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Abstract

:

A series of novel 3D coordination polymers [Ln2(Qdca)3(H2O)x]·yH2O (x = 3 or 4, y = 0–4) assembled from selected lanthanide ions (Ln(III) = Nd, Eu, Tb, and Er) and a non-explored quinoline-2,4-dicarboxylate building block (Qdca2− = C11H5NO42−) were prepared under hydrothermal conditions at temperatures of 100, 120, and 150 °C. Generally, an increase in synthesis temperature resulted in structural transformations and the formation of more hydrated compounds. The metal complexes were characterized by elemental analysis, single-crystal and powder X-ray diffraction methods, thermal analysis (TG-DSC), ATR/FTIR, UV/Vis, and luminescence spectroscopy. The structural variety of three-dimensional coordination polymers can be ascribed to the temperature effect, which enforces the diversity of quinoline-2,4-dicarboxylate ligand denticity and conformation. The Qdca2− ligand only behaves as a bridging or bridging–chelating building block binding two to five metal centers with seven different coordination modes arising mainly from different carboxylate group coordination types. The presence of water molecules in the structures of complexes is crucial for their stability. The removal of both coordinated and non-coordinated water molecules leads to the disintegration and combustion of metal–organic frameworks to the appropriate lanthanide oxides. The luminescence features of complexes, quantum yield, and luminescent lifetimes were measured and analyzed. Only the Eu complexes show emission in the VIS region, whereas Nd and Er complexes emit in the NIR range. The luminescence properties of complexes were correlated with the crystal structures of the investigated complexes.
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1. Introduction


Lanthanide complexes have been gaining more and more interest due to the possibility of creating various structures with good magnetic, luminescent, surface, catalytic, and thermal properties. These complexes can find many applications in different fields such as sorbents, storage materials, catalysts, sensors, optoelectronics, and medicine materials. Due to the high coordination number of lanthanide(III) ions and the nature of the ligands used in syntheses, they can create various discrete structures or coordination polymers (CPs) with different dimensionality and porosity (metal–organic frameworks, MOFs). The appropriate selection of metal ions and organic ligands allows the construction of optimized structures with further application possibilities [1,2,3,4,5,6,7]. The structural diversity of the coordination polymers also arises from specific conditions of the applied traditional solvothermal and non-solvothermal synthesis strategies. The influence of obvious factors such as temperature, pH, solvent, and synthesis time on the final architecture of the CP is widely known, but not easily explained [8,9,10,11].



The hydro/solvothermal methods widely used for the synthesis of CPs are characterized as highly efficient methods and allow obtaining compounds with a high degree of crystallinity. Predicting the crystal structure, and designing and controlling the CP topology is possible thanks to the detailed selection of hydro/solvothermal synthesis parameters [12]. The advantage of these hydro/solvothermal methods is the possibility of controlling the synthesis temperature (usually in the range of 100–200 °C), which is a very important factor in obtaining high-quality crystals. The synthesis temperature is also one of the key parameters influencing the structure and properties of CPs/MOFs; however, its impact is not completely recognized. In some reports, the authors claimed that the increase in temperature causes an increase in the dimensionality and coordination number of metal ions while the number of the coordinated solvent molecules decreased. Another group of researchers reported that the crystallinity of the metal complexes increases as the synthesis temperature decreases. Their results revealed that the density and dimensionality of CPs/MOFs increase with increasing temperature [12,13,14]. The impact of temperature on the crystal structures of metal complexes is reflected in the coordination environments of metal centers, as well as coordination modes of ligands [15,16,17,18,19,20,21,22]. In hydro/solvothermal synthesis, the temperature change causes the formation of different autogenous pressure, which influences the crystallization process of the synthesized products, depending on the characteristics of the substrates used.



It is well known that N-heterocyclic polycarboxylic acids are excellent candidates for the formation of metal complexes due to their different coordination modes. Yet, the properties of quinoline-2,4-dicarboxylic acid as a multidentate N,O-donor ligand are not really well recognized in the construction of discrete metal complexes and coordination polymers. To best of our knowledge, only a few examples of crystal structures of metal complexes are known that contain analogous of quinoline-2,4-dicarboxylic acid [23,24,25]. Most of the reported complexes were built up from transition metals and N-donor auxiliary ligands such as 1,10-phenanthroline; 4,4’-bipyridine, or 2,2’-bipyridine [25,26,27,28,29,30,31,32]. The main aim of this contribution to the topic highlighted above was to determine the impact of temperature effect on the self-assembly coordination polymers constructed from selected lanthanide(III) ions (Ln = Nd, Eu, Tb, Er) and quinoline-2,4-dicarboxylic acid (H2Qdca) as a non-explored organic bridging–chelating building block. The second goal of our investigation was to study the luminescence properties of the obtained compounds due to their further application as active luminescent components in polymeric hybrid materials. Lanthanide coordination entities are attractive because of their interesting physicochemical features and numerous applications as so-called new materials. The reason for this is that the luminescence of the lanthanides is unique with their sharp emission bands and higher lifetimes of the excited states [33,34,35,36,37] in the visible (Sm, Eu, and Tb) and NIR region (Pr, Nd, Ho, Er, and Yb) [38,39,40]. In particular, the luminescence of lanthanides in the NIR range is very attractive because of their potential applications in the medical field as luminescent probes, in telecommunication, and in photonic devices such as light-emitting diodes [34,35,36,37,41,42,43,44].



As a result of our work, four groups of isostructural 3D coordination polymers were synthesized under hydrothermal conditions at different temperatures (100 °C, 120 °C. and 150 °C). Single-crystal and powder X-ray diffraction methods were applied for structural investigations of the obtained lanthanide complexes. Crystal structures and diverse conformation and coordination modes of the quinoline-2,4-dicarboxylate linker were analyzed in detail, along with a discussion on crystal-to-crystal transformations. Thermal (TG-DSC) and spectroscopic (ATR-FTIR, UV/Vis, and luminescence spectroscopy) characterizations of the investigated lanthanide complexes are presented in detail below.




2. Results and Discussion


The coordination polymers of selected lanthanide ions, i.e., Nd(III), Eu(III), Tb(III), and Er(III), with the quinoline-2,4-dicarboxylic acid (H2Qdca) as a novel building block were prepared via a temperature-dependent hydrothermal method at 100, 120, and 150 °C (Table S1). All as-synthesized coordination polymers at 100 and 120 °C, along with those of Eu(III) and Tb(III) formulated at 150 °C, were obtained as single crystals (Figure 1). Only compounds of Nd(III) and Er(III) ions synthesized at 150 °C were amorphous, and their recrystallization from water resulted in monocrystal forms. The single-crystal X-ray measurements were carried out for all isolated crystalline forms of obtained compounds that allowed establishing the unit cell parameters. Unfortunately, despite multiple repetitions of diffraction measurements, it was not possible to obtain data of appropriate quality that would enable the solution and refinement of the crystal structures of all the measured crystals. All crystallographically investigated samples are indicated by numbers 1–14.



The crystalline compounds of the general formula of [Ln2(Qdca)3(H2O)x]·yH2O, where (Ln(III) = Nd, Eu, Tb and Er; Qdca2− = C11H5NO42−; x = 3 or 4 and y = 0–4) could be divided into five isostructural (I–V) groups on the basis of crystal data obtained from both the single-crystal and the powder X-ray diffraction measurements. Taking into account the changes in unit cell parameters of isostructural complexes (Table 1), a gradual decrease in parameters a, b, and c with increasing atomic number of lanthanides was observed due to lanthanide contraction [45]. It is noteworthy to mention that, during hydrothermal synthesis at 100 °C, two crystal phases of neodymium(III) and europium(III) quinoline-2,4-dicarboxylates were formed.



Most of the studied coordination polymers (except group I) crystallized in the triclinic P-1 space group, and they differed in the number of inner and outer coordination water molecules, as well as in the coordination modes and conformation of Qdca2− anion. The crystal structure of type I constituted only the neodymium(III) complex [Nd2(Qdca)3(H2O)3] (sample 1) obtained at 100 °C (the first crystal phase). The second group of compounds (type II) contained isostructural [Nd2(Qdca)3(H2O)4]·H2O observed as the second phase at 100 °C (sample 2) and only phase at 120 °C (3), [Eu2(Qdca)3(H2O)4]·H2O formed at 100 °C (sample 6), 120 °C (sample 7), and 150 °C (sample 8), and [Tb2(Qdca)3(H2O)4]·H2O (sample 9) formed at 100 °C. The third group of isostructural metal complexes (type III) represented by the general formula [Ln2(Qdca)3(H2O)4]·3H2O formed lanthanide ions neodymium(III) at 150 °C (sample 4), europium(III) second phase at 100 °C (sample 5), and terbium(III) at 120 °C (sample 10) and 150 °C (sample 11). Erbium(III) coordination polymers of the formula [Er2(Qdca)3(H2O)4]·4H2O obtained at 100 °C (sample 12) and 120 °C (sample 13) represented the fourth type (IV) of crystal structure. Unfortunately, the quality of single crystals of recrystallized erbium(III) complex obtained at 150 °C (sample 14) only allowed establishing its unit cell parameters. These data may point to the formation of a fifth undefined type of crystal structure (V).



2.1. Structural Characterization


The best diffraction data were obtained for crystals selected from samples 1, 4, 8, 9, and 13 (Table 2), while, for the description of crystal structures representing the distinguished series (I–IV) of isostructural coordination polymers, the crystal structures of 1 (type I), 8 (type II), 4 (type III), and 13 (type IV) were selected.



The neodymium(III) coordination polymer [Nd2(Qdca)3(H2O)3] (sample 1) formed at 100 °C, as the only representative of type I, crystallized in the orthorhombic Pna21 space group. The structure of the complex is displayed in Figure 2, while the selected bond lengths and angles are listed in Tables S2, S7 and S12. The asymmetric unit contained two neodymium(III) ions, three quinoline-2,4-dicarboxylate ligands, and three coordinated water molecules (Figure 2a). The complex had the form of a three-dimensional coordination polymer with two crystallographically independent central atoms. Both neodymium atoms were eight-coordinated. The coordination of Nd1 atom occurred through six carboxylate oxygen atoms from five Qdca2− anions, one oxygen atom from the aqua ligand, and one nitrogen atom from the Qdca2− anion. The coordination sphere of the Nd2 atom consisted of five carboxylate oxygen atoms from five Qdca2− anions, two oxygen aqua ligands, and one nitrogen atom (Figure 2b). The Nd–Ocarb bond distances were in the range 2.355(5)–2.581(5) Å. The Nd–Ow bond distances ranged from 2.433(5) to 2.449(6) Å, while the Nd–N bond lengths varied in the range of 2.664(4)–2.888(4) Å (Table S2). The remaining bond lengths and angles in quionoline-2,4-dicarboxylate ligands were within their normal ranges (Tables S2 and S7).



Three different coordination modes and conformations of Qdca2− anion could be distinguished in the structure of [Nd2(Qdca)3(H2O)3] (Figure 2c) (Tables S12, S22 and S23). The molecule A-Qdca acted as a pentadentate bridging–chelating ligand with both bidentate-bridging (μ2-η1:η1) carboxylate groups. The adjacent carboxylate oxygen atom O1A, along with the nitrogen atom of A-Qdca ligand, chelated the Nd1 atom to form a five-membered ring. The non-planar syn–anti carboxylate group in position 2 was only slightly rotated from the plane of the quinoline ring, as indicated by the value of the dihedral angle equals to 12.9° (throughout the work, reference was made to the dihedral angle between the carboxylate group and the pyridine plane of the quinoline). The non-planar anti–anti carboxylate group at position 4 was almost perpendicular to the plane of an almost plane quinoline ring, as shown by 88.37°. The B-Qdca ligand behaved as tetradentate ligand coordinating four neodymium atoms through both bidentate-bridging carboxylate groups (μ2-η1:η1). The COO group in position 2 was rotated from plane of the quinoline ring by 6.11°, while rotation of the second carboxylate group was greater, being 62.61°. The carboxylate group in position 2 coordinated Nd atoms in a non-planar syn–syn mode, while the COO group in position 4 had non-planar anti–anti mode. The C-Qdca ligand could be regarded as tetradentate bridging–chelating agent binding two neodymium atoms. The carboxylate group in position 2 showed a monodentate mode and, along with the nitrogen quinoline atom, chelated the neodymium atom into the five-membered ring. This group was rotated by 6.96° from the quinoline ring. In comparison to the remaining Qdca2− anion, the carboxylate group in position 4 was only rotated by 24.96° from the plane of the heterocyclic ring.



The compound [Nd2(Qdca)3(H2O)3] had the form of a three-dimensional coordination polymer. Its crystal packing viewed along the a axis (Figure 2d) showed characteristic structural motifs. The Nd1 atoms were connected through single carboxylate bridges from A-Qdca ligands into the linear chains extended in the c direction. Moreover, Nd2 atoms were linked by single carboxylate bridges but from B-Qdca linkers into the linear chain in the c direction (Figure 2d). The single neighboring chains of Nd1 and Nd2 centers were further interconnected in the a direction by double carboxylate bridges from A-Qdca and B-Qdca linkers forming an eight-membered wavy ring, as can be seen in packing view of the compound along the c axis (Figure 2e). Among these structural motifs, there were free spaces in which coordinated water molecules were located.



The shortest (5.409(5) Å) distance between Nd atoms appeared when two carboxylate groups bridged the atoms. When neodymium atoms were joined by a single carboxylate group from A-Qdca (B-Qdca) linker, the Nd1···Nd1 and Nd2···Nd2 distances were 6.672(5) Å. The longest distances 10.037(5) Å among Nd atoms were observed when metal centers were connected by the C-Qdca ligand. As can be seen in Figure 2d, inorganic–organic layers were connected via the A-Qdca ligand. The adjacent A-Qdca ligands were located in the c direction in a head–tail fashion, forming stacks along the c axis. The intermolecular distances C···C in the stacks suggested the existence of π···π interactions between aromatic parts of the ligands.



The Nd(III), Eu(III), and Tb(III) ions formed 3D coordination polymers with quinoline-2,4-dicarboxylic acid of the general formula [Ln2(Qdca)3(H2O)4]·H2O (samples 2, 3, 6, 7, 8, and 9). Such a type (II) of coordination polymer was formed as the only phase for Tb(III) ions and the second phase in the case of the coordination polymers of Nd(III) and Eu(III) ions formed at 100 °C. Additionally, this type of coordination polymer was observed for Nd(III) ions at 120 °C and Eu(III) at 150 °C. The coordination polymer of europium(III) ions [Eu2(Qdca)3(H2O)4]·H2O (sample 8) is described as the representative of type II crystal structures (Figure 3). These coordination polymers crystallized in the triclinic P-1 space group. The structure of complex 8 is displayed in Figure 3, and the selected bond lengths and angles are listed in Tables S4, S5, S9, S10, S14 and S15.



The asymmetric unit of the compound comprised three Qdca2− anions, two crystallographically independent metal ions, and five water molecules. The coordination environment of Eu1 atom was built up from five carboxylate oxygen atoms from five Qdca2− anions, two nitrogen atoms, and one oxygen atom from the aqua ligand. The second atom Eu2 was coordinated by four carboxylate oxygen atoms from four Qdca2− anions, one nitrogen atom, and three oxygen atoms from water molecules. In the outer coordination sphere of the metal complex appeared one water molecule (Figure 3a). The Eu–Ocarb bond distances were in the range 2.280(4)–2.424(4) Å, while the bond lengths of Eu–N varied from 2.689(5) to 2.830(4) Å. The Eu–Ow bond lengths ranged from 2.454(4) to 2.473(5) Å (Table S4). The coordination polyhedra of eight-coordinated europium(III) atoms are given in Figure 3b. In the complex [Eu2(Qdca)3(H2O)4]·H2O, the Qdca2− anion exhibited three coordination types (Figure 3c, Tables S14, S22 and S23). The A-Qdca ligand behaved as a tetradentate bridging–chelating ligand binding three different metal centers. The carboxylate group in the 2 position acted as a monodentate group, joining the europium atom with the nitrogen from the quinoline ring into the five-membered ring. The non-planar syn–syn COO group in the 4 position displayed a bidentate-bridging mode (μ2-η1:η1). The carboxylate groups from positions 2 and 4 were rotated from the quinoline ring by 6.7°and 32.20°, respectively. The B-Qdca ligand functioned as a tetradentate bridging–chelating ligand. In comparison to the A-Qdca ligand, carboxylate group in the 4 position deviated from the heterocyclic ring by 58.63°, showing a monodenate character, while the COO group in the 2 position exhibited a syn–anti bidentate-bridging mode (μ2-η1:η1), being rotated from the quinoline ring by 10.64°. Similarly to the coordination fashion of A-Qdca, B-Qdca ligands also chelated the metal center through neighboring N and O atoms. The C-Qdca ligand showed the same coordination mode as the A-Qdca ligand but a different conformation, related to the diverse rotation of the COO group from position 4 in relation to the quinoline ring plane (39.50°) and the syn–syn conformation mode of COO group. The second carboxylate group of the C-Qdca linker showed a rotation by 18.58° from the plane of pyridine ring.



In the crystal structure of the complex [Eu2(Qdca)3(H2O)4]·H2O, the characteristic motif in the form of layers composed of dimeric Eu1 units double-bridged by carboxylate groups from A-Qdca located in a head–tail fashion was observed (Figure 3d). Such an arrangement in this structural motif was enforced by strong π···π interactions between aromatic parts of the A-Qdca ligands with intermolecular distances C···C of 3.176(9) Å. As can be seen from the packing view along the a axis (Figure 3e), in the structure of complex [Eu2(Qdca)3(H2O)4]·H2O, a characteristic secondary building block in the form of wavy chain could also be distinguished, containing alternatively arranged metallic centers Eu2Eu1Eu1Eu2Eu2Eu1. The same type Eu1 coordination centers were bridged by two carboxylate groups (position 4) from A-Qdca linkers with a Eu1···Eu1 distance of 5.348(4) Å, while Eu2 atoms were joined by carboxylate (position 4) bridges from C-Qdca ligands with a distance of 5.426(4) Å. Eu1 and Eu2 atoms were linked by a single carboxylate bridge (position 2) from the B-Qdca ligand with a distance of 5.880(4) Å. These chains were connected by B-Qdca ligands into the two-dimensional inorganic–organic layers extended in the bc plane direction. Further such layers were joined by A-Qdca and C-Qdca linkers into the three-dimensional metal–organic framework. One-dimensional hexagonal channels occupied by free water molecules were also visible in the crystal packing when viewed along the a axis. The shape and character of such channels (Figure 3e) were defined by the coordinated water molecules making such parts of structure more polar.



The coordination polymer of neodymium(III) ions [Nd2(Qdca)3(H2O)4]·3H2O (sample 4) is described as the representative of III type of crystal structures (samples: 4, 5, 10 and 11). This metal complex crystallized in the triclinic P-1 space group. The structure of complex [Nd2(Qdca)3(H2O)4]·3H2O is displayed in Figure 4, and the selected bond lengths and angles are listed in Tables S3, S8 and S13. The asymmetric unit of the compound contained two crystallographically independent Nd(III) ions, three Qdca2− anions, four coordinated water molecules, and three water molecules in the outer coordination sphere (Figure 4a).



Both neodymium atoms adopted a coordination number of eight. The coordination sites of the Nd1 atom were occupied by five carboxylate oxygen atoms from five different Qdca2− anions, one nitrogen atom, and two aqua ligands. The Nd2 atom was also coordinated by two oxygen atoms from water molecules, four carboxylate oxygen atoms, and two nitrogen atoms from four Qdca2− anions (Figure 4b). The bond distances Nd–Ocarb varied from 2.302(5) to 2.508(5) Å. The Nd–N bond lengths were in the range 2.724(5)–2.780(5) Å. The Nd–Ow bond lengths ranged from 2.484(6) to 2.571(7) Å (Table S3) Similarly to the above-described structures, three independent Qdca2− anions appeared in the complex [Nd2(Qdca)3(H2O)4]·3H2O (Figure 4c, Tables S18, S22, and S23). The tetradentate bridging–chelating A-Qdca molecule coordinated three Nd1 atoms. The syn–anti COO group in position 2 exhibited a bidentate-bridging character (μ2-η1:η1), while the second COO group displayed only monodentate behavior. Additionally, this ligand chelated the Nd1 atom through neighboring N and O atoms. The carboxylate group (position 2) deviated from the plane of quinoline ring by 25.40°, while the second COO group (position 4) was rotated by 35.88°. The B-Qdca ligand showed a pentadentate bridging–chelating character and coordinated four neodymium (Nd1 and Nd2) atoms. Both COO groups exhibited a bidentate-bridging coordination mode (μ2-η1:η1), while their conformations were different (syn–anti and anti–anti). The COO group (in 2 position) was only rotated from the quinoline ring by 8.82°, while the second COO group was significantly deviated from the quinoline plane by 61.65°. The C-Qdca ligand exhibited a three-dentate bridging–chelating character with monodentate COO groups. These groups (positions 2 and 4) were rotated from the quinoline ring plane by 28.88° and 51.93°.



The packing view of the [Nd2(Qdca)3(H2O)4]·3H2O structure along a axis allowed distinguishing the chain of metal centers of type Nd1Nd2Nd1Nd2 in which neighboring neodymium atoms were connected by single carboxylate bridges from parallel head-to-tail B-Qdca ligands. In the c axis direction, Nd1 atoms were joined by two carboxylate groups (from position 2) of A-Qdca ligands with a Nd1···Nd1 distance of 5.669(5) Å. The Nd2 atoms from neighboring chains were linked by B-Qdca ligands in the c axis direction. In addition to the connectivity among Nd atoms, the packing view along the a axis clearly revealed the presence of one-dimensional channels occupied by uncoordinated water molecules (Figure 4d). The shape of pseudo-hexagonal channels was determined by the coordination environment of six metal centers Nd1Nd2Nd2Nd1Nd2Nd2. The Nd1···Nd2 distances were 6.710(5) and 6.594(5) Å, while metal sites were bridged by carboxylate groups from position 4 and position 2 of the B-Qdca ligand, respectively. The Nd2···Nd2 distances were 9.014(5) Å.



Erbium(III) ions formed the same coordination polymer (IV type) with quinoline-2,4-dicarboxylic acid at 100 and 120 °C of the formula [Er2(Qdca)3(H2O)4]·4H2O (samples 13). Similarly to the above-described coordination polymers [Eu2(Qdca)3(H2O)4]·H2O and [Nd2(Qdca)3(H2O)4]·3H2O, the erbium compound also crystallized in the triclinic P-1 space group. The structure of complex [Er2(Qdca)3(H2O)4]·4H2O is displayed in Figure 5, and the selected bond lengths and angles are listed in Tables S6, S11 and S16. The asymmetric unit contained the same coordination components as in [Eu2(Qdca)3(H2O)4]·H2O, but four water molecules appeared in the outer coordination sphere. The crystal structure of the erbium(III) complex contained seven-coordinated Er1 and eight-coordinated Er2 metal centers (Figure 5a,b). The coordination environment of Er1 was composed of one aqua ligand, five carboxylate oxygen atoms from five Qdca2− anions, and one nitrogen atom. The coordination sphere of Er2 atoms contained three aqua ligands, four carboxylate oxygen atoms from four Qdca2− anions, and one nitrogen atom. The Er–Ocarb bond distances were in the range of 2.236(3)–2.375(3) Å while the bond lengths of Er–Ow varied from 2.291(3) to 2.384(3) Å. The Er–N bond lengths were 2.601(3) and 2.715(3) Å (Table S6). The structure of 13 also exhibited three types of Qdca2− anions (Figure 5c, Tables S16, S22 and S23). A-Qdca behaved as a three-dentate bridging linker coordinating Er1 atoms. Monodentate and syn–syn bidentate bridging carboxylate groups at positions 2 and 4 deviated from the quinoline ring by 8.20° and 44.51°, respectively. The B-Qdca ligand acted as a tetradentate bridging linker binding Er1 and Er2 atoms. Carboxylate groups at position 2 (syn–anti) and 4 were rotated from the quinoline ring by 11.70° and 69.12°, respectively. The C-Qdca ligand behaved as a tetradentate bridging–chelating agent coordinating three Er2 atoms. The angles among the mean plane of the quinoline ring, the monodentate COO group at the 2 position, and the bidentate-bridging (syn–syn) COO group at the 4 position were 8.74° and 82.27°, respectively.



As can be seen from the packing view of [Er2(Qdca)3(H2O)4]·4H2O, similarly to the [Eu2(Qdca)3(H2O)4]·H2O structure (Figure 5d), a characteristic motif could be distinguished consisting of wavy chains of erbium atoms Er1Er1Er2Er2Er1 alternatively interconnected by single (Er1Er2) and double (Er1Er1, Er2Er2) carboxylate bridges. They were further connected by Qdca2− anions into the three-dimensional coordination network.



As noted above, water molecules appeared in all crystal structures both in the inner and in the outer coordination spheres, implying hydrogen-bond formation. The details of O−H···O and O−H···N hydrogen bonds in lanthanide quinoline-2,4-dicarboxylates are given in Tables S17–S21. Carboxylate oxygen atoms from C-Qdca ligands and quinoline nitrogen atoms from the B-Qdca linker appeared in the crystal structure of 1 as proton acceptor atoms in hydrogen bonds. In the crystal structures of the remaining lanthanide coordination polymers, water molecules from the outer coordination sphere appeared as additional proton donors and acceptors in Ow−H···Ow hydrogen bonds.




2.2. PXRD Analysis and Structural Transformations


The experimental XRD patterns of polycrystalline samples prepared at 100, 120, and 150 °C (including product of recrystallization) are given in Figure 6 and Figures S1–S4. Figure 6 shows the powder X-ray diffraction patterns of all crystalline phases synthesized at various temperatures for neodymium complexes, as well as simulated XRD patterns from the determined crystal structures. Good matching of the main diffraction peak positions in the experimental and simulated XRD patterns reflected the phase purity and identity of polycrystalline samples with isolated monocrystals of coordination polymers synthesized at specific temperature. The analysis of XRD patterns of neodymium(III) quinolin-2,4-dicarboxylate prepared at 100 °C confirmed the presence of two crystal forms of I and II types. The experimental powder pattern of the europium(III) complex with the Qdca2− ligand under hydrothermal conditions at 100 °C was also regarded as a mixture of crystals of II and III types.



In addition to the X-ray analysis of the as-synthesized lanthanide complexes under hydrothermal conditions, the recrystallization process of compounds formed at 120 °C was investigated. In the case of Nd(III) complex, the formation of crystals with different morphology was observed after only a few hours. Single-crystal X-ray diffraction reveled that a transformation of phase II into phase III took place. This crystal-to-crystal process was related to the rearrangement of the coordination sphere of neodymium(III) atoms, changes in the coordination modes and conformation of ligands, and the larger amount of uncoordinated water molecules. No structural changes were observed in the Eu(III) (phase II) and Er(III) (phase IV) complexes that were also recrystallized.




2.3. Infrared and Electronic Spectra


In order to characterize quinoline-2,4-dicarboxylic acid as a ligand prior to the complexation reaction, the ATR/FTIR technique was performed (Figure 7). The obtained results of the spectroscopic analysis show that the absorption bands at 3103 and 3088 cm−1 (range 3110–3000 cm−1) came from the ν(CAr–H) stretching vibrations. In the range of 3100–2200 cm−1, a broad, strong absorption band appeared, originating from the ν(O–H) stretching vibrations. A broad band ranging from 2100 cm−1 to 1800 cm−1 was the sum of overtones from out-of-plane deformation vibrations γ(CAr–H), showing the substitution of the aromatic ring. The sharp absorption band at 1711 cm−1 came from the stretching vibrations of the carbonyl groups ν(C=O) derived from the carboxylic groups. Vibration stretching of the aromatic ring ν(C=N, C=C) gave rise to the bands observed at wavenumbers 1639, 1616, 1585, 1518, and 1459 cm−1. The bands at 1390, 1365, and 1348 cm−1 and those at 1252 and 1232 cm−1 were ascribed to stretching vibrations ν(C–O) and bending vibrations δ(O–H, C–O–H). The in-plane bending vibrations of aromatic bonds δ(CAr–H) gave several weak, sharp bands in the region of 1350–980 cm−1. The absorption bands at wavenumbers 926 and 922 cm−1 corresponded to the deformation vibrations γ(O–H). Sharp bands in the range from 880 to 650 cm−1 were ascribed to the deformation out-of-plane vibrations γ(CAr–H). The bands in the range from 650 to 530 cm−1 belonged to out-of-plane deformation vibrations γ(CAr=CAr) [46,47].



The ATR/FTIR spectra of as-synthesized lanthanide(III) quinoline-2,4-dicarboxylates were very similar to each other (Figures S5–S8). All spectra were characterized by a broad band in the 3700–2700 cm−1 range originating from the stretching vibrations of hydroxyl groups ν(OH), proving the presence of hydrogen-bonded water molecules in the structures of the obtained complexes. The absence of characteristic bands from COOH groups confirmed the existence of deprotonation forms of the ligand in the complexes. The infrared spectra of metal complexes showed characteristic bands for the asymmetric νasym(COO) and symmetric stretching vibrations νsym(COO) in the regions 1552–1548 cm−1 and 1381–1362 cm−1, respectively. The great diversity of coordination modes of the Qdca2− ligand in the metal complexes did not allow distinguishing different types of structures only on the basis of their infrared spectra. The disappearance in the ATR/FTIR of metal complex bands at 1639 and 1616 cm−1 from the aromatic skeleton, which were observed in the infrared spectrum of free H2Qdca acid, testified to the participation of the nitrogen atom from the quinoline ring in metal bonding.



Three different types of transitions can be found in electronic spectra of lanthanide trivalent ions: f↔d, LMCT/MLCT charge-transfer, and f↔f transitions [48,49]. Usually, f↔d and LMCT/MLCT charge-transfer transitions are not observed in electronic spectra due to the fact that the f electrons are shielded by the 5s and 5p orbitals and, thus, less affected by the ligand environment [48]. For this reason, the lanthanide ions generally exhibit absorption and emission bands in visible, near-ultraviolet, and infrared, attributed to the transitions between 4f levels, and they emerge as sharp lines with high oscillator strengths (10−6).



The electronic spectrum of quinoline-2,4-dicarboxylic acid (H2Qdca) exhibited intense absorptions with λmax of about 250 nm and a shoulder band of about 220 nm, as well as a second broad asymmetric absorption with a maximum of about 340 nm and two poorly separated bands in the region of 380–400 nm which overlapped the visible range (Figures S9–S12). All of these transitions may be described as ligand-centered π–π* and n–π* transitions. The absorption spectra of lanthanide complexes showed no significant differences from the spectrum of H2Qdca in the range of 200–350 nm; however, the maxima of the bands exhibited a slight hypsochromic shift in comparison with free acid (Figures S9–S12). Moreover, they did not show a subtle vibronic structure, potentially indicating strong π-delocalization throughout the ligand. The visible spectra of lanthanide complexes exhibited the presence of non-separated and asymmetric absorption bands with very low intensities of about 444 nm for Tb(III) complexes and 475 nm for Eu(III) complexes only. Furthermore, low absorptions with small intensities occurred in the range of 480–670 nm and 530–880 nm in the case of Eu(III) and Nd(III) complexes, respectively, which may have been related to the 4f electron transitions.




2.4. Thermal Analysis


The thermal behavior of as-synthesized lanthanide(III) quinoline-2,4-dicarboxylates was investigated using simultaneous TG-DSC methods in air atmosphere (Figure 8 and Figures S13–S15, Table S24). It was difficult to find significant differences in their thermal decomposition due to their high structural similarity. Additionally, neodymium(III) and europium(III) samples prepared at 100 °C were obtained as the mixture of two crystal phases. It was impossible to separate them; therefore, the recorded TG-DSC curves refer to the mixtures of compounds. In general, all investigated lanthanide(III) complexes were stable in air atmosphere at room temperature and then started to exhibit multi-step decomposition during heating. The first step in the temperature range of 30–357 °C corresponded to the release of both coordinated and uncoordinated water molecules in the overlapping stages. Dehydration processes were accompanied by the endothermic effects observed on the DSC curves. It is worth emphasizing that the dehydrated forms of lanthanide(III) complexes were unstable. This fact suggests that the elimination of coordinated water molecules from the coordination sphere of atom centers implied the formation of unsaturated metal nodes that were most probably crucial for the decomposition process [50]. Further heating caused their decomposition and burning, accompanied by significant mass losses (about 50%) recorded on the TG curves associated with strong exothermic effects. As the solid residues of metal complex heating in air atmosphere, the corresponding metal oxides Nd2O3, Eu2O3, Tb4O7, and Er2O3 were formed above 600 °C [51,52,53].



The profiles of TG-DSC curves for neodymium samples obtained at 100 and 120 °C were very similar in spite of the fact that two crystal phases appeared at 100 °C. Their dehydration process occurred in two quite well-separated stages in the temperature ranges 30–135 and 30–122 °C for samples prepared at 100 and 120 °C, respectively. Next, further elimination of water molecules took place up to 357 and 345 °C with mass losses of 7.49% and 8.33%, respectively. Endothermic effects recorded at 188 and 193 °C for phases as-synthesized at 100 and 120 °C corresponded to the removal of coordinated water molecules. In the case of the amorphous phase obtained at 150 °C, only a gradual mass loss of 10.54% in the temperature range 30–304 °C without a visible effect on the DSC curve was recorded. At higher temperature, the decomposition of neodymium samples took place, accompanied by several exothermic effects on DSC curves. In all cases, the formation of some unstable intermediate products at about 520 °C was postulated from the profiles of TG and DSC curves. The final solid product, i.e., neodymium(III) oxide, was formed above 675 °C.



The dehydration process of the europium(III) sample prepared at 100 °C proceeded in four overlapping steps, as can be deduced from the profiles of TG and DSC curves. In the range of 30–326 °C, mass losses of 3.05%, 1.67%, 2.17%, and 6.03% were observed. These steps were related to the liberation of inner and outer coordination water molecules from both types of crystal phases (II and III). The endothermic effects associated with these stages were recorded at 152 and 199 °C. Next, the decomposition of the dehydrated forms of complexes took place along with burning processes. The final product Eu2O3 was formed at 697 °C. The TG curves of europium(III) samples obtained at 120 and 150 °C, which presented the same type of crystal structure, exhibited a two-step dehydration process. The first mass loss occurred up to about 150 °C, while the second one occurred up to 295 °C. The removal of coordinated water molecules, which most probably occurred at higher temperature, was reflected by the presence of endothermic effects at 192 and 205 °C on the DSC curves. Next, the formation of europium(III) oxide was observed as the result of decomposition and burning of desolvated forms of complexes.



The dehydration of terbium(III) complexes as-synthesized at 100 and 120 °C occurred in two overlapping stages in the corresponding temperature ranges of 30–122, 30–132 °C and 123–325, 133–314 °C, respectively (Figure 8). Similarly to the previously described compounds, the second stage of water molecule liberation was associated with a strong endothermic effect, whereas the first step was accompanied by a weak effect. The terbium(III) complex obtained at 150 °C showed a gradual mass loss ranging from 30 to 323 °C at the dehydration temperature, without a distinctive energetic effect on the DSC curve. Above 690 °C, all terbium complexes decomposed into the Tb4O7 oxide.



The dehydration process of the erbium(III) complex obtained at 100 °C occurred in three distinct stages above 30 °C. The mass loss of 4.80% recorded in the range of 30–114 °C was accompanied by an endothermic effect at 69 °C (peak top) on the DSC curve. This stage could be attributed to the removal of weakly bonded, most probably uncoordinated water molecules located in the 1D channel presence in its structure. At higher temperature, two well-separated mass losses of 3.55% and 5.10%, derived from the elimination of coordinated water molecules in the temperature ranges 115–190 and 190–330 °C, appeared on the TG curve. Both stages were accompanied by endothermic effects at 170 and 226 °C. For erbium(III) complexes synthesized at 120 and 150 °C, only gradual mass losses of 18.10% and 20.30% were observed on TG curves, not accompanied by endothermic effects. Above 330 °C, the decomposition of desolated forms of complexes along with the burning process yielded erbium(III) oxide formation as the final solid product of heating.




2.5. Luminescence Investigations


In order to characterize the optical properties of the investigated materials, their emission spectra were recorded. Figure 9 and Figure S16 demonstrates the emission spectra of the Eu(III) complexes prepared at 100, 120, and 150 °C recorded under 360 and 392 nm excitation at room temperature. As presented in Figure 9a, Eu(III) exhibited an intense luminescent emission band at 612 nm upon excitation at 360 nm, confirming the efficient energy transfer from the ligand to the excited states of the europium ions. To confirm and check the excitation wavelengths for 612 nm emission, the excitation spectra were monitored, as shown in Figure 9b. For comparison, Figure 10 shows the excitation and emission spectra of the H2Qdca ligand. As can be seen from Figure 10, the H2Qdca ligand showed a broad band in the blue-green region, assigned to π–π transitions. The very intense metal-centered emission observed in the Eu(III) compounds and the lack of a broad emission band coming from the organic ligand molecules observed in the blue-green region indicated an effective energy transfer from the excited level of the ligand to the europium(III) ions. In addition, the intensity of this emission was four times lower when the complex was excited using λex = 392 nm, typical for the Eu(III) ion (Figure S16). This also confirmed the occurrence of intramolecular energy transfer from the H2Qdca ligand to Eu(III) ions.



Furthermore the broad and intensive band with the intensity maximum at 360 nm (Figure 9b) and weak band correspondence to 7F0 → 5L6 transition in Eu(III) ions (392 nm) gave evidence that the europium luminescence sensitizations through intramolecular energy transfer from the Qdca2− anion to Eu(III) ion were efficient.



From Figure 9a, it can be seen that the samples, excited at 360 nm, showed five narrow spectral lines in the range of 500−720 nm, characteristic for Eu(III) ions. The emissions at 580, 590, 612, 655, and 703 nm corresponded to the transitions 5D0 → 7F0, 5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3, and 5D0 → 7F4, respectively, with the dominant band at 612 nm being the so-called “hypersensitive” transition. This is an electric-dipole emission which is forbidden in free ions. The intensity of the 5D0 → 7F2 transition was greater than that of the 5D0 → 7F1 transition (magnetic dipole). The intensity ratio of the 5D0 → 7F2 transition to 5D0 → 7F1 transition of Eu(III) compounds was 6.2, 5.2, and 5.9, respectively. These results could most likely be ascribed to the non-centrosymmetric coordination environment around the Eu(III) centers [33,38,54].



The intensity of emission of the europium(III) coordination polymers prepared at 120 and 150 °C was similar and higher than in the sample prepared at 100 °C (Figure 9a). This observation is in good agreement with the crystal structures of europium complexes. The same coordination polymer of the formula [Eu2(Qdca)3(H2O)4]·H2O was formed at 100 °C, whereas, at 120 and 150 °C, a mixture of [Eu2(Qdca)3(H2O)4]·H2O and [Eu2(Qdca)3(H2O)4]·3H2O phases was observed. It can be postulated that the presence of a crystal phase with a greater number of outer coordination water molecules yielded a decrease in luminescence intensity. In other words, a reduction in the number of non-coordinated water molecules in the structure of europium complexes resulted in a substantial enhancement of luminescence intensity. This is in accordance with the observations made by Salaam et al. [55]. Under identical experimental conditions, no emission was observed in the case of Tb(III) complexes.



To elucidate the energy transfer processes in the Eu(III) complex, the triplet state energy of the Qdca2− anion was determined. The phosphorescence spectrum of [Gd2(Qdca)3(H2O)4]·H2O was measured at −196 °C in ethanol. The gadolinium(III) complex was selected for the determination of the triplet state energy of the Qdca2− anion because the triplet energy level of the ligand is not significantly affected by the Ln(III) ions, and the lowest-lying excited level of the Gd(III) ion, 6P7/2, is located above 32,000 cm−1 [33]. Thus, the phosphorescence spectrum of [Gd2(Qdca)3(H2O)4]·H2O allowed evaluating the triplet energy level Qdca2− for all our studied lanthanide(III) complexes. From this recorded spectrum, the triplet state energy of Qdca2− was determined to be 21,322 cm−1 on the basis of the maximum of the phosphorescence band located at 469 nm (as shown in Figure S17). The triplet level of Qdca2− was found to be moderately higher than that of 2,4′-biphenyldicarboxylic acid and slightly lower than that of 4-quinoline carboxylic acid [56,57]. In order to transfer the energy from the ligand to the lanthanide ion, the triplet state energy needs to be higher than the resonance level of the metal ion. The excited levels of Eu(III) 5D0, and Tb(III) 5D4 are 17,265 and 20,500 cm−1, respectively [33]. The energy differences between the triplet state of Qdca2− and the resonance energy level of 5D0 and 5D4 (E(T1) − E(5Dj)]) can be calculated as 4057 and 822 cm−1, respectively. A difference of 2000–5000 cm−1 is necessary to efficiently sensitize the luminescence of the lanthanide [58,59]. These energy differences show that Qdca2− can effectively sensitize Eu(III) ions. On the other hand, the energy back transfer is responsible for the lack of emission of Tb(III) ions [60]. Latva et al. reported that the energy back transfer occurs when the difference between the lowest energy level of the ligand in the triplet state and the 5D4 emission level of the Tb(III) ion is less than 1850 cm−l [59].



In order to complete spectroscopic analysis of the obtained europium(III) coordination polymers, the quantum yield and luminescent lifetimes were measured and analyzed. The luminescence decay curves of these complexes were investigated at the maximal excitation and emission wavelengths (Figure S18). The decay curves for Eu(III) samples prepared in 100 °C and 150 °C were adjusted with a single exponential function, and the lifetime values (τ) of the 5D0 emitting level were found to be 202.7 ± 0.2 and 200.5 ± 0.2 μs, respectively. The experimental data were fitted with R2 = 0.9980 using a single exponential function. Because the luminescence lifetime of Ln(III) is very sensitive to the composition of the inner coordination sphere [61,62], the short lifetimes determined herein can be attributed to the presence of luminescence quenchers, H2O molecules, in the coordination spheres of Eu(III) ions. The numbers of water molecules in these compounds calculated from Kimura’s empirical rule [63] were determined to be 4.5 (with an accuracy of 0.5 molecule). The obtained results indicate the presence of water molecules in the first coordination sphere of the metal ions as shown earlier. The emission quantum efficiency of the 5D0 emitting level of the Eu(III) ion for the sample prepared at 150 °C was determined according to Equation (1)


  ϕ =    I  e m E  u  3 +        I  e x L  a 2   O 3    −  I  e x E  u  3 +       · 100 %  



(1)




where ϕ is the quantum yield,    I  e m E  u  3 +       is the integrated intensity of sample luminescence, and    I  e x L  a 2   O 3      and    I  e x E  u  3 +       are the integrated intensities of scattered excitation radiation not absorbed by the reference (La2O3) and the integrated intensities of the scattered excitation light for the investigated material, respectively. All procedures were carried out in accordance with [64,65]. The luminescence quantum yield was calculated as 0.023.



Figure 11 presents the emission spectra of the Nd(III) coordination polymers. These spectra were recorded at room temperature under 369 nm LED pumping, in the near-infrared (NIR) region from 900 to 1700 nm. The complexes show characteristic NIR emissions of the Nd(III) and Er(III) ions. The emission spectra of Nd(III) arose from the excited state 4F3/2 in the form of two transitions, 4F3/2→4I11/2 (1047 nm) and 4F3/2→4I13/2 (1323 nm) [66]. All the emission peaks were identical, except for the peak intensities. The 4F3/2→4I11/2 transition (1047 nm) was the most intense and dominated the emission spectra of the complexes. Slight differences in the intensity of these transitions could be attributed to the slightly different number of water molecules in these compounds, as shown in Table 1. The energy of the triplet state of Qdca2− existed 9795 cm−1 above the 4F3/2 (11,527 cm−1) emitting level of Nd(III). The energy gap between the ligand triplet state and the emitting level of lanthanide ion in the case of the present Nd(III) complexes is larger than the optimum range for effective transfer of energy. Therefore, non-radiative decay of excited states can occur with high efficiency, resulting in lower emission intensity of Nd(III) ions.



The NIR emission plot of Er(III) complexes, measured in the spectral range of 900–1700 nm, upon the excitation at 369 nm is presented in Figure 12. The spectra show broad and weak bands with maximum intensity at around 1524 nm, assigned to the 4I13/2→4I15/2 transition of Er(III) ions. As in the case of europium and neodymium compounds, an increase in the temperature at which the synthesis was carried out favored better emission properties of the samples [67].





3. Materials and Methods


Hydrates of lanthanide(III) nitrates(V) (99.9%) were purchased from Merck and used without further purification. Quinoline-2,4-dicarboxylic acid (95%) was purchased from Alfa Aesar and purified by heating with distilled water.



3.1. Synthetic Procedures


Synthesis of [Ln2(Qdca)3(H2O)x]·yH2O. The hydrothermal synthesis of lanthanide(III) complexes required two steps. In the first step, dissolution and deprotonation of H2Qdca acid were performed using a 0.2 M NaOH solution. In the second stage, the synthesis of complexes was carried out by mixing aqueous solutions of Ln(NO3)3 (1.9 mmol, 20 mL) (where Ln(III) = Nd, Eu, Tb, and Er) with sodium salt of acid (2.3 mmol, 25 mL). The pH of the reaction mixture was 5. The obtained mixtures were placed in 100 mL Teflon vessels and enclosed in steel autoclaves. In order to achieve hydrothermal conditions, the synthesis proceeded at the temperatures of 100 °C, 120 °C, and 150 °C for 72 h. Then, the autoclaves were allowed to cool to room temperature. The obtained suspensions were filtered, and the resulting precipitates were washed with distilled water and dried in air.



The recrystallization process of the amorphous phases of Nd(III) and Er(III) complexes hydrothermally obtained at 150 °C, as well as of metal complexes prepared at 120 °C, was performed by adding 10 mL of distilled water to about 100 mg of pristine metal complexes, followed by stirring (30 min.). After 24 h, in the case of all samples, new crystal phases were noticed.



Additionally, the gadolinium(III) complex ([Gd2(Qdca)3(H2O)4]·H2O) was prepared according to the procedure given above (hydrothermal synthesis at 120 °C) for luminescence analysis purposes.




3.2. Analytical Methods


The contents of C, H, and N in the obtained compounds were determined by elemental analysis using a EuroEA Elemental Analyzer, and the results are given in Table S1 (Supplementary Materials).



The X-ray powder diffraction patterns of the prepared complexes were obtained by means of an Empyrean powder diffractometer PANalytical using the Bragg–Brentano method.



Optical images of the crystals were taken on a scanning confocal microscope MA200 Nikon. Images of the europium complexes were obtained using an excitation wavelength of 420 nm.



The single-crystal X-ray measurements on obtained compounds were obtained using the Rigaku XtaLAB MM7HFMR diffractometer equipped with a “quarter-chi single” goniometer, rotating anode generator (graphite monochromated Cu Kα radiation), and Pilatus 200 K detector. The CrysAlisPro 1.171.39.27b program was used for data collection, cell refinement, and data reduction [68]. The structures were solved using the direct methods implemented in SHELXS-97 and refined with the SHELXL-18/3 program, both operating under WinGX [69,70]. All hydrogen atoms attached to water oxygens were found in the difference Fourier maps and initially freely refined. In the final refinement cycles, the Ow-bonded H atoms were repositioned in their calculated positions and refined with the O–H bond lengths restrained to 0.840(2) Å, H∙∙∙H distances restrained to 1.380(2) Å, and Uiso(H) = 1.5 Ueq(O). The hydrogen atoms attached to carbon were positioned geometrically and refined using a riding model with Uiso(H) = 1.2 Ueq(C).



The weak quality of the crystals of obtained erbium(III) quinoline-2,4-dicarboxylate compound synthesized at 150 °C allowed only determining the unit cell parameters.



The infrared spectra (ATR/FTIR) of the ligand and the obtained compounds were recorded using a Nicolet 6700 spectrophotometer equipped with the Smart iTR accessory (diamond crystal) in the range of 4000–600 cm−1 (Thermo Scientific, Waltham, MA, USA)



Solid electronic spectra for H2Qdca and complexes were recorded on a PerkinElmer Labmda 365+ double bean UV/Vis spectrometer, with BaSO4 as the reference.



Thermal analyses of the prepared complexes were made by applying the thermogravimetric (TG) and differential scanning calorimetry (DSC) methods using the SETSYS 16/18 analyzer (Setaram, Caluire, France). The samples (about 5–9 mg weighed on the WAX62 (Radwag wagi elektroniczne, Radom, Poland) analytical balance with a precision of 0.01 mg) were heated in alumina crucibles up to 1000 °C at a heating rate of 10 °C min−1 in a dynamic air atmosphere (v = 0.75 dm3 h−1).



The emission and excitation spectra in the UV/Vis range were recorded on a Hitachi F7000 Fluorescence Spectrometer using a 450 W Xenon lamp, with a wavelength range of 200–800 nm. The luminescence spectrum of the gadolinium complex in ethanol solution was recorded at 148 °C using the same equipment, but operating in phosphorescence mode. The photoluminescence spectroscopy experiments in the NIR range were performed in an Andor Shamrock 500 spectrometer (300 l/mm—blaze 1200 nm) equipped with a CCD camera iDus 420 and spectrometer QuantaMasterTM 40 s (Photon Technology Instrumental, Pemberton, NJ, USA) equipped with Photomultiplier Tubes H10330C-75 (900–1800 nm). The samples were excited using an LED revolver with high-power 360–370 nm LEDs. Excitation and emission spectra were corrected for the instrumental response. Emission intensity measurements were carried out using the adapter and holder supplied by the manufacturer of the spectrofluorometer, for emission measurements of solid samples. The QuantaMasterTM 40 (Photon Technology International) spectrophotometer equipped with an Opolette 355LD UVDM (Opotek Incorporation, Carlsbad, CA, USA) tunable laser (excitation source), which had a repetition rate of 20 Hz as the excitation source, and a Hamamatsu R928 photomultiplier as a detector, was used to measure luminescence decays. All measurements were collected at room temperature.





4. Conclusions


We demonstrated the first examples of four structurally characterized groups of novel three-dimensional coordination polymers built up from selected lanthanides (Nd(III), Eu(III), Tb(III), and Er(III)) and quinoline-2,4-dicarboxylate ligand as the building block. We showed that the structural diversity of coordination polymers was prompted by temperature. In general, a higher temperature of hydrothermal synthesis was advantageous for the formation of more hydrated metal complexes. Only one crystal phase of Nd (at 100 °C) was formed without non-coordinated water molecules, whereas the remaining 3D coordination polymers exhibited structures with one-dimensional channels occupied by one, three, or four water molecules. It can be assumed that the coordination and conformation flexibility of Qdca2− anions, which exhibited seven different coordination modes in the prepared complexes (Figure 13), was also affected by temperature.



The europium complexes exhibited luminescence in the red spectral range, while the erbium and neodymium complexes displayed weak emission in the NIR region. The Qdca2− anion effectively sensitized Eu(III) ions, while, for Tb(III) ions, back transfer energy was observed. The number of water molecules in the structure of complexes was crucial for luminescence intensity.
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Figure 1. (a) Optical microscope images of crystals from four different groups; (b) images under a confocal microscope of europium(III) sample obtained at 100 °C (λex = 420 nm). 
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Figure 2. Part of the crystal structure of [Nd2(Qdca)3(H2O)3] (type I): (a) central metal environments in [Nd2(Qdca)3(H2O)3]; (b) coordination polyhedra of Nd atoms; (c) coordination modes of the Qdca2− anions; (d) packing view along the a axis; and (e) packing view along the c axis. 
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Figure 3. Part of the crystal structure of [Eu2(Qdca)3(H2O)4]·H2O (type II): (a) central metal environments in [Eu2(Qdca)3(H2O)4]·H2O; (b) coordination polyhedra of Eu atoms; (c) coordination modes of the Qdca2− linker; (d) crystal packing in view along the c axis; and (e) crystal packing in view along the a axis. 
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Figure 4. Part of the crystal structure of [Nd2(Qdca)3(H2O)4]·3H2O (type III): (a) central metal environments in [Nd2(Qdca)3(H2O)4]·3H2O; (b) coordination polyhedra of Nd atoms; (c) coordination modes of the Qdca2− linker; and (d) crystal packing in view along the a axis. 
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Figure 5. Part of the crystal structure of [Er2(Qdca)3(H2O)4]·4H2O (type IV): (a) central metal environments in [Er2(Qdca)3(H2O)4]·4H2O; (b) coordination polyhedra of Er atoms; (c) coordination modes of the Qdca2− linker; (d) packing view along the a axis. 
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Figure 6. The experimental XRD patterns of neodymium(III) samples (1–4) synthesized at different temperatures (100, 120, and 150 °C), along with calculated XRDP from single-crystal data. 






Figure 6. The experimental XRD patterns of neodymium(III) samples (1–4) synthesized at different temperatures (100, 120, and 150 °C), along with calculated XRDP from single-crystal data.



[image: Molecules 28 06360 g006]







[image: Molecules 28 06360 g007] 





Figure 7. ATR/FTIR spectra of the quinoline-2,4-dicarboxylic acid and obtained lanthanide(III) complexes of the different crystal groups. 
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Figure 8. (a) TG and (b) DSC curves (air atmosphere) of terbium complexes (samples 9–11) prepared at 100, 120, and 150 °C. 
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Figure 9. Solid-state emission spectra (a, λex = 360 nm) and excitation spectra (b, obtained monitoring emission on the hypersensitive 5D0–7F2 transition of the Eu(III) ion at 612 nm) of Eu(III) samples prepared at different temperatures (100, 120, and 150 °C). 
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Figure 10. The excitation and emission spectra of H2Qdca ligand recorded at room temperature (λex = 360 nm, λob = 480 nm). 
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Figure 11. Solid-state NIR emission spectra of Nd(III) complexes prepared at 100, 120, and 150 °C, recorded at room temperature (λex = 369 nm). 
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[image: Molecules 28 06360 g011]







[image: Molecules 28 06360 g012] 





Figure 12. Solid-state NIR emission spectra of Er(III) complexes prepared at 100, 120, and 150 °C, recorded at room temperature (λex = 369 nm). 






Figure 12. Solid-state NIR emission spectra of Er(III) complexes prepared at 100, 120, and 150 °C, recorded at room temperature (λex = 369 nm).
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Figure 13. Coordination modes (a–g) of quinoline-2,4-dicarboxylate ligand observed in I–IV crystal structure types. 






Figure 13. Coordination modes (a–g) of quinoline-2,4-dicarboxylate ligand observed in I–IV crystal structure types.
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Table 1. The main crystallographic parameters along with composition, numbering of investigated samples (1–14), and crystal structure types (I–V).
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Complex/

Temperature

	
100 °C

	
120 °C

	
150 °C




	
Crystal Structure Type

x; y (Number of Water Molecules from Inner and Outer Coordination Sphere)

Crystal System, Space Group

a/b/c [Å]

α/β/ƴ [°]






	
[Nd2(Qdca)3(H2O)x]·yH2O

	
Type-I

x = 3; y = 0 (1)

orthorhombic, Pna21

14.985/30.366/6.672

90/90/90

	
Type-II

x = 4; y = 1 (2)

triclinic, P-1

9.932/12.315/14.211

89.697/82.258/86.568

	
Type-II

x = 4; y = 1 (3)

triclinic, P-1

9.946/12.323/14.184

89.901/81.851/86.24

	
Type-III

x = 4; y = 3 (4)

triclinic, P-1

10.593/11.806/15.040

97.070/101.073/103.862




	
[Eu2(Qdca)3(H2O)x]·yH2O

	
Type-III

x = 4; y = 3 (5)

triclinic, P-1

10.531/11.698/14.9681

96.498/101.195/104.43

	
Type-II

x = 4; y = 1 (6)

triclinic, P-1

9.859/12.339/14.144

89.89/97.53/93.55

	
Type-II

x = 4; y = 1 (7)

triclinic, P-1

9.853/12.305/14.075

90.02/98.182/93.877

	
Type-II

x = 4; y = 1 (8)

triclinic, P-1

9.858/12.3124/14.055 90.133/98.245/94.016




	
[Tb2(Qdca)3(H2O)x]·yH2O

	
Type-II

x = 4; y = 1 (9)

triclinic, P-1

9.802/12.309/13.988

90.212/98.326/94.157

	
Type-III

x = 4; y = 3 (10)

triclinic, P-1

10.492/11.608/14.911

96.144/101.267/104.977

	
Type-III

x = 4; y = 3 (11)

triclinic, P-1

10.492/11.632/14.969 96.000/101.459/104.980




	
[Er2(Qdca)3(H2O)x]·yH2O

	
Type-IV

x = 4; y = 4 (12)

triclinic, P-1

9.937/12.285/15.121

84.246/86.472/89.165

	
Type-IV

x = 4; y = 4 (13)

triclinic, P-1

9.936/12.269/15.093

84.151/86.415/89.199

	
Type-V

x + y = 14 (14)

triclinic, P-1

11.75/13.39/15.37

91.27/105.56/114.09











 





Table 2. Crystal data and structure refinement details for crystals 1, 4, 8, 9, and 13.
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	Compound

(Sample Number)
	[Nd2(Qdca)3(H2O)3]

(1)
	[Nd2(Qdca)3(H2O)4]·3H2O

(4)
	[Eu2(Qdca)3(H2O)4]·H2O

(8)
	[Tb2(Qdca)3(H2O)4]·H2O

(9)
	[Er2(Qdca)3(H2O)4]·4H2O

(13)





	Empirical formula
	C33H21N3O15Nd2
	C33H29N3O19Nd2
	C33H25N3O17Eu2
	C33H25N3O17Tb2
	C33H31N3O20Er2



	Formula weight
	988.01
	1060.07
	1039.48
	1053.40
	1124.13



	T/K
	295(2)
	295(2)
	295(2)
	295(2)
	295(2)



	Crystal system
	orthorhombic
	triclinic
	triclinic
	triclinic
	triclinic



	Space group
	Pna21
	P-1
	P-1
	P-1
	P-1



	a/Å
	14.9850(1)
	10.5934(4)
	9.8575(4)
	9.8018(4)
	9.9361(2)



	b/Å
	30.3661(2)
	11.8063(4)
	12.3124(4)
	12.3088(5)
	12.2695(2)



	c/Å
	6.6721(1)
	15.0403(3)
	14.0546(4)
	13.9881(5)
	15.0930(3)



	α/°
	90
	97.070(2)
	90.133(2)
	90.212(3)
	84.151(1)



	β/°
	90
	101.073(3)
	98.245(3)
	98.326(3)
	86.415(1)



	γ/°
	90
	103.862(3)
	94.016(3)
	94.157(3)
	89.199(2)



	Volume/Å3
	3036.05(5)
	1763.8(1)
	1683.9(1)
	1665.29(1)
	1826.79(6)



	Z
	4
	2
	2
	2
	2



	dcalc/g∙cm3
	2.162
	1.996
	2.050
	2.101
	2.044



	μ/mm−1
	26.57
	23.00
	27.16
	21.39
	9.09



	2Θ range/°
	8.29–136.85
	7.84–136.94
	7.20–138.06
	7.20–136.83
	8.87–136.03



	Ref. collected
	18,174
	26,149
	23,719
	20,895
	20,077



	Independent

reflections
	5154

[Rint = 0.0326]
	6384

[Rint = 0.0539]
	6084

[Rint = 0.0437]
	6004

[Rint = 0.0446]
	6525

[Rint = 0.0228]



	Data/restr./

parameters
	5154/10/494
	6384/21/518
	6084/15/526
	6004/13/526
	6525/23/568



	GooF on F2
	1.020
	1.110
	1.044
	1.100
	1.064



	Final R1, wR2 indices [I > 2σ(I)]
	0.0301,

0.0789
	0.0504,

0.1381
	0.0395,

0.1079
	0.0477,

0.1316
	0.0315,

0.0874



	Final R1, wR2 indices [all data]
	0.0308,

0.0794
	0.0574,

0.1428
	0.0458,

0.1119
	0.0541,

0.1364
	0.0322,

0.0879



	Largest diff. peak/hole/e Å−3
	1.40/−0.91
	0.84/−1.70
	1.35/−1.43
	0.91/−2.26
	1.39/−1.45



	Flack parameter
	−0.016(4)
	-
	-
	-
	-



	CCDC number
	2281669
	2281670
	2281671
	2281672
	2281673
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