG-MC4 under neutral condition-
S.[a]

WOC E vs. NHE (V)

RU“V” RUIWm Ru\//IV
mc3* +0.66 +0.82 +1.00
OEG-MC2 +0.66 +0.82 +1.07
OEG-MC3 +0.67 +0.81 +1.01
OEG-MC4 +0.67 +0.84 +1.03
[a] Data extracted from DPV experiments in 1:1 mixture of H,O/TFE

(phosphate buffer, pH 7, 0.1 M), ¢((WOC) =0.25 mM.
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Figure 4. a) Concentration-dependent water oxidation experiments with
OEG-MC4 as WOC in H,O0/MeCN 1:1 (pH 1, triflic acid). b) Plot of initial rates
vs. catalyst amount with linear regression for the determination of TOF.

catalysis and a linear dependency of the rate on the concen-
tration of the catalyst was observed (Figure 4b). This first order
kinetics is typically found for catalysts operating via WNA
mechanism as previously demonstrated for trinuclear WOC
MC3.""¥ In contrast, for catalysts working via 12M mechanism,
for example monomer Ru(bda)(pic),, rates increase faster and in
a non-linear fashion for higher catalyst concentrations.""'**"
Average TOF values per macrocyclic catalyst were calculated
from the slope of the linear regression of the initial rates vs.
catalyst concentration. A TON was determined at each concen-
tration and the reported value represents the maximal TON
(highest TON observed at one concentration during concen-
tration-dependent measurements) obtained for each catalyst.
For tetranuclear OEG-MC4, an average TOF of (42+3) s™' was
obtained, which is considerably higher than the previously
reported TOF of 26 s~' for OEG-MC3,"™ while dinuclear OEG-
MC2 showed a significantly lower activity than the tetranuclear
WOC with TOF=(12+2) s . Thus, a clear trend in increasing
catalytic activities with increased size of the macrocycles is
evident not only per macrocycle but also per Ru unit with TOFs

Chem. Eur. J. 2021, 27, 16938 - 16946 www.chemeurj.org

per Ru of 6s', 87s' and 10.5s' for the di-, tri- and
tetranuclear macrocycles, respectively. However, the stability
that is reflected in TON values, is similar for OEG-MC3 and OEG-
MC4 (2200 and 2870, respectively), whereas OEG-MC2 exhibits
a much lower value of only 200. Analysis of the headspace of
the reaction vessel by gas chromatography was performed to
determine the gas composition after each experiment (Fig-
ure S29 and S30). For both macrocycles OEG-MC2 and OEG-
MC4, the amount of oxygen detected by gas chromatography
is in agreement with the amount calculated from the pressure
sensor detection. These findings demonstrate that under the
conditions applied in catalytic water oxidation with these WOCs
only oxygen and no other gaseous by-products are generated.

Photocatalytic water oxidation

One step closer to mimicking natural photosynthesis in an
artificial approach is the investigation of WOCs in photocatalytic
water oxidation.”? A typical light-driven experiment for study-
ing the catalytic activities of WOCs requires the use of a three
component system consisting of the WOC, a photosensitizer
(PS) and a sacrificial electron acceptor (EA) (Figure 5). The
process starts with the absorption of solar irradiation by the PS.
As the PS transfers an electron to an EA, it increases its oxidizing
power and is able to activate the catalyst.

The catalytic activities of the OEG-functionalized macro-
cycles OEG-MC2, OEG-MC3 and OEG-MC4 were investigated
using Ru(bpy);®>* as PS and Na,S,0; as EA under neutral
conditions (pH 7).’ As mentioned before, chemically driven
catalytic water oxidation of OEG-MC3 has been previously
investigated,"™ but its photocatalytic activities remained unex-
plored. Thus, this macrocycle is also included in our studies. To
generate the mild oxidant Ru(bpy);®* (PS™) in situ from
Ru(bpy);™, the PS is exposed to light, leading to the formation
of the excited 3MLCT state PS**¥ By one-electron transfer to
the EA, PS™ is generated and Na,S,0; is converted into SO,*~
anion and SO, radical. The latter can react with another PS
molecule in the ground state and generate an additional PS™*.
With the Ru"™" redox potential of the PS at +1.26 V vs. NHE,"?
the oxidative power of PS* is sufficient to enable consecutive
oxidation of the WOCs to the Ru” state where water oxidation is
initiated and the PS is regenerated.

EA

PS* wocred O, + 4 H*

PS*

N

Figure 5. Schematic illustration of photocatalytic water oxidation using a
one-electron transferring PS, a sacrificial EA and a WOC.

PS WOC™ 2 H0
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Light-driven water oxidation experiments were performed
at 20°C in a temperature-controlled transparent reaction
chamber, which was connected to a Clark electrode set-up for
the detection of generated oxygen. For irradiation of the
samples, a xenon lamp with calibrated intensity of sunlight at
the earth surface (100 mW/cm?)™®' was employed. To overcome
the poor solubility of the WOCs in pure water, acetonitrile was
chosen as co-solvent due to its stability in oxidative
environments."'” Experiments were performed at pH7 in a
phosphate buffer/MeCN mixture (1:1) under identical condi-
tions to ensure reliable comparability."'® Concentrations of PS
(1.5 mM) and sodium persulfate as EA (37 mM) were kept
constant in all experiments, while the concentration of the
WOC was varied. In a standardized procedure, PS and EA were
mixed with the particular amount of WOC in the dark and
irradiation was started after 50 s. When the solution was mixed
in the dark, no oxygen was generated. However, after
illumination of the sample and a short induction period of
about 1-2's, an increase in oxygen concentration was clearly
detected by the Clark electrode. Oxygen evolution curves at
different concentrations of the WOC, as shown for OEG-MC4 in
Figure 6a, were observed for all the investigated macrocycles.
Experiments for OEG-MC2 and OEG-MC3 are shown in Fig-
ure S31 and S32.

After the rate of oxygen production subsides, a plateau is
observed as no further oxygen is generated. A slight decrease
in the oxygen evolution curves is then observed as some of the
dissolved oxygen is released into the gas phase or some oxygen
is reduced by the photosensitizer after deactivation of the
catalyst. By increasing the concentration of the catalyst, a
higher amount of photo-generated O, is detected and steeper
curves are observed (Figure 6a). Initial rates for each measure-
ment at different concentrations were determined from the
linear increase of the oxygen evolution curves in the first 10 to
15 s of catalysis (for further details see “Materials and methods”
in the Supporting Information). A linear dependency of the
rates on the amount of WOC was observed for all the
macrocycles (Figure 6b). By linear regression in the plot of initial
rates at different concentrations an average TOF value was
obtained for each catalyst. TON values were calculated from the
maximum amount of oxygen detected at each concentration.
The reported TON reflects the highest value obtained for each
catalyst. Table 2 summarizes the photocatalytic activities of the
OEG-functionalized macrocyclic Ru(bda) WOCs in comparison to
the unfunctionalized macrocycle MC3"'¥ previously investi-
gated by our group under identical conditions.

Tetrameric macrocycle OEG-MC4 is the most active catalyst
among the present series as evident from its steeper linear
regression in Figure 6b. Oxygen evolution was already detected
at remarkably low catalyst concentration of 6 nM. With a TOF of
23 57!, this tetranuclear complex is more than twice as active as
trimeric OEG-MC3 with a TOF of 10 s, whereas dimeric OEG-
MC2 shows with TOF=1.1s"" one order of magnitude lower
activity than the larger macrocycles. TOFs of these macrocycles
per Ru unit (see Table 2) reflect the same trend of increasing
activity in the larger macrocycles. Additionally, a TON of 36
indicates the lower stability of OEG-MC2 compared to OEG-
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Figure 6. a) Oxygen evolution curves of OEG-MC4 at different concentrations
in H,0/MeCN 1:1 (pH 7, phosphate buffer), c(PS)=1.5 mM, c(Na,S,05) =

37 mM. The lighting symbol indicates the start of sample irradiation at
t=50s. b) Plots of initial rates vs. concentrations of macrocycles studied
here with linear regression for the determination of averaged TOF.

Table 2. Catalytic data of macrocyclic WOCs in photocatalytic water
oxidation.”’

wocC TOF [s7'] TOF [s'1/Ru TON
OEG-MC2 (1.1+0.1) 0.6 36

OEG-MC3 (10+0.4) 3.3 400
OEG-MC4 (23+0.7) 5.8 500
mc3* (1140.5) 37 430

[a] Photochemical water oxidation in H,O:MeCN 1:1 (pH 7, phosphate

buffer), c(PS)=1.5 mM, ¢(Na,S,05) =37 mM, c(WOC) =6 nM-6 uM.

MC3 and OEG-MC4 (TON =400 and 500, respectively), which
are in a similar range as the unfunctionalized macrocycle
MC3."'® As observed for chemical oxidation, the efficiencies of
OEG-functionalized macrocyclic WOCs in photocatalytic water
oxidation increased with increasing size not only per catalyst
molecule but also per Ru unit and thus a clear structure-activity
relationship is given.
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Discussion

Following the successful synthesis of di- and tetranuclear
Ru(bda) macrocycles OEG-MC2 and OEG-MC4, the catalytic
performance of these WOCs, along with our previously reported
trinuclear OEG-MC3,""™ both in chemical and light-driven water
oxidation has been explored in a comparative manner. Albeit
water oxidation starts at higher voltages at acidic pH, chemi-
cally induced water oxidation at pH 1 is a useful tool for gaining
first information on activities of catalysts.”” However, it should
be noted that WOCs display different activities under various
conditions and low activities in chemically driven water
oxidation might not rule out high performances in photo-
catalysis or electrocatalysis. New macrocycles OEG-MC2 and
OEG-MC4 show TOFs of 125" and 42 s~ in chemical oxidation
at pH 1, which meets the expectation of higher activities in
catalysts with more active centers. Interestingly, TOFs per
Ru(bda) unit also reveal the same trend as TOF values of 6 57/,
87s' and 10.5s' were obtained for the di-, tri- and
tetranuclear OEG-WOCs, respectively. TONs, which represent
stability, are not increased with the size of the macrocycle as
similar TON values were observed for the tri- and tetranuclear
WOCs OEG-MC3 and OEG-MC4 (TON=2200 and 2870), while
dinuclear OEG-MC2 showed much lower TON of 200.

Similar trends were observed in photocatalytic water
oxidation at neutral pH. The catalytic activity of OEG-MC4 with
a TOF of 23s™' is among the highest reported for a Ru(bda)
complex in photocatalysis, being only outperformed by a
Ru"'=0(tda) complex, which reaches a TOF of 50 s™'.* To put
this into context, the values should be compared to those of
Ru(bda)(pic), and the unsubstituted MC3."'® For the latter, a
TOF of 11s™' in photocatalytic water oxidation was reported
which is comparable to the activity of the trinuclear macrocycle
OEG-MC3 with the identical basic framework exhibiting a TOF
of 10 s™. For the monomeric Ru(bda)(pic),, a TOF of 0.6 s™' was
observed (Figure S33). Considering the presence of two Ru(bda)
active centers in OEG-MC2, the catalytic activity of this
dinuclear complex with TOF of 1.1s™' (0.6 s per Ru unit) is
nearly identical with that of monomeric Ru(bda)(pic),. Therefore,
no gain in catalytic performance could be achieved by macro-
cyclic arrangement in dimer. Thus, it can be assumed that each
catalytically active Ru center in OEG-MC2 functions independ-
ently. On the other hand, the TOFs per Ru unit for OEG-MC4
(5.8 s7") and OEG-MC3 (3.3 s7") are significantly higher than that
of monomeric Ru(bda)(pic), and OEG-MC2, indicating beneficial
preorganization of catalytically active Ru(bda) units in larger
macrocycles leading to higher catalytic activities.

Interestingly, OEG-MC2 shows a higher TON per Ru unit
(TON=18) than Ru(bda)(pic), (TON=13) indicating that the
dimeric macrocycle is more stable than the monomer. This can
presumably be attributed to the rigid nature of the bridging
ligand. Due to the chelating effect of L2, axial pyridyl ligand
dissociation, which is known to be one of the main degradation
pathways for molecular Ru(bda) WOCs,*” can be diminished as
self-healing processes take place by a re-association. Both tri-
and tetranuclear complexes OEG-MC3 and OEG-MC4 feature
similar stabilities as MC3 with TONs of 133, 125 and 143 per Ru
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center, respectively, that are remarkably higher than those of
dinuclear OEG-MC2 and monomeric reference catalyst Ru-
(bda)(pic),. These results imply a significant gain in stability by
the macrocyclic effect compared to the monomer.

These results are supported by spectroelectrochemical
investigations that revealed intense signals for the Ru" state at
700 nm, which are associated with the influence of a hydrogen-
bonded water network within the cavity as reported previously
for MC3."'9 Very recently, we reported of experimental
evidence of this water network in substituted MC3 macrocycles.
Electron density in X-ray diffraction of single crystaly could be
assigned to water molecules and was found to be in very good
agreement with theoretical studies and molecular dynamic
simulations."'*? The fact that only a very weak band was
observed in the case of OEG-MC2 corroborates our hypothesis
that the intensity of this band relates to the catalytic activity for
water oxidation. Thus, the increasing intensity of the 700 nm
band for the Ru" state correlates with the increasing catalytic
activity from di- to tetranuclear complex with TOFs per Ru
center of 657", 8.7s ' and 10.5s™' using CAN as an oxidant at
pH 1 in 50% water/MeCN. TON values show a similar trend with
the highest TON of 2870 observed for OEG-MC4, but compar-
ison with the unsubstituted MC3""® indicates that the harsh
conditions in acidic solution are disadvantageous for the OEG-
substituted WOCs and presumably lead to oxidative degrada-
tion.

Conclusions

Mononuclear water oxidation catalysts containing Ru(bda) as an
active unit have been studied extensively during the last
decade. However, not many reports on multinuclear Ru(bda)
WOCs are known. In this work, new dinuclear and tetranuclear
macrocyclic WOCs OEG-MC2 and OEG-MC4 were synthesized
with implemented Ru(bda) units and triethylene glycol chains
in axial ligands to enhance solubility of the metallosupramo-
lecular structures in aqueous media. '"H NMR spectra of OEG-
MC2 and OEG-MC4 revealed a highly symmetric structure of
these compounds, demonstrating the absence of open chain
ends. The different size of the macrocycles compared with the
previously reported OEG-MC3 was confirmed by analytical GPC
and DOSY NMR spectroscopy. Redox properties and catalytic
activities of the macrocyclic WOCs in chemically and light-
driven water oxidation have been investigated. While the redox
potentials of these macrocycles for the oxidation of the Ru
centers from Ru" to Ru" are rather similar, differences in
spectroelectrochemical features could be observed, in particular
a characteristic band at 700 nm whose intensity correlates with
the catalytic activity for these macrocycles. In light-driven
catalytic water oxidation with the present series of macrocyclic
ruthenium WOCs under neutral conditions (pH 7) similar trends
were observed as for chemical water oxidation. OEG-MC2
performed with similar efficiency per Ru unit as the monomeric
reference catalyst Ru(bda)(pic),. Pleasingly, much better per-
formances were observed for tri- and tetranuclear OEG-WOCs.
OEG-MC4 with a TOF of 23s™' (5.8 s™' per Ru unit) belongs to
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the best performing homogeneous Ru(bda) WOCs in photo-
catalytic water oxidation and thus possesses potential for
application in artificial photosynthesis devices.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
Research and Innovation Program (grant agreement no.
787937). We thank Prof. Christoph Schalley (FU Berlin) for
helpful discussions on the characterization of metallosupramo-
lecular OEG-MCs and Juliane Adelmann for her efforts with ESI-
MS characterization. Open access funding enabled and organ-
ized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: homogeneous catalysis metallomacrocycles
renewable fuels - ruthenium catalysts - water oxidation

[1] a) N. Armaroli, V. Balzani, Angew. Chem. Int. Ed. 2007, 46, 52-66; Angew.
Chem. 2007,119, 52-6; b) M. Asif, T. Muneer, Renewable Sustainable
Energy Rev. 2007, 11, 1388-1413; c) F. Johnsson, J. Kjérstad, J. Rootzén,
Clim. Policy 2019, 19, 258-274; d) N. Abas, A. Kalair, N. Khan, Futures
2015, 69, 31-49.

a) K. Burnard, S. Bhattacharya, IEA Energy Papers 2011, 14, 1-49; b) G.
Nicoletti, N. Arcuri, G. Nicoletti, R. Bruno, Energy Convers. Manage. 2015,
89, 205-213; ¢) M. Hook, X. Tang, Energy Policy 2013, 52, 797-809;
d) D. J. Wuebbles, A. K. Jain, Fuel Process. Technol. 2001, 71, 99-119; e) K.
Handayani, Y. Krozer, T. Filatova, Energy Policy 2019, 127, 134-146.

a) P. D. Frischmann, K. Mahata, F. Wirthner, Chem. Soc. Rev. 2013, 42,
1847-1870; b) S. Berardi, S. Drouet, L. Francas, C. Gimbert-Surifiach, M.
Guttentag, C. Richmond, T. Stoll, A. Llobet, Chem. Soc. Rev. 2014, 43,
7501-7519; ¢) W. Song, Z. Chen, M.K. Brennaman, J.J. Concepcion,
A. O.T. Patrocinio, N.Y. M. lha, T.J. Meyer, Pure Appl. Chem. 2011, 83,
749-768.

a) B. Zhang, L. Sun, Chem. Soc. Rev. 2019, 48, 2216-2264; b) J. Hessels,
R.J. Detz, M. T. M. Koper, J. N. H. Reek, Chem. Eur. J. 2017, 23, 16413-
16418; c) S. Ye, C. Ding, M. Liu, A. Wang, Q. Huang, C. Li, Adv. Mater.
2019, 31, 1902069.

a) R. Matheu, P. Garrido-Barros, M. Gil-Sepulcre, M. Z. Ertem, X. Sala, C.
Gimbert-Surifiach, A. Llobet, Nat. Chem. Rev. 2019, 3, 331-341; b) J. D.
Blakemore, R. H. Crabtree, G. W. Brudvig, Chem. Rev. 2015, 115, 12974-
13005; ¢) B. M. Hunter, H.B. Gray, A. M. Mller, Chem. Rev. 2016, 116,
14120-14136; d) M. Yamamoto, K. Tanaka, ChemPlusChem 2016, 81,
1028-1044.

L. Duan, A. Fischer, Y. Xu, L. Sun, J. Am. Chem. Soc. 2009, 131, 10397-
10399.

a) B. Zhang, L. Sun, J. Am. Chem. Soc. 2019, 141, 5565-5580; b) Z. Liu, Y.
Gao, Z. Yu, M. Zhang, J. Liu, Chin. J. Catal. 2015, 36, 1742-1749; c) Y.
Jiang, F. Li, F. Huang, B. Zhang, L. Sun, Chin. J. Catal. 2013, 34, 1489-
1495; d) L. Duan, L. Wang, A.K. Inge, A. Fischer, X. Zou, L. Sun, Inorg.
Chem. 2013, 52, 7844-7852; e) L. Wang, L. Duan, Y. Wang, M.S. G.
Ahlquist, L. Sun, Chem. Commun. 2014, 50, 12947-12950; f)C.J.

S|

s

=

9

E)

S

Richmond, R. Matheu, A. Poater, L. Falivene, J. Benet-Buchholz, X. Sala,

L. Cavallo, A. Llobet, Chem. Eur. J. 2014, 20, 17282-17286; g) Y. Sato, S.-

y. Takizawa, S. Murata, Eur. J. Inorg. Chem. 2015, 5495-5502; h) Y. Xie,

D. W. Shaffer, J. J. Concepcion, Inorg. Chem. 2018; i) T.-T. Li, W.-L. Zhao,

Y. Chen, F.-M. Li, C.-J. Wang, Y.-H. Tian, W.-F. Fu, Chem. Eur. J. 2014, 20,

13957-13964.

a) Y. Jiang, F. Li, B. Zhang, X. Li, X. Wang, F. Huang, L. Sun, Angew. Chem.

Int. Ed. 2013, 52, 3398-3401; Angew. Chem. 2013, 125, 3482-3485; b) Z.

Liu, Y. Gao, M. Zhang, J. Liu, Inorg. Chem. Commun. 2015, 55, 56-59; c) F.

Li, C. Xu, X. Wang, Y. Wang, J. Du, L. Sun, Chin. J. Catal. 2018, 39, 446—

452.

a) Y. Tsubonouchi, S. Lin, A.R. Parent, G. W. Brudvig, K. Sakai, Chem.

Commun. 2016, 52, 8018-8021; b) B. Zhang, F. Li, R. Zhang, C. Ma, L.

Chen, L. Sun, Chem. Commun. 2016, 52, 8619-8622; c) L.L. Zhang, Y.

Gao, Z. Liu, X. Ding, Z. Yu, L. Sun, Dalton Trans. 2016, 45, 3814-3819.

[10] a) L. Wang, K. Fan, H. Chen, Q. Daniel, B. Philippe, H. Rensmo, L. Sun,
Catal. Today 2017, 290, 73-77; b) L. Wang, K. Fan, Q. Daniel, L. Duan, F.
Li, B. Philippe, H. Rensmo, H. Chen, J. Sun, L. Sun, Chem. Commun. 2015,
51,7883-7886; c) T. Zheng, L. Li, New J. Chem. 2018, 42, 2526-2536.

[11] &) M. Schulze, V. Kunz, P. D. Frischmann, F. Wirthner, Nat. Chem. 2016,
8, 576-583; b) V. Kunz, M. Schulze, D. Schmidt, F. Wirthner, ACS Energy
Lett. 2017, 2, 288-293; c) V. Kunz, J. O. Lindner, M. Schulze, M. I. S. Rohr,
D. Schmidt, R. Mitric, F. Wirthner, Energy Environ. Sci. 2017, 10, 2137~
2153; d) V. Kunz, D. Schmidt, M. I. S. Réhr, R. Mitri¢, F. Wirthner, Adv.
Energy Mater. 2017, 7, 1602939; e) A.-L. Meza-Chincha, J. O. Lindner, D.
Schindler, D. Schmidt, A.-M. Krause, M. I. S. Rohr, R. Mitri¢, F. Wirthner,
Chem. Sci. 2020, 11, 7654-7664.

[12] M. M. Najafpour, |. Zaharieva, Z. Zand, S. Maedeh Hosseini, M.
Kouzmanova, M. Holyriska, I. Tranca, A.W. Larkum, J.-R. Shen, S.I.
Allakhverdiev, Coord. Chem. Rev. 2020, 409, 213183.

[13] D. Schindler, M. Gil-Sepulcre, J. O. Lindner, V. Stepanenko, D. Moon-
shiram, A. Llobet, F. Wiirthner, Adv. Energy Mater. 2020, 2002329.

[14]1 N. Noll, F. Warthner, Chem. Eur. J. 2021, 27, 444-450.

[15] P. Groves, Polym. Chem. 2017, 8, 6700-6708.

6] J.J. Concepcion, D.K. Zhong, D.J. Szalda, J. T. Muckerman, E. Fujita,
Chem. Commun. 2015, 51, 4105-4108.

[17] J.J. Concepcion, M.-K. Tsai, J. T. Muckerman, T.J. Meyer, J. Am. Chem.
Soc. 2010, 132, 1545-1557.

[18] Q. Daniel, P. Huang, T. Fan, Y. Wang, L. Duan, L. Wang, F. Li, Z.
Rinkevicius, F. Mamedov, M.S. G. Ahlquist, S. Styring, L. Sun, Coord.
Chem. Rev. 2017, 346, 206-215.

[19] M. Ogawa, B. Balan, G. Ajayakumar, S. Masaoka, H.-B. Kraatz, M.
Muramatsu, S. Ito, Y. Nagasawa, H. Miyasaka, K. Sakai, Dalton Trans.
2010, 39, 4421-4434.

[20] A.R. Parent, R.H. Crabtree, G. W. Brudvig, Chem. Soc. Rev. 2013, 42,
2247-2252.

[21] L. Duan, F. Bozoglian, S. Mandal, B. Stewart, T. Privalov, A. Llobet, L. Sun,
Nat. Chem. 2012, 4, 418-423.

[22] a) M. Natali, F. Nastasi, F. Puntoriero, A. Sartorel, Eur. J. Inorg. Chem.
2019, 15, 227-2039; b) M. Natali, M. Orlandi, S. Berardi, S. Campagna, M.
Bonchio, A. Sartorel, F. Scandola, Inorg. Chem. 2012, 51, 7324-7331; ¢) S.
Zhu, D. Wang, Adv. Energy Mater. 2017, 7, 1700841.

[23] A-L. Meza-Chincha, D. Schindler, M. Natali, F. Wirthner, ChemPhoto-
Chem 2021, 5, 173-183.

[24] D.W. Thompson, A. Ito, T.J. Meyer, Pure Appl. Chem. 2013, 85, 1257~
1305.

[25] S.D. Tilley, Adv. Energy Mater. 2019, 9, 1802877.

[26] L. Francas, R. Matheu, E. Pastor, A. Reynal, S. Berardi, X. Sala, A. Llobet,
J. R. Durrant, ACS Catal. 2017, 7, 5142-5150.

[27] L. Duan, C. M. Araujo, M. S. G. Ahlquist, L. Sun, Proc. Natl. Acad. Sci. USA
2012, 7109, 15584-15588.

s

)

Manuscript received: February 11, 2021
Accepted manuscript online: April 28, 2021
Version of record online: May 27, 2021

Chem. Eur. J. 2021, 27, 16938 - 16946 www.chemeurj.org

16946 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/anie.200602373
https://doi.org/10.1016/j.rser.2005.12.004
https://doi.org/10.1016/j.rser.2005.12.004
https://doi.org/10.1080/14693062.2018.1483885
https://doi.org/10.1016/j.futures.2015.03.003
https://doi.org/10.1016/j.futures.2015.03.003
https://doi.org/10.1016/j.enconman.2014.09.057
https://doi.org/10.1016/j.enconman.2014.09.057
https://doi.org/10.1016/S0378-3820(01)00139-4
https://doi.org/10.1016/j.enpol.2018.11.045
https://doi.org/10.1039/C2CS35223K
https://doi.org/10.1039/C2CS35223K
https://doi.org/10.1039/C3CS60405E
https://doi.org/10.1039/C3CS60405E
https://doi.org/10.1039/C8CS00897C
https://doi.org/10.1002/chem.201702850
https://doi.org/10.1002/chem.201702850
https://doi.org/10.1002/adma.201902069
https://doi.org/10.1002/adma.201902069
https://doi.org/10.1038/s41570-019-0096-0
https://doi.org/10.1021/acs.chemrev.5b00122
https://doi.org/10.1021/acs.chemrev.5b00122
https://doi.org/10.1021/acs.chemrev.6b00398
https://doi.org/10.1021/acs.chemrev.6b00398
https://doi.org/10.1002/cplu.201600236
https://doi.org/10.1002/cplu.201600236
https://doi.org/10.1021/ja9034686
https://doi.org/10.1021/ja9034686
https://doi.org/10.1021/jacs.8b12862
https://doi.org/10.1016/S1872-2067(15)60895-6
https://doi.org/10.1016/S1872-2067(12)60600-7
https://doi.org/10.1016/S1872-2067(12)60600-7
https://doi.org/10.1021/ic302687d
https://doi.org/10.1021/ic302687d
https://doi.org/10.1039/C4CC05069J
https://doi.org/10.1002/chem.201405144
https://doi.org/10.1002/ejic.201500958
https://doi.org/10.1002/chem.201403872
https://doi.org/10.1002/chem.201403872
https://doi.org/10.1002/anie.201209045
https://doi.org/10.1002/anie.201209045
https://doi.org/10.1002/ange.201209045
https://doi.org/10.1016/j.inoche.2015.03.014
https://doi.org/10.1016/S1872-2067(18)63024-4
https://doi.org/10.1016/S1872-2067(18)63024-4
https://doi.org/10.1039/C6CC02816K
https://doi.org/10.1039/C6CC02816K
https://doi.org/10.1039/C6CC04003A
https://doi.org/10.1039/C5DT04233J
https://doi.org/10.1016/j.cattod.2016.07.011
https://doi.org/10.1039/C5CC00242G
https://doi.org/10.1039/C5CC00242G
https://doi.org/10.1039/C7NJ04330A
https://doi.org/10.1038/nchem.2503
https://doi.org/10.1038/nchem.2503
https://doi.org/10.1021/acsenergylett.6b00560
https://doi.org/10.1021/acsenergylett.6b00560
https://doi.org/10.1039/C7EE01557G
https://doi.org/10.1039/C7EE01557G
https://doi.org/10.1002/aenm.201602939
https://doi.org/10.1002/aenm.201602939
https://doi.org/10.1039/D0SC01097A
https://doi.org/10.1016/j.ccr.2020.213183
https://doi.org/10.1002/chem.202004486
https://doi.org/10.1039/C7PY01577A
https://doi.org/10.1039/C4CC07968J
https://doi.org/10.1021/ja904906v
https://doi.org/10.1021/ja904906v
https://doi.org/10.1016/j.ccr.2017.02.019
https://doi.org/10.1016/j.ccr.2017.02.019
https://doi.org/10.1039/b922689c
https://doi.org/10.1039/b922689c
https://doi.org/10.1039/C2CS35225G
https://doi.org/10.1039/C2CS35225G
https://doi.org/10.1038/nchem.1301
https://doi.org/10.1021/ic300703f
https://doi.org/10.1002/aenm.201700841
https://doi.org/10.1002/aenm.201802877
https://doi.org/10.1021/acscatal.7b01357
https://doi.org/10.1073/pnas.1118347109
https://doi.org/10.1073/pnas.1118347109
https://doi.org/10.1073/pnas.1118347109

