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Abstract

:

The reactions of hydrated lanthanide(III) [Ln(III)] nitrates and salicylideneaniline (salanH) have provided access to two families of mononuclear complexes depending on the reaction solvent used. In MeCN, the products are [Ln(NO3)3(salanH)2(H2O)]·MeCN, and, in MeOH, the products are [Ln(NO3)3(salanH)2(MeOH)]·(salanH). The complexes within each family are proven to be isomorphous. The structures of complexes [Ln(NO3)3(salanH)2(H2O)]·MeCN (Ln = Eu, 4·MeCN_Eu, Ln = Dy, 7·MeCN_Dy; Ln = Yb, 10·MeCN_Yb) and [Ln(NO3)3(salanH)2(MeOH)]·(salanH) (Ln = Tb, 17_Tb; Ln = Dy, 18_Dy) have been solved by single-crystal X-ray crystallography. In the five complexes, the LnIII center is bound to six oxygen atoms from the three bidentate chelating nitrato groups, two oxygen atoms from the two monodentate zwitterionic salanH ligands, and one oxygen atom from the coordinated H2O or MeOH group. The salanH ligands are mutually “cis” in 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb while they are “trans” in 17_Tb and 18_Dy. The lattice salanH molecule in 17_Tb and 18_Dy is also in its zwitterionic form with the acidic H atom being clearly located on the imine nitrogen atom. The coordination polyhedra defined by the nine oxygen donor atoms can be described as spherical tricapped trigonal prisms in 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb and as spherical capped square antiprisms in 17_Tb and 18_Dy. Various intermolecular interactions build the crystal structures, which are completely different in the members of the two families. Solid-state IR data of the complexes are discussed in terms of their structural features. 1H NMR data for the diamagnetic Y(III) complexes provide strong evidence that the compounds decompose in DMSO by releasing the coordinated salanH ligands. The solid complexes emit green light upon excitation at 360 nm (room temperature) or 405 nm (room temperature). The emission is ligand-based. The solid Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes of both families exhibit LnIII-centered emission in the near-IR region of the electromagnetic spectrum, but there is probably no efficient salanH→LnIII energy transfer responsible for this emission. Detailed magnetic studies reveal that complexes 7·MeCN_Dy, 17_Tb and 18_Dy show field-induced slow magnetic relaxation while complex [Tb(NO3)3(salanH)2(H2O)]·MeCN (6·MeCN_Tb) does not display such properties. The values of the effective energy barrier for magnetization reversal are 13.1 cm−1 for 7·MeCN_Dy, 14.8 cm−1 for 17_Tb, and 31.0 cm−1 for 18_Dy. The enhanced/improved properties of 17_Tb and 18_Dy, compared to those of 6_Tb and 7_Dy, have been correlated with the different supramolecular structural features of the two families. The molecules [Ln(NO3)3(salanH)2(MeOH)] of complexes 17_Tb and 18_Dy are by far better isolated (allowing for better slow magnetic relaxation properties) than the molecules [Ln(NO3)3(salanH)2(H2O)] in 6·MeCN_Tb and 7·MeCN_Dy. The perspectives of the present initial studies in the Ln(III)/salanH chemistry are discussed.
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1. Introduction


The interdisciplinary field of Molecular Magnetism [1] has undergone revolutionary changes since the early 1990s when it was discovered that the 3-dimensional metal coordination cluster [Mn12O12(O2CMe)16(H2O)4] could behave as a single-domain tiny magnet at a very low temperature [2,3,4]. This discovery gave birth to the currently “hot” area of Single-Molecule Magnetism. Currently trivalent lanthanides, Ln(III), have entered the area in a dynamic way [5,6,7,8,9,10,11,12,13,14] by virtue of their large magnetic moments and single-ion anisotropies. Mononuclear Ln(III) complexes are central “players” in this “game” because they represent one of the smallest, magnetically bi-stable units and can, thus, be considered as ideal candidates for high-density storage or quantum computing [5,6,10,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. Mononuclear Ln(III) Single-Molecule Magnets (SMMs), which are often called Single-Ion Magnets (SIMs), have been reported with a blocking temperature (~60 K) approaching that of the liquid nitrogen [34,35,36]. The effective energy anisotropic barrier for magnetization reversal arises from the intrinsic electronic sub-level structure of the Stark components [5]. Such energy considerations depend on the subtle variation of several parameters. These include the Kramers/non-Kramers character of the LnIII center, its oblate/prolate 4f-electron density, the geometry of the complex, the symmetry of the coordination sphere, and the donor strength of the donor atoms [5,6,7,8]. The relaxation of the magnetization may take place through various mechanisms, which are either spin-lattice processes (Raman, Orbach, direct relaxations) or the Quantum Tunneling of the Magnetization (QTM) process. After 10 years of intense research, the design synthetic criterion has been established and tested for Dy(III) complexes. Dy(III) SIMs are the most numerous because DyIII has an odd number of 4f electrons (a Kramers’ ion), which ensures that the ground state will always be bi-stable irrespective of the symmetry of the ligand field. The requirement for a successful Dy(III) SIM is a strongly axial ligand field. The coordination numbers that give rise to strong axial crystal fields are 1 and 2. Such Ln(III) complexes cannot be isolated, but extensive synthetic and magnetic experimental work has proven that the DyIII coordination number can be higher (this is the usual situation) as long as the strong axial crystal field is supported by equational ligands that are weak donors.



In addition to their exciting magnetic properties, the LnIII ions in their simple salts and complexes give rise to interesting photoluminescence properties arising from forbidden 4f-4f (or 4f-5d in the case of CeIII) electronic transitions [37,38]. The low intensity of the 4f-4f transitions is a disadvantage and use of suitable organic ligand chromophores is required. Thus, many Ln(III) complexes exhibit sharp, intense emission lines upon UV light excitation because of the effective intermolecular transfers from the coordinated ligand (which behaves as an antenna) into the emissive levels of the LnIII ions that result in a radiative emission process [37,38,39]. Of particular interest are Ln(III) complexes such as Pr(III), Nd(III), Sm(III), Dy(III), Ho(III), Er(III), and Yb(III) ones that emit light in the near-IR region of the electromagnetic spectrum [40,41,42,43]. These LnIII ions find a wide variety of applications in fluoroimmunoassays (YbIII-based luminescence), telecommunications (ErIII ~ 1.54 μm), optical communication systems (TmIII ~ 1.4 μm), optical amplifiers (DyIII-based luminescence), and solid-state lasers (NdIII ~ 1.06 μm, Ho ~ 2.09 μm).



Another modern topic of relevance to the present work in the chemistry of Ln(III) complexes is the simultaneous incorporation of both SIM and photoluminescence properties in the same complex [44]. The concurrence of emission and magnetic properties in such bifunctional (or hybrid) materials creates the possibility of tuning light emission by a magnetic field. The initial studies were focused on the isolation of emissive ferromagnets due to their applications in multimodal sensing and optoelectronics [45]. Luminescent SIMs are also of great scientific value for the in-depth investigation of the mechanisms that govern the magnetization relaxation in mononuclear Ln(III) complexes because photoluminescence studies can, in principle, allow scientists to determine spectroscopically the Stark sublevels of some LnIII ions and compare them with those derived from the magnetic measurements. Excellent results on this topic are available in References [44,46,47,48,49].



Our groups have a long-standing, intense interest in the chemistry, magnetism, and photoluminescence of 4f-metal complexes [50,51,52,53,54,55,56] and recently our attention has focused on mononuclear emissive Ln(III) complexes exhibiting slow magnetization relaxation [57]. Our design synthetic strategy is to use ligands that act as terminal (either monodentate or chelating) and possess chromophores that can facilitate efficient energy transfer from their triplet state to the LnIII ions’ excited (i.e., emissive) levels. Potentially polydentate O and N-donor Schiff bases [58] often lead to dinuclear or polynuclear complexes [13,59,60,61]. Rather surprisingly, mononuclear Ln(III) complexes with simple bidentate ligands derived from the condensation of salicylaldehyde (and its derivatives) and aniline (and its derivatives) have escaped the attention of scientists. The general formula of these ligands, which have the empirical name anils, is shown in Scheme 1. When neutral (the deprotonated phenoxido oxygen atom can bridge two LnIII ions and favor dinuclear species), these ligands are expected to behave as bidentate chelating, which leads to mononuclear complexes. Moreover, the presence of two aromatic rings per molecule makes these Schiff bases potential antennas for sensitizing LnIII-based emission. Anils have written their own history in Physical Chemistry. The prototype, N-salicylideneaniline (R1 = R2 = H in Scheme 1; salanH; the systematic name is 2-(phenyliminomethyl)phenol; alternative names already used are 2-hydroxybenzylideneaniline or phenylsalicylaldimine) is a well-known organic photochromic compound whose crystals change their color from orange to red upon UV irradiation and then back to orange upon thermal fading or VIS irradiation [62,63,64,65]. The mechanism responsible for the photochromic color change has been proposed to involve (Scheme 2): (a) conversion of the colorless enol (or enol-imine) form to the orange cis-keto (or cis-keto-amine) form with excited-state intramolecular proton transfer upon UV irradiation (keto-enol tautomerization), and (b) cis-trans isomerization to afford the red trans-keto form. Extensive studies have revealed that the photochromic behavior of salanH is related to its molecular conformation in the crystal. The dihedral angle between the two aromatic rings is a key parameter for the appearance of the photochromic properties.



We have very recently reported the synthesis and characterization of the isomorphous complexes [Ln(NO3)3(5BrsalanH)2(H2O)]·MeCN where 5BrsalanH is N-(5-bromosalicylidene)aniline (R1 = Br at the meta carbon position with respect to the OH-containing carbon atom) [57]. The DyIII member of this family shows field-induced magnetic relaxation and emits green light upon excitation at ~340 nm with the photoluminescence being ligand-based. We report in this paper a logical continuation of this work, which involves the reactions of hydrated lanthanide(III) nitrates with neutral salanH (Scheme 1) and the prototype of the anil group of ligands. Our primary goals were: (i) The comparison of the coordination chemistry of salanH towards Ln(III) ions with that of 5BrsalanH [57] and (ii) the investigation of the magnetic properties of the Tb(III) and Dy(III) complexes and the possibility to observe slow magnetization relaxation, i.e., SIM properties and (iii) the study of the photoluminescence properties of selected compounds with emphasis on the possibilities to observe LnIII-based emission and to record emission in the near-IR region. The ultimate goal was to isolate emissive SIMs. The salanH/salan− ligands have widely been used in transition and main group metal chemistries [66,67,68,69,70,71,72,73,74], but no Ln(III) complexes have been reported to date. The structural chemistry of the free salanH compound is exciting. This aromatic Schiff base forms two photochromic polymorphs, α1 [75] and α2 [76]. Both polymorphs feature non-coplanar phenyl rings and a planar, thermochromic polymorph, β [77]. A fourth planar polymorph was also reported two years ago [78]. All the four polymorphs are in the enol form featuring an intramolecular O-H···N H bond. It should be mentioned at this point that the phenomenon of thermochromism is related to that of the photochromism. Upon heating, the anils that are not photochromic in the crystalline state develop an absorbance spectrum resembling the spectrum of the colored photochromic solid with the process being the transformation of the enol form to the cis-keto form. The two phenomena are mutually exclusive.



Before closing the introduction, we would like to state that there is currently a renewed interest in the chemistry of mononuclear Ln(III)-Schiff base complexes because of two reasons: (a) There has been demonstrated that two and four electrons can be stored, respectively, in intramolecular and intermolecular C-C bonds formed by Ln(III)-assisted reduction of the imino group of Schiff base ligands, which shows that the latter can provide a promising alternative to amide and cyclopentadienyl ligands and open a novel route to the reductive chemistry of lanthanides [79] and (b) Yb(III) complexes with polydentate chelating Schiff bases are qubit candidates due to the very large splitting between the electronic ground doublet and the first excited crystal field state and their intrinsic slow paramagnetic relaxation [80] as well as candidates for novel coupled electronic qubit-nuclear qubit systems [81].




2. Results and Discussion


2.1. Synthetic Comments


Since we were interested in preparing mononuclear Ln(III) complexes with the neutral salanH ligand, we avoided the addition of an external base (e.g., NaOH, Et3N, R4NOH, etc.) in the reaction systems. Depending on the reaction solvent used, two families of mononuclear complexes were isolated. The 1:1 reactions of Ln(NO3)3 xH2O or Y(NO3)3·6H2O and salanH in MeCN gave orange crystals or microcrystalline powders in moderate to good yields (50% to 60%). Subsequent characterization revealed the formulation [Ln(NO3)3(salanH)2(H2O)]·MeCN (Ln = Pr, 1·MeCN_Pr; Nd, 2·MeCN_Nd; Sm, 3·MeCN_Sm; Eu, 4·MeCN_Eu; Gd, 5·MeCN_Gd; Tb, 6·MeCN_Tb; Dy, 7·MeCN_Dy; Ho, 8·MeCN_Ho; Er, 9·MeCN_Er; Yb, 10·MeCN_Yb), and [Y(NO3)3(salanH)2(H2O)]·MeCN (11·MeCN_Y). The crystals of 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb were of good quality and their structures were determined by single-crystal X-ray crystallography. The other complexes are proposed to be isomorphous with the structurally characterized compounds based on elemental analyses, IR spectra, powder X-ray patterns (pXRDs), and unit-cell determinations for selected complexes. Assuming that these mononuclear complexes are the only products from their corresponding reaction mixtures, their formation is summarized by Equation (1) where Ln stands for lanthanide or yttrium and x is 5 or 6.


  L n ( N  O 3  ) x  H 2  O + 2 s a l a n H + M e C N  →  M e C N    [  L n   ( N  O 3  )  3    ( s a l a n H )  2   ]  M e C N + ( x − 1 )  H 2  O  



(1)







Analogous 1:1 reactions in MeOH gave yellowish orange solutions from which were subsequently precipitated orange crystals in moderate yields (40%–50%). The characterization of the products revealed the formulation [Ln(NO3)3(salanH)2(MeOH)]·(salanH) [Ln = Pr, 12_Pr; Nd, 13_Nd; Sm, 14_Sm; Eu, 15_Eu; Gd, 16_Gd; Tb, 17_Tb; Dy, 18_Dy; Ho, 19_Ho; Er, 20_Er; Yb, 21_Yb), and [Y(NO3)3(salanH)2(MeOH)]·(salanH) (22_Y). The crystals of 17_Tb and 18_Dy proved to be of X-ray quality and their structures were solved by single-crystal X-ray crystallography. Elemental analyses, IR spectra, pXRDs, and unit cell determinations for selected samples make us strongly believe that the other complexes are isomorphous with the structurally characterized compounds. Assuming that these mononuclear complexes are the only products from their corresponding reaction systems (this is not entirely correct, vide infra). Their formation can be represented by Equation (2) where Ln stands for lanthanide or yttrium and x is 5 or 6. Further points of synthetic interest are reported in the “Supplementary Materials” section.


  L n ( N  O 3  ) x  H 2  O + 3 s a l a n H + M e O H  →  M e O H    [  L n   ( N  O 3  )  3    ( s a l a n H )  2  M e O H  ]  ( s a l a n H ) + x  H 2  O  



(2)








2.2. Conventional Characterization of the Complexes


The analytical data of well dried samples of complexes 1·MeCN_Pr–11·MeCN_Y correspond to the formulation [Ln(NO3)3(salanH)2(H2O)]·yMeCN (y = 0–0.4). On the contrary, the analytical data of well dried samples of complexes 12_Pr–22_Y correspond to the crystallographic formula [Ln(NO3)3(salanH)2(MeOH)]·(salanH).



The samples used for the measurements are pure as proven by their pXRDs (Figure 1 and Figure S1). In the case of 12_Pr–22_Y, the experimental patterns of all compounds are identical with the simulated ones for the structurally characterized compounds 17_Tb and 18_Dy. In the case of 1·MeCN_Pr–11·MeCN_Y, the slight differences between the experimental and theoretical (as derived from the cifs) patterns are due to the presence of one solvate MeCN molecule per molecule of complex, which is completely or partially lost in the dried samples used for the pXRD measurements. We also calculated the pattern of complex 4·MeCN_Eu after removing the solvent atoms from the cif. Its similarity with the experimental pattern has slightly improved (Figure S2).



A full spectroscopic discussion (IR for all complexes, 1H NMR for the YIII complexes, and diffuse reflectance for selected complexes) is presented in the “Supplementary Materials” section. Representative spectra are shown in Figures S2–S7.




2.3. Description of Structures


The structures of complexes 4·MeCN_Eu, 7·MeCN_Dy, 10·MeCN_Yb, 17_Tb, and 18_Dy have been fully solved by single-crystal, X-ray crystallography. Aspects of the molecular and crystal structures of the complexes are shown in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 and Figures S8–S11. Numerical data are listed in Table 1, Table 2, Table 3 and Table 4 and Tables S1–S4. Complexes 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb are isomorphous. Thus, only the molecular and crystal structure of 7·MeCN_Dy will be described in detail. Complexes 17_Tb and 18_Dy are also isomorphous and only the molecular and crystal structure of compound 18_Dy will be discussed in detail.



The crystal structure of 7·MeCN_Dy consists of complex molecules [Dy(NO3)3(salanH)2(H2O)] and lattice MeCN molecules. Their ratio in the crystal is 1:1. The coordination sphere of the DyIII centeris composed of three bidentate chelating nitrato groups and two oxygen atoms that belong to two organic ligands and one oxygen atom from the aquo ligand (Figure 2). Thus, the metal ions is 9-coordinate. The salanH molecules behave as monodentate O-donor ligands. The acidic hydrogen atom of each neutral ligand is clearly located on the nitrogen atom of the Schiff-base linkage and the ligands are, thus, in their zwitterionic form (Scheme 3). The protonation of the nitrogen atom blocks the second possible coordination site of salanH. It should be mentioned at this point that the acidic hydrogen atom is located on the oxygen atom in the crystal structures of the various polymorphs of the free ligand [75,76,77,78]. There are two intramolecular H bonds of moderate strength in the complex molecule with the protonated nitrogen atoms N1 and N2 being the donors and the negatively charged coordinated oxygen atoms O1 and O2 being the acceptors, respectively (Figure S8). Their dimensions are: N1-H(N1) 0.91(4) Å, H(N1)···O1 1.84(5) Å, N1···O1 2.609(4) Å, N1-H(N1)···O1 140(4)°, and N2-H(N2) 0.70(4) Å, H(N2)···O2 2.10(4) Å, N2···O2 2.676(5) Å, N2-H(N2)···O2 140(5)°. Each [Dy(NO3)3(salanH)2(H2O)] molecule is also H-bonded to a lattice MeCN molecule. The donor is the oxygen atom of the coordinated H2O molecule and the acceptor is the nitrogen atom. The dimensions of this H bond are: HB(O1W)···N6 2.16(6) Å, O1W···N6 2.836(7) Å, and O1W-HB(O1W)···N6 169(7)°.



The Dy-O bond lengths fall in the range of 2.300(1)–2.572(1) Å and are typical for 9-coordinate Dy(III) complexes [51,55,57]. The bond lengths of DyIII to deprotonated phenoxido oxygens [2.300(1) and 2.310(1) Å] are shorter than the distances to the nitrato and aquo oxygens. Each Ln-O bond distance in the three isomorphous complexes 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb follows the order YbIII < DyIII < EuIII, which is a consequence of the well-known trend of lanthanide contraction. The C1-O1/C14-O2 [1.302(5), 1.311(5) Å], C6-C7/C19-C20 [1.415(6), 1.414(6) Å], and C7-N1/C20-N2 [1.299(6), 1.304(6) Å] bond lengths in the salanH ligands of 7·MeCN_Dy (as well as in 4·MeCN_Eu and 10·MeCN_Yb) indicate their enolate-protonated imine character (Scheme 3). However, the fact that these bond lengths are shorter, shorter, and longer, respectively, than those of the various polymorphic forms of salanH (the corresponding distances in the free ligand are ~1.35, 1.45–1.53, and ~1.27 Å) might suggest a small degree of ketone-amine character in the bonding scheme of the coordinated organic ligands. It is proposed that 7·MeCN_Dy has their ligands in an intermediate structure between phenolate and quinoid tautomers with a higher percentage of the former and does not, therefore, exist in either two limiting structural forms. This proposal is further supported by the fact that the C1-C6 and C14-C19 distances [1.441(5) and 1.433(5) Å in 7·MeCN_Dy] are slightly longer than the other carbon-carbon distances in the corresponding benzylidene rings of coordinated salanH ligands [1.363(7)–1.410(7) and 1.361(7)–1.410(6) Å, respectively].



There are no Archimedean, Platonic, and Catalan polyhedra with nine vertices and also no prisms or antiprisms can be constructed with this number of vertices. Thus, the only shapes that may be considered are those listed in Table S1. Using the program SHAPE [82], the best fit obtained for the LnIII centers in 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb is for the spherical tricapped trigonal prism (Figure 3, Table S1) with the nitrato atoms O3, O6, and O11 being the spherically distributed capping atoms. Since the nitrato coordinated groups impose small bite angles (~51°), the polyhedra are distorted.



The two coordinated salanH ligands in the three complexes deviate from planarity. The ligand bearing N2 is more planar than the ligand bearing N1 (Table 2, Scheme 4). For example, in complex 7·MeCN_Dy, the angle φ between the aromatic rings of the ligand possessing N2 is 11.5° while the angle between the rings of the ligand possessing N1 is 28.9°.



Complexes 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb have a similar formula with complexes [Ln(NO3)3(5BrsalanH)2(H2O)]·MeCN where Ln = Pr, Sm, Gd, Dy, Er [57] with analogous coordination modes for the ligands involved. However, they exhibit structural differences with the three main ones being: (i) The complexes of the present work have no molecular symmetry elements while the Ln(III)/5BrsalanH complexes possess a mirror plane symmetry. (ii) The two salanH ligands are in “syn” or (“cis”) positions in 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb [the O1-LnIII-O2 angle is in the 77.6(1)–78.0(1)° range] while the 5BrsalanH ligands are in “anti” (or “trans”) positions [the corresponding O1-LnIII-O1’ angle is in the 162.5(1)–165.4(1)° range] and (iii) The coordination polyhedra of the LnIII ions are spherically tricapped trigonal prisms in 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb, but spherical capped square antiprisms in the 5BrsalanH complexes.



The crystal structure of 18_Dy contains complex molecules [Dy(NO3)3(salanH)2(MeOH)] (Figure 4) and lattice salanH molecules (Figure 5) in a 1:1 ratio. The DyIII ion is a 9-coordinate and is bound to six oxygen atoms from the three bidentante chelating nitrato groups to the oxygen atom from the terminally coordinated MeOH molecule and to two oxygen atoms that belong to the zwitterionic monodentate salanH ligands (Scheme 3). There are three classical intramolecular H bonds of medium strength within the complex. The donors are the protonated nitrogen atoms of the salanH ligands (N1, N2) and the acceptors are the coordinated phenoxido atoms O1 and O2 and the coordinated nitrato oxygen atom O6. Their dimensions are: N1-O1 2.667(4) Å, H(N1)···O1 1.96(5) Å, N1-H(N1)···O1 135(4)°; N1-O63.156(4) Å, H(N1)···O62.50(5) Å, N1-H(N1)···O6 131(4)°; N2-O2 2.640(4) Å, H(N2)···O2 1.90(5) Å, and N2-H(N2)···O2 139(5)°. The lattice (i.e., uncoordinated) salanH molecule is also in its zwittetionic form. A strong intramolecular H bond exists in the lattice molecule. Its dimensions are: N6-O13 2.504(4) Å, H(N6)···O13 1.76(4) Å, and N6-H(N6)···O13 141(5)°.



The Dy-O bond distances are in the range 2.304(3) to 2.528(4) Å. The deprotonated oxygen atoms of salanH are closer to the DyIII center than the oxygen atoms of the nitrato and MeOH ligands. The C1-O1/C14-O2 [1.307(4), 1.304(4) Å], C6-C7/C19-C20 [1.414(6), 1.421(5) Å], and C7-N1/C20-N2 [1.304(5), 1.295(5) Å] bond lengths of the salanH ligands in 18_Dy (as well as in 17_Tb) indicate their enolate-protonated imine character (Scheme 3). As in the case of 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb, these bond lengths are shorter, shorter, and longer, respectively, than those of the various polymorphic forms of salanH and this might suggest a small degree of a ketone-amine character in the bonding scheme of the coordinated salanH ligands. The corresponding C28-O13 [1.303(5) Å], C33-C34 [1.416(5) Å], and C34-N6 [1.305(5) Å] bond distances reveal the same trend for the lattice salanH molecule.



The coordination polyhedra of the LnIII centers in 17_Tb and 18_Dy can be best described as spherical capped square antiprisms with the nitrato oxygen O9 being the capping atom (Figure 6, Table S2).



One of the two salanH ligands in 17_Tb and 18_Dy is almost planar. The angle between the two aromatic rings is 1.1° in 17_Tb and 1.0° in 18_Dy. The second salanH ligand is somewhat less planar with the angle being 9.6° in 17_Tb and 9.8° in 18_Dy. The lattice salanH molecule is nearly planar and the angle is 2.4° for both complexes.



By contrast with 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb, the salanH ligands in 17_Tb and 18_Dy are in mutually “anti” or “trans” positions with the O1-Ln-O2 angle [151.1(1)° in 17_Tb and 150.9(1)° in 18_Dy] being the largest donor atom-LnIII-donor atom bond angle in the coordination sphere. In respect of this, the conformation of 17_Tb and 18_Dy resembles that of complexes [Ln(NO3)3(5BrsalanH)2(H2O)]·MeCN (Ln = Pr, Sm, Gd, Dy, Er) [57].



A variety of similar intermolecular interactions are present in the crystal packing of the isomorphous complexes 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb. We discuss in this paper the interactions for complex 7·MeCN_Dy. Centrosymmetrically-related entities [Dy(NO3)3(salanH)2(H2O)]·MeCN form dimers through the O1W···O6’ and O1W’···O6 H bonds (Figure S8; ‘ = −x + 2, −y, −z − 1). The Dy···Dy’ distance within each dimer is 6.588(4) Å [the Eu···Eu’ distance in 4·MeCN_Eu is 6.623(1) Å and the Yb···Yb’ distance in 10·MeCN_Yb is 6.562(1) Å]. Neighboring {[Dy(NO3)3(salanH)2(H2O)]·MeCN}2 dimers interact further through π-π stacking interactions of the salanH aniline rings forming chains of dimers parallel to the [-101] crystallographic direction (Figure 7). The distance between the centrosymmetrically-related rings is 3.558(6) Å [this distance is 3.551(3) Å in 4·MeCN_Eu and 3.560(3) Å in 10·MeCN_Yb]. The shortest interdimer Dy···Dy distance along the chains is 9.586(1) Å [Eu···Eu = 9.628(1) Å, Yb···Yb = 9.549(1) Å]. The shortest inter-chain metal···metal distances are 8.056(1) (7·MeCN_Dy), 8.050(1) (4·MeCN_Eu), and 8.079(1) (10·MeCN_Yb) with neighboring chains linked through C13-H(C13)···O8′′′ (x − 1, y, z) H-bonding interactions where C13 is an aromatic carbon atom of the benzylidene ring of one salanH ligand. The chains are also “bridged” by MeCN molecules through the HB(O1W)···N6 (already mentioned) and C28-HB(C28)···O4′′ (x, y − 1, z) H-bonding interactions [the shortest metal···metal distance along this pathway is 11.696(1) Å for 7·MeCN_Dy, 11.729(1) Å for 4·MeCN_Eu and 11.657(1) Å for 10·MeCN_Yb] forming the 3D architecture of the complexes (Figure S9). C28 is the methyl carbon atom of the lattice MeCN molecule. The parameters of the H bonds for the three complexes are listed in Table S3.



The supramolecular features of the isomorphous complexes 17_Tb and 18_Dy are also interesting and we describe here those of the Dy(III) compound 18_Dy. The H bonds within the [Dy(NO3)3(salanH)2(MeOH)] complex molecule and the salanH lattice molecule have already been mentioned (see Figure S10). The lattice salanH molecules are H-bonded to the DyIII-containing complex molecules through the C36-H(C36)···O11 and O12-H(O12)···O13 (−x, −y + 2, −z + 2) H bonds (Figure 8). In addition to H bonds, π-π stacking interactions also contribute to the supramolecular structure. There are two types of π-π interactions for each coordinated salanH molecule with neighboring salanH ligands, which is indicated with different colors in Figure 8 (dashed dark and light green). The salanH ligands whose interaction is indicated by the dashed dark green line form an angle of 5.3(1)° between their mean planes (the same value is found for 17_Tb) and their centroid···centroid distance is 3.28 Å (3.27 Å for 17_Tb). The salanH ligands whose interaction is indicated by the dashed light green line form an angle of 5.3(1)° between their mean planes for both 17_Tb and 18_Dy and their centroid···centroid distance is 3.41 Å for 18_Dy and 3.36 Å for 17_Tb. The complex molecules interact further via π-π stacking interactions through centrosymmetrically-related aniline rings (rings containing the C21, C22, C23, C24, C25, and C26 atoms) with the centroid···centroid distance being 3.36 Å for both compounds. All these different types of interactions result in a 3D architecture, which gives the characteristic of a hybrid molecular material to the complexes. In more detail, through the π-π interactions indicated by the light and green lines in Figure 8, a brick wall-type arrangement of the DyIII-containing complex molecules is formed resulting in layers parallel to the (001) plane (Figure 9). The DyIII···DyIII distances within each layer are in the range 9.596(1)–10.298(1) Å [9.598(1)–10.312(1) Å for the Tb(III) complex]. The layers interact from one side with a centrosymmetrically-related layer of brick wall-type through π-π interactions involving the C21-containing aniline rings (Figure S11) and from the other side with a layer of lattice salanH molecules (Figure 10) parallel to the (001) plane through C36-H(C36)···O11 and O12-H(O12)···O13 (−x, −y + 2, −z + 2) H bonds (Figure 8). The layers are stacked along the c axis in such a way that two brick wall-type layers of the complex molecules are separated by a single layer of lattice salanH molecules (Figure S11), which give characteristics of a coordination complex-organic molecule hybrid material to the structures of 17_Tb and 18_Dy. In each layer of lattice salanH molecules, two types of overlap are observed with both relating molecules through a center of symmetry and their mean planes are at distances of 3.23(2) and 3.42(2) Å [3.27(4) and 3.41(4) Å for 17_Tb] for the interactions indicated with dashed light violet-orange and mauve lines, respectively (Figure 10). The parameters of the H bonds for 17_Tb and 18_Dy are listed in Table S4.




2.4. Emission Studies


Solid-state, room-temperature photoluminescence studies have been performed for the free ligand salanH (Figure 11) and complexes 4·MeCN_Eu (Figure 11), 5·MeCN_Gd (Figure S12), 6·MeCN_Tb (Figure S13), 7·MeCN_Dy (Figure S14), 15_Eu (Figure 11), 16_Gd (Figure S15), 17_Tb (Figure S16), and 18_Dy (Figure S17).



Upon maximum excitation at 360 nm, the free salanH ligand shows a broad emission with a maximum at 545 nm located in the green part of the visible spectrum.



The photoluminescence characteristics of the free ligand salanH and the Eu(III) (4·MeCN_Eu), Tb(III) (6·MeCN_Tb, 17_Tb), and Dy(III) (7·MeCN_Dy, 18_Dy) complexes are almost identical, which suggests no LnIII-based emission. The same excitation and emission profiles are seen for solid 15_Eu except an emission peak at 612 nm assigned [54,55] to the 5D0→7F2 transition and indicates a partial sensitized red EuIII emission. The photoluminescence characteristics of the Gd(III) complexes 5·MeCN_Gd and 16_Gd are nearly identical to those of the free salanH ligand and of complexes 4·MeCN_Eu, 6·MeCN_Tb, 7·MeCN_Dy, and 17_Tb and 18_Dy. All these experimental facts indicate that the broad green emission at ~525 to 540 nm in the spectra of all the eight complexes is salanH-centered and, thus, the coordinated ligand cannot act as a “sensitizer” for 4f-metal luminescence. It seems that this LnIII-independent emission is due to an efficient LnIII-to-salanH back energy transfer [50,52,83]. A reason for this behavior might be the fact that the main absorption bands of coordinated salanH (at ~500 nm) are not close to the region where some LnIII ions absorb (<400 nm) [57]. Upon the same excitation conditions, the room-temperature, solid-state emission spectra of the complexes are very similar with those recorded in acetone solutions (also at ~20 °C).



Solid-state, room temperature emission spectra upon CW laser excitation at 405 nm in the visible (Figure S18) and near-IR (Figure 12) regions have also been recorded for the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes.



The emission spectra in the visible region upon CW laser excitation at 405 nm are, in general, very similar with those of the Eu(III), Gd(III), Tb(III), and Dy(III) complexes mentioned above. Thus, they exhibit green, salanH-based luminescence. The similar f-f emission spectra of the Pr(III) complexes 1·MeCN_Pr and 12_Pr, exhibit, in addition to the broad band at ~540 nm, three weak peaks, a shoulder at ~580 nm assigned [41] to the 3P0→3H5 transition, a rather broad peak at ~605 nm assigned to the 1D2→3H4 transitions, and another shoulder assigned to the 3P0→3F2 transition at ~615 nm. It, thus, seems that a partial energy transfer from the coordinated organic ligands to PrIII is operative. The peak at ~605 nm is the most intense of the three due to the hypersensitivity of the 1D2→3H4 transition [41]. As a rule, the Pr(III) complexes exhibit complicated emission spectra because the Pr3+ ion can display emission bands from three levels (3P0, 1D2, and 1G4) after exciting the absorption of organic ligands [84]. The Nd(III) complexes 2·MeCN_Ndand 13_Nd exhibit in addition to the broad salanH-based band at ~540 nm a weak emission feature with a fine structure at ~590 nm, which is difficult to assign.



The T1→S0 transition from the excited triplet state to the ground state of the organic ligand is generally disallowed at room temperature due to non-radiative losses. The non-radiative losses can be divided into intramolecular and external losses to the environment, which are mainly collisions with quenching sites (e.g., oxygen or water). At room temperature, even in the absence of oxygen and water, the non-radiative losses typically outclass the radiative transition and, thus, detection of the triplet state at room temperature is not possible [85,86].



The assignments of the near-IR emission bands for the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes are located at the top of the corresponding peaks on Figure 12. For a given LnIII ion, the emission spectra are very similar when displaying the characteristic lanthanide(III) emission peaks.



The emission spectra of the Pr(III) complexes 1·MeCN_Pr and 12_Pr show three bands at ~865, ~1020, and ~1465 nm, which can be assigned as originating from the 1D2→3F2, 1D2→3F4 and 1D2→1G4 transitions, respectively [41,84]. Some crystal-field fine structures can be observed, which is an indication that the PrIII center occupies well-defined crystallographic sites in the complex [84]. For the Nd(III) complexes 2·MeCN_Nd and 13_Nd, the spectra consist of three emission peaks that are assigned to the 4F3/2→4I9/2 (~885 nm), 4F3/2→4I11/2 (~1050 nm), and 4F3/2→4I13/2 (~1330 nm) transitions [40,41,43,84]. Among the three peaks, the 4F3/2→4I11/2 transition has the highest intensity with a potential in laser systems while the transition at ~1330 nm offers the opportunity to develop new materials suitable for an optical amplifier operating at 1.3 μm, which is one of the telecommunication windows [84]. For the near-IR emission spectra of the Sm(III) complexes 3·MeCN_Sm and 14_Sm, all the peaks come from the 4G5/2 excited state [84]. In the case of the Er(III) complexes 9·MeCN_Er and 20_Er, the emission spectra display a peak at ~1530 nm, which covers a large spectral range from 1480 to 1620 nm. This is attributed to the typical 4I13/2→4I15/2 transition of ErIII [40,41,43,84]. There are a number of excited states of Er(III) from which emission is possible. The fact that emission is observed only from the 4I13/2 state suggests that an efficient non-radiative decay pathway exists from those states to the 4I13/2 state. The Er(III) complexes are promising for application in amplification because the transition at around 1530 nm is in the right position for the third telecommunication window [41,84]. To make possible a wide-gain bandwidth for optical amplification, a broad emission band is desirable. In our complexes, this requirement is realized since the full width at half-maximum is large (>60 nm). The Yb3+ ion is an unusual case in the Ln(III) emission because it has only one singlet excited state, 2F5/2, and 10,200 cm−1 above the ground 2F7/2 state [84]. The emission spectra of the Yb(III) complexes 10·MeCN_Yb and 21_Yb consist of the characteristic peak at ~990 nm, which is assigned to the 2F5/2→2F7/2 transition [41,84,87]. For 21_Yb, the typical broader vibronic components at longer wavelengths are observed [84]. The near-IR emission of Yb(III) is very important because biological issues and fluids (e.g., blood) are relatively transparent in this region (around 1000 nm) and the development of Yb(III) complexes for various analytical and chemo sensor application is a “hot” research topic in medicinal inorganic chemistry.



The detailed elucidation of the mechanism of the near-IR emission properties of the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes described in this work is beyond the scope of the present paper. With limited data at hand, the question asking if there is effective energy transfer from the triplet state of the salanH ligand to the near-IR emissive levels of the LnIII ions is difficult to answer. We believe that there is no efficient energy transfer from the ligand for two reasons: (a) The strong excitation intensity (from the CW laser) is able to activate the LnIIIs emission levels and (b) the presence of the ligand-based green emission of the complexes in the spectra (Figure S18) at room temperature is indicative of an incomplete or zero energy transfer to the excited levels of the LnIII ions [42].




2.5. Magnetic Studies of the Tb(III) and Dy(III) Complexes


The direct current (dc) magnetic susceptibility data (χM) on well dried samples of 6_Tb, 7_Dy, 17_Tb, and 18_Dy collected in the temperature (T) range 2.0 to 300 K under an applied field of 0.03 T are typical of mononuclear Tb(III) and Dy(III) complexes and will not be further discussed in detail. For example, the 298 K χMT values for 7_Dy and 18_Dy are ~14.3 cm3·K·mol−1, which is in very good agreement with the expected value for one DyIII center (6H15/2, free ion, S = 5/2, gj = 4/3). Upon cooling, the values of the χMT product decrease continuously and slowly reach the ~70% of their room-temperatures values at 2.0 K with the decrease being primarily due to the depopulation of the mj sublevels of the ground J state [5]. The magnetization plots show a rapid increase at low fields and almost saturated values over 2 T (Figures S19 and S20). The magnetization values at the maximum applied field of 5 T (~6.5 NμB) are significantly lower than the expected value for one isolate DyIII center (10 NμB), which can be attributed to the crystal-field effects that lead to a substantial magnetic anisotropy [5]. The observed experimental value is typical of mononuclear Dy(III) complexes [57].



Alternating current (ac) magnetic susceptibility experiments were carried out using a 4.0 G ac field oscillating in the frequency range of 10 to 1488 Hz in order to explore the magnetization dynamics of the four complexes. In the zero dc field, no out-of-phase (imaginary) components of the ac susceptibility, χ″M, were detected for frequencies between 10 and 1488 Hz even at the lowest investigated temperature (2 K). Under an external dc field of 0.1 T (in order to suppress the QTM and to enhance the slow magnetic relaxation properties), well-defined, temperature-dependent and frequency-dependent χ″M maxima were observed for the Dy(III) complexes 7_Dy and 18_Dy (Figure 13a,b), which indicated a field-induced slow magnetic relaxation. Complex 17_Dy shows tails of peaks at low frequencies under an external static field of 0.15 T and a well-defined maximum was clearly visible only for the higher frequency examined (1488 Hz) (Figure 13c). The optimum dc fields were decided by examining the χ″M vs. T response under different dc fields between 500 and 2000 G at two different ac frequencies (10 and 1000 Hz). A field-induced dependence of the susceptibility on temperature and frequency was observed and the optimum dc field that gives the clearest signal was selected for the ac measurements (Figure S21). For the Tb(III) complex 6_Tb, no field-induced properties were observed.



While complex 7_Dy presents a single set of maxima in the χ″M vs. T graph in the 3.5–2.0 K range (2.0 K is the lowest temperature limit of our instrument), complex 18_Dy presents the set of maxima at a higher temperature range (8–4 K) indicating better properties for the latter. Such a difference is also clear for the two Tb(III) complexes 6_Tb and 17_Tb. Complex 6_Tb has no magnetic response at all while 17_Tb shows χ″M dependence upon T. For a given LnIII center, the different magnetic response between the two complexes (7_Dy and 18_Dy and 6_Tb and 17_Tb) is a consequence of the different crystal fields around the metal ion in the two families [5,6,10,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. The different crystal fields arise mainly from the (i) different coordination geometries around the LnIII centers (tricapped trigonal prismatic in 6_Tb and 7_Dy vs. capped square anti-prismatic in 17_Tb and 18_Dy), (ii) different coordinated solvent molecules (H2O in 6_Tb and 7_Dy vs. MeOH in 17_Tb and 18_Dy), and (iii) the “cis” disposition of the salanH ligands in 6_Tb and 7_Dy as opposed to the “trans” disposition of the ligands in 17_Tb and 18_Dy (vide supra). Upon a more detailed examination, the better field-induced magnetic relaxation properties of 18_Dy compared with those of 7_Dy (a higher temperature range for the χ″M maxima in the former than in the latter) and of 17_Tb compared with those of 6_Tb (appearance of signals in the former and no magnetic response in the latter) can be correlated with the supramolecular structures of the two families (vide supra). The presence of the lattice (i.e., uncoordinated) salanH molecules in 17_Tb and 18_Dy “dilutes,” in a sense, these complexes (Figure 8, Figure 9 and Figure 10, Figures S10 and S11) resulting in longer LnIII···LnIII distances (>9.55 Å) and very diminished dipolar interactions between the LnIII cations, which both lead to better SIM properties. On the other hand, the formation of the double H-bonded {[Ln(NO3)3(salanH)2(H2O)]·MeCN}2 dimers (Figure 7 and Figure S8) in the isomorphous complexes 6_Tb and 7_Dy results in a shorter (compared with 17_Tb and 18_Dy) intradimer LnIII···LnIII distance [6.588(4) Å in the case of the structurally characterized complex 7·MeCN_Dy] and makes the complexes behave as “dinuclear” ones, which allows for very weak antiferromagnetic LnIII···LnIII exchange interactions. The final result is the diminution (in 7_Dy) or the disappearance (in 6_Tb) of the field-induced, slow magnetic relaxation properties.



The magnetic relaxation parameters of the Dy(III) complexes have been calculated using the Arrhenius Equation (3).


  ln ( 1 / 2 π υ ) = ln  (  1 /  τ 0   )  −  U  e f f   /  K B  T  



(3)




where τ0 is the pre-exponential factor, ΚB is the Boltzmann constant, and Ueff is the effective thermal energy barrier for magnetization reversal known as Orbach relaxation [88]. Best fits of the linear parts (Figure 14, left) give the parameters Ueff = 13.1 cm−1, τ0 = 4.5 × 10−7 s for 7_Dy, and Ueff = 31.0 cm−1, τ0 = 2.5 × 10−7 s for 18_Dy. Due to the lack of maxima in the χ″M vs. T graph for 17_Tb, a Debye relaxation has been assumed and the SIM parameters have been calculated using Equation (4) [89]. Considering a single relaxation process, the least-squares fits of the experimental data (Figure 14, center) give average values of Ueff = 14.8 cm−1, τ0 = 3.5 × 10−6 s. Due to a limited number of points in the Arrhenius plot for 7_Dy, the Debye relaxation has been assumed and the SIM parameters have also been calculated using Equation (4) [89]. The parameters are Ueff = 15.9 cm−1, τ0 = 5.3 × 10−6 s (Figure 14, right) in a rather satisfactory agreement with the values obtained from the previous Arrhenius plot that involves only three points [86].
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For complex 18_Dy, an increase of the χ″M values at low temperatures is clearly observable (Figure 13b, left), which suggests another set of maxima below 2 K. This second set might be also present in 7_Dy and 17_Tb, but the characteristics of our instrumental setup do not allow us to detect such a behavior below 2 K. The second set of maxima might indicate another pathway for magnetization relaxation different from the calculated Orbach process. This second set of maxima seems to be temperature-independent, which can be seen in the χ″M vs. T graph for 18_Dy (Figure 13b, left). Generally, such a temperature-independent process is attributed to a relaxation by fast QTM, but this seems to have been suppressed by the application of the external magnetic field.



The fit of the χ″M vs. χ′M data (Cole-Cole or Argand plot) for complexes 7_Dy and 17_Tb in the temperature range for which an Orbach process is assumed was performed using the CCfit software. The fit gives α values below 0.3 in both cases, which indicates a narrow distribution of the relaxation times (Figure S22, upper left and bottom left). A fit with reliable α values was not possible for 18_Dy due to the simultaneous existence of two pathways for magnetization relaxation (Figure S22, upper right).



Due to the fact that, in the absence of high symmetry (as in 7·MeCN_Dy and 18_Dy), the DyIII ground state is a doublet along the anisotropy axis with an angular momentum quantum number mj = ±15/2, we have determined the orientation of the ground-state magnetic anisotropy axes for the DyIII centers in the two Dy(III) complexes by employing a method reported in 2013 [90]. The method is based on an electrostatic point charge approximation and requires only the knowledge of the single-crystal, X-ray structure of the complexes (and not the fitting of experimental magnetic data). In 7·MeCN_Dy and 18_Dy, the charge distribution consists of a plane containing the two phenoxido oxygen atoms and one bidentate nitrato group (7·MeCN_Dy) or one phenoxido oxygen atom and two bidentate nitrato groups (18_Dy). Following this method and using the FORTRAN program MAGELLAN [91], it is found that the ground-state magnetic anisotropy axis for the DyIII center is directed towards one of the phenoxido oxygen atom in 7·MeCN_Dy (Figure 15, right) and towards two nitrato groups in 18_Dy (Figure 15, left). In our cases, the direction of the easy axes does not give valuable information and prediction since it is only a simple calculation. The distribution of the charged oxygen atoms (and the derived field) is spherical and any oblate-prolate [16] discussions are not possible.





3. Experimental Section


3.1. Materials, Physical, and Spectroscopic Measurements


All manipulations were performed under aerobic conditions using reagents and solvents (Alfa Aesar, Karlsruhe, Germany; Aldrich, Tanfrichen, Germany) as received. The organic ligand salanH was synthesized in typical yields of >85%, as described in the literature [71]. Its purity was checked by microanalyses, IR and 1H NMR spectra (Figure S6), and by the determination of its melting point (found, 46 °C, reported as 46 to 48 °C). Elemental analyses (C, H, N) were performed by the micro-analytical laboratory of the University of Patras (Patras, Greece). FT-IR spectra were recorded using a Perkin-Elmer 16PC spectrometer (Perkin-Elmer, Watham, MA, USA)with samples prepared as KBr pellets and as nujol or hexochlorobutadiene mulls. 1H NMR spectra of the free ligand and the diamagnetic Y(III) complexes were recorded on a 400 MHz Bruker Avance DPX spectrometer (Bruker, Karlsruhe, Germany) using (Me)4Si as an internal standard. Powder X-ray diffraction (pXRDs) patterns were recorded on freshly prepared samples of the complexes with a Siemens D500 diffractometer (Siemens, Karlsruhe, Germany) using Cu Ka radiation. The measurements were performed using the following combination of slits: 1.0°/1.0°/1.0° as aperture diaphragms, 0.15° as a detector diaphragm, and 0.15° as a diffracted beam mono-chromator diaphragm. The measured 2θ range between 2° and 40° was scanned in steps of 0.03° per 3 s. The accelerating voltage and applied current were 40 KV and 35 mA, respectively. Diffuse reflectance spectra were obtained with an Agilent Cary 5000 instrument (Company Agilent Technologies, Santa Clara, CA, USA) in the 400 to 1600 nm by using an integrating sphere. A KBr reference pellet was prepared by grinding pure KBr (CAS Number 7758-02-3, Sigma Aldrich, Athens, Greece) >99% purity) in a pestle and mortar until a homogenous fine powder was obtained. This was then placed in a pellet-forming die under high pressure (approximately 8 tons) for about 5 min until a homogenous-looking disc was obtained. Individual discs of the samples of the complexes mixed and pressed with KBr (roughly 2% in KBr) were prepared in a similar manner. Solid-state, room-temperature emission and excitation spectra of selected complexes were recorded using a Cary Eclipse fluorescence spectrophotometer (Varian, Palo Alta, CA, USA). Solid-state, room-temperature photoluminescence measurements were performed using a Horiba Jobin Yvon iHR550 Fluorolog system (Horiba Jobin Yvon, Kyoto, Japan) coupled with a Hamamatsu RS5509-73liquid-nitrogen cooled photomultiplier. All the samples were encapsulated in a soda lime glass substrate and excited at 405 nm (70 mW) with a continuous-wave (CW) laser. Solil-state, variable-temperature and variable-field magnetic data for the Tb(III) and Dy(III) complexes were collected on powdered samples using a MPMS5 Quantum Design magnetometer (Quantum Design, San Diego, CA, USA) operating at 0.03 T in the 300 to 2.0 K range for the magnetic susceptibility and at 2.0 K in the 0 to 5 T range for the magnetization measurements. Diamagnetic corrections were applied to the observed susceptibilities using Pascal’s constants [92].




3.2. Synthesis of the Representative Complex [Dy(NO3)3(salanH)2(H2O)]·MeCN (7·MeCN_Dy)


To a stirred yellow solution of salanH (0.17 g, 0.1 mmol) in MeCN (5 mL) solid Dy(NO3)3·5H2O (0.31 g, 0.1 mmol) was added. The solid soon dissolved and the resulting yellowish orange solution was stirred for a further 5 min and stored in a closed flask at room temperature. X-ray quality, orange crystals of the product were obtained within 24 h. The crystals were collected by filtration, washed with cold MeCN (1 mL) and Et2O (2 × 2 mL), and dried in a vacuum dessicator overnight. The yield was 53% (based on the ligand available). The complex was satisfactorily analyzed as lattice MeCN-free, i.e., as 7. Anal. calc. for C26H24N5O12Dy (found values in parentheses): C 41.03 (41.17), H 3.19 (3.24), N 9.20 (9.17) %. IR bands (KBr, cm−1): 3396mb, 3068w, 1636s, 1610s, 1590m, 1536s, 1482sb, 1384m, 1318m, 1288s, 1240m, 1228m, 1182m, 1144s, 1122w, 1042sh, 1030m, 1010m, 906w, 872m, 832w, 812m, 788m, 754s, 688m, 584m, 554w, 518m, 502sh, 470w, 458w, and 410sh.




3.3. Syntheses of [Pr(NO3)3(salanH)2(H2O)]·MeCN (1·MeCN_Pr), [Nd(NO3)3(salanH)2(H2O)]·MeCN (2·MeCN_Nd), [Sm(NO3)3(salanH)2(H2O)]·MeCN (3·MeCN_Sm), [Eu(NO3)3(salanH)2(H2O)]·MeCN (4·MeCN_Eu), [Gd(NO3)3(salanH)2(H2O)]·MeCN (5·MeCN_Gd), [Tb(NO3)3(salanH)2(H2O)]·MeCN (6·MeCN_Tb), [Ho(NO3)3(salanH)2(H2O)]·MeCN (8·MeCN_Ho), [Er(NO3)3(salanH)2(H2O)]·MeCN (9·MeCN_Er), [Yb(NO3)3(salanH)2(H2O)]·MeCN (10·MeCN_Yb) and [Y(NO3)3(salanH)2(H2O)]·MeCN (11·MeCN_Y)


These complexes were prepared in an identical manner with 7·MeCN_Dy by simply replacing Dy(NO3)3·5H2O with the equivalent amount of the appropriate Ln(NO3)3·xH2O starting material (x = 5 or 6). Typical yields were in the 50% to 60% range (based on salanH). The complexes were satisfactorily analyzed as lattice MeCN-free. In some samples, a small percentage of lattice MeCN (typically 0.1–0.4 moles per mole of the complex) could also fit well with the experimental microanalytical data. Anal. calc. for C26H24N5O12Ln (found values in parentheses): 1 (Ln = Pr): C 42.22 (42.66), H 3.28 (3.30), N 9.47 (9.60) %, 2 (Ln = Nd): C 42.04 (41.87), H 3.26 (3.35), N 9.43 (9.51) %, 3 (Ln = Sm): C 41.70 (41.91), H 3.24 (3.28), N 9.35 (9.47) %, 4 (Ln = Eu): C 41.61 (41.77), H 3.23 (3.17), N 9.33 (9.43) %, 5 (Ln = Gd): C 41.32 (41.17), H 3.21 (3.28), N 9.27 (9.42) %, 6 (Ln = Tb): C 41.22 (41.38), H 3.20 (3.27), N 9.25 (9.36) %, 8 (Ln = Ho): C 40.90 (41.11), H 3.17 (3.12), N 9.18 (9.33) %, 9 (Ln = Er): C 40.78 (40.70), H 3.17 (3.12), N 9.15 (9.38) %, 10 (Ln = Yb): C 40.77 (41.00), H 3.14 (3.09), N 9.08 (9.14) %, 11 (Ln = Y): C 45.42 (45.67), H 3.53 (3.39), N 10.19 (10.32) %. The IR spectra of these complexes are almost superimposable with the spectrum of 7_Dy with a maximum wave number difference of ±3 cm−1.




3.4. Synthesis of the Representative Complex [Dy(NO3)3(salanH)2(MeOH)]· (salanH) (18_Dy)


To a stirred yellow solution of salanH (0.17 g, 0.1 mmol) in MeOH (5 mL), solid Dy(NO3)3·5H2O (0.31 g, 0.1 mmol) was added. The solid soon dissolved and the resulting yellowish orange solution was stirred for a further 10 min and stored in a closed flask at room temperature. X-ray quality, orange-brown crystals of the product were precipitated within 2 days. The crystals were collected by filtration, washed with cold MeOH (1 mL) and Et2O (4 × 2 mL), and dried in air. The yield was 47% (based on the ligand available). Anal. calc. for C40H37N6O13Dy (found values in parentheses): C 49.41 (49.57), H 3.84 (3.76), N 8.65 (8.73) %. IR bands (KBr, cm−1): 3420wb, 3062w, 1638s, 1618m, 1598s, 1534s, 1490s, 1458m, 1452sh, 1384m, 1302sh, 1284s, 1238m, 1182m, 1142s, 1120w, 1022s, 906m, 886w, 842sh, 832w, 814w, 786w, 760sh, 754s, 736sh, 682m, 578m, 554m, 514m, 504m, and 458m.




3.5. Syntheses of [Pr(NO3)3(salanH)2(MeOH)]·(salanH) (12_Pr), [Nd(NO3)3(salanH)2(MeOH)]· (salanH) (13_Nd), [Sm(NO3)3(salanH)2(MeOH)]· (salanH) (14_Sm), [Eu(NO3)3(salanH)2(MeOH)]· (salanH) (15_Eu), [Gd(NO3)3(salanH)2(MeOH)]· (salanH) (16_Gd), [Tb(NO3)3(salanH)2(MeOH)]· (salanH) (17_Tb), [Ho(NO3)3(salanH)2(MeOH)]· (salanH) (19_Ho), [Er(NO3)3(salanH)2(MeOH)]· (salanH) (20_Er), [Yb(NO3)3(salanH)2(MeOH)]· (salanH) (21_Yb) and [Y(NO3)3(salanH)2(MeOH)]· (salanH) (22_Y)


These complexes were prepared in an identical manner with 18_Dy by simply by replacing Dy(NO3)3·5H2O with the equivalent amount of the appropriate Ln(NO3)3·xH2O starting material (x = 5 or 6). Typical yields were in the 40% to 50% range (based on salanH). Anal. calc. for C40H37N6O13Ln (found values in parentheses): 12 (Ln = Pr): C 50.53 (51.12), H 3.93 (4.06), N 8.84 (8.76) %; 13 (Ln = Nd): C 50.35 (49.70), H 3.92 (3.95), N 8.81 (8.82) %; 14 (Ln = Sm): C 50.03 (50.36), H 3.89 (3.79), N 8.75 (8.61) %; 15 (Ln = Eu): C 49.95 (50.13), H 3.89 (3.96), N 8.74 (8.81) %; 16 (Ln = Gd): C 49.68 (50.08), H 3.86 (3.78), N 8.69 (8.78) %; 17 (Ln = Tb): C 49.59 (49.73), H 3.86 (3.97), N 8.68 (8.40) %; 19 (Ln = Ho): C 49.28 (49.11), H 3.83 (3.71), N 8.62 (8.56) %; 20 (Ln = Er): C 49.17 (49.51), H 3.82 (3.86), N 8.60 (8.81) %; 21 (Ln = Yb): C 48.88 (49.13), H 3.80 (3.73), N 8.55 (8.79) %; 22 (Ln = Y): C 53.45 (52.99), H 4.16 (4.11), N 9.35 (9.20) %. The IR spectra of 12_Pr-17_Tb and 19_Ho-22_Y are almost superimposable with the spectrum of 18_Dy with a maximum wave number difference of ±5 cm−1.




3.6. Single-Crystal X-ray Crystallography


Suitable orange crystals of 4·MeCN_Eu (0.06 × 0.25 × 0.34 mm), 7·MeCN_Dy (0.11 × 0.20 × 0.37 mm), 10·MeCN_Yb (0.04 × 0.15 × 0.20 mm), 17_Tb (0.05 × 0.13 × 0.22 mm), and an orange-brown crystal of 18_Dy (0.06 × 0.07 × 0.22 mm) were taken from the mother liquor and immediately cooled to −103 °C for 4·MeCN_Eu and −113 °C for the other complexes. Diffraction data were collected on a Rigaku R-AXIS SPIDER Image Plate diffractometer using graphite-monochromated Mo Kα (4·MeCN_Eu, 10·MeCN_Tb) or Cu Kα (7·MeCN_Dy, 17_Tb, 18_Dy) radiations. Data collection (ω-scans) and processing (cell refinement, data reduction, and empirical absorption correction) were performed using the CrystalClear program package [93]. The structures were solved by direct methods using SHELXS, ver. 2013/1 [94] and refined by full-matrix least-squares techniques on F2 with SHELXL, ver. 2014/6 [95]. All non-H atoms were refined anisotropically. The H atoms in the five structures were either located by difference maps and refined isotropically or were introduced at calculated positions and refined as riding on their corresponding bonded atoms. Plots of the structures were drawn using the Diamond 3 program package [96]. Important crystallographic data are listed in Table S5. Full details can be located in the CIF files.



The X-ray crystallographic data for the complexes have been deposited with CCDC (reference numbers CCDC 1863571, 1863570, 1863572, 1863568, and 1863569 for 4·MeCN_Eu, 7·MeCN_Dy, 10·MeCN_Tb, 17_Tb, and 18_Dy, respectively). They can be obtained free of charge at http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge, CB2 1EZ, UK: Fax: +44-1223-336033; or e-mail: deposit@ccdc.cam.ac.uk.





4. Conclusions and Perspectives


It is difficult to conclude on a research project that is still at its infancy. We believe that we have partly fulfilled the three goals mentioned in Section 1 (Introduction). In detail: (i) The first use of the bidentate anil ligand salanH (R1 = R2 = H in Scheme 1) has provided access to two families of mononuclear Ln(III) complexes depending on the reaction solvent used. The members of the two molecules have exciting structural features (both molecular and supramolecular) including an extremely rare coordination mode of the salanH ligands in both families, the presence of a lattice salanH molecule in the [Ln(NO3)3(salanH)2(MeOH)]·(salanH) family (12–22), the formation of doubly H-bonded dimers in the [Ln(NO3)3(salanH)2(H2O)]·MeCNcomplexes (1–11), and the different spatial disposition (“cis” in 1–11 vs. “trans” in 12–22) of the coordinated salanH ligands. The coordination chemistry of salanH towards Ln(III) ions is distinctly different from the recently reported [57] coordination chemistry of 5BrsalanH (R1 = Br and R2 = H in Scheme 1). For example, while complexes [Ln(NO3)3(salanH)2(H2O)]·MeCN (present work) and [Ln(NO3)3(5BrsalanH)2(H2O)]·MeCN [57] have the same chemical composition, their molecular and supramolecular structures differ (vide supra). (ii) The Tb(III) compound 17_Tb and the Dy(III) complexes 7_Dy and 18_Dy show field-induced slow magnetic relaxation properties. The enhanced/improved properties of 17_Tb and 18_Dy compared with those of 6_Tb and 7_Dy have been nicely correlated with the different supramolecular characteristics of the two families and (iii) the complexes exhibit ligand-based green photoluminescence at room-temperature while near-IR, Ln(III)-based emission has been recorded for the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) members of the two families. Complexes 7_Dy, 17_Tb, and 18_Dy can be considered as compounds that exhibit both photoluminescence (albeit not derived from the 4f-metal ions) and field-induced slow magnetic relaxation by combining the two properties within the same molecule. We are still far from our ultimate goal of correlating optical and magnetic properties since it has been performed in an elegant way by other groups [44,46,47,48,49].



Our future efforts in the present general project are directed towards: (a) Synthetic, structural, optical, and magnetic studies of complex [Dy(NO3)3(salanH)2(MeOH)] (mentioned in the “Supplementary Materials” section) and its analogues with other 4f-metal ions. (b) The preparation of mononuclear Ln(III) complexes with other anil-type ligands (R1, R2 = various non-donor groups in Scheme 1) with the goals to see if there are other structural types in this chemistry (for example, if a bidentate chelating coordination mode of the ligands can be realized), isolate complexes with zero-field SIM properties (for example, using bulkier anils to lower the coordination number of the LnIII center) and to achieve LnIII-based emission with the organic ligand acting as an “antenna” (for example, enhancing the aromatic content of the ligands in order to realize efficient organic ligand-to-LnIII energy transfer). All these efforts, which are already well advanced, are in progress and results will be reported in due course. Lastly, we have been working intensely to realize our long-term goal to achieve DyIII-based emission in a SIM. This will enable us to correlate luminescence and magnetism since the highest f-f transition in the emission spectra can provide a direct picture of the splitting of the ground J multiplet.
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The following are available online at http://www.mdpi.com/2312-7481/4/4/45/s1. Further points of synthetic interest and full spectroscopic studies in textual form (together with references), Figure S1: Experimental and simulated X-ray powder patterns of complexes 4·MeCN_Eu, 7·MeCN_Dy and 10·MeCN_Yb. Figure S2: The IR spectrum of complex 7·MeCN_Dy. Figure S3: The IR spectrum of complex 17_Tb. Figure S4: The 1H NMR spectrum of complex 22_Y in DMSO-d6. Figure S5: The 1H NMR spectrum of complex 11_Y in DMSO-d6. Figure S6: The 1H NMR spectrum of salanH in DMSO-d6. Figure S7: Diffuse reflectance spectra of the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes of the two families of compounds. Figure S8: Molecular and supramolecular features of complex 7·MeCN_Dy. Figure S9: The 3D architecture of complex 7·MeCN_Dy. Figure S10: Molecular structural features of complex 18_Dy. Figure S11: Stacking of layers along the c axis in the crystal structure of 18_Dy. Figures S12–S17: Solid-state, room-temperature photoluminescence data for selected complexes in the visible region. Figure S18: Solid-state, room-temperature visible emission spectra of the Pr(III), Nd(III), Sm(III), Er(III), and Yb(III) complexes that belong to the two families of compounds upon CW laser excitation at 405 nm. Figures S19 and S20: Magnetization vs. magnetic fields plots for complexes 7_Dy and 18_Dy, respectively, at 2.0 K. Figure S21: Ac measurements for complexes 17_Tb and 18_Dy at variable fields. Figure S22: Cole-Cole (Argand) plots for complexes 7_Dy, 17_Tb, and 18_Dy. Tables S1 and S2: Continuous Shape Measures (CShM) values for the potential coordination polyhedra of the LnIII center in the structurally characterized complexes. Tables S3 and S4: H-bonding interactions in the crystal structures of the structurally characterized complexes. Table S5: Crystallographic data for complexes 4·MeCN_Eu, 7·MeCN_Dy, 10·MeCN_Yb, 17_Tb, and 18_Dy.
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Scheme 1. General structural formula of anils. The ligand used in this work is N-salicylideneaniline (salanH, R1 = R2 = H). 
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Scheme 2. Proposed mechanism for the photochromic behavior of salanH. Dashed lines indicate H bonds. 
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Figure 1. Experimental X-ray diffraction patterns of freshly prepared and well dried powders of complexes 17_Tb and 18_Dy. The simulated pattern of the structurally characterized Dy(III) complex 18_Dy (labelled as 18_Dy Theoretical) is also shown. 
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Figure 2. Partially labelled plot of the structure of the molecule [Dy(NO3)3(salanH)2(H2O)] that is present in the crystal structure of complex 7·MeCN_Dy. 
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Scheme 3. The coordination mode of the zwitterionic ligand salanH in the mononuclear complexes of the present work. The coordination bond is drawn in bold. 
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Figure 3. The spherical tricapped trigonal prismatic coordination polyhedron of the DyIII center in complex 7·MeCN_Dy. The smaller cream spheres define the vertices of the ideal polyhedron. 
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Scheme 4. Definition of the planes A, B, and C in the coordinated salanH ligands in complexes 4·MeCN_Eu, 7·MeCN_Dy, 10·MeCN_Yb, 17_Tb and 18_Dy, and in the lattice salanH molecule in 17_Tb and 18_Dy. 
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Figure 4. Partially labelled plot of the structure of the molecule [Dy(NO3)3(salanH)2(MeOH)] that is present in the crystal structure of complex 18_Dy. 
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Figure 5. Fully labeled plot of the structure of the lattice free salanH molecule that is present in the crystal structure of complex 18_Dy. 
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Figure 6. The spherical capped square anti-prismatic coordination polyhedron of the DyIII center in complex 18_Dy. The smaller cream spheres define the vertices of the ideal polyhedron. 
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Figure 7. A portion of a chain of H-bonded dimers formed through π-π stacking interactions in the crystal structure of 7·MeCN_Dy. The chain is parallel to the [-101] crystallographic direction. The π-π interactions are indicated by the dashed, dark green lines. The dashed, light green and orange lines represent the O1W-HB(O1W)···N6 and O1W-HA(O1W)···O6’ (−x + 2, −y, −z − 1) intermolecular H bonds, respectively. 
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Figure 8. Different types of intermolecular interactions in the crystal structure of 18_Dy. The dashed dark green and light green lines indicate the two types of π-π interactions between coordinated salanH ligands. The dashed orange lines indicate π-π stacking interactions between centrosymmetrically-related aniline rings of coordinated salanH ligands. The dashed yellow and dark red lines represent the C36-H(C36)···O11 and O12-H(O12)···O13 (−x, −y + 2, −z + 2) H bonds, respectively, which link the [Dy(NO3)3(salanH)2(MeOH)] complex molecules and the lattice (i.e., non-coordinated) salanH molecules. Atom C36 is an aromatic carbon atom that belongs to the aniline ring of the lattice salanH molecule. 
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Figure 9. A brick wall-type layer of the [Dy(NO3)3(salanH)2(MeOH)] molecules parallel to the (001) plane in the crystal structure of 18_Dy. The dashed dark green and light green lines indicate the two types of intermolecular π-π interactions between coordinated salanH ligands. 
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Figure 10. A layer of lattice salanH molecules parallel to the (001) plane in the crystal structure of 18_Dy. The dashed light violet-orange and mauve lines indicate the two types of overlap. 
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Figure 11. (a) Solid-state, room-temperature excitation (curve 1, maximum emission at 545 nm) and emission (curve 2, maximum excitation at 360 nm) spectra of free salanH, (b,c) Solid-state, room-temperature excitation (curve 1, maximum emission at 540 nm) and emission (curve 2, maximum excitation at 360 nm) spectra of complexes 4·MeCN_Eu and 15_Eu, respectively. 
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Figure 12. Solid-state, room-temperature near-IR emission spectra of complexes 1·MeCN_Pr, 2·MeCN_Nd, 3·MeCN_Sm, 9·MeCN_Er, and 10·MeCN_Yb ((b), right) and 12_Pr, 13_Nd, 14_Sm, 20_Er, and 21_Yb ((a), left). 
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Figure 13. Out-of-phase ac molar magnetic susceptibility signals (χ″) vs. T (at different ac frequencies, left) and vs. ac frequency (at different low temperatures, right) for complexes (a) 7_Dy, (b) 18_Dy, and (c) 17_Tb. All measurements were performed in the 10 to 1488 Hz frequency range under static field of 0.1 (7_Dy, 18_Dy) and 0.15 T (17_Tb). Solid lines are guides for the eye. 
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Figure 14. (left) Arrhenius plots for complexes 7_Dy and 18_Dy in applied dc fields of 0.1 T, (center) plots of ln(χ″M/χ′M) vs. 1/T for 17_Tb at different ac frequencies in an applied field of 0.15 T, and (right) plots of ln(χ″M/χ′M) vs. 1/T for 7_Dy at different ac frequencies in an applied field of 0.1 T. The solid lines represent the fits. 
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Figure 15. Ground-state magnetic anisotropy axes (green bars) for the DyIII centers in complexes 18_Dy (left) and 7·MeCN_Dy (right). 
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Table 1. Selected bond distances (Å) and angles (°) for complexes 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb a.
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	Bond Distances (Å)
	4·MeCN_Eu b
	7·MeCN_Dy c
	10·MeCN_Yb d





	Ln-O1
	2.310(1)
	2.264(3)
	2.224(1)



	Ln-O2
	2.300(1)
	2.262(3)
	2.218(1)



	Ln-O1W
	2.403(2)
	2.366(3)
	2.312(2)



	Ln-O3
	2.511(1)
	2.479(3)
	2.452(1)



	Ln-O4
	2.480(1)
	2.439(3)
	2.399(1)



	Ln-O6
	2.572(1)
	2.548(3)
	2.526(1)



	Ln-O8
	2.536(1)
	2.491(2)
	2.445(1)



	C1-C6
	1.431(2)
	1.441(5)
	1.435(3)



	C6-C7
	1.417(2)
	1.415(6)
	1.419(3)



	C7-N1
	1.298(2)
	1.299(6)
	1.294(3)



	C1-O1
	1.302(2)
	1.302(5)
	1.302(2)



	C14-C19
	1.428(3)
	1.433(5)
	1.433(3)



	C19-C20
	1.419(3)
	1.414(6)
	1.420(3)



	C20-N2
	1.307(2)
	1.304(6)
	1.304(3)



	C14-O2
	1.309(2)
	1.311(5)
	1.305(2)



	Bond angles (°)
	
	
	



	O1-Ln-O2
	77.6(1)
	77.8(1)
	78.0(1)



	O1W-Ln-O1
	79.8(1)
	79.7(1)
	79.6(1)



	O1W-Ln-O2
	87.8(1)
	87.6(1)
	87.3(1)



	O3-Ln-O4
	51.3(1)
	51.9(1)
	52.7(1)



	O3-Ln-O6
	114.7(1)
	115.0(1)
	115.5(1)



	O8-Ln-O2
	153.5(1)
	152.7(1)
	152.2(1)



	O11-Ln-O1
	147.8(1)
	147.1(1)
	147.1(1)







a The same atom numbering scheme is applied for the three complexes: b Ln = Eu, c Ln = Dy, d Ln = Yb.
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Table 2. Diagnostic angles (°) between planes of coordinated salanH in complexes 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb a.






Table 2. Diagnostic angles (°) between planes of coordinated salanH in complexes 4·MeCN_Eu, 7·MeCN_Dy, and 10·MeCN_Yb a.





	Angles (°)
	4·MeCN_Eu
	7·MeCN_Dy
	10·MeCN_Yb





	φ(A,B)
	28.7 b, 11.1 c
	28.9 b, 11.5 c
	28.8 b, 11.8 c



	ψ(A,C)
	4.8 b, 3.5 c
	5.3 b, 3.4 c
	5.2 b, 3.4 c



	ω(B,C)
	24.4 b, 7.7 c
	24.2 b, 8.1 c
	24.1 b, 8.5 c







a For the general definition of planes A, B, and C, see Scheme 4. b These values refer to the planes C1C2C3C4C5C6 (plane A), C8C9C10C11C12C13 (plane B), and C6C7N1C8 (plane C), see Figure 2. c These values refer to the planes C14C15C16C17C18C19 (plane A), C21C22C23C24C25C26 (plane B), and C19C20N2C21 (plane C), see Figure 2.
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Table 3. Selected bond distances (Å) and angles (°) for complexes 17_Tb and 18_Dy a.






Table 3. Selected bond distances (Å) and angles (°) for complexes 17_Tb and 18_Dy a.










	Bond Distances (Å)
	17_Tb d
	18_Dy e





	Ln-O1
	2.304(3)
	2.292(2)



	Ln-O2
	2.307(3)
	2.296(2)



	Ln-O12 b
	2.365(4)
	2.361(3)



	Ln-O3
	2.491(4)
	2.482(3)



	Ln-O4
	2.475(4)
	2.461(3)



	Ln-O6
	2.434(4)
	2.420(3)



	Ln-O8
	2.475(5)
	2.469(3)



	Ln-O9
	2.528(4)
	2.520(3)



	Ln-O10
	2.460(4)
	2.444(2)



	C1-C6
	1.436(7)
	1.437(5)



	C6-C7
	1.415(8)
	1.414(6)



	C7-N1
	1.296(7)
	1.304(5)



	C1-O1
	1.306(6)
	1.307(4)



	C14-C19
	1.435(7)
	1.431(5)



	C19-C20
	1.420(8)
	1.421(5)



	C20-N2
	1.298(7)
	1.295(5)



	C14-O2
	1.297(6)
	1.304(4)



	C28 c-C33 c
	1.411(5)
	1.427(6)



	C33 c-C34 c
	1.414(8)
	1.416(5)



	C34 c-N6 c
	1.307(7)
	1.305(5)



	C28 c-O13 c
	1.308(6)
	1.303(5)



	Bond angles (°)
	
	



	O1-Ln-O2
	151.1(1)
	150.9(1)



	O12 b-Ln-O1
	87.0(1)
	87.2(1)



	O12 b-Ln-O2
	87.2(1)
	87.1(1)



	O3-Ln-O4
	51.4(1)
	51.6(1)



	O3-Ln-O6
	73.6(1)
	73.6(1)



	O8-Ln-O2
	72.0(1)
	71.9(1)



	O10-Ln-O1
	79.5(1)
	79.2(1)







a The same atom numbering scheme is applied for the two complexes. b This atom belongs to the coordinated MeOH molecule. c These atoms belong to the lattice (i.e., non-coordinated) salanH molecule, see Figure 5. d Ln = Tb. e Ln = Dy.
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Table 4. Diagnostic angles (°) between planes of coordinated and lattice salanH molecules in complexes 17_Tb and 18_Dy a.






Table 4. Diagnostic angles (°) between planes of coordinated and lattice salanH molecules in complexes 17_Tb and 18_Dy a.





	Angles (°)
	17_Tb
	18_Dy





	φ(A,B)
	1.1 b, 9.6 c, 2.4 d
	1.0 b, 9.8 c, 2.4 d



	ψ(A,C)
	1.2 b, 2.6 c, 1.0 d
	0.9 b, 2.0 c, 1.1 d



	ω(B,C)
	1.6 b, 11.4 c, 1.8 d
	0.9 b, 11.0 c, 1.7 d







a For the general definitions of planes A, B, and C, see Scheme 4. b These values refer to the planes C1C2C3C4C5C6 (plane A), C8C9C10C11C12C13 (plane B), and C6C7N1C8 (plane C), see Figure 4. c These values refer to the planes C14C15C16C17C18C19 (plane A), C21C22C23C24C25C26 (plane B), and C19C20N2C21 (plane C), see Figure 4. d These values refer to planes C28C29C30C31C32C33 (plane A), C35C36C37C38C39C40 (plane B), and C33C34N6C35 (plane C) of the lattice salanH molecules that are present in the two complexes, see Figure 5.
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