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Introduction

The synthesis and physico-chemical characterization of coordination complexes containing paramagnetic metal ions impacts on many different research areas, ranging from chemistry to solid-state physics, materials science, catalysis and bioinorganic chemistry. For example, polynuclear transition metal clusters are found in the reaction centers of many important enzymes, including the CaMn 4 cluster responsible for the water oxidation in oxygenic photosynthesis, 1 the Fe/(Mo, V, Fe)-based machineries for nitrogen fixation, 2 the Fe/Zn/Mg/Mn-containing purple acid phosphatases 3 and the metallothioneins used for heavy metal binding. 4 Hetero-metallic Fe/Ni clusters are a particularly prominent sub-group, present in the active sites of several important proteins including the [NiFe] hydrogenases 5 and the Ni-[3Fe-4S] carbon monoxide dehydrogenases. 6 Precise coordination geometries of the metal ions in these active sites are often difficult to establish, and as a result model heterometallic clusters have played an important role in elucidating structure-function relationships. 7,8,9 Outside of the bioinorganic domain, these clusters are also of interest due to their novel magnetic properties, as for example in the case of single molecule magnets, 10 molecules with high ground state spin values 11 and large anisotropies. 12,13 Cyanide bridged Fe/Ni clusters have been particularly prominent in studies of molecular magnetism. 14,15,16 The synthesis of polynuclear metal clusters is typically achieved through a self-assembly processes, although significant progress has also been made on the chemical modification of serendipitously derived clusters through ligand substitution, steric hindrance or structural distortion. 17 One notable example of this second approach is the tuning of the magnetic behavior of homo-metallic enneanuclear complexes of general formula [M II 9 (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ] (py 2 CO 2 2-the dianion of the gem-diol form of di-2-pyridyl ketone) with M II varying from Fe II to Co II and Ni II . 18 In all of these homometallic ennenuclear clusters the µ 4 -OH -ligand can be replaced by µ 4 -N 3 -or µ 4 -NCO -ligands, either through selfassembly or ligand exchange processes. In the case of [Ni II 9 ] clusters, the acetate ligands can also be replaced by pivalates. 18g The central [M II 9 (py 2 CO 2 ) 4 ] 10+ core in this family of clusters therefore appears to be very robust, being conserved across a wide range of divalent metal ions, carboxylates and µ 4 -ligands, and is also stable in solution as evidenced by 1 H NMR studies. 18e The topology of the metal ions in these clusters is remarkable, featuring two square pyramids sharing a common apex (Figure 1c). The four metal ions of each square base are bridged through a single µ 4 -OH -, µ 4 -N 3 -or µ 4 -NCO ligand, a rather rare coordination mode for this type of ligand.

In addition, the metal ion residing on the common apex is 8coordinate, also quite rare in Fe II , 19 Co II In this paper we report a new family of Fe/Ni hetero-metallic clusters based on the stable [M II 9 (py 2 CO 2 ) 4 ] 10+ core found in homo-metallic Fe and Ni analogues. The composition can be varied by changing the ratio of Ni and Fe in the reaction mixture, and the resultant crystals prove to be isomorphous with the [Fe 9 ] analogue. However, X-ray crystallography is not an effective tool for determining either the composition or the distribution of the two metals over the different coordination sites due to the very similar atomic numbers of Fe and Ni. Xray fluorescence (XRF) spectroscopy can, however, be used to establish the Ni/Fe ratio in any given case while Mössbauer spectroscopy can establish the ratio of Fe II in the 6-and 8coordinate sites. A combination of the two techniques therefore allows us to establish the site preferences of the metal ions. The distribution of different ions over the octahedral and tetrahedral sites of a close-packed oxide lattice in the spinel family is a textbook example of ligand-field effects. 21 The mineral trevorite, NiFe 2 O 4 , [START_REF] Anthony | Handbook of Mineralogy[END_REF] for example, adopts an inverse spinel structure due to the large ligand-field stabilization energy available to Ni II , which favours occupation of the octahedral lattice sites. Related issues are less well explored in the context of molecular clusters, but our analysis suggests that the distribution of Fe II and Ni II ions over the 8and 6-coordinate sites is also controlled primarily by the large ligand-field stabilization energy of octahedral Ni II .

Experimental

General and spectroscopic measurements

All manipulations involving metal complexes were carried out using glovebox techniques under a dinitrogen atmosphere. All glassware was oven-dried and cooled in an evacuated antechamber prior to use in the glovebox. Acetonitrile was deoxygenated by using standard Schlenk line techniques and stored in the glovebox. Fe(O 2 CMe) CO 2 ) 4 ]•8.667MeCN•0.8H 2 O (4•8.667MeCN• 0.8H 2 O) Procedure similar to 2; Fe(O 2 CMe) 2 •2H 2 O (0.084 g, 0.4 mmol) andNi(O 2 CMe) 2 •4H 2 O (0.763 g, 3.2 mmol) in MeCN (80 mL) Diffraction measurements were made on a Rigaku R-AXIS SPIDER Image Plate diffractometer using graphite monochromated Cu Kα radiation. Data collection (ω-scans) and processing (cell refinement, data reduction and empirical and/or numerical absorption correction) were performed using the CrystalClear program package. [START_REF]CrystalClear[END_REF] The structures were solved by direct methods using SHELXS-97 and refined by fullmatrix least-squares techniques on F 2 with SHELXL-97.
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Important crystallographic and refinement data are listed in Table 1. The crystals of 2 showed poor diffraction ability and were small in size. Repeated efforts to improve their quality proved unsuccessful; therefore we proceeded in data collection from the best crystals we could find in order to establish the gross structure of the cluster and more importantly to prove the isomorphous character of this family of hetero-metallic clusters. For complexes 2 -5, the lattice solvate molecules were disordered and partially occupied, and could not be modeled properly; thus the program SQUEEZE 

Computational details

All density functional calculations reported in this paper were performed on the OH --capped clusters using the ADF2013.02 package. 28 Full details of total energies and optimized coordinates are presented in Supporting Information, Tables S2 andS3, respectively. Geometries were optimised using the OPBE functional 29 and Slater-type basis sets of polarized triplezeta (TZP) and polarised double zeta (DZP) quality on the metals and main-group atoms, respectively. Orbitals up to and including 3p (Fe/Ni/Zn) and 1s (C/N/O) were frozen. In all cases, the totally ferromagnetic configuration was used (the sum of S = 1 for each Ni, S = 2 for Fe and S = 0 for Zn).

Optimised coordinates of all stationary points are included in supporting information. Mössbauer parameters for Fe were computed following the protocol developed by Noodleman and co-workers 30 using the VWN-PW91 functional, 31 a polarized triple-zeta all-electron basis and the COSMO solvation model (ε = 32.7). 32 The isomer shift, δ, is computed from the electron density at the nucleus, ρ (0) , using δ = αρ (0) + c with fitting parameters α and c taken from Noodleman's work. 30 The quadrupole splitting, ܧ∆ ொ , is computed from the , eight syn,syn-acetates and two tetra-dentate hydroxo groups. Each of the µ 4 -OH -ligands bridges the four metal ions of each square base while each py 2 CO 2 2-ligand bridges five metal ions, two from each square base along with the central metal ion (Figure 1, Table 2). Although the data were collected at different temperatures, the observed bond length values are in the usual range depending on the coordination environment (Table 2). 
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Spectroscopy

We noted above that neither the precise composition of the cluster nor the preference for the 6-and 8-coordinate sites of Please do not adjust margins

Please do not adjust margins [START_REF] Greenwood | Mössbauer Spectroscopy[END_REF] We therefore assign doublet I to the octahedral 6-coordinate sites (denoted Fe (6) ) and doublet II to the unique 8-coordinate site (denoted Fe (8) ). 18d,e The fidelity of these assignments is obviously central to the analysis of the site preferences of the ions to follow, so we have used density functional theory to corroborate them (Supporting information, Table S1). Specifically, we have considered the homo-metallic cluster [Fe 9 (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ], abbreviated as Fe@Fe 8 , where the first named element sits in the 8-coordinate site, along with the hetero-metallic system Fe@Ni 8 , both of which have the highest symmetry compatible with the cluster architecture (D 4 ). The computed data (Table S1) confirm that the isomer shift is indeed larger for 8-coordinate Fe, by 0.05 -0.09 mm/s. It is important to emphasise at this point that the accurate computation of the isomer shift represents a substantial challenge because of its dependence on a well-chosen test set for calibration, and so the computed differences in δ are far from definitive. [START_REF] Cassassa | [END_REF] The quadrupole splitting, in contrast, is not dependent on calibration, and the fact that it is computed to be 0.35 -0.5 mm/s higher for 8-coordinate Fe is more compelling evidence in support of the experimental assignment. The very large computed quadrupole splitting in the 8-coordinate site (2.53 mm/s in Fe@Ni 8 , for example) reflects the axial symmetry of this position, which gives a highly anisotropic electric field gradient (ܸ = ܸ = +0.78 au, ܸ = -1.56 au). In comparison, the components of the electric field gradient at the corresponding site in the analogous Mn II cluster (Mn@Mn 8 ) are much smaller, suggesting that valence contributions due to the anisotropic d 6 configuration of Fe II dominate the quadrupole splitting, rather than the lattice contributions due to the coordination sphere, which are common to both Fe@Fe 8 and Mn@Mn 8 .

Figure 3. Experimental (•) and simulated (black lines) Mössbauer spectra from powder samples of 1 -5 at 80 K in zero magnetic field. The contribution of doublets I (Fe (6) ) and II (Fe (8) ) is shown in blue and red lines, respectively.

The normalized intensities of the two doublets, A (6) /A tot and A (8) /A tot (which reflect the abundance of ions at the different sites, see Figure S3 and discussion), shown in Table 3 are 6)/Atot and A(8)/Atot). Doublets I and II correspond to 6-and 8coordinate metal sites (Fe (6) and Fe (8) ) respectively.

XRF Mössbauer

Fe homo-metallic [Fe 9 ] cluster is known to give a magnetically split spectrum due to paramagnetic relaxation (Figure S4). (8) a Ni (8) b Fe (6) c Ni (6) d . For example, for 3 we have from XRF spectroscopy the total number of Fe ions in the cluster, 2.98, and from Mössbauer spectroscopy, the normalized intensities for Fe in the 8-and 6-coordinate sites, A (8) /A (tot) = 0.22 and A (6) /A (tot) = 0.78. The number of Fe II ions in 8-and 6coordinate sites (a and c in the formula above) is then 2.98 ൈ 0.22 = 0.66 and 2.98 ൈ 0.78 = 2.32, respectively. From the 1:8 ratio of 8-and 6-coordinate sites in the cluster, we can then deduce the Ni distributions: b = 1 -0.66 = 0.34, d = 8 -2.32 = 5.68, and hence formulate cluster 3 as Fe (8) 0.66(2) Ni (8) 0.34(2) Fe (6) 2.32(34) Ni (6) 5.68 (34) . Following the same process, clusters 4 and 5 are formulated as Fe (8) 0.74( 2) Ni (8) 0.26( 2) Fe (6) 0.80(5) Ni (6) 7.20(5) and Fe (8) 0.79( 2) Ni (8) 0.21( 2)

Fe (6) 0.40( 3) Ni (6) 7.60(3) , respectively. 35 It should be stressed that these are the average formulas of the entire sample in each case, as individual molecules in each sample are bound to have for clusters with formula Fe (8) aFe ( 6) bNi ( 8) cNi 

Theoretical analysis for site preference of Fe/Ni

Throughout the previous paragraphs, the emphasis has been placed primarily on the Fe ions, simply because these are the ions for which we have a direct spectroscopic handle: the position of the Ni ions can only be inferred based on the assumption that they must occupy the sites that Fe does not. However, the data do not tell us whether the tendency of Fe II to accumulate in the 8-coordinate site reflects an intrinsic preference for this geometry -an alternative explanation is that the Ni II ions preferentially occupy the 6-coordinate sites, leaving the less selective Fe II ions to occupy whatever sites remain vacant. In order to untangle this issue, we have used density functional theory to compute the energies of a series of isodesmic reactions which represent the putative formation of nine equivalents of the hetero-metallic cluster, M@M' 8 , from a mixture of the homo-metallic clusters of the same overall composition.

M@M 8 + 8 M'@M' 8 9 M@M' 8

A negative reaction energy, ∆E, indicates that placing M specifically in the the 8-coordinate site and M' specifically in the 6-coordinate site is more favorable than the average defined by the mixture of homo-metallic clusters, where the metals are necessarily distributed over the 8-and 6-coordinate sites in a statistical 1:8 ratio. Conversely a positive value of ∆E indicates that placing M and M' in the 8-and 6-coordinate sites, respectively, is less favourable than the average. In Figure 5(a), the reaction energy ∆E is plotted for the four possible combinations of M and M' in the Fe/Ni series {Fe,Fe}, Please do not adjust margins Please do not adjust margins {Fe,Ni}, {Ni,Fe} and {Ni, Ni} (note that ∆E is by definition zero for M = M'). It is immediately apparent that Fe@Ni 8 , where the Fe II ion is in the 8-coordinate site, is substantially more stable than the average while Ni@Fe 8 , where a Ni II ion is in the 8-coordinate position, is substantially less stable than the average. The calculations are therefore consistent with experiment in so much as they predict the correct site preference for Ni II and Fe II , but they still do not resolve the question of whether the preference is driven primarily by the electronic demands of the Fe II centers, the electronic demands of the Ni II centers, or a combination of both. The geometries of the two coordination sites hint that the identity of the metal at the 6-coordinate site may be the most important factor: bond lengths in the 8-coordinate site are uniformly long (> 2.25 Å, Table 2), while those at the 6-coordinate site are, with the exception of those to the µ 4 -bridging ligand, much shorter at 2.0 -2.1 Å. The ligand field at the octahedral site is therefore intrinsically stronger, and so ideally suited to a d 2.32 (34) Ni (6) 5.68 (34) , Fe 7.60(3) , respectively, where M (8) and M (6) are metals in the 8-and 6coordinate sites, respectively. The data therefore confirm that
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 1 Figure 1 (a) Structure of the enneanuclear clusters with H atoms omitted for clarity. Color code: M II : green; O, red; N, blue C, grey. (b) The coordination mode of py2CO2 2-in 1 -5. (c) The [M II 9(µ4-OH)2] topology in 1 -5.

  . Dark orange-red crystals of 4•8.667MeCN• 0.8H 2 O, suitable for X-ray analysis, were formed after 20 days. The crystals were filtered off, washed with cold MeCN and dried inside the glovebox. (Yield: 0.147 g, 20.1%). Procedure similar to 2; Fe(O 2 CMe) 2 •2H 2 O (0.042 g, 0.2 mmol) and Ni(O 2 CMe) 2 •4H 2 O (0.846 g, 3.4 mmol) in MeCN (50 mL). Dark orange-red crystals of 5•8.667MeCN•0.8H 2 O, suitable for X-ray analysis, were formed after 20 days. The crystals were filtered off, washed with cold MeCN and dried inside the glovebox. (Yield: 0.152 g, 20.7%). The formulation of 2-5 was based on the results of the XRF and Mössbauer experiments. Single crystal X-ray crystallography Crystals of 2•8.667MeCN•0.8H 2 O (0.10 × 0.22 × 0.23 mm), 3•8.667MeCN•0.8H 2 O (0.18 × 0.60 × 0.62 mm), 4•8.667MeCN•0.8H 2 O (0.25 × 0.30 × 0.45 mm), and 5•8.667MeCN•0.8H 2 O (0.31 × 0.57 × 0.62 mm) were taken from the mother liquor and immediately cooled to -
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 2 Figure 2. X-ray fluorescence (XRF) spectra of samples 2 -5. The spectra have been normalized relative to the Fe Kα peak. the Fe and Ni atoms can be determined from the X-ray crystallographic studies. It is, however, possible to obtain both of these pieces of information indirectly using a combination of spectroscopic techniques. The Fe/Ni ratio in crystals 2 -5 can be obtained from X-ray fluorescence (XRF) spectroscopy by monitoring the relative intensities of the Kα and Kβ peaks of each metal (Figure 2). The average values of x in crystals 2 -5 ([Fe II 9-x Ni II x (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ]) found in this way are 1.00(3), 6.02(8), 7.46(5) and 7.81(3), respectively. Mössbauer spectra from powdered samples of 1 -5 recorded at 80 K in zero magnetic field are shown in Figure 3. In samples 1 and 2 the Mössbauer spectra are dominated by a doublet with δ = 1.23 mm/s and ∆E Q = 2.62 mm/s, with a smaller feature appearing as a shoulder at ~3 mm/s. It is very difficult to establish a unique fit to this second doublet, and the Mössbauer parameters suffer from a high degree of uncertainty (see Figure S2 in supporting information for a detailed discussion). In complexes 3 -5, however, the two doublets are well resolved, allowing for an accurate and unambiguous determination of the parameters for both: doublet I has δ ~ 1.23 mm/s and ∆E Q ~ 2.55 mm/s while doublet II has δ ~ 1.35 mm/s and ∆E Q ~ 3.14 mm/s. Theparameters of both doublets are broadly consistent with the presence of high-spin Fe II (S = 2) ions, but for ions in the same oxidation and spin state, a larger coordination number typically leads to larger isomer shifts.[START_REF] Greenwood | Mössbauer Spectroscopy[END_REF] We therefore assign doublet I to the octahedral 6-coordinate sites (denoted Fe(6) ) and doublet II to the unique 8-coordinate site (denoted Fe(8) ). 18d,e The fidelity of these assignments is obviously central to the analysis of the site preferences of the ions to follow, so we have used density functional theory to corroborate them (Supporting information, TableS1). Specifically, we have considered the homo-metallic cluster [Fe 9 (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ], abbreviated as Fe@Fe 8 , where the first named element sits in the 8-coordinate site, along with the hetero-metallic system Fe@Ni 8 , both of which have the highest symmetry compatible with the cluster architecture (D 4 ). The computed data (TableS1) confirm that the isomer

Table 3 .

 3 strikingly dependent on the Fe:Ni ratio obtained from XRF spectroscopy. This observation immediately eliminates the possibility that samples 3 -5 contain a mixture of separate and discrete homo-metallic [Fe 9 ] and [Ni 9 ] complexes in different ratios rather than distinct hetero-metallic [Fe 9-x Ni x ] clusters: if this were the case, A (6) /A tot and A (8) /A tot would have values of 0.89 and 0.11, respectively, regardless of the overall composition of the sample. The absence of homo-metallic [Fe 9 ] clusters is also confirmed, at least in samples 3 -5, by the Mössbauer spectra collected at 4.2 K, a temperature where the Summary of the spectroscopic data for clusters 1 -5: column 1 shows the Fe:Ni ratio determined by XRF spectroscopy, while the remaining columns show the Mössbauer parameters, δ and ∆EQ, Γ, and the normalised intensities of the two Mössbauer doublets (A(

a

  Determined by XRF analysis; b numbers in parentheses are estimated uncertainties in the last digit.

  18e No such splitting is observed in the low-temperature spectra of any of 3 -5, all of which consist of the same narrow quadrupole doublets observed at high temperatures. Magnetic splitting is, however, observed for 2, and because A (6) /A tot and A (8) /A tot also approach the limiting values of 0.89 and 0.11 expected for [Fe 9 ], we cannot definitively rule out the presence of a mixture of homo-metallic clusters in this case. It is immediately evident from an inspection of Figure3that the normalized intensity of doublet II (A (8) /A tot ) increases at the expense of doublet I (A (6) /A tot ) in the order 1 ≅ 2 > 3 > 4 > 5, indicating that the Fe II ions accumulate in the 8-coordinate sites when the overall Fe content is low. We can use these normalized intensities, along with the XRF estimate of the total Ni:Fe ratio, to establish values of a, b, c and d, the average abundances for the Fe and Ni ions in the 8-and 6-coordinate sites in Fe

  different compositions around that average. The dependence of the fraction of Fe II ions in the 8-coordinate sites (a/(a + b)) upon total Fe content (a + b) is summarised in Figure 4: at high Fe content the site ratio (a/(a + b)) tends to its statistical value of 11% (1:8, red line) but in more Fe-deficient clusters the pronounced deviation above the red line marks a clear preference for Fe to occupy the 8-coordinate sites and, by deduction, for Ni to occupy the 6-coordinate sites.

Figure 4 .

 4 Figure 4. The dependence of a/(a + b) upon the total Fe abundance, (a + b),for clusters with formula Fe(8) 

  circles). The horizontal red line corresponds to a value of a/(a + b) = 11% expected for homometallic [Fe9] clusters or statistically equivalent 8-and 6-coordinate sites.

Figure 5 .

 5 Figure 5. DFT-computed energies, ∆E, for the isodesmic reactions M@M8 + 8 M'@M'8 9 M@M'8. (a) mixed Fe/Ni clusters; (b) mixed Zn/Ni clusters; (c) mixed Fe/Zn clusters.

  its potential for substantial ligand field stabilization energy (LFSE). Typical values of the ligand-field splitting parameter, ∆ oct , for divalent first row transition metals with moderate-to weakfield ligands (NH 3 , H 2 O) are of the order of 9000 cm -1 (ൎ 1.1 eV), giving a LFSE of 1.2 ൈ ∆ oct ൎ 1.3 eV for a Ni II ion and 0.4 ൈ ∆ oct ൎ 0.4 eV for Fe II .The isodesmic reaction Fe@Fe 8 + 8 Ni@Ni 8 9 Fe@Ni 8 , involves the exchange of eight Fe II ions for eight Ni II in the octahedral sites, giving a ballpark estimate for ∆E of 8 ൈ (-1.3 + 0.4) = -7.2 eV. This compares favourably with the computed value of -6.65 eV in Figure 5(a), indicating that the magnitude of ∆E is broadly consistent with the proposal that the greater LFSE available to Ni II is the dominant factor in determining the site preferences. To further test this idea, we have performed two parallel series of calculations where either the Fe II or the Ni II is replaced with an LFSE-neutral dication, Zn II (Figures 5b and 5c). The plot for the Ni/Zn series in Figure 5(b) is almost identical to that for the original Ni/Fe series, from which we conclude that the Fe II ion in fact exerts very little influence on the observed site preferences. Conversely, the stabilities of the hetero-metallic Fe/Zn clusters in Figure 5(c) are almost indistinguishable from a statistical mixture of the homo-metallic clusters: the 6-and 8-coordinate sites therefore differentiate the Fe/Zn pair much less clearly than they do Fe/Ni. The calculations therefore indicate that it is the Ni II , and not the Fe II , that determines the site preferences in these clusters: the apparent preference of Fe II for the 8-coordinate site simply reflects the fact that the Ni II ions win the competition for the more favourable octahedral sites, leaving the Fe II to occupy the remaining positions in the cluster. Conclusions A family of isomorphous hetero-metallic clusters [Fe 9-x Ni x (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ] (2, x = 1.00; 3: x = 6.02; 4, x = 7.46; 5, x = 7.81) has been prepared. Crystallographic studies reveal the presence of one unusual 8-coordinate and eight 6coordinate metal sites in the structures of 2 -5, and Mössbauer spectroscopy shows two well resolved quadrupole doublets due to high-spin Fe II (S = 2) ions occupying these distinct sites. A combination of XRF and Mössbauer spectroscopies, complemented by density functional theory, has provided a unique insight into the cation site preferences in this family of clusters. The distribution of Fe II over the 6-and 8-coordinate sites obtained from Mössbauer spectroscopy, along with the total Fe:Ni ratio obtained from XRF spectroscopy, enables us to fully formulate clusters 3 -
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  •2H 2 O was synthesized according to the literature procedure.
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	•4H 2 O and
	di-2-pyridyl ketone, py 2 CO, were purchased from Aldrich and
	used without further purification. X-ray fluorescence (XRF)
	spectra of the samples were recorded with the M1 Mistral
	tabletop μ-XRF spectrometer from Bruker, equipped with a
	silicon drift detector (SDD) allowing for high energy resolution,
	mandatory for the energy separation of Fe Κβ (7.06 keV) and
	the Ni Κα (7.48 keV) (Figure 2). The relative Fe/Ni atomic
	concentration of the samples (Table 3) are determined from
	the Fe and Ni Kα transition intensities, as they are extracted
	from the X-ray fluorescence spectra (Figure 2). The
	relationship between the relative Fe/Ni atomic concentration
	and the related X-ray intensities is deduced through a
	calibration curve (Figure S1), which allows for prevailing matrix
	effects, like the Fe secondary excitation from the Ni Κα and Kβ
	transitions. The calibration curve was constructed by
	measuring the relative Fe/Ni Kα intensities from Fe-and Ni-
	containing standard samples, with well-known Fe/Ni atomic
	concentration. The standard samples were prepared by
	homogeneous powder mixing of iron (Fe 2 O 3 ) and nickel (NiO)
	oxides. The homogeneity of each sample was confirmed by
	checking the stability of the Fe/Ni Κα relative intensity over
	several sample areas (200×200 μm 2 ). Mössbauer spectra from
	powdered samples were recorded with a constant-
	acceleration conventional spectrometer with a source of 57 Co
	(Rh matrix). Spectra in the 4.2-300 K range were obtained
	using a Janis cryostat. The samples for the Mössbauer
	measurements were prepared inside the glovebox to prevent
	oxidation. The material was placed inside a cylindrical plastic
	container, capped with a plastic plug, and the joint of the two
	pieces was hermetically sealed with epoxy glue. When taken
	out of the glovebox, the sample holder was directly immersed
	into liquid nitrogen and immediately transferred to the
	Mössbauer cryostat. The spectra were analyzed by using the
	program WMOSS (Web Research, Edina, MN). Isomer shift
	values (δ) are reported relative to Fe foil at 293 K.
	Compound preparations
	[Solid Fe(O 2 CMe) 2 •2H 2 O (0.672 g, 3.2 mmol) and
	Ni(O 2 CMe) 2 •4H 2 O (0.099 g, 0.4 mmol) were added in MeCN (80
	mL) under stirring and heating. The solids dissolved slightly and
	then solid py 2 CO (0.295 g, 1.6 mmol) was added. The initial
	dark green suspension gradually turned brown and after reflux
	for 1 hr became dark red. Small portions of insoluble
	Fe(O 2 CMe) 2 •2H 2 O and Ni(O 2 CMe) 2 •4H 2 O were filtered off and
	the dark red filtrate was kept in closed vials. Dark orange-red
	crystals of 2•8.667MeCN•0.8H 2 O, suitable for X-ray analysis,
	were formed after one month. The crystals were filtered off,
	washed with cold MeCN and dried inside the glovebox. (Yield:
	0.142 g, 19.6%).
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[Fe II 2.98 Ni II 6.02 (µ µ µ µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ]•8.667MeCN•0.8H 2 O (3•8.667MeCN• 0.8H 2 O) Procedure similar to 2; Fe

  (O 2 CMe) 2 •2H 2 O (0.378 g, 1.8 mmol) and Ni(O 2 CMe) 2 •4H 2 O (0.448 g, 1.8 mmol) in MeCN (50 mL). Dark orange-red crystals of 3•8.667MeCN•0.8H 2 O, suitable for X-ray analysis, were formed after one month. The crystals were filtered off, washed with cold MeCN and dried inside the glovebox. (Yield: 0.155 g, 21.2%).

	[Fe	II	1.54 Ni	II	7.46 (µ µ µ µ 4 -

OH) 2 (O 2 CMe) 8 (py 2

  

Table 1 .

 1 Crystallographic data for [Fe from the reaction of Fe(O 2 CMe) 2 •2H 2 O with di-2-pyridyl ketone (py 2 CO, dpk) in 9:4 molar ratio in MeCN under a dinitrogen atmosphere in the glovebox. Red crystals of 1 were obtained from this reaction in closed vials. The metal-mediated nucleophilic attack of H 2 O (mainly from the solvent) on the carbonyl group of py 2 CO is responsible for the formation of the gem-diol form of the ligand, py 2 C(OH) 2 , which is then deprotonated to py 2 CO 2 2-by the excess of acetates in the -5 are isomorphous, i.e. that they all have the same unit cell dimensions and space group, and the same type and positions of atoms. All clusters crystallize in the tetragonal space group P4/nnc and in the unit cell there are six enneanuclear clusters which belong to two different crystallographic sites with two

								(2a, local symmetry 4 2 2) and four (4c, local symmetry 2 2 2)
								members each. The high symmetry of the clusters and the fact
							II	II	that Fe and Ni are indistinguishable by X-ray diffraction
	2.98Ni 7.46(µ4-OH)2(O2CMe)8(py2CO2)4] •8.667MeCN•0.8H2O 6.02(µ4-OH)2(O2CMe)8(py2CO2)4]• 7.81(µ4 OH)2(O2CMe)8(py2CO2)4] •8.667MeCN•0. 8H2O (5). 8.667MeCN•0.8H2O(3), [Fe II 1.54Ni II (4) and [Fe II 1.19Ni II	rendered the assignment of metals to specific sites impossible based on crystallographic data alone. Nevertheless, the
								positions of the metal ions (Fe or Ni) can be defined, along
						3		4	5	with the ligand architecture. A detailed structural analysis of
	Formula			the homo-metallic [M	II	9 ] (M	II = Fe	II , Co	II , Ni II ) complexes has
	Fw				2197.22	2201.34	2202.34	been presented elsewhere, 18 so only important features will
	Space group	P4/nnc	P4/nnc	P4/nnc	be discussed here. All four clusters consist of one central and
	a (Å)	25.3484(5)	25.4547(4)	25.4102(5)	eight peripheral M	II ions arranged in two square bases (Figure
	b (Å)	25.3484(5)	25.4547(4)	25.4102(5)	1a). Thus the overall topology of the metal cluster is two
	c (Å)	25.3324(5)	25.6338(4)	25.5493(5)	square pyramids sharing a common apex. The central M	II ion
	α( ο )			90.00	90.00	90.00	sits in an unusual 8-coordinate square antiprismatic site
	β ( ο )	90.00	90.00	90.00	defined by oxygen atoms from the four bridging py 2 CO 2	2-
	γ ( ο )	90.00	90.00	90.00	ligands. Each of the peripheral metal ions in the square bases
	V (Å 3 )	16277.1(7)	16609.2(6)	16496.6(7)	sits in a distorted O 5 N octahedral site, bridged by oxygen
	Z					6	6	6	atoms from four py 2 CO 2	2-
	T ( o C)	-113	-53	-73
	Radiation (Å)	CuKα	CuKα	CuKα
						1.54178	1.54178	1.54178
	ρ calcd , g cm -3	1.345	1.321	1.330
	µ, mm -1	4.797	3.492	3.220
	Reflections	4762	4921	4570
	(I>2σ(I))		
	R 1	a			0.0471	0.0546	0.0633
	wR 2	a	0.1307	0.1712	0.1852
	a w=1⁄[σ 2 (Fo 2 )+(αP) 2 +bP] andP = (maxFo 2 ,0)+2Fc 2 )/3, R1 = Σ(|Fo|-|Fc|)/Σ(|Fo|) and
	wR2 = {Σ[w(Fo 2 -Fc 2 ) 2 ]/Σ[w(Fo 2 ) 2 ]} 1/2	
	Results and Discussion	
	Synthesis		
	The synthesis of clusters 2 -5 was based on the preparation of
	[Fe	II	9 (µ 4 -OH) 2 (O 2 CMe) 8 (py 2 CO 2 ) 4 ]•6.67H 2 O•2.67MeCN
	(1•6.67H 2 O•2.67MeCN), previously reported by some of us,
	reaction mixture. The hetero-metallic complexes 2 -5 were
	synthesized using a similar protocol but from a mixture of
	Fe(O 2 CMe) 2 •2H 2 O and Ni(O 2 CMe) 2 •4H 2 O, such that the
	(Fe	II +Ni		

18e II ):dpk molar ratio remained constant at 9:4 while the Fe II :Ni II ratio varied: 8:1 (2), 1:1 (3), 1:8 (4) and 0.5:8.5 (5).

Crystals of 2 -5 were obtained from closed vials in moderate yields, and X-ray crystallography revealed that compounds 1

Table 2

 2 Average

		values of selected bond distances (Å) for the two independent
	molecules (A and B) in the unit cells of 3•8.667MeCN•0.8H2O (3),
	4•8.667MeCN•0.8H2O(4), and 5•8.667MeCN• 0.8H2O(5). A and B are defined by local
	symmetry 2 2 2 and 4 2 2, respectively.		
			3	4	5
	M	(8) -O gem-diol	2.268(2)	2.260(2)	2.260(3)
	M	(6) -O carboxylato 2.050(2)	2.037(2)	2.035(3)
	A M	(6) -O gem-diol	2.076(2)	2.061(2)	2.053(3)
	M	(6) -N pyridine	2.082(2)	2.054(2)	2.054(4)
	M	(6) -Oµ 4-hydroxo 2.289(2)	2.275(2)	2.265(2)
	M	(8) -O gem-diol	2.256(2)	2.257(2)	2.258(3)
	M	(6) -O carboxylato 2.033(2)	2.036(3)	2.023(3)
	B M	(6) -O gem-diol	2.030(2)	2.015(2)	2.019(3)
	M	(6) -N pyridine	2.077(3)	2.060(3)	2.041(4)
	M	(6) -Oµ 4-hydroxo 2.278(1)	2.258(2)	2.259(2)
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