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Introduction

Atomically precise aggregates of metallic atoms represent an extensive library of building blocks to design materials due to their amazing structural diversity, chemical composition and functionality. 1-5 Self-assembling at least two different inorganic modules within a well-defined 3D organization similarly as atoms in solid-state oxides, offers infinite perspectives in the field of crystal engineering and more

New concepts

The solid state chemistry enables to play with metal atoms generating packings of polyhedrons each based on central metal ions and a coordination sphere of ligands (e.g. O, chalcogens, halogens…). Instead of metal atoms, we pioneer a novel concept to design functional materials using preformed metal aggregates acting as complementary building blocks. Their programmed association within a 3D organization is insured by a natural, non-toxic and cheap supramolecular linker (γcyclodextrin), and the resulting arrangement mimics the crystal edifices found in oxide solid-state chemistry. Following the idea developed in solid state oxide chemistry to trap luminophores in an inert matrix, we show herein how highly luminescent metal clusters can be integrated in an inert hybrid matrix involving cyclodextrin moieties and aluminium based polycations to form a tailor-made architecture related to that of the lithium alumina silicate LiAlSiO 4 . Taking benefit of the extensive library of soluble metallic aggregates, cyclodextrin driven self-assembling concept offers important perspectives in the field of crystal engineering and more generally in material science. Indeed, considering the design of a material with several desired properties (optical, catalytic, magnetic…), building blocks that will carry those specific properties could be selected among numerous types of soluble metallic aggregates such as transition metal atom clusters, polyoxometalates, Al 3+ generally in material science. [6][7][START_REF] Uchida | Polyoxometalate-Based Assemblies and Functional Materials[END_REF] The recent discovery of CLUSPOM materials [START_REF] Moussawi | [END_REF] involving the association through cyclodextrin moieties of metal atom clusters (CLUS) and polyoxometalates (POM) -two antagonist but complementary metal aggregates based building blocks -offers important perspectives in the field of crystal engineering and more generally in material science. Indeed, considering the design of a target material with several building blocks that will carry specific properties (optic, catalytic, magnetic, etc.) could be selected among the vast library of soluble metallic aggregates found in the literature. Then, the self-assembling of building blocks to form the target material will be driven by a supramolecular organic linker, such as cyclodextrins as demonstrated earlier in CLUSPOM compounds. ). Instead of metal atoms, we pioneer a novel concept to design functional materials using preformed metal aggregates acting as complementary building blocks. As an illustration, the solid-state chemistry of oxides has yield materials with a tremendous range of physical properties in particular luminescent oxides doped with rare earth. [START_REF] Clabau | [END_REF] As luminophores, {Mo 6 } clusters are ones of the best inorganic luminescent dyes. However, there is hitherto no chemical route to dope solid-state oxides by Mo 6 clusters. This prevents the development of applications (e.g. scintillating crystals, lasers, photocatalysts) [16][17][18] in fields requiring the design of a crystalline material based on a host matrix with a well-defined structure (aluminates, ] n (X i = inner ligand; X a = apical ligand) constitute versatile building blocks for the elaboration of hybrid nano-materials [30][31][32][33][34][35] and functional surfaces 36,37 . In particular, they i) absorb light continuously from UV to visible, ii) emit continuously from red to NIR region through several excited emissive states, iii) are able to photoinduce singlet oxygen generation, iv) exhibit interesting catalytic and photo-catalytic properties. First, an inorganic precursor is prepared by solid-state chemistry and then the resulting cluster unit is chemically modified or paired with counter cations to be integrated in the matrix, generating amorphous or poorly-crystalline materials in which the spacing between clusters is mostly uncontrolled, 30,35,[38][39][40][41][42][43][44] except in liquid crystals 32,33,45,46 containing clusters. On the other hand, well-crystalline coordination polymers built from hexamolybdenum cluster based lead to poorly luminescent compounds.

47,48

As an alternative route, we propose to design luminescent crystalline compounds using programmatic association of octahedral molybdenum clusters directed by γ-cyclodextrin (CD) which is a water-soluble, natural, non-toxic and cheap macrocyclic linker. The γ-cyclodextrin is a flexible macrocyclic oligosaccharide built from eight glucopyranose units defining inner cavity of 11 Å. We and others already demonstrated that CD can bind and organize the inorganic aggregates at the nanoscale. Previous studies demonstrated the host-guest encapsulation is an appealing route to trap and stabilize a myriad of fleeting species in aqueous solution. [60][61][62][63][64][65] In general this stabilization is efficient when the guest entity matches the host cavity, as observed herein between [Mo 6 X To gain further insight on this stabilization process, crystallization attempts have been successfully conducted, revealing the formation of different supramolecular host-guest isomers (Fig. 1). Different crystalline products have grown by evaporation of aqueous mixtures containing different CD:cluster ratio, nevertheless all are composed of one cluster deeply embedded into two tori hosts facing their secondary rim (Fig. 1). The structural analysis of isostructural compounds Na 2-(Fig. 1). [START_REF]Crystallographic data for 1[END_REF] In this inclusion complex, the plane of [Mo 6 X titration experiments (Fig. 2, S11-14) evidence that clusters and CD are involved in non-labile 2:1 host-guest system typically observed when cyclodextrin pocket bind strongly molecular clusters. [START_REF] Moussawi | [END_REF]52,54 Previous reports demonstrated that origin of these associations is related to desolvation of guest (chaotropic effect) supported by the optimization of dispersion forces. 54,71,72 2-, suggesting a redox potential higher than that of the water oxidation in our conditions. This is supported by previous electrochemical studies in organic solvents, showing that the half-wave potential of the bromide derivative is about +0.3 V higher than that observed for the iodide derivative. (noted {Al 13 } 7+ ). 4,76,77 The {Al 13 } 7+ unit adopts a ε-Keggin type arrangement, composed of a central AlO 4 polyhedron connected with twelve peripheral AlO 6 polyhedra, and surrounded by aqua or hydroxo groups capable to act as hydrogen-bond donors. [START_REF] Abeysinghe | number CSD-1987555. Crystallographic data for 3-I: Hexagonal, P6 2 22, a=b= 19.751(2)[END_REF] The {Al 13 } 7+ unit is also particularly attractive due to its positive charge and to its optical silence in the absorption and emission spectral range of molybdenum clusters. Moreover 1 H NMR investigations reveals that the presence of {Al 13 } 7+ unit does not influence the 1 H NMR signal of the CD (Fig. S15), meaning the aluminium polycations does not interact with inner cavity of CD. In the light of this observation it results that the polycations in aqueous solution should not affect the host-guest stabilization of [Mo 6 X ]@2CD}Cl 4 (noted {Mo 6 }Cl 4 ) and {Al 13 }Cl 4 respectively that share apices (Fig. 4c and4d). In brief, the {Al 13 }Cl 4 is almost a perfect polyhedron defined by four chlorine atoms capping the {A l13 } unit (Fig. S1). Oppositely, {Mo 6 }Cl 4 super-tetrahedrons exhibit large distortions compared to a LiO 4 motif in β-eucryptite (Fig. S2). Owing to these pseudo super-tetrahedrons, the resulting architecture exhibits large voids estimated at 41% of the unit cell. In order to counter balance the positive charge, a disordered Cl -is distributed in the voids. The use of super-tetrahedrons for the description of these highly porous structures reminds the work of Férey and coworkers for the description of unrivalled MIL-100 and MIL-101. 81,82 We hypothesize that other topologies could be achieved using other soluble metallic aggregates. The structural arrangement of 3-Br and 3-I involves two polymetallic units forming alternating cationic and anionic hexagonal layers with an unusual sequence of packing along the c axis (Fig. S3). The hexagonal layers of {Al 13 } 7+ are aligned along the sixfold helicoidal axis (6 2 ), and the hexagonal layers of molybdenum clusters adopt the stacking sequence A'A''A'''A'. Therefore, the combined stacking sequence is thus A'BA''BA'''BA'B, where the shortest distance between two neighbouring complementary clusters is 5.5 5a). These weakly attractive forces mediated by chiral macrocyclic units generate giant right-handed double helix with a diameter about 35 Å and a rise per turn about 115.6 Å (2 times the c parameter; Fig. 5a). To the best of our knowledge, double helices without covalent backbone are quite rare since only one example, resulting from self-assembly of hybrid polyoxometalate into left-handed double helix, has been reported so far. 83 Another 
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Conclusions

In conclusion, we reported the host-guest stabilization of molybdenum clusters in aqueous solution through their close embedding into γ-cyclodextrins acting as a protective shell against the hydrolytic attacks. Solution studies reveal that CD strongly binds the clusters, forming robust luminescent and redox-active inclusion complexes. Then, we pioneer a novel concept to tailor functional materials using preformed metal aggregates acting as complementary building blocks. Their programmed association within a 3D organization is insured by a natural polysaccharide (γ-cyclodextrin), and the resulting arrangement mimicks the crystalline arrangement found in oxide solid-state chemistry. Two types of super-tetrahedrons of {Al 13 }Cl 4 and {Mo 6 }Cl 4 share apices to form a tailor-made architecture related to that of the lithium alumino silicate LiAlSiO 4 . Encapsulation of luminophores in an inert matrix to form solid-state compounds with tuned luminescent properties reminds the doping of solid-state oxides like aluminates or alumina-silicates by rare earths. All these results together suggest that using cyclodextrin driven assembling offers new horizons in materials science, not only for manipulation of bottom-up construction of advanced materials resulting from precise self-assembly of preformed clusters but also to maintain the integrity of luminescent properties within a inorganic hosting matrix. Taking benefit of the extensive library of metallic aggregates, cyclodextrin driven selfassembling concept offers broad perspectives in the field of crystal engineering and more generally in material science. Indeed, considering the design of materials with several desired properties (optical, catalytic, magnetic, etc.), building blocks that will carry those specific properties could be selected among numerous types of soluble metallic aggregates such as transition metal atom clusters, polyoxometalates, Al 
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 12 Figure 1: Illustration of the host-guest isomers (α and β) built from the close embedment of [Mo6X i 8Cl a 6] 2-within two CDs. α-and β-isomers differ from a 45° rotation of cluster. Top and sideviews of {[Mo6X i 8Cl a 6] 2-@2CD} 2-highlight close interactions between inner protons of CD and the apical ligand of the guest (Cl). Color code: black = Mo, yellow = X (Br or I), green = Cl. H3 and H5 involved in close host-guest interactions are in blue and pink, respectively.

  2CD}•3NaCl•10H 2 O (X = Br or I, noted 1-Br and 1-I), obtained with CD:Cluster=2:1, reveals the presence of host-guest α-isomer {[Mo 6

  by four equatorial chlorine atoms is perpendicularly directed to CD faces while the remaining chlorine atoms point between the secondary rims of the tori host. In such arrangement, all apical chlorines are involved in short contacts with CD inwarddirected hydrogen, contributing to the stability of supramolecular aggregates. The chlorines located between CDs form four weak intermolecular interactions with H3 (Cl a •••H-C = 2.7-2.8 Å) and the four remaining engulfed chlorines give close contacts with H5 (Cl a •••H-C = 2.7-2.9 Å). In addition, inner ligands of the bulkiest cluster also participate to the supramolecular cohesion of 1-I, giving contacts between iodide atoms and the inner protons(I i •••H-C = 3.1-3.3 Å). Interestingly, compounds Na 2 {[Mo 6 2CD}•CD•45H 2 O(noted 2-Br and 2-I) obtained with CD:Cluster=3:1, crystallize in the same lattice (I422) however they exhibit two different isomers.67 The α-isomer is still observed for [Mo 6 while the bromine derivative adopts another host-guest arrangement (β-isomer; Fig.1, , S). The difference between αand β-isomers consists in 45° rotation of cluster embedded within pocket delimited by two CDs. In β-isomer, one C 4 axis of [Mo 6 Br i 8 Cl a 6 ] 2-is aligned with the C 8 axis of the host. Consequently four chlorine atoms are involved in short contact with H3 (Cl a •••H-C = 2.7-2.9 Å), whereas the two remaining chlorines point on the center of the CD without interaction with the host. Clearly, {[Mo 6 exclusively α-conformation due to an optimization of attractive dispersion forces involving both inner and apical ligands of bulky guest. Oppositely, only the apical ligands of [implicated in host-guest interactions, resulting in a rotational degree of freedom, highlighted by the formation of α-or β-isomer depending on the minimization of lattice energy in the solid. As commonly observed on crystal structures involving CD, the crystal packing of all these compounds (Fig S6-S7) consist in tubular arrangements resulting from inclusion complexes interconnected through the primary rims of CD (O•••O = 2.7-3.0 Å). 9,50,52-54,68 These structural organizations generate voids (~15 and 45% of the unit cell volume for 1 and 2, respectively; Fig S6-S9) where water molecules and counter-cations are located. In both compounds containing CD, the shortest distance between the gravity centers of two clusters is slightly bigger than in the compounds TBA 2 [Mo 6 avoiding intercluster partial quenching phenomena.

Figure 2 : 1 Hisomer arrangement as characterized by 1 H

 211 Figure 2: 1 H NMR spectra resulting of the titration of 2 mM aqueous solution of γ-CD by [Mo6X i 8Cl a 6] 2-clusters with X = Br (left) or I (right), showing the influence of inner ligand on the host-guest conformation (β-isomer for X= Br and α-isomer for X= I).
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  p t e d M a n u s c r i p t guest stability constants of these supramolecular aggregates since they persist even in low concentration (20 µM). Additionally, these ESI-MS results suggest that the host-guest stabilization is more efficient for the [Mo 6 was detected (Fig S16) contrarily to the case with bromine derivative (Fig S17). Thanks to the supramolecular stabilization of [Mo 6 the first time, the redox and optical properties of molybdenum halide clusters in aqueous solution.Under UV irradiation, the {[Mo 6 water exhibit broad luminescence emission spectra in red/NIR region with maxima located at 715 and 690 nm for Br-and I-derivatives, respectively (Fig.3, left). hostguest complex undergoes a quasi-reversible monoelectronic wave at E 1/2 = 1 V vs SCE (Fig.3, right), corresponding to the redox couple [Mo 6

57 , 73 Figure 3 : 2 - 2 -

 5773322 Figure 3: Left) Normalized emission spectra of inclusion complexes {[Mo6X i 8Cl a 6]@2CD} 2-in deaerated aqueous solutions. Right) Cyclic voltammetry of
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 41 Figure 4: a) Illustration of SiO4 and LiO4 pseudo-tetrahedrons observed in the crystal structure of β-eucryptite. b) View of SiO4 and LiO4 polyhedrons in the structure type LiAlSiO4 showing that those building blocks are connected by their vertex. Color code: LiO4 are in grey and SiO4 are in red. c) Illustration of the pseudo super-tetrahedron {Al13}Cl4 and {Mo6}Cl4 which are drastically larger than the polyhedral observed in βeucryptite. d) View of {Al13}Cl4 and {Mo6}Cl4 polyhedrons in the 3-X (X =Br or I) showing the strong analogy with β-eucryptite structure. Color code: {Al13}Cl4 are in grey and {Mo6}Cl4 are in red.
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 52 Figure 5: a) View of the half helical turn of the double helix arrangement defined by {[Mo6X i 8Cl a 6]@2CD} 2-adducts which are structured through {Al13} 7+ packed along the c axis. b) and c) Illustration of the hydrogen bonds (dotted orange lines) between one {Al13} 7+ and one host-guest complex. Different host-guest conformations are adopted depending of the nature of inner ligands, i.e. β-form for X= Br and α-form for X= I.

  feature of the helical arrangement built on {that the two helices does not interact directly through hydrogen bonds as usually observed in DNAlike structures. In fact, supramolecular bridging {Al 13 } 7+ species allow the cohesion of two sequences through a network of short range interactions (e.g. hydrogen bonds) supported by long range Coulomb forces between cationic and anionic building clusters. In addition to the ionic polymetallic aggregates, four chlorine anions are localized by the analysis of the diffraction data, they are around the {Al 13 } 7+ unit. One remaining Cl -anion per {Al 13 } 7+ unit is required for charge balancing. It has been localized in the large structural voids (41% of cell volume; Fig S10) containing disordered water molecules. Interestingly, the presence of large voids as well as inert aluminium based polycations gives rise to a dilution of the luminophores within the structural arrangement. This crystalline phase is 6.5 times less dense in luminophores by comparison to TBA 2 [Mo 6

8Cl a 6 ]

 6 , 1-I, 2-I and 3-I. The solid state emission and absolute quantum yields have been determined at 22 °C in N2 atmosphere. Lifetime measurements have been measured at 22°C in air.

  3+based polycations, polynuclear single molecule magnets (Mn 12 , Fe 8 ..) or polynuclear d 10 complexes.

  distances in the range 2.66-2.73 Å (Fig.

						aqueous solution, meaning that iodine and bromine
						derivatives adopt the α-and β-isomer, respectively (Fig. 5b, 5c,
						and S5). The {[Mo 6 X	i	8 Cl	a	6 ]@2CD} 2-adducts and {Al 13 } 7+ entities
						interact through hydrogen-bonds between hydroxo groups of
						CD and aqua or hydroxo groups of {Al 13 } 7+ with O•••O
						Å, highlighting the
	key role of long-range Coulomb forces as structure directing
	motif assembly. Each {Al 13 } 7+ unit is coordinated by four
	{[Mo 6 X	i 8 Cl	a	6 ]@2CD} 2-adducts in form of disorder tetrahedron.
	Interestingly,	the	host-guest	conformation	of
	{[Mo 6 X	i 8 Cl	a	6 ]@2CD} 2-corresponds to those observed in

Table 1 :

 1 Comparison of the structural and photoluminescence properties of the solids TBA2[Mo6I i

Table 1 .

 1 As the compounds 1-I, 2-I and 3-I are built on the same inclusion complex, similar photoluminescence properties could be expected. In our experimental conditions, these solids exhibit similar λ max than {[Mo 6 I
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