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Introduction

Coordination compounds made by an association of Ln 3+ ions with different ligands attracted increasing interest in the recent decade due to both their magnetic and luminescent properties exciting not only from a fundament point of view, but also due to promising technological applications. Indeed, an important breakthrough in the field of molecular magnetism has been made by a recent discovery of mononuclear lanthanide complexes, such as dysprosium metallocenes, exhibiting Single-Molecule Magnetic (SMM) behaviour at temperatures near or even exceeding liquid nitrogen's boiling point relevant for their promising employment in future spintronic devices. [1][2][3][4] On the other hand, a temperature-dependence of the lanthanidecharacteristic luminescence brought a new paradigm on the use of lanthanide-based coordination complexes as a smart emissive temperature probe at micro-and nanoscales. 5 They have great potential in a wide range of applications ranging from biology and medicine to cryogenics [5][6][7] because they offer high accuracy remote temperature measurements with significant spatial and thermal resolutions, as well as with a high maximal relative sensitivity (Sr > 1% K -1 ). [START_REF] Brites | Handbook on the Physics and Chemistry of Rare Earths[END_REF][START_REF] Brites | [END_REF][10][11][START_REF]Luminescence Thermometry: Methods, Materials and Applications -1st Edition[END_REF] These two discoveries inspired an important development in designing numerous mono-and polynuclear lanthanide-based complexes with optimized magnetic [START_REF] Ding | [END_REF][14][15][16][17][18] or optical properties, [19][20][21] which are usually observed separately. Important work has also been done for the combination of a SMM behaviour with luminescence to design multifunctional magneto-luminescent complexes, in which their optical properties have been employed to probe the magnetic relaxation mechanisms. [22][23][24][25] Recently, an interesting strategy combining SMM behaviour with emissive thermometry has opened exciting perspectives in the temperature monitoring in future SMM-based devices at the molecular level. 25 However, the examples of SMM exhibiting temperature dependent luminescence able to work as an efficient thermometer are very scarce. We can cite, for instance, some rare examples of Dy 3+ -, 26 Yb 3+ -, 27,28 Tb 3+ -, 29 Nd 3+ -based complexes 30 and a metallofullerene DyErScN@C80 (ref. 31) exhibiting a low temperature SMM behaviour and an emissive thermometry with, in a few rare cases, an overlap of both properties in the working temperature range.

Recently, we reported a promising family of luminescent and/or magnetic tetranuclear cage-like lanthanide-silsesquioxanes designed by a combination of lanthanide ions with the silsesquioxane repeating subunit (RSiO1. 5)8 forming the robust inorganic Si-O-Si skeleton. [32][33][34] We demonstrated that Dy 3+ containing silsesquioxane of the formula (Et4N)2[(PhSiO1.5)8(Y0.75Dy0.25O1.5)4(O)(NO2.5)6(EtOH)2(MeCN)2] presented both, field-induced SMM behaviour and Dy 3+ characteristic emission, while Tb 3+ and Eu 3+ analogues exhibit paramagnetism with a low temperature spin flip and luminescence. On the other hand, an anionic cage containing solid-state solution of mixed Tb 3+ /Eu 3+ lanthanides demonstrated a tuneable thermosensitive Tb 3+ -to-Eu 3+ energy transfer driven by the Tb 3+ and Eu 3+ emission, which permitted to propose it as an efficient temperature sensor with excellent linearity, repeatability and good thermal sensitivity. 34 Note that these multifunctional lanthanide silsesquioxanes demonstrated several advantages in comparison to simple coordination complexes and hybrid materials, consisting in: (i) well definite but versatile crystal structures in which the nature of lanthanide ions and terminal ligands can be modified without impacting the structural organisation. This offers an important flexibility in designing luminescent and magnetic systems because emission and excitation wavelengths can be easily adjusted; (ii) lanthanide ions are integrated inside the cage-like rigid framework through the formation of covalent bonds with bridging oxygen atoms, which preclude any lanthanides' leaching; (iii) the presence of silsesquioxane moieties offers important chemical, photo-and thermal stabilities. Moreover, it may be considered as "lanthanide molecular cluster" with promising photo-luminescence properties. 35 Remarkably, these compounds present an important stability to photobleaching at a relatively high working temperature (373 K) due to the presence of the siloxane matrix, which played a protective role. However, up to now, the combination of a SMM behaviour and the emissive thermometry has never been observed in the same silsesquioxane cage.

In the present work, we extend our approach to solid solutions of different lanthanide ions in the aims to design luminescent and magnetic cage-like silsesquioxanes with different emission colour and check their ability to work as emissive thermometers. Therefore, we report here the synthesis, crystal structures of tetranuclear lanthanide-based silsesquioxanes, [NEt4]2[(Ph4Si4O8)2(Ln/Ln′)4(NO3)6(EtOH)2(MeCN)2]•4(MeCN) where Ln/Ln′ = Dy 3+ /Eu 3+ (1), Dy 3+ /Tb 3+ (2), Eu 3+ /Tb 3+ /Y 3+ (3) and investigate the contribution of these lanthanide ions on magnetic and photoluminescent properties with a particular focus on an association of SMM properties and luminescent thermometry. The choice of Dy 3+ ion in the couples Ln/Ln′ has been motivated by its promising ability to bring SMM behaviour due to its high magnetic anisotropy and high magnetic moment. We introduced alongside Dy 3+ highly emissive Eu 3+ or Tb 3+ ions in order to combine a slow relaxation of the magnetization with a luminescence. Note also that the use of Y 3+ permits the magnetic dilution. All of the obtained compounds present emission characteristic of constituent Ln 3+ ions in solid state at room temperature. The cage-like silsesquioxane Dy 3+ /Eu 3+ 1 presents a slow relaxation of the magnetization at low temperature making it a field induced SMM and a temperature dependent emission relevant of Eu 3+ in the temperature range between 293 and 373 K. This latter characteristic allows it to operate as an emissive thermometer with the maximum relative sensitivity of 1.15% K -1 achieved at 293 K, which is comparable to other promising emissive thermometers. Note that 1 is the third example of Dy 3+ based SMM exhibiting emissive thermometry properties. Compounds Dy 3+ /Tb 3+ 2 and Tb 3+ /Eu 3+ 3 are paramagnets, which exhibit a characteristic photoluminescence with Dy 3+ to Tb 3+ and Tb 3+ to Eu 3+ energy transfers, respectively, while their emission is not temperature dependent.
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Experimental General conditions

Phenyltrimethoxysilane (98%), Et4NCl (≥98%), Eu(NO3)3•6H2O (99.9% trace metals basis), Tb(NO3)3•6H2O (99.9% trace metals basis), Dy(NO3)3•6H2O (99.9% trace metals basis), Y(NO3)3•6H2O (99.9% trace metals basis), ethanol and acetonitrile were purchased from Merck and used as received. The synthesis of compounds 1-3 has been performed in a similar way. A mixture of PhSi(OMe)3 (0.94 mmol) and NaOH (0.94 mmol) was dissolved in 30 mL of ethanol. The resulting solution was heated to reflux for 1.0 h. Afterwards the mixture of lanthanide salts (0.47 mmol in total, see amount of each lanthanide salt below) and Et4NCl (0.47 mmol) dissolved in 30 mL of CH3CN were added at once. The resulted mixture was heated to reflux for 3 h and the solution was filtered from the insoluble residue providing a colourless solution. Crystalline materials were obtained by slow evaporation of solvents in a period of a few days. The single crystals suitable for a single crystal X-ray diffraction were collected. The products were dried in vacuum to perform elemental analysis and to calculate the yield.

Synthesis of

[NEt4]2[(Ph4Si4O8)2Dy0.87Eu3.12(NO3)6(EtOH)(MeCN)2]•4MeCN 1

Reactants loadings: PhSi(OMe)3 (0.186 g, 0.94 mmol), NaOH (0.038 g, 0.94 mmol), Eu(NO3)3•6H2O (0.16 g, 0.35 mmol), Dy(NO3)3•6H2O (0.05 g, 0.12 mmol), Et4NCl (0.08 g, 0.47 mmol). Yield = 33% (0.09 g).

Anal. calcd (for the theoretical Eu3Dy-compound): % Dy, 6 Reactants loadings: PhSi(OMe)3 (0.186 g, 0.94 mmol), NaOH (0.038 g, 0.94 mmol), Dy(NO3)3•6H2O (0.16 g, 0.35 mmol), Tb(NO3)3•6H2O (0.05 g, 0.12 mmol), Et4NCl (0.08 g, 0.47 mmol). Yield = 40% (0.11 g).

Anal. calcd (for the theoretical Dy3Tb-compound): % Dy, 20.51; Si, 9.45; Tb, 6.69. Found (for the Dy3. 12Tb0.88-compound): % Dy, 21.33; Si, 9.45; Tb, 5.88.

[NEt4]2[(Ph4Si4O8)2Eu0.87Tb1.01Y2.11(NO3)6(EtOH)2(MeCN)2]•2EtOH 3

Reactants loadings: PhSi(OMe)3 (0.186 g, 0.94 mmol), NaOH (0.038 g, 0.94 mmol), Y(NO3)3•6H2O (0.09 g, 0.23 mmol), Eu(NO3)3•6H2O (0.05 g, 0.12 mmol), Tb(NO3)3•6H2O (0.05 g, 0.12 mmol), Et4NCl (0.08 g, 0.47 mmol). Yield = 42% (0.11 g).

Anal. calcd (for the theoretical EuTbY2-compound): % Eu, 6.85; Si, 10.13; Tb, 7.16; Y, 8.01. Found (for the Eu0. 87Tb1.01Y2.11-compound): % Eu, 5.89; Si, 10.17; Tb, 7.26; Y, 8.49.

X-ray crystallography

X-ray diffraction data for 1-3 were collected on a four-circle Rigaku Synergy S diffractometer equipped with a HyPix6000HE detector (T = 100 K, λ(MoKα)-radiation, kappa geometry, shutterless φ and ω-scan mode). The data were integrated and corrected for absorption by the CrysAlisPro program. 36 For details, see Table S1. † The structures were solved by a direct method and refined by full-matrix least squares technique on F 2 with anisotropic displacement parameters for nonhydrogen atoms. All attempts to model and refine positions of the acetonitrile solvate molecules in 3 were unsuccessful. Therefore, their contribution to the total scattering pattern was removed by use of the utility SQUEEZE in PLATON15. [START_REF] Spek | A Multipurpose Crystallographic Tool[END_REF] The hydrogen atoms of the OH-groups were localized in the difference-Fourier maps and refined isotropically with fixed displacement parameters [Uiso(H) = 1.5Ueq(O)]. The other hydrogen atoms were placed in calculated positions and refined within riding model with fixed isotropic displacement parameters [Uiso(H) = 1.5Ueq(C) for the CH3-groups and 1.2Ueq(C) for the other groups]. All calculations were carried out using the SHELXTL program suite. [START_REF] Sheldrick | [END_REF] Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre, CCDC 2240602 (1), CCDC 2240603 (2), CCDC 2240604 (3).

Crystal structure determination was performed in the Department of Structural Studies of Zelinsky Institute of Organic Chemistry, Moscow, Russia.

Characterizations

IR spectra (KBr pellets) were recorded using PerkinElmer Spectrum Two FT-IR Spectrometer. Compounds exhibit the similar set of signals: 1600-1400 cm -1 (νC C, νC N) 1130 cm -1 (νPh-Si), 945-1060 cm -1 (νasSi-O, νasSi-O-Si), 750-680 cm -1 (σC-H of mono-substituted phenyl group). The quantifications of lanthanides and Si elements were performed by using scanning electron microscope and energy dispersive X-ray analysis (SEM-EDX) on a FEI Quanta FEG 200 instrument. The powders were deposited on an adhesive carbon film and analysed under vacuum. The quantification of the heavy elements was carried out with the INCA software, with a dwell time of 3 μs.

The emission and excitation spectra were evaluated in solid state (powders) at room (298 K) and low (77 K) temperatures using a spectrofluorimeter Edinburgh FLS-920 by using a 450 W Xe arc lamp as the excitation source. The spectra were corrected for detection and optical spectral response of the spectrofluorimeter. The photoluminescent measurements as a function of temperature were done in solid state by using the temperature setup incorporated in the Edinburgh spectrofluorimeter. The emission spectra were recorded in the temperature range from 293 to 373 K. At each temperature step, a period of 2 min was given to allow the temperature to stabilize, and then 5 emission spectra were recorded with a dwell time of 0.3 s and a step of 1 nm. Magnetic susceptibility data were collected with a Quantum Design MPMS-XL SQUID magnetometer working between 1.8 and 350 K with the magnetic field up to 7 T. The sample was prepared in ambient condition. The data were corrected for the sample holder and the diamagnetic contributions calculated from the Pascal's constants.

Results and discussions

Synthesis and crystal structures

The synthetic strategy implies the formation of tetranuclear anionic cage-like silsesquioxanes [(Ph4Si4O8)2(Ln/Ln′)4(NO3)4(OH)(EtOH)3(H2O)] 2-in association with a relatively bulky (NEt4) + non-coordinating cation. A series of complexes [NEt4]2[(Ph4Si4O8)2(Ln/Ln′)4(NO3)6(EtOH)2(MeCN)2]•4(MeCN), where Ln/Ln′ = Dy 3+ /Eu 3+ 1, Dy 3+ /Tb 3+ 2, Eu 3+ /Tb 3+ /Y 3+ 3, were synthesized by employing a two-step approach. First, the in situ formation of [PhSi(O)ONa]x moiety with their further reaction with Et4NCl salt and the corresponding Ln 3+ salts. The SEM-EDX and the elemental analysis permitted to determine the composition of compounds 1-3.

Single crystals X-ray diffraction analysis performed on compounds 1-3 revealed that they are isostructural and crystallize in the P1 space groups (Table S1, ESI † ). Their crystal structures are similar to the previously published tetranuclear cage-like silsesquioxanes [Cat]2[(Ph4Si4O8)2(Ln)(NO3)6(EtOH)2(MeCN)2]•solv (where Ln = Tb, Eu and Dy). [32][33][34] The crystal structure of 1 is described in details (Fig. 1) and the ones of 2 and 3 are shown in Fig. S1 andS2, ESI † and the crystallographic parameters are gathered in Tables S1 andS2 The crystal packing of compound 1 may be described as an assembly of di-anionic tetranuclear lanthanide-germanoxane molecules along the c axis alternated with NEt4 + cations. The unit cell possesses two motives with two different units arranged perpendicular to each other (Fig. 1a). The shortest intermolecular Eu/Dy⋯Eu/Dy distance is equal to 12.628 Å. The molecular structure of 1 may be described as a prism made by eight Si atoms comprising the Dy0. 87Eu3.12O8 core in the middle providing an appearance of a new year paper lantern to the molecule (Fig. 1b andc). In this lanthanide-based core, each Dy 3+ /Eu 3+ ion is linked to two others through two bridging oxygen atoms to form a distorted square (Fig. 1d). There are two different eight-coordinated Dy/Eu sites, which adopt a distorted square antiprismatic geometry (Fig. 1d). In two of theme, lanthanide atoms are coordinated by four bridging oxygen atoms from the core and four oxygen atoms from two terminal bidentate nitrate ligands, while in two others, Dy/Eu is linked to four bridging oxygens, two terminal oxygens from one nitrate, one ethanol and one acetonitrile molecules. The (Dy/Eu)-O distances are in the range 2.310(9)-2.563(3) Å, while the (Dy/Eu)-N one is equal to 2.551(4) and 2.5514(10) Å. The O-(Dy/Eu)-O angles in the square are equal to 71.62 and 72.90°. (Table S2, ESI † ). The intramolecular Dy/Eu⋯Dy/Eu distances in the square are equal to 3.724 and 3.773 Å, which indicates that lanthanides are relatively close.

Magnetic properties

The magnetic properties of compounds 1-3, were investigated with a SQUID MPMS3 magnetometer working between 1.8 and 310 K up to 7 T. The temperature dependences of the magnetic susceptibility performed in direct current (dc) mode were performed under an applied magnetic field of 1000 Oe. At room temperature, the χT values are in a relatively good agreement with the expected theoretical values (see Table S3, ESI † ). The χT product decreases as the temperature decreases, which reflects the thermal depopulation of the mJ levels and/or the presence of antiferromagnetic interactions between the lanthanide ions (Fig. 2a). The field dependences of the magnetization performed at 1.8 K show a linear and a rapid increase of the magnetization in the low field region and then a slow increase after 1 tesla. But the saturation is not reached at 7 tesla, which indicates the presence of a significant magnetic anisotropy, as usually observed in lanthanide-based complexes (Fig. 2b).

The dynamic measurements in the ac mode have been performed for all compounds, but only sample 1 demonstrated a slow relaxation of the magnetization. This fact may be explained by the presence of magnetic interactions between Dy 3+ in 2, which negatively affects the relaxation dynamics. 18,33 For 1, the in-phase, χ′, and the out-ofphase, χ′′, components of the ac susceptibility does not present an important signal under a zero-dc field, which may be ascribed to the presence of the fast Quantum Tunnelling of the Magnetization (QTM). In order to avoid its influence, the frequency dependence of the ac susceptibility was measured under different applied dc fields, which shows an appearance of a signal for both components under an applied field (Fig. S3, ESI † ). The temperature and the field dependences of the relaxation time can be fitted by using the eqn (1): 39 1 where the first, second, third and fourth terms represent the relaxation time for the direct, QTM, Orbach and Raman processes, respectively (Fig. 3). To avoid the over parametrization, the eqn (1) can be rewritten into eqn (2):

where CT is a term corresponding to possible Orbach and Raman processes, which depends on temperature but does not depend on magnetic field. The obtained fit values are CT = 672 ± 12 s -1 , A = (6.71 ± 0.85) × 10 4 s -1 T -4 K -1 , B1 = (3.05 ± 0.41) × 10 3 s -1 and B2 = (1.37 ± 0.32) × 10 4 T -2 . The fitting of the field dependence of the relaxation time with eqn (2) permitted to determine the optimum magnetic field of 1000 Oe, which corresponds to the higher relaxation time (Fig. S3d † ). The frequency dependence of the ac susceptibility under the optimal field of 1000 Oe reveals the presence of a series of peaks, for which the maxima shift towards higher frequencies as the temperature increases, suggesting the occurrence of a field-induced slow relaxation of the magnetization (Fig. 3a, S4a and b † ). Eqn (3) can be rewritten from the eqn (1) to avoid the over parametrisation: 3 where CH is a term which takes into account QTM and which depends on magnetic field but is constant as a function of temperature. Several combinations of the relaxation time as a function of the temperature were tested, and only the one corresponding to eqn (3) was relevant. The obtained value of the effective energy barrier, Δ, is equal to 11.3 ± 0.6 cm -1 with τ0 = (2.5 ± 0.8) × 10 -6 s. The obtained value of CH is equal to 901 ± 22 s -1 (Fig. 3b). The analysis of the dynamic magnetic properties therefore indicates that compound 1 is a field-induced SMM in which the QTM process can be partially supressed by an application of the magnetic field.

Photoluminescence investigations

The photoluminescence of 1-3 was investigated in solid-state at room temperature (298 K). All compounds exhibit the typical Ln 3+characteristic emissions.

Luminescence of Dy 3+ /Eu 3+ containing compound 1

The excitation spectrum of Dy 3+ /Eu 3+ containing compound 1 were recorded by monitoring the main emission of Eu 3+ at 612 nm ( 5 D0 → 7 F2) (Fig. 4a). A series of narrow lines appeared that can be attributed to transitions between 7 F0 and different excited states indicating that Eu 3+ is populated through a direct excitation into the intra-4f 8 lines and that the antenna effect is not operational in this case. The excitation spectrum recorded with the main emission of Dy 3+ expected at around 570 nm did not reveal the bands characteristic for this ion. The emission spectrum of 1 at room temperature recorded under excitation at 395 nm exhibit a series of classical Eu 3+ 5 D0 → 7 F0-4 characteristic emission lines with the most intense red emission centred at 612 nm corresponding to 5 D0 → 7 F2 transition (Fig. 4b). The very weak 5 D0 → 7 F0 transition observed at 580 nm confirms the low symmetry of the coordination environment of the Eu 3+ sites. 40 The complicated profile of the 5 D0 → 7 F1 transition (several components) is in agreement with the presence of two europium sites in distorted square antiprismatic geometry. As expected for compounds with a relatively low symmetry of Eu sites, the main transition provides a red 5 D0 → 7 F2 emission. Moreover, since the transitions 5 D0 → 7 F2 and 5 D0 → 7 F4 are very sensitive to the coordination environment of the Eu site, their splitting in six or five components, respectively, is not surprising. 40 Note that the direct excitation in the expected Dy 3+ related transitions (for instance in the 6 H15/2 → 4 I5/2 transition expected at 450 nm) did not provide the appearance of the Dy 3+ characteristic emission, which can be explained by the Eu/Dy ratio = 3.6 and high Eu 3+ emission intensity in comparison with the Dy 3+ ion.

In order to investigate the possibility to use Dy 3+ /Eu 3+ compound 1 as an emissive thermometer, we adapted an optical thermometry approach involving the temperature dependence of the thermal population of low-lying levels of Eu 3+ situated just above the ground level. 41 The population of electronic configuration states follows the Boltzmann statistic: 4

The partition function of the system is:

5
where ΔEi is the energy difference between the level i and the ground level, gi is the degeneracy of the level i. In the case of Eu 3+ , the quantity of electronic configuration in the state 7 FJ is defined as: It depends on the partition function, the energy level, the degeneracy of the state and the temperature. The partition function is also temperature dependent. If electronic configurations are excited from the 7 FJ state to the 5 D0 state, then the luminescence intensity will be proportional to

In the considered thermometry mechanism, we monitor the temperature profiles of the 5 D0 → 7 F4 emissions obtained by using two direct excitations, 7 F1 → 5 D0 and 7 F2 → 5 D0 (Fig. 5d). The luminescence intensity ratio (LIR) between these emissions can be written as:

8
where C is a constant, which depends on the degeneracy and ΔE is the energy difference between 7 F1 and 7 F2. The emission spectra of 1 measured under excitations at 590 ( 7 F1 → 5 D0) and 612 nm ( 7 F2 → 5 D0) in the temperature range 293-353 K are shown in Fig. 5a andb and the corresponding luminescence intensities at 703 nm (transition 5 D0 → 7 F4) as a function of temperature is exhibited in Fig. 5c. As expected, the integrated intensity of the 5 D0 → 7 F4 transition (the integrated area is 670-730 nm) under excitation at 590 nm increases with temperature, then decreases, while the one under the excitation at 612 nm (the integrated area is 670-730 nm) increases constantly. The temperature dependence of their LIR(I1/I2) shown in Fig. 5e is fitted with eqn (8) providing the optimized parameters ΔE = 686 ± 24 cm -1 and C = 14.5 ± 1.5. Note that the former obtained value of ΔE is comparable to the expected one of 609 cm -1 .

The relative thermal sensitivity (Sr) is the parameter allowing the comparison of thermometric performances among different types of thermometers. 42 The Sr value represents the variation of the experimental parameter (LIR in the present case) per degree of temperature, expressed as:

Sr(T) = |∂LIR(T)/∂T|/LIR(T) 9 
The temperature dependence of Sr is shown in Fig. 5f. The maximum Sr value is equal to 1.15% K -1 at 293 K. It is close to a frequently considered high relative thermal sensitivity (∼1% K -1 ), [START_REF] Brites | [END_REF] and in proximity with the best Sr values reported for mixed Eu 3+ /Tb 3+ compounds. 43 Luminescence of Tb 3+ /Dy 3+ compound 2

The Dy 3+ ion is a well-known sensitizer to activate Tb 3+ ions in doped glasses because the 5 D4 level of Tb 3+ can be populated by the 4 F9/2 level of Dy 3+ through energy transfer. [44][45][46] However, this phenomenon has been relatively scarcely exploited in molecular complexes. The excitation spectra of Tb 3+ /Dy 3+ containing compound 2 was monitored at room temperature within: (a) the main 5 D4 → 7 F5 transition of Tb 3+ at 543 nm, and (b) the 4 F9/2 → 6 H13/2 transition of Dy 3+ at 572 nm. As shown in Fig. 6a, the excitation spectrum recorded under 543 nm emission wavelength of Tb 3+ shows ten excitation bands among which six are assigned to Tb 3+ ( 7 F6 → 5 H7, 5 L7, 8, 5 H7, 5 L9, 5 L10, 5 G6 shown in green colour) and four are attributed to Dy 3+ ion ( 6 H15/2 → 6 P3/2, 4 I13/2, 4 G11/2, 4 I5/2 shown in blue colour). 32,33,44 The presence of excitation bands due to Dy 3+ ion under the monitoring of the emission wavelength of Tb 3+ indicates the presence of the Dy 3+ to Tb 3+ energy transfer. The excitation spectrum monitored at 572 nm (Dy 3+ emission) exhibits similar transitions, while the intensities related to the Tb 3+ transitions are lower, which could be explained by the back energy transfer (Fig. 6c). The solid-state emission spectrum of 2 at room temperature recorded under excitation at the most intense band at 350 nm exhibits six emission bands among which four of them can be attributed to Tb 3+ 5 D4 → 7 F6-3 characteristic transitions with the main 5 D4 → 7 F5 one centred at 543 nm and two of them correspond to Dy 3+ transitions 4 F9/2 → 6 H15/2, 6 H13/2 (Fig. 6b). In order to demonstrate the presence of the Dy 3+ to Tb 3+ energy transfer, the excitation was performed in the 6 H15/2 → 4 I5/2 Dy 3+ transition at 452 nm. The emission spectrum demonstrating the presence of characteristic Dy 3+ bands along with the Tb 3+ transitions, which is dominated by a main band assigned to the 5 D4 → 7 F5 Tb 3+ transition is shown in Fig. 6d. This signifies the energy transmission from Dy 3+ to Tb 3+ ions. Note that the intramolecular energy transfer between Dy 3+ and Tb 3+ has not been frequently demonstrated in coordination compounds of lanthanide ions, but its presence is not surprising considering that the shortest direct Ln 3+ -Ln 3+ distance in 2 is equal to 3.648(2) Å. The corresponding simplified energy diagram showing the Dy 3+ to Tb 3+ energy transfer is shown Fig. 7. Note that compound 2 does not exhibit a temperature dependence of its emission allowing to use it for emissive thermometry. Luminescence of Y 3+ /Tb 3+ /Eu 3+ -compound 3

The excitation spectra of Tb 3+ /Eu 3+ /Y 3+ -containing compound 3 by monitoring the main emission of Eu 3+ at 612 nm ( 5 D0 → 7 F2) and the one of Tb 3+ at 543 nm ( 5 D4 → 7 F5) with the assignment of different transitions characteristic of intra-4f transitions of Eu 3+ and Tb 3+ are shown in Fig. 8a andc. The observed transitions are coherent with previously published Tb 3+ /Eu 3+ -containing siloxane of similar structure. 34 The maximum intensity of excitation for Eu 3+ red emission is located at 394 nm, which corresponds to the Eu 3+ transition 7 F0 → 5 L6.

As for Tb 3+ green emission, the main band is observed at 378 nm, which is attributed to the 7 F6 → 5 G6, 5 D3 transitions. The Tb 3+ -to-Eu 3+ energy transfer is evidenced by the presence of the Tb 3+ transition lines in the excitation spectra monitored in the Eu 3+ emission (at 612 nm). The emission spectra of 3 were measured under excitations at 394 and 350 nm (Fig. 8b andd). Upon an irradiation at 394 nm, the Eu 3+ ion is selectively excited to the 5 L6 energy level and non-radiative relaxations lead to the population of the 5 D0 emitting state (Fig. 8d). The Eu 3+ transitions are then observed from 5 D0 to 7 F0-4 manifold. Moreover, the excitation at 350 nm (Tb 3+ band) leads to the main Eu 3+ emission 5 D0 → 7 F0-4 along with the appearance of characteristic Tb 3+ transitions from 5 D4 to 7 F2-6. This result clearly indicates the occurrence of an intramolecular Tb 3+ -to-Eu 3+ energy transfer to the detriment of the Tb 3+ emission considering the relatively short distances between lanthanides in the core (the shortest direct Ln 3+ -Ln 3+ distance in 3 is 3.497 Å and the shortest Ln 3+ -Ln 3+ distance through the bridging oxygen atom is 4.625 Å). The corresponding simplified energy diagram showing the Tb 3+ to Eu 3+ energy transfer is shown Fig. 9. This observation is in agreement with the previously observed behaviour of Tb 3+ /Eu 3+ -containing siloxane. 34 Note that unfortunately, compound 3 does not demonstrated a temperature dependence of its emission useful to establish emissive thermometer. 

Conclusions

In summary, we reported a new series of anionic tetranuclear cagelike silsesquioxanes [NEt4]2[(Ph4Si4O8)2(Ln/Ln′)4(NO3)6(EtOH)2(MeCN)2]•4(MeCN) containing solid solutions of mixed lanthanide Ln/Ln′ ions Dy 3+ /Eu 3+ , Dy 3+ /Tb 3+ and Eu 3+ /Tb 3+ /Y 3+ investigating the impact of the lanthanide ions on the magnetic and optical properties. All compounds present prism-like molecular crystal structure where four lanthanide ions are linked through oxygen atoms by forming a core, which is located between two cyclic tetraphenylcyclotetrasiloxanolate moieties. The investigation of their magnetic properties reveals that Dy 3+ /Eu 3+ compound 1 presents slow relaxation of the magnetisation under an applied optimal magnetic field of 1000 Oe to partially supress the QTM process, making it a field induced SMM. Note that Dy 3+ /Tb 3+ compound 2 does not present the SMM behaviour certainly due to the dipolar interactions between Dy 3+ ions, which negatively impact the relaxation dynamic. All compounds present lanthanide characteristic luminescence at room temperature. The Eu 3+ emission of Dy 3+ /Eu 3+ compound 1 has been used to establish an original selfreferenced thermometry mechanism involving the temperature dependence of the thermal population of low-lying levels of Eu 3+ situated just above the ground level. The obtained maximum Sr value is equal to 1.15% K -1 at 293 K. Therefore, this compound can be considered as a multifunctional field induced SMM and emissive thermometer with a relatively high relative thermal sensitivity (∼1% K -1 ). 9 It represents the third example of Dy 3+ SMM where slow relaxation of the magnetization is combined with luminescent thermometry in the same compound. Dy 3+ /Tb 3+ and Y 3+ /Tb 3+ /Eu 3+ compounds demonstrated a characteristic photoluminescence with the presence of the Dy 3+ to Tb 3+ and Tb 3+ to Eu 3+ energy transfers, respectively. These results point at significant potential in design of functional metallasesquioxanes 47 including lanthanide centres. [48][49][50] 
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 1 Fig. 1 (a) Perspective view of the crystal packing for 1 along the crystallographic axis b; (b) and (c) molecular structure of 1 showing the prism-like polyhedron in the form of a new year paper lantern; (d) polyhedron of Dy/Eu atoms in the (Dy 0.92 /Eu 3.08 O 8 )O core. Colour code: light green Dy/Eu; light yellow Si; red O; blue N; grey C. Hydrogen atoms and crystallized acetonitrile molecules have been omitted for clarity.

Fig. 2 (

 2 Fig. 2 (a) χT vs. T curves performed under an applied magnetic field of 1000 Oe for 1-3; (b) magnetization vs. field curves obtained at 1.8 K for 1-3.

Fig. 3 (

 3 Fig. 3 (a) Out-of-phase, χ′′, component of the ac magnetic susceptibility as a function of frequency at different temperatures measured under an optimal dc field of 1000 Oe for 1; (b) temperature dependence of the relaxation time for 1 under 1000 Oe. The red solid line represents the fits done by using the eqn (3).

Fig. 4 (

 4 Fig. 4 (a) Excitation spectrum of 1 monitored at λ em = 612 nm (top) in solid state at room temperature; (b) emission spectrum of 1 performed with λ ex = 394 nm in solid state at room temperature.

Fig. 5

 5 Fig. 5 Emission spectra for 1 performed in the 293 to 373 K temperature range in solid state under excitation at λ ex = 590 nm (a) and at 612 nm (b); (c) temperature dependences of 5 D 0 → 7 F 4 transition upon 590 ( 7 F 1 → 5 D 0 ) and 612 nm ( 7 F 2 → 5 D 0 ) excitations; (d) simplified energy diagram showing transitions excited from 7 F 2,1 to 5 D 0 and corresponding emission originating from 5 D 0 to 7 F 4 used for thermometry measurements; (e) normalized luminescence intensity ratio (LIR) at 700 nm monitored under excitations at 612 and 590 nm (LIR, I 700 Ex 612 /I 700 Ex 590 ) as a function of temperature (circles) and the associated fit (red curve); (f) temperature dependence of the thermal sensitivity (S r ) for 1 showing a maximum value of 1.15% K -1 at 293 K.

Fig. 6 (

 6 Fig. 6 (a) Excitation spectrum of 2 monitored at λ em = 543 nm (Tb 3+ transition) in solid state at room temperature; (b) emission spectra of 2 performed with λ ex = 350 nm (Tb 3+ transition) in solid state at room temperature; (c) excitation spectrum of 2 monitored at λ em = 572 nm (Dy 3+ transition) in solid state at room temperature; (d) emission spectra of 2 performed with λ ex = 452 nm (Dy 3+ transition) in solid state at room temperature. The Tb 3+ related transitions are notified in green, while Dy 3+ ones are in blue.

Fig. 7

 7 Fig. 7 Simplified energy diagram showing the Dy 3+ to Tb 3+ energy transfer.

Fig. 8

 8 Fig. 8Solid state excitation spectra of 3 monitored at room temperature at λ em = 612 nm (Eu 3+ transition) (a) and at λ em = 543 nm (Tb 3+ transition) (c); solid state emission spectra of 3 performed at room temperature with λ ex = 394 nm (Eu 3+ transition) (b) and at λ ex = 350 nm (Tb 3+ transition) (d). The Tb 3+ related transitions are notified in green, while Eu 3+ ones are in red.

Fig. 9

 9 Fig. 9 Simplified energy diagram showing the Tb 3+ to Eu 3+ energy transfer.

  

  

  

  

  

  

  

  

NEt4]2[(Ph4Si4O8)2Dy3.12Tb0.88(NO3)6(EtOH)2(MeCN)2]•4MeCN 2

  

	.92; Eu,
	19.41; Si, 9.57. Found (for Eu3.12Dy0. 87-compound): % Dy, 6.03; Eu,
	20.21; Si, 9.58.
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