Tuning the electronic structure of organic-inorganic hybrid polyoxometalates: the crucial role of the covalent linkage
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Abstract

The covalent organofunctionalization of polyoxometalates (POMs) has been widely used to both control and enhance their redox properties, particularly for applications in catalysis, energy storage, optics and molecular magnetism. The design of such systems typically involves careful selection of both inorganic and organic components. Here we draw particular attention to how the choice of covalent linker unit determines the degree of electronic conjugation, the stoichiometry and geometry of the hybrid system. Broadly covering six functionalization strategies employing alkoxides, imides, tin, germanium, silicon and phosphorus-based linker units, this review highlights the profound role that the POM-anchoring method plays in determining the overall electronic properties of the hybrid material.
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1. Introduction

Polyoxometalates (POMs) are discrete anionic molecular metal oxide clusters that are usually formed from group V and VI transition metals in their highest oxidation state. These species, which exist at the unique interface between monomeric oxometalates and polymeric metal oxides, have shown potential application in diverse fields from catalysis to energy storage.[1-7] Despite their initial discovery some 300 years ago, the field of POM chemistry continues to grow thanks to their structural diversity and varied physicochemical properties. Particular attention has been paid to their rich photo- and electrochemistry, which allows them to act as both photosensitizers and potent redox catalysts.[4, 8-10]

At the forefront of molecular metal oxide research is the subclass of POMs known as organic-inorganic hybrid polyoxometalates. A clear motivation for the combination of organic fragments with POMs is the development of advanced materials that exploit the synergy between the organic and inorganic components. In general, there are two main groups within the family of hybrid polyoxometalates. Class I hybrids are those constructed from organic fragments and which associate with POMs through non-covalent interactions, predominantly via electrostatic interaction of organic cations with polyoxometalate anions, and less frequently via hydrogen bonding and Van der Waals forces. 

Class II hybrids, however, consist of molecular species or materials where organic moieties are covalently grafted onto the polyoxometalate core,[11] giving direct control over the size and morphology of the hybrid material through physical modification of the POM structure. Furthermore, Class II hybrids allow for superior control over the spatial relationship between the organic and inorganic components, mediated by the choice of bridging group. The use of covalent linkages also gives a more robust connection between the two species, whereas relying on non-bonding interaction leaves the material prone to dissociation, ion metathesis or competitive complexation with regards to hydrogen bonding.[12, 13]  

The choice of covalent linker provides further control over the overall charge, degree of functionalization and redox properties of the polyoxometalate. The redox behavior of the POM is highly sensitive to the electron-donating or accepting character of the organic substituent and, particularly, the anchoring group. The nature of the anchoring group is therefore a vital consideration when designing hybrid POMs. Moreover, a true appreciation of this relationship provides the POM chemist with a powerful toolbox to fine-tune the redox properties of polyoxometalates to fit specific applications. 

Recently, numerous reviews have discussed the design and properties of hybrid POMs in a range of systems[14] such as polymeric materials,[5, 12, 15] surfactants,[16, 17] supramolecular architectures and materials,[1, 18, 19] as catalysts[4] and for photoelectrochemical applications.[2] However specific discussion around the electronic properties of different hybrids remains somewhat unexplored, with the most significant contribution by Proust et al.[20] covering primarily the behavior of organoimido, organosilicate and organophosphonate hybrids.

This review will discuss the current strategies for POM covalent organofunctionalization through the use of different anchoring groups, with specific focus on the electronic structure of the resultant molecular species. By addressing each strategy individually, we will highlight the methods currently employed for the functionalization of different POM structures and report on the degree to which the electronic structure of the resultant materials is influenced by the nature of the hybridization. It is important to note here that we will only compare experimentally determined measurements which have been performed in the same solvent due to the sensitivity of polyoxometalate redox behavior to the Brønsted and Lewis acidity of the solvent.[21] Furthermore, we will present recent examples where the redox properties of POMs have been effectively modulated using organofunctionalization and the applicability this has in myriad disciplines.

2. Triol functionalization
The organic modification of POMs with tripodal alcohols (1,1,1-tris(hydroxymethyl)alkanes), hereon referred to as triols for simplicity, has been performed effectively with a range of molecular metal oxides structures including the Anderson,[22] Lindqvist,[23] Wells-Dawson[24] and Keggin[25] clusters (Figure 1). The formation of these hybrids is formally through an esterification or condensation reaction of the organic alkoxo-groups with protonated bridging oxo groups in the POM structure.[26] Although other alkoxo- functionalizations have been reported, ranging from simple alkyl alcohols to carbohydrates and dendritic alcohols, tripodal alcohols remain the most widely reported because of their superior hydrolytic stability, a result of the chelate effect.[27] Ligands based on “tris” (tris(hydroxymethyl)aminomethane) are the most well-known due to the ease with which it can be  post-functionalized from its reactive pendant amine group, such as via reductive amination[28] and amide formation.[29]

2.1. Anderson triol hybrids
The use of triols continues to be the only available strategy for the covalent organofunctionalization of Anderson POMs. The attachment of triols occurs exclusively with B-type Anderson polyoxometalates, because unlike A-type Anderson POMs, they have low oxidation state addenda atoms. This leads to the protonation of the six central oxygen atoms (three on each face) which are able to condense with two tripodal alcohol moieties (Figure 2).[22] Apart from a handful of exceptions,[30, 31] hybrid Andersons are formed exclusively from polyoxomolybdates.

The electronic properties of hybrid Anderson polyoxomolybdates are dominated by the transition metal heteroatom. The molybdenum addenda atoms exhibit only quasi-reversible of irreversible reduction processes at very negative potentials, and the frontier molecular orbitals are typically heteroatom-based or derived from the organic group. Allain et al.[32] synthesized two symmetric triol-hybridized Anderson clusters (with Fe and Mn heteroatoms) featuring tris-supported isonicotinamide groups, [XMo6O18((OCH2)3CNHCO(4-C5H4N))2]3– (where X= Fe, Mn) subsequently denoted as Anderson-Fe-pyridine (3) and  Anderson-Mn-pyridine (4). Further functionalized hybrids were also formed by the complexation of the pyridine N groups to Ru porphyrin complexes. Electrochemical characterization, summarized in Table 1, exemplifies the heteroatom dominance over the redox properties of the system. Both species exhibit reversible electrochemistry associated with their respective heteroatom and irreversible Mo reductions at very negative potentials. Functionalization of the Mn and Fe systems with metalloporphyrins, caused the redox processes to shift negatively and the electron transfer rate to decrease (peak separation increase) irrespective of scan direction and window. Due to the non-conjugated nature of the triol ligand, this can be ascribed to a change of the overall charge of the species.

Anderson clusters are typically organofunctionalized on both sides of the plane, allowing for the formation of asymmetric hybrids. This special class of POM is of great interest as a platform towards multifunctional systems.[33] Oms and coworkers[34] were the first to investigate the UV/vis and electrochemical profile of symmetric and asymmetric hybrids, utilizing a MnMo6O18 cluster incorporating spiropyran (SP) groups. The three hybrids studied were the symmetric tris-spiropyran [MnMo6O18((OCH2)3CNH2)((OCH2)3CNHC21H19N2O4)]3- (MnMo6(SP)2) derivative which is connected via a propionamide bridge, the asymmetric variant MnMo6O18((OCH2)3CNHC21H19N2O4)2]3- (MnMo6(SP)(tris)) featuring the spiropyran group on one side and tris on the other, and finally the symmetric tris hybrid MnMo6O18((OCH2)3CNH2)2 (MnMo6(tris)2). Akin to the previous study, the hybrids displayed one oxidation process and two reduction processes corresponding to the MnIII/MnIV, MnIII/MnII and MoVI/MoV couples respectively. The MnIII/MnIV couple occurred at +719 mV vs. SCE for MnMo6(tris)2 and was shifted 25 mV positive for MnMo6(SP)(tris) and then a further 25 mV more positive for MnMo6(SP)2, this can be attributed to the electron withdrawing nature of the spiropyran moiety. The negative redox couples replicated the same trend. This study shows that the systematic installment of an electron withdrawing group linearly affects the redox properties of the POM core, which means that tuning of redox properties can be rationally achieved through modulation of hybrid R-groups. Saad et al.[35] extended this work by synthesizing symmetric and asymmetric (with spiropyran) variants with the more electron withdrawing spironaphthoxazine (SN) group. The hybrid materials follow the same trend based on the increased electron-withdrawing nature of spironaphthoxazines over spiropyrans, with Mn oxidation potentials of 750 mV and 830 mV for MnMo6(SP)(SN) and MnMo6(SN)2, however this is not reflected in the reduction potentials. Table 2 summarizes the redox processes observed by Oms and Saad.

Recently, spectroscopic and electrochemical characterizations were combined with theoretical DFT calculations to calculate and assign the electronic processes occurring for a series of POM-iridium complex dyads constructed through tris linkers. For the first time, DFT was shown to be a valuable tool for accurately predicting the redox properties of hybrid POMs in silico and was used to corroborate previous findings that the electronic behavior of this specific group of POMs was indeed dominated by the transition metal center and not the addenda atoms. Furthermore, the absorption profiles of the Fe, Mn and Co centered Anderson hybrids were shown to be superpositions of the spectral features of the POM and iridium components, verifying that the tris linker does not mediate electronic coupling in the ground state. Frontier molecular orbital plots for the three hybrids were also used to successfully predict that the Mn centered species had a much smaller HOMO-LUMO gap than its Fe and Co analogues, this was reflected by a more pronounced quenching of the characteristic iridium photosensitizer emission and a superior catalytic performance in hydrogen evolution photocatalysis.[36]

Anderson POMs are typically difunctionalized, with triols binding in a δ/δ fashion (i.e. both triols connect to the POM with tribridging μ3-O atoms around the heteroatom). In a pioneering study, Wang et al.[37] demonstrated that a wide range of binding motifs are synthetically accessible for a CoMo6O18Anderson cluster. Through modulation of the oxidation state of the heteroatom and the acidity of the system and with minor synthetic modifications, singly functionalized hybrids with a δ-bound triol were obtained as well as δ/δ, δ/χ and χ/χ doubly functionalized hybrids, where χ indicates that the triol is offset from the cluster center (Figure 3). The different isomers exhibit significantly different redox properties and most processes are irreversible and confined to the Co center. The MoVI/MoV redox couple is presumably absent as it is beyond the potential window of the measurement. The orientation of the triol groups on the cluster has a greater effect on the electrochemistry of the POM than remote functionalization and therefore could be a much more powerful tool for controlling their redox properties. However, whether this strategy is generally applicable beyond Co-centered Andersons and results in predictable, and therefore controllable, electrochemical changes remains to be studied.

2.2. Vanadium capped Wells-Dawson triol hybrids
Another structure that can be adorned by a tris (or analogous triol) ligand is the trivanadium capped polyoxophosphotungstate [P2V3W15O62]9- {V3W15}. The trinuclear vanadium cap serves as the site of organofunctionalization, where the oxygen atoms of the triol group act as μ2-O bridges between VV centers (Figure 4a). 

The electrochemistry of {V3W15} and its hybrids is dominated by multiple reduction processes of the addenda atoms (V and W). The first hybrid of its class, [CH3C(CH2O)3V3P2W15O59]6-, was synthesized in 1993 by Hou and Hill using the methyl triol, CH3C(CH2OH)3, and its hydrolytic stability and electrochemistry were studied.[24] Cyclic voltammetry of the hybrid system exhibited two two-electron redox couples, at -310 mV and -720 mV, while the parent POM gave peaks at -310 mV and -600 mV vs. Fc/Fc+ (MeCN solvent, [TBA][PF6] electrolyte, GC working electrode). Subsequent studies assigned the waves as vanadium-based redox processes. 

Rigorous analysis of the electrochemical behavior of a hybrid P2V3W15O62 cluster, [P2W15V3O62(C20H17N4O)]6-, was carried out by Santoni et al. on tris-amido-terpy (terpy = 2,2′:6′,2′′-terpyridine) functionalized systems.[38] Six reduction processes were observed at +80 mV, –820 mV, –1050 mV, –1160 mV, –1610 mV and –1960 mV vs. SCE (DMF solvent, GC working electrode, [TBA][PF6] electrolyte). These were ascribed to three VV, two WVI and one organic ligand reductions respectively. Interestingly, the ligand-based reduction at -1960 mV shows virtually no shift compared to the reduction potential of the tris-amido-terpy ligand (-1940 mV), indicating that the inorganic and organic units are electronically isolated in the ground state. The same group later investigated the electrochemical nature of an analogous system employing the bidentate bpy (4-methyl-2,2’bipyridine) organic group, [P2V3W15C16H16N3O63]6-, and the post-functionalized product via complexation to a Re center [P2V3W15C19H16N3BrO66Re]6- (MeCN solvent, [TBA][PF6] electrolyte, GC working electrode).[39,40] Akin to the terpy analogue, the bpy hybrid POM displays several reversible redox processes at -80 mV, -630 mV, -840 mV, -1050mV, -1170 mV (POM-based) and -1950 mV (ligand based) vs. SCE. When Re is complexed to the bpy unit, the electrochemistry of the POM shows negligible changes in redox potentials (80 mV, -690 mV, -840 mV, -1050 mV vs. SCE) corroborating the previous findings that the organic and inorganic components are electronically discrete moieties. The Re-based processes do show minor peak shifts compared to the free Re complex [(Me2bpy)Re(CO)3Br], however this could be due to a number of factors such as solvent or adsorption effects on the electrode or the change in charge of the overall species.

[bookmark: _GoBack]Li et al. replaced the triol moieties with amide derivatives of 2-amino-2-ethyl-1,3-propanediol, showing that the carbonyl oxygen of the amide group behaved in the same way as the alcohol oxygen atoms in binding the (V3) cap of {V3W15} (Figure 4b).[41] The incorporation of the carbonyl group enhanced the electronic communication between the POM and the ligand π system, and changing the ligand R-group α- to the carbonyl ligand led to modulation of the first two waves associated with VVI/V redox processes. Table 3 lists the redox potentials of the 5 derivatives reported. An electron withdrawing nitro group in the para position of the phenyl ring led to a positive shift in the vanadium redox couples, and electron donating groups (OMe, NEt2) resulted in negative shifts. The extent of the shift was found to correlate in a linear fashion with the strength of the electron withdrawing and donating groups (Hammett parameter σ).

Copolymers based on conjugated Zn porphyrin and diolamide hybrid POM building blocks with pyridyl functionality were studied for the generation of photocurrent under visible light irradiation.[42] (Figure 5) Although the copolymers exhibited no observable redox processes attributable to the molecular metal oxide, the hybrid POM starting materials showed the two typical vanadium-centred reduction processes (7:3 1,2-dichloroethane:MeCN, [TBA][PF6] electrolyte, GC working electrode, vs. SCE). The POM redox processes were most affected by changes to the organic group proximal to the diolamide anchor. Addition of alkyne linkers between the phenyl rings and changes to the substituent position on the pyridine rings resulted in only minor peak shifts of the first two vanadium reductions (+30 mV and +0 mV respectively). Whereas the addition of an alkene between the amide carbonyl and the central aryl ring, closer to the POM moiety, induced more dramatic shifts in vanadium redox potentials (+50 mV and +130 mV respectively). 

2.3. Hexavanadate triol hybrids
Lindqvist polyoxovanadates (hexavanadates) can also be conveniently functionalized with triol groups. Like with Anderson POMs, alkoxide groups are the only known method for their direct organofunctionalization. Tris and similar triols functionalize these POMs in the same fashion as the vanadium caps of {V3W15}. The octahedral topology of this cluster presents a total of 8 trigonal faces and up to four triol ligands have been incorporated onto a single POM on non-adjacent faces.[23, 43, 44] Doubly functionalized vanadates feature triols on opposite faces of the octahedron, and are the most commonly reported and studied in their class (Figure 6).

The first example was reported in 1990 by Chen and Zubieta with 2-nitro-2-(hydroxymethyl)propane-1,3-diol as the triol derivative, [V6O13(O2NC(CH2O)3)2]2-.[23] Subsequently the same group published an extensive study of difunctionalized hexavanadates in different oxidation states with various pendant groups and UV-Vis absorption and voltammetry were employed to investigate their electronic properties.[45] Of the fully oxidized species, compounds bearing nitro-, hydroxyl-, methyl, ethyl, dimethylamine and benzyl were synthesized. Similar to the parent POM, all featured a single reversible reduction wave correlating to the VVI/VV redox couple. The peak position of the redox process shows a clear correlation to the electron donating/withdrawing nature of the pendant group. Electron withdrawing groups; nitro, hydroxyl and benzyl give more positive reduction potentials (–670 mV, –760 mV and –850 mV, respectively) whereas the electron donating groups, methyl, ethyl and dimethylamine give more negative reduction potentials (–1200 mV, –1170 mV and –1180 mV vs. Fc/Fc+, respectively). Protonated forms of the methyl pendant hybrid were also electrochemically investigated. Initially, protonation of [V6O13(triol-CH3)2]2-, where triol-CH3 = (OCH2)3CCH3, affords the neutral species [V6O11(OH)2(triol-CH3)2] which is more readily reduced than the unprotonated species (–690 mV compared to –1200 mV vs. SCE). The two-electron reduction leads to the mixed valence hybrid, [VV4VIV2O11(OH)2(triol-CH3)2]2-, which disproportionates over several hours to the original (non-protonated) oxidized cluster and the quadruply reduced protonated cluster [VV2VIV4O9(OH)4(triol-CH3)2]2-. The latter can undergo a further proton-coupled reduction to the fully reduced form [VIV6O7(OH)6(triol-CH3)2]2-. The series was extended to highly reduced hybrid hexavanadates incorporating three and four triol groups.[46] Recently, Hu et al.[47] reported systems decorated with three triol ligands, each featuring a different pendant group (-NH2, -CH2OH, -CH3, -C2H5, -NHCOC6H5). Bond-valence sum calculations revealed that those featuring amine/amide pendants were mixed-valence (VV3VIV3) whereas those with alkyl groups were fully reduced (VIV6). Another recent account by Xie at al.[48] reported that the synthesis of tetra-substituted tris hexavanadate under hydrothermal conditions yielded a fully reduced species.

Although triol functionalization represents the most common method for organofunctionalization of Lindqvist hexavanadates, it is also possible to form alkoxo-functionalized systems from simple alcohols under hydrothermal conditions. This leads to clusters where all, or all but one, of the 12 bridging oxygen atoms of the cluster are functionalized. These structures differ to their triol-based relatives in that they exhibit 5 reversibly accessible redox states, fromVIV6 to VIV2VV4, all of which are isolable. Although limited so far to methoxy and ethoxy analogues, it was observed by Daniel et al.[49] that the ethoxy derivative shows a marked positive shift in the redox potentials compared to the methoxy derivative (See Table 4). The team also showed that the 11- methoxy functionalized hexavanadate showed a large positive shift of redox potentials (ca. 450mV) compared to the 12-methoxy functionalized derivative.[50] The shift was postulated to arise from superexchange interactions between reduced vanadium centers. 
 
3. Imido functionalization
Organoimido groups can be employed to functionalize isopolyoxometalates (POMs which do not feature a templating heteroatom). The bond between the organic and inorganic components is formally a triple bond between metal and nitrogen, with σ donation from the arylimido to the metal and π back-donation from the metal to the arylimido group.[51] These hybrids were originally synthesized directly from aromatic amines at elevated temperatures via base-catalyzed nucleophilic addition and dehydration, or via imino-phosphoranes, isocyanates or sulfinylamines through [2+2] cycloaddition-cycloreversion reactions.[52] However, the modern approach employs diimide catalysts (commonly dicyclohexylcarbodiimide) in which [2+2] cycloaddition is followed by nucleophilic addition-substitution of the desired organoamide, allowing the reaction to proceed rapidly under milder conditions in improved yields and facilitating the use of a wider range of functional groups.[52, 53] This method has been used widely to modify hexamolybdates and less frequently hexatungstates and octamolybdates. Examples of imido-functionalized octamolybdates are particularly uncommon and their electronic structure is yet to be exhaustively explored.[54-56] 
 
3.1. Monofunctionalization of [Mo6O19]2-
The most well-reported and easily accessed examples of hybrid hexamolybdates are through the mono-substitution of one terminal oxo-group with an organoimide moiety (Figure 7). The POMs are isolated in their fully oxidized states and typically exhibit one or two POM-based reversible redox waves in electrochemical measurements. The reduction processes of the organoimido hybrids occur at more negative potentials than those of the unmodified analogues due to the electron donation from the organic ligands.[57]

Spectroscopic and electrochemical characterization of monofunctionalized hybrids demonstrates several trends with regards to the nature of the organic moiety. Table 5 shows examples of the absorption maxima of the lowest energy electronic transition (λleet) and the negative shift (ΔEcath) of the first reduction process in hybrids relative to the parent POM, [M6O19]2-.The hybrids can be divided into two broad families; arylimido and alkylimido hybrid hexamolybdates. In arylimido hybrids, extension of the π-conjugation of the aromatic system to the POM is mediated by the Mo-N π bond, whereas in alkylimido systems, the only electronic contribution to the POM from the organic group is through inductive effects. This is evidenced spectroscopically by the significant bathochromic shift and increase in intensity of the lowest energy electronic transition in arylimido hybrids, originating from the ligand electron donation to Mo and delocalization of the aryl π electron density over the entire structure.[70] In arylimido hybrid systems it is possible to further red-shift the lowest energy electronic transition through extension of the π-system or the introduction of electron donating groups onto the ring. In both cases this has the effect on reinforcing the interaction between the POM (acceptor) and organic group (donor) by making the system more electron-rich (cf. 4, 11 and 32-34). 

Alkylimido hybrids are typically more stable in their oxidized form than arylimido hybrids (cf. 8-15 vs. 16-27), due to the electron-donating nature of the alkylimido groups.[66] The position of electron donor/acceptor groups on aryl rings exerts a small effect on the peak position of the POM-based reduction wave (cf. 2-3 and 12-14), whereas changing between electron donors and acceptors has a significant influence on the peak potential (cf. 1 vs. 3 vs. 5). 

There exists a single example of the imido-functionalization of hexatungstate, in which Mohs et al.[71] synthesized an arylimido hybrid hexatungstate featuring two ortho isopropyl units in ~10% yield from tungstate anions and the aryl isocyanate, [W6018(C6H3(C3H7)2)]2-. The electronic behavior of the system follows previous trends between parent POM and hybrid hexamolybdates; a 210 mV negative shift in the first reduction potential compared to the 250 mV negative shift seen in the analogous hybrid hexamolybdate. 

Hexamolybdates can also be monofunctionalized through diazenido, hydrazido or azino bridges (Figure 8). Despite the structural similarity of these groups, all containing the Mo-N-N-Rx linkage, the UV-vis and electrochemical measurements demonstrate the contrasting electronic nature of these hybrids. The experimental results are given in Table 6. While organoimido, azino and hydrazido hybrids feature only reduction processes in their cyclic voltammograms due to the σ- and π-donor nature of the ligands, the σ-donor and a π-acceptor diazenido hybrids display only oxidations. The formal donation of electrons from the diazenido leads to stabilization of the mono-reduced cluster.[72],[77]

3.2. Multifunctionalization of [Mo6O19]2-
Lindqvist anions may be imido-functionalized up to six times due to the presence of six equivalent terminal Mo=Ot groups. In practice, multifunctionalization is achievable, however each subsequent installation of an organoimide renders the POM less reactive. This is evidenced by an increasingly negative shift in the first reduction potential of the products, and by the necessity for harsher reaction conditions when forming multiple MoN bonds.[57] Despite this, there are numerous examples incorporating two organoimido groups and a handful incorporating three or more.

Lindqvist bifunctionalization yields two possible isomers; cis and trans (Figure 9). The cis isomer is favored from a probabilistic perspective, nonetheless the trans isomer is typically stabilized by approximately 2-5 kcal/mol relative to the cis isomer (depending on the organic group) and can be selectively synthesized by simply increasing reaction time.[78, 79] The electronic properties of cis and trans bifunctionalized hybrids are compared (relative to the parent {Mo6O19}) in Table 7.

Compounds 52-55 exhibit a further negative shift in redox processes between the mono- and di- substituted species, similar to that observed between the monofunctionalized and parent POMs. This is consistent with an increase in electron donation to the POM as each organoimide is installed. Strong et al. showed that POM-functionalization with 0 to 5 1,5-diisopropylimido groups induced a step-wise negative shift in first reduction potentials (ca. 220 mV per group), with only the penta-functionalized hybrid deviating (negatively) from the trend. [57]

Arylimido-functionalization of hexamolybdates results in systems where π-electrons delocalize over both organic and inorganic components. Although a powerful method for fine-tuning the redox properties of the POM via the substituents of the aryl ring, Lindqvist anions are rarely sought in areas such as catalysis and energy storage due to their simple photo- and electrochemical profiles when compared to other well-known cluster types.[2] Nonetheless, these hybrids have still received significant attention over recent years for their potential application in nonlinear optics (NLO) and as components in dye-sensitized solar cells.[1] To understand these highly conjugated systems, computational modelling has been employed for both existing and theoretical hybrids. Although a rich area of study, it is beyond the scope of the review and we recommend the following references for the interested reader. [92-97]

4. Organotin & Organogermanium functionalization
Organotin and organogermanium hybrids are based on the functionalization of lacunary POMs. These are species where one or more of the addenda atoms have been removed through pH-controlled degradation, thereby forming a cavity containing nucleophilic oxoanions which can react with a range of elements to form hybrid structures. The formation of these species is most commonly seen for Keggin and Wells-Dawson anions (where the lacuna are near-identical) and therefore these are the most comprehensively characterized amongst organotin and organogermanium hybrids (Figure 10). Germanium favors 4 or 5 coordination whereas tin favors 5 or 6 coordination, however, both tend to occupy lacuna in a 1:1 fashion. 

4.1 Monolacunary organotin hybrids
The earliest hybrids incorporating organotin fragments were obtained from monolacunary Keggin and Dawson anions in 1979.[98, 99] The organotin fragment, which is usually installed via the organotin trihalide, occupies a vacant lacuna in a six-coordinate fashion, bonding to the four free oxoanions of the lacuna, the internal μ4-oxo group of the phosphate template and the organic R-group (Figure 11).[100] 

Their electrochemical behavior was first investigated in 1997 by Yang, Dai and Liu, and focused on Keggin hybrids with a phenyltin pendant group, [MW11O39SnC6H5], (M = Co or Zn).[101] Cyclic voltammetry was performed in aqueous conditions at pH 4.2, 4.7 and 5.2 (electrolyte, working electrode and reference not given). Positive shifts of the redox potentials were observed with decreasing pH for both species, suggesting that the processes were proton coupled. At pH 4.2, the materials showed an irreversible reduction at –252 mV and –256 mV for Co and Zn POMs respectively, this was ascribed to the reduction of Sn(IV) to Sn(II). Two further 2-electron redox processes were observed at –528 mV and –668 mV and assigned to proton coupled WVI/WV redox couples. The work was later extended to study the properties of organotin hybrid phosphotungstate Keggin and Dawson anions, where the organic groups were methyl propanoate and methyl isobutyrate.[102] All observed redox waves corresponded to POM-based two-electron processes with no tin-based reductions observed. The results and conditions are given in Table 8.

Parrot et al.[103, 104] synthesized phosphotungstate hybrid Keggins with spiropyran and benzopyran units ([PW11O39(Sn(C26H21N2O3))]4- and [PW11O39(Sn(C30H23N2O3))]4- respectively), for applications in photochromic materials. The hybrids were characterized electrochemically and spectroscopically and compared to the p-iodophenyl precursor [PW11O39(Sn(C6H4I))]4- (DMF solvent, vitreous carbon working electrode, [TBA][PF6] electrolyte). The precursor has two reversible one electron reductions at -1110 mV and -1640 mV vs. SCE that remained almost constant after spyropyran coupling, at -1140 mV and -1640 mV vs. SCE. The same behavior was seen for benzopyran. Spectroscopically, the absorption properties of the hybrids were dominated by the spiropyran groups with no shift or change in POM absorption processes. This study highlights that remote functionalization of the R-group in organotin hybrid POMs has limited effect on the electronic properties of the metal oxide cluster; an observation supported by a number of other studies on tungstate and molybdate systems.[105],[106] 

4.2 Organotin hybrids of di- and trilacunary POMs
Comparatively, far fewer examples of hybrid POMs exist where organotin groups occupy di- and trilacunary sites. Dinuclear species are particularly elusive and only a handful of examples of tungstate Keggins are known, and their electronic structure is yet to be fully explored.[107] Trinuclear organotin hybrids are comparatively more common and occur in two main motifs; either three dialkyltin moieties each bound to two POM-based oxo groups and two water ligands in an octahedral fashion, or three monoaryl/alkyl tin groups are bound to the POM as a triad connected by three 
Sn-O-Sn bonds, forming an analogous M-O-M structure to that of the plenary POM (Figure 12).[108, 109] 

Electrochemical investigation were performed by Wang et al.[110] looking into both α- and β- isomers of the trisubstituted organotin phosphotungstate Keggin anions [SiW9O37(SnR)3]7- (R = methyl propanoate, methyl isobutyrate or butyronitrile) (Figure 13a). In all cases, two 2-electron POM redox processes were observed and the hybrid β isomers were more readily reduced than their α counterparts by ~40-70mV. There was also a positive shift in reduction potential from methyl isobutyrate to methyl propanoate to butyronitrile. 

4.3 Sandwich organotin hybrids
Organotin groups have been shown to bridge two or more lacunary POM fragments, giving rise to “sandwich” POMs. The most common example of these species is the connection of two trilacunary Keggin species by three organotin species. The organotin molecules form two bonds to each POM, with their organic groups orientated away from the core (Figure 13).[111] Synthetically, these hybrids are accessed via the same conditions as the trinuclear species by simply altering the stoichiometry between organotin species and lacunary POM. Wang et al.[110] characterized the methyl propanoate, methyl isobutyrate and butyronitrile α- and β- hybrid systems, [(α-SiW9O34)2(SnR)3]11-, showing that their redox potentials followed the same pattern of two 2-electron reversible reductions. The processes were positively shifted relative to the trinuclear tin-capped species. 

Further insight was provided into the electronic nature of sandwich complexes by DFT studies on the [ (α-GeW9O34)2(PhSnOH)3]14- anion. The general HOMO and LUMO character of the sandwich complex is similar to that of other POMs, specifically, the HOMO is located on the lone pairs of the oxo groups and the LUMO is centralized on the metal atoms. Compared to [α-GeW12O40]4-, both the HOMO and LUMO are higher in energy than the analogous plenary Keggin anion, meaning that the sandwich complex is more difficult to reduce, however the HOMO-LUMO gap is shown to decrease from 2.70 to 2.61 eV.[111]

Examples of sandwich clusters incorporating four organotin groups,[112, 113] mixed organotin/heteroatom/tungstate cores,[100, 114, 115] and with dilacunary Keggin anions are also known.[116] A particularly interesting example of these more complex hybrid species is the tetraorganotin boat-like POM where a (P2W15O56)2 unit encapsulates a WO6 fragment, four organotin groups, two sodium and two potassium ions ([K2Na2(Sn(CH2)2COO)4(H2O)2(WO5(H2O))(P2W15O56)2]16- (Figure 14)). The cyclic voltammetry of the system exhibits two non-reversible reduction processes (-386 mV and -630 mV vs. Ag|AgCl) with three corresponding oxidation processes (-351 mV, -552 mV, -819 mV vs. Ag|AgCl) (pH 4 buffered aqueous solvent, GC working electrode).[112]

4.4 Organogermanium hybrids
Akin to their tin analogues, organogermanium hybrids were first introduced by Knoth in 1979 based on the incorporation of one organogermanium species (ethylgermanium) into the monolacunary Keggin polyoxotungstate.[98] Since then, however, only a handful of organogermanium hybrids have been reported, likely due to the relative scarcity of organogermanium halide reagents compared to organotin halides. The examples which have been reported are exclusively those formed from the monolacunary species and are usually based on the Keggin framework. Sazani et al. reported a range of organogermanium hybrid Keggins featuring pendant alkyl carboxylic acids. The systems, [MW11O39Ge(CH2COOH]n- (M = Si/Ga, n = 5/6), were electrochemically characterized and changes of linker and template were compared. Interestingly, organogermanium derivatives exhibit a slight positive shift in the POM redox potentials, accompanied by a larger peak separation than the organotin hybrids.[117] 

Proust and co-workers have reported several arylgermanate hybrid Keggins and studied their electrochemistry on various surfaces (MeCN solvent, TBABr electrolyte).[118-120] In all cases, an intermediate hybrid was formed, featuring a reactive 4-iodophenyl ring, [PW11O39(Ge(C6H4I))]4-, (E1/2 = -990mV, -1460mV vs. SCE), this could then undergo Sonagashira coupling to form a diphenylacetylene group with a terminal 4-diazonium group, [PW11O39(Ge(C6H4C2C6H4N2))]4-. Two redox processes were observed at -1020 mV and -1480 mV and an irreversible diazonium reduction at -490 mV vs. SCE. Upon attachment to a glassy carbon electrode, silica or a gold surface, hybrid materials were formed with first reduction potentials of -950 mV, -1010 mV and -1100 mV vs. SCE respectively. As with tin, R group modulation on germanium hybrids has limited impact on the electronic properties of the POM.

5. Organosilicon functionalization
The lacunary structure of Keggin and Wells-Dawson POMs can be modified with organosilanes. As with other Group 14 hybrids, the organosilyl functionality can be installed via silyl halides. However, due to their different size, organosilyl groups tend to occupy lacuna in a 2:1 stoichiometry, whereby each silyl group attaches via two Si-O bonds to the POM and a siloxane bridge is formed between the neighboring silicon centers.

5.1 Organosilicon hybrids of monolacunary Keggin POMs.  
For monolacunary species, all reported hybrids have two organosilicon fragments, connected by a single siloxane bridge (Figure 15). All examples show either via 29Si NMR or X-ray crystallography that the silicon bonds to POM oxo-groups parallel to the mirror plane, with the siloxane bridge bisecting the mirror plane, resulting in equivalent organosilicon groups. It was again Knoth who first introduced this class of hybrid for the Keggin anion with both alkyl and aryl organic groups attached to silicon.[98] Early electrochemical studies concluded that siloxane hybrids exhibited similar properties to other monolacunary hybrid Keggins.[121] 

A rigorous study of the electrochemistry of monolacunary-derived hybrids was performed by Agustin et al.  for alkyl derivatives (MeCN solvent, [TBA][BF4] electrolyte), and Duffort et al. for aryl derivatives (DMF solvent, [TBA][PF6] electrolyte). Table 9 shows the observed redox processes from both studies referenced vs. SCE. As expected, there is limited electronic conjugation across the siloxane linker and changes to the organic groups exerts only a relatively small influence over the electrochemical behavior of the POM.

Another notable study where pi-conjugated ligands were directly compared to analogous alkyl ligands was performed by Klaiber et al.[124] on a hybrid POM surfactant. The electrochemistry of the highly conjugated chain organosilicon hybrid [PW11O40SiC2H2-(C6H4C2)3-Si(iPr)3)2]3- shows reversible redox processes at -750 mV and ~ -1300 mV vs. Ag/Ag+ whereas the non-branched C16 alkyl chain shows redox processes at -840 mV and ~ -1450 mV (DMSO solvent, electrolyte and working electrode not given). The redox processes in the latter hybrid were also much more reversible with a smaller peak to peak separation. The degree of influence of the organic groups on the POM electrochemistry may be due to supramolecular ordering and less a result of the molecular structure.[125]

The electronic structure of siloxane hybrid POMs has been studied by DFT to explore their potential application as NLO materials. Yao et al.[126] calculated NLO response for 18 different hybrids with variation in alkenyl and phenylacetylene chains, including chain length (number of repeating units) and terminal group (donor/acceptor). In general, the NLO trends showed that the HOMO energies were similar whereas the LUMO energies varied between groups. Subsequent experimental studies have shown that NLO response in these systems may be limited by the poor conjugation at the silyl tethering point.[94]

5.2 Organosilicon hybrids of di- and trilacunary Keggin POMs. 
Organosilane functionalization of dilacunary polyoxometalates can yield systems bearing either two or four silicon centers (Figure 16). Both species were first identified by Mayer et al., who showed that disiloxane [γ-SiW10O36(RSi)2O]4- or tetrasiloxane [γ-SiW10O36(RSiO)4]4- species were accessible through stoichiometric control.[127] Despite their use as catalyst supports[128] and as photocatalysts,[129] the electronic character of these species is yet to be fully elucidated. 

Trilacunary POMs can be functionalized with anywhere between three and six organosilanes. Control over hybrid composition is achieved by post-synthetic modification, changing the sterics of the organosilane groups, or via reactant stoichiometry.[130, 131] Proust and Bidan and co-workers studied the electrochemistry of triply organosilane-functionalized systems that had been modified with organogermanium moieties. The systems exhibited multiple redox couples, and germanyl post-functionalization caused the redox processes to shift to more negative potentials due to the inductive effect of the organogermanium moiety.[132] 

5.3 Organosilicon hybrids of Dawson POMs
Despite the analogous functionalization behavior of tungsten Dawson and Keggin anions, only hybrids formed from the monolacunary Dawson structure have been reported. The first example of this type of hybrid was demonstrated in 2004 by Mayer et al. for two different arylsilanes.[133] Both the bonding and structure were analogous to the monolacunary hybrid Keggins, as proven by 29Si NMR studies. Variation of the organic moiety was again shown to exert minimal influence on the redox chemistry of the POM. For example, Matt et al. showed that extension of a pi-system from iodophenyl to pyrene-phenylacetylene caused no change in the POM redox behavior.[134] However, the authors then replaced the pyrene with a Ru(bpy) moiety, causing the redox potentials of the POM to shift positively due to the change in overall charge of the hybrid upon introduction of the dicationic ruthenium complex.[135] 

The electrochemical properties of an iridium complex-bearing organosilicon hybrid Dawson, [P2W17O66Si2Ir2C72H46N6]6-, were compared to those of the corresponding iridium-organosilicon hybrid Keggin, iridium-organotin hybrid Dawson and the iridium-organotin hybrid Keggin. The first redox potentials were found to vary depending on both the choice of POM and the anchoring group. This was attributable to the overall charge of the different systems, where the organosilicon Keggin (3– charge) was reduced most readily, before the organotin Keggin (4–), the organosilicon Dawson (6–) and the organotin Dawsons (7–). Organosilicon hybrids are easier to reduce than organotin hybrids due to their charge. This is supported by the measured and calculated photophysical behavior of the systems containing the pendant iridium photosensitizers, which show the evolution of a transient charge separated state where an electron has been transferred from the iridium photosensitizer to the POM. The rate of charge separation directly follows the trend in the first reduction potentials (faster rates for POM hybrids that are easier to reduce) but is inversely proportional to the lifetime of the charge separated state (smaller recombination energy for silyl POMs due to the lower lying LUMO energies).[136]


6. Organophosphorus hybrids
As with monolacunary organosilicon hybrids, two organophosphorus units fill a single metal vacancy, parallel to the mirror plane. Each phosphonate group bears one organic substituent (Figure 18). The lack of P-O-P linkages in the hybrid structures ensures that phosphonate hybrids exclusively feature this motif irrespective of the size of the lacuna. The group may be introduced by either an organic phosphonic dichloride or an organic phosphonic acid. 

6.1 Organophosphorus Keggin hybrids
Organophosphorus hybrids of the mono-, di- and trilacunary tungstate Keggin clusters are comparatively uncommon compared to their organosiloxane analogues. The monolacunary derivatives were first reported by Kim et al. and employed phenylphosphonic acid, [XW11O39(POC6H5)2]n- (X = P/Si, n =3/4).[137] 183W NMR and infra-red spectroscopies exhibited significant shifts upon hybridization, suggesting that the phosphorus linker facilitated electronic conjugation between the organic group and the POM. Andino et al. employed UV-vis absorption studies to show that POM-based absorption maxima red-shifted upon hybridization with methylnapthyl organophosphonates ([XW11O39(POCH2C10H7)2]n- (X = B/Si, n =5/4)). Furthermore, a the appearance of a new band at 400 nm was ascribed to charge transfer from the aromatic group to the POM cluster. Fluorescence measurements showed complete quenching of the napthyl fluorescence due to intramolecular charge transfer.[138] 

Only a handful of examples of organophosphonate hybrid dilacunary Keggins have been reported. Yaqub et al. found that the phenylphosphonate hybrid, [SiW10O36(POC6H5)2]4-, exhibits two reversible one-electron redox processes, centered at -556 mV and -1117 mV, and a two-electron redox process at -1691 mV vs. Ag/Ag+ (MeCN solvent, [TBA][PF6] electrolyte, GC working electrode) indicating that that the electronic nature of the POM is preserved upon hybridization.[139] Organophosphonate hybrids of trilacunary Keggins have been reported, but their electronic structures are yet to be explored. Such systems are structurally interesting due to the potential filling of their unreacted lacuna with heterometal ions.[140]



6.2 Organophosphorus Dawson hybrids
Organophosphorus hybrids of Dawson POMs remain relatively rare and are limited to monolacunary functionalization. Yet, they have been intensely studied in terms of their electronic properties due to the combination of rich redox chemistry coupled with the strong electronic conjugation between components. Sun et al. reported hybrids with both aryl and alkyl phosphonates and organic monothiophosphonates. However, the first electrochemical study was performed on the phenylphosphonate hybrid, [P2W17O61(POC6H5)2]6- and its organosilicon analogue by Boujtita et al.[141], who showed that both hybrids exhibit four reversible redox processes in organic solvents (MeCN solvent, PPh4Cl electrolyte, glassy carbon working electrode, vs. SCE). They showed that the first and second redox processes of the phenylphosphonate hybrid were positively shifted by 300 mV and 100 mV compared to the phenylsiloxane analogue. The shift in potential was attributed to the electron withdrawing nature of the phosphonate group.

Harriman et al. synthesized two organophosphorus porphyrin-bearing POMs, one of which was completely π-conjugated between porphyrin and POM.[142] The conjugated hybrid had significantly more positive POM-based redox processes (-180 mV and -750 mV vs. SCE) than its non-conjugated analogue (-300 mV and -820 mV vs. SCE), confirming that the group directly attached to the phosphonate plays a large role in the redox tuning of the POM (DCM solvent, [PPh4][BF4] electrolyte, working electrode not given). Changing the alkyl phosphonate to an aryl phosphonate also significantly affected the intramolecular charge transfer characteristics, primarily as a function of ligand rigidity. This was later supported through studies on perylene bisimide-functionlized hybrids.[143] 

Ni et al. compared the first reduction potentials of organophosphorus hybrids to those of the plenary POM species {P2W18}. All systems were hexaanionic. The hybrids exhibited positive peak shifts of up to +670 mV, +630 mV, +480 mV and +400 mV vs. SCE for the first, second, third and fourth redox processes respectively (MeCN solvent, [TBA][PF6] electrolyte, GC working electrode), far greater than those observed upon functionalization with organosilicon, germanium or tin moieties. 

The stabilization of the π-system is also demonstrated when a porphyrin moiety is linked to the Dawson POM by a simple phenylphosphonate bridge. The UV-vis spectrum of the species reported by Zhang et al. shows that the Q band of the metalloporphyrin is significantly red-shifted from 550 to 672nm, indicating strong delocalization.[144] A concomitant blue shift of the POM Ot to W ligand to metal charge transfer (LMCT) band is also observed, suggesting that the metalloporphyrin may be acting as an electron donor and the POM as an electron acceptor, mediated by the phosphorus linker. As expected, the fluorescence of the porphyrin is also quenched by the POM, furthermore, the redox chemistry of the hybrid was significantly negatively shifted and merged to form one single multi-electron peak at -1680 mV vs. SCE (MeCN solvent, [TBA][PF6] electrolyte, vitreous carbon working electrode).

Our group recently studied the effect of organophosphonate hybridization on the orbital energies of Dawson POMs, specifically focusing on a benzoic acid-modified system, [P2W17O61(POC6H4COOH)2]6-.[145] The strongly electron-accepting organic group significantly affected the LUMO energy of the system, as evidenced by electrochemical analysis with redox peak shifts of +420 mV and +350 mV vs. NHE for the first and second redox potentials vs. the plenary {P2W18} species (DMF solvent, [TBA][PF6] electrolyte, GC working electrode). Despite the near identical UV-vis profiles of the hybrid species compared to the plenary and lacunary Dawson anions, the hybrid was found to be photosensitized to light above 420 nm whereas the unmodified clusters were only photoactive in the UV region. This is consistent with a decrease in both the HOMO-LUMO gap and a lower LUMO energy in the hybrid system. DFT studies suggested that the hybrid had both an elevated HOMO energy and a stabilized LUMO energy, resulting in a smaller HOMO-LUMO gap. The change in FMO energies observed was a combination of both inductive and resonance effects; the former stabilized both orbitals whereas the latter destabilized the HOMO and stabilizes the LUMO.

These findings were applied to a series of organophosphonate hybrids where the phosphonate groups were connected to phenyl, 4-methoxyphenyl and H groups. DFT was employed to probe the electronic structures of the hybrids, and a clear substituent effect was suggested. The electron-withdrawing benzoic acid lowers the HOMO-LUMO gap and stabilizes the LUMO more effective than the phenyl and 4-methoxyphenyl respectively. In all cases the calculations indicated that the HOMO and LUMO were disordered between organic and inorganic components. For the phosphonic acid hybrid (substituent H), the LUMO stabilizing inductive effect was retained but the HOMO destabilizing resonance effect was absent and the electron density was localized on the POM in both the HOMO and the LUMO. Photocatalytic dye decomposition experiments were carried out to corroborate theoretical and electrochemical observations and activity was found to correlate with the relative positivity of the first reduction potential, i.e. H > PhCOOH > Ph > PhOMe (where H has the lowest energy LUMO and highest degree of photoactivation). This study represented a first example where electronic structure and physical properties of a simple organofunctionalized hybrid POM were controllably modulated through the substituent effect to deliver improved photocatalytic performance.

Extending the electronic structural control achievable using organophosphonate groups, Kastner et al.[147] demonstrated that for a hybrid Dawson surfactant featuring long alkyl thiol chains grafted to the POM via phosphonate linkers, [P2W17O61(POC6H4O(CH2)11SH)2]6-, the formation of supramolecular aggregates led to changes in the POM redox chemistry. The hybrid species exists in its monomeric form in DMF solution, exhibiting a first redox process that was shifted by ca. +400mV relative to the plenary {P2W18} POM ([TBA][PF6] electrolyte, glassy carbon working electrode, vs. NHE). Upon heating in water, the hybrid system forms micellar structures which exhibit different electrochemical properties. In the supramolecular aggregate, the first redox reduction potential is only +10 mV shifted from the plenary parent POM. This negative shift goes against what would be expected in the higher dielectric constant solution and arises due to coulombic repulsions between POM groups in the micellar assemblies. Upon addition of DMF to the micellar solution, the electrochemical behavior of the monomeric species is restored. This study indicates that the cooperativity and supramolecular arrangement of hybrid POMs can play a key role in fine-tuning their redox behavior.

7. Conclusions
Covalently functionalized organic-inorganic hybrid POMs continue to gather increasing levels of attention for their potential use in a range of applications. The specific interaction between the organic and inorganic components dictates the electronic structure of the hybrid system and understanding this interplay will underpin the development of new photocatalysts, NLO materials and energy storage devices. Throughout the literature, due care has been exercised in the selection of the POM and the organic fragment when designing hybrid systems, however, the choice of connecting group is often made for synthetic reasons.

Here we have demonstrated that the anchoring method has a profound role in determining the overall electronic properties of the hybrid by controlling the degree of electronic conjugation between the organic and inorganic components. Linkers which allow conjugation between POM and organic groups through π-bonding, such as diolamide, imido and phosphonate tethers, facilitate predictable and powerful tuning of the electronic structure of the POM. However non-conjugated ligands such as triols, tin and siloxanes allow for only small changes of redox behavior based on inductive effects. This key behavioral difference should be taken into account when designing covalent organic-inorganic hybrid polyoxometalates where electronic conjugation, or alternatively separation, is desired. 

Regarding the future development of ligands for the modification of POMs, it seems likely that electronically conjugative anchors will gain popularity due to the potential for functional synergy between components. The field is further driven by the exploration of new functionalization modes and synthetic strategies for accessing new hybrid architectures and, whilst not mentioned here due to their relative scarcity and lack of electronic characterization in the literature, other p-block elements have also been utilized for the formation of POM hybrids, such as arsenates[148] and antimonates.[149] The study of these lesser known anchoring groups may provide new pathways for the functionalization of POMs, especially with the gaining popularity of hydrothermal synthesis as a method of accessing non-classical POM hybrid architectures. 

Another major motivation for the organofunctionalization of POMs is their transformation from discrete anionic clusters to building blocks for multicomponent molecular systems, nanoarchitectures and macroscopic materials. It has been demonstrated that the covalent anchoring of suitable organic groups has allowed POMs to undergo extended coordination[42], polymerization[18], surface grafting[120], self-assembly[147], biological incorporation[150] and additive manufacturing,[151] whilst retaining, and in some cases enhancing, their desirable electronic and photophysical properties. Recently, Cameron et al. demonstrated that the organic linker itself may undergo post-functionalization with transition metal cations, resulting in dramatic changes to the redox properties of the POM.[152] Such systems present exciting opportunities for the continued exploration of hybrid POMs as tunable molecular building blocks.

It is also apparent that developments on the theoretical studies of POMs are beginning to accurately predict the electronic behavior of hybrid systems.[36, 94] The capacity to tailor the electronic properties of hybrid POMs predictively through linker design may define the next phase of their development and facilitate the translation of the field into a wide range of future technologies, from catalysis to energy storage and molecular electronics. 
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Figures and Tables:

Scheme 1. Schematic illustration of the archetypal polyoxometalates and their primary organofunctionalization strategies 

Figure 1. Polyhedral representation of a) Lindqvist [M6O19]2- (typically M = W, V, Mo, Nb) b) Anderson [XM6O18]n- (typically X = 1st row transition metal; M = W, Mo, V; n = 2-8) c) Keggin [XM12O40]n- (typically X = p-block element; M = W, Mo, V; n = 3-5) d) Dawson [X2M18O62]n- (X = p-block element; M = W, Mo, V; n =4-8) polyoxometalates.


Figure 2. Polyhedral representation of [MnMo6O18((OCH2)3CNO2)2]3- showing the typical binding of two triol groups to the Anderson POM. Mo; plum octahedra, Mn; lilac octahedron, C; dark grey spheres, N; blue spheres, O; red spheres.


Figure 3. Polyhedral representation of the different structural motifs accessed by Wang et al. for triol ligands and the Anderson POM where δ = triol insertion at three μ3-O atoms and χ = triol insertion at two μ3-O atoms and one dibridging μ2-O atom. Mo; plum octahedra, Co; light blue octahedra, C; dark grey spheres, O; red spheres, H; small grey spheres.

Figure 4. Polyhedral representation of a) tris functionalized vanadium-capped Dawson structure [P2V3W15O59(CH2O)3NHCOCH2OC10H7]6- b) diolamide functionalized vanadium-capped Dawson structure [P2V3W15O59((OCH2)2C(C2H5)NHCOCH3]5-. W; pale blue octahedra, V; blue-grey octahedra, C; dark grey spheres, N; blue spheres, O; red spheres, P; magenta tetrahedra, H; small grey spheres.


Figure 5. Polyhedral representation of the terpy diolamide hybrid of vanadium capped Dawson, [P2V3W15O62C22H21N3]5- . Shown as the repeating unit of the POM-Zn-porphyrin coordination polymer (POM = W; light blue octahedra, V; blue-grey octahedra, C; dark grey spheres, N; blue spheres, O; red spheres, P; magenta tetrahedral, Zn; sky blue sphere, H; small grey sphere.

Figure 6. Polyhedral view of the commonly encountered ditriol hexavanadate hybrid showing hybridization on diagonal faces. V; blue-grey octahedra, C; dark grey spheres, O; red spheres, H; small grey spheres.

Figure 7. Polyhedral representation of the monofunctionalized hybrid imidohexamolybdate featuring a phenylimido group. Mo; plum octahedra, C; dark grey spheres, N; blue spheres, O; red spheres.

Figure 8. Polyhedral representation of a) diazenido b) hydrazido c) azine functionalized hexamolybdates. Mo; plum octahedra, C; dark grey spheres, N; blue spheres, O; red spheres, S; yellow spheres, H; small grey spheres.

Figure 9. Polyhedral representation of the cis (a) and trans (b) difunctionalized organoimido hybrid Lindqvists. Mo; plum octahedra, C; dark grey spheres, N; blue spheres, O; red spheres, H; small grey spheres.

Figure 10. Polyhedral representation of the mono-, di-, and tri-lacunary derivatives of the Keggin and Dawson POMs. a) Monolacunary Keggin XM11O39 b) Dilacunary Keggin XM10O36 c) Trilacunary Keggin XM9O34 d) Monolacunary Dawson X2M17O61 e) Trilacunary Dawson X2M15O56.

Figure 11. Polyhedral representation of organotin hybrids of monolacunary Keggin (a) and Dawson (b) POMs. W; pale blue octahedra, Sn; teal spheres, C; dark grey spheres, O; red spheres, P; magenta tetrahedra, H; small grey spheres.

Figure 12. Polyhedral representations of the two commonly encountered motifs of organotin hybrids of trilacunary Keggin POM. W; pale blue octahedra, Sn; teal spheres, C; dark grey spheres, O; red spheres, As; green-brown sphere, Ge; lime green sphere, H; small grey spheres.

Figure 13. Polyhedral representation of sandwich-type organotin hybrids formed from trilacunary Keggin POMs. W; pale blue octahedra, Sn; teal spheres, C; dark grey spheres, O; red spheres, P; magenta tetrahedra, H; small grey spheres.

Figure 14. Polyhedral representation of the boat-like organotin hybrid formed from trilacunary hybrid Dawsons with an isolated WO6 octahedron in the center. W; pale blue octahedra, Sn; teal spheres, C; dark grey spheres, O; red spheres, K; light pink spheres, Na; pale yellow spheres, P; magenta tetrahedra, H; small grey spheres.

Figure 15. Polyhedral representation of organosilicon hybrids of monolacunary Keggin anions. W; pale blue octahedra, Si; orange spheres, C; dark grey spheres, O; red spheres, S; yellow spheres, P; magenta tetrahedra, H; small grey spheres. 

Figure 16. Polyhedral representation of the two different binding motifs of organosilanes to the dilacunary Keggin anion. W; pale blue octahedra, Si; orange spheres/tetrahedra, C; dark grey spheres, O; red spheres, H; small grey spheres.

Figure 17. Polyhedral representations of the different binding motifs of organosilicon species onto trilacunary Keggin anions: a) [PW9O34(SiR2)3]3-, b) [PW9O34(SiROH)3]3-, c) [SiW9O34(SiRO)6]4-, d) [PW9O34(RSiO)3(RSi)]3-. W; pale blue octahedra, Si; orange spheres/tetrahedra, C; dark grey spheres, O; red spheres, P; magenta tetrahedra, H; small grey spheres.

Figure 18. Polyhedral representations of organophosphorus hybrids of the monolacunary Keggin (a) and Dawson (b) POMs. W; pale blue octahedra, C; dark grey spheres, O; red spheres, P; magenta spheres/tetrahedra, H; small grey spheres.


Table 1. Redox potentials for symmetrically hybridized iron and manganese-centered Anderson hybrids (1,2-dichloroethane/MeCN 1:1 solvent, [TBA][PF6] (tetrabutylammonium hexafluorophosphate) electrolyte, glassy carbon (GC) working electrodes, vs. SCE).

	Hybrid POM
	E°’ (mV)MIII/MIV
	E°’ (mV) MIII/MII
	E°’ (mV)MoVI/MoV

	Anderson-Fe-pyridine (3)
	-
	-660
	-1410

	Anderson-Mn-pyridine (4)
	850
	-590
	-1980a

	(3)-[Ru(CO)TPP]2
	870
	-680
	-

	(4)-[Ru(CO)TPP]2
	860
	-690
	-




Table 2. Redox potentials for symmetric and asymmetric hybrids with tris, spiropyran and spyronapthoxazine groups (DMF solvent, LiClO4 electrolyte, GC working electrode, vs. SCE.[34, 35]

	Hybrid POM
	E°’ (mV) MnIII/MnIV
	E°’ (mV) MnIII/MnII
	E°’ (mV) MoVI/MoV

	MnMo6(tris)2
	719
	-1000
	-1745

	MnMo6(tris)(SP)
	744
	-875
	-1725

	MnMo6(SP)2
	769
	-
	-1700

	MnMo6(SP)(SN)
	750
	-
	-

	MnMo6(SN)2
	830
	-1000
	-2010







Table 3. First and second redox potentials and peak separations for a series diolamides hybridized {V3W15} Dawson POMs featuring different α-R groups (MeCN solvent, [TBA][BF4] electrolyte, GC working electrode, vs. Fc/Fc+).

	R-group α- to C=O 
	1: E°’ (mV)
	1: ΔEp (mV)
	2: E°’ (mV)
	2: ΔEp (mV)

	Me
	-301
	98 
	-646
	302

	C6H4-p-NO2
	-287
	98
	-493
	212

	C6H5
	-306
	85
	-618
	224

	C6H4-p-OMe
	-317
	84
	-667
	160

	C6H4-p-NEt2
	-337
	90
	-716
	122



Table 4. Observable redox potentials of [V6O7(OR)12]n+/- (where R = Me, Et) between +1V and -1.5V (CH2Cl2 solvent, [TBA][PF6] electrolyte, platinum wire working electrode, vs. Fc/Fc+).

	Redox Process
	E°’ (mV)

	
	R = Me
	R = Et

	[VIV3VV3O7(OR)12]+  ⇋  [VIV2VV4O7(OR12)]2+ + e-
	830
	750 

	[VIV4VV2O7(OR)12]  ⇋  [VIV3VV3O7(OR12)]+ + e-
	200
	30

	[VIV5VV1O7(OR)12]-  ⇋  [VIV4VV2O7(OR12)] + e-
	-40
	-660

	[VIV6O7(OR)12]2-  ⇋  [VIV5VV1O7(OR12)]- + e-
	-930
	-1210



Table 5. Electrochemical (first reduction potentials) and electronic (UV/vis lowest energy electronic transition) characterization for a series of monofunctionalized hybrid Lindqvists with electrochemistry conditions and reference.

	Entry
	R group
	ΔEcath (mV)
	CV Solv,RE,WE,Electrolyte
	λleet (nm)
	Ref

	0
	-
	-
	-
	325
	[58]

	1
	Ar-p-Me
	–130
	DMF, SCE, n/a, n/a
	365
	[58]

	2
	Ar-m-SMe
	–170
	DMF, SCE, Pt, [TBA][PF6]
	336
	[59]

	3
	Ar-p-SMe
	–174
	DMF, SCE, Pt, [TBA][PF6]
	376
	[59]

	4
	Napth-5-OH
	–258
	DMF, SCE, Pt, [TBA][PF6]
	407
	[60]

	5
	Ar-p-OH
	–259
	DMF, SCE, Pt, [TBA][PF6]
	360
	[60]

	6
	Cy-p-OH
	–260
	DMF, SCE, Pt, [TBA][PF6]
	326
	[60]

	7
	Ar-m-Me-p-OH
	–268
	DMF, SCE, Pt, [TBA][PF6]
	365
	[60]

	8
	Ar-m-Me-p-Br
	–150
	MeCN, AgCl, Pt, [TBA][PF6]
	355
	[61]

	9
	Ar-m-(Me)2-p-Br
	–173
	MeCN, AgCl, Pt, [TBA][PF6]
	360
	[61]

	10
	Ar-p-CHCH2
	–180
	MeCN, AgCl, n/a, n/a
	-
	[62]

	11
	Napth
	–190
	MeCN, AgCl, GC, [TBA][PF6]
	383
	[63]

	12
	Ar-m-Cl
	–191
	MeCN, AgCl, n/a, [TBA][PF6]
	341
	[64]

	13
	Ar-p-Cl
	–193
	MeCN, AgCl, n/a, [TBA][PF6]
	346
	[64]

	14
	Ar-o-Cl
	–197
	MeCN, AgCl, n/a, [TBA][PF6]
	349
	[64]

	15
	Ar-m-(Me)2-p-CCFc
	–211
	MeCN, AgCl, Pt, [TBA][PF6]
	382
	[65]

	16
	iPr
	–208
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	17
	n-Pr
	–216
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	18
	n-C18H37
	–227
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	19
	Hex
	–227
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	20
	Me
	–234
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	21
	Et
	–247
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	22
	Cyclohex-1-ene
	–258
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	23
	t-Bu
	–265
	MeCN, AgCl, GC, [TBA][PF6]
	~325
	[66]

	24
	Fc
	–245
	MeCN, AgCl, Pt, [TBA][PF6]
	-
	[67]

	25
	Ar-m-(iPr)2
	–251
	MeCN, AgCl, Pt, [TBA][PF6]
	351
	[57]

	26
	n-Bu
	–276
	MeCN, AgCl, Pt, [TBA][PF6]
	329
	[57]

	27
	Cyclohexane
	–287
	MeCN, AgCl, Pt, [TBA][PF6]
	325
	[57]

	28
	Ar-o-Me-p-F
	-
	-
	347
	[68]

	29
	Ar-m-Me-p-F
	-
	-
	343
	[68]

	30
	Ar-p-F
	-
	-
	341
	[68]

	31
	Ar-o-F
	-
	-
	340
	[68]

	32
	Ar-p-NH2
	
	
	390
	[69]

	33
	Ar-o-Me-p-(Ar-o-Me-p-NH2)
	-
	-
	405
	[69]

	34
	Ar-o-OMe-p-(Ar-o-OMe-p-NH2)
	-
	-
	430
	[69]



Table 6. Electrochemical and electronic characterization of diazenido, hydrazido and azine hybrid Lindqvist anions, including electrochemistry conditions and references.

	Entry
	N-N bond
	R group(s)
	E°(mV)
	CV Solv, RE, WE, Electrolyte
	λ (nm)
	Ref

	35
	diazenido
	Ar
	60, 820
	 DCM, SCE, Pt, [TBA][PF6]
	525, 396
	[54, 72]

	36
	diazenido
	Ar-p-OMe
	-20, 710
	DCM, SCE, Pt, [TBA][PF6]
	509, 388
	[72, 73]

	37
	diazenido
	Ar-p-NO2
	140, 950
	DCM, SCE, Pt, [TBA][PF6]
	548, 305
	[72, 73]

	38
	diazenido
	ArF5
	300, 1000
	DCM, SCE, Pt, [TBA][PF6]
	523, 379
	[72]

	39
	diazenido
	Ar-p-Me
	-
	-
	498, 385
	[73]

	40
	diazenido
	Ar-p-F
	-
	-
	483, 378
	[73]

	41
	diazenido
	Ar-p-CN
	-
	-
	421, 308
	[73]

	42
	diazenido
	Ar-p-CF3
	-
	-
	481, 400
	[73]

	43
	diazenido
	Ar-o-Cl
	-
	-
	491, 390
	[73]

	44
	diazenido
	Ar-m-NO2
	-
	-
	487, 383
	[73]

	45
	diazenido
	Ar-o-NO2
	-
	-
	548, 373
	[73]

	46
	diazenido
	Ar-o,p-(NO2)2
	-
	-
	525, 300
	[73]

	47
	diazenido
	Ar-p-CO2H
	-
	-
	428, 388
	[73]

	48
	hydrazido
	Ar, Me
	-350, -630
	n/a
	-
	[74]

	49
	hydrazido
	Ar-p-OMe, Me
	-894
	MeCN, AgCl, Pt, [TBA][PF6]
	397
	[75]

	50
	azine
	AMBTH*
	-670
	DMSO, SCE, GC, [TBA][BF4]
	407
	[76]

	51
	azine
	MBTH*
	-670
	DMSO, SCE, GC, [TBA][BF4]
	370
	[76]



Table 7. Electrochemical (first reduction potential) and electronic (lowest energy electronic transition) characterization of both cis and trans difunctionalized hybrid organoimido Lindqvists, including electrochemical conditions ad references. Redox potentials are shown as the negative shifts relative to the same process in the parent cluster Mo6O19.

	Entry
	Isomer
	R group(s)
	ΔEcath (mV)
	CV Solv, RE, WE, Electrolyte
	λleet (nm)
	Ref

	52
	cis
	Ar
	–360
	 MeCN, SCE, Pt, [TBA][BF4]
	342
	[80]

	53
	cis
	Ar-p-OH
	–517
	DMF, SCE, Pt, [TBA][PF6]
	365
	[60]

	54
	cis
	Ar-o-Me-p-OH
	–416
	DMF, SCE, Pt, [TBA][PF6]
	360
	[60]

	55
	cis
	Ar-o-(iPr)2
	–461
	MeCN, AgCl, Pt, [TBA][PF6]
	356
	[57]

	56
	cis
	Ar-o-(iPr)2-p-I
	–390
	MeCN, AgCl, Pt, [TBA][PF6]
	~366
	[81, 82]

	57
	cis
	Ar-o-(iPr)2-p-CCH
	–330
	MeCN, AgCl, Pt, [TBA][PF6]
	~365
	[81]

	58
	cis
	ArFc*
	–435
	MeCN, AgCl, Pt, [TBA][PF6]
	382
	[65]

	59
	cis
	Ar-o,o,p-Me
	-
	-
	360
	[82]

	60
	cis
	Ar-o-(Me)2
	-
	-
	366
	[82]

	61
	cis
	Ar-o,p-OMe
	-
	-
	376
	[83]

	62
	cis
	Ar-o-CF3
	-
	-
	357
	[84]

	63
	cis
	Ar-o-Me-o-Et
	-
	-
	354
	[85]

	64
	cis
	Ar-o-Me-o-iPr
	-
	-
	352
	[85]

	65
	cis
	Ar-o-OMe
	-
	-
	368
	[86]

	66
	cis
	n-Bu
	-
	-
	~325
	[78]

	67
	cis
	Cy
	-
	-
	~325
	[78]

	68
	cis
	t-Bu
	-
	-
	~325
	[78]

	69
	cis
	Ar-o-Me, t-Bu
	-
	-
	352
	[87]

	70
	cis
	C10H16*
(Adamantane)
	-
	-
	325
	[79]

	71
	trans
	Ar-p-NH2
	–340
	MeCN, Fc, Pt, [TBA][BF4]
	-
	[88]

	72
	trans
	Ar-o,p-Me
	-
	-
	361
	[89]

	73
	trans
	Ar-o-(Me)2
	-
	-
	358
	[90]

	74
	trans
	Ar-p-Br
	-
	-
	341
	[91]

	75
	trans
	C10H16* (Adamantane)
	-
	-
	325
	[79]



Table 8. Redox potentials for two organotin hybrids of both Keggin and Dawson POMs at different pH values. Performed in aqueous acetate buffered solution with a dropping mercury working electrode and referenced to the Ag/Ag+ redox couple.

	Hybrid POM
	E1/2 (mV)

	
	pH 4.2
	pH 4.7
	pH 5.2

	(C4H7O2Sn)PW11
	-466
-676
	-528
-788
	-699
-898

	(C5H9O2Sn)PW11
	-600
-712
	-784
-940
	-900
-1112

	(C4H7O2Sn)P2W17
	-601
-814
	-724
-948
	-693
-876
-1111

	(C5H9O2Sn)P2W17
	-401
-576
-811
	-524
-660
-900
	-654
-783
-1098




Table 9. Successive redox potentials for a series of alkyl and aryl derivatives of organosilicon functionalized monolacunary Keggin anions, including references , employing a glassy carbon working electrode, in either MeCN or DMF as the solvent and [TBA][PF6] or [TBA][BF4] as electrolyte.

	R-group 
	 E1/2 (mV) (1)
	 E1/2 (mV) (2)
	 E1/2 (mV) (3)
	 E1/2 (mV) (4)
	Ref

	Et
	-320
	-850
	-1500
	-1990
	[122]

	Vinyl
	-330
	-850
	-1480
	-1970
	[122]

	CH2CH2Si(Et)3
	-400
	-920
	-1560
	-
	[122]

	CH2CH2SiPh(Me)2
	-360
	-870
	-1540
	-
	[122]

	Ar-p-I
	~ -300
	~ -850
	~ -1400
	-
	[123]

	Ar-p-C≡C-Ar-p-tpy
	~ -350
	~ -950
	~ -1640
	-
	[123]
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TOC Synopsis

The covalent functionalization of polyoxometalates (POMs) can radically affect their redox properties and lead to applications in catalysis, energy storage and optics. This review covers the predominant organofunctionalization strategies employed and highlights the role that the POM-anchoring moiety plays in determining the electronic properties of the hybrid material.
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