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“Nothing in life is to be feared, it is only to be understood. Now 

is the time to understand more, so that we may fear less.” 
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Abstract 

Anderson Polyoxometalates dyads were synthesized, characterized and tested as a potential 

photocatalysts for Hydrogen Evolution Reaction. 

One principle project focuses on POM-photosenstizer dyads. A minute changes in the POM-

photosenstizer dyad including the central atom of the POM or the linkage between the POM 

and photosensitizer caused variation in the catalytic activity for the hydrogen evolution 

reaction. Upon variation of the central metal for the POM different amount of the charge 

separated state generated in the different dyads. This lead to the conclusion that the yield 

and not only the lifetime of the charge separated state determines the catalytic capacity of 

the dyads. 

In a second study for the same project another variation was considered, in this case the 

linkage between the photosensitizer and the POM was varied. In one case the linkage was a 

C-C bond and in the other it’s a C=N bond. Variation of the linkage structure results in major 

changes of the Photophysical properties and deactivation pathways which could be one of 

the factors controlling the catalytic activity. 

The other major project present a Polyoxometalates supramolecular dyad consisting of two 

platinum complex hydrogen evolution catalyst covalently attached to an Anderson 

polyoxometalates. Supramolecular electrostatic coupling of the system to an iridium 

photosensitizer enables visible light-driven hydrogen evolution. A combination of theory and 

experiment demonstrated the multifunctionality of the polyoxometalates. The POM in this 

system acts as photosensitizer / catalyst-binding-site and facilitates light-induced charge-

transfer and catalytic turnover. Increased hydrogen evolution reactivity is achieved by 

chemically altering the Pt-catalyst site. Mechanistic studies reveal the roles of different 

components and provide a molecular knowledge of the relationships that control stability and 

reactivity. The system could serve as a model for energy conversion and storage using 

multifunctional polyoxometalates. 
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LIST OF ABBREVIATIONS AND NOTATION  
 

POM  Polyoxometalate  

e.g. exempli gratia (for example)  

M Metal 

X Heteroatom 

NMR Nuclear magnetic resonance 

UV-Vis Ultraviolet-visible  

Ot Terminal oxygen 

nBu4N Tetrabutylammonium 

AP Artificial Photosynthesis 

HER Hydrogen Evolution Reaction 

PET Photoinduced electron-transfer processes 

PS Photosenstizer 

D Electron Donor 

HOMO Highest occupied molecular orbital  

LUMO Lowest unoccupied molecular orbital 

MLCT Metal-to-ligand charge transfer 

LC Ligand centered 

LLCT Ligand-to-ligand charge transfer 

TON Turnover number 

TEA Triethyl amine 

bpy Bipyridine 

ppy 
Phenylpyridine  
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3D Three-dimensional  

XRD X-ray diffraction  

EDX Energy-dispersive X-ray spectroscopy 

SEM Scanning electron microscope 

LMWGs Low molecular weight gelators 

CSS Charge separated states 

ESA Excited state absorption 

fs Femtosecond 

ns Nanosecond 

ps Picosecond  

DAS Decay associated spectra  

TA Transient absorption 

ILET Interligand electron transfer 

ISC Intersystem crossing 

DMF N, N-dimethylformamide  

ACN Acetonitrile 

kq Quenching rate constants 

KD Diffusion rate constants 

DFT Density functional theory  

tris Tris(2-aminoethyl)amine 
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Notation 

For clarification and simplification reasons, the complete formulae of cluster compounds are 

simplified by an abbreviated notation using squar brackets, which enclose the number and 

type of metal centers, e.g. (nBu4N)3[MnMo6O18((OCH2)3CNH2)2] is simplified to [MnMo6].  

In addition, polyhedral subunits are indicated also using the square bracket notation [MOn] 

(M= central metal, n = 4 – 6). For example, an octahedral building blocks with six oxygen 

ligands (O) coordinate to a central transition metal (M) will be noted as [MO6]. In most 

occasions the corresponding cluster charge is omitted due to the intention of giving only 

structural information concerning the polyhedral geometry. Metal-oxygen single and double 

bonds are indicated as M-O and M=O, respectively.
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1 Introduction 

1.1 Polyoxometalates 

1.1.1 Classification and general structure principles 
 

Polyoxometalates (POMs) are a large group of discrete, mostly anionic polynuclear metal-oxo 

clusters. Polyoxometalates consists of metal atoms that are known as addenda atoms and 

represented by an early transition metal (e.g., M = V, Nb, Ta, Mo, W) at their highest oxidation 

states (d0 or d1). Polyoxometalates can be classified into two main different forms, 

isopolyanions with the general formula [MmOy]p- and heteropolyanions with the general 

formula [XxMmOy]q- (were X ≤ M). The isopolyanions consist of addenda atom and oxygen, 

while the heteropolyanions contain in addition a hetero atom X (e.g. X = P, As, Si, Ge). In both 

classifications, [MOn] unit represent the fundamental structural block from which POM 

frameworks are built, so the characteristics of M deserve further discussion.[1–6] 

Many elements have the capability of forming a coordination polyhedral compound with 

oxygen. However, not all of them can take part in the [MOn] units in a polynuclear metal-oxide 

aggregate. The structures of polyanions appear to be governed by the electrostatic and ionic 

radius principles of metal centers. That is, only selected values of the charge/radius ratio are 

observed in Mn+ in combination with O2- ligands, thus forming POMs. An additional parameter 

to be considered is the ability of the addenda Mn+ to form dπ-pπ M-O bonds. Although the 

number of transition metals forming POMs is limited, any element can participate as X in a 

POM cluster since there are no strict physical requirements for this position. This leads to 

numerous possibilities on how the metal-oxide units are arranged leading to different 

structures.[2,5] 

 As mentioned before, POMs can be divided into isopolyanions and heteropolyanions. 

isopolyanions are usually less stable than their heteropolyanion counterparts. The 

hexametalate or the so called Lindqvist structure [M6O19]n- is one of the most common 

examples of the isopolyanions. It comprises six edge-sharing octahedral [MO6] units which 

together form one large octahedron. Another important example of the isopolyanions is the 

heptamolybdate structure [Mo7O24]6-. The α- and β-isomer are the most common isomers of 

this structure.  
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On the other hand, heteropolyanions have a greater structural diversity. The most well 

established heteropolyanion structures are the Anderson-Evans [Hy(XO6)M6O18]n-, Keggin 

[XM12O40]n-, and the Wells-Dawson [X2M18O62]n- (where M= W or Mo and X is a tetrahedral 

template). Both Keggin and Wells-Dawson POMs were developed with vacancies, and 

described as  Lacunary structures. The Anderson-Evans type will be the focus of this project, 

and it will be explained in greater detail in the following sections. [1,2,4–9]  

 

 

Figure 1: Representation of the most typical POM structures:   (a) Anderson-Evans anion [Hy(XO6)M6O18]n-, (b) 
Wells–Dawson anion [X2M18O62]n–, (c) Keggin anion [XM12O40]n–, (d) Lindqvist anion [M6O19]n–, (e) 
heptamolybdate structure [Mo7O24]6-.  Color scheme: The blue colored [MO6] octahedra represent the addenda 
metal, M(Mo, V, W, etc.); the magenta [XO4] represents the central heteoatoms.         
           

1.1.2 Polyoxometalate formation and self-assembly process  
 

The formation of POMs are based on a process called self-assembly. In aqueous, acidic 

solutions, metal-oxo coordination polyhedra [MOx] can undergo condensation reactions to 

form larger polynuclear cluster structures. The molecular metal oxide framework is formed 

by linking these polyhedra via corners, edges or more rarely faces (see figure). The self-

assembly process of POMs usually starts with dissolving the metal oxides in aqueous acidic 

media. The pH of the solution is then lowered so that the oxometalate ions are protonated, 

(a) 

(b) 

(c) 

(d) 

(e) 
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which in turn weakens M-O bonds in the fragments, and it makes the metal center more 

susceptible to nucleophilic attack of an oxo-ligand. Simultaneously, the M-O bond is 

elongated, resulting in an expansion of the coordination environment based on the 

attachment of water ligands and a change of the coordination number. Those expanded 

fragments then undergo condensation to form multinuclear [MxOy]n- units. [5,6,10,11] 

 

 

Figure 2: Illustration of the three common linking modes for octahedral [MO6] units. Linkage of coordination 
polyhedra occurs either by sharing corners via one bridging μ2-oxo ligand (a), sharing edges via two bridging μ2-
oxo ligands (b) or more rarely by sharing faces via three μ2-oxo ligands (c). Color scheme: blue: addenda atom 
M (e.g. Mo, W, V), red: O.[11] 

 
The aforementioned dπ-pπ M-O bonds are a key feature to the stabilities of the formed 

polyoxoanion structures. This π- bonds imply a metal atoms displacement from the center of 

the octahedra towards a corner or an edge. As a result, the short M=O bonds are directed 

towards the exterior of the polyanion, forming a layer of unreactive surface oxygens. These 

terminal M=O groups feature oxygen atoms which are essentially non-basic and have low 

nucleophilicity, and prevent extensive protonation and further condensation of the 

polyanion.  

 

                                                  

                   

             

Figure 3: Schematic representation of the condensation process. The coordination environment at the metal 
center expands from a tetrahedral to an octahedral structure as a result of acidic treatment (top). Condensation 
reactions of octahedral metal centers bridged via μ2-oxo-ligands to finally form [MxOy]n- assemblies (bottom). 
 

(a) (b) (c) 
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Several parameters including pH, temperature, template atoms and solvents have an effect 

on this complex growth mechanism. Different analytical techniques have been employed to 

understand this self-assembly process including NMR of 1H, 17O, 31P and 138W-cores, UV-Vis 

spectroscopy, and mass spectrometry. However, the exact mechanisms behind this self-

assembly process are still not fully understood.[5,9,10] 

 

1.2 POM-Organofunctionalization 
 

Organic moieties can be grafted onto polyoxometalates (POMs). The resulted hybrid organic- 

inorganic compounds combines the intrinsic topology structure of POMs with advantages of 

organic materials (good processability and diverse electronic properties). Moreover, this 

interaction bring exciting synergistic effects due to the covalent bond interaction of 

delocalized organic ligands p-π electrons and the inorganic POM clusters’ d-π orbitals.[12,13] 

The organofunctionalized POMs have been used in different applications, including polymers, 

microporous materials, catalysis and biological applications.[12,14]  

According to the nature of the interaction between the organic moieties and the POMs, two 

different classes of materials have emerged.  

Class (I): This class includes all systems with no covalent interaction between the organic and 

inorganic parts, but rather electrostatic attraction, hydrogen bonds, or van der Waals 

interactions. The most facile route is to use the anionic character of the POMs to enable their 

association with organic counter-cations. 

Class (II): here the organic moieties are connected to the POM through strong covalent 

interaction. The organic ligand can substitute an oxo group of the POM and be directly linked 

to the POM metal center. The nucleophilic character of the oxygen atoms localized on the 

surface of the POMs can also lead to covalent interactions with electrophilic groups bearing 

organic groups. In class (II) hybrids the organic groups can be covalently linked to the POM 

units either through p-block elements or they can be bound to d- and f-block elements grafted 

to the surface or encapsulated in the POM vacancy. The attachment through p-block elements 

consists of six different strategies; these six strategies can be divided into two groups 

according to the coordination modes (Figure 4), including (A) covalently linked organic 

moieties onto the POM cluster surface in direct mode  (organoalkoxylation and 
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organoimidization) and (B) extra elements substitution mode (organophosphonylation, 

organoarsonylation, organosilylation and organostannylation).[7,15–17] 

Among the most reliable strategies is organoalkoxylation. The Mo-O-R bond derived from 

organoalkoxylation is compatible with H2O, and it can serve as the isoelectronic species of O2- 

to connect with the POMs. Moreover, a series of triol ligands with remote functionalized 

groups (RC(CH2OH)3, R =NH2, OH, etc.) can be introduced to the POM and they provide diverse 

and flexible coordination modes. Organoalkoxylation is a general strategy that can be widely 

employed for both isopolyanions like hexavanadate and octavanadate heteropolyanions, 

especially Anderson and Dawson types. [14,15,17–20] 

 

                                   

Figure 4: Currently used synthetic strategies for covalently linking organic moieties to the surface of POM 
clusters. 
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1.2.1 Anderson-Evans Polyoxometalates: Chemistry and functionalization 
 

The planar structure of the Anderson-Evans structure was proposed by J. S. Anderson in 

1937,[21] and confirmed by H. T. Evans in 1948 through X-ray diffraction.[22] The structure of 

Anderson–Evans polyoxoanion is composed of six edge-sharing [MoO6] or [WO6] octahedra 

surrounding a central, edge-sharing heteroatom of octahedral geometry [XO6] leading to a 

planar arrangement and an approximate D3d symmetry. The general formula for the 

Anderson-Evans POM can be written as [Hy(XO6)M6O18]n−, where y = 0–6, n = 2–8, M = 

addenda atoms (Mo(VI) or W(VI)) and X = central heteroatom.[14] 

Three different coordination modes of oxygen atoms are found in the Anderson-Evans 

structure; six triply-bridging oxygen atoms (µ3-O) connect the heteroatom and two addenda 

atoms, six doubly-bridging oxygen atoms (µ2-O) connect two addenda atoms, and two 

terminal oxygen atoms (Ot) are connected to each of the six addenda atoms. The µ3-O atoms 

have the possibility to be non-protonated or protonated, Non-protonated atoms results in A-

type where the central atom usually in a high oxidation state (X = e.g., Te(VI), I(VII)). For the 

protonated B-type Anderson, the heteroatom is usually in a lower oxidation state (X = 

e.g.,Cr(III), Fe(III)).[14] 

Referring to the heteroatom X, variety of heteroatoms with different oxidation states ranging 

from II to VII can be incorporated into the [XMo6] system, this include most of the first row 

transition metals. However, for the [XW6] much less variation exists for the heteroatom. In 

addition, inorganic counter cations have been widely explored. This includes the majority of 

the alkali metals and alkaline earth metals as well as the entire lanthanide series. Figure 5 

shows the different heteroatoms incorporated in [XMo6] and [XW6] in addition to the already 

explored various counter cations. 

                             

Figure 5: Periodic table illustrating heteroatoms in [XMo6] and [XW6] systems and the different cations 
successfully applied.[7] 



 
 

[10] 
 

 

Many features of the Anderson-Evans structure, such as redox and magnetic properties, are 

greatly influenced by the inserted heteroatom. The characteristics of the Anderson-Evans 

POM can also be affected by counter cation and any organic functionalization. One property 

that results from the POM's particular geometry and/or the addenda atoms that is applicable 

to the vast majority of compounds is the pπ(Ot)-dπ*(Mo) ligand-to-metal charge transfer, it 

first emerges around 210 nm, with a shoulder at 240 nm.[7] 

 

1.2.1.1 Anderson- Evans Polyoxometalates functionalization by organic moieties 

 

The organofunctionalization of Anderson POMs usually proceeds through the formal 

substitution of the six protons attached to µ3-O in the B-type. They can be substituted with a 

wide range of organic ligands, most commonly the so-called tris-ligands (RC(CH2OH)3, R = e.g., 

NH2, OH, CH2OH) and further derivatized with imine and amide bond formation. The further 

derivatization of the tris-ligand can be done either before grafting onto the POM (pre-

functionalization) or after attachment onto the POM (post-functionalization). Besides, the 

tris-ligands may cap either a tetrahedral cavity by connecting to two µ3-O atoms and one µ2-

O atom (χ isomer). Or by capping the templating heteroatom and connecting to three µ3-O 

atoms (δ isomer).  

Functionalization with tris-ligands naturally leads to double-sided products because of the 

inorganic Anderson–Evans POM's high symmetry and the presence of protonated atoms on 

both sides of the planar structure. However, a mono-tris-organofunctionalized Anderson 

POM was recently synthesized. [7, 13–18,23] 

      

Figure 6: Combined ball-and-stick and polyhedral representation of double-sided δ-isomer (a), single-sided δ-
isomer (b), and single-sided χ-isomer (C). The blue colored [MO6] octahedra represent the addenda metal (Mo); 
the magenta [MO6] represents the central heteoatoms; white spheres: C; blue spheres: N; red spheres: O. 

  

(a) (b) (c) 
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The synthesis of the organofunctionalized Anderson POMs (δ isomer) can proceeds through 

two different routes, (i) re-arrangement of the α-octamolybdate used also in this project. (ii) 

Using a pre-synthesized Anderson POM in a polar solvent. In the first approach the compound 

is obtained by reaction of the template Mn(III) with (nBu4N)4[Mo8O26] and tris-ligand in 

acetonitrile or acetylacetonate. 

Since Hasenknopf reported the first tris-functionalized Anderson-Evans POM in 2002, a wide 

range of organofunctionalized Anderson-Evans POM have emerged. This includes alkyl chains 

with various length, aromatic ligands, ligands with remote binding sites and others. The 

organofunctionalized Anderson POM was an excellent option for numerous applications due 

to the variety in hybrid structures. Catalysis, particularly photocatalysis, is one of the most 

popular uses, which will be addressed further in the following section.[13, 15,24] 

 

1.3 Catalyst – Photosensitizer as a System for Solar Energy Conversion 
 

Post-fossil fuel demand: Continuous global population growth directly leads to ever-

increasing energy demand, posing severe future difficulties for contemporary civilization such 

as resource depletion and climate change.[25] Until now, fossil fuels have dominated the 

energy industry. Although fossil fuels have a long life span, they are depleting at an alarmingly 

fast rate that is rising in lockstep with global energy demand. In addition, their extraction is 

getting more complex, and their excessive use has a negative environmental impact due to 

the production of greenhouse gases as a byproduct of their burning.[26] To address this critical 

energy issue in a timely manner, the energy sector must abandon fossil fuels in favor of 

renewable, cheap and abundant sources.[27,28]  In this respect, hydrogen generation using 

water as a feedstock is the perfect energy replacement for petroleum sources, but it is not 

yet commercially viable.  

The oxidation of hydrogen, whether by fuel cell or combustion, produces only water as a 

byproduct, making it ecologically friendly in energy conversion. Furthermore, among all 

chemical fuels, hydrogen has the largest specific enthalpy. Currently, the primary method of 

producing hydrogen is natural gas reforming, which, although practical for industrial purposes 

such as ammonia synthesis, is not long-term sustainable for energy conversion. Furthermore, 

natural gas reformation produces CO2 emissions. A particularly appealing option is artificial 
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photosynthesis (AP), or the direct conversion of solar energy to stored chemical potential by 

splitting water into hydrogen and oxygen.[29–34] 

The molecular and supramolecular alignment of the natural photosynthesis process is an 

attractive technique for building artificial photosynthetic systems for harvesting sun energy. 

Analyses of the process's basic functional needs could serve as a springboard for the 

construction of self-contained artificial systems. To regulate the key steps spanning from 

photophysical and redox reactions to catalytic conversion, this multi-functional system 

necessitates a flawless synergy of all components.  

Light harvesting through antenna unit should result in charge separation, which should be 

followed by charge transport to get the oxidizing and reducing equivalents to the catalytic 

sites, where evolution of oxygen and hydrogen should separately occur. On the reduction 

side, the capability to receive electrons and then reduce the protons to produce hydrogen 

with better stability and high activity makes the best catalyst for hydrogen evolution reaction 

(HER). Because our research focuses mainly on the reduction half-reaction, a sacrificial 

electron donor must be used to supply electrons to the hydrogen evolution catalyst. Similarly, 

a sacrificial electron acceptor is required for the oxygen evolution half-reaction. According to 

the preceding explanation, a realistic artificial photosynthetic system should contain a 

chromophore to absorb light, a catalyst to reduce protons, and a sacrificial electron donor to 

supply electrons for H2 formation and regenerate the chromophore.[35–38] 

 

1.4 Inter- and Intramolecular electron transfer in AP system 
 

To regulate the key-steps of an AP system spanning from photophysical and redox reactions 

to catalytic conversion, this multi-functional system necessitates a flawless synergy of all 

components. The photoinduced electron-transfer processes (PET) are an important step in 

the artificial photosynthesis catalytic system. The core of these reactions is that an electron 

is transported from the donor to the acceptor either directly by irradiation with light or 

through subsequent thermal processes. Electron transfer can cause significant changes in 

chemical behavior, such as redox characteristics, kinetic stability, catalytic activity, and acid-

base properties.  

The oxidative and reductive quenching are two common idealized pathways for sensitized H2 

production. In the oxidative quenching, the photosensitizer is oxidatively quenched by the 
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catalyst (or an electron relay). This oxidized photosensitizer that is generated via excited state 

electron transfer is then reduced by the sacrificial electron donor, restoring the original form 

and closing the cycle. In the case of reductive quenching, the excited state photosensitizer is 

instead reductively quenched by a sacrificial electron donor. The reduced sensitizer then 

transfers an electron to the catalyst on the way to producing H2.[30] 

 

        

 

Scheme 1: Photoredox catalysis and H2 evolution with visible light: oxidative (a) and reductive (b) quenching. 

 

Different techniques for combining the photosensitizer and the catalyst to generate effective 

PET can be used, a one component system (dyad), which consists of an electron-donor, 

photosensitizer, catalyst, and an organizational principle that controls their distance and 

electronic interactions. In a one component system, the photosensitizer and the catalyst are 

usually connected through intramolecular interactions including coordination or covalent 

bonding. In this system, the arrangement of different components is fixed, as a result the 

reaction is not controlled by the collision process which determines the efficiency of electron 

transfer. However, rapid charge recombination affects all dyad-type systems to a greater or 

lesser extent. Additionally, catalytic activity of this system is critically dependent on catalyst 

design, and a minute change of the structure of the catalyst may lead to a significant 

difference in reactivity.[35,36,38–44] 

Another approach has been used in which multiple components of the artificial 

photosynthesis system are not included in a single molecular entity. In this case, the efficiency 

of electron transfer processes is markedly reduced by diffusion control of the formation of 

encounter complexes. This disadvantage of bimolecular reaction can be addressed by 

(a) (b) 
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establishing circumstances in which all functional components are linked together in a single 

stable complex (supramolecule) prior to light absorption. This linkage can be achieved 

through different intermolecular interactions, including electrostatic interaction, hydrogen 

bonding, or van der Waals interactions.[34, 36,37,45,46] Both inter- and intra-molecular interaction 

between the photosensitizer and the catalyst will be further discussed in the next section.  

The following section will discuss the two components of the artificial photosynthesis system, 

including the photosensitizer and the catalysts. 

 

 

Figure 7: Intermolecular (left) vs Intramolecular (right) photocatalytic hydrogen production. PS= photosensitizer, 
D= sacrificial electron donor. 

 

1.4.1  Photosensitizer as a Light harvesting unit 
 

Much fundamental research on photosynthetic model systems has been conducted over the 

last few decades, generating a range of light-harvesting dye compounds, such as porphyrins, 

perylene derivatives or even inorganic chromophores based on semiconductor nanoparticles. 

Despite substantial efforts in the field of light-harvesting complexes, many chromophores 

continue to exhibit low long-term stability and noticeable photobleaching.[36] Cyclometalated 

ruthenium and iridium complexes, on the other hand, are regarded as advantageous 

photosensitizer complexes due to their outstanding photophysical characteristics, which 

include extended excited-state lifetimes, significant phosphorescence efficiency, and good 

color tunability.[47,48]  

The electronic structure for the cyclometalated complexes consists mainly of a set of filled π 

orbitals from the ligands and three closely spaced d orbitals on the metal, one of which is the 

HOMO, and a LUMO that mostly made up of π* orbitals on one or more of the organic ligands. 

All of these orbitals are capable of participating in excited-state activities that are critical to 

the function of a photosensitizer in a variety of applications. Upon visible light excitation, two 

types of electronic transitions predominate: the ligand-centered (LC) transitions between the 
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π and π* orbitals; and HOMO-LUMO transitions involving a metal-centered dπ and a ligand 

π* orbital, which referred to as a metal-to-ligand charge transfer (MLCT).[49] 

 

Figure 8: Simplified frontier orbital diagram for a typical metal based photosensitizer (left) and Jablonski diagram 
including different electronic processes for a typical metal based photosensitizer (right).[49] 

 

In a photocatalytic system, the photosensitizer must first absorb the incident light, then the 

obtained excited state has to transfer electronic energy to a nearby component (acceptor) 

before undergoing radiative or nonradiative deactivation. For energy transfer to occur, the 

energy of the acceptor excited state must be less than or equal to the energy of the donor 

excited state.[35–42, 44,48] 

The cyclometalated Ir-complexes containing the Ir-C bond with a strong σ-donor character, 

allows for metal-to-ligand (MLCT) and ligand-to-ligand (LLCT) charge transfer that are 

energetically highly accessible. Furthermore, the strong Ir-C bond contributes to a rigid 

complex structure with high stability and prolonged electronic interaction between ligand-

centered π-orbitals and metal d-orbitals. What is more, several cyclometalated iridium(III) 

complexes exhibit significantly longer-lived excited states than [Ru(bpy)3]2+. Because the 

intrinsic excited-state decay processes are less competitive, this is predicted to be beneficial 

for long-range charge-transfer reactions originating from these states.[47]  Multiple optical 

excitation pathways are possible in an Ir(III) complex, owing to: (1) the delocalization of the 

highest occupied molecular orbital (HOMO), (2) the preferred localization of the lowest 

unoccupied molecular orbital (LUMO) at ligands, (3) efficient spin-orbit coupling. In general, 
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at least four transitions should be considered: singlet and triplet metal-to-ligand charge 

transfer (1MLCT and 3MLCT) transitions and singlet and triplet ligand-centered (1LC and 3LC) 

transitions.[39–41,44] 

 

1.4.2 Catalysts for hydrogen evolution 
 

Solar hydrogen generation is a multi-electron process that requires two redox equivalents per 

H2 molecule.[30] As a result, an ideal molecular model system for photosynthetic processes 

should include a catalyst capable of providing several redox equivalents in a structured 

manner. A multielectron redox catalyst is basically a "charge pool"; it should be capable of 

obtaining electrons in a gradual way at constant potential from a one-electron-reducing 

species and transferring these electrons to the substrate in a "concerted" way in order to 

avoid the creation of high-energy intermediates.[35] 

For the hydrogen evolution reaction, a wide range of catalysts have been employed, including 

nickel and cobalt macrocycles such as cobalt dimethylglyoxime and polyoxometalates. 

Furthermore, Hydrogenase (nature's proton-reducing enzyme) model complexes have been 

synthesized and tested. Further, platinum complexes have been widely produced for the 

purpose of HER.[33,50] In the next two sections, two types of HER catalysts, Pt-complexes and 

polyoxometalates, will be thoroughly explored. 

 

1.4.2.1 Platinum as a catalyst for HER 
 

Platinum has been used as a catalyst in both homogenous and heterogeneous hydrogen 

evolution reactions. Even though colloidal platinum exhibits high efficiency as H2-evolving 

catalyst, it is still of great importance to explore molecular catalysis as an alternative for the 

heterogeneous catalysis of water reduction cycle. Using molecular catalysts has several 

advantages: (i) only the surface metal atoms of colloidal metal particles may engage in 

catalysis, whereas all metal atoms of molecular catalysts can participate in catalysis, (ii) 

reaction mechanisms may be studied in depth and comprehended at the atomic level, (iii) 

catalytic activity and selectivity may be altered by modifying the molecular structure.[46] 

Platinum (II) molecular catalysts have been extensively investigated by the Sakai group since 

the 1980s.[45,46,51] Many studies have been published describe the homogeneous catalysis of 
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mononuclear and dinuclear Pt(II) complexes in the photochemical reduction of water into 

molecular hydrogen.[46,51] The Pt(II) complexes were  investigated in both multicomponent 

and single component systems.  A multicomponent system consists of a sacrificial electron 

donor, photosensitizer, electron relay, and a catalytic center. These component interact 

through different intermolecular interactions, including electrostatic or van der Waals.[45,46, 

59,51–58] Extensive research has revealed that the stability of the molecular components 

frequently limits the catalytic activity of these systems.  

                                

Figure 9: Some dinuclear and mononuclear Pt(II)-based catalysts for H2 evolution from water.[46] 

 

Figure 9 shows some of the molecular platinum complexes investigated for the HER.[46] 

Another disadvantage of these intermolecular systems is the inefficiency as a result of the 

diffusion limited processes necessary to get the photosensitizer and the catalytic center close 

enough to guarantee that the electron transfer step occurs.  

In a single-component system the photosensitizer and the catalytic center are linked together 

by covalent intramolecular interactions to form a photo-hydrogen-evolving molecular device 

see figure 10.[51–59] By adding substituents to the ligands connected to the photosensitizer 

and/or to the catalytic center, as well as the bridging ligand, the photophysical and 

photochemical characteristics and reactivities of the single component system may be fine-

tuned. However, the synthesis of a single-component system is sometimes difficult, while the 

construction of a multi-component system is significantly simpler since it may be formed by 

just mixing the components together.[45] 
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Figure 10: Two different photo-hydrogen-evolving molecular devices (PHEMDs) developed by Sakai et al. (left), 
and Rau et al. (right).[46] 

  

Enhancing stability through multiple photocatalytic cycles is one of the major problems in 

creating highly effective Pt(II) water reduction catalysts. As mentioned before, water 

reduction is a two electron process, and the accessibility of the Pt(II) dX
2

-y
2 orbital during the 

two-electron reduction is one of the primary breakdown mechanisms of the Pt(II) catalyst, 

limiting its catalytic activity for hydrogen generation. To overcome this problem, many of the 

Pt(II) complexes were developed using an electron-reservoir approach. This electron-

reservoir can store and transfer multiple electrons without decomposition. For example, the 

Sakai group reported a series of viologen-decorated Pt(II) water reduction catalysts. The 

photogenerated high-energy electrons were temporarily collected in the tethered multiple 

viologen units, facilitating the catalytic cycle.[51–54,60] A similar technique was utilized in the 

current study, but instead of using viologen units as electron-reservoirs, POMs were 

employed. In the next section, POMs in photocatalytic hydrogen production and their role as 

both catalyst and as electron reservoir will be further discussed. 

 

1.4.2.2 POMs as a catalyst for HER 
 

POMs, have grown in importance in the field of photocatalysis, because of their synthetic 

flexibility, various redox characteristics, including light-driven redox chemistry, low cost, and 

minimal environmental effects.[61] POMs contains multiple catalytically active sites, including 

protons, oxygen atoms, and metals. Protons behave as Brønsted acids to enhance acid-

catalyzed processes. The surface oxygens of POM catalysts can function as active sites in base-
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catalyzed processes. Some oxygen atoms on the surface of POM anions with a high negative 

charge are basic enough to react with protons and even extract active protons from organic 

substrates. In addition, the metal atoms of the POMs are active sites in oxidative reactions.[62] 

UV or near-visible light can stimulate POMs anions in their ground states. The presence of 

high-energy light causes charge transfer from an oxygen atom to the d0 transition metal. The 

creation of a hole at the oxygen atom and a trapped electron centered at the metal atom is 

the result of this charge transfer. Excited-state POMs can therefore act as both electron 

donors and acceptors.[61,62] The well-defined HOMO and LUMO band gaps of POM anions 

prevent electrons and holes from recombining when they are irradiated with light of an 

energy greater than or equal to their band gap energy. As a result, the photogenerated 

electrons and holes can initiate a chemical process.[62] 

In recent years, visible light-induced H2 evolution using POMs as catalysts has been 

extensively studied. To date, several POM catalysts containing W, Mo and Nb have been 

evaluated for H2 evolution.[61,63–71]However, most of these POM catalysts cannot catalyze the 

process alone and co-catalysts are used to lower the overpotential for H2 evolution. Pt and Co 

complexes are the most used co-catalysts.[62,63] Furthermore, most POM catalysts require UV 

irradiation to be activated, although visible light activated POMs are in high demand from a 

practical standpoint. To overcome this problem, usually a photosensitizer is introduced into 

the catalytic system. As with the Pt(II) complexes mentioned above, the photosensitizer can 

be linked to the POMs either through intermolecular (electrostatic interaction, hydrogen 

bonding, or van der Waals forces) or intramolecular interactions (covalent or coordination 

bonds).[63–65, 67,69] 

Several research groups have lately focused on a single component system consisting of a 

photosensitizer covalently linked to POMs for photocatalytic application. Hasenknopf et al. 

developed POM-porphyrin complexes with intriguing electrochemical and photophysical 

characteristics that were effectively used to produce photocurrent under visible-light 

irradiation.[72–74]Based on POM-porphyrin complexes, there is pronounced fluorescence 

quenching, which suggests that the excited porphyrin unit and the POM framework have a 

strong electronic connection.[72] Fast electron transfer from the excited metalloporphyrin to 

the polyoxometalate did indeed result in a charge-separated state with a ns time scale. Proust 

and Izzet established significant progress in the realm of covalently linked POM-

photosensitizer dyads by effectively connecting organosilyl functionalized Keggin derivatives 
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to ruthenium and iridium photosensitizers (Figure 11).[42][69] Electrochemical studies indicated 

that the redox characteristics of the dyads are highly adjustable by the structural POM class 

used as an electron acceptor. In addition, transient absorption spectroscopy combined with 

spectroelectrochemical experiments revealed the presence of a photoinduced electron 

transfer from the iridium photosensitizer to the polyoxometalate. This photoreduction of the 

polyoxometalates resulted in the successive formation of one- and two-electron reduced 

species. Hence, the system was tested for visible light driven hydrogen evolution. The system 

showed a remarkable catalytic hydrogen production for over one week without degradation 

(TON = 41).[42, 69,75] 

 

 

Figure 11: Stepwise generation of a one-electron reduced species in Dawson-iridium dyad. The absorption of 
visible light leads to a charge-separated state. Color scheme: blue polyhedra: W, magenta polyhedra: P, red: O. 
D= sacrificial electron donor. (Modified according to literature.[69])  

 

Our team has lately carried out another comparable investigation. Anderson 

polyoxometalates were functionalized with an Ir(III) photosensitizer through covalent 

attachment (Ir-POM). Emission spectroscopy revealed strong emission quenching of the Ir(III) 

unit in the covalent dyad, indicating an efficient electronic coupling of both components. 

Consequently, Ir-POMMn was used as a catalyst for homogenous visible-light-driven hydrogen 

evolution. The covalent dyad was able to catalyze continuous hydrogen evolution over several 

days without substantial loss of activity (TON 80) in the presence of both an electron donor 

(TEA, triethyl amine) and a proton source (acetic acid). When the non-covalent reference 

system was evaluated under same circumstances, significantly reduced HER activity was 

reported, indicating that the covalent dyad is the superior HER catalyst under these 

conditions.[67,68] 
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One advantage of the photosensitizer-POM dyad system is the selective tunability of each 

component. The reactivity of the mentioned above Ir(III)-POM system was tuned through 

incorporating various transition metals in the Anderson POM, which would affect the 

electronic structure of the cluster. The visible-light driven HER for a series of dyads based on 

Ir-photosensitizers and metal-functionalized Anderson anions [M’Mo6O18((OCH2)3CNH2)2]3- 

(M’ = Mn3+, Fe3+, Co3+) was investigated. Over many days, hydrogen evolution was measured 

for all three dyads; however, substantial variations in catalytic activity were found, based on 

the turnover numbers obtained. Ir-POMMn showed major HER activity (TON = 80) compared 

to Ir-POMCo (TON = 34) and Ir-POMFe (TON = 20). The HER results were correlated to the 

emission quenching and electronic structures of the catalyst units [MnMo6], [FeMo6] and 

[CoMo6]. The emission quenching results showed minor quenching for both Ir-POMFe, Ir-

POMCo, whereas significantly higher emission quenching was noted for Ir-POMMn. Theoretical 

investigation of the native clusters provided LUMO energies as 3.95 eV for [MnMo6], 4.58 eV 

for [CoMo6] and 4.74 eV for [FeMo6]. Both emission quenching and electronic structure 

analysis support the high HER reactivity of the Ir-POMMn compared to Ir-POMFe and Ir-POMCo 

dyad.[68,69, 71,72] 

Figure 12: Synthesis of the POM-photosensitizer dyads starting from bipyridine functionalized Anderson anions 
[M‘Mo6O18{(OCH2)3CNCH(C11H9N2)}2] with M’ = Mn3+, Fe3+, Co3+, and [Ir(ppy)2(μ-Cl)]2 dimer. Coordination of the 
Ir-photosensitizer results in the formation of photosensitizer-catalyst dyads Ir-POMMn, Ir-POMFe and Ir-POMCo. 
Color scheme: blue polyhedra: Mo, magenta polyhedra: replaceable transition metal M’= Mn3+, Fe3+, Co3+, blue: 
N, red: O. (Modified according to literature.[67]) 
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Despite the advantages of single-component photosensitizer-catalyst dyads, building such a 

system is a difficult task. On the other hand, building a multi-component system comprised 

of a photosensitizer and a catalytic unit interacting via supramolecular interaction is 

straightforward. Different studies have been conducted to investigate the association of a 

photosensitizer with the POM through electrostatic interaction. The photocatalytic ability of 

these systems is then studied for different applications, including photocatalytic hydrogen 

evolution.[42,79–85] Photocatalysis with polyoxometalates electrostatically associated to 

porphyrins under visible light were evaluated.[80,85–87] Steady-state absorption, fluorescence 

emission, and transient absorption spectroscopy measurements proved the existence of a 

charge transfer from the porphyrin to the Dawson sandwich POM. The formation of reduced 

POM after an excitation in the visible range allowed the use of these systems as a 

photocatalyst.[85] 

 

Figure 13: Representation of a photocatalysis system components including tetracationic porphyrin 
[ZnTMePyP]4+ (left) and Dawson-derived sandwich complexes [M4(H2O)2(P2W15O56)2]n- (n = 16 for M= Zn(II), Ni(II) 
and n = 12 for M = Fe(III)) (right). Color scheme: blue polyhedra: W, magenta polyhedra: P, green polyhedral: 
replaceable transition metal M=  Zn(II), Ni(II), Fe(III). (Modified according to literature.[85]) 

 

In addition to porphyrin, photosensitizers such as [Ru(bpy)3]2+ have been used in association 

to the polyoxometalates through electrostatic interaction. Photophysical and spectroscopic 

studies of cluster ion formation between [Ru(bpy)3]2+ and [S2Mo18O62]4- or [S2W18O62]4- 

indicated that quenching of [Ru(bpy)3]2+ by [S2Mo18O62]4- or [S2W18O62]4- occurs via a purely 
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static mechanism. Steady-state spectra indicated efficient quenching of the 3MLCT of 

[Ru(bpy)3]2+. The formation of a short-lived charge separated [Ru(III)-(bpy)3]3+-[S2Mo18O62]5- 

species was confirmed through transient spectroscopy.[82,83]  

In a different study, a three-component system, consisting of [Ru(bpy)3]2+ as a 

photosensitizer, triethanolamine (TEOA) as a sacrificial electron donor, and a tetra-

manganese-containing V-centered polyoxotungstate, Na10[Mn4(H2O)2(VW9O34)2], as a 

catalyst, was evaluated for photocatalytic hydrogen production. The system showed an 

oxidative quenching mechanism, with enhanced hydrogen evolution capability under higher 

pH and a higher [Ru(bpy)3]2+ concentration.[64]  

 

1.5 Organofunctionalized Polyoxometalates as a building block for 

Supramolecular aggregates 
 

Functionalization of polyoxometalates using organic ligands has given rise to a variety of 

organic–inorganic hybrid materials.[12,88,89] One important role of the organic 

functionalization of the POMs is to create an anchor between the POMs and their 

surroundings. The organic moiety can be used for scaffolding POMs by metal coordination to 

organic ligands that are covalently attached to the POMs.[90,91] The formation of a POM-3D 

network enables the transition from homogenous to heterogeneous catalysis, as the different 

components of the catalytic system can be incorporated in close proximity inside the POM 

matrix. This matrix could be a polymer or a gel.[89,90,92] 

Gels are viscoelastic solid-like materials that are made up of an elastic cross-linked network 

and a solvent, which is the main component. The trapping and adherence of the liquid in the 

vast surface area of a gel gives it a solid-like 3D matrix look. The 3D matrix is formed through 

the cross-linking of polymeric strands of macro molecules by physical or chemical forces. The 

solvent is usually immobilized in the formed 3D matrix through surface tension effects.[93]  

The solvent can be organic solvent to give organogels, or water to give hydrogels.[94] The gels 

formed through physical forces are referred to as physical gels or supramolecular gels. 

Supramolecular gels have just recently begun to be actively researched, and their various 

applications in diverse fields such as sensors, optical technologies, electronic devices, 

biomaterials, and organic-inorganic hybrid materials have been realized.[89] Supramolecular 

gels are usually derived from low molecular weight gelators (LMWGs). They are formed 
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through self-aggregation of the small gelator molecules to form entangled self-assembled 

fibrillar networks through a combination of non-covalent interactions like H-bonding, pi-pi 

stacking, donor-acceptor interactions, metal coordination, solvophobic forces, and van der 

Waals interactions.[93,95,96] The weak strength of these bonds results in a reversible gel that 

easily transforms into a fluid by heating, pH change, addition of a co-solvent or physical stress 

(e.g., shaking). An extraordinarily diverse range of compounds can act as LMWGs. Common 

examples include bis(ureas) and amides, fatty acids, steroids and porphyrins.[97] 

     

Figure 14: The formation of supramolecular gel. Self-aggregation of the gelator molecules through non-covalent 
interaction forms fibrillar 3D network. The solvent is immobilized in the formed 3D matrix. 

 

As seen in section 4, the combination of polyoxometalates with organic molecules has given 

rise to a variety of organic-inorganic hybrid materials. This organo-functionalization of 

polyoxometalates allowed them to enter the world of metallogels.[91,98,99] The incorporation 

of POMs into different self-assembled systems in solution and the modulation of POMs in 

activated gel states are significant to overcome their poor processability and low miscibility 

with organic matrices. Gelation of organo-functionalized POMs can be achieved by different 

strategies. In one approach, POMs are covalently incorporated in the backbone or as a 

pendant group of the organic polymer.[99] In another approach, POMs are encapsulated with 

a surfactant to generate POM-containing supramolecular organogels.[88]  In a third, approach 

a covalently organo-functionalized POMs is coordinated to metal atoms that caused the 

scaffolding of the POMs into gel material.[91]  
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For the third approach, which is most related to the current work, Roux et al have prepared 

an Anderson POM that is covalently functionalized with a pyridine ligand. The coordination of 

the Pd(II) to the pyridine resulted in the formation of a transparent and birefringent gel.[91] 
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2 Objectives  
 

In recent decades, research into the organofunctionalization of polyoxometalates has 

increased dramatically, driven by a general increase in the design of inorganic-organic hybrid 

molecules, and by the recognition that organofunctionalized POMs can be versatile 

compounds in scientifically and societally important fields of research. Despite significant 

attempts to develop convenient synthetic techniques for covalently linked POM-based 

hybrids, electrostatic coupling between POM and the organic counterpart remains the most 

common approach, due to the challenging synthesis of covalent POM-based hybrids. Both 

covalent and supramolecular POM-based hybrid systems have respective advantages in 

catalysis, and – in the context of solar energy conversion – have been explored with a focus 

on HER. In a covalently connected photosensitizer-catalyst system, the arrangement of the 

components is spatially or even geometrically fixed. As a result the reaction is not dependent 

on collision-induced charge-transfers which often dominate and negatively affect processes 

in non-covalently coupled systems. On the other hand, a supramolecular system is 

significantly simpler to assemble since it may be formed by just mixing the components. 

The first focus of this thesis is to study the photophysics of a covalently linked Ir-POM dyad 

with the aim of understanding the various aspects affecting the charge separation and charge 

recombination. Through the variation of the central atom in the POMM (M= Mn3+, Co3+, Fe3+), 

and the variation of the linker between the Ir photosensitizer and the POM (C-C or C=N 

linkage), we aimed to understand the relation between the photophysics and the 

functionality as HER catalyst of the two systems.  

The second focus of this thesis is the development of a polyoxometalate-based 

supramolecular dyad consisting of two platinum-complex hydrogen evolution catalysts 

covalently attached to an Anderson polyoxomolybdate anion. The dyad’s supramolecular 

electrostatic attachment to an iridium photosensitizer can be used to enable visible light-

driven hydrogen evolution. Theoretical and experimental evidence used to demonstrate the 

POM's multifunctionality as a photosensitizer/catalyst binding site, facilitating light-induced 

charge transfer and catalytic turnover. As the chemical environment affects the reactivity of 

the catalyst, chemical alteration of the Pt-catalyst site increases the efficiency of hydrogen 

evolution. Therefore, by incorporating two different anions, chloride and iodide, into the 
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POM-PtX (X = Cl or I) framework our goal is to study and compare their different 

photocatalytic performance. Mechanistic investigations offered insight on the various 

components' roles and provided a molecular knowledge of the interactions that regulate 

stability and reactivity.  

An additional study represented in this work includes the investigation of a POM gel hybrid 

material. The goal of this study is to develop a hybrid POM network that can be used as a 

substrate for heterogeneous photocatalytic HER through the incorporation of various 

catalytic components in the gel network. The coordination of 

tris(hydroxymethyl)aminomethane (tris) moieties to the Anderson POMs allowed the 

formation of a supramolecular gel. Tris-functionalized Anderson POM is coordinated to Zn(II), 

which caused the instantaneous scaffolding of the POMs into gel materials.  

3 Results and Discussion  
 

3.1 Yield—not only Lifetime—of the Photoinduced Charge-Separated State 

in Iridium Complex–Polyoxometalate Dyads Impact Their Hydrogen 

Evolution Reactivity 
 
Photosensitizer–polyoxometalate (PS-POM) dyads with covalently linked photosensitizers are 

potential chemical systems for light-induced energy conversion processes including solar 

hydrogen generation.[68,69] So far, little is known about their fundamental photophysical 

properties, which influence the systems catalytic reactivity and stability.[42] The lifetime of the 

charge separated states (CSS) of these systems is considered crucial for the enhancement of 

their functionality.[42,69] In order to extend the lifetime of the generated excited state, 

different strategies can be employed, including the tuning of the PS photophysics or the 

tuning of the POM redox properties.[100–102]  

Previously reported PS-POM dyads based on cyclometalated Ir(III) complexes covalently 

linked to Anderson-type polyoxometalate showed distinct hydrogen evolution reactivity 

(HER), which could be tuned by varying the central metal ion M of the POMM (M = Mn3+, Co3+, 

Fe3+).[67,68] It was found that all Ir-POMM dyads displayed hydrogen evolution reactivity (HER) 

in the presence of triethyl amine as a sacrificial electron donor and acetic acid as the proton 

source. The HER activity decreased from Ir-POMMn (TON = 80, measured over an irradiation 

period of seven days) to Ir-POMCo (TON = 34) to Ir-POMFe (TON = 20).[67,68]  
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Electrochemical data and DFT calculations indicated that the central M alters the redox 

properties of POMM through the alteration of the LUMO energy. This modulation of the LUMO 

energy affects the driving force for the electron transfer, and hence distinct rate constants 

for charge separation (different Ir•+-POMM
•- yield) and charge recombination (stability of the 

Ir•+-POMM
•-).[68]  

In this work, a detailed photophysical study was conducted on the aforementioned Ir-POMM 

system in order to explore the charge separation and charge recombination underlying the 

varying HER activities. A combination of nano- and femtosecond time resolved spectroscopy 

with the steady state and time resolved emission spectroscopy shed light on the importance 

of the yield of the charge separated state on the overall catalytic activity of Ir-POMM. 

The steady state emission spectra for the three Ir-POMM dyads were recorded and compared 

to that of Ir, that is, [Ir(bpy)(ppy)2](PF6). The emission intensity from the Ir(III) unit is 

significantly decreased in Ir-POMMn, Ir-POMFe and Ir-POMCo (by 86, 79, 58 %, respectively).   

Combining the Ir(III) complex with the POMM affords additional non-radiative decay channels 

for the excited Ir-POMM dyads, as seen by the partly quenched emission (Figure 15).  

 

 

 
Figure 15: Normalized UV/Vis absorption spectra (isoabsorbing at 400 nm, OD400 nm=0.08) and normalized 
emission spectra (dashed line, divided by the emission maximum of Ir in aerated DMF. The metal oxo core of 
the Anderson-anion is [MMo6O24] (M=Co3+, Fe3+, Mn3+). Color code: [MoO6] octahedra, blue; metal cation M, 
cyan. POM and Ir(III) complex are covalently connected via a -C=N- (imine) bond.[77] 
 
 

The non-radiative decay pathways within the Ir-POMM dyads were studied and compared with 

Ir using femtosecond transient absorption (fs TA). The fs TA spectra of Ir upon excitation of 

the singlet metal-to-ligand charge transfer (MLCT) states consists of a broad excited-state 

absorption (ESA) spanning from 350 to 750 nm, corresponding to the absorption of 3MLCT 
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states in the photosensitizer, and it is observed immediately upon photoexcitation. On a sub-

10 ps scale two bands at 375 and 500 nm increase. Referring to the spectroelectrochemical 

data (Figure 16 (c), orange dashed line), the band at 375 nm is assigned to the absorption of 

the reduced bpy ligand (Figure 16 (a), (b)). Its increase at early times is attributed to 

interligand electron transfer (ILET) from an upper-lying 3MLCTppy state to the lower-lying 

3MLCTbpy state. 

In comparison, the Ir-POMCo and Ir-POMMn initially (i.e. at 0.4 ps after photoexcitation) display 

similar transient absorption features as Ir. However, between 0.4 and 10 ps, the dyads reveal 

spectral changes different to Ir (Figure 16 (d), (g)). The first difference is that the evolution of 

the ESA band in the visible region is faster in the dyads than in the Ir. Secondly, the ESA band 

in the UV region decreases instead of increasing as observed for Ir. This decrease reflects the 

formation of the charge separated state, that is, Ir•+-POMM
•- (Figure 16 (e), (h)). 

The one-electron-reduced POMM (i.e. POMM
•-) has a negative absorption below 400 nm, 

which apparently compensates the positive absorption signal of bpy•-. 

The decay-associated spectra (DAS) and the corresponding characteristic time constants 

revealed two kinetic components for the Ir. The first component associated with τ1 = 1.1 ps is 

assigned to vibrational relaxation within the 3MLCT involving both bpy and ppy. The second 

component associated with τ2 = 11 ps is assigned to ILET from a 3MLCTppy to a 3MLCTbpy (Figure 

16 (c)). Referring to the DAS of the Ir-POMM dyads, the spectra of the fastest component with 

τ1 = 0.5 ps resemble the spectral shape of τ1 in Ir. However, there is a slight red shift and a 

broader negative feature compared to the DAS in Ir. Specifically, in the dyads an increase of 

the transient absorption at 550 nm is associated with the τ1-component (Figure 16 (f), (i)), 

which is not present in Ir. This ESA increase is due to the absorption of the reduced form of 

POMM (i.e. POMM
•-) combined with possible contributions from the oxidized Ir(III) center. 

Notably, the intensities of the TA signal at 550 nm in DAS (τ1), which accounts for the charge-

separation process, vary within the set of dyads (see Figure 17). Namely, ΔAbs at 550 nm in 

Ir- POMMn is roughly 2 times as high as that in Ir-POMCo. This indicates different yields of Ir•+-

POMM
•- being generated in the dyads; the yield of Ir•+-POMM

•- decreases in the order Ir-

POMMn> IrPOMFe > Ir-POMCo.  
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Figure 16: fs transient absorption spectra at selected delay times (left), selected kinetic traces with 
corresponding fit (middle) and decay-associated spectra (DAS) resulted from the global fit of the fs TA data (right) 
obtained upon excitation at 400 nm in aerated DMF for (a–c) Ir, (d–f) Ir-POMCo and (g–i) Ir-POMMn. The orange 
dashed line in (c) is the spectroelectrochemical UV/Vis absorption difference spectrum of the reduced bpy 
ligand. The black dashed line in (f) is the infinite component in Ir. The grey line shows the simulated absorption 
spectrum of Ir•+-POMCo

•- and Ir•+-POMMn
•- according to the spectroelectrochemical results. These spectra were 

arbitrarily scaled to integrate into the Figure. In (i) an enlarged amplitude (by a factor of 2.8) of the infinite 
component is shown for comparison.[77] 

 

The 11-ps-component related to ILET in Ir is absent in the dyads. Instead, a hundreds of ps 

component is apparent, that is, τ2 = 540, 430 and 290 ps for Ir-POMCo, Ir-POMFe and Ir-POMMn, 

respectively (Figure 16 (f), (i)). This component reflects the decay of the charge-separated 

state Ir•+-POMM
•-. 

In addition to τ1 and τ2, all dyads reveal a long-lived state. The nature of this long-lived state 

was assessed by ns TA Spectroscopy. In the dyads, the ns TA signal decays mono-exponentially 

with a characteristic time constant of 120 ns. The 120 ns-component in Ir-POMM resembles 

the key spectral features of the 100 ns-component in Ir. Thus, we assign the 120 ns-

component to the decay of the 3MLCTbpy state.  
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Figure 17: Comparison of the normalized (at 517 nm) decay-associated spectrum (DAS, associated with τ1) in 
Ir-POMM.[77] 

In order to correlate between the photophysical study explained above and the hydrogen 

evolution results, the diffusion-limited rate constant of the sacrificial donor for quenching was 

calculated and is found to be about 7.6x109 s-1. This rate corresponds to a characteristic time 

constant of 126 ps. This indicates that the characteristic lifetimes of the Ir•+-POMM
•- (τ2 = 290 

-540 ps) provides a sufficiently large temporal window for the interaction with the sacrificial 

donor, yielding Ir-POMM
•- as an essential intermediate in the photocatalytic cycle. Based on 

this, the quenching efficiency by the sacrificial donor is estimated to be 70 and 80% in Ir-

POMMn and Ir-POMCo, respectively. However, the HER activity of Ir-POMMn (TON = 80) was 

reported to be 2.4 times as high as that of Ir-POMCo (TON = 34). Referring to that, it seems 

that the HER is not governed by the lifetimes of the charge-separated state Ir•+-POMM
•-. 

Instead, this study suggests that the yield of Ir•+-POMM
•- plays an important role in the 

catalytic capacity of Ir-POMM. As already seen from the fs TA, the yield of Ir•+-POMMn
•- is 

roughly twice the yield of Ir•+-POMCo
•-. This is consistent with the ratio of the HER activity of 

the respective dyads. So not only the lifetime but also the yield of the CSS should be 

considered to obtain catalytically efficient PS-POM dyads. Moreover, to improve the yield of 

the CSS, it might be useful to increase either the driving force or the electronic coupling 

between the PS complex and the POM to accelerate the charge separation process. This could 

be achieved by decreasing the distance between the PS and the POM or using a different POM 

that is easier to reduce. 

According to the fs TA and ns TA results mentioned above, the photophysical properties of 

the Ir-POMM system can be summarized in scheme 2.  
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Scheme 2. Simplified energy-level diagrams for the decay of the 3MLCT states of Ir-POMCo (orange), Ir-POMFe 
(pink) and Ir-POMMn (blue). The equivalent time constants for dyads are shown in black. According to the 
electrochemical results, the energetic level of Ir•+-POMM

•- is estimated to be 2.25~2.35 eV in DMF.[67,68] The 
energetic level of the thermalized 3MLCTbpy state can be estimated from the steady-state emission spectrum of 
[Ir(ppy)2(bpy)]+. At 77 K, the emission maximum is at 532 nm (2.33 eV) for [Ir(ppy)2(bpy)]+ (3MLCTbpy is the lowest 
state) in frozen 2-MeTHF.[77,103] 

 

These results were published in “Yield—not only Lifetime—of the Photoinduced Charge-

Separated State in Iridium Complex–Polyoxometalate Dyads Impact Their Hydrogen Evolution 

Reactivity”, Yusen Luo, Salam Maloul, Stefanie Schönweiz, Maria Wächtler, Carsten Streb, 

Benjamin Dietzek, Chem. Eur. J. 2020, 26, 8045-8052. Detailed information is provided in Chapter 

6.1. 
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3.2 Organic linkage controls the photophysical properties of covalent 

photosensitizer–polyoxometalate hydrogen evolution dyads 

 

Selective tuning of catalyst reactivity and catalyst-photosensitizer interactions generally 

require an extensive knowledge of the system. For our studied Ir-POM dyad, tuning of the 

different components resulted in different HER activities. In a different study of our own, the 

variation of the central heteroatom in the POM resulted in the variation of HER 

activities.[67,68,77] This was attributed not only to the charge separated state lifetime, but also 

to the charge separated state's yield.[77] In this study, the effect of a minute variation of the 

chemical linkage between the Ir(III) photosensitizer and the POM catalyst on the 

photophysical properties and as a result on the HER activity have been evaluated.  

The two different linkages between the PS and the POM including the imine (C=N) and the 

direct (C-C) linkage give access to the structurally closely related compounds 1 and 2, see 

Figure 18.[104]  

Under identical conditions, the visible light-driven HER activity of 1 and 2 was compared. As 

shown in Figure 18 (a), both 1 and 2 showed sustained HER activity over the course of several 

days. However, the HER activity of 1 was significantly higher than that of 2. After 30 hours of 

irradiation, 1 gave catalyst-based turnover numbers (TON = n(H2)/n (catalyst)) of ≈ 49, while 

2 gave TONs of ≈ 30 (39% lower than 1), highlighting that under the given conditions, 1 is the 

superior HER catalyst. In order to understand this different HER activity, a detailed 

Photophysical study was conducted.  

The interaction between the photo-excited Ir-photosensitizer and the POM was initially 

evaluated by steady-state emission spectroscopy. Upon excitation of the 1MLCT transition in 

the Ir(III) complexes, the emission of 2 decreases by 86% compared to the reference Ir, that 

is, [Ir(bpy)(ppy)2](PF6). In 1, the emission stemming from a 3MLCT state in the Ir-

photosensitizer is more effectively quenched, i.e. an emission decrease of 99% is observed 

(Figure 18 (b)). This finding can be interpreted as evidence for a more efficient electron 

transfer from photo-excited PS to POM in 1.  
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Figure 18: (a) HER activity of the covalent dyads 1 (blue) and 2 (red) as well as the non-covalent reference Ir/POM 
(grey). For the non-covalent system, the concentration ratio of Ir and POM is 2. (b) Normalized UV/vis absorption 
spectra of the samples (isoabsorbing at 400 nm in DMF, OD400nm = 0.08) used for steady-state emission 
measurements (dashed lines; normalized by dividing the intensity maximum of Ir). For molecular structures, the 
color code is: [MoO6] octahedra, blue; metal cation Mn, cyan. Note: In 1, Ir(III) complex and POM are linked by 
a C-C-bond, while in 2 the two parts are connected via a C=N linker.[76] 

 

To learn more about the effect of linkers on the photophysical properties of dyads, the 

photoinduced dynamics in 1 and 2 were investigated by fs transient absorption (TA) 

spectroscopy. In general, for 1, 2 and the reference Ir, excitation at 400 nm initially populates 

singlet metal-to-ligand charge transfer (1MLCT) states distributed on the ppy and bpy ligands.  

This is also in agreement with the resonance Raman spectra, which show that upon 

photoexcitation of 1 and 2, both ppy and bpy associated Raman bands are observed (Figure 

19 (a)). 

Following optical excitation, ultrafast intersystem crossing (ISC) populates 3MLCT states 

localized on both the ppy and the bpy ligands on a timescale faster than 100 fs. The relaxation  

processes of the 3MLCT states have major differences between the different systems. 

The fs TA of both 1 and Ir showed similar relaxation pathways at short delay times, i.e. within 

10 ps after photoexcitation (Figure 19 (d)). However, the photoinduced kinetics of 1 diverge 

markedly from those reported in Ir at longer delay durations, where the total TA signal stays 

unaltered up to 1.7 ns. On the other hand, 1 shows a substantial decline of the TA spectra, 

which does not modify the overall shape of the ESA bands. 

Looking at the fs TA of dyads 2, rather different spectral changes are observed at short delay 

time (10 ps). The prominent ESA band at around 375 nm corresponds to bpy–  which is 

present in the ESA for both 1 and Ir is absent in 2 (Figure 19 (b)). In addition, 2 displays a 
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stronger TA signal than 1 and Ir between 530 and 750 nm (Figure 19 (b)). These two 

observations are rationalized by the formation of the reduced POM, i.e. the generation of a 

charge-separated state Ir•+-POM•–. Thus, excitation of 2 leads to fast charge separation within 

10 ps. The different spectral evolution between 1 and 2 within the first 10 ps (Figure 19 (b)) 

points to distinct decay paths available for the initially excited 3MLCT state in these two dyads. 

 

Figure 19: (a) Resonance Raman spectrum of 1 and 2 in DMF with excitation wavelength at 405 nm. Color code: 
ppy associated band in blue dashed line; bpy associated band in green dashed line. (b) fs transient absorption 
(TA) spectra of 1 at certain delay times collected upon excitation at 400 nm in aerated DMF. For comparison, the 
fs TA spectra of Ir at 0.4 and 1.0 ps as well as the fs TA spectrum of 2 at 10 ps were added with scaling. (c) Decay-
associated spectra (DAS) resulted from the global fit of the fs TA data of 1. (d) Comparison of the kinetic traces 
at 375 and 500 nm for 1 and Ir. (e) Comparison of the first DAS of 1 with the first two DAS of Ir and the first DAS 
of 2. (f) Comparison of the second and infinite components in 1 with the infinite component in Ir and the second 
DAS of 2. [76] 

 

Looking at the decay-associated spectra (DAS) of the first component in 1 (τ1 = 0.5 ps, Figure 

19 (c)) it resembles the first two DAS of Ir in separate spectral regions (τ1 = 1.1 ps, τ2 = 11 ps) 

(Figure 19 (e)). 

It seems that τ1 = 0.5 ps in 1 represents a mixture of the two relaxation processes of the 

excited MLCT states observed for Ir, i.e. vibrational relaxation within the hot 3MLCT states (τ1 

= 1.1 ps, Ir) and interligand electron transfer (ILET) from the upper-lying 3MLCTppy to the 

lower-lying 3MLCTbpy state (τ2 = 11 ps, Ir). Thus, the thermalized low-lying 3MLCTbpy state is 

formed in 1 with a faster rate than that in Ir. The situation in 2 is rather different. The DAS (τ1) 

shows an additional negative feature at 550 nm associated with the absorption of POM•–  
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(pink dashed line, Figure 19 (e)) Thus the kinetic process in 2 associated with τ1 = 0.5 ps is 

attributed to the formation of the charge-separated state Ir•+-POM•–. 

At a longer delay time (τ2 = 180 ps) 1 showed a DAS similar to the infinite component observed 

for Ir. The corresponding kinetic component is associated with the decay of the thermalized 

low-lying 3MLCTbpy state back to the ground state. The significantly accelerated decay of the 

3MLCTbpy state in the presence of the POM unit may hint at the transient formation of the 

charge-separated state Ir•+-POM•–. 

The photophysical data discussed above allowed us to suggest a photophysical model for the 

excited state deactivation pathways in 1 and 2. For dyad 2 , the electron transfer occurs from 

the vibrationally hot 3MLCT states on a sub-ps timescale and the CSS Ir•+-POM•– does not 

occur from the vibrationally relaxed 3MLCT state. Cooling within the 3MLCT manifold 

competes with the electron transfer to the POM. However, for 1, the charge separation from 

the thermalized low lying 3MLCTbpy is possible and occurs with a characteristic time constant 

of 180 ps. 

 

Scheme 3. Illustration of the photoinduced processes in 1 and 2 according to the fs / ns TA results. For 1 (left), 
the cooling of the hot 3MLCT states and the interligand electron transfer (ILET) process cannot be kinetically 
distinguished (τ1 = 0.5 ps in Figure 19c). For 2 (right), charge separation (CS) occurs concertedly with vibrational 
energy dissipation (τ1 = 0.5 ps).[76,77] 

 

Thus, using the imine linker increases the rate of excited-state electron transfer from the Ir-

photosensitizer to the POM. Increased electronic coupling between the Ir-photosensitizer and 

the POM acceptor might be due to the electron-withdrawing effect of the imine bond, this 
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effect leads to the shift of the charge density on the bpy ligand towards the POM, and this in 

turn induces stronger electronic interaction between the donor and the acceptor.  

The increased charge separation rate in 2 does not imply an increase in charge separation 

efficiency. The charge separation efficiency was estimated for 1 and 2 based on the steady 

state emission quenching measurement, and estimated to be 99% and 86%, respectively. 

The increased HER activity of 1 compared to 2 might be (partially) attributed to the slightly 

higher charge-separation yield of 1 compared to 2 (99% vs. 86%, respectively). 

In the HER, the resultant charge separated state Ir•+-POM•– reacts through collision with the 

sacrificial electron donor to form the Ir-POM•– intermediate. For the specific experimental 

conditions used in the HER experiment, a diffusion limited time constant of 126 ps was 

calculated.[77] For dyad 2, the charge separation occurs much more rapidly (0.5 ps) and the 

decay of the charge separated state occurs within 290 ps , this indicates that the intermediate 

Ir-POM•–  is generated through the reductive quenching of the charge separated state Ir•+-

POM•–.  

For 1, the formation of Ir-POM•– intermediate is more complex. Two ways are possible, on 

one hand, the 3MLCTbpy state can be reductively quenched by a sacrificial donor as the 

diffusion limited bimolecular collision occurs kinetically on the same timescale as 

intramolecular electron transfer (126 vs. 180 ps). The quenching of the 3MLCTbpy is then 

followed by electron transfer from bpy–   to the POM in a thermally driven ground state 

reaction. On the other hand, intermolecular collision of the Ir•+-POM•– with a sacrificial donor 

is still possible, since the charge-separated state Ir•+-POM•– is the rate-limiting step in the 

excited-state deactivation path of 1. 

Based on the previous discussion, time-resolved photophysical studies revealed that minor 

changes in the linker structure can result in fundamental differences in the excited-state 

topology of the dyads as well as orders of magnitude changes in intramolecular electron 

transfer rates and excited-state lifetimes. Thus, an insight into the critical photophysical 

properties of the dyads provides a method to optimize the covalent PS-POM dyads for HER 

catalysis. 

These results were published in “Organic linkage controls the photophysical properties of 

covalent photosensitizer–polyoxometalate hydrogen evolution dyads”, Yusen Luo, Salam 

Maloul, Patrick Endres, Stefanie Schönweiz, Chris Ritchie, Maria Wächtler, Andreas Winter,  
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Ulrich Schubert, Carsten Streb, Benjamin Dietzek, Sustain. Energy Fuels 2020, 4, 4688–4693. 

Detailed information is provided in Chapter 6.2. 

 

3.3 Is electron ping-pong limiting the catalytic hydrogen evolution activity 

in covalent photosensitizer–polyoxometalate dyads? 

 
A key principle of carbon-free energy schemes is the conversion of solar energy into storable 

chemical energy, such as solar hydrogen. This necessitates the use of systems that enable the 

light-driven hydrogen evolution reaction (HER).[33] Several metal-complex or organic PSs have 

been covalently coupled to catalysts in recent decades,[68,70,87] providing model systems for 

studying the relationship between photophysics and catalytic turnover.[67–69, 76,77,101] One of 

the systems that have been recently developed by us is the Ir-POM dyads, the HER and the 

photophysics of this system have been studied,[68,69,71,74] and the effect of different 

components tuning have been evaluated (see above). However, our previous studies have 

focused on exploring the first light-induced electron transfer from PS to POM.[76,77] In contrast, 

virtually nothing is known on the second electron transfer from PS to POM, which is expected 

to result in the catalytic species capable of producing H2. 

In this study we investigated the two electron reduced species in two structurally related PS-

POM dyads.[104] The systems are based on an Ir-photosensitizer covalently linked to an 

Anderson POM by either C–C single bond (PS-CC-POM) or by C=N imine bond (PS-CN-POM). 

The HER and photophysics of the two systems were investigated in a separate study (see 

above).[76] Nevertheless, the classic fs TA studies didn’t provide information about the second 

photoinduced electron transfer i.e. PS*-POM•– 
 PS•+-POM2•– ultimately leading to the 

catalytic species POM2•–. 
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Figure 20: Structures and photophysical processes of the dyads investigated. The metal oxo core of the 
Anderson-anion is [MnMo6O24]. Color scheme: [MoO6] octahedra, blue; metal cation Mn3+, cyan; For PS-CN-
POM, POM and Ir(III) complex are covalently connected via a C=N (imine) bond. Transient-absorption pump 
wavelength (395 nm) is displayed as a purple line in the UV/Vis absorption spectrum of the non-reduced species 
in DMF. The singly-reduced POM does not absorb at 395 nm and only the photosensitizer in PS-POM•- is excited. 
The diagram shows possible steps for the light-driven hydrogen evolution. ET - electron transfer; SD - sacrificial 
donor.[78]  

 

In order to investigate the second photoinduced electron transfer, the singly reduced 

intermediate PS-POM•– needs to be accessible. This was achieved using electrochemical 

reduction at a glassy carbon electrode, at a constant potential of E = -1.1V. Then the one 

electron reduced intermediate was excited at 395nm to record the spectroscopic data (POM•– 

does not absorb at 395 nm).  

First, the fs TA spectra for the one electron reduced PS-CN-POM•– and PS-CC-POM•– was 

investigated. Both PS-CN-POM•– and PS-CC-POM•– at short delay times showed similar 

spectral evolution (Figure 21 (a) and 21(d)). The observed TA spectra resemble the typical 

features of the excited PS, i.e. an excited-state absorption (ESA) band below 380 nm and a 

broad ESA centered at around 480 nm (Figure 21 (a)). The absorption feature below 380 nm 

consists of contributions from the reduced bpy ligand (bpy•–) and the oxidized Ir center (Ir4+). 

However, at a longer delay time the signal decay was incomplete for PS-CN- POM•–, indicating 

a long-lived state being generated. Whereas for PS-CC- POM•–, the TA signal decays 

completely within 2 ns.  

From the decay associated spectra (DAS), two time-constants are used to describe the fs TA 

data. For PS-CN-POM•–, the first component τ1= 8.4 ps (Figure 21 (b)) represents reductive 
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quenching of the oxidized Ir center and interligand electron transfer from ppy•– to bpy. 

Therefore, the 8.4 ps component forms PS•–-CN-POM with the excess charge on the reduced 

PS-fragment residing on the bpy-ligand. This can be rationalized by reductive quenching of 

Ir4+ via backward electron transfer, i.e., PS*-CN-POM•– 
 PS•–-CN-POM, which is 

thermodynamically highly favorable.  

 

Figure 21: fs TA spectra of (a) PS-CN-POM•- and (d) PS-CC-POM•- at certain delay times collected upon excitation 
at 395 nm in DMF with 0.1 M (nBu4N)BF4 electrolyte. For comparison, the fs TA spectra of PS and non-reduced 
species PS-CN-POM and PS-CC-POM at 1.0 ps are added with scaling. (b) and (e) Decay-associated spectra (DAS) 
resulted from the global fit of the fs TA data. (c) Comparison of the integrated kinetics for PS-CN-POM•- and PS-
CN-POM (530 to 540 nm) and for PS-CC-POM•- and PS-CC-POM (525-535 nm). (f) Comparison of the first DAS τ 
= 8.4 ps in (b) and τ = 4.3 ps in (e) with the UV/Vis spectroelectrochemical absorption difference spectra of one-
electron reduced bpy ligand (bpy•-) and oxidized Ir3+ center (Ir4+). The UV/Vis-SEC results are arbitrarily scaled.[78]  

 

The second component τ2 = 180 ps represents the decay of PS•–-CN-POM, however, the decay 

does not completely recover the ground state (the electrochemically generated PS-CN-POM•–

). Instead, an infinite component which shows the spectral features of bpy •– (at around 500 

and 535 nm) and a negative signal below 440 nm (likely caused by POM•–) is observed (Figure 

21b). 

A similar fast process with τ1 = 4.3 ps was observed for PS-CC-POM•–, which also represent the 

backward electron transfer (Figure 21e and f). The second component with τ2 = 140 ps 

describes the decay of spectral signatures of the resulting PS•–-CC-POM to its ground state 

PS-CC-POM•–. Nevertheless, here no long-lived state was detected (Figure 21d).  

The appearance or the absence of an infinite component in PS-CN-POM•– and PS-CC-POM•–, 

respectively, might be due to conformational flexibility of the bond. The existence of various 
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conformers as a result of rotation around the angled C=N linker could enable a through-space 

partial charge-shifting, i.e. PS•–-CN-POM  PSδ--CN-POM(1-δ)-, and modified molecular 

geometry (compared with the ground state), this is suggested to lead to a longer lifetime. 

However, due to the lack of conformational flexibility of the C-C bond in PS-CC-POM•–, no 

long-lived state was detected. 

                                                    

Scheme 4: Energy-level diagram and the relaxation path of the intermediates in PS-CN-POM (blue) and PS-CC-
POM (red). The energy of the non-reduced species PS-POM is set to 0.00 eV. PS* corresponds to the lowest 
energetic 3MLCT state of [Ir(bpy)(ppy)2]+. Its energy is 2.40 eV according to the emission at 77 K.[103] Note: the 
electrochemically generated species PS-POM•- is the “ground state” in the TA-SEC measurements.[78] 

 

In conclusion, for both linkage types, C-C and C=N, fast backward electron transfer from 

POM•– to PS* exist. This process represents an obstacle for the light-driven hydrogen 

evolution, and it might be one of the factors limiting HER reactivity of the PS–POM dyads. 

Furthermore, the data shows the absence of electron transfer from PS* to POM•– to produce 

the fully charged POM, i.e. PS*– POM•–  
 PS•+– POM2•– . This is due to the second electron-

transfer step being energetically unfavorable in pure DMF (scheme 4). 

To increase the accumulation of charges on the POM, various methods such as the presence 

of protons and, possibly, a sacrificial donor can be used. Furthermore, a POM whose second 

reduction is not more difficult than the first should be used for PS-POM dyads. This would 

favor the second photoinduced (proton-assisted) electron transfer. In addition, slowing down 



 

[42] 
 

the intramolecular reductive quenching (from POM•– to PS*) by incorporating rigid molecular 

bridges would improve charge accumulation efficiency. 

These results were published in “Is electron ping-pong limiting the catalytic hydrogen 

evolution activity in covalent photosensitizer–polyoxometalate dyads?”, Yusen Luo, Salam 

Maloul, Maria Wächtler, Andreas Winter, Ulrich Schubert, Carsten Streb, Benjamin Dietzek, 

Chem. Commun. 2020, 56, 10485-10488. Detailed information is provided in Chapter 6.3. 

 

3.4  Multifunctional Polyoxometalate-Platforms for Supramolecular Light-

driven Hydrogen Evolution 
 

Pioneering research in the previous decade has revealed the promise of supramolecular 

catalysis for energy conversion and storage,[105,106] for example, in the domains of water 

oxidation,[107] CO2 reduction,[108] and the hydrogen evolution process (HER).[109] By combining 

a molecular catalyst with a molecular photosensitizer via electrostatic interaction, hydrogen 

bonding, or π-stacking, several supramolecular systems can be achieved.[60,110] The design of 

molecular platforms is a key approach in supramolecular energy conversion, including HER, 

since it allows for the integration of many functionalities into a single molecule.[35] 

Photochemical dyads utilize these concepts by integrating a photosensitizer, a charge-

transfer mechanism, and a HER catalyst in a single (supra)molecular structure.[35] 

In recent years, the concept of supramolecular dyads has been expanded to the field of 

molecular metal oxides, or polyoxometalates (POMs).[61] The covalent organo-

functionalization of POMs, in particular, has paved the way for the development of 

multifunctional platform molecules, in which several functions can theoretically be 

incorporated into a single POM.[111] 

A novel approach for supramolecular light-driven HER is described in this study. A Pt(II)-

complex HER catalyst is covalently functionalized with an anionic Anderson-type POM 

platform. The compound is then electrostatically coupled in solution with a cationic iridium-

photosensitizer (PS) to give the full supramolecular assembly (Figure 22). The activity of the 

system as a homogenous HER catalyst has been evaluated, and the photophysical properties 

were also studied.  
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Figure 22: Schematic illustration of the supramolecular photochemical system consisting of the anionic POM-
platform molecule that is covalently functionalized with a molecular Pt-HER catalyst for visible light-driven 
hydrogen evolution. The system is electrostatically coupled to a cationic photosensitizer (PS). SED: sacrificial 
electron-donor. Right: molecular structure of the POM-PtX-platform (X = Cl, I, shown here: X = I).[112] 

 

In this study, two compounds were synthesized and studied, POM-PtCl 

(nBu4N)3[MnMo6O18{(OCH2)3CNCH(C11H9N2)PtCl2}2] and POM-PtI 

(nBu4N)3[MnMo6O18{(OCH2)3CNCH(C11H9N2)PtI2}2] (Figure 22). The visible-light-driven HER 

activity of POM-PtI and POM-PtCl was examined using the photosensitizer [Ir(ppy)2(bpy)]PF6 

(PS). PS was chosen due to its cationic charge, and the literature-known ability for light-driven 

electron transfer to POMs.[69][78] Catalytic studies were performed in water-free, de-aerated 

DMF solutions containing the respective catalyst POM-PtX, the photosensitizer PS, triethyl 

amine (TEA) and acetic acid (HAc) as sacrificial proton/electron donors. The non-modified 

catalysts [Pt(bpy)Cl2]/ [Pt(bpy)I2] (25 µM) together with PS (125 µM) were used as references 

in control experiments.  

The HER activity of POM-PtCl and the reference [Pt(bpy)Cl2] were first investigated. Figure 23 

shows that under irradiation, H2 evolution increases linearly with time for both catalysts. 

Significant reactivity differences are observed after tirradiation = 10 h. The TONs for POM-PtCl 

reached ~540, whereas the reference [Pt(bpy)Cl2] only reaches a TON of around ~400.  

To boost the activity of the catalyst even further, the chloride ions on the Pt centers were 

replaced with iodide to form the POM-PtI cluster. When used for light-driven HER under the 

same conditions as described above, POM-PtI demonstrated significantly higher activity, with 

a maximum TON of around 740 after tirradiation = 10 h. (Figure 23).  
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Figure 23: Light-driven HER activity of POM-PtCl (red), POM-PtI (blue) and the reference compounds [Pt(bpy)Cl2] 
(black) and [Pt(bpy)I2] (gray), showing the hydrogen evolution TON (calculated per Pt center) over time. 
Conditions: solvent: water-free, de-gassed DMF containing TEA (1.0 M) and HAc (0.2 M). c(POM-PtX) = 12.5 µM; 
c([Pt(bpy)X2]) = 25 µM, c(PS) = 125 µM, irradiation: LED, λmax=470 nm, P ~ 40 mW cm-2.[112] 

 

Based on the data presented above, we propose that the increased activity of POM-PtCl and 

POM-PtI in comparison to non-covalently linked references is due to increased electrostatic 

attraction between the cationic PS and the anionic POM-catalyst. This could enable solution 

aggregation and charge-transfer. 

To understand the interaction between the PS and the POM-PtX catalyst, photophysical and 

theoretical studies have been performed. The emission quenching of the PS by either the 

POM-PtI or the sacrificial electron donor (TEA) have been evaluated. The steady-state 

emission spectra of PS (λexcitation = 420 nm) were measured upon addition of TEA or POM-PtI 

to a DMF of PS solutions (see Figure 24 a, c). The corresponding Stern-Volmer plots (Figure 24 

b, d) are analyzed by linear fitting.  
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Figure 24: (a) Emission quenching spectra of PS ([Ir(ppy)2(bpy)]+, 125 µM) as a function of [POM-PtI], and (b) 
corresponding Stern-Volmer plot; (c) emission quenching spectra of PS ([Ir(ppy)2(bpy)]+, 125 µM) as a function 
of [TEA], and (d) corresponding Stern-Volmer plot; Conditions: water-free, de-aerated DMF.[112]  

 

The resulting quenching rate constants (kq) were calculated and compared to the diffusion 

rate constant (kD), Table 1 summarizes these rate constants. Comparing kq and kD values, we 

conclude that for reductive quenching (PS*/TEA), kD is ~100 times higher than kq, indicating a 

quenching efficiency per encounter of ca. 1%. In contrast, for the oxidative quenching 

(PS*/POM-PtI) kD is ~10 times smaller than kq, indicating a quenching efficiency per encounter 

of formally >100%. 

Table 1: Summary of the quenching rate constants (kq) and diffusion rate constants (kD) for the interaction 

between the PS and TEA or POM-PtI.[112] 

Pairs kq (M-1s-1) kD (M-1s-1) 

PS*/TEA 7.1×107  7.7×109  

PS*/POM-PtI  8.4×1010  8.2×109 

 

Based on the previous results, an oxidative quenching of PS* must occur via both static and 

dynamic quenching. The interactions of the PS cation and the POM-PtI anion increase the rate 

of interaction beyond the frequency calculated for neutral reaction partners within the 

Collins-Kimball model. And a supramolecular pre-assembly of cationic PS and anionic POM-

PtI enables PS* quenching at significantly faster rates than the mutual diffusion. 

To support our photophysical study, DFT calculations were used to assess the interaction 

energies between the PS and POM-PtCl. They were compared with a reference system of 
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[Pt(bpy)Cl2] (charge-neutral) and the tris-functionalized prototype Anderson anion 

[MnMo6O18{(CH2O)3CNH2}2]3- (POM-Ref). The interaction energies between the PS and the 

different systems are summarized in Table 2. 

Table 2: The interaction energies (in KJ/mol) obtained with DFT calculations between the PS and the reference 

with neutral charge [Pt(bpy)Cl2], tris-functionalized prototype Anderson anion and the studies catalyst POM-

PtCl.[112]  

Interaction couple interaction energies (kJ/mol) 

PS / [Pt(bpy)Cl2 -48 

PS / POM-ref -76 

PS / POM-PtCl -77 

 

The interaction energies highlight that supramolecular aggregation in solution between 

photosensitizer and POM is thermodynamically favored. For the PS / POM-PtCl system, we 

observe that in the energetically most favored system, PS is located next to the metal oxo 

cluster (Figure 25), highlighting the importance of the POM for PS-binding. 
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Figure 25: Energetically most favored interaction sites between PS and POM-PtI in (a) side view and (b) top view; 
(c) representation of the 𝑓+ Fukui function calculated for the one-electron-reduced POM-PtCl, shown as charge-
difference plot. The iso-surfaces correspond to electron-accepting regions where an additional added electron 
will be located (as indicated by the 𝑓+ Fukui function). Regions with higher values are marked in darker shades 
of green. Colour scheme, see Figure 22.[112] 

 

Finally, this research demonstrated that organofunctionalized polyoxometalates can be used 

as multifunctional platforms for supramolecular light-driven hydrogen evolution catalysis. 

Electrostatic solution interactions between an anionic, Pt-functionalized POM dyad and a 

cationic photosensitizer cause light-driven charge transfer and H2 evolution in solution. 

These results were published in “Multifunctional Polyoxometalate-Platforms for 

Supramolecular Light- driven Hydrogen Evolution”, Salam Maloul, Matthias van den Borg, 

Carolin Müller, Linda Zedler, Alexander Mengele, Timo Jacob, Benjamin Dietzek, Sven Rau, 

Carsten Streb, Chem. Eur. J. 2021, 27, 1 –8. Detailed information is provided in Chapter 6.4.
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4 Summary  
 

The aim of this work was to study the HER activity and the photophysical properties of 

different Anderson polyoxometalates dyads. The first dyad we investigated was the Anderson 

POM-Ir photosensitizer dyad. Minute changes in the structure of this dyad lead to different 

HER activity and different photophysical behavior. The changes included different metal 

centers for the Anderson POM including Mn3+, Co3+, Fe3+. The second change was the linker 

between the POM and the Ir- photosensitizer, in one case we had an imine (C=N) linker, and 

in the other we had a direct (C-C) bond.  

A second dyad was also synthesized and investigated. It consisted of the Anderson POM 

covalently attached to the Pt catalyst through a pyridine linkage. This dyad is electrostatically 

connected to an Ir- photosensitizer. This supramolecular system showed an enhanced HER 

activity compared to reference systems, and this activity was rationalized in detail by catalytic, 

photophysical and theoretical studies.  

In the previous systems we worked in a homogeneous solution. Nevertheless, immobilization 

of different parts of the multi-components hybrid materials might be an advantage to 

overcome the diffusion limitation. In this work, the immobilization has been achieved through 

the gelation of the different components in a POM gel matrix. More details about this project 

will be mentioned in the next section.  

 

4.1 Photophysical studies of Ir-functionalized Anderson POMs 
 

Spectroscopic analysis was performed on the photoinduced electron transfer kinetics 

underpinning the different catalytic capability (Ir-POMMn > Ir-POMCo > Ir-POMFe) of three 

covalently connected Ir-POMM dyads. Femto- and nanosecond transient absorption 

measurements revealed that the yield and lifetimes of the charge separated state vary with 

the nature of the POMM. The yields of the CCS (Ir•+-POMM
•-) decrease in the order Ir-POMMn 

> Ir-POMFe > Ir-POMCo. However, the lifetimes of the CSS show the inverse, that is, Ir•+-

POMMn
•- (290 ps) < Ir•+-POMFe

•- (430 ps) < Ir•+-POMCo
•- (540 ps). The sub-ns lifetimes of the 

CCS (Ir•+-POMM
•-) are sufficient for effective collision with the sacrificial electron donor in all 
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three clusters.  As a result, we infer that the yield of Ir•+-POMM
•- has a significant impact on 

the catalytic capacity of Ir-POMM under the specified kinetic circumstances. 

The variation of the linkage (C=N vs C-C) between the PS and the POM showed variation in 

the HER activity. Possible reasons behind this variation were investigated through 

photophysical study. fs- and ns-transient absorption spectroscopy revealed that a variation in 

the linkage resulted in fundamental changes in the excited-state topology of the dyads and 

orders of magnitude changes in the intramolecular electron transfer rates and excited-state 

lifetimes. The two systems showed different deactivation pathways. For the C=N linkage dyad, 

the electron transfer occurs from the vibrationally hot 3MLCT states on a sub-ps timescale and 

the CSS Ir•+-POM•– does not occur from the vibrationally relaxed 3MLCT state. Cooling within 

the 3MLCT manifold competes with the electron transfer to the POM. However, for C-C 

linkage dyad, the charge separation from the thermalized low lying 3MLCTbpy is possible and 

occurs with a characteristic time constant of 180 ps. 

Despite these large changes in the excited state processes, significant quantities of charge-

separated states are populated in both dyads examined. This shows that under catalytic 

circumstances, intermolecular electron transfer from a sacrificial electron donor to the PS–

POM dyad is effective regardless of whether the 3MLCT or the charge-separated state is 

quenched. 

To allow the catalytic process of H2 evolution to occur in PS-POM dyads, a two-electron-

reduced species (POM2–) must be generated by two-electron-transfers from the PS to the 

POM. The second electron transfer from the PS to the POM was investigated in two PS-POM 

dyads with different linkages (C=N vs C-C). To analyze the kinetics of the second electron 

transfer step, the one-electron-reduced POM (PS-POM•–) was accessed through 

electrochemical reduction. fs-transient absorption spectroscopy has revealed that the photo-

excited PS*– POM•–  leads to fast backward electron transfer (sub-10 ps) from POM•–  to PS* 

for both linkage types, C–C and C=N. However, the dyads with C-C showed a faster backward 

electron transfer compared to the C=N dyad. This relaxation path is nonproductive for light-

driven hydrogen evolution, as it discharges an intermediate of the catalytic HER cycle. This 

might be one reason limiting HER activity of the PS-POM dyads. Furthermore, in pure DMF 

the electron transfer from the PS* to the POM•–   to generate the fully charged POM (POM2–) 

is energetically unfavorable.  This study helps in understanding the engineering necessary to 
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improve the catalytic performance of the PS-POM dyads. A POM with a second reduction that 

is easier than the first should be used. In addition, incorporating a rigid molecular bridge 

would de- accelerate the backward electron transfer from the POM•–   to the PS*, which would 

lead to charge accumulation on the POM.  

 

4.2 POM-PtX dyads for HER 
 

To enhance the HER activity for the Anderson POM, a second POM dyad was synthesized and 

studied. The POM-PtX (X = Cl or I) combined with a cationic Ir photosensitizer through 

electrostatic interaction presented a multifunctional platform for supramolecular hydrogen 

evolution catalysis.  The dyad reactivity outperformed that of solely intermolecular reference 

systems, and ligand exchange is used to tune the dyad reactivity. 

The photophysical studies of the interaction between the POM-PtX dyads and the Ir 

photosensitizer showed an oxidative quenching of the PS. This oxidative quenching can 

happen through static or dynamic quenching. According to theoretical calculations, a 

supramolecular aggregation in solution between photosensitizer and POM is 

thermodynamically favored. For the PS / POM-PtX system, it was observed that in the 

energetically most favored system, PS is located next to the metal oxo cluster, highlighting 

the importance of the POM charge for PS-binding. 

 

4.3 Immobilization of multicomponent catalytic system through Anderson 

POM gelation 
 

Functionalization of polyoxometalates using organic ligands has given rise to a variety of 

organic–inorganic hybrid materials. One important role of the organic functionalization of the 

POMs is to create an anchor between the POMs and their surroundings. This organic moiety 

can be used for scaffolding POMs by metal coordination to organic ligands that are covalently 

attached to the POMs. In this project the formation of a supramolecular POM gel through the 

addition of ZnCl2 salt was investigated. The incorporation of the photocatalytic system 

components, including photosensitizer and sacrificial electron donor will be investigated, and 

the HER activity of the whole matrix will be studied.  
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A systematic investigation was conducted to understand the various factors influencing gel 

formation, such as POM type, salt added, solvent, and temperature. The hybrid gel 

architectures can make it easier to use POMs in sensing and catalytic applications. 

The addition of a solution of ZnCl2/ACN to another solution of Anderson POM [MMo6]/ACN 

caused instantaneous gel formation. Turning the vial upside down showed no flowing down 

which confirmed the viscoelasticity of the solution (Figure 26). 

 

 
 
Figure 26: Three different gel samples. [MnMo6] (left), [FeMo6] (middle), [CoMo6] (right). 
 

Characterization:  FT-IR measurements for the gel samples with different equivalents of ZnCl2 

showed a change in both the bridging oxygen Mo-O-Mo (675 cm-1) and the terminal oxygen 

Mo=O (920 cm-1) of the Anderson POM. The two bands are split, suggesting that the Anderson 

POM oxo ligands are involved in the gelation process. This might arise as a result of Zn(II) 

coordination to these ligands.  

 

 

Figure 27: FTIR spectra of solid [MnMo6] (dark blue blue) and dried gel samples using 0 eq, 1 eq, 2 eq, 3 eq, 4 
eq and 5 eq of ZnCl2 (red color gradient). 
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The amine groups of the tris ligand enable hydrogen bonding between the formed POM 

fibrillary structures, resulting in the formation of a 3D network with acetonitrile incorporated 

within it. A proposed structure is shown below.  

 

Figure 28: Proposed structure for the [MnMo6] and ZnCl2 gel based on the FTIR data. Zn2+ is coordinated to POM-

based external oxo ligands. The hydrogen bonding between amine groups allows the gel 3D network formation. 

                                         

SEM and EDX mapping were employed to examine the morphology of the xerogel structure. 

The SEM scans revealed two distinct morphologies: a fibrous network and a cubic-like 

structure embedded within it. According to the EDX- mapping, these cubic formations have a 

greater proportion of Mo and Mn. This indicates that the cubic structure is primarily 

composed of [MnMo6].  
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Figure 29: Structure and composition analysis for the [MnMo6] gel. (a,b) SEM images of the dry gel at different 

magnifications. (c) EDX mapping of the gel.  

Ongoing research is focusing on the incorporation of the photocatalytic system components 

in the gel and testing for light-driven HER catalysis. This work is unpublished.  
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