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Bicapped Keggin polyoxomolybdates: discrete species and investigations on the electronic delocalization in a chain compound

Three monomeric polyoxometalates [M(C10H8N2)3][α--PMo VI 9Mo V 3O40Zn2(C10H8N2)2]2H2O (M--PMo12Zn2, M = Fe, Co, Ru) with {Zn(bpy)2} 2+ units capped on reduced α--Keggin polyanions and [M(bpy)3] 2+ counter--ions were synthesized under hydrothermal conditions. The 1D polymer [N(C4H9)4][Ru(C10H8N2)3][α--PMo VI 8Mo V 6O43] (Ru--PMo14) was prepared by a similar strategy. In this chain capped reduced Keggin anions are linked via Mo--O--Mo bridges and are surrounded by both TBA + and [Ru(bpy)3] 2+ counter--ions. The compounds were characterized in the solid state by single crystal and powder X--ray diffraction and IR spectroscopy and in solution by 31 P NMR spectroscopy. 31 P diffusion ordered NMR spectroscopy (DOSY)

indicates that the diffusion coefficient of the dissolved species of Ru--PMo14 could correspond to a dimeric structure.

Magnetic susceptibility measurements performed on Ru--PMo14 show the existence of antiferromagnetic interactions between the d 1 electrons of the six Mo V centers at low temperature and a delocalization of these electrons at high temperature. DFT calculations allowed proposing a distribution of the electrons consistent with this magnetic behaviour.

Introduction

Polyoxometalates (POMs) are usually described as soluble anionic metal oxide clusters of d--block transition metals in high oxidation states (W VI , Mo V,VI , V IV,V

).

1 They are considered as intermediate species between metalate ions in solution and dense oxide solid phases. Keggin ions with the general formula {XM 12 O 40 } (X = P, Si, Ge, As, etc., M = Mo, W, V, Nb, etc., noted XM 12 ) 2 represent one of the most studied family of POMs for several reasons: i) they are synthesized in water by a one step procedure but organic soluble derivatives can also be easily obtained, ii) they possess various compositions, iii) vacant species can be easily formed, especially for the XW 12 series, while the XMo 12 series can be reduced up to 24 electrons, giving access to larger and/or functionalized species as well as POM--based materials, 3 and finally iv) they exhibit a wide range of properties from magnetic to catalytic properties.

There is thus a great interest in studying the condensation process from a single isolated Keggin ion to larger structures. One way to increase the reactivity of the XMo 12 Keggin ion lies in the reduction which increases the negative charge of the POM and thus its nucleophilicity, favoring the aggregation processes through its reaction with electrophiles. In this respect, hydrothermal reactions have allowed to synthesize a large variety of bi--capped molecular anions such as [α--PMo we report here the hydrothermal synthesis of bi--capped PMo 12 compounds either molecular or connected to form a 1D chain. These compounds were characterized in the solid state and in solution by a variety of techniques. DFT calculations were also carried out and brought valuable information about the localization of the electrons.

Results and discussion

Synthesis and characterisations

The synthesis of cations. It can also be noted that the ν(Mo=O) band is at a higher energy (946 cm --1

[N(C 4 H 9 ) 4 ][Ru(C 10 H 8 N 2 ) 3 ][PMo
) than for the M--PMo 12 Zn 2 complexes, in agreement with a greater number of Mo V reduced sites.Erreur ! Signet non défini. a,25 

Structures

The structures of Ru--PMo 12 Zn 2 and Ru--PMo 14 were determined by single crystal X--ray diffraction. The comparison of the experimental X--ray powder patterns of Fe--PMo 12 Zn 2 , Co--PMo 12 Zn 2 and Ru--PMo 12 Zn 2 with the powder pattern calculated from the structure of Ru--PMo 12 Zn 2 solved from single--crystal X--ray diffraction data indicates that the three phases are isostructural and shows their crystalline homogeneity (Fig. S2--S3). The POM core, common in the structures of Ru--PMo 12 Zn 2 and Ru--PMo 14 , consists in a α--PMo 12 Keggin anion (Fig. 1). This POM core is reduced and the degree of reduction was deduced from charge balance considerations. Bond valence sum calculations (Fig. S4--S5) confirm the reduction of the POM but do not show clearly a localization of the Mo V d 1 electrons within the α--PMo 12 anion.

As the negative charge of the Keggin core increases, its nucleophilicity becomes also higher and electrophilic groups aggregate to it. The nature of the capping groups are different in the two structures: two {Mo V O 2 } 2+ groups cap two opposite tetragonal faces of the Keggin core in Ru--PMo 14 (Fig. 1a) whereas in the case of Ru--PMo 12 Zn 2 two {Zn(bpy)} 2+ groups stabilize the negatively charged POM (Fig. 1b). In both cases, the metals are in octahedral environments and bound to four bridging oxygen atoms of the POM, which are usually considered as the most basic sites. 

Magnetic properties

As the monomeric species are expected to be paramagnetic through the whole temperature range, only the magnetic properties of a powdered sample of Ru--PMo 14 have been investigated. The χ M T product vs. T curve is represented in Fig. 5. χ M T continuously decreases from 300 K (χ M T = 0.51 cm .K value expected for two uncoupled electrons (assuming g = 2.0) while the low temperature data are in agreement with a singlet ground state. However, attempts to quantify the magnetic exchange in Ru--PMo 14 by fitting the χ M T vs. T curve considering the Ĥ = -JŜ Mo13 Ŝ Mo14 Hamiltonian adapted for modelling dinuclear species with localized spins have failed. We have thus considered a second model where the {Mo ) electrons and two H atoms added to the oxygen linkers (O33 in Fig. 2B) to saturate their valence (see Fig. S11A). Also, the dimer system has been computed, [(PMo The resulting electronic structure for the monomeric model is

(A) (B) (C)
Please do not adjust margins Please do not adjust margins schematically shown in Fig. 6C (frontier orbitals). The cases described in Fig. 6A, B and C were obtained with values of M S = 0, 1 and 2, respectively. The analysis of the highest occupied molecular orbitals reveals that, above the highest occupied orbital of oxo--like nature (black circles), six electrons of valence d(Mo) character (coloured circles) are found. Among these, four are delocalized over the PMo 12 Keggin unit (green) and, above them, two electrons are placed in the capping Mo atoms. This picture is coincident with the experimental data. Interestingly, less than 0.1 eV above the levels occupied by the capping--like electrons we find empty orbitals of PMo 12 --like nature.

Table 1 (column T = 0 K) reinforces these statements showing the computed atomic spin populations of Mo atoms. The highest net spin values correspond to the two capping Mo atoms (labelled 13 and 14 in Fig. S5). They carry one unpaired electron each. The rest of the positions feature smaller values, that is, the other metal electrons in the structure are found to be much more delocalized over Mo centres of the Keggin framework, especially those forming a four--membered ring in the equatorial region (atoms 3, 9, 10 and 11), halfway the two capping Mo atoms. In the dimeric model structure, the main features related to the spin density are preserved, confirming that one electron is localized in each cap Mo position.

We also computed other cases varying the number of d(Mo) electrons. Taking the structure with all the metal electrons experimentally reported and gradually oxidizing it (from C to A in Fig. 6), we observe that the electrons in the PMo 12 region persist and the ones in the capping region (orange) are removed for the latter having the highest energy. Similar schemes to those in Fig. 6 Table 1 a) The M S = 2 value was used to run the calculation, that is, two paired electrons and four unpaired spin--up electrons.

can be depicted for the dimer model, with localized unpaired electrons in the capping Mo atoms, and the rest of the electrons delocalized over the Keggin--like framework.

In addition to the regular electronic structure calculation (T = 0 K), we simulated the effect of temperature upon the electron distribution on the monomer. It is introduced via the fractional orbital density (FOD), 34 or ρ FOD , a real--space function of position vector r:

𝜌 !"# (𝑟) = (𝛿 ! -𝛿 ! ! ! 𝑓 ! ) 𝜑 ! (𝑟) !
The sum is taken over all electronic single particle levels in the system, ϕ i are molecular spin orbitals and f i (0 ≤ f i ≤ 1) are the fractional orbital numbers that arise from the Fermi--Dirac distribution in statistical mechanics:

𝑓 ! = 1 𝑒 (! ! !! ! ) !! !" + 1
where (ε i -E F ) are orbital energy gaps. Thus, this function quantifies the accessibility of the d(Mo) electrons to the lowest unoccupied orbitals at a given T. The particular values of T 1 = 1000 K and T 2 = 5000 K taken in present calculations are not aimed at representing a realistic situation but simply a trend. These were optimized to describe the non--dynamic correlation nature of the electrons.Erreur ! Signet non défini.

The results given in Table 1 (columns 1000 K and 5000 K) show that, as the temperature is increased (i.e. the energy available to electrons), the unpaired electrons initially localized in Mo(cap) atoms tend to migrate towards the PMo 12 moiety. The decreasing spin populations of positions 13 and 14 as T increases evidence this fact. Also, the higher the temperature, the larger the degree of migration. Thus, higher temperatures promote the capping--like electrons to move into the PMo 12 region, thus generating a paramagnetic state represented by the High T scenario in Fig. 7. Please do not adjust margins Please do not adjust margins region to the green region (B). Overall, there are two M S = ½ regions per monomer, which result in overall M S = 0 or 1 states. This fact is in line with the small energy difference between the levels localized in capping Mo atoms (orange) and empty ones just above, of PMo 12 character. The process of delocalization of these electrons is two--fold favoured: by the gain in delocalization and by the antiferromagnetic coupling with the four previously delocalized electrons in the PMo 12 unit. 35 They overcompensate the loss of coupling in the capping region. These computational results support the thermal dependence of the experimental magnetic susceptibility curve: low and high T regions feature low and high magnetic susceptibilities, respectively. These results are also consistent with the moderate paramagnetic effect on 31 P nuclei as being in the centre of the Keggin shell, somehow isolated from the paramagnetic sites (capping Mo atoms).

Conclusion

Three isostructural molecular compounds with bicapped [α--PMo V ions of the chain (both in the Keggin core and in the bridge) are antiferromagnetically coupled at low temperature. However at high temperature a delocalization of the spin density is observed and the compound becomes paramagnetic. DFT calculations confirm the electronic distribution found experimentally at low temperature, and rationalizes the magnetic data by evidencing that at higher T the capping electrons migrate into the PMo 12 units, generating a paramagnetic state consistent with the χT vs T curve. This study confirms once again that the reduced {PMo 12 O 40 } core is a versatile platform which can give access to a large variety of compounds ranging from decorated molecular complexes to 1D polymeric structures. These compounds are promising candidates as electro-and photocatalysts 6 due to the presence not only of redox active POM frameworks but also of photosensitive [Ru(bpy) 3 ] 2+ counter-ions.

Experimental section

Synthetic procedures

[Co(bpy) 3 ]Cl 2 , [Fe(bpy) 3 ]Cl 2 , [Ru(bpy) 3 ]Cl 2 were synthesized following a reported procedure.
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All other reagents were purchased from commercial sources and used as received. Hydrothermal syntheses were carried out in 23 mL polytetrafluoroethylene lined stainless steel containers under autogenous pressure. Commercially available reagents were used as received, without further purification. All reactants were briefly stirred before heating. The mixture was heated to 200°C over a period of 1 h, kept at 200°C for 70 h and cooled down to room temperature over a period of 80 h. The pH mixture was measured before (pH i ) and after the reaction (pH f ). The products were isolated by filtration after sonication which allows removing a brown powder always present after the reaction and washed with ethanol.

Preparation 

Physical methods

Infrared spectra were recorded on a Nicolet 6700 FT--IR spectrophotometer. Single crystal X--ray diffraction data collections were carried out by using a Siemens SMART three-circle diffractometer equipped with a CCD bidimensional detector using the monochromatised wavelength λ(Mo Kα) = 0.71073 Å. Absorption correction was based on multiple and symmetry--equivalent reflections in the data set using the SADABS program 37 based on the method of Blessing.
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The structure was solved by direct methods and refined by full-matrix least--squares using the SHELX--TL package. [START_REF] Sheldrick | SHELX--TL version 5.03, Software Package for the Crystal Structure Determination[END_REF] Crystallographic data are given in Table 2 and the complete data can be found in the cif file as Supporting Information. Powder X--ray diffraction data was obtained on a Brüker D5000 diffractometer using Cu radiation (1.54059 Å). All NMR measurements were recorded at 25°C using a 5 mm sample tube in DMSO--d 6 solution with a typical concentration range of ca. 10 mmol.L --1 . The 31 P NMR spectra were obtained by using a Bruker AVANCE 400 MHz spectrometer, referenced to 85% H 3 PO 4 as an external standard. Free induction decays (FIDs) were accumulated with pulse lengths of 15 μs (90° pulse), a recycle time of 10 s, and a total number of FIDs of ca. 7000. DOSY NMR measurements were carried out using bipolar pulse pair stimulated echo longitudinal eddy current delay (BPP--STE--LED). The diffusion and gradient times were fixed to Δ = 300 ms and δ = 4 ms, respectively, while the gradient strength was varied in the range 0.007-0.32 T/m. Diffusion coefficients D were calculated by an inverse Laplace transform (ILT) of the signal decay data based on the Maximum Entropy method using the NMRnoteBook 2.60 program.

Magnetic measurements

Magnetic susceptibility measurements were carried out on a polycrystalline sample of Ru--PMo 14 using a Quantum Design MPMS--XL7 SQUID magnetometer operating in the 300-2 K temperature range. Susceptibility measurements were performed within an applied field of 1000 Oe. Pascal's constants were utilized to estimate diamagnetic corrections, the value in each case being subtracted from the experimental susceptibility data to give the molar magnetic susceptibility (χ M ).

Electronic structure calculations

The density functional theory (DFT) as implemented in the ADF 2016 package 40 was applied as computational approach to go deeper into the electronic structure of the chain system. Single point calculations with the X--ray geometry were driven on the dimeric and the monomeric units. The unrestricted formalism for open--shell configurations was used taking a Slater--type basis set of triple--ζ + polarization quality, with a large frozen core of electron shells to save computational time. The zeroth--order regular approximation (ZORA) 41 was introduced to account for relativistic effects. We adopted the GGA--type OPBE 

Notes and references

  in the presence of metal halides have also led to mono--capped [PMo 12 O 40 {Co(MeCN) ligand). It should be noticed that in the case of eight--electron reduced PMo 12 Keggin ions, the stable isomer is no more the α isomer but the ε one. 13 In the absence of hetero transition metal ions, extra {MoO 2 } groups aggregate on the surface of the XMo 12 core (X = Si, bi-capped XMo 14 species. Finally, in rare examples, the condensation process does not stop to the aggregation of two or four capping groups but leads to dimerized,Erreur ! no capping groups and the POMs are directly linked via This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins a common terminal atom shared by two adjacent PMo 12 . Note that another way to build Keggin based chains is to connect vacant polyoxotungstate units via W--O--M bridges (M = Mn, heterometal ion M occupies the vacancy of the lacunary anion. 1D coordination polymers based on Keggin--type [SiW 12 O 40 reported. Following our previous studies on ε--Keggin based materials, 24

  ] (Ru--PMo 14 ) was performed by the reaction of a Mo VI precursor, Mo as reducing agent, H 3 PO 3 as a source of heteroelement, zinc acetate, terephtalic acid and TBAOH in water at 200°C, following the usual procedures for the synthesis of POMOFs materials, with however the following modifications: i) a lower initial pH (pH = 4 compared to the usual pH 5);Erreur ! Signet non défini. ii) the solution was degassed with Ar before heating and iii) [Ru(bpy) 3 ] 2+ complexes were introduced as counter--ions with the aim to replace totally or partially the TBA + cations usually present as non--innocent counter-ions. These modifications of the conditions previously used to generate in situ the [εa 1D chain (see below). TBA + ions and [Ru(bpy) 3 ] 2+ complexes are both present as counter--ions in a 1:1 ratio. Note that the presence of zinc acetate and terephtalic acid is necessary during the synthesis although these reactants do not appear in the final product, and that degassing with Ar appeared also to be crucial to get Ru2 (M = Fe, Co) molecular phases were first obtained in similar conditions to that used for the synthesis of Ru--PMo 14 , with [M(bpy) 3 ] 2+ (M = Fe, Co) replacing [Ru(bpy) 3 ] 2+ cations. Surprisingly, we observed the partial decomposition of these complexes, which are less stable than their Ru analogue, and the formation of α isomers with the formula [αFe, Co) counter--cations.The synthesis was further rationalized by introducing bpy ligands and removing terephtalic acid. For these syntheses, it was not necessary to degas the solution and the initial pH was the usual pH 5Zn 2 (C 10 H 8 N 2 ) 2 ]4H 2 O (Ru--PMo 12 Zn 2 ) was also synthesized. The infrared spectra of M--PMo 12 Zn 2 (M = Fe, Co, Ru) are similar and exhibit several characteristic regions (Fig. S1). The 1700--1150 cm --1 region is indicative of the 2,2'--bpy organic ligand. The P--O vibrations are observed between 1000 and 1100 O--Mo stretching modes. The IR spectrum of Ru--PMo 14 is close to those of the molecular compounds with the additional presence of weak δ C--H vibrations around 1480 cm --1 characteristic of the TBA +

26Fig. 1 FigFig. 4. 31 P

 131 Fig. 1 Ball and stick representations of the POM units in a) Ru--PMo 14 and b) Ru--PMo 12 Zn 2 . Gray spheres: P, green spheres: Mo, yellow spheres: Zn, orange spheres: Mo V , red spheres: O, blue spheres: N, black spheres: C; hydrogen atoms have been omitted for clarity. a +V oxidation state for the capping Mo ions. The Mo13, O33 and Mo14 atoms are almost aligned (Fig. 2c). Besides the equally shared O33 oxygen atom and four bridging O atoms of the Keggin core, the capping Mo ions are bound to one terminal O atom with short Mo=O bond lengths. The two terminal atoms are trans to each other. The geometry of this anti {Mo 2 O 2 (µ 2 --O)} 4+ unit is close to that observed in the dinuclear complex [Mo 2 O 3 (C 2 O 4 ) 4 ] 4--27 (Fig. S7). It can be noted that such connection mode between two Mo V ions is rarely encountered. Indeed the most common dimolybdenum(V) bridge is the {Mo 2 O 2 (µ 2 --O) 2 } 2+ unit where the two Mo V ions are bound via two µ--oxo bridges, the two Mo V ions being also involved in a Mo V --Mo V bound (Fig. S7). To our knowledge such a connection has never been observed in polymeric Keggin chains. A single Mo V --O--Mo V linkage is encountered in the 1D inorganic polymer [α--PMo VI 10 Mo V 2 O 39 ] 3--.Erreur ! Signet non défini. However in this latter compound the Keggin ions are directly connected by a common terminal oxygen atom of the Keggin core and not through extra capping groups. In the other structures of chains with Keggin ions linked by capping and bridging units, the bridging metal ions share two O 2--ions like for example in the heteropolyoxoniobate [SiNb 12 O 40 {Nb 2 O 2 (H 2 O) 2 }] 10--28 and in the [α--Mo VI 8 V IV 4 O 36 (V V O 4 )] 7--

  Fig. 5 Thermal behaviour of χ M T for Ru--PMo 14 at 1000 Oe in the 2 -300 K range.

V 2 O

 2 2 (µ 2 --O)} 4+ dimers do not behave as isolated pairs but are magnetically coupled via the PMo 12 units. In other words, we have taken into consideration an alternating Heisenberg--chain model.33 However, again, no acceptable fit could be obtained. All this strongly suggests that the d electrons of the capping molybdenum centres in Ru--PMo 14 cannot be considered fully localized. DFT calculations were thus undertaken in order to consider a possible delocalization of these electrons on the PMo 12 fragment. Electronic structure calculations DFT calculations were driven on the monomeric block of the chain, a model with formula [

6

 6 . S11B shows this model structure with 119 atoms, including two H in terminal positions and a charge of -6. Fig. Electronic structure of the monomer. Molecular orbital sequence in three different oxidation states: (A) fully oxidized [. Coloured circles denote Mo electrons in different regions of the structure. Values are in eV and denote energy increments. Atomic spin densities proof where the Mo electrons are placed.

Fig. 7

 7 Fig. 7 Electronic distribution in a dimer of the chain. In this scheme, green circles represent the PMo 12 moiety and orange circles are capping Mo atoms. Formally, four d(Mo) electrons are delocalized into each PMo 12 at low T (A). When the system has thermal energy, one electron per monomer can be transferred from the orange

31 P

 31 {Zn(bpy)} 2 ] 2--anions and [M(bpy) 3 ] 2+ (M = Fe, Co, Ru) counter--cations have been isolated in the solid state. A 1D polyanionic chain with TBA + and [Ru(bpy) 3 ] 2+ counter--ions was synthesized under close synthetic conditions. This chain is built from the connection of {αfour reduced and bicapped POMs represent rare examples of compounds synthesized under hydrothermal conditions that can be dissolved. The DMSO solutions exhibit a single NMR signal, confirming the purity of the compounds. DOSY experiments suggest that the chain compound dissociates into dimeric species. Magnetic measurements indicate that the d 1 electrons of the Mo

)

  : 1697(m), 1666(m), 1469(m), 1437(m), 1310(m), 1280(w), 1247(w), 1167(w), 1163(w), 1069(w), 1019(m), 932(s), 760(s), 732(s), 649(w), 584(m), 511(m), 467(m). Preparation of [Ru(C 10 H 8 N 2 ) 3 ][PMo VI 9 Mo V 3 O 40 Zn 2 (C 10 H 8 N 2 ) 2 ]4H 2 O (Ru--PMo 12 Zn 2 ): A mixture of (NH 4 ) 6 Mo 7 O 24 ••4H 2 O (0.618 g, 0.5 Please do not adjust margins Please do not adjust margins mmol), molybdenum powder 99.99% (0.030 g, 0.31 mmol), H 3 PO 3 (0.030 g, 0.375 mmol), Zn(CH 3 COO) 2 ••2H 2 O (0.109 g, 0.5 mmol), 2,2'-bipyridine (0.039 g, 0.25 mmol), [Ru(bpy) 3 ]Cl 2 (0.186 g, 0.25 mmol), tetrabutylammonium hydroxide 40 w.t. % solution in water (100 µL, 0.15 mmol) and H 2 O (10 mL) were stirred at room temperature and the pH was adjusted to 5 with 4 M HCl (pH f = 5.2). Black crystals suitable for X--ray diffraction study were collected after filtration (0.107 g, 29% based on bpy). Anal. calc. for C 50 H 48 N 10 Mo 12 O 44 PRuZn 2 (2907.5 g, found): C 20.65 (21.92), H 1.68 (2.03), N 4.82 (4.49), Mo 39.59 (39.17), P 1.06 (1.08), Ru 3.47 (2.89), Zn 4.49 (4.24) IR (ν/cm --1 ): 1699(m), 1667(m), 1464(m), 1443(m), 1420(m), 1315(m), 1268(w), 1242(w), 1167(w), 1067(w), 1023(m), 932(s), 787(s), 760(s), 724(s), 687(m), 584(m), 510(m), 472(m).
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  of [N(C 4 H 9 ) 4 ][Ru(C 10 H 8 N 2 ) 3 ][PMo

					VI 8 Mo	V	6 O 43 ] (Ru--
	PMo 14 ): A mixture of Na 2 MoO 4 ••2H 2 O (0.210 g, 0.87 mmol),
	molybdenum powder 99.99% (0.015 g, 0.15 mmol), H 3 PO 3 (0.015 g,
	0.187 mmol), Zn(CH 3 COO) 2 ••2H 2 O (0.052 g, 0.24 mmol), 1,4--
	benzene--dicarboxylic (terephtalic acid) (0.022 g, 0.125 mmol),
	[Ru(bpy) 3 ]Cl 2 (0.046 g, 0.061 mmol), tetrabutylammonium
	hydroxide 40 w.t. % solution in water (50 µL, 0.075 mmol) and H 2 O
	(10 mL) were stirred at room temperature and the pH was adjusted
	to 4 with 4 M HCl (pH f = 3.2). The solution was degassed with Ar
	before heating. Black crystals suitable for X--ray diffraction study
	were collected after filtration (0.040 g, 23% based on Ru). Anal.
	calc. for C 46 H 60 N 7 Mo 14 O 43 PRu (2874.2 g, found): C 19.22 (18.59), H
	2.10 (2.05), N 3.41 (3.16), Mo 46.73 (47.27), Ru 3.52 (3.18). IR
	(ν/cm	--1 ): 1600(w), 1482(w), 1461(w), 1447(m), 1419(w), 1377(w),
	1312(w), 1270(w), 1243(w), 1168(w), 1119(w), 1070(w), 1024(w),
	973(sh), 946(s), 797(m), 762(m), 728(w), 698(m), 688(m), 626(m),
	497(w), 434(m).		
	Preparation of [Fe(C 10 H 8 N 2 ) 3 ][PMo	VI 9 Mo	V	3 O 40 Zn 2 (C 10 H 8 N 2 ) 2 ]2H 2 O
	(Fe--PMo 12 Zn 2 ): A mixture of (NH 4 ) 6 Mo 7 O 24 ••4H 2 O (0.309 g, 0.25
	mmol), molybdenum powder 99.99% (0.030 g, 0.31 mmol), H 3 PO 3
	(0.030 g, 0.375 mmol), Zn(CH 3 COO) 2 ••2H 2 O (0.105 g, 0.5 mmol), 2,2'--
	bipyridine (0.039 g, 0.25 mmol), [Fe(bpy) 3 ]Cl 2 (0.125 g, 0.25 mmol),
	tetrabutylammonium hydroxide 40 w.t. % solution in water (50 µL,
	0.075 mmol) and H 2 O (10 mL) were stirred at room temperature
	and the pH was adjusted to 5 with 4 M HCl (pH f = 3.6). Black crystals
	suitable for X--ray diffraction study were collected after filtration
	(0.082 g, 23% based on bpy). Anal. calc. for C 50 H 44 N 10 FeMo 12 O 42 PZn 2
	(2826.3 g, found): C 21.25 (21.18), H 1.59 (1.82), N 4.95 (4.54), Fe
	1.98 (1.53), Mo 40.73 (40.17), P 1.09 (1.11), Zn 4.63 (4.81). IR (ν/cm	--
	1 ): 1695(m), 1667(m), 1469(m), 1437(m), 1313(m), 1282(w),
	1242(w), 1177(w), 1167(w), 1104(w), 1019(w), 932(s), 750(s),
	726(s), 649(w), 580(m), 516(m), 466(m).
	Preparation of [Co(C 10 H 8 N 2 ) 3 ][PMo	VI 9 Mo	V	3 O 40 Zn 2 (C 10 H 8 N 2 ) 2 ]2H 2 O
	(Co--PMo 12 Zn 2 ): A mixture of (NH 4 ) 6 Mo 7 O 24 ••4H 2 O (0.618 g, 0.5
	mmol), molybdenum powder 99.99% (0.030 g, 0.31 mmol), H 3 PO 3
	(0.030 g, 0.375 mmol), ZnCl 2 (0.068 g, 0.5 mmol), 2,2'--bipyridine
	(0.039 g, 0.25 mmol), [Co(bpy) 3 ]Cl 2 (0.150 g, 0.25 mmol),
	tetrabutylammonium hydroxide 40 w.t. % solution in water (100 µL,
	0.15 mmol) and H 2 O (10 mL) were stirred at room temperature and
	the pH was adjusted to 5 with 4 M HCl (pH f = 5.5). Black crystals
	suitable for X--ray diffraction study were collected after filtration
	(0.077 g, 22% based on bpy). Anal. calc. for
	C 50 H 44 N 10 CoMo 12 O 42 PZn 2 (2829.9 g, found): C 21.23 (21.77), H 1.57
	(1.97), N 4.95 (4.76), Co 2.08 (2.63), Mo 40.69 (39.88), P 1.09 (1.06),
	Zn 4.62 (3.92). IR (ν/cm	--1	

Table 2

 2 Crystallographic data for Ru

--PMo 12 Zn 2 and Ru--PMo 14 Ru--PMo 12 Zn 2 Ru--PMo 14

  

				NMR measurements
	Empirical formula C 100 H 97 Mo 24 N 20 O 88 P 2 R	C 46 H 60 Mo 14 N 7 O 43 PRu
			u 2 Zn 4	
	Formula weight, g 5815.10	2874.21
	Crystal system	orthorhombic	monoclinic
	Space group	Pcab	P2 1 /n
	a / Å	23.752(1)	16.279(1)
	b / Å	26.287(2)	26.892(1)
	c /Å		27.569(1)	18.665(1)
	α / °	90	90
	β / °		90	103.107(1)
	γ / ° V / Å	3	90 17213(2)	90 7958.0(7)
	Ζ ρ calc / g cm --3	4 2.244	4 2.399
	µ / mm --1	2.510	2.420
	Temperature	Room Temperature Room Temperature
	Data / Parameters 19761 / 1079	23044 / 1013
	R int		0.0986	0.0828
	GOF		0.902	0.992
	R (>2σ(I))	R 1 a = 0.0643 wR 2 b = 0.1672	a = 0.0634 R 1 wR 2 b = 0.1275
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