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solvent molecules). 16 For example, S. Holmes et al. reported in 2008 a cubic {Fe4Co4} cage exhibiting interesting thermallyand photo-induced electron transfer properties. 16a Actually, such discrete cyanide-bridged {Fe-Co} systems are currently attracting a strong interest because of their photo-switchable magnetic properties. It is also worth noticing that these complexes may exhibit SMM-like behaviour in the photo-induced paramagnetic state, as illustrated by the very recent works from O. Sato et al. and H. Oshio et al. 17 The reaction of the [Co2(OH2)(piv)4(Hpiv)4] and [Fe(Tp)(CN)3] -building blocks in acetonitrile yielded prismatic red crystals of complex 1 by slow evaporation. The crystal structure of 1 is made of an anionic {Fe4Co12} 2-cubic nanocage cryptating a [Co II (CH3CN)6] 2+ complex, and crystallisation molecules (Figure 1). The corners of the cube are alternatively occupied by fac-[Fe II/III (Tp)(CN)3] -/2-complexes and [Co II 3(OH)(piv)4(L)] + (where L= MeCN or Hpiv) trimetallic clusters whereas the edges are defined by the Fe-CN-Co bonds, all cyanide acting as bridging ligands. Each cobalt cluster has a µ3-OH capping group that lies below the metallic plane and µ:η1:η1 bridging pivalate groups are found along the edges of the triangle defined by the cobalt atoms (See SI). Structural differences between the tricobalt units arise from the µ:η1:η1 or µ3:η2:η1 coordination modes observed for the fourth bridging pivalate group in each cluster as well as the presence of pivalic acid or acetonitrile as terminal ligand (see SI for more details). As a result, six-, fiveand four-coordinate cobalt(II) ions are found in the polymetallic cage. The observed Fe-C and Fe-N bond distances indicate the presence of two reduced iron(II) ions which is consistent with BVS calculations and charge balancing that support the presence of thirteen cobalt(II) ions, four hydroxide anions and three non-deprotonated pivalic acid (See SI). The acetonitrile molecules in the encapsulated [Co II (CH3CN)6] 2+ complex points toward the six faces of the cube. Within the cube the {Fe-C-N-Co} edges are slightly bent with average angles close to linearity for {Fe-C-N} (175. 8° [173.6-176.9]) but smaller for {C- N-Co} (163.2° [153.8-167.9]). The values of the Fe-Co distances along the edges range from 4.98 to 5.09 Å with a mean value of 5.03 Å and the shortest intermolecular metal-metal distance found is of 10.16 Å, which actually compares to the longest intracube metal-metal distances (from 11.08 to 11.99 Å). In comparison to the largest {Fe(Tp)(CN)3}-based heteropolycyanometalates, 1 represents a fine example of nanocage with sixteen metal centres and it sets the highest nuclearity observed so far. 18 The magnetic properties of 1 have been investigated measuring the thermal dependence of the χMT product (χM being the magnetic molar susceptibility per {Fe4Co13} unit) in the 2-300 K temperature range at 2.5 kOe (Figure 2). The χMT value at 300 K, 39.6 cm3 mol -1 K, lies within the expected range for the following set of non-interacting ions: (i) two low-spin Fe(II) (S = 0), (ii) two low-spin Fe(III) ions (S = ½; χMT ~ 0.7 cm 3 mol -1 K per ion, with g = 2.6) 19 and (iii) thirteen high-spin Co(II) ions (S = 3/2; 2.7 < χMT < 3.4 cm 3 mol -1 K per ion), 20 with paramagnetic ions exhibiting a significant orbital contribution to their magnetic moment. On lowering the temperature, the χMT value first smoothly decreases, reaching a plateau between 20 and 10 K, (χMT = 26.7 cm 3 mol -1 K) and finally decreases more abruptly down to 2.0 K (χMT = 17.7 cm 3 mol -1 K). The decrease of χMT from room temperature to 50 K can be ascribed to the effect of spin-orbit coupling (Co(II) and Fe(III) ions exhibiting 4 T1g and 2 T2g ground terms, respectively). Indeed, a good fit is obtained with a model taking into account 13 Co(II) and 2 Fe(III) ions, spin-orbit interaction and no exchange interaction between ions. 20, § The plateau around 20 K could be the signature of the weak ferromagnetic interaction between the low-spin iron(III) and cobalt(II) ions. 14 Finally, the sharp decrease at low temperature may be assigned to anisotropy effects. Indeed the isofield lines are not superposable in the reduced magnetisation versus H/T plot (insert, Figure 2), which usually, comes from a significant magnetic anisotropy (see SI). Nonetheless, no out-of-phase AC magnetic susceptibility signal was observed down to 2 K, discarding so the occurrence of slow magnetic relaxation. Beside, 1 does not show any photomagnetic effect under laser light irradiation in the visible range. Overall, the thorough analysis and the simulation of the magnetic data are precluded because of the size of the system. &

Conclusions

We have started a promising synthetic approach, which gives access to a new generation of cluster-based molecular magnets where are married, for the first time, two popular ligands traditionally used separately in molecular magnetism: the oxo/hydroxo and cyanide bridges. In the present example, the use of a versatile oxo-based cluster toward a partially blocked cyanide building block has led to an unprecedented hydroxo-cyanide based supramolecular cubic nanocage. Beyond its use in molecular magnetism, the novel synthetic approach that we have developed is also relevant for the molecular chemists interested in the design of discrete polymetallic systems. § best fit led to λCo= -120 cm -1 , DCo = 468 cm -1 , αCo = 0.81, λFe = -372 cm -1 , DFe = -324 cm -1 , αFe = 0.77 and TIP = 0.025 cm 3 mol -1 where λM, DM, αM and TIP are the spin-orbit constant, the axial distortion, the orbital reduction factor and the temperature independent paramagnetism, respectively & Neglecting the spin-orbit interaction, the size of the Hamiltonian matrices to be considered are already equal to 67108864 x 67108864 By taking into accounts the spin-orbit coupling using the T-P isomorphism, 27 the size becomes intractable with size larger than 320 10 12 . 

Notes and references

Scheme 1 .

 1 Scheme 1. Different synthetic strategies based on the self-assembly of cyanide building blocks leading to Fe-Co MMMs: (a) three dimensional (3D) structure of photomagnetic PBAs; (b) one-dimensional (1D) structure of SCMs; (c) Discrete cubic model (0D) complex of photomagnetic PBAs; (d) new approach for designing hydroxo/oxo-cyanide mixed systems.

Figure 1 .

 1 Figure 1. Structure of 1 and its hydroxo-and cyanide-bridged core. The free solvent molecules were omitted for clarity.

Figure 2 .

 2 Figure 2. χMT vs. T plot for 1 (solid line is the best fit curve, see text). Insert: M vs. H/T curve for 1 in the 2-7 T magnetic field range and between 1.8 and 8 K (solid lines are eye guides).
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Figure

  Figure S1a: representation of the {Co3m3-OH} clusters with atom labels and BVS calculations for the oxygen atoms assuming cobalt(II). Top: Co(1) to Co(3). Bottom: Co(4) to Co(6).

Figure

  Figure S1b: representation of the {Co3m3-OH} clusters with atom labels and BVS calculations for the oxygen atoms assuming cobalt(II). Top: Co(7) to Co(9). Bottom: Co(10) to Co(12).

Table 2 :

 2 BVS calculations 1

	Atom Label	BVS calculated for Co(II)	BVS calculated for Co(III)
	Co(1)	1,9971	2,1326
	Co(2)	1,8311	1,9892
	Co(3)	2,0189	2,1489
	Co(4)	1,8964	2,0516
	Co(5)	1,9375	2,0636
	Co(6)	1,8984	2,0476
	Co(7)	1,8724	2,0160
	Co(8)	1,9340	2,1344
	Co(9)	1,9113	2,0620
	Co(10)	1,8940	2,0491
	Co(11)	1,9492	2,0796
	Co(12)	1,9029	2,0411
	Co(13)	1,8578	2,4344

1 a) I. D.

Brown, D. Altermatt, Acta Crystallogr. 1985, B41, 244, b) 

N. E. Brese, M. O'Keeffe, Acta

Crystallogr. 1991, B47, 192, c) 

M. O'Keeffe, N. E.

Brese, Acta Crystallogr. 1992, B48, 152. 

Table 3 :

 3 Fe-C and Fe-N bond length distances in Å.

	Fe(III)					
	Fe(1)	C3	1.9256(40)	Fe(3)	C8	1.9147(37)
		C2	1.9270(41)		C9	1.9236(39)
		C1	1.9369(44)		C7	1.9299(37)
		N105	1.9644(35)		N304	1.9712(38)
		N101	1.9661(41)		N302	1.9752(35)
		N103	1.9775(40)		N300	1.9832(34)
	Fe(II)					
	Fe(2)	C4	1.8918(37)	Fe(4)	C10	1.8850(36)
		C6	1.8923(37)		C11	1.8861(38)
		C5	1.8942(38)		C12	1.8945(38)
		N203	2.0023(35)		N403	2.0102(36)
		N205	2.0100(34)		N401	2.0119(36)
		N201	2.0175(34)		N405	2.0152(35)
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Figure S1a: representation of the {Co3m3-OH} clusters with atom labels and BVS calculations for the oxygen atoms assuming cobalt(II). Top: Co(1) to Co (3). Bottom: Co(4) to Co (6).

Figure S1b: representation of the {Co3m3-OH} clusters with atom labels and BVS calculations for the oxygen atoms assuming cobalt(II). Top: Co(7) to Co (9). Bottom: Co (10) to Co(12).

Fit of the magnetic data: details and comments.

Figure S2: M vs. H/T plot for 1.

Synthesis of 1.

[PPh4][Fe III (Tp)(CN)3].H2O [18] (70.3 mg, 0.1 mmol) and [Co2(H2O)(piv)4(Hpiv)4] [13] (285 mg 0. Crystal structure: data collection and refinement.

Crystal data for 1 (C180H279B4Co13Fe4N52O45. 7). There is a quite large void (400 Å 3 ) in the crystal structure, as underlined by Checkcif.

There is residual density in this region and there must be missing solvent molecules in the proposed model. However, the low intensity of the residual peaks (<1 e.Å -3 ) prevented any sensible refinement. Moreover, the most important residues are located around the pivalates of the Co1-Co2-Co3 triangle, showing that the disorder of this part is not fully modelled. As mentioned above, no sensible model could be obtained. Some tertio-butyl moieties of pivalates are disordered over two positions and refined isotropically. CCDC 890505 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

Table 1: Structural description of the Co3 clusters. 4 bridging pivalates, µ:η 1 : η 1 .

2 terminal pivalic acids.

2 octahedral cobalt ions.

1 tetrahedral cobalt ion.

[Co II 3(OH)(piv)4(Hpiv)] +

. {Co(4), Co( 5), Co( 6)}.

4 bridging pivalates, three µ:η1: η1 mode and one µ3:η 2 : η 1 .

1 terminal pivalic acid.

1 octahedral cobalt ion.

2 trigonal bipyramidal cobalt ions.

[Co II 3(OH)(piv)4(Hpiv)] +

. {Co (10), Co (11), Co(12)}.

4 bridging pivalates, three µ:η1: η1 mode and one µ3:η 2 : η 1 .

1 terminal pivalic acid.

1 octahedral cobalt ion.

2 trigonal bipyramidal cobalt ions.

[Co II 3(OH)(piv)4(MeCN)] 1+

. {Co(7), Co( 8), Co( 9)}.

4 bridging pivalates, three µ:η 1 : η 1 mode and one µ3:η 2 : η 1 .

1 terminal acetonitrile.

1 octahedral cobalt ion.

2 trigonal bipyramidal cobalt ions.

Fit of the magnetic data: details and comments.

The system being composed of weakly coupled high-spin cobalt(II) ions and low-spin iron(III) ions, the magnetic data was modelled in the 300-50 K temperature range using the following Hamiltonian where the interaction between the magnetic ions are neglected [eq (1-3)]:

with

The first term in the Hamiltonian ( 2) corresponds to the spin-orbit coupling effects, where lM with M=Co, Fe is the spin-orbit coupling constant and aM being the orbital reduction factor due to the existence of covalent character of bonds involving metal and ligands. The second term in this Hamiltonian accounts for the axial distortion of the six-coordinated Co II or Fe III ions. The last term represents the Zeeman interaction. The numerical coefficient n depends on electronic configuration and comes from the isomorphic transformation which convert the hamiltonian for a 2S+1 T2 or 2S+1 T1 state into an hamiltonian for a 2S+1 P term (L=1). For high-spin cobalt(II) and low-spin iron(III) these coefficients are equal to n = -3/2 and n = -1 respectively.

[1]

Adding a TIP term to take into account the effect of unpopulated exicted states, the least-squares fit of the experimental data of 1 using full diagonalisation of the Hamiltonian matrix performed in the 300-50 K temperature range led to lCo= -120 cm -1 , DCo = 468 cm -1 , aCo = 0.81, lFe = -372 cm -1 , DFe = -324 cm -1 , aFe = 0.77 and TIP = 0.025 cm 3 mol -1 . These values are in the expected range for high-spin cobalt(II) and low-spin iron(III) ions.

[1]R. M. Golding, Applied wave mechanics Van Nostrand Co, London, 1969 p 243.

Reduced magnetisation plot M(H/T)

The saturation magnetization value of 23.2 BM for 1 (figure S2) is close to the calculated one (25 BM) with the best parameters obtained by the fit of c.T vs. T plot in the high temperature range. These reduce magnetisation M versus H/T curves are recorded in the 1.8K-8K temperature range where it is impossible to neglect the interaction between the magnetic ions as shown by the c.T versus T plot. Given the size of the cluster (see ref 28), it is impossible to model these curves. However, the absence of a unique curve for the reduce variable H/T can have two origins. Firstly, the anisotropy of the iron and cobalt ions results in nonsuperposable isofield curve. Secondly, the exchange interactions through the cyanide and through the oxo bridges are quite weak (as observed in numerous previously reported Fe-CN-Co based systems, and, in agreement with the treatment of the c.T vs. T plot). Thus numerous close-lying excited states lie close to the ground state, so that even at low temperature, the magnetization value results from a thermal distribution of various states. This distribution of close-lying levels also leads to nonsuperposable isofield curves.