Dr Alena N Kulakova 
  
Prof. V Alexey N N Bilyachenko 
email: bilyachenko@ineos.ac.ru
  
Prof. E Mikhail M S Levitsky 
  
Victor N Khrustalev 
  
Elena S Shubina 
  
Gautier Felix 
  
Dr Ekaterina Mamontova 
  
Dr Jérôme Long 
  
Prof. J Yannick Guari 
  
Joulia Larionova 
email: joulia.larionova@umontpellier.fr
  
Dr ] A N Kulakova 
  
Shubina 
  
Prof. V N Khrustalev 
  
Larionova 
  
  
  
  
  
New Luminescent Tetranuclear Lanthanide-based Silsesquioxane Cage-like Architectures

We report on the synthesis, structure, magnetic and luminescence properties investigations of four new cagelike lanthanide-based silsesquioxanes (Cat)2[(PhSiO1.5)8(LnO1.5)4(O)(NO2.5)6(EtOH)2(MeCN)2] (where Cat + = Et4N + , PPh4P + and Ln 3+ = Eu 3+ Tb 3+ and (Ph4P)4[(PhSiO1.5)8(TbO1.5)4(O)2(NO2.5)8]•10MeCN. They present an unusual prism-like topology of cage architectures and lanthanide-characteristic emission, which makes them the first luminescent cage-like lanthanide silsesquioxanes. One of the Tb 3+ -based cages presents a magnetic spin-flip transition.

 and their particularity consists in the presence of silsesquioxane ligands, (RSiO1.5)n (where n = 6, 8, 10, 12), forming inorganic Si-O-Si skeletons as a basic structural unit, which connect metal, lanthanide or actinide ions through their coordination to oxygen atoms to assemble them into robust polynuclear cages. [4] Moreover, these latter may be functionalized by different organic moieties usually located on the cages' peripheries. Whereas different types of siloxane-based skeletons bring to these architectures the mechanical robustness, chemical stability, protection and possibility to form cage-like topology, the presence of metal ions is also crucial considering their valuable physical properties. [5] Thus, various s-block metal ions and transition metal ions, including Pt 2+ / 4+ , Cr 3+ , Mn 2+ , Ti 3+ , Fe 3+ , Ni 2+ , Cu 2+ or their combinations have largely been employed for the design of polynuclear CLMSs of different topology, such as adamantane, cooling tower, birdcage, cube, drum, sandwich-like, Asian lantern and others. 2b, 4a CLMS architectures have mainly been investigated for their catalytic properties making them interesting as molecular models for catalysis applications and offering a unique opportunity to understand heterogeneous catalysis at a molecular level. [6] In general, they not only demonstrated a high activity and selectivity in comparison to classical catalysts, but also show an improved stability regarding the number of repeated catalytic cycles. On the other hand, some polynuclear CLMSs containing paramagnetic transition metal ions, such as Co 2+ , Ni 2+ , Cu 2+ or Fe 3+ / 2+ , have also been investigated

for their unusual magnetic properties consisting in the appearance of a slow relaxation of the magnetization induced by a spin-glass or single molecule magnet behaviour. [7] Surprisingly, the number of works devoted to design of CLMSs involving lanthanide ions are relatively scarce despite the great interest to their employment in molecule-based materials. Indeed, lanthanide-based complexes of different nuclearity and their extended structures saw a huge development in the recent years owing to exceptional magnetic and optical properties allowing an emergence or progress of interesting physical phenomena and related applications including a high temperature slow relaxation of the magnetization in mononuclear lanthanide Single Molecule Magnets, [8] lanthanide-based luminescence, [START_REF] Bunzli | Handbook on the Physics and Chemistry of Rare Earths: Including Actinides[END_REF] magnetoelectric materials, [START_REF] Long | [END_REF] luminescent thermometry, [START_REF] Brites | Handbook on the Physics and Chemistry of Rare Earths[END_REF] optical labelling, [12] Magneto Resonance Imaging, [START_REF] Ibrahim | Magnetic Resonance Imaging (MRI) Gadolinium[END_REF] catalysis [14] and others. However, to the best of our knowledge, only two families of lanthanide-based CLMSs have been reported in the literatures up to now. Firstly, there is a series of cages with three cyclic siloxane moieties assembled through cubane-like core containing lanthanide ions (Yb 2+ , Yb 3+ , Nd 3+ , Er 3+ , Ce 3+ , Eu 3+ , Sm 3+ or Pr 3+ ). [15] Secondly, we can cite also tetrameric silsesquioxane cages (with La 3+ , Nd 3+ , Gd 3+ or Dy 3+ ) [16] presenting a sandwich-like structure, where the tetranuclear oxo-lanthanide core is caught between two siloxane moieties. Note that the Tb 3+ -containing CLMSs have never been reported up to now. Moreover, all these lanthanidecontaining CLMSs have been regarded especially as model compounds for catalysis [15a-f, 15h] or components of catalytic systems. [15g] Yet, their optical and magnetic properties have never been investigated. We can cite only one study reporting on the occurrence of an emission in a mononuclear Eu 3+ based CLMSs, but its crystal structure has not been elucidated. [15j] In the present communication, we report on a series of new tetranuclear Eu 3+ -and Tb 3+ -based CLMSs presenting an unusual prism-like topology of cages. Note that our Tb 3+ compounds constitute the first example of Tb 3+ based CLMSs. All reported compounds present a lanthanide-characteristic luminescence making them the first luminescent CLMSs. The investigation of their magnetic properties reveals the presence of a magnetic spin-flip behavior for one of the Tb 3+ analogue. X-Ray diffraction analysis indicates that compounds 1 -3 crystalize in the triclinic P-1 space group and present closed crystal structures. On the other hand, compound 4 crystallizes in P21/c space group, but its molecular architecture is also similar to the others. The structural description for only 1 will be given in details.

The molecular structure of the cage 1 may be viewed as a prism made by tetranuclear core situated in the middle, which is sandwiched by two cisoid cyclic tetraphenylcyclotetrasiloxanolate moieties (Fig. 1a,b). Note that such tetrameric ligands is quite rare for cage metallasilsesquioxanes, which has been earlier reported only for tetranuclear titaniumbased CLMS [17] and octanuclear cobalt-based silsesquioxanes. [18] Each Eu 3+ ion is linked to two others through two bridging oxygen atoms to form a square. There are two different Eu sites in the structure, both of them being eight coordinated. One is by four bridging oxygen atoms from (EuO2)4 core and four oxygen atoms from two terminal bidentate nitrate ligands, while another one is linked to four bridging oxygens, two terminal oxygens from one nitrate, one ethanol and one acetonitrile molecules (Fig. 1b). The Eu-O distances are in the range 2.341 -2.357 Å, while The terbium containing compound 4 presents a similar topology but (Fig. S6, ESI), the electroneutrality is assured by four Ph4P + cations. Although there are two crystallographically independent Tb sites, their environment is identical in contrast to 1-3: they are coordinated by four bridging oxygen atoms and four oxygens from two terminal nitrates (Fig. S6, ESI). The crystal packing showed in Fig. S7 along the a axis indicates that the molecular axes of tetranuclear terbium tetra-anions are directed almost toward the main diagonals of the unit cell. Note that the shortest intermolecular Tb-Tb distance of 12.211 Å is much larger in comparison to the one in 3 (7.997 Å) due to the bulky counter cation permitting a better isolation of the cages.

Since the Eu 3+ containing CLMSs 1 and 2 are diamagnetic at low temperature, the magnetic properties of Tb 3+ based CLMSs 3 and 4 were investigated by using a SQUID MPMS-XL magnetometer working between 1.8 -300 K and up to 7 T.

The temperature dependence of the magnetic susceptibility performed in direct current (dc) mode has been performed under an applied magnetic field of 1000 Oe. The room temperature T values of 46.10 and 44.10 cm 3 .K.mol 1 for 3 and 4 are slightly lower in comparison with the theoretical value expected for four Tb 3+ ions of 47.28 cm 3 .K.mol 1 using the free-ion approximation ( 7 F6, S = 3, L = 3, g = 3/2, T = 11.82 cm 3 .K.mol -1 ). [19] Upon cooling, the compounds exhibit the typical decrease of T caused by the thermal depopulation of the Stark sublevels and/or the presence of antiferromagnetic interactions between the Tb 3+ centers (Fig. S8A,ESI).

The field dependences of the magnetization performed at 1.8 K show a S-shape curve for 3 suggesting the presence of a spin flip of magnetic moment related to different Tb 3+ ions in antiferromagnetic interaction under an applied magnetic field, [19a, 20] while a linear increase of the magnetization with field at low fields is observed for 4 (Fig. S8B, ESI). Both curves never reach the saturation and the magnetisation values of 19.10 and 21.37 Nβ under 70 kOe field for 3 and 4, respectively, indicate the presence of a significant magnetic anisotropy. The M vs H curves for 3 performed for different temperatures indicate the dissapearence of the sigmoidal shape at 6 K (Insert of Fig. S8B). The H vs T phase diagram (Fig. S8C) drawn from the maxima of the dM/dH curves performed at different temperatures demarcates the domain of the spin cating regim from the oriented paramagnetic one.

The dynamic magnetic measurements performed in the alternating currents (ac) mode were conducted to probe the spin flip behavior. Under a zero-dc field, the in-phase component of the magnetic susceptibility (') shows a frequency independent peak at 3.32 K, while the out-of-phase susceptibility (") component is almost zero and shows a little increase at 1.8 K (Fig. S9A,ESI). This former depends on an applied magnetic field and progressively shifts towards lower temperatures as the field increases and disappeared at 3000 Oe (Fig. S9B, ESI). Note that the difference in magnetic behavior between 3 and 4 may be due to : (i) The emission spectra of 1 and 2 performed at 77K are formed of the Eu 3+ intra-4 f6 lines attributed to the 5 D0  7 F0-4 transitions (Fig. 2 top, Fig. S10-S11, S13 ESI).The very weak 5 D0 → 7 F0 transition observed at 579 nm confirms the low symmetry of the coordination environment of the Eu 3+ sites, while a symmetric shape of this band suggests a relatively the small differences in the Eu-O bond length and angles of the two europium sites, in accordance with the crystal structure [21] The existence of more than three lines for the 5 D0 → 7 F1 transition is also coherent with the presence of two europium sites in distorted square antiprism geometry. However, the origin of these additional peaks from vibronic satellites also can not be excluded. As expected for compounds with low symmetry europium sites, the 5 D0 → 7 F2 transition dominates the emission spectra and is responsible of compounds' red emission. The presence of slightly different coordination environement of two Eu 3+ sites is also corroborated with the splitting of the 5 D0 → 7 F2 and 5 D0 → 7 F4 electronic transitions, which are sensitive to the symmetry of the coordination environment. [21] In order to get further insight into the Eu 3+ local coordination, the energy, E00, and the full-width-at-half-maximum, fwhm00, of the non-degenerated 5 D0 → 7 F0 transition was estimated. Similar E00 values, 17248.5 ± 0.1 and 17250.6 ± 0.1 cm -1 , was found for the 1 and 2, respectively, pointing out closed Eu 3+ coordination sphere in both compounds. The high fwhm00 values, namely 21.9 ±0.1 and 20.4.± 0.3 cm -1 for 1 and 2, respectively, are compatible with the presence of different Eu 3+ local environments [21] .The characteristic Tb 3+ -luminescence could be observed on the emission spectra of 3 and 4 recorded at 77 K with emission peaks assigned to intra-4 f8 5 D4  7 F6-0 transitions (Fig. 2 bottom, Fig. S10, S15, S17 ESI). The most intense emission is centered at 543 nm for both cages, which corresponds to the 5 D4  7 F5 transition. Note that for all compounds, besides an intensity decrease, the room temperature emission and excitation features resemble to those acquired at 77 K (Fig. S10-S18, ESI). Fig. S12 and S14 show the excitation spectra for 1 and 2 monitored within the 5 D0  7 F2 transition (at 77 K).

Both of them display a series of straight lines, which could be ascribed to the intra-4f 6 transitions 7 F0  5 D4-0, 5 L8-6, 5 G6-2, 5 F3, 6 F1, 6 H5, 6 K6. [START_REF] Carnall | [END_REF] The excitation spectra for compounds 3 and 4 monitored within 5 D4  7 F5 transition exhibit a series of sharp Tb 3+ lines (Fig. S16, S18, ESI), ascribed to the intra 4f 8 transitions between the 7 F6 and the 5 G4-6, 5 L9-10, 5 D1-3, 5 H7 levels. [23] Consequently, the absence of broad bands related to the ligand in the excitation spectra of all compounds clearly points out a direct sensitization of the lanthanide ions through f-f transitions rather than an energy transfer involving the ligands. Thus, though they do not act as a sensitizer, the siloxane and coordinated nitrate and solvate molecules do not quench the Eu 3+ and Tb 3+ emission.

The emission decay curves of cages 1 -4 were monitored in solid state at 295 K within the 5 D0 → 7 F2 transition for 1 and 2 and within 5 D4  7 F5 one for 3 and 4, respectively. The curves are well reproduced by single exponential functions and allow to determine the luminescence lifetimes. They are equal to 0.777 ± 0.003 and 0.692 ± 0.010 ms for 1, 2 and 1.742 ± 0. 012 and 1.818 ± 0.01 ms for 3 and 4, respectively (Fig. S19 -22, ESI), which are typical values for europium and terbium complexes. [21b, 24] In summary, four new Eu 3+ and Tb 3+ -based CLMS architectures have been synthesized and their magnetic and luminescent properties have been investigated. They present unusual prism-like topology of cages with four lanthanide ions linked through oxygen atoms and situated between two cyclic tetraphenylcyclotetrasiloxanolate moieties. The investigation of the magnetic properties reveals that one of the Tb 3+ -based cages presents a field induced spin-flip transition from the spin canted state to the oriented paramagnetic regime. Remarkably, these compounds present Eu 3+

or Tb 3+ -characteristic luminescence at low and room temperatures and may be considered as first luminescent lanthanide-based CLMSs.

  Scheme 1. Synthesis of lanthanide-based CLMSs 1 -4.

  the Eu-N one is equal to 2.572 Å. The O-Eu-O angles in the square are equal to 81.02 and 119.77°. The geometry of both sites maybe described as distorted square antiprisms. The intramolecular Eu 3+ -Eu 3+ distances are equal to 3.744 and 3.791 Å. The view of the crystal packing of 1 along the b axis indicates that the tetranuclear di-anions are arranged in the same way, namely, their molecular axes (the normal to the Eu4-plane) are directed practically along the crystallographic b axis, whereas the disposition of cations is different (Fig. S1, ESI). The shortest intermolecular Eu-Eu distance is equal to 7.954 Å. The molecular structures of 2 and 3, their crystal packings, as well as the relevant distances and angles are summarized in ESI (Fig. S2 -S5, ESI).

Figure 1 .

 1 Figure 1. Top) Molecular structure of 1. Hydrogen atoms and crystallized ethanol and acetonitrile molecules have been omitted for clarity; Bottom) Representation (EuO2)4 core of 1 showing the coordination geometry of Eu sites. Color code: cyan, Eu; yellow, Si; red, O; blue, N, grey C.

  the presence of two Tb sites with different coordination environement in 3, which might generate different orientation of the anisotropy axes that may explain the spin canting regime at low field, and (ii) stronger intermolecular interactions in 3 explained by a relatively close intermolecular Tb…Tb distances of 7.954 Å, in comparison with 12.211 Å in 4, where the cages are better isolated. The photoluminescence of 1 -4 has been investigated in solid state at 298 and 77 K (Fig. 2, Fig. S10-S18, ESI). For all CLMSs, the excitation in the UV or blue regions results in the typical emission of the constitutive lanthanide ion, Eu 3+ or Tb 3+ .

Figure 2 .

 2 Figure 2. Low temperature (77 K) emission spectra of: (Top) 1 excited at 394 nm. Insert: High-resolution emission spectra for the 5 D0→ 7 F0-2 transitions; (Bottom) 3 excited at 376 nm.
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