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Abstract

:

The present work reports on the synthesis, structural, spectroscopic, and theoretical studies of a new solid state ionic compound mainly composed of tris(1,10-phenanthroline)zinc(II) cations and N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide anions. Colorless and well-shaped crystals were obtained from an alkaline aqueous methanolic solution, and single-crystal X-ray diffraction revealed a distinct supramolecular network. Powder diffraction techniques and Rietveld analysis confirmed the phase purity of the crystalline probes. The compound crystallizes in the orthorhombic space group Pbca with a cell volume of 9517.0 Å3. The complex cations [Zn(phen)3]2+ are interconnected via π–π-interactions and form a cationic layer network with holes. The organic counterion, as a dianion, forms dimeric units through π–π-interactions and hydrogen bonds, which also form an anionic layer network with honeycomb-like holes through cooperative classical hydrogen bonds of the O∙∙∙H–O and O∙∙∙H–N type with attractive secondary electrostatic interactions. Using the holes, the resulting supramolecular framework can be described as an interpenetrated network of separate anionic and cationic layers linked by further weaker non-covalent interactions such as C–H∙∙∙π and lone-pair∙∙∙π interactions. DFT calculations confirmed the experimentally observed spectroscopic (IR and Raman) findings. For a deeper insight into the structural arrangement in the crystal, the different Hirshfeld surfaces of the cation and anion, the pairwise interaction energies as well as the energy framework were calculated, supporting the dominance of attractive and repulsive electrostatic forces between the ions.
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1. Introduction


Intermolecular interactions are of crucial importance and play a central key role in a multitude of biologically and medically relevant processes. Impressive examples of these biologically essential processes and structures from nature include the assembly of the DNA [1,2,3,4] and the associated reproduction of genetic information, the bio-enzymatic catalysis of proteins, protein folding itself, or the impressive self-assembly of the tobacco mosaic virus [5,6]. Underlying many of these fascinating mechanisms of assembly and reaction sequences is a high degree of efficiency in which the involved molecules recognize each other over a complex interplay of several relatively weak non-covalent forces, leading in a controlled manner to complex structures with often remarkable stability.



The associative self-assembly in the DNA double helical structure is based on the formation of classical hydrogen bonds with attractive secondary interactions [7,8,9,10,11] between the different nucleic base pairs of two DNA single strands as well as π–π stacking interactions between the superimposed base pairs [4], which provide an additional contribution to the overall stability of the system.



In addition to the intermolecular forces mentioned so far, other important non-covalent interactions exist such as the attractive and repulsive electrostatic interactions between ions, the non-classical hydrogen bonds, the lone-pair∙∙∙π and the C–H∙∙∙π interactions [3,12,13,14,15,16,17,18,19,20]. Of further central importance to supramolecular chemistry are the characteristic coordinative bonds between a metal atom and organic ligands known from transition metal complexes. One biologically important representative is adenosylcobalamine, also known as coenzyme B12 [1,21,22]. It belongs to the group of cobalamins and is involved in various metabolic functions of the organism. The basic structure consists of a cobalt complex, in which the cobalt shows an octahedral coordination environment. Four of the six coordinative bonds are formed by a corrin ring system. This complex exhibits very high stability. A related structure is found in the heme unit of hemoglobin. This iron porphyrin complex is responsible for oxygen transport in vertebrates [23]. There are many other impressive examples of structures and steering forces and the chemical and biological recognition of molecules. The insights and principles of molecular recognition and self-assembly form the basis of crystal engineering of artificial systems in the field of new effective drugs and functional supramolecular materials with applications in a wide variety of fields. Thus, supramolecular chemistry establishes an interdisciplinary research field of the departments of chemistry, physics, biology, and materials science.



However, with the intention to prepare new metal–organic coordination polymers (CPs) with scintillation effect [24,25,26,27,28,29,30] based on zinc as the metal center, 1,10-phenanthroline and N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide (TCMBT) as ligands, the present compound was synthesized. Although the compound does not exhibit a scintillation effect under the chosen excitation conditions [31,32], it is a structurally highly interesting compound of academic interest. Several aspects of self-assembly were considered in the synthesis strategy. On the one hand, the use of the nitrogen-containing 1,10-phenanthroline as an electron-poor aromatic ligand, which is known for π-π stacking [33,34,35,36] and lone-pair∙∙∙π [3,15,18,19,37] interactions, and on the other hand, the organic ligand N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide (TCMBT) which forms very stable dimers [38,39,40,41,42,43] via π–π stacking and cooperative hydrogen bonds. An overview of the complexes synthesized in which TCMBT acts as bridging and coordinating ligand can be found in the literature [44]. Due to the postulated scintillation mechanism of metal–organic compounds [24,26,27], the use of metal centers with high Z for the high energy conversion process and aromatic compounds (delocalized π-electrons) for an induced fluorescence by the attenuated radiation is preferred.



In the present compound, TCMBT is a doubly deprotonated counter anion and does not coordinate the metal center as shown in Scheme 1. The anions are connected by a distinct network of cooperative hydrogen bonds and hydrogen bonds with attractive secondary electrostatic interactions. They form layers with honeycomb-like holes. Through a SciFinder research, we assume that this coordination mode of TCMBT is structurally described for the first time. The cationic complexes are connected by π–π interactions and also form layers with holes. An interpenetrating network of the separated anion and cation layers is constructed over these holes. The layers are linked by further weaker non-covalent interactions such as C–H∙∙∙π, lone-pair∙∙∙π and C–H∙∙∙O hydrogen bonds.




2. Materials and Methods


2.1. Synthesis of the Compound


Cesium carbonate (3 mmol), 1,10-phenanthroline (1 mmol) and N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide (1 mmol) were dissolved in a 1:1 (v/v) mixture of water and methanol (60 mL). The mixture was heated and stirred for 1 h. After cooling to room temperature, 10 mL of an aqueous solution of zinc(II) nitrate (1 mmol) was slowly added under continuous stirring. Good quality colorless block-shaped crystals of the compound suitable for X-ray crystallography could be obtained after five days by slow evaporation under ambient conditions. C51H47N9O14Zn Yield: 62%; Elemental analysis: Calc.: C 56.96 H 4.41 N 11.44; Found: C 56.41 H 4.31 N 11.28.




2.2. Single-Crystal X-ray Crystallography


The data set for a well-shaped single crystal selected under a polarization microscope was obtained at 223 K on a Stoe IPDS II diffractometer using a graphite monochromated MoKα radiation (λ = 0.71073 Å). The crystal was separated from the mother liquor and placed in a glass fiber with perfluorinated oil. The structure was solved by direct methods and refined using least-square methods on F2 with the SHELX-2018 [45] software package. The final structure was checked and validated with PLATON [46,47,48,49]. A validation report and a checkCIF file can be found in the Supplementary Information (SI). The atomic displacement parameters for non-hydrogen atoms were refined anisotropically, and all C-bound and N-bound H atoms were set to idealized geometry and refined isotropically with Uiso(H) = 1.2 Ueq(C and N), C–H(aromatic) = 0.94 Å and C–H(methylene) = 0.98 Å N–H(amide) = 0.87 using the riding model. The H atoms of the water molecules were located in a difference-Fourier map and were also refined isotropically with Uiso(H) = 1.5 Ueq(O). Some water molecules were restrained with the DFIX command to 0.87Å which led to a stable hydrogen bonding network. Details of the restrain can be found in the embedded INS-file of the CIF-file. A numerical absorption correction was applied using the STOE software X-Area and X-Red. Figures were prepared with DIAMOND [50] and POV-RAY [51]. Further details of the compound may be obtained free of charge from the Cambridge Crystallographic Data Centre (https://www.ccdc.cam.ac.uk/structures/) on quoting the deposition number CCDC 2234251.




2.3. Powder X-ray Diffraction (PXRD)


The phase purity of the crystalline powder probes of the newly synthesized compound were confirmed by powder diffraction techniques before all other measurements were carried out. PXRD data were collected on a STOE STADI P X-ray powder diffractometer in the Debye–Scherrer geometry with a position-sensitive detector and a germanium monochromated Cu-Kα radiation (λ = 1.54056 Å) at room temperature. Standard measurements were carried out with a generator voltage of 40 kV and a current of 30 mA and a two theta step size of 0.01° with a step width of 0.7° over an angular range of 3–91°. A measuring time of 50 s for each step leads to a total time of two hours for a single range. Eight ranges were measured and added to lower the background noise. Data were collected, analyzied, and visualized with the Stoe WINXPOW software, and the JANA2006 program package [52] was used for the leBail and Rietveld refinement procedure.




2.4. Infrared and Raman Spectroscopy


FT–IR and FT–Raman spectra were recorded with a Bruker VERTEX 70V. A U-shaped silicon carbide piece was used for infrared excitation, and a DLaTGS detector served as the detector unit. For the measurement of the Raman spectrum a Nd:YAG laser (1064 nm) with a maximum power of 1000 mW and a germanium detector was used. The analysis of the recorded IR and Raman spectra were performed using the Bruker OPUS software package.




2.5. Computional Chemistry


Theoretical calculations of the molecular energies, the structure optimization and the IR and Raman spectra were performed with the ORCA 4.0.1 program package [53]. The Hirshfeld surfaces [54,55,56] with the associated fingerprint plots [57,58], the pairwise interaction energies and the energy framework [59,60] were generated with the CrystalExplorer program package [61]. The calculations of the pairwise non-covalent interaction energies between the phenanthroline ligands of the cationic complexes, the phenanthroline ligands and the TCMBT dianion, and the TCMBT dianions were performed using the symmetry-adapted perturbation theory (SAPT) of the PSI4 software [62] with the basis sets of jun-cc-pVDZ and aug-cc-pVDZ, respectively. Further details on the used functionals and basis sets can be found in the associated sections. For all theoretical calculations the initial atomic coordinates were taken from the CIF-file.




2.6. Thermal and Elemental Analysis


The thermogravimetric analysis was performed using a TGA951 from TA Instruments Inc. The temperature range for the TGA measurements was from room temperature to 920 °C, with a heating rate of 10 K/min. The samples weighed 4.4090 mg and were measured in a platinum crucible under an argon atmosphere with a flow rate of 50 mL/min. For the elemental analysis, approximately 2 mg of the solid sample were weighed into a thin-walled tin boat, enclosed, and introduced into the Vario EL elemental analyzer from Elementar Analysesysteme GmbH.





3. Results


3.1. Description of the Crystal Structure


The single-crystal X-ray crystallography of a colorless block-shaped crystal grown in an alkaline aqueous-methanol solution revealed a complex cation [Zn(phen)3]2+ with a zinc(II) coordination center of a distorted octahedral coordination environment consisting of three bidentate 1,10-phenanthroline ligands, a non-coordinating doubly deprotonated N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide (TCMBT) counter anion, and five water molecules as depicted in Figure 1. The compound crystallizes in the primitive centrosymmetric orthorhombic space group Pbca (No. 61) with eight formulas units per unit cell and a cell volume of 9517.0 Å3. Further details of the single-crystal X-ray analysis and the structure refinement are listed in Table 1. Selected bond length and angles of the known cationic complex and the dianion can be found in the Tables S1 and S2 of the SI, respectively. The values are comparable to those found in the literature [39,63].



The two deprotonated carboxylate groups of the dianion show bond lengths of C9–O2 = 1.267 (5) and C9–O3 = 1.259 (5) Å as well as C12–O5 = 1.248 (6) and C12–O6 = 1.234 (6) Å and bond angles of O2–C9–O3 with 125.7 (4)° as well as O5–C12–O6 with 124.5 (4)°, respectively. This arrangement indicate a delocalized anionic charge. It becomes clearer by the comparison to the protonated carboxylate group which shows a signifcant different bond distance of C15–O8 = 1.218 (6) and C15–O9 = 1.311 (6) Å which are in the expected ranges [64] and identify a double and a single bond. The bond angle of O8–C15–O9 with 121.0 (4)° is decreased compared to the deprotonated carboxylate groups. The illustration of Figure 2, Figure 3 and Figure S1 and Video S1 display the involvement of the carboxylates, amides and several C–H groups of the TCMBT in classical and non-classical hydrogen bonding interactions. A detailed overview of the hydrogen bond geometry is summarized in Table S3 of the SI. As seen, the dianions form dimeric units by π–π stacking and hydrogen bonding. These dimeric units are linked through further hydrogen bonds of a cooperative nature and with attractive secondary electrostatic interactions (Figure 3), leading to a supramolecular anionic layer with honeycomb-like holes (Figure 4). The hydrogen bonds of the anion linkage of the protonated and deprotonated carboxylates and N–H group of O5∙∙∙H3–N3 and O6∙∙∙H9–O9, have donor and acceptor distances of 1.926 (4) and 1.35 (6) Å, and angles of O5–H3–N3 and O6–H9–O9 with 158.4 (3)° and 164.8 (5)°, respectively. The short O6∙∙∙O9 distance of 2.544 (6) Å and the oxygen-hydrogen distance of O9–H9 of 1.21 (6) Å, which is greatly elongated, indicate a strong hydrogen bond (Figure 3.). This is known from the literature [65,66,67,68,69,70,71,72]. The diagonal relationships of the secondary stabilizing interactions show distances of H3∙∙∙O6 and H9∙∙∙O5 with 2.887 (4) and 2.77 (6) Å, respectively. These attractive diagonal interaction between the parallel hydrogen bonded bridges of O5∙∙∙H3–N3 and O6∙∙∙H9–O9 with a DD/AA motif supports and strengthens the hydrogen bonding of the anionic connection. These type of secondary interactions are observed in the hydrogen bonding of the nucleic base pairs of the double-stranded DNA [7,8,9,10,11,73]. In addition to the classical and non-classical hydrogen bonding, a further important role in the architecture of the present supramolecular structure is played by the different π-stacking interactions. As mentioned earlier, two TCMBT molecules interact with a π–π stacking in nearly perfect alignment of a face-to-face arrangement, showing a relatively short Cg1∙∙∙Cg1 centroid-to-centroid distance of 3.5382 (2) Å [4,13,14,33,34,35]. A detailed overview of the definition of the centroids is shown in Figure S2 of the SI. Furthermore, the cationic complexes also exhibit π-stacking interactions, resulting in three-dimensional linkage (Figure S3) and the formation of cationic layers with holes (Figure 4). A supramolecular framework is formed over the holes, which can be described as an interpenetrating supramolecular network of separate anionic and cationic layers. These layers are linked via further non-covalent interactions such as lone-pair∙∙∙π (Figure 3) and C–H∙∙∙π (Figure S4). Compared to the π–π stacking of the dianions, the cationic stacking show an offset or parallel displaced motif. The centroid-to-centroid distance of Cg3∙∙∙Cg3 of two phenanthrolines 1 is 3.5544 (1) Å, which is slightly shorter than the distance of Cg6∙∙∙Cg9 of phenanthroline 2 and phenanthroline 3 with a value of 3.5686 (2) Å. A closer look at the π-stacking interactions of the phenanthrolines reveals that the π–π repulsion, which is more pronounced in the dianion stacking, was minimized by the slipped arrangement of the phenanthrolines, and the π–σ attraction is favored due to the positively charged ring carbons or the C-bounded hydrogen atoms [4,33]. Basically, a transition from π–π stacking to C–H∙∙∙π interaction can be observed. The nitrogen-containg ligands as electron poor aromatic compounds are predestinated for π-stacking. When a metal atom is coordinated by the phenanthroline, the electron density of the aromatic system decreases even more due to the electron-withdrawing property of the metal, and partial charge separation occurs. This favors the van der Waals attraction of dipole–dipole interactions. For this reason, the phenanthroline ligands are usually stacked with a 180° rotation.



However, the distance of the hydrogen atom H21 of the Cg3 centroid of the phenanthroline 1 and the centroid Cg1 of the dianion (Figure S4) of 3.3033 (1) Å indicate rather an attractive interaction of the positively charged C-bounded hydrogen atom and the aromatic system and thus a C–H∙∙∙π interaction. This is supported by a comparison of the distance of the centroids Cg1 and Cg3 with a distance of 4.4404 (2) Å, which is no longer in the usual range of distances of π–π interactions. The observed geometry of the C–H∙∙∙π interactions is in good agreement with the literature values [36,74]. The pairwise energy calculations based on SAPT of the PSI4 program package [62] show the largest energy gain in the interaction of phenanthroline 1 and the dianion. The pairwise interaction energy calculation results for the phenanthrolines and the phenanthrolines with the dianion can be found in Table S4 of the SI.



The lone-pair of the O13 water molecule interact with the aromatic system of the centroid Cg7 of the phenantroline 2. The measured distance between O13 and the centroid Cg7 is 3.351 (4) Å and comparable with the literature [15,18]. Due to the cooperative nature of this water molecule’s involvement in hydrogen bonding and further weak interactions, the hydrogen bond distance of H13B to the hydrogen bond acceptor is greatly extended (Figure 3).




3.2. Hirshfeld Surface Analysis, Pairwise Interaction Energies and Energy Framework


In order to describe and understand the composition of the different weak interactions in supramolecular architectures of crystals, Hartree–Fock (HF) and Density Functional Theory (DFT) can be used. These quantum mechanical modelling methods are employed in chemistry and physics as well as in related scientific research fields of material science for calculating electronic structures, spectra, and energies of molecules. The visualization of the results in form of orbitals of the different theories (e.g., MOs, NBOs, etc.) and the molecule surfaces [55,75] gain a deeper insight into the weaker interactions in the crystals, and the findings can be utilized in crystal engineering. Based on the mentioned methods, the CrystalExplorer [61] software offers the possibility of generating such surfaces and newly calculate of the pairwise interaction energies which form the basis for the visualization of the energy framework of the crystal [59,60]. To investigate the close contacts between the ionic molecules in the present structure, the Hirshfeld surfaces (HS) mapped over the dnorm, the electrostatic potential energy and the shape index with the associated fingerprint plots (FP) have been generated with CrystalExplorer using TONTO with standard settings and for the electrostatic potential energy with the dispersion corrected hybird functional B3LYP and the 6-311G(d,p) basis set. To allow the viewing of all atoms and molecules around which the surface is calculated, all the surfaces are drawn transparently.



The three-dimensional HS mapped over dnorm of the cationic complex in the range –0.1974 to 1.5761 and for the dianion in the range –0.8003 to 1.6868 are shown in Figure 5 and Figure 6, respectively. The blue areas of the HS surfaces represent the longer distances than the van der Waals radii, and the white areas the close contacts equal to the sum of van der Waals radii. The red spots display closer distances than the van der Waals radii and thus indicate donors and acceptors of classical and non-classical hydrogen bonding. The big bright-red spots reveal the types of O–H···O as the stronger classical hydrogen bonds of the dianion, whereas the smaller and lighter red spots reveal the non-classical hydrogen bonds of the type C–H···O of the aromatic C-bounded hydrogens of the cationic complex and the dianion.



The appearance of the small single spike in the corresponding FP of the cationic complex in the region de ~1.35 Å/di~1.00 Å as well as the larger and long spikes of dianion in the region de ~0.98 Å/di~0.61 Å and de ~0.61 Å/di~0.98 Å confirm the presence of the hydrogen bonding, respectively. The di and the de are defined as the internal and external distances between the HS and are given in angstrom. The absence of the second spike and the blue region in the FP of the close contacts of hydrogens and oxygens of the cationic complex reveals that the cationic complex only acts as a hydrogen bond donor. The HS mapped over the electrostatic potential energy verifies the role of donor and acceptor functions in the hydrogen bonding network. The transparent HS of the complex cation in the range –0.0320 to 0.0471 and the dianion in the range –0.3274 to 0.1925 are depicted in Figure 5 and Figure 6, respectively. The blue spots are assigned to the hydrogen bond donors of the aromatic C-bounded hydrogens of the cationic complex. The region around the protonated oxygens of the carboxylate group of the dianion and the nitrogen of the amides show also big blue spots and, therefore, indicates the hydrogen bond donor function. The big red spots of the HS in the region around the deprotonated oxygens of the dianion can be assigned to the hydrogen bond acceptors. In addtion, the three-dimensional deformation density maps of the dianion and the phenathrolines were also plotted using CrystalExplorer and are illustrated in Figure S6 of the SI.



The deformation energy may reveal the presence of charge depletion directed to the region of charge concentration. In a comparison of the main contributions to the HS of the complex cation and dianion, it is striking that the close contacts of the cation, which are attributed to the non-classical hydrogen bonding of H···O/O···H (18.2%), are decreased to the values of the dianion of classical and non-classical hydrogen bonding of H···O/O···H (52.3%) with a simultaneously increasing of the close contacts of H···H (42.6%) of cationic complex and H···H (23.9%) of the dianion. This difference is due to the fact, that the hydrogen bonding of the cationic complex has only a donor nature and is more involved in π–π stacking interactions as well as the high number of the H atoms of the phenantroline ligands of the cationic complex. Therefore, the close contacts of C···C (8.4%) of the cationic complex is increased to the C···C (5.6%) close contacts of the dianion. In general, the blue–red triangles in the three-dimensional HS mapped over the shape index indicate π–π stacking interactions of aromatic compounds and moities. Figure 5 shows a blue–red triangle of the HS mapped ovre the shape index on one side of the dianion and an orange deformation of the surface on the other side. This corresponds to the π–π stacking interactions of two dianions leading to the dimeric anion units. The deformation of the HS is caused by the hydrogen atom of the phenanthroline 1 which is involved in C–H∙∙∙π interaction with the dianion (Figure S4). The mentioned triangles are also observed by the phenantrholines of the cationic complex. For a better overview, the HS mapped over the shape index for all phenanthrolines and with both sides are given in Figure S5 of the SI. A detailed look shows that all phenanthroline ligands have blue–red triangles and, therefore, are involved in π–π stacking interactions. Phenanthroline 2 and phenanthroline 3 have a orange colored deformation on the surface. This indicates the C–H∙∙∙π interaction of the phenanthrolines and is in agreement with the single-crystal structure analysis (Figure S4).



CrystalExplorer has also been used for the intermolecular energy calculation based on the CE-B3LYP/6-31G(d,p) and CE-B3LYP/DGDZVP level of theory for the crystal monomers, respectively, and to visualize the pairwise interaction energies and the three-dimensional energy frameworks of the present compound (Figure 7). The calculated pairwise interaction energy details are summarized in Table S5 of the SI, and the energy framework divided into the electrostic, dispersion and total energy is depicted in Figure S7. The total energies are only reported for two benchmarked energy models which are the sum of the four energy components and scaled appropriately [60]. The pairwise interaction energies and the associated energy framework exhibit the dominance of attractive and repulsive electrostatic forces between the counter ions.




3.3. Vibrational and Theoretical Spektra


For all the theoretical calculations, the density functional programs provided by the ORCA 4.0.1. [53] package was used. Before the spectra were calculated, the structures were optimized to avoid a convergence to a saddle-point leading to negative frequencies. The optimization results are presented in Figure 8 and Figure 10 wherein the original structures of the cationic complex and dianion based on the crystal structure coordinates are colored in yellow, and the optimized structures were colored in red. All calculations were carried out using the pure density, local, and gradient corrected functionals of Becke and Perdew, which is known as BP86 [76] and provide excellent geometries and vibrational spectra in most cases. The def2 basis sets of the Karlsruhe group of TZVPP and TZVP [77] were employed for the infrared and Raman spectra calculations, and the def2/J auxiliary basis [78], including the RI approximation, was used for the coulomb fitting, respectively, featuring a valence triple-zeta basis set with polarization functions on all atoms. For the unrestricted theoretical calculations of the anion spectra, the diffuse and minimally augmented basis sets were used [79]. The resulting theoretical spectra are compared with the measured ones as depicted in Figure 9 and Figure 11, wherein the lines of the theoretical spectra of the cationic complexes are colored in red and the lines of the dianion are colored in green. The room temperature baseline-corrected FT–MIR spectrum was measured in the range of 3600 and 400 cm−1, and the Raman spectrum was measured in the range of 3600 and 0 cm−1, respectively. The lines of the measured spectra are colored in black.



As depicted in Figure 9, the measured infrared spectrum shows two broad absorption bands in the region of 3404 and 3278 cm−1 with a sharper intensity due to the asymmetric and symmetric O–H stretching vibrations of the lattice water and the secondary amide of the amide groups. It is evident that these bands have a sharp character in the theoretical spectrum. This fact can be explained by the absence of the hydrogen bonds between the lattice water and the amines of different strength, which broaden these bands [80,81]. The aromatic C–H stretching vibrations of TCMBT and the phenanthroline occur in the range of 3109 and 3089 cm−1 and followed by the asymmetric and symmetric stretching vibrations of the methylene group of the side chain of the TCMBT in the region of 2969 and 2946 cm−1 in the infrared and Raman spectra. As a result of the strong hydogen bonding of the carboxylate groups, the very weak broad absorption at 2806 cm−1 in the infrared spectrum may thatindicate the O–H stretching vibrations of the carboxylate group, which is underpinned by non-appearance in the calculated spectrum of the dianion [82]. A further indication is provided by the occurrence of the vibration bands located at 1715 cm−1 of a medium intensity in the infrared spectrum and at 1719 cm−1 of a very weak intensity in the Raman spectrum, which derive from the out-of-phase and in-phase C=O stretch in dimers [83], or it may indicate symmetric C=O stretching vibrations [82]. The appearance of the absorption at 1646 cm−1 in the infrared and 1625 cm−1 in the Raman spectrum is associated with the C=O stretching of the carbonyl and/or carboxylate group.



However, the spectra are dominated by the vibrations of the aromatic rings and the associated groups. The metal-nitrogen stretches are found in the region of 400–180 cm−1, and the assignments can be found in the literature [84,85]. The vibrational modes below 180 cm–1 are caused by the lattice vibrations. The full vibrational assignments of the phenanthroline have been described earlier [86,87,88,89]. Due to the symmetry of the cationic complex, the Raman spectrum is dominated by the vibrations of this complex. It must be noted that the findings from the single-crystal structure analysis correspond very well with those of the measured and calculated spectra.




3.4. Rietveld Refinement


For the Rietveld refinement procedure and visualization of the refinement results the JANA2006 program package [52] was used. Figure 12 gives a graphically summarized overview of the Rietveld refinement results. For the refinement the CIF file informations of the single-crystal X-ray crystallography loaded with JANA 2006 and during the LeBail fitting and profile matching the parameters of the scale factor, background, unit cell parameters, as well as peak shape, width, and peak symmetry were refined. The pseudo-Voigt function was used for the description of the line shape of the diffraction peaks, and the low theta peak asymmetry were corrected by the divergence correction method. The asymmetry fitting results are presented in the small window of Figure 12 and show a very good agreement with the peak shape of the measured powder diffraction pattern. All mentioned parameters were refined during the following Rietveld refinement procedure expecting the anisotropic displacement parameters, atomic distances, and angles which were fixed to the ones of the single-crystal structure refinement. As shown in the difference profile of the Rietveld refinement (black line), the calculated and measured intensities exhibit a very good correlation. Additionally, all intensities were included in the refinement. Based on the standard quality criteria of the R-values and the goodness-of-fit, the Rietveld refinement yields excellent agreement with the results of the single-crystal structure determination.




3.5. Thermal Analysis


To evaluate the thermal stability of the new compound, its thermal behavior was examined using thermogravimetric analysis (TGA) (Figure 13). A weight loss of 8.7% was observed in the temperature range of 78–142 °C, which corresponds to the removal of the water molecules. Subsequently, a weight loss of 38.2% was observed in the temperature range of 245–378 °C, indicating the decomposition of the non-coordinating organic dianion (TCMBT). The additional weight loss of the sample can be attributed to the decomposition of the tris(1,10-phenanthroline)zinc(II) cation. Based on the TGA results, the tris(1,10-phenanthroline)zinc(II) cation exhibits the greatest stability.





4. Conclusions


In summary, the reaction of N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarbox-amide (TCMBT), 1,10-phenathroline and zinc(II) nitrate in an alkaline aqueous methanolic solution leads to colorless block-shaped crystals. The single-crystal X-ray structure analysis revealed an extended supramolecular architecture mainly composed of the complex cations [Zn(C12H8N2)3]2+ and TCMBT dianions. The cationic complexes are linked via π–π stacking and form a three-dimensional cationic layer network with holes. Based on hydrogen bonding and π-stacking, the dianions form dimeric units. These units are connected through cooperative hydrogen bonds with attractive secondary electrostatic interactions, resulting in an anionic layer network with honeycomb-like holes. Based on the holes, the resulting supramolecular framework can be described as an interpenetrating network of separate anionic and cationic layers connected by further weaker non-covalent interactions such as C–H∙∙∙π and lone-pair∙∙∙π interactions. The theoretical infrared and Raman spectra were calculated with the DFT methods and confirm the experimentally observed spectroscopic findings. The analysis of the different Hirshfeld surfaces proved the key role of the hydrogen bonding and the π-interactions in the composition of the supramolecular architecture in the crystal. Moreover, the pairwise interaction energies and associated energy framework reveal the dominance of attractive and repulsive electrostatic forces between the counterions.
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Scheme 1. Schematic representation of the structure of tris(1,10-phenanthroline)zinc(II)-cation and N,N′,N″-tris(carboxymethyl)-1,3,5-benzenetricarboxamide dianion, and water molecules [Zn(C12H8N2)3]C15H13N3O9∙5H2O. 
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Figure 1. The molecular entities of the zinc(II) complex and the dianion as well as water molecules with atom labels and displacement ellipsoids of non-H atoms drawn at the 40% probability level. The hydrogen atoms of the carbons have been omitted for clarity (see Tables S1 and S2 for details). 
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Figure 2. The molecular connections of the dianions in the crystal via hydogen bonds, cooperative hydrogen bonds with attractive secondary electrostatic interactions, and π–π stacking of the anions. The hydrogen atoms which are not involved in hydrogen bonding have been omitted for clarity. 
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Figure 3. Detailed view of the anion connection via hydrogen bonding and the environment of the O13 water molecule with lone-pair∙∙∙π interaction (left) as well as the attractive secondary electrostatic interactions (right). The hydrogen atoms which are not involved in hydrogen bonding have been omitted for clarity. Bond lengths are given in Å. Symmetry codes: (ii) −x + 1/2, y + 1/2, z; (iii) −x, −y + 1, −z + 1; (iv) x − 1/2, −y + 3/2, −z + 1; (xi) −x + 1, y, z (see Tables S1–S3 for details). 






Figure 3. Detailed view of the anion connection via hydrogen bonding and the environment of the O13 water molecule with lone-pair∙∙∙π interaction (left) as well as the attractive secondary electrostatic interactions (right). The hydrogen atoms which are not involved in hydrogen bonding have been omitted for clarity. Bond lengths are given in Å. Symmetry codes: (ii) −x + 1/2, y + 1/2, z; (iii) −x, −y + 1, −z + 1; (iv) x − 1/2, −y + 3/2, −z + 1; (xi) −x + 1, y, z (see Tables S1–S3 for details).
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Figure 4. The perspective supramolecular network of the monolayers of the anions and cations connected via hydogen bonding and π–π-interactions. Atoms drawn with transparent van der waals radii. Atom color codes: bronze (Zn), red (O), blue (N), dark grey (C), and white (H). 
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Figure 5. Graphical representations of the Hirshfeld surfaces of the dianion drawn with transparency and mapped over the dnorm, the electrostatic potential energy and the shape-index of both sides of the anion (upper part; from left to right) and the assosiated two-dimensional fingerprint plots of all and main interactions (lower part). 
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Figure 6. Graphical representations of the Hirshfeld surfaces of the cationic complex drawn with transparency and mapped over the dnorm, the electrostatic potential energy and the shape-index (upper part, from left to right) and the associated two-dimensional fingerprint plots of all and main interactions (lower part). 
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Figure 7. Visualization of the pairwise interaction energies (gold and blue bars) between the anions (a), the complex cations (b), anion and cation (c) with color code as well as the energy framework in the crystal (bottom) along the a axis (left), b axis (middle) and c axis (right). 
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Figure 8. Overlay view of the structures in the crystal (yellow) and optimized structures (red) of the cationic complex (a) and the dianion (b). Optimization based on BP86/def2-TZVPP (cation) and BP86/ma-def2-TZVPP (anion) level of theory, respectively. 






Figure 8. Overlay view of the structures in the crystal (yellow) and optimized structures (red) of the cationic complex (a) and the dianion (b). Optimization based on BP86/def2-TZVPP (cation) and BP86/ma-def2-TZVPP (anion) level of theory, respectively.
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Figure 9. The baseline corrected room temperature FT–MIR spectrum (black) of the crystalline [Zn(C12H8N2)3]C15H13N3O9∙5H2O and the calculated IR spectra of the cationic complex (red) and the dianion (green). Theoretical spectra were calculated using BP86/def2-TZVPP (cation) and BP86/ma-def2-TZVPP (anion), respectively. The intensity of the normalizied IR spectra is given in transmittance. 
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Figure 10. Overlay view of the structures in the crystal (yellow) and optimized structures (red) of the cationic complex (a) and the dianion (b). Optimization based on BP86/def2-TZVP (cation) and UKS BP86/ma-def2-TZVP (anion) level of theory, respectively. 
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Figure 11. Room temperature raman spectrum of the crystalline [Zn(C12H8N2)3]C15H13N3O9∙5H2O (black) and the calculated Raman spectra of the cationic complex (red) and the dianion (green). Theoretical spectra were calculated using BP86/def2-TZVP (cation) and UKS BP86/ma-def2-TZVP (anion), respectively. Raman intensity of the normalized spectra is given in arbitrary units. 
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Figure 12. Observed (black crosses) and calculated (magenta line) X-ray powder diffraction pattern with difference profile of the Rietveld refinement (black line) as well as the positions of Bragg reflections (black bars) of a powder sample of the crystalline [Zn(C12H8N2)3]C15H13N3O9∙5H2O. 
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Figure 13. The thermogravimetric analysis of the crystalline [Zn(C12H8N2)3]C15H13N3O9∙5H2O. 
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Table 1. Crystal data and structural refinement parameters of the [Zn(C12H8N2)3]C15H13N3O9∙5H2O.
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	Compound
	[Zn(C12H8N2)3]C15H13N3O9∙5H2O





	Empirical formula
	C51H47N9O14Zn



	Formula weight
	1075.34



	Temperature (K)
	223



	Diffractometer
	Stoe IPDS II



	Wavelength (Å)
	0.71073



	Crystal system
	orthorhombic



	Color
	colorless



	Space group
	Pbca (No. 61)



	a, b, c (Å)
	14.643(1), 20.095(1), 32.345(2)



	α, β, γ (°)
	90



	V (Å3)
	9517.0(10)



	Z
	8



	Dcalc (g·cm3)
	1.501



	µ (mm−1)
	0.597



	F(000)
	4464.0



	Crystal size (mm)
	0.250, 0.290, 0.170



	θ Range (°)
	1.832–25.100



	Index ranges
	–17 ≤ h ≤ 16

–23 ≤ k ≤ 18

–38 ≤ l ≤ 35



	Reflection collected/unique
	24712/8439



	Completeness to θ (%)
	0.995



	Absorption correction
	Numerical; X-AREA, X-RED (2008)



	Max. and min. transmission
	0.8040/0.9159



	Refinement method
	Full-matrix least-squares on F2



	Data/parameters/restrains
	8439/709/4



	Goodness-of-Fit on F2
	0.908



	R1 [I ≥ 2σ(I)]/R1 (all data)
	0.0536/0.1162



	wR2 [I ≥ 2σ(I)]/wR2 (all data)
	0.0948/0.1277



	Largest diff. peak and hole (e·Å3)
	0.280/−0.579



	Deposition number
	2,234,251
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