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Abstract

:

Metal complexes with chelating ligands are known as promising precursors for the synthesis of targeted metal oxides via thermal decomposition pathways. Triethanolamine (TEA) is a versatile ligand possessing a variety of coordination modes to metal ions. Understanding the crystal structure is beneficial for the rational design of the metal complex precursors. Herein, a bis(triethanolamine)nickel (II) dinitrate (named as Ni-TEA) crystal was synthesized and thoroughly investigated. X-ray crystallography revealed that Ni(II) ions adopt a distorted octahedral geometry surrounded by two neutral TEA ligands via two N and four O coordinates. Hirshfeld surface analysis indicated the major contribution of the intermolecular hydrogen-bonding between —OH groups of TEA in the crystal packing. Moreover, several O–H stretching peaks in Fourier transformed infrared spectroscopy (FTIR) spectra emphasizes the various chemical environments of —OH groups due to the formation of the hydrogen-bonding framework. The Density-functional theory (DFT) calculation revealed the electronic properties of the crystal. Furthermore, the Ni-TEA complex is presumably useful for metal oxide synthesis via thermal decomposition at a moderate temperature (380 °C). Cyclic voltammetry indicated the possible oxidative reaction of the Ni-TEA complex at a lower potential than nickel(II) nitrate and TEA ligand, highlighting its promising utility for the synthesis of mixed valence oxides such as spinel structures.
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1. Introduction


Metal complexes with chelating ligands are well-known as one of the molecular single-source precursors (SSPs) used for the synthesis of targeted metal oxides, including single-phase, stoichiometric-mixed and hetero-metal-doped metal oxides via thermal decomposition pathways. [1,2,3] Controlled incorporation of the targeted metals into the metal complexes provides a way to define the stoichiometry at the molecular level and to precisely control the distribution of targeted metals in the material matrix [4,5,6]. Pre-formed Metal-O bonds in the complex precursors possibly enhance nucleation by lowering the energy barrier and reducing the diffusion distances required to assemble the solid-state structures [4,7]. Moreover, the heat released during the decomposition of the chelating organic ligands can also facilitate the crystallization process [8]. As a result, the targeted metal oxides can be obtained at a lower temperature, which provides a better chance to manipulate their particle sizes and surface areas in order to achieve the desired properties [7,8]. Hence, understanding crystal structures and characteristic features of the metal complex precursors is a crucial step that allows for fine tuning of the properties of the complex-derived oxide materials.



Triethanolamine (TEA) is widely known as a versatile ligand possessing three hydroxyethyl groups and one nitrogen donor atom. TEA can coordinate as tridentate and/or tetradentate ligands, and one or two TEA molecules per metal ion center can be found in metal-TEA complexes. Hence, a variety of TEA-chelating complex structures is observed depending on the central metal ions and the synthetic parameters [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. In cases of tetradentate (κ4-N,O,O′,O″) coordination, a metal ion coordinates to a TEA ligand to form the atrane structure [11,12,13], or to two tetradentate TEA ligands to form 8-coordinated metal complexes [14,15]. In cases of the tridentate (κ3-N,O,O′) coordination, a metal ion generally coordinates with two tridentate TEA ligands to form the 6-coordinated metal complexes [16,17,18,19,20,21,22]. The mixed tridentate and tetradentate TEA ligands are also observed exhibiting the 7-coordinated metal complex [23]. Moreover, the diverse structural feature of metal-TEA complexes can be attributed to the deprotonation of the ethanolic protons while coordinating with metals. For example, different levels of deprotonation at TEA ligand in the Cu-TEA-1,2-di(4-pyridyl) ethylene complex leads to different coordination modes [24]. Thereby, in-depth study of crystal structures and characteristic features of the metal-TEA complexes is essential for further use in the desired applications.



Metal-TEA complexes exhibit various applications, including catalysis, gas captures, bioactive pharmacochemical compounds and promising precursors for the synthesis of metal oxide materials. Specifically, metal-TEA complexes can be used as highly selective catalysts for the oxidation of alkanes [25] and of alkylarenes to phenyl ketones under mild conditions [26]. It also shows the catalytic performance in the reduction of CO2 to produce formate. [27] As a capturing agent, metal-TEA complexes can be applied for CO2 capture by employing the CO2 insertion mechanism [28,29]. Furthermore, metal-TEA compounds are also biologically active. As an ancillary ligand, TEA in mixed-ligand metal complexes enhances the physiological action of bioactive substances [12]. In vitro pharmacochemical study of the Cu-TEA complexes indicates antioxidant activity due to the scavenging property towards superoxide anion radicals. [30] Furthermore, metal-TEA complexes were directly used as precursors for the preparation of single-phase and mixed metal oxides by employing thermal decomposition without requiring a prior sol-gel formation [31,32]. The thermal decomposition of metal-TEA complexes provides various advantages such as a straightforward synthesis procedure to achieve the desired metal oxides with controlled compositions, low cost due to high commercial availability of TEA and a possibility for up-scale production. Moreover, variability of complex formation of TEA with miscellaneous cations has revealed many successful preparations of oxide materials [33,34,35,36,37,38,39,40].



In this work, a complex between nickel(II) nitrate hexahydrate and TEA ligand, so-called the bis(triethanolamine)nickel(II) dinitrate (Ni-TEA) complex, was synthesized. Even though the crystallographic data and the basic physical properties of the obtained Ni-TEA complex have been revealed previously by Levy et al. [41] and Rasmussen et al. [42], the intermolecular interactions and hydrogen bonding structure within the crystal remains unexplored. Herein, the structural information and the hydrogen bonding framework of the obtained Ni-TEA crystal was derived from single-crystal X-ray diffraction and Hirshfeld surface analysis. This understanding would be beneficial to correlate the crystallographic information with the observed properties. Moreover, the corresponding characteristic features were thoroughly investigated by employing spectroscopic, electrochemical and quantum chemical studies. The quantum chemical calculation was performed to examine the frontier molecular orbitals and electronic transitions between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) to predict the electronic absorption spectra. Fourier transformed infrared spectroscopy (FTIR) and powder X-ray diffraction (PXRD) were carried out to confirm the formation of hydrogen-bonding framework in the crystal and the homogeneity of the obtained product, respectively. In order to clarify the promising potential of the Ni-TEA complex for use as a precursor for the synthesis of metal oxides via thermal decomposition, thermal gravimetric analysis (TGA) was employed. A comparison of the electrochemical behavior between the Ni-TEA complex and the corresponding ethanolic solutions of precursors (Ni(NO3)2·6H2O and TEA) by performing the cyclic voltammetry (CV) could indicate the redox potential of the complex. Additionally, the possibility to produce such mixed-valence oxides by using the Ni-TEA complex as an SSP is discussed.




2. Materials and Methods


2.1. Synthesis and Crystallization of the Ni-TEA Complex


Analytical grade chemicals, namely nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, UNIVAR Ajax Finechem, Thermo-Fisher scientific), ethanol and TEA ((OHCH2CH3)3N, KEMAUS, Australia), were used for material synthesis. An ethanolic solution of Ni(NO3)2·6H2O was prepared by dissolving 60 mmol of Ni(NO3)2·6H2O in 30 mL ethanol. Then, 120 mmol of TEA was separately dissolved in 30 mL ethanol. The TEA solution was added dropwise into the Ni(NO3)2·6H2O solution; meanwhile, the mixture was continually stirred at room temperature. After that, the mixtures were refluxed at 85 °C for an hour and then cooled down naturally. The Ni-TEA complex was subsequently crystallized after the reaction mixture was left at room temperature overnight. The appearance of the Ni-TEA complex was the blue needle-shaped crystals. The Ni-TEA crystals were filtered out and rinsed with an excess amount of ethanol before being dried overnight in a hot air oven (at a constant temperature of 60 °C). The dried crystals were kept in a desiccator prior to further characterization.




2.2. Single-Crystal X-Ray Diffraction


A single crystal (with suitable quality for single-crystal X-ray diffraction (SC-XRD)) of the prepared Ni-TEA complex was selected under an optical microscope. X-ray crystallographic data of the Ni-TEA complex were collected at 298 K on a Bruker D8 venture (Bruker AXS GmbH, Karlsruhe, Germany) using Photon II detector and IμS 3.0 Microfocus source, Mo Kα radiation (λ = 0.71073 Å). Cell refinement and data reduction were carried out by SAINT [43]. Absorption correction was done by the multi-scan method using SADABS [44]. Using Olex2 [45], the structure was solved with the ShelXT [46] structure solution program using intrinsic phasing and refined with the ShelXL [47] refinement package using a least squares minimization. All non-hydrogen atoms were treated anisotropically. The O-bounded H atoms (H1, H2 and H3) that are responsible for the hydrogen bonding framework were located in a difference Fourier map and were freely refined. The other hydrogen atoms were refined using a riding model with d(C–H) = 0.99 Å and Uiso(H) = 1.2Ueq(C) for –CH2– hydrogen atoms. The Mercury software package [48] was used to prepare molecular graphics and materials for publication. The summary of the crystallographic data for the Ni-TEA complex is given in Table 1.




2.3. Characterization of the Ni-TEA Complex


Chemical functional groups of the prepared Ni-TEA complex were investigated by Fourier-transform infrared (FTIR) spectroscopy. The FTIR spectrum was recorded by using the Fourier-Transform infrared spectrophotometer (Bruker, Alpha FT-IR spectrometer, Hong Kong) in the range of 4000–375 cm−1 with a spectral resolution of 2 cm−1. The Ni-TEA crystals were finely ground together with KBr and then uniaxially pressed into a pellet before performing the FTIR measurement. The UV-VIS spectrum of the Ni-TEA complex in the ethanolic solution with a concentration of 1 × 10−5 M was measured using a UV/VIS/NIR spectrophotometer (JASCO V-670, Japan).



Powder X-ray diffraction (XRD) was performed at ambient temperature at Beamline 1.1W (Multiple X-ray Techniques) at Synchrotron Light Research Institute, Thailand, using the monochromatic synchrotron X-ray radiation of the energy 12 keV (wavelength of 1.0332 Å). The powder sample was packed in Kapton capillary with a diameter of 0.5 mm and then aligned using a goniometer head. It should be noted that the capillary was constantly rotated during the powder XRD measurement. The diffraction pattern was recorded by a strip detector (Mythen6K 450, Dectris®) in the 2θ range of 5°–35° (with respect to the X-ray energy of 12 keV). The observed XRD pattern was compared to the calculated XRD pattern generated by the SC-XRD data using Mercury software [48].



Moreover, elemental composition of the Ni-TEA complex was analyzed by wavelength dispersive X-ray fluorescence (WD-XRF, Rigaku ZSX Primus IV, Rh anode X-ray generator, combined detector so-called Scintillation Counter for heavy elements and Flow Proportional Counter for light elements). The decomposition behavior of the Ni-TEA complex was determined by thermogravimetric analysis (TGA, Perkin Elmer TGA analyzer). The Ni-TEA complex was loaded into an alumina crucible and then heated from 50–400 °C using a heating rate of 7 °C/min under the flow of air zero (flow rate of 100 cm3/min).




2.4. Computational Calculation


The calculations were performed within the density functional theory and its time-dependent counterpart (DFT and TD-DFT). This level of calculation has yielded reliable results for the prediction of electronic spectra of chromospheres at a relatively low computational cost, and it is one of the most popular methods used for the evaluation of excitation energies [49,50]. The ground state and the first active singlet state structures of the Ni-TEA complex were optimized at the PBE0/6-311G(d,p) [51,52,53] level of the theory using Gaussian 09 [54]. Vertical excitation energies for 10 low-lying excited states were calculated. To determine the solvent effect (ethanol, e = 24.3), the approximation by polarizable continuum method (PCM) was used [55,56].




2.5. Electrochemical Study of the Ni-TEA Complex


Cyclic voltammetry was performed with an EmStat blue plus potentiostat (PalmSens, Houten, The Netherlands). A conventional three-electrode system including a glassy carbon working electrode (diameter 3 mm), a Pt wire as a counter electrode and an Ag/Ag+ (0.01 M AgNO3) reference electrode, was used for the electrochemical study. Each ethanolic solution was purged with argon for 15 min prior to the experiment. The measurements were carried out under argon atmosphere in the ethanol solvent containing 0.1 M LiClO4 (Sigma Aldrich, St. Louis, MO, USA) as a supporting electrolyte. Since the measurements were conducted in ethanolic solution, the perchlorate salt was used herein in order to achieve complete dissolving and consequently yield a reasonably high conductivity. Note that we carefully handled the perchlorate electrolyte during the experiment by avoiding the high temperature reaction and high current density and voltage that could lead to violent oxidative reactions.





3. Results and Discussion


3.1. Crystal Structure


The ORTEP plot showing the complete molecular structure with 50% probability level and its numbering scheme is illustrated in Figure 1. The asymmetric unit of the title compound contains one-half of the molecule of the bis(triethanolamine-κ3-N,O,O′)nickel(II) complex and a nitrate counter ion. The other half was generated by inversion symmetry. Therefore, the complete titled molecule consists of a nickel(II) ion datively-bonded with two tridentate TEA ligands in the inner coordination sphere and two nitrate anions in the outer coordination sphere. The overall charge of the bis(triethanolamine-κ3-N,O,O′)nickel(II) complex is 2+ as the TEA ligands coordinated by their neutral form. To maintain the charge neutrality, a unit cell of the titled compound consists of two complex cations and four nitrate counter anions. According to the coordination with two tridentate and chelating TEA ligands, the nickel(II) central ions adopt the distorted octahedral geometry in the NiN2O4 coordination environment as a similar geometry in the complex with sulfate anion reported previously [22]. Moreover, a six-coordinate Ni(II) ion was also observed for the Ni-based complex of TEA with chloride [57], saccharine [17], acetate [16] and squarate [58]. According to the inversion symmetry, the two nitrogen atoms are in trans-conformation with respect to each other, resulting in the linear N1-Ni-N11 bond angle. Moreover, the O1-Ni-O11 and O2-Ni-O21 bond angles are also 180°. The Ni-O1 bonds (2.0519(8) Å) are a bit shorter than the Ni-O2 bonds (2.0751(9) Å) due to the different hydrogen bond formation. The Ni-N1 bond is longer (2.1020(10) Å) than both the Ni-O bonds due to the larger atomic radius of N than O. The N–Ni–O bond angles are in the range of 80.81(4)° to 99.19(4)°, confirming the distorted octahedral shaped complex.



The geometry of the [Ni(TEA)2]2+ coordination sphere in the complex has resembled the endo and exo conformation of the triethanolammonium cations with organic anions [59]. The endo and exo conformation is the TEA structure, in which one hydroxyethyl moiety (exo branch) is rotated around the N–C bond, creating the infinite chain of TEA [59].




3.2. Supramolecular Features


In the crystal structure, classical intermolecular O–H⋅⋅⋅O hydrogen bonds were observed (Table 2), which link the Ni-TEA complex and nitrate ions together. The O–H groups in the complex cations and nitrate anions are involved in the construction of a two-dimensional hydrogen-bonded network (Figure 2). For detailed analysis of the hydrogen bonding framework, the graph set notation is used to describe the different types of hydrogen bonds observed within the crystal structure of the Ni-TEA complex [60,61,62]. The uncoordinated O–H group (O3–H3) can set up two discrete hydrogen bonds with the graph set of D to two oxygen atoms in the NO3- anion (O3–H3⋅⋅⋅O5 and O3–H3⋅⋅⋅O6) (Figure 2a shown by red lines and Table 2). The hydrogen acceptor (H-A) distances are in the range from 2.21(2)–2.30(2) Å. One of the coordinated O–H groups (O1–H1) can also link to the oxygen atom of the nitrate anion (O4) by a discrete hydrogen bond (D graph set) with a relatively shorter H-A distance (1.86(2) Å) than those of O3–H3⋅⋅⋅O5 and O3–H3⋅⋅⋅O6 interactions. However, the O6 atom is located too far for the hydrogen bond with H1 to be formed. Apart from the discrete hydrogen bonds, the other coordinated OH groups (O2–H2) can create the hydrogen bonding chain with C(7) graph set linking between different complex cations via O2–H2⋅⋅⋅O3 by the O3–C6–C5–N1–Ni1–O2–H2 synthon (Figure 2b) with an H–A distance of 1.843(18) Å. In this case, O3 acts as a hydrogen bond acceptor only. The same synthon can join four units of the complex cations together giving rise to the    R 4 4   (28) hydrogen bond ring comprising of 4 H-bond donors, 4 H-bond acceptors, and 28 atoms in the ring (Figure 2b). Moreover, the larger ring size with the    R 6 6   (42) graph set is also found when hydrogen bonds assemble seven units of the complex cations together. The formation of the hydrogen bonding framework stabilizes the crystal structure of the Ni-TEA complex.




3.3. Hirshfeld Surface Analysis


To visualize the interactions within the crystal of the Ni-TEA complex, a Hirshfeld surface (HS) analysis [63,64] was performed using Crystal Explorer 17.5 software [65] The full fingerprint plot and those delineated into H⋯O/O⋯H, H⋯H, and H⋯N/N⋯H interactions are illustrated in Figure 3a–d, respectively. Hirshfeld surfaces corresponding to the H⋯O/O⋯H, H⋯H, and H⋯N/N⋯H interactions are displayed in Figure 3e–g. The analysis of the fingerprint plot reveals that the significant interactions which contributed to the crystal packing within the Ni-TEA complex were H⋯O/O⋯H (51.1%), H⋯H (46.6%) and H⋯N/N⋯H (2.1%) [66]. The H⋯H contacts are characterized by a single spike at de + di ≃ 2.4 Å, while the H⋯O/O⋯H contacts are viewed as a pair of spikes at de + di ≃ 1.65 Å. These results imply that the primary interaction between the packed complex cations and the nitrate anions in the crystal are the hydrogen bonds. This result agrees with the analysis of hydrogen bonding (Table 2). Other interactive contacts apart from those mentioned above have a negligible effect on the crystal packing since their total contribution is only 0.2%.




3.4. Characteristic Features of the Ni-TEA Complex


Fourier transform infrared (FTIR) spectrum of the Ni-TEA complex is illustrated in Figure 4. Several peaks regarding O–H stretching were observed at a wavenumber higher than 3100 cm−1 (i.e., at 3118, 3176, 3355 and 3408 cm−1), due to the presence of OH groups with different chemical environments. The peak at 3118 cm−1 is assigned to the weakly-bound hydroxyl groups, which might be assigned to O3⋅⋅⋅O5 and O3⋅⋅⋅O6 interactions with interatomic distances from 2.9533(15) to 2.9535(16) Å (Table 2). The estimation of its wavenumber by the empirical relationship between O···O distances and stretching OH frequencies by Bellamy and Owen [67] gives the value of 3140 cm−1, which is well matched with the observed wavenumber in this study. The other two peaks at 3355 and 3408 cm−1 are attributed to the strongly bound OH groups with shorter O⋅⋅⋅O interatomic distances (i.e., O1⋅⋅⋅O4 and O2⋅⋅⋅O3, respectively) (Table 2). Apart from the OH vibrations, the characteristic peaks of sp3-hybridized CH2 groups were observed at the wavenumber slightly below 3000 cm−1 (2969, 2923 and 2899 cm−1). The strongest peak in the spectrum was found at 1384 cm−1, which corresponded to the nitrate counter ions. Note that this FTIR band was also observed in the [Co(TEA)2](NO3)2 complex (at 1380 cm−1) and reported by others [68]. Therefore, the FTIR results confirm the formation of the hydrogen bonding framework in the crystal of the Ni-TEA complex, which agrees with the obtained data from the SC-XRD.



In order to clarify the crystallite homogeneity of the obtained Ni-TEA products, synchrotron powder X-ray diffraction (XRD) was carried out using the monochromatic X-ray with a photon energy of 12 keV. The comparison of XRD patterns (Figure 5) indicates a good agreement of the peak positions and intensities between the Ni-TEA crystals prepared by the standard procedure reported herein and by employing electrochemical study. This result emphasizes the consistency of the complex preparation. Note that a slight deviation of the XRD patterns of the crystals from the calculated pattern generated by the SC-XRD data is negligible, which indicates a high degree of crystallinity of the obtained Ni-TEA crystals.



Moreover, the elemental compositions were analyzed by employing WD-XRF technique in order to clarify the purity of the product. The weight ratio of C, N, O and Ni elements of the bulk Ni-TEA product was well-matched to the calculated data (excluding H atoms) derived from the chemical formula of the Ni-TEA single crystal (Table 3). This result clearly indicates the high purity of the obtained Ni-TEA crystal with less contribution of the non-crystalline impurities. Consequently, it highlights the successful preparation of the targeted Ni-TEA crystal.




3.5. Quantum Chemical Calculations


The DFT calculations of the Ni-TEA complex were carried out by employing the PBE0/6-311G(d,p) level of theory in the ethanolic solvent system. The optimized geometrical parameters, such as bond lengths (Å) and bond angles (°) are listed in Table 4. It was observed that the DFT-optimized structural parameters represent a good approximation of the experimental data and can be further used as a foundation to calculate the other spectroscopic information for the Ni-TEA compound.



To further investigate the electronic structures and excitations of the complex, theoretical calculations were performed in an ethanolic solvent using a PBE0/6-311G(d,p) basis set and the PCM approach was applied. Moreover, the time-dependent density functional theory (TD-DFT) was used for predicting the absorption spectra of the Ni-TEA complex. As a result, ten excited states and the wavelengths of the electronic absorption spectra of the Ni-TEA complex are reported in Table 5.



The strong electronic absorptions were observed at λmax = 388 nm (with the oscillator strengths (f) of 0.0435) and at λmax = 402 nm (with f = 0.0358), which can be assigned to the electronic transitions of S0→S10 and S0→S9, respectively. The S0→S10 transition consists of two main configurations, namely H-1→LUMO and H-1→L+1, while the S0→S9 transition possesses HOMO→LUMO and HOMO→L+1 configuration. Note that the calculated data corresponded to the experimental absorption spectrum of the ethanolic solution of the Ni-TEA complex (1 × 10−5 mol L−1) as shown in Figure 6. Specifically, the experimental UV absorption peak was found at λmax = 404 nm, while the quantum calculation showed the two peaks at λmax = 388 and 402 nm.



Molecular orbitals (MOs), which represent the total wavefunction of the system, can provide valuable insight into bonding interactions. Hence, the frontier molecular orbitals (FMOs) were analyzed in order to understand the electronic transitions. Visualization of the FMOs of the Ni-TEA complex so-called the HOMO, LUMO, H-1 and L+1 are illustrated in Figure 7. Interestingly, the FMOs of the Ni-TEA complex were mainly located on the TEA ligands. Therefore, it can be concluded that the electronic transitions of the complex originated from the transition within the ligand.




3.6. Thermal Analysis


The thermogravimetric (TGA) and differential thermal analyses (DTA) were carried out in the temperature range from 50 to 400 °C to observe the thermal event that occurred upon heating (Figure 8). According to the TGA thermogram, the first thermal decomposition was observed at a temperature of 242 °C, which could possibly be triggered by the decomposition of the nitrate groups. Further decomposition was assigned to the oxidation of the carbonaceous compositions to form CO and CO2 gases. This information supports the structural composition of the Ni-TEA complex derived by SC-XRD. The thermal decomposition apparently finished at a temperature of 380 °C, providing a residue weight of 16.28% with respect to the starting mass of the complex. This observation clearly indicates the formation of nickel oxides, mainly NiO, of which the theoretical ceramic yield was 15.52% after thermal decomposition of the Ni-TEA complex as shown in the equation below:


[Ni(TEA)2](NO3)2 (Mr = 481.11) → NiO (Mr = 74.69).












3.7. Electrochemical Study


Cyclic voltammetry (CV) during the mixing of the ethanolic solutions of Ni(NO3)2·6H2O and TEA ligand to form the Ni-TEA complex was measured in the potential window from –1.0 to +1.0 V and then compared to the CV of the ethanolic solutions of pristine Ni(NO3)2·6H2O. Interestingly, the anodic peak was observed in the cyclic voltammogram of the Ni-TEA complex mixture (Figure 9a (1)), whereas no oxidation peak of the Ni(NO3)2·6H2O was observed in the measured potential range (Figure 9a (2)). The oxidation peak observed in the case of the complex mixture corresponded to the irreversible oxidation process of Ni2+ to Ni3+ at Epa = 0.72 V, which has been observed in other Ni-complex systems reported in the literature [69,70]. Moreover, voltammogram of the TEA ligand was investigated in ethanol and gave an oxidation peak potential at 1.530 V without the presence of a cathodic wave, as shown in Figure 9b. This observation emphasizes that the Ni-TEA complex exhibits oxidation at a lower potential than both the metal ions and the TEA precursor solutions. Moreover, the oxidation peak at Epa = 0.72 V presented in the CV of the Ni-TEA complex is not exactly the oxidation peak of the TEA ligand itself but rather the oxidation of the complex. It should be noted that the oxidation process of Ni2+/Ni3+ that occurred in the nickel complexes relies on the coordinated ligands [71]. Moreover, the electrochemical oxidation of the Ni2+– into Ni3+–complex by applying constant overpotential was previously reported in another Ni2+ complex system [72].



As the oxidation potential of the Ni-TEA complex was significantly lower than the one of nickel(II) nitrate hexahydrate, it would be feasible to use the Ni-TEA complex to prepare metal and/or mixed metal oxides composed of mixed +2 and +3 oxidation states of Ni species. Additionally, the Ni-TEA complex might be applied as one of the promising precursors for the preparation of mixed metal spinel and perovskite materials, in which the oxidation state and the site occupancy of the targeted metal ions can be tailored and controlled.





4. Conclusions


This work reported the successful synthesis of bis(triethanolamine)nickel(II) dinitrate complex (so-called Ni-TEA complex) thorough investigation of its crystal structure and characteristic features. Based on the SC-XRD data of the complex, the distorted octahedral inner sphere coordination of the Ni central ion is formed by two neutral (κ3-N,O,O′)tridentate TEA ligands. The two nitrate ions that act as charge compensation are located at the outer-sphere coordination. A variety of O-H⋅⋅⋅O hydrogen bonding interactions between the motifs are found to be the major contributors to the crystal packing, which is clearly indicated by the fingerprint plot of the Hirshfeld surface analysis and the various O–H stretching FTIR bands. The DFT calculations using the PBE0/6-311G(d,p) level of theory reveal that the electronic transitions of the Ni-TEA complex in an ethanolic solvent originated from transition within the ligand. The residue mass and thermogravimetric profile suggest that the Ni-TEA complex could be a promising precursor for the synthesis of metal oxide materials via thermal decomposition. Interestingly, the oxidation potential based on the cyclic voltammogram of the Ni-TEA complex provides feasibility to tailor and control the oxidation state and the site occupancy of the targeted Ni components within the mixed metal materials such as the ones possessing spinel and perovskite structures. Consequently, the targeted material properties could be rationally designed.
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Figure 1. Molecular structures of the Ni-TEA complex with principal atom labels. 
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Figure 2. Crystal packing of the Ni-TEA complex showing (a) discrete hydrogen bonds (D), O1–H1⋅⋅⋅O4, O3–H3⋅⋅⋅O5, and O3–H3⋅⋅⋅O6, viewing along the [001] axis, (b) O2–H2⋅⋅⋅O3 hydrogen bonding chain with the C(7) graph set and the hydrogen bonding ring with the    R 4 4   (28) graph set, viewing along the [100] axis. The different colors show the hydrogen bonds with different distances where yellow, red and blue represent short, middle and long interactions, respectively. 
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Figure 3. The full two-dimensional fingerprint plot for the Ni-TEA compound, showing (a) all interactions and those delineated into (b) H⋯O/O⋯H, (c) H⋯H and (d) H⋯N/N⋯H interactions. The di and de values are the closest internal and external distances (in Å) from given points on the Hirshfeld surface (HS). The corresponding HS for (e) H⋯O/O⋯H, (f) H⋯H, and (g) H⋯N/N⋯H is plotted over the dnorm range from −0.7343 to 1.2167 a.u. 
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Figure 4. Fourier transformed infrared spectroscopy (FTIR) spectrum of the Ni-TEA complex. 
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Figure 5. Powder XRD diffraction patterns comparing (a) the calculated pattern from SC-XRD data, (b) the crystal of bis(triethanolamine)nickel(II) dinitrate complex and (c) the corresponding crystal obtained from electrochemical studies. 
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Figure 6. Experimental UV-VIS absorption spectrum of the Ni-TEA complex (black) measured in the form of ethanolic solution (1 × 10−5 mol L−1) and its corresponding DFT calculated data (red). 
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Figure 7. Visualization of the frontier molecular orbitals (FMOs) of the Ni-TEA complex calculated using the TD-PBE0/6-311G(d,p) method. 
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Figure 8. Thermal gravimetric analysis (TGA) and DTA thermograms of the Ni-TEA complex. 
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Figure 9. Cyclic voltammograms at the scan rate of 100 mV/s for (a) (1) the formation of the [Ni(TEA)2]2+ complex by adding 0.2 M Ni(NO3)2·6H2O into 0.4 M TEA (1:1 by volume) compared to (2) 0.2 M Ni(NO3)2⋅6H2O and (b) 0.2 M TEA in ethanol. Note that 0.1 M LiClO4 in ethanol was used as the electrolyte. 
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Table 1. Crystal data and structure refinement details for bis(triethanolamine)nickel(II) dinitrate complex (Ni-TEA complex).
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	Crystallographic Data and Structural Refinement Details
	Bis(triethanolamine)Nickel(II) Dinitrate





	Empirical formula
	C12H30N4O12Ni



	Formula weight
	481.11



	Temperature/K
	293.15



	Crystal system
	Monoclinic



	Space group
	P21/c



	a/Å
	7.224(3)



	b/Å
	14.777(6)



	c/Å
	9.173(4)



	α/°
	90



	β/°
	93.198(18)



	γ/°
	90



	Volume/Å3
	977.7(7)



	Z
	2



	ρcalcg/cm3
	1.634



	μ/mm−1
	1.063



	F(000)
	508.0



	Crystal size/mm3
	0.394 × 0.267 × 0.202



	Radiation
	Mo Kα (λ = 0.71073)



	2θ range for data collection/°
	5.232 to 61.27



	Index ranges
	–10 ≤ h ≤ 10, –21 ≤ k ≤ 21, –13 ≤ l ≤ 13



	Reflections collected
	88,417



	Independent reflections
	3016 [Rint = 0.0262, Rsigma = 0.0083]



	Data/restraints/parameters
	3016/0/143



	Goodness of fit on F2
	1.074



	Final R indexes [I ≥ 2σ (I)]
	R1 = 0.0221, wR2 = 0.0574



	Final R indexes [all data]
	R1 = 0.0226, wR2 = 0.0577



	Largest difference peak/hole /e Å−3
	0.51/–0.53
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Table 2. Hydrogen bonds in the crystal structure of the bis(triethanolamine)nickel(II) dinitrate (Ni-TEA) complex.
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	D-H⋅⋅⋅A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°





	O2-H2⋅⋅⋅O3 a
	0.801(18)
	1.843(18)
	2.6412(13)
	173.5(17)



	O1-H1⋅⋅⋅O4
	0.82(2)
	1.86(2)
	2.6689(14)
	168(2)



	O3-H3⋅⋅⋅O5 b
	0.78(2)
	2.21(2)
	2.9533(15)
	161(2)



	O3-H3⋅⋅⋅O6 b
	0.78(2)
	2.30(2)
	2.9535(16)
	142.1(19)







a 1−X,1/2+Y,3/2−Z; b −X,1−Y,1−Z
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Table 3. Elemental compositions of the obtained Ni-TEA crystals examined by wavelength dispersive X-ray fluorescence (WD-XRF) compared to the calculated data derived from the Ni-TEA single crystal (excluding H atoms).






Table 3. Elemental compositions of the obtained Ni-TEA crystals examined by wavelength dispersive X-ray fluorescence (WD-XRF) compared to the calculated data derived from the Ni-TEA single crystal (excluding H atoms).





	
Elements

	
Elemental Composition (Excluding H atoms) (% Weight)




	
Calculated Data from Single Crystal

	
XRF Data of the Obtained Ni-TEA Crystals




	
1st

	
2nd

	
3rd

	
Averaged






	
C

	
31.97

	
29.63

	
31.13

	
31.40

	
30.72 ± 0.78




	
N

	
12.43

	
12.78

	
12.75

	
13.25

	
12.93 ± 0.23




	
O

	
42.58

	
44.34

	
42.73

	
41.26

	
42.77 ± 1.26




	
Ni

	
13.02

	
13.25

	
13.39

	
14.09

	
13.58 ± 0.37
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Table 4. Structural parameters of the Ni-TEA complex, which is experimentally derived from the SC-XRD data and theoretically obtained by the DFT calculation.






Table 4. Structural parameters of the Ni-TEA complex, which is experimentally derived from the SC-XRD data and theoretically obtained by the DFT calculation.










	Parameters
	X-ray Crystallography
	DFT Calculations





	Bond Lengths (Å)
	
	



	Ni1-O1
	2.0519(8)
	1.868



	Ni1-O1 1
	2.0519(9)
	1.864



	Ni1-O2
	2.0751(9)
	1.872



	Ni1-O2 1
	2.0751(9)
	1.867



	Ni1-N1
	2.1021(10)
	1.979



	Ni1-N1 1
	2.1021(10)
	1.971



	Bond Angles (°)
	
	



	O1-Ni1-O2
	93.07(4)
	88.12



	O1-Ni1-O1 1
	180.0
	175.68



	O1 1-Ni1-O2
	86.92(4)
	92.36



	C4-O2-Ni1
	106.51(6)
	110.94



	C3-N1-Ni1
	107.50(6)
	102.38



	N1-Ni1-N1 1
	180.0
	177.61







1 The atoms generated by inversion symmetry.
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Table 5. The lowest excitation energies in eV and oscillator strength (f) in the solvent phase (in ethanol) using the TD-PBE0/6-311G(d,p) method for the Ni-TEA complex. The highest occupied molecular orbital (HOMO) is donated by H and L is the lowest unoccupied molecular orbital (LUMO).






Table 5. The lowest excitation energies in eV and oscillator strength (f) in the solvent phase (in ethanol) using the TD-PBE0/6-311G(d,p) method for the Ni-TEA complex. The highest occupied molecular orbital (HOMO) is donated by H and L is the lowest unoccupied molecular orbital (LUMO).





	States
	eV
	nm
	f
	Transition State





	S0 → S5
	2.38
	521
	0.0015
	HOMO→ LUMO (72%) + HOMO→ L+1 (18%)



	S0 → S6
	2.45
	506
	0.0028
	H−1→ LUMO (66%) + H−1→ L+1 (23%)



	S0 → S9
	3.08
	402
	0.0358
	HOMO→ L+1 (33%) + HOMO→ LUMO (22%)



	S0 → S10
	3.19
	388
	0.0435
	H−1→ LUMO (23%) + H−1→ L+1 (22%)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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