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ABSTRACT: We report the use of a nickel-thiolate hexameric
cluster, Nig(SC,H,Ph),,, for photocatalytic hydrogen produc-
tion from water. The nickel cluster was synthesized ex-situ and
characterized by various techniques. Single crystal X-ray
analysis, 'H NMR, 2D COSY, ESI-MS, UV—visible spectros-
copy, and TGA provided insight into the structure and
confirmed the purity and stability of the cluster. Cyclic
voltammetry helped confirm hydrogen evolution reaction
(HER) activity of this catalyst. Photoreactions carried out
using an iridium photosensitizer, Ir(F-mppy),(dtbbpy)[PF],
and TEA as the sacrificial reductant revealed the high activity
of the Ni4 cluster as a water reducing catalyst. High TONs
(3750) and TOFs (970 h™') were obtained at optimum
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catalyst concentration (0.025 mM), with low concentrations of catalyst yielding up to 30 000 turnovers. Quenching studies, along
with the evidence obtained from the electrochemical analysis, showed that this water reduction system proceeds through a
reductive quenching mechanism. Mercury poisoning studies confirmed that no active, metallic colloids were formed during the

photocatalytic reaction.

B INTRODUCTION

The global increase in CO, emissions due to uninhibited fossil
fuel use has led to an intense search for alternate fuels that are
equally efficient as well as benign to the environment. An
exciting alternative would be to use a carbon-neutral energy
source like sunlight to generate hydrogen from clean abundant
Photolysis of water, a plentiful resource, into
hydrogen and oxygen thus serves as a promising avenue to
generate both sustainable fuel and oxidant. However, due to the
complexity involved in the 4-electron—4-proton transfer
process, water splitting is usually addressed as two separate
problems: water oxidation and reduction.” The basic photo-
catalytic water reduction system involves three components: a
light-absorbing photosensitizer (PS), water-reducing catalyst
(WRC), and a sacrificial reductant (SR) which replaces the
complex water oxidation half-reaction. While a majority of the
work done in this area involves the use of transition-metal-
based PSs with noble® and non-noble metal containing WRCs,*
recent works eliminate the use of expensive metals by
utilization of organic dyes in combination with nonprecious
metal-based catalysts.” The latter systems, in spite of showing
good activity, suffer from low turnovers, mainly due to the
reduction catalyst instability and subsequent photodegradation
of the dye.>

In an effort to find stable earth-abundant WRCs, chemists
have been exploring different ligand—metal systems; nickel
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thiolates, in particular, have gained special importance because
of their structural similarity to the active site in [Ni—Fe]
hydrogenase.6 An important strategy involves ligand mod-
ification and experimenting with the electronic environment
surrounding the metal. Hence, several types of nickel thiolates
have been synthesized and used for photogeneration of
hydrogen.” Nickel-thiolate cluster complexes are a class of
compounds which drew our attention because of the unique
structural possibilities which could be achieved by modification
of the corresponding thiolate ligand.® More importantly, some
of these clusters have also been shown to reduce protons
electrocatalytically.” There are, however, very few reports on
photocatalytic water reduction properties of such clusters.
Recently, Zhang et al. demonstrated that an in-situ formed
nickel hexameric cluster could be used as a WRC along with
Erythrosin B as the PS, with the system exhibiting a quantum
efficiency of 24.5% at 460 nm."°

In this Article, we investigate photocatalytic water reduction
by using an earth-abundant metal (nickel)-containing thiolate
cluster with an iridium-based PS. The nickel catalyst used for
this purpose was a phenylethylthiolate-based tiara-like cluster,
Nig(SC,H,Ph);, or Nig(PET),, which was synthesized ex-situ
and characterized by various techniques which shed light on its
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Figure 1. Thermal ellipsoid diagram showing the hexameric double crown-like Ni4S,, core.

structural aspects as well as its purity. Electrochemical analysis
demonstrated the proton reducing ability of the Ni cluster,
justifying its use as a water reducing catalyst. A cyclometalated
Ir(II) complex, [Ir(F-mppy),(dtbbpy)](PF,), was chosen as
the PS since this complex has been shown to be a very robust
and versatile [Ir(C*"N)(N"N)]* derivative, exhibiting a high
emission lifetime and excited state reduction potential>”'!
Careful optimization of the overall system led to high
performances in terms of catalytic turnover numbers (TONs)
and turnover frequencies (TOFs). Quenching studies further
elucidated the catalytic mechanism observed in this water
reduction system while mercury poisoning test helped ascertain
the absence of reactive metallic colloids.

B EXPERIMENTAL SECTION

Chemicals and Materials. Iridium(III) chloride (IrCl;-H,0) was
purchased from Pressure Chemicals. 4,4’-di-tert-butyl-2,2'-bipyridine
(dtbbpy), nickel(II) chloride (NiCl,-6H,0), 2-phenylethanethiol
(PhC,H,SH, 99%), sodium borohydride (NaBH,, 99.99%), tetrahy-
drofuran (THF, HPLC grade), and dichloromethane (CH,CL,, HPLC
grade, 99%) were obtained from Sigma-Aldrich. Tetraoctylammonium
bromide (TOABr > 98%) and tetra-n-butylammonium hexafluor-
ophosphate (TBAH, 99%) were purchased from Fluka. All chemicals
were used without further purification. Nanopure water (18.2 MQ cm)
was used in all experiments that involve water.

Synthesis of F-mppy and [Ir(F-mppy),(dtbbpy)l(PFs). The
cyclometallating ligand, S-methyl-2-(4-fluorophenyl)pyridine (F-
mppy), and the iridium complex were synthesized according to
procedures reported previously.'!

Synthesis of Nig(PET);,. This material was synthesized using
modified literature Igrocedures employed previously for Au and Pd-
based nanoclusters. ~ All steps were performed under air atmosphere
and at room temperature. NiCl,-6H,0 (0.1000 g, 0.42 mmol) and
TOABr (0.488 g, 0.89 mmol) were first dissolved in 100 mL of THF
to give a deep-blue solution. Phenylethanethiol (0.290 mL, 2.17
mmol) was added, and the reaction mixture was stirred for an
additional S min. This was followed by addition of NaBH, (0.160 g,
4.23 mmol) dissolved in 14 mL of cold water, leading to the formation
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of a dark-brown solution, indicating the formation of the nickel
product. The reaction continued to stir for typically 24 h. To isolate
the crude product, THF was removed via rotary evaporation at room
temperature. A water phase and an oily phase containing the product
remained. The oily phase was washed with methanol three times to
remove excess phenylethanethiol followed by extraction with CH,Cl,
twice, leaving behind an insoluble solid. The isolated crude product
was crystallized by dissolving in a minimum amount of CH,Cl,, adding
an equal volume of ethanol, and setting aside for slow evaporation of
CH,Cl,. Crystals typically formed within 24 h but were left for up to 1
week. Crystals were separated by washing with ethanol 3 times and
drying under vacuum (30—35% yield).

'H NMR (300 MHz, chloroform-d): § 6.8—7.3 (m, 60 H), 3.18 (t,
12 H), 2.62 (t, 12 H), 2.46 (t, 12 H), 1.89 (t,12 H). MS (m/z, ESI):
2131.09 (100%, [M + Cs]*)

Characterization of Nig(PET);,. Single crystal X-ray data of
Ni4(PET),, was collected on a Bruker X8 Prospector Ultra equipped
with an Apex II CCD detector and an IuS microfocus Cu Ka X-ray
source (4 = 1.541 78 nm). The data was collected at room temperature
(296 K). 'H NMR and 2D correlation spectra (COSY) were recorded
on Bruker 300 MHz spectrometer at room temperature. Positive ion
electrospray ionization mass spectrometry (ESI-MS) was performed
using a Waters Q-TOF mass spectrometer equipped with Z-spray
source. Experimental details are given in the Supporting Information
(SI). UV—vis spectra of the products were measured using an HP
Agilent 8453 diode array spectrophotometer at room temperature.
Thermogravimetric analysis (TGA) was done on a TG/DAT6300
analyzer (Seiko Instruments, Inc.) under a N, atmosphere (flow rate
~50 mL/min).

Electrocatalytic Proton Reduction. Proton reduction experi-
ments were carried out using a CH-Instruments electrochemical
analyzer model 600C potentiostat. Increasing equivalents of glacial
acetic acid (AcOH) were added to a 0.1 M solution of TBAH in THF
containing 1 mM Nig catalyst. A 3 mm glassy carbon working
electrode, coiled platinum wire counter electrode, and a silver wire
pseudoreference electrode were employed for the measurements.
Ferrocene (Sigma) was used as an internal standard, and all potentials
were referenced to the standard calomel electrode (SCE)."
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Photoreaction Protocol. All solutions were made in 40 mL screw
top vials (VWR). Specified amounts of PS and catalyst were dissolved
in the solvent (10 mL) which comprised 8 mL of THF, 1 mL of H,0
and 1 mL of TEA. The vials were then placed in a 16 well, water-
cooled LED photoreactor which is mounted on an orbital shaker.
Pressure transducers were screwed onto the vials before they were
subjected to degassing by applying vacuum, which was followed by
filling them with Ar gas. This cycle was repeated 7 times before
allowing the vial headspace to come to atmospheric pressure. The
orbital shaker was turned on (100 rpm), and the samples were
illuminated from below using the LEDs (460 nm). H, generation was
monitored with the help of pressure transducers, and the
corresponding kinetic traces were obtained. The reactions were run
till no more increase in the H, evolution traces was observed. The
reaction headspace of each vial was then analyzed using a residual gas
analyzer (RGA) which had been previously calibrated using 1:9 and
3:7 H,—Ar mixtures. Pressure outputs from the samples were
referenced against vials containing only the solvent. All reactions
were carried out at room temperature.

B RESULTS AND DISCUSSION

Nig Cluster Structure Elucidation. Single crystal X-ray
analysis established the metallocrown-like structure, containing
six Ni atoms arranged in an approximately hexagonal ring, with
six bridging sulfur atoms above and six below the plane (Figure
1). The crystal was found to belong to the P2,/n space group,
having a primitive monoclinic unit cell with dimensions a =
11.3690(13) A, b = 12.5599(17) A, ¢ = 32.770(3) A, a =
90.00(0)°, = 91.729(9)°, and y = 90.00(0)°. Each Ni ion has
a distorted square planar geometry. Details of the crystal
structure and atomic parameters are given in the SL

Further insight into the structural features was gained via 'H
NMR (in CDCl;) which displayed four triplets in the aliphatic
region as depicted in Figure 2A. The peaks at 3.18 and 2.62
ppm belong to the a-methylene (attached to S) protons, while
P-methylene protons give rise to the peaks at 2.46 and 1.89
ppm. The reason for these two sets of peaks is attributed to the
alternate axial and equatorial placement of the ligands around
the hexameric core, caused by the steric bulk of the ligands.
More evidence was obtained from a 2D COSY experiment
(Figure 2B) which confirms the existence of two groups of
protons, group 1 (3.18 and 2.46 ppm) and group 2 (2.62 and
1.89 ppm), confirming the presence of two different ligand
environments. Similar structural arrangements have been seen
in PET protected gold nanoclusters'* as well as other
[M(SR),]¢ complexes (M = Ni, Pd, etc.)."®

Positive ion ESI-MS analysis shows the presence of a peak at
m/z = 2131.09, as depicted in Figure 3. This peak corresponds
to the nickel hexameric adduct [Nig(PET);, + Cs]*. Of note, to
impart charges to the neutral Nig(PET),, via cesium-adduct
formation the cluster solution was mixed with cesium acetate
prior to ESI-MS analysis. The other peaks (with spacing of 192,
i.e.,, the mass of CsOAc) are from [CsOAc],Cs* adducts; for
example, m/z = 1284.41 is from [CsOAc]sCs". All the
experimental isotope peak features match exactly with the
simulated pattern, further confirming the Nig(PET),, formula
(Figure S1, SI).

UV-—visible spectroscopic analysis of the Nig cluster showed
the presence of three charge transfer bands (Figure S2, SI)
which is due to the low spin NiS, environment of Ni ion.” The
cluster remains stable in solution for several days, with little
decrease in intensity of the peaks (Figure S3,SI). In the
presence of acetic acid (AcOH) and photoreaction solvent, the
cluster degrades slowly over a period of 24 h, with retention of
the Nig features (Figure S4, SI). Furthermore, no change in the
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Figure 2. (A) '"H NMR and (B) 2D COSY spectra of Nizx(PET),,
showing the presence of two different ligand orientations due to steric
bulk of the thiolate ligands. (RT, CDCl; solvent).
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Figure 3. Positive ESI-MS of Nig(PET) ,. The peak at m/z = 2131.09
could be attributed to nickel cluster Cs adduct, [Nis(PET),, + Cs]".
The remaining peaks can be assigned to adducts of the type
[CsOAc],Cs*.

'"H NMR spectrum was seen on addition of increasing
equivalents of AcOH and after 24 h (Figures SS and S6, SI),
outlining the stability of the cluster in acidic environment. TGA
shows that the cluster is thermally stable up to 200 °C and
undergoes a weight loss of approximately 72%, corresponding
to the carbon and hydrogen content of the complex (Figure S7,
SI).

Ni¢(PET),, as a Hydrogen Evolution Reaction (HER)
Catalyst. To determine the role of the Nig cluster as an HER
catalyst, cyclic voltammetry was performed in the presence of
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Figure 4. (A) Cyclic voltammograms of Nig(PET),, demonstrating proton reduction in presence of acid. Inset: Effect of acid concentration on
proton reduction current. (B) Reduction waves of Nig(PET),, demonstrating the reduction of the cluster at more positive potentials in presence of

increasing acid equivalents. Scan rate = 100 mV/s.

increasing amounts of AcOH. In the absence of acid (Figure
4A, black line), the cluster shows a very weak irreversible
reduction wave around —1.8 V (Ni" to Ni') and an irreversible
oxidation (Ni" to Ni™) at +0.8 V. On addition of acid, an
increase in current is seen and a more pronounced Ni reduction
peak begins to form at a more positive potential of —1.4 V
(Figure 4B, blue line, 6 acid equivalents). This peak continues
to shift slightly with increasing acid concentration and finally
centers at —1.32 V. This observation indicates direct
protonation of the reduced Ni(I) center and also that the
protonation is faster than the overall catalytic rate.'® It is
important to note that the Ni(II/I) potential also lines up well
with the reduction potential of the Ir PS, rendering electron
transfer between the species feasible during photocatalysis.
Moreover, a new reductive event appears at —1.6 V, the current
height of which increases with increasing acid equivalents. This
can be attributed to electrochemical desorption, leading to H,
evolution. Similar observations have been reported by various
groups employing Ni-based HER catalysts.”™”'” The H,
liberation current reaches saturation after adding 22 equiv of
acid (Figure 44, inset).

An electrode rinsing experiment'® confirmed that Ni films/
colloids do not form in this reductive and acidic environment
(Figure S8, SI).

Nig(PET),, as a Water Reducing Catalyst (WRC). To
demonstrate its photocatalytic water reducing properties, the
nickel cluster was used in a molecular system along with [Ir(F-
mppy),(dtbbpy)](PF) as the PS. The molecular structures of
the two complexes used for the photoreactions are depicted in
Figure S. TEA functioned as the sacrificial reductant. For initial
experiments, the PS concentration in the reaction vials was kept
at 0.3 mM while a 0.025 mM catalyst concentration was
chosen. Controls included vials without PS, WRC, water, or
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Figure 5. Molecular structures of (A) [Ir(F-mppy),(dtbbpy)](PFy)
and (B) Nigx(PET),,.
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TEA. Figure 6 shows the H, evolution traces and
corresponding catalyst turnover numbers (TONs) for the
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Figure 6. Performance evaluation of Nig(PET);, as WRC for
photocatalytic H, generation (460 nm, 25 h) and comparison with
controls. All reactions contained [Ir(F-mppy),(dtbbpy)](PFs) (0.3
mM) as the PS in a 10 mL 0.7 M solution of TEA in 90% THF—H,O,
unless otherwise stated.

systems. The vial containing all the components exhibited high
catalyst turnovers (3750) while the controls evolved negligible
H,.

The vial without water, however, did produce up to 700
turnovers. This observation can be explained by the accepted
reaction pathway which involves sequential electron transfers
from the TEA and the resultant liberation of two protons.' It is
important to note that 150 gmol H, could also be generated by
a few milligrams of trace water present in the solvent. The rapid
oxidation of TEA combined with the strong oxidizing nature of
the excited state PS (E* 4 = +0.77 V) results in reductive
quenching mechanism.***® To support this observation, a
dynamic quenching study was performed using the Ir PS and
the Ni cluster (experimental details given in the Supporting
Information). A Stern—Volmer plot was generated (Figure 7)
which gave a quenching constant, k; = 3.7 X 10° M~" s~ for the
Ir(TIT) PS/Ni catalyst couple. Although the k, for the catalyst is
higher than that reported for TEA (6.7 X 10’ M~' s™", up to 0.1
M in 80% THF—water), the concentration of TEA in the actual
photoreactions is 1000 times higher than the Nig catalyst,
implying that reductive quenching still prevails (Scheme 1). As
demonstrated by the electrochemical HER study, Ni first
undergoes a one electron reduction (via electron transfer from

dx.doi.org/10.1021/ic4013069 | Inorg. Chem. 2013, 52, 9094—-9101
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Figure 7. Stern—Volmer plot for Nig(PET),, as quencher. 0.02 mM
Ir(F-mppy),(dtbbpy) ] (PF) was used as the PS.

Scheme 1. H, Evolution by Reductive Quenching
Mechanism
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the reduced photosensitizer, [Ir]°) and protonation, possibly
yielding the formation of a hydride intermediate.”" Subsequent
reduction of an incoming proton would result in H, evolution.

To probe the mechanism further, concentrations of both, the
PS and the WRC, were varied. Details of the effect of reactant
concentration on H, evolution are depicted in Figure 8. In
terms of catalyst turnovers, it was observed that the
photocatalytic system performs best at high PS concentration
and low WRC concentration (Figure 8A), while for PS
turnovers, the trend is reversed (Figure 8B). These results point
toward higher order degradation process of the WRC, like self-
annihilation, which would be more prominent at higher
concentrations. At the end of the photoreactions, the vials
were also found to contain brown-black particulate matter, the
amount increasing with catalyst concentrations. These ob-
servations again point toward catalyst degradation, evidence for
which will be discussed below.

In order to explore the limit of this H, production system,
the concentration of the catalyst was lowered from 0.025 mM
to 0.0001 mM, keeping the PS at the optimal concentration

(0.3 mM). Although there is an initial steady decrease in the
quantity of hydrogen produced (Figure 9), hydrogen
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Figure 9. Kinetic traces at low Nig(PET),, concentrations with
constant PS concentration of 0.3 mM in a 10 mL 0.7 M solution of
TEA in 90% TH —H,O. Decrease in higher order catalyst degradation
leads to prolonged H, production, as shown by the traces for Ni
concentrations lower than 0.015 mM (complete traces in SI).

production continued even after 90 h at lesser WRC
concentrations (<0.015 mM, Figure S9, SI). This led to a
substantial increase in turnovers, with 0.001 mM catalyst
yielding up to 30000 TON after 90 h. Time dependent
spectroscopic analyses of select photoreaction mixtures (Figure
S$10, SI) show the gradual disappearance of Ni,z absorption
peaks and the presence of a new intense absorption at ~300 nm
after 25 h of reaction time. This new feature could be
tentatively assigned to Ni nanoparticles/colloids*> or even
smaller clusters/complexes, showing that the cluster disinte-
grates and corroborates the visual observation of particulate
matter. Since the Nig absorption features are retained during
the first few hours of reaction (Figure S10 A,B, insets), it is
proposed that the cluster itself is the active form, with the in-
situ formed Ni particulate matter having little or no role to play
in H, generation for higher catalyst concentrations. Even for
the vials with low catalyst concentrations that produce H, even
after 25 h, maximum activity is achieved during the first few
hours as is evident from the traces depicted in Figure 9.
Moreover, no new species can be detected spectroscopically
during this time period (Figure S10 C). The slow, prolonged
H, production could be due to a decrease in second-order
catalytic degradation processes at low catalyst concentration. A
similar trend was observed for Co-based catalysts at much
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Figure 8. (A) Catalyst and (B) PS turnovers at varying concentrations of Ir(F-mppy),(dtbbpy)](PF;) and Nig(PET);, in a 10 mL 0.7 M solution of

TEA in 90% THF-H,O0.
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lower H, yields.”® Although nanostructured Ni-based catalysts
have been used previously for H, generation,m”24 the activity
of such catalysts is strongly affected by various factors like size,
structure, particle dispersion, etc.”*>* In the present case, even
if nanoparticles were formed in-situ, there would be a chance of
aggregation/coalescence in the absence of stabilizing agents,
making contributions from such components less likely. The
reaction vial containing the least amount of catalyst (0.0001
mM) produced negligible H,, similar to the control having no
catalyst. Figure 10 shows the final catalyst turnovers for the
entire concentration range used at 0.3 mM PS.

30000
= 25000
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F 15000
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Figure 10. Final catalyst turnovers obtained at various concentrations

of WRC in a 10 mL 0.7 M solution of TEA in 90% THF—H,O (0.3
mM PS, 460 nm).

Comparison of the maximum catalyst turnover frequencies
(TOFs) at different concentrations of WRC (Figure 11A)
reveals that the reaction proceeds fastest at an optimal
concentration (0.3 mM Ir and 0.025 mM Niz) achieving a
maximum TOF of close to 1000 h™". The observed drop of
TOFs at higher catalyst concentrations is consistent with the
higher order degradation pathway suggested earlier. To
determine the limit of the PS in the reactions, an additional
experiment was carried out at higher PS concentrations. As
seen previously, the water reduction system performs best at
WRC concentrations of 0.025 mM, achieving up to 4700
turnovers (Figure S11, SI), further confirming the optimal
concentration of the catalyst. Interestingly, no continuous
increase in rate is detected on further increase of the PS
concentration (Figure S12, SI). In fact, increasing the PS
concentration from 0.3 mM to 1 mM decreases the rate by a
factor of 4, denoting PS decay at higher concentrations. The
corresponding results are depicted in Figure 11B.

Role of Particulate Matter in Photoreactions. To
further ascertain the nature and role of the particulate matter
formed during the photoreactions, a mercury poisoning
experiment was performed by adding increasing equivalents
of mercury to reaction vials containing 0.3 mM Ir and 0.1 mM
Ni4 catalyst. The reaction was carried out under vigorous
stirring to facilitate proper mixing of the components. The
corresponding H, evolution traces are depicted in Figure 12. It
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Figure 12. H, evolution traces for reaction vials containing 0.3 mM PS
and 0.1 mM Nig, in presence of increasing equivalents of mercury.

can be seen that most of the catalytic activity is retained, even in
the presence of over 3500 equivalents of Hg. This agrees with
the evidence obtained in the photoreaction spectroscopic
analyses that the species formed during photolysis do not take
part in the generation of H,. The small decrease in activity
could be attributed to the increased obstruction of the light
path with larger quantities of Hg. Previous studies done with
Pd,* for example, have shown a dramatic decrease in activity,
something not seen in the present case. Remarkably, no loss of
Hg properties (surface tension, luster, etc), commonly seen
during amalgam formation was observed, hinting toward the
non-metallic nature of the particulate matter.

It is evident that the processes governing these reactions are
very complex. The H, evolution rate of the WRC cannot be
considered as an isolated quantity, but it has to be placed in the
context of the involved light absorption processes, electron
transfer rates, degradation mechanism, etc. Making use of a
versatile and robust Ir(II) PS and a Nig thiolate WRC
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Figure 11. (A) Comparison of maximum catalyst turnover frequencies (TOFs) obtained at different PS and catalyst concentrations. (B) Effect of PS

concentration on max. TOF, [Nig] = 0.025 mM.
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integrates all these factors, leading to a highly active water
reduction system. It is an advantage that the Nig cluster
operates efficiently at low concentrations, even though the
system is limited by catalytic degradation processes. It is
possible that the active Nig4 cluster disintegrates into smaller
clusters or complexes during the course of photolysis. These
new species are less likely to take part in the reactions, as was
confirmed by UV—vis and mercury amalgam tests, indicating
that this is a homogeneous water reduction system.

B CONCLUSIONS

In summary, we report the use of an earth-abundant metal
thiolate cluster, Nig(SCH,CH,Ph),,, as a water reducing
catalyst. Structure, purity, and stability of the Nis complex
were determined by several techniques, namely single crystal X-
ray analysis, 'H and 2D COSY NMR, ESI-MS, UV-vis
spectroscopy, and TGA. Electrochemical analysis demonstrated
HER activity of the catalyst in presence of a proton source
(AcOH), via direct protonation of the reduced Ni(I) center.
The water reduction property of the hexameric catalyst was
evaluated using [Ir(F-mppy),(dtbbpy)](PF¢) as PS with TEA
as the sacrificial reductant. The system was found to perform
optimally at 0.3 mM PS and 0.025 mM WRC concentrations,
achieving maximum turnover numbers and turnover frequen-
cies of 3750 and 970 TON h™’, respectively. Close to 30 000
turnovers were obtained at low catalyst concentration of 0.001
mM and high PS concentrations, documenting the excellent
performance of these clusters as WRCs. Dynamic quenching
study of the Ir/Ni4 couple and mercury poisoning tests revealed
that the water reduction system proceeds through reductive
quenching mechanism in a homogeneous manner.
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