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Introduction

Luminescent Ln 3+ ions coordination compounds attract a great deal of attention of worldwide researchers during several decades not only because of their exciting optical properties but also due to a broad range of practical applications in bioimaging and biosensing, (1,2) light-emitting technology, (3) smart windows, (4,5) diode displays, (6) telecommunications, (7) detection of molecules and ions, (2,8,9) cell labeling, (10,11) and others. The rich photophysics of these compounds is explained by the emission of trivalent lanthanide ions coming from the Laporte forbidden ftransitions, which offer great advantages, such as long-lived excited states, narrow bandwidth emission bands, large pseudo-Stokes shifts, and high quantum yields. In comparison, luminescent organic dyes usually exhibit broad and featureless emission, a relatively rapid photobleaching and present a tendency to aggregation due to their planar structures often leading to emission quenching. (12) These exciting optical properties motivated a huge research activity during more than 50 years in the rational design of lanthanide based complexes of different nuclearity with a wide range of structures, in which the luminescence in visible and/or near-infrared (NIR) domains can be optimized by playing on the choice of lanthanide ions and ligands.

More recently, the exploitation of the temperature-dependent luminescence brought a new paradigm on the use of these complexes as a smart emissive temperature probe at micro-and nanoscale. (13) Indeed, they offer high accuracy, contactless, remote temperature measurements with high spatial (below 10 μm) and high thermal resolution (0.1 K) in short acquisition time (<10 μs) and with high sensitivity (S r > 1% °C-1 ) (14-18) and therefore present a great potential in a wide range of applications ranging from biology and medicine to cryogenics. (13,19,20) In this connection, numerous complexes with different lanthanide ions, such as Eu 3+ , (21) Tb 3+ , (22) or their mixture (Tb 3+ /Eu 3+ ), (20,23,24) as well as Dy 3+ , (22,25) Nd 3+ , (26,27) or Yb 3+ (28,29) have intensively been explored for temperature sensing in visible or nearinfrared domains with interesting performances. (15) However, an important drawback for the effective use of simple complexes in thermometry applications consists in their relatively low photothermal stability occurred all the more with the increasing of the temperature. (30) In order to overcome this problem, hybrid composite materials incorporating lanthanide complexes formed by polymers or inorganic matrixes providing a protective role have been developed. (15,(31)(32)(33)(34) Recently, an interesting alternative to the hybrid composite materials approach has been offered by the development of luminescent metallasilsesquioxanes. Indeed, we recently reported on luminescent tetranuclear cage-like lanthanide-silsesquioxanes designed by a combination of lanthanide ions with the silsesquioxane repeating subunit, (RSiO 1.5 ) 4 . It allows to construct a robust inorganic Si-O-Si skeleton, offering indeed the chemical, photo and thermal stabilities and possibility to form cage-like topology. (35)(36)(37) In comparison with the hybrid composite nanoparticles containing lanthanide based complexes, luminescent lanthanide-based silsesquioxane present several advantages. (i) Well-defined and versatile crystal structures, in which the nature of lanthanide ions and terminal ligands can be modified without an important impact on the structural organization. This offers the possibility to adjust emission and excitation wavelengths. (ii) Lanthanide ions are integrated inside the cage-like silsesquioxane frameworks through the formation of covalent bonds with bridging oxygen atoms, that precludes any lanthanides' leaching. (iii) The robust silsesquioxane framework offers an important photo and thermal stability but does not affect the optical properties of lanthanides. Recently, we demonstrated that several anionic cages containing a solid-state solution of mixed Tb 3+ /Eu 3+ lanthanides exhibited a tunable thermosensitive Tb 3+ -to-Eu 3+ energy transfer driven by the Tb 3+ and Eu 3+ emission and proposed them as an efficient temperature sensors with excellent linearity, repeatability and good thermal sensitivity. (37) Remarkably, these compounds presented an important stability to photobleaching at a relatively high working temperature (100 °C) due to the presence of the silsesquioxane matrix, which played a protective role.

In the present work, we extend our approach to the design of luminescent robust cagelike compounds to germsesquioxanes. Surprisingly, examples of cage-like metallagermsesquioxane architectures are scarce in the literature despite a great potential of germanium in organometallic chemistry. (38-45) Moreover, to the best of our knowledge, lanthanide-based germsesquioxanes have never been reported up to now. Therefore, we report here the synthesis, crystal structures, and investigations of photoluminescent and magnetic properties of the first family of tetranuclear lanthanide-based germanoxanes,

[NEt 4 ] 2 [(Ph 4 Ge 4 O 8 ) 2 (Ln 4 )(NO 3 ) 6 (EtOH) 2 (MeCN) 2 ]
•n(MeCN), (where Ln = Eu 3+ (1), Tb 3+ (2), Tb 3+ /Eu 3+ (3), Dy 3+ /Y 3+ (4), and Dy 3+ (5)). These compounds present emissions characteristic of Ln 3+ ions in the solid state at room and liquid nitrogen temperature. The temperature-dependence of the luminescence investigated between 293 and 373 K for the mixed Tb 3+ /Eu 3+ (3) compound reveals that it can operate as a self-referenced emissive thermometer with a maximum relative sensitivity of 0.87%•°C -1 achieved at 57.66 °C.

Results and Discussion

A series of complexes [NEt 4 ] 2 [(Ph 4 Ge 4 O 8 ) 2 (Ln 4 )(NO 3 ) 6 (EtOH) 2 (MeCN) 2 ]•n(MeCN), where Ln = Eu 3+ 1, Tb 3+ 2, Tb 3+ /Eu 3+ 3, Dy 3+ /Y 3+ 4, and Dy 3+ 5 were synthesized by employing a two-step approach. First, the in situ formation of phenylgermanolate moieties, [PhGe(O)ONa] x , with their further reaction with Et 4 NCl salt and the corresponding Ln 3+ salts. Note that Dy 3+ /Y 3+ ratio equal to 1/3 and Tb 3+ /Eu 3+ ratio equal to 2/2 were used for compounds for 4 and 3, respectively, involving heteronuclear metallic centers. Scheme 1 summarizes the used synthetic approach. Scheme 1 Scheme 1. Scheme of the Synthesis of Complexes 1-5

Single crystals X-ray diffraction analysis performed on compounds 1-5 revealed that they present similar crystal structures and they crystallize in the P2 1 /n (for 1 and 3) and P1 (for 2, 4, and 5) space groups (Table S1). Their crystal structures are similar to the previously published tetranuclear cage-like silsesquioxanes [Cat] 2 [(Ph 4 Si 4 O 8 ) 2 (Ln)(NO 3 ) 6 (EtOH) 2 (MeCN) 2 ]•Solv (where Cat = NEt 4 or PPh 4 , Ln = Tb, Eu, and Dy). (35-37) The crystal structure of 1 is described in detail (Figure 1), and the ones of 2-5 are shown in Figures S1-S4, and the parameters are gathered in Tables S1 andS2. The crystal packing of compound 1 may be described as an assembly of dianionic tetranuclear lanthanide-germsesquioxane molecules along the c axis alternated with NEt 4 + cations. The unit cell possesses two motives with two different units arranged perpendicular to each other (Figure 1a). The shortest intermolecular Eu-Eu distance is equal to 10.565 Å. The molecular structure of 1 may be described as a prism made by eight Ge atoms comprising an (EuO 2 ) 4 core in the middle providing an appearance of a new year paper lantern to the molecule (Figure 1b,top). In two cisoid cyclic tetraphenylcyclotetragermanolate moieties, each germanium atom is linked to two other germaniums and two lanthanides through oxygen atoms and it also bears one phenyl group (Figure 1b, bottom). In the central lanthanide-based core, each Eu 3+ ion is linked to two others through two bridging oxygen atoms to form a distorted square (Figure 1c). There are two different eight-coordinated Eu sites in the structure with a slightly distorted square antiprismatic geometry. In two of these, Eu atoms are coordinated by four bridging oxygen atoms from the (EuO 2 ) 4 core and four oxygen atoms from two terminal bidentate nitrate ligands, while in two other sites, Eu is linked to four bridging oxygen atoms, three oxygen atoms from one nitrate and one ethanol, and one nitrogen atom from acetonitrile molecule. The Eu-O distances are in the range 2.326-2.504 Å, while the Eu-N one is equal to 2.595 Å. Four Eu atoms linked by eight bridging oxygen atoms in the (EuO 2 ) 4 core form a quasi-regular square with 91.43 and 88.57° angles. The direct intramolecular Eu 3+ -Eu 3+ distances in the square edge are equal to 3.731 and 3.762 Å. Note that, to the best of our knowledge, such structural arrangement has never been reported for metallagermsesquioxanes.

Magnetic Properties

The magnetic properties of all compounds, except diamagnetic Eu 3+ -containing germsesquioxane 1, were investigated with a SQUID MPMS-XL magnetometer working between 1.8 and 350 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 for 2-5 are in a good agreement with the expected theoretical values (see Table S3). Decrease of the temperature indicates the momentous decrease of the χT product, which reflects the thermal depopulation of the m J levels and/or the presence of antiferromagnetic interactions between the lanthanides (Figure 2). The field dependences of the magnetization performed at 1.8 K show a linear and rapid increase of the magnetization in the low field region and then a slow increase after 1 T for compounds 1 and 3-5, while germsesquioxane 2 demonstrates an S-shape curve at low field (Figure S5). This latter can be attributed to the presence of a magnetic spin-flip transition, as previously observed in the case of Tb 3+ silsesquioxanes analogue. ( 35) The saturation for all compounds is never reached even up to 5 T, that indicates the presence of a significant magnetic anisotropy, as usually observed in lanthanide-based complexes.

Note that the dynamic magnetic measurements performed in the alternating current (ac) mode reveal the absence of peaks in both χ′ and χ″ components of the ac susceptibility indicating that no slow relaxation of the magnetization can be observed for these compounds.

Photoluminescence Investigations

The photoluminescences of 1-5 were investigated in solid state at room temperature (298 K) and at 77 K. All compounds exhibit the typical Ln 3+ -based emission.

Luminescence of Eu 3+ -Containing Compound 1

The excitation spectra of Eu 3+ -containing compound 1 at 77 K (Figure 3a) and at room temperature (Figure S6a) were recorded by monitoring the main emission of Eu 3+ at 612 nm ( 5 D 0 → 7 F 2 ). A series of narrow lines appeared in them can be attributed to transitions between 7 F 0 and different excited states indicating that Eu 3+ is populated through a direct excitation into the intra-4f 8 lines, while a relatively small broad band can be attributed to the excitation through a ligand. The emission spectra of 1 at 77 K and at room temperature recorded under excitation at 395 nm exhibit a series of classical Eu 3+ 5 D 0 → 7 F 0-4 characteristic emission lines with the most intense emission centered at 612 nm corresponding to the 5 D 0 → 7 F 2 transition (Figures 3b andS6b). The very weak 5 D 0 → 7 F 0 transition observed at 580 nm confirms the low symmetry of the coordination environment of the Eu 3+ sites, while a symmetric shape of this band suggests small differences in the Eu-O bond length and angles of the two europium sites, in accordance with the crystal structure. ( 46) The complicated profile of the 5 D 0 → 7 F 1 transition (at least four 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 emission relative to the 5 D 0 → 7 F 2 transition. Moreover, since the transitions 5 D 0 → 7 F 2 and 5 D 0 → 7 F 4 are very sensitive to the coordination environment of the Eu site, their splitting in six or five components, respectively, is not surprising. (46) The excitation spectra of Tb 3+ -containing germsesquioxane 2 monitored within the main 5 D 4 → 7 F 5 transition (543 nm) at 77K and at room temperature exhibit a large broad band between 310 and 390 nm, which could be attributed to the ligand excited states (Figures 4a andS7a). Moreover, a series of low-intensity narrow lines also visible on these spectra can be attributed to Tb 3+ related transitions between 7 F 6 and different excited states. The solid-state emission spectra of 2 recorded under excitation at 325 nm exhibit a series of classical Tb 3+5 D 4 → 7 F 6-0 characteristic transitions with the dominated 5 D 4 → 7 F 5 transition centered at 543 nm. The excitation spectra of mixed Tb 3+ /Eu 3+ -containing compound 3 by monitoring the main emission of Tb 3+ at 543 nm ( 5 D 4 → 7 F 5 ) and the one of Eu 3+ at 612 nm ( 5 D 0 → 7 F 2 ) with the assignment of different transitions characteristic of intra-4f transitions of Eu 3+ and Tb 3+ are shown in Figures 5a and5c. The observed transitions are similar to those of single Eu 3+ or Tb 3+ containing compounds 1 and 2 and coherent with the previously published Tb 3+ /Eu 3+ -containing silsesquioxane of similar structure. (37) The maximum intensity of excitation for Eu 3+ red emission is located at 395 nm, which corresponds to the Eu 3+ transition 7 F 0 → 5 L 6 . As for Tb 3+ green emission, the dominate band is observed at 351 nm, which is attributed to the transition 7 F 6 → 5 D 2 . 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 351 (Figure 5b) and 395 nm (Figure 5d). Upon 395 nm irradiation, the Eu 3+ ion is selectively excited to the 5 L 6 energy level, and, subsequently, nonradiative relaxations lead to the population of the 5 D 0 emitting state. The Eu 3+ transitions are then observed from 5 D 0 to 7 F J (J = 0-4) manifold. Moreover, the excitation at 351 nm (Tb 3+ band) leads to the main Eu 3+ emission ( 5 D 0 → 7 F J , J = 0-4) along with the appearance of characteristic Tb 3+ transitions from 5 D 4 to 7 F J (J = 6-2) as well. This result suggests 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 3.731 Å, and the shortest Ln 3+ -Ln 3+ distance through the bridging oxygen atom is 4.660 Å). This observation is in agreement with the previously observed behavior of Tb 3+ /Eu 3+ -containing silsesquioxane. (37)

In order to investigate the possibility to use Tb 3+ /Eu 3+ compound 3 as a self-referenced emissive thermometer, the temperature dependence of the luminescence has been investigated in solid state. The emission spectra of 3 measured under the 351 nm excitation (the excitation wavelength operational for both lanthanides) in the temperature range 20-100 °C are shown in Figure 6a, and the corresponding luminescence intensity ratio (LIR) between Tb 3+ and Eu 3+ emissions is exhibited in Figure 6b. The wavelength ranges used to compute the integrated areas are 530-560 nm (Tb 3+ : 5 D 4 → 7 F 5 ) and 604-642 nm (Eu 3+ : 5 D 0 → 7 F 2 ). The temperature-dependent variation of the parameters LIR shows a complex behavior in the full temperature range 20-100 °C indicative of a self-referencing temperature sensor. LIR can be fitted using the following equation:

LIR()=0+•2+•tanh((-0)•)LIR(�)=�0+�•�2+�•tanh((�-�0)•�)
It is interesting to note that LIR can be separate in three linear part: (i) 20-40 °C, (ii) 50-65 °C, and (iii) 70-100 °C. The relative thermal sensitivity (S r ) is the parameter allowing the comparison of thermometric performance among different types of thermometers. (47) The S r 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)

The temperature dependence of S r is shown in inset of Figure 6b. The maximum on this curve estimated from the calibration data is equal to 0.87% °C-1 at 57.66 °C for LIR(I 540 /I 610 ). This maximal thermal sensitivity is coherent with the ones usually observed for performant lanthanide-based thermometers (>1%•°C -1 ). ( 15) The thermal uncertainty was also calculated as the smallest temperature change that can be measured:

T = | LIR/LIR(T)|/Sr(T)
where δLIR is the standard deviation of LIR(T). The measured maximal thermal uncertainty of 0.034 °C is a satisfactory value.

Luminescence of Dy 3+ -Containing Compounds 4 and 5

The luminescent spectra of Dy 3+ -containing compounds 4 (Dy 3+ /Y 3+ ) and 4 (only Dy 3+ ) investigated in solid state at 77 K and at room temperature (298 K) revealed the occurrence of a typical Dy 3+ green-yellow emission under the excitation in the Dy 3+ bands indicating that there is no antenna effect, which in coherent with what is observed for other compounds of this family (Figures 7 andS8-S10). The excitation spectrum of 4 in the range 250-500 nm recorded at 77 K (Figure 7a) monitoring the emission at 574 nm ( 4 F 9/2 → 6 H 13/2 transition) exhibits the characteristic Dy 3+ f-f transitions with a higher intensity at 350 nm corresponding to the 6 H 15/2 → 6 P 7/2 transition. The excitation spectrum measured at 298 K is much less resolved (Figure S8). The emission spectrum performed at 77 K measured between 450 and 775 nm under excitation in the main excitation band at 352 nm (Figure 7b) exhibits a series of the Dy 3+ characteristic transitions of 4 F 9/2 → 6 H 9/2 (between 740 and 766 nm), 4 F 9/2 → 6 H 11/2 (between 660 and 675 nm), and 4 F 9/2 → 6 H 15/2 (between 470 and 490 nm) with the dominated transition of 4 F 9/2 → 6 H 13/2 (between 568 and 588 nm) corresponding to compound's emission in yellow-green. The high-resolution spectrum for the hypersensitive 4 F 9/2 → 6 H 13/2 transition (insert of Figure 7b) indicates a complex profile coherent with the presence of a solid solution of Dy 3+ /Y 3+ with Dy 3+ site located in slightly different coordination environments. ( 48) The emission spectra of 5 performed at room temperature and at 77 K (Figures S9 andS10) present a similar profile, but they are less resolved and cannot be improved at low temperature. This fact could be explained by the possible energy transfer between four dysprosium ions located in the core of 5, which enhances the efficiency of the nonradiative processes. ( 49)

Conclusions

In summary, we reported in this article the first series of luminescent tetranuclear cage-like lanthanide based germsesquioxane and demonstrated the versatility of our approach because different lanthanide ions, such as Eu 3+ , Tb 3+ , Dy 3+ , or Tb 3+ /Eu 3+ can be introduced without important modifications in the crystal structure. The molecular structure of these compounds comprises a tetranuclear (LnO 2 ) 4 core locating in the middle of a prism made by two cyclic germsesquioxane units providing to these molecules an appearance of a new year paper lantern. Therefore, germsesquioxanebased skeleton protects lanthanide ions and create a robust and resistant structure. Four lanthanide ions are eight-coordinated and adopt a distorted square antiprism geometry. Note that such structural topology has never been reported for metallagermsesquioxane.

For the comparison of metallasil-and germsesquioxanes structure formation regularities, it could be mentioned that despite the similarity of synthetic approach, an influence of germanium centers' nature is evident. Use of the intermediate (Ph)Ge-ONa species indeed resembles siloxanolate approach, (50,51) but the well-known tendency of Ge-O-Ge units to form smaller rings than in case of Si-O-Si units (52) causes a self-assembly of tetrameric (Ph 4 Ge 4 O 8 ) ligands. In turn, metallasilsesquioxanes are capable to form larger cyclic ligands, e.g., (PhSiO 2 ) 7 , (53,54) (MeSiO 2 ) 8 , (55,56) (MeSiO 2 ) 9 , (57) and (PhSiO 2 ) 12 . (58,59) Metallasesquioxane with smaller tetrameric ligands are also reported (for specific reaction conditions), (60-67) and the only controllable method of their synthesis implies the deliberate use of prebuild cyclotetrasiloxane syntons. (68)(69)(70) The investigation of magnetic properties indicates that all compounds are paramagnets and the Tb 3+ analogue present a spin-flip behavior at low field. Note that the observed magnetic properties are similar to what it has been observed for silsesquioxanes analogues with the same lanthanides.

The photoluminescent properties have been studied at low (77 K) and room temperatures. Note that the germsesquioxane skeleton and used terminal ligands do not allow the efficient excitation through the antenna effect and the direct excitation into lanthanide bands has been used, as it has previously been demonstrated in the case of silsesquioxanes analogues. A characteristic Ln 3+ (Eu 3+ , Tb 3+ , Dy 3+ , or Tb 3+ /Eu 3+ ) luminescence has been observed for all cages. The mixed Tb 3+ /Eu 3+ compound present temperature dependent luminescence and can work as a solid-state self-calibrated emissive thermometer with a suitable maximal relative sensitivity of 0.87% °C-1 at 57.66 °C. This family of lanthanide-based germsesquioxane opens a way to other germsesquioxane-based structure of interesting topology and optical properties. Our further work is devoted to the introduction of antenna into the metallsgermsesquioxanes in order to optimize the optical behavior according to recent achievements in the field of metallasilsesquioxanes (71,72) Experimental Section General Conditions Et 4 NCl (≥98%), Eu(NO 3 ) 3 •6H 2 O (99.9% trace metals basis), Tb(NO 3 ) 3 •6H 2 O (99.9% trace metals basis), Dy(NO 3 ) 3 •6H 2 O (99.9% trace metals basis), Y(NO 3 ) 3 •6H 2 O (99.9% trace metals basis), ethanol, and acetonitrile were purchased from Merck and used as received. PhGeCl 3 was purchased from ABCR and was used as received. Lanthanide analysis was carried out by complexometric titration. Elemental analyses were carried out with a XRF spectrometer VRA-30. IR spectra (4000-400 cm -1 ) were recorded on Shimadzu IR Prestige21 FTIR spectrometer in KBr pellets The synthesis of compounds 1-5 has been performed in a similar way. A mixture of [PhGeO 1.5 ] n (prepared as previously described) (41) and NaOH was dissolved in 30 mL of ethanol. The resulting solution was heated to reflux for 1.0 h. Afterward the mixture of lanthanide salts and Et 4 NCl dissolved in 30 mL of CH 3 CN was added at once, and the resulted solution was heated to reflux for 3 h. Filtration of the mixture from the insoluble part gave a colorless solution. Slow evaporation of solvents (ethanol/CH 3 CN) gave in a period of a few days a bunch of crystalline material. The single crystals 3059 (s), 2990 (s), 1634 (s), 1485 (w), 1437 (s), 1390 (s), 1320 (w), 1178 (s), 1112 (s), 1036 (s), 1004 (s), 860 (w), 760 (w), 704 (s), 518 (s), 474 (s).

X-ray Crystallography

Single crystal X-ray studies of 1-5 were carried out in the center for molecule composition studies of INEOS RAS with Bruker D8 Quest and Bruker APEX II diffractometers managed by APEX3 software. The data were then integrated with SAINT.SADABS and used for scaling, empirical absorption corrections and the generation of data files for the structure solution and refinement.

The structures were solved by a dual-space algorithm and refined in anisotropic approximation for non-hydrogen atoms against F 2 (hkl). Hydrogen atoms of methyl, methylene and aromatic fragments were calculated according to those idealized geometries and refined with constraints applied to C-H bond lengths and equivalent displacement parameters (U eq (H) = 1.2U eq (C), C is the central atom of CH 2 and CH group; U eq (H) = 1.5U eq (C), C is the central atom of CH 3 group). All structures were solved with the ShelXT (73) and refined with the ShelXL (74) programs. Molecular graphics was drawn using OLEX2 (75) and Mercury programs. The structure of 3 was refined as three components nonmerohedral twin with TWINABS program implemented in APEX3 software. The scale factors for twin components are equal to 0.714(3), 0.232(2), and 0.0539 (15). The unit cell of 1 contains two solvent molecules (each occupies 160.6 Å 3 and 43.1 electrons), which have been treated as a diffuse contribution to the overall scattering without specific atom positions. The unit cell of 2 contains two solvent molecules (each occupies 275.5 and 50.0 Å 3 and 25.6 and 6.3 electrons), which have been treated as a diffuse contribution to the overall scattering without specific atom positions. The solvent contributions to the structure factors in 1 and 2 were calculated and removed with Solvent Mask tool in OLEX2 program. (75) CCDC 2205580-2205584 contain the supplementary crystallographic data for 1-5. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures.

Characterizations

The quantifications of lanthanides and Ge 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 analyzed 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 the solid state at room (298 K) and low (77 K) temperatures using a spectrofluorimetre 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 20 to 100 °C. 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 an ambient condition. The data were corrected for the sample holder and the diamagnetic contributions calculated from the Pascal's constants.
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