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New Magnetic and Luminescent Dy(III) and Dy(III)/Y(III) Based Tetranuclear Silsesquioxane Cages

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Lanthanide ions-based coordination compounds have attracted a great deal of attention for several decades due to their tremendous optical and magnetic properties. On one hand, they exhibit narrow emission bands in the visible and Infra-Red spectral regions due to the 4f-4f transitions suitable for different applications in displays, sensors, imagery, luminescent immunoassays and others. 1 On the other hand, the recent discovery of lanthanide-based Single Molecule Magnets (SMMs) exhibiting a slow relaxation of the magnetization associated with magnetic bistability at the molecular scale at temperatures surpassing the temperature of liquid nitrogen renders the lanthanide complexes extremely interesting as memory units for upcoming applications in spintronic. 2 For these reasons, the coordination chemistry of lanthanide ions employed in association with numerous ligands in the aim to design mono and polynuclear compounds has been the subject of a huge development during recent decades. 3 In this line of thought, a particular attention has been done to design of multifunctional magneto-luminescent SMMs because they not only can exhibit a slow relaxation of the magnetization and a characteristic Ln 3+ emission, 4 but, in some cases involving mononuclear Dy 3+ based compounds, the correlation of the energy gap between the ground and excited states determined from the luminescence and the energy barrier obtained by magnetic measurements was established. 5 Surprisingly, the introduction of lanthanides into cage-like metallasilsesquioxanes (CLMSs) has received much less attention. In this connection, only two families of lanthanide-based CLMSs have been reported up to now. 6 The first one consists in cubane-like complexes including Yb 3+ , Nd 3+ , Er 3+ , Ce 3+ , Eu 3+ , Sm 3+ or Pr 3+ ions. 7 The second one is sandwich-like silsesquioxane cages containing a tetranuclear oxo-lanthanide core (including La 3+ , Nd 3+ , Gd 3+ and Dy 3+ ). 8 It should be pointed out that these CLMSs have mainly been designed and investigated regarding their potential catalytic activity, 9 whereas magnetic and optical properties have been considered only scarcely. In this connection, only one study reported the luminescence of a mononuclear Eu 3+ -based CLMS, but its crystal structure has not been elucidated. 10 Very recently, we reported on the first example of Tb 3+ and Eu 3+based cage silsesquioxanes with a full characterization of their X-ray structures and bi-functional (magnetic/luminescent) properties. 11 Yet, the lack of magnetic anisotropy precludes the observation of a slow relaxation of the magnetization.

In the present communication we report on the synthesis, crystal structure and investigation of optical and magnetic properties of three new tetranuclear Dy 3+ and mixed Y 3+ /Dy 3+ based CLMSs. All of them present Dy 3+ characteristic emission, while the mixed Y 3+ /Dy 3+ compound exhibits in addition a field induced slow relaxation of the magnetization making it the first multifunctional SMM CLMS. Moreover, we performed the correlation between the photo-emission and the magnetic properties.

The synthesis of anionic lanthanide-based CLMSs has been performed by adapting the previously described 11 procedure consisting in two-step reaction involving firstly the in-situ formation of phenylsiloxanolate [PhSi(O)ONa] x species with their following self-assembling reaction with the Dy 3+ or the Dy 3+ /Y 3+ S1, Supporting Information.

The molecular structure of 1 contains Et 4 N + cation and an anionic CLMS moiety. The latter may be viewed as a prism-like polyhedron, which looks like a new year paper lantern. It consists of a (Y 0.75 Dy 0.25 O 1.5 ) 4 core situated in the middle inserted between two cyclic tetraphenylcyclotetrasiloxanolate ligands (Figure 1a). It should be noted that ligands of such particular type is a rare feature for CLMSs, reported earlier for titanium-, 12 iron-, 13 cobalt-, 14 zinc-based 15 silsesquioxanes. The core of 1 has a shape of a distorted square in which the Ln 3+ ions are linked through bridging oxygen atoms (Figure 1b). A statistical distribution of Y/Dy was considered. There are two different Dy/Y sites, being both eight coordinated with a distorted square antiprism geometry. The first one is coordinated by four bridging oxygens and four oxygens from two nitrates, while the second is surrounded by four bridging oxygens, one acetonitrile and one ethanol molecules. The Ln-O distances involving bridging The molecular structures of 2 and 3 are quite similar to 1 (Figure S3-S6, Supporting Information). The relevant distances and angles are summarized in Table S2, Supporting Information.

The magnetic properties have been performed by using a SQUID MPMS-XL magnetometer working in 1.8-300 K temperature range up to 7 T in the direct current (dc) and alternating current (ac) modes. The temperature dependence of the magnetic susceptibility performed for 1-3 under an applied magnetic field of 1000 Oe is

shown in Figure 2a. The obtained room temperature χT values of 14.2, 56.9 and 53.7 cm 3 K mol -1 for 1, 2 and 3, respectively, correspond well to the values expected for one (14.2 cm 3 K mol -1 ) and four (56.7 cm 3 K mol -1 ) Dy 3+

ions in the free-ion approximation (J=15/2, g=4/3). 16 Upon cooling, the compounds exhibit the classical decrease of χT caused by the thermal depopulation of the Kramers doublets and by the possible presence of antiferromagnetic interactions between the Dy 3+ centers for 2 and 3 (Figure 2a).

The field dependences of the magnetization performed at 1.8 K for 1-3 show a S-shape curve for 2 and 3

suggesting the presence of a spin flip of magnetic moment under an applied magnetic field related to antiferromagnetic interaction, 17 while a linear increase of the magnetization at low fields is observed for 1. The three curves never reach saturation and the magnetization values of 6.3, 24.6 and 21.9 Nβ under 5 Tesla field for 1, 2 and 3, respectively, indicate the presence of a significant magnetic anisotropy (see Figure 2b). In the case of 1 containing a statistically distributed dysprosium ion in the tetranuclear core, χT vs T and M vs H curves were fitted with the PHI software by using the Hamiltonian taking into account the Zeeman and the Stevens operator order terms and with mJ=15/2 and g=4/3 for Dy 3+ in 1. 18 For CLMSs 2 and 3 containing four Dy 3+ ions, their contribution was approximated as 4 pseudospins ( ̃), associated with a diagonal g-tensor with the diagonal components g x , g y and g z , allowing to take into account the magnetic anisotropy. Magnetic interactions (J) between the four pseudospins were also included in the model (see insert of Figure 2b). The obtained parameters (Tables S3, Supporting Information) confirm the expected important magnetic anisotropy for Dy 3+ in these compounds and the presence of antiferromagnetic interactions for 2 and 3, which may explain the observed S-shape M vs H curves.

The dynamic measurements in the ac mode have been performed for three CLMSs, 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+ , which negatively affect the relaxation dynamics. 19 For CLMS 1, the in-phase, χ', and the out-of-phase, χ'', components of the ac susceptibility did not present an important signal under a zero-dc field, which may be ascribed to the presence of the fast Quantum Tunneling 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 showed a strong signal for both components (Figure S7, Supporting Information). The optimum magnetic field corresponding to the higher relaxation time was determined as 1800 Oe (Inset Figure 3b). The frequency dependence of the ac susceptibility under this field reveals the presence of a series of broad peaks, for which the maxima shift toward higher frequencies as the temperature increases, suggesting the occurrence of a field-induced slow relaxation of the magnetization (Figure 3a, Figure S8, Supporting Information). The temperature and field dependences of the relaxation time were not fitted independently but simultaneously. The following equation was used for the fitting process: 20 ( )

where the first, second, third and fourth terms represent the relaxation time for the direct, QTM, Raman and Orbach processes, respectively (Figure 3b). The QTM process is usually known as . In our case, to avoid the over-parameterization we can make the approximation , which allows to rewrite the second term of the equation as . The obtained value of the energy barrier, Δ, is equal to 49±4 cm -1 with s. The power value m in the Raman term takes the value of 1.7±0.2, associated with a coefficient C of 52±10 s -1 K -m . The parameters B and A related to QTM and the direct process, respectively, take the values of Oe 2 .s -1 and s -1 .K -1 .Oe -4 . The obtained parameters suggest an important contribution of Raman process in the magnetic relaxation. Several combinations of relaxation time fit were tested, and only the one including QTM, Raman and Orbach processes was relevant.

The emission spectra 1-3 investigated in the solid state at 298 K (Figure S9b, Figure S10b, Supporting Information) revealed a typical Dy 3+ green-yellow emission under the excitation in the UV region. The excitation spectrum of 1 in the range 250-500 nm recorded at 77 K (Figure 4a) monitoring the emission at 572 nm ( 4 F 9/2 → 6 H 13/2 transition) shows the characteristic Dy 3+ f-f transitions with a higher intensity at 350 nm and 366 nm corresponding to the Dy 3+ transitions (Figure S9a, Figure S10a, Supporting Information). Such observation indicates that the ligands do not provide an efficient sensitization of Dy 3+ emission in these CLMSs.

The solid-state emission spectra for 1 performed at 77 K was measured between 450 and 780 nm under excitation at 350 nm according to the maximum intensity recorded in the excitation spectrum (Figure 4b). The higher resolution of the spectrum recorded at low temperature unravels a series of the characteristic Dy 3+ 4 f transitions 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), 4 F 9/2 → 6 H 13/2

(between 568 and 588 nm) and 4 F 9/2 → 6 H 15/2 (between 470 and 490 nm), which correspond to emissions in the red, yellow-green, and blue spectral regions, respectively. The intensity of the hypersensitive 4 F 9/2 → 6 H 13/2 transition depends on the local site symmetry, whereas the 4 F 9/2 → 6 H 15/2 intensity usually is not significantly impacted by the Dy 3+ site geometry. 22 The emission spectra of 1 in the regions of 4 F 9/2 → 6 H 13/2 and 4 F 9/2 → 6 H 15/2 transitions was measured with high-resolution at 77 K (insets of Figure 4b). These bands show a complex profile expected in the case of several Dy 3+ sites with slightly different coordination environment, which complicates the analysis. For this reason, to identify the equivalent Kramers doublets, we modelled by multi-Gaussian function only the high-energy window of the high-resolution spectrum for 4 F 9/2 → 6 H 15/2 transition (Figure 5a). The energy components arising from the first and second 4 F 9/2 Kramers doublets to the 6 H 15/2 multiplets are sketched in the energy level diagram (Figure 5b). The presence of two Dy sites generates two groups of bands represented as A and B transitions. The A 1 * and B 1 * hot bands correspond to transitions from the upper emissive 4 F 9/2 state to the ground doublet of the 6 H 15/2 state. The degeneracy of the multiplet 4 F 9/2 involves four Kramers doublets with energy values of 21,035, 21,089; 21,131, and 21,173 cm -1 , which are similar to those observed in the excitation spectrum (inset of Figure 4a). The energy gaps between highest and lowest Stark components of 4 F 9/2 level determined as the difference between A 1 * and A 1 and B 1 * and B 1 transitions are equal to 84±12 and 96±16 cm -1 , respectively. These values are coherent with the previously reported data. 5c, 5f It could be observed that the energy gaps to bridge the first excited Kramers doublets of the 6 H 15/2 state to the ground doublet were U A =84±9 and U B =70±10 cm -1 . The difference between these values and the energy barrier one of 49±4 cm -1

found by dynamic magnetic measurements can come from two points: (i) the magnetic measurements are made under an external magnetic field and the luminescent measurements have been done without any field, (ii) no extended linear region may be observed on the ln(τ) vs. T -1 plot (Figure 3b), which indicates that there is no pure Orbach regime and that the measured effective barrier is underestimated with respect to the crystal-field splitting obtained spectroscopically owing to an overlap with the Raman and QTM processes. 5b, 20a The emission spectra of 1, 2 and 3 performed at room temperature present similar profile (Figure S9b, Figure.

S10b, Supporting Information), but they are less resolved, and they 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 2 and 3, which enhances the efficiency of the nonradiative processes. 24 The emission decay curves measured in the solid state at 77 K to determine the 4 F 9/2 → 6 H 13/2 lifetime (Figures S11-S13, Supporting Information) gave typical values for dysprosium-based complexes values of 0.112±0.002, 0.167±0.005 and 0.160±0.001 ms, respectively for 1, 2 and 3. 5c, 5f In summary, three new tetranuclear Dy 3+ and Dy 3+ /Y 3+ based silsesquioxane cages with an unusual prism-like topology have been synthesized and characterized. The Dy 3+ /Y 3+ compound presents the dysprosium characteristic green-yellow emission and a field induced slow relaxation of the magnetization making it the first multifunctional magneto-luminescent SMM CLMS. The CLMSs containing four Dy 3+ ions in the core did not present the slow relaxation of the magnetization due to the presence of magnetic interactions, which negatively influence the magnetic relaxation. Their luminescence is also impacted by the energy transfer between Dy 3+ , which favors nonradiative processes. This work opens great perspectives for the design of new family of multifunctional CLMSs.

Figure 1 :

 1 Figure 1: (a) Molecular structure of 1. Hydrogen atoms and crystallized ethanol and acetonitrile molecules have been omitted for clarity. A statistical distribution of Dy and Y was considered. (b) Representation of the core fragment of 1 showing the coordination geometry of Dy/Y sites. (c) Representation of the cyclic tetraphenylcyclotetrasiloxanolate fragment. Color code: purple, Dy/Y; yellow, Si; red, O; blue, N, grey, C.

Figure 2 :

 2 Figure 2: (a) Temperature dependence of χT under a 1000 Oe dc magnetic field for 1-3. (b) Field dependence of the magnetization at 1.8 K for 1-3. The solid lines represent theoretical fits with the PHI software. Inset: a schematic representation of the considered magnetic exchange interactions between Dy 3+ ions in 2 and 3.

Figure 3 :

 3 Figure 3: (a) Out-of-phase, χ'', component of the ac magnetic susceptibility as a function of frequency at different temperature measured under an optimal, 1800 Oe, dc field for 1. (b) Temperature dependence of the relaxation time for 1 under 1800 Oe. Inset: Field dependence of the relaxation time for 1 at 1.8 K. The red solid lines represent the fits done by using the equation (1). The non-linear least square fitting method was applied simultaneously for both experimental curves.
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 44 Figure 4: (a) Solid-state excitation spectrum of 1 recorded at 77 K and monitored at 572 nm. Inset: highresolution spectra in the region of 6 H 15/2 → 4 F 9/2 . (b) Solid-state emission spectrum of 1 recorded at 77 K under excitation at 350 nm. Insets: high-resolution spectra in the region of 4 F 9/2 → 6 H 13/2 and 4 F 9/2 → 6 H 15/2 transitions.
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 54 Figure 5: (a) High-resolution emission spectrum of 1 performed at 77 K under excitation at 350 in the range 20953-21272 cm -1 with multi-Gaussian functions fit (red line) and the components. The inset shows A 1 * and B 1 *components, which correspond to the hot bands originated from the first 4 F 9/2 Kramers doublets to the ground
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