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Abstract: A mixed-addenda W/Mo hybrid polyoxometalate cluster - 

K6[P2W15Mo2O61(POC6H5)2] (1) was synthesized from the 

condensation of K10[P2W15Mo2O61] and PO3C6H7 under acidic 

conditions. Single-crystal X-ray diffraction confirmed the structure of 

the hybrid cluster and the presence of two Mo centers in the cap of 

the lacunary cluster. The electronic effects of metal substitution were 

studied by cyclic voltammetry, spectroelectrochemistry and electron 

paramagnetic resonance spectroscopy and supported by density 

functional theory calculations. Comparing 1 to its tungsten-only 

analogue K6[P2W17O61(POC6H5)2] (2), a more positive potential for the 

first reduction process was induced by the substitution of W for Mo, 

consistent with a significant lowering of the cluster LUMO energy.  

Introduction 

Polyoxometalates (POMs) are a class of polynuclear 

anionic molecular metal-oxide clusters, consisting of early 

transition metals (i.e. W, Mo, V etc.) in their highest oxidation 

states. These nanoscopic clusters are well-known for their rich 

and reversible redox chemistry, stability and tuneability. Their 

synthesis involves the pH-controlled condensation of metal oxide 

fragments which can be driven to self-assemble into a range of 

structure types, each of which exhibit unique physical properties. 

Their stability and photo/redox activity has seen them employed 

in several fields including biochemistry,1 energy storage,2 and 

photocatalysis.3, 4 

Under mildly basic conditions partial hydrolysis of POM 

clusters can be achieved, yielding lacunary structures which can 

be readily modified by either: i) complexation of transition metal 

ions to yield transition metal-substituted POMs (TM-POMs), or; ii) 

binding of main-group elements tethered to organic moieties, 

forming so-called organic-inorganic hybrid POMs (hybrid POMs). 

Both strategies profoundly impact the physical and chemical 

properties of the POM cluster.5, 6 Much of the early work on the 

modification of lacunary POMs focussed on TM-POMs and found 

them to exhibit a range of potential applications across the fields 

of medicine,7 molecular electronics8,9 and catalysis.10 In recent 

years, however, more consideration has been given to the 

preparation and characterisation of hybrid POMs,5, 11 owing to 

their highly tuneable properties, including visible-light 

photoactivity,12 supramolecular self-assembly,13-16 and redox 

chemistry.17, 18 The combined benefits of addenda metal ion 

substitution and organo-functionalisation are likely to offer greater 

scope to tune the physical properties of the POM cluster,19 

however, the preparation of such systems is synthetically 

challenging and only a handful of mixed-metal hybrid POMs have 

been reported. The primary examples are the {W15V3} 

tungstovanadate hybrids,20 “tris”-functionalised hetero-metal 

centred Anderson hybrids21 and more recently, lanthanide 

substituted polyphosphotungstates.22 

The synergistic impact of incorporating mixed-metal centres 

into redox- and photo-active organophosphonate hybrid POMs 

remains unexplored despite offering a promising pathway to 

further enhance their properties (e.g. visible-light 

photoresponsiveness). Herein, we report the preparation of an 

organophosphonate hybrid POM based on a mixed-metal Wells-

Dawson lacunary structure, K10[P2W15Mo2O61] {W15Mo2},23 and 

investigate the effects of Mo substitution on the electronic 

properties of the hybrid cluster with respect to its mono-metallic 

polyoxotungstate analogue. 

Results and Discussion 

The lacunary cluster was synthesised from an existing 

methodology published by Contant et al.,23 following which, 

phenyl phosphonic acid was appended to the cluster via an acid 

mediated condensation reaction to afford 

K6[P2W15Mo2O61(P2O2C6H5)] (1). This molecule was structurally 

characterised by synchrotron XRD, NMR, MS, and UV-Vis. 

Further experimental details can be found in the SI. 

 



RESEARCH ARTICLE    

2 

 

 

Figure 1. Crystal structure of 1 with solvent molecules and cations removed for 

clarity. Two Mo addenda are located in the upper cap of the Wells-Dawson 

cluster which are covalently bound to organophosphonates. Colour scheme: 

blue polyhedra are {WO6}, magenta polyhedra are {PO4}, and plum polyhedra 

are {MoO6} units. Carbon and hydrogen centres are black and light pink 

respectively. 
 

Single crystals of 1 were obtained by vapor diffusion of 

MeOH into a saturated solution of 1 in MeCN to yield pale green 

single crystals. 1 was analysed by synchrotron X-ray diffraction 

and was found to crystallise in the monoclinic space group P21/n. 

A full description of the crystallographic data collection and 

refinement can be found in the supporting information (Table S2). 

The structure of the polyoxoanion, 1, consists of two 

phenylphosphonic acid moieties covalently grafted onto the 

{W15Mo2} cluster in a 2:1 fashion in a manner analogous to 

previously reported isostructural phenylphosphonate hybrid 

polyoxotungstate, 2.24 The single crystal refinement 

unambiguously confirms the position of the Mo atoms to be 

localised in the capping site of the cluster. 31P NMR (Figure S1) 

also clearly shows three distinct P environments, which supports 

the assignment of the Mo addenda to the cap positions (i.e. no 

scrambling was observed on the timeframe of the measurement). 

To probe the effects of Mo substitution on the electronic 

structure of 1, cyclic voltammetry (CV) and UV/vis 

spectroelectrochemical analysis was conducted (Figures 2 & 3) 

and these results were compared to the tungsten-only analogue, 

K6[P2W17O61(POC6H5)2] (2), which was prepared using a 

previously reported method.24 CV measurements were recorded 

in DMF with 0.1 M [TBA][PF6] supporting electrolyte (Figure 2) 
and are reported at a scan rate of 100 mV/s over a potential range 

of 0 to -2.5 V vs. Fc+/Fc. CV analysis in this potential range shows 

a series of closely overlapping redox processes for both 1 and 2.  

Square wave voltammetry (SWV) (Figure S3b) was conducted on 

each hybrid to better resolve the potentials of these reductions.  

The presence of Mo-centres in 1 results in a significantly more 

positive potential of the first redox process relative to 2, indicating 

an overall lowering in energy of the LUMO due to the substitution 

of Mo addenda into the cluster. Common POM addenda atoms 

can be ordered in terms of decreasing oxidizing ability as follows: 

V(V) > Mo(VI) > W(VI). 25,26 Therefore, in the case of one-electron 

reduced mixed-addenda POMs, the electron is expected to be 

localized on the more readily reduced metal centre.25 In this 

instance, we expect for the single e– on the reduced POM to be 

associated with the reduction of a MoVI centre. To explore this, 

UV/Vis absorption spectroelectrochemistry and electron 

paramagnetic resonance (EPR) spectroscopy were employed 

(Figure 3).  

Typically, the addenda ions in POMs possess a d0 electronic 

configuration, resulting in a large feature in the UV-vis absorption 

spectrum located between 190 and 400 nm and ascribed to an 

oxygen-to-metal charge transfer transition (LMCT).26 The spectra 

associated with reduced POMs exhibits characteristic 

intervalence charge transfer bands associated with inter-valence 

charge transfer (IVCT) between metal centres.27,28 By employing 

spectroelectrochemical analysis, it is possible to distinguish 

between the reduction of different addenda when comparing 

compounds with different compositions (i.e. Mo and W). In 

Figures 3a & c, the growth of the IVCT bands was followed as 

increasingly negative potentials were applied to the system, 

details of which are included in the SI. For each data point, the 

potential was held until the IVCT absorption band remained 

unchanged between successive scans, indicating that all POMs 

in solution had been reduced at the applied potential. The 

absorption spectrum collected after the first reduction of 1 to [1]– 

displayed a very broad feature with a peak around 800-900 nm. 

In contrast, the spectrum associated with [2]– exhibits a broad 

IVCT band with distinct max = 837 nm. The clear difference in the 

absorption profiles for the singly reduced states of both [1]– and 

[2]– is therefore a good initial indicator that the first reduction 

process in 1 is at least partially localised to the molybdenum 

centres.  

Spectral changes associated with the second, third and 

fourth (for 1 only) reductions were also followed by UV/Vis 

spectroelectrochemistry and for each a blue shift was observed in 

the peak tops in the spectra of 1 relative to those in the spectra of 

2. The spectroelectrochemical data allows us to draw some 

qualitative conclusions about the system. The differences in the 

spectra of 1 and 2 suggest that the first reduction process 

exhibited by 1 is primarily Mo-centred. In contrast, the second 

yields a comparatively sharp peak that is reminiscent of that 

shown by [2]2–, albeit significantly blue-shifted (see the red traces 

in Figure 3a and c), suggesting the process is likely to be W-

centred. The third reduction of 1 results in a low broad peak, 

reminiscent of the spectral changes induced by the first reduction  

 
Figure 2. CV plots of and 1 (green) and 2 (blue) conducted in DMF and 0.1 M 

[TBA][PF6] supporting electrolyte. Potentials reported against Fc+/Fc. 
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Figure 3. UV/Vis spectroelectrochemical analysis of a) 1 and c) 2 in DMF with 0.1 M [TBA][PF6] as supporting electrolyte where plots represent the UV/Vis absorption 

profile of POM reduced species produced by applying potential past the 1st (blue), 2nd (red), 3rd (black), and 4th (purple) reduction potentials (red arrows on SWV 

plot in Figure S2 show applied potentials); X-band EPR spectroscopy of the 1e– reduced species b) [1]– and d) [2]– in DMF with 0.1 M [TBA][PF6] as supporting 

electrolyte; e) DFT calculated HOMO-LUMO orbital diagram of 1 (left) and 2 (right) showing the calculated highest POM-centred HOMO and LUMO energies, and 

HOMO-LUMO energy gap (Eg). 

process of 1 and consistent with a Mo-centred redox event. We 

also note the significant differences between the corresponding 

peaks (black traces in Figure 3a and c) in the spectra of [1]3– and 

[2]3–, where the W-centred process in 2 leads to an intense, 

relatively sharp peak. The fourth reduction of 1 results in a similar 

peak change to those seen in 2, hinting that it may be W-centred. 

To further elucidate the location of the electron associated 

with the first 1e– reduction process, EPR spectroscopy was 

conducted on singly reduced species [1]– and [2]– (Figure 3b & 

d). Bulk electrolysis experiments performed on solutions of 1 and 

2, at applied potentials of -0.58 V and -0.94 V (vs. Fc+/Fc), 

respectively, indicate that the first reduction processes are one-

electron in each case (Figures S3 & S4). Further details of the 

reduction process can be found in the SI. [1]– was found to be 

EPR active, both as fluid (Figure S6) and frozen solution. For [2]– 

an EPR spectrum was only observed as a frozen solution at 77 K. 

The 77 K spectra are clearly different; [1]– appears rhombic and 

displays a series of small features at low field consistent with the 

presence of Mo hyperfine coupling (Figure 3b) whilst [2]– appears 

essentially axial, with a low field feature ascribed to 183W hyperfine 

coupling (14.31 %, I = ½). 29,30 

To further probe the electronic structure of the hybrid POMs, 

density functional theory (DFT) calculations were employed, 

allowing us to determine the frontier orbital energy levels of 1 and 

2 (Figure 3e). The geometry of each molecule was optimised in a 

polarisable continuum based on the dielectric constant of DMF. 

Frontier orbitals with the highest POM-based orbital contributions 

are considered to be the HOMO and LUMO. Based on DFT 

calculations, 1 possesses a lower LUMO energy than 2, in 

agreement with experimental data acquired when comparing the 

first reduction potentials for the two clusters (vide supra). 

Furthermore, the LUMO orbital is more evenly distributed across 

the entire POM for 2 whereas the LUMO orbital of 1 has a 

distribution skewed towards the Mo centres. The distribution of 

LUMO electron density across the POM corroborates the 

experimental data, as IVCT is most likely to occur between similar 

neighbouring metal centres, which is most likely why there is a 

lower degree of LUMO orbital delocalisation across the 1 cluster.  

Moreover, Eg is lower for 1, in good agreement with literature 

values for Mo-based POMs.30 We have established that the 

LUMO energies are lower for 1, however, 1 also exhibits a higher 

HOMO energy which also contributes to the lower Eg (2.01 eV) 

compared to 2 (2.10 eV). The HOMO energy is raised as a result 

of lower orbital mixing of LUMO energies due to the different 

nuclei present. Therefore, 2 exhibits larger orbital mixing, a higher 

degree of electron delocalisation and therefore a more stabilised 

(i.e. lower energy) HOMO. 

 

Conclusion 
 
A mixed addenda (Mo/W) organofunctionalized hybrid 

polyoxometalate was prepared and compared to an all-tungsten 

analogue through a combination of single crystal structural 

determination, (spectro)electrochemical analysis and theoretical 

studies.  Detailed electrochemical analyses found the mixed-

metal hybrid system to exhibit numerous quasi-reversible redox 

processes associated with both Mo and W centres; 

determinations supported by both controlled-potential absorption 

spectroscopy and theoretical analyses. The combined effects of 

metal substitution (W→Mo), and the electron-withdrawing effects 

of phosphonate ligands were found to significantly impact the 

frontier orbital energies of the hybrid POM. This new example of 
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a stable, multi-redox active mixed-metal hybrid-POM species 

raises significant potential opportunities in the development of 

visible light photooxidation catalysts and tuneable energy 

materials.  

Experimental Section 

Synthesis of K6[P2Mo2W15O61(POC6H5)2] - 1 

K10[P2W15Mo2O61] (0.25 g, 0.059 mmol), phenyl phosphonic acid (18 mg, 

0.114 mmol), and 12 M HCl (50 μL) was then added. The reaction mixture 

was then heated at 80 °C for 24 h, and after cooling to r.t., the reaction 

mixture was centrifuged, whereby the solution was filter off to give a green 

solution. Et2O was added to the solution and the resulting precipitate was 

centrifuged to collect the solid. The solid was sonicated in Et2O to give 1 

as a green powder (0.164 g, 63.5 %).1H NMR (400 MHz, DMSO-d6) δ 8.00 

– 7.91 (m, 2H), 7.53 – 7.42 (m, 3H); 31P NMR (162 MHz, DMSO-d6) δ 

14.27, -9.79, -12.93. 

Synthesis of K6[P2W18O61(POC6H5)2] - 2 

K10[P2W17O61] (0.25 g, 0.057 mmol), phenyl phosphonic acid (18 mg, 0.114 

mmol), and KCl (126 mg, 1.7 mmol) were suspended in MeCN, and 12 M 

HCl (100 μL) was then added. The reaction mixture was then heated at 80 

°C for 24 h, and after cooling to r.t., the reaction mixture was filtered to give 

a yellow solution. Subsequent centrifugation with Et2O, EtOH, and Et2O 

gave 2 as a yellow powder (0.150 g, 58 %).1H NMR (400 MHz, MeCN-d3) 

δ 8.15 (ddt, J = 14.2, 6.6, 1.6 Hz, 2H), 7.56 (dtt, J = 10.3, 6.3, 1.8 Hz, 3H); 
31P NMR (162 MHz, Acetonitrile-d3) δ 15.58, -11.12, -12.71. 
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Substitution of metal addenda was explored as a method to modulate the electronic structure of organofunctionalized hybrid 

polyoxometalate clusters. Here we study the effects of Mo substitution into a W-based cluster. Through a range of spectroscopic and 

electrochemical techniques, substitution of W for Mo was shown to significantly modify the frontier orbital energies of the hybrid 

cluster.  
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