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Abstract: A review. In recent decades, mimicking natural
photosynthesis by artificial photocatalysis represented a
major research direction with the ultimate goal of reducing
fossil fuel consumption through efficient solar energy harvest-
ing. To transfer molecular photocatalysis from the lab scale to
an industrially relevant process, it is important to overcome
instability problems of the catalysts during light-driven
operation. As it is well-known that many of the typically
utilized noble metal-based catalytic centres (e.g. Pt and Pd)
undergo particle formation during (photo)catalysis and thus
switch the whole process from a homogeneous into a

heterogeneous one, an understanding of the factors govern-
ing particle formation is crucially needed. The review there-
fore focuses on di- and oligonuclear photocatalysts bearing a
range of different bridging ligand architectures for drawing
structure-catalyst-stability relationships in light-driven intra-
molecular reductive catalysis. In addition, ligand effects at the
catalytic centre and their implications for catalytic activity in
intermolecular systems will be discussed, as will important
insights into the future design of operationally stable
catalysts.

1. Introduction

The switch from fossil fuels to renewable energies is the key
aspect to limit global warming to 1.5 °C compared to
preindustrial times, as carbon dioxide is one of the main
greenhouse gases, next to CO and methane.[1,2] However, the
actual CO2 concentration in the atmosphere is the highest
within the past 800,000 years, going in hand with the rise of the
sea levels as well as the temperature.[3,4] Since the early 19th

century, the amount of fossil fuels used for energy production
continuously increased.[5–7] Already in 1912, G. Ciamician
realized that coal is nothing other than solar energy in its
concentrated form. With this statement and his groundbreaking
work, G. Ciamician can be considered as a pioneer of modern
photochemistry.[8]

Compared to other renewable energy sources (e.g. wind,
geothermal, …), solar radiation provides a tremendous amount
of energy as around 4×1024 J reaches the earth per year, from
which 5×1022 J could be easily harvested.[9] However, the main
disadvantage of renewable energies – no continuous availability
– hinders the efficient utilization to some point. To completely
replace fossil fuels with renewable energies, it is important to
provide sufficient storage possibilities.[10–12]

The key to increasing the availability of renewable energies
is the efficient capture and conversion of solar energy into
chemical energy by mimicking natural photosynthesis. In
artificial photosynthesis organic components undergo reduc-

tion (e.g. H2O to H2; CO2 to CO, CH4; …), comparable to the
reduction of CO2 to carbohydrates in natural photosynthesis,
while oxidation of water to O2 still remains as the economically
best suited oxidative half reaction.[13,14]

Thus, photolytic splitting of water into H2 and O2 (see
Scheme 1) is valued, as H2 is one very promising energy storage
candidate as it provides a high energy density (119.8 MJkg� 1),[15]

it burns with high temperature,[16] can be used in fuel cells for
traffic and heating as well,[17,18] provides sufficient storability in
large amounts[16] and can be produced from water.[19,20]

However, in 2015, up to 96% of the produced hydrogen was
still generated out of fossil fuels (so called grey hydrogen) and
only a small amount (up to 4%) was directly produced from
water via renewable energy-driven electrolysis (green
hydrogen).[21,22] This can mainly be attributed to higher prime
costs for the production of green hydrogen (2016: wind power-
driven electrolysis 6.64 $US/kg) compared to fossil fuels (2016:
0.93–1.22 $US(kg).[22]

A possible solution to overcome the economic bottleneck in
renewable energy-driven hydrogen evolution are hetero- or
homogeneous photocatalysts based on earth abundant materi-
als which harvest light energy efficiently and produce hydrogen
as solar fuel. Up to now, homogeneous systems often under-
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Scheme 1. Green hydrogen formation by electrolysis (top) and by direct
utilization of light for water splitting by artificial photosynthesis
(bottom).[23–26] HER=hydrogen evolution reaction centre, BL=bridging
ligand, PS=photosensitizer, WOC=water oxidation centre.
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went side reactions during catalysis and proved to be rather
inefficient in hydrogen evolution compared to heterogeneous
systems. However, the utilization of homogeneous systems
allows for the detailed investigation of the catalytic mechanism
and opens up the possibility for the development of a rational
design strategy. A very useful approach along these lines is the
ligand-based finetuning of electron transfer and hydrogen
evolution efficiency, respectively. However, to achieve this, the
photo-responsive and catalytically active molecular components
employed, need to exhibit excellent stability under operating
conditions. In oligonuclear photocatalytic systems, the proc-
esses of light absorption and catalytic turnover can be
combined in individual molecules (intermolecular) or within
one molecular architecture (intramolecular, see some examples
in Figure 1).[27–32] As the intramolecular systems pose some
beneficial aspects such as efficient forward electron transfer,
this review will focus on different di- and oligonuclear systems

exhibiting different bridging ligand (BL) architectures and
details regarding structural parameters that beneficially impact
the stability of these systems.[33,34]

2. Artificial Photosynthesis

One of the main components of artificial photosynthetic
systems is a photosensitizer (PS) – comparable to the
chlorophyll and carotenoid parts in natural photosynthesis –
which harvests light energy by absorption of a photon in the
ground state (GS) which induces the population of a redox-
active electronically excited state from which charge separation
occurs.

Charge separation is typically mediated by means of an
electron relay R (intermolecular system, for example meth-
ylviologen,[39–41]) or a BL (intramolecular system). In the case of
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intermolecular systems, the electron is transferred from an
electronically excited state of the PS onto the electron relay (R)
via a hopping mechanism, while the intramolecular approach
benefits from the possibility of direct light-driven charge
transfer from the PS to the BL. Additionally, spectroscopic and
theoretical tools can be employed to study such well-defined
systems, yielding a greater depth of understanding. Eventually,
the electron is further transferred to the hydrogen evolution
reaction (HER) centre, where molecular hydrogen is produced.
The now oxidized PS can be reduced by electrons transferred
via electron relays or BLs, from the active centre for water
oxidation catalysis (WOC), which oxidizes water to form
molecular oxygen and protons as well (see Figure 2 (top)).[13,42,43]

It is important that the lifetime of the excited state is sufficiently
long to allow charge separation via efficient intramolecular
electron transfer. However, due to the molecular connection of
the PS and the catalyst it is possible to function with
significantly lower excited state lifetimes in PS-BL-CC-based
systems (CC=catalytic centre) compared to the lifetimes
needed for intermolecular catalysis, which is especially impor-
tant for earth abundant 3d metals as PS (e.g. Fe).[44–48]

However, an efficient combination of a 4-electron oxidation
with a 2-electron reduction is difficult to achieve, as under these
conditions, the released hydrogen can be re-oxidized by the
WOC and the oxygen reduced by the HER or other highly
reducing intermediates of the system. Detrimental effects of
oxygen on the HER activity have been discussed
extensively.[49,50]

Therefore splitting the overall catalysis into oxidation and
reduction parts enables and simplifies the exclusive optimiza-
tion of every single half-reaction (see Figure 2 (bottom)).[51]

Consequently, the systematic variation of the PS, CC as well as
the substitution pattern, the energetic levels and steric

parameters of the BL architecture yields important insights into
how these systems have to be further optimized. As a result of
splitting the overall reaction into separate processes, the
respective other half-reaction has to be replaced by utilization
of sacrificial electron acceptors (e.g. Na2S2O8, [Co(NH3)5Cl]Cl2,
…)[52–55] or electron donors (e.g. triethylamine, triethanolamine,
…),[56,57] respectively.

In intramolecular water reduction catalysis, the PS is
typically represented by a transition metal-based chromophoric
unit while the CC consists of noble metals (e.g. Pt, Pd). The PS
in reductive catalysis is often coordinated by an N,N-coordina-
tion sphere while for the catalytic active centre N,N-chelating
and N-heterocyclic carbene (NHC) ligands are predominant in
literature.[58–61]

As already mentioned above, the BL architecture is crucial
for efficient catalysis. In detail, the BL has to consist of two
coordination spheres that are able to stabilize the PS and CC,
respectively (see Figures 2 and 3). The BL has to stabilize the CC
under reductive conditions with varying oxidative states
(starting oxidation state and lower oxidation states due to
charge accumulation prior to hydrogen evolution) to prohibit
reduction-induced colloid formation and the associated switch
from truly molecular to heterogeneous photocatalysis. In
oligonuclear systems, both coordination spheres, i. e. the ligand
sphere at the PS and the ligand moiety at the CC, have to be
connected to each other via different linkers. Interruption of the
conjugation by introduction of an alkyl moiety or a triazole unit
can be achieved, while planar connection can result in
conjugated systems (see Figure 3). However, not only C� C
bonds but also amide-linkages formed by the reaction of an

Figure 1. Examples for intramolecular artificial photosynthetic systems
investigated by Sakai et al.[35–38] PCB=4’-((1,10-phenanthrolin-5-
yl)carbamoyl)-[2,2’-bipyridine]-4-carboxylic acid, pypyr=2,3-di(pyridin-2-
yl)pyrazine, PyBD=N4,N4’-bis(pyridin-4-ylmethyl)-[2,2’-bipyridine]-4,4’-dicar-
boxamide.

Figure 2. Schematic separation of the HER-BL-PS-BL-WOC triade (top) into
two separated half reactions for proton reduction (HER, left) and water
oxidation (WOC, right). To substitute the missing half reaction electron
donors (for HER, i. e. TEOA, TEA) or electron acceptors (for WOC, i. e. Na2S2O8)
have to be used.
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amine with a carboxylic acid can be used for the molecular
connection of PS and CC subunits.[62]

Besides influencing the photophysical properties of these
systems,[63,64] these different connection techniques also signifi-
cantly influence the stability of the BL against pH, temperature
and irradiation as well as the stability of the CC during light-
driven catalysis.

Furthermore, substitution of the respective coordination
spheres with bulky or electron donating/withdrawing groups
(e.g. tert-butyl, …) can directly influence the photocatalytic
activity.[65] These groups can either influence the electronic
situation at the PS,[66] the steric demand at the CC and/or raise
or lower the energies of the respective orbitals of the BL,
allowing a higher driving force for the electron transportation
and the stable binding of the CC.

3. Mechanism of Electron Transfer and HER

As already mentioned above, it is important that efficient
electron transfer from the PS to the CC occurs to provide
efficient catalysis. Therefore, mechanistic insight with respect to
the electron transfer as well as the subsequent hydrogen
formation is of great interest. A very thorough theoretical
description of a photocatalytic system including a square planar
(NN)PdCl2 catalytic unit (NN=α-diimine ligand), strongly related
to the (NN)PtCl2 already shown in Figure 1 utilizes the
[(tbbpy)2Ru(tpphz)PdCl2] (tpphz= tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-
h:2’’’,3’’’-j]phenazine) intramolecular photocatalyst.[67] This cata-
lytic system shows light-induced hydrogen formation and will
be discussed in detail at a later stage. Theoretical studies on
[(tbbpy)2Ru(tpphz)PdCl2] revealed that after photon absorption,
metal-to-ligand charge transfer (MLCTBL) states were accessible,
allowing for a direct photo-reduction of the BL.[68] However, no
electron- but rather energy transfer from the 3MLCTBL state to a
metal-centred (3MCPd) state was observed. Depending on the
energy of the antibonding σ*x2� y2-orbital, which is populated in
these 3MCPd states and mainly involves the dx2� y2 orbital of the

CC and the lone-pairs of the coordinating ligands, weakening of
the metal-halide bond occurs.

After ligand loss and (potential re� )excitation of the Ru
centre, electron transfer via metal-to-metal charge transfer
states (3MMCT) becomes energetically favourable, which leads
eventually to the photo-reduction of the CC (see Scheme 2),[68]

i. e., yielding the reduced Pd(I)Cl intermediate. These more
detailed theoretical investigations also support the initial
experimental finding which indicated a localisation of the
electron after photochemical reduction on the palladium centre
which had lost a chloride ligand. The more recently developed
quantum chemically derived mechanism allows to rationalize
experimental data, as addition of halide salts (e.g. tetrabuty-
lammonium chloride) to [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 under
catalytic conditions causes deactivation of hydrogen
evolution.[60]

It might also be assumed, that [(tbbpy)2Ru(tpphz)PtCl2](PF6)2
would react similarly, i. e., activation of the CC by energy
transfer followed by a subsequent electron transfer event.
However, in this case, the 3MLCTBL to

3MMCT population transfer
rate constant would only be about 10� 7 s� 1 (very low compared
to the PdCl2 analogue with k�107 s� 1) mainly caused by the
higher energy of the 3MMCT states by ca. 0.8–0.9 eV. In contrast
to [(tbbpy)2Ru(tpphz)PdCl2], also the 3MCPt states that may lead
to a stabilization of the electron accepting σ*x2� y2-orbital of the
CC upon weakening of the metal-halide bond are also much
higher in energy and are therefore only slowly populated in
[(tbbpy)2Ru(tpphz)PtCl2] as well.[69] Thus, instead of chloride
dissociation, backwards electron transfer from 3MLCTBL follows,
causing low catalytic activity and no influence of excess
chloride under catalytic conditions.[60] Further, the BL architec-
ture has, to a certain degree, influence on the chemical stability
of the photoactive PS unit. By this, small changes of the catalyst
might have a tremendous effect on the actual hydrogen
evolution mechanism. As the tpphz ligand is redox active itself,
it should be noted that it is so far not completely understood
how the mechanism of CC reduction changes in case of a

Figure 3. Important properties of the BL architecture in case of the tpphz-BL
(tpphz= tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j]phenazine).[60]

Scheme 2. Schematic mechanism of the electron transfer and photocatalytic
HER of the catalytically active site of [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 based on
theoretical investigations.[68]
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mono-reduced BL which has been proposed to form within
minutes under catalytic conditions.[49] As a result, additional
research must be conducted in the near future to provide a
clearer picture on the mechanism of electron transfer as well as
on the actual hydrogen evolution at the reduced and active CC.

4. Instability of the Catalytic Metal Centre as a
Limiting Factor in Artificial Photosynthesis

In di- or oligonuclear catalytic systems, consisting at least of
one PS and one CC, catalytic turnover can proceed by either a
fully molecular or colloid-driven (heterogeneous) mechanism.
The latter represents the loss of the CC from the molecular PS-
BL-CC precatalyst after reduction of the CC. In this case the
synthesized oligonuclear system serves as precursor for the
catalytic system.

As already indicated above, one of the main decomposition
routes for noble metal-containing photocatalysts (Pt or Pd as
CC) during photocatalysis is the loss of the CC and subsequent
particle formation.[35,60,70] These mostly colloidal metal-nano-
particles are able to act as catalysts as well. This renders the
overall light-induced hydrogen evolving catalytic system par-
ticle size-dependent, provided the remaining PS-BL system
retains its function.[71,72] The standard procedure to evaluate
whether particle formation occurs or not is to perform catalysis
in the presence of elemental mercury which nearly quantita-
tively reacts with the in situ formed metal particles by formation
of an amalgam.[62,73] These particles are then inhibited for further
hydrogen evolution during irradiation.[74]

In the presence of elemental Hg, a colloid-driven catalysis
typically provides significantly reduced catalytic activity (ideally
zero activity).[75,76] As Chernyshev et al. and other groups could
show, it is mandatory to perform the Hg test under controlled
conditions (e.g. stirring speed, Hg loading, …) as otherwise,
false conclusions may be drawn.[75–78] Thus, Hg-accelerated
reduction of the CC and subsequent Hg-induced decomplex-
ation has to be ruled out by testing the stability of the pure
compound on Hg. By stirring the compound in the presence of
Hg in the pure solvent, excluding irradiation, and measuring
NMR before and after a given time interval, the stability of the
compound against pure Hg can be evaluated. It should be
noted that it is very important to exclude direct deactivation of
the catalyst by Hg(0).[75,79,80] The following effects of elemental
Hg on a PS-BL-CC system, such as i) loss of ligand environment
at the CC[81] and ii) loss of the whole CC[60] have already been
observed. Furthermore, Hg(0) may for instance reduce the
photo-oxidized [Ru(III)(bpy)3]

3+ (bpy=2,2’-bipyridine) complex
under formation of Hg+ and [Ru(II)(bpy)3]

2+, thus acting as a
reductive quencher and an electron donor. Afterwards, dimeri-
zation of Hg+ to “Hg2

2+” and subsequent disproportion into
Hg(0) and Hg2+ may occur, the latter acting as oxidative
quencher of the excited state of [Ru(bpy)3]

2+*.[82–84] As described
by Pfeffer et al., activation of [(tbbpy)2Ru(tpphz)PtI2]

2+ by Hg(0)
cannot be excluded, supporting the above mentioned hypoth-

esis that elemental mercury may also act as an electron donor
during photocatalysis.[60]

To prevent this side effect, analysing the aliquots of the
solution during catalysis without addition of Hg(0) is highly
important. Hammarström et al. carried out intensive investiga-
tions on the [(bpy)2Ru(DMB)PdCl2]

2+ (DMB=4’,4’’’-((2,5-dimeth-
oxy-1,3-phenylene)bis(ethane-2,1-diyl))bis(4-methyl-2,2’-bipyri-
dine)) system, where the PS and CC are connected via a non-
conjugated BL (see Figure 11). They could show that their
complex efficiently formed Pd colloids as analysed by trans-
mission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS), respectively, switching the system from a
molecular to a heterogenous one.[70] Jiang et al. also could show
that for their metal–organic framework (MOF) and N,N-chelating
ligand based Ir(III)-Pd(II)-system (UiO-67-Ir-PdX2 with X=acetate
or trifluoro-acetic acetate) the CC was reduced during organo-
metallic catalysis (e.g. decarboxylative coupling reaction, no H2

formation) from Pd(II) to Pd(0). To prevent Pd(0) particle
formation, they utilized stoichiometric amounts of Ag2CO3 as an
oxidant or the irradiation of an Ir-PS/O2 mixture for reoxidation
which significantly enhances overall catalytic activity.[85] It is
important to note that the size of the particles is the limiting
factor for detection with TEM and for analysing their chemical
composition via XPS. To clearly identify if molecular or
heterogeneous catalysis takes place, a combination of multiple
analysis techniques (e.g., Hg-test, TEM images and DLS experi-
ments) is needed. However, it is also necessary to understand
and predict why many intramolecular systems promote particle
formation, and only few examples seem to be stable under
reductive conditions.[58,60,61,86]

To understand the underlying mechanism for H2 evolution
by di- or oligonuclear systems, i. e., molecular or colloid-driven,
analysis of mononuclear noble metal complexes as model
systems might yield structure-property-stability relationships,
which in turn might open concepts that later can be transferred
to di- or oligonuclear complexes.

4.1. Stability of mononuclear catalysts

In many reports, the photocatalysts were typically tested with
respect to their stability against visible (or UV) light (as done by
photodecomposition studies in pure solvent) to exclude
instability during irradiation. Based on these results, it is often
concluded that the (photo)catalyst is stable under the applied
conditions. However, during catalysis, the presence of an
electron donor, ensuring reductive conditions, and an increase
in product concentration (e.g. H2) might influence the stability
of the catalyst significantly. To evaluate the influence of these
conditions on the systems' stability, it is also important to
determine the stability against pure hydrogen, which partially
mimics the above-described catalytic scenario, i. e., reductive
conditions during photocatalysis in presence of electron
donors.

For example, Sakai and co-workers tested the stability of
neutral [Pt(NH3)2Cl2] and [PtCl2(en)] complexes (en=ethane-1,2-
diamine) against reduced methylviologen (MV*+), as well as
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1 atm. of hydrogen (see Figure 4). Interestingly, they could
clearly identify that amine stabilized Pt(II)Cl2 complexes were
instable under 1 atm. of H2 – and efficiently formed Pt particles
– but are stable in presence of reduced MV*+.[87,88] This indicates
that the reducing power of MV*+ is insufficient to reduce the
Pt(II) centre to Pt(0). According to this assumption, particle
formation may only occur at the Pt(0) state and not via a
potential Pt(I) intermediate, comparable to the Pd-systems, as
Jiang et al. could prevent particle formation by reoxidation of
Pd(0) to Pd(II) in Ru-MOF-systems.[85]

However, lowering the amount of H2 to 500 ppm stabilized
the catalytic system and no particle formation was observed for
any of the above-mentioned PtCl2 systems, clearly indicating a
H2-concentration dependent instability.[75] As a result, is impor-
tant to realize that the solubility of H2 in water (KH(298 K)=
7.036 ·10� 3 MPa) is significantly higher than its solubility in
acetonitrile (KH(298 K)=0.545 ·10-3 MPa). For example, a value of
dissolved H2 in water of 810 μM at 20 °C is found, often one
order of magnitude higher than most catalyst
concentrations.[89,90] From this perspective, low water contents
would be desirable, but systems with high water concentrations
may show higher activity due to the presence of more readily
available protons.[90]

Based on these results, it is important that the H2

concentration in solution should be as low as possible to
prevent decomposition. Already in 1985 Whitesides et al.
demonstrated that [(1,5-COD)Pt(CH3)2] (1,5-COD=1,5-cycloocta-
diene) can decompose after an induction period which is
assigned to Pt(0) formation in presence of H2. After initial
decomposition, Pt(0) is subsequently capable of reducing 1,5-
COD to cyclooctane by consumption of H2. As a consequence,
the Pt(0) particles may act as catalysts for the further,
autocatalytic deactivation of the catalyst.[74,91,92]

Interestingly, Sakai and co-workers also concluded that the
higher flexibility of [Pt(NH3)2Cl2] and [PtCl2(en)] causes lowering
of the barriers for decomposition. According to this, N,N-
chelating polypyridyl type complexes (e.g. [Pt(terpy)Cl]+ (ter-
py=2,2’:6’,2’’-terpyridine) and [Pt(dcbpy)Cl2] (dcbpy= [2,2’-bi-
pyridine]-4,4’-dicarboxylic acid)) were stable under 1 atm. of H2

due to a strengthening of the Pt� N bonds by π-back
donation.[87]

Eisenberg et al., on the other hand, observed decomposition
of [Pt(dcbpy)Cl2] in the presence of TiO2 and TEOA (TEOA=

triethanol-amine) after irradiation with UV light. Thus, it appears
that it is necessary to consider not only the structural aspect of
electron-poor ligands that allow back-bonding to stabilize the
Pt centers under reductive conditions, but also the involvement
of excited states of reduced Pt complexes during irradiation.[79]

Moreover, addition of Hg(0) to the one-component system
consisting of 0.4 mM [(terpy)PtCl]+ acting at the same time as
catalyst and photosensitizer dissolved in a 0.1 M MES buffer
(MES=2-morpholinoethane-1-sulfonic acid) solution (pH 5) and
30 mM EDTA (EDTA=2,2’,2’’,2’’’-(ethane-1,2-diyldinitrilo)tetra-
acetic acid) as sacrificial electron donor resulted in a drop of
catalytic activity by only ca. 30%. Okazaki and co-workers
concluded that this system containing [(terpy)PtCl]+ as a
catalyst and the PS operates in a molecular fashion.[62]

Interestingly, by increasing the catalyst concentration, a quad-
ratic dependency on catalytic activity was observed, which may
be explained by a dinuclear pathway due to the dimerization of
[(terpy)PtCl]+ and formation of [(terpy)PtCl]2

2+.[62,95] However, it
is also possible that proton reduction occurs on two individual
Pt centres by bridged hydrogen atoms (e.g., formation of
hydride species).[96]

It should be noted that the observation of an induction
period in catalysis often correlates with the initial formation of
the active catalyst, which sometimes is the colloidal species. In
turn, the lack of an induction period often correlates with a
molecular mechanism.[58,70,97]

In the first case, the initially employed systems would only
serve as pre-catalysts (e.g., for particle formation).[79,98] In the
latter case, these molecular photocatalysts, which efficiently
form dimeric species by metal-metal bond formation, can then
promote light-driven water reduction.

Until now, it has not been completely understood how the
hydrogen formation at the Pt-CC proceeds. One hypothesis is,
that a concerted attack of protons and electrons on the
platinum catalytic centre occurs which involves the dz2 orbital
(already filled in the Pt(II) species) as well as the dx2� y2 (or better
σ4(Pt/Pd)*) populated upon (photo)reduction (see Figure 10).
Consequently, a Pt(III)-H intermediate, possibly involving a
second Pt-centre, forms.[93,94,99,100]

Thus, Ogawa and co-workers performed quantum chemical
simulations at the density functional level of theory (DFT) for
the catalytic mixture of methylviologene, [Ru(bpy)3]

2+, [Pt(5,5’-
bcbpy)Cl2] (5,5’-bcbpy=5,5’-bis(carbamoyl)-2,2’-bipyridine) and
[PtCl2(en)] in aqueous media (see Figure 5). They were able to
demonstrate that introduction of electron withdrawing groups
stabilize the Pt(III)-H species. Formation of this intermediate is
accompanied by elongation of the N,N-chelating metal-ligandFigure 4. Investigated Pt(II)-complexes on their stability against H2.
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bond (Pt� Nen=2.07 Å and H� Pt� Nen=2.383 Å and 2.119 Å vs.
Pt� Ndcbpy=2.034 Å and H� Pt� Ndcbpy=2.269 Å and 2.146 Å) as
well as the metal-chloride bond (Pt� Clen=2.457 Å and
H� Pt� Clen=2.473 Å and 2.704 Å vs. Pt� Cldcbpy=2.445 Å and
H� Pt� Cldcbpy=2.524 Å and 2.658 Å) due to transfer of the
electron from the PS into the antibonding σx2� y2* orbital (see
σ(Pt)* exemplarily in Figure 10).[101]

As the Pt� Cl bond in [PtHCl2(en)] is longer than that in
[PtHCl2(5,5’-bcbpy)], cleavage of the chloride ligand during
photocatalysis is more favourable for [PtHCl2(en)] (see Figure 5).
This results in a higher instability of this complex compared to
[PtHCl2(5,5’-bcbpy)] as ligand exchanges might initiate reaction
sequences leading to colloid formation.[99,100]

However, concomitant formation of Pt� Pt-dimers out of
mononuclear complexes by dimerization of a monoreduced
and protonated Pt(III)-H species with the non-reduced Pt(II) is in
principle possible.[93,94]

Thus, the catalytic activity of multinuclear Pt� Pt catalysts
strongly depends on the distance between both platinum
centres (see Figures 6 and 7), as a smaller distance enhances
catalytic activity by facilitating the formation of these H-bridged
intermediates.[101] Furthermore, stronger destabilization of the
HOMO in dinuclear Pt2 compounds enhances catalytic
activity.[99] Sakai and Ozawa could clearly demonstrate that in
intradimer Pt� Pt catalysts catalytic activity strongly depends on
the Pt� Pt-bond length.[99] However, it is tempting to speculate
that smaller distances of two Pt-centres raise the possibility for
the above-mentioned colloid formation.

Instead of the formation of Pt� Pt bonds, dissociation and
subsequent exchange of the terminal halide ligands at the
catalyst (e.g. chloride) may also occur. For [(terpy)PtCl]+, Sakai
et al. demonstrated that [(terpy)PtCl]+ reacts within the first
30 min to form the respective hydroxo species [(terpy)Pt(OH)]+.
90 min of irradiation resulted in EDTA:Pt mixtures, and at the
same time, free terpy ligand starts to appear in ESI-TOF MS,
indicating decomposition and particle formation as the final
result (see Figure 8).[62]

Figure 5. Possible dimerization route of the Pt(II)-precursor and a Pt(III)-
hydride according to Sakai et al.[93,94]

Figure 6. Intradimeric Pt� Pt compounds with varying Pt� Pt-bond distance
investigated by Sakai and Ozawa.[99]

Figure 7. Catalytic activity of intradimeric Pt� Pt compounds investigated by
Sakai and Ozawa.[99] Reproduced from Ref. [99] Copyright 2007, with
permission from Elsevier.

Figure 8. Possible deactivation pathway by terminal ligand exchange at the
Pt(II)-centre.
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It is therefore suggested that ligand exchange reactions at
the CC initiate the decomposition by opening various reaction
pathways.

Based on this knowledge, Sakai and co-workers could show
that the addition of salts (e.g., NaCl) to a catalytic solution of
[PtCl2(dcbpy)] ·H2O significantly enhances catalytic activity by
switching the equilibrium from the decomposition-tending
hydroxo-ligated to the chloride-bound species [(terpy)PtCl]+

which is much more active in hydrogen evolution.[99] This might
be due to the fact that the chlorinated species is less prone to
decomposition because the time in which the CC stays in its
reduced state is significantly shortened.

As mentioned above, the addition of an excess of anions
sometimes provides a strong influence on catalytic activity. The
electron density of the dz2 orbital at the CC is well-known to
strongly correlate with the efficiency of the catalytic system as
it stabilizes the formation of Pt(III)-H intermediates.[58,61] For
example, typical Pt(II)Cl2 based photocatalysts only provide low
catalytic activity in the range of up to 10 TONs.[35,86,102,103]

Moreover, exchange of the chloride ligand for neutral ones
(e.g., [Pt(NH3)4]

2+, [Pt(bpy)2]
2+) leads to a complete loss of

catalytic activity, indicating that suitable donor ligands at the
CC are necessary.[99]

As a result, [Pt(SC(NH2)2)4]
2+ showed higher catalytic activity

than [Pt(bpy)2]
2+, which may be attributed to the strong donor

property of the SC(NH2)2 ligand destabilizing the Pt dz2 orbital
which correlates with an enhanced catalytic activity.[99]

Instead of the loss of a halide ligand and subsequent
decomposition, one further decomposition route was predicted
by Park et al., as they analysed MOFs on their photocatalytic
activity. They observed that in the case of Pt(II)-diimine (e.g.
[Pt(bpy)Cl2]) bound to a MOF, the Pt centre undergoes
decomposition by two-fold reduction of the Pt σ4(Pt)* (see
Section 3 and Figure 10). Thus, such reduction leads to the
cleavage of the Pt-diimine bonds and terminates molecular
catalysis.[29,79,92] In the square planar confirmation, only electron
transfer into σ4(Pt)* is possible as the dz2 orbital is already filled,
causing a switch to a tetrahedral confirmation at which two-
fold proton-coupled electron-transfer (PCET) steps might occur,
eventually yielding the formation of molecular hydrogen.

To circumvent the detrimental two-fold reduction of the
σ4(Pt)* MO and consequently enhance catalytic activity, the
introduction of an electron reservoir in the ligand backbone
might represent a viable solution. To integrate a suitable
electron reservoir into the ligand structure, it is important to
adjust the electronic properties of substituents to enable the
lowering of the ligand-based LUMO. Park et al. introduced two
tetraphenylsilyl (TPS) substituents to a bpy-based Pt(II) centre
(see Figure 9). Compared to the non-TPS containing
[PtCl2(dmbpy)] (dmbpy=4,4’-dimethyl-2,2’-bipyridine), the elec-
tron reservoir significantly enhanced catalytic activity (TONTPS

ca. 18,000 compared to TONdmbpy of ca. 60 after 100 h).
Ultimately, the TPS moiety allowed an overall TON of 510,000 to
be reached within 18 days. Utilization of the Hg test indeed
revealed molecular catalysis.[29]

Furthermore, it is important to note that substitution of the
direct coordination sphere of the Pt(II)-centre in dinuclear Pt(II)

complexes (e.g. Figure 6, structures 1 and 2) with electron
withdrawing groups (e.g., fluorine) lowers the HOMO which
correlates with the elongation of the Pt� Pt distance and lower
catalytic activity.[99]

As shown in this chapter, multiple deactivation pathways
can play a role in Pt- and Pd-catalyzed hydrogen evolution
reactions. Therefore, it is very important to sufficiently evaluate
the stability of the systems and to analyse the species involved
in photocatalysis, as otherwise a rational prevention of decom-
position is not possible.

4.2. Stability of di- and oligonuclear catalysts

Transferring the results from mono- to di- and oligonuclear
catalysts, it is important to rationalize molecular or colloid-
driven hydrogen evolution in di- and oligonuclear photo-
catalysts as well. The complex [(tbbpy)2Ru(tpphz)PdCl2]

2+

(tbbpy=4,4’-di-tert-butyl-2,2’-bipyridine and tpphz =

tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j]phenazine) for example
acts as pre-catalyst. Pfeffer et al. could show that [(tbbpy)2Ru-
(tpphz)PdCl2]

2+ undergoes reduction of the Pd(II)-centre gen-
erating a Pd(0) species which is associated with an observed
dissociation of a chloride ligand (see Figure 12).[60,67,104] Follow-
ing the photocatalysis in situ with X-ray absorption near-edge
structure measurements (XANES) revealed insights into the
catalytic mechanism. This method showed that a large percent-
age of a metallic (colloidal) Pd-species under photocatalytic
conditions was formed. Contrastingly, exchanging the Pd(II)Cl2-
centre for a Pt(II)Cl2-centre in the tpphz-bridged system no
longer lead to a loss of the CC and formation of colloidal
particles. A surprisingly stable coordination of the Pt centre
during photocatalysis was observed.[60] A detailed theoretical
investigation was conducted to explore the differences in
stability and catalytic activity between [(tbbpy)2Ru-
(tpphz)PtCl2]

2+ and [(tbbpy)2Ru(tpphz)PdCl2]
2+.[68]

Time-dependent DFT (TDDFT) calculations in combination
with Marcus theory of electron transfer, were utilised to model
the electron transfer from the 3MLCTBL state to the catalytic

Figure 9. Introduction of the TPS unit significantly enhances catalytic activity
compared to structural analogue [PtCl2(dmbpy)].[29]
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centre. This process corresponds to electron transfer from a
π(BL)* orbital on the bridging ligand to the unoccupied σ4(Pt/Pd)*
orbital (Figure 10) on the catalytic centre, forming a charge
separated state with a formal Pd(I) and a reduced Pt(II)
coordination unit as intermediates. In the investigated Pd(II)
and Pt(II) complexes, this σ4(Pt/Pd)* is the only MO available at the
CC that can be populated upon electron transfer as all other
orbitals involving the metal centre are already occupied two-
fold, see Figure 10. The computational results revealed that
although this CS (charge separated) pathway was energetically
accessible in the Pd(II)Cl2 species, the electron transfer rate was
slow.[68] In addition, population of Pd-centred 3MC states is
highly exergonic and competes with the electron transfer. It is
associated with an excitation of an electron from an occupied
d(Pd) orbital to the anti-bonding σ4(Pt/Pd)* orbital (Figure 10),
reducing the sigma character of the Pd� Cl bond order and
thereby lengthening and weakening it. Following dissociation
of a single chloride ligand, the resulting [(tbbpy)2Ru-
(tpphz)PdCl]3+ species was also investigated and showed
significant stabilisation of the CS state, compared to the parent
complex. Consequently, chloride ligand dissociation then
promotes more efficient CS, which may in turn result in further
ligand loss and eventual formation of the metal colloids
observed experimentally (see chapter 3 for details). As stated
previously, the Pt(II)Cl2 complex on the other hand, is stable
and no ligand dissociation is observed; thus, the addition of
access chloride ion source has no effect on catalytic activity.
However, the catalytic activity is markedly lower.[60] A further
theoretical investigation found that in comparison to Pd(II)Cl2,
the CS states are even higher in energy, making them
inaccessible upon visible light excitation, which may correspond

to the observed decrease in catalytic activity. Moreover, also the
respective 3MC states in the Pt(II)Cl2 complex reside much
higher in energy and are less readily populated reducing the
likelihood of ligand dissociation. These computational findings
align with the higher stability but lower catalytic activity
observed in the Pt(II)Cl2 species.[57,69] As proposed by Sakai and
co-workers a different catalytic mechanism may be operational,
i. e. a simultaneous attack by a proton and reduction of the
platinum centre, resulting in a penta-coordinated intermediate.
This process might potentially involve the assistance of an
additional platinum centre. Figure 10 visualizes the reactivity of
CC by means of the MOs for a series of potential photoactive
supramolecular dyads. As shown, the energy levels of occupied
Pd or Pt-centred orbitals show a weak dependency of the halide
(X=Cl, Br, or I), while the electron acceptor capacity of is
gradually increased from PtCl2 to PtI2 and even further from
PdCl2 to PdI2 as shown by means of the σ4(Pt/Pd)* orbital. In
consequence, the driving force for the formation of the CS
intermediate is enhanced significantly, while as mentioned
above, also the tendency for ligand loss and the formation of
aggregates is enhanced. Thereby, these quantum chemical
simulations suggest that degradation and catalytic activity go
hand in hand for palladium-based CC. As no instability of the
PtI2 unit has been observed, and even multiple repair cycles of
the corresponding [(tbbpy)2Ru(tpphz)Pt(II)I2]

2+ photocatalyst
could be performed without evidence of an altered CS sphere, a
different mechanism of catalytic activity seems to operate here.

Subsequent studies for Ru(Cl) catalytic centres for WOC
catalysis at a series of bipyridine and oligopyridophenazine
ligands, including the tpphz ligand, clearly demonstrated that
π-conjugation of the BL can significantly strengthen the metal-

Figure 10. Energy levels of molecular orbitals (Mos) key to the electron transfer of [(tbbpy)2Ru(tpphz)MX2]
2+ (M=Pt or Pd; X=Cl, Br or I). Mos, shown

exemplarily for M=Pt and X=Cl, involving the CC are visualized in blue, lone-pairs of the halide are depicted in green; furthermore π* orbitals of the BL (phen:
magenta and light blue; phz: olive) as well as of the bipyridine ligands (red) are illustrated The σ4(Pt/Pd)* orbital, mainly involving M’s dx2� y2 in a classic ligand
field theory picture, functions as electron acceptor in the light-induced reduction and is correlated to the stability of the CC (highlighted).

Chemistry—A European Journal 
Review
doi.org/10.1002/chem.202202722

Chem. Eur. J. 2023, 29, e202202722 (10 of 15) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 19.06.2023

2336 / 294030 [S. 15/20] 1



halide bond and subsequently prevent the system to undergo
loss of the ligand sphere accompanied by particle formation.[105]

However, in the case of [(tbbpy)2Ru(tpphz)MCl2]
2+ (M=Pt or

Pd) only the Pt(II)-system seems to provide sufficient stability.
Thus, it is tempting to speculate that the different electronic
properties of the systems, resulting from the different nature of
the CC, have a significant influence on the stability of the
photocatalyst during reductive catalysis. As discussed for
mononuclear complexes, electron rich ligands without a
reservoir cause a labile BL� Pt bond and thus increase the
likelihood of forming metal colloids leading to a quasi-
heterogeneous mechanism.

A recent report on a related Ru� Pt-based photocatalyst,
[(tbbpy)2Ru(phenphen)PtCl2]

2+ (phenphen=5,5’-bis(1,10-phe-
nanthroline), see Figure 12), an intramolecular photocatalyst
without a reservoir and an electron rich ligand moiety at the
CC, showed light-driven hydrogen evolution. However, this
catalysis is mainly driven by Pt(0) particles, while the tpphz-
system which provides an electron deficient BL and thus acts as
molecular catalyst in case of PtCl2 as CC.[81]

Also, the tetranuclear complexes (Figure 11) investigated by
Brewer et al. possessing electron-poor ligand environments at
the CC are stable during catalysis and act as molecular
photocatalysts, as proven by the Hg test.[106–108] Interestingly, in
these systems, three Ru-PS cores significantly lowered catalytic
activity compared to the same system based on two Ru-cores,
as the TON was decreased by a factor of four.[106]

An alternative approach to stabilizing the CC is changing
the CC coordinating donor functionality from pyridine-based N-
donors. The synthetic challenge of creating such novel bridging
ligands was first mastered by Peuntinger et al. who generated a
NHC binding sphere for CCs. Using dynamic light scattering
(DLS), they observed high stability during light-driven hydrogen
formation by [(tbbpy)2Ru(bbip)PdCl2]

2+ (bbip=1,3-dibenzyl-1H-
imidazo[4,5-f][1,10]penanthroline-3-ium). Furthermore, no in-
duction period and a relatively stable TOF during the period of
active catalysis were observed, additionally indicating a molec-
ular mechanism.[59] This clearly highlights that changing the
ligand environment at a given CC (here: Pd) enables its
stabilization and molecular hydrogen evolution.

Interestingly, during the irradiation of heterodinuclear RuPt
and RuPd complexes under catalytic conditions, the CC may
undergo side reactions during light-driven hydrogen evolution.
As clearly shown by our group, substitution of the terminal
chloride ligand in [(tbbpy)2Ru(bbip)PtCl2]

2+ by methoxy ligands
is in principle possible.[58]

According to the ideas of Sakai et al. for stabilizing the CC,
the addition of 2000 equiv. of simple salts (e.g., NaCl or TBACl
(N(C4H9)4Cl)) to the catalytic mixture of [(tbbpy)2Ru-
(tpphz)PtCl2]

2+ or [(tbbpy)2Ru(bbip)PtCl2] might cause an in-
crease in the catalytic activity, as the deactivation route by
substitution of one chloride by a hydroxo ligand can be limited
(see Figure 7).[60,99]

However, no influence of excess chloride was observed,
clearly indicating different mechanisms of the dinuclear com-
plexes and highlighting the fact that in the dinuclear Ru� Pt
complexes, potential Cl loss does not seem to interfere with
catalytic activity.[60]

In addition, utilization of excess TBACl ([N(C4H9)4Cl) for
[(tbbpy)2Ru(tpphz)PdCl2]

2+ causes complete deactivation of the
catalytic process. In the resting state, a Ru(III)-phenanzine(� *)-
Pd(II) radical intermediate is formed, and no Cl-ligand dissocia-
tion from the Pd-CC and reduction to Pd(I) occurs, which is a
required step for hydrogen evolution catalysis for this type of
compound as described above.[67]

Changing the chloride ligands in [(tbbpy)2Ru(tpphz)PtX2]
2+

for iodide ligands is not as facile as described for [(tbbpy)2Ru-
(bbip)PtCl2], where simple addition of excess iodide causes
chloride-iodide exchange at the CC (see Figure 13).[58,81] For the
tpphz system, a different synthesis strategy has to be employed
to introduce iodide ligands, as dynamic exchange of the halide
ligands in [(tbbpy)2Ru(tpphz)PtX2]

2+ is not possible.
The effect of the halide ligands on light-driven catalysis is

very pronounced. Exchange of chlorido- to iodido- ligands leads
to an enhancement of the catalytic activity by almost a factor of
40 for the tpphz-based system (TONPtCl2=7 to TONPtI2=276).[61]

The addition of TBACl to the very active [(tbbpy)2Ru-

Figure 11. Structures investigated by Brewer et al. and Hammarström
et al.[70,106–109]

Figure 12. Structures of the investigated RuPt/Pd complexes by Rau
et al.[49,59–61,81]
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(tpphz)PtI2]
2+ does not lead to any change in catalytic activity,

highlighting the very high stability of the Pt� I bond. However, it
was also shown that [(bpy)2Ru(tpy)PtI2]

2+ (tpy=2,2’:5’,2’’-terpyr-
idine) can form pentanuclear structures in the solid state by
Pt� I� Pt� I� Pt bridges, highlighting that more than one CC
species might be present during catalysis.[112] Noteworthily, it
was also observed for structural analogue PdCl2 based catalytic
systems, that multimetallic catalytic active species might be
present in the solid state.[111] Furthermore, the intermolecular
approach by mixing [(bpy)2Ru(tpy)]

2+ with [Pt(CH3CN)2I2] always
resulted in particle formation, while the pentanuclear complex
only forms small amounts of metal particles under catalytic
conditions.[112]

The higher stability of C,N-chelating BL was also observed
by Bindra et al., showing that the stability of the CC strongly
depends on the BL architecture, as the RuPd catalyst equipped
with the 2,6-tpy BL was stable and inactive while the photo-
catalyst with a 2,5-tpy BL evolved hydrogen based on a
heterogeneous colloidal mechanism (see Figure 14).[111]

Interestingly, Bindra et al. could also show that the periph-
eral ligands at the Ru-core tremendously influence catalytic
activity based on the substitution pattern (e.g., H vs. CO2Et). For
example, the introduction of an carboxylate enhances the
catalytic activity by up to one order of magnitude.[112,113]

However, until now, it has not been completely clear why this
effect is observed.

Based on these results, the future design of stable,
molecularly operating oligonuclear photocatalysts has to con-
sider the strong influence of the BL architecture on the stability
of the CC. Pt-CCs can be stabilized by equipping ligand spheres
with electron reservoir sites or electron withdrawing substitu-
ents, while Pd colloid formation might be prevented by
changing the ubiquitously utilized α-diimine chelating spheres
to suitable N,C-coordination motifs. In addition to the results
obtained by Bindra et al., our group could show for [(tbbpy)2Ru-
(bmptpphz)PdCl]2+ (bmptpphz=3,6-bis(4-meth-
oxyphenyl)tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j]phenazine)
that the addition of Hg prior to catalysis causes no depletion of
the CC, already indicating a higher stability of the CC by the
new coordination environment.[110] However, addition of Hg
during catalysis causes complete loss of the catalytic activity.
Although the change from N,N-chelating ligands to N,C chelates
improve the CC's stability,[111,112] this is even not sufficient to
allow molecular light-driven hydrogen evolution in all cases.

As the main influence on electron transfer from the PS to
the CC is promoted by the BL architecture as well, it is
important to consider balancing the electronic situation at the
BL to optimize it on the one hand for forward electron transfer
and on the other hand for the stability of the CC, respectively.

For example, the introduction of a phenazine unit as in
[(tbbpy)2Ru(tpphz)PtI2]

2+ can indeed cause activation of the
catalytic system. It serves as an electronic reservoir prohibiting
the two-fold reduction of Pt-based CC and, at the same time as
a stabilizing moiety for the ligand sphere at the Pt-centre as
described above. However, over the course of several days, it is
observed that the phenazine spheres undergo a two-fold
reduction during catalysis by the formal addition of one

Figure 13. Exchange of the coordinated halide ligand from chloride to iodide
via addition of TBAI.[58]

Figure 14. N,C-chelating coordination sites at dinuclear photocatalysts
containing Pd-CCs.[110,111]
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molecule of H2, likely via a disproportionation mechanism,
stopping the overall catalytic activity.[49] Thus, it is important to
find molecular solutions to stabilize the CC and to prevent
decomposition and deactivation at the same time.

5. How to Prevent Decomposition/Deactivation
and Possible Repair Strategies when the
System Stopped Evolving H2

As shown in chapter 3, it is hard to avoid side reactions during
light-driven hydrogen evolution catalysis with Pt- and Pd-based
systems involving ligand substitution, reductive processes of
the BL and depletion of the CC. To sum up, in principle, every
single component consisting of the PS, BL, and CC can undergo
decomposition.[99] However, there are different strategies known
in literature to prevent decomposition or at least to repair the
catalytic system and prolong molecular catalysis.

On the one hand, deactivation often occurs by reversible
ligand substitution at the CC (e.g., chloride substitution by
hydroxide or neutral ligands). In this case, the addition of halide
salts (e.g. NaCl) should switch the equilibrium to the active
catalyst and prevent further deactivation (see Figures 8 and
15).[99] On the other hand, light-induced particle formation is an
often-observed issue in literature. Therefore, Eisenberg et al.
and Park et al. could show that the addition of an excess of free
ligand to a nanoparticle forming catalyst can avoid particle
formation and significantly enhance molecular catalysis.[92,114,115]

Also in this case, the general principle is based on shifting
the equilibrium from the decomposed product to the active
catalyst. By varying the excess of ligand, switching the
heterogeneous catalysis to homogenous catalysis seems
possible.[92] However, for the utilization of PS-BL-CC based
architectures such an approach would require a significant
excess of PS-BL to accomplish a similar result. This would most
likely be a very inefficient approach. It is important to realize
that if the catalysis stops after several hours (or days), particle
formation is not always involved in the present deactivation
pathway.

Thus, not only does decomposition of the catalytically active
metal centre occur, but also the BL as well as the PS may
degrade over time.[99] As described by our group, also a two-
fold reduction of the BL itself can occur, resulting in an ultrafast
population of unreactive excited states exclusively localized on

the BL upon photoexcitation.[49,63] It was demonstrated that
[(tbbpy)2Ru(tpphz)PtI2]

2+ undergoes reduction of the phenazine
sphere forming two secondary amines (see Figure 16).[49]

However, reoxidation by in situ formed singlet oxygen can
regenerate the aromatic BL and thus the catalysis can be
reinitiated.

In this context, it should be noted that only due to the high
stability of the Pt centre in this system, resulting from the
electron reservoir function of the tpphz BL, is repair of a
molecular photocatalyst possible at all. Such an active repair
mechanism seems to open a new avenue for the design of
functional photocatalysts with extended lifetimes.

6. Final Remarks

Light-driven hydrogen evolution using intramolecular catalysts
is of great interest for the direct conversion of visible light into
chemical energy. However, transferring the idea of utilizing
intramolecular systems consisting of a PS, BL and CC into
practice is difficult to realize. To be active in (hydrogen
evolution) catalysis, a delicate balance between stability and
reactivity is needed, which currently still often leads to
irreversible side reactions and concomitant deactivation proc-
esses over time.

To successfully prevent particle formation in noble metal-
containing catalysts, adjustment of the ligand plays a crucial
role. Introduction of electron withdrawing groups can stabilize
hydride-based intermediates and prevent halide dissociation at
the CC, which might be the first step towards decomposition.
Also, exchanging the typically utilized N,N-chelates to NHC
ligands or N,C chelating ligands may help to stabilize the CCs. If
dissociation still occurs, addition of halide salts may switch the
ligand exchange equilibrium beneficially to limit decomposi-
tion. In addition to particle formation, also a binuclear (or even

Figure 15. Possible stabilization techniques to prevent ligand loss and
subsequent particle formation.

Figure 16. Deactivation of [(tbbpy)2Ru(tpphz)PtI2]
2+ during catalysis by

hydrogenation of the phenazine sphere (blue) and possible regeneration of
the active catalytic system by reoxidation by strong oxidants (e.g. 1O2).
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multinuclear) deactivation mechanism may occur. In this case,
catalytic activity might be mainly determined by the Pt� Pt-
bond lengths and may be varied by introduction of varying
steric substituents. However, short Pt� Pt-distances may also
open the possibility for the above-mentioned particle forma-
tion. Further it was shown that dissociative 3MC states at the CC
are higher for the 5d metal Pt in energy compared to the 4d
metal Pd causing higher instability for the respective Pd
complexes which are often prone to particle formation while
Pt-complexes are typically more stable. It might be that
decomposition is indicated by metal(0) species which were not
accessible for Pt centres during catalysis, contrary to similar Pd
systems. The facile Pd(0) formation may be assisted by the facile
reduction-induced loss of the monodentate ligands at the CC
which is not observed in analogous Pt-based systems. However,
if not equipped with electronically suitable coordination
environments, Pt-complexes are often just simple precursors for
the active catalyst, typically indicated by an induction period at
the beginning of the photocatalytic process.

Therefore, intensive investigations have to be performed to
obtain clear structure-property-stability relationships, as only
limited conclusions have been drawn so far. This is also due to
the fact that not in every system the role of colloids is clarified
so far. It is thus suggested that for the various systems that
have already been reported and will be reported in future, a
variety of tests (Hg-test, microscopy, dynamic light scattering)
under standardized conditions should be routinely applied to
verify the molecular nature of catalysis.[116,117]
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