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Abstract: Polyoxometalates (POMs) can act as unique reservoirs for 

multiple electron transfers. As POMs display only weak absorption in 

the visible spectrum, they can be associated to chromophores such 

as porphyrins and porphyrins antennae. In this review, the research 

dedicated to the combination of porphyrins and polyoxometalates is 

put in context and the state of the art identifying the challenges 

addressed in the optimization of hybrid materials for applications is 

detailed.  

1. Context 

Demographic growth, especially in developing countries, as well 

as the rise of the living standards, are the most obvious reasons 

for the actual increase of energy consumption.1,2 Nowadays, the 

planetary energy consumption uses fossil fuels for 80%, nuclear 

fuels for 5% and renewable energy for 14%,3 which generates 

environmental issues at the local, national and international scale. 

Indeed, energy production and consumption are responsible for 

80% of the carbon dioxide and two thirds of the emission of 

greenhouse gases.3 In this regard, diversifying energy sources 

worldwide is a necessary requirement and the most sustainable 

option is to increase the contribution of renewable energy. Among 

all sources, the total amount of solar energy reaching Earth 

largely exceeds the needs of the living population and providing 

clean and sustainable electricity to the world will have ecologic 

and economic consequences on top of solving the global 

energetic crisis. Whereas in the past, solar cells were mainly used 

in small electronic devices, nowadays the solar solution is one 

that is most seriously foreseen. In this context, new materials that 

utilize the principles of photo conversion and catalysis (fuel-cell 

storage) known for decades, based upon optical and physical 

phenomena, are needed. For this reason, great efforts have been 

devoted both at the European and worldwide levels to develop 

alternatives to Si based devices.  Even if the Si based modules 

still dominate in terms of cost/performances (both for market and 

research), new non Si-based materials and technologies are 

considered and expected to grow in the future.4 Among the more 

than 20 different types of photovoltaic cells that have been 

reported, 5  aside from the dominating single crystalline or 

amorphous silicon derived cells, organic, dye sensitized6,7 and 

perovskite cells8 are the current objects of interest but the global 

challenge of the field is the balance of production costs vs  

performances and lifetime. In the search for new molecular 

materials for photoconversion, polyoxometalates have been 

Figure 1. General formula of polyoxometalates and their various shapes. 
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considered. Polyoxometalates (POMs) are anionic structures 

obtained by acidic condensation 9  of metal oxides MO4
n- and 

consist of metal oxides connected by µ-oxo bridges. In general, 

the metal ions are Mo, W or V in their highest oxidation state, thus 

respectively (+VI), (+VI) and (+V) and two types of oxygen atoms, 

terminal and bridging, are present. There is a large structural 

variety of polyoxometalates, differing by their shapes, their size 

and their global charge. The most common types of POMs are 

schematically represented by the generic structures in Figure 1 

and the center of the structure can be occupied by a heteroatom 

such as phosphorus or silicon (X in green) for example.10 POMs 

offer a large variety of charged states and their solubility can be 

controlled by the nature of the counter cations. As a result, POMs 

have found applications in various fields such as catalysis,11,12,13,14  

energy, 15 ,16  materials 17  or therapy. 18  POMs have been mostly 

used as photocatalysts for the formation of H2
19 , 20 , 21  or the 

reduction of CO2
22,23 due to their ability to undergo multiple (up to 

6) and successive electron transfers. Unfortunately, their 

efficiency suffers from a quasi-exclusive absorption of energy in 

the UV region of the spectrum.  

In order to enhance the energy collection, POMs can be 

associated to chromophores absorbing in the visible region of the 

solar spectrum. Porphyrin analogues such as chlorophylls and 

bacteriochlorophylls, the pigments of life, are involved in natural 

light harvesting antennae such as LH1 and LH2.24,25,26,27 Typical 

absorption bands of synthetic porphyrins are extremely intense in 

the 400-450 nm region of the spectrum ( = 300 000) and very 

intense in the 500-800 nm ( = 30 000).28 Thus, these tetrapyrrolic 

macrocycles are good candidates for the sensitization of POMs. 
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2. Scope of the review 

Whereas single porphyrin-POM hybrids are of interest to study 

the photochemical properties of dyads, the major purpose of 

POM-porphyrin combinations is to associate several porphyrins 

with one POM to take advantage of an antennae effect. In general, 

covalent methods leading to single porphyrin–POM hybrids are 

also suitable for associating more than one porphyrin to a POM 

but several methods leading to multiple-porphyrin-POM scaffolds 

have been designed specifically. In the following sections, 

scaffolds comprising porphyrins and POMs will be presented.  

These examples will be classified by the mode of attachment 

connecting the POMs and the porphyrins. The scaffolds 

described will be discussed in terms of properties and, when 

possible, the structure/properties relationship will be established. 

Possible approaches for the preparation of structurally controlled 

POM-porphyrin scaffolds will be proposed. 

3. POM-porphyrin hybrids built from 
coordination 
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In the case of 

polyoxometalates 

and porphyrins, two 

strategies based on 

coordination have 

been pursued. The 

first consists in the 

axial coordination of 

a POM on the metal 

core of a 

metalloporphyrin. An 

example has been 

reported in which a 

sandwich comprising 

two molybdenum 

porphyrins 

derivatives wrapped 

around a Keggin type 

POM was obtained. 

The two porphyrins 

are highly distorted 

dodecaphenyl-porphyrins which adopt a saddle-ruffled shape in 

the presence of the matching shape of a Keggin type POM (Figure 

2). 29  The concave shape thus favors “C-H…O” interactions 

between the protons of some phenyl substituents on the porphyrin 

periphery and the 

oxygen atoms of the 

POM which 

complement the strong 

biding interaction of 

opposite terminal 

oxygen of the POM with 

the Mo located in the 

porphyrin core. The 

synthetic methodology 

has been extended to P 

containing Keggin 

POMs and the 

complexes have 

displayed very 

interesting features in 

their crystalline packing, forming layers of tubular shaped 

alignments. The individual sandwich motif is maintained in 

solution and withstand multiple electron transfer.30 POMs can be 

chemically modified via controlled degradation in alkali medium, 

removing one or more M=O and leaving lacunary spaces 

surrounded by highly nucleophilic oxygen atoms. These lacunary 

POMs (Figure 3) can be used as ligands for metals and this has 

led to the development of oxidation catalysts. 31  Utilizing the 

sandwich approach, lacunary POMs containing ruthenium as 

catalyst have been inserted between concave porphyrins and 

engaged in the oxidation of substrates such as benzyl alcohol into 

aldehydes. Interestingly, individual components of the sandwich 

have no effect on the substrates whereas the sandwich 

combination of the ruthenated POM and the Mo distorted 

porphyrins is efficient. The effect has been assigned to the 

significant anodic shift of the RuIV/III and RuV/IV potentials when 

bound to the porphyrins.32 

The binding properties of lacunary POMs has also been used to 

form mixed species in which a metal ion is coordinated by both a 

porphyrin and a lacunary POM (Figure 4).33  These complexes, 

isolated in good yields, have been used as models for the 

interactions of HfIV and ZrIV porphyrin derivatives with surfaces 

such as ITO and the application of porphyrins in the sensitization 

of ITO based photovoltaic devices. 

The second approach involves the presence of coordinating 

heteroatoms in the porphyrin structure, which can bind to a metal 

complex derived from a lacunary POM. The preparation of such 

metal complexes has been largely exploited in the Lindqvist series 

and the imido-POMs are the most commonly prepared by 

treatment of the [Mo6O19]2- cluster with iminophosphoranes34 or 

Figure 4. A Keggin POM coordinated to two 
distorted MoPorphyrins. Si: yellow, W: blue, O: 
red, Mo: aqua blue, C: grey, N: dark blue 
(generated from CCDC-622714. 

Figure 5. Schematic proposed structure of H2T3P-4-Py or H2T3P-3-
Py and MSiW11 (M = CoII or NiII). 

= Co
2+

 or Ni
2+

 

Figure 3. A lacunary POM in which a terminal 

MO has been replaced by [RuIII(DMSO)]. 

generated with Mercury™ from CCDC 

606353. 

Figure 2. Schematic structure of POM-porphyrin scaffolds linked by Hf or Zr coordination and X-ray structure of the HfIV derivative generated with Mercury™ 
from the CCDC file 717412. Solvents removed for clarity. 
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isocyanides.35 One of the first examples of coordination complex 

on a POM in which one terminal Mo=O had been replaced by a 

transition metal was demonstrated by 1H NMR, 36  providing 

evidence for interaction between pyridine and imidazole with α-

[CoSiW11O39]6- or α-[NiSiW11O39]6-. More recently, several 

examples of organic-inorganic hybrids using this approach have 

been reported. In particular, pyridine appended porphyrins have 

been combined with CoII or NiII inserted in lacunary Keggin type 

POMs (Figure 5).37 For the complexes in Figure 5, association as 

high as 106 M have been measured by monitoring the extinction 

of luminescence for the porphyrin in the presence of the POM. 

More recently, several nitrogen ligands such as pyridine, 4,4’-

bipyridine and meso-tetrakis-(4-pyridyl)-porphyrin (Figure 4) have 

been used in the competitive formation of self-assembled face-to-

face lacunary Keggin type phosphomolybdates and face-to-face 

bis porphyrins.38  

Of course, the formation of coordination hybrids always depends 

on the strength of the coordination bond and the use of covalent 

bond formation has also attracted the attention of synthetic 

chemists. 

4. Covalent POM-porphyrin hybrids 

The replacement of terminal hydroxy ligands by alkoxy 

substituents on POM provides a simple access to attaching 

molecular sub-units to the inorganic structure.  Similarly bridging 

oxygen atoms can also be turned into bridging oxygen atoms from 

alkoxy groups. Although at the time the connection has been 

classified as coordination, the first replacement of a hydroxo on a 

polyoxovanadate has been reported as early as 1992. In the 

resulting structure, the stabilization of the hexavanadate core by 

the alkoxy ligands has been established and assigned to the 

reduction of the total (negative) charge of the cluster.39 Similar 

effects have been observed in a Keggin type phosphotungstate in 

Figure 8. Photosynthetic mimic comprising a porphyrin antennae and a Wells-Dawson POM for charge storage. 

Figure 6. Linear porphyrin dimer connected by a Lindqvist type POM (generated with Mercury™ from CCDC file 961099). 

Figure 7. Tris-alkoxy substitution leading to (left): Anderson-Evans POM based bis-porphyrin hybrid and (righ): Wells-Dawson POM porphyrin hybrid. 
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which a bridging oxo has been 

alkylated. Interestingly the latter 

method leaves the structure 

unaltered. 40  Most of the 

functionalization methods employed 

for the preparation of the covalent 

POM-porphyrin hybrids presented 

hereafter have been covered in 

several reviews and will not be 

detailed.41 In 2009, two porphyrins 

have been introduced on a Wells-

Dawson POM using linkers which 

disrupt any electronic coupling 

between the two porphyrins.42 The 

synthesis utilized a generic 

functionalization of a POM 

precursor reported at the turn of the 

century which opened the way to 

many chromophore decorated 

POMs, 43  using classical click-

chemistry conditions.44 A few years 

later, the same approach has been 

employed to attach an antennae network of porphyrins to a Wells-

Dawson POM (Figure 6).45 Remarkably, an energy cascade was 

introduced in the covalent scaffold in which zinc porphyrins 

collected energy to be transferred (ET) to a free base (metal free) 

porphyrin for a final electron transfer (eT) to the POM.  

Several other covalent POM-porphyrin scaffolds have been 

reported using a tris-alkoxy substitution of three hydroxyl group 

that can be applied to all types of POMs.46 Among these, the 

hybrids described in (Figure 6) combined Anderson-Evans POMs 

α-[MnMo6O24]4 and Wells-Dawson [P2V3W15O62]9- types were 

used to observe photo-induced electron transfers from the 

porphyrins to the POM in the Wells-Dawson case only.47 In this 

derivative, photophysical studies yielded a transfer rate of kS1
et = 

1,6 x 1010 s-1 which is consistent with literature values for dyads 

using Zn porphyrins.48,49,50,51 

The Wells-Dawson hybrid depicted in Figure 7. has been 

deposited on ITO plates and the instantaneous generation of 

photocurrent under irradiation in the visible region has been 

observed using I3- / I- as redox relay.52  

Recently, the synthesis and structure of a Lindqvist type 

hexavanadate covalently linked to two zinc porphyrins has been 

reported. For the first time, the hybrid structure was characterized 

by X-ray diffraction (Figure 8. Linear porphyrin dimer connected by a 

Lindqvist type POM (generated with Mercury™ from CCDC file 961099).Figure 

8). The scaffold has been utilized for the photocatalytic 

degradation of pollutants in aqueous media.53  

Similar structures bearing one, two (cis and trans) or three Wells-

Dawson type polytungstates [V3P2W15O62]9− have been reported. 

When non-centrosymmetric, the porphyrin/POM hybrids were 

used in third order non-linear optic applications 54 , 55  but more 

generally, this class of hybrids is well suited for catalysis in 

general and more particularly acetylation reactions56 or alkene 

epoxidation with NaIO4
57  when manganese or tin tetrakis(p-

aminophenylporphyrin) linked to four Lindqvist hexamolybdate 

are used. Very recently, two new looped covalently bonded 

Anderson-Evans-type polyoxometalate-porphyrin hybrids 

composed of two Anderson-Evans-type POM moieties and two 

porphyrin moieties were synthesized.58 

The preparation of a hybrid material in which tetrakis(p-

aminophenylporphyrin) is covalently linked to a Lindqvist structure 

of polyoxometalate, is also reported. The direct coupling of the 

hexamolybdate polyoxoanion, [Mo6O19]2− and tetrakis(4-

aminophenyl)porphyrin, was successful using dicyclohexyl-

carbodiimide (DCC) as a coupling reagent. 56,57 

5. Electrostatic Hybrids 

Due to their polyanionic nature, POMs are able to interact with 

positively charged molecular components. Cationic porphyrins 

that have been mostly developed to enhance their solubility in 

aqueous media are thus well suited to form assemblies with 

POMs based on the development of electrostatic interactions. In 

2000, the first supramolecular complexes resulting from the 

combination of species depicted in Figure 9 Figure 1have been 

reported in the literature.59   

Many cationic porphyrins obtained by simple alkylation of 

porphyrins bearing pyridine substituents have been reported but 

similar species obtained by protonation can also be combined 

with Keggin type POMs. The two species represented in Figure 

10 illustrate this easy access to hybrid scaffolds with Keggin 

POMs which can be used for photocatalytic H2 production60 or in 

Figure 10. Protonated porphyrins which were combined with Keggin type 
POMs for hydrogen production (left) and non-linear optics (right). 

Figure 9. Components of the first electrostatically driven POM-porphyrin assemblies. 

M84+ 
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non-linear optics. 61   The hybrids 

have shown electrocatalytic 

activity for the oxygen reduction 

reaction (ORR). Other catalytic 

studies performed with similar 

hybrids such as the oxidation of 

(cis)-enes, geraniol and terpenes 

have involved POM-porphyrin 

hybrids assembled by electrostatic 

interactions.62 

Ideally, in order to maximize the 

interactions, neutrality should be 

reached. The combination 

represented in Figure 11 Erreur ! 

Source du renvoi 

introuvable.matches 16 negative 

charges on a Wells-Dawson type 

POM sandwich with four 

tetracationic porphyrins to form a 

neutral assembly for which an ideal structure is proposed. 63 

Similar systems were obtained with other tetracationic species 

derived from octaethylporphyrin and the activity of these scaffolds 

has been demonstrated by the photoreduction of Ag+ in the case 

of Keggin type POMs.64  

However, all the structures represented here are idealized and a 

rational analysis of the performances in the light of structural data 

remains difficult. Tweezers shaped porphyrin dimers having 

positive charges in precise locations have been prepared and are 

represented in Figure 12.65 

Preliminary studies show that depending on the positioning of the 

charges, association constants with a Lindqvist type POM vary 

from logKa = 2.6 to 4.2 and that the fluorescence quenching of the 

porphyrin results from the formation of a host guest complex and 

interactions in the ground state. 

6. Layer by layer Assembling 

Pioneering works have described the formation of layer-by-layer 

(LbL) assemblies on glassy carbon electrodes. Using 

polytungstates containing either P or Si as heteroatoms, the better 

stability of Si containing multilayered films was demonstrated66 

and the resulting modified electrode were used for electro-

induced hydrogen evolution reaction and two electron oxygen 

Figure 13. Two substitutions of an octaethylporphyrin radical cation. 

Figure 12. Series of dicationic tweezers shaped porphyrin dimers obtained by stepwise quaternization. 

R= p-CH3(C6H4)- 

Figure 11. Idealized structure of a neutral electrostatic assembly formed meso-tetrakis(N-methyl-4-pyridium)-Zn 

porphyrin and a Keggin POM sandwich. 
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reduction reaction with cobalt porphyrins.67,68  After deposition, 

the stability of LbL films obtained in the case of tetrapyridinium 

porphyrin (free base and zinc complex) and a europium 

containing polyoxometalate EuPW11O39K4 has been 

demonstrated by AFM studies. The structure of the films on glass, 

mica and ITO has been investigated and have shown that the 

thickness of the deposited layers might be different from one 

substrate to another. For example, the thicknesses of films on 

glass and ITO are approximately 3 times thinner when compared 

to films on mica.69  Although linear UV absorption evolution is 

generally used as proof of LbL deposition, models 70suggest that 

AFM experiments are the ultimate proof of the homogeneous 

deposition of a hybrid on a substrate. The pronounced 

chromophoric activity of the porphyrin constituent in the LbL 

hybrid materials has consequently involved the use of transparent 

ITO electrodes in photovoltaic applications. Efficient photocurrent 

generation can be obtained by combining a Fe substituted POM 

[α2FeIIIP2W17O61]7- and a tetracationic porphyrin 5,10,15,20-

tetrakis-(4-trimethylammonium)-phenyl)-porphyrin.71 

A mixture of a cationic cobalt 5,10,15,20-tetrakis(1-methyl-4-

pyridinio)porphyrin and an anionic metatungstate (POM) 

supported on graphite carbon was developed as a high 

performance novel cathode catalyst using a rotating ring-disk 

electrode for the oxygen reduction reaction (ORR) with high 

current density and low hydrogen peroxide production in a fuel 

cell.72 

7. Porphyrin metal organic frameworks 
(PMOFs) 

Inspired by the fast growing research on metal organic 

frameworks (MOFs) which give access to multidimensional 

porous structures,73,74 coordination based approaches of POM-

porphyrin hybrid materials have been developed, leading to POM 

containing MOFs. These self-organized structures contain 

tetrakis-(4-pyridyl)-porphyrin linkers connecting ferrous or 

cuprous ions, forming a 3D cationic porous network. Within the 

pores hexamolybdates can be accommodated and fill the pore 

regularly to reach charge neutrality for the resulting scaffold. 75 

Porphyrin based MOFs are attractive due to their bio-relevance 

regarding light harvesting and catalytic processes.76 Among these, 

zirconium based porphyrin MOFs like MOF-545 77  (porphyrin 

tetracarboxylate) are extremely porous and provide space to 

accommodate large species such as [(PW9O34)2Co4(H2O)2]10- for 

noble metal-free photocatalytic water oxidation. 78,79 Porphyrins 

bearing carboxylate functions can also be directly associated with 

Keggin type POMs to form porous networks with catalytic 

properties such as the selective oxidation of olefins, 80  the 

oxidation of alkylaryls with Mn porphyrins81 and the reduction of 

CO2.82  

8. Hybrid copolymers 

As large aromatic macrocyles, porphyrins can undergo electron 

transfers to generate rather stable species which reactivity can be 

controlled. For more than four decades, it is known that the radical 

cation of octaethylporphyrins can react with a nucleophile to 

generate a cationic adduct such as that described in Figure 

13Figure 13.83 

Since the initial observation, electrochemical alternative methods 

have been developed to form the radical cations at the surface of 

electrodes. Similar reactivity has also been found for tetraphenyl 

porphyrins84 and the use of linearly  bridging nucleophiles, like 

4,4’-bipyridine, has allowed to form films of polymers at the 

surface of electrodes.85,86 When performed in the presence of 

POMs, the later could be incorporated in the well-organized 

Figure 14. Porphyrin/POM copolymers with bridging bis-pyridine attached to the POM unit. 

(n sweeps) 

E= 0 to 1.9 V vs SCE 
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polymer films.87 To strengthen the connection between the POM 

species and the porphyrins in the electrogenerated porphyrin-

bipy-POM polymers, the bridging nucleophile can be built on the 

POM itself as represented in Figure 14.  

The films produced using this method generate stable 

photocurrents under visible irradiation. The intensity of the current 

depends on the type of bis-pyridine spacer, the film thickness and 

finally of the applied potential on the ITO electrode.88  

Using similar method, four hybrid polyoxometalate–porphyrin 

copolymer films were also obtained by the electrooxidation of 

zinc-β-octaethylporphyrin or free base 5,15-ditolylporphyrin in the 

presence of organosilyl functionalized Keggin-type POMs 

TBA3[PW11Si2O40C26H16N2] and Wells-Dawson-type POMs 

TBA6[P2W17Si2O62C26H16N2] bearing two remote pyridyl groups. 

Their impedance properties were and their photovoltaic 

performances were investigated showing a correlation between 

impedance and photovoltaic performances, the films based on 

Wells-Dawson type POMs and Zn porphyrins giving the best 

results. This last system displayed one of the best photocurrent 

efficiency for a reported POM photosensitized hybrid (-7,2 µA.cm-

2).89  

The highest current density value measured in an optimized film 

was -7,2 µA.cm-2 which is at least four times the value observed 

for polymers sensitized by ruthenium complexes 90  or 

phthalocyanine sensitized polymers91,92 and are close to those 

observed in hemicyanines sensitized POMs.93 Interestingly, the 

performance of the polymers is best when the connection 

between the POM and the porphyrin is well-defined than when 

POMs are combined with porphyrin oligomers by electrostatic 

interactions. 

Finally, recently, the introduction of nanoparticles (MNPs) at the 

surface of cationic poly-porphyrin films, obtained by electrostatic 

interaction between the bis-porphyrin copolymer and the 

Preyssler type polyoxometalate P5W30@MNPs, enhances the 

photocurrent (up to 2.5-3 times greater as a function of the used 

nanoparticle).94  

9. Conclusion 

The combination of porphyrins with POMs has greatly enlarged 

its field of applications over the last decades. While hybrid 

materials obtained at the mesoscale by oligomerization and self-

assembly at the surface of electrodes, their intimate structure is 

usually more idealized than precisely determined. In general, the 

performances of molecular species described in this mini-review 

are better than those of bulk POM-porphyrins combinations. Thus, 

the performances of the hybrid materials could benefit from 

detailed structural information obtained from models assemblies 

utilizing the same interactions to associate POMs and porphyrins. 

For example, systematic studies of the charge localization on the 

porphyrins in electrostatic assemblies may help to obtain more 

efficient hybrid materials through a rational analysis of their 

structure-properties relationships and such investigations require 

significant efforts in supramolecular chemistry and porphyrin 

synthesis, two emblematic fields which have been explored in-

depth by our mentor and friend François Diederich during his 

brilliant career. 
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