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We report on a hew water-soluble cobalt(i) complex capable of water splitting bifunctionality, i.e., water
reduction and water oxidation. The species [Co"(LSPY)H,OIClO4 (1), where L9 is the deprotonated form
of the new tripodal ligand N*,N!-bis(pyridin-2-ylmethyl)-N2-(quinolin-8-yl)benzene-1,2-diamine, HLS®,
was developed aiming to replace an oxidation prone methylene group by a sturdy and redox stable quino-
line. The molecular and electronic structures of 1 were evaluated by multiple spectroscopic, spectro-
metric, electrochemical and computational methods, and detailed pre- and post-catalytic studies were
conducted to ascertain the molecular nature of the conversions. Complex 1 performs water reduction at
a low onset overpotential () of 0.65 V at pH 7, reaching TONz, 2900 (TOF 970 h™) and TON1g, 12 100
(TOF 672 h™) with up to 98% faradaic efficiency (FE). Species 1 also promotes water oxidation at y = 0.34
V under pH 8, achieving TONz,, 193 (TOF 64 h™Y) at 84% FE. Experimental and DFT results enabled us to
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Introduction

The fundamental bottleneck of water splitting is the thermo-
dynamic barrier of 1.23 V to convert water into dihydrogen and
dioxygen."” Several species containing cobalt,®° nickel,**>°
copper,”®*’° and iron*** have been developed aiming to
seize the affordable free energies of activation (AG*) displayed
by 3d-based catalysts. This is related to the fact that the atomic
3d orbitals have a smaller radial extension than their 4d and
5d counterparts, yielding smaller molecular orbitals and
weaker ligand fields. As a consequence, these metals foster
weaker M-L bonds that yield significant challenges, which
remain unsolved.** Because of its advantages, and in spite of
its shortcomings, the ability of a single 3d-based molecular
catalyst to present bifunctional activity and mediate both water
reduction and oxidation is highly desirable for its potential to
simplify the complexity of photoelectrochemical cell processes.
To the best of our knowledge, only a few bifunctional water
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propose reaction intermediates and mechanisms.

splitting molecular complexes are known,>?® as most

advances in this field have been achieved using heterogeneous
systems.***° This likely stems from the fact that water oxi-
dation and water reduction catalysts typically require distinct
ligand environments: highly active oxidation catalysts are often
based on resistant, non-innocent ligands that withstand harsh
oxidative conditions.*>*®?° In contrast, effective reduction cat-
alysts rely on flexible ligands that facilitate the formation of
low-valent metal species capable of proton reduction.*’™*?
Considering the relevance of Co[Ns] platforms, our groups
have discussed how ligand architecture influences the activity
of tripodal methyl-pyridine-based cobalt catalysts in proton
and water reduction'? for the species [Co"(L™)]*" (Scheme 1a).
The ligand framework was prone to oxygen insertion to the

singly substituted Ph-NH-CH,Py leading to eventual
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Scheme 1 Co-based catalysts with tripodal [Ns] platforms. (a) Co[Ns]
with exposed oxidation-prone methylene. (b) Protected methylated
amine. (c) New quinoline-based Co[Ns].
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decomposition. This methylene oxidation is a common limit-
ation for molecular catalysts,*>***° and leads to CoOx nano-
particulates that are less tuneable or selective. The doubly sub-
stituted Ph-N(-CH,Py), moiety was more resilient to oxidation
and led us to incorporate a methyl protecting group to the singly
substituted amine with good results ([Co™(L™*™)]**, Scheme 1b).
The latter displayed significant catalytic efficiency towards water
reduction with TON;g;, of 6000 (TOF 333 h™).

Here, we hypothesize that the incorporation of a more
robust singly substituted framework, such as a quinoline, will
prevent oxygen insertion while enhancing catalytic activity by
enabling electron shuffling within the framework (Scheme 1c).
Replacing the susceptible methylene group with a non-inno-
cent ligand moiety may not only prevent ligand oxidation,*”
but also stabilize low- and high-valent states relevant for water
reduction and oxidation, thus yielding a truly bifunctional
water splitting catalyst.

Results and discussion
Syntheses and characterizations

The new HL? ligand was obtained by reacting N'-(quinolin-8-
yl)benzene-1,2-diamine*®*® (Fig. S1f) with picolyl chloride in
water containing sodium hydroxide and catalytic amounts
of hexadecyl-trimethyl-ammonium chloride. The complex
[Co"(L¥Y)H,0]ClO, (1) (Scheme 1c) was then synthesized by
treating one equivalent of HL®? with one equivalent of Co
(Cl0,),-6H,0 in the presence of triethylamine in methanol.
The complex and the ligand HL? were characterized by 'H
NMR (Fig. S2t), ESI-MS (Fig. S3 and S41), FTIR and elemental
analysis (see Experimental section for details), as well as X-ray
crystallography. Species 1 yielded high-quality crystals and its
structure is in agreement with other techniques. ESI-MS
results show a characteristic peak at m/z = 476.0 for 1. FTIR dis-
plays a series of bands related to the pyridyl groups between
1340-1610 cm™'. Complex 1 also exhibited a sharp peak at
1090 cm™! attributed to the perchlorate counterion.

Molecular structure

The identity of the new ligand and complex are shown in
Fig. 1 and reveal that 1 crystallizes as a dimer with a trans-u-
peroxo bridge between the two Co centres, where each Co site
displays a pseudo-octahedral environment. The Co-N bond
lengths span 1.88-2.00 A, whereas the Co-O bonds are ~1.87 A
in length. The unit cell contains two uncoordinated ClO,~
counterions suggesting a Co™ oxidation state for the metal
centres. It is important to mention that the dimer results from
adventitious oxidation of the complex during crystallization
under ambient conditions and does not represent an intermedi-
ate in the mechanism by which dioxygen is generated. Selected
crystallographic bond lengths are provided in Table T5.}

Electronic structure

The electronic behaviour of the ligand HL and of species 1
was investigated by UV-visible spectroscopy and further sup-
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Fig. 1 ORTEP representation of the dimeric oxidized form of 1 (CCDC
2401035+) at 20% probability. H atoms are omitted and only one unit is
highlighted for clarity.

ported by time-dependent DFT (TD-DFT) calculations along
with the natural transition orbital (NTO) analysis.**”>® The
ligand displays two bands at 260 nm (¢ = 38 600 L mol™" cm™)
and 380 nm (9800 L mol™" e¢cm™) that are characterized as
intraligand charge transfer (ILCT) processes by TD-DFT
(Fig. S5-S7t). Complex 1 shows a decreased ILCT band at
260 nm (24300 L mol™ ecm™) upon metal coordination
(Fig. 2a and Fig. S8t). New bands appear at 308 nm (24 100 L
mol™ em™) and 500 nm (6000 L mol™* cm™"). The TD-DFT
calculations identify these as ILCT processes (Fig. 2a and
Fig. S8, 591).>* The calculations also find MLCT and LMCT
bands but the oscillator strengths for these transitions are too
low to be visible in the spectrum.

Four independent redox events were observed by cyclic vol-
tammetry (CV), consisting of two reductive and two oxidative
processes (Fig. 2b and S107). All the potentials are reported
versus Ag/AgCl and summarized in Table T1.7 A metal-based
process associated with the Co"/Co' couple is seen around Ej,
= —0.30 V. It is possible to observe two quasi-reversible pro-
cesses at Ey;, = —1.55 V (AE, = 100 mV) and at E;, = 0.94 V
(AEp = 100 mV), tentatively assigned to ligand reduction and to
the Co™/Co", respectively.”>”® The anodic reversible process at
Ei; = 1.34 V (AE, = 60 mV) has been characterized as ligand
oxidation (vide infra).

To further characterize the electronic structure of 1, we per-
formed a series of one- and two-electron oxidation experiments
via bulk electrolysis (BE). The oxidized products were then ana-
lysed by electron paramagnetic resonance (EPR) as shown in
Fig. 2c (see the Experimental section for more details). The
EPR spectrum of the parent complex 1 is typical for a high-
spin 3d” 75Co" species (S = 3/2), with no indication of a low-

This journal is © the Partner Organisations 2025
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Fig. 2 (a) UV-visible spectrum of 1 in acetonitrile. (b) CV of 1 in acetonitrile (1.0 x 10~ mol L™Y). TBAPF¢ as supporting electrolyte (0.1 mol L™3),
glassy carbon (WE), Pt wire (CE) and Ag/AgCl (RE). Scan rate: 100 mV s~ (c) Continuous wave (cw) X-band (9.48 GHz) EPR spectra of 1 at T = 30 K.
Parent species (top), and one-electron oxidized species (bottom). The experimental and simulated data are presented as black and blue traces,

respectively.

spin configuration."®”” The peaks are interpreted as tran-
sitions between the mg = +1/2 sublevels and can be simulated
(blue trace) as an effective S = 1/2 system with g; = 5.85, g, =
3.57, and g3 = 1.96. These values align with those reported for
analogous ™5Co" platforms." The small signal observed at
340 mT (g =~ 2, <0.1%) is attributed to a minor amount of an
organic radical. Therefore, the simulated spectrum of the
parent species represents a sum of contributions from a #5Co"
species and a g = 2.00 species (Fig. S111). The 1le” oxidized
sample lacks an EPR signal and confirms the presence of a
closed-shell low-spin 3d® "SCo™ (S = 0) diamagnetic species.
An attempt to isolate the 2e”~ oxidized species yielded a weak
and noisy spectrum of difficult interpretation, possibly associ-
ated with the short-lived nature of the product.

Bifunctional electrocatalytic activity

Water reduction. [Co"(L¥Y)H,0]ClO, (1) was evaluated
towards dihydrogen production in aqueous phosphate buffer
(0.1 mol L") at pH 7 using a Hg-pool working electrode
(Fig. 3). Remarkably, a strong catalytic current starting at
—1.20 V (7 = 0.65 V) followed by the evolution of bubbles was
observed upon addition of 1. Bulk electrolysis was performed
to evaluate the catalytic performance of 1 on water reduction
(inset in Fig. 3). Following 3 h of electrolysis at an applied
potential of —1.70 V, species 1 yielded a turnover number
TON;, = 2900, turnover frequency TOF = 970 h™' with no
apparent loss in activity at faradaic efficiency, %FE = 98%. The
high %FE indicates that nearly every electron transferred is uti-
lized in the production of H,. Bulk electrolysis was also moni-
tored for 18 h to probe catalyst robustness (Fig. S12%), thus

This journal is © the Partner Organisations 2025
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Fig. 3 Top: polarization curve of 1 in 0.1 mol L™ phosphate buffer at
pH 7. Inset displays a charge vs. time plot of 1 during bulk electrolysis at
—1.70 V. Bottom: polarization curve of 1 in 0.1 mol L™ borate buffer at

pH 8. Inset displays a charge vs. time plot of 1 during bulk electrolysis at
150 V.
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resulting in an impressive TON of 12100, TOF of 672 h™" and
%FE of 97%. Control experiments conducted without the cata-
lyst produced negligible amounts of H,. These results validate
the viability of 1 as a stable and effective catalyst for water
reduction. In addition, TON and TOF values imply that 1
yields better results than those reported for analogous cobalt
catalysts under similar experimental conditions.'*?%%%%% As
shown in Table T8 of the ESI,} replacing the methylene group
in [Co"(LM*™)]** with a quinoline results in a 50 mV decrease
in overpotential for complex 1. This modification not only
enhances catalytic efficiency (with a twofold increase in TON)
but also improves catalyst robustness, reflected by a 2.1% rela-
tive increase in %FE. This supports our central hypothesis that
a non-innocent ligand contributes to stabilizing key reaction
intermediates.

In order to ascertain the molecular identity of 1 as the de
facto catalyst, post-catalytic UV-visible spectroscopy, scanning
electron microscopy (SEM), and energy dispersive X-ray spec-
troscopy (EDS) were performed and compared to pre-catalytic
data. Excellent agreement was observed between pre-catalytic
(1.0 mol L™, pH 7) and post-catalytic UV-visible spectra in
phosphate buffer, with only a slight increase of <4% in the
300 nm and <2% increase in the 450 nm bands (Fig. 4a).
Distortion of the framework of 1 should suffice to account for
this difference. To further confirm the homogeneity of the

600

a. 06
Before BE
0.5 —— After BE
0.4
< 0.34
0.2 4
0.1
0.0 T T T T T T T T T T T T M
250 300 350 400 450 500 550
Alnm
C. o8
—— Before BE
—— After BE
0.6
< 0.4
0.2
0.0 T T T T T T
250 300 350 400 450 500 550
Alnm

Fig. 4

600

View Article Online

Inorganic Chemistry Frontiers

reaction, bulk electrolysis was performed using a conductive
grafoil sheet as the working electrode. By replacing the Hg-
pool electrode with a solid state one, we can trap adventitious
nanoparticulates resulting from catalyst decomposition.®
Although SEM images (Fig. 4b) have shown the formation of
some particulate, EDS analyses used to determine its elemen-
tal composition indicated the presence of carbon, sodium,
and phosphorus, (Fig. S137), likely associated with the grafoil
electrode and the phosphate buffer. No cobalt was found.
Hence, the absence of cobalt or cobalt oxides on the electrode
suggests that water reduction was, indeed, promoted by the
molecular complex 1.

Water oxidation. To assess the capability of 1 to perform
water oxidation, and therefore act as a truly bifunctional cata-
lyst, a polarization curve was obtained in borate buffer
(0.1 mol L™, pH 8) using a fluorine-doped tin oxide (FTO, 4 ~
1.3 cm?) substrate as the working electrode (Fig. 3). After scan-
ning the borate buffer in the absence of the catalyst, a minor
catalytic wave (jeoc = -0.41 mA cm™>) was observed rising from
1.50 to 2.00 V. Upon addition of 1, an oxidation peak was
observed, followed by a robust catalytic wave (jeae = -1.26 mA
cm™?), which resulted in an onset overpotential of n = 0.34 V.
We tentatively assign the increase in current at ca. 1.58 V to
the formation of a putative “Co"™ state”, which could entail a
high-oxidation metal ion in [Co™(L?)], or its equivalent

(a) UV-visible spectra of 1 before and after 18 h of bulk electrolysis at —1.70 V. (b) SEM of the grafoil electrode surface after electrolysis. (c)

UV-visible spectra of 1 before and after 3 h of bulk electrolysis at 1.50 V. (d) SEM of the FTO electrode surface after electrolysis.
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ligand-based valence tautomer [Co™(L¥¥"")].** Bulk electroly-
sis was performed under the same conditions, using a con-
stant potential of 1.50 V for 3 and 18 h. Complex 1 displays a
linear charge vs. time plot with no substantial loss in activity
in the first 3 h (inset in Fig. 3), revealing a TONj;}, of 193, and
TOF of 64 h™ at %FE 84. The prolonged 18 h electrolysis
seems to lead to catalyst decomposition, as detailed later. A
comparison of the efficiency of 1 with other Co-based platforms
for water oxidation is also provided in Table 8 of the ESI.}

In a similar way as for water reduction, comprehensive
post-catalytic analyses were performed after water oxidation to
ascertain the identity of the active catalyst. SEM, EDS and X-ray
photoelectron spectroscopy (XPS) analyses were used to charac-
terize the morphology and composition of the surface of FTO
glass. The SEM images collected before and after bulk electro-
lysis show no changes in the morphology of the electrode
(Fig. 4d). The absence of electrodeposition onto the FTO glass
suggests that 1 remains a stable molecular entity in solution.
More evidence for the homogeneity of the reaction comes from
EDS and XPS analyses, where no traces of cobalt were found
onto the electrode (Fig. S14 and S15%). The nature of 1 was
also probed by comparing the electronic spectra before and
after electrocatalysis. As shown in Fig. 4c, the catalyst keeps its
original features after being exposed to an oxidative potential
for 3 h. We conclude that while the data support a molecular

., -3te7
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mechanism for water oxidation within the first 3 h, the mole-
cular catalyst undergoes decomposition following 18 h of bulk
electrolysis. Subsequent analyses using XPS (Fig. S15 and
S16t), SEM, and EDS (Fig. S17 and S187) indicate electrodepo-
sition of mixed cobalt oxides onto the FTO glass. This de-
activation pathway typically involves a combination of ligand
degradation and demetallation, ultimately leading to the for-
mation of metal oxides.**"” UV-visible spectroscopy further
confirms the disappearance of characteristic molecular charge-
transfer bands in the post electrolysis (Fig. S197).
Consequently, this deactivating mechanism hinders the calcu-
lation of catalytic parameters.

Mechanistic insights. With these experimental results at
hand, we proceeded to evaluate possible mechanisms for both
water reduction and water oxidation. Fig. 5 presents these
schematic pathways, which are marked by excellent agreement
between experimental and DFT calculated findings. The cata-
Iytic cycles for the generation of both H, and O, are initiated
with species [Co"(L?Y)H,0]" (1). The generation of H, requires
the loss of water and formation of [Co™(L¥)]" (2). Species 1
and 2 readily interconvert in the presence of an aqueous
solvent, where the energy change (AE) is affordable at 7.2 kcal
mol ™. The water reduction cycle begins with the reduction of
the 3d” metal to a low-valent state. As shown on the left side of
Fig. 5 the water reduction catalytic cycle starts with a penta-

. - 5.74
kcal mol~"

9.60
kcal mol

V\
1c él\@j
-41.35 g < 1d

-1
30, kcal mol

°/ N
Co''—o0 \T [} C[N\Comio/
033V ‘ L H,0
AN -16.88
P Z f keal mol~!

Fig. 5 Water-reduction and water-oxidation mechanisms proposed for catalyst [Co"(L9PY)H,0IClO, (1). Results based on comparative experimental
and DFT-calculated (B3PW91/SDD/6-31G**) data. The energies (AG) are reported in kcal mol~* and the potentials versus Ag/AgCLl. Calculated poten-

tials with respect to the Fc*/Fc couple can be found in Table T2 of the ESI.{
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coordinate 2, where amine, polypyridine and quinoline donors
are bound to the Co" ion via nitrogen atoms. The high-spin
3d’ configuration of 2, calculated as a quartet (S = 3/2), was
13.9 kecal mol™" more stable than the low-spin doublet state
with an S = 1/2. The Mulliken Spin Density (MSD) value of 2.62
on the metal centre supports the presence of an authentic
H53d@7 co" ion (Fig. 6), in excellent agreement with the EPR
data shown in Fig. 2c. Reduction of 2 yields a 3d® Co' inter-
mediate, 2a, at a potential of —1.23 V. Subsequent binding of a
proton to the Co' complex gives rise to the Co™-H™ hydride 2b
species. This step requires an energy input of 4.4 kcal mol™". A
second electron reduction, from Co™-H"~ to Co"-H™ (2b to 2¢),
occurs at —0.33 V. The Co"-H™ intermediate 2¢ can then
further combine with another proton to yield dihydrogen gas.
The release of H, and the regeneration of the initial catalyst 2
are significantly favoured by —37.9 kcal mol™". These results
are in good agreement with our previous work, in which
metal-based hydride formation is favoured by such cobalt

12146162 with no evidence of relay mechanisms
63,64

complexes,
observed in analogous nickel and copper catalysts.

We propose that the water oxidation cycle (right side of
Fig. 5) starts with the "$3d” [Co"-OH,]" species 1. As shown in
Fig. 6, the Co™ centre in 1 has an MSD value of 2.62, confirm-
ing the presence of an authentic high-spin 3d” "Sco".
Complex 1 undergoes a proton-coupled electron transfer
(PCET) step to yield the closed-shell 3d® [Co™-OH]" diamag-
netic intermediate 1a. The oxidation event is localized almost

1

13

1
.

9

KH\ <
P

1 2a
MSD (Co) = 2.62 MSD (Co) = 2.52
MSD (0) = 0.02 MSD (L) = -0.52
MSD (L) = 0.36

1b 1c
MSD (Co) =-0.01 MSD (Co) = 2.87
MSD (O) = 0.00 MSD (0) = 0.82
MSD (L) = 1.01 MSD (L) = 1.31

Fig. 6 Spin density plots with Mulliken Spin Density (MSD) (isovalue =
0.004 a.u.) values of the calculated structures 1, 2a, 1b and 1c. The
corresponding structures are shown in Fig. 5.
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exclusively on the metal centre with little involvement of the
ligand at a calculated potential of 0.86 V. This is further sup-
ported by EPR (Fig. 2c), in which the one-electron oxidized
sample is EPR-silent, consistent with a low-spin 3d® Co™ (S =
0) species. The deprotonation of the singlet 1a to yield the
singlet [Co™-0]° intermediate is uphill by 19.20 kcal mol™,
making it a highly unfavourable step (Fig. S217). A second oxi-
dation at 0.93 V generates the [L'-Co™-OHJ]*" species (1b),
indicating that this redox event is centred on the ligand back-
bone. The computed MSD of 1.01 on the ligand in 1b (Fig. 6)
confirms the generation of a ligand-centred radical, consistent
with the second oxidative wave observed in the CV (Fig. 2b).
The high-spin (S = 5/2) state of 1b is 15.28 kcal mol™" higher in
energy (AG) than the low-spin doublet (S = 1/2) configuration
(Table T6t). The doublet complex 1b can undergo deprotona-
tion at an energy of —5.74 keal mol ™", leading to the formation
of species 1c, [L'~Co™-O’]". An alternative pathway to form 1e¢
involves an initial spin-conserved (S = 1/2) deprotonation from
1b, followed by a transition from the doublet to the quintet
state 1c, both steps being energetically favourable (Fig. S217).
The high-spin (S = 5/2) state of 1c is more stable by 7.10 kcal
mol ™" compared to the low-spin (S = 1/2) state (Table Té7).
Notably, the spin-conserved deprotonation step is far more
accessible from the doubly charged [L'-Co™-OHJ*" intermedi-
ate (1b) than from the mono-cationic [Co™-OH]" 1a. These
steps, while described individually, may in fact occur concert-
edly or in a partially concerted manner under catalytic con-
ditions. The intermediate 1c can potentially combine with
another [L'-Co"™-O°]" species in solution, yielding a dioxygen
molecule and regenerating the "3d” Co" species 1. This step
is energetically favourable by 41.3 kcal mol™". Alternatively, the
species 1c is susceptible to an OH™ attack in basic medium,
leading to formation of the hydroperoxo [Co"-0-O-H]® inter-
mediate 1d. This process is slightly uphill, requiring 9.60 kcal
mol ™. Species 1d can undergo a one-electron oxidation at
0.39 V to yield [Co™-0-0-H]" (1€). Complex 1e is then depro-
tonated at an energy of —16.9 kcal mol™", leading to the for-
mation of the superoxide [Co"™-0-O']° species (1f). This
species can be alternatively, obtained through direct PCET
from 1d at a potential of —0.34 V. Another one-electron oxi-
dation event available to species 1f leads to the formation of a
superoxide [Co™-0-0]" intermediate (1g) at 0.33 V. Release of
30, then occurs, regenerating the starting complex 1 and is
highly favourable with a calculated energy of —20.5 kcal mol ™.
These pathways align with accepted mechanisms for water
oxidation'"**"®® and with a recent study from our groups on a
tripodal imidazole/pyridine catalyst.>® In that case, most of the
activity was attributed to the ligand, with the metal center
remaining in the Co(u) or Co(m) oxidation states throughout
the catalytic cycle.

Conclusions

In conclusion, we synthesized and characterized the asym-
metric pentadentate complex [Co™(L)H,0]Cl0O, (1) based on
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the new ligand platform HL?® containing quinolyl-bispyridine
moieties. This new complex behaves as a bifunctional catalyst
for both water reduction and water oxidation. In both cases, a
multitude of experimental methods support the molecular
form of 1 as the catalytically active species without loss in
activity, ligand degradation or demetallation. This was
observed for water reduction at 3 and 18 h and for water oxi-
dation at 3 h, while longer water oxidation periods of 18 h led
to decomposition. While the mechanistic pathways for water
reduction seem in good agreement with other cobalt catalysts
from our labs, determination of the pathways for water oxi-
dation required more effort. Current research in our group aim
to extend the use of this quinoline-based HL®® platform to
other abundant 3d metal ions, and to expand the design of
new doubly and triply substituted quinoline ligands for photo-
catalytic studies. Results will follow.
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