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Abstract

:

A number of alkali organometallic complexes with suitable thermodynamic properties and high capacity for hydrogen storage have been synthesized; however, few transition metal–organic complexes have been reported for hydrogen storage. Moreover, the synthetic processes of these transition metal–organic complexes via metathesis were not well characterized previously, leading to a lack of understanding of the metathesis reaction. In the present study, yttrium phenoxide and lanthanum phenoxide were synthesized via metathesis of sodium phenoxide with YCl3 and LaCl3, respectively. Quasi in situ NMR, UV-vis, and theoretical calculations were employed to characterize the synthetic processes and the final products. It is revealed that the electron densities of phenoxides in rare-earth phenoxides are lower than in sodium phenoxide due to the stronger Lewis acidity of Y3+ and La3+. The synthetic process may follow a pathway of stepwise formation of dichloride, monochloride, and chloride-free species. Significant decreases in K-band and R-band absorption were observed in UV-vis, which may be due to the weakened conjugation effect between O and the aromatic ring after rare-earth metal substitution. Two molecular structures, i.e., planar and nonplanar, are identified by theoretical calculations for each rare-earth phenoxide. Since these two structures have very close single-point energies, they may coexist in the materials.
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1. Introduction


Nowadays, oil and gas are used as the main sources of energy; however, the use of fossil sources leads to significant air pollution and global warming, which has become a huge challenge for the world [1]. To reduce energy consumption and CO2 emissions from transportation and industries, the search for renewable energy sources is the foremost task [2]. Recently, some renewable energy sources have been used instead of traditional fossil sources; however, renewables such as solar and wind still have limitations, e.g., high cost, low efficiency, less reliability, and poor stability, due to the undesired environmental change. A suitable energy carrier is essential to solve these issues and controllably absorb or release energy. A promising energy carrier is hydrogen [3]. Hydrogen is abundant, combustible, and possesses high energy density compared to other energy sources. Hydrogen can be produced through several methods, including natural gas reforming [4], electrolysis [5], solar-driven [6], and biological processes [7]. Additionally, the hydrogen fuel cell not only transforms chemical energy to electricity with a high conversion (60% against 20% for combustion engines) but also produces water vapor through the chemical reaction between hydrogen and air in the present of a catalyst. Unfortunately, hydrogen storage is challenging due to the high flammability and low density of the hydrogen gas. Lack of efficient hydrogen storage methods is one of the bottlenecks for the implementation of hydrogen energy [8,9,10]. Hydrogen may be absorbed by using material in which hydrogen bonds chemically or by physical absorption on solids, such as metal hydrides, alloys, carbon nanotubes, graphene, borohydrides, and ammonia borane [11]. It was widely accepted that storage of hydrogen in chemical compounds provided a safer and more efficient solution [12,13]. Diverse chemical materials have been developed, such as metal hydrides, complex hydrides, chemical hydrides, liquid organic hydrogen carriers, and so on. Very recently, organometallic complexes, a new family of hydrogen storage materials, were developed [14,15]. The dehydrogenation thermodynamics of H-rich organometallic complexes can be rationally tuned thanks to the electron-donating abilities of alkali metals, allowing reversible hydrogen uptake and release at ambient conditions from a thermodynamic point of view. A number of alkali organometallic complexes have been synthesized, including phenoxides [16], anilinides [17], pyrrolides [18], imidazolides [19], indolides [20], azaindolides [20], and carbazolides [19]. However, slow hydrogenation and dehydrogenation kinetics were observed even in the presence of transition metal catalysts at high temperatures, which may in part be due to the sluggish mass transfer in solid-state catalysis. Essentially, excellent contact between catalysts and substrates plays a vital role, where an ideal scenario is to fabricate a molecule that consists of transition metal and a hydrogen storage portion. Fortunately, organometallic complexes that have both metal cations and organic groups in one molecule provide a suitable platform to build such molecules. In this way, the hydrogenation and dehydrogenation of fabricated transition metal–organic complexes may be realized for hydrogen storage in the absence of catalysts. However, few transition metal–organic complexes for hydrogen storage have been reported.



Rare earth (RE) chemistry has gained increased attention in recent decades due to its application in catalysis, metallurgy, glass, hydrogen storage, superconductor, and so on [21,22]. Usually, RE elements are found in a variety of accessory minerals, such as phosphate, carbonates, fluorides, and silicates [23]. RE elements have been studied in the field of hydrogen storage in the last several decades. RE hydrides can reversibly absorb and desorb hydrogen. Although the RE hydrides are not good hydrogen storage materials due to their low hydrogen capacity and high dehydrogenation temperature, alloys consisting of RE metals and other metals (i.e., alkali metals, alkali earth metals, transition metals) are well known to exhibit high volumetric hydrogen capacity [24]. To enhance the hydrogen storage properties, a number of studies exploring new RE-based alloys and hydrides have been conducted using many methods, such as melting and ball milling. Typically, LaNi5 can absorb hydrogen to form LaNi5H6 and release hydrogen upon heating in ambient conditions [25]. Moreover, thanks to the advances in anaerobic manipulation techniques and ligand designs, lanthanide metals (except radioactive promethium) and yttrium can form numerous molecular species with organic ligands [26]. Among them, the unique series of compounds of aliphatic alkoxides and aryloxides with the REs have come to the forefront for their unique properties and applications in the preparation of organometallics [22]. For instance, RE aryloxides can be employed as precursors to prepare new complexes, i.e., protonolysis reaction of 1-phenyl-3-N-(p-methoxyphenylimino)-1-butanone (HL) with RE aryloxides [RE(OAr)3(THF)n] (ArO = 2,6-But2-4-MeC6H2O) in THF can give mononuclear lanthanide aryloxides L2RE(OAr)(THF)n (RE = Y, Nd) [27]. Another application of RE(OAr)3(THF)n is to react with organolithium reagents to prepare new RE metal–organic complexes [28]. Additionally, RE cations, such as Eu3+ and Tb3+, in which luminescence results from the 4f → 4f and 4f → 5d transitions, give rise to relatively broad absorption and high emission intensities, and RE aryloxides have become a new type of tunable and energy-efficient luminophores [29]. Usually, RE aryloxides are obtained from the metathesis of RE halides and aryloxides [30,31]. Through this method, diverse RE aryloxides have been developed; however, the synthetic processes are not well characterized, leading to a lack of understanding of the metathesis reaction.



Therefore, in the present study, two rare-earth organic complexes, i.e., yttrium phenoxide and lanthanum phenoxide, were synthesized via metathesis reaction. Quasi in situ nuclear magnetic resonance (NMR) and ultraviolet-visible (UV-vis) methods were employed to characterize the formation processes and electronic states of these two phenoxides. The molecular structures were predicated by theoretical calculations. Meanwhile, attempts at hydrogenation of yttrium and lanthanum phenoxides for hydrogen storage were conducted.




2. Results


2.1. Syntheses of Rare-Earth Metal Phenoxides


In our previous investigations, alkali organometallic complexes were synthesized via the reaction of alkali metal hydrides and organic compounds that have protic H, releasing one equivalent H2 at the same time [14]. Accordingly, carbazole and indole were employed to react with rare-earth metal hydrides (YH3 and LaH3) in the present study; however, no reaction was observed. Even phenol, with more protic H than that of carbazole and indole, did not react with YH3 and LaH3 upon intensive ball milling. Therefore, a metathesis reaction was employed for the synthesis of yttrium phenoxide (Y(OPh)3) and lanthanum phenoxide (La(OPh)3). A schematic diagram of the preparation method is shown in Figure 1. First, sodium phenoxide (NaOPh) was prepared via the reaction of phenol and sodium hydride via ball mill, releasing one equivalent hydrogen. Then, sodium phenoxide reacted with corresponding chlorides (YCl3 and LaCl3) in ethanol, generating Y(OPh)3 and La(OPh)3, respectively, as shown in R1 and R2. Since NaCl has low solubility in ethanol, the products Y(OPh)3 and La(OPh)3 can be facilely separated through filtration. After evaporation of ethanol at 200 °C, target products without organic ligand were obtained.


 3NaOPh + YCl3 → Y(OPh)3 + 3NaCl R1










3NaOPh + LaCl3 → La(OPh)3 + 3NaCl R2











The formation of NaCl from R1 and R2 in the precipitates was confirmed by X-ray diffraction (XRD), as shown in Figure 2a. The weights of precipitates from both reactions were consistent with the theoretical values of the NaCl produced, indicating almost all the Na and Cl were removed from the solution. Furthermore, the Na species could hardly be observed from 23Na NMR solutions, further confirming that most of the NaCl was precipitated (Figure S1). However, both Y(OPh)3 and La(OPh)3 from the distillations exhibited a few broad diffraction peaks after removing the solvent (Figure 2b), demonstrating the amorphous state of the two samples, which is consistent with the transmission electron microscopy (TEM) images (Figure 2c). The absence of NaOPh in the XRD patterns also suggests its full conversion to La and Y phenoxides. Fourier-transform infrared (FT-IR) characterizations on these two samples demonstrated similar spectra as NaOPh, suggesting the retention of its phenol group (Figure S2). The appearance of vibrations at 583 and 566 cm−1 in Y(OPh)3 and La(OPh)3 indicate the formation of Y−O and La−O bonds and the replacement of Na by Y and La, respectively [32,33,34]. It was shown that all the ethanol solvent had been removed under vacuum at 200 °C in the solid products, as evidenced by 1H NMR in DMSO-d6 (Figure S3). Elemental analysis results for the amorphous Y(OPh)3 showed that the ratio of Y:C was ca. 1:18, confirming the composition of Y(OPh)3.



NMR was employed to characterize the two samples in comparison with phenol and sodium phenoxide. It was shown that signals of both Y(OPh)3 and La(OPh)3 in 1H NMR shifted downfield compared with NaOPh, confirming the formation of new compounds. Their chemical shifts were different from those of phenol, excluding the hydrolysis/alcoholysis of sodium phenoxide to phenol. Compared with the signals of phenol, all signals of NaOPh, Y(OPh)3, and La(OPh)3 moved upfield and followed the order of NaOPh > La(OPh)3 > Y(OPh)3, which follows the Lewis acidity of the cations, i.e., Na+ (0.159) < La3+ (0.343) < Y3+ (0.393) [35]. 13C NMR spectra also revealed the impact of metathesis (Figure S4), i.e., the signals of C atoms at 1 and 2 sites in NaOPh moved to the high field and other signals to the low field upon replacing Na with Y cation. These results clearly demonstrated that rare-earth cations had successfully substituted the sodium cations in NaOPh, yielding Y(OPh)3 and La(OPh)3. However, no single crystal was obtained, leading to a lack of structural information about these two compounds. The crystal structure of ligand-free RE phenoxide has seldom been reported in the literature [21,36].




2.2. Characterizations


Although the synthesis of Y and La phenoxides has been reported previously, the synthetic processes are not well characterized, leading to a lack of understanding of the metathesis reaction. To get an understanding of the transformation processes from NaOPh to Y(OPh)3 and La(OPh)3, quasi in situ NMR was performed, where NaOPh was gradually added to pristine YCl3 and LaCl3 solutions. For pristine NaOPh in Figure 3a, chemical shifts at 6.81, 6.50, and 6.24 ppm were assigned to β-H, α-H, and γ-H in the phenoxide ring, respectively. When one equivalent NaOPh was added into YCl3, chemical shifts at 6.95, 6.60, and 6.55 ppm were observed, which were different from those of pristine NaOPh, indicating the occurrence of cation exchange. When the molar ratio of NaOPh to YCl3 increased from 1 to 1.2, 1.5, 2, and 3, all the signals shifted slightly downfield, suggesting the gradual formation of dichloride, monochloride, and chloride-free YCln(OPh)3−n (0 ≤ n ≤ 3) species. The elemental analysis results on the products of 1–1, 1–2 and 1–3 showed that the ratios of Y:C were 1:6, 1:12, and 1:18, respectively, confirming the formation of dichloride, monochloride, and chloride-free species. The slight downfield shift may be due to Yδ+ cations accepting fewer electrons from each phenoxide when more sodium phenoxide was added. The molar ratio of 1:3 yielded the target product Y(OPh)3. When the molar ratio of NaOPh to YCl3 reached 1:6, an obvious shift upfield was obtained, located between that of Y(OPh)3 and NaOPh, indicating that a mixture of these two compounds may be formed.



For the LaCl3 case in Figure 3b, it is similar to that of YCl3, i.e., the chemical shifts gradually moved downfield at the initial stage and then upfield when the molar ratio of NaOPh was higher than 3. It is worth mentioning that the signal of α-H at ~6.67 ppm became significantly broadened when the ratio of NaOPh was less than 3. This may be due to (1) activation of ortho-H, (2) electrostatic cation–π interactions, or (3) fast transition between monomeric species and oligomeric products.



Apart from the NMR characterizations, UV-vis absorption spectra were also collected on the same samples. As shown in Figure 4, YCl3 and LaCl3 solutions showed negligible absorption in the range of 200 to 400 nm, whereas the pristine sodium phenoxide exhibited strong absorption peaks at 218, 238, 273, and 295 nm in ethanol solution. When one equivalent sodium phenoxide was added to YCl3/LaCl3 solutions, the absorption peaks at 218 and 273 nm that were assigned to the E-band and B-band due to the π → π* transition in aromatic compounds, respectively, were retained, while the absorption bands at 238 and 295 nm disappeared. The absorption band at 238 nm is usually referred to as the K-band due to π → π* transition in aromatic compounds that have an unsaturated functional group conjugated with the aromatic ring, while the absorption at 295 nm is the R-band generated by n → π* transition of functional group that attaches to the aromatic ring and contains a nonbonding pair of electrons [37,38]. It was reported that both the K-band and R-band are particularly sensitive to the substituent group of the aromatic ring [39]. The disappearance of bands at 238 and 295 nm on UV-vis examination showed the substitution of sodium by rare-earth metals, agreeing well with the stronger Lewis acidity of La3+ and Y3+ compared with Na+ [35]. Meanwhile, it also indicated that the conjugation effect between O and the aromatic ring may be weakened after Y/La substitution. When the ratio of NaOPh to YCl3/LaCl3 was lower than 3, all the spectra exhibited similar profiles. These two absorption bands at 238 nm and 295 nm grew gradually when the ratio of sodium phenoxide to YCl3/LaCl3 was higher than 3, showing the coexistence of NaOPh in the solutions.




2.3. Molecular Structures


Due to the amorphous states, molecular structures of Y(OPh)3 and La(OPh)3 were investigated at the B3LYP/def2TZVP level of theory [40,41]. Two initial geometries (parallel and vertical) were proposed and optimized with C3 symmetry due to three identical phenoxide rings that were proved by 1H and 13C NMR results (Figure 2d and Figure S4). For Y(OPh)3, two optimized structures, i.e., planar and nonplanar configurations (Figure 5), were obtained due to the different initial configurations (Figure S5). In the nonplanar configuration, three phenoxide planes connect to the Y center via Y−O bonds and exhibit a dihedral angle of 14.85° to each other, similar to ordered electric fans (Figure 5b and side view in Figure S5). However, the three phenoxides were on the same plane in the planar structure (Figure 5a and Figure S5). The single-point energy of the nonplanar structure was 0.4634 kJ/mol lower than that of the planar one, indicating the nonplanar configuration was more stable, which may be due to intramolecular steric repulsive forces among phenoxide rings. Since these two structures have very close single-point energies, they may coexist during the synthesis and randomly stack via the interactions of van der Waals forces and cation–π and π–π conjugates. Therefore, it is not surprising to obtain weak diffraction peaks in the XRD patterns. The highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) were also calculated based on the two configurations (Figure 5 and Table S1). It can be seen that the LUMOs of the two Y(OPh)3 structures are located on the metal, whereas the HOMOs are delocalized over benzene rings and oxygens. The gaps between LUMO and HOMO of the planar and nonplanar structures of Y(OPh)3 are about 3.5914 eV and 3.5734 eV, respectively, which is consistent with the results of the UV-vis spectra, where no absorption in the visible range was observed. The calculated molecular structures of La(OPh)3 were similar to those of Y(OPh)3, and the results can be found in the Supporting Information (Figure S6 and Table S2). Compared with Y(OPh)3, the positive charge of La cation in the La(OPh)3 was higher than the Y cation in Y(OPh)3 and the oxygen element in the La(OPh)3 had higher negative charge, which may have been caused by the stronger electron-donating ability of La (Supplementary Tables S1 and S2).



Given the successful syntheses of Y(OPh)3 and La(OPh)3 and their thermal stability (Figure S7), we attempted to hydrogenate these two materials at 100 °C under 70 bar H2. However, negligible conversion was observed for both samples, which may be constrained by the difficulty in hydrogen activation due to the full coordination of rare-earth cations. Although there were some reports about the synthesis of Y(III) and La (III) phenoxides previously, there are differences between the previous work and the present research. Table S3 summarizes the differences between previous work and the present study. First, organic ligands (such as THF) are usually needed for the crystal structures of Y and La phenoxides. However, all the organic solvents/ligands were removed in the present study for the purpose of hydrogen storage. Second, the synthetic processes of Y and La phenoxides are not well characterized, leading to a lack of understanding of the metathesis reaction. In the present study, Y and La phenoxides were synthesized via metathesis reaction. Quasi in situ NMR and UV-vis methods were employed to characterize the formation processes in detail. Third, phenoxide without a substituted group was employed in the present study; however, substituted phenoxides were used to synthesize the phenoxide derivatives of Y and La salts previously.





3. Materials and Methods


3.1. Material and Characterization


Commercial phenol (99.5%, TCI, Tokyo, Japan), sodium hydride (90%, Aldrich, Saint Louis, United States), carbazole (95%, Alfa Aesar, Ward Hill, United State), indole (99%, Aldrich, Saint Louis, United States), yttrium metal (99.9%, ACMEC, Shanghai, China), lanthanum metal (99.5%, Aladdin, Shanghai, China), yttrium chloride (99.9%, Alfa Aesar, Tewksbury, United State), and lanthanum chloride (99.99%, Alfa Aesar) were all stored in a glove box and used without further purification. Anhydrous ethanol (Macklin, Shanghai, China) was used after water removal with a molecular sieve. All the experiments were conducted in a glove box filled with purified argon with <0.1 ppm H2O and O2 concentrations. To synthesize sodium phenoxide, a mixture of 0.01 mol sodium hydride and 0.01 mol phenol was put into a 180 mL stainless steel receptacle and ball-milled for 8 h at 200 r∙min−1 accordingly [16]. Yttrium phenoxide and lanthanum phenoxide were synthesized by metathesis reaction. Yttrium chloride (195.5 mg, 1.0 mmol) and sodium phenoxide (355.5 mg, 3.0 mmol) were added into a 50 mL conical flask, then 25 mL anhydrous ethanol was added and stirred at a rate of 300 r∙min−1 at room temperature. After 24 h, the white precipitation was filtered out. Then, the solution was transferred to a glass bottle in the glovebox for evaporation to obtain a powder sample. The powder sample was heated at 200 °C in vacuum overnight to complete removal of ethanol, and yttrium phenoxide was obtained. Similarly, the lanthanum phenoxide was prepared by the reaction of lanthanum chloride with sodium phenoxide in anhydrous ethanol with the same method. YH3 was prepared by direct hydrogenation of Y-metal basis at 350 °C under 4 MPa H2 pressure for 12 h [42,43]. LaH3 was prepared by a similar method. YH3 and LaH3 were ball-milled to powder in 15 bar H2 atmosphere with a rotating speed of 200 r∙min−1.



XRD patterns were collected on a PANalytical X’pert diffractometer equipped with Cu Kα radiation (40 KV, 40 mA) for phase identification. The test samples were loaded in a homemade sample cell covered with KAPTON film to avoid air and moisture contamination. Temperature-programmed desorption–mass spectrometry (TPD-MS) using purified argon as a carrier gas was conducted in a custom-made reactor. The samples were heated at a rate of 2 °C/min and the gaseous species H2, H2O, CO2, CH4, and C2H6 were monitored using online MS (Hiden, Cheshire, UK).



Solution NMR spectroscopy was recorded on a Bruker AVANCE 700 MHz NMR spectrometer (11.7 T) at ambient temperature. Liquid 1H and 13C NMR spectra were characterized with DMSO as the deuterated solvent. For 1H NMR and UV-vis characterizations, yttrium chloride was dissolved in 25 mL anhydrous ethanol solution, and sodium phenoxide with molar ratios of 1, 1.2, 1.5, 2, 3, and 6 equivalent to YCl3 was added under a stirring rate of 300 r∙min−1 at room temperature. A small amount of solution in each step was taken out for characterizations. UV-vis spectra were measured with a JASCO V-750 spectrophotometer. All prepared solutions were diluted with anhydrous ethanol before UV-vis tests. The pristine yttrium chloride and sodium phenoxide were also dissolved in anhydrous ethanol and characterized for comparison. The formation of lanthanum phenoxide was characterized by the same process. Liquid 23Na NMR spectra were obtained on a Bruker AVANCE 400 MHz NMR spectrometer at room temperature and DMSO-d6 was used as a deuterated reagent.



TEM images were obtained on a Tecnai G2 F30 S-Twin transmission electron microscope (FEI Company, Hillsboro, United States). The sample was dispersed in cyclohexane and dropped on a carbon-coated copper TEM grid. FT-IR spectra were recorded on a TENSOR II infrared spectrometer.




3.2. Computational Methods


Density functional theory (DFT) calculations were carried out using the Gaussian09 suite of programs [44]. The theoretical geometry of each molecule was optimized at the level of B3LYP/def2TZVP. Geometry optimizations were tested by frequency analysis to ensure that each geometry corresponded to a true local minimum. Natural population analysis was performed to obtain the NBO charges [45]. The GaussView 5 program was used to draw contour plots of HOMOs and LUMOs.





4. Conclusions


In summary, both yttrium phenoxide and lanthanum phenoxide were successfully prepared via metathesis of sodium phenoxide with YCl3 and LaCl3, respectively. NMR and UV-vis results were used to characterize the detailed process of the replacement of Na cation by Y and La cations, which revealed less electron density in the phenoxide ring and significant decrease in K-band and R-band absorption after metathesis due to the stronger Lewis acidity of Y3+ and La3+ than Na+. The synthetic process may follow a pathway of stepwise formation of dichloride, monochloride, and chloride-free species. Although the crystal structure of Y(OPh)3 and La(OPh)3 are unknown due to the amorphous state of the two samples, DFT calculations were attempted in order to understand the molecular structure and the effect caused by cationic replacement on the organic rings. Two molecular structures, i.e., planar and nonplanar, were identified for each rare-earth phenoxide. The cationic replacement changes the energy gap between LUMO and HOMO and the electron density located at phenoxide rings. Although the hydrogenation of these rare-earth phenoxides was not successful, it is needed to carry out further research. Candidates such as 1-naphthalenol, thiophenol, indole, and imidazole could be investigated in the future, which would obviously broaden the current scope of hydrogen storage systems. More importantly, apart from Y and La, other RE elements are well worthy of attention due to the existence of electrons in their 4f orbitals. Therefore, these rare-earth organic compounds may have potential applications in other areas, such as organic chemistry, catalysis, optical devices, and so on.
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Figure 1. Schematic diagram of preparation method for rare-earth organic compounds. 
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Figure 2. (a) The XRD patterns of the precipitates from R1 and R2. (b) The XRD patterns of Y(OPh)3 and La(OPh)3 compared with NaOPh. (c) Morphologies of Y(OPh)3 observed by TEM. (d) 1H NMR spectra of Y(OPh)3 and La(OPh)3 compared with NaOPh and phenol, respectively. 
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Figure 3. 1H NMR characterizations on the reactions of (a) YCl3-nNaOPh and (b) LaCl3-nNaOPh (n = 1–6) with the increase in molar ratio of NaOPh, respectively. 
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Figure 4. UV-vis characterizations of the reactions of (a) YCl3-nNaOPh and (b) LaCl3-nNaOPh (n = 1–6) with the increase in molar ratio of NaOPh. 
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Figure 5. (a,b) Planar and nonplanar structures, LUMOs and HOMOs, and energy gaps between LUMO and HOMO of Y(OPh)3, respectively. Black: C; red: O; white: H; greenish-blue: Y. 
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