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Abstract

:

A series of five neutral mononuclear lanthanide complexes [Ln(HL)(L)] (Ln = Dy3+, Ho3+ Er3+ and Tb3+) with rigid pentadentate N3O2-type Schiff base ligands, H2LH (1-Dy, 3-Ho, 4-Er and 6-Tb complexes) or H2LOCH3, (2-Dy complex) has been synthesized by reaction of two equivalents of 1,1′-(pyridine-2,6-diyl)bis(ethan-1-yl-1-ylidene))dibenzohydrazine (H2LH, [H2DAPBH]) or 1,1′-(pyridine-2,6-diyl)bis(ethan-1-yl-1-ylidene))di-4-methoxybenzohydrazine (H2LOCH3, [H2DAPMBH]) with common lanthanide salts. The terbium complex [Tb(LH)(NO3)(H2O)2](DME)2 (5-Tb) with one ligand H2LH was also obtained and characterized. Single crystal X-ray analysis shows that complexes 1–4 have the composition {[Ln3+(HL)−(L)2−] solv} and similar molecular structures. In all the compounds, the central Ln3+ ion is chelated by two interlocked pentadentate ligands resulting in the coordination number of ten. Each lanthanide ion is coordinated by six nitrogen atoms and four oxygen atoms of the two N3O2 chelating groups forming together a distorted bicapped square antiprismatic polyhedron N6O4 with two capping pyridyl N atoms in the apical positions. The ac magnetic measurements reveal field-induced single-molecule magnet (SMM) behavior of the two dysprosium complexes (with barriers of Ueff = 29 K at 800 Oe in 1-Dy and Ueff = 70 K at 300 Oe in 2-Dy) and erbium complex (Ueff = 87 K at 1500 Oe in 4-Er); complex 3-Ho with a non-Kramers Ho3+ ion is SMM-silent. Although 2-Dy differs from 1-Dy only by a distant methoxy-group in the phenyl ring of the ligand, their dynamic magnetic properties are markedly different. This feature can be due to the difference in long-range contributions (beyond the first coordination sphere) to the crystal-field (CF) potential of 4f electrons of Dy3+ ion that affects magnetic characteristics of the ground and excited CF states. Magnetic behavior and the electronic structure of Ln3+ ions of 1–4 complexes are analyzed in terms of CF calculations.
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1. Introduction


Over the past decades, single-molecule magnets (SMMs) [1,2,3,4] have been attracting extensive research interest due to their huge forward-looking applications in the fields of quantum computing, high-density information storage and molecule spintronics [5,6,7]. SMMs are magnetically bistable high-spin molecules featuring a double-well potential with the two lowest spin states MS = ±S separated by the energy barrier Ueff = |D|S2 (or |D|S2–1/4) for half-integer spin S, with D being the molecular magnetic anisotropy parameter. Below the characteristic blocking temperature TB, magnetic moment can be trapped in one of the ±MS states thus resulting in slow magnetic relaxation and magnetic hysteresis [1,2,3,4]. After a decade of intense research of polynuclear SMMs based on high-spin 3d-ions in the early period, the discovery in 2003 of mononuclear [Pc2Ln]− phthalocyanine double-decker lanthanide complexes showing slow spin relaxation [8] turned attention to the lanthanide SMMs [9,10,11,12,13,14,15,16,17,18], which exhibit high magnetic anisotropy and energy barrier due to the large angular momentum and strong spin-orbit coupling of lanthanide ions. The recent progress in advanced SMMs is associated with lanthanide complexes, especially complexes of heavy lanthanides, Tb(III) [8,19,20,21], Dy(III) [22,23,24,25,26,27,28,29], Ho(III) [30,31,32] and Er(III) [33,34,35,36]. Among them, mononuclear lanthanide complexes with slow magnetic relaxation, commonly referenced to as single-ion magnets (SIMs), are of special interest, since they provide a more efficient control of the magnetic anisotropy D and barrier Ueff as compared with polynuclear Ln-SMMs [11,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Magnetic anisotropy of the lanthanide ion is strongly influenced by the crystal-field (CF) spitting pattern of the ground J-multiplet, which is specified by the coordination geometry and electronic configuration of the 4f-ion. In particular, coordination environment with a high-order symmetry axis can provide axial magnetic anisotropy, which minimize the quantum tunneling of magnetization thus ultimately leading to a high energy barrier Ueff and blocking temperature TB [9,10,11,12,17,18]. In this regard, pseudo-linear complexes of heavy lanthanides with strongly donating axial ligands are of particular interest as high-performance SIMs, since they ensure the most advantageous Ising-type CF splitting pattern required for high energy barrier Ueff featuring a well isolated doubly degenerate ground energy level with pure MJ = ±J states and large total CF splitting energy [37]. In particular, such favorable conditions occur in pentagonal bipyramidal (D5h-symmetry) dysprosium complexes [24,26,27,28,29] possessing a barrier over 1000 cm−1 and blocking temperatures TB about 20 K [26,27]. More recent example are dysprosium pseudo-linear sandwich complexes, which display huge barriers and record blocking temperatures, such as Ueff = 1277 cm−1 and TB = 60 K in [(Cpttt)2Dy]+ [38,39] and Ueff = 1543 cm−1 and TB = 80 K in [(CpiPr5)Dy(Cp*)]+ [40], reaching the liquid nitrogen temperature range.



These breakthrough advances have stimulated an extensive study of PBP lanthanide complexes in recent years [26,27,28,29,41,42,43,44,45,46,47]. However, in the record-breaking PBP complexes with general formula [Dy(OR)2(L)5]+ [26,27,28,29,41], the pentagonal coordination geometry arises rather accidentally, probably due to the packing of monodentate ligands L, and, therefore, it is likely structurally labile. More structurally robust PBP coordination of Ln ions is provided by rigid pentadentate chelating ligands in the equatorial plane. A number of lanthanide complexes with polydentate ligands were reported in the literature [48,49,50], including Ln(III) texaphyrin complexes [48,49] and Schiff-base complexes with the [N5] or [N3O2] chelating ring displaying SMM behavior [50,51,52].



Previously, we described synthesis, structure and magnetic properties of [Ln(H2dapsc)(H2O)4](NO3)3 complexes of heavy lanthanides (Ln = Tb, Dy, Ho and Er) with a pentadentate (N3O2) Schiff-base ligand (H2dapsc = 2,6-diacetylpyridine bis(semicarbazone)) [53]. These complexes display a quasi-PBP geometry due to the presence of several water molecules in the apical positions. The dysprosium and erbium complexes exhibit slow magnetic relaxation with the barrier of 18 and 11 K, respectively. More recently, we reported structural and magnetic characteristics of 1D coordination polymers {[Ln(DAPMBH)(μ-N3)C2H5OH]C2H5OH}n (where H2DAPMBH = 2,6-diacetylpyridine bis(4-methoxybenzoylhydrazone, a new pentadentate [N3O2] ligand, Ln = Dy, Er, Gd and Y) built of chains composed of azido-bridged pentagonal lanthanide complexes [Ln(DAPMBH)]; of these, Dy and Er compounds exhibit SMM behavior with Ueff/kB = 47 K and 17 K, respectively [54]. In addition, there has been a report of true PBP (D5h) lanthanide complexes [LnIII(H2L)Cl2]− (Ln = Dy, Tb) with the pentadentate ligand (H2L = 2,6-diacetylpyridine bis-(salicylhydrazone)) in the equatorial plane and two apical Cl atoms; the Dy complex is an SMM with Ueff/kB = 70 K [50]. These results indicate that lanthanide complexes with a rigid five-membered chelate ring in the equatorial plane are a promising avenue for designing SMMs.



In this paper, we report syntheses, structural characterization and magnetic properties of novel neutral mononuclear lanthanide complexes with the general formula [Ln(HL)(L)](solv) (Ln = Dy, Ho, Er, Tb; solv = CH3OH, C2H5OH, H2O, CHCl3), in which the lanthanide ions are doubly chelated by five-membered rings (N3O2) of two pentadentate ligands, H2DAPBH = 2,6-bis(phenylhydrazone)pyridine or H2DAPMBH = 2,6-bis(4-methoxy-benzoylhydrazide)pyridine) resulting in a rather symmetric N6O4 ten-fold coordination. Such a type of coordination is rare for lanthanide complexes with two polydentate planar ligands [55,56,57]. We present results of static and dynamic magnetic measurements of complexes 1–4, which are analyzed in terms of detailed crystal-field (CF) calculations with the aim to relate magnetic relaxation properties of these complexes to the specific electronic structure of Ln3+ ions and to assess their SMM performance.




2. Results and Discussion


2.1. Synthetic Aspects


All mononuclear Ln3+ complexes are obtained in a similar way by mixing hydrated lanthanide nitrate, chloride or formate salts and pentadentate ligand (H2DAPBH or H2DAPMBH) in methyl or ethyl alcohol. In all cases, at the ratio ligand/metal salt = 2 and in the presence of two equivalents of Et3N as a base, the main products are charge-neutral mononuclear complexes of the composition {[Ln(HDAPBH)(DAPBH)]solv}, in which Ln3+ ion binds two pentadentate ligands. Complexes are readily soluble in hot alcohols. Single crystals of compounds 1-Dy, 2-Dy are obtained by slow evaporation of the filtered mother liquors, while preparation of 3-Ho, 4-Er single crystals requires recrystallization from other solvents.



The nature of byproducts precipitated during the synthesis of the title compounds was deduced by finding the molecular structure of the compound 5-Tb precipitated during the synthesis of the complex [Tb(HL)(L)]∙CH3OH. The filtered precipitate was dissolved in dimethoxyethane (DME), from which crystals of 5-Tb separated on slow evaporation. The X-ray single crystal analysis of 5-Tb revealed that it is a nine-coordinate neutral mononuclear complex having a 1:1 ratio of Tb and the dianionic [DAPBH]2− ligand, with a bidentate nitrate anion and two H2O molecules coordinated to the metal ion in axial positions (see Figure 1).



Apparently, similar complexes formed as byproducts in all other cases (in particular, the analysis of solids formed during the synthesis of 1-Dy or 3-Ho complexes showed that they have a composition close to that of 5-Tb with the ratio Ln/ligand = 1). Complexes of similar composition with the H2DAPBH ligand were obtained earlier for several rare earth elements [55,56,57].




2.2. X-Ray Crystallography


Single-crystal X-ray diffraction analysis revealed that all the five compounds had a very similar molecular architecture but crystallized in different space groups. The crystallographic data and structure refinements details for complexes 1-Dy, 2-Dy, 3-Ho, 4-Er and 5-Tb are given in Table 1, and the selected bond lengths and angles for ten-coordinate complexes 1-Dy, 2-Dy, 3-Ho and 4-Er are listed in Table 2.



The central Ln3+ ion in all the four compounds was chelated by two interlocked pentadentate ligands (L or L(OCH3)) with the N3O2 donor set (Figure 2) resulting in the coordination number of ten (shown schematically in Figure 3a). Each metal ion was coordinating by six nitrogen atoms and four oxygen atoms, which together formed a bicapped square antiprismatic polyhedron capped by the pyridyl N atoms (Figure 3b).



In all complexes, one of two pentadentate ligands was dianionic while the other one was monoanionic (Figure 4). Two ligands in total had the net charge of −3, which provided a charge balance of the Ln(III) complex as a whole. It should be noted that the complexation of two ligands with a rare-earth element led to a strong distortion of the original ligand structure, in contrast to an almost flat conformation in the structure 5-Tb, Figure 1.



Complex 1-Dy, [Dy(HL)(L)]∙1.5H2O crystallizes in the tetragonal P43 space group. The unit cell of 1-Dy contained eight neutral molecules [Dy(HL)(L)] of two symmetry independent types, 1-Dy(1) and 1-Dy(2), slightly differing in the lengths of bonds and angles. The crystallization water molecules located between 1-Dy(1) and 1-Dy(2) centers were involved in hydrogen bonds with participation of protons of NH groups and O atoms of the solvate water molecules (Figure S1, Table S1). The shortest intermolecular distances between Dy(III) centers in crystal 1-Dy were 9.7870(12) and 9.8629(12) Å.



Complex 2-Dy, [Dy(HL(OCH3))(L(OCH3))]∙C2H5OH∙0.5H2O is, in general, close to 1-Dy by structure (Figure 5), but crystallized in the triclinic structure of the P-1 space group with the two molecules (Z = 2) being symmetry related. Unlike 1-Dy, in which the hydrogen atom of the monoanionic ligand HL− was found in the general position, in this compound it was disordered over two positions with an occupancy of 50% on each possible position (H3 (on N3) and H3′ (on N3A), for details see Figure 5 and the corresponding cif-file). The solvent molecules (H2O and disordered EtOH) were found to form strong hydrogen bonds with the main molecules (Table S2). These interactions formed 1D polymeric chains, packed parallel along the b axis without forming any significant voids. The shortest intermolecular distances between Dy(III) ions in crystal 2-Dy were 9.8713(9) and 10.6176(9) Å.



Analogous to 1-Dy, an asymmetric unit of 3-Ho [Ho(HL)(L)]∙CH3OH∙CH2Cl2 contained two crystallographically independent molecules [Ho(HL)(L)] but, in contrast to 1-Dy, crystallized in the monoclinic space group P21/c. The crystal structure of 3-Ho included two coordinated methanol molecules as intermolecular linkers forming polymeric chains packed along the c axis. Another solvent, methylene chloride, did not interact with complex molecules and filled intermolecular voids. The shortest distances between Ho(III) atoms were 9.7074(11) and 9.8352(11) Å.



Complex 4-Er, [Er(HL)(L)]∙4CHCl3∙H2O crystallized in the orthorhombic P212121 space group as the solvate with coordinated chloroform and water molecules. Both molecular geometry and coordination environment did not have significant differences from 1-Dy and 3-Ho. Inspection of the hydrogen bonds in the complex revealed that the coordinated water molecule formed two intramolecular and one intermolecular hydrogen bonds with the neighboring molecule of the [Er(HL)(L)] with hydrogen atom H5 (Figure 2) of the ligand HL−. As well as the other ten-coordinate compounds discussed here, molecules of this complex and water molecules formed linear polymeric chains oriented along the b axis, with interchain cavities filled by chloroform molecules, which in turn also interacted with oxygen atoms via relatively weak C–H···O interactions; the closest Er–Er distances were 10.5905(8) and 11.5236(10) Å (Figure S2, Table S4).



Values of the dihedral angle between the planes formed by N(pyridine) and two N atoms, connected with the Ln3+ ion (Table 2), differed across the complexes over the range of 57.80(10) to 61.6(3)° indicating that distortion of the coordination geometry varied subtly in the complexes described. In order to compare the degree of deviation from the ideal bicapped square antiprismatic coordination of the metal centers in a more unified way, we performed calculations of continuous shape measures by using the SHAPE (2.1) program [59,60]. Results listed in Table S5 indicate substantial deviation from the ideal geometry for all [Ln(HL)(L)] complexes and confirm small but meaningful differences for two symmetry independent molecules in the unit cell of 1-Dy and 3-Ho. Full information about hydrogen bonds in compounds 1–4 are given in Supplementary Information section, Tables S1–S4 and Figures S1 and S2.



All ten-coordinate complexes, yet rather similar in coordination fashion for both types (HL− and L2–) of the ligand, demonstrated variations in the interatomic distances Ln-O (Table 2, Figure 2, Figure 4 and Figure 5), in accordance with the ligand charge. The distances Ln1-O1A and Ln1-O2A (Ln2-O1C and Ln2-O2C) in the case of dianionic ligands were 2.398(9) Å and 2.414(9) Å (2.355(9) Å and 2.503(9) Å) for 1-Dy, 2.349(3) Å and 2.389(3) Å (2.388(3) Å and 2.389(4) Å) for 3-Ho and 2.358(3) Å and 2.392(3) Å for 4-Er and tend to be close with some distortions from ideal coordination geometry in most cases. In contrast, the presence of the hydrogen atom of the N-H group in the structure of the monoanionic ligand HL−, which is also involved in the formation of hydrogen bonds leads to slightly stronger distortion from ideal molecular geometry: the interatomic distances Ln1-O1 and Ln1-O2 (Ln2-O1B and Ln2-O2B for the second independent molecule in 1-Dy and 3-Ho were 2.377(8) Å and 2.528(8) Å (2.411(8) Å and 2.367(8) Å) for 1-Dy, 2.371(4) Å and 2.499(3) Å (2.526(3) Å and 2.395(3) Å) for 3-Ho and 2.347(3) Å and 2.464(3) Å for 4-Er. Moreover, localization of the proton on one of the two nitrogen atoms of the HL− ligand also caused an increase in interatomic distances between the central atom Ln1(Ln2) and adjacent to the proton hydrazone nitrogen atom N4(N2B) in comparison with the interatomic distances Ln1-N2 or Ln2-N4B (Table 2) of the same ligand HL− in 1-Dy, 3-Ho and 4-Er, which led to even more pronounced heterogeneity and differences in the environment of the central atom formed by the ligands L2- and HL−. Closely related Dy complexes with the analogous structural moiety [Dy(HL)(H2L)]2+ and [Dy(H2L)2]3+ reveal similar but more significant inequality in the bond length between oxygen and dysprosium atoms [61] and, therefore, have greater asymmetry in the coordination environment of dysprosium in the case of coordination of the monoanionic ligand HL−: 2.3185(8) Å and 2.5094(10) Å for [Dy(HL)(H2L)]2+ with a smaller range of lengths 2.4126(11) Å and 2.4880(12) for the ligand H2L, and close distances for two neutral ligands 2.404(3) Å, 2.414(3) Å and 2.395(3) Å, 2.420(3) Å in the cation [Dy(H2L)2]3+.



Additionally, a further noteworthy fact is the difference between 1-Dy and 2-Dy complexes. In contrast to 1-Dy, the unit cell of 2-Dy contains only one crystallographically independent disordered complex molecule, and the disorder exists both in the location of the proton, which with a 50% probability was dispersed over two nitrogen positions, and in the arrangement of the OCH3-phenyl ring (Figure 5) of two unequal ligand (HL(OCH3))−1/2 (the distance Dy1-O1 was slightly larger than Dy1-O1A, 2.496(4) Å and 2.453(4) Å, respectively, but both were longer than Dy1-O2 and Dy1-O2A (2.346(5) Å and 2.360(4) Å (Table 2, Figure 5), and in complexes 1-Dy, 3-Ho and 4-Er). In 2-Dy the interatomic distances (Table 2, Figure 5) Dy1-N2, Dy1-N2A and Dy1-N4 and Dy1-N4A are pairwise close to each other—2.601(5) Å, 2.603(5) Å and 2.561(5) Å and 2.534(5) Å, respectively, that is, in the case of a disordered hydrogen atom, some increase in the bond lengths between the Dy central atom and N atoms of a coordinated ligand (Dy1-N2 and Dy1-N2A) was also observed. In addition, it should be noted that due to this disordering, other additional small and undetectable via X-ray diffraction techniques distortions in the dysprosium local environment in different molecules of the complex 2-Dy in a crystal are still possible.




2.3. Magnetism


2.3.1. Static Magnetic Properties


Magnetic susceptibility measurements for complexes 1–4 with the ten-coordinate LnN6O4 core were carried out under the dc applied field of 1000 Oe in the temperature range of 2–300 K, as shown in Figure 6. Magnetic measurements for terbium complexes 5 and 6 were not performed, since they were less relevant to the series of isostructural complexes 1–4 owing to the dissimilar structure of 5-Tb (Figure 1) and the lack of structural data for 6-Tb. At 300 K, the χMT products of 1-Dy, 2-Dy, 3-Ho and 4-Er complexes were close to the respective free-ion values, 14.17 (Dy3+, 6H15/2), 14.07 (Ho3+, 5I8) and 11.48 (Er3+, 4I15/2) cm3 K mol−1 (Figure 6). In all complexes, the χMT product gradually decreased upon cooling to 100 K, below which it fell more rapidly due to progressive thermal depopulation of low-lying excited Stark levels of the Ln3+ ions. The field dependencies of the magnetization (M/µB vs. H/T) for all complexes were recorded at 2, 3, 4 and 5 K in the field range of 0–4.5 T (insets to Figure 6). The magnetizations reached values of 5.6, 6.25, 5.5 and 4.8 µB, respectively, at 4.5 T and 2 K without saturation. The lack of saturation and the non-superposition on a single master curve for M/µB vs. H/T plots at different temperatures suggest the presence of considerable magnetic anisotropy in the complexes [61,62,63].




2.3.2. Analysis of dc-Magnetic Data


Since dc and ac magnetic properties of lanthanide complexes, and especially their SMM behavior, are highly sensitive to the character of the crystal-field (CF) splitting effect, it is important to establish the energy spectrum of the CF states and specific properties of the ground-state wave functions of Ln3+ ions in compounds 1–4. To this end, we analyzed dc magnetic properties of our complexes in the framework of the CF theory for Ln3+ ions, which is based on the conventional CF Hamiltonian:


  H =  H 0  +  H  C F   ,  



(1)




where H0 denotes the free-ion Hamiltonian and HCF is the CF term. The free-ion Hamiltonian H0 describes atomic interactions of 4f-electrons:


   H 0  =   ∑   k = 2 , 4 , 6    f k   F k  +  ζ  4 f     ∑  i   l i   s i  + α L  (  L + 1  )  + β G  (   R 7   )  + γ G  (   G 2   )  ,  



(2)




where fk and Fk are the angular and radial Slater parameters, respectively, the second term is the spin orbit operator, and α, β and γ are Trees parameters describing two-electron correlation corrections to the Coulomb repulsion term [64,65,66]. The HCF Hamiltonian incorporates metal–ligand interactions:


   H  C F   =   ∑   k , q    B  k q    C q k  ,  



(3)




where Bkq are CF parameters (k = 2, 4, 6; q ≤ k) and Cqk are spherical tensor operators for f-electrons [64,65,66]. Details of CF calculations for Ln3+ ions were well documented elsewhere [64,65,66,67,68]. The Bkq quantities are phenomenological adjustable CF parameters, which are usually obtained from fitting to the spectroscopic and/or magnetic data for lanthanide compounds. It is noteworthy, however, that in most cases the fitting CF calculations were applied only to metal centers with high enough symmetry in order to keep a reasonable number of variables. For the low-symmetry metal centers (occurring in our [Ln(HL)(L)] complexes) the CF fitting calculations became overparameterized owing to a large number (up to 27) of independent CF Bkq parameters. To avoid these difficulties, we took advantages of the superposition CF model [68,69], which relates the Bkq parameters with the actual geometry of the metal site:


   B  k q   =   ∑  n  b  (   R 0   )    (  R 0  /  R n  )    t k     C q k   (   ϑ n  ,  ϕ n   )  ,  



(4)




where n runs over all metal–ligand pairs involved in the coordination polyhedron (N6O4, Figure 3b) around the Ln3+ ion, bk(R0) are the three (k = 2, 4, 6) intrinsic, or single ligand CF parameters, (Rn, θn and φn) are polar coordinates of the n-th ligand atom; their radial dependence is approximated by the power-law with tk being the exponent indexes and R0 being the reference distance (i.e., the average metal–ligand distance). The superposition CF model, its foundation and applications were described in the literature [68,69,70,71].



Now we turned to the simulation of magnetic properties of lanthanide complexes with the CF Hamiltonian (2). In most cases, magnetic properties of lanthanide compounds are highly anisotropic. The magnetization M and applied magnetic field H related by M = χH, where χ is the tensor of magnetic susceptibility:


   M α  =   ∑  β   χ  α β    H β  ,  



(5)




which is represented by a 3 × 3 matrix χαβ (where α, β = x, y, z); its components χαβ can be calculated in terms of the |i> wave functions of Ln3+ ions using the Gerloch–McMeeking equation [72]:


   χ  α β   =    N a      ∑  i  e x p ( −  E i  / k T )   ×   ∑  i   {    ∑  j     〈 i  |   μ α   |  j 〉   〈 j  |   μ β   |  i 〉    k T   −   ∑   j ≠ i      〈 i  |   μ α   |  j 〉   〈 j  |   μ β   |  i 〉  +  〈 i  |   μ β   |  j 〉   〈 j  |   μ α   |  i 〉     E i  −  E j     }  exp ( −  E i  / k T ) ,  



(6)




where Na is the Avogadro number, Ei is the energy of the CF state |i>, k is the Boltzmann constant, T is the absolute temperature, and μα, μβ are the components of the magnetic moment operator:


  μ = −  μ B   (  L + 2 S  )  ,  



(7)




where μB is the Bohr magneton and L and S are, respectively, the operators of the total orbital momentum. The eigenvalues of the matrix χαβ (6) correspond to the principal components of the magnetic susceptibility (χx, χy, χz); the powder magnetic susceptibility is written as χ = (χx + χy + χz)/3. In the frame of this technique, we simulated magnetic dc susceptibility of four lanthanide complexes with the aim is to determine the CF splitting pattern of the ground J-multiplets produced by the N6O4 polyhedron (Figure 3b).



With this approach, we derived the CF parameters Bkq from the fitting of the χT curves simulated with Equation (6) to the experimental dc magnetic data for [Ln(HL)(L)] complexes (Figure 6). However, the conventional CF computational scheme with freely variable Bkq parameters cannot directly be applied to complexes 1–4, since it is likely to be unreliable due to overparameterization, which is characteristic of low-symmetry metal sites (C2 or C1 in 1–4). In such systems, CF fitting to the magnetic susceptibility curves typically converges to several least squares minima that are incompatible with each other. For this reason, we used the superposition CF model [68,70], which relates the usual Bkq CF parameters with the specific geometry of the coordination polyhedron around the Ln3+ ion via three intrinsic CF parameters bk (k = 2, 4, 6) (Equation (4)). Importantly, since the bk parameters describe metal–ligand bonding energy for f-electrons, they are transferable between different Ln3+ ions in complexes with similar ligand coordination; this allows the approximate prediction of CF parameters for metal sites with known atomic positions. Therefore, for isostructural series of lanthanide compounds, the CF splitting pattern of different lanthanide ions can be reproduced with a single set of intrinsic bk parameters; this fact can be used to check the consistency of the set of CF parameters.



Given these considerations, CF calculations for [Ln(HL)(L)] complexes were carried out in two steps. First, a primary set of bk parameters (b2 = 800, b4 = 380, and b6 = 260 cm−1 at R0 = 2.45 Å, both for O and N atoms) was obtained from simulation of the dc magnetic susceptibility for the Dy, Ho and Er complexes with the same superposition model parameters. Calculations were carried out with fixed power-law indexes t2 = 5, t4 = 8 and t6 = 11 estimated elsewhere [69,70]; atomic parameters of Ln3+ ions involved in the free-ion Hamiltonian (Equation (3)) are taken from the literature [66,67]. The polar coordinates (Rn, θn and φn) in Equation (5) corresponds to the actual geometry of the N6O4 coordination polyhedra in compounds 1–4 (Figure 3b). It is also noteworthy that calculations of the χαβ tensor with Equation (6) involves the CF states |i> of both the lowest J-multiplet and several excited multiplets in order to include second-order contributions to the χαβ components resulting from high-lying excited states, which are mixed to the ground state by the magnetic field; this computational scheme is implemented with routines described previously [73,74,75]. Calculations with these parameters provide an approximate general agreement with the experimental χMT curves for the 1-Dy, 2-Dy, 3-Ho and 4-Er complexes.



This set of parameters was then used as a reference point for refined CF calculations performed separately for the individual complexes 1–4. At this stage, a modified CF computational scheme was applied, in which the rank two (k = 2) ‘global’ Bkq parameters were allowed to vary together with the b4 and b6 ‘intrinsic’ CF parameters (which are different for the N and O atoms in the N6O4 polyhedron) to reach the best agreement with the experimental dc magnetic data for the specific lanthanide complex in the whole temperature range (2–300 K, Figure 6). Application of this approach was motivated by the fact that the second rank CF parameters Bkq were sensitive to long-range metal–ligand interactions extending beyond the first coordination sphere of the lanthanide ion and, therefore, they were poorly described in terms of the superposition CF model. The simulated χMT curves were well consistent with the experimental data (Figure 6). To take into account some uncertainty in the actual lanthanide concentration in powdered complexes, a scaling factor for the magnetic susceptibility was applied for complexes 1–4 (+4.2% for 1-Dy, +3.1% for 2-Dy, +6.6% for 3-Ho and +2.7% for 4-Er, respectively).



Calculated CF energy levels of Dy3+, Ho3+ and Er3+ ions in complexes 1–4 are summarized in Table 3, and the sets of Bkq CF parameters are presented in Table S6. These results indicate that Ln3+ ions centered in the N6O4 polyhedron (Figure 3b) reveal rather low CF splitting energy, c.a.



The 400 cm−1 or less (Table 3) is also consistent with the CF strength criterion S [76], which is around 500 cm−1 (see Table S6). This fact alone suggests that [Ln(HL)(L)] complexes are unlikely to be high-performance SMMs due to the absence of large CF splitting energy, which is known to be one of the most important prerequisite to have a high spin-reversal barrier Ueff (see below the next section).




2.3.3. Dynamic Magnetic Properties


The alternating current magnetic susceptibility (ac) measurements serve as a probe for the relaxation processes in the magnetic system, revealing in a frequency dependence of in-phase χ′(ν) and a non-zero out-of-phase χ′′(ν) signal. None of the studied compounds shows the slow magnetic relaxation in measured frequency and temperature ranges (10 Hz to 10 kHz and 2–5 K) in a zero dc magnetic field. Both the in-phase χ′ and out-of-phase χ′′ magnetic susceptibility of the mononuclear complexes 1-Dy, 2-Dy and 4-Er exhibited the frequency-dependent signals in the presence of the dc magnetic field (Figure S3). The observed magnetic field induced SMM behavior in these complexes was likely due to suppression of the ground state tunneling processes by the dc magnetic field. The SMM-silent behavior of the Ho complex (3-Ho) complex is associated with a non-magnetic character of the ground state of non-Kramers ion Ho3+, which is represented by two close-spaced singlet states with the energy separation about 0.6 cm−1 (Table 3); this splitting energy is large enough to cause fast magnetic relaxation.



To probe the magnetic relaxation in 1-Dy, 2-Dy and 4-Er complexes, the frequency dependence of ac susceptibility was measured in the presence of the dc magnetic field. The magnetic field was set at value corresponding to the peak in field dependence of out-phase magnetic susceptibility, χ′′(H) (Figure S3a–c).



The shape of the χ’(ν), χ′′(ν) and the Cole–Cole plots (χ′′(ν) vs. χ’(ν)) of 1-Dy, 2-Dy and 4-Er complexes differed markedly see Figure 7, Figure 9 and Figure 11. In the case of 4-Er, the χ′′(ν) the curve measured at H = 1500 Oe exhibited a clear maximum shifting towards the higher frequencies at a temperature increase from 2 to 5 K. The corresponding Cole–Cole curves had a relatively symmetric shape (see Figure 7c).



The χ′(ν), χ′′(ν) dependencies were analyzed within the modified Debye model [77] (Equations (8)–(10)):


   χ  t o t a l    ( ω )  =  χ s  +    (   χ T  −  χ s   )    1 +   ( i ω τ )   1 − α     ,  



(8)






   χ ′   ( ω )  =  χ S  +  (   χ T  −  χ S   )     (  1 +  (  ω τ  )  1 − α   sin ( π α / 2  )   )    1 + 2  (  ω τ  )  1 − α   sin ( π α / 2  )  +   ( ω τ )   2  (  1 − α  )      ,  



(9)






   χ  ″    ( ω )  =  (   χ T  −  χ S   )     (  ω τ  )  1 − α   cos ( π α / 2  )    1 + 2  (  ω τ  )  1 − α   sin ( π α / 2  )  +   ( ω τ )   2  (  1 − α  )      ,  



(10)




where parameter α is a measure of distribution of relaxation time that characterizes the deviation from the Debye model, χS, χT, are the adiabatic and isothermal susceptibilities, ω—angular frequency and τ—relaxation time [77]. The fitting results for 4-Er are presented in Table S7.



The parameter α for 4-Er complex varied within the range 0.19–0.03 signifying the narrow distribution of relaxation time in the measured temperature range (Table S7). The best fit of temperature dependence of relaxation time for 4-Er with Equation (11) [78] was achieved with the set of parameters: C = 1.2·s−1, n = 6.1, Ueff = 87 K and τ0 = 4 × 10−12 s, τQTM = 4.4 × 10−3 s and A = 0 (Figure 8).


   τ  − 1   =  τ  Q T M   − 1   + A T + C  T n  +  τ 0  − 1   exp  (  −    U  eff     k T    )  ,  



(11)




where T is the absolute temperature, Ueff is the effective energy barrier for the reversal of magnetization and k is the Boltzmann constant. The τ−1QTM term in Equation (11) represents the temperature-independent contribution from the quantum tunneling of magnetization (QTM) effects, the second and third terms are direct relaxation and Raman process correspondingly, the exponential term describes the thermally activated mechanism of magnetic relaxation (Orbach process) [78]. The parameter n = 6 corresponds to the Raman spin-lattice relaxation process for the case of Kramers system [78]. It is noteworthy that the effective energy barrier Ueff = 87 K obtained from fitting with Equation (11) was considerably higher than the energy position of the first excited CF state at 23 cm−1 (33 K) and close to the energy of the next CF state at 75 cm−1 (108 K), as estimated from CF calculations for 4-Er (Table 3).



The χ′(ν), χ′′(ν) dependencies and Cole–Cole χ′′(χ′) plots for the 1-Dy compound measured at H = 800 Oe are presented in Figure 9. The χ′′(ν) (Figure 9b) and Cole–Cole (Figure 9c) plots exhibited two distinct maxima at temperature range of 2–2.45 K.



The asymmetric unit of the 1-Dy compound constituted two independent molecules, which slightly differed in bond lengths and angles (Figure 4, Table 2). Based on the presence of two Dy centers in the structure of 1-Dy, the observed two-humped shape of χ′′(ν) and Cole–Cole χ′′(χ′) plots are likely associated with two different relaxation processes corresponding to various magnetic centers [78,79,80,81,82,83,84]. The χ′(ν), χ′′(ν) dependences in the 2–2.45 K temperature range were fitted by a linear combination of two modified Debye models given by Equations (S1)–(S3) [79,84,85,86]. The fitting parameters and curves are presented in Table S8 and Figure S4, correspondingly. The values of α1 (0.6–0.45) and α2 (0.41–0.56) noticeably differed from zero signifying the multiple relaxation pathways. At a further temperature increase the two-hump shape of the χ′′(ν) dependence evolved into a single broad peak. At a range of 2.6–4.7 K the χ′(ν), χ′′(ν) dependences were not well captured neither by the modified Debye model for a single relaxation process (Equations (8)–(10)) nor by a linear combination of two modified Debye models (Equations (S1)–(S3)). Tentatively, the broad peak signal still represents the two relaxation processes observed at 2–2.45 K, which were not well separated at intermediate temperature range. As shown in Figure S5, the χ′(ν) and χ′′(ν) dependences at temperatures above 4.85 K were well fitted by the modified Debye model for single relaxation process (Equations (8)–(10)), which allowed us to assume that the peak at temperatures 4.4–5 K corresponds to the same single relaxation process and estimates the value of effective energy barrier. The results of fitting the χ′(ν) and χ′′(ν) dependences by Equations (8)–(10) in the temperature range of 4.4–5 K and Cole–Cole plots are presented in Figure S5 and Table S9. The value of the effective energy barrier, Ueff = 29 K, obtained by the analysis of the temperature dependence of relaxation time with Arrhenius law (Figure 10) correlated with the energy gap to the first excited Kramers doublet in 1-Dy, 23 cm−1 (33 K), Table 3.



In the 2-Dy the Dy3+ ion was coordinated by a slightly modified ligand (L(OCH3)), as compared to 1-Dy. Specifically, in 1-Dy the hydrogen atom of the monoanionic ligand (HL−) was localized on one of the two nitrogen atoms (Figure 4) while in 2-Dy, a hydrogen atom was disordered over two positions with an occupancy of 50% on each position (Figure 5), which led to a different crystal symmetry of 1-Dy and 2-Dy and magnetic properties. To probe the magnetic relaxation processes in the 2-Dy compound we measured the frequency dependence of ac magnetic susceptibility in the presence of external dc magnetic field (H = 300 Oe, Figure 11). At 2 K the χ′′(ν) curve constituted a pronounced peak at around 20 Hz and a clearly seen onset of secondary signal of smaller magnitude in the higher frequency range (Figure 11). The high frequency relaxation process tentatively stemmed from the disorder in the structure of 2-Dy (Figure 5). The observed low frequency signal (χ′(ν) and χ′′(ν)) was fitted by the generalized Debye model for a single relaxation process (Equations (8)–(10)), as shown in Figure 11 and Table S10.



The best fitting of temperature dependence of relaxation time by Equation (4) was achieved with parameters: C = 4.2 s−1, n = 4.8, Ueff = 70 K and τ0 = 2.2 × 10−11 s (Figure 12). The greater value of effective energy barrier Ueff in 2-Dy compared to that in 1-Dy could be attributed to a higher value of the first excited CF state, 39 cm−1 (56 K). In addition, the ground and the first excited Kramers doublets in 2-Dy exhibited strong Ising-type magnetic anisotropy (gx = 0.082, gy = 0.581 and gz = 19.000 for the ground state and gx = 0.306, gy = 0.381 and gz = 17.310 for the first excited CF state at 39 cm−1, Table 3) that suppressed the transverse magnetic anisotropy and favored the higher value of effective energy barrier.



The differences in the electronic structure of the 1-Dy and 2-Dy complexes and their magnetization relaxation are mainly specified by the local structure of the complexes, as known its small modification strongly affects the SMM properties of rare earths [9,10,11,12,13,14,15,16,17,18]. Comparative study of the electronic structure and magnetic properties of two cationic ten-coordinate Dy complexes with two neutral ligands H2DAPBH [Dy(H2DAPBH)2](NO3)3 (7) and one neutral and one monoanionic ligands [Dy(H2DAPBH)(HDAPBH)−](NO3)2 (8), described in the work [61], showed that the localization of a negative charge on one of the two amido nitrogens leads to distortions in the coordination polyhedron of Dy: shortening of two bonds (Dy-N (hydrazone) and Dy-O (carbonyl)) compared with neutral ligand H2DAPBH and, as a consequence, to a decrease of magnetic anisotropy and the magnetization barrier (Ueff) of complex 8 compared to 7 (19 and 32.4 K, respectively). In our neutral ten-coordinate complex 1-Dy, the hydrogen atom of the monoanionic ligand (HL−) was localized on one of the two nitrogens, which led to an increase in two bond lengths compared with dianionic ligand DAPBH (Table 2), but these distortions in the 1-Dy coordination sphere are noticeably smaller than those in the complex 8. The latter likely leads to the higher value of effective energy barrier obtained for the 1-Dy compared to that for complex 8. In the case of the 2-Dy compound, one hydrogen was disordered over two nitrogen positions and the bond lengths distortion was insignificant compared to those in the 1-Dy (Table 2), the magnetization barrier was higher than that of 1-Dy. Our results clearly show that small variations of the coordination environment of 4f metal center could significantly affect the relaxation dynamics of rare-earth complexes.






3. Materials and Methods


2,6-diacetylpyridine, benzoylhydrazide, triethylamine, DyCl3·6H2O, Er(HCOO)3·2H2O, HoCl3·6H2O, Tb(NO3)3·6H2O, dimethoxyethane, ethanol, methanol, chloroform, 4-methoxybenzoic acid, thionyl chloride and hydrazine hydrate solution (50–60% N2H4) were purchased from commercial sources and used without further purification. The infrared spectra were measured on solid samples using a Perkin Elmer Spectrum 100 Fourier Transform infrared spectrometer in the range of 4000–500 cm−1. NMR spectra were recorded on Bruker AVANCE III (500 MHz) spectrometer. Elemental analyses were carried out by the Analytical Department service at the Institute of Problems of Chemical Physics RAS using Vario MICRO cube (Elementar Analysensysteme GmbH) equipment. Both ac and dc magnetic properties were measured using Physical Properties Measurements System PPMS-9 (Quantum Design) in the temperature range of T = 2–300 K under a magnetic field up to B = 7 T. The samples in the polycrystalline (powder) form were loaded into an insulating capsule. The experimental data were corrected for the sample holder. The diamagnetic contribution from the ligand was calculated using Pascal’s constants.



3.1. Synthetic Procedures


4-Methoxybenzoic acid hydrazide was synthesized from methyl 4-methoxybenzoate (prepared, in turn, in 85% yield from 4-methoxybenzoic acid, methanol and thionyl chloride [87]) and hydrazine hydrate in refluxing methanol according to previously published procedure [88]. Found: C, 58.03; H, 6.05; N, 16.86%. Calc. for C8H10O2N2: C, 57.82; H, 6.07; N, 16.86%. FT-IR νmax/cm−1: 3323s, 1618vs, 1606vs, 1495vs, 1343vs, 1328s, 1256vs, 1188s, 1174s, 1038s, 928s, 844vs, 765s.



H2DAPBH (H2L) and H2DAPMBH (H2L(OCH3)) ligands were prepared in a ketone-hydrazine condensation reaction between one equivalent of 2,6-diacetylpyridine and two equivalents of benzoylhydrazine or 4-methoxybenzoylhydrazine respectively in 96% ethanol according to the previously reported procedure [89]. The yields were more than 90% for both ligands. H2DAPBH Found: C, 69.25; H, 5.35; N, 17.49%. Calc. for C23H21N5O2: C, 69.16; H, 5.30; N, 17.53%. FT-IR νmax/cm−1: 3277m, 1660vs, 1603m, 1580m, 1524vs, 1491m, 1450s, 1372m, 1342m, 1271vs, 1188m, 1160m, 1077m, 917s, 812s, 708vs. 1H NMR (DMSO-d6, 500 MHz) δ 10.91 (2H, s, NH), 8.30–7.20 (13H, m), 2.55 (6H, s, CH3); 13C NMR (DMSO-d6, 126 MHz) δ 164.17, 154.50, 154.16, 137.14, 133.94, 131.64, 128.29, 128.11, 120.56, 12.49. H2DAPMBH Found: C, 65.62; H, 5.71; N, 15.35%. Calc for C25H25N5O4: C, 65.35; H, 5.48; N, 15.24%. FT-IR νmax/cm−1: 3411m, 3218m, 2296m, 1646s, 1606s, 1580m, 1547s, 1502vs, 1455m, 1365m, 1285s, 1250vs, 1176vs, 1145m, 1120m, 1025s, 919m, 834vs, 758m. 1H NMR (DMSO-d6, 500 MHz) δ 10.75 (2H, s, NH), 8.35–7.54 (3H, m), 7.91 (4H, d), 7.06 (4H, d), 3.84 (6H, s, OCH3), 2.53 (6H, s, CH3). 13C NMR (DMSO-d6, 126 MHz) δ 163.53, 161.97, 154.24, 153.82, 137.12, 130.19, 125.88, 120.34, 113.53, 55.44, 12.34.



[Dy(HL)(L)]∙1.5H2O (1-Dy). To a suspension of H2L (0.44 mmol, 176 mg) in 96% ethanol (14 mL) triethylamine (0.89 mmol, 0.13 mL) was added while stirring. After 10 min under stirring, solid DyCl3·6H2O (94 mg, 0.25 mmol) was added to the reaction mixture. The white suspension turned to lemon yellow immediately, and complete dissolution of white solids was observed. After 20 min the yellow precipitate appeared and the reaction mixture was stirring at r.t. for additional two hours and then was filtered off. Slow evaporation of the filtrate produced large X-ray quality yellow crystals of ∙(1-Dy) after several days. Yield: 0.130 g (55%, on the basis of Dy(III) salt). Found: C, 55.56; H, 4.78; N, 13.85%. Calc. for C46H42DyN10O5.5: C, 56.07; H, 4.30; N, 14.21%. FT-IR νmax/cm−1: 668m, 713vs, 737m, 806m, 985m, 1036s, 1150m, 1174m, 1322m, 1370vs, 1437m, 1518s, 1558m, 1554m, 1583m, 1644m, 3350w.



[Dy(HL(OCH3))(L(OCH3))]∙C2H5OH∙0.5H2O (2-Dy). To a suspension of H2L(OCH3) (0.26 mmol, 118 mg) in 96% ethanol (10 mL) triethylamine (0.58 mmol, 0.08 mL) was added. After 10 min under stirring, solid DyCl3·6H2O (55 mg, 0.15 mmol) was added to the reaction mixture. The white suspension turned to light yellow immediately. After 1 h under stirring at r.t., light yellow precipitate, first formed, dissolved and the reaction mixture was refluxed for two hours. On cooling no precipitate was observed. Pale yellow crystals suitable for X-ray analyses were obtained after slow evaporation of ethanol. Yield: 0.119 g (70%, on the basis of Dy(III) salt). Found: C, 55.65; H, 5.15; N, 12.63%. Calc. for C52H54DyN10O9.5: C, 55.10; H, 4.80; N, 12.36%. FT-IR νmax/cm−1: 680m, 699m, 735m, 765s, 805m, 1041s, 1171vs, 1245s, 1301m, 1330m, 1368vs, 1511s, 1558m, 1585m, 1604m, 1638m, 3361w.



[Ho(HL)(L)]∙CH3OH∙CH2Cl2 (3-Ho). To a suspension of H2L (0.68 mmol, 270 mg) in absolute methanol (17 mL) triethylamine (1.4 mmol, 0.2 mL) was added. After 10 min under stirring, solid HoCl3·6H2O (125 mg, 0.33 mmol) was added to the reaction mixture. The white suspension turned to yellow immediately and the solution gradually became clear. After 1 h under stirring at 65 °C, some amount of yellow precipitate formed. The precipitate was filtered off and the reaction solution was concentrated in vacuum. The yellow crystalline product thus precipitated was dissolved in a 1:1 mixture of methanol and methylene chloride. Large transparent yellow crystals suitable for X-ray analyses were obtained after filtration and slow evaporation of this solution. Yield: 0.230 g (65%, on the basis of Ho(III) salt). Found C, 53.66; H, 4.38; N, 13.25%. Calc. for C48H45Cl2HoN10O5 C, 53.49; H, 4.21; N, 13.00%; FT-IR νmax/cm−1: 680m, 712vs, 811m, 1036m, 1147m, 1369vs, 1430m, 1514s, 1554m, 1587m, 1647m, 3368w.



[Er(HL)(L)]∙4CHCl3·H2O (4-Er). Complex 4-Er was prepared as the lemon solid as described for 1-Dy except that Er(HCOO)3·2H2O (90 mg, 0.27 mmol) was used as a source of the metal. The reaction resulted in a crystalline precipitate having, according to analysis, the composition of Er(HL)(L)·C2H5OH. Yield: 0.135 g (50%, on the basis of Er(III) salt). Found: C, 56.85; H, 4.43; N, 13.68%. Calc. for ErC48H45N10O5: C, 57.13; H, 4.50; N, 13.88%. FT-IR νmax/cm−1: 680s, 711vs, 814m, 1171m, 1301m, 1372vs, 1432m, 1522s, 1587m, 1645m, 3058w, 3351w. Bright yellow single crystals of 4-Er suitable for X-ray diffraction analysis were obtained by recrystallization of [Er(HL)(L)]∙C2H5OH from chloroform.



[Tb(L)(NO3)(H2O)2]·2DME (5-Tb). To a suspension of H2L (0.53 mmol, 212 mg) in absolute methanol (18 mL) triethylamine (1.06 mmol, 0.15 mL) was added. After 10 min under stirring solid Tb(NO3)3·6H2O (0.26 mmol, 120 mg) was added to the reaction mixture. The white suspension turned to bright yellow immediately, and the white precipitate gradually dissolved. After 20 min under stirring at r.t. the yellow precipitate appeared and the reaction mixture was stirring at 50 °C for additional two hours. After this, the yellow precipitate was filtered off and dissolved in dimethoxyethane. Slow evaporation of the solvent led to the precipitation of crystals suitable for X-ray diffraction. Yield: 0.042 g (20%, on the basis of Tb(III) salt). Found: C, 44.90; H, 5.34; N, 10.30%; Calc. for TbC31H43N6O11; C, 44.61; H, 5.19; N, 10.07%.



[Tb(HL)(L)]·CH3OH (6-Tb). The mother liquor remaining after filtering off 5-Tb was left at room temperature for slow evaporation of methanol. In this case, a crystalline product was formed having, according to the analysis, the composition [Tb(HL)(L)]·CH3OH. Yield: 0.102 g (40%, on the basis of Tb(III) salt). Found: C, 57.11; H, 4.74; N, 13.90%. Calc. for C47H43TbN10O5: C, 57.20; H, 4.39; N, 14.19%. FT-IR νmax/cm−1: 678m, 712s, 739m, 807m, 982m, 1035s. Despite multiple attempts of recrystallization of 6-Tb with using different solvents and their mixtures, we could not obtain crystals suitable for single crystal XRD experiment due to strong tendency of 6-Tb crystals to twinning.




3.2. X-Ray Data Collection, Structure Solution and Refinement


X-ray diffraction data for 1-Dy, 2-Dy, 4-Er and 5-Tb were obtained on a Bruker SMART APEX II diffractometer (CCD detector, Mo Kα, λ = 0.71073 Å, graphite monochromator) using ω-scan mode at the Laboratory for X-Ray Diffraction Studies INEOS RAS. X-ray diffraction data for 3-Ho were collected on the ‘Belok’ beamline [90] (λ = 0.79272 Å) of the Kurchatov Synchrotron Radiation Source (National Research Center “Kurchatov Institute”, Moscow, Russian Federation) in the φ-scan mode using a Rayonix SX165 CCD detector at 100 K. The data were indexed, integrated and scaled using the Bruker SAINT program (SAINT; Bruker AXS Inc., Madison, WI, USA, 2016) and the XDS program suite [91]. The reflection intensities were corrected for absorption using the SADABS software (SADABS; Bruker AXS Inc., Madison, WI, USA, 2016) for complexes 1-Dy, 4-Er and 5-Tb, the TWINABS software (Bruker TWINABS 2012/1. Bruker AXS Inc., Madison, WI, USA) for 2-Dy and the XDS program [91] for compound 3-Ho. The structures were solved by direct methods and refined by full-matrix least squares on F2 with anisotropic displacement parameters for non-hydrogen atoms in general positions, and isotropically in the case of disordered carbon atoms (complexes 1-Dy and 2-Dy). The residual electron density arises from the extremely disordered neutral solvent molecules in 1-Dy and 3-Ho was removed with the SQUEEZE tool [92]. Wherever possible, the acidic hydrogen atoms were derived from electron density map and refined isotropically, or initially the hydrogen atoms positions were derived from the electron density map followed by the placement of the hydrogen atoms in ideal positions and refinement in the riding model. All other hydrogen atoms were placed in calculated positions and refined using the riding model with Uiso(H) = 1.5 × Ueq(C, O) for the methyl and hydroxyl groups and 1.2 × Ueq(C) for hydrogen atoms of the ligand and methylene groups. SADI, DFIX and EADP instructions were applied on disordered atoms of molecules and solvents, and other atoms were refined without any constraints or restraints. In addition, twinned data in 1-Dy and 2-Dy were handled with TWIN instruction on HKLF 4 and HKLF 5, respectively. Calculations were carried out using the SHELXTL program suite [93,94]. Crystallographic data for 1–5 have been deposited with the Cambridge Crystallographic Data Center, № 1987371-1987375 (deposit@ccdc.cam.ac.uk, https://www.ccdc.cam.ac.uk/structures/).




3.3. Simulation of Static Magnetic Properties and CF Calculations


Crystal-field (CF) analysis for complexes 1–4 was carried out with the conventional CF theory for f-electrons based on the Wyborne parameterization scheme [64,65,66] in combination with the superposition CF model [67,68,69] adapted for low-symmetry metal sites. Simulation of magnetic susceptibility was performed in terms of the Gerloch–McMeeking equation [71] using computational routines described elsewhere [72,73,74].





4. Conclusions


A series of neutral ten coordinate lanthanide complexes was obtained by reactions of simple salts of Dy, Ho, Er and Tb with pentadentate ligands (H2DAPBH (H2L) or H2DAPMBH (H2L(OCH3)) in the presence of Et3N as a base: [Dy(HL)(L)]∙1.5H2O∙(1-Dy), [Dy(HL(OCH3))(L(OCH3))]∙C2H5OH∙0.5H2O (2-Dy), [Ho(HL)(L)]∙CH3OH∙CH2Cl2 (3-Ho), [Er(HL)(L)]∙4CHCl3∙H2O (4-Er) and [Tb(HL)(L)] ∙CH3OH∙CHCl3 (6-Tb). These reactions also led to nine coordinate complexes as byproducts, of which terbium complex [Tb(L)(NO3)(H2O)2]·2DME (5-Tb) was isolated and characterized by X-ray diffraction analysis. Complexes 1–4 contained two ligands, one of which was dianionic (L2−), and the second was monoanionic (HL−). The Ln3+ ions were coordinated by six nitrogen and four oxygen atoms forming a ten-coordinate bicapped square antiprism LnN6O4. Although all four complexes had very similar molecular structures, their crystal structures and space groups were different. The structures of the 1-Dy and 3-Ho complexes contained two crystallographically independent molecules and the hydrogen atom was localized at one of the two amido nitrogens of the monoanionic ligand. In contrast, the 2-Dy and 4-Er contained only one symmetry independent molecule in the unit cell, and the hydrogen atom was localized in the erbium complex and disordered over two nitrogen positions in 2-Dy. AC magnetic measurements revealed that 1-Dy, 2-Dy and 4-Er were field-induced SMMs, while 3-Ho was not. Magnetic properties of 1–4 and their electronic structure were analyzed in terms of theoretical calculations based on the superposition CF model. In particular, this analysis showed that SMM-silent behavior of 3-Ho was due to a non-magnetic character of the ground state of non-Kramers Ho3+ ion. The behavior of magnetic relaxation in complexes 1-Dy, 2-Dy and 4-Er varied significantly. The 1-Dy shows two separate relaxation processes, which was explained by the presence of two crystallographically independent molecules in its structure, while in 4-Er one type of curves with maximum was present on the frequency dependences of the imaginary component of the ac susceptibility. The 2-Dy complex exhibited complicated dynamics of relaxation, which was likely affected by the disorder in the structure of this compound. The magnetization barriers for the 1-Dy and 2-Dy complexes correlated with the theoretical calculations of electronic structures for these complexes. Compounds 1–4 refer to a rare class of ten-coordinate lanthanide complexes formed by two planar pentadentate ligands with interpenetrating N3O2 chelating rings producing a LnN6O4 polyhedron shaped as a distorted bicapped square antiprism.
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Figure 1. ORTEP [58] drawing of [Tb(DAPBH)(NO3)(H2O)2](DME)2 (5-Tb) with the atom numbering scheme. Thermal ellipsoids are shown at the 35% probability level. Hydrogens are omitted for clarity, except those participating in H-bonding. 
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Figure 2. ORTEP representation of the molecular structure of 4-Er complex with 50% thermal ellipsoid probability as an illustration of common structural features of 1–4 complexes. Hydrogen atoms are omitted for clarity, except one localized at the N5A atom. 
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Figure 3. Schematic representation of (a) the coordination of two pentadentate ligands on an Ln atom to form a complex [Ln(HL)(L)] and (b) bicapped square antiprism LnN6O4 capped by the pyridyl N atoms of the H2DAPBH ligand. 
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Figure 4. General labeling scheme for main molecules of 1, 3 and 4: (a,b) for first crystallographically independent molecule in 1-Dy and 3-Ho and (c,d) for second independent molecule in 1-Dy and 3-Ho. In complex 4-Er, the hydrogen atom in a monoanionic ligand is localized at position N5A (Figure 2). On each part of the image one ligand, and hydrogen atoms (except one hydrogen atom of a partially monoanionic ligand) are not shown for clarity. 
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Figure 5. Labeling scheme for main molecule of 2-Dy. On each part of the image (a,b) one ligand, and hydrogen atoms (except one remaining hydrogen atom of a monoanionic ligand) are not shown for clarity; both hydrogen atoms positions H3 and H3′ were occupied at the 50% probability level. Disordering in each ligand is shown with dashed open bonds. 
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Figure 6. Experimental (open circles) and calculated (solid red lines) temperature dependence of the χMT product under dc field of 1000 Oe for complexes: (a) 1-Dy; (b) 2-Dy; (c) 3-Ho and (d) 4-Er. Insets: M/µB vs. B/T plots within the field range of 0–4.5 T and temperature range of 2–5 K. 
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Figure 7. The frequency dependence of the χ′ (a) and χ′′ (b) under a magnetic field H = 1500 Oe and the Cole–Cole diagram (c) at different temperatures for 4-Er. 
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Figure 8. Magnetization relaxation time ln(τ) vs. T−1 plot under the optimal dc field of 1500 Oe for 4-Er. The solid red line represents the fit to Equation (11) with no contribution from the direct relaxation process (A = 0). 
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Figure 9. The frequency dependence of ac magnetic susceptibility χ′(ν) (a) and χ′′(ν) (b) under a magnetic field H = 800 Oe and the Cole–Cole diagram at different temperatures for 1-Dy (c). 
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Figure 10. The ln(τ) vs. T−1 plot under the optimum dc field of 800 Oe for 1-Dy. The solid is fitting by the Arrhenius law in temperature range of 4.4–5 K with parameters τ0 = 8.3 × 10−8 s, Ueff = 29 K. 
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Figure 11. The frequency dependence of the χ′(ν) (a) and χ′′(ν) (b) under the magnetic field of H = 300 Oe, its fitting by the modified Debye model and the Cole–Cole diagram (c) at different temperatures and high frequency secondary relaxation process (d) for 2-Dy; circles are the experimental data and red lines are the fitting curves. 
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Figure 12. Magnetization relaxation time ln (τ) vs. T−1 plot under the DC field for 2-Dy. The solid is the best fitting plot by Equation (11), C = 4.2 s−1, n = 4.8, Ueff = 70 K, τ0 = 2.2 × 10−11 s, A = 0, τQTM−1 = 0. 
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Table 1. Crystal data and structure refinement for 1–5.
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	1-Dy
	2-Dy
	3-Ho
	4-Er
	5-Tb





	CCDC number
	1987371
	1987372
	1987373
	1987374
	1987375



	empirical formula
	C46H42DyN10O5.50
	C52H54DyN10O9.50
	C48H45Cl2HoN10O5
	C50H45Cl12ErN10O5
	C31H43N6O11Tb



	formula weight
	985.39
	1133.55
	1077.77
	1458.62
	834.63



	temperature, K
	120(2)
	120(2)
	100(2)
	120(2)
	120(2)



	color, habit
	yellow, block
	yellow, block
	yellow-green, prism
	lemon, block
	yellow, block



	crystal size, mm
	0.232 × 0.208 × 0.208
	0.320 × 0.210 × 0.190
	0.180 × 0.100 × 0.080
	0.435 × 0.431 × 0.220
	0.325 × 0.285 × 0.242



	radiation source
	fine-focus sealed tube
	fine-focus sealed tube
	synchrotron
	fine-focus sealed tube
	fine-focus sealed tube



	wavelength, Å
	0.71073
	0.71073
	0.79272
	0.71073
	0.71073



	crystal system
	Tetragonal
	Triclinic
	Monoclinic
	Orthorhombic
	Monoclinic



	space group
	P43
	P-1
	P21/c
	P212121
	P21/n



	a, Å
	14.0526(14)
	7.0262(2)
	20.115(4)
	11.5236(10)
	12.2369(8)



	b, Å
	14.0526(14)
	13.4861(3)
	19.538(2)
	20.3299(17)
	19.6927(13)



	c, Å
	46.815(5)
	31.4635(9)
	25.698(5)
	25.596(2)
	14.9627(10)



	α, deg
	90
	84.098(2)
	90
	90
	90



	β, deg
	90
	74.746(2)
	104.258(16)
	90
	106.0617(14)



	γ, deg
	90
	62.038(2)
	90
	90
	90



	V, Å3
	9245(2)
	2437.9(4)
	9788(3)
	5996.5(9)
	3464.9(4)



	Z
	8
	2
	8
	4
	4



	density (calcd), Mg/m3
	1.416
	1.544
	1.463
	1.616
	1.600



	μ, mm−1
	1.673
	1.603
	2.375
	1.988
	2.108



	F(000)
	3984
	1156
	4352
	2908
	1696



	θ range, deg
	1.690–28.000
	1.242–29.000
	1.165–28.500
	1.880–28.999
	2.017–28.998



	Index ranges
	−18 ≤ h ≤ 17,

−18 ≤ k ≤ 18,

−61 ≤ l ≤ 57
	−16 ≤ h ≤ 17,

−17 ≤ k ≤ 18,

0 ≤ l ≤ 23
	−24 ≤ h ≤ 24,

−23 ≤ k ≤ 23,

−30 ≤ l ≤ 30
	−15 ≤ h ≤ 15,

−27 ≤ k ≤ 27,

−34 ≤ l ≤ 34
	−16 ≤ h ≤ 16,

−26 ≤ k ≤ 26,

−20 ≤ l ≤ 20



	reflections collected
	63,809
	31,974
	211,750
	71,924
	33,909



	independent reflections
	21,755 (Rint =0.1051)
	12,799 (Rint = 0.0881)
	17,880 (Rint = 0.0785)
	15,895 (Rint = 0.0376)
	9218 (Rint = 0.0375)



	R1/wR2 (I > 2σ(I))
	0.0625/0.1229
	0.0578/0.1357
	0.0528/0.1493
	0.0288/0.0713
	0.0254/0.0535



	R1/wR2 (all data)
	0.0998/0.1397
	0.0796/0.1571
	0.0716/0.1601
	0.0305/0.0721
	0.0336/0.0572



	data/restraints/parameters
	21,755/21/1123
	12,799/0/673
	17,880/4/1206
	15,895/14/744
	9218/0/452



	goodness-of-fit on F2
	0.992
	1.122
	1.270
	1.176
	1.031



	Tmin/Tmax
	0.5983/0.7461
	0.6114/0.7460
	0.0005/1.0000
	0.5842/0.7461
	0.5471/0.7460



	Δρmax/Δρmin, e·Å−3
	1.726/−1.364
	2.234/−2.266
	1.809/−1.218
	1.909/−1.385
	0.784/−0.613










[image: Table] 





Table 2. Selected bond lengths (Å) and angles (°) in 1-Dy(1), 2-Dy, 3-Ho(1) and 4-Er.
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	1-Dy(1)
	2-Dy
	3-Ho(1)
	4-Er





	Ln-N1 (pyridine)
	2.597(9)
	2.706(5)
	2.656(4)
	2.616(3)



	Ln-N1A (pyridine)
	2.647(9)
	2.663(5)
	2.627(4)
	2.629(4)



	Ln-N2
	2.503(10)
	2.601(5)
	2.535(4)
	2.513(3)



	Ln-N2A
	2.508(11)
	2.603(5)
	2.534(4)
	2.494(4)



	Ln-N4
	2.575(11)
	2.561(5)
	2.577(5)
	2.517(4)



	Ln-N4A
	2.554(11)
	2.534(5)
	2.516(4)
	2.598(3)



	Ln-O1
	2.377(8)
	2.496(4)
	2.371(4)
	2.347(3)



	Ln-O1A
	2.398(9)
	2.453(4)
	2.389(3)
	2.358(3)



	Ln-O2
	2.528(8)
	2.346(5)
	2.499(3)
	2.392(3)



	Ln-O2A
	2.414(9)
	2.360(4)
	2.349(3)
	2.464(3)



	Dihedral angle *, °
	58.7(3)
	58.36(10)
	59.92(8)
	57.80(10)







*Angle between the planes N1-N2-N4-Ln1 and N1A-N2A-N4A-Ln1.
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Table 3. Calculated crystal-field (CF) splitting energies (cm−1) of the lowest J-multiplets of Ln3+ ions and g-tensors of the ground and first excited CF states in 1-Dy, 2-Dy, 3-Ho and 4-Er complexes.
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1-Dy, 6H15/2

	
2-Dy, 6H15/2

	
3-Ho, 5I8

	
4-Er, 4I15/2






	
0

	
0

	
0

	
0




	
23

	
39

	
0.6

	
23




	
65

	
77

	
85

	
75




	
109

	
116

	
92

	
197




	
210

	
197

	
117

	
234




	
253

	
267

	
132

	
284




	
295

	
312

	
162

	
328




	
345

	
358

	
187

	
390




	

	

	
227

	




	

	

	
250

	




	

	

	
282

	




	

	

	
330

	




	

	

	
339

	




	
g-tensor components of the ground CF state




	
gx = 0.084

	
gx = 0.082

	
-

	
gx = 0.461




	
gy = 1.096

	
gy = 0.581

	
gy = 1.037




	
gz = 17.981

	
gz = 19.000

	
gz = 14.884




	
g-tensor components of the first excited CF state




	
gx = 0.428

	
gx = 0.306

	
-

	
gx = 2.068




	
gy = 0.620

	
gy = 0.381

	
gy = 4.896




	
gz = 16.210

	
gz = 17.310

	
gz = 11.618
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