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Lanthanide(III) Hexanuclear Circular Helicates: Slow Magnetic Relaxation, Toroidal Arrangement of Magnetic Moments, and Magnetocaloric Effects

) were synthesized by employing glutaratedihydrazide-bridged bis(3methoxysalicylaldehyde) ligand (H 2 L) and characterized structurally and magnetically. Direct-current (dc) magnetic susceptibility studies indicated predominant weak antiferromagnetic exchange interactions among gadolinium analogues, which were quantified using the PHI software giving J = -0.003 cm -1 with g = 2.00 for 1Gd and J = -0.001 cm -1 with g = 2.02 for 2Gd. Alternating-current (ac) magnetic susceptibility measurements indicated that complexes 1Dy and 2Dy show slow relaxation of magnetization behavior, further supported by theoretical calculations that also highlight toroidal arrangement of the magnetic moments.

INTRODUCTION

The self-assembly of sophisticated molecular architectures, such as rotaxanes, 1 catenanes, 2 knots, 3 links, 4 polygons, 5 polyhedras, 6 helicates 7 , and grids 8 is one of the huge achievements in the field of metallosupramolecular chemistry. In particular, molecular helicates have received considerable attention these years in light of their aesthetically fascinating structures, which have shown promising applications in chiral catalysis, enantioselective processes, molecular magnetism and supramolecular devices. 9 Nevertheless, lanthanide-based polynuclear helicates have not been as developed as transition metal systems because of the difficulty in controlling the coordination environment of lanthanide ions exhibiting high and versatile coordination numbers, kinetic lability, as well as weak stereochemical preferences. 10 Despite these unprecedented difficulties, a series of lanthanide helicates with different topologies dominated by single-, 11 double-, 11b, 12 triple-, 10a, 13 and quadruple-10d, 14 stranded helicates have been prepared and structurally characterized. However, circular analogues have been rarely obtained and less investigated. 10c, 10f, 15 In particular, the 4f-only polynuclear circular helicates remain relatively scarce.

On the other hand, lanthanide-based coordination clusters are of particular interest. Indeed, they often display some intriguing magnetic behaviors, such as single-molecule magnets (SMMs), 16 single-molecule toroics (SMTs) 17 and magnetocaloric effects (MCEs). [START_REF] Phan | Review of the magnetocaloric effect in manganite materials[END_REF] Generally speaking, molecules featuring Ising-like magnetic anisotropy and vortex distributions of magnetic dipoles are anticipated to show not only SMMs but also SMTs behaviors. 17c, 19 For instance, the anisotropic Dy III , Tb III , Ho III , and Er III ions were proposed to construct SMMs with higher effective energy barrier, 20 while a "vortex-like" spatial distribution of local magnetic moments may result in toroidal moments characteristic of SMT behavior. 17d Moreover, a large-spin ground state with inappreciable magnetic anisotropy, a large magnetic density, and dominant ferromagnetic exchange interactions are indispensable for those molecules with magnificent MCEs. 21 Thus the isotropic Gd III ions with S = 7/2 are the main candidates in the construction of polynuclear clusters with significant MCEs. [START_REF] Pyykkö | Magically magnetic gadolinium[END_REF] Following this, some remarkable results in lanthanide-based polynuclear systems have been achieved: a number of complexes including Dy 2 , [START_REF] Pugh | A Low-Symmetry Dysprosium Metallocene Single-Molecule Magnet with a High Anisotropy Barrier[END_REF] Dy 5 , [START_REF] Blagg | Pentametallic lanthanide-alkoxide square-based pyramids: high energy barrier for thermal relaxation in a holmium single molecule magnet[END_REF] Dy 4 K 2 [START_REF] Blagg | Magnetic relaxation pathways in lanthanide single-molecule magnets[END_REF] and Ho 5 [START_REF] Blagg | Pentametallic lanthanide-alkoxide square-based pyramids: high energy barrier for thermal relaxation in a holmium single molecule magnet[END_REF] which exhibit some of the largest anisotropy barriers have been described in the literature. Especially Dy 4 K 2 25 displays the highest energy barrier of 842 K in polynuclear SMMs. The enhanced toroidal moments and SMMs behavior were realized in the coupled Dy 3 triangles, 17b and a toroidal magnetic moment has been identified in a non-planar Dy 4 cubane complex. [START_REF] Fernandez Garcia | A Dy4 Cubane: A New Member in the Single-Molecule Toroics Family[END_REF] The [Ln 60 ] nanocages have the largest MCE with -ΔS m = 66.5 J kg -1 K -1 . [START_REF] Dong | Ultrastrong Alkali-Resisting Lanthanide-Zeolites Assembled by [Ln60] Nanocages[END_REF] In addition, it has been proposed that high symmetry together with strong intramolecular interaction between different centers in metallocycle can possibly give rise to non-magnetic ground state with a net toroidal magnetic moment. 19c, 28 Thus lanthanide-based circular helicates with high symmetry seem to hold great promise in acquiring SMMs with a toroidal moment arrangement in the ground state.

As part of our research interests, we have long been focusing on using Schiff-base ligands to create larger pure 4f polynuclear clusters with fantastic magnetic properties. Their crystal structures were determined by single-crystal Xray diffraction. Magnetic studies revealed that the gadolinium analogues 1Gd and 2Gd exhibiting significant MCEs are best suitable for the design of cryogenic refrigeration materials, while the dysprosium derivatives 1Dy and 2Dy show singlemolecule-magnet-like (SMM-like) behavior with rare toroidal magnetic moments.

]•6CF 3 SO 3 •12DMF} 2 (1Dy), {[Gd 6 L 6 (DMF) 12 ]•6CF 3 SO 3 •12DMF} 2 (1Gd), [Dy 6 L 6 (DMF) 10 (H 2 O) 2 ]•6ClO 4 •4H 2 O•10DMF (2Dy) and [Gd 6 L 6 (DMF) 12 ]•6ClO 4 •2H 2 O•10DMF (2Gd), using the

RESULTS AND DISCUSSION

Synthetic Aspects. It has been shown that the combination of hydrazone-based ligands with great flexibility and Ln III ions can result in the formation of higher homologues of helicates. 10f, 14a, 10d In the present work, the reactions of ligand H 2 L and the corresponding lanthanide salts in N,Ndimethylformamide (DMF), under basic conditions, produce yellow crystals of 1Ln and 2Ln (Ln = Dy, Gd) suitable for single crystal X-ray diffraction in good yield after slow diffusion of diethyl ether at room temperature (detailed information in the Supporting Information). Crystallographic data and structure refinement details are summarized in Table S1, while some important bond parameters are given in Tables S2-S6. The phase purity of the bulk samples were checked by powder X-ray diffraction analysis of these compounds (Figure S1). Structure. Single crystal X-ray diffraction analysis (Figures 1-2, S2-S14) revealed that complexes 1Dy and 1Gd crystallize in the trigonal space group R3 with Z = 3, while complexes 2Dy and 2Gd belong to the triclinic space group P1 with Z = 1. Although their asymmetric units are different, all the complexes possess similar structural topology with a wheelshaped hexametallic core. Therefore, only the structure of complex 1Dy will be described here in detail as representative.

As depicted in Figure 1, complex 1Dy is composed of a hexanuclear Dy 6 core, which is wrapped orderly by six intercrossing ligand strands along a genuine 6-fold axis defined by the six Dy III ions, giving rise to a hexanuclear circular helicate architecture. The remaining coordination sites of Dy III ions are fulfilled by DMF molecules. The redundant positive charges are further balanced by CF 3 SO 3 counteranions in the lattice. The unit cell of 1Dy is comprised of two slightly different molecules, identified as 1Dy A and 1Dy B (Figure S2). In the asymmetric unit, each of the Dy III ions is in the same N 2 O 6 coordination environment constituted by two deprotonated L ligands with two tridentate coordination pockets (ONO), and two DMF molecules providing two O donor atoms. Accordingly, both the Dy III centers are eight-coordinated but with different coordination polyhedra: DyA lies in a slightly distorted triangular dodecahedron (D 2d ) coordination environment, whereas DyB has a distorted biaugmented trigonal prism (C 2v ) geometry, with CshMs (the Continuous Shape Measures values) of 1.766, 2.019 for DyA and DyB, respectively (Table S4). [START_REF] Casanova | The Rich Stereochemistry of Eight-Vertex Polyhedra: A Continuous Shape Measures Study[END_REF] The Dy-O bond lengths are in the ranges of 2.188(6)-2.404(6) (for O atoms from the H 2 L ligands) and 2.316(6)-2.421( 7) Å (for O atoms from the coordinated DMF molecules); while the average Dy-N distance is 2.539(7) Å. S7). The arrangement of the six Dy atoms is nearly coplanar: the average deviations of these atoms from the best-fit mean planes through the Dy 6 cores are 0.2445(1), 0.2724(1) Å for DyA and DyB, respectively.

It is worth mentioning that the cationic core structures of 2Dy and 2Gd are almost identical, except that two coordinated H 2 O molecules in 2Dy replace two coordinated DMF molecules in 2Gd, as observed from their formulas (Figures S5 andS7). Moreover, 1Gd shows a core structure similar to those of 1Dy and 2Gd (Figure S6). For complexes 1Dy, 1Gd, 2Dy and 2Gd, the shortest intermolecular Ln•••Ln distances are 9.631, 9.687, 10.310, and 10.972 Å, respectively, which may suggest relatively weak intermolecular magnetic interactions (Tables S7 andS8).

Table 1. Different dihedral angles observed in each ligand strand in complexes 1Dy and 2Dy.

Complex

Ligand Dihedral angle between two meridional planes [°]

Dihedral angle Overall, the six Dy atoms lie at the six vertices of a slightly twisted equilateral hexagon, whose edges are bridged by six deprotonated ligands with 'over and under' conformation in a helical fashion, producing a hexanuclear single-stranded circular helicate structure. Furthermore, the complete [Dy 6 L 6 (DMF) 12 ] 6+ core has a rare S 6 symmetry thanks to the crystallographic centrosymmetry, demonstrated by the spacefilling representation of core structure illustrated in Figure 2, which exhibits the nanometer-scale dimensions (2.4 nm × 2.5 nm × 1.5 nm) and a size-negligible central hole. Besides, the present complexes join only a handful of existing 4f-only hexanuclear circular helicates. 10f The generation of this hexanuclear circular structure is the result of several key factors. First, the two tridentate coordination pockets are well-separated by a flexible alkyl linker, which is supposed to offer variable coordination modes, further leading to the self-assembly of interesting clusters or extended networks. 7a, 7c, 31 For complexes 1Dy and 2Dy, each of the ligand strand presents a pseudo "C-shape" framework owing to flexible -CH 2 -CH 2 -CH 2 -moieties. The torsional angles between two -(O)C-CH 2 -CH 2 -CH 2 -C(O)-units in each ligand strand are in the range of 62.79-69.46°. It is worth mentioning that the angles of the two -C(O)-NH-functions within one ligand strand are 4.21-7.82°, which are smaller than the values previously reported for tetranuclear and dinuclear helicates 14a, 32 (Table 1). This arrangement is further supplemented by significant intramolecular H-bonding interactions between hydrazide-H atoms (=N-NH-C(O)-) and the methoxy oxygens as well as the phenolate oxygens of the adjacent L 2-ligands (Figures S4-S5). Apart from the above intramolecular interactions, extensive weak interactions such as C-H•••O, π•••π and C-H•••π interactions were also detected in the crystal structure (Figures S8 andS9). Finally, the resulting small cavity is empty probably due to steric hindrance. Thus, we definitively rule out the possible existence of anions template effects. In addition, it is important to highlight that each ligand can capture simultaneously two neighboring Dy III ions into its two tridentate coordination pockets (ONO) at both ends of the flexible ligand. Therefore, it is conceivable that the formation of hexanuclear circular helicates was mainly owing to the flexibility of the ligand and the presence of the odd number of flexible (-CH 2 -CH 2 -CH 2 -) spacers in it.

[-(O)C-CH 2 -CH 2 -CH 2 -C(O)-] [°] Angle between two [-(O)C-NH-] functions [°] 1Dy 
Magnetic properties. To investigate the magnetic behaviors of the circular helical Ln 6 complexes, static directcurrent (dc) magnetic susceptibility measurements were conducted on polycrystalline samples ranging from 2 to 300 K and under an external field of 1000 Oe. As shown in Figure 3 and Figure S15, the room-temperature χ M T products of all complexes are well in agreement with the calculated value for six Dy III or Gd III ions, respectively, indicating the free-ion approximation applies. [START_REF] Kahn | Molecular magnetism[END_REF] Upon cooling, the χ M T values of 1Dy and 2Dy show a slight decline until 50 K, and then faster decreases occur reaching the minimal values of 69.81 and 70.64 cm 3 •K•mol -1 at 2.0 K, respectively, which can be ascribed to the combined effects from the progressive depopulation of excited Stark sublevels in anisotropic Dy III ions and also possible weak intra/intermolecular interactions between the Dy III ions. 17e, 34 In contrast, for 1Gd and 2Gd, χ M T values do not exhibit a clear decline, but remain nearly constant down to 20 K, which is expected for such an isotropic ion; and then decrease slowly to the minimum values of 46.20 and 47.05 cm 3 •K•mol -1 at 2.0 K, respectively. This drop might be ascribed to very weak magnetic interactions between the Gd III ions. Due to the absence of orbital angular momentum contribution to the magnetic moment within the gadolinium complexes, the strength of the magnetic coupling in 1Gd and 2Gd can be estimated quantitatively. To avoid overparameterization, only one exchange J value was taken into account. Thus the magnetic susceptibility data of the two complexes can be fitted following the Hamiltonian: 𝐻 = -2𝐽 𝑆 !" • 𝑆 !" , by using the PHI package. [START_REF] Chilton | A powerful new program for the analysis of anisotropic monomeric and exchange-coupled polynuclear d-and f-block complexes[END_REF] The best fit affords parameters J = -0.003 cm -1 with g = 2.00 for 1Gd, and J = cm -1 with g = 2.02 for 2Gd, respectively (Figure S15). The significantly small and negative J substantiates very weak antiferromagnetic interactions, probably owing to the large intramolecular distance between the Gd III centers. The χ M -1 vs. T plots fitted with Curie-Weiss law between 2 to 300 K further verify the presence of antiferromagnetic interactions (Figure S16). The field dependence of the magnetization (M) measurements were performed below 5.0 K in the field range of 0-70 kOe (Figure 4 and Figure S17). For 1Dy and 2Dy, the magnetizations display rapid rises at low-field regime before slight increases at high-field regime, and the corresponding maximum values reached are 30.31, 31.67 µ B at 2.0 K and 70 kOe, which are less than the predicted saturation value for six isolated Dy III ions (10 µ B per Dy III ). 17a This is most likely due to the large magnetic anisotropy or crystal-field effects at the Dy III ions eliminating the 16-fold degeneracy of the 6 H 15/2 ground state. 5a, 36 However, these values are much closer to the expected value for six non-interacting Dy III ions (5.2 µ B per Dy III ) considering considerable ligand-field effects. 17a, 37 Furthermore, the lack of superposition of M vs. H/T curves (Figure 4 inset) on a single master curve implies the presence of non-negligible magnetic anisotropy and/or low-lying excited states. 38 Whereas the magnetizations of 1Gd and 2Gd show smooth increase in the whole field range, eventually approaching the saturation value of 42 µ B .

Generally, the large magnetization values may facilitate large magnetocaloric effects (MCEs). Thus we evaluate the MCEs of 1Gd and 2Gd according to the Maxwell relationship ∆S m T = ∂M (T, H) ∂T H dH . 39 The magnetic entropy change (ΔS m ) at different fields and temperatures could be calculated from the experimentally obtained M(H, T) data (Figure S17). As can be seen from Figure 5, with decreasing the temperatures from 10 to 2 K, the resulting -ΔS m values of 1Gd and 2Gd gradually increase and the maximum entropy changes obtained at 2 K and 7 T are 14.34 and 15.53 J kg -1 K -1 , respectively. However the calculated -ΔS m values following the equation -ΔS m = nR ln(2S + 1) (S = 7/2 for Gd III ion) are 24.95 R and 12.48 R for 1Gd and 2Gd, which correspond to the values 18.88 and 17.66 J kg -1 K -1 , respectively. The experimental values for the two complexes are slightly lower than the theoretical values, possibly due to the use of large H 2 L ligand together with dominant antiferromagnetic interactions in these complexes. 14a, 34, 40 Remarkably, complexes 1Dy and 2Dy exhibit pronounced frequency-dependent out-of-phase (χ") signals below 15 and 13 K, respectively, indicating slow magnetic relaxation with characteristic of SMM behavior (Figure 6). However, no clear signature of maxima could be observed within the apparatus window even at frequencies as high as 997 Hz, suggesting a small anisotropy energy barrier and/or the occurrence of fast quantum tunneling of magnetization (QTM). Thus, we roughly evaluate the energy barrier and relaxation time with the Debye model based on equation (1). [START_REF] Bartolomé | Magnetostructural correlations in the tetranuclear series of {Fe3LnO2} butterfly core clusters: Magnetic and Mössbauer spectroscopic study[END_REF] ln(𝜒′′ 𝜒′) = ln 𝜔𝜏 ! + 𝑈 !"" 𝑇 (1) The best fitting gives an energy barrier of ∼0.46 and ∼0.79 K with the pre-exponential factors τ 0 of 1.40 × 10 -4 and 2.65 × 10 -4 s for 1Dy and 2Dy, respectively (Figure S19). As mentioned above, DyA and DyB centers of 1Dy are located in the distorted triangular dodecahedron and biaugmented trigonal prism coordination geometries, respectively; while for 2Dy, all Dy III centers comprise triangular dodecahedron geometry. Therefore, the obtained small barriers for 1Dy and 2Dy are mainly explained by the low and distorted coordination geometries, which may disfavor the axial anisotropy of the Dy III ions resulting in fast QTM relaxation. Theoretical calculations. To give more insights into the magnetic behavior of both 1Dy and 2Dy, ab-initio calculations were carried out using the SA-CAS(9,7)SCF/RASSI-SO method (details in the supporting information). Computations on the whole architecture being too expensive, a model containing a single Dy III center by cutting the bridging glutaratedihydrazide ligands (Figure S21) is built for each asymmetric Dy III center of both compounds. Such approach generated 2 models for 1Dy ([DyA(DMF) 2 (L)] + and [DyB(DMF) 2 (L)] + , Figure S22) and 3 models for 2Dy ([Dy1(H 2 O)(DMF)(L)] + , [Dy2(DMF) 2 (L)] + and [Dy3(DMF) 2 (L)] + , Figure S23). In all models, the numbering of the Dy centers follows the one of the experimental section (Figures S2-S5). The resulting dc magnetic properties are then summed over the six magnetic centers for 2Dy (2 Dy1 + 2 Dy2 + 2 Dy3). For 1Dy, the data are averaged over the two hexanuclear molecules ({DyA 6 } and {DyB 6 }) to represent the overall dc magnetic properties since both units exhibit similar magnetic behaviors (Figure S24). For both 1Dy and 2Dy, a good agreement with experimental data in the hightemperature range of the χ M T product and in the M vs. H curves at 2 K is found (Figures S25 andS26, blue curves). Indeed, for both systems, each asymmetric Dy III ion presents an almost pure |±15/2> ground state (≥ 95% M J = ±15/2) defined by a g-tensor with a major g Z component above 19.5 denoting a strongly axial, Ising-type, magnetic anisotropy axis (Tables S9-S13). The various distorted D 2d coordination sphere geometries observed for DyA (1Dy) and all centers of 2Dy lead to modulations of the energy splitting of the ground state multiplet 6 H 15/2 ranging from 487 (DyA, 1Dy) to 540 cm -1 (Dy3, 2Dy). While in the case of DyB, the C 2v symmetry of the coordination sphere leads to a ground state multiplet spanning over 570 cm -1 . For both complexes, all Dy III centers exhibit a ground state easy axis oriented along one of the oxygen atoms of the tridentate coordination pockets (ONO) from one of the L ligands (Figure 7, top) forming an angle of 50° with the S 6 axis. The projection of the magnetic axis onto the six Dy III ions shows a g Z •••g Z angle of about 40° between neighboring centers (Figure 7, bottom and Figures S27 andS28). The directions of the magnetic axis on each Dy III ion recover the 6-fold symmetry, leading to a toroidal arrangement of the magnetic moments. Generally, the toroidal arrangement of magnetic moments is the result of wheel-shaped topology of the spin centers with specific magnetic interactions. Thus, the toroidal moments may be dictated by molecular symmetry, local magnetic moment, and magnetic interactions between metal centers. Besides, the toroidal magnetic moment has been viewed as the promising candidate for future applications in quantum computing and information storage in light of their insensitivity to homogeneous magnetic fields. 17a, 17d The computation of the transition elements of the magnetic moment for each Dy centers (Figures S29-S33) reveals similar mechanism between 1Dy and 2Dy involving a Thermally-Assisted QTM (TA-QTM) process through 1 st and 2 nd excited states leading to calculated barriers between 100 and 200 cm -1 .

Due to the large intermolecular Dy•••Dy distances observed in both compounds, only intramolecular interactions are considered in the calculations. These magnetic interactions occurring within a single {Dy 6 } crown were simulated in the Lines model and each center was treated with an effective spin 𝑆 = 1/2, as implemented in the POLY_ANISO software. The resulting exchange Hamiltonian is dressed following the interacting pairs depicted in Figure 8 and diagonalized in the basis of the local ground state doublet of each Dy III center resulting in 2 6 = 64 interaction states (32 Kramers Doublets, KDs). This procedure was also employed previously to treat similar architectures. 19c 𝐻
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(2) As one can read from equation (2) and Figure 8, we considered intramolecular dipolar coupling for all possible magnetic pairs within a {Dy 6 } unit while exchange terms were considered only in the case of neighboring centers. When only considering intramolecular dipolar interactions, a strong decrease of the χ M T product at low temperature is observed with a value of 71.7 cm 3 •K•mol -1 and 71.5 cm 3 •K•mol -1 at 2 K for 1Dy and 2Dy, respectively (Figures S25 andS26, green curves). The resulting energy splitting of the 32 KDs arising from the dipolar interactions was found to span over almost 1.5 cm -1 (Tables S14-S16). This value is much smaller than the those previously reported for the {Dy 6 } molecular architectures (4.4 and 4.8 cm -1 ) 17f, 19c, 37b assessing the weakness of the magnetic interactions involved in the present systems. These low values are correlated to the large distances between two neighboring Dy III centers (above 7 Å) and the different orientation of the magnetic axes arising from different coordination sphere natures and geometries. The S shape on the low-filed M(H) curve is not visible in these cases (Figure 4) because of the small gap between the non magnetic ground state and the first excited states.

The addition of intramolecular dipolar interactions increases the description of the magnetic behavior in the low temperature range of the χ M T product but is not sufficient to fully picture the mechanisms involved in these complexes. Therefore, exchange interactions are considered in the computational procedure. To avoid overparametrization and due to the symmetry of the system and the large distances between the magnetic centers, a single value of the exchange constant (J ex ) is applied for all neighboring Dy-Dy pairs. The exchange term was then fitted to reproduce at the best the experimental dc magnetic data (Figure 3) and the values found are -1.3 cm -1 and -0.5 cm -1 (Lines model) for 1Dy and 2Dy, respectively. Due to the complexity of such systems, these data only give a qualitative picture of the magnetic interactions involved in these hexanuclear complexes by highlighting the presence of intramolecular antiferromagnetic dipolar and exchange contributions.

CONCLUSION

To summarize, four aesthetically fascinating lanthanidebased hexanuclear circular helicates were isolated by applying a flexible glutarohydrazode derived bis-tridentate ligand (H 2 L). The X-ray structure analysis revealed that these complexes share a similar circular helicate structural topology with a wheel-shaped hexametallic core. Magnetic studies showed dominant antiferromagnetic interactions in gadolinium analogues. Moreover, 1Gd and 2Gd display significant cryogenic MCEs, with -ΔS m = 14.34 and 15.33 J kg -1 K -1 for 1Gd and 2Gd, respectively, at 7 T and 2 K, whereas complexes 1Dy and 2Dy exhibit slow magnetic relaxation of the magnetization with rare toroidal magnetic moments. Ab initio calculations shed light on the origin of such magnetic behaviors arising from both the low and distorted coordination geometries of Dy III ions leading to highly anisotropic magnetic centers and the presence of antiferromagnetic intramolecular interactions stabilizing a non-magnetic ground state. This work offers new strategies for synthesizing polynuclear lanthanide-based SMMs with toroidal magnetic moments in the future. 

  s c r i p t elaborately chosen multitopic ligand glutaratedihydrazidebridged bis(3-methoxysalicylaldehyde) (H 2 L, Scheme S1).

Figure 1 .

 1 Figure 1. Molecular structure of 1Dy with selected hydrogen atoms, external counteranions, and solvent molecules omitted for clarity (Dy violet, N blue, O red and H white with ligands adopt two different colors).

Figure 2 .

 2 Figure 2. Space-filling models of top view (left) and side view (right), with the ligands colored differently to highlight the circular helicity. Coordinated DMF molecules, external counteranions, and solvent molecules are omitted for clarity.

Figure 3 .

 3 Figure 3. The measured (empty circles) and calculated (purple lines) magnetic susceptibility for 1Dy and 2Dy.

Figure 4 .

 4 Figure 4. Field dependences of magnetization in the field between 0 to 70 kOe and at the temperatures of 1.9, 3.0 and 5.0 K. Insets: Plots of the reduced magnetization M vs. HT -1 . 1Dy (top); 2Dy (bottom).

Figure 5 .

 5 Figure 5. Temperature dependences of the magnetic entropy change (-ΔS m ) at indicated fields (0.5-7.0 T) for 1Gd (top) and 2Gd (bottom).

Figure 6 .

 6 Figure 6. Temperature-dependent out-of-phase (χ") signals for 1Dy (top) and 2Dy (bottom) at indicated frequencies, under zero dc field.

Figure 7 .

 7 Figure 7. Representation of the ground state g Z component of the g-tensor for an isolated Dy III ion (green line top) and projection of the magnetic axis on each of the magnetic center of the hexanuclear structure of 2Dy (bottom).

Figure 8 .

 8 Figure 8. Schematic representation of the intramolecular magnetic interactions considered in the calculations for a given Dy III ion.
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