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In this study, we present a new concept based on the steady-state, laser-induced photoluminescence of Nd3+, which aims at a direct determination of the amorphous fraction f a in monazite- and xenotime-type orthophosphates on a micrometer scale. Polycrystalline, cold-pressed, sintered LaPO4, and YPO4 ceramics were exposed to quadruple Au-ion irradiation with ion energies 35 MeV (50% of the respective total fluence), 22 MeV (21%), 14 MeV (16%), and 7 MeV (13%). Total irradiation fluences were varied in the range 1.6 × 1013–6.5 × 1013 ions/cm2. Ion-irradiation resulted in amorphization and damage accumulation unto a depth of ~5 μm below the irradiated surfaces. The amorphous fraction created was quantified by means of surface-sensitive grazing-incidence X-ray diffraction and photoluminescence spectroscopy using state-of-the-art confocal spectrometers with spatial resolution in the μm range. Monazite-type LaPO4 was found to be more susceptible to ion-irradiation induced damage accumulation than xenotime-type YPO4. Transmission electron microscopy of lamella cut from irradiated surfaces with the focused-ion beam technique confirmed damage depth-profiles with those obtained from PL hyperspectral mapping. Potential analytical advantages that arise from an improved characterization and quantification of radiation damage (i.e., f a) on the μm-scale are discussed.

Keywords: xenotime YPO4, monazite LaPO4, nuclear waste forms, rare-earth elements REE, luminescence spectroscopy, grazing-incidence X-ray diffraction, amorphous fraction, structural disorder


INTRODUCTION

Orthophosphates of the REE3+[PO4]−3 group (with REE = Rare-earth elements Sc,Y + Ln; Ln = lanthanides La to Lu) have gained much attention in the past few decades from the nuclear materials science community. Their potential use as inert matrix fuel or waste-form material to immobilize hazardous actinides (e.g., U, Th, Pu, Np, Cm, Am) and fission products from high-level radioactive (HLW) wastes have been proposed in various studies (e.g., Boatner et al., 1980; Ewing and Wang, 2002; Lumpkin, 2006; Omel'yanenko et al., 2007; Weber et al., 2009; Burakov et al., 2011; Neumeier et al., 2017; Schlenz et al., 2018). The high structural flexibility of these compounds is one of their major advantages with respect to the latter purpose (Dacheux et al., 2013). At ambient conditions and depending on the radius of the REE cation, endmembers of this phosphate group either crystallize in the monoclinic monazite-structure type (La to Gd; space-group P21/n) with 9-fold, or the tetragonal zircon-type structure (Gd to Lu, including Sc and Y; space-group I41/amd) with 8-fold cationic coordination, whereas Gd-, Tb-, Dy-, and Ho-endmembers have been synthesized with both structure types (Ni et al., 1995; Kolitsch and Holtstam, 2004; Clavier et al., 2011). Orthophosphates of both structure types, however, have been reported to show a wide miscibility among their endmembers and the monazite structure has the ability to accommodate large amounts of the trivalent actinides Pu, Am, and Cm (Clavier et al., 2011 and references therein). The trivalent neutron absorber Gd can be accommodated easily in the crystal structure to control the criticality of radioactive chain-reactions at high actinide loadings. Heterovalent substitutions by mono-, di-, and tetravalent elements on cation sites are possible via vacancy, double or coupled charge-balanced substitutions. The latter substitution mechanisms are of major importance to accommodate Th4+, U4+, and other minor tetravalent actinides in the crystal structure of the orthophosphates (Clavier et al., 2011; Schlenz et al., 2018). Leaching experiments in static as well as dynamic experiment setups, performed to assess the ability of potential nuclear waste-form materials to retain structurally incorporated actinides upon leaching, reveal that orthophosphates have comparably low dissolution rates in hydrous and acidic media (Boatner and Sales, 1988; Tropper et al., 2011; Arinicheva et al., 2018; Gausse et al., 2018). A crucial factor that is generally considered to determine the long-term integrity of waste-form materials is their resistance against damage as caused by (self-)irradiation. The accumulation of radiation-induced damage in crystalline material is usually accompanied with reduced chemical durability and physical integrity, swelling and crack formation (Ojovan et al., 2018 and references therein). The interest in monazite-type compounds to be used as radiation-resistant fuel or waste-form material was substantially supported from findings of their natural analogs. The mineral monazite-(Ce) typically shows only moderate radiation damage accumulation, but to the best of our knowledge never has been found in an amorphous structural state. This is despite containing significant Th and U concentrations, which should have caused substantial accumulation of α-decay-induced radiation damage over geological periods of time (e.g., Boatner and Sales, 1988; Seydoux-Guillaume et al., 2004; Ruschel et al., 2012; Nasdala et al., 2018). The enhanced “radiation tolerance” in comparison to other accessory minerals like zircon (ZrSiO4), which is frequently found to be strongly damaged or metamict, have been attributed to self-annealing at comparably low temperatures. An effective accumulation of radiation damage is largely controlled by temperature-dependent kinetic effects (e.g., point-defect annealing, epitaxial recrystallization at crystalline-amorphous interfaces, recrystallization by nucleation) that may lead to simultaneous or post-damage recovery of the orthophosphates crystallinity (e.g., Nasdala et al., 2013). In comparison to zircon, exceptionally low critical amorphization temperatures Tc of REEPO4 orthophosphates have been identified by in-situ TEM (transition electron microscopy) ion-irradiation experiments (Meldrum et al., 1997a, 1998). Monazite-type phosphates have been found to have lower Tc (i.e., are more efficiently annealed) than phosphates with xenotime structure. Within the respective orthophosphate groups, Tc decreases systematically with increasing cationic radius (i.e., decreasing atomic mass) to be as low as 60°C for monazite-(La) (Meldrum et al., 1997a). Notably, Helean et al. (2004) found a linear positive correlation of Tc with the formation enthalpies ΔHf−ox of the orthophosphate members, respectively. Thus, within the orthophosphate group, monazite-type LaPO4 is most thermodynamically stable with respect to its oxides (ΔHf−ox ~-350 kJ/mol) and most efficient to anneal (Tc = 60°C), whereas xenotime-type LuPO4 is the least stable member (ΔHf−ox ~-260 kJ/mol) and is annealed most inefficiently (Tc = 300°C). The annealing behavior of zircon fits well into the latter correlation. A comparably high Tc (1065°C; Meldrum et al., 1998) and a much lower thermodynamic stability (ΔHf−ox = −28 kJ/mol; Ellison and Navrotsky, 1992) have been reported for zircon. The thermodynamic driving force to anneal radiation damage in zircon, hence, is much lower in comparison to the orthophosphates and may explain that annealing effects are more effective in the orthophosphates at lower temperatures. In addition to annealing effects as caused by elevated temperatures, α-particle induced annealing has been discussed recently to explain the absence of severe radiation damage of actinide-bearing orthophosphates stored at ambient (geo-)thermal conditions (Deschanels et al., 2014; Seydoux-Guillaume et al., 2018). For instance, single-phase 238Pu-doped La-monazite (Burakov et al., 2004; Deschanels et al., 2014; Shiryaev et al., 2016; Zubekhina and Burakov, 2016) or 244Cm-doped Lu-xenotime (Luo and Liu, 2001) stored under ambient conditions remained crystalline even at very high self-irradiation doses. On the other hand, however, monazite-type 241AmPO4 (Deschanels et al., 2014) and 238PuPO4 (Burakov et al., 2004) underwent metamictization at lower or comparable doses.

Studies that aim at an improved understanding of complex radiation-damage accumulation processes substantially benefit from an accurate quantification of the radiation damage present in the material of interest (e.g., Weber, 2000; Lang et al., 2009; Thomé et al., 2012; Liu et al., 2016). However, a quantitative determination of the amorphous fraction, i.e., the fraction of the material that underwent severe structural degradation, and the analytical access to effects caused by damage accumulation is very limited on the micrometer scale. The interpretation of diffuse scattering (as caused by the presence of amorphous material) in TEM investigations typically remains of qualitative nature and reliable estimates of the amount of damage present based on XRD techniques are restricted to monophase, bulk materials (e.g., Ríos et al., 2000; Lang et al., 2009). Rutherford backscattering and channeling (RBS/C) experiments give detailed information on the amount of displaced atoms, but are restricted to the characterization of radiation-damage accumulation in ion-irradiation experiments as non-damaged, crystalline starting material is needed for a quantitative interpretation (e.g., Thomé et al., 2012). In recent years, confocal spectroscopic techniques that operate on the micrometer scale, including Raman (e.g., Nasdala et al., 1995, 2010; Geisler et al., 2001; Picot et al., 2008; Shimizu and Ogasawara, 2014; Wang et al., 2014; Marillo-Sialer et al., 2016; Švecová et al., 2016; Baughman et al., 2017; Váczi and Nasdala, 2017; Zietlow et al., 2017) and luminescence spectroscopy (Panczer et al., 2012; Nasdala et al., 2013, 2018; Lenz and Nasdala, 2015) are applied frequently to characterize and estimate the degree of irradiation damage in orthophosphates and other accessory minerals. The latter techniques are based upon a correlation of spectral changes with structural modifications (i.e., band width broadening of narrow peaks) associated with radiation damage accumulation. Their applicability for a quantitative manner, however, is limited and hampered by a lack of reference samples of known amorphous fraction f a or α-dose. For reasons discussed above, natural orthophosphate minerals do not serve as reliable references because of the insufficient knowledge of the samples annealing history. The damage characterized at present state, hence, cannot be correlated with its theoretically calculated α-dose, which gives the number of α-decays of a certain concentration of Th and U within the geological time span since its formation. For zircon, this problem has been addressed and discussed extensively (Geisler et al., 2001; Nasdala et al., 2001, 2010; Palenik et al., 2003; Lenz and Nasdala, 2015).

In the present study, we address the question of whether the analytical advantages of confocal spectroscopy can be combined with the possibility to quantitatively determine the amorphous fraction of radiation-damaged orthophosphates directly from single confocal luminescence spectroscopic measurements. To test this, we systematically accumulated radiation damage in polycrystalline, monophase LaPO4 and YPO4 ceramics using heavy ion-irradiation (Au) with various energies and fluences. The amount of structural breakdown, i.e., the amorphous fraction f a created in the surface region of the irradiated ceramics, was then quantified using grazing-incidence X-ray diffraction (GI-XRD) and compared with results from confocal laser-induced photoluminescence spectroscopy of Nd3+. The orthophosphates are well-known for its excellent luminescence properties and have been proposed variously as effective phosphor pigments (e.g., Ropp, 1968; Gavrilović et al., 2018) or laser material (e.g., Guillot-Noël et al., 2000). In this study, however, we took advantage of the REEs unique spectroscopic properties to serve as structural probes of their local crystallographic environment (e.g., Bünzli and Piguet, 2005; Mendoza et al., 2011; Lenz et al., 2013). Emissions of Nd3+ have been favored among other potential REE probes here because its 4F3/2 → 4I9/2 electronic transition in the near-infrared (NIR) spectral range between 10,600 and 11,800 cm−1 (830–940 nm) is effectively excited in orthophosphates by standard steady-state lasers (e.g., Ar+ −488 nm, 514 nm; YAG:Nd3+ −532 nm; or diode pumped solid-state IR −785 nm) even at very low Nd concentrations in the ppm range. Moreover, the Nd3+ (4F3/2 → 4I9/2) emission is typically characterized by a small number of individual sublevels that simplifies data reduction (i.e., fitting/deconvolution). Other competitive luminescence emissions of REE3+ in the respective spectral range are rare and hence do not interfere with interpretation of the Nd3+ spectral signal (Lenz et al., 2013; Chen and Stimets, 2014). Moreover, Nd is commonly applied as non-hazardous surrogate in studies of actinide crystal chemistry of waste-form materials. Because of the high radioactivity and toxicity of e.g., Am, Cm, that are difficult to handle in standard laboratories, surrogates of similar chemical properties and behavior are applied frequently (e.g., Loiseau et al., 2004; Neumeier et al., 2017).



MATERIALS AND METHODS

Monophase phosphate powders of LaPO4 and YPO4 were produced using a wet-chemistry route. Oxide precursors (La2O3 and Y2O3; Sigma-Aldrich 99.95%) were dissolved in hot nitric acid and La- and Y-phosphate precipitates form, respectively, while dropwise adding an aqueous solution of (NH4)2HPO4. The pH was carefully adjusted to 9–10 using NH3 (aq.) to complete phosphate precipitation. To produce 100 g YPO4 monophosphate powder, 61.4 g Y2O3 was dissolved in ~220 ml HNO3 (3M) and 71.8 g (NH4)2HPO4 dissolved in 150 ml de-ionized water was added. For preparation of LaPO4 phosphate, 69.6 g La2O3 was dissolved in ~170 ml HNO3 (3M) and 56.5 g (NH4)2HPO4 dissolved in 150 ml de-ionized water was added to produce approximately 100 g of LaPO4 precipitate. Note, that an excess of approx. 20% HNO3 was needed to completely dissolve the respective precursor REE2O3 oxide. Dried precipitates were crushed with agate mortars, calcined at 800°C for 3 h, and ground in a zirconia-bead ball mill repeatedly to remove phosphate hydrates (Bregiroux et al., 2006; Sujith et al., 2014). Phosphate powders were then uniaxial cold-pressed to pellets of 10 mm diameter (steal die with a load of ~200 MPa) and sintered in the furnace at 1,300°C for 3 days. Sintered YPO4 pellets were found to have a specific gravity of ~4.08 g/cm3 as obtained from weight measurements with a hydrostatic balance and applying Archimedes principle. The density obtained is about 95.3% of the theoretical density 4.28 g/cm3 given by Milligan et al. (1982). Accordingly, LaPO4 pellets were determined to have a density of 4.56 g/cm3, which is 89.8% of the calculated density of 5.08 g/cm3 (Ni et al., 1995). The surfaces of ceramic pellets were polished using a Struers Tegramin preparation system with diamond suspension of various particle sizes (5–3 μm for coarse and 0.25 μm for fine polishing). A final chemical-abrasion procedure with colloidal silica (typical abrasive size is ~0.05 μm) was applied to remove mechanically induced stress at the surface during mechanical polishing.

A graphical summary of analytical techniques and further preparation steps applied to LaPO4 and YPO4 ceramic pellets is given in Figure 1. Radiation damage was accumulated in the ceramics surface region utilizing irradiation of high energetic gold (Au) ions. Irradiation experiments were conducted using the 10 MV Tandem Van de Graaf, Australian National Tandem Research Accelerator (ANTARES) at ANSTO facility. Four different energies have been sequentially applied in the order highest to lowest energy (35, 22, 14, and 7 MeV). Picot et al. (2008), Nasdala et al. (2010), and Nasdala et al. (2018) have applied sequential triple ion-irradiations with the aim to create an extended, more homogeneous damage-depth profile in monazite-(Ce). We used the Monte Carlo simulation code SRIM-2013 (Stopping range of ions in matter; Ziegler et al., 2010) to calculate ion stopping-ranges and to pre-estimate damage accumulation as caused by the creation of displacements (full cascade mode). The rather high Au-ion energy of 35 MeV was chosen to produce a sufficiently large damage layer unto a depth of ~5 μm below the ceramic surface that is accessible to a broad range of analytical techniques. The four sequential Au-ion energies and their respective fluences were adjusted to generate a homogeneous damage profile over the irradiation depth as expected from cumulative displacements predicted by SRIM. Based on these calculations, each quadruple irradiation comprises 50% of the total fluence being from 35 MeV Au-ions, 21% from 22 MeV, 16% from 14 MeV and 13% from 7 MeV Au-ions (cp. Figure 2A). We exposed five LaPO4 and YPO4 ceramic pellets, each to five different total fluences (1.6 × 1013, 2.3 × 1013, 3.5 × 1013, 4.85 × 1013 and 6.5 × 1013 ions/cm2). Detailed fluences of each energy applied may be found in Table 1. Note that the ceramic pellets were irradiated at room temperature, i.e., cooling of samples during irradiation has not been applied. Samples were mounted on an aluminum plate with conductive tape, and the sample temperature was measured using K-type thermocouple. Monitored maximum temperatures did not exceed a maximum temperature of 45°C.


[image: image]

FIGURE 1. Simplified sketch (not to scale) that summarizes preparation and techniques as applied to orthophosphate ceramics in this study: (1) Polished ceramic pellets were irradiated with Au-ions sequentially with four different energies (see details in Figure 2 and discussion in the text); (2) grazing-incidence X-ray diffraction (GI-XRD) was applied to characterize ion-irradiation induced damage in the uppermost surface layer. (3) Pellets were embedded in epoxy and prepared to cross-sectional mounts; (4) confocal laser-induced Photoluminescence (PL) spectroscopy and hyperspectral mapping; and (5) focused ion-beam preparation of TEM foils.
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FIGURE 2. Monte Carlo simulation (SRIM-2013 code; Ziegler et al., 2010) of quadruple Au-ion irradiations of xenotime-type YPO4 using four different ion energies: 35, 22, 14, and 7 MeV. Relative fluences of 50, 21, 14, and 7% of the total fluence, have been chosen, respectively, to generate a homogeneous damage profile over a maximum irradiation depth of 5 μm as expected from the cumulative displacements predicted by SRIM (A). The total energy loss of an incoming Au ion over the irradiation depth is shown in (B). The latter comprise energy loss by nuclear (knock on) as well as electronic interaction (deceleration by coulomb interaction) with the target.





Table 1. Detailed Au-irradiation plan as applied to YPO4 and LaPO4 ceramics.
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Irradiated ceramics and un-irradiated references were examined by GI-XRD performed on a Bruker D8 A25 fitted with a Cu source. The diffractometer was configured for parallel beam geometry using a Goebel mirror (deflection 0.812°) and a parallel plate collimator with an equatorial divergence of 0.2°. The lynxeye detector was configured to run in 0D mode to act as a point detector measuring in the 2θ range from 25 to 80°. Multiple runs with variable incident angles were performed to access and probe various depths below the surface. Details on incident angles and geometry specific X-ray attenuation lengths after Henke et al. (1993) are given in Table 2 and discussed in more detail below. Rietveld refinements were performed using Bruker AXS software package Topas Vers. 5.



Table 2. Detailed data of accumulated radiation damage in xenotime-type YPO4 ceramics of various depths below the irradiated surface as obtained from the two independent methods grazing-incidence X-Ray diffraction and laser-induced photoluminescence (Nd3+).
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After XRD investigation, ceramic pellets were cut in half, and one of each half was embedded in epoxy and prepared to cross-sectional mounts and again carefully polished (see polishing procedure above). Steady-state, laser-induced photoluminescence spectroscopic measurements were performed using a Horiba LabRam Evolution HR800 spectrometer coupled to an Olympus BX80 optical microscope. A confocal hole in the analyzing beam path reduces the spatial resolution to 1 μm lateral and ~2–3 μm in depth using a 100 × objective. Here, we used a 532 nm frequency-double YAG:Nd3+ solid-sate laser with the beam path aligned through the microscope objective (quasi-backscattering configuration) to non-resonantly excite Nd3+ emissions that are most prominent in the orthophosphates (Lenz et al., 2013). Photoluminescence spectra in the NIR range were recorded using a grating with 600 lines/mm with a spectral resolution determined to be ~2 cm−1. Hyperspectral maps and transection profiles were obtained using a mechanic, software-controlled x-y table. Note, however, that although the lateral spatial resolution is limited to 1 μm, an over-stepping with step-widths of 0.2–0.5 μm was applied to maps and profiles to improve data and image quality.

Scanning electron microscopy (SEM) was performed using a Zeiss Ultra Plus Gemini equipped with an X-Max silicon drift detector Energy Dispersive X-Ray spectrometer (EDX). Specimen preparation for TEM was carried out using a Zeiss Auriga 60—focused ion beam (FIB) with Ga source. A 20 × 2 μm rectangular layer of protective platinum was deposited on the sample to protect the surface from the ion beam. Coarse milling of a trapezoidal shaped trench was performed on both sides of this platinum layer at 30 kV and 16 nA and then a rectangular shaped cut is done 1.5° off axis using a Ga beam with 30 kV and 2 nA to reduce the thickness of the lamella before lift-out. A “u” cut is then performed at shallow tilt angle in order to free the bottom and sides of the lamella. The lamella is lifted out in situ using an OmniProbe 200 nanomanipulator system and welded onto a TEM copper grid for further thinning and polishing inside the FIB. The polishing process involves positioning the lamella 0.5° off the axis of the ion beam on each side starting with a 30 kV and 1 nA, followed by a 30 kV and 120 pA ion probe thinning. Further fine thinning of the foils is done with 15 kV and 80 pA ion probe at 3° off axis to remove the damage created by the 30 kV gallium ions. Final polishing is done with a 5 kV 20 pA ion probe at 3° off axis and a long polish in deposition mode at 2 kV and 20 pA at 6° off axis milling to remove any further damage created by the higher energy gallium ions in previous steps. Thin TEM foils (with a final thickness <200 nm) of selected ceramics were prepared perpendicular to the irradiated surface of cross-sectioned ceramic samples. This was done to guarantee that complete irradiation-induced damage profiles of ~5 μm length are accessible to TEM within a single foil (cp. Figures 1, 6A).

Transmission electron microscopy was carried out using a JEOL 2200FS operated at 200 kV. Specimen analysis of the cross-sectional damage depth profile was performed using bright-field and dark-field images. Lower magnification images were collected using a Gatan Orius SC200 D camera, whilst higher resolution images were collected on a Gatan UltraScan 1000. Selected area electron diffraction patterns (SADP) were collected using an aperture of approximately 600 nm diameter. Multiple SADPs were collected along the samples damage profile from the irradiated surface to the crystalline sub-surface in 0.5 μm steps. The Gatan Microscopy software-package DigitalMicrograph was used for image and diffraction pattern analysis.



RESULTS AND DISCUSSION

As revealed by optical microscopy (OM) and SEM investigation, sintering of LaPO4 and YPO4 cold-pressed pellets at 1,300°C for 3 days caused effective compaction and considerable grain growth with grain dimension of 1–10 μm and even larger grains up to 20 μm in case of YPO4 (cp. OM images in Figure 7). The phase structure was confirmed using GI-XRD. Rietveld refinement of XRD patterns revealed lattice constants in accordance to values reported in literature (YPO4: a = 6.88 Å, c = 6.01Å, cp. Milligan et al., 1982; LaPO4: a = 6.83 Å, b = 7.07, c = 6.50, β = 103.2°, cp. Ni et al., 1995). Pores appear occasionally in between grain boundaries that cause ceramics to have a lower density in comparison to theoretical values (theoretical calculated porosity of 4.7% in YPO4 and 10.2% in LaPO4 ceramics; see materials description in section Methods and Materials). A secondary, very minor phase was observed in YPO4 ceramics filling pendentives of large-grains. This phase, however, was found to be rich in Zr, contains no P (EDX) and show brighter contrast in SEM and reflectance in OM. We interpret this phase to be zirconia as introduced by milling with zirconia beads during preparation process. A minor XRD reflection at 2θ ~30° in XRD patterns of YPO4 ceramics (Figure 2A) may arise from this phase which was potentially formed during sintering by reaction of ZrO2 with omnipresent Y to tetragonal Y-stabilized zirconia (Y-TZP; Strasberg et al., 2014).

To establish the limits of the GI-XRD probing depth, un-irradiated reference samples of both, LaPO4 and YPO4 ceramics were examined in detail. Diffraction patterns obtained by using various grazing angles, which correspond to certain calculated X-ray attenuation lengths (Henke et al., 1993), were compared. In Figure 3B, the intensity of major reflection peaks of both ceramic references are plotted against the X-ray attenuation lengths as calculated from the respective incident angles. The higher the incident angle of the X-ray beam is set, the deeper it may penetrate into the material. In practice, the probing depth is limited effectively by the materials specific X-ray absorption, geometrical constraints, and measurement specific analytical conditions (e.g., type of X-ray source and respective energy). The incident angle above which the intensity of diffraction peaks does not increase any further is interpreted to reflect the maximum probing depth. Intensities of un-irradiated references saturate significantly at attenuation lengths >2 μm (Figure 3B). Hence, a probing volume that reaches a depth unto ~1.5 μm was accepted to most reliably be characterized with GI-XRD. This corresponds to an instrument set-up with the X-ray beam set to an incident angle of max. 3.2° for both phases.


[image: image]

FIGURE 3. (A) A graphical illustration of the Rietveld refinement applied to grazing-incident X-Ray diffraction patterns of un-irradiated and irradiated xenotime-type YPO4 and monazite-type LaPO4 ceramics (cp. Table 1). The glancing angle was set to 3.2° to probe a thin surface layer unto a depth of ~1.5 μm. In YPO4 patterns, a minor diffraction peak at 2θ ~ 30° (marked with an asterisk) is attributed to a secondary phase (Y-stabilized tetragonal zirconia; Strasberg et al., 2014). To quantify the amorphous fraction f a, a refinement with three model phases have been applied: a fully crystalline component as observed from the un-irradiated sample (blue); a strongly stressed but still crystalline component (green); and an amorphous component refined with free lattice constants and very small grain-size factors (red). (B) The intensity of representative reflections of un-irradiated YPO4 [(211) at 2θ ≈ 35°, left-hand y-axis] and LaPO4 ceramic [(120) at 2θ = 28.6°, right hand y-axis] in dependence of various glancing angles that correspond to certain X-ray attenuation lengths calculated after Henke et al. (1993) (cp. Table 1). GI-XRD intensities of un-irradiated references samples saturate significantly above attenuation lengths >2 μm. An accurate probing depth of this method was accepted to be until ~1.5 μm below the surface for both phases.



The effect of quadruple ion-irradiation on the structural state of irradiated xenotime-type YPO4 and LaPO4 ceramics and its GI-XRD patterns is demonstrated in Figure 3A. Irradiations of Au onto YPO4 with total fluences of 3.5 × 1013 (d3) and 6.5 × 1013 ions/cm2 (d5) caused diffraction peaks to significantly decrease and broaden, together with broad humps that appear across the entire diffraction pattern in the background. The latter contribution to the diffraction pattern is considered to arise from diffuse scattering of X-rays from the surface layer that is altered by ion-irradiation, lost long-range order, and hence, represents the amorphous component in the analyzed volume fraction. Note, however, that remnant YPO4 diffraction peaks broadened asymmetrically with a shift to lower 2θ, and hence, indicate increasing lattice planes d and swelling of the unit cell. This is a common effect accompanied with radiation damage accumulation in ceramic materials (e.g., Trachenko et al., 2002; Deschanels et al., 2014). In contrast to YPO4, GI-XRD patterns of all irradiated LaPO4 ceramics are characterized by the presence of broad humps only. Almost complete amorphization of the irradiated surface was detected even at the lowest irradiation fluence applied (1.6 × 1013 ions/cm2; see LaPO4 sample e1 in Figure 3A).

To properly quantify the degree of amorphization in the irradiated surface layer, we applied a Rietveld refinement using three chemically identical, but structurally different model phases that are deduced from the reference structure model and considered to persist simultaneously in the ion-irradiated ceramics: (i) fully crystalline remnants that are identical to the un-irradiated references, (ii) a strongly stressed and disrupted, but still crystalline component that is modeled with carefully adjusted lattice constants and grain size factors to account for substantial peak broadening and shifting, and (iii) the amorphous component modeled with unrealistic, freely refined lattice constants and very low grain size factors to represent the broad humps that underlay remnant diffraction peaks. Note, however, that a general background correction applied to GI-XRD patterns of irradiated ceramics was adopted from the un-irradiated reference and assumed to be comparable due to the very same analytical measurement conditions. Graphical representations of refinement results are given in Figure 3A. The amorphous fraction f a of the irradiated YPO4 ceramics as quantified from GI-XRD Rietveld refinement is denoted and further summarized in Table 2 for various incident angles (i.e., probing depths). All five irradiated monazite-type LaPO4 pellets are characterized by strong accumulation of radiation damage in the surface layer. All of the irradiated LaPO4 ceramics gave similar patterns with broad humps and almost no remnant diffraction peaks. An equivalent Rietveld refinement as applied to YPO4, yielded a very high amorphous fraction of 95 ± 5% (see again Figure 3A).

Laser-induced photoluminescence of Nd3+ (4F3/2 → 4I9/2) in monazite and xenotime-type orthophosphate ceramics was effectively excited with a 532 nm laser. Sufficient signal intensity in the spectral range 11,800–10,600 cm−1 (~ 830–940 nm) was obtained in high-confocal measurement mode that permits the probing volume to be reduced to a few μm3. Note that the orthophosphates were not doped with additional Nd during their preparation process. Trace impurities of Nd in the precursor Y and La-oxides were sufficient to obtain its very sensitive PL. The impact of heavy-ion irradiation-induced structural disorder on the emission of Nd3+ is exemplified in Figures 4, 5. They show hyperspectral images of the cross-sectional damage profile of LaPO4 pellet e1 (irradiated with 1.5 × 1013 ions/cm2), and YPO4 pellet d5 (irradiated with a total fluence of 6.5 × 1013 ions/cm2), respectively, in addition to representative single spectra from various depths across the damage profile. Note that crystal-field split sub-level bands are easily identified in spectra of the unaffected crystalline area of both materials. Those narrow bands are characteristic luminescence features that arise from REEs shielded electronic intra f–f transitions. Their number and positions are strongly dependent on the local cationic structural environment the Nd ions are incorporated in, and hence, are specific for indivuidual phases (cp. Nd emission from 9-fold cation-site in monazite vs. 8-fold site in xenotime-type ceramic in Figures 4, 5). Structural disorder is typically interpreted to result in inhomogeneous broadening of these PL bands that arise from statistical variation of the local cationic crystal field as induced by stress/strain and/or structural defects (Skinner and Moerner, 1996; Liu et al., 2000; Lenz et al., 2013). In addition to band-broadening, however, we observed that a seperate broad-band component emerges in Nd3+ emission spectra of irradiated orthosphosphates in dependence of the amount of radiation-damage accumulation which is most dominant close to the irradiated surface. This component is marked as red-hatched curve in spectra of Figures 4, 5 and represents a spectrum of the very same Nd3+ emission of completely amorphized reference samples, i.e., narrow bands from spectroscopic sub-levels are not observable and degenerated completely. That component in spectra of radiation-damaged xenotime- and monazite-type ceramics may be interpreted as emissions arising from Nd3+ ions in a completely “amorphized” cationic environment. The detected PL signal of individual spot measurements (of μm3-volume) are, hence, considered to be a superposition of emissions from a multitude of individual Nd ions in sites with different degree of structural integrity. We used the integrated intensity of the deconvoluted amorphous component in relation to the overall integrated intensity of the Nd3+ emission as a reasonable estimate of the amorphous fraction f a present. The latter estimate is valid given the assumption that trace Nd ions are distributed statistically within the analyzed volume and all of them contribute similarily to the detected PL signal (i.e., the quantum conversion is the same and independent among different sites). Note, however, that the relation of these two components is in principle independent of the absolute intensity of the luminescence signal, which may strongly depend on (1) the luminescence scattering profile of the analyzed sample surface determined e.g., by the surface roughness, (2) the concentration of Nd ions present in the sample and its distribution, and on (3) further potential luminescence quenching effects (e.g., quenching by irradiation-induced defect centers that have been reported to cause a substantial decrease in luminescence intensity in zircon: for photo- and cathodoluminescence see Lenz and Nasdala, 2015; for ionoluminescence cp. Finch et al., 2004). We applied an automated deconvolution (i.e., a least-squares component fitting) to all individual spectra (i.e., pixels) of the hyperspectral maps obtained from the cross-sectional damage profiles with results given color-coded in Figures 4, 5. The irradiated surface area of LaPO4 ceramics is heavily damaged by Au-irradiation with an f a estimated to be around 96% (Figure 4) that is consistent with fa observed with GI-XRD. While the probing depth of GI-XRD is limited to max. 2 μm, confocal PL mapping of the cross-sectioned surface of LaPO4 ceramics revealed a damage profile that is characterized by a very high structural damage unto depths 4–4.5 μm, followed by a strong continous reduction of f a unto the maximum irradiation depth at ~5 μm (cp. Figure 7B). Somewhat different trends of damage accumulation are found for irradiated YPO4 ceramics. Here, the maximum damage levels are limited to the surface region, are much lower than for LaPO4, and subsequently decrease appreciably unto a depth of 5 μm (see f a profile in Figures 5A, 7A). Note that, similar to diffraction peaks in GI-XRD patterns, spectroscopic bands of the remnant crystalline fraction in YPO4 broadened assymetrically (see shoulder next to the main peak at 11,470 cm−1) which confirms the presence of a strongly altered and stressed, but still crystalline fraction. The latter inhomogeneous trend of damage accumulation in YPO4 was qualitatively confirmed using TEM with results summarized exemplarily in Figure 6 (sample d5; ion-irradiated with a total fluence of 6.5 × 1013 ions/cm2). Thin TEM foils were prepared from the irradiated surface area by FIB preparation so that the entire ion-irradiation induced damage profile is accessible to TEM (Figure 6A; cp. Figure 1). Diffuse scattering in selected-area electron-diffraction (SAED) patterns as obtained from various depths below the irradiated surface indicate a decreasing presence of amorphous material from surface to a depth of 5 μm. Contrasts in TEM bright-field (BF) images are homogeneous and SAED patterns are characterized by bright diffuse rings unto a depth of 1.5 μm. Contrast features in BF are increasingly apparent with increasing depth below the surface (dbs) and finally lattice fringes are clearly visible at the end of the damage profile, together with a loss of diffuse scattering in SAED patterns. Diffraction spots from crystalline components between 0.5 and 4 μm smear out notably in discrete crystallographic directions in reciprocal space. Continuous shifts of diffraction spots in SAED patterns are considered as TEM analog to effects observed with peaks in GI-XRD patterns that shift to lower 2θ (i.e., increasing lattice planes distances d), and again, interpreted to be a result from strongly stressed crystalline remnants in irradiated YPO4.
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FIGURE 4. (A) Optical micrograph image of a cross-sectioned LaPO4 ceramic (e1, irradiated with 1.5 × 1013 ions/cm2) superimposed by a PL hyperspectral map with the amorphous fraction fa given color-coded. (B) Representative PL spectra of the Nd3+ emission (4F3/2 → 4I9/2) obtained from various depths below the irradiated surface illustrating the deconvolution procedure used to determine fa from PL data. The red component represents a spectrum of the very same Nd3+ emission from a completely amorphized reference sample. Note, that the lowest irradiation fluence applied in this study was sufficient to produce an almost completely amorphized surface layer in LaPO4.
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FIGURE 5. (A) Optical micrograph image of a cross-sectioned YPO4 ceramic (d5, irradiated with 6.5 × 1013 ions/cm2) superimposed by a PL hyperspectral map with the amorphous fraction fa given color-coded. (B) Representative PL spectra of the Nd3+ emission obtained from various depths below the irradiated surface illustrating the deconvolution procedure used to determine fa from PL data. The red component represents a PL spectrum of the very same Nd3+ emission from a completely amorphized reference sample. The accumulated radiation-damage shows a non-uniform profile with fa decreasing from surface to a depth of ca. 5 μm.
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FIGURE 6. (A) SEM image illustrating the focused-ion beam (FIB) preparation of a TEM-foil obtained from the cross-sectioned irradiated surface of YPO4 ceramic sample d5 (the direction of the ion-irradiation indicated by arrows). (B) TEM bright-field image of the FIB-prepared foil with selected-area electron-diffraction (SAED) patterns from various depths below the irradiated surface (dbs). Diffuse scattering in SAED patterns decrease with depth, indicating a decreasing fraction of amorphous YPO4 from the surface to a depth of ~5 μm.



The accumulation of radiation damage in the YPO4 orthophosphate irradiated surface layer is high close to the surface and decreases with irradiation depth. This is confirmed by three independent methods as applied in this study (cp. f a as obtained by GI-XRD in shallow dbs in Table 2; quantitative PL damage profiles in Figure 5; and qualitative TEM results discussed above, Figure 6). Obtained damage profiles clearly do not resemble expected theoretical, though qualitative, results of SRIM Monte-Carlo simulations that predict a rather homogeneous accumulation of displacements over an ion penetration depth of 5 μm (cp. Figure 2A). We consider two potential reasons that may explain deviations from the theoretical damage profile as observed in our irradiation experiments. Firstly, epitaxial, concurrent or post-irradiation annealing may emanate from the unaffected crystalline back into the stopping range of Au ions at the end of their trajectory. As briefly reviewed in the introduction, orthophosphates are known for their sensitivity to spontaneous annealing as induced by the subtle increase of temperature (Meldrum et al., 1997a), and dissemination of energy due to electronic excitation as observed from electron-beam induced nucleation and growth (Meldrum et al., 1997b) or electronic stopping as discussed for α-particle annealing (Deschanels et al., 2014; Seydoux-Guillaume et al., 2018). Progressive epitaxial recovery of crystallinity at the crystalline/amorphous interfaces has been reported e.g., from in situ TEM annealing experiments of ion-irradiated pyrochlores (Aughterson et al., 2018). Secondly, damage profiles on the basis of displacements predicted by SRIM may be insufficient to describe damage accumulation as caused by heavy ions in the MeV range as applied in our study. The amount of displacements calculated in SRIM simulations is deduced from the deposition of nuclear-stopping energy only. Amorphization that arises from electronic interaction of high-energy heavy ions with the bombarded material is not accounted for in SRIM calculations. Various experiments with heavy-ions in the MeV and GeV energy range that show a large electronic stopping regime (i.e., swift heavy ions) have demonstrated that the dissemination of electronic stopping energy through the interaction of high-energetic, charged ions with the coulomb-field of bombarded materials resulted in formation of amorphous ion tracks (e.g., Sales et al., 1992; Toulemonde et al., 2001; Lang et al., 2009; Liu et al., 2016). A comprehensive overview of models that explain ion-beam damage in the electronic stopping regime is given by Agulló-López et al. (2016). The impact of electronic energy loss of irradiated MeV ions on the accumulation of radiation damage as an explanation of damage profiles observed in our experiments is supported by SRIM calculations of ion energy-loss that includes both contributions, nuclear as well as electronic stopping (Figure 2B). The cumulative profile of energy loss, however, reproduce damage profiles obtained in this study more concisely.

Despite apparent discrepancies between damage profiles calculated by SRIM and those observed in our experiments, predictions on the ion-penetration trajectory-lengths were found to be reasonably accurate to a first approximation. Hyperspectral PL maps indicate damage accumulation to extend to a depth of ~5 μm in both, LaPO4 and YPO4 ceramics, as predicted from the stopping range of the maximum applied Au-ion irradiation with 35 MeV (cp. Figure 2). This is most apparent from LaPO4 ceramics that were entirely amorphized throughout the irradiated surface layer (Figure 7B). In YPO4 ceramics, however, we found small deviations in irradiation depths in dependence of the crystal orientation relative to the surface directed ion-beam (Figure 7A). Depths of damage accumulation as revealed by detailed PL hyperspectral images across multiple grains were found to deviate slightly between adjacent crystal grains. Also, grain boundaries and pores that phase out at the polished surface were found to promote damage accumulation in those areas. Variable radiation-damage depth-profiles across different grains complicate the comparability of quantitative estimates of the amorphous fraction f a as obtained from the surface-sensitive, but bulk method GI-XRD and point analyses of confocal PL spectroscopy in the μm-range. To quantitatively compare results from PL depth profiles of f a with those from GI-XRD, we (i) averaged f a values obtained from PL depth profiles unto the maximum effective probing depth of GI-XRD at 1.5 μm, and further (ii) took the mean from multiple depth profiles of the same and/or different grains to account for statistical variation as introduced by effects discussed above. Latter results are summarized in Table 2 and plotted in Figure 8 together with f a data obtained from GI-XRD. With their strongly deviating probing volumes taken into account, both techniques give very consistent estimates of the amorphous fraction f a within their error margins of ±5%. Note, however, that both applied techniques reveal an extraordinary discontinuous damage-accumulation behavior of YPO4 with increasing Au-ion fluence (see Figure 8 again). The amount of radiation damage increases with the first two applied irradiation fluences (d1 = 1.6 × 1013 ions/cm2; d2 = 2.3 × 1013 ions/cm2) that result in a high f a ~ 90% present in the uppermost irradiated layer. The accumulation of the amorphous fraction f a follows the direct impact model as given in Figure 8 (with variables BΦ = cross-section of amorphous ion tracks, and F = Au-ion fluence applied). A decrease of f a was then recorded for xenotime-type YPO4 sample d3 irradiated with a slightly elevated fluence at 3.5 × 1013 ions/cm2 (see arrow in Figure 8). Fluences >3.5 × 1013 ions/cm2 cause the radiation damage to accumulate again, but with less efficiency as demonstrated by the regression model with a much lower ion-track cross-section BΦ2. The latter erratic damage-accumulation behavior accounts for a competitive process that prevents and counteracts further damage accumulation by MeV Au ion-irradiation at high f a. Potential epitaxial annealing effects as caused by the input of energy due to high electronic loss of MeV swift ions have been reported for orthophosphates (Rafiuddin and Grosvenor, 2015), and repeatedly for SiC (Benyagoub et al., 2006; Debelle et al., 2012; Backman et al., 2013). In this study, however, we cannot clarify conclusively if the impact of electronic energy loss is the most probable explanation for competitive annealing observed at elevated total ion-fluences in YPO4, because temperature-assisted annealing may occur as a result of sample heating at higher fluences (an increase of sample temperature to a maximum of 45°C have been recorded during irradiation experiments). To differentiate between annealing effects as caused by the impact of electronic energy loss of MeV heavy-ions and potential sample heating, we strongly suggest to apply effective sample cooling (e.g., liquid nitrogen) during ion-irradiation of the very temperature-sensitive orthophosphates.
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FIGURE 7. Optical micrograph images (reflection) of cross-sectioned orthophosphates ceramics superimposed by PL hyperspectral maps with the amorphous fraction fa given color-coded (determined as illustrated in Figures 4, 5). (A) YPO4 ceramic d4 irradiated with a total fluence of 4.85 × 1013 ions/cm2. Note, that the dimension of the irradiated surface layer is not homogeneous across various grains. The irradiation depths vary notably with crystal orientation relative to surface-directed ion-irradiation (indicated by arrows). (B) LaPO4 ceramic e1 irradiated with a total fluence of 1.5 × 1013 ions/cm2. The entire irradiated 5 μm thick surface layer was found to be almost completely amorphized at the lowest irradiation fluence applied.




[image: image]

FIGURE 8. Summarized data from PL and GI-XRD measurements of heavy-ion (Au) irradiated YPO4 ceramics: The amorphous fraction f a of the irradiated surface unto a depth of 1.5 μm as obtained from the two independent methods plotted against the applied total fluence (see details on irradiation energies used in Figure 1; see detailed data in Table 2). Both methods give comparable f a values with respect to their error margins. Note, that radiation-damage does not accumulate continuously with increasing fluence. At high radiation damage levels as accumulated >2 × 1013 ions/cm2, a sudden set-back accompanied with a less effective accumulation behavior was registered (arrow).





CONCLUSIONS AND IMPLICATIONS

The luminescence of Nd3+ (4F3/2 → 4I9/2) in monazite-type and xenotime-type orthophosphates was identified as a promising structural probe that bears quantitative information on the degree of amorphization as induced by ion-irradiation. Careful investigation of PL spectra from heavy-ion irradiated ceramic surfaces revealed that the detected luminescence signal may be interpreted as a superposition of emissions from Nd ions situated in structurally different components in the damaged crystal structure. The latter comprise completely amorphous domains (with a structurally degenerated Nd-cation environment) that are created upon damage accumulation and persist next to unaffected or slightly affected, stressed crystalline remnants on a submicroscopic scale. We found, that the integrated area of the deconvoluted amorphous component in relation to the fully integrated luminescence signal gives a reliable estimate of the amorphous fraction f a present in the probed sample volume. This approach was substantiated and confirmed by quantitative Rietveld refinements of GI-XRD patterns obtained from ion-irradiation damaged LaPO4 and YPO4 ceramics.

Laser-induced PL spectroscopy has a number of analytical advantages, that includes (1) the option to perform analyses non-destructively and without the need for special sample preparation, (2) the application as a remote technique e.g., through optical transparent windows if protection against hazardous samples is needed, and (3) the possibility to perform spot analyses using highly confocal spectrometers coupled to optical probe-heads or microscopes with the latter operating on the micrometer length-scale. The analytical flexibility to detect the Nd3+ (REE3+) luminescence in the orthophosphates opens up the opportunity to investigate their complex damage-accumulation behavior in more detail and give rise to an improved comparability to results obtained from very different samples or experiment setups, e.g., studies that require quantification of the amorphous fraction in natural mineral-analogs, self-irradiation damaged synthetic samples doped with fast decaying actinides such as 238Pu, 241Am, or 244Cm, in ion-irradiation experiments, or studies that involves minute in-situ monitoring of f a in e.g., radiation-damage annealing studies under controlled conditions. Further, quantitative information of structural damage may be deduced from REE luminescence in advanced orthophosphate nuclear waste-forms that is not stimulated externally (e.g., PL: with optical lasers or UV lamps), but by inherent β- or γ-radiation from the radioactive decay of substituted actinides (radioluminescence). “Self-glowing” phosphate crystals that contain highly-active actinides and adjusted concentrations of luminescing REEs have been prepared successfully (Burakov et al., 2011). We, however, consider that the presented interpretation of luminescence Nd3+ spectra for a quantitative estimation f a in orthophosphates is, in principle, applicable to other REE3+ probes, that may be substituted in alternative nuclear waste-form materials and their mineral analogs, e.g., apatite Ca5(PO4)3(F,Cl,OH), zircon ZrSiO4, titanite CaTiSiO5, zirconolite CaZrTi2O7.
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There is a rapid market growth for supercapacitors and batteries based on new materials and production strategies that minimize their cost, end-of-life environmental impact, and waste management. Herein, mixed-valence iron oxide (FeOx) and manganese oxide (Mn3O4) and FeOx-carbon black (FeOx-CB) electrodes with excellent pseudocapacitive behavior in 1 M Na2SO4 are produced by a one-step thermal annealing. Due to the in situ grafted carbon black, the FeOx-CB shows a high pseudocapacitance of 408 mF cm−2 (or 128 F g−1), and Mn3O4 after activation shows high pseudocapacitance of 480 mF cm−2 (192 F g−1). The asymmetric supercapacitor based on FeOx-CB and activated-Mn3O4 shows a capacitance of 260 mF cm−2 at 100 mHz and a cycling stability of 97.4% over 800 cycles. Furthermore, due to its facile redox reactions, the supercapacitor can be voltammetrically cycled up to a high rate of 2,000 mV s−1 without a significant distortion of the voltammograms. Overall, our data indicate the feasibility of developing high-performance supercapacitors based on mixed-valence iron and manganese oxide electrodes in a single step.

Keywords: iron oxide, manganese oxide, carbon black, nanocomposite, thermal annealing, pseudocapacitor


INTRODUCTION

Supercapacitors are attracting increasing attention in today's fast-growing electronics industry. They can provide high power density and stability because they utilize fast charge/discharge processes at the electrode/electrolyte interface. These processes are of two types: ion adsorption/desorption at the interface (i.e., EDLC) and fast faradaic electrode reactions that are exploited in pseudocapacitors (Brousse et al., 2015).

There is a growing interest in pseudocapacitors due to their potential for accessing higher energy densities than those of the traditional EDLC supercapacitors. Their fast redox reactions bring about charge storage capability in the bulk of materials higher than the EDLC that stores charge by a surface electrostatic process (Lukatskaya et al., 2017). Iron oxide and manganese oxide are examples of materials with pseudocapacitive behavior (Simon et al., 2017). They are universally abundant, environmentally benign, inexpensive, electrochemically-active in non-corrosive neutral electrolytes, and completely safe after disposal of the supercapacitor (Dyatkin et al., 2013).

In addition, iron and manganese oxides have complementary working potential windows, making them appealing for developing high-voltage aqueous asymmetric supercapacitors. Probably their only undesirable property is their low electrical conductivity that results in high IR drops at high charge/discharge rates. However, the mixed-valance iron or manganese oxides (i.e., spinel oxides) have a better conductivity. For example, Fe3O4 has a very high electric conductivity of 2 × 104 S m−1 at 25°C (Malaie et al., 2018).

Recent research is focused on development of supercapacitor materials and processes that enable low cost and low end-of-life environmental impact and easy waste management on a large production scale (Dyatkin et al., 2013). Therefore, non-precious metal oxides like FeOx and MnOx-based electrodes are attracting much attention. Pseudocapacitors based on Fe3O4 as the negative electrode and MnO2 as the positive electrode have been synthesized by various methods (Brousse and Bélanger, 2003; Yang et al., 2014; Gund et al., 2015). These methods include chemical vapor deposition (CVD), electrodeposition, hydrothermal, and sol-gel. However, there are several concerns that make these synthesis strategies unappealing for scaling-up applications. First, the films grown by the CVD, electrodeposition and hydrothermal methods provide a loading mass in the range of tens of μg cm−2 to a few mg cm−2, while commercial supercapacitors require 8–10 mg cm−2 to give a practical areal capacitance (Balducci et al., 2017; Song et al., 2017). Second, for the preparation of hybrid materials, these methods usually utilize prolonged and multi-step processes, elevated temperatures, complex instruments, and special precursor materials (Qian et al., 2012). Third, the conductive additives (e.g., graphene, CNT, …) that are usually composited with redox materials to reduce electrical resistance and enhance utilization of redox sites are very expensive for large-scale production; but carbon black materials that are easily obtained by carbonization of organic materials are significantly cheaper. On the other hand, rapid preparation of nanomaterials especially at elevated temperatures usually results in the enlargement and aggregation of the particles because under these conditions the growth of the particles is hardly controllable. Therefore, there is a need for general electrode processing methods that afford high-areal capacitance electrodes with time and cost efficiency.

Herein, for the first time, we report a novel synthesis approach to develop green supercapacitors based on binder-free, non-precious metal oxides electrodes, that is, a fast thermal annealing (FTA) method for the preparation of pseudocapacitor electrodes based on amorphous iron oxide-carbon black (FeOx-CB) and Mn3O4x with high areal capacitances. Our method unifies the following three common steps of electrode preparation into a single step: (i) synthesis of the metal oxides, (ii) composite material processing with a carbon conductive additive, and (iii) coating on the current collector. We show that CB (or other conductive elements) can be in situ composited with the metal oxides and simultaneously coated on the nickel foam without employing any binder, which improves the electrochemical performance of the pseudocapacitor substantially by reducing the electrical resistance and promoting charge transfer rate. FTA is carried out at moderately low temperatures that reduces the energy cost of electrode production at large scale. It also requires a minimum amount of materials (i.e., only a metal nitrate in 5–10 ml of ethylene glycol as solvent) to prepare the electrodes; therefore, the waste produced during the electrode processing is also very small. Finally, our method paves the way toward new electrode manufacturing processes that exclude the use of binders, like Teflon and PVDF. It avoids the use of binders and solvents required to cast active materials on current collectors, that represents an additional value for green and low-energy demanding processes.



EXPERIMENTAL

Ferric nitrate nonahydrate (Fe(NO3)3.9H2O, 99%), manganese nitrate hexahydrate (Mn(NO3)2.6H2O, 99%), ethylene glycol (98%), and sodium sulfate nonahydrate (Na2SO4.9H2O, 99.99%) were purchased from Sigma-Aldrich Company. Carbon black (Super-P®, BET 65.5 m2 g−1) was purchased from Erachem Comilog Company. Nickel foam was purchased from Changsha Lyrun Material Company (Shangsha, China).


Preparation of FeOx-CB/Ni Foam

Nickel foam was cut into circular pieces with a diameter of 0.9 cm (area: 0.64 cm2). Then they were cleaned with 10% HCl and deionized water, sequentially. The FeOx-CB was synthesized directly onto the Ni foam. In a typical synthesis, 0.5 mmol Fe(NO3)3.9H2O and 10 mg CB were dissolved in 10 mL of ethylene glycol by vigorous stirring. The Ni foam was immersed in the solution and the solution was heated on a hot plate to 150°C for 20 min during which the solution is quickly dehydrated. Then it was immediately heated to 300°C for 5 min, resulting in the deposition of FeOx-CB on the Ni foam after a brief exhaust of voluminous smoke. Finally, the FeOx-CB/Ni foam was taken out and washed successively with water and ethanol. The FeOx was also prepared by the same method but without the CB.



Preparation of Mn3O4/Ni Foam

The Mn3O4/Ni foam was prepared according to the method in section Preparation of FeOx-CB/Ni Foam. Then, it was electrochemically activated by 200 successive voltammetric cycles in 1 M Na2SO4, and named a-Mn3O4.



Physical Characterization

The materials were characterized by X-ray diffraction (XRD) on a Philips PW-1730 X-ray diffractometer using Cu Kα radiation λ = 1.5405 Å. Thermal gravimetric analysis (TGA) measurements were carried out in oxygen atmosphere. The samples were analyzed on a platinum pan under an oxygen flow rate of 60.0 mL/min with a temperature ramp of 10°C/min up to 600°C. Surface morphology and elemental composition of the materials were studied by the field emission scanning electron microscopy (FE-SEM) equipped with an energy dispersive X-ray spectrometer (EDS) on a Zeiss SIGMA VP. Transmission electron microscopy (TEM) images were obtained by using a Philips CM100.



Electrochemical Measurements

The oxidation state and the stoichiometry of the iron oxide in FeOx-CB sample was determined based on a simple potentiometric redox titration of Fe(II) ions in the dissolved sample. Details can be found in section Preparation of FeOx-CB/Ni Foam, Supplementary Material. The electrodes were studied by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) using a potentiostat/galvanostat (PGSTAT M101, Metrohm Autolab B.V) in three-electrode and two-electrode configurations. For three-electrode measurements, Hg/Hg2Cl2 (3 M KCl), platinum coil, and FeOx-CB/Ni foam or a-Mn3O4/Ni foam were used as the reference electrode, counter electrode, and working electrode, respectively. EIS measurements were carried out in a frequency range from 100 kHz to 100 mHz with an AC potential of 10 mV. One molar of Na2SO4 was used as the electrolyte. The mass loading of the materials on the Ni foam was 3–4 mg cm−2.

Preliminary three-electrode studies were carried out using conventional glass electrochemical cells. For the full cell studies, T-shape Teflon Swagelok-type cells (BOLA) with a 100 μm separator and 0.64 cm2 electrode disks were used. The reference electrode was set in the middle of the cell to monitor each electrode potential during the supercapacitor cycling tests.

The electrode capacitance (C) was calculated from cyclic voltammetry by the slope of the linear part of the plots of the integrated current over time (upon CV discharge) vs. electrode potential. Electrode areal capacitance (F cm−2) and electrode specific capacitance (F g−1) were obtained by normalizing the capacitance to the electrode geometric area and to the mass of FeOx-CB or a-Mn3O4, respectively (Ni foam weight is excluded).

For measuring specific capacitance based on the GCD, the discharge curves were first fitted to a straight line, and then the capacitance was calculated from the reciprocal of the slope of electrode potential (for three-electrode set up) or cell voltage (for 2-electrode set up) vs. discharge capacity. More details on the calculation of the supercapacitor parameters (Capacitance, and energy/power density) and their formulas can be found in section Preparation of Mn3O4/Ni Foam, Supplementary Material.




RESULTS AND DISCUSSIONS

A schematic representation of the electrode processing for iron oxide nanocomposite is shown in Scheme 1. The mechanism for FTA deposition of the metal oxides is proposed as follows. During the thermal annealing, Mn+ ions are solvolysed and form metal alkoxides. Then, an exothermic flameless auto-combustion reaction between EG and [image: image] takes place, that raises the temperature further and drives the olation reaction of metal alkoxides to metal oxides. An overall reaction can be proposed as follows:

[image: image]
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SCHEME 1. Fast thermal annealing of the electrode precursors on nickel foam in ethylene glycol.



In the meantime, the ethylene glycol is also polymerized to polyglycolic acid (Takahashi et al., 2016) that can act as an internal binder in the carbon-metal oxides coated on the nickel foam.


Structure and Morphology

Figure 1A shows the XRD patterns of the FeOx-CB powder and FeOx-CB/Ni foam. They show any a few slight peaks, signifying the rather amorphous nature of the nanocomposite. The XRD pattern of FeOx-CB powder shows a peak between 20 and 30° due to the (002) plane of graphitic carbon (Liu et al., 2010) and two other peaks at 35 and 42.5° due to the (311) and (400) planes of Fe3O4. Figure 1B shows the XRD pattern of the manganese oxide/Ni foam obtained by the FTA method. The reflections for the planes of (101), (112), (103), (211), (004), (220), (321), (324), and (400) are indexed to the tetragonal hausmannite structure of Mn3O4 [Ref. Code 24-0734] in agreement with other reported Mn3O4 compound (Dubal et al., 2010a). Figures 1C,D shows the IR spectra of the FeOx-CB and Mn3O4 samples. The peak at 590 cm−1 is due to Fe-O stretch in Fe3O4 (Figure 1C), and the two strong peaks at 490 and 607 cm−1 for Mn3O4 (Figure 1D) are due to coupling between Mn-O stretching vibrations at tetrahedral and octahedral sites (Tian et al., 2013). Both spectra share carbon-oxygen functional features including alcoholic hydroxyl stretch (3,420 cm−1), symmetric and asymmetric stretch of carboxylate (~1,590 and 1,385 cm−1), and C-O stretch (~1,070). Therefore, both materials are highly hydrophilic.


[image: image]

FIGURE 1. (A) XRD patterns of the FeOx-CB powder and coated on Ni foam, (B) XRD pattern of Mn3O4 coated on Ni foam, IR spectrum of FeOx-CB (C), and Mn3O4 (D). TGA plots of FeOx-CB (E) and Mn3O4 powders (F).



Figure 1E shows the TGA of the FeOx-CB sample. It shows two distinct weight losses at about 250 and 450°C. The first weight loss is due to the decomposition of carbon-oxygen functional groups such as –COH and –COOH that have survived the thermal annealing. Similar weight losses in TGA has been also reported for the decomposition of oxygen functional groups in graphene oxide (Wojtoniszak et al., 2012; Dehghanzad et al., 2016). The second weight loss at 450°C is due to the oxidation of the added carbon black in the nanocomposite (Lim et al., 2013; Zha et al., 2015; Li et al., 2017). Based on these two weight losses, the amount of total carbon content in the sample is 30.2 wt.%. Figure 1F shows the TGA of the Mn3O4 sample. As expected, it shows only one weight loss at around 225°C due to the decomposition of carbon-oxygen groups that account for 7.0 wt.% of the sample.

Figure 2a shows a representative FESEM image of the FeOx-CB sample. The FeOx-CB particles appear as interconnected nanospheres creating a macroporous surface structure. The FESEM image of the Mn3O4 (Figure 2b) shares similar morphological features. Figure 2c shows the EDS of the FeOx-CB. It confirms the presence of Fe, O, and C elements in the powder, and its elemental mapping analysis (Figure S1) shows that these elements are distributed quite homogeneously within the particles. According to the EDS, the carbon element accounts for 26.5 wt.% of the FeOx-CB sample (Table S1), agreeing with the total carbon content from the TGA (30.2 wt.%.). The molar ratio of O/Fe is almost three times higher than those of the known stoichiometric iron oxides (i.e., Fe3O4 or Fe2O3) (Table S1), confirming the presence of abundant hydrophilic oxygen-carbon groups in the sample. The EDS of Mn3O4 (Figure 2d) also confirms the presence of Mn, O, and partial amount of C from the burnt ethylene glycol.


[image: image]

FIGURE 2. FESEM image and EDS spectrum of FeOx-CB containing 30 wt.% total carbon annealed at 300°C (a,c) and FESEM image and EDS spectrum of Mn3O4 (b,d).



Figure 3 shows the TEM images of FeOx, FeOx-CB, and pristine CB. The TEM images of FeOx (Figures 3a,b) show that FeOx particles are highly aggregated without a specific shape. However, the TEM image of the FeOx-CB (Figure 3c) shows that FeOx particles have been anchored on the CB particles leading to higher dispersity. The CB particles, in fact, have created a conducting network within the iron oxide particles. Furthermore, Figure 3d shows (meso) porous regions for FeOx-CB, as indicated by the arrows, that are favorable for facile ion diffusion. Figures 3e,f show the TEM images of pristine CB. It shows CB particles with an average diameter of 50 nm without any surface porosity.


[image: image]

FIGURE 3. TEM images of FeOx annealed at 300°C (a,b), FeOx-CB containing 18 wt.% carbon black annealed at 300°C (c,d) (Inset in c shows FeOx anchored on CB particles), and (e,f) pristine carbon black.





Electrochemical Studies

Before studying the electrochemical performance of the FeOx-CB/Ni foam electrode developed based on the FTA method, the oxidation state of the iron oxide and its stoichiometry were estimated by a simple method. A potentiometric redox titration of the dissolved iron oxide by permanganate revealed that the sample contains 24.3 wt.% Fe(II). A simple calculation revealed a stoichiometry of [image: image][image: image]O5 that is consistent with a mixture of FeO (wustite) and Fe3O4 (magnetite) (Figure S2 and section Electrochemical Studies in Supplementary Material). Figure 4A shows the CVs at 50 mV s−1 of the FeOx−CB electrodes synthesized from starting solutions containing different amounts of carbon black annealed at 300°C. The FeOx without carbon black shows the lowest current densities. The samples containing carbon black show significant enhancements in their current densities along with more defined redox peaks. This effect can be explained as follows: the carbon black promotes the electrical contact among the FeOx particles and the Ni foam and promotes charge transfer (Sayahi et al., 2014), therefore, it increases the utilization of the electroactive material. The redox peaks are around −0.4 and −0.8 V vs. Hg/Hg2Cl2 (cathodic peaks) and −0.6 and −0.1 V vs. Hg/Hg2Cl2 (anodic peaks). The underlying redox reactions are not fully known, but similar redox peaks have been also reported by Brousse et al. for iron oxide-carbon composites in Na2SO4 solution (Gao et al., 2014; Rebuttini et al., 2015). Figure 4B shows a plot of discharge Q, calculated based on the cyclic voltammograms vs. the pre-mixing weight of the carbon black. It shows that the discharge capacity Q normalized to the amount of FeOx-CB composite on the electrode reaches its highest value of 36 C g−1 when the pre-mixing weight of carbon black is 10 mg (about 18 wt.% of the FeOx-CB weight); therefore, this value was selected as the optimum amount of CB. Figure 4C compares the Nyquist plots of the FeOx and the optimum FeOx-CB, demonstrating the beneficial effect of CB. Indeed, while for the FeOx electrodes the Nyquist plot is a Warburg line with a slope close to 45° (slope = 55.6°), that is representative of diffusion-limited processes, for FeOx-CB electrode the Nyquist plot with a low frequency tale almost parallel to the imaginary axis (slope = 81.1°) describes a capacitive element. This enhancement confirms a remarkable improvement in charge (ions and electrons) diffusion for the nanocomposite. The uncompensated resistance that is evaluated at the highest frequency, Ru, of FeOx-CB has not changed compared with that of FeOx (Ru ~2.5 Ω) because this value is strictly controlled by the solution resistance and cell geometry which were the same for all the experiments.


[image: image]

FIGURE 4. The effect of CB on the electrochemical performance of FeOx-CB with 18 wt.% carbon black in 1 M Na2SO4 (A) CV curves at 50 mV s−1 for FeOx-CB annealed at 300°C, (B) Discharge capacity (Q) measured based on the CV curves, (C) Nyquist plot (inset: maximized high-frequency region).



Figure 5 exhibits the rate performance of the FeOx-CB, which is a crucial parameter in the evaluation of the supercapacitor electrodes. Figure 5A shows the effect of potential scan rate on the CVs of the FeOx-CB synthesized with 10 mg of CB (18 wt.% CB) at 300°C. The redox peaks are no longer seen at relatively high scan rates. However, it is reasonable to assume that the charge is stored dominantly through one or two electron transfer reactions between FeII and FeIII (Xie et al., 2016). The CVs show a fair symmetry vs. potential axis at scan rates below 50 mV s−1, but they lose the symmetry at higher scan rates, which is due to the increasing limitation on ion diffusion in the electrode pores and the electron transfer within the electrode.


[image: image]

FIGURE 5. Rate performance: effect of different scan rates (A) and current densities (B) on the FeOx-CB obtained at 300°C with 18 wt.% carbon black, and the corresponding capacitance retention (C).



Figure 5B shows the GCD cycles of an FeOx-CB electrode with mass loading of 3.4 g cm−2 from 0.2 to −0.8 V at different current densities. The charge and discharge curves are symmetric with a coulombic efficiency of 91%, and the pseudocapacitive response holds in the same potential region of 0 to −0.8 V as that in the CVs. At 1 mA cm−2 the GCD curves do not show a noticeable ohmic drop. At 2.5 mA cm−2 the ohmic drop is 42 mV (Figure S3) which is fairly small and can be attributed to the facile electron migration and ion diffusion in the nanocomposite. The areal and specific capacitance and the corresponding capacitance retention at different current densities are shown in Figure 5C. The areal capacitance for FeOx-CB is 435 and 180 mF cm−2 at the current density of 1 and 20 mA cm−2, respectively, showing a capacitance retention of 41.3%. It has to be noted that at the highest current, which corresponds to 6 A g−1, the specific capacitance is 54 F g−1, a still high value which demonstrates the good performance of the proposed material.

Table 1 compares the specific capacitance of the FeOx-CB with some of the best iron oxide-based electrodes prepared by various methods. A specific capacitance of 128 F g−1 at a current density of 0.3 A g−1 with a high loading mass of 3.4 mg cm−2 make the FeOx-CB a competitive material that has the advantage of being produced by a low-cost, and sustainable method.



Table 1. Comparison of the FeOx-CB electrode features with iron oxide-based materials reported in the literature.

[image: image]




Hausmannite (Mn3O4) was also coated in situ on Ni foam using a similar FTA method and investigated as the positive electrode by the CV and GCD techniques. For the Mn3O4/Ni foam, interestingly, the current density increases during the first 200 CV cycles (Figure S4). This effect has been also observed by Lokhande et al. and other groups for voltammetric cycling of Mn3O4 in alkali sulfate solutions, and it was attributed to the phase transformation of hausmanite (Mn3O4) to birnessite (MnO2) (Dubal et al., 2010a,b; Komaba et al., 2012). Therefore, an XRD of the Mn3O4/Ni foam after 200 cycles was recorded (Figure S5). The XRD pattern does not show any peak for MnO2; however, the Mn3O4 peaks are significantly less intense; therefore, the activation processes can be attributed to amorphisation during bulk sodium intercalation/deintercalation. This process is assisted by the intrinsic hydrophilicity of Mn3O4 (contact angle of 2–8°; Kulkarni et al., 2017) and the presence of carbon-oxygen groups. Figure 6A shows the effect of different scan rates on the electrochemical performance of a-Mn3O4 (activated by 200 cycles) from −0.2 to 0.8 V. It shows a semi-rectangular shape with a little distortion at high scan rates. Figure 6B shows the GCD cycles of the same electrode in the same potential window at 2.5 mA cm−2. The charge and discharge curves show a good symmetry with a coulombic efficiency of 98.4% and an ohmic drop of 82 mV measured from the discharge curves (Figure S6). The a-Mn3O4/Ni foam electrode exhibites a high areal capacitance of 480 mF cm−2. It is worth noting that the CVs and galvanostatic plots are representative of faradaic reactions involving (multi) electron transfer between Mn4+ and Mn3+ coupled with the deintercalation/intercalation of Na+ ions that is dominantly responsible for the charge storage of the material (Guillemet et al., 2012; Brousse et al., 2015; Kong et al., 2016; Costentin et al., 2017). Such good electrochemical performance of the a-Mn3O4 electrode was achieved without the need for adding CB in the composite. Therefore, in order to reduce the impact of electrochemically-inactive components on the total mass of supercapacitor, a-Mn3O4 electrodes were used without CB.
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FIGURE 6. Electrochemical study of the a-Mn3O4/Ni foam (mass loading 2.5 mg cm−2). (A) effect of different scan rates on the CVs and (B) the GCD cycles at 2.5 mA cm−2.





Two-Electrode Studies

As indicated above, both EDLC and pseudocapacitve processes operate in these electrodes. A definitive, yet simple, diagnostic test to distinguish both charging processes in these electrodes is to examine the shapes of the low-scan rate CVs (Costentin et al., 2017). Figure 7A shows the CVs of the two electrodes and the pristine Ni foam at 5 mV s−1 in a typical electrochemical glass cell. The improvements observed in the CV current densities of the electrodes compared to the Ni foam are mainly due to pseudocapacitive processes as revealed by their mirror-like broad redox peaks vs. potential axis. Similar redox peaks for carbon-Fe3O4 composites in the potential range of 0 to −0.5 V vs. Hg/Hg2Cl2 in sodium sulfate solution have been also reported by other groups. The redox peaks are attributed to FeII/FeIII electron transfer reaction, and as observed here, they are significantly promoted by the carbon supports such as reduced graphene oxide (Rebuttini et al., 2015; Naderi et al., 2016; Li et al., 2018) and carbon black (Sayahi et al., 2014). For Mn3O4, the redox peaks between 0.4 and 0.6 V are attributed to the reversible redox reaction between tetrahedral [MnIIO4] and octahedral [MnIIIO6] (Yeager et al., 2013), in contrast to MnO2 which does not show any obvious redox peaks (Wang et al., 2017). Therefore, it can be concluded that the redox reactions in Fe3O4 and Mn3O4 are facilitated by simultaneous presence of two oxidation states of M2+ and M3+. The potential for the FeOx-CB and a-Mn3O4 pseudocapacitive processes span in the ranges of 0/−0, 8 V and −0.2/0, 8 V vs. Hg/Hg2Cl2, respectively, that allows charging the supercapacitor at a voltage of 1.6 V at maximum.


[image: image]

FIGURE 7. Electrochemical study of the FeOx-CB//a-Mn3O4 and the electrodes in the same cell. (A) CV cycles of the supercapacitor electrodes at 5 mV s−1, effect of scan rate (B), GCD cycles at 10 mA cm−2: the black curve represents the cell voltage (left axis), the blue and red curves are the postive and negative electrode potentials (right axis) (C), Nyquist plots (D), areal capacitance vs. cycle number (E), and comparison of the 1st and 800th cycle (F) at 10 mA cm−2.



The FeOx-CB and a-Mn3O4 were used as the negative and positive electrodes, respectively, to assemble an asymmetric supercapacitor (FeOx-CB//a-Mn3O4). Figure 7B shows the voltammetric response of the supercapacitor at different scan rates over 1.5 V. Remarkably, the supercapacitor does not show a significant deviation in its mirror-like CV up to a high scan rate of 1,000 mV s−1, suggesting a small equivalent series resistance of the supercapacitor. However, at a still higher scan rate of 2,000 mV s−1 the CVs show a severe distortion, mainly due to ohmic contributions of the electrodes. A comparison of the CVs of the supercapacitor with that of the electrodes presented in Figures 5A, 6A reveals that the charge-discharge rate performance has improved for the Swagelok supercapacitor cell. This can be explained considering that cell geometry is optimized. In the supercapacitor cell, electrodes are contacted by their rear side while for 3-electrode test they were connected by co-axially climping the Nickel foam. Also, in the supercapacitor, the two electrodes are stacked and their distance is very small, corresponding to the separator thickness (ca. 100 μm), which in turn makes any contribution from electrolyte to the impedance of the system negligible.

Figure 7C shows the GCD cycles of the supercapacitor at a high current density of 10 mA cm−2 with simultaneous monitoring of the electrode potentials. Both electrodes actively participate in the charge/discharge in their respective potential windows, and the charge-discharge cycles for the supercapacitor are fairly symmetric vs. the potential axis. A negligible ohmic drop, resulting from a small ESR, is detectable at the start of the discharge. The supercapacitor shows a remarkable areal capacitance of 196 mF cm−2 at the current density of 10 mA cm−2. The energy density and power density calculated at 10 mA cm−2 are 0.06 mW h cm−2 (0.01 Wh/kg) and 8.3 mW cm−2 (1.4 W/kg), respectively. The coulombic efficiency is 99.1%.

EIS spectroscopy was used to disentangle the different underlying electrode processes and their effect on the performance of the supercapacitor. Figure 7D shows the Nyquist plots of the supercapacitor and the electrodes. The plots display three features: (i) small semicircles at the highest frequencies that are representative of the charge-transfer process, (ii) a middle frequency line with 45° slope, attributed to diffusion limited processes, and (iii) al low frequency line almost parallel to the imaginary axis that is related to the capacitive response of the system. The circuit model shown in Scheme 2 was used to fit the experimental nyquist plots. The ESR measured from the high frequency intercept of the Nyquist plots gives the real equivalent series resistance coupled with the capacitor (Yu et al., 2013). The ESR corresponds to the sum of each half-cell high frequency resistance Rei (ionic resistance of the electrolyte and the electrode electronic resistance). The ESR of 7 Ω was obtained for the supercapacitor, that agrees with the 7.2 Ω measured from the Bode plot when the phase shift is close to zero (Figure S7). It also agrees well with the ESR calculated from the Rei values for the electrodes (Rei(a-Mn3O4), Rei(FeOx-CB), the electrodes are equally spaced from the reference, therefore each term also includes ionic contribution from the electrolyte):
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SCHEME 2. Equivalent circuit model used to fit the experimental Nyquist plots. ESR includes the electrolyte ionic resistance and electrode and current collector electronic resistances. Rct and Qe are the charge transfer resistance and the double layer capacitance. W is the Warburg element that describes diffusion/limited processes and Ql is the limit capacitance. Constant phase elecments Q are used to take into account the deviation by ideal capacitive behavior. Q = Y0(j ω)−n, where Y0 is the admittance and Q is a capacitance for n = 1.



The ESR measured here for the supercapacitor reflects on first the solution resistance of the 1 M Na2SO4, and second the electrode resistance including the charge transfer resistance, Rct, which in turn depends on the interparticle electronic resistance and film-current collector contact resistance (Fic et al., 2012; Barsoukov and Macdonald, 2018). The Rct values measured for the FeOx-CB, a-Mn3O4, and the supercapacitor from the high frequency semicircle diameter of the Nyquist plots are 1.25, 0.15, and 1.7 Ω, respectively, indicating a more sluggish electron-transfer kinetics of the FeOx-CB compared with that of a-Mn3O4. However, comparison of the slopes of the lines in the low-frequency region reveals that the diffusional resistance of the supercapacitor is due more to the a-Mn3O4 electrode, that, therefore drives the overall response of the cell at the low frequency region. Nonetheless, a phase angle of −70° at 100 mHz for the supercapacitor (Figure S7) indicates that, though affected by diffusion, the process acting on the supercapacitor at low-frequency region approaches the limit capacitance. The areal capacitance of the supercapacitor was calculated to be 260 mF cm−2 at 100 mHz. In addition, the Bode plot of the supercapacitor in Figure S7 shows that at frequencies higher than 10 Hz the phaseshift angle tends to zero (i.e., between 0 and 10°); this indicates that for charge/discharge rates with a timescale lower than 0.1 s (i.e., logf = 1) the supercapacitor approaches the behavior of a resistor. This pattern agrees with that of the CVs in Figure 7B in which for a timescale lower than 0.8 s (i.e., 2,000 mV s−1) the supercapacitor approaches a resistive behavior.

Figures 7E,F show the cycling stability of the FeOx-CB//a-Mn3O4 supercapacitor over 800 GCD cycles. The specific capacitance of the supercapacitor after 800 cycles at 10 mA cm−2 reduced only by 2.6% from an initial value of 194 to 189 mF cm−2, showing a high cycling stability for the supercapacitor.




CONCLUSION

If supercapacitors were to speak to the current demands in the electronics market, cost-effective and high-performance pseudocapacitor electrodes are indispensible. The use of benign materials and electrode processings that consume minimum amount of energy and materials are mandatory to meet the increasing market demand for supercapacitors and address the mounting environmental concerns. To this end, a fast annealing treatment of the Ni foam in a solution of the ethylene glycol was used to prepare high-performance pseudocapacitors without the need of any binder and energy, time, and cost demanding electrode lamination processes. Furthermore, it was shown that the in-situ added carbon black acts as a scaffold to disperse amorphous iron oxide particles; this resulted in the remarkable improvement of the electrochemical performance of FeOx-CB due to the promoted ion and electron transport. A manganese oxide electrode was also fabricated by a similar method and used as the positive electrode. Finally, the developed psuedocapacitor electrodes were used to assemble an asymmetric supercapacitor, and their true performance were proved promising. FTA can also be used to develop other metal-oxide electrodes for energetics and paves the way for a sustainable production of materials for energy storage.
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Lanthanide phosphates (LnPO4) are considered as a potential nuclear waste form for immobilization of Pu and minor actinides (Np, Am, and Cm). In that respect, in the recent years we have applied advanced atomistic simulation methods to investigate various properties of these materials on the atomic scale. In particular, we computed several structural, thermochemical, thermodynamic and radiation damage related parameters. From a theoretical point of view, these materials turn out to be excellent systems for testing quantum mechanics-based computational methods for strongly correlated electronic systems. On the other hand, by conducting joint atomistic modeling and experimental research, we have been able to obtain enhanced understanding of the properties of lanthanide phosphates. Here we discuss joint initiatives directed at understanding the thermodynamically driven long-term performance of these materials, including long-term stability of solid solutions with actinides and studies of structural incorporation of f elements into these materials. In particular, we discuss the maximum load of Pu into the lanthanide-phosphate monazites. We also address the importance of our results for applications of lanthanide-phosphates beyond nuclear waste applications, in particular the monazite-xenotime systems in geothermometry. For this we have derived a state-of-the-art model of monazite-xenotime solubilities. Last but not least, we discuss the advantage of usage of atomistic simulations and the modern computational facilities for understanding of behavior of nuclear waste-related materials.

Keywords: rare-earth phosphates, atomistic simulations, monazite, xenotime, nuclear waste management, ceramics, thermodynamics, solid solutions


1. INTRODUCTION

Lanthanide phosphates (LnPO4) are ceramic materials of interest in various research fields, including geochronology (Williams et al., 2007), geothermometry (Andrehs and Heinrich, 1998; Mogilevsky, 2007), and nuclear waste management (Ewing and Wang, 2002; Neumeier et al., 2017a; Schlenz et al., 2017). Occurring in nature, these are also important ores for thorium, lanthanum, and cerium (McGill, 2000; Stoll, 2000). Most of the potential applications come from high durability and radiation damage resistance of these materials (Neumeier et al., 2017a). There exist large varieties of phosphate-based ceramics of different crystalline structures [e.g., cheralite, apatites, kosnarite, see Neumeier et al. (2017a)], but anhydrous lanthanide orthophosphates form two structures called monazite and xenotime. Anhydrous lanthanide orthophosphates crystallize in the monazite form with the P22/n space group for light lanthanides, from La to Gd. In this structure, Ln cations are 9-fold coordinated. For heavier lanthanides, from Tb to Lu, LnPO4 compounds adopt a zircon type tetragonal structure called xenotime which has I41/amd symmetry and 8-fold coordinated Ln cations. Both these materials are considered in nuclear waste management as potential immobilization matrices for minor actinides and plutonium because of enhanced radiation damage resistance and durability of these materials (Ewing and Wang, 2002; Clavier et al., 2011; Schlenz et al., 2013, 2017; Neumeier et al., 2017a; Seydoux-Guillaume et al., 2018). Their natural analogues can contain significant amounts of actinides [up to ~50%wt of Th and U, see Stoll (2000); Ewing and Wang (2002); Lumpkin and Geisler-Wierwille (2012)] and still preserve their crystalline structure over geological time scales (Ewing and Wang, 2002). The aim is a potential usage of these materials as an immobilization matrix for radionuclides, such as the already mentioned Pu and minor actinides. The immobilization of Pu could reduce the proliferation risk associated with large stockpiles of weapons grade plutonium (Ewing, 1999; Macfarlane, 1999).

In the last two decades, atomistic modeling became a very popular research tool in various research fields, including nuclear materials (Chroneos et al., 2013). This is because steady advancements in supercomputing facilities and computational software, especially ab initio methods, allows nowadays for simulation and investigation of systems containing hundreds of atoms using first principle simulation methods (Jahn and Kowalski, 2014). Monazite became a topic of atomistic simulations effort in the last decade. Computational studies have been used to deliver information on: the structural (Rustad, 2012; Feng et al., 2013; Blanca-Romero et al., 2014; Beridze et al., 2016; Huittinen et al., 2017), the elastic (Wang et al., 2005; Feng et al., 2013; Ali et al., 2016; Kowalski and Li, 2016; Ji et al., 2017a; Kowalski et al., 2017b), the thermodynamic (Mogilevsky, 2007; Feng et al., 2013; Li et al., 2014; Kowalski et al., 2015, 2016; Ji et al., 2017b; Neumeier et al., 2017b; Eremin et al., 2019), the thermochemical (Rustad, 2012; Beridze et al., 2016), the radiation damage resistance (Kowalski et al., 2016; Li et al., 2016; Ji et al., 2017c; Jolley et al., 2017) parameters, the electronic structure (Blanca-Romero et al., 2014; Kowalski et al., 2017a) as well as high-pressure behavior (López-Solano et al., 2010; Stavrou et al., 2012; Ali et al., 2016; Shein and Shalaeva, 2016; Gomis et al., 2017). There is a steadily increasing relevant simulation effort with most of the papers published just recently.

In this contribution we provide an overview of the recent atomistic modeling activities on the lanthanide-phosphates, focusing on the information that have been delivered by atomistic modeling activities at Forschungszentrum Jülich and that allowed for better characterization of these materials, including long-term thermodynamic stability in the context of using them as a nuclear waste form. Besides this overview, we present results of computation of thermochemical parameters of La1-xPuxPO4 solid solution and the first ab initio-based evaluation of the relative solubilities in the monazite-xenotime system. These studies aim at the assessment of the maximum Pu load in LaPO4 and the long-term thermodynamic stability of such solid solution. The results of our studies are not limited to the field of nuclear waste management and in a general science aspect could be used to improve computational methods (Blanca-Romero et al., 2014) or the monazite-xenotime geothermometry (Mogilevsky, 2007). We especially highlight a cross-linking, interdisciplinary character of our research, from which the general science community could highly benefit.



2. COMPUTATIONAL APPROACH

In the ab initio1 investigation of the lanthanide phosphate systems we presented here we apply a density functional theory (DFT)-based quantum chemistry approach. For that purpose we utilize Quantum-ESPRESSO simulation package (Giannozzi et al., 2009). We apply the PBESol exchange-correlation functional (Perdew et al., 2008), the plane-wave energy cutoff of 50 Ryd and ultrasoft pseudopotentials to represent the core electrons of the atoms (Vanderbilt, 1990). Following our broad experience on computation of lanthanide phosphates (Blanca-Romero et al., 2014; Beridze et al., 2016) we apply two methods: (1) with 4f electrons included into the pseudopotential core and (2) with 4f electrons computed explicitly, which we use for DFT+U calculations. The DFT+U calculations were performed with the Hubbard U parameter values computed from first principles using the linear response method of Cococcioni and de Gironcoli (2005). These computational setups were extensively tested and proved to give very good results for monazite-xenotime systems (Blanca-Romero et al., 2014; Beridze et al., 2016).

Besides quantum chemistry methods, force-field-based molecular modeling has been also used in the investigation of lanthanide phosphates. In this approach, the interatomic interactions are described by an analytical function, for instance by the pair interaction potentials such as Buckingham type (Buckingham, 1938). The advantage of this method is that it allows for simulations of systems containing thousands and even millions of atoms, as opposite to more computationally intensive DFT-based methods, which is currently suitable for simulations of up to a few hundred atoms (Jahn and Kowalski, 2014). The force-field methods are used for the large scale simulations of processes such as radiation cascades (Ji et al., 2017c) or computationally intensive computation of statistical distributions, like different possibilities of incorporating doping elements (Huittinen et al., 2017, 2018). For that purpose, there has been some development in the force fields for lanthanide phosphates (Ji et al., 2017c; Jolley et al., 2017). Nevertheless, these methods do not guarantee to deliver information on the level of quantum-chemical methods. Interaction potentials are also not guaranteed to be transferable, even between the system of identical chemical composition like monazite and xenotime.



3. RESULTS AND DISCUSSION


3.1. Structural Data

The first test of a computational method is its ability to reproduce the measured lattice parameters of the computed crystalline solid. The lattice parameters of lanthanide phosphates were measured by different studies and are known for all the Ln cations, except Pm (Ni et al., 1995; Clavier et al., 2011). These could be also accurately estimated from the values of ionic radii of Ln cations (Shannon, 1976; Ni et al., 1995). The first DFT-based computational studies of structural parameters of lanthanide phosphates were performed for LaPO4 monazite (Wang et al., 2005). In these studies the applied PW91 exchange-correlation functional (Perdew and Wang, 1992) resulted in slight overestimation of lattice parameters (by ~1% on average). Rustad (2012) used the PBE exchange-correlation functional (Perdew et al., 1996) to compute structural and thermochemical parameters of all lanthanide phosphates and obtained lattice parameters that are also ~1% too large. In similar, extensive studies of LnPO4 monazite compounds, Feng et al. (2013) applied local spin approximation, but obtained lattice parameters that are far smaller than the experimental values (up to 10% underestimation of volume). These studies show that the structural parameters of lanthanide-phosphates are very sensitive to the applied computational method, especially to the exchange-correlation functional. A correct treatment of strongly correlated 4f electrons also plays an important role here.

Blanca-Romero et al. (2014) performed extensive tests of the ability of different DFT-based approaches to reproduce the measured lattice parameters and bond-distances of monazite-type lanthanide-phosphates and the related lanthanide-oxides. In that paper, they found that the standard DFT method with explicitly computed 4f electrons overestimates the lattice parameters and bond-lengths by up to 3%, consistent with previous studies (Wang et al., 2005; Rustad, 2012). A very good match to the experimental values of structural parameters was obtained with the DFT+U method, in which the PBEsol exchange-correlation functional was applied (Perdew et al., 2008) and the Hubbard U parameters that represent the strength of the on-site Coulomb repulsion between 4f electrons (thus electronic correlations), were derived ab initio. In Figure 1 we present the Ln-O bond lengths computed with this method vs. the measured data for monazite and xenotime systems. The match is excellent and the key to get such a good result was to compute the Hubbard U parameters for each Ln case. As demonstrated in Figure 1, this parameter varies a lot for the different Ln cations (from ~3 to ~10eV). Having an improved description of structures using the PBEsol exchange-correlation functional is also expected, as by recovering the exact charge density limit for slowly varying densities, it improves the description of structural parameters over the widely used PBE functional [see discussion by Perdew et al. (2008)]. Another practice in computation of 4f elements is to include the 4f electrons into the pseudopotential core and to not compute them explicitly [as done, for instance, by Rustad (2012)]. This is due to the fact that these do not participate in the chemistry (bonding). Blanca-Romero et al. (2014) and Beridze et al. (2016) illustrated this for lanthanide phosphates. They found that such a “f in the core" approach results in the formation enthalpies (energies) that are consistent with the ones derived with the DFT+U method (see discussion in section 3.2). This method, although not that accurate for the structural parameters as the aforementioned DFT+U approach (Beridze et al., 2016), was shown to be accurate for prediction of the thermodynamic and elastic parameters of lanthanide phosphates, which is discussed in the following sections.
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FIGURE 1. (Left) The measured and computed Ln-O bond-length in LnPO4 compounds. (Right) The Hubbard U parameter computed for LnPO4 compounds. The data come from Blanca-Romero et al. (2014) and Beridze et al. (2016).





3.2. Formation Enthalpies

The formation enthalpies of series of monazites and xenotimes have been measured by Ushakov et al. (2001). These were first computed at the DFT level by Rustad (2012). He noticed that there is a systematic offset between the computed and measured values of ~40kJ/mol, with the computed enthalpies being less exothermic. Blanca-Romero et al. (2014) have shown that this offset is present also in the DFT+U calculations and is to a large extent Ln-cation independent, which rules out the 4f electrons correlations as the underlying reason for it. They attributed this to the overestimation of P-O bond lengths, and thus volumes, of the LnPO4 and P2O5 compounds. Beridze et al. (2016) have found an identical offset for xenotimes. When a constant shift of ~30kJ/mol is applied to the computed formation enthalpies the measured values are nicely reproduced. The final result for series of LnPO4 compounds is given in Figure 2. The computed formation enthalpies reproduce well the experimental trend for most of the compounds. The only significant discrepancies are observed for GdPO4 and TbPO4, which however is crucial for the discussion of the relative solubilities provided in section 3.7.
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FIGURE 2. The computed (blue filled squares) and measured (black filled (monazite) and open (xenotime) circles) (Ushakov et al., 2001) formation enthalpy from oxides for LnPO4 compounds. The following Ln2O3 oxides were taken into account: A-type (La-Nd), B-type (Sm), and C-type (Eu-Lu). The data comes from Beridze et al. (2016).



The correct prediction of the formation enthalpies of monazite and xenotime phases is essential to properly model the relative solubilities in the monazite-xenotime system. Mogilevsky (2007) in his estimations used an extrapolation of the experimentally measured values for TbPO4 (Ushakov et al., 2001) - the only system for which formation enthalpies of both phases have been measured. Mogilevsky (2007) extrapolated these values by the following formula:

[image: image]

[image: image]

where Rtr is the ionic radius of a hypothetical ion located between Gd and Tb for which energies in the monazite and xenotime structures are identical, Rm, x is the ionic radius of Ln cations, which at normal conditions form monazite (m) or xenotime (x), respectively. He assumed that Rtr = 1.0516Å and derived Δhm, x which is the enthalpy difference between the standard phase and the other phase (e.g., for LaPO4 the enthalpy difference between monazite and xenotime phase of LaPO4). His result is given in Figure 3. In order to check these values we performed ab initio calculations of series of monazite and xenotimes counterparts of the existent phases. The advantage of atomistic simulations is that even non existing phases could be modeled (e.g., LaPO4 xenotime). The result is given in Figure 3. The computed Δhm−x is significantly different from the estimation of Mogilevsky (2007), with the differences for LaPO4 of ~20kJ/mol. We note that our ab initio data could be reproduced assuming Rtr = 1.507Å. Having a good match to the experimental values of the measured compounds (see Figure 2) there is no reason to believe that our prediction for the non-existing phases could be that much wrong. We thus assume that the values computed here are correct.
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FIGURE 3. The computed enthalpy difference between monazite and xenotime LnPO4 compounds. The three data series represent our ab initio calculations (black filled circles), the model of Mogilevsky (2007) (red filled squares) and the model of Mogilevsky (2007) (Equations 1, 2) assuming the ionic radius of the 9-fold coordinated transition Ln cation is 1.102Å.





3.3. Elastic Parameters

The elastic properties of lanthanide phosphates have been a topic of several experimental studies (Thomä et al., 1974; Harley and Manning, 1978; Nipko et al., 1996; Mogilevsky et al., 2006; Du et al., 2009; Thust et al., 2015). Also on the computational side these have been extensively investigated. Wang et al. (2005), Feng et al. (2013), and Kowalski and Li (2016) computed elastic constants and moduli for a series of monazites. We note that the later study gave the best match to the measured values. The key factor to obtain accurate results has been a good reproduction of structural parameters of the investigated materials. For instance, Kowalski and Li (2016) obtained volumes that are within 1% of the measured values, while in the earlier studies by Feng et al. (2013) the differences were as large as 10%. In the follow-up studies, Kowalski et al. (2017b) computed the variation of the Young's modulus along the La1-xEuxPO4 solid solution, which reproduced the experimental trend (Thust et al., 2015) and allowed for better interpretation of these data. Computational methods were also applied to study the pressure effect on the elastic moduli and the relevant elastic anisotropy (Ali et al., 2016; Gomis et al., 2017).

The computed elastic moduli were also used to derive some related thermodynamic parameters. Feng et al. (2013) and Ji et al. (2017b) used the Slack model (Slack, 1973), and derived thermal conductivities of monazite and xenotime compounds, respectively. According to Slack (1973) the thermal conductivity can be estimated as:
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where A=3.12·10−8Wmolkg−1m−2K−3 is a constant, [image: image] is the average atomic mass, δ3 is the average volume per atom in the system, ΘD is the Debye temperature, n is the number of atoms per primitive unit cell and γ is the acoustic Grüneisen parameter. Here, using the same approach as by Ji et al. (2017b) we computed the standard thermal conductivity of LaPO4. The obtained value of room temperature thermal conductivity of 4.0Wm−1K−1 is consistent with the measured value of 3.6Wm−1K−1 (Du et al., 2009) and the data computed by Feng et al. (2013). The data for LaPO4 (m) and LuPO4 (x) are reported in Table 1. Interestingly, both experiment and simulation show significant differences in the thermal conductivity of the monazite and xenotime phases. This comes mainly from the different number of atoms in the primitive cell of both phases, 12 for xenotime and 24 for monazite (see Equation 3).



Table 1. The thermal conductivity in (W m−1K−1) simulated and measured for LaPO4 (monazite) and LuPO4 (xenotime).
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Mogilevsky (2007) used the Young's modulus to estimate the excess energy of mixing [the Margules interaction parameter (Prieto, 2009)] in monazite-xenotime solid solution systems. By a combination of fitting to the existing data on solubilities and so computed mixing energies he proposed an accurate model to describe the maximum solubilities and miscibility gap in the monazite-xenotime system. Kowalski and Li (2016) have shown that this Young's modulus-based approximation of elastic strain energy leads to a good description of the ab initio Margules interaction parameters. These issues will be discussed in details in sections 3.6 and 3.7. Nevertheless, Mogilevsky (2007) used an approximation for the variation of Young's modulus along lanthanide series. According to his derivation, for monazite compounds the Young's modulus decreases along the series, while the computation of Kowalski and Li (2016) and the aforementioned measurements show an increase (from 140GPa for La to ~160GPa for Gd). In Figure 4 we present the collection of measured and computed Young's moduli together with the Mogilevsky (2007) approximation. These results are important in the context of estimation of excess enthalpies of mixing and solubilities in the monazite-xenotime system (sections 3.6 and 3.7).
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FIGURE 4. The computed (blue filled squares) (Kowalski and Li, 2016; Ji et al., 2017a) and measured (black filled circles) Young's modulus for selected lanthanide phospahtes monazites and xenotimes. Red triangles represent the model used by Mogilevsky (2007).



In the next section we will discuss that a careful selection of the computational method, which results in good description of the structural and elastic parameters, is also important to obtain good predictions for thermodynamic parameters such as the heat capacity and the thermal conductivity.



3.4. Thermodynamic Parameters

Besides the thermal conductivity, the heat capacity is the most widely investigated thermodynamic parameter of lanthanide phosphates. There is a series of experimental papers on measurements of this parameter for different monazite compositions (Thiriet et al., 2004, 2005a; Popa and Konings, 2006; Popa et al., 2006a,b; Gavrichev et al., 2008, 2009; Bauer et al., 2016), including Pu-rich compounds (Thiriet et al., 2005b; Popa et al., 2007a; Benes et al., 2011), and xenotime (Gavrichev et al., 2006, 2010, 2012, 2013; Nikiforova et al., 2012; Gysi et al., 2016). These measurements revealed a quasi-random-like variation of the standard heat capacity and the standard entropy along the lanthanide series. This is illustrated in Figure 5. For instance, the standard values are largest for EuPO4 and smallest for GdPO4 with no visible trend. The first systematic computational studies of Feng et al. (2013) were unable to match the experimental data and tried to explain these discrepancies by the large difference between computed constant volume (Cv) and measured (Cp) heat capacities. In order to shed the light on this variation, Kowalski et al. (2015) and Ji et al. (2017a) performed accurate ab initio calculations of the heat capacity of monazites and xenotimes, respectively. They accounted for two effects: (1) the lattice vibration and (2) the thermal excitation of 4f electrons, which had been known from experimental studies to significantly influence the heat capacity of monazites [e.g., Thiriet et al. (2005a,b)]. By doing so, Kowalski et al. (2015) were able to accurately reproduce the measured values for all the investigated cases. Using the same computational approach, Kowalski et al. (2017b) were able to explain the low temperature variation of heat capacity in the La1−xEuxPO4 monazite-type solid solution system (Thust et al., 2015). By applying a theoretically justified extrapolation, Kowalski et al. (2015) could also account for high temperature (T > 800K) anharmonic effects in monazites. We note however, that such a procedure was not that successful for xenotime phases, as here the anharmonic effects become important at a much lower temperature of ~400K (Ji et al., 2017a). Computational studies of the heat capacity of xenotime by Ji et al. (2017a) allowed also for the verification of the slightly conflicting experimental data sets published recently in the literature (Gavrichev et al., 2010, 2012, 2013; Gysi et al., 2016).


[image: image]

FIGURE 5. The variation of the standard heat capacity and standard entropy from LnPO4. The different symbols represent the computed Cv [filled blue cirlces (monazite) and squares (xenotime)] and measured (Cp) values [see Kowalski et al. (2015); Ji et al. (2017a)]. The open blue symbols represent the lattice vibration contribution to the heat capacity and entropy. The difference between the filled and open blue circles is due to the thermal excitation of 4f electrons (Schottky effect).



The thermodynamics of lanthanide phosphate solid solutions is discussed in section 3.6.



3.5. Incorporation of Radionuclides

Incorporation of actinides into lanthanide phosphates ceramic is an important topic in terms of using these materials as potential nuclear waste forms. It is well known that the trivalent actinides such as Pu, Am and Cm could form monazite phases (e.g., PuPO4 Thiriet et al., 2005b; Clavier et al., 2011) and that the tetra-valent actinides such as U or Np can be introduced into the monazite lattice jointly with divalent cations [e.g., Ca, Clavier et al. (2011)]. However, an important aspect of the formation of such a solid solution is its homogeneity. In that respect, Huittinen et al. (2017) and Huittinen et al. (2018) investigated incorporation of Eu3+ into monazite and Cm3+ into monazite and rhabdophane phases, respectively. The latter compound is a hydrated lanthanide-phosphate which is a stable phase at lower temperatures (below T ~ 400K) (de Kerdaniel et al., 2007; Clavier et al., 2011). By a combination of time-resolved laser fluorescence spectroscopy (TRLFS) and atomistic modeling, Huittinen et al. (2017) have shown that monazite-type solid solutions are homogeneous. This conclusion was reached by explanation of the increased broadening of TRLFS profiles for the La1-xGdxPO4 solid solutions by the broad distribution of the dopant-O bond lengths in the measured mixed compounds. In these studies force-field methods were used to describe the interatomic interactions and special quasi-random structures (SQS) (Zunger et al., 1990) were used to model the ideal, homogeneous solid solutions. The same approach was used by Huittinen et al. (2018) to show homogeneous incorporation of Cm3+ into monazite. On the other hand, rhabdophane-type La1−xGdxPO4 solid solutions were found to be very selective in terms of actinides incorporation, with the anhydrous cation site (i.e., not coordinated to H2O molecules) being preferred by the Cm dopant, and the preference increasing toward larger and lighter lanthanides [greater for LaPO4 · 0.67H2O than GdPO4 · 0.67H2O, Huittinen et al. (2018)]. This selectivity was confirmed by the computation of the Cm solution (incorporation) energies.



3.6. Solid Solutions

Formation and thermodynamic stability of solid solutions of radionuclides-bearing lanthanide phosphates ceramic waste forms is a topic of extensive studies in the context of nuclear waste management (Popa et al., 2007a; Li et al., 2014; Kowalski and Li, 2016; Arinicheva et al., 2017; Hirsch et al., 2017; Neumeier et al., 2017b; Eremin et al., 2019). This is because the information gained allows for the assessment of long term stability of ceramic nuclear waste forms against phase separation. In that aspect there are two streams of research: (1) the investigation of homogeneity of a solid solution discussed in section 3.5 and (2) the investigation of its long-term thermodynamic stability. The second problem is a key issue for nuclear waste disposal because any desired waste form should be stable against formation of the miscibility gap. It was shown experimentally (Popa et al., 2007b) and by ab initio simulations (Li et al., 2014) that monazite-type solid solutions are highly regular. The excess enthalpy of mixing, HE, of a (A1−xBxPO4) could be described by a simple equation (Popa et al., 2007b):
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where W is a Margules interaction parameter (Prieto, 2009). A solid solution is stable against formation of a miscibility gap if W < 2RT, where R is the gas constant. It is thus of interest to nuclear waste management strategies to characterize W for the considered solid solutions, especially for the mixture of actinides with the host matrix cations like Pu with La in a La1-xPuxPO4 solid solution.

The first systematic ab initio calculations of W parameters for monazite-type solid solutions were performed by Li et al. (2014). They found that for the La1−xLnxPO4 solid solutions, W = 0.618(ΔV(cm3/mol))2, where ΔV is the difference in the volume of solid solution endmembers. The obtained results suggest thermodynamic instability, characterized with W > 5kJ/mol at ambient conditions, of various solid solutions [e.g., (La1−xGdxPO4)]. In follow-up studies, Kowalski and Li (2016) explained the quadratic dependence of W parameter on the volumes difference by a strain energy-based model, in which
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where E is the Young's modulus and V is the volume. These studies show that ΔV is an important parameter that determines the value of the W parameter.

Neumeier et al. (2017b) compared the derived ab initio W parameters with the calorimetric measurements of La1−xLnxPO4 (Ln = Eu, Gd) solid solutions. The measured values are smaller than the computed ones. The reason for this discrepancy is the difference in the value of measured and computed ΔV. These are summarized in Table 2. When Neumeier et al. (2017b) used the measured ΔV values and rescaled the ab initio computed values according to Equation 5, namely:
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as provided in Table 2, they obtained a good match to the measured values.



Table 2. The Margules interaction parameters W and the difference in volumes of endmembers (ΔV) for La1−xLnxPO4 (Ln = Eu, Gd, Pu) monazite-type solid solutions.
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The most important outcome of these studies is their implication for immobilization of actinides, for instance Pu. The obtained Margules interaction parameter for La1−xPuxPO4 solid solution case is W = 1.8kJ/mol (Table 2), thus indicating thermodynamic stability of this solid solution against formation of a miscibility gap (as W is < 5kJ/mol). On the other hand, although synthesis of the pure PuPO4 monazite has been successful (Thiriet et al., 2005b; Clavier et al., 2011), the experimental studies suggest a maximum content of Pu in La1−xPuxPO4 solid solution at x ~ 0.15 (Popa et al., 2007a; Arinicheva et al., 2017). In particular, recent experimental investigation by Arinicheva et al. (2017) indicates formation of Pu-oxides (PuO2) for x > 0.15. In order to understand this contradiction, we computed the formation enthalpy of La1−xPuxPO4 solid solution from oxides. We consider the following reaction:

[image: image]

Because PuO2 is the most stable Pu-oxide at ambient conditions, we also account for the enthalpy of oxidation of Pu2O3 of 285kJ/mol (Konings et al., 2014). The result is given in Figure 6. Interestingly, the formation enthalpy becomes positive, and the solid solution becomes unstable against formation of PuO2 for x ~ 0.15. We thus conclude that the experimentally observed maximum load of Pu in LaPO4 results from the positive formation enthalpies, and thus thermodynamic instability of La1−xPuxPO4 compounds for x > 0.152.


[image: image]

FIGURE 6. The formation enthalpy from oxides of La1−xPuxPO4 solid solution compounds. The lines represent results taking Pu2O3 (dashed) and PuO2 (solid) as a reference.





3.7. Solubilities in Monazite-Xenotime System

The thermodynamic parameters of mixing, such as the W parameter, are very important for assessment of thermodynamic stability of monazite-type nuclear waste forms. Therefore, it is of high importance to validate the model presented in section 3.6 against all the available data. Interestingly, the Margules interaction parameters are equally important for the description of the miscibility gap, and the maximum solubilities, in the naturally occurring monazite-xenotime systems. The monazite-xenotime system has been proposed as a potential geothermometer and some relevant data on solubilities have been measured (Andrehs and Heinrich, 1998; Mogilevsky, 2007). Monazite-xenotime system shows a large miscibility gap, which is associated with a large difference between the formation enthalpies of monazite and xenotime (Figure 3). Nevertheless, the measured maximum solubilities can be good indicators of temperature and this phenomenon have been investigated “in situ” experimentally (Andrehs and Heinrich, 1998), and by thermodynamic modeling (Mogilevsky, 2007). In order to model the maximum solubility of one phase in another we have to know the Margules interaction parameters W and the difference in the formation enthalpies between monazite and xenotime phases. The first is discussed in section 3.6 and as we concluded there, we have a good model for it. The latter is discussed in section 3.2.

The maximum solubilities of xenotime in monazite (x1) and monazite in xenotime (x2) are obtained by solving self-consistently two equations (Mogilevsky, 2007):
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where Ωx,m = −Δhm,x + Wm,x. Δhm,x is given by Equations 1, 2 (see also section 3.2) and Wm, x are the Margules interaction parameters for monazite (m)- and xenotime (x)-type solid solutions. The self-consistent solution of Equations 8 and 9 can be easily done in a numerical way. The resulted maximum solubilities for the selected solid solution compositions at T = 1453K are given in Figure 7. The solubility of xenotime in monazite is much larger than monazite in xenotime (Mogilevsky, 2007), so here we focus on the former phenomenon. For the solubility of Y-xenotime (YPO4) in monazite there is a maximum at Sm - Nd. We note that the match to in situ data (Andrehs and Heinrich, 1998) is not perfect and is not that good as the empirically-based thermodynamic modeling of Mogilevsky (2007), but the trend is well described on the qualitative level. The main discrepancy comes from the ΔHm−x, which we have reasons to think are quite accurate by the ab initio calculations. Therefore, more testing against larger data sets would be required to work out and validate a more accurate model for the maximum solubilities in the monazite-xenotime system. This example also shows the importance of correct thermodynamic modeling of monazite-xenotime system, which could be performed and validated by a joint atomistic modeling and experimental effort.
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FIGURE 7. The computed maximum solubility of Y-xenotime in monazite at T = 1473K. Different sets represent our ab initio prediction (filled blue squares), prediction using Equation 5 [open blue squares, Kowalski and Li (2016)] and measurements [filled black circles, Andrehs and Heinrich (1998); Mogilevsky (2007)]. Δr is the difference in ionic radius of Ln and Y cations.






4. CONCLUSIONS

In this contribution we presented recent atomistic modeling contribution to the research on lanthanide phosphates, focusing on the studies performed at Forschungszentrum Jülich. We have shown that on many occasions joint atomistic modeling and experimental work resulted in the enhanced description of the investigated materials. Examples of such joint studies are investigations of homogeneity and thermodynamic parameters of solid solutions and incorporation of actinides into lanthanide phosphate ceramics. With the improved understanding and description of the 4f electrons, achieved with the parameter free DFT+U approach, we were able to obtain very accurate description of the local Ln − O bonding environments and the formation enthalpies. This allowed us to obtain better estimates of the relative solubilities in the monazite-xenotime system, elastic and thermodynamic parameters for pure phases and solid solutions. The joint modeling and experimental investigation of the excess enthalpies of mixing in monazite-type solid solutions provided solid arguments for the long-term thermodynamic stability of the plutonium-lanthanum monazite-type ceramic waste form. With respect to our previously published studies, the novel contribution discussed here is the investigation of incorporation of Pu into LaPO4 ceramics, which shows that the experimentally observed maximum load limit for La1-xPuxPO4 is governed by the formation enthalpy from oxides, which becomes positive at ~x = 0.15. This value is consistent with the experimental observations. In addition, we reinvestigated the thermodynamics of monazite-xenotime system. We provide accurate values of the enthalpy difference between monazite and xenotime phases and estimates of maximal solubilities computed from the best available ab initio data. These results are of great importance for monazite/xenotime-based geothermometry. However, the obtained slight discrepancies between theoretical prediction and the available in situ data show a need for more in-depth experimental and theoretical studies of solubilities in the monazite-xenotime system.

The assortment of results provided here shows that atomistic modeling is a valuable research tool for the investigation of lanthanide phosphates. The best results have been obtained by a joint computational and experimental approach, or at least by extensive testing and comparison to the available experimental data. With the steady increase in the availability of computational power we expect that atomistic modeling research will be applied to tackle more complex problems, such as dissolution or corrosion kinetics, an important aspects of nuclear waste performance.
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FOOTNOTES

1In this contribution we call DFT methods an ab initio approach as the exchange-correlation functionals utilized in our studies were designed based on pure-theoretical considerations.

2We notice that in order to correctly quantify the thermodynamics of this process, the free energies should be considered. However, the consideration of the entropy terms (main contributor to the difference between the enthalpies and the free energies of the reaction 7) in the reaction 7 would slightly increase the threshold x value but on qualitative level, the outlined picture will not change.
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The precise unification of functional groups and photoluminescence properties can give rise to MOFs that can offer diverse applications like selective detection of nitroaromatic compounds (NACs) which are considered to be an important ingredient of explosive as well as cation and anion sensing. Hence, a new 3D metal-organic framework (MOF) [Cd2(btc)(bib)(HCOO)(H2O)·H2O]n (1) has been synthesized using mixed ligand strategy by solvothermal reaction of cadmium acetate with two ligands viz. 1,3,5-benzenetricarboxylic acid (H3btc) and 1,4-bis(2-methyl-imidazol-1-yl)butane (bib). The MOF 1 possesses highly 10-connected network which is based on {Cd4(btc)2(bib)4} molecular building block. The studies showed that 1 could be taken as the fluorescent sensor for sensitive recognition of NACs, in particular 2,4,6-trinitrophenol (TNP) with notable quenching (Ksv = 5.42 × 104 M−1) and LOD of 1.77 ppm. Additionally, 1 also displayed selective sensing for Fe3+ ions with Ksv = 6.05 × 103 M− 1 and LOD = 1.56 ppm. Also, this dual sensor displayed excellent reusability toward the detection of TNP and Fe3+ ion. Theoretical calculations have been performed to propose the probable mechanism for the sensing luminescence intensity. Calculations indicated that because of the charge transfer and weak interaction that is operating between NACs and MOF, the weakening in the photoluminescence intensity resulted.

Keywords: MOF, nitroaromatics, sensor, theoretical calculation, topology


INTRODUCTION

Currently, tremendous amount of efforts have been devoted in developing new metal-organic frameworks (MOFs) which display photoluminescent properties and hence this class of luminescence materials can be in demand for solving the pollution problems and can offer potential application as luminescent sensors (Hua et al., 2015; Li et al., 2015; Shi et al., 2015; Wang et al., 2015, 2017; Liu et al., 2016a,b, 2017; Chen et al., 2017; Lu et al., 2017; Ma et al., 2017). To prepare useful and excellent luminescent MOF based sensors, the ligand-based strategy had been proposed in which the precise incorporation of functional groups in the π-conjugated organic ligands and their coordination with d10-metal ions deliver MOFs which can be used as luminescent materials (Ma et al., 2013; Zheng et al., 2014; Wang et al., 2016; Guo et al., 2017; Chen et al., 2018a,b; Shen et al., 2018). Up to now, numerous luminescent MOFs have been documented which had been utilized to detect metal ions and small organic compounds (Cui et al., 2012). Sun et al. had synthesized two Cd(II)-based MOFs which demonstrated selectivity to detect acetone (Yi et al., 2012). Chen et al. proposed that the choice of metal centers play a crucial role in molecular recognition by binding interactions of metal sites of the host MOF with guest molecules (Chen et al., 2007). Bu et al. reported a highly sensitive luminescent Cd(II)-based MOF that quenched at 100 ppm of TNP and display a high quenching efficiency of 92.5% (Tian et al., 2014). Thus, luminescence quenching based detection of compounds offers an alternative that is simple, sensitive, and convenient in nature. The possible mechanism associated with the sensing properties of these materials depend on monitoring of the transmission signals generated during interactions that are taking place between sensors (guest) and substrates (host) (Gole et al., 2011; Pramanik et al., 2011; Chen et al., 2013; Balamurugan et al., 2014).

The recent investigations have proved that MOFs, constructed from mixed organic ligands comprising of dicarboxylate and N-donor linkers display interesting dynamic properties (Zhan et al., 2014). Bearing these aspects in mind and in continuation to our efforts in the area of metal-organic frameworks (MOFs) (Li et al., 2016; Liu et al., 2016c; Jin et al., 2017), which were aimed toward the syntheses of multifunctional MOFs we have chosen a flexible 1,4-bis(2-methyl-imidazol-1-yl)butane (bib) ligand (Hou et al., 2014a,b; Shi et al., 2014), and a rigid 1,3,5-benzenetricarboxylic acid (H3btc) ligand as well as d10 transition-metal center (Cd2+) to develop new structures with potential applications as luminescence sensor. The choice of using this strategy has been based on the following considerations (Marin et al., 2006; Kent et al., 2010; Saini and Das, 2012; Son et al., 2013; Banerjee et al., 2014; Li et al., 2014; Park and Lee, 2015; Wen et al., 2015; Park et al., 2016; Das and Mandal, 2018): (1) the binding capacity between bib ligand and metal centers not only induces flexible and diverse structures but also facilitates the surface functionalities of the materials; (2) rigid ligand btc with aromatic rings could effectively favor intra-ligand interactions and induce luminescent character. Herein, we are presenting a new Cd(II) MOF having formula[Cd2(btc)(bib)(HCOO)(H2O)·H2O]n (1) which have been utilized as dual photoluminescent sensor for the selective detection of nitroaromatics (NACs) especially TNP and ferric ions.



MATERIALS AND METHODS

The instrumental, X-ray crystallographic, and computational details are presented in the Supplementary Information.


Synthesis of [Cd2(btc)(bib)(HCOO)(H2O)·H2O]n (1)

A mixture of H3btc (0.10 mmol, 0.021 g), bib (0.10 mmol, 0.022 g), Cd(NO3)2·4H2O (0.15 mmol, 0.027 g) in 20 mL DMF/H2O mixture (v/v = 3:1) was stirred for 30 min. This mixture was then transferred in a 25-mL Teflon-lined reactor, sealed and heated up to 120°C and this temperature was maintained for 72 h. The mixture was cooled down to room temperature with a cooling rate of 5°C/h. Yellow block type crystals of 1 were obtained in 74% yield on the basis of cadmium. Elemental analysis (% calc/found): C: 35.17/34.92, H:3.37/3.28, N:7.81/7.55.




RESULTS AND DISCUSSION


Crystal Structure Description

The single-crystal X-ray diffraction results indicate that 1 crystallizes in triclinic space group P-1. 1 is a 3D architecture having binuclear Cd(II) clusters as secondary building units(SBUs) which in turn is constructed by mixed ligands viz. btc and bib. 1 shows two types of Cd(II) centers with different coordination fashions. The SBUs of 1 are bonded by two bib, one μ2-η2:η2 formate anion and two bidentate chelating carboxylic anions and one bridging bidentate carboxylic anion (Figure 1A and Scheme S1). The formate anion was generated from DMF under acid condition. This conversion had already been reported previously many times (Lu et al., 2017). The Cd1 ion is hexa-coordinated where the CdO5N unit possess distorted octahedral geometry, while the Cd2 ion is seven-coordinated in which CdO6N moiety display distorted pentagonal bipyramidal geometry. The Cd1 coordinates to one carboxylate group from one btc, one O-atom of one bridged carboxylate from another btc, one μ2-O of one formate, one N from imidazole and is capped by the O of one H2O.The Cd2 center of 1 is connected to one carboxylate from one btc, one O of one bridged carboxylate from the other btc, three μ2-O of two formate anions and one N from imidazole. The dimeric units in SBU are formed by completely deprotonated btc anions to generate a 2D layered arrangement (Figure 1B and Figure S1). Further these 2D layers further linked by bib ligand to generate 3D framework (Figure 1C). Thus, the four Cd(II)centers are divulged by two bridged formates and two carboxylates of btc. Further it spreads out with six 3-connected btc and four linear imidazole-based bib ligands and in this way, this tetra-cadmium SBU can be simplified into a 10-connected node. The full motif of 1 can be taken as a 10-connected 3D network with (36.44.510. 512.68.65) topology (Figure 1D). The evacuated 1 shows theoretical porosity of 15.8% according to PLATON calculations with a probe radius of 1.65 Å (Spek, 2003). Thermogravimetric result indicates that 1 remains stable till 350°C (Figure S2). Also, PXRD experiment had been performed to assess whether the MOF is having phase purity in the solid state. The PXRD patterns confirm the phase purity of the bulk sample (Figure S3).
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FIGURE 1. (A) The coordination environment around Cd(II) centers in 1; (B) Perspective view of 2D layer constructed by Cd(II) centers and btc linkers(the pink ball represents the uncoordinated carboxylate group); (C) The 3D framework connected by btc and bib ligands; (D) Schematic representation of the 3D 10-connected network(the yellow ball represents the formate linker).
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SCHEME 1. The schematic illustration of the electron transfer process between 1 and NACs.





Luminescence Sensing

In general, the MOFs based on d10-based metal centers and conjugated linkers are excellent candidates for the photoluminescent properties. It has been reported that the btc and bib exhibit emissions at 375 nm (λex = 300 nm) and 445 nm (λex = 370 nm), respectively (Li et al., 2015). 1 displayed emission with the maxima at 395 nm (λex = 300 nm).The red-shift in emission maximum in the case of 1 as compared to btc with concomitant enhancement in the intensity indicates that the electron transfer may be taking place between the ligands and metalcenters (Allendorf et al., 2009; Rocha et al., 2011; Heine and Buschbaum, 2013; Hu et al., 2015). The spectral feature associated with 1 provided us impetus to use this MOF as the luminescent sensor for the detection of organic compounds (Figure S4). Thus, the photoluminescent property of the emulsion of 1 in different solvent was investigated. It has been found that luminescent spectrum of 1 is largely dependent on nature of small solvents, especially nitrobenzene (NB) (Figure S5) where 1 exhibits the most significant quenching effect in intensity (Figure 2a). The possible mechanism of the quenching in photoluminescent intensity in presence of NB has been proposed to originate from the electron-withdrawing effect from its nitro groups (Chen et al., 2009; Zheng M. et al., 2013; Song et al., 2014). Such solvent reliant luminescence properties can be interesting for sensing of different derivatives of NB. Hence, the luminescence intensity of emulsion of 1 in presence of different nitroaromatic compounds (NACs), viz.2,6-dinitrotoluene (2,6-DNT), o-nitrophenol (ONP),2,4-dinitrophenol (2,4-DNP), 2,4,6-trinitrophenol (TNP), p-nitrophenol (PNP),2-nitrotoluene (2-NT), 4-nitrotoluene (4-NT), 1,3-dinitrobenzene (1,3-DNB),1,2,4-trimethylbenzene 1,3,5-trimethylbenzene (1,3,5-TMB),2,4-dinitrotoluene (2,4-DNT), were recorded. The experiments showed that the addition of same concentration of NACs to the emulsion of 1 will results in the decline in its luminescent intensity to different levels (Figure 2b and Figures S6–S26). However, aromatic compounds not having such electron withdrawing nitro group, viz.1,3,5-TMB and 1,2,4-TMB have displayed intensity enhancement in 1.
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FIGURE 2. (a) The plots of varied luminescent intensity of 1 when dispersed in different small organic molecules (λex = 320 nm); (b) The quenching efficiency of different nitro compounds (Emission intensities at 375 nm were selected); (c) The luminescence intensity of 1 recorded after addition of 1 mM TNP (λex = 320 nm); (d) SV plot in the presence of 1 at different TNP concentrations.



To further explore the sensing property of 1 toward TNP, the emission spectra of the suspension of 1 were recorded by gradual addition of batches of TNP solutions. The experiment indicated that the luminescence intensity of 1 declined with augmenting concentration of TNP (Figure 2c). The quenching efficiency was evaluated to be 44.5% for 20 ppm of TNP and 85% for 240 ppm of TNP. The Stern–Volmer (SV) equation which is used quantitatively to calculate the quenching efficiency was employed (Sanchez and Trogler, 2008; Sanchez et al., 2008; Zhang et al., 2015). The SV plot of TNP was almost linear at related low concentrations (Figure 2d), and its quenching constant (Ksv) of 1 is 5.42 × 104 M−1 and its LOD is 1.77 ppm, which was similar to some previously reported examples (Table S3). Additionally the Ksv value of 1 for TNP is 3.64 × 103 M−1 and LOD parameter is 1.35 ppm. These observations clearly indicates that the 1 under study may be a highly selective sensor for TNP in comparison to other NACs (Qin et al., 2014; Singh and Nagaraja, 2014). The PXRD pattern of the recovered sample after performing 5 cycles of sensing studies indicate high stability of 1 and hence it can be concluded that the integrity of 1 remained almost unchanged after operational sensing works (Figure S3). On the basis of the structural feature of 1 which indicated only 15.8% porosity (vide supra), the encapsulation of TNP into the channels of MOF cannot take place. Thus, the interaction of analytes with 1 are more inclined toward the surface interaction operating between the analytes and 1.

To offer the possible explanation for the decline in the photoluminescent intensity of MOF to varying magnitudes in the presence of different aromatic compounds, the computational investigation was done at the B3LYP level of theory (Table 1 and Figure S27). The weakening in photoluminescence intensity of MOFs when aromatic compounds comprising of –NO2 functions are added to them may be attributed to charge transfer that is taking place from conduction band of MOF to LUMO of these compounds (Scheme 1). To enable such transition the conduction band of MOFs should lie at higher energy scale than the conduction band of aromatic nitro-analytes (Lan et al., 2009; Zhang et al., 2010, 2011, 2016; Kreno et al., 2012; Li et al., 2013; Lin et al., 2016; Yang et al., 2016; Zhao et al., 2016, 2017). The Table 1 elucidatesthe conduction band energy levels of the full nitro-aromatic compounds, which are low than that of 1.



Table 1. The HOMO-LUMO energies (in eV) for 1, ligand and aromatic analytes, ligand.
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So, these nitro-aromatic analytes are in the apt position to accept the charge from 1 which is photo-excited. Hence, this phenomenon results in deterioration in photoluminescence intensity of the MOF to varying degree different nitro-aromatic compounds are added to it. Also, the Table 1 indicates that 1,3,5-TMB and 1,2,4-TMBare possessing higher LUMO energy level position than 1. Therefore, these aromatic compounds deprived of –NO2 functions display small effect on photoluminescence intensity of 1. However, the experimental order of decrement in photoluminescence intensity of 1 when different nitroaromatic analytes are added to it is not in accordance with their corresponding LUMO energy values. Therefore, it assessed that charge transfer may not be the solitary phenomenon responsible for decline in the photoluminescence. Additionally, along with the charge transfer phenomenon, weak interactions between the MOF and nitroaromatic analytes may also contribute toward the decline in the photoluminescence (Lan et al., 2009; Zhang et al., 2010, 2011; Kreno et al., 2012; Lin et al., 2016). Probably because of this reason the aromatic compounds 1,3,5-TMB and 1,2,4-TMB even though having relatively high LUMO energy values than 1 are slightly enhancing the photoluminescence intensity of 1 (Toal and Trogler, 2006; Kim et al., 2013; Wang et al., 2013; Zheng Q. et al., 2013; Hu et al., 2016).

Furthermore, to authenticate the selective sensing behavior of 1 toward TNP, the competitive experiments were executed by the adding different nitroaromatic compounds in the suspension of 1 followed by TNP (Figure S28). Results indicated that effective photoluminescent quenching was observed only when the TNP solution was added (Figure S28). These experiments validate the remarkable selectivity of 1 toward TNP. Further, to have better understanding into the selective TNP-sensing ability of 1, the electronic properties of MOF reported herein as well as the nitroaromatic compounds were analyzed. The mechanism for photoluminescent quenching through electronic migration from conduction band of probes MOFs to LUMO of NAC shaving electron deficient nature is well-established (Toal and Trogler, 2006; Lan et al., 2009; Zhang et al., 2010, 2011; Kreno et al., 2012; Kim et al., 2013; Wang et al., 2013; Zheng M. et al., 2013; Hu et al., 2016; Lin et al., 2016). In general, the conduction band of rich electric probes MOFs is having higher energy in comparison to the energies of LUMO corresponding to nitro-aromatic compounds. With downfall in the LUMO energy values of NACs, the tendency to accept electron by these analytes and photoluminescent quenching becomes higher. The selective sensing for TNP is in agreement with its lower LUMO energy in comparison to other NACs (Table 1). The disagreements between quenching of photoluminescent intensity for others NACs except for TNP and their LUMO energy parametersare conducted, in which may contain the electronic migration and/or resonance energy transfer (RET).The correlative factors responsible for photoluminescent intensity quenching process (Hu et al., 2016). Also, the efficiency of energy transfer depend on the extent of overlap between the emission spectrum of MOF and the electronic absorption spectrum of the analyte (Marin et al., 2006; Kent et al., 2010; Saini and Das, 2012; Son et al., 2013; Banerjee et al., 2014; Li et al., 2014; Park and Lee, 2015; Wen et al., 2015; Park et al., 2016; Das and Mandal, 2018). In sharp contrast to other NACs the absorption spectrum for TNP displays good full coverage the emission spectrum of 1 (Figure S29). This clearly suggests the electronic migration and energy conversion mechanisms are associated with the luminescence quenching in 1 by TNP, but electron transfer mechanism solely exists for other nitro-aromatic compounds. The existence of the dominating energy transfer between 1 and TNP has also been substantiated by the preferential quenching of the 375 nm band over 475 nm during the titration experiments (Figure 2c). The emission band at ~375 nm display spectral overlap with the electronic absorption spectrum of TNP which lead to efficient quenching of this band by an energy transfer mechanism (Figure S29). Antagonistically, the emission band at ~475 nm display poor spectral overlap with the electronic absorption spectrum of TNP because of which the quenching of this emission band occurs by a “less efficient” photo-induced electron transfer (PET) mechanism (Banerjee et al., 2014). In addition, there might be electrostatic interactions between TNP and the nitrogen centers of the ligands in 1 (Marin et al., 2006; Kent et al., 2010; Saini and Das, 2012; Son et al., 2013; Banerjee et al., 2014; Li et al., 2014; Park and Lee, 2015; Wen et al., 2015; Park et al., 2016; Das and Mandal, 2018) Hence due to combination of electron-transfer, energy-transfer and electrostatic interaction between TNP 1, the quenching efficiency for TNP gets significantly enhanced (Marin et al., 2006; Kent et al., 2010; Son et al., 2013; Li et al., 2014; Das and Mandal, 2018).

The MOF1 was suspended in distilled water having 1 × 102 M M(NO3)n to form the Mn+@1 to perform sensing experiments for the detection of metal cations. The intensities were enhanced upon adding Na+, K+, and Ca2+ ions in solutions when compared to the blank experiment (Figure 3A), while other metal ions exhibited different levels of quenching effects. Notably in the presence of Fe3+ ions the significant quenching in the luminescence intensity of MOF was observed. Thus, the relationship between the concentrations of Fe3+ ions upon the intensity of 1 was explored by varying the concentration of Fe3+ (Figure 3B). When the concentration of ferric ion in the emulsion of 1 was 500 ppm, then the luminescent intensity was completely disappeared. The mechanism pertaining to the quenching effect caused by Fe3+could be explicated on the basis of electronic migration operating from the organic ligands of the MOF which behave as donor toward the metal ions which act as acceptor (Wu et al., 2015). The crystal structure investigation indicates that in1 the uncoordinated oxygens of the carboxylate groups of btc ligands can behave as potential electrons donors.
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FIGURE 3. (A) Photoluminescence intensity of 1 when it was dispersed in different metal ions solutions in H2O (λex = 320 nm); (B) Quenching in photoluminescence intensity after adding 1 mM Fe3+ solution; (C) SV plot after adding different Fe3+ concentrations.



Based on the above results, 1 shows a highly selective to Fe3+. The photoluminescent intensity of 1 was nearly nullified at a Fe3+ concentration of 6.05 × 103 M−1. Further, the LOD was calculated ca. 1.56 ppm, which is comparable to the reported examples (Table S4) (Xiang et al., 2010; Jayaramulu et al., 2012; Liu et al., 2014; Cao et al., 2015; Xu et al., 2015). Moreover, the PXRD patterns of 1 after accomplishing sensing experiments indicated that the MOF retain its structural integrity and hence can be reused as a probe to detect ferric ions (Figure S3). The highly selective sensing for Fe3+ ions stimulated us to further inspect the effect of the related metal ions on Fe3+ sensing. This had been checked by the addition of metal ions other than Fe3+ to 1 followed by Fe3+. The experiments revealed that the luminescence intensity of 1 will be completely quenched while the Fe3+ ion (10−2 M) is added to 1. The Ksv of Fe3+ in the above systems is little greater that the value obtained for the pure 1 (Figure S30).

The possible sensing mechanism associated with the luminescence quenching of in the presence of Fe3+ has been further examined. Till date, some pertinent reasons for quenching in the luminescence intensity are: (Xu et al., 2011; Dang et al., 2012; Tang et al., 2013; Yang et al., 2013; Hu et al., 2014; Zhou et al., 2014; Xu and Yan, 2015) (I) the breakdown of framework; (II) ion exchange operating between sensing ions and the metal centers of probes; (III) resonance energy transfer (RET); and (IV) the weak interactions that are operating between metal cations and the functional groups from the organic ligands. The PXRD patterns (Figure S3) indicates that the MOF 1 even when immersed in metal ion solutions maintain its structural integrity. To substantiate the probable mechanism, the ICP has also been performed which showed that negligible Cd content is present in the filtrate obtained after suspending 1 in the Fe3+ solution for 1 day. This rules out that the exchange of Fe3+ with the Cd2+ of the MOF during sensing experiment (Table S5). Additionally, UV-Vis absorption data have been also conducted (Figure S31). The absorption spectrum of Fe3+ solution covers most of the emission spectrum of 1, while in the absorption spectra of other metal ions no such spectral overlap have been observed. So, the competitive absorption of excitation wavelength between aqueous solution of Fe3+ and 1 may be plausible reason for the quenching in photoluminescnece (Tang et al., 2013; Yang et al., 2013; Hu et al., 2014). Furthermore, the fluorescence lifetime of 3.6 ms in 1 was reduced to 1.9 ms using 1.0 mM Fe3+ solution (Figure S32). Hence, energy transfer is the prime phenomenon because of which loss in photoluminescent intensity is observed. To further explicate the possible mechanism for luminescence quenching in 1 by Fe3+ ion, the X-ray photoelectron spectroscopy (XPS) on Fe3+@1 showed that the energy of Fe 2p1 shifts to 712.6 eV, which may demonstrate the weak interaction between them (Figure S33) (Buragohain et al., 2016; Santra et al., 2016; Wu et al., 2017; Wang et al., 2018). In the time-dependent luminescence intensity measurement experiment (Figure S34), the final results indicated that it follows the first-order exponential decay curve. The character showed that the collision between Fe3+ and 1 may be faster than the static process. Hence, the static interaction might be incomplete instantly and acts as a continuous process which leads to a gradual decrease in luminescence intensity.




CONCLUSION

A new 10-connected Cd(II)-based MOF with (36.44.510.512.68.65) topology have been synthesized. Moreover, 1 reveals the selective and sensitive photoluminescent quenching by TNP. A combined experimental and mechanistic investigation substantiates that the quenching of the photoluminescent intensity of MOF in presence of analytes can be credited to the simultaneous charge transfer and weak interactions that are operating between 1 and analytes. Additional investigation of 1 to detect metal-ions indicated extremely sensitive luminescent quenching of 1 framework by Fe3+ ion over other metal ions. The good quenching constant (6.05 × 103 M−1) and very low limit of detection (LOD) (1.56 ppm), validates that 1 can be the potential detector for Fe3+. The excellent reusability/recyclability of MOF with respect to both TNP and Fe3+ sensing is certainly remarkable and this makes 1 as anew dual channel sensor for detection of TNP and Fe3+ ions.
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Five new Lanthanide(III) complexes of malonic acid (HOOC-CH2-COOH); {[Gd(C3H2O4)(H2O)4]·NO3}n (1), {[Tb(C3H2O4)(H2O)4]·NO3}n (2), {[Ho(C3H2O4)(H2O)4]·NO3}n (3), [Er(C3H2O4)(C3H3O4)(H2O)2]n (4), and {[Eu2(C3H2O4)2(C3H3O4)2(H2O)6]·4H2O}n (5) were synthesized and characterized by elemental, infrared spectral, and thermal analyses. The structures of compounds 1–5 were determined by single crystal X-ray diffraction technique. The X-ray analysis reveals that compounds 1, 2, and 3 are isostructural and crystallized in the orthorhombic space group Pmn21. The lanthanide(III) ions are coordinated by four carboxylate and four water oxygen atoms adopting a distorted square antiprism geometry. The LnO8 square antiprisms are linked into infinite layers by malonate (C3H2[image: image]) dianions sandwiching sheets of nitrate counter ions. Compound 4 contains ErO8 square antiprisms linked into a two-dimensional network by hydrogen malonate (C3H3[image: image]) anions and malonate dianions. The europium complex, 5 is dinuclear having the two europium(III) ions (Eu1 and Eu2) bridged by carboxylate groups of hydrogen malonate ligands. The europium ions in 5 are nine-coordinate and exhibit a distorted monocapped square antiprism geometry. All the structures are consolidated by O–H··· O hydrogen bonds. The photoluminescence spectra of 1–5 exhibit characteristic emissions in the visible region. The IR spectra and thermal data are consistent with the structural results. The room-temperature effective magnetic moments for 1–4 are in good agreement with those expected for the free ions, while the data for 5 indicates that low-lying excited states contribute to the observed moment. The compound 1 was further subjected to quantum computational calculations to explore its optoelectronic properties including; density of states (DOS), dielectric function, refractive index, extinction coefficient, and absorption spectrum, to highlight the possible applications of such materials in the optoelectronics.

Keywords: lanthanides, malonate, photoluminescence, crystal structure, optoelectronic properties
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INTRODUCTION

In the modern hi-tech society, lanthanide-based metal-organic frameworks find a wide range of applications in several cutting-edge scientific fields, such as contrast agents (Caravan et al., 1999; Wahsner et al., 2019), catalysis (Shibasaki and Yoshikawa, 2002; He et al., 2013; Pagis et al., 2016), gas storage and purification (Reineke et al., 1999; He et al., 2013; Roy et al., 2014), magnetism (Woodruff et al., 2013; Zhu et al., 2016; Gao et al., 2018), and optoelectronic devices (Kenyon, 2002; Armelao et al., 2010; Heffern et al., 2013). The study of photo physical properties of lanthanides (Ln) triggered the potential use of these compounds not only in color televisions and fluorescent tubes but also in optical amplifiers, luminescent solar concentrators, active waveguides, organic light emitting diodes, and immunoassays (Bünzli, 2010; Katkova and Bochkarev, 2010; Heffern et al., 2013; Reisfeld, 2015). The optoelectronic properties of lanthanide complexes originate from the inner f-f electron transitions. The shielding of 4f orbitals confers the excellent luminescence properties of Ln3+ ions (Reisfeld and Jorgensen, 2012; Heffern et al., 2013; Reisfeld, 2015). Several reports have appeared in the literature on the physical and optical properties of lanthanide complexes, which demonstrate their significant technological interest (Kenyon, 2002; Faulkner et al., 2005; Terai et al., 2006; Daiguebonne et al., 2008; Dos Santos et al., 2008; Armelao et al., 2010; Zhuravlev et al., 2011; Räsänen et al., 2014; Buenzli, 2015; Sharma and Narula, 2015; Sun et al., 2015; George et al., 2016).

Lanthanide(III) ions are hard Lewis acids and prefer to combine with hard Lewis bases such as oxygen donors (Bünzli, 2014). On the basis of this fact, carboxylate ligands have been widely applied for the preparation of lanthanide coordination polymers (Hansson, 1973a,b; Wenmei et al., 1992; Marrot and Trombe, 1994; Benmerad et al., 2000; Hernández-Molina et al., 2000, 2002, 2003; Doreswamy et al., 2003, 2005; Thirumurugan and Natarajan, 2004; Cui et al., 2005; Yan et al., 2005; Cañadillas-Delgado et al., 2006; Deacon et al., 2006; Rahahlia et al., 2007; Zhang et al., 2007; Fang et al., 2008; Wang et al., 2009; Chrysomallidou et al., 2010; Silva et al., 2010; Jin et al., 2012; Seidel et al., 2012; Sharif et al., 2012; Calahorro et al., 2013; Tian et al., 2013; Bünzli, 2014; Delgado et al., 2016; Li et al., 2017). The flexible aliphatic dicarboxylates (e.g., malonate and succinate) are more fascinating than the rigid mono or aromatic carboxylates due to many possible conformations (Cui et al., 2005; Rahahlia et al., 2007; Wang et al., 2009; Delgado et al., 2016). The use of multidentate organic linkers together with the high coordination number of lanthanide ions help to construct diverse structural motifs with unexpected properties. The structural arrangements in the lanthanide dicarboxylate polymers range from one- (Yan et al., 2005; Chrysomallidou et al., 2010; Silva et al., 2010; Li et al., 2017), two- (Hernández-Molina et al., 2000; Cañadillas-Delgado et al., 2006; Li et al., 2017), to three-dimensional (Hansson, 1973a,b; Wenmei et al., 1992; Marrot and Trombe, 1994; Benmerad et al., 2000; Hernández-Molina et al., 2002, 2003; Doreswamy et al., 2003, 2005; Thirumurugan and Natarajan, 2004; Cañadillas-Delgado et al., 2006; Zhang et al., 2007; Fang et al., 2008; Chrysomallidou et al., 2010; Jin et al., 2012; Seidel et al., 2012; Calahorro et al., 2013) coordination networks. Malonic acid, C3H4O4, is a simple dicarboxylic acid that exhibits a rather flexible stereochemistry and a variety of coordination modes toward metal ions. It can coordinate as a monodentate, bridging, and chelating ligand in monoanionic (hydrogen malonate, C3H3[image: image]) or dianionic (malonate, C3H2[image: image]) form (Rodríguez-Martín et al., 2002; Delgado et al., 2016). A number of reports have been published on the synthesis and structures of malonate-containing lanthanide polymers, which describe the versatility of the bonding modes of the malonate group (Hansson, 1973a,b; Wenmei et al., 1992; Marrot and Trombe, 1994; Benmerad et al., 2000; Hernández-Molina et al., 2000, 2002, 2003; Doreswamy et al., 2005; Cañadillas-Delgado et al., 2006; Zhang et al., 2007; Fang et al., 2008; Chrysomallidou et al., 2010; Silva et al., 2010; Jin et al., 2012; Delgado et al., 2016). Delgado et al. reported a detailed overview on the crystal structures and topologies of these systems, as well as the molecular structures assembled by hydrogen-bonding from low-dimensional entities to higher-dimensional supramolecular architectures. The study describes that most of the Ln3+-malonate (mal2−) complexes exist as dinuclear species (Delgado et al., 2016), while the reports about the mononuclear complexes are rare (Wenmei et al., 1992; Marrot and Trombe, 1994; Chrysomallidou et al., 2010; Silva et al., 2010).

In order to enhance the fundamental knowledge of structural chemistry of lanthanide-carboxylate frameworks and in view of our continuous interest in this direction (Hussain et al., 2014, 2015a,b, 2018), we report here the syntheses, characterization, crystal structures, photoluminescence, and magnetic properties of five novel lanthanide coordination polymers involving malonate ligand. They include; {[M(C3H2O4)(H2O)4]·NO3}n (M = Gd, Tb, Ho) (1-3), [Er(C3H2O4)(C3H3O4)(H2O)2]n (4), and {[Eu2(C3H2O4)2(C3H3O4)2(H2O)6]·4H2O}n (5). The optoelectronic properties including density of states, dielectric function, refractive index, extinction coefficient, and absorption spectrum, were also investigated for complex 1 with the help of DFT calculations. Owing to the bigger size of lanthanide complexes, they are very difficult to deal quantum chemically. Nonetheless, there are some previous computational studies including the structures and reactions (Eisenstein and Maron, 2002), bonding characteristics (Adamo and Maldivi, 1997), determination of ligand-field parameters (Ishikawa et al., 2003), effective core potential studies (Cundari et al., 1995), and details of computational methods applied in lanthanide and actinide chemistry etc (Dolg, 2015). To the best of our knowledge, this is the first report that describes the formation of lanthanide complexes including a nitrate ion and dinuclear Eu3+ or Er3+ complexes containing a hydrogen malonate anion, and their photoluminescent properties.



EXPERIMENTAL


Reagents and Measurements

The nitrate salts of Gd, Tb, and Ho{M(NO3)3·6H2O}, ErCl3·6H2O, and EuCl3·6H2O were purchased from Alfa Aesar, a Johnson Matthey Company, USA. Malonic acid was obtained from Merck Chemical Co. Germany.



Synthesis of Complexes

Synthesis of {[M(C3H2O4)(H2O)4]·NO3}n(M = Gd, Tb, Ho) (1–3)

The compounds 1–3 were synthesized by reacting 0.225 g (0.5 mmol) of M(NO3)3·6H2O (M = Gd, Tb, Ho) dissolved in 5 mL de-ionized water and 0.156 g (1.5 mmol) of malonic acid in 20 mL ethanol. The solutions were stirred for 2 h at room temperature. The pH of the reaction mixture was adjusted between 5 and 6 with 0.1 M NaOH solution. The solutions were filtered and kept at ambient temperature (or in the refrigerator) for crystallization. The crystals appeared in the solution after 2–3 weeks. The complexes 1, 2, and 3 were obtained as light yellow, colorless, and light pink crystals, respectively. They were separated by vacuum filtration and rinsed with ethanol. Yield: ~50%.

Synthesis of [Er(C3H2O4)(C3H3O4)(H2O)2]n (4)

Malonic acid (0.104 g, 1 mmol) and ErCl3·6H2O (0.137 g, 0.5 mmol) were separately dissolved in 20 mL ethanol and 10 mL deionized water, respectively. The solutions were mixed and stirred for 2 h in a round-bottom flask at room temperature. During stirring, 0.1 M NaOH solution was used to maintain the pH of the mixture between 5 and 6. After 10 days, pink crystals of 4 appeared in solution, which were isolated by filtration and rinsed with methanol. Yield: 49%.

Synthesis of {[Eu2(C3H2O4)2(C3H3O4)2(H2O)6]·4H2O}n (5)

To a solution of 0.183 g (0.5 mmol) of EuCl3·6H2O in 10 mL deionized water was added 0.104 g (1 mmol) of malonic acid dissolved in 25 mL ethanol. The solutions were mixed in round bottom flask and stirred for 3 h at room temperature at a pH of 5–6 maintained by using 0.1 M NaOH solution. After 2 weeks, colorless crystals of 5 were recovered by filtration and rinsed with methanol. Yield: 43%.

Analytical and spectroscopic data

C3H10NO11Gd (1): Calc. (%) C 9.16, H 2.55, N 3.56; Found (%): C 9.25, H 2.59, N 3.50.IR (cm−1): ν = 3583, 3369 (O-H), 2927 (C-H), 1582 (COO)as, 1384,1370 (COO)s, 276 (Gd-O); δ = 1463, 1149 (C-H),953 (COO), 819 (NO3); ρ = 836 (H2O), 735 (CH2).

C3H10NO11Tb (2): Calc. (%) C 9.13; H 2.55; N 3.55; Found (%): C 9.25, H 2.62, N 3.45. IR (cm−1): ν = 3585, 3369 (O-H), 2926 (C-H), 1583 (COO)as, 1384,1370 (COO)s, 285 (Tb-O); δ = 1463, 1149 (C-H), 954 (COO), 819 (NO3); ρ = 837 (H2O), 735 (CH2).

C3H10NO11Ho (3): Calc. (%): C 8.96, H 2.49, N 3.49; Found (%): C 8.81, H 2.52, N 3.45. IR (cm−1): ν = 3591, 3369 (O-H), 2928 (C-H), 1586 (COO)as, 1384,1372 (COO)s, 290 (Ho-O); δ = 1463, 1149 (C-H), 955 (COO), 819 (NO3); ρ = 838 (H2O), 739 (CH2).

C6H9O10Er (4): Calc. (%): C 17.65, H 2.22; Found (%): C 17.01, H 2.11. IR (cm−1): ν = 3573, 3338 (O-H), 2921 (C-H), 1697, 1566 (COO)as, 1383, 1279 (COO)s; δ = 1449, 1186 (C-H), 967 (COO); ρ = 803 (H2O), 712 (CH2).

C6H15O13Eu (5): Calc. (%): C 16.11, H 3.38; Found (%): C 16.72, H 3.92. IR (cm−1): ν = 3401 (O-H), 1714, 1570 (COO)as, 1384(COO)s; δ = 1440, 1206 (C-H), 964 (COO); ρ = 711 (CH2). (Malonic acid, ν = 3398 (O-H), 2992, 2948 (C-H), 1737, 1706 (COO)as, 1418, 1398 (COO)s; δ = 1438, 1174 (C-H), 920 (COO); ρ = 804 (H2O), 771 (CH2)).



Physical Measurements

Elemental analyses were carried out on a Varion Micro Cube, Elementar, Germany. FTIR spectra were recorded over the frequency range 4,000–250 cm−1 on a Perkin Elmer FTIR 180 spectrophotometer using KBr pellets. Thermal analyses were performed from room temperature to 1,000°C at heating rate of 10°C min−1 in air on a Thermo-gravimeter Analyzer/Differential Scanning Calorimeter model SDT Q 600 (TA Instruments, USA). The excitation and emission spectra were recorded on photoluminescence spectrometer FLS 180 (Edinburg Instruments). The magnetic susceptibility measurements were conducted on Evans balance (Sherwood Scientific Ltd. UK) at room temperature and Hg[Co(SCN)4] was used as a calibrant. The diamagnetic corrections for the component atoms were determined using Pascal constant (Kahn, 1993; Earnshaw, 2013) and details of the method is given the Supporting Information.



Crystal Structure Determinations

Intensity data for compounds 1–5 were collected on a Bruker APEXII CCD diffractometer at 150 K using MoKα radiation (λ = 0.71073 Å). An empirical absorption correction was carried out using SADABS (Sheldrick, 2014). The crystal structures were solved by direct methods with SHELXS-97 (Sheldrick, 2008) and refined by full-matrix least-squares on F2 using SHELXL-2014 (Sheldrick, 2015). For molecular graphics, ORTEP 3 was used (Farrugia, 2012). The C-bound H atoms were geometrically placed (C–H = 0.99 Å) and refined as riding atoms. The O-bound H atoms were located in difference maps and refined freely as riding atoms in their as-found relative positions or with gentle restrains. One of the water molecules of crystallization in 5 is disordered over two adjacent locations and its H atoms could not be located. The constraint Uiso(H) = 1.2Ueq(carrier) was applied in most of the cases. Details of the data collection and refinement details are summarized in Table 1.



Table 1. Crystal data for compounds 1–5.
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RESULTS AND DISCUSSION


Synthesis

The reaction of M(NO3)3·6H2O (M = Gd, Tb, Ho) with three equivalents of malonic acid (C3H4O4) in the presence of NaOH in water-ethanol medium afforded the crystals of {[M(C3H2O4)(H2O)4]·NO3}n complexes (1–3). The presence of nitrate was not detected in any of the previously reported structures of lanthanide-malonate complexes. Similar reactions of MCl3·6H2O (M = Er, Eu) and malonic acid in 1:2 molar ratio gave the crystalline complexes [Er(C3H2O4)(C3H3O4)(H2O)2]n (4) and {[Eu2(C3H2O4)2(C3H3O4)2(H2O)6].4H2O}n (5). The chloride ion did not participate in coordination demonstrating the greater affinity of Ln(III) ions for O than Cl. In every case, the pH of the reaction solution was adjusted to 5–6 in order to avoid the isolation of insoluble hydroxides. The compounds were isolated by slow evaporation of the reaction solution. The composition of the complexes was established from elemental and thermal analyses and verified by X-ray crystallography. All five complexes crystallized as polymeric substances.



IR Spectroscopy

The FTIR spectra of 1–5 are shown in Figures S1–S5. In the IR spectrum of malonic acid two intense bands at 1,737 and 1,706 cm−1 are observed due to νas(COO), while the symmetric stretches of carboxylate groups appear at 1,418 and 1,398 cm−1. The signals at 2,992, 2,948, and 3,398 cm−1 are associated with C-H and O-H stretching vibrations, respectively. The CH2 rock is detected at 771 cm−1.

In the IR spectra of all complexes the asymmetric and symmetric stretching bands of the carboxylate groups were observed around 1,600 and 1,300 cm−1, respectively (Deacon and Phillips, 1980; Rodríguez-Martín et al., 2002; Chrysomallidou et al., 2010; Hussain et al., 2018). There is a significant drop in frequencies of these bands relative to that of free malonic acid indicating the coordination of malonate ions. The broad peaks near 3,600 and 3,400 cm−1 correspond to the O-H stretching modes. The rocking vibration of coordinated H2O (ρ(H2O) was found at 837 cm−1 in complexes 1–3 and at 803 cm−1 in 4 and 5. The medium band around 950 cm−1 is ascribed to bending vibration, δ(O–C–O) of the carboxylate group. The M-O bonds absorbed at 276, 285, and 290 cm−1 for complexes 1, 2, and 3, respectively, which prabably represent the ν(M-Owater) vibrations (Chrysomallidou et al., 2010). These absorptions confirmed the formation of complexes as they were not observed in the ligand spectra. The spectral results are in agreement with the reported literature (Marrot and Trombe, 1994; Doreswamy et al., 2003; Chrysomallidou et al., 2010; Mathew et al., 2012).

The bands at 819 cm−1 in 1–3 mark the presence of nitrate ions (Alhoshani et al., 2019). The absence of a band around 1,700 cm−1 for complexes 1–3 indicates the deprotonation of COOH and coordination of carboxylate dianions to the metal ions. However, the peaks at 1,697 and 1,714 cm−1 in 4 and 5, respectively, correspond to C = O stretches of protonated carboxylic acid (COOH) (Chrysomallidou et al., 2010) as it is evident from crystal structures that the hydrogen malonate ions are present in these compounds.



Thermal Analysis

The simultaneous TG-DSC curves for complex 1 are shown in Figure 1. These curves express the mass losses in three consecutive steps. The first decomposition step occurs between 100 and 200°C that is attributed to the departure of four coordinated water molecules (experimental weight loss = 19%, calculated = 18.3%). This is evidenced by an endothermic peak of DSC at about 160°C. After the removal of water, the complex does not show sufficient thermal stability and starts releasing malonate ligand around 200°C. The decomposition of the malonic group is completed at 400°C with a weight loss of about 27% (calculated value 25.9%). The combustion of malonate is accompanied by two exothermic transitions in DSC. In the third stage nitrate is lost (as a nitrogen oxide) in the range of 400–650°C leaving behind ½Gd2O3 as a residue (experimental = 46%, calculated = 46.1%). The DSC plot shows an endothermic dip at about 600 °C attributable to the removal of nitrate.
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FIGURE 1. TGA curve and DSC curve of {[Gd(C3H2O4)(H2O)4]·NO3}n (1).



A close similarity to 1 is noted concerning the TG-DSC profiles of compounds 2 and 3, presented in Figures S6, S7, respectively. However, instead of 650°C for 1, the decomposition is completed at 900 and 600°C for 2 and 3, respectively. The DSC curves show endothermic and exothermic peaks that all are in agreement with the mass losses observed in the TG curves. The final residues in case of 2 and 3 correspond to 46 % ½Tb2O3 (calculated = 46.3%) and 47% ½Ho2O3 (calculated value 47.1%), respectively. The similarity of the thermal patterns suggests that the decomposition mechanism is the same for the three compounds.

As illustrated in Figure S8, for compound 4 the first mass loss of 8% occurs between 140 and 170°C, attributed to dehydration (calculated weight loss = 8.8 % for the removal of two water molecules) and is associated with an endothermic peak at 168°C. The loss of water at relatively higher temperature indicates the absence of water molecules of crystallization in the complex. After exclusion of coordinated water molecules, the anhydrous compound is stable up to 370°C. The second weight loss of 45% occurs due to the removal of two malonic groups in the temperature range of 370–900°C (calculated 50.2%), leaving behind 47% ½Er2O3 as residue (calculated = 46.8%). The DSC curve depicts two exotherms presumably due to combustion of organic moieties at 400 and 625°C.

The thermal behavior of complex 5 is described in Figure S9. The decomposition begins with the loss of two water molecules of crystallization in the temperature range 90–130°C (experimental weight loss = 8%; calculated = 8.1%). The second weight loss of 12% was observed in the range of 150–200°C and is ascribed to the elimination of three water molecules coordinated with metal atom. Thus, the thermogram clearly distinguishes the presence of uncoordinated and coordinated water molecules in the complex. After 225°C, the malonate ligands are lost reducing the mass by 41% (calculated = 45.8%). The final residue is 39% that is associated with ½Eu2O3 (calculated 39.4%). In the DSC plot an endotherm at about 150°C corresponds to the dehydration step, while the exotherms at about 300 and 410°C represent the combustion of the malonate ligands. The shapes of the TGA curves for 1–5 are similar to those of the other malonate-containing Ln3+ complexes described in the literature (Muraishi et al., 1991; Doreswamy et al., 2003; Chrysomallidou et al., 2010; Delgado et al., 2016) suggesting that the stability of the complexes is comparable to the reported ones.



Description of Crystal Structures

Single-crystal X-ray structural analysis revealed that compounds 1, 2, and 3 crystallize in the polar, orthorhombic space group Pmn21 and are isostructural. Therefore, complex 1 is taken as an example to present and discuss the structures in detail with any significant differences for 2 and 3 noted, where ever applicable. Selected bond distances and bond angles for 1 are presented in Table 2, while for 2–5 in Tables S1–S4, respectively. The hydrogen bonding details for 1–5 are given in Tables S5–S9, respectively.



Table 2. Selected bond lengths (Å), bond angles (°), and torsion angles (°) for 1.
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The asymmetric unit of 1 shown in Figure 2 consists of a Gd3+ ion (site symmetry m), a malonate (C3H2[image: image]) ligand (with the central C atom lying on a crystallographic mirror plane), four water molecules (two lying on a mirror plane) and a nitrate counter ion (the N atom and one of the O atoms have m site symmetry). The cationic complex is polymeric with each Gd3+ ion coordinated by four O atoms from three different malonate groups and by four water molecules adopting a fairly regular square anti-prismatic geometry. Each square face of GdO8 coordination polyhedron consists of two malonate O atoms and two O atoms of water molecules, but their dispositions are different (Figure 3). In the O1/O1i/O3/O5 face, the water O atoms are “trans” (lying across the square diagonal), whereas in the other, O2ii/O2iii/O4/O4i, they are “cis” (adjacent). The angles subtended at the Gd atom by them vary in the range of 72.01 to 144.61°. The malonate ligand is bonded to three different symmetry-related metal atoms yielding a two dimensional coordination polymer. It forms a six-membered chelate ring with one Gd3+ ion, while the remaining two carboxyl oxygen atoms bind in a unidentate mode to the other two metal ions. In this way, the coordination mode of the bridging malonate group can be described as μ3-κ2O,O'κO”,κO”' (Delgado et al., 2016). The six-membered chelate ring is well described as a boat conformation, with C1 × 2 and O2 × 2 exactly coplanar by symmetry and C2 and Gd1 displaced in the same sense by 0.610 (6) Å and 0.623 (7) Å, respectively.
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FIGURE 2. The asymmetric unit of 1 (50% displacement ellipsoids) expanded to show the full metal coordination sphere.
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FIGURE 3. The square anti-prismatic metal coordination geometry in 1.



The mean Gd–O bond distance in 1 is 2.390(4) Å (Table 2). The comparable distances for Tb in 2 (Table S1) and for Ho in 3 (Table S2) are 2.377(3) and 2.352(4) Å, respectively. This trend agrees well with that expected in terms of the lanthanide contraction effect (Bünzli, 2014). In each case, the M–Om (m = malonate) bonds are shorter than the M–Ow (w = water) bonds, which can be explained electrostatically in terms of stronger attraction to the delocalized negative charge on the malonate O atoms. The M-O bond lengths fall within the range observed for other Ln3+ complexes of malonate (Hernández-Molina et al., 2003; Cañadillas-Delgado et al., 2006; Delgado et al., 2016). The C1–O1 and C1–O2 bond lengths (Table 2) in the malonate ligand are almost equal, indicating delocalization of charge. The dihedral angle between the square planes is 2.84(16)° and the metal ion is displaced from the O1 and O2 planes by 1.248(2) and −1.330(2) Å, respectively.

In the extended structure of 1, the ligands bridge the metal ions into infinite cationic sheets of the formula [Gd(C3H2O4)(H2O)4]+ propagating in the (010) plane (Figure 4). Each malonate ligand links with three metal ions and the shortest Gd··· Gd separation within a layer is 6.1705(9) Å, slightly less than the shortest inter-layer separation of 6.7470(7) Å [The corresponding data for 2 = 6.1498(7) and 6.7359(5) Å, respectively, and for 3 = 6.1179(11) and 6.7123(10) Å, respectively]. The nitrate counter ions occupy the inter-layer sites and the inter-sheet bonding is consolidated by O–H··· O hydrogen bonds (Table S5), with malonate O atoms, water molecules and nitrate-O atoms all acting as acceptors. The hydrogen-bonding patterns in the terbium (Table S6) and holmium (Table S7) compounds are essentially identical to that in 1.
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FIGURE 4. Part of a (010) layer in the structure of 1 with the GdO8 moieties represented as green polyhedra and C, H, and O atoms shown as dark grey, white, and red spheres, respectively.



Complex 4 crystallizes in the unusual orthorhombic space group Fdd2. The asymmetric unit of 4 depicted in Figure 5 contains one erbium(III) ion (site symmetry 2), a malonate ligand, a hydrogen malonate anion and two water molecules. To balance the charge of Er3+, the malonate species must represent statistically disordered malonate (C3H2[image: image]) and hydrogen malonate (C2H3[image: image]) ions, with half of the O2 oxygen atoms in the crystal bearing a proton. The coordination polyhedra of Er3+ ion is a square antiprism defined by two chelating ligands (bonding via O1 and O3), two monodentate malonate ligands (via O4) and two water molecules. In both square faces (O1/O1i/O3/O3i and O4ii/O4iii/O5/O5i), the water molecules are located at “trans” positions (Figure S10). The dihedral angle between these planes is 0° (by symmetry) and the metal ion is displaced from them by −1.303(2) and 1.186(2) Å, respectively. The average Er–O bond length is 2.334(4) Å (Table S3) that agrees well with the reported values (Delgado et al., 2016). The chelate conformation is an asymmetric boat, with C2 and Er1 deviating from C1/O1/C3/O3 (r.m.s. deviation = 0.001 Å) by 0.324(6) and 0.827(6) Å, respectively. The C3–O3 and C3–O4 bond lengths in the ligand are almost the same, indicating the delocalization of charge. However, C1–O2 is much longer than C1–O1 as a result of its disordered protonation, as described above. It is notable that O2 (the protonated O atom) does not coordinate to the metal ion. The coordination mode of the C1/O1/O2 carboxyl group is η1 (monodentate) and that of C3/O3/O4 is μ2-η1:η1 (bridging). In the extended structure of 4 the malonate ligands are bound in chelating form on one side (through O1 and O3) and as a bridging entity (via O4) from the other side (μ2-κ2O,O'κO” coordination mode). The repeating units are cross-linked to generate a dense two-dimensional network, with no evidence of channels or pores. A part of the chain propagating in the (110) direction is expressed in Figure 6.
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FIGURE 5. The asymmetric unit of 4 (50% displacement ellipsoids) expanded to show the full metal coordination sphere.
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FIGURE 6. Part of a (110) chain in the structure of 4 with the ErO8 moieties represented as pink polyhedra and C, H, and O atoms shown as dark grey, white, and red spheres, respectively.



The structure of the compound does not match with any of the earlier reported structures of Ln3+complexes involving the hydrogen malonate ligand (Wenmei et al., 1992; Marrot and Trombe, 1994; Delgado et al., 2016).

Complex 5 is a 2D polymer consisting of neutral dinuclear asymmetric units (Figure 7) composed of two Eu3+ ions, two malonate dianions, two hydrogen malonate ions, six coordinated water molecules, and four water molecules of crystallization (one of which is disordered over two adjacent sites). In each dinuclear unit the two europium centers (Eu1 and Eu2) are bridged by the carboxylate groups of two hydrogen malonate ions to form a four membered Eu-O-Eu-O ring. Both metal ions are nine-coordinated by six carboxylate and three water oxygen atoms. The increase in coordination number from eight (for Gd3+ - Er3+) to nine (for Eu3+) is due to its larger size as compared with the others (Bünzli, 2014). The coordination polyhedron around Eu1 can be described as a distorted capped square antiprism (Figure S11) with O1/O3/O4i/O5 and O9/O10/O17/O18 sets (two water molecules cis) forming the square faces and O19 (water molecule) as the cap. The dihedral angle between the squares is 2.8(1)° and Eu1 is displaced from them by 0.7244(12) and −1.6269(12) Å, respectively. Eu2 possesses a similar coordination polyhedron, the squares of which are defined by O9/O13/O14ii/O15ii and O5/O6/O21/O22 (water molecules cis) [dihedral angle between them = 4.61(9)°] and the cap by O20. Eu2 is displaced from these squares by −0.7270(11) and 1.6413(12) Å, respectively. The malonate dianions behave as bridging as well as chelating (forming a six-membered chelating ring through O1 and O3) ligands adopting μ2-κ2O,O'κO” coordination mode. The hydrogen malonate ions bind only on one side in a μ2-κO,κ2O' manner. The carboxylate bonding modes in 5 are more varied than in 1–4: C1/O1/O2 is monodentate to Eu1 (η1 mode); C3/O3/O4 is bridging to two Eu1 atoms (μ2-η1:η1 mode); C4/O5/O6 bonds to both Eu1 and Eu2 in chelating-bridging μ2-η2:η1 mode; C7/O9/O10 is chelating-bridging (μ2-η2:η1 mode); C6/O7/O8 and C9/O11/O12 are protonated at O8 and O12, respectively and these two groups do not coordinate to the metal ion; C10/O13/O14 is bridging (μ2-η1:η1); C12/O15/O16 is monodentate (η1 mode). The ligands have different conformations as indicated by the following dihedral angles between the carboxylate groups: C1/O1/O2 + C3/O3/O4 = 34.4(3)°; C4/O5/O6 + C6/O7/O8 = 72.9(3)°; C7/O9/O10 + C9/O11/O12 = 87.0(3)°; C10/O13/O14 + C12/O15/O16 = 28.5(3)°.
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FIGURE 7. The asymmetric unit of 5 (50% displacement ellipsoids) with the non-coordinated water molecules of crystallization omitted for clarity.



The mean Eu–O distances are 2.454(2) and 2.457(2) Å for Eu1 and Eu2, respectively (Table S4), which are comparable to the literature data (Hansson, 1973a; Hernández-Molina et al., 2002; Zhang et al., 2007; Jin et al., 2012). For both metal ions, the charge-assisted Eu–O bonds from the deprotonated carboxylate groups tend to be the shortest. In the extended structure of 5, the europium polyhedra share an edge, via O5 and O9, resulting in a Eu1··· Eu2 separation of 4.3486 (4) Å. The ligands bridge the dinuclear species into (001) 2D sheets (Figure 8). Numerous O–H··· O hydrogen bonds (Table S9) consolidate the packing: the bonds from the O8 and O11 carboxyl groups (one to another ligand O atom and one to a water molecule) have notably shorter H··· O separations than the bonds arising from the water molecules.
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FIGURE 8. Part of a (001) layer in the structure of 5 with the Eu1O9 and Eu2O9 moieties represented as blue and green polyhedra, respectively and C, H, and O atoms shown as dark grey, white, and red spheres, respectively.





Comparative Structural Analysis

The crystal structures of several lanthanide compounds containing malonate ligand have been reported, which describe the ability of the malonate ion to adopt monodentate, chelating, and bridging coordination modes. The six-membered chelate ring through the two carboxylate groups is quite common in the lanthanide complexes (Delgado et al., 2016). In the present series of complexes, the malonate2− ligand adopts two types of coordination modes; μ3-κ2O,O’κO”,κO”’ (1–3) and μ2-κ2O,O’κO” (4,5) leading to 2D network structures.

A closer look at the previously reported structures of the Ln(III)-malonate (mal2−) compounds shows that most of them are dinuclear having the general formula, [Ln2(mal)3(H2O)6]n.xH2O (Delgado et al., 2016), (Ce, Sm) (Doreswamy et al., 2003; Chrysomallidou et al., 2010) (Pr), (Hansson, 1973b; Doreswamy et al., 2005), (Nd) (Hernández-Molina et al., 2002; Zhang et al., 2007), (Eu) (Hernández-Molina et al., 2003; Cañadillas-Delgado et al., 2006) (Gd), (Fang et al., 2008), (Dy), or [Ln2(mal)3(H2O)5]n·xH2O (Delgado et al., 2016) (Ho, Tb, Dy, Er, Yb) (Hernández-Molina et al., 2003; Cañadillas-Delgado et al., 2006) (Gd) (Hansson, 1973a), (Eu). Some of them exist in the mononuclear form (Wenmei et al., 1992; Marrot and Trombe, 1994; Chrysomallidou et al., 2010; Silva et al., 2010). The trivalent lanthanide cations (because of their high charge and small size) have high affinity for water and therefore, the coordination sphere is usually completed by water molecules. Most of the structures are assembled into 3D coordination frameworks, while some as 1D or 2D polymers. The richness of structural architectures could be related to the versatility of malonate coordination modes and high values of the coordination number and flexibility of geometries of the Ln(III) ions.

In the majority of the complexes, the metal ions exhibit the coordination number nine, and the common geometries are tri-capped trigonal prism and distorted monocapped square antiprism (Delgado et al., 2016). In [Pr2(mal)3(H2O)6] and its dihydrate, the coordination environment is distorted capped tetragonal antiprism (Chrysomallidou et al., 2010). [Gd2(mal)3(H2O)5]n.2nH2O is eight-coordinated in which the Gd environment is distorted square antiprismatic (Cañadillas-Delgado et al., 2006). Complexes with coordination number of ten are also known. For example, in 1D polymeric [CeCl(mal)(H2O)3].0.5(H2O), the cerium center adopts a highly distorted dodecahedron (Silva et al., 2010). The coordination polyhedra of metal ions in [La(H2O)2(mal)(mal-H)].H2O and [PrCl(mal)(H2O)3]n·0.5nH2O are best described as distorted tetracapped trigonal prism (Marrot and Trombe, 1994) and bicapped tetragonal antiprism (Chrysomallidou et al., 2010), respectively. The extensive network of hydrogen bonds in the polymers enhances their structural stability.

The structures of the complexes presented here (1–5) do not possess similarity to any of the previously reported structures. Four of the five complexes exist as mononuclear 2D polymers, while the fifth (5) is dinuclear. Two complexes (4 and 5) are non-ionic as usual, but three (1–3) contain nitrate as a counter ion, which are so far unprecedented. In complexes 1–4, the metal ions are eight-coordinated. The increase in coordination number from eight (for Gd3+-Er3+) to nine (for Eu3+) is due to its larger size compared with the others. The change in coordination number from nine to eight can be related to the lanthanide contraction (Bünzli, 2014).



Photoluminescence Properties

The excitation and emission spectra of 1–5 were recorded in the solid state at room temperature. All these compounds 1–5 exhibited luminescence in the visible region but most excellent results were obtained for compounds 2 and 5. The excitation spectrum of 2 was recorded to monitor the strongest emission of terbium (5D4 → 7F5) at 548 nm. The spectrum of 2 (Figure 9A) exhibited ligand excited peaks between 230 and 270 nm which correspond to the S0 → S3, S2 of the ligand transitions. The peaks in the terbium spectrum were observed at 318, 341, 351, 365, and 379 nm which correspond to the 7F6 → 5H7, 5D0, 1, 7F6 → 5D2, 7F6 → 5D3, 7F6 → 5L10, and 7F6 → 5G6 transitions, respectively. The excitation spectrum of 5 was recorded to monitor the strongest emission of europium (5D0 → 7F2) at 619 nm. The spectrum of 5 (Figure 9B) also exhibited broad band between 230 and 275 nm that represents the ligand excitations S0 → S3 and S0 → S2. The excitation peaks of europium are located at 300, 317, 360, 381, 393, 413, and 461 nm attributed to the 7F0 → 5FJ, 7F0 → 5HJ, 7F0 → 5D4, 7F0 → 5L7, 7F0 → 5L6, 7F0 → 5D3, and 7F0 → 5D3 transitions, respectively. The major ligand excitation signal S0 → S1 expected at 370 nm might be superimposed on strong peaks 7F6 → 5L10 and 7F0 → 5L7 in 2 and 5, respectively. The excitation spectra of 2 and 5 depict that the ligand absorbs at shorter wavelength (230-−280 nm) for excitation which helps to sensitize the symmetry forbidden f-f transition of Tb(III) and Eu(III) ions, respectively. The emission spectrum of 2 under the excitation wavelength of 365 nm is shown in Figure 10A which exhibits five characteristic f–f emission peaks of terbium at 496, 548, 584, 626, and 654 nm attributed to the 5D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4, 5D4 → 7F3, and 5D4 → 7F2 transitions, respectively. The strongest emission is observed by electric dipole transition at 548 nm (5D4 → 7F5) due to the induced effect of the coordinated ligand, which confers to the intense green luminescence output from the solid sample when irritated under UV light (Hou et al., 2013; Bogale et al., 2017a,b). In some previously reported terbium carboxylate polymers, the intensity of this emission is quenched in the presence of Fe3+ and nitroaromatics, and can be used as a sensor for the detection of metal ions and nitro compounds (Bogale et al., 2017a,b). The magnetic transition at 490 nm (5D4 → 7F6) is relatively very weak with intensity ratio 1:6 (5D4 → 7F6: 5D4 → 7F5) that is almost insensitive to the coordinated environments (Bogale et al., 2017a,b). These peaks have been observed in other terbium complexes (Zhao et al., 2004; Hou et al., 2013, 2014). The emission spectrum of 5 under the excitation of 381 nm is shown in Figure 10B which exhibits five characteristic f–f emission peaks of europium 560 nm (5D1 → 7F1), 597nm (5D0 → 7F1), 619 nm (5D0 → 7F2), 661 nm (5D0 → 7F3), and 560 nm (5D0 → 7F4). Among them an induced electric dipole transition 5D0 → 7F2 is the most intense which is hypersensitive to the chemical environment in the vicinity of Eu(III) ion and responsible for the strong red emission when irradiated under UV light (Hou et al., 2014). The magnetic dipole transition at 597 nm (5D0 → 7F1) that is less sensitive to the coordinated environment is relatively weak compared with the electric dipole transition. The Eu(III) transition rule states that the magnetic dipole transition (5D0 → 7F1) will be more intense when there exists a center of inversion. The intensity of electric dipole transition 5D0 → 7F2 transition will be decreased as the site symmetry of Eu(III) ion increases (Hou et al., 2014). By comparing the intensity of 5D0 → 7F2 (619 nm) and 5D0 → 7F1(597nm) for 5, the intensity ratio is about 4:1 which suggests that europium ion exists in the low symmetry environment and there is no center of inversion as revealed by the X-ray structural analysis of compound 5 (Gu and Xue, 2006). The excitation and emission spectra of 3 (Figure S12) exhibited sharp peaks with broad bases at 370 (5I8 → 3G6) and 570 nm (5S2, 5F4 → 5I8.), respectively. In addition, few broad peaks are observed between 400 and 500 nm in the emission spectrum of 3 which are difficult to designate. The emission spectra of 1 (Figure S13B) and 4 (Figure S14B) are different from 2, 3, and 5. No characteristic peaks of gadolinium and erbium are observed in the emission spectra of 1 and 4 except broad emission bands at 560 and 470 nm, respectively.
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FIGURE 9. Solid state excitation spectra of 2 (A) and 5 (B) to monitor emission wavelength at 548 and 619 and respectively.
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FIGURE 10. Solid state emission spectra of 2 (A) and 5 (B) excited at 365 and 381 nm respectively.



Plush and Gunnlaugsson reported that a dinuclear europium(III) bismacrocyclic complex (Plush and Gunnlaugsson, 2007) showed significant enhancement in europium(III) emission when titrated with malonic acid at pH 6.5. When this dinuclear complex was titrated with other dicarboxylates such acetate, succinate, aspartate, and glutarate acids at the same pH, the Eu(III) emission on all occasions was quenched (Plush and Gunnlaugsson, 2007). Thus, we believe that malonic acid is most suitable to produce excited states that help to sensitize the lanthanide luminescence compared with the other aliphatic dicarboxylates.



Magnetic Properties

The room temperature magnetic moments of complexes 1–5 are provided in Table 3. The experimental μeff values for these complexes are near to the Hund (except for 5) and Van Vleck (Van Vleck, 1932) values for the applicable free Ln(III) ion. The non-zero moment for 5 can be ascribed to the contribution of low-lying excited states to the magnetism, as observed in other europium(III) complexes (Ferenc et al., 2013a,b). These data indicate that the energies of the 4f orbitals in the title compounds differ a little from the free lanthanide(III) ions due to the fact that 5s2 and 5p6 orbitals are completely filled and strongly shield the 4f orbitals. Thus, it supports the assumption of the electrostatic nature of metal-ligand bonding in these compounds (Sinha, 2012; Kettle, 2013).



Table 3. The room temperature experimental values of effective magnetic moment (μeff) for 1-5 and Van Vleck and Hund magnetic moment (μeff) for free lanthanide ions.
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Computational Study of Optoelectronic Properties of [Gd(C3H2O4)(H2O)4]n·NO3}n (1)

The optoelectronic properties of compound 1 were explored using first principle methods (Supporting Information). The theoretical calculations have been performed within periodic boundary conditions (PBC) using DFT functional called PBE (in generalized gradient approximation) in solid-state calculations. Further details about computational parameters including Brillouin Zone (BZ) sampling and energy cut-offs are given in the Supporting Information. All the computational calculations were performed using Cambridge Serial Total Energy Package (CASTEP) in Material Studio (Carter et al., 2006). A detailed comparison of optimized geometry and experimental single crystal geometry of compound 1 is presented in Table S10 and Figure S16, which indicates the reliability of our chosen geometry in the present investigation.



Density of States (DOS)

In order to understand the structure-property relationship, we have calculated total density of states (TDOS) and partial density of states (PDOS) for compound 1. The TDOS and PDOS projected into individual states contributions of the molecule were calculated for compound 1 as shown in Figure 11. The total DOS shows a lot of structural patterns that can be better understood by looking at the PDOS. It can be seen that in deep valence band the contributions of s- and p-states from oxygen atoms are significant in the range of −25 to −3 eV, which indicates significant ligand contributions in the molecular structure. On the other hand, around the Fermi-level the contributions from p- and f-states are significant. Hybridization effects can also be analyzed using PDOSs from Figure 10. The significant contributions of p-states of O atoms and f-states of Gd atoms around −0.5 eV indicates the strong bonding character or energy states hybridization of gadolinium atoms with oxygen atoms of ligands.
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FIGURE 11. The calculated TDOS and PDOS graph for 1 at GGA-PBE level of theory.





Optical Properties

In the past, the photophysical and electroluminescence properties of rare earth metals have been studied very keenly because of their many technological applications i.e., optical amplifiers, luminescent solar concentrators, and active waveguides (Kenyon, 2002; Kido and Okamoto, 2002; Armelao et al., 2010; Katkova and Bochkarev, 2010; Heffern et al., 2013; Reisfeld, 2015). Along similar lines, we have calculated some important optical parameters, including real and imaginary parts of dielectric function, refractive index, extinction coefficient and absorption spectrum in the solid-state for 1 using periodic boundary conditions. The real and imaginary parts of the dielectric function are presented in Figure 12. The dielectric function is the response of the material to the alternating electric field. Experimentally, dielectric function is calculated using dielectric techniques e.g., dielectric relaxation spectroscopy (DRS). In the present investigation, the optical functions of compound (1) are calculated for photon wavelength up to 800 nm to the direction of polarization vector [100]. For compound 1, its real and imaginary parts of the dielectric function show peaks of maximum dielectric function values (real = 2.2 and imaginary = 1.5) in the range of 200 nm to 300 nm, which indicates that the maximum interaction of light occurs in this range. The refractive index and extinction coefficients also show the highest values of n (1.52) and k (0.64) at similar wavelengths as that of dielectric function in the UV region. These values indicate by how much the value is bent when entering the material.
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FIGURE 12. The calculated optical properties of 1, including real and imaginary parts of the dielectric function, refractive index, and extinction.



Moreover, we have also calculated the UV-Visible spectrum for compound 1 by using the PBE-GGA method for solid-state crystal structure. In addition to the commutated UV-Visible spectrum, we have also experimentally recorded the UV-Visible spectrum in ethanol solution. Both the calculated and experimental spectra are illustrated in Figure 13. It is important to mention that the experimental spectrum is only available in the range of 190–400 nm due to the limits of our spectrophotometer. Owing to the above situation and to make a comprehensive comparison of computed and experimental UV-Visible spectra, we have also presented the enlarged part of the computationally generated UV-Visible spectrum in the range of 150–400 nm as shown in Figure 13. A comparison of computationally generated and experimental UV-Visible spectra shows that they are in reasonable agreement with each other. The maximum absorption wavelengths in both spectra are found to be around ~215 nm. Moreover, the absorption ranges for both the spectra are between 175 and 300 nm. The experimental spectrum for compound 1 shows one shoulder peak which might be due to the fact that it has been measured in ethanol while the computationally generated spectrum is in the solid state. The absorption values display maximum amplitudes in the range of 200–250 nm with good absorption coefficients in the ultraviolet region that could be valuable for the possible application of compound 1 as a UV sensor. Thus, we believe that these optical properties can be very helpful to offer a theoretical basis for the experimental analysis of photophysical properties in future, and to get new physical insights from the molecules to materials.
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FIGURE 13. The calculated (PBE-GGA) and experimental (in ethanol) absorption spectra of compound 1.






CONCLUSIONS

Five new lanthanide-malonate coordination polymers (1–5) with two- or three-dimensional connectivity have been synthesized and their crystal structures were determined by X-ray crystallography. The complexes 1–4 are monoculear and the central Ln3+ ions are eight-coordinate assuming square antiprism geometry. Complex 5 is dinuclear with the nine-coordinated Eu3+ ions possessing the mono-capped square antiprism polyhedra. The malonate and hydrogen malonate ligands show typical versatility in their chelating, bridging, and combined bonding modes to the different metal ions. So far as we are aware, all three are new crystal structure types. Most of the known compounds such as, [Gd2(C3H2O4)3(H2O)6]n·2nH2O (Cañadillas-Delgado et al., 2006) [Er2(C3H2O4)3(H2O)5]n·2nH2O, (Delgado et al., 2016), and [Eu2(C3H2O4)3(H2O)6]n·2nH2O (Hernández-Molina et al., 2002) contain dianionic malonate ligands, while only a few reports are available on the hydrogen malonate complexes (Wenmei et al., 1992; Marrot and Trombe, 1994). The IR spectra also indicate the presence of hydrogen malonate ligand in 4 and 5. The results of the thermogravimetric analysis verified the composition of the investigated complexes. The photoluminescence spectra of 2 and 5 exhibit characteristic emission of Tb(III) and Eu(III), respectively. Additionally, we have used the first principle calculations for compound 1 to explore its optoelectronic properties. The prediction of dielectric function, refractive index, extinction coefficient and absorption spectrum shed light on prospective applications as optical materials. The maximum dielectric function and other absorption coefficients in the UV region for compound 1 indicate its potential application as a UV sensor. A comparison of computationally generated and experimental UV-Visible spectra shows that they are in reasonable agreement with each other having maximum absorption around ~215 nm. Thus, we strongly believe that the present set of synthesis, characterization, and computational insights will evoke the significant interests of scientific community in the chemistry of rare-earth coordination polymers.
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Reaction of Ru3(CO)12 with two equiv of 6-bromopyridine alcohols 6-bromopyCHROH [(R = C6H5 (L1); R = 4-CH3C6H4 (L2); R = 4-OMeC6H4 (L3); R = 4-ClC6H4 (L4); (R = 4-CF3C6H4 (L5); R = 2-OMeC6H4 (L6); R = 2-CF3C6H4 (L7)] and 6-bromopyC(Me)2OH (L8) in refluxing xylene afforded novel trinuclear ruthenium complexes [6-bromopyCHRO]2Ru3(CO)8 (1a-1g) and [6-bromopyC(Me)2O]2Ru3(CO)8 (1h). These complexes were characterized by FT-IR and NMR spectroscopy as well as elemental analysis. The structures of all the complexes were further confirmed by X-ray crystallographic analysis. In the presence of tert-butyl hydroperoxide (TBHP) as the source of oxidant, complexes 1a-1h displayed high catalytic activities for oxidation of primary and secondary alcohols and most of oxidation reactions could be completed within 1 h at room temperature.

Keywords: ruthenium carbonyl complexes, alcohols oxidation, t-butyl hydroperoxide, pyridine alcohols, chemoselectivity


INTRODUCTION

As a class of common starting materials, alcohols can beeasily converted into a variety of useful compounds via organic synthesis methods (Salvatore et al., 2001; Crabtree, 2017). Among all transfer strategies, oxidation of alcohols into their corresponding carbonyl compounds is one of the fundamental and important chemical reactions (Sheldon et al., 2000, 2002; Mallat and Baiker, 2004; Vazylyev et al., 2005; Parmeggiani and Cardona, 2012; Cao et al., 2014; Wang et al., 2017) and the oxidation products, including aldehydes, ketones and carboxylic acids, are important building blocks for synthesis of pharmaceuticals and fine chemicals (Caron et al., 2006; Bianchini and Shen, 2009; Simon and Li, 2012; Balaraman et al., 2013). Conventional oxidation methods to access these compounds usually require stoichiometric amounts of inorganic oxidants, such as chromium(VI) compounds (Canielli and Cardillo, 1984; Tojo and Fernández, 2007), hypervalent iodine reagents (Uyanik and Ishihara, 2009) or radical oxidants i.e., N-methylmorpholine-N-oxide (NMO) (Kumar et al., 2007; Gunasekaran et al., 2011; Saleem et al., 2013), 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) (Dijksman et al., 2001; Wang et al., 2008; Allen et al., 2013). Such reactions often result in the generation of numerous wastes which caused serious environment problems. To ease this issue, great efforts have been devoted to the development of atom-economic and green methods. Molecular oxygen is one of the green oxidants and the H2O is the only by-product (Punniyamurthy et al., 2005). But in most aerobic alcohol oxidation systems, the additives e.g., TEMPO and large amounts of base are also needed, which makes the reaction system more complicated (Wang et al., 2005; Kumpulainen and Koskinen, 2009; Hoover et al., 2012). In addition, H2O2 is also used as an environmentally benign oxidant (Campestrini et al., 2004; Zhou et al., 2013; Ren et al., 2015; Vermaak et al., 2018). However, due to its limited oxidation capacity, the catalytic system should be assisted by carboxylic acid or H2SO4 as an additive to achieve a high efficiency (Dai et al., 2015; Miao et al., 2017). Compared with above oxidants, tert-butyl hydroperoxide (TBHP) is an alternative suitable oxidant and widely used in oxidation reactions, particularly in olefin epoxidation (Chen and Luck, 2016; Kashani et al., 2018) and C–H bond oxidation (Murahashi et al., 2000; Kudrik and Sorokin, 2017; Sarma et al., 2018). There are also some successful examples of using TBHP as an external oxidant in alcohol oxidation (Sarkar et al., 2014; Annunziata et al., 2018; Borah et al., 2018). In spite of this progress, less attention has been paid to this research area. Therefore, it is in an urgent demand to develop mild and efficient oxidation systems using TBHP as an oxidant.

It is well-known that transition metal complexes play a crucial role in oxidation process. Many transition metal catalysts including ruthenium (Shapley et al., 2000; Lybaert et al., 2017; Sarbajna et al., 2017; Moore et al., 2019), palladium (Stahl, 2004; Sigman and Jensen, 2006; Ho et al., 2018), copper (Velusamy et al., 2006; Jehdaramarn et al., 2018; Lagerspets et al., 2019), and iron (Coleman et al., 2010; Stanje et al., 2018) have been reported for promoting the oxidation of alcohols. Among them, ruthenium compounds are intensively studied because of their rich structures and various valence states. For example, Ramesh and co-workers reported that ruthenium(II) carbonyl 2-(arylazo)phenolate complexes could oxidize sensitive group-contained alcohols with moderate to high conversion (Kumar et al., 2007). The group of Zhang synthesized several ruthenium complexes containing 2-(biphenylazo)phenolate ligands that successfully achieved high catalytic activity in the presence of NMO without diminishing chemoselectivity (Tang et al., 2018). However, very few examples were focused on di-or tri-nuclear ruthenium complexes and their applications in organic reactions were limited. Recently, we have reported a series of triruthenium carbonyl complexes and their efficient oxidation behavior toward secondary alcohols, while these Ru compounds showed poor reactivity in oxidation of primary alcohols (Hao et al., 2018a,b, 2019). As part of our continuing efforts in developing novel ruthenium carbonyl complexes and their applications in alcohol oxidation, herein, we reported the synthesis and characterization of several ruthenium carbonyl complexes supported by pyridine-alkoxide ligands and their catalytic properties in the oxidation of primary and secondary alcohols using TBHP as an oxidant.



EXPERIMENTAL


Materials and Methods

All manipulations were performed under a nitrogen atmosphere using standard Schlenk techniques. Solvents for reaction were distilled from appropriate drying agents under N2 before use. All the chemical reagents were purchased from commercial sources. Ru3(CO)12 was prepared by literature methods (Fauré et al., 2003). NMR spectra were measured using a Bruker Avance III-500 NMR spectrometer at room temperature with TMS as internal standard. Melting points were determined using an SGW X-4A Digital Melting Point Apparatus. IR spectra were recorded as KBr disks on a Thermo Fisher iS 50 spectrometer in the range 4,000–600 cm−1 and elemental analyses were performed on a Vario EL III analyzer.



Preparation of 6-bromopyCH(2-CF3C6H4)OH (L7)

To a dried Et2O (30 mL) of 2, 6-dibromopyridine (3.55 g, 15 mmol) at −78°C, n-BuLi (9.5 mL, 15 mmol) was added dropwise via a syringe in 10 min and the solution was stirred at −78°C for 1 h. After addition of 2-(trifluoromethy)benzaldehyde (2.61 g, 15 mmol), the mixture was allowed to warm to room temperature and stirred overnight. The reaction solution was neutralized with aqueous NH4Cl and the organic phase was separated. The aqueous layer was extracted with CH2Cl2 (3 × 10 mL), and combined organic fractions were dried over MgSO4 and the residue was placed in an Al2O3 column with ethyl acetate/petroleum ether as an eluent to give L7 as a off-white powders (2.04 g, 46%). 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.69 (d, J = 7.9 Hz, 1 H, Py-H), 7.53 (t, J = 7.7 Hz, 1 H, Py-H), 7.45–7.49 (m, 2 H, C6H4), 7.41 (d, J = 8.2 Hz, 2 H, C6H4), 6.96 (d, J = 7.7 Hz, 1 H, Py-H), 6.15 (s, 1 H, CH), 4.93 (s, 1 H, OH). 13C NMR (CDCl3, 125 MHz, 298 K): δ 161.9, 141.1, 140.8, 139.5, 132.6, 129.9, 128.4, 128.2, 127.2, 125.5 (q, JC−F = 5.5 Hz), 123.1 (q, JC−F = 272 Hz), 120.6, 69.5 ppm.



Preparation of (6-bromopyCHC6H5O)2Ru3(CO)8 (1a)

A solution of ligand precursor L1 (0.248 g, 0.938 mmol) and Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene was refluxed for 10 h. After evaporation of the solvent in vacuo, the residue was placed in an Al2O3 column. Elution with ethyl acetate/petroleum ether gave 1a as orange crystals (yield 0.307 g, 62%). Mp: 168–169°C. Anal. Calc. for C32H18Br2N2O10Ru3: C, 36.48; H, 1.72; N, 2.66. Found (%): C, 36.30; H, 1.85; N, 2.71. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.61 (d, J = 7.7 Hz, 2 H, Py-H), 7.25–7.29 (m, 8 H, Py-H, C6H4), 7.15 (d, J = 6.5 Hz, 4 H, C6H4), 6.62 (d, J = 7.7 Hz, 2 H, Py-H), 5.58 (s, 2 H, CH) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 205.9, 202.9, 200.8, 190.1, 170.8, 144.8, 143.4, 138.2, 128.7, 128.4, 128.3, 128.0, 120.0, 91.7 ppm. IR (υCO, KBr, cm−1): 2081(s), 2015(s), 1998(vs), 1909(s).



Preparation of [6-bromopyCH(4-MeC6H4O)]2Ru3(CO)8 (1b)

Complex 1b was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L2 (0.261 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1b as orange crystals (yield 0.358 g, 70%). Mp: 173–175°C. Anal. Calc. for C34H22Br2N2O10Ru3: C, 37.76; H, 2.05 N, 2.59. Found (%): C, 37.91; H, 2.19, N, 2.45. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.60 (d, J = 7.7 Hz, 2 H, Py-H), 7.26 (t, J = 7.7 Hz, 2 H, Py-H), 7.09 (d, J = 7.9 Hz, 4 H, C6H4), 7.04 (d, J = 8.0 Hz, 4 H, C6H4), 6.60 (d, J = 7.7 Hz, 2 H, Py-H), 5.54 (s, 2 H, CH), 2.30 (s, 6 H, CH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 206.0, 203.0, 200.9, 190.2, 171.0, 144.7, 140.5, 138.1, 138.0, 129.3, 128.2, 127.9, 119.9, 91.5, 21.4 ppm. IR (υCO, KBr, cm−1): 2085(s), 2015(s), 2000(s), 1909(s).



Preparation of [6-bromopyCH(4-OMeC6H4O)]2Ru3(CO)8 (1c)

Complex 1c was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L3 (0.276 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 ml of xylene generated complex 1c as orange crystals (yield 0.337 g, 65%). Mp: 176–177°C. Anal. Calc. for C34H22Br2N2O12Ru3: C, 36.67; H, 1.99, N, 2.52. Found (%): C, 36.53; H, 2.10, N, 2.44. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.59 (d, J = 7.7 Hz, 2 H, Py-H), 7.26 (t, J = 7.7 Hz, 2 H, Py-H), 7.07 (d, J = 8.6 Hz, 4 H, C6H4), 6.81 (d, J = 8.6 Hz, 4 H, C6H4), 6.60 (d, J = 7.7 Hz, 2 H, Py-H), 5.55 (s, 2 H, CH), 3.76 (s, 6H, OCH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 206.0, 203.0, 200.9, 190.2 171.1, 159.6, 144.7, 138.1, 135.9, 129.3, 128.2, 120.0, 114.1, 91.2, 55.4 ppm. IR (υCO, KBr, cm−1): 2078(s), 2004(s), 1993(vs), 1912(s).



Preparation of [6-bromopyCH(4-ClC6H4O)]2Ru3(CO)8 (1d)

Complex 1d was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L4 (0.281 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1d as orange crystals (yield 0.267 g, 51%). Mp: 182–183°C. Anal. Calc. for C32H16Br2Cl2N2O10Ru3: C, 34.24; H, 1.44, N, 2.50. Found (%): C, 34.34; H, 1.52, N, 2.48. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.64 (d, J = 7.5 Hz, 2 H, Py-H), 7.31 (t, J = 7.7 Hz, 2 H, Py-H), 7.29 (d, J = 8.3 Hz, 4 H, C6H4), 7.08 (d, J = 8.3 Hz, 4 H, C6H4), 6.61 (d, J = 7.7 Hz, 2 H, Py-H), 5.54 (s, 2 H, CH) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 205.8, 202.8, 200.9,189.7, 170.1,144.9, 141.8, 138.3, 134.2, 129.3, 129.0, 128.6, 119.9, 90.9 ppm. IR (υCO, KBr, cm−1): 2084(s), 2012(s), 1998(s), 1915(s).



Preparation of [6-bromopyCH(4-CF3C6H4O)]2Ru3(CO)8 (1e)

Complex 1e was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L5 (0.339 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1e as orange crystals (yield 0.267 g, 48%). Mp: 177–179°C. Anal. Calc. for C34H16Br2F6N2O10Ru3: C, 34.33; H, 1.36, N, 2.36. Found (%): C, 34.44; H, 1.30, N, 2.43. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.67 (d, J = 7.7 Hz, 2 H, Py-H), 7.57 (d, J = 8.1 Hz, 4 H, C6H4), 7.35 (t, J = 7.8 Hz, 2 H, Py-H), 7.29 (d, J = 8.0 Hz, 4 H, C6H4), 6.64 (d, J = 7.6 Hz, 2 H, Py-H), 5.61 (s, 2 H, CH) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 205.6, 202.7, 200.9, 189.5, 169.7, 146.9, 145.0, 138.5, 130.7, 128.9, 128.2, 125.8 (q, JC−F = 2.7 Hz), 123.1 (q, JC−F = 270.5 Hz), 120.0, 91.1 ppm. IR (υCO, KBr, cm−1): 2083(s), 2017(s), 1993(s), 1912(s).



Preparation of [6-bromopyCH(2-OMeC6H4O)]2Ru3(CO)8 (1f)

Complex 1f was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L6 (0.276 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1f as orange crystals (yield 0.298 g, 57%). Mp: 183–184°C. Anal. Calc. for C34H22Br2N2O12Ru3: C, 36.67; H, 1.99, N, 2.52. Found (%): C, 36.75; H, 2.12, N, 2.45. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.59 (d, J = 7.7 Hz, 2 H, Py-H), 7.24–7.19 (m, 4 H, C6H4, Py-H), 6.85 (d, J = 8.2 Hz, 2 H, C6H4), 6.76 (t, J = 7.4 Hz, 2 H, C6H4), 6.61 (d, J = 7.6 Hz, 2 H, Py-H), 6.50 (d, J = 7.5 Hz, 2 H, C6H4), 6.04 (s, 2 H, CH), 3.94 (s, 6 H, OCH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 206.2, 203.1, 201.1, 190.7, 171.2, 157.3, 144.9, 138.0, 131.7, 129.4, 128.3, 128.1, 120.0, 119.2, 110.3, 84.9, 55.2 ppm. IR (υCO, KBr, cm−1): 2086 (s), 2020 (vs), 1995 (s), 1960 (s), 1905 (s).



Preparation of [6-bromopyCH(2-CF3C6H4O)]2Ru3(CO)8 (1g)

Complex 1g was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L7 (0.339 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1g as orange crystals (yield 0.212 g, 38%). Mp: 186–188°C. Anal. Calc. for C34H16Br2F6N2O10Ru3: C, 34.33; H, 1.36, N, 2.36. Found (%): C, 34.25; H, 1.41, N, 2.43. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.69 (d, J = 7.8 Hz, 2 H, Py-H), 7.62 (d, J = 7.9 Hz, 2 H, C6H4), 7.43 (t, J = 7.6 Hz, 2 H, Py-H), 7.35–7.30 (m, 6 H, C6H4), 6.51 (d, J = 7.7 Hz, 2 H, Py-H), 5.61 (s, 2 H, CH) ppm. 13C NMR (CDCl3, 125 MHz, 298 K): δ 204.9, 203.1, 200.8, 190.0, 169.9, 145.3, 141.9, 138.5, 132.3, 129.9, 128.7, 127.9, 126.4, 125.7 (q, JC−F = 4.6 Hz), 123.0 (q, JC−F = 273.8 Hz), 119.8, 85.5 ppm. IR (υCO, KBr, cm−1): 2089(m), 2022(s), 2001(s), 1969(s), 1914(s).



Preparation of [6-bromopyCH(Me)2O]2Ru3(CO)8 (1h)

Complex 1h was prepared in a similar procedure to that described above for preparation of 1a. Reaction of L8 (0.202 g, 0.938 mmol) with Ru3(CO)12 (0.300 g, 0.469 mmol) in 30 mL of xylene generated complex 1h as orange crystals (yield 0.305 g, 68%). Mp: 171–172°C. Anal. Calc. for C24H18Br2N2O10Ru3: C, 30.11; H, 1.89; N, 2.93. Found (%): C, 30.25; H, 1.99; N, 2.81. 1H NMR (CDCl3, 500 MHz, 298 K): δ 7.51 (d, J = 7.6 Hz, 2 H, Py-H), 7.41 (t, J = 7.7 Hz, 2 H, Py-H), 6.89 (d, J = 7.6 Hz, 2 H, Py-H), 1.37 (s, 6 H, CH3), 1.18 (s, 6 H, CH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K) δ 206.9, 202.9, 202.7, 191.0, 175.7, 145.6, 138.8, 128.2, 118.7, 87.7, 34.7, 31.1 ppm. IR (υCO, KBr, cm−1): 2080(s), 2007(s), 1966(s), 1906(s).



General Procedure for Catalytic Oxidation of Alcohols

An alcohol substrate (1.0 mmol), complex 1c (0.005 mmol) and TBHP (2.5 mmol) was placed in a 2-neck 25 mL round bottom flask and degassed 2 times. Two milliliter of dried CH3CN was then added and the resulting mixture was reacted at room temperature for 1 h under an N2 atmosphere. After the reaction was complete, the solvent was removed under reduced pressure and the residue was purified by Al2O3 column chromatography (eluent ethylacetate/petroleum ether v/v = 1/15) to afford the desired product, which was identified by comparison with the authentic sample through NMR and GC analyses.



Crystal Structural Determination

Single crystals of complexes 1a-1h suitable for X-ray crystal structural analysis were obtained from a CH2Cl2/n-hexane mixed solvent system. Data collection was performed on a Bruker SMART 1000 diffractometer, using graphite-monochromated Mo-K radiation (ω-φ scans, λ = 0.71073 Å). The structures were solved by direct methods and refined by full-matrix least squares. All calculations were using SHELXTL crystallographic software packages (Sheldrick, 1997). The crystal data and summary of X-ray data collection are presented in Tables S2, S3.




RESULTS AND DISCUSSION


Synthesis of Ligands and Ruthenium Complexes

6-bromopyridine alcohol ligands L1-L6 and L8 were synthesized according to the literature procedure (Tsukahara et al., 1997; Song and Morris, 2004) and identified by NMR and elemental analysis prior to use. L7 was synthesized following similar methods. 2,6-Dibromopyridine reacted with n-BuLi and 1 equiv of o-substituted aldehydes was added to the reaction mixture, then hydrolysis led to the target ligand.

Ruthenium clusters were prepared in moderate to high yields from Ru3(CO)12 by treating with 2.0 equiv of ligands L1-L8 in refluxing xylene, respectively. The general synthetic route for these new compounds is depicted in Scheme 1. These trinuclear Ru complexes were identified by FI-IR, NMR spectroscopy and elemental analysis. The FT-IR spectra of all the complexes exhibit several absorption peaks around 1906–1950 cm−1, which can be assigned to the characteristic stretching vibration of the terminally coordinated CO. In the 1H NMR spectra of 1a-1g, the characteristic signal of –OH disappeared and the singlets resonance for the methyne adjacent to oxygen were observed at 5.5–6.1 ppm, which were shifted upfield when compared to those in the free ligands (L1-L7). In the 13C NMR spectra, the resonance signals around 85–92 ppm correspond to the methynes mentioned above, which are in good accordance with compound [pyC(Me)2O]2Ru3(CO)8 (δ 87.6 ppm) and [pyCHC6H5O]2Ru3(CO)8 (δ 89.3 ppm), which were previously reported in the literature (Hao et al., 2018b).
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SCHEME 1. Synthetic routes of Ru complexes.





Crystal Structures of Complexes 1a-1h

Complexes 1a-1h were further characterized by X-ray crystallography. The molecular structures of 1a, 1c, and 1g are shown in Figures 1–3 with selected bond lengths and angles, respectively. Those of 1b, 1d-1f, and 1h are shown in Figures S1–S5, respectively. Details of the structural parameters are also given in Tables S2, S3. X-ray diffraction analysis shows that all the complexes 1a-1h are trinuclear ruthenium clusters accompanied by two pyridylalkoxo ligands simultaneously via their pyridyl N and hydroxy O atoms. Three Ru atoms adopt a pseudooctahedral coordinated mode. The unit cell of 1a contains two crystallographically-independent molecules which possess similar connectivity and only one molecular structure is depicted in Figure 1 for clarity. In complexes 1a-1h, the distances between the two Ru atoms directly connected to the ligands are in the range of 3.0236(10)-3.0516(10) Å, which are comparable to the Ru–Ru bond distances in complexes (μ-OC6H4OMe-2)2Ru3(CO)8 (3.012(1) Å) (Santini et al., 1987) and [PyCH = C(Ph)O]2Ru3(CO)8 (3.0693(6) Å) (Ma et al., 2017). The bond lengths of Ru(1)–N(1) varying from 2.252(7) Å to 2.330(14) Å observed in all complexes are slightly longer than those Ru–N bond lengths found in complexes {μ2-μ5:η1-(C5H4N)(C9H5)}Ru3(CO)9 [2.164(3) Å] (Chen et al., 2010) and (6-bromopyCMeC6H5O)Ru3(CO)9 (2.229(4) Å) (Hao et al., 2018b). The Ru(1)–O(1) bond lengths for 1a-1h are all similar and are in the range of 2.072(3)-2.093(5) Å, showing that the substitutions at 2- or 4- positions of benzene ring have no significant effect on bond lengths.
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FIGURE 1. Perspective view of 1a with thermal ellipsoids are drawn at the 30% probability level. Hydrogens have been omitted for clarity. The selected bond lengths (Å) and angles (°): Ru(1)-Ru(3) 2.7743(10), Ru(2)-Ru(3) 2.7625(10), Ru(1)-O(1) 2.140(5), Ru(2)-O(1) 2.084(6), Ru(1)-N(2) 2.237(7), Ru(2)-N(1) 2.252(7); N(2)-Ru(1)-Ru(3) 157.9(2), N(2)-Ru(1)-Ru(2) 102.2(2), Ru(2)-O(1)-Ru(1) 91.4(2), Ru(1)-O(2)-Ru(2) 91.1(2), Ru(2)-Ru(3)-Ru(1) 66.20(3).




[image: image]

FIGURE 2. Perspective view of 1c with thermal ellipsoids are drawn at the 30% probability level. Hydrogens and solvent have been omitted for clarity. The selected bond lengths (Å) and angles (°): Ru(1)-O(1) 2.083(3), Ru(2)-O(1) 2.132(3), Ru(1)-Ru(3) 2.7649(5), Ru(2)-Ru(3) 2.7552(6), Ru(1)-N(1) 2.258(4), Ru(2)-N(2) 2.240(4); Ru(1)-O(1)-Ru(2) 92.33(12), Ru(2)-O(3)-Ru(1) 92.00(12), N(1)-Ru(1)-Ru(3) 157.10(10), N(2)-Ru(2)-Ru(3) 157.01(12), Ru(2)-Ru(3)-Ru(1) 66.848(15).
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FIGURE 3. Perspective view of 1g with thermal ellipsoids are drawn at the 30% probability level. Hydrogens have been omitted for clarity. The selected bond lengths (Å) and angles (°): Ru(1)-O(1) 2.089(4), Ru(1)-O(1i) 2.147(4), Ru(1)-N(1) 2.313(5), Ru(2)-Ru(1) 2.7560(7), Ru(2)-Ru(1i) 2.7560(7), Ru(1)-O(1)-Ru(1i) 92.06(15), N(1)-Ru(1)-Ru(1i) 97.72(13), Ru(1)-Ru(2)-Ru(1i) 67.17(2).





Catalytic Activity on Oxidation of Alcohols

We commenced our study by using complex 1a as precatalyst and 1-phenylethanol as a simple substrate to obtain the appropriate conditions. Initially, various oxidants (NMO, H2O2, t-BuOOH, TEMPO) were tested to oxidize 1-phenylethanol. Among diffrerent oxidants applied in this studies, t-BuOOH was found to be the best oxidant and acetophenone can be obtained in a high yield of 75% (Table S1). The effect of solvent on this oxidation process was then evaluated (Table 1, entries 1–6). When the reaction was performed in CH2Cl2, THF or dioxide, the oxidation product was obtained in low yields (<55%). When using toluene or acetone as solvent, the the yield was enhanced slightly. To our delight, the yield of the desired ketone in CH3CN was 85%, which is higher than that in other solvents. Thus, acetonitrile was selected as the optimal solvent. The subsequent lowering the loading of 1a from 2.0 to 0.5 mol% did not significantly affect the yield, thus only 0.5 mol% catalyst 1a is sufficient for catalyzing the present reaction (Table 1, entries 3 and 7–9). Subsequently, the effect of TBHP on the reaction was examined. Upon increasing the amounts of TBHP from 1.0 to 3.0 mmol, the yield of acetophenone was gradually improved to 91%, and 2.5 mmol of TBHP was selected as the most suitable amount from the view of cost-saving (Table 1, entries 10–13). It was found that the reaction temperature had an obvious impact on the reaction efficiency. As shown in Table 1, when elevating the temperature from room temperature to 50 or 80°C, the yield of product decreased dramatically to 72 and 54%, respectively (Table 1, entries 14 and 15). Furthermore, the effect of reaction time on the rate of oxidation was investigated (Figure 4). When the reaction time was extended from 0 to 20 min, an almost linear increase of the yield was observed during the oxidation of 1-phenylethanol. After 40 min, the yield increased slightly, and further extension of the time after 60 min could hardly increase the yield. Finally, control experiments indicated that only traces (8%) of the desired product was formed without using complex 1a and almost no oxidation product was generated in the absence of TBHP (Table 1, entries 16 and 17).



Table 1. Oxidation of 1-phenylethanol catalyzed by complex 1a under various conditionsa.
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FIGURE 4. Influence of the reaction time on catalytic performance of complex 1a (1-phenylethanol 1.0 mmol, complex 1a 0.5 mol%, TBHP 2.5 mmol, CH3CN 2.0 mL).



The above interesting results encouraged us to continue the optimization study using different ruthenium complexes and the obtained results are summaried in Table 2. The complexes containing electronically rich ligands (1a-c, 1f, and 1h) exhibited higher catalytic activity than those bearing electronically poor ligands (1d, 1e, and 1g), suggesting that the catalytic behavior of Ru complexes was influenced by the electronic nature of the ligands. Catalysts 1f and 1g with ortho-substituents in the phenyl ring exhibited lower catalytic activity than their para-substituted analogs 1c and 1e (Table 2, entries 3–4 vs. 6–7). This difference is likely due to the fact that substitutions at 2-position of ligands caused more steric hindrance around the metal centers, thus influencing the coordination of metals with substrates. Besides, catalytic oxidation of 1-phenylethanol was also carried out in the presence of Ru3(CO)12 and the yield of the desired product was only 30% (Table 2, entry 9). Thus, the optimized reaction conditions are as follows: alcohol (1.0 mmol), TBHP (2.5 mmol), catalyst 1c (0.5 mol%), reaction time (1 h) at room temperature.



Table 2. Comparison of catalytic activity of Ru complexesa.
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Under optimized conditions, we set out to test the catalytic performance of complex 1c in oxidation of different secondary alcohols. As listed in Table 3, a diverse array of functional groups including methyl-, chloro-, and trifluoromethyl- etc. on the phenyl ring of substituted 1-phenylethanol were tolerated (Table 3, entries 1–7). Additionally, several sterically encumbered substrates undergo oxidation in >90% yields (Table 3, entries 8–10). The fused-ring alcohols, that are 1,2,3,4-tetrahydro-1-naphthol and 1-indanol could be also converted to target product in 93 and 92% yields, respectively (Table 3, entries 11 and 12). As for secondary aliphatic alcohols, a prolonged reaction time (3h) was required to achieve high yields (Table 3, entries 13–16).



Table 3. Oxidation of various of secondary alcohols to ketones catalyzed by 1ca.
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Moreover, the oxidation of primary alcohols was also tested in the standard conditions and the results were summarized in Table 4. The reaction of benzyl alcohols bearing electron-rich or electron-deficient substituents in the aromatic ring proceeded efficiently to furnish the corresponding benzaldehyde derivatives in excellent yields (Table 4, entries 1–7). Only trace amount of benzoic acids were detected, which demonstrated the superiority of the present catalytic system in terms of chemoselectivity. 2-Naphthalenemethanol showed satisfactory reactivity to provide 2-naphthaldehyde in >90% yield (Table 4, entry 8). The substrate having sensitive group (internal alkene) was also tolerated in this system, the carbon-carbon double was preserved in the final product (Table 4, entry 9). While the catalytic system displayed a diminished activity for oxidation of heterocyclic primary alcohols such as 2-furanmethanol and 2-thiophenemethanol, and <70% yields of the target products were obtained under optimized condition. This outcome can be explained by the strong coordination ability of heteroatoms with Ru centers, which led to the deactivation of the catalyst. Delightfully, decent yields of the heterocyclic products could be obtained by simply increasing the catalyst loading of 1c to 1.5 mol% (Table 4, entries 10–12).



Table 4. Oxidation of various primary alcohols to aldehydes catalyzed by 1ca.
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Based on our preliminary data and related Ru-catalyzed alcohol oxidation processes, a plausible inner-sphere mechanism for alcohol oxidation catalyzed by present ruthenium carbonyl complexes/TBHP system is proposed in Scheme 2. First, the catalyst A reacted with two molecules of TBHP to give Ru-oxide species I and tBuOH. Subsequent reaction of intermediate I with alcohol to form a five-membered ring transient state II, which then released water to give the alkoxide species III. Finally, the break of Ru-O bond in this intermediate occurred to regenerate catalyst A for next catalytic cycle and afforded the target carbonyl product.


[image: image]

SCHEME 2. Proposed mechanism for alcohol oxidation catalyzed by Ru/TBHP system.






CONCLUSIONS

In summary, a series of ruthenium carbonyl complexes bearing pyridine-alkoxide ligands were synthesized and exhibited excellent catalytic activity for the oxidation of both primary and secondary alcohol substrates, showing broad substrate scope. Of particular note was the effective oxidation of primary alcohols to desired aldehydes without over-oxidation, displaying good chemoselectivity. A striking advantage associated with this catalytic system is that the oxidation reaction can be completed within only 1 h at room temperature for most cases, which is far more efficient than previously reported Ru/TBHP or Ru/NMO systems.
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In thiswork, we investigate the influence of Mn2+ on the emission color, thermal sensing and optical heater behavior of NaGdF4: Yb/Er nanophosphors, which the nanoparticles were synthesized by a hydrothermal method using oleic acid as both a stabilizing and a chelating agent. The morphology and crystal size of upconversion nano particles (UCNPs) can be effectively controlled through the addition of Mn2+ dopant contents in NaGdF4: Yb/Er system. Moreover, an enhancement in overall UCL spectra of Mn2+ doped UCNPs for NaGdF4 host compared to the UCNPs is observed, which results from a closed back-energy transfer between Er3+ and Mn2+ ions (4S3/2 (Er3+) → 4T1 (Mn2+) → 4F9/2 (Er3+)). The temperature sensitivity of NaGdF4:Yb3+/Er3+ doping with Mn2+ based on thermally coupled levels (2H11/2 and 4S3/2) of Er3+ is similar to that particles without Mn2+ in the 303–548 K range. And the maximum sensitivity is 0.0043 K−1 at 523 K for NaGdF4:Yb3+/Er3+/Mn2+. Interestingly, the NaGdF4:Yb3+/Er3+/Mn2+ shows preferable optical heating behavior, which is reaching a large value of 50 K. These results indicate that inducing of Mn2+ ions in NaGdF4:Yb3+/Er3+ nanophosphors has potential in colorful display, temperature sensor.

Keywords: NaGdF4:Yb3+/Er3+, Mn2+, upconversion luminescence, temperature sensing, optical heater


INTRODUCTION

Owing to the virtues of non-invasion, rapid response, high spatial resolution and signal to noise ratio, rare earth ions (Ln3+) doped up-conversion luminescent (UCL) material as an optical thermometer have been a subject of particular interest now a day, which can be applicable in life sciences, industrial production, aerospace and military (Fischer et al., 2011; Sedlmeier et al., 2012; Chen et al., 2013; Liu et al., 2015; Yang et al., 2015; Zheng et al., 2015). Trivalent lanthanide ion has abundant ladder-like levels, which can convert two or more low energy photons to a higher energy photon (Dong et al., 2012; Niu et al., 2012; Xu et al., 2015). Erbium ion (Er3+) is one of the most significant activator, whose luminescence ranges from visible to ultraviolet under near infrared (NIR) excitation (Gai et al., 2013; Wang et al., 2016).

Among temperature dependent optical performance, such as peak position (Jiang et al., 2014), luminescent lifetime (Peng et al., 2010), emission intensity (Zhou et al., 2016), and bandwidth (Walsh and Di Bartolo, 2015), fluorescence intensity ratio (FIR) technique (Liu et al., 2017; Xu et al., 2017) can achieve accurate temperature measurement, which is independent of external interferences, spectral losses, as well as fluctuations in the excitation density (Wade et al., 2003; Wawrzynczyk et al., 2012; Zhou et al., 2014; Pandey et al., 2015; Wang et al., 2015). Using this ratiometric technique, the sensitivity of sensor is strongly dependent on the energy gap of thermally coupled levels (TCL), which is confined in the range of 200–2,000 cm−1 (Zheng et al., 2016; Du et al., 2017; Tong et al., 2017; Wang et al., 2017). Generally, the larger energy gap of TCL leads to the higher sensitivity (Du et al., 2016). Therefore, the TCL 2H11/2 and 4S3/2 of Er3+ have been used in FIR thermometry due to their larger energy gap (~800 cm−1) (Zheng et al., 2014; Chen et al., 2017), intense green emissions and minor overlap between two green emission peaks (León-Luis et al., 2013). It has been reported that the sensing sensitivity of Er3+ doped up-conversion nanocrystals is mainly depended on the host matrix, exciting power and nanocrystal size (Dong et al., 2014, 2015; Marciniak et al., 2016).

Notably, the host is one of the most important factors to determine UC efficiency since the phonon energy of host has a significant impact on the probability of non-radiative transitions for the incorporated Ln3+ dopants (Wang and Liu, 2009). Yb/Er co-doped NaLnF4 (Ln = Y, La, Lu, Yb, Gd) hosts are considered as the most efficient UCL systems (Zeng et al., 2014). However, it is still a challenge to achieve multi-color output and enhanced red UCL in a single fixed composition of Yb/Er co-doped system. Recently, some dopants, such as divalent manganese (Mn2+), have been recognized as effective elements which can decrease the short-wavelength green emission and enhance the long-wavelength red emission because of the energy transfer between Er3+ and Mn2+ ions (Tian et al., 2012; Liu et al., 2019).

Here, we construct an energy transfer bridge to achieve high sensitivity for the temperature sensing. The hexagonal phase NaGdF4 is selected as the matrix material due to its low phonon energy and remarkable chemical stability. Compared with NaGdF4:Yb3+/Er3+ phosphor, the luminescence of NaGdF4:Yb3+/Er3+/Mn2+ phosphor is illustrated under 980 nm excitation. Importantly, the Mn2+ doping in phosphor could be result in energy transfer between 4S3/2 and 4F9/2 (Er3+). Meanwhile, the temperature sensing behaviors of two phosphors are investigated in the temperature 303–523 K based on TCL. The internal heating of the developed phosphors has been computed employing temperature dependent FIR study at the same time. The influences of energy transfer induced by Mn2+ ions are discussed for temperature sensing and optical heating.



EXPERIMENTAL


Synthesis of β-NaGdF4: 20 mol% Yb3+/1 mol% Er3+/x mol% Mn2+(0 ≤ x ≤ 40) Nanoparticles

NaGdF4: 20 mol% Yb3+/1 mol% Er3+/x Mn2+ (x = 0, 5, 10, 20, 30, and 40 mol%) nanocrystals were synthesized by a hydrothermal method using oleic acid as both a stabilizing and a chelating agent. The typical synthesis involved the addition of 10 mL of ethanol to 2 mL of an aqueous solution containing 1.2 g of NaOH under stirring to form a homogeneous solution. Then, 20 mL of oleic acid was added to form a sodium-oleic acid complex. Subsequently, 1 mmol RE(NO3)3 (RE = Gd, Yb, and Er with designed molar ratios) and 8 mL of 1.0 M NaF aqueous and stoichiometric ratio of Mn(NO3)2 solutions were added under constant vigorous stirring for 10–20 min. The resulting solution was transferred into a 50 mL stainless Teflon-lined autoclave, which was operated at 170°C for 24 h. After reaction completion, the system was naturally cooled to room temperature. The resulting samples were washed several times with ethanol and de-ionized water to remove oleic acid and other residual solvents, and then dried at 60°C for 10 h. The NaGdF4: 20 mol% Yb3+/1 mol% Er3+ nanoparticle is labeled as NaGdF4: Yb/Er, and the NaGdF4: 20 mol% Yb3+/1 mol% Er3+/x mol% Mn2+ sample is labeled as NaGdF4: Yb/Er/x Mn.



Characterization

The X-ray diffraction (XRD) patterns were obtained on a Rigaku D/Max-2400 X-ray diffractometer with Ni-filter Cu K α radiation at 40 kV and 60 mA. The size, shape and structure of the as-prepared microcrystals were characterized by scanning electron microscopy (SEM) (S-4800), transmission electron microscopy (TEM) (JSM-1200EX) and high-resolution transmission electron microscopy (HRTEM) (FEI Tecnai F30, operated at 300 kV). The elemental analysis identified by energy dispersive X-ray spectroscopy (EDX) was attached with the same TEM. In the measurements of UC emission, a continuous 980 nm laser diode (LD) with a power maximum of 1.5 W was used for excitation sources. The samples used in the upconversion measurement and Pump Power dependence measurements are powder samples. The powder samples are pressed on a sample tray which is cover with a quartz glass sheet, then the output laser beam collimated and focused on the samples to test. All measurements were performed at room temperature.




RESULTS AND DISCUSSION


Phase Identification and Crystal Structure of β-NaGdF4

The structure of all samples is typical hexagonal phase. As shown in Figure 1A, XRD studies show peak positions and intensities that can be well-indexed in accordance with β-NaGdF4 crystals (JCPDS file no. 27-0699). It is worth noting that, the diffraction peak shifts slightly toward higher angle side as an addition of Mn2+. This is mainly attributed to the decrease in unit-cell volume of NaGdF4 host because of Mn2+ replace of Gd3+. Moreover, energy dispersive X-ray spectrometer (EDX) analysis (Figure 1B) shows the presence of Na, Gd and doped Yb, Mn elements, further verifying the substitution by Mn2+. In addition, with increasing Mn2+ doping content in the product, as shown in Figure 1A. Gd3+ content decreases gradually, and the value of Gd/Mn ratio shows a gradual decline compared with the nominal one, whereas Na content keeps unchanged. Because of the incorporation of Mn2+ into NaGdF4 by substituting Gd3+. It should be noted that charge balance in NaGdF4 is disturbed after Mn2+ replacing Gd3+. To maintain charge balance, F− vacancies are formed (Figures 1C,D), which subsequently induce lattice contraction. On the other hand, the ionic radius difference between Gd3+ (1.05 Å) and Mn2+ (0.96 Å) also results in lattice contraction (Shannon, 1976). Due to these two positive effects, a little shifting to large degree of the diffraction peaks is observed after Mn2+ doping.
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FIGURE 1. (A) XRD patterns of NaGdF4: Yb/Er/x Mn NCs (0 ≤ x ≤ 40); (B) EDX spectrum of the corresponding sample, all the signals are normalized to Gd one, and Cu signals come from copper grid; (C), (D) schematic illustrations of the crystal structures for pure and Mn2+ doped NaGdF4, respectively.





Effect on Morphology and Crystal Size of the Products

To reveal the morphology and size control, we performed transmission electron microscopy (TEM) analyses. As demonstrated in Figure 2, the NaGdF4: Yb/Er exhibit irregular shapes (Figures 2a,c), while the NaGdF4: Yb/Er/5Mn samples are almost uniformly hexagonal-shaped (Figures 2e,f). High resolution TEM (HRTEM) image (Figure 2b) of a single particle taken from Figure 2c shows the measured interplanar spacing of 5.16 Å, matching well with the (100) crystal plane of β-phase. In the presence of Mn2+, the NaGdF4 products become hexagonal prisms besides the sphere-shaped NPs, while keeping their hexagonal lattice structure as evidenced by selected-area electron diffraction (SAED) analysis (Figure 2d) taken from Figure 2f. Besides, the average size of products is changed from 23.64 to 36.49 nm/20.52 nm (L/D) (Figures 2g–i) by adding Mn2+ with 5 mol% content. A fundamental understanding of the crystal growth process in this work could be mainly ascribed to the substitution of large sized Gd3+ (r = 1.05 Å) by relative smaller sized Mn2+ (r = 0.96 Å) (Shannon, 1976). The substitution of Gd3+ by Mn2+ could generate positive vacancies on the grain surface for the charge balance, subsequently forming transient electric dipoles with the positive poles pointing outward (Chen et al., 2010), which can greatly accelerate the diffusion of F ions from the solution to the grain, therefore promote the growth of NaGdF4 UCNPs with increasing Mn2+ content.
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FIGURE 2. (a, c) Low-resolution and High-magnification TEM images of the as-synthesized NaGdF4:Yb/Er nanocrystals; (b) The corresponding High-resolution TEM (HRTEM) image of a single nanocrystal; (d) The selected-area electron diffraction (SAED) patterns of the TEM image shown in (f); (e) High-magnification TEM image of the as-synthesized NaGdF4: Yb/Er/5 Mn nanocrystals; (f) Low-resolution TEM image of the as-synthesized NaGdF4: Yb/Er/5 Mn nanocrystals; (g) Histograms of particle size distributions for the NaGdF4: Yb/Er NCs; (h) and (i) show histograms of length and width distributions of the NaGdF4: Yb/Er/5 Mn NCs, respectively.





Effects of Mn2+ on UC Emission Properties of Ln3+, Mn2+ Doped NaGdF4 Nanocrystals

Figure 3A displays the room-temperature UC emission spectra of the irradiated NaGdF4: Yb/Er/x Mn (x = 0, 5, 10, 20, 30, and 40 mol%) nanocrystals under 980 nm excitation, the pump power density is as low as 1.6 W/cm2, demonstrating an efficiency of the UC process. All the nanoparticles exhibit three distinct bands in the range of 500–700 nm. Two green emissions ranging from 515 to 535 nm and from 535 to 557 nm were attributed to the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of Er3+, respectively. A narrow-band visible emission centered at 654 nm was due to the 4F9/2→4I15/2 transition of Er3+. Since a close proximity and effective mixing of wave functions of the Er3+ and Mn2+ ions, there is a high possibility of energy transfer between Mn2+ and Er3+ ions. And Mn2+ itself can't absorb the 980 nm photon, other experimental conditions didn't change. It can be ascribed to non-radiative energy transfer from the 4F7/2 and (2H11/2, 4S3/2) levels of Er3+ to the 4T1 level of Mn2+, followed by back-energy transfer (BET) to the 4F9/2 level of Er3+ (Figure 3B) (Sell et al., 1967; Flaherty and Di Bartolo, 1973; Wang et al., 2011; Dan et al., 2016). The BET and cross relaxation (CR) process reduce the population at the 4F7/2 state which supplies carriers to realize radiative recombination between (2H11/2, 4S3/2) and 4I15/2 states (i.e., green emission). Evidently, the UC emission intensity initially increases with increasing Mn2+ doping content under 10 mol%. And then starts to decrease when the Mn2+ content is further increased to 40 mol%, which is due to the quenching effect of concentration, and the excess Mn ions increases the distance between Yb and Er ions, thus greatly reducing the effective energy transfer efficiency between Yb and Er. In addition, the up-conversion emission spectra and absorption spectra of NaGdF4: Mn, NaGdF4: Yb, Er and NaGdF4: Mn, Yb, Er in the supplementary document can also assist in proving the energy transfer mechanism between Er3+ and Mn2+ (Figures S1, S2). The increased ratio of red to green emissions of Er3+ suggests a relatively efficient energy transfer process between the Er3+ and Mn2+ ions, which can be largely attributed to the close proximity and effective mixing of wave functions of the Er3+ and Mn2+ ions in the crystal host lattices.
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FIGURE 3. (A) Room-temperature UC emission spectra of NaGdF4: Yb/Er/x Mn (0 mol% ≤ x ≤ 40 mol%) nanocrystals under an excitation irradiance of 980 nm laser; (B) Simplified energy level diagrams of Er3+, Yb3+, and Mn2+ ions and proposed energy transfer mechanism in NaGdF4.



In light of all these observations, the following mechanism can be proposed for the upconversion emission in these materials (Figure 3B). Yb3+ absorbs the excitation energy and transfers it to Er3+ ions, which can be represented as Er3+(4I15/2), Yb3+(2F5/2) → Er3+(4I11/2), Yb3+(2F7/2), with the excess energy being transferred to the surrounding matrix. Er3+(4I11/2) can undergo phonon relaxation to Er3+(4I13/2). Er3+(4I11/2) and Er3+(4I13/2) could populate Er3+(4F7/2) and Er3+(4F9/2), respectively, either by excited-state absorption or by energy transfer from another Yb3+ ion. What is noteworthy is that Mn2+(4T1) and Er3+(4F9/2) could be populated through two energy transfer processes, that is (Sell et al., 1967; Flaherty and Di Bartolo, 1973; Wang et al., 2011),
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The radiative transfer of the Er3+(2H11/2) and (4S3/2) to the ground-state (4I15/2) level gives 522 and 541 nm emissions, respectively, while that of Er3+(4F9/2) to the ground state yields red emission (Figure 3A).

Non-radiative deactivation of Er3+ could happen in two ways (Figure 3B). Which could be contribute to the red to green upconversion emission ratio in different samples.

Pathway 1 Phonon relaxation of Er3+(4S3/2,2H11/2) to Er3+(4F9/2) β1;

Pathway 2 Phonon relaxation of Er3+(4I11/2) to Er3+(4I13/2) β2.

The concentration of Mn2+ increases in the appropriate range, the value of w3 and w4 will increase too. Therefore, R/G will increase. This result indicates that the back energy transfer process of 4T1 (Mn2+) → 4F9/2 (Er3+) is efficient.

To demonstrate the existence of BET and the upconversion mechanism, the excitation power-dependent UC emissions were measured. And the power densities have already been calculated to normalize the UC results. For the unsaturated upconversion process, the number of photons which are required to populate the upper emitting level can be described by the following relationship (Li et al., 2012; Ramasamy et al., 2013):
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Where IUP is the upconversion luminescence intensity, INIR is the pump laser intensity, and n is the number of pump photons required. As shown in Figures 4A,B, the slopes of the linear fit of ln(IUP) vs. ln(INIR) for the 522, 541, and 654 nm emissions in the NaGdF4: Yb/ Er co-doped with 0, 5 mol% of Mn2+ ions are all below 2, indicating that two photon processes are involved to produce the green and red UC emissions both in nanocrystals with and without Mn2+ ions. Notably, for 5 mol% Mn2+ doped NaGdF4: Yb/Er nanoparticles (Figure 4B), the slope (n) values for the 522, 541, and 654 nm emissions were 1.94 ± 0.02, 1.75 ± 0.03, and 1.82 ± 0.03, respectively. These values are slightly lower than the values for NaGdF4: Yb/Er NPs (Figure 4A). It was reported that a realistic upconversion system that produces detectable upconversion luminescence will exhibit an intensity-vs.-power dependence, which is less than the assumed Pn. Competition between the upconversion process and linear decay by luminescence to the ground state or relaxation into the next lower-lying state for the depletion of the intermediate excited states results in a significantly reduced slope (Pollnau et al., 2000). A larger upconversion rate means a smaller slope. The result indicates that introducing Mn2+ ions can increase the upconversion transition rate leading to the enhancement of upconversion luminescence.
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FIGURE 4. Pump power dependence of the UC emissions in (A) NaGdF4: Yb/Er UCNPs; (B) NaGdF4: Yb/Er/5 Mn UCNPs; (C), (D) Corresponding decay curves of 2H11/2 → 4I15/2 transition (@522 nm), 4S3/2 → 4I15/2 transition (@541 nm), and 4F9/2 → 4I15/2 transition (@654 nm) of the UCNPs, respectively.



To provide further evidence on the role that Mn2+ plays in the enhanced UC emission, the decay curves of the UCNPs with and without Mn2+ doping are also drawn in Figures 4C,D, which deviate from single exponential and thus are fitted with the equation proposed by Nakazawa et al. (1999):
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Where τm is the effective decay time constant, and I(t) is the intensity at time t. It is noted that the decay times of the 2H11/2→4I15/2 (@522 nm) transition of the UCNPs have been increased by ~35% after Mn2+ doping. Increases of decay lifetime for 4S3/2→4I15/2 (@541 nm) and 4F9/2→4I15/2 (@654 nm) transition by ~19% and ~13% respectively are also observed after Mn2+ doping. For UC materials, a long lifetime usually means a high-efficiency UC luminescence, i.e., a low non-radiative deactivation probability of Ln3+ activators. That agrees with the result of UC emission spectra. In this case, the enhancement of BET and prolonged carrier lifetimes indicates that the removal of amorphous surface and the improvement of surface crystallinity (Bian et al., 2018).

We know that the variation in FIR of two close lying levels of rare earth (RE) ions is due to change in their populations (Wade et al., 2003; Rai, 2007; Brites et al., 2012; Jaque and Vetrone, 2012; Verma and Rai, 2012; Carlos and Palacio, 2016). Due to the energy difference between the 4S3/2 and 4F9/2 states is ~2,700 cm−1 and follows Boltzmann's distribution (Dong et al., 2007; Dey et al., 2014; Nigoghossian et al., 2017a). The observed FIR variation corresponding to the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of Er3+–Yb3+ and Mn2+–Er3+–Yb3+ codoped NaGdF4 samples due to change in laser power density generates an idea of optical heating (Debasu et al., 2013, 2016). For experimental verification of the concept of optical heating induced by laser power density, the FIR technique for the same UC emission bands have been used and obtained the factors which affect the change in the intensity ratio. As shown in Figure 5, the UC emission intensity of the two samples are significantly improved with the increase of power density. Moreover, the power-dependent red-to-green ratio increases with Mn2+ doping. We can deduce that the red-to-green ratio increases with the increasing of BET process between Er3+ and Mn2+ (4S3/2 (Er3+) → 4T1 (Mn2+) → 4F9/2 (Er3+)). That is owe to the increasing power density generate an optical heating along with the electrons are largely accumulating at 4F9/2 state. This result also supports the standpoint that BET process takes part in the up-conversion emissions.
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FIGURE 5. The corresponding integrated UC intensities of green (2H11/2 → 4I15/2 and 4S3/2 → 4I15/2) and red (4F9/2 → 4I15/2) emissions vs. power. (A) NaGdF4: Yb/Er UCNPs; (B) NaGdF4: Yb/Er/5 Mn UCNPs; (C) Red-to-green ratio of NaGdF4 UCNPs as a function of power.





Temperature Sensor Characterization

Finally, to explore the possible application of the present investigated NaGdF4 in optical thermometry, UC emission spectra of 0 and 5 mol% Mn2+ co-doped NaGdF4: Yb3+/Er3+ under 980 nm excitation ranging from 500 to 590 nm are recorded at different temperatures from 303 to 548 K, as depicted in Figures 6A,E. It can observe that these spectra exhibit two distinct emission bands around 522 nm and 541 nm assigned to the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of Er3+ ion, respectively. The FIR of these two UC emissions show a remarkable dependence on the temperature (Figures 6C,G), owing to the thermal coupling between 2H11/2 and 4S3/2 states of Er3+. Based on Boltzmann distribution theory, FIR of two thermally coupled states can be expressed as the following equation: (Chen et al., 2015; Pandey et al., 2015; Nigoghossian et al., 2017a)
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where I522 and I541 are the integrated UC intensities corresponding to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions, respectively, C is the constant, ΔE is the energy gap between 2H11/2 and 4S3/2 states, kB is the Boltzmann constant, and T is the absolute temperature. According to the expression of the FIR, the value of Ln(I522/I541) vs. the inverse absolute temperature (1/T) is plotted in Figures 6B,F. The slope is fitted to be 1,072 and 1,057, respectively. As a consequence, the energy gap ΔE and the pre-exponential constant are evaluated to be about 745 cm−1, 734 cm−1 and 8.316, 8.422, respectively. These two parameters are vital factors for the sensor sensitivity (S) of temperature detection, as defined by the following equation (Chen et al., 2015; Pandey et al., 2015; Nigoghossian et al., 2017a):
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The calculated curve of sensor sensitivity as a function of absolute temperature is plotted in Figures 6D,H. It can be seen that the sensitivity keeps increasing in our experimental temperature range, and the maximal value of about 0.0043 K−1 and 0.0042 K−1 is realized at the temperature of 523 K, respectively. The FIR of NaGdF4: Yb/ Er doping with Mn2+ is similar to that without Mn2+ based on thermally coupled levels (TCL), indicating that the energy transfer between Er3+ and Mn2+ has a small impact on FIR.
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FIGURE 6. Temperature dependent (303–548 K) normalized UC emission spectra of the (A) 0 mol% Mn; (E) 5 mol% Mn doped NaGdF4: Yb/Er samples in the wavelength range of 500–590 nm; (B,F) Monolog plots of FIR as a function of inverse absolute temperature; (C,G) The FIR of NaGdF4: Yb/Er and NaGdF4: Yb/Er/5 Mn phosphors as a function of temperature based on 2H11/2/4S3/2 levels; (D,H) The relative sensitivity (SR) vs. absolute temperature.





Optical Heater Properties

The temperatures at different power densities are calculated through Equation (2). As shown in Figure 7, the temperature exhibits a linearly increasing tendency with the power density increase (Rohani et al., 2015; Nigoghossian et al., 2017b). The slopes of without and with Mn2+ doped powders are 0.109 and 0.117, respectively. It could be concluded that optical heat generated by laser power density is mildly more in the Mn2+ participate in Er3+–Yb3+ codoped NaGdF4 phosphor than the Er3+–Yb3+ codoped NaGdF4 phosphor. Due to the energy absorbed by the sample may slightly increase as Mn2+ doping. As we know, the heat generation inside the samples is due to the non-radiative relaxation involved and the crystalline nature of the synthesized materials. When the energy could not be entirely utilized in the radiative transitions, the excess energy will lead to phonon-assisted non-radiative transitions process, resulting in elevated temperature (Xiang et al., 2014; Hao et al., 2017). The outstanding capability of quickly photo-thermal conversion makes the Mn2+ participate in Er3+–Yb3+ codoped NaGdF4 NPs not only a potential candidate as optical heater, but also useful in local hyperthermia based cancer treatment as the temperature were produced within the required range for hyperthermia based treatment (Van der Zee, 2002; Xiang et al., 2014; Lyu et al., 2018).


[image: image]

FIGURE 7. Temperature variation of xMn2+, Er3+, Yb3+ codoped NaGdF4 (x = 0, 5 mol%) powder as a function of pump power density.






CONCLUSIONS

In conclusion, a method of transition metal Mn2+ doping for the simultaneous morphology/size control, and multi-color output in NaGdF4: Yb/Er UCNPs with fixed composition of both host and dopants of lanthanides is demonstrated. The Mn2+ dopant makes an enhanced UCL intensity, and larger power-dependent R/G ratio compared to Mn2+ free UCNPs. It could be ascribed to the increasing of BET process between Er3+ and Mn2+ (4S3/2 (Er3+) → 4T1 (Mn2+) → 4F9/2 (Er3+)). Furthermore, the samples show high sensing sensitivities and the maximal sensing sensitivities reach 0.0043 K−1 at 523 K. In addition, the input excitation power density induced FIR change and the optical heating of the phosphors have been studied eventually by varying the input excitation power density of the 980 nm NIR diode laser. More importantly, the near-infrared laser induced elevated temperatures (ΔT) reach ~50 K (5 mol% Mn2+) when the power density was changed, which is attributed to the increasing phonon-assisted non-radiative transitions process. The internal heat produced from the samples is within the range required for hyperthermia treatment, too. These results provide guidance for the application of Mn2+ participate in Yb3+–Er3+ codoped NaGdF4 UCNPs in color modulation, temperature sensing and optical heating.
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Electrocatalytic active species like transition metal oxides have been widely combined with carbon-based nanomaterials for enhanced Oxygen Reduction Reaction (ORR) studies because of the synergistic effect arising between different components. The aim of the present study is to synthesize CeO2/g-C3N4 system and compare the ORR activity with bare CeO2. Ceria (CeO2) embedded on g-C3N4 nanocomposite was synthesized by a single-step microwave-mediated solvothermal method. This cerium oxide-based nanocomposite displays enhanced ORR activity and electrochemical stability as compared to bare ceria.
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INTRODUCTION

Metal–air batteries and fuel cells are alternative energy transfer devices designed to meet the requirements of sustainable energy (Sun et al., 2017). Direct Methanol Fuel Cells (DMFCs) are documented as an ideal candidate for laptop, mobile, and digital camera applications. Efficient reduction of O2 to water is a major challenge in energy conversion in DMFCs. The Oxygen Reduction Reaction (ORR) in alkaline DMFCs proceeds via a 4-electron pathway, (O2 + 2H2O + 4e− → 4OH−) which is preferable over the 2-electron pathway (O2 + H2O + 2e− → HO[image: image] OH−) (Zhang and Song, 2008). The 2-electron process is unfavorabl because of the production of corrosive peroxide species, which can cause degradation of electrochemical cells. The precious metal catalysts such as Pt and Pt- based alloys used to catalyze the ORR process are expensive and available in limited quantity (Peng and Yang, 2009; Kim et al., 2010). These Pt-based catalysts are also intolerant to methanol, which is used as fuel in DMFCs. Design of new non-precious electrocatalyst with improved ORR activity is still a challenge before the scientific community. First row transition metal oxides (TMOs) (Bashyam and Zelenay, 2006; Cheng et al., 2009; Jaouen et al., 2011; Cheng and Chen, 2012) have already been used as robust alternatives for promoting the ORR in alkaline conditions. The low electrical conductivity of the TMOs influences the electron transfer process in ORR (Soren et al., 2016).

Carbon materials possess a specific place for the ORR in DMFCs. Various carbon materials like graphite (Jiao et al., 2014), carbon black, carbon nanotube, and activated carbon are mostly used as supporting materials in the preparation of electrocatalysts due to their high electrical conductivity, corrosion resistance, porous structure and specific surface area (Liang et al., 2011). TMOs when embedded with reduced graphene oxide show enhanced catalytic performance because of a synergetic effect between TMOs and graphene oxide (Liang et al., 2011, 2012; Wang et al., 2011; Guo and Sun, 2012; Guo et al., 2012; Wu et al., 2015).

Hetero atoms (e.g., N, B, P, S, and I) were also doped in the reduced graphene oxide in order to improve the catalytic active sites in reduced graphene oxide (Behnam, 2017). In the recent past, nitrogen-doped graphene oxide has become a potential carbon-based electrocatalyst for ORR because of its low cost, high stability, and high efficiency (Qu et al., 2010; Geng et al., 2011; Yang et al., 2012; Paraknowitsch and Thomas, 2013). The electronic environment of doping nitrogen on a reduced graphene sheet in three configurations (e.g., pyridynic, pyrrolic, and graphitic nitrogen) induces an uneven charge distribution in adjacent sites, and as a result it alters the local spin or charge density. It promotes oxygen adsorption and helps in the enhancement of ORR performance (Ikeda et al., 2008; Niwa et al., 2009; Liu et al., 2010; Qu et al., 2010; Rao et al., 2010; Kim et al., 2011; Li et al., 2011, 2013; Sheng et al., 2011; Zhang and Xia, 2011; Lai et al., 2012; Parvez et al., 2012; Sharifi et al., 2012; Wang et al., 2012; Zhang et al., 2013; Zheng et al., 2013; Bag et al., 2014). Transition metal oxide embedded in N doped carbon systems is reported as a promoter of ORR catalytic activity by facilitating electron transfer (Bag et al., 2014). Rare earth oxide-based systems are now extensively studied for ORR due to their unique electronic structure, bonding characteristics and variable oxidation states. There are very few reports available in the literature where rare earth oxides such as lanthanum oxide, samarium oxide, and cerium oxide have been studied for their ORR properties (Soren et al., 2016; Wang et al., 2016, 2017). The unique structural properties of CeO2 have contributed toward the promising electrocatalytic activity of CeO2. However, poor electronic conductivity of CeO2 limits its application toward ORR. Thus, in order to enhance the electrocatalytic activity, CeO2 is doped with different metals or embedded with a conductive active framework. Recently, our group has published an article on ORR activity of the CeO2/NrGO system (Soren et al., 2016).

Researchers have found a new material analogy to N-doped rGO called graphitic carbon nitride (g-C3N4) (Qiao et al., 2016). It is a carbon- and nitrogen-based polymeric material. Graphitic carbon nitride (g-C3N4) is a nitrogen-rich carbon-based material. But as reported in the literature g-C3N4 is an inert electrocatalyst (Liu and Zhang, 2013; Zou et al., 2013). However, g-C3N4 with metal doping or metal oxide doping has already been reported as a promising electrocatalyst for ORR and OER (Oxygen Evolution Reaction), when embedded with transition metal/metal oxide (Liu and Zhang, 2013; Zou et al., 2013).

It is expected that CeO2/g-C3N4 composite can enhance the ORR in fuel cells. In this paper, we have investigated the ORR activity of CeO2 embedded with g-C3N4 to show whether it follows a 2-electron or 4-electron pathway in the ORR process. The hybrid CeO2/g-C3N4 nanostructures were prepared by the microwave mediated polyol method.



MATERIALS AND METHODS


Chemicals

Melamine, Ammonium Cerium (IV) Nitrate and 1, 4-Butanediol were procured from HIMEDIA. All the chemicals were used as received.



Synthesis of g-C3N4

About 3 g of melamine was taken in china crucible and was heated for 4 h at 520°C with a moderate heating rate of 10°C/min inside the muffle furnace. The product obtained was cooled to room temperature. The prepared g-C3N4 was characterized for further work.



Synthesis of CeO2/g-C3N4 Composite

In typical synthesis 50 mg of the above-prepared g-C3N4 was added to 20 ml of 1, 4-butanediol. The solution was stirred at 300 rpm in a 50 ml beaker to make a heterogeneous mixture. A total of 250 mg of ammonium cerium (IV) nitrate was added to this heterogeneous solution and again stirred at the same rpm for 10 min until the color of the solution changed from light yellow to orange red. The entire solution was transferred to a Teflon vessel. The vessel was tightly sealed and irradiated with microwave radiation (MDS 6) for 10 min at 180°C. The reaction mixture was allowed to cool to room temperature after completion of the reaction. The obtained light yellow-colored precipitate was centrifuged several times with distilled water, ethanol, and acetone to remove the impurities. Finally, the product was kept for drying in an oven over night at 60°C.



Characterization

The crystallographic phases were identified by XRD measurements using a Rigaku Ultima-IV Advance X-ray Diffractometer operating at 40 KV (radiation source Cu Kα, wavelength = 1.5418 Å). FTIR analysis was carried out with the help of Thermo Fischer Nicolet iS5 FTIR instrument. The XPS measurement was performed using DESA-150 electron analyzer (Staib (1253.6 eV) as radiation source. Transmission Electron Microscope (TEM) and High Resolution Transmission Electron Microscope (HRTEM) images were obtained by the Model FEI Technai G2 S-Twin (Benson et al., 2014). Electrochemical Impedance Spectroscopic analysis was recorded CH660E electrochemical work station.



Electrochemical Measurements

The electrochemical measurements were conducted in a conventional three-electrode system using a Metrohm Autolab 204 B.V. (Metrohm Autolab, Netherland). During the measurements, saturated Ag/AgCl electrode, Pt wire, and modified glassy carbon (GC) electrode were used as reference, counter, and working electrode respectively. Synthesized electrocatalyst material was loaded on a pre-cleaned GC electrode during preparation of the working electrode. For the preparation of catalytic ink 5 mg of as synthesized electrocatalyst was dispersed in 2 ml isopropanol, 3 ml double distilled H2O, and 25 micro liter Nafion solution (as binder) in an ultrasonic bath for 30 min (Soren et al., 2016). About 12 μl of well-dispersed catalytic ink (~0.012 mg) was drop casted onto the polished GC electrode of surface area (0.07067 cm2). The modified glassy carbon electrode was dried in a vacuum oven for 3 h. About 33.3 μl of previously prepared catalyst ink was drop casted on RRDE electrode (GC disk electrode) with 5 mm diameter (S = 0.196 cm2) to make the loading the same as in RDE studies.




RESULT AND DISCUSSION


Composition and Structure Characterization of CeO2/gC3N4 Hybrid

XRD patterns of the synthesized composite (1:1) were studied and compared with the XRD pattern of individual CeO2 and g-C3N4 (Ferrero et al., 2016). In the case of a pure g-C3N4 sample, a strong diffraction peak appears at 27.61° that corresponds to the (002) plane. The strong diffraction peak arises because of the stacking of the conjugated aromatic system (Wang et al., 2009). The sharp peak at 27.61° indicates tight packing in g-C3N4, which is because of the strong binding between the layers and large localization of electrons. Another small peak at 13.12° can be assigned to the (100) plane. The diffraction peaks of the pure cubic fluorite structure of CeO2 were indexed to the (111), (200), (220), and (311) planes (JCPDS 81-0792) (Soren et al., 2015). After the incorporation of CeO2 into the g-C3N4 network, the XRD pattern shows an absence of peak at 13.12° even though the weight ratio of g-C3N4 and CeO2 are nearly 1:1 in the composite (Liu and Zhang, 2013). The peak corresponding to the (111) plane of CeO2, which coincides with the highest intensity peak of bare g-C3N4, has been shifted to higher 2θ value, and the intensity of the peak has also been increased. From these findings it can be concluded that CeO2 nanoparticles are successfully embedded into in-planes of g-C3N4 sheets (Thomas et al., 2008; Zhang et al., 2008; Xu et al., 2013) (Figure 1A).
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FIGURE 1. (A) XRD of g-C3N4, CeO2, CeO2/ g-C3N4 and (B) FTIR spectra of g-C3N4, CeO2, CeO2/g-C3N4.



The chemical structures of the samples were evaluated by the FTIR analysis. A broad band between 3,000 and 3,500 cm−1 was noticed in the composite, which can be attributed to stretching vibration of N-H and surface adsorbed water molecules. The absorption peaks at 1,572 and 1,632 cm−1 (Li et al., 2015) were due to C = N stretching (Bojdys et al., 2008; Yan et al., 2009) while for aromatic C-N stretching, peaks at 1,253, 1,320, and 1,425 cm−1 were observed. The main structural peaks at 808 cm−1 corresponded to the breathing mode of triazine units of g-C3N4 (Xu et al., 2013), which reveals that the graphitic C-N network of g-C3N4 was not affect even after the inclusion of CeO2 in the g-C3N4 layer (Figure 1B).

CeO2/g-C3N4 composite showed a layered structure of g-C3N4 (Figure 2a), and several small dark images of CeO2 nanoparticle appeared in the TEM image (Figure 2b). The appearance of some bright spots and the diffuse rings in the SAED pattern of CeO2/g-C3N4 corresponds to the growth of crystalline CeO2 nanoparticle on the amorphous g-C3N4 sheet (Figure 2c). The fringe spacing was measureed to be 3.125 Å, which corresponds to the (111) lattice plane of the cubic fluorite CeO2 structure (Figure 2d).
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FIGURE 2. (a) TEM, (b) HRTEM at 10 nm, (c) SAED, and (d) HRTEM at 1 nm of CeO2/g-C3N4.



The composition and chemical structure of the synthesized material were established by X-ray photoelectron spectroscopy. The high resolution XPS survey spectra of C 1s, N 1s, O 1s, and Ce 3d XPS spectra of CeO2/g-C3N4 (1:1) composite is shown in Figure 3A. The XPS spectra of the C 1s core level for CeO2/g-C3N4 can be deconvoluted into four components including the standard reference carbon (283 eV) (Xing et al., 2014). The peak at 284.8 eV corresponds to sp2-bonded C-C (Raymundo-Pinero et al., 2002). The peaks at 286.3 and 288.5 eV (Guan et al., 2018) are ascribed to C = N and N-C-N in g-C3N4 respectively (Figure 3B) (Yan et al., 2012). The main peak of N 1s at 398.5 eV is assigned to sp2 nitrogen (C=N-C) (pyridinic) present in triazine rings, while the peak at 399.6 eV arises from the tertiary nitrogen bonded to carbon atoms in the form of N–(C)3 (pyrollic). The peak at 401.1 eV can be ascribed to g (C-N-H) (ghaphitic) (Figure 3C) (Raymundo-Pinero et al., 2002). The % of N in total spectrum is calculated to be 7.09%. The percentages of different levels of nitrogen in the system were 50.6, 34.48, and 15.05% for pyridinic, pyrrolic, and graphitic nitrogen, respectively. The O 1s spectrum is deconvoluted at 529.2, 531.0, and 533.2 eV for CeO2, COOH and OH respectively. These spectrums suggest the formation of CeO2 on g-C3N4 (Figure 3D). The oxidation states of Ce in g-C3N4/CeO2 composites were examined by deconvolution of Ce 3d peaks. The two peaks at 881.6 and 884.7 eV can be attributed to 3d5/2 of Ce4+ and Ce3+ core electrons respectively. Further peaks at 897.5 and 900.1 eV can be ascribed to 3d3/2 of Ce3+ and Ce4+, respectively (Figure 3E) (Zheng et al., 2017).
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FIGURE 3. (A) XPS survey scan of CeO2/ g-C3N4, Deconvoluted XPS spectrum of (B) C 1s, (C) N 1s, (D) O 1s, (E) Ce 3d.





Electrochemical Performance of CeO2/gC3N4 Hybrid

The cyclic voltammogram (CV) was performed in N2 as well as O2 saturated 0.1 M KOH solution for the three materials (g-C3N4, CeO2 and CeO2/ g-C3N4) in the potential range of −0.8 to 0.2 V at various scan rates (Ferrero et al., 2016). No reduction peaks were observed in the N2-saturated condition. After O2 was introduced for 30 min, intense reduction peaks of g-C3N4 (Jiao et al., 2014), CeO2, and CeO2/g-C3N4 at Eonset −0.3, −0.24, and −0.17 V vs. Ag/AgCl, respectively, were recorded (Figure 4A). To investigate ORR performance, linear sweep voltammetry (LSV) was recorded for the prepared materials together with commercial 20 wt% Pt/C, in O2 saturated 0.1 M KOH solution using Rotating Disk Electrode (RDE) at 1,600 RPM (Wu X. et al., 2017). From the LSV, plot the onset potential was observed to be −0.3, −0.23, and −0.2 V vs. Ag/AgCl for g-C3N4, CeO2, and CeO2/g-C3N4, respectively (Figure 4B). The shift in onset potential of 30 mV for CeO2/g-C3N4 as compared to CeO2 indicates a synergetic interaction between CeO2 and g-C3N4 in the composite which facilitates ORR, but the constancy in the current value of CeO2/g-C3N4 composite with CeO2 indicates a slow ORR rate. A positive shift of onset potential (100 mV) between CeO2/g-C3N4 (Eonset = −0.2V vs. Ag/AgCl) and g-C3N4 (Eonset = −0.3V vs. Ag/AgCl) suggests a strong interaction between CeO2 and g-C3N4. We observed a small improvement in the E1/2 for CeO2/g-C3N4 composite (E1/2 is −0.383 V) as compared to their individual counterparts (E1/2 is −0.383 V and −0.388 V for bare CeO2 and g-C3N4, respectively) (Ferrero et al., 2016). LSVs of CeO2/g-C3N4 at different rotation speeds from 400 to 2,500 rpm were carried out with Rotating Disk Electrode (RDE) to study electron transfer kinetics during ORR process (Figure 5A). It is observed that with an increase in rotation rate the diffusion rate of oxygen molecules also increases, which leads to a gradual increase in current density value. Koutecky–Levich (K–L) plots were plotted (Figure 5B) in order to gain better insight into the electron transfer process during ORR. The Koutecky–Levich (K–L) equation is given as follows:
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Here J is the measured current density, JL and JK are the diffusion and kinetic current densities, respectively, n is the transferred electron number per O2 molecule, ω is the angular velocity, F is the Faraday constant (F = 96,485 C mol−1), D0 is the O2 diffusion coefficient (1.9 × 10−5 cm2 s−1), C0 is the bulk concentration of O2 (1.2 × 10−3 mol L−1), ν is the kinematic viscosity of the electrolyte (0.01 m2 s−1) (Soren et al., 2016). At various electrode potentials J−1 vs. ω−1/2 graphs were plotted for CeO2/g-C3N4 (Figure 5B). The number of electrons transferred per O2 molecule (n) was calculated from the slopes of the best fit lines (Soren et al., 2016). The n value for the CeO2/g-C3N4 nano-composite was calculated around 3, which suggests the ORR kinetics proceeds through the 2-electron pathway.
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FIGURE 4. (A) CV study of g-C3N4, CeO2, CeO2/g-C3N4, (B) LSV study of g-C3N4, CeO2, CeO2/g-C3N4 and Pt/C at 1,600 rpm.
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FIGURE 5. (A) RDE of CeO2/g-C3N4 at various rotation rates, (B) K-L plot of CeO2/g-C3N4 at different potentials.



To gain more information on the ORR mechanism, the electron transfer number ‘n’ and the rate of peroxide formation can be determined from the RRDE analysis (Ge et al., 2015). In RRDE, the ORR takes place at the GC disk (where the different catalysts were deposited) and the concentric Pt ring detects the peroxide production. Figure 6 shows the disk and ring currents for the CeO2 and CeO2/g-C3N4 systems. Both catalysts generate ring current at the onset potential for the ORR. All three electrodes display large disk currents with relatively low ring current. Here, n is the number of electrons transferred, ID is the current measured at the GC disk, and IR is the current measured at the Pt ring obtained through RRDE (Qiao et al., 2016). The value of “N” is 0.25, denoting the collection efficiency which is a design parameter provided by the RRDE manufacturer. The following two equations are used to determine electron transfer number and amount of peroxide produced during ORR (Ge et al., 2015).
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At lower over potential regions (−0.4V vs. Ag/AgCl), the average value of “n” for CeO2, CeO2/g-C3N4 were 2.71, 3.2, respectively. The peroxide formation follows the reverse trend (CeO2 > CeO2/g-C3N4). At higher over potential regions (−0.6 V vs. Ag/AgCl) the “n” of CeO2 and CeO2/g-C3N4 remains constant, i.e., 2.57 and 3.2 respectively (Figure 7A). This indicates at the quasi-4-electron process followed CeO2/g-C3N4. The peroxide formation follows the reverse trend (CeO2 > CeO2/g-C3N4) at higher over potential regions (Figure 7B).
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FIGURE 6. RRDE Comparison of CeO2 and CeO2/g-C3N4 systems.
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FIGURE 7. (A) Electron transfer number, (B) % of HO[image: image] formation of CeO2 and CeO2/g-C3N4.



An enhancement of reaction kinetics toward the 4-electron ORR pathway is clearly observed from CeO2 to CeO2/ g-C3N4. The ORR activity can be ascribed to the oxygen vacancies in the CeO2 lattice, which originated from the mixed valence states. The defects can be easily healed by oxygen adsorption when exposed to oxygen environment (Soren et al., 2016). The improved ORR activity of CeO2/gC3N4 can be explained by considering the synergistic effect between CeO2 and carbon network containing different types of nitrogen (Pyridinc, pyrolic, and graphitic). Ruoff's group in their recent publication has confirmed the effect of nitrogen doping on the ORR activity (Lai et al., 2012). They have concluded that the catalytic activity is dependent on the nature and amount of nitrogen present in the matrix. It has been established that presence of graphitic nitrogen increases the limiting current whereas the pyridinic nitrogen alters the onset potential of ORR (Soren et al., 2016). Li et al. have shown that the direct reduction pathway for ORR is favored by the presence of pyridinic nitrogen (Li et al., 2013). Bag et al. also confirmed the vital role of pyridinic nitrogen in the enhancement of ORR activity (Bag et al., 2014). In this paper the XPS analysis reveals that CeO2/g-C3N4 has 50.6% pyridinic nitrogen. This explains the shift in onset potential while going from CeO2 to CeO2/gC3N4 composite (as discussed in Figure 4B)

Stability of electrocatalysts is another key parameter in the evaluation of their catalytic performance. The catalytic stability of CeO2/g-C3N4 along with commercial Pt/C and bare CeO2 were measured and compared by the Chronoamperometric response method at −0.35V vs. Ag/AgCl in 0.1 M KOH solution for 12,500 s at 1,000 rpm, and the results are shown in Figure 8 (Soren et al., 2016). As expected, CeO2/g-C3N4 exhibited better stability as compared to both Pt/C as well as bare CeO2. Moreover, after 12,500 s, relative current value for bare CeO2 and Pt/C decreased by 53 and 40% respectively, while in case of CeO2/g-C3N4 composite a 24% decrease in the relative current was observed.
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FIGURE 8. (Current–time) chronoamperometric responses for ORR on CeO2, CeO2/g-C3N4 and commercial Pt/C at −0.35 V at a rotational rate of 1,000 rpm.



Methanol poisoning of the cathode impacts the ORR process. As a result, it is very much essential to address another important factor of ORR catalysis—i.e., methanol tolerant capability (Bag et al., 2014). For methanol tolerance, test chronoamperometric measurements were performed at −0.35V vs. Ag/AgCl at 1,000 rpm in O2 saturated 0.1 M KOH solution to investigate the methanol crossover effect of CeO2, CeO2/g-C3N4 composite as well as of commercial Pt/C. A total of 25 mL of (10 wt%) 3 M methanol was injected at 600 s. It was observed that there was a 34% and 29% decrease in relative current for CeO2, Pt/C, respectively, whereas only a 10% decrease in relative current was observed for the CeO2/g-C3N4 composite system (Figure 9). This result demonstrates the better methanol tolerance ability of CeO2/g-C3N4 as compared to Pt/C.
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FIGURE 9. Methanol tolerance test of CeO2, CeO2/g-C3N4, and commercial Pt/C.





Impedance Measurement

Electrochemical impedance spectroscopy (EIS) is another potent technique to describe the electrocatalyst kinetics and interface properties in ORR (Perini et al., 2015). EIS analysis through Nyquist plots is generally used to examine interfacial charge transport behavior of the electrode-electrolyte interface. The Nyquist plots demonstrate variation of impedance with frequency reflected as imaginary component vs. real component of impedance. Figure 10 shows the Nyquist plots over the frequency range 100–1 MHz for the CeO2/g-C3N4 modified electrode in 0.1 M KOH solution with an AC amplitude of 0.1 V at an initial potential of −0.210 V. The Nyquist plot is represented at high frequency by a semicircular arc and at low frequency the plot is represented by a straight line. In this plot, the charge transfer resistance at the electrode-electrolyte interface is represented by the diameter of the semicircular arc whereas the diffusion nature of the electrolyte at the electrode surface is represented by a straight line (Parwaiz et al., 2017). The impedance data was fitted to an equivalent circuit (inset of Figure 10). The equivalent circuit consists of charge transfer resistance (Rct), solution resistance (Rs), pseudocapacitance (CF), Warburg impedance (Zw), and double layer capacitance (Cdl) (Tan and Ren, 2016). The semicircle intercepting the real axis is a combination of both charge transfer resistance Rct (Guan et al., 2018) and ionic resistance of electrolyte Rs (Maheswari and Muralidharan, 2016). Rs consists of bulk electrolyte solution resistance and electron transfer resistance whereas Rct can be ascribed to change transfer resistance at the electrode-electrolyte boundary (Maheswari and Muralidharan, 2015).
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FIGURE 10. Nyquist plot of as prepared electrocatalyst at −0.21 V vs. Ag/AgCl measured in 0.1 M KOH solution. Inserted: A simplified equivalent circuit.



The calculated Rs for the CeO2/g-C3N4 composite is 36.5 Ω. The value of Rs of the electrodes can be attributed to the dissimilar conductivities and morphologies of the materials in their construction. A faster electron-transfer rate can be designated by a smaller Rct (Wu Q. et al., 2017). Based on the observations, the diameter of the semicircle and the calculated Rct of the CeO2/g-C3N4 is 150 Ω whereas the Rct for CeO2 and Pt/C was found to be 534.4 and 77.3 Ω, respectively. The lower Rct value of CeO2/g-C3N4 can be assigned to active electron transfer kinetics which in turn favor ORR catalytic activity.




CONCLUSION

In accordance with the study report, CeO2/g-C3N4 was successfully synthesized by a facile microwave mediated polyol route. The synergic effect of CeO2 after interacting g-C3N4 leads to the enhancement of ORR activity of the CeO2/g-C3N4 modified system as compared to bare CeO2. The XPS and ORR kinetics study results reveal that CeO2/g-C3N4 with high levels of pyridinic nitrogen performs better ORR catalytic activity, implying a vital role of pyridinic nitrogen as promoter of ORR. The composites have shown excellent ORR stability and methanol tolerance behavior than commercial Pt/C. The low cost and facile synthesis procedure predict the future utility of the CeO2/g-C3N4 composite in energy conversion system.
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Re(I) complexes have exposed highly suitable properties for cellular imaging (especially for fluorescent microscopy) such as low cytotoxicity, good cellular uptake, and differential staining. These features can be modulated or tuned by modifying the ligands surrounding the metal core. However, most of Re(I)-based complexes have been tested for non-walled cells, such as epithelial cells. In this context, it has been proposed that Re(I) complexes are inefficient to stain walled cells (i.e., cells protected by a rigid cell wall, such as bacteria and fungi), presumably due to this physical barrier hampering cellular uptake. More recently, a series of studies have been published showing that a suitable combination of ligands is useful for obtaining Re(I)-based complexes able to stain walled cells. This review summarizes the main characteristics of different fluorophores used in bioimage, remarking the advantages of d6-based complexes, and focusing on Re(I) complexes. In addition, we explored different structural features of these complexes that allow for obtaining fluorophores especially designed for walled cells (bacteria and fungi), with especial emphasis on the ligand choice. Since many pathogens correspond to bacteria and fungi (yeasts and molds), and considering that these organisms have been increasingly used in several biotechnological applications, development of new tools for their study, such as the design of new fluorophores, is fundamental and attractive.

Keywords: rhenium (I) tricarbonyl complexes, Equatorial ligand, ancillary ligand, bacteria, fungi, yeasts, molds


CELL IMAGING METHODS

Cell imaging has become a powerful tool to reveal particular biological structures and explore molecular mechanisms, unraveling dynamics, and functions of many different cellular processes (Rabuka et al., 2008; Hensle and Blum, 2013; Hananya et al., 2016; Majumder et al., 2016; Cui et al., 2017; Yoshimura, 2018). Accordingly, development of diverse transmitted light microscopy approaches, including fluorescence microscopy, is increasingly contributing to improve this technique (Roeffaers et al., 2008; Hauser et al., 2017). Fluorescence microscopy has been considered to be one of the most important advances to observe biological structures, but also to explore physiological processes or even characterize new compartments (Phimphivong and Saavedra, 1998; Bullok et al., 2002; Heintzmann and Huser, 2017). In this sense, research about new, improved fluorescent indicators (simply known as fluorophores) clearly constitutes a new challenge (Frederiksen et al., 2016; Yang et al., 2016; Xue et al., 2017; Bourassa et al., 2018).

Fluorescence microscopy relies upon the use of fluorescent agents, or those parts of a sample that are naturally emissive, to generate a detectable emitted light signal upon excitation (Borman, 2010; Vendrell et al., 2012; Kim et al., 2015; Tian et al., 2017). This allows for greater contrast between sections of the specimen and greater signal-to-noise ratios than conventional microscopy, which uses detection of reflected or transmitted light (Cheng et al., 2017; Gao et al., 2017; More et al., 2018).

Nevertheless, overall limitations of fluorescence microscopy, as an imaging technique, include low resolution to approximately half the wavelength of the light involved in the experiment, and the limited depth of tissue penetration of the light used. This limits visible light fluorescence microscopy to sample depths of a few millimeters and near IR microscopy to a few centimeters (Li et al., 2017; Taylor et al., 2018). For these reasons, it is necessary to develop new and improved luminescent fluorophores, suitable to be used with fluorescence microscopy.



LUMINESCENT MARKERS FOR FLUORESCENCE MICROSCOPY

In fluorescence microscopy, image quality depends largely on the physicochemical properties of the luminescent marker. For these reasons, markers should be carefully chosen to fulfill the requirements of a particular technique (Shaner, 2014). It has been considered that a good luminescent marker for imaging applications must exhibit some desirable properties, such as good stability and solubility in aqueous solvents (including buffer and culture media); low cytotoxicity, including low phototoxicity (i.e., toxicity generated upon light exposure) (Haas et al., 2014); differential affinity (i.e., specificity) for certain cell structures; and an efficient cellular uptake, hopefully in absence of other chemical or physical agents that artificially increase membrane permeability (Fernandez-Moreira et al., 2010). Other photophysical properties are also important. Accordingly, luminescent fluorophores must exhibit an efficient sample penetration to create high quality images. For instance, fluorophores with red shifted emission and excitation profiles, particularly in the near-infrared region, have shown a suitable penetration for biological systems (Zhao et al., 2014). In addition, luminescent markers should be easily distinguishable from the background, showing high brightness. In this context, background autofluorescence from biological systems generally reduce resolution of a luminescent marker. Since autofluorescence, produced by DNA, NADPH, and other biomolecules, normally presents small Stokes shift (Santoro et al., 2012; Balasubramaniam et al., 2015; Coda et al., 2015), it is desirable that luminescent markers present large Stokes shift, a property that contributes to preventing self-quenching (i.e., dimmer images) (Moriarty et al., 2014). Finally, markers must also show a relatively long luminescent lifetime (τ, from ~102 to 106 ms), a useful feature that also contributes to distinguish the desired signal from the biological system, which shows mostly short-lived autofluorescence (~10 ns). Thus, since different cellular structures present different τ with respect to autofluorescence, it is possible to remove this autofluorescence background or even use it to provide further information through fluorescence lifetime imaging microscopy/mapping (FLIM) (Coda et al., 2015).

At present, a wide variety of fluorophores for bioimaging applications have been reported. Among these, genetically encoded fluorescent proteins (FPs) (Enterina et al., 2015); organic dyes; quantum dots (Baker, 2010; Doane and Burda, 2012); and metal-based systems (Shang et al., 2011; Echeverría et al., 2012) are the most important.


Fluorescent Proteins (FPs)

A wide variety of fluorescent proteins have been engineered, with several adaptations and characteristics to suit diverse applications, including presentation in different colors, from blue to far-red. FPs can be genetically encoded, a major advantage over other systems, thereby allowing direct labeling of many proteins in a living cell; albeit this advantage must be contrasted against poor quantum yield, low photon yield (i.e., FPs exhibit poor brightness), and a large size that impairs cellular uptake when they are heterologously produced, particularly in prokaryotic cells (bacteria) and eukaryotic walled cells such as yeasts or molds (Baird et al., 2000; Kubitscheck et al., 2000; Shaner et al., 2004). Moreover, not all FPs are stable; some of them exhibiting high degradation rates (Haas et al., 2014). Even more so, several chimeric proteins containing an FP moiety lack their original functions and/or do not exhibit luminescence due to inappropriate protein folding (Stepanenko et al., 2013). Another consideration when using FPs is the maturation time, i.e., time necessary to properly fold and emission. Typical maturation times are around 40 min, but depending on pH, temperature, and the specific FP, some may take several hours to mature (Baird et al., 2000; Shaner et al., 2004; Chudakov et al., 2010). Moreover, it is important to remark that the chromophore formation step requires the presence of oxygen in many FPs (including green fluorescence protein GFP), making these markers incompatible with obligate anaerobes (Haas et al., 2014). Furthermore, it is important to consider that the use of FPs is restricted to cellular systems that have well-established transformation protocols or availability of appropriate expression vectors.



Organic Molecules

Most fluorophores used in confocal microscopy are organic molecules, normally a series of fused, heterocyclic rings (Wood, 1994). While extinction coefficients and quantum yield of many of these fluorophores are high, they exhibit small Stokes shift, and short luminescence lifetime compared to metal-based systems (see below). Unlike FPs, organic dyes are not genetically encodable, consequently they must be incorporated into the cell through the plasma membrane by diffusion, endocytosis or microinjection. Nevertheless, not all organic dyes can permeate cell membranes. For instance, rhodamine dyes can poorly diffuse across bacterial membranes, while sulfonated cyanine dyes are completely unable to enter into bacterial cells (Fernandez-Suarez and Ting, 2008). This is an especially critical point since endocytosis and microinjection are not available for prokaryotic cells. Instead, membrane permeabilization is normally used; albeit this procedure can produce misleading or confusing alterations in data (artifacts) due to the presence of organic solvents affecting membranes and other cell structures (Sochacki et al., 2011). In addition, considering that organic dyes usually bind non-specifically in the cell, most staining is limited regarding their specificity, needing several washing steps to remove excess, unbound dye from the cell (Fernandez-Suarez and Ting, 2008).



Quantum Dots

Quantum dots have also been used for fluorescence microscopy, although they are much less common in applications due to their usual large size, requirement for surface passivation, and unpredictable blinking properties (Antelman et al., 2009; Wang et al., 2009; Mutavdzic et al., 2011; Ritchie et al., 2013). As well as with exogenous proteins and organic dyes, many quantum dots are difficult to be incorporated into cells, restricting their use to the outer membrane and cell surface in prokaryotic cells (Chalmers et al., 2007; Zhang et al., 2011; Ritchie et al., 2013). Although quantum dots commonly exhibit much longer photobleaching lifetimes compared to FPs, the presence of blinking constitutes a clear disadvantage to obtain high quality images (Michalet et al., 2005; Mahler et al., 2008; Omogo et al., 2016; Osborne and Fisher, 2016). Furthermore, another important disadvantage is the high toxicity of the semiconducting materials used in the fabrication of quantum dots like CdQ (Q = Se or Te) (Khalili Fard et al., 2015; Li et al., 2016; Silva et al., 2016). To address this issue, numerous studies have explored the development of non-toxic quantum dots. Nevertheless, only less-toxic quantum dots have been produced (Das and Snee, 2016). For that reason, they must be coated with organic molecules, a complex, and expensive procedure, to render them soluble and biocompatible by preventing the leaching of toxic ions (Fernandez-Moreira et al., 2010). Even though extinction coefficients and quantum yield of many quantum dots are high, these fluorophores exhibit normally smaller Stokes shift, shorter luminescence lifetime and higher susceptibility to photobleaching compared with metal-based systems (see below).



Metal-Based Systems

Metal-based systems are comparatively smaller (1–2 nm), and often possess excellent optical properties such as high brightness, narrow emission bands, multiple emission wavelengths, emission tunability, long fluorescence lifetime, large Stokes shift, resistance to photobleaching, and high stability, compared with other fluorophores (Baird et al., 2000; Shaner et al., 2004; Ranjan et al., 2015). Due to all these properties, especially small size, the position of these dyes in a sample can be determined with high precision, a useful feature to perform super-resolution microscopy (Thompson et al., 2002; Agrawal et al., 2013; Haas et al., 2014). Some complexes of certain 4f elements (i.e., lanthanides) show extremely long luminescence lifetime (106 ns) and, in some cases, they emit in the NIR region of the spectrum, which are features that make them attractive targets for applications in fluorescence microscopy (Song et al., 2008; Montgomery et al., 2009; Amoroso and Pope, 2015). Despite all these promising advantages, the presence of an additional chromophore must be incorporated into the complex (i.e., an antenna) to allow sufficient absorption and subsequent transfer of energy to the lanthanide; in other words, lanthanide ions are difficult to excite (Liu et al., 2013). In addition, lanthanide complexes must exhibit high stability to avoid the release of highly toxic lanthanide ions, a process demanding the synthesis of intricate macrocyclic ligands (Montgomery et al., 2009). Besides 4f elements (lanthanides), d6 metal-based systems, in combination with a relatively high amount of ligand-field dinitrogenated and/or organometallic ligands, present attractive features to be used as fluorophore for applications in fluorescence microscopy.




D6 METAL-BASED COMPLEXES

Over the last few years, luminescent d6 complexes have attracted considerable interest for applications in microscopy as synthetic fluorescent dyes, mainly due to their attractive photophysical properties (Haas and Franz, 2009; Patra and Gasser, 2012). Typical d6 complexes of Re(I), Ru(II), Os(II), and Ir(III) (Lee et al., 2017), in combination of a relatively high diversity of ligands (e.g., ruthenium trisbipyridyls, rhenium fac tricarbonyl polypyridyls, osmium bipyridyl, and iridium cyclometallates complexes), have been used as fluorophores for fluorescent microscopy and related applications (Table 1) (Virel et al., 2009; Langdon-Jones et al., 2014; You et al., 2014; Gupta et al., 2016). In general, d6 complexes share common features making them suitable for microscopy applications. For instance, as well as luminescent lanthanide complexes, d6 complexes have large Stokes shift (hundreds of nm), which allow clear differentiation between autofluorescence and signal luminescence; long excited-state lifetimes, which can permit elimination of short-lived autofluorescence (ns) (Fernandez-Moreira et al., 2010; Li et al., 2011); enhanced photostability (leading to lower photobleaching) (Stufkens and Vlcek, 1998; Lowry et al., 2004); high chemical stability; and cellular uptake, at least for eukaryotic non-walled cells (Haas and Franz, 2009; Langdon-Jones et al., 2014).



Table 1. Examples of d6 complexes used as fluorophores in biological applications.
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Photophysical properties of d6 complexes depend directly on the nature of the whole molecule itself, with an emission explained by the triplet metal-to-ligand-charge-transfer (3MLCT) as the most important in most molecules (Bonello et al., 2014). 3MLCT involves excitation by a photo-induced electron transfer from metal-based orbital (i.e., from Re, Ru, Ir) to a conjugated π-system normally located on an aromatic heterocyclic ligand (often a dinitrogenated ligand) (Long and Wong, 2015). Since excited d6 metal-based orbitals must transfer electrons to emit light, d6 complexes usually include high-field ancillary ligands (i.e., π acceptors) in order to improve charge transfer (Mitoraj and Michalak, 2010; Lambic et al., 2018; Munoz-Osses et al., 2018). For these reasons, due to low oxidation state of metals [i.e., Re(I), Ru(II), Ir(III)], highly conjugated ligands that can easily accept electronic density are desirable for the development of good fluorescent probes (Cameron et al., 2018; Isik Buyukeksi et al., 2018; Zanoni et al., 2018). In this sense, it is possible to modulate both excitation and emission wavelengths of d6 complexes according to the nature of the ligand involved in charge transfer. Thus, the choice of the ligand can directly affect the band gap, impacting, in turn, in the emitting light and remarking the possibility to design complexes with particular luminescent properties (Fernandez-Moreira et al., 2010; Atoini et al., 2017; Ward et al., 2018). All these features contribute to easy excitation and increased quantum yield of d6 complexes, in comparison with lanthanide complexes, producing brighter images at lower concentrations and few cytotoxicity, without the need of antennae (Fernandez-Moreira et al., 2010; Thorp-Greenwood, 2012; Thorp-Greenwood et al., 2012).

Besides good luminescent properties, d6 complexes must exhibit other additional properties to be suitable for imaging applications in biology. Among these properties, cellular uptake (e.g., by modulating lipophilicity), low cytotoxicity, and specific intracellular localization are crucial, thereby engineering of d6 complexes by the presence of different ligands must be explored in order to obtain improved luminescent fluorophores. Since emission comes mainly from the charge transfer between the metal and ligand, exhibiting sensitivity to their electronic levels (Lowry et al., 2004), modifications of the ligands will allow for the designing of new fluorophores with different photophysical properties, but also fluorophores that could be conjugated to other biomolecules (e.g., antibodies) to allow localization-control of the sample.



RE(I) TRICARBONYL COMPLEXES

As stated, properties exhibited by d6 complexes make them attractive for bioimaging applications using fluorescence microscopy (Thorp-Greenwood and Coogan, 2011; Morais et al., 2012). d6-based complexes have shown remarkable properties in cellular imaging, especially with epithelial cells, showing specific intracellular localization patterns (Amoroso et al., 2007; Botchway et al., 2008; Li et al., 2011). In particular, Re(I) tricarbonyl complexes have luminescent properties that have long been postulated, but have only been demonstrated relatively recently as being useful as in vivo probes (Amoroso et al., 2007, 2008).

In the first fluorescence studies, Re(I) tricarbonyl complexes with bisquinoline (bqi) as substituted trinitrogenated ligand were conjugated to fMLF, a small peptide-based targeting agent used to specifically recognize the formyl peptide receptor (FPR) found in neutrophils (Stephenson et al., 2004), producing a fac-[Re(CO)3(bqi)fMLF]+ complex. At low temperatures, fluorescent complexes were located at the same position than the fluorescein-labeled probe, showing that the presence of Re(I) tricarbonyl complexes did not affect neither the recognizing nor localization of fMLF receptor (Stephenson et al., 2004). Although Re(I) bqi complexes were the first rhenium species reported as fluorophores for cell imaging, more recent studies demonstrated that dinitrogenated complexes such as 2,2′-bipyridine (bpy), 1,10-phenanthroline (phen), or derivatives, require longer wavelength excitation compared with bqi (i.e., trinitrogenated) ligands, producing low cellular damage but good penetration (Maggioni et al., 2012). In this sense, facial isomers of type fac-[Re(CO)3(N,N)L]n (where n is 0, +,or -), preferably monocationic complexes where N,N corresponds to a substituted dinitrogenated ligand and L is the ancillary ligand (Figure 1), have been extensively studied due to their photophysical attributes, especially with non-walled eukaryotic cells (Langdon-Jones et al., 2014; North et al., 2015). The relatively lipophilic nature of fac-[Re(CO)3(N,N)L]n complexes (e.g., they can be dissolved in DMSO) seems also suitable for cell imaging, showing that the choice of the dinitrogenated ligand modulates some photophysical properties (e.g., excitation and emission ranges) (Amoroso et al., 2007), but also some properties as biomarkers (Carreño et al., 2017a).
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FIGURE 1. Structural scheme of Re(I) tricarbonyl complexes and their different functional groups [i.e., substituted dinitrogenated ligand (N, N); ancillary ligand (L)]. Some examples of (N, N) ligands include (1) 4,4′-dimethyl-2,2′-bpy (dmb); (2) 2,2′-bipyridine (bpy); (3) 1,10-phenanthroline (phen); (4) 5,6-dione-1,10-phenanthroline (dione). Some examples of ancillary ligands (L) include (1) halogens; (2) 3-chloromethylpyridyl; (3) (E)-2-{[(3-aminopyridin-4-yl)imino]-methyl}-4,6-di-tert-butyl-phenol (a pyridine Schiff base harboring an intramolecular hydrogen bond) (Carreño et al., 2014, 2015a,b, 2017a).



Most common Re(I) luminescent markers are based on the fac-[Re(CO)3(bpy)L]+ core, which have been modified in order to develop imaging and sensing agents with diverse properties. These complexes are usually synthesized from parent pentacarbonyl halides, [Re(CO)5X] (X = Cl/Br), to obtain neutral tricarbonyl dinitrogenated halides (e.g., fac-[Re(CO)3(bpy)X]) (Kurz et al., 2006; Ranasinghe et al., 2016). In this case, it is important to include a reflux step under an inert atmosphere for 2–3 h (Kurz et al., 2006; Ranasinghe et al., 2016). Nevertheless, more recently a synthesis procedure has been reported that requires only stirring without the need of reflux and inert atmosphere, with a high yield and purity, in only 15–30 min (Carreño et al., 2015b, 2017a). After the synthesis of neutral fac-[Re(CO)3(bpy)X, the halide (i.e., X) can be substituted by the required ancillary ligand (L) to produce the final complexes (i.e., fac-[Re(CO)3(bpy)L](0, +, or−)), where total charge depends on the nature of the ancillary ligand L (Amoroso et al., 2008; Thorp-Greenwood et al., 2012; Carreño et al., 2016; Carreño et al., 2017a).

Thus, as discussed before, it has been demonstrated that the Re(I) tricarbonyl complexes can be engineered by choosing the ancillary ligand, in order to modulate some properties related to bioimage, including wavelength emission, subcellular localization, and/or cellular uptake. The ancillary ligand can determine lipophilicity, but also other properties such as global charge of the Re(I) tricarbonyl complexes. For example, there are differences in neutral, cationic and anionic forms of Re(I) tricarbonyl complexes. Neutral complexes (e.g., fac-[Re(CO)3(N,N)L], where L is a halogen as substituent) normally exhibit relatively low quantum yield and short lifetime, along with relatively low cellular uptake (Fernandez-Moreira et al., 2010; Carreño et al., 2019). By contrast, cationic fac-[Re(CO)3(bpy)L)]+ complexes normally present more desirable photophysical properties, including increased lifetime and better quantum yield. In addition, several Re(I) tricarbonyl complexes can be up taken by non-walled eukaryotic cells by passive diffusion, facilitating the staining procedure. Specifically, some cationic lipophilic complexes, e.g., fac-[Re(CO)3(bpy)(Py-CH2OCO(CH2)nCH3)]+ (Py = pyridine; n = 6, 12, 16), co-localize in internal membranes of organelles, or other lipophilic cytoplasmic structures (Stufkens and Vlcek, 1998; Coogan and Fernandez-Moreira, 2014). On the other hand, anionic complexes (e.g., fac-[Re(CO)3((SO3-phenyl)2-phen)(Py-R)]−(Py: pyridine; R: H, CH2OH, CH2OCOC13H27) accumulate only on the outer face of the plasma membrane, or show no cellular uptake at all despite the presence of very lipophilic substituents (Amoroso et al., 2007), showing that a suitable combination of both the dinitrogenated and the ancillary ligand must be performed in order to develop an adequate biomarker.

Besides contributing to the global charge of the complex, ancillary ligands can also modulate other properties, showing this moiety was not as irrelevant, as previously suggested (Sacksteder et al., 1990). For instance, a group of fac-[Re(CO)3(N,N)L]+ (where N,N is bpy or phen derivatives) complexes, where L corresponds to a highly lipophilic series including esters of 3-hydroxymethylpyridine, i.e., Py-3-CH2O2CR′ (Py = pyridine; R′ = octyl, merystyl, or steryl), were tested as biomarkers in both liposomes and Spironucleus vortens, a unicellular eukaryotic fish parasite related to Giardia spp. (Amoroso et al., 2007). Results showed that lipophilic fac-[Re(CO)3(subs-bpy)L]+ complexes (where subs-bpy is a substituted bpy, and L is a highly hydrophobic ligand) were associated to cell membranes, internal membranes of organelles and cell debris. Interestingly, the neutral compound fac-[Re(CO)3(phen)Cl] was mainly found in aqueous fractions and not in membranes, suggesting that high lipophilicity and/or a cationic nature are required for an efficient uptake and staining, as stated above (Amoroso et al., 2007). Thus, apparently, the use of lipophilic complexes could lead to an improved luminescent staining in cells. Nevertheless, highly lipophilic fac-[Re(CO)3(N,N)L]+ exhibit cytotoxicity, mainly due to membrane disruption that ultimately led to cell lysis. In this sense, it has been stated that fac-[Re(CO)3(N,N)L]+ complexes are not toxic per se, but toxicity can be a problem depending on the chosen ancillary ligand (L) (Amoroso et al., 2007; Hallett et al., 2018), indicating that experimental research is necessary to establish biocompatibility in each case. Besides cytotoxicity, ancillary ligands can also modify other properties in Re(I) tricarbonyl complexes involved in bioimaging. In this regard, it was stated that chloride used as an ancillary ligand promotes high cell-depending photobleaching when used in these complexes (Amoroso et al., 2007). Nevertheless, other similar neutral Re(I) tricarbonyl complexes harboring bromide as ancillary ligand, instead of chloride, seem to be resistant to photobleaching, exhibiting an efficient stain of different cell models and reinforcing the need of an experimental approach in each case to assess the complexes as biomarkers (Carreño et al., 2017a).

Ligands can also modify other properties with potential use in biological applications. For instance, alkoxy bridged binuclear Re(I) tricarbonyl complexes containing long alkyl chains with photoisomerizable 4-(1-naphthylvinyl) pyridine ligand (1,4-NVP) enhance its fluorescent emission in the presence of β-amyloid fibrils, exhibiting a potential in Alzheimer's disease diagnosis (Sathish et al., 2014), remarking an eventual use of Re(I) tricarbonyl complexes as novel differential probes and opening new windows in medical approaches.



RE(I)-BASED FLUOROPHORES FOR WALLED CELLS

As stated above, several fluorophores have been extensively studied regarding their use for non-walled cells (e.g., cell lines, usually epithelial cells). However, in the last years, the use of Re(I)-based fluorophores in walled cells, in particular bacteria and fungi, have been explored. Many pathogens correspond to bacteria and fungi (yeasts and molds). In addition, these organisms have been increasingly used in innumerable biotechnological applications, underlining the importance of developing new tools for their study, such as the design of new fluorophores. Nevertheless, development of Re(I)-based fluorophores for walled cells has encountered some troubles. Both bacteria and fungi possess a rigid structure found in their respective envelop, called cell wall (Sanz et al., 2017; Caveney et al., 2018). The presence of the cell wall could impair incorporation of foreign molecules, including Re(I)-based complexes, as previously proposed (Amoroso et al., 2007, 2008). According to our experience, the development of Re(I)-based fluorophores for walled cells is possible, but requires systematic experimentation to find suitable ligands surrounding the metallic core. Although much of the evidence showing adequate Re(I)-based fluorophores for walled cells is empirical, we can list some common features that favor their use for these kind of cells.

With respect to substitutions in the denitrogenated ligand in fac-Re(I)(CO)3(N,N)X complexes (where N,N is a denitrogenated ligand and X is a halide), apparently larger substituents seem to impair the properties as fluorophores in yeasts, showing, for instance, that fac-Re(I)(CO)3(2,2′-bpy)Br exhibit better staining than fac-Re(I)(CO)3(4,4′-diethanoate-2,2′-bpy)Br (Carreño et al., 2017a). Interestingly, it has been stated that some dinitrogenated ligands alone (e.g., 1,10-phenanthroline or derivatives) are highly cytotoxic toward different cell types, including walled cells such yeasts and bacteria (Coyle et al., 2003; Roy et al., 2008; Kaplanis et al., 2014; Carreño et al., 2019). Nevertheless, it has been shown that, when these dinitrogenated ligands are coordinated through their two nitrogens with the metal, cytotoxicity is strongly diminished (Carreño et al., 2017a; Carreño et al., 2019). Low cytotoxicity is fundamental for fluorophores, indicating that the most common dinitrogenated ligands, such as 1,10-phenanthroline derivatives, can be used to develop luminescent fluorophores for walled cells.

Regarding the total charge, a cationic nature of fac-[Re(CO)3(2,2′-bpy)L)]+ complexes is desirable for the generation of luminescent fluorophores, even for walled cells, due to advantageous photophysical properties and improved uptake (Coogan and Fernandez-Moreira, 2014; Carreño et al., 2016, 2017a; Carreño et al., 2019; Carreño et al., 2019a). This is apparently true for other d6-based complexes used to stain walled cells. For instance, prototypical cis-Ru(II)(N,N)[image: image] complexes (where N,N is a dinitrogenated ligand) were reported to be useful to stain yeasts (Carreño et al., 2019b). However, it is necessary to be cautious since highly charged cationic d6-based complexes are apparently unable to penetrate walled cells. This is the case for ruthenium red ([(NH3)5Ru(II)–O–Ru(II)(NH3)4–O–Ru(II)(NH3)5]6+), used as a dense material to stain extracellular components in yeasts, a compound that is unable to penetrate cells (Farrington and Sannes, 2015).

As stated above, the choice of both the dinitrogenated ligand and the total charge of the complex are important to generate a suitable fluorophores for walled cells. In this context, the ancillary ligand also plays a relevant role, albeit the choice of the right ligand is not trivial. Amoroso et al. tested different ancillary ligands in fac-Re(I)(CO)3(2,2′-bpy)L+, where L is a meta-substituted pyridine with ester aliphatic chains (from 6 to 16 carbons), and found that these complexes were toxic for different cell kinds, inducing cell disruption and affecting the image obtained by fluorescence microscopy (Amoroso et al., 2007). Later, Amoroso et al. explored a different ancillary ligand using the same fac-Re(I)(CO)3(2,2′-bpy)L+ core, but using 3-chloromethylpyridyl instead of meta-substituted pyridine with ester aliphatic chains (from 6 to 16 carbons) as L. Although these new complexes were significantly less toxic than complexes harboring long aliphatic chains, producing better images, the use of 3-chloromethylpyridyl as ancillary ligand seems to be useful only for non-walled cells (i.e., breast cancer cell line). By contrast, when this same complex was used to stain yeasts, poor results were obtained, showing only a small proportion of cells that retained the fluorophore (Amoroso et al., 2008). These findings remark the fact that, although the cationic nature has been proposed as being important for the uptake by non-walled cells (Langdon-Jones et al., 2014), it is also necessary to find suitable ancillary ligands to allow uptake by walled cells. In this way, it has been reported that one particular kind of pyridine Schiff base harboring an intramolecular hydrogen bond is useful to act as ancillary ligands to generate Re(I) complexes useful to stain walled cells (Carreño et al., 2015b, 2016, 2017a, 2019a). Schiff bases are aldehyde- or ketone-like compounds, where the carbonyl group is replaced by an azomethine (–C=N–) group (Da Silva et al., 2011). In general, Schiff bases have been used for diverse applications, including antimicrobial compounds, due to their high cytotoxicity against bacteria or fungi (Jarrahpour et al., 2007; Justin Dhanaraj and Sivasankaran Nair, 2009). At a first sight, an ancillary ligand exhibiting cytotoxic activity is not desirable. Nevertheless, it has been established that pyridine Schiff bases harboring an intramolecular hydrogen bond depend on the non-coordinated nitrogen found in the pyridine ring to exert their antimicrobial activity (Carreño et al., 2015a,b, 2018a,b). Considering that coordination of Re(I) core occurs through the pyridine nitrogen in this kind of Schiff bases, the resulting fac-Re(I)(CO)3(N,N)(pyridine Schiff Base)+ complexes exhibit lower cytotoxicity for walled cells, when compared with the respective free ancillary ligand (Carreño et al., 2015a,b, 2016, 2017a,b, 2018a,b). More importantly, fac-Re(I)(CO)3(N,N)(pyridine Schiff Base)+ complexes are useful to observe walled cells, including bacteria and fungi, through fluorescence microscopy. Thus, an efficient staining can be achieved with a simple protocol, with short incubation times (15–30 min), at 37°C, and in absence of an additional permeabilizer agent (Carreño et al., 2016, 2017a). Interestingly, these same complexes were also useful to stain non-walled cells (i.e., epithelial cell line), but only after long incubations periods (48–72 h) (Carreño et al., 2016), suggesting that these Re(I) complexes could be considered as being especially designed for walled cells.

A combination of different features in the Re(I)-based fluorophores, such as a cationic nature, a dinitrogenated ligand and a suitable ancillary ligand (e.g., as a pyridine Schiff base such as (E)-2-((3-amino-pyridin-4-ylimino)-methyl)-4,6-di-tert-butylphenol)) (Carreño et al., 2016, 2017a) are useful to develop new fluorophores for walled cells. Remarkably, small modifications in the nature of these components, such as the substituent groups in the dinitrogenated ligand, can even allow for obtaining differential fluorophores. For instance, fac-Re(I)(CO)3(2,2′-bpy)((E)-2-((3-amino-pyridin-4-ylimino)-methyl)-4,6-di-tert-butylphenol))+ can differentially stain bud-like structures when used to stain Candida albicans or Cryptococcus spp. (yeasts). By contrast, a small change in the dinitrogenated ligand, with the addition of a polar group (fac-Re(I)(CO)3(4,4′-diethanoate-2,2′-bpy)((E)-2-((3-amino-pyridin-4-ylimino)-methyl)-4,6-di-tert-butylphenol)+) produces a fluorophore that specifically stains the cell nucleus in these same fungi (Carreño et al., 2016, 2017a). This phenomenon was also observed with other d6-based fluorophores, where cis-Ru(II)(4,4′-diethanoate-2,2′-bipyridine)[image: image] was useful to stain yeasts, remaining retained in a structure consistent with the nucleus, whereas cis-Ru(II)(1,10-phenanthroline)[image: image] was retained in a peripheric structure of the yeast, probably cell membrane or cell wall (Carreño et al., 2019b). This evidence supports that relatively small substitutions, not necessarily involving long aliphatic chains, are enough to change the properties of other d6-based fluorophores, including Re(I) and Ru(II) complexes. In this regard, potential intermolecular interactions that these substituents could form with biological systems, is a fundamental property to be considered in the development of d6-based differential luminescent dyes (Carreño et al., 2017a). Some examples of how ligands affect staining properties of Re(I) complexes in walled cells are shown in Figure 2. High versatility of the d6-based fluorophores will plausibly allow the generation of diverse biological probes, even in the absence of other moieties aimed to provide specificity, such as antibodies.
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FIGURE 2. Effect of ligands in the use of fac-Re(I)(CO)3(N,N)L(0, +) complexes in walled cells (yeasts). Fluorescence confocal microscopy images of Candida albicans (yeasts) stained with fac-Re(I)(CO)3(4,4′-dimethyl-2,2′-bpy)Br (A), fac-Re(I)(CO)3(4,4′-diethanoate-2,2′-bpy)Br (B), or fac-Re(I)(CO)3 (4,4′-diethanoate-2,2′-bpy) [(E)-2-((3-amino-pyridin-4-ylimino)-methyl)-4,6-di-tert-butylphenol]+ (C) were compared. “Red channel” corresponds to excitation of 405 nm and emission collected in a range of 555 to 625 nm. In all cases, microorganisms were observed fresh, immobilized with 1% agarose, using a 100× objective. DMSO alone was used to set the detection threshold (not shown). White bars represent 5 μm. The complete protocol for staining and other examples of how ligand choice impacts on staining properties of d6 complexes were previously reported (Carreño et al., 2016, 2017a, 2019b).



Regarding filamentous fungi (mold, walled cells), Re(I) complexes harboring a pyridine Schiff base have been shown to be useful to stain both spores and hyphae of Botrytis cinerea, a ubiquitous necrotrophic filamentous fungal pathogen causing the “gray mold” disease in a wide range of plants. Since hyphae and conidia from Botrytis cinerea present a dynamic multilayer cell wall that varies the composition during normal growth (Cantu et al., 2009), it is difficult to develop suitable fluorophores to stain these structures. Recently, it has been reported that cationic Re(I) complexes with a dinitrogenated ligand and a pyridine Schiff base as ancillary ligand (e.g., fac-Re(I)(CO)3(2,2′-bpy)((E)-2-((3-amino-pyridin-4-ylimino)-methyl)-4,6-di-tert-butylphenol)+) were useful to stain Botrytis cinerea structures, including conidia and juvenile hyphae. In that work, a new protocol was proposed as incubation at higher temperatures (65°C) can be useful to stain this kind of fungal structures. Furthermore, evidence of selective staining of living conidia was provided, opening a new focus for the generation of Re(I)-based fluorophores with potential use for vital staining (Carreño et al., 2019a).



CONCLUSION

Use of Re(I)-based complexes as fluorophores is increasingly gaining attention. Development of new applications in walled cells, such as bacteria and fungi, has underlined that systematic research of the best molecular features is fundamental to engineer new, improved fluorophores. Accordingly, fac-Re(I)(CO)3(N,N)L+ complexes should fulfill some desirable structural features:

1) Charge: Monocationic nature.

2) N,N: the presence of a bpy or phen with relatively small substituents (e.g., methyl, ethyl ester). Changes in these substituents can produce complexes for differential staining.

3) Ancillary ligand: An ancillary ligand lacking long aliphatic chains but preferentially presenting groups favoring the formation of hydrogen bonds. Hydrogen bonds potentially could improve interactions with biomolecules found in biological systems, improving retention.

A combination of these three features provides high plasticity to develop new Re(I) complexes with specific properties, adapted for a particular purpose regarding the generation of fluorophores for walled cells. It also important to remark that it is necessary to establish a suitable staining protocol since, depending on the organisms, increasing temperature or incubation time could greatly improve results.

Finally, it is possible to conclude that d6-based complexes exhibit a high versatility, allowing the development of new molecules for diverse applications, including fluorophores especially designed for walled cells, showing low cytotoxicity, cellular uptake and differential staining properties.
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In this paper, the unusual reactivity of the complex Zn(II)-1,4,7-trimethyl-1, 4,7-triazacyclononane (2) in the transesterification of the RNA-model substrate, HPNP (3), is reported. The dependence of the reactivity (k2) with pH does not follow the characteristic bell-shape profile typical of complexes with penta-coordinated metal centers. By the contrary, two reactive species, featuring different deprotonation states, are present, with the tri-aqua complex being more reactive than the mono-hydroxy-diaqua one. Apparently, such a difference arises from the total complex charge which plays an important role in the stability of the transition state/s of the reactions. Relevant insight on the reaction mechanism were hence obtained.

Keywords: RNA, monometallic Zn(II)-complexes, azacrown, phosphate cleavage, phosphoesterase models, kinetics


INTRODUCTION

Phosphate diesters have a fundamental importance in the chemistry of life in particular because they constitute the backbone of essential biomolecules as DNA and RNA. Their hydrolytic stability is very high. When the sole P-O cleavage by water is considered, the half-life of DNA is estimated to be in the order of magnitude of millions of years, at 25°C and pH 7, and that of RNA is around a hundred years (Wolfenden et al., 1998; Schroeder et al., 2006). Still, the hydrolytic processing of nucleic acids occurs in living organism in few milliseconds, thanks to the enzymes devoted to this task, as nucleases and phosphatases (Westheimer, 1987; Kamerlin et al., 2013). Most of them contain metal ions, as Mg(II), Ca(II), and Zn(II), in their active sites.

In the attempt to reproduce the activity, and possibly the proficiency of enzymes, chemists have focused their attention on the creation of artificial nucleases (Morrow et al., 2008; Aiba et al., 2011; Lassila et al., 2011; Lönnberg, 2011; Mancin et al., 2012; Diez-Castellnou et al., 2017a). Despite the significant effort invested in understanding the mechanism of the enzyme catalyzed reaction (Korhonen et al., 2013; Erxleben, 2019) and, therefore, in creating efficient artificial hydrolytic agents, the enzyme reactivity is still unrivaled and several questions remain to be addressed.

A better understanding of the roles played by the metal ion in promoting the hydrolytic cleavage of phosphate esters could be achieved using simple mono- or bi-metallic complexes as models. In particular Zn(II), while not being Nature's first choice, is likely the metal ion most widely employed in artificial systems (Mancin and Tecilla, 2007). This is due to several reasons: (i) the possibility to produce well defined and relatively stable complexes with neutral ligands; (ii) the absence of a relevant redox chemistry; (iii) a good Lewis acid acidity; (iv) a modest field effect that allow the easy reorganization of the ligand shell to match the ligand or reaction requirements.

Design and investigation of bimetallic systems is often difficult since the possible formation of μ-hydroxo bridges may affect and even cancel their reactivity (Mancin and Tecilla, 2007). Mono-metallic Zn(II) complexes, on the other hand, produce usually modest rate accelerations when compared to the corresponding bimetallic ones. Still, they allow more detailed investigations of the cleavage reaction providing a simple and better defined model (Bonfá et al., 2003).

In this perspective, we report here a detailed investigation of the reactivity of the Zn(II) complexes of 1,4,7-triazacyclononane (1) and of its methyl derivative 1,4,7-trimethyl-1,4,7-triazacyclo-nonane (2) toward the hydrolysis of the RNA model 2-hydroxypropyl-p-nitrophenylphosphate (HPNP, 3) (see Scheme 1). We found that the reactivity of 2 follows an unprecedented behavior featuring three pH dependent reactivity breaks, providing new insight on the reactivity of these systems.
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SCHEME 1. Zn(II) metal complexes used in this work and RNA-model substrate, HPNP.





RESULTS

HPNP cleavage rate in the presence of the two Zn(II) complexes was measured at 40°C. Kinetic experiments were performed in pseudo-first order conditions (i.e., in the presence of an excess of metal complex over the substrate, whose concentration was fixed at 20 μM) by monitoring the formation of 4-nitrophenolate by its UV-Vis absorption at 400 nm.

The complexes were prepared in situ by mixing a solution of Zn(NO3)2 with the corresponding ligand, in buffer. TACN and his derivatives have a high affinity for Zn(II). Indeed, the values reported in literature for the complex formation constants assure that, in the experimental condition here used, the complexes are fully formed (Yang and Zompa, 1976).

With both the complexes 1 and 2, the pseudo-firsts order rate constants (kobs) measured increase linearly with the Zn(II) complex concentration in the interval investigated (0–0.4 mM). Apparent second order rate constants (i.e., k2 = kcat/KM in the Michaelis-Menten formalism) can be obtained by linear regression fitting of the kobs vs. [complex] data.

Figure 1 reports the pH dependence of the apparent second order rate constants measured for the two complexes. As expected, the pH has a strong influence on the reaction rates suggesting, as generally observed with similar systems, that the deprotonation of metal bound-species has a relevant role in the reaction.
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FIGURE 1. pH dependence of the second order rate constants (k2) for the transesterification of HPNP catalyzed by complex 1 (•) and 2 (□) at 40°C.



At a first sight, both the profiles show the bell-shape characteristic of metal complexes with two metal bound water molecules. Indeed, kinetic data for complex 1 were fitted with Equation (1), which accounts for the reactivity of a species with three protonation states where only the second one is active (Supplementary Material). The fit provides the pKa values of 8.13 and 11.28, respectively for the first and second deprotonation. The second order rate constant (kZn) for the reaction of the active mono-deprotonated catalyst's species with the substrate is 0.064 M−1 s−1.

The values of p[image: image] and kZn obtained are in line with those reported in literature for complex 1 (Bonfá et al., 2003). The formation of the bis-deprotonated species and the consequent drop of the catalysts reactivity at higher pH have never been reported for 1, but a similar behavior is well-known for similar complexes of tridentate ligands, as 1,5,9-triazacyclododecane (Livieri et al., 2007).

The fitting of the kinetic data for complex 2 with Equation (1) gives very poor results (see Supplementary Information). A closer inspection of the profile of complex 2 reveals that it does not follow exactly a bell-shape. Indeed, k2 smoothly increases from pH 8 to pH 9.5, with a reactivity similar to that of complex 1, suggesting that the first deprotonation is occurring in this range. When the pH reaches the value of 9.5, a stronger, reactivity increase is observed and k2 reaches values 4-fold larger than the maximum one reached by complex 1. Eventually, the reactivity starts to drop above pH 11.0. A good fit of the data was obtained by using Equation (2), which was written for a reactivity model that involves a species with four protonation states and with two of them, the second and the third, reactive (Supplementary Material). Note, one of the referees pointed out that highly correlated parameters are obtained in the case of 5 variables fitting. As discussed, reliability of the reactivity and acidity parameters obtained is however supported by the comparison with the pH reactivity profile of complex 1.

The results of the fittings are reported in Table 1. The three pKa values obtained (7.7, 10.2, and 11.6) are separated respectively by 2.5 and 1.4 pKa units, with the first pKa value quite close to the corresponding one measured for 1. Also the kZn value for the mono-deprotonated species is on the same order of magnitude to that measured for 1 (0.025 M−1 sec−1) but that of the bis-deprotonated species (k'Zn) is considerably larger (0.27 M−1 sec−1).



Table 1. Kinetic parameters from pH rate profiles.
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DISCUSSION

The presence of a third metal bound water molecule in complex 2 is confirmed by the crystal structure obtained by Trogler and coworkers (Silver et al., 1995) for the complex [Zn(Me3tacn)(H2O)3]2+ (2·3H2O)2+ where the Zn(II) ion adopts an octahedral environment, coordinated to three nitrogens of the macrocycle and also to three aqua ligands. In addition, Spiccia and coworkers (Fry et al., 2003) reported the crystal structure for the related complex [Zn2(Me3tacn)2(H2O)4(PhOPO3)]2+(22 ·4H2O·PhPO4)2+ where the Zn(II) ion is coordinated to three nitrogen atoms from N,N,N-trimethyl-1,4,7,-triazacyclononane, two water molecules and one oxygen from phenyl phosphate. These structures support our hypothesis that in complex 2, formed by Zn(II) with the ligand 1,4,7-trimethyl-1,4,7-triazacyclononane, the coordination number of the metal ion is 6, as the accessible surface of the metal ion is large enough to allow coordination of two water molecules and of the substrate simultaneously. Unfortunately, no crystal structures are available for complex 1 to confirm its preference for the coordination number 5 at the metal ion, as suggested by kinetic experiments. The flexibility of the Zn(II) ion, which does not have a defined coordination geometry, is well-known (Sigel and Bruce Martin, 1994).

Potentiometric titration data available are also quite scarce. In the case of complex 1, precipitation above pH 8 prevented the determination of the acidity of the metal bound water molecules. Kinetic experiments, as already mentioned, confirm a pKa value around 8 for the first water molecule (Bonfá et al., 2003). In the case of complex 2, Trogler and coworkers reported the values of 10.9 and 12.3 (Silver et al., 1995). Such values appear surprisingly high when compared with complex 1 and with other Zn(II) complexes of macrocyclic polyamides (Kimura et al., 1990; Koike et al., 1990, 1991, 1992; Kimura and Koike, 1991). Indeed, one would expect that electron-donating methyl group will lower the acidity of the substituted metallic complex with respect to the unsubstituted one (Canary et al., 1995). Interestingly, the similarity of these values with those here reported for the second and third pKa is clear (Fry et al., 2005).

Focusing the attention on the hydrolytic reactivity of the two complexes, it is relevant to note that the pH profiles obtained confirm the coordination of the substrate to the complex. No other possible mechanism, as general base catalysis or nucleophile catalysis, would account for the reactivity decrease observed at high pH values. There are three kinetically equivalent mechanisms that have been proposed to explain the pH dependence observed for the metal catalyzed HPNP transesterification (Korhonen et al., 2013; Diez-Castellnou et al., 2017a). In the first, the reaction involves the deprotonation of the substrate's hydroxyl group by a metal bound hydroxide, which acts as a general base, simultaneously to the nucleophilic attack on the phosphorus atom (Scheme 2A). In the second, the substrate alcoholic group is bound to the metal ion and deprotonates before the nucleophilic attack (Scheme 2B). This mechanism is indistinguishable from the others because the pKa values of metal bound water molecules and alcoholic hydroxyls are similar (Kimura et al., 1995; Livieri et al., 2007). In the third mechanism (Scheme 2C) the substrate deprotonation occurs before metal coordination and the deprotonation of a metal bound water molecules decreases (or hamper) the interaction of the metal with the substrate.
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SCHEME 2. Proposed mechanisms for the metal catalyzed HPNP transesterification reaction: (A) the substrate deprotonation by a metal bound hydroxide occurs simultaneously to the nucleophilic attack on the phosphorus atom; (B) the substrate alcoholic group is bound to the metal ion and deprotonates before the nucleophilic attack; (C) the substrate deprotonation occurs before metal coordination and the deprotonation of a metal bound water molecule decreases the interaction of metal with the substrate.



Several experimental evidences strongly support the last mechanism (2C) in the case of catalysts that have coordination sites available on the metal ion to accommodate only the substrate (Morrow et al., 2008; Korhonen et al., 2013; Diez-Castellnou et al., 2017a). On the other hand, it is quite likely that when the catalyst have more coordination sites, the substrate alkoxide will bind to the metal ion, turning the reaction mechanism into path 2B (Livieri et al., 2007). In this mechanism, the metal ion plays two opposite roles: (i) it increases the reactivity of the substrate toward the nucleophilic attack, acting as a Lewis acid, (ii) it decreases the reactivity of the nucleophile, by decreasing its pKa.

A few years ago, we calculated the kZn values for the HPNP cleavage promoted by several mononuclear Zn(II) complexes of polyamine ligands (Figure 2) (Bonfá et al., 2003; Bonomi et al., 2013). In the case of triamine complexes, we found a positive correlation of the reactivity with the pKa of the first deprotonation of a metal bound species. Such a behavior suggested that, among the two concomitant and counterbalancing effects active, the loss of reactivity of the nucleophile prevails over the Lewis acid activation of the substrate.
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FIGURE 2. Plot of log kZn vs. pKa for the transesterification of HPNP catalyzed by Zn(II) complexes in water. Red triangles represent the reactivity of complexes 1 and 2, circles (○) are cyclic triamine ligands (a-f), squares (□) linear triamine ligands (g-i), see ref Bonfá et al. (2003) and Bonomi et al. (2013). The dashed line shows the linear fit of the reactivity data for the complexes of cyclic triamines (slope = 0.80). The reactivity of 1 and 2 was corrected to account for the temperature difference by matching the reactivity of 1 with the reported data (ref. Bonfá et al., 2003).



When the reactivity of complexes 1 and 2 is analyzed in this perspective, interesting insight is provided. The reactivity of complexes 1 and 2a (Scheme 3) is in line with that of other triamine complexes (Figure 2). On the other hand, the reactivity of mono-deprotonated complex 2b is about 10 times smaller than that expected for a complex of a triamine ligand with that pKa. This suggest that a further effect is at play in this case besides substrate Lewis acid activation and nucleophile reactivity modulation. Significant modifications of the coordination geometries in the two complexes 2a and 2b, which could justify their different reactivity, are unlikely as confirmed by DFT optimization of the complex geometries (see Supplementary Material). The other relevant differences between the reactive protonation states of complex 2 are essentially two. First, in complex 2a there is a metal bound water molecule, which could provide intramolecular H-bonds or acid catalysis. Since this water molecule is turned into an hydroxide in 2b, its positive effect on reactivity would be canceled. If this was the case (or if a general base catalysis mechanism was active), however, reactivity of 2a would be greater than that of 1 and of the other triamine complexes. The second difference is in the total charge of the reactive species, which is 0 in the ternary complex of 2a with HPNP and−1 in the case of 2b. Upon the nucleophilic attack of the substrate alkoxide, additional negative charge builds up in the phosphoryl group and this is electrostatically disfavored by the overall complex charge, resulting into a lower reactivity. Indeed, we earlier reported as the insertion of an additional positive charge in the ligand structure, located in close proximity to the reaction site, can increase the reactivity of a mononuclear Zn(II) complex up to one order of magnitude. This is in good agreement with the 10-fold rate decrease estimated for complex 2b (Bonomi et al., 2009).
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SCHEME 3. Proposed structure of the pre-reactive complexes of 1 and 2 with HPNP.





CONCLUSIONS

In conclusion, in this paper we have demonstrated as even small modifications in the structure of the ligands, as the insertion of methyl groups in the nitrogen atoms of triazacyclononane, may have a relevant effect on the ability of the corresponding Zn(II) complex in promoting the phosphoryl transfer reaction. The complex 2 is, at the best of our knowledge, the only monometallic Zn(II) catalyst of HPNP cleavage that is active in two different protonation states. Such a reactivity is due to the peculiar ability of 1,4,7-trimethyl-1,4,7-triazacyclononane to increase the number of coordination sites to 6 on the metal ion with respect of other similar ligands. The most relevant result of this study is however the mechanistic information obtained. The reactivity of complex 2 further supports mechanism 2B as the most likely in the case of complexes where enough solvent-occupied coordination sites on the metal are available. It also confirms that hydrolytic reactivity of these systems is the result of a delicate counterbalance between Lewis acid and electrostatic activation of the substrate (and stabilization of the transition state) and the decrease of the nucleophile reactivity. Several evidences obtained with model systems, and confirmed by our results, suggest that optimum reactivity should be obtained when the nucleophile is not bound to the metal ion and the overall complex charge is as great as possible (Tirel et al., 2014; Tirel and Williams, 2015). This explains also the greater reactivity usually observed with trivalent cations, as well as the detrimental effect of negatively charged ligands (Mancin et al., 2012). Metal ion coordination of the nucleophile may however be necessary to increase the fraction of nucleophile available at physiological pH and to provide a better preorganization of the latter for the attack to the phosphorous atom. The need to consider of all these factors explains the difficulties in reproducing enzymes' proficiency with simple models. Indeed only a precise spatial organization of multiple active species can optimize the positive effects while minimizing the detrimental one. It is hence not surprising the fact that only by using sophisticated supramolecular architectures, where several beneficial factors can be implemented, remarkable reactivities were obtained (Manea et al., 2004; Feng et al., 2006; Bonomi et al., 2008; Gruber et al., 2011; Diez-Castellnou et al., 2014).


Equations
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The spectroscopic properties of LaGaO3, doped with V ions, were examined in terms of the possibility of the stabilization of particular vanadium oxidation states. It was shown that three different approaches may be applied in order to control the ionic charge of vanadium, namely, charge compensation, via incorporation of Mg2+/Ca2+ ions, citric acid (CA)-assisted synthesis, with various CA concentrations and grain size tuning through annealing temperature regulation. Each of utilized method enables the significant reduction of V5+ emission band at 520 nm associated with the V4+→ O2− CT transition in respect to the 2E→ 2T2 emission band of V4+ at 645 nm and 1E2 → 3T1g emission band of V3+ at 712 nm. The most efficient V oxidation state stabilization was obtained by the use of grain size modulation, which bases on fact of different localization of the V ions of given charge in the nanoparticles. Moreover, the CA-assisted synthesis of LaGaO3:V determines V valence states but also provides significant separation of the nanograins. It was found that superior charge compensation was achieved when Mg2+ ions were introduced in the matrix, due the more efficient lability, resulting from the comparable ionic radii between Mg2+ and V ions.

Keywords: vanadium, charge compensation, citric acid, luminescence, nanocrystals


INTRODUCTION

It is well-known that the electronic configuration of optically active ions and thus their spectroscopic properties depend strongly on the their oxidation state (Weber and Riseberg, 1971; Felice et al., 2001; Gupta et al., 2014; Matin et al., 2017; Drabik et al., 2018; Kniec and Marciniak, 2018a,b; Trejgis and Marciniak, 2018). These features may in turn be influenced by many factors, such as type of the lattice, in which the ions are embedded and coordination number of the substituted ion, synthesis method, size of phosphor grain etc. (McKittrick et al., 1999; Azkargorta et al., 2016; Marciniak et al., 2017; Kniec and Marciniak, 2018b; Zhang et al., 2018). The difference in the spectroscopic properties of optically active ions depending on the oxidation state in the case of lanthanides in especially well-manifested for europium ions, which may occur in two 2+ and 3+ oxidation states. Emission spectra of its trivalent ions consist of narrow lines attributed to intraconfigurational f-f electronic transitions whose spectral position is almost independent on the type of host material. On the other hand emission of Eu2+ is characterized by broad d-d emission band of maxima which can be tuned by the modification of the crystal field strength (Peng and Hong, 2007; Mao et al., 2009; Mao and Wang, 2010; Sato et al., 2014; Zhang et al., 2015). Similar differences can be found in the case of transition metal (TM) ions, where electronic transitions between d states are responsible for luminescence. In turn the luminescence of TM on different oxidation state is conditioned by presence of either octahedral or tetrahedral local site symmetries, where the optically active ion is substituted (Grinberg et al., 2017; Cao et al., 2018; Elzbieciak et al., 2018). This points to the importance of the appropriate choice of the local ion's environment and thus the host material to obtain efficient luminescence. The valence state of TM influences their output color, what is the most frequently encountered in case of manganese and chromium ions (Brik et al., 2011; Cao et al., 2016, 2018; Elzbieciak et al., 2018). Cr3+ ions may reveal red and NIR luminescence ascribed to the 2Eg → 4A2g spin-forbidden and 4T2g → 4A2g spin-allowed transition and (Struve and Huber, 1985; Brik et al., 2016; Elzbieciak et al., 2018), whereas Cr4+ ions exhibit emission in NIR region (around 1,100 nm), which is attributed to the 3A2 → 3T1 transition (Devi et al., 1996). Different emission color is also observed for manganese ions, where Mn2+, Mn3+ and Mn4+ ions show blue (4A2 → 4T1), yellow-orange (4T1g → 6A1g) or red (5T2 → 5E) luminescence, respectively (Trejgis and Marciniak, 2018). This phenomenon is also observed for titanium ions, where Ti4+ and Ti3+ possess blue and red emission color, which related to the O2− → T2 (CT, λem ~ 450 nm) and 2Eg → 2T2g (λem ~ 800 nm) transitions, respectively (Martínez-Martínez et al., 2005; Pathak and Mandal, 2011; Drabik et al., 2018). The possibility of charge modulation is not only interesting in terms of spectroscopic tunability but also to get rid of some valence states, being marked by toxic properties and reducing the potential biological deployment, which is very important in case of chromium and cobalt ions (Buzea et al., 2007; Chowdhury and Yanful, 2010; Wang et al., 2012; Scharf et al., 2014).

One of the least known transition metal ion, whose optical properties strongly depend on the oxidation state is vanadium. Several oxidation states of vanadium can be found like V5+, V4+, V3+, V2+ of the 3d0, 3d1, 3d2, 3d3 electronic configuration, respectively. Recently we presented the potential application of V ions emission for luminescent nanothermometry, where V ions were incorporated into inorganic hosts, such as YAG (Y3Al5O12) (Kniec and Marciniak, 2018b) and LaGaO3 (Kniec and Marciniak, 2018a). As it was shown its high susceptibility to the thermal changes enables to detect the local temperatures with satisfactory sensitivity (Kniec and Marciniak, 2018a,b). Depending on the host material different V oxidation states were found, namely V5+, V3+ and V5+, V4+, V3+, for YAG and LaGaO3 lattices, respectively. What is more, an immense impact of synthesis method and annealing temperature on crystalline size, dispersion factor of the particles, size distribution were presented (Kniec and Marciniak, 2018a,b), which in turn lead to the presence of different V valence states, characterized by distinct luminescent properties and susceptibility to changes of local ion environment. Due to good spectral separation of emission bands of particular oxidation states of vanadium ions the qualitatively verification of their presence can be done basing on the analysis of the luminescent properties of vanadium doped phosphor. The V5+, V4+, and V3+ luminescence is related with V4+ → O2− CT transition (λem = 520 nm), broad band 2E → 2T2 d-d electronic transition (λem = 645 nm) and narrow line 1E2 → 3T1g d-d electronic transition (λem = 712 nm), respectively (Ryba-Romanowski et al., 1999a; Kniec and Marciniak, 2018a,b).

In the course of our previous studies it was found that broad emission band of V5+ with the maxima at around 497 nm (V4+ → O2− CT emission) predominates in the emission spectra (Kniec and Marciniak, 2018a,b). However, as it was already proved the 2E → 2T2 emission of V4+ ions is characterized by higher susceptibility to luminescence thermal quenching and hence reveals the best performance to non-contact readout. As it was already shown in the case of YAG nanocrystals, due to the spatial segregation of different vanadium oxidation states within the nanoparticle, the emission intensity ratio of V5+ to V3+ can be easily modulated through size of the nanoparticles. Moreover, the involvement of CA during the synthesis caused the reduction of oxidation state of vanadium substrate, namely from pentavalent to trivalent valence states, being observed by the changes of color of the solution, from yellow to blue, respectively (Kniec and Marciniak, 2018a,b). Citric acid is a complexing agent, which is highly soluble in polar solvents and widely used in the synthesis of nanoparticles, guaranteeing the incorporation of each metal into the material, maintaining local stoichiometry (Davar et al., 2013), which is possible due the presence of three carboxylic group (−COOH) and one hydroxyl group (−OH) in the CA chain (Gutierrez et al., 2015; Kniec and Marciniak, 2018a,b). It is well-known as a reducing and capping agent, providing possibility of charge modulation, nano-sized particles and relatively good size distribution, due the high chemical stability, steric impediment and generation of electrostatic repulsive forces (Zhang and Gao, 2004; Thio et al., 2011; Davar et al., 2013; Gutierrez et al., 2015; Shinohara et al., 2018). However, the addition of PEG, entering into polyesterification with CA, leads to discoloration of the solution (Kniec and Marciniak, 2018a,b). This phenomenon may be explained as a decrease of reducing properties of CA, resulting from the interaction between carboxylic and hydroxyl group of CA and PEG, respectively. Another approach which was frequently used in terms of stabilization of oxidation state of vanadium ions in the crystals but never in the case of nanocrystals is charge compensation. In this paper the potential possibilities of the modulation of vanadium oxidation states by varying charge compensation process, annealing temperature and the choice of appropriate synthesis conditions have been presented. Employment of these modifications leads to the changes in vanadium valence states and in consequence modify spectroscopic properties, such as emission color.



EXPERIMENTAL


LaGaO3:V Synthesis With Different Amounts of Citric Acid

The LaGaO3:xV nanocrystals have been successfully synthesized by the use of citric acid assisted sol-gel method. The first steps of preparation were carried out analogously to the previous synthesis of LaGaO3 (see Table S1) (Kniec and Marciniak, 2018a). Lanthanum oxide (La2O3 with 99.999% purity from Stanford Materials Corporation), gallium nitrate nonahydrate [Ga(NO3)3·9H2O with 99.999% purity from Alfa Aesar], ammonium metavanadate (NH4VO3 with 99% purity from Alfa Aesar) and citric acid (CA, C6H8O7, 99.5+% purity from Alfa Aesar,) were used as substrates of the reaction. Stoichiometric amount of lanthanum oxide was dissolved in distilled water and ultrapure nitric acid (96%). The created lanthanum nitrate was recrystallized three times using small quantities of distilled water. After this, adequate quantities of Ga(NO3)3·9H2O and NH4VO3 were diluted in distilled water and added to aqueous solution of obtained lanthanum nitrate. The mixture was stirred with citric acid using magnetic stirrer and heated up to 90°C for 1 h to provide the metal complexation process. Afterwards, the solution was dried for 1 week at 90°C to create a resin. Finally, the nanocrystals were received by annealing the resin in air for 8 h at 800, 900, 1,000, and 1,100°C, respectively. The vanadium dopant was used in the amount of x = 0.1% in respect to number of moles of Ga3+ ions. The CA were used in different molar ratio in respect to all metals (M), namely 1:1, 2:1, 4:1, 6:1, 8:1, and 10:1.



LaGaO3:V Synthesis With the Charge Compensation Using Mg2+ and Ca2+ions

The LaGaO3:V nanocrystals with Mg2+ and Ca2+ ions as a charge compensators have been successfully obtained using the same Pechini method, which was exploited to synthesized the previous presented LaGaO3:V powders (Kniec and Marciniak, 2018a). The lanthanum oxide was recrystallized. Appropriate quantities of Ga(NO3)3·9H2O, NH4VO3, magnesium nitrate heksahydrate [Mg(NO3)2·6H2O with 99.999% purity from Alfa Aesar] or calcium nitrate tetrahydrate [Ca(NO3)2·4H2O with 99.995% purity from Alfa Aesar] were added to the mixture of all reactants and stirred with citric acid for 1 h at 90°C, where the citric acid was used in the 6-fold excess in respect to total amount of metals moles. Than appropriate volume of PEG-200 (1 PEG-200: 1 CA) was dropped to the solution. The reaction was carried out for 2 h with simultaneous heating. After this synthesis the received solutions were dried for 1 week at 90°C. The powders of LaGaO3:V, Mg2+(Ca2+) were finally obtained by annealing in air for 8 h at 800°C. The concentration of V ions was 0.1% in respect to number of moles of Ga2+ ions, whereas the total amount of Mg2+ (Ca2+) was used in the ratio of 1:1, 2:1, 4:1, and 8:1 in respect to the vanadium ions.



Characterization

Powder diffraction studies were carried out on PANalytical X'Pert Pro diffractometer equipped with Anton Paar TCU 1000 N Temperature Control Unit using Ni-filtered Cu Kα radiation (V = 40 kV, I = 30 mA).

Transmission electron microscopy images were obtained using the Tecnai G2 20 S/TEM Microscope from FEI Company. The microscope was equipped with a thermionic LaB6 emitter and EDS detector for elemental analysis. The study was conducted in the TEM mode at maximum voltage of 200 kV. Micrographs were taken at various magnifications, including high resolution images with lattice fringes.

The emission spectra were measured using the 266 nm excitation line from a laser diode (LD) and a Silver-Nova Super Range TEC Spectrometer form Stellarnet (1 nm spectral resolution) as a detector.




RESULTS AND DISCUSSION

The phase purity and crystalline structure of obtained LaGaO3:V powders with different amounts of CA and the employment of charge compensating ions was examined using the XRD analysis (Figure 1a, see also Figures S1, S2). Moreover, the influence of annealing temperature on the LaGaO3 structure, especially on the grain size, was analyzed (Figures 1a,c-f). Comparing the reference peaks (ICSD 153307) with measured XRD patterns it was confirmed that obtained phosphors crystalized in orthorhombic structure and centrosymmetric Pbnm space group. Additional reflection peaks found for the sample annealed at 800°C, without charge compensation, originate from La2O3 and Ga2O3 impurities. These results confirm that the sol-gel citric acid-assisted synthesis with and without charge compensation allows to obtain the LaGaO3:V nanocrystals of high structural purity. The analyzed structure consists of 6-fold coordinated Ga3+ (GaO6)9− and 8-fold coordinated La3+ ions, where La3+ sites are situated between slightly tilted and distorted (GaO6)9− layers (Marti et al., 1994; Ryba-Romanowski et al., 1999a,b; Kamal et al., 2017; Kniec and Marciniak, 2018a) (Figure 1b). As it was mentioned in the previous work (Kniec and Marciniak, 2018a), due the similarities in valence states and ionic radii between Ga3+ and V ions (0.76, 0.78, 0.72, and 0.54 Å Kniec and Marciniak, 2018a, for Ga3+, V3+, V4+, and V5+, respectively) V occupy octahedral site of Ga3+ ions in the LaGaO3 matrix. Representative TEM images of the nanocrystals (Figures 1c–f), which were synthesized using the citric acid-assisted sol-gel method reveal well-crystalized agglomerated nanoparticles. Additionally it can be noticed that this synthesis method provides higher degree of grains dispersion and their separation in respect to the previously described modified Pechini method (Kniec and Marciniak, 2018a). According to our predictions the increase of annealing temperature results in the enlargement of the average grain size: from 66 nm for 800°C, 79 for 900°C, 114 nm for 1,000°C to 145 nm for 1,100°C. It is worth mentioning, that the highest grain size of LaGaO3:V annealed at 1,100°C is more than 2-fold smaller in respect to the counterpart synthesized using Pechini method (381.8 nm) (Kniec and Marciniak, 2018a). However, the increase of CA does not cause the evident changes in grain size.
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FIGURE 1. XRD patterns of LaGaO3:V nanocrystals synthesized by citric acid-assisted sol-gel method (M:CA 1:1) annealed at different temperatures (a); visualization of LaGaO3 perovskite structure (b); respective TEM images of LaGaO3:V nanocrystals with the 10-fold excess of citric acid, annealed at 800°C (c), 900°C (d), 1,000°C (e), and 1,100°C (f).



The first approach employed by us to control the valence state of vanadium ions was compensation method. Two series of nanocrystals with different molar ratio of Mg2+ and Ca2+ ions in respect to the V ions were prepared. Proposed charge compensation can be written as follows:

[image: image]

Two Ga3+ sites were substituted by one V4+ ion and one Ca2+/Mg2+ ion so that the excess electron could be transferred to the compensating ion. Taking into consideration the structural properties of compensated material, it is worth mentioning, that the introduction of even large excess of Ca2+/Mg2+ ions does not influence the changes of XRD patterns (Figure S1). According to our predictions, the introduction of Mg2+ and Ca2+ in the crystal structure caused the rise of the V4+ emission intensity (λem = 633 nm) in respect to the uncompensated counterpart (Figures 2A–D). Due to the fact that no structural changes can be found in the XRD pattern even for high Ca2+/Mg2+, the observed changes are the confirmation of the successful charge compensation and thus the increase of V4+ concentration. One can notice that even a small addition of Mg2+ and Ca2+ ions to the LaGaO3:0.1%V crystal lattice affects the shape of emission spectra (Figures 2C,D) significantly. It can be found that Mg2+ ions revealed better, in respect to the Ca2+ ions, performance to charge compensation which is reflected in the dominant emission of V4+ ions over the emission of V3+ and V5+ ions for each amount of compensating ion. However, the most satisfactory charge compensation was found in the case of incorporation of 8-fold excess of Mg2+ in respect to V (Figures 2B,D). This effect may be explained in terms of superior lability of Mg2+ ions in the lattice, which results from their smaller ionic radius (0.78 Å) compared to Ca2+ ions (1.06 Å). The impact of the amount of compensating ions on the emission intensity of the particular oxidation state of vanadium ions is presented in Figures 2C,D. In the case of Mg2+ gradual increase of its concentration causes gradual decrease of V5+ emission intensity and enhancement of V4+ intensity while V3+ becomes almost constant. The changes observed in the case of Ca2+ are rather irregular. The consequence of observed charge compensation is the modulation of emission color (Figures 2E–I). It is also worth noting that in the case of calcium ions there is a concentration limit (1:8), above which V5+ emission intensity becomes anew dominant (Figures 2A,C).


[image: image]

FIGURE 2. Influence of the Ca2+ (A) and Mg2+ (B) compensating ions on the V emission spectrum in LaGaO3 nanocrystals; relative emission intensity of the V ions after charge compensation with Ca2+ (C) and Mg2+ ions (D); emission color of uncompensated LaGaO3:V nanocrystals (E) and compensated LaGaO3:V nanocrystals with the V:Mg2+ ratio of 1:1, 1:2, 1:4, and 1:8 (F–I), respectively.



The incorporation of compensating ions caused the enhancement of V4+ emission intensity, however the luminescence of both V5+ and V3+ ions is still observed and cannot be completely reduced. The contribution of V5+ emission intensity in the emission spectra of LaGaO3:V is relevant and that is why the emission color does not changes significantly (Figures 2E–I) indicating that charge compensation does not provide sufficient ability to modulation of vanadium oxidation states. Based on these results new approach to charge modulation was proposed.

Taking advantage from the fact that PEG, which was used in the case of previously described Pechini method is well-known from its oxidizing properties and may lead to the increase of V5+ concentration, in the second approach we decided to use sol-gel method to eliminate PEG as a reagent, being involved in the resin creation. The issue was to involve all COOH groups to reduction reaction. Cit3− ions were used in different molar quantity in respect to the total amount of metal ions (M) in the lattice (Figure 3). To verify the capability of V oxidation states modulation by the CA concentration, the emission spectra of LaGaO3:V nanocrystals were recorded at −150°C under 266 nm excitation. Low measurement temperature provides the highest emission intensity, being to a lesser extent affected by lattice vibrations, reducing the luminescence temperature quenching (Kniec and Marciniak, 2018a,b). The employment of the same molar amounts of ions and CA caused the presence of three emitting V oxidation states, namely V5+, V4+, and V3+, with the predominant emission intensity of V5+. This phenomenon indicates that this molar ratio is insufficient to provide significant reduction of V5+. The employment of 2-fold excess of CA (1:2) leads to the apparent domination of V4+ emission and thereby the change of emission color (Figures 3A,B), pointing to the immense impact on the V luminescence properties. Increasing the quantity of capping agent to 6-fold excess in respect to metal ions, the V5+ emission intensity decreases with the simultaneously rise of V4+ and V3+ luminescence (Figure 3B), being a limit value, above which a reversed dependence occurs. This phenomenon determines the color output of LaGaO3:V, which changes from white to red, while the emission is being red-shifted (V4+ and V3+) and becomes whitish as the V5+ amount increases (Figure 3A, see also Figures S3, S5). It is worth noting that although initially with the increase of CA concentration the emission intensity of V5+ decreases in respect to the V4+ and V3+, above 1:8 ratio the V5+ emission band appears anew. The enhancement of V5+ luminescence may be due the fact, that higher content of Cit3− provides the stabilization of more positive charge on V. In turn the V charge lowering confirms the reducing properties of CA even in the nanoscale materials. On the other hand, as it was already proved in the case of nanocrystalline phosphors doped with vanadium ions the V5+ ions are mainly located in the surface part of the grains, while V4+ and V3+ in the core part (Kniec and Marciniak, 2018b). Therefore, the enhancement of the V5+ emission at higher CA concentration may be related with the higher dispersion of the LaGaO3 nanocrystals leading also to the higher separation of the grains. This is in agreement with the TEM images presented in Figure S4. The observed changes of the relative emission intensity of particular V oxidation state causes modulation of the emission color (Figures 3A,B).
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FIGURE 3. Influence of the different amount of citric acid (CA) in respect to V ions on the emission spectrum of nanocrystalline LaGaO3:V and the corresponding emission color (A); contribution of emission intensity of particular V ions in the total luminescence of LaGaO3:V nanocrystals (B).



In the course of our studies it was found that in the case of YAG:V and LaGaO3:V nanocrystals the vanadium on its higher oxidation state is mainly located at the surface part of the grain. Therefore, in the last approach we verified either size of the nanocrystals may enable the reduction of the V5+ emission intensity in respect to the V4+ and V3+. The size of the nanocrystals was controlled by the annealing temperature for constant molar ratio of CA:V (1:1). As it can be observed the increase of grain size causes gradual increase of bands associated with the 2E → 2T2 and 1E2 → 3T1g electronic transitions of V4+ and V3+, respectively in respect to the V4+ → O2− band of V5+ (Figure 4A). This is due to the fact that the rise of grain size causes a decrease in the surface-to-volume ratio of the nanocrystals and thus a drop of the amount of emitting V5+ ions compared to V4+ and V3+ ions. The most apparent emission changes take part by the annealing temperature increase from 1,000 to 1,100°C, whereas least relevant are between 800 and 900°C (Figure 4B), being strictly related to enlargement of the grain size by 42.94 and 2.53 nm, respectively. Therefore, the emission color changes can be observed, ranging from white, connected with the domination of V5+ luminescence, trough pinkish, related to the presence of each V ions, ending on red color, originating from predominant V4+ and V3+ luminescence (Figures 4B,D–G). This in turn enables the modulation of color output of LaGaO3:V, which varies depending on the total contribution of each V ions in the luminescence (Figures 4B,D–G). The contribution of each Vn+ ions into total emission spectra was estimated by the calculation of the integrals in the range of 400–570, 580–675, and 680–750 nm integral emission intensity for V3+, V4+, and V5+, respectively. In addition, knowing the average grain size of LaGaO3:V nanocrystals, the possibility of establishment of the emission spectrum and, consequently, predict the color output was affirmed (Figure 4C). The same dependence, concerning the size effect on the V oxidation states was also observed for LaGaO3:V nanocrystals, where citric acid was incorporated in higher concentration (see Figure S3).
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FIGURE 4. Emission spectrum of LaGaO3:V nanocrystals as a function of annealing temperature recorded at −150°C under 266 nm excitation (A); the relative emission of each V ions in the LaGaO3 nanocrystals annealed at different temperatures (B); the CIE 1,931 chromatic coordinates calculated for LaGaO3:V nanocrystals annealed at different temperatures (C); LaGaO3:V emission colors at −150°C after annealing at 800, 900, 1,000, and 1,100°C (D–G), respectively.



As it can be observed, that all presented approaches led to the decrease of V5+ emission intensity, however the last method, based on the modification of the sizes of the LaGaO3 nanocrystals, is the most efficient.



CONCLUSION

In this paper three approaches to stabilize and modulate the V oxidation states in LaGaO3 nanocrystals and thus their emission color have been demonstrated. It was found that in this perovskite lattice three different V valence states are present, namely V5+, V4+, and V3+, showing the emission, being related to the V4+ → O2− CT transition (λem = 520 nm), 2E → 2T2 (λem = 645 nm) and narrow line 1E2 → 3T1g (λem = 712 nm) d-d electronic transition, respectively.

Furthermore it was concluded that at −150°C under 266 irradiation V4+ ions exhibit broad band emission, whereas V3+ ions reveals narrow line luminescence. It was presented that three different approaches including the implementation of compensating ions, by altering the ratio of citric acid to metal ions and the tuning of the size of the nanocrystals in range 66–145 nm through change of annealing temperature in 800–1,100°C range may provide the ability to regulate the valence state of vanadium ions. It was found that in the case of charge compensation method the introducing of Mg2+ ions is much more efficient, due the similar ionic radius to V ions and higher lability of compensating ions in respect to Ca2+. In turn the citric acid-assisted synthesis, where CA was used in the excess in respect to total amount of metals in the lattice, leads to the significant increase of V4+ and V3+ luminescent intensity with the simultaneous improvement of nanocrystals separation and narrower size distribution in respect to the powders obtained using Pechini method. Basing on the fact, that particular oxidation states of V ions are localized in different part of the LaGaO3 nanocrystals, namely V5+ in the surface, V4+ and V3+ in the core part, respectively, the influence of the grain size of V emission intensity was investigated. The increase of the annealing temperature and thereby the size of the nanocrystals, leads to the decrease of V5+ luminescence and simultaneously causing the enhancement of V4+ and V3+ ones. The most significant V5+ emission changes are observed when the annealing temperature increase from 1,000 to 1,100°C, which corresponds to the enlargement of the grain size by 43 nm. All of the presented approaches provide the differences of V emission intensity, however the most efficient method based on the modification of the grain size, which is confirmed by the most apparent changes in LaGaO3:V color output. Taking into account that different oxidation states of vanadium ions possess favorable optical properties for i.e., lightning and luminescent thermometry, we believe that this study may be of relevant importance for further application of vanadium based nanocrystalline phosphors.
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With the rapid growth of nuclear power generation and fuel processing, the treatment of nuclear industry wastewater has become a major problem, and if not handled properly, it will pose a potential threat to the ecological environment and human health. Herein, a chitosan (CS)/ZIF-8 composite monolithic beads with ZIF-8 loading up to 60 wt% for U(VI) removal was prepared, which can be easily removed after use. It possesses a very high adsorption capacity of 629 mg•g−1 at pH = 3 for U(VI) and a well recyclability is demonstrated for at least four adsorption/desorption cycles. X-ray photoelectron spectroscopy (XPS) was carried out to study the adsorption mechanism between uranium and adsorbent, and the chelation of U(VI) ions with imidazole, hydroxyl, and amino groups was revealed. This work shows that CS/ZIF-8 composite can be used as an effective adsorbent for uranium extraction from aqueous solution, and has a potential application value in wastewater treatment.

Keywords: chitosan, ZIF-8, composite, uranium, adsorption


INTRODUCTION

Along with the continuous development of industrial modernization, the demand for nuclear energy is rapidly increasing owing to its high energy density and greenhouse gas-free emission. Uranium is a typical core resource in nuclear reaction. It is radioactive and highly toxic, and has a high carcinogenicity (Li et al., 2016). Once discharged into the environment, it will lead to serious pollution to the water body (Fu et al., 2017). While getting inside the human body, it will cause irreversible damage to the internal organs (Zhang M. C. et al., 2018). Therefore, from the perspective of environmental protection and human health, it is particularly important to recover uranium efficiently from aqueous solution. At present, many techniques for uranium recovery from aqueous solution have been developed, such as photocatalytic method (Li Z. J. et al., 2017; Deng et al., 2019), chemical extraction (Sadeghi et al., 2012; Carboni et al., 2013; Wang et al., 2015), chemical flocculation method (Newsome et al., 2015), and adsorption method (Huang et al., 2018). Among these, adsorption method is one of the most extensive technologies because of low cost, simple operation, high efficiency, and good removal effect (Li et al., 2018a; Wang L. et al., 2018). The adsorbents adopted in the uranium adsorption technique include oxides (Yu et al., 2013), sulfides (Manos and Kanatzidis, 2012), hydroxides (Li R. et al., 2017), poly (amid oxime) and its derivatives (Wang D. et al., 2018), carbon nanotubes (Chen et al., 2018), phosphates (Zheng et al., 2015; Cai et al., 2017), porous silica (Huynh et al., 2017), and porous carbon (Starvin and Rao, 2004) etc. However, most of the adsorbents have some disadvantages, like low adsorption capacity, poor stability, or inability to circulate etc. So developing highly efficient uranium adsorbent materials is still in needed.

Recently, metal-organic frameworks (MOFs), as a class of novel porous material with high surface area (He et al., 2016; Zhao et al., 2018; Li et al., 2019a), adjustable pore size (Zou et al., 2009; Luo et al., 2016; Cheng et al., 2018), and high porosity (Luo et al., 2018; Sun et al., 2018; Li et al., 2019b), have attracted extensive attentions in various fields (Fang et al., 2007; Banerjee et al., 2008). Regarding to uranium separation and recovery, some MOFs and MOF-based composites have been developed (Liu et al., 2018; Yang et al., 2019). For example, Wang et al. demonstrated, for the first time, that the multilayered V2CTx MXene could be used as a potential and efficient adsorbent for uranium capture from aqueous solution (Wang et al., 2016). Yang et al. reported using a rare earth-based MOF material, MOF-76, for luminescent sensing and adsorption of uranium (Yang et al., 2013). The adsorption was evaluated up to 298 mg•g−1 at a relatively low pH of 3.0 ± 0.1. In general, such crystalline materials always lack flexibility and process ability, which limits their application to actual uranium adsorption (Kitao et al., 2017). Combining MOFs and polymers to prepare composite monoliths will provide beneficial and significant improvement while maintaining high adsorption capacity and providing convenient recycling. Wang et al. processed MOFs into nanofiber filters, which can selectively adsorb toxic SO2 gas when exposed in a SO2/N2 mixture stream (Zhang et al., 2016). Li et al. fabricated a high-quality ZIF-8/PSS membrane, which showed excellent performance in the nanofiltration and separation of dyes from water (Zhang et al., 2014). For uranium separation, Wang et al. prepared the only example of a ZIF-8 based polyacrylonitrile (PAN) fibrous filter, which removed uranyl ions efficiently (Wang C. H. et al., 2018). Thus, more detailed investigations for this target are desirable.

Natural polymers are widely concerned by various industries due to their biocompatibility, biodegradability, non-toxicity, adsorption performance, low cost, etc. (Lee et al., 2011). Chitosan (CS) is an important renewable natural biomass. There are lots of free amino and hydroxyl groups in its structure, which is advantageous to various chemical modifications and hybridization. Owing to such features, chitosan and its composites have been widely used for anti-bacterial coating, drug delivery, wound dressing, and cartilage regeneration (Mohammadzadeh Pakdel and Peighambardoust, 2018). For example, Wang et al. investigated the U(VI) adsorption behavior on cross-linked chitosan (Wang et al., 2009). Zhang et al. developed an impregnation-gelation-hydrothermal technique to prepare hybrid microspheres and hollow fibers consisting of zeolites and chitosan, which could serve as effective absorbents to remove Cu(II) (Zhang Y. Y. et al., 2018). To the best of our knowledge, there is no report on chitosan composites with MOF for uranium adsorption or separation.

Based on the above considerations, in this paper, the in situ synthesis of a CS/ZIF-8 composite was developed (Scheme 1). Chitosan/zinc ions beads were prepared using a peristaltic pump firstly. When the zinc ions-containing chitosan beads were in contact with the 2-methylimidazole solution, ZIF-8 nanocrystals grew to form the CS/ZIF-8 composite beads, which could recover U(VI) from aqueous solution. The effects of pH, concentration, and adsorption time on its adsorption performances were studied as well as the probable mechanism.
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Scheme 1. Schematic depicting the in situ preparation of CS/ZIF-8 composite beads.





EXPERIMENT


Materials

Chitosan (CS) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China); UO2(NO3)2·6H2O was purchased from Hubei Chu Sheng Wei Chemistry Co., Ltd.; Deionized water was used in all experiments.



Preparation of CS/ZIF-8 Composite Beads

The preparation process of CS/ZIF-8 composite beads is shown in Scheme 1. 3.0 g chitosan and 1.487 g zinc acetate were dissolved into 0.1 L acetic acid solution (2.0%, v/v) with stirring at 550 rpm for 4 h to form a homogeneous solution. Then, the solution was dripped into 1 M NaOH with a peristaltic pump. After 20 min, the CS/Zn2+ microspheres were taken out and washed for 3 times with deionized water to remove away excess NaOH, and then they were soaked in an aqueous solution containing 2.315 g (0.15 mol) 2-methylimidazole. At this time, Zn2+ would react with 2-methylimidazole to form ZIF-8 in the microsphere matrix. Next, the obtained CS/ZIF-8 hydrogel composite beads were washed with deionized water for 3 times, soaked in tert-butanol, changed fresh solution every 20 min, subsequently freeze-dried for 12 h to get CS/ZIF-8 composite beads (Figure 1). The average dimension of the prepared composite beads is about 2.5 mm in diameter. The ZIF-8 content in the CS/ZIF-8 composites can be adjusted by changing the initial Zn(CH3COO)2 amounts.
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FIGURE 1. Optical photos of CS/ZIF-8 composite beads with different content of ZIF-8 (A) CS/ZIF-8–36%; (B) CS/ZIF-8–51%; (C) CS/ZIF-8–60%.





Characterization

Fourier transform infrared (FT-IR) spectroscopy was conducted by Bruker TENSOR27. The morphology was investigated by a scanning electron microscope (Hitachi S-4800). Powder X-ray diffraction (PXRD) data were obtained by Miniflex-600, with Cu Kα radiation at 40 kV and 15 mA. The thermos gravimetric (TG) curves within 30–800°C were collected on a TA Q600 instrument under air flow. The concentration of U(VI) was determined by the arsenazo III spectrophotometric method, which was measured on a UV spectrophotometer (UV-1801, Beijing Beifen Rayleigh Analytical Instruments (Group) Co., Ltd.). The uranium and the interfering elements concentration were measured by ICP-OES (X Series, Thermo Fisher, USA). The nitrogen adsorption/desorption experiment was conducted at 77 K (ASAP2020M+c, Micromeritics Instrument Corporation, USA). The X-ray photoelectron spectroscopy (XPS) spectra were obtained by using ESCALAB 250Xi (Thermo Fisher, USA) with Al Kα radiation at 1,253.6 eV.



Batch Adsorption Experiments

In a general procedure, 0.02 g of UO2 (NO3)2·6H2O was dissolved in 0.1 L deionized water to obtain a stock solution. The test solutions were prepared by diluting the U(VI) stock solution. The pH was adjusted by 0.1 M NaOH or HCl solution. CS/ZIF-8 composite beads (0.002 g) were added into 0.01 L solution of U(VI). The mixture was shaken at room temperature for desired reaction time. The concentration of U(VI) was determined by the arsenazo III spectrophotometry. The control experiments were conducted under similar conditions: only ZIF-8 powder or CS replaced the CS/ZIF-8 composites. The U(VI) adsorption capacity (qe) of the samples was calculated according to Equation 1 (Song et al., 2018):

[image: image]

where C0 refers to the U(VI) initial concentration (mg•L−1), Ce is the equilibrium concentration (mg•L−1), V (L) refers to the solution volume, and m (g) is the weight of the adsorbent.

After adsorption, the uranium-loaded CS/ZIF-8 adsorbents were used directly for the elution test. The eluate was collected after shaking for 20 min on a shaker using 0.02 L of a solution containing 0.1 M NaHCO3 as an eluent, then the uranium concentration in the eluate was analyzed. Then the CS/ZIF-8 adsorbents were washed with circulating deionized water once before being used next for uranium adsorption-desorption cycles, which followed the same procedure as described above.




RESULTS AND DISCUSSION


Characterization of the CS/ZIF-8 Composite Beads

The prepared composite beads are uniform with average size of 2.5 mm in diameter, which are very stable and easy to store. Scanning electron microscopy (SEM) images show the surface features and interfacial interactions of pure CS and CS/ZIF-8 composites. As shown in Figure 2A, the surface of pure CS material exhibits a smooth and evenly porous pattern. After composition with ZIF-8, the surface becomes rough due to the attachment of many ZIF-8 nanoparticles (Figure 2B), whose dodecahedral morphologies are clearly visible. As the content of Zn2+ increases in the initial reaction mixture, more ZIF-8 nanoparticles grow on the surface and internal of chitosan, and the size is getting smaller (Figures 2C,D).


[image: image]

FIGURE 2. SEM images of CS/ZIF-8 composite beads with different content of ZIF-8. (A) pure CS; (B) CS/ZIF-8–36%; (C) CS/ZIF-8–51%; (D) CS/ZIF-8–60%.



The PXRD patterns further confirm the successful growth of ZIF-8 within the CS beads (Figure 3A). Due to the small content of ZIF-8 in the early stage, the peak of ZIF-8 is relatively weak. With the content of ZIF-8 increasing, the peak intensity gradually enhanced. In order to determine the stability of the CS/ZIF-8 composites under acidic or alkaline conditions, the composite beads were soaked in the solution with different pH (3 to 13). Three days later, the PXRD patterns of the composite beads were measured and no change was found, revealing the good stability at the pH condition (Figure S1).


[image: image]

FIGURE 3. (A) PXRD patterns, (B) TG curves, (C) FT-IR spectra, (D) Nitrogen adsorption/desorption isotherms of CS, ZIF-8, CS/ZIF-8–36%, CS/ZIF-8–51%, CS/ZIF-8–60%.



In order to know the content of ZIF-8 in the composite beads, ICP analysis was performed, giving the ZIF-8 content of 36, 51, and 60 wt% corresponding to zinc acetate initial amount of 1.487, 2.975, and 4.462 g, respectively. For convenience, the samples with these different ZIF-8 loading are denoted as CS/ZIF-8–36%, CS/ZIF-8–51%, CS/ZIF-8–60%. As shown in Figure 3B, the thermal degradation of chitosan occurs in three steps: before 100°C, there is a small weight loss process about 10%, which is caused by the bound water and crystal water contained in the material. This process is an endothermic reaction. At 220–300°C, chitosan is strongly degraded, with a weight loss of about 50%. At 300–600°C, the degradation is slow, the weight loss is about 40%. Both steps of thermal degradation are exothermic reactions and the thermal degradation ends at 600°C. ZIF-8 has a residual of 33% at 600°C, which is consistent with the theoretical value (35%). With the increase of ZIF-8 content, the thermal decomposition temperature gradually rises, indicating the existence of some interaction between CS and ZIF-8 (Figure S2). Together with the TG analyses of CS/ZIF-8 composites, we can also verify the loading of ZIF-8 in CS/ZIF-8 composite beads, that is in agreement with ICP results.

FT-IR spectroscopy is shown in Figure 3C. For CS, -OH groups vibrate at a wide band of 3,433 cm−1, overlapping with -NH stretching vibration. The characteristic peak at 1,660 cm−1 corresponds to the vibrations of the –NH2 group. Specifically, the absorption peak at 2,929 cm−1 is ascribed to the C-H bond stretching vibration from the methyl imidazole ring of ZIF-8. The absorption peak at 1,584 cm−1 belongs to the C = N vibrations, while peaks at 1,146 and 990 cm−1 are from C-N stretching vibration. In addition, from these spectra, we can see that with the increasing of ZIF-8 content, the characteristic absorption peaks of ZIF-8 in composites are enhanced.

The specific surface areas of the CS/ZIF-8 composites were determined by nitrogen adsorption. The N2 absorption/desorption isotherms show that all materials exhibit a typical I-type isotherm with micropore character (Figure 3D). With the increase of ZIF-8 content, the specific surface area also increases sequentially, which is 184.93, 279.24, and 628.80 m2•g−1, respectively, for three different ZIF-8 loading composites. The specific surface area of pure ZIF-8 is 1080.91 m2•g−1, while only 40.07 m2•g−1 for pure CS beads. This provides possibility of the CS/ZIF-8 composite beads for efficient adsorption of U(VI).



Evaluation of U(VI) Adsorption Performance
 
Effect of Initial pH

pH is an important parameter in uranium batch adsorption experiments (Zhang et al., 2017), due to its dramatic influence on the charge and active site of the sorbent and the speciation of U(VI) in solution (Min et al., 2017). Chitosan dissolves under acidic condition of pH = 2. Therefore, a series of experiments have been performed on the CS/ZIF-8 composite beads under pH values ranging from 3 to 9. As shown in Figure 4, the maximum adsorption capacity of U(VI) is obtained as 629 mg•g−1 at pH = 3.0, and then gradually decreases as the pH increases. This is a similar trend to the work reported previously where Fe3O4@ZIF-8 (Min et al., 2017) and ZIF-8/PAN (Wang C. H. et al., 2018) were investigated for the adsorption of uranium. As shown in Figure 5, at pH of 3, U(VI) mainly exits in the form of [image: image] cation, as the pH increases, it will be hydrolyzed to oligomeric or colloidal species, such as (UO2)3[image: image], (UO2)4[image: image], (UO2)2[image: image], and UO2(OH)+ etc. (Chen et al., 2018). Due to the increased dimensions of these species, a decrease of adsorption efficiency is resulted with pH increasing (Wang C. H. et al., 2018). In addition, the decreased uptake trends at pH > 6.5 may also arise from the electronic repulsion between the negative charged U(VI) species including UO2[image: image] and UO2[image: image] and the adsorbent surfaces (Cai et al., 2017). So pH of 3 is the optimal adsorption value, and following adsorption investigations were performed at this condition.
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FIGURE 4. Effect of pH on U(VI) adsorption of CS/ZIF-8–60% composite beads (C0 = 100 mg•L−1, t = 24 h, mads/Vsol = 0.2 g•L−1).
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FIGURE 5. The pH-dependence of various U(VI) species in aqueous solution CU(VI) = 100 mg L−1 (0.038% atm in the presence of CO2).



Adsorption Kinetics of the CS/ZIF-8 Composite Beads

The adsorption kinetics of CS, ZIF-8 and CS/ZIF-8 composite were studied with different contact time. As shown in Figure 6A, several curves have similar trends where a fast adsorption of uranium is observed at the initial 60 min, and followed by a slower adsorption period until an equilibrium of uranium adsorption is reached. It could be explained from this: U(VI) ions first diffuse into the porous CS/ZIF-8 composite beads and they are adsorbed by interior active sites with a slow process until most surface active sites are occupied (Wang C. H. et al., 2018); To further investigate the mechanism of adsorption process, the U(VI) adsorption behavior are fitted using kinetic models as shown in Equation (2) and (3) (Yang et al., 2013):


[image: image]

FIGURE 6. Kinetic and isothermal studies of U(VI) adsorption process, fitted with second-order kinetics (A) and Langmuir models (B) respectively (C0 = 100 mg•L−1, pH = 3, t = 24 h, mads/Vsol = 0.2 g•L−1).



Pseudo - first - order:

[image: image]

Pseudo - second - order:

[image: image]

where qe and qt (mg•g−1) refer to the U(VI) maximum adsorption capacity and the adsorption capacity at t (min), respectively, t is contact time (min), and k (g•mmol−1•min−1) is the kinetic constant. The fitting results (Figure 6A) show that the degrees of linearity of fitted curves of pseudo-second-order model are more suitable than those of pseudo-first-order model, and the values of correlation coefficient (R2) of U(VI) fitted by pseudo-second-order model are higher than those of pseudo-first-order model (Table S1), indicating that the adsorption process is mainly chemical adsorption. The calculated qe is close to the experimental value. With the increase of ZIF-8 content, the adsorption amount gradually increases, the adsorption amount of CS/ZIF-8–60% reaches to 608 mg•g−1, which is superior evidently to the ZIF-8 powder (498 mg•g−1) and CS (208 mg•g−1). This better adsorption performance of the CS/ZIF-8–60% composite for U(VI) may be ascribed to its pore structures (Wang C. H. et al., 2018).

Adsorption Isotherms of the CS/ZIF-8 Composite Beads

In order to investigate the maximum adsorption capacity of the CS/ZIF-8 composites to uranium, the adsorption isotherm experiments with various initial concentrations of uranium (20–200 mg•L−1) were carried out at room temperature. As shown in Figure 6B, the Langmuir and Freundlich models are used to quantitatively analyze the adsorption isotherms. The equations are as follows (Aguila et al., 2017):

Langmuir models

[image: image]

Freundlich models

[image: image]

where qm (mg•g−1) refers to the maximum adsorption capacity, qe is the amount of adsorbed uranium at equilibrium (mg•g−1), Ce is the equilibrium concentration (mg•L−1), KL (mL•g−1) is involved in the affinity of the adsorbate with the adsorbent, KF refers to the Freundlich constant, and n is the Freundlich exponent. The results suggest that equilibrium isotherm experimental data is well-described by the Langmuir model with higher correlation coefficient (R2; Table S2), demonstrating that this adsorption process is a monolayer chemical adsorption. The theoretical maximum adsorption capacity of 625 mg•g−1 for CS/ZIF-8–60% is consistent with experimental value 629 mg•g−1. Compared with other reported MOF-based composite materials, the CS/ZIF-8–60% exhibits a very high adsorption capacity in uranium extraction (Table 1).



Table 1. Comparison of the maximum adsorption capacity of CS/ZIF-8–60% with other MOF-based adsorbents.
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The Recyclability of the CS/ZIF-8 Composite Beads

Reusability is a very important index for an adsorbent. A solution of NaHCO3 (0.1 M) was used as an eluent to evaluate the reusability of CS/ZIF-8 adsorbents. As shown in Figure 7, the CS/ZIF-8–60% can maintain a high adsorption performance after four adsorption/desorption cycles, specifying a good durability and recyclability, which is critical for the reduction of cost in practical uranium recovery applications. The slight decrease of the adsorption capacity could be caused by the inevitable mass loss of adsorbent during regeneration process. In addition, the structure of CS and ZIF-8 remained intact after the cycle experiment for uranium adsorption (Figure S3). Hence, the CS/ZIF-8 composite possess an excellent reusability and can serve as an economical and efficient adsorbent for the removal of U(VI) from aqueous solution.


[image: image]

FIGURE 7. Elution cycle experiment of CS/ZIF-8–60% for U(VI) adsorption.





Potential Adsorption Mechanism

Additional characterization approaches were adopted to identify the underlying removal mechanism of U(VI). As shown in Figure 8A, the PXRD patterns before and after adsorption of uranium are consistent, indicating that no phase change occurs after adsorption. FT-IR studies show a characteristic absorption peak of uranyl appears at 901 cm−1 after uranium adsorption (Figure 8B). Moreover, both the vibrations of C-N at 1,146 cm−1 and NH2 at 1,660 cm−1 exhibit obvious red shifts after U(VI) uptake. Especially at 3,340 cm−1, the apparent broad peak is attributed to the stretching vibration of the hydroxyl group and the amino group, which suggests that there are a large amount of Zn-OH and N-H bonds through the water decomposition on the composite material surface. They are involved in the interaction with U(VI), proving the chelation of U(VI) ions with imidazole and chitosan (Cai et al., 2017).


[image: image]

FIGURE 8. (A) PXRD patterns and (B) FT-IR spectra of CS/ZIF-8–60% before and after U(VI) uptake.



In order to better understand the adsorption mechanism of U(VI), XPS analysis was further carried out. The broad scan XPS spectrum of CS/ZIF-8–60% composite exhibits peaks of O 1s, C 1s, N 1s, and Zn 2p at 532.08, 281.08, 401.08, and 1022.08 eV, respectively (Figure S4). In addition, two distinct peaks of U 4f appear at 383.08 and 392.08 eV after U(VI) ingestion (Figure 9A). To verify the interaction between U(VI) and CS/ZIF-8 composite, narrow scans of C 1s, N 1s, and O 1s peaks are recorded and analyzed (Figures 9B–D). The spectral fitting shows that the energy peaks of C 1s and N 1s all exhibit a significant red shift after U(VI) adsorption, indicating the chelation of U(VI) with nitrogen from chitosan and imidazole (Wang C. H. et al., 2018). Figures 9E,F indicate an obviously difference of oxygen spectra. A new peak occurs with a binding energy of 530.75 eV representing Zn-O-U after uranium adsorption (Su et al., 2018). In addition, O-H has a weak red shift. These prove that hydroxyl groups on chitosan and Zn-OH moiety in ZIF-8 complex with uranyl (Su et al., 2018). The analysis of XPS is consistent with the above infrared experiment result.


[image: image]

FIGURE 9. XPS survey scans of CS/ZIF-8–60% before and after U(VI) uptake; high-resolution XPS spectra of U 4f (A), C 1s (B), N 1s (C,D), O 1s (E,F) before and after U(VI) uptake.






CONCLUSION

In summary, CS/ZIF-8 composite beads with different ZIF-8 loadings were synthesized by in situ growth for uranium removal. The maximum uranium adsorption capacity of CS/ZIF-8–60% is higher than most reported MOF-based composite adsorbents. In addition, the micron scale spherical adsorbent exhibits outstanding recyclability and is easy to recover. Based on the results of desorption experiments and spectroscopic analysis, the highly efficient removal mechanism of U(VI) is predominantly controlled by the -OH, -NH2, and C-N groups chelating with U(VI) ions. The results show that CS/ZIF-8 composite is a promising absorbent for uranium recovery from aqueous solution. The findings in this work will pave the way for the development of practical adsorbents for irradiative wastewater treatment.
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Two lanthanide–glutarate coordination polymers, viz. : {[Eu(C5H6O4)(H2O)4]Cl}n, (1) and [Tb(C5H7O4)(C5H6O4)(H2O)2]n, (2) have been synthesized and characterized by IR spectroscopy, thermogravimetric analysis, and X-ray crystallography. In 1, the Eu(III) ions are coordinated by four O atoms from two bidentate chelating carboxylate groups, one O atom from a bridging carboxylate group and four O atoms from water molecules adopting an EuO9 distorted tri-capped trigonal prismatic coordination geometry. In 2, the Tb(III) ions are coordinated by six O atoms from three bidentate chelating carboxylates, one O atom from a bridging carboxylate and two O atoms from water molecules to generate distorted tri-capped trigonal prismatic TbO9 polyhedron. In both compounds, the metal polyhedra share edges, producing centrosymmetric Ln2O2 diamonds, and are linked into [001] chains by bridging glutarate di-anions. The crystal structures are consolidated by O–H···O and O–H···Cl hydrogen bonds in 1, and O–H···O hydrogen bonds in 2. Compound 1 exhibits a red emission attributed to the 5D0 → 7FJ (J = 1–4) transitions of the Eu(III) ion, whereas 2 displays green emission corresponding to the 5D4 → 7FJ (J = 0–6) transitions of the Tb(III) ion. Both the compounds exhibit high sensitivity and selectivity for Fe3+ ions due to luminescence quenching compared with other metal ions, which include; Na+, Mg2+, Al3+, Cr3+, Mn2+, Fe2+, Co2+, Ni2+, Zn2+ and Cd2+. Compounds 1 and 2 also show high luminescence quenching sensitivity for 4-nitrophenol over the other aromatic and nitroaromatic compounds, namely; bromobenzene, 1,3-dimethylbenzene, nitrobenzene, 4-nitrotolune, 4-nitrophenol, 2,6-dinitrophenol and 2,4,6-trinitrophenol.

Keywords: europium(III), terbium(III), glutarate, X-ray structure, luminescence, sensors


INTRODUCTION

Lanthanide coordination compounds have attracted great interest from the scientific community in the last two decades due to their potential as an emerging type of multifunctional luminescent materials in areas such as telecommunications, optical amplifiers, immunoassays, and sensors (Werts, 2005; Binnemans, 2009; Armelao et al., 2010; Bünzli, 2010, 2015; Zhang et al., 2010; Azab et al., 2013; Feng and Zhang, 2013; Heffern et al., 2013; Xiang et al., 2017). They exhibit unique optical properties, such as large Stokes, shift, characteristic narrow line-like emission bands, and long lived excited state lifetimes resulting from intra configurational 4f −4f transitions (Werts, 2005; Allendorf et al., 2009; Armelao et al., 2010; Bünzli, 2010, 2015; Feng and Zhang, 2013; Heffern et al., 2013; Räsänen et al., 2014; Xiang et al., 2017). The luminescent nature of lanthanide coordination compounds is associated with the organic ligand moieties and lanthanide centers (Xiang et al., 2017). Due to the low molar extinction coefficient of the Laporte forbidden f-f transitions, the direct photoexcitation of the lanthanide ions becomes difficult (Werts, 2005; Armelao et al., 2010; Bünzli, 2010, 2015; Heffern et al., 2013; Xiang et al., 2017). The introduction of suitable linkers (ligands) provides an alternative pathway for energy transfer and enriches the lanthanide emitting levels. These ligands transfer energy from the excited triplet state of ligand to the lowest emitting level of the lanthanide ion. The lanthanide ion then relaxes to the ground state by emission of energy (Reinhard and Güdel, 2002; Werts, 2005; Allendorf et al., 2009; Azab et al., 2013; Heffern et al., 2013; Rao et al., 2013; Räsänen et al., 2014; Bünzli, 2015; Xiang et al., 2017). The luminescent properties are not only related to the composition of the materials, but are also heavily dependent on the structure and intermolecular packing for their energy transfer (Cui et al., 2011; Xiang et al., 2017). Choosing appropriate ligands to increase the excited state lifetime and quantum yield (the light output) of lanthanide(III) complexes is thus essential for the development of improved luminescent materials (Li and Yan, 2012). In this regard, aromatic carboxylic acids such as, terephthalic acid (Daiguebonne et al., 2008; Wang et al., 2012) benzene-carboxylic acids (Yan et al., 2005; Wang et al., 2010b, 2012; Zhuravlev et al., 2011; Gai et al., 2013), and pyridine-dicarboxylic acid (Reinhard and Güdel, 2002; Huang et al., 2008; Zhu et al., 2009; Song et al., 2016; Xiang et al., 2017; Kumar et al., 2018) have been particularly used to design luminescent lanthanide coordination polymers. A number of studies also exist on the complexes of aliphatic carboxylic acids such as, malonic acid (Hussain et al., 2019), succinic acid (Cui et al., 2005; De Oliveira et al., 2013), glutaric acid (Głowiak et al., 1987; Legendziewicz et al., 1999; Antic-Fidancev et al., 2002), and adipic acid (Wang et al., 2010b).

From the large number of lanthanide coordination polymers, only some of them have been found active and explored for luminescence changes when brought in contact with some analyte or target molecules, possessing promising application as chemical sensors (Zhao et al., 2004; Zhang et al., 2010; Azab et al., 2013; Wang et al., 2014; Xiang et al., 2017). Thus, the optical properties of lanthanides are a beneficial tool to design new lanthanide based sensors, such as sensing of temperature (Miyata et al., 2013; Rao et al., 2013), cations (Zhao et al., 2004, 2014a; Chen et al., 2009; Zhang et al., 2010; Bogale et al., 2016, 2017a), anions (Wong et al., 2006; Tan and Wang, 2011) nitroaromatics (Bogale et al., 2016, 2017a) and small molecules (Zhou et al., 2013; Zhao et al., 2014b). Such developments also encouraged us to synthesize new lanthanide coordination polymers with characteristic properties to selectively recognize and sense the specific analyte. Particularly, we are interested to develop a highly effective, quick, and reliable method for the detection of iron and nitroaromatics because of their essentiality in health care and high toxicity/explosiveness, respectively.

Among the luminescent lanthanide complexes, those of europium(III) and terbium(III) (emitting red and green light, respectively) have been especially widely studied because of their efficient luminescent properties (Cui et al., 2005; Bangaru et al., 2010; Tsaryuk et al., 2010; Zhuravlev et al., 2011; Hussain et al., 2019). To further explore the luminescent behavior of such complexes and as a part of our ongoing research on lanthanide complexes (Hussain et al., 2014, 2015a,b, 2018, 2019) herein, we report the structural characterization and photoluminescent properties of two one-dimensional Eu(III) and Tb(III) coordination polymers based on the glutarate ligand. In addition, the possible use of these complexes as sensors for detection of Fe3+ and 4-nitrophenol was investigated. Although the crystal structures of a number of lanthanide-glutarate complexes have been reported in the literature (Głowiak et al., 1987; Serpaggi and Férey, 1998; Legendziewicz et al., 1999; Benmerad et al., 2000; Antic-Fidancev et al., 2002; Bromant et al., 2005; Rahahlia et al., 2006; Wang et al., 2010a; Hussain et al., 2015a; Zehnder et al., 2018) the optical properties of only a few of them have been studied (Głowiak et al., 1987; Legendziewicz et al., 1999; Antic-Fidancev et al., 2002). However, the use of none of these has been explored previously for sensing purposes. Thus, the present study would be the first one describing the potential of lanthanide-glutarates for application as sensors. As the exploitation of the new synthetic methods, structures, and properties in this system is still interesting, therefore, the studies of new lanthanide complexes with glutaric acid are important from both fundamental and applied viewpoints.



EXPERIMENTAL


Materials and Measurements

The metals salts (EuCl3·6H2O, TbCl3·6H2O) and ethanol were obtained from Alfa Aesar, USA. Glutaric acid was obtained from Merck Chemical Co. Germany. All other metal salts and nitroaromatics were purchased from Sigma Aldrich, a Johnson Matthey Company. Elemental analyses were carried out on a Varion Micro Cube, Elementar, Germany. FTIR spectra were recorded using KBr pellets on a Perkin Elmer FTIR 180 spectrophotometer over the wave number range from 4,000 to 250 cm−1. Thermal analyses were carried out under air with a continuous heating rate of 10°C min−1 from room temperature to 1,000°C on thermo-gravimetric analyzer/differential scanning calorimeter model SDT Q 600 (TA Instruments, USA) by taking 10.459 mg and 8.691 mg of compound 1 and 2, respectively. The excitation and emission spectra were measured at room temperature in steady state mode using FLS 180 spectrophotometer equipped with Xenon Arc lamp, photomultiplier detector R928P and Czerny-Turner monochromators having focal length of 300 mm. The excitation and emission were monitored between 250–400 and 400–800 nm, respectively.



Crystal Structure Determination

The crystal data for compound 1 and 2 were collected on a Bruker Kappa Apex II CCD diffractometer using graphite-monochromated MoKα radiation (λ = 0.71073 Å) at a temperature 150 K. The structures were solved by direct methods and the structural models were completed and optimized by refinement against F2 with SHELX-2014 (Sheldrick, 2015). The aliphatic C-bound H atoms were geometrically placed and refined as riding atoms with C–H = 0.99 Å and Uiso (H) = 1.2 Ueq(C). The water molecule H atoms were located in difference maps and coordinates were freely refined with the aid of mild geometrical restraints {target: O–H = 0.84 Å} and the isotropic atomic displacement parameters were fixed to 1.5 × Ueq of the parent atom. The key crystallographic data and details of the structure refinements are provided in Table S1.



Preparation of Complexes
 
Preparation of {[Eu(C5H6O4)(H2O)4]Cl}n (1)

EuCl3·6H2O (0.183 g, 0.5 mmol) was dissolved in 15 mL deionized water and glutaric acid (0.132 g, 1.0 mmol) was dissolved in 25 mL ethyl alcohol. The solutions were mixed and stirred in a round-bottomed flask at room temperature for 3 h. 1 M NaOH solution was used to adjust pH 5–6 of the reaction mixture during stirring. The reaction mixture was filtered and left at room temperature for crystallization. Colorless block shape crystals of 1 appeared after 20 days. The crystals were recovered by vacuum filtration, rinsing with ethanol and drying in air. Yield: 51%. Analysis for C5H14O8ClEu: calculated (%): C 15.41; H 3.62; found (%): C 15.61; H 3.58.



Preparation of [Tb(C5H7O4)(C5H6O4)(H2O)2]n (2)

TbCl3·6H2O (0.189 g, 0.5 mmol) and glutaric acid (0.132 g, 1 mmol) were dissolved in 15 mL deionized water and 20 mL ethyl alcohol, respectively. The mixture was stirred at room temperature in a round bottomed flask for 4 h. 1 M NaOH solution was added to adjust pH 4–5 of the reaction mixture. The solution was filtered and left at room temperature for crystallization. After 3 weeks, colorless block shape crystals of 2 were recovered as described above. Yield: 47%. Analysis for C10H17O10Tb: calculated (%) C 26.33; H 3.76; found (%): C 26.45; H 3.83.




Photoluminescence Measurements

To investigate the detection ability of 1 toward the selected metals ions; Na+, Mg2+, Al3+, Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Zn2+ and Cd2+ (as chloride salts), equal volumes (130 μL of 1 × 10−3 M) of metal solutions were added to 1 suspended in methanol (0.3 mg/3 mL). Likewise, the metal sensing aptitude of 2 was explored by adding equal volumes (160 μL, 1 × 10−3 M) of these metals to methanolic suspensions of 2 (0.5 mg / 3 mL). Luminescence titration measurements were performed by stepwise addition of Fe3+ solution into 0.35 mg of 1 and 0.51 mg of 2 suspended in 3 mL of methanol. After ultrasonic treatment for 5 min, their emission spectra were recorded under the same conditions at room temperature.

In the same way, to study the detection ability of 1 toward selected aromatics and nitro-aromatics including; bromobenzene (BB), 1,3-dimethylbenzene (DMB), nitrobenzene (NB), 4-nitrotolune (4-NT), 4-nitrophenol (4-NP), 2,6-dinitrophenol (DNP), and 2,4,6-trinitrophenol (TNP), equal volumes (120 μL) of the aromatics and nitroaromatics (0.001 M in ethanol) were added to 0.3 mg of 1 suspended in 3 mL of methanol. Compound 2 was tested by adding 150 μL (0.001 M in ethanol) of these compounds to 0.5 mg of 2 suspended in 3 mL methanol. The luminescence titration measurements on 1 (0.3 mg/ 3 mL methanol) were done by stepwise addition (5–160 μL) of 4-nitrophenol (0.001 M in ethanol). In the same way, 2 was assessed by the gradual addition (10–250 μL) of 4-nitrophenol (0.001 M in ethanol) to 0.5 mg of 2 suspended in 3 mL of methanol.




RESULTS AND DISCUSSION


Synthesis

The reaction of EuCl3·6H2O or TbCl3·6H2O with two equivalents of glutaric acid (C5H8O4) in the presence of NaOH in water-ethanol medium yielded the colorless crystals of {[Eu(C5H6O4)(H2O)4]Cl}n, (1) and [Tb(C5H7O4)(C5H6O4)(H2O)2]n (2), respectively. The pH value of the medium seems to have a significant influence on the nature of final products. In the preparation of complex 1, where more amount of NaOH was added as base, the ligand was fully deprotonated to produce glutarate di-anions, while in case of 2, the lower pH resulted in the partial deprotonatation of the ligand and produced hydrogen-glutarate anion (HGlut−). The proposed formulae of the complexes are in accordance with the elemental analysis. The complexes were further characterized by thermal analysis and X-ray crystallography.



IR Spectroscopy

The IR spectra of 1 and 2 are shown in Figures S1, S2, respectively. The IR spectra of both complexes are similar, each showing broad absorption bands in the region 3,400–3,100 cm−1 centered at 3,387 and 3,368 cm−1 for 1 and 2, respectively, which correspond to the O-H stretching vibrations of water molecules. The sharp peaks at 1,696 cm−1 (with a shoulder at 1,646 cm−1) in case of 1 and at 1,695 cm−1 (with a shoulder at 1,640 cm−1) for 2, cannot be assigned to the asym(COO) vibration as in the free acid, but represents the O-H bending vibration due to the presence of strong H-bonded water molecules (Rahahlia et al., 2007). The bands at 1,553 and 1,525 cm−1 for 1 and 1,555 and 1,527 cm−1 for 2 correspond to νasym(COO) vibrations, while those at 1,436 and 1,407 cm−1 for 1 and 1,437 and 1,403 cm−1 for 2 are associated with the corresponding symmetric modes (De Oliveira et al., 2013; Hussain et al., 2018, 2019). A difference (Δν) of about 120 cm−1 in νasym (CO2) and νsym (CO2) wavenumbers is indicative of the bidentate coordination of the carboxylate groups to the metal ions Eu(III) and Tb(III). For monodentate coordination of carboxylates, Δν is usually more than 200 cm−1 (Deacon and Philips, 1980; Zhuravlev et al., 2011; Batool et al., 2015). Monodentate coordination removes the equivalence of two oxygen atoms. If the C–O bond orders are appreciably affected, a pseudo-ester configuration is obtained. This decreases νsym(CO2) and increases νasym(CO2) as well as the separation (Δν) between the ν(CO2) values relative to those for the free carboxylate ions, usually taken as sodium salts. Chelation or symmetrical bridging should not alter the bond orders and it has been suggested that bidentate coordination gives separation similar to the ionic values. For sodium and potassium acetates, the asymm and symm modes appear at 1,578–1,571 cm−1 and 1,414–1,402 cm−1, respectively, and the respective separations are 164 and 171 cm−1, respectively (Deacon and Philips, 1980). Thus, the coordination mode proposed for glutarate acid in 1 and 2 is through O, O'-chelation of the carboxylate group. The weak bands appearing around 2,900 cm−1, can be assigned to the C–H stretching vibration of the glutarate ligand. The medium band around 900 cm−1 is ascribed to bending vibration, δ(O–C–O) of the carboxylate group (Hussain et al., 2019). The spectra also give characteristic C–C stretching vibrations of the glutaric group near 1,200 cm−1 (Rahahlia et al., 2007). For both 1 and 2, the peaks in the low wavenumber region at (495, 303) and (481, 305) cm−1, respectively, can be attributed to weak metal–oxygen bonds.



Thermal Analysis

Thermogravimetric analysis of both complexes reveals the loss of water molecules upon heating. The combined TGA-DSC curves of 1 are presented in Figure S3. The compound began to lose coordinated water molecules slowly at 110°C and ended at 200°C (observed weight loss 18.1%; theoretical weight loss 18.5%). The slow decomposition supports the involvement of water molecules in H-bonding. The presence of an endothermic peak at 140°C, indicates the absence of water of crystallization in agreement with the observed formula. After release of water, there is no weight loss up to 320°C, which indicates a thermally metastable product of empirical formula [Eu(C5H6O4)]+Cl−. Above 320°C, a continuous decomposition occurs slowly until 1,000°C releasing glutarate and chloride ions. At the end ½ Eu2O3 is left behind as a residue with an overall weight loss of 55% (theoretical 54.8%).

The thermal decomposition of 2 occurs in three stages as shown in Figure S4. At the first stage, a 7.8% weight loss occurs in the temperature range of 100 to 180°C, ascribed to the removal of two water molecules (theoretical 7.9%) followed by a plateau up to 290°C. The loss of water is associated with an endothermic transition at about 130°C. In the next stage, a 17.3% weight loss occurs between 290 and 450°C to leave probably two molecules of CO2 (calculated value 19.3%). The remaining fragment of one glutarate and the second ligand are released in the following step with a 35% weight loss in the temperature range of 400–800°C. Some of the oxygen atoms are used in the formation of terbium oxide. The decomposition is completed at about 800°C. The overall weight loss of 60% is in excellent agreement with the theoretical weight loss of 59.9% to leave behind ¼ Tb4O7 as a residue, which is in good agreement with that described in the literature (Cui et al., 2005). The TG results show that complex 1 possesses higher thermal stability than 2.



Crystal Structures

As depicted in Figure S5, the asymmetric unit of 1 contains a Eu(III) cation, one completely deprotonated gultarate ligand, four coordinated water molecules and a chloride counter ion. Selected bond lengths and angles concerning the coordination are given in Table 1. The complex is polymeric and a segment of the polymeric structure of 1 is shown in Figure 1A. Each Eu(III) ion is coordinated by nine oxygen atoms (five from three independent glutarate ligands and four from water molecules) to form an EuO9 distorted tri-capped trigonal prismatic polyhedron around Eu(III) (Figure 1B). A pair of europium(III) ions are joined to each other by carboxylate oxygen (O1) atoms of two different glutarate di-anions. The metal-metal separation [Eu1···Eu1i (i = 1–x, 1–y, 2–z)] in each pair is 4.1074 (3) Å. The dinuclear units are extended in the form of infinite [001] one dimensional chains. A polyhedral view of the chains is shown in Figure S6. The glutarate ligands exhibit identical bidentate chelating and chelating-bridging binding modes (μ3-κ2O:κO′:κO″:κO‴). The C5/O3/O4 carboxyl group adopts a simple chelating bonding mode to a single europium(III) ion (both C–O distances are equal). The other carboxylate side (C1/O1/O2) of glutarate di-anion chelates to one metal ion and bridges to an adjacent metal ion from O1 (C1–O1 and C1–O2 bond lengths are unequal). The aliphatic chain of the glutarate is characterized by C1–C2–C3–C4 and C2–C3–C4–C5 torsion angles of −169.2 (2)° and 68.9 (3)°, respectively, i.e., a trans–gauche conformation. The Eu–O distance ranges from 2.3943(17) to 2.5217(16) Å and the average value is 2.455 Å. These distances are comparable to those in the reported nine-coordinated Eu(III)-carboxylate complexes (Cui et al., 2005; Manna et al., 2006; Zhang et al., 2007; Hussain et al., 2019).


Table 1. Selected bond lengths (Å) and angles (°) for complex 1.
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FIGURE 1. (A) Polymer sub-structure of {Eu(C5H6O4)(H2O)4]·Cl}n, 1 with the hydrogen bonds represented by dashed lines. (B) Distorted tri-capped trigonal prismatic coordination environment of Eu(1) in 1.


Extensive hydrogen bonding involving coordinated water molecules and Cl− ions adds stability to the coordination polymer by connecting three adjacent metal centers as shown in Figure 2. The chloride ion forms hydrogen bonds (O–H···Cl) with five water molecules. Moreover, aqua ligands act as donors to the carboxylic O atoms O2, O3, and O4 as acceptors (O–H···O). The details of hydrogen bonds are provided in Table S2. The hydrogen bonds crosslink the 1D covalent polymeric ladders into a two-dimensional sheet structure. The chloride ions in 1 occupy the regions between the (010) sheets and overall, a H-bonded three-dimensional network arises.


[image: Figure 2]
FIGURE 2. Packing plot of {Eu(C5H6O4)(H2O)4]·Cl}n, 1 viewed parallel to b showing 1D covalent ladders linked via H-bonds to form a 2D sheet.


Compound 1 is isostructural with our previously reported neodymium analog, {[Nd(C5H6O4)(H2O)4]Cl}n. (Hussain et al., 2015a). In the closely related hydrated compounds {[Nd(C5H6O4)(H2O)4]Cl·2H2O}n (Legendziewicz et al., 1999) and {[Ce(C5H6O4)(H2O)4]Cl·2H2O}n (Rahahlia et al., 2006) similar polymeric chains are formed incorporating both chloride ions and two uncoordinated water molecules per formula unit into the inter-chain voids. However, the coordination mode of glutarate ligands is different in these two compounds. The metal atoms are bound by four glutarate ions. Two of the carboxyl groups exhibit the same chelating bridging mode as observed in 1 (having two contacts to the first metal and one contact to the second metal ion). The other two carboxylates bind with two metal ions as bridging ligands instead of chelating with one metal ion as in 1. In case of the analogous succinic acid complexes, {[M(C4H4O4)(H2O)4]Cl·2H2O}n (M = La, Ce) (Rahahlia et al., 2007), the layer-type polymeric structure is built up from infinite chains of one-edge-sharing LnO6(H2O)4 polyhedra (10-coordinate metal atom) and discrete chloride ions. The metal coordination consists of six oxygen atoms belonging to symmetrically equivalent succinate ligands and four aqua ligands. Only one type of carboxylate binding mode was described; the chelating bridging mode as found for (C1/O1/O2) group in 1. The same bonding pattern of glutarate is found in [Eu(C5H6O4)(H2O)3]ClO4 (Głowiak et al., 1987). The europium ions are nine-coordinate with the coordination sphere made up of six oxygen atoms of glutarate ions and three water molecules.

The structure of [Tb(C5H7O4)(C5H6O4)(H2O)2]n, 2 can be described as chains of dinuclear terbium(III)-(glutarate) (HGlut) units with two terbium ions linked through the O2 oxygen atoms of bridging glutarate ligands. The C6-monoanions are pendant to the chain (Figure 3A). The Tb(1)···Tb(1i) [(i = 1–x, –y, 1–z)] distance in centrosymmetric, diamond-shaped Tb2O2 units is 4.0963(5) Å. The asymmetric unit of 2 comprises of one Tb3+ ion, one mono-protonated glutarate ion (HGlut), one completely deprotonated gultarate dianion, and two coordinated water molecules. The selected bond parameters are listed in Table 2. Each metal ion in the polymer is coordinated by three bidentate chelating carboxylate groups (two from glutarate di-anion and one from HGlut), one bridging carboxylate O atom and two water molecules. The coordination geometry of TbO9 polyhedron can be described as distorted tri-capped trigonal prismatic (Figure 3B). The bond angles around the metal ions are smaller relative to those in 1 leading to a more distorted polyhedron environment for each metal center. A polyhedral view of a [001] chain in 2 showing the edge-sharing TbO9 polyhedra is provided in Figure S7.


[image: Figure 3]
FIGURE 3. (A) Polymer sub-structure of [Tb(C5H7O4)(C5H6O4)(H2O)2]n, 2. (B) Distorted tri-capped trigonal prismatic coordination environment of Tb(1) in 2.



Table 2. Selected bond lengths (Å) and angles (°) for complex 2.

[image: Table 2]

The glutarate di-anion coordinates in the same way as found in 1. The C1-containing carboxyl group chelates to a metal ion from the C1/O1/O2 moiety and one of the chelating O atoms O(2) bridges an adjacent metal atom. The C(5)/O(3)/O(4) moiety follows a chelating bonding mode to Tb1, the next metal along the chain. The carbon-atom chain of the C(1) anion adopts an extended conformation [C1–C2–C3–C4 = 173.4(2)°; C2–C3–C4–C5 = 179.4(2)°]. The mono-anion glutarate chelates to Tb1 through C6/O5/O6 and the other end is protonated carboxylic group C10/O7/O8 does not participate in coordination. The backbone carbon chains have unique gauche C6–C7–C8–C9 [74.0(3)°] and anti. C7–C8–C9–C10 [−176.9(3)°] conformation. The mean Tb–O distance 2.434 Å is in accordance with the reported literature (Cui et al., 2005; Qiongyan et al., 2008; Hussain et al., 2019). The coordination bond lengths in 2 are slightly shorter, in comparison with 1, which is in accordance with the slightly smaller ionic radius of Tb3+ (Hussain et al., 2019).

The structure of 2 is supported by O–H···O hydrogen bonds including carboxylates and water molecules and details are given in Table S3. The carboxylate O7 hydrogen bonds crosslink the 1D polymeric chains into a two-dimensional layer as shown in Figure 4A. The layers are further connected to build a three-dimensional network (Figure 4B).


[image: Figure 4]
FIGURE 4. (A) Packing plots of 2 showing covalently-bonded 1D chains in the c direction. (B) An overall 3D H-bonded network. H-bonds shown as dashed lines.




Luminescent Properties

The solid state photoluminescence properties of 1 and 2 were investigated at room temperature.

The excitation spectrum of 1 was measured to monitor the 5D0 → 7F2 transitions of europium at 616 nm as shown in Figure 5A. The major excitation peaks of europium are observed at 286 nm (7F0 → 5I8), 298 nm (7F0 → 5F2), 318 nm (7F0 → 5H3), 362 nm, 367 nm (7F0, 1 → 5D4), 375 nm, 381 nm, 385 nm (7F0 → 5L7, 8, 9), 395 nm (7F0 → 5L6) and 417 nm (7F0 → 5D3). All the excitation peaks in 1 arise from ground level 7F0 except 5D4 which arises from level 7F1. The most intense among them is 7F0 → 5L6. These excitation peaks have been observed in previously reported europium compounds (Baur et al., 2015; Marques et al., 2015). A very weak signal appeared at 268 nm due to transition of the ligand expected to produce luminescence emission. The other ligand transitions are superimposed on the strong 7F0 → 5I8 and 7F0 → 5F2 transition of europium. The emission spectrum of 1 was recorded under the excitation wavelength of 268 nm and is shown in Figure 5B. It exhibits four characteristic peaks in the visible region at 598, 616, 656, and 699 nm, which belong to the 5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3, and 5D0 → 7F4 transitions of the europium(III) ion, respectively. The most intense was the induced electric dipole transition 5D0 → 7F2 which is highly sensitive for the chemical bond in the environs of a europium(III) ion, and responsible for the red emission when irradiated under UV light (Cui et al., 2005; Gu and Xue, 2006; Hou et al., 2014).


[image: Figure 5]
FIGURE 5. (A) Solid state excitation spectrum of 1 to monitor emission at 616 nm. (B) Solid state emission spectrum of 1 excited at 268 nm.


Whereas 5D0 → 7F1 is the magnetic dipole transition, which is rather less sensitive to the coordinated environment and is relatively weak when compared with the electric dipole transition (5D0 → 7F2). The Eu(III) transition rule states that when the center of inversion exists on europium(III), the magnetic dipole transition (5D0 → 7F1) will be more intense emitting orange light instead of red light, emitting electric dipole transition (5D0 → 7F2) (Hou et al., 2014). The crystal field strength acting on europium(III) also affects the intensity of the magnetic dipole transition (Gu and Xue, 2006). As the site symmetry of the Eu(III) ion decreases, the intensity of the electric dipole transition 5D0 → 7F2 increases. By comparing the intensity ratio of 5D0 → 7F1 (598 nm) and 5D0 → 7F2 (616 nm) for 1, the peak intensity ratio is about 1:3 which suggests that the coordination of the europium ions does not have an inversion center on the local site and exists in a low symmetry environment as is evident by the structural analysis of compound 1 (Hou et al., 2014).

The excitation spectrum of 2 (Figure 6A) was measured to observe the 5D4 → 7Fn transitions of terbium at 545 nm. The excitation spectrum exhibited the following transitions of terbium; 7F6 → 5H3 (266 nm); 7F6 → 5H4 (273 nm); 7F6 → 5I8 (286 nm); 7F6 → 5H5 (296 nm); 7F6 → 5H6 (304 nm); 7F6 → 5H7 (319 nm); 7F6 → 5D1 (327 nm); 7F6 → 5H7, 8, 5G3 (342 nm); 7F6 → 5L9, 5G5 (351 nm); 7F6 → 5D2 (360 nm); 7F6 → 5L10 (370 nm); and 7F6 → 5G5, 5D3 (380 nm). All these transitions originate from the 7F6 ground state and the strongest of these are: 7F6 → 5L9, 5G5 and 7F6 → 5L10. The weak ligand transitions are superimposed on the 7F6 → 5H3 (266 nm), 7F6 → 5H4 (273 nm), 7F6 → 5I8 (286 nm), and 7F6 → 5H5 (296 nm) transition of the terbium, which are more dominant in the excitation spectra. The excitation pattern of 2 closely matches with the previously reported powder MOF of terbium-thenoyltriflouroacetone (Medina-Velazquez et al., 2019). As shown in Figure 6B under the excitation wavelength of 268 nm, the emission spectrum of 2 exhibits four intense characteristic transitions of terbium at 494 nm (5D4 → 7F6), 545 nm (5D4 → 7F5), 588 nm (5D4 → 7F4), and 625 nm (5D4 → 7F3). In spite of this, there are also three weak peaks at 652, 672, and 683 nm attributed to the 5D4 → 7F2, 5D4 → 7F1, and 5D4 → 7F0 emissions, respectively. An induced electric dipole transition (5D4 → 7F5) that is sensitive to the coordination environment of the terbium exhibits the strongest emission at 545 nm, which is characterized by the green luminescence output when the solid sample is excited under UV light. The magnetic transition (5D4 → 7F6), which is less sensitive to the coordination environment is relatively weak when compared with the electric dipole transition (5D4 → 7F5) with intensity ratio close to 1:3 (5D4 → 7F6 : 5D4 → 7F5) (Bogale et al., 2017a).


[image: Figure 6]
FIGURE 6. (A) Solid state excitation spectrum of 2 to monitor emission at 545 nm. (B) Solid state emission spectrum of 2 excited at 268 nm.


The fluorescence emissions of europium and terbium in different compounds have been reported for sensing metal ions (Zhao et al., 2004; Bogale et al., 2016, 2017a), nitro compounds (Bogale et al., 2016, 2017a), and solvent molecules (Li et al., 2013; Wang et al., 2014). The emission behavior of 1 and 2 were investigated in various solvents, such as methanol, ethanol, THF, DMSO, DMF, water, acetone, and dichloromethane. Complexes 1 and 2 show good luminescence in these solvents (Figures S8, S9, respectively) except in acetone and dichloromethane in which they exhibit a strong quenching effect on emission intensity. Thus, 1 and 2 could be used as sensors for acetone and dichloromethane. When 1 and 2 were suspended in methanol they exhibited strong emission peaks as compared with other solvents. The fluorescence life time calculated for compounds 1 and 2 are 2.499 ns and 2.895 ns, respectively.


Detection of Metals Ions

In order to investigate the sensing properties of complexes 1 and 2 toward various metals ions, such as Na+, Mg2+, Al3+, Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Zn2+ and Cd2+, aqueous solutions of chloride salts of these metals were added individually to solutions of 1 and 2 dispersed in methanol under the same conditions. As shown in Figures 7A,B, only Fe3+ was able to induce significant fluorescence quenching of 1 and 2, respectively. As compared with the initial solution (control), the fluorescence intensity of 1 and 2 were reduced about 83 and 85%, respectively, by the addition of aqueous solution of Fe3+, while the addition of other metals has no appreciable effect on the fluorescence intensity under the same test conditions as shown in Figures S10, S11, respectively. These results suggest that 1 and 2 are highly sensitive for the Fe3+ ion and induce distinct fluorescence quenching as compared with the other metals ions. Furthermore, the sensitivity tests of 1 and 2 were carried out by progressive addition of an aqueous solution of Fe3+ ion to the solutions of 1 and 2 suspended in methanol. The gradual addition of an aqueous solution of Fe3+ to the methanolic solution of 1 and 2 produced sequential quenching of fluorescence emission at 616 nm (Figure 8A) and 545 (Figure 8B) nm, respectively. The Figures S12, S13 depict that the luminescence quenching efficiencies and concentration of Fe3+ are in good agreement with linear proportion with R values of 0.9949 and 0.9734 for 1 and 2, respectively. The detection limits for and 1 and 2, estimated from the linear regression curves, were found to be 4.6565 × 10−7 M and 1.612 × 10−7 M, respectively, which is comparable with the reported terbium and europium coordination polymers for the detection of Fe3+ (Bogale et al., 2016, 2017a,b; Gao et al., 2016). The Stern-Volmer equation [image: image] was used; where I0 and I are luminescence intensity before and after addition of quencher, respectively, Q is the quencher concentration and Ksv is the quenching coefficient constant. The value of Ksv was found to be 1.31 × 105 M−1 and (for 1) and 8.07 × 104 M−1 (for 2), which suggest that the static and dynamic quenching processes are dominant as revealed by the reported studies (Bogale et al., 2016, 2017a,b; Gao et al., 2016).


[image: Figure 7]
FIGURE 7. Change in emission spectra of 1 at 616 nm (A) and 2 at 545 nm (B) after interacting with different metal ions in aqueous solution under the same conditions excited at 268 nm.



[image: Figure 8]
FIGURE 8. Emission spectra of 1 at 616 nm (A) and 2 at 545 nm (B) suspended in methanol upon incremental addition of Fe3+ in aqueous solution under the same conditions excited at 268 nm.


The sensitivity and selectivity of compounds 1 and 2 toward Fe3+ were speculated due to the reason that Fe3+ ions diffused into the pores generated by the one-dimensional layers of 1 and 2, and interact with the carboxylate oxygen and aqua ligands (Dong et al., 2015). Thus, complexation and incorporation of Fe3+ may reduce the energy transfer from ligand to Eu3+ and Tb3+ in 1 and 2, respectively, and produce efficient fluorescence quenching. Another possible reason for luminescence quenching is exchange of Eu3+ and Tb3+ with Fe3+ in 1 and 2, respectively (Zheng et al., 2013; Bogale et al., 2016).




Detection of Aromatics

To scrutinize the detection capability of 1 toward different aromatic and nitroaromatic compounds; bromobenzene (BB), 1,3-dimethylbenzene (DMB), nitrobenzene (NB), 4-nitrotolune (4-NT), 4-nitrophenol (4-NP), 2,6-dinitrophenol (DNP), and 2,4,6-trinitrophenol (TNP) were selected. In doing so, equal volumes of these compounds were added to the methanolic suspension of 1 and their luminescence spectra were recorded as shown in Figure 9A. Interestingly, the emission intensity of 1 was highly reduced after addition of 4-nitrophenol, while the other analogous compounds have negligible quenching effect on the emission intensity. The decreasing potential for quenching efficiency is described as: 4-nitrophenol (4-NP) > 2,4,6-trinitrophenol (TNP) > nitrobenzene (NB) > 2,6-dinitrophenol (DNP) > bromobenzene (BB) > 4-nitrotolune (4 NT) > 1,3-dimethylbenzene (DMB), which deviates a little from the electron deficient trend of these compounds. As shown in Figure S14, 4-nitrophenol is the most efficient quencher for 1 with quenching efficiency of 78% as compared to the other electron deficient nitroaromatics, such as 2,4,6-trinitrophenol (27%), nitrobenzene (25%), 2,6-dinitrophenol (21%). The least quenching effect is with 1,3-dimethylbenzene (8%).


[image: Figure 9]
FIGURE 9. Change in emission spectra of 1 at 616 nm (A) and 2 at 545 nm (B) after interacting with different aromatics and nitro-aromatics in ethanol under the same conditions excited at 268 nm.


The compound 2 was also suspended in methanol to explore the sensing ability toward the above-mentioned aromatics and nitroaromatic compounds. The emission spectra were recorded after addition of aromatics and nitroaromatics into the methanolic suspension of 2. As shown in Figure 9B, 4-nitrophenol exhibits significant fluorescence quenching as compared to the other tested compounds. The decreasing order of reducing emission intensity of 2 is 4-nitrophenol (4-NP) > 2,6-dinitrophenol (DNP) > 2,4,6-trinitrophenol (TNP) > nitrobenzene (NB) > 4-nitrotolune (4-NT) > 1,3-dimethylbenzene (DMB) > bromobenzene (BB). This trend varies from the electron deficient trend of these compounds. The maximum quenching efficiency for 4-nitrophenol (4-NP) was found to be 67.22% and the least quenching is bromobenzene, found to be 3.37%, while 2,4,6-trinitrophenol and 2,6-dinitrophenol have quenching efficiencies 14.01 and 17.44%, respectively, as shown in Figure S15.

The fluorescence quenching titrations were performed by successive addition of 4-nitrophenol into 1 and 2 suspended in methanol. The gradual addition of 4-nitrophenol produced significant fluorescence quenching at 616 nm (for 1, Figure 10A) and 545 nm (for 2, Figure 10B). The Figures S16, S17 depict that the luminescence quenching efficiencies and concentration of 4-nitrophenol are in good agreement with linear proportion with R2 values of 0.9890 and 0.9888 for 1 and 2, respectively. The detection limits for 1 and 2 from the linear regression curves were found to be 5.0589 × 10−8 M and 6.9173 × 10−8 M, respectively, which are comparable with the reported europium and terbium coordination polymers for the detection of 4-nitrophenol (Bogale et al., 2016, 2017a,b; Gao et al., 2016). The calculated Ksv values are 9.4792 × 104 M−1 (for 1) and 4.5295 × 104 M−1 (for 2), which suggest that the static and dynamic quenching processes are dominant as revealed by the previous studies (Bogale et al., 2016, 2017a,b; Gao et al., 2016).


[image: Figure 10]
FIGURE 10. Emission spectra of 1 at 616 nm (A) and 2 at 545 nm (B) suspended in methanol upon progressive addition 4-nitrophenol ethanolic solution under the same conditions excited at 268 nm.


Therefore, it is surmised that the fluorescence quenching observed in 1 and 2 by the addition of 4-nitrophenol is due to electronic interaction between 4-nitrophenol and the moieties of 1 and 2, respectively. The other possible reasons for luminescence quenching are the inner filter effect of 4-nitrophenol and competition between absorption energy of 4-nitrophenol and excitation energy of 1 and 2 (Bogale et al., 2017b). The excitation energy absorbed by the ligands is further absorbed by the 4-nitrophenol, which is responsible for fluorescence quenching (Bogale et al., 2016).




CONCLUSIONS

In summary, two luminescent europium(III)- and terbium(III)-glutarate coordination polymers; [Eu(C5H6O4)(H2O)4]Cl}n (1) and [Tb(C5H7O4)(C5H6O4)(H2O)2]n (2) were synthesized and characterized by IR, TGA and X-ray crystallography. The TGA curves show that after the removal of water molecules, compounds 1 and 2 are stable up to about 300°C. The photoluminescence spectra of 1 and 2 depict the characteristic peaks of europium(III) and terbium(III) ions responsible for the intense red and green emissions, respectively, when irradiated under UV light. The appearance of emission bands in the visible region in the luminescent spectra may recommend their use as long-lived luminescent probes in immuno-assays. The compounds also exhibited good luminescence in various solvents except dichloromethane and acetone. Both complexes exhibit a strong quenching effect on emission intensity when brought into contact with Fe3+ ions and 4-nitrophenol as compared with the other metal ions and nitroaromatics. Furthermore, fluorescence quenching titrations were performed to investigate the sensitivity of complexes for Fe3+ and 4-nitrophenol. By using quenching titration results, the Stern-Volmer graphs were plotted, which suggested that in all cases both static and dynamic quenching processes are dominant. The Ksvvalues of 1 found for Fe3+ and 4-nitrophenol are 1.31 × 105 M−1 and 9.4792 × 104 M−1, respectively. Likewise, for 2 these values for Fe3+ and 4-nitrophenol are 8.07 × 104 M−1 and 4.5295 × 104 M−1 respectively. These results suggest that 1 and 2 can be applied as promising sensors for the detection of Fe3+ and 4-nitrophenol with excellent sensitivity and selectivity.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author. CCDC numbers 1919755 and 1919756 for 1 and 2, respectively, contain the crystal data of this article. These data are available from Cambridge Crystallographic Data Center via: https://www.ccdc.cam.ac.uk/structures/.



AUTHOR CONTRIBUTIONS

SA and XC conceived the idea and helped in writing and proof outline. SH has a major role in the synthesis and characterization of compounds as well as in manuscript writing. ME and DA helped in data collection, structure solution, and refinement. WH wrote the crystal structure descriptions. SL and SM performed the photoluminescence related experiments.



ACKNOWLEDGMENTS

XC thanks the National Natural Science Foundation of China (Grant Nos. 21771057 and U1804253). SH is grateful to Henan Normal University for a postdoctoral fellowship. The authors also extend their appreciation to Deanship of Scientific Research at King Khalid University under grant number (R.G.P2/17/40).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2019.00728/full#supplementary-material



REFERENCES

 Allendorf, M., Bauer, C., Bhakta, R., and Houk, R. (2009). Luminescent metal–organic frameworks. Chem. Soc. Rev. 38, 1330–1352. doi: 10.1039/b802352m

 Antic-Fidancev, E., Serpaggi, F., and Férey, G. (2002). Optical study of praseodymium dicarboxylate [Pr(H2O)]2[O2C(CH2)3CO2]3.4H2O. J. Alloys Compd. 340, 88–94. doi: 10.1016/S0925-8388(02)00052-X

 Armelao, L., Quici, S., Barigelletti, F., Accorsi, G., Bottaro, G., Cavazzini, M., et al. (2010). Design of luminescent lanthanide complexes: From molecules to highly efficient photo-emitting materials. Coord. Chem. Rev. 254, 487–505. doi: 10.1016/j.ccr.2009.07.025

 Azab, H. A., Duerkop, A., Anwar, Z., Hussein, B. H., Rizk, M. A., and Amin, T. (2013). Luminescence recognition of different organophosphorus pesticides by the luminescent Eu(III)–pyridine-2, 6-dicarboxylic acid probe. Anal. Chim. Acta. 759, 81–91. doi: 10.1016/j.aca.2012.10.045

 Bangaru, S., Muralidharan, G., and Brahmanandhan, G. M. (2010). Thermoluminescence and optical studies on X-irradiated terbium-doped potassium bromide crystals. J. Lumin. 130, 618–622. doi: 10.1016/j.jlumin.2009.11.005

 Batool, S. S., Ahmad, S., Khan, I. U., and Ejaz, W. T. A. H. (2015). Structural characterization of a new copper(II) complex of 1,10-phenanthroline and benzoate [Cu(phen)(C6H5[image: image])2]. J. Struct. Chem. 56, 387–391. doi: 10.1134/S0022476615020286

 Baur, F., Glocker, F., and Jüstel, T. (2015). Photoluminescence and energy transfer rates and efficiencies in Eu3+ activated Tb2Mo3O12. J. Mater. Chem. C 3, 2054–2064. doi: 10.1039/C4TC02588A

 Benmerad, B., Guehria-Laidoudi, A., Balegroune, F., Birkedal, H., and Chapuis, G. (2000). Polymeric aqua (glutarato)(hydrogen glutarato) lanthanum(III) monohydrate. Acta Crystallogr. Sect. C Cryst. Struct. Commun. 56, 789–792. doi: 10.1107/S010827010000500X

 Binnemans, K. (2009). Lanthanide-based luminescent hybrid materials. Chem. Rev. 109, 4283–4374. doi: 10.1021/cr8003983

 Bogale, R. F., Chen, Y., Ye, J., Yang, Y., Rauf, A., Duan, L., et al. (2017a). Highly selective and sensitive detection of 4-nitrophenol and Fe3+ ion based on a luminescent layered terbium(III) coordination polymer. Sens. Actuat. B Chem. 245, 171–178. doi: 10.1016/j.snb.2017.01.177

 Bogale, R. F., Chen, Y., Ye, J., Zhang, S., Li, Y., Liu, X., et al. (2017b). A terbium (III)-based coordination polymer for selective and sensitive sensing of nitroaromatics and ferric ion: synthesis, crystal structure and photoluminescence properties. N. J. Chem. 41, 12713–12720. doi: 10.1039/C7NJ02492D

 Bogale, R. F., Ye, J., Sun, Y., Sun, T., Zhang, S., Rauf, A., et al. (2016). Highly selective and sensitive detection of metal ions and nitroaromatic compounds by an anionic europium(III) coordination polymer. Dalton Trans. 45, 11137–11144. doi: 10.1039/C6DT01636G

 Bromant, C., Nika, W., Pantenburg, I., and Meyer, G. (2005). Selten-erd-metall-koordinationspolymere: synthesen und kristallstrukturen von drei neuen Glutaraten,[Pr2(Glu)3(H2O)4]·5H2O,[Pr (Glu)(H2O)2]Cl and [Er(Glu)(GluH)(H2O)2]. Z. Anorg. Allg. Chem. 631, 2416–2422. doi: 10.1002/zaac.200500253

 Bünzli, J.-C. G. (2010). Lanthanide luminescence for biomedical analyses and imaging. Chem. Rev.110, 2729–2755. doi: 10.1021/cr900362e

 Bünzli, J. C. G. (2015). On the design of highly luminescent lanthanide complexes. Coord. Chem. Rev. 293, 19–47. doi: 10.1016/j.ccr.2014.10.013

 Chen, B., Wang, L., Xiao, Y., Fronczek, F. R., Xue, M., Cui, Y., et al. (2009). A luminescent metal–organic framework with lewis basic pyridyl sites for the sensing of metal ions. Angew. Chem. Int. Ed. 48, 500–503. doi: 10.1002/anie.200805101

 Cui, G. H., Li, J. R., Zhang, R.-H., and Bu, X.-H. (2005). Hydrothermal synthesis, crystal structures and luminescent properties of two new Ln(III)–succinate (Ln = Eu, Tb) complexes exhibiting three dimensional networks. J. Mol. Struct. 740, 187–191. doi: 10.1016/j.molstruc.2005.01.049

 Cui, Y., Yue, Y., Qian, G., and Chen, B. (2011). Luminescent functional metal–organic frameworks. Chem. Rev. 112, 1126–1162. doi: 10.1021/cr200101d

 Daiguebonne, C., Kerbellec, N., Guillou, O., Bünzli, J.-C., Gumy, F., Catala, L., et al. (2008). Structural and luminescent properties of micro-and nanosized particles of lanthanide terephthalate coordination polymers. Inorg. Chem. 47, 3700–3708. doi: 10.1021/ic702325m

 De Oliveira, C. F., Da Silva, F. F., Malvestiti, I., Malta, V. R. D. S., Dutra, J. D. L., Da Costa, N. B Jr., et al. (2013). Synthesis, characterization, luminescent properties and theoretical study of two new coordination polymers containing lanthanide [Ce(III) or Yb(III)] and succinate ions. J. Mol. Struct. 1041, 61–67. doi: 10.1016/j.molstruc.2013.03.001

 Deacon, G. B., and Philips, R. J. (1980). Relationship between the carbon-oxygen stretching frequencies of carboxylate complexes and the type of carboxylate coordination. Coord. Chem. Rev. 33, 227–250. doi: 10.1016/S0010-8545(00)80455-5

 Dong, X. Y., Wang, R., Wang, J. Z., Zang, S. Q., and Mak, T. C. (2015). Highly selective Fe 3+ sensing and proton conduction in a water-stable sulfonate–carboxylate Tb–organic-framework. J. Mater. Chem. A 3, 641–647. doi: 10.1039/C4TA04421E

 Feng, J., and Zhang, H. (2013). Hybrid materials based on lanthanide organic complexes. Chem. Soc. Rev. 42, 387–410. doi: 10.1039/C2CS35069F

 Gai, Y. L., Jiang, F. L., Chen, L., Bu, Y., Su, K. Z., Al-Thabaiti, S. A., et al. (2013). Photophysical studies of europium coordination polymers based on a tetracarboxylate ligand. Inorg. Chem. 52, 7658–7665. doi: 10.1021/ic400777c

 Gao, M. L., Wei, N., and Han, Z. B. (2016). Anionic metal–organic framework for high-efficiency pollutant removal and selective sensing of Fe(III) ions. RSC Adv. 6, 60940–60944. doi: 10.1039/C6RA08500H

 Głowiak, T., Legendziewicz, J., Dao, C. N., and Huskowska, E. (1987). Crystal structure and spectroscopy of lanthanide complexes with glutaric acid [Ln(C5H6O4)(H2O)3]·ClO4. J. Less Common Met. 134, 153–168. doi: 10.1016/0022-5088(87)90553-4

 Gu, X., and Xue, D. (2006). Selected controlled synthesis of three-dimensional 4d−4f heterometallic coordination frameworks by lanthanide carboxylate subunits and silver centers. Cryst. Growth Des. 6, 2551–2557. doi: 10.1021/cg060485o

 Heffern, M. C., Matosziuk, L. M., and Meade, T. J. (2013). Lanthanide probes for bioresponsive imaging. Chem. Rev. 114, 4496–4539. doi: 10.1021/cr400477t

 Hou, Y. L., Cheng, R. R., Xiong, G., Cui, J. Z., and Zhao, B. (2014). Structures, luminescent and magnetic properties of a series of (3, 6)-connected lanthanide–organic frameworks. Dalton Trans. 43, 1814–1820. doi: 10.1039/C3DT52305E

 Huang, Y. G., Yuan, D. Q., Gong, Y. Q., Jiang, F. L., and Hong, M. C. (2008). Synthesis, structure and luminescent properties of lanthanide–organic frameworks based on pyridine-2, 6-dicarboxylic acid. J. Mol. Struct. 872, 99–104. doi: 10.1016/j.molstruc.2007.02.020

 Hussain, S., Chen, X., Harrison, W. T., Ahmad, S., Elsegood, M., and Muhammad, S. (2019). Synthesis, thermal, structural analyses and photoluminescent properties of a new family of malonate-containing lanthanide(III) coordination polymers. Front. Chem. 7, 260. doi: 10.3389/fchem.2019.00260

 Hussain, S., Khan, I., Harrison, W., and Tahir, M. (2015a). Crystal structures and characterization of two rare-earth-glutarate coordination networks: One-dimensional [Nd (C5H6O4)(H2O)4]• Cl and three-dimensional [Pr(C5H6O4)(C5H7O4)(H2O)]•H2O. J. Struct. Chem. 56, 934–941. doi: 10.1134/S0022476615050169

 Hussain, S., Khan, I., Harrison, W. T., Tahir, M., and Ahmad, S. (2015b). Crystal structures and characterization of two one-dimensional coordination polymers containing Ln3+ ions and anthranilate (C7H6[image: image]) anions. J. Struct. Chem. 56, 126–133. doi: 10.1134/S0022476615010187

 Hussain, S., Khan, I. U., Akkurt, M., Ahmad, S., and Tahir, M. N. (2014). Synthesis and structural characterization of binuclear ytterbium(III) complexes with 2-amino and 3-amino benzoic acid. Russ. J. Coord. Chem. 40, 686–694. doi: 10.1134/S107032841409005X

 Hussain, S., Khan, I. U., Elsegood, M. R., Jabeen, N., Tahir, M. N., Ahmad, S., et al. (2018). Synthesis and structural characterization of dinuclear cerium(III) and erbium(III) complexes of nicotinic acid or 2-aminobenzoic acid. Polyhedron. 151, 452–457. doi: 10.1016/j.poly.2018.05.057

 Kumar, M., Kariem, M., Sheikh, H. N., Frontera, A., Seth, S. K., and Jassal, A. K. (2018). A series of 3D lanthanide coordination polymers decorated with a rigid 3, 5-pyridinedicarboxylic acid linker: syntheses, structural diversity, DFT study, Hirshfeld surface analysis, luminescence and magnetic properties. Dalton Trans. 47, 12318–12336. doi: 10.1039/C8DT02429D

 Legendziewicz, J., Keller, B., Turowska-Tyrk, I., and Wojciechowski, W. (1999). Synthesis, optical and magnetic properties of homo-and heteronuclear systems and glasses containing them. New J. Chem. 23, 1097–1103. doi: 10.1039/a905284d

 Li, Q.-P., and Yan, B. (2012). Luminescent hybrid materials of lanthanide β-diketonate and mesoporous host through covalent and ionic bonding with anion metathesis. Dalton Trans. 41, 8567–8574. doi: 10.1039/c2dt30364g

 Li, Y., Zhang, S., and Song, D. (2013). A luminescent metal–organic framework as a turn-on sensor for DMF vapor. Angew. Chem. Int. Ed. 52, 710–713. doi: 10.1002/anie.201207610

 Manna, S. C., Zangrando, E., Bencini, A., Benelli, C., and Chaudhuri, N. R. (2006). Syntheses, crystal structures, and magnetic properties of [Ln(III)2 (Succinate)3(H2O)2]0.5H2O[Ln = Pr, Nd, Sm, Eu, Gd, and Dy] polymeric networks: unusual ferromagnetic coupling in Gd derivative. Inorg. Chem. 45, 9114–9122. doi: 10.1021/ic060807d

 Marques, L. F., Correa, C. C., Ribeiro, S. J., Dos Santos, M. V., Dutra, J. D. L., Freire, R. O., et al. (2015). Synthesis, structural characterization, luminescent properties and theoretical study of three novel lanthanide metal-organic frameworks of Ho(III), Gd(III) and Eu(III) with 2, 5-thiophenedicarboxylate anion. J. Solid State Chem. 227, 68–78. doi: 10.1016/j.jssc.2015.03.020

 Medina-Velazquez, D., Caldiño, U., Morales-Ramirez, A., Reyes-Miranda, J., Lopez, R., Escudero, R., et al. (2019). Synthesis of luminescent terbium-thenoyltriflouroacetone MOF nanorods for green laser application. Opt. Mater. 87, 3–10. doi: 10.1016/j.optmat.2018.08.021

 Miyata, K., Konno, Y., Nakanishi, T., Kobayashi, A., Kato, M., Fushimi, K., et al. (2013). Chameleon luminophore for sensing temperatures: control of metal-to-metal and energy back transfer in lanthanide coordination polymers. Angew. Chem. Int. Ed. 52, 6413–6416. doi: 10.1002/anie.201301448

 Qiongyan, Y., Xiuxia, Z., Maosheng, L., Jianqiao, C., Zhengyuan, Z., Xia, Y., et al. (2008). Syntheses, characterization, and luminescence of two lanthanide complexes [Ln2(acetate)6 (H2O)4]·4H2O (Ln = Tb (1), Sm (2). J. Rare Earth 26, 178–184. doi: 10.1016/S1002-0721(08)60061-7

 Rahahlia, N., Benmerad, B., Guehria-Laidoudi, A., Dahaoui, S., and Lecomte, C. (2006). Poly [[tetraaqua-μ4-glutarato-cerium(III)] chloride dihydrate]. Acta Crystallogr. E 62, m2145–m2147. doi: 10.1107/S1600536806030741

 Rahahlia, N., Benmerad, B., Guehria-Laïdoudi, A., Dahaoui, S., and Lecomte, C. (2007). Three-dimensional ionic frameworks built up from La(III) and Ce(III) succinates. J. Mol. Struct. 833, 42–48. doi: 10.1016/j.molstruc.2006.08.029

 Rao, X., Song, T., Gao, J., Cui, Y., Yang, Y., Wu, C., et al. (2013). A highly sensitive mixed lanthanide metal–organic framework self-calibrated luminescent thermometer. J. Am. Chem. Soc. 135, 15559–15564. doi: 10.1021/ja407219k

 Räsänen, M., Takalo, H., Rosenberg, J., Mäkelä, J., Haapakka, K., and Kankare, J. (2014). Study on photophysical properties of Eu(III) complexes with aromatic β-diketones–Role of charge transfer states in the energy migration. J. Lumin. 146, 211–217. doi: 10.1016/j.jlumin.2013.09.076

 Reinhard, C., and Güdel, H. U. (2002). High-resolution optical spectroscopy of Na3[Ln(dpa)3].13H2O with Ln = Er3+, Tm3+, Yb3+. Inorg. Chem. 41, 1048–1055. doi: 10.1021/ic0108484

 Serpaggi, F., and Férey, G. (1998). Hybrid open frameworks (MIL-n). Part 4 Synthesis and crystal structure of MIL-8, a series of lanthanide glutarates with an open framework,[Ln (H2O)]2 O2C(CH2)3CO2]3·4H2O. J. Mater. Chem. 8, 2737–2741. doi: 10.1039/a802713g

 Sheldrick, G. M. (2015). Crystal structure refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 71, 3–8. doi: 10.1107/S2053229614024218

 Song, Y., Wang, X., Zhang, S., Wang, J., Gao, S., and Chen, S. (2016). Lanthanide-coordination polymers with pyridinedicarboxylic acids: syntheses, structures, and luminescent properties. Z. Anorg. Allg. Chem. 642, 681–691. doi: 10.1002/zaac.201600135

 Tan, C., and Wang, Q. (2011). Reversible terbium luminescent polyelectrolyte hydrogels for detection of H2[image: image] and [image: image] in water. Inorg. Chem. 50, 2953–2956. doi: 10.1021/ic102366v

 Tsaryuk, V. I., Zhuravlev, K. P., Vologzhanina, A. V., Kudryashova, V. A., and Zolin, V. F. (2010). Structural regularities and luminescence properties of dimeric europium and terbium carboxylates with 1,10-phenanthroline (CN = 9). J. Photochem. Photobiol. A Chem. 211,7–19. doi: 10.1016/j.jphotochem.2010.01.012

 Wang, H. M., Liu, H. P., Chu, T. S., Yang, Y. Y., Hu, Y. S., Liu, W. T., et al. (2014). A luminescent terbium coordination polymer for sensing methanol. RSC Adv. 4, 14035–14041. doi: 10.1039/C4RA00745J

 Wang, J. L., Hou, K. L., Bai, F. Y., Xing, Y. H., and Shi, Z. (2012). Hydrothermal synthesis, crystal structure, and photoluminescence of novel lanthanide metal organic frameworks constructed from 1, 4-benzene-dicarboxylic acid and 1, 2, 4, 5-benzenetetracarboxylic acid as ligands. Struct. Chem. 23, 275–285. doi: 10.1007/s11224-011-9870-4

 Wang, Z., Bai, F. Y., Xing, Y. H., Xie, Y., Zeng, X. Q., Ge, M. F., et al. (2010a). Rigid and flexible lanthanide complexes with an infinite Ln–O–Ln framework: synthesis, structure and properties. J. Inorg. Organomet. Polym. Mater. 20, 242–249.

 Wang, Z., Xing, Y. H., Wang, C. G., Sun, L. X., Zhang, J., Ge, M. F., et al. (2010b). Synthesis, structure and luminescent properties of coordination polymers with 1, 2-benzenedicarboxylic acid and a series of flexible dicarboxylate ligands. CrystEngComm. 12, 762–773. doi: 10.1039/B916127A

 Werts, M. H. (2005). Making sense of lanthanide luminescence. Sci. Prog. 88, 101–131. doi: 10.3184/003685005783238435

 Wong, K. L., Law, G. L., Yang, Y. Y., and Wong, W. T. (2006). A highly porous luminescent terbium–organic framework for reversible anion sensing. Adv. Mater.18, 1051–1054. doi: 10.1002/adma.200502138

 Xiang, S., Bao, D. X., Wang, J., Li, Y. C., and Zhao, X.-Q. (2017). Luminescent lanthanide coordination compounds with pyridine-2, 6-dicarboxylic acid. J. Lumin. 186, 273–282. doi: 10.1016/j.jlumin.2017.02.037

 Yan, B., Bai, Y., and Chen, Z. (2005). Synthesis, structure and luminescence of novel 1D chain coordination polymers [Ln(isophth)(Hisophth)(H2O)4·4H2O]n (Ln = Sm, Dy). J. Mol. Struct.741, 141–147. doi: 10.1016/j.molstruc.2005.02.004

 Zehnder, R. A., Jenkins, J., Zeller, M., Dempsey, C., Kozimor, S. A., Jackson, G., et al. (2018). Conversion of lanthanide glutarate chlorides with interstitial THF into lanthanide glutarates with unprecedented topologies. Inorg. Chim. Acta. 471, 502–512. doi: 10.1016/j.ica.2017.11.050

 Zhang, C. Z., Mao, H. Y., Wang, Y. L., Zhang, H. Y., and Tao, J. C. (2007). Syntheses of two new hybrid metal-organic polymers using flexible aliphatic dicarboxylates and pyrazine: crystal structures and magnetic studies. J. Phys. Chem. Solids 68, 236–242. doi: 10.1016/j.jpcs.2006.11.001

 Zhang, L., Li, B., Su, Z., and Yue, S. (2010). Novel rare-earth(III)-based water soluble emitters for Fe(III) detection. Sens. Actuat. B Chem. 143, 595–599. doi: 10.1016/j.snb.2009.09.056

 Zhao, B., Chen, X. Y., Cheng, P., Liao, D. Z., Yan, S. P., and Jiang, Z. H. (2004). Coordination polymers containing 1D channels as selective luminescent probes. J. Am. Chem. Soc. 126, 15394–15395. doi: 10.1021/ja047141b

 Zhao, L., Liu, Y., He, C., Wang, J., and Duan, C. (2014a). Coordination-driven nanosized lanthanide ‘Molecular Lanterns' as luminescent chemosensors for the selective sensing of magnesium ions. Dalton Trans. 43, 335–343. doi: 10.1039/C3DT51900G

 Zhao, X. J., Yang, J. H., Liu, Y., Gao, P. F., and Li, Y. F. (2014b). Metal–organic coordination polymers of Tb2−x Eux(BDC)3(H2O)n with tunable fluorescence and smart response toward aldehydes (0 ≤ x ≤ 2, BDC = 1,4-benzenedicarboxylate). RSC Adv. 4, 2573–2576. doi: 10.1039/C3RA45725G

 Zheng, M., Tan, H., Xie, Z., Zhang, L., Jing, X., and Sun, Z. (2013). Fast response and high sensitivity europium metal organic framework fluorescent probe with chelating terpyridine sites for Fe3+. ACS Appl. Mater. Interfaces, 5, 1078–1083. doi: 10.1021/am302862k

 Zhou, Z., Tan, C., Zheng, Y., and Wang, Q. (2013). Electrochemical signal response for vitamin B1 using terbium luminescent nanoscale building blocks as optical sensors. Sens. Actuat. B Chem. 188, 1176–1182. doi: 10.1016/j.snb.2013.08.032

 Zhu, T., Ikarashi, K., Ishigaki, T., Uematsu, K., Toda, K., Okawa, H., et al. (2009). Structure and luminescence of sodium and lanthanide(III) coordination polymers with pyridine-2, 6-dicarboxylic acid. Inorg. Chim. Acta 362, 3407–3414. doi: 10.1016/j.ica.2009.01.036

 Zhuravlev, K. P., Tsaryuk, V. I., Pekareva, I. S., Sokolnicki, J., and Klemenkova, Z. S. (2011). Europium and terbium ortho-, meta-, and para-methoxybenzoates: Structural peculiarities, luminescence, and energy transfer. J. Photochem. Photobiol. A Chem. 219, 139–147. doi: 10.1016/j.jphotochem.2011.02.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Hussain, Chen, Harrison, Elsegood, Ahmad, Li, Muhammad and Awoyelu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 28 February 2020
doi: 10.3389/fchem.2020.00097






[image: image2]

Enhanced Electromagnetic Absorption Properties of Commercial Ni/MWCNTs Composites by Adjusting Dielectric Properties

Pei-Yan Zhao, Hui-Ya Wang* and Guang-Sheng Wang*

School of Chemistry, Beihang University, Beijing, China

Edited by:
Federico Cesano, University of Turin, Italy

Reviewed by:
Isabelle Huynen, Catholic University of Louvain, Belgium
 Luiz Fernando Cappa De Oliveira, Juiz de Fora Federal University, Brazil
 Wenying Zhou, Xi'an University of Science and Technology, China

*Correspondence: Hui-Ya Wang, 18314492305@163.com
 Guang-Sheng Wang, wanggsh@buaa.edu.cn

Specialty section: This article was submitted to Inorganic Chemistry, a section of the journal Frontiers in Chemistry

Received: 15 October 2019
 Accepted: 31 January 2020
 Published: 28 February 2020

Citation: Zhao P-Y, Wang H-Y and Wang G-S (2020) Enhanced Electromagnetic Absorption Properties of Commercial Ni/MWCNTs Composites by Adjusting Dielectric Properties. Front. Chem. 8:97. doi: 10.3389/fchem.2020.00097



In this manuscript, we constructed a Ni/MWCNTs absorber and properly adjusted the permittivity resulted from absorber content in the PVDF to optimize impedance matching properties. Both ε′ and ε″ increase obviously with the increasing content of Ni/MWCNTs in PVDF, demonstrating that dielectric properties are dependent on the conductivity. Moderate dielectric properties and excellent impedance matching can be obtained for the filler content of 20 wt% Ni/MWCNTs. Reasonable impedance matching allows electromagnetic waves to propagate into the materials and finally realize energy dissipation through dielectric loss and interfacial polarization. As expected, the minimum reflection loss (RL) of −46.85 dB at 6.56 GHz with a low filler loading (20 wt%) and wide effective bandwidth (RL<-10 dB) of 14.0 GHz in the thickness range of 1.5–5.0 mm was obtained for the commercial Ni/MWCNTs composites, which is promising for mass production in industrial applications. Our findings offer an effective and industrialized way to design high-performance material to facilitate the research in microwave absorption.
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INTRODUCTION

Nowadays, electromagnetic interference and pollution have become a potential hazard to the normal operation of electronic equipment and human health, accompanied by the massive usage of electronic devices in civil and military applications (Yin et al., 2016; Fang et al., 2017; Yang et al., 2018). It is in urgent need to exploit electromagnetic wave absorbers, which possess excellent absorption ability and wide effective band at a relatively thin thickness (Zhou et al., 2017). Based on the loss mechanism, microwave absorbing materials can be usually divided into dielectric loss that mainly attenuated energy through polarization effects and magnetic loss materials, which dissipated energy by resonances and eddy current effects (Yan et al., 2017; Hu P. P. et al., 2019). Carbon materials, dielectric loss materials, have been proved as effective microwave absorption materials due to their superior electronic properties, large specific surface area, and low density (Zhao et al., 2016; Liu Y. et al., 2018; Wang Y. et al., 2019). In particular, carbon nanotubes (CNTs) with unique one-dimensional tubular nanostructure can enhance interface polarization and offer enormous sites for electromagnetic wave scattering, which contributed to electromagnetic wave attenuation (Chen et al., 2017). However, it is difficult for unilateral loss materials to achieve a desired microwave absorption on account of the poor impedance matching, which greatly limits their applications (Wang L. et al., 2019).

Accordingly, incorporation of dielectric loss materials with magnetic loss media may be an ideal method to further enhance the microwave attenuation properties (Xu J. et al., 2018; Xu et al., 2019). Till now, composites based on CNTs and various magnetic nanoparticles have been extensively utilized for microwave absorbing materials (Wang et al., 2016; Kuang et al., 2019). Hu Q. et al. (2019) constructed NiCo2O4@CNTs hybrid sponges via a facile hydrothermal method and heat treatment. The resultant composites possess a minimum reflection loss of −45.1 dB and an effective absorption bandwidth of 4.1 GHz. Chen et al. (2015) reported a novel 3D Fe3O4-MWCNTs nanostructures with enhanced tunable microwave absorption. When the thickness was 6.8 mm, the minimum reflection loss value of −23.0 dB and −52.8 dB were observed at 4.1 GHz and 12.8 GHz, which are superior to those of pure MWCNTs as well as other hybrids of Fe3O4. As expected, the dielectric–magnetic matching components greatly contribute to the improvement of absorbing properties.

Compared with traditional ferrite absorbing materials, transition metal nickel has a higher saturation magnetization value (55 emu/g at room temperature) and Snoek limit (high natural resonance of 8.23 GHz), allowing a high relative permeability in high-frequency range to achieve good impedance matching (Liu D. et al., 2018; Xie P. et al., 2018). Ning et al. (2018) prepared heterostructural Ni/N-CNTs by a modified one-step pyrolysis process, which demonstrated promising candidates in microwave absorption (MWA) application. The minimum reflection loss of as-synthesized samples with 10 wt% loading is up to −34.1 dB and the effective absorption bandwidth is as wide as 4.72 GHz, which benefits from the optimized impedance matching and the intense dielectric relaxation. Zhang et al. (2019c) successfully synthesized special hierarchical yolk-shell ZnO-Ni@CNT microspheres by controlling pyrolysis of the Zn-Ni bimetallic metal-organic framework, which displayed a minimum reflection loss value of −58.6 dB at 2.3 mm, and the effective absorption frequency range of 4.8 GHz. Such superior performance of ZnO-Ni@CNT microspheres benefited from well-matched impedance, special porous hierarchical structure, interfacial polarization, conductive loss, and multiple reflections. Although these works improved the microwave absorption properties to a certain extent, low yield suppresses the development and practical applications. It remains a great challenge to prepare the absorbers with high efficiency and wide bandwidth in large scales.

The commercial Ni/MWCNTs composites with high yield are conducive to prepare the absorbers with high efficiency and wide bandwidth in large scales. In addition, PVDF has been widely utilized in modern electronic appliances because of its compact size, superior hydrophobicity, anticorrosion resistance, and excellent flexibility. Therefore, we purchased Ni/MWCNTs material and adjusted filler loading in PVDF matrix to obtain enhanced microwave absorption property that can be widely used. As known, a moderate conducting material is suitable as an absorbing material, whereas material with high conductivity can be a promising candidate as an electromagnetic shield. In this context, varying the content of Ni/MWCNTs in PVDF is an efficient method to regulate permittivity and impedance matching, thus imparting it with the potential for desired absorbing property. Moreover, the unique one-dimensional tubular nanostructure offers tremendous sites for electromagnetic wave scattering. A remarkable reflection loss of −46.85 dB and a broad bandwidth of 3.2 GHz are achieved by tailoring the filler content with 20 wt%.



EXPERIMENTAL


Materials

The Ni/MWCNTs (mean diameter 50 nm, length <10 μm, and Ni content of 60 wt%) were purchased from Nanjing Xianfeng technology co. Ltd and used without further treatment. The commercial Ni/MWCNTs powder was prepared by electroplating nickel on the surface of CNTs prepared by chemical vapor deposition method. Polyvinylidene fluoride (PVDF) and N, N-dimethylformyl (DMF) were supplied by Beijing Chemical Factory (Beijing, China).



Characterization

The crystalline structure of the Ni/MWCNTs was characterized using X-ray powder diffraction (XRD) on a Rigaku Dmax 2200 diffractometer with Cu Kα radiation (λ = 1.5416 Å). The morphology and microstructures were analyzed by a scanning electron microscope (SEM, Quanta 250 FEG) a field emission scanning electron microscope (FESEM, JEOL JSM-7500F), and a transmission electron microscope (TEM, JEOL JEM-2100F). Raman spectroscopy (Horiba Jobin Yvon, LabRAM HR800) was used to record the properties of samples in the range of 200–2,000 cm−1 with an excitation wavelength of 514.5 nm. The chemical composition of the samples was examined by X-ray photoelectron spectroscopy (XPS) using ESCA Lab MKII X-ray photoelectron spectrometer. The magnetic properties were carried out on a Lakeshore Vibrating Sample Magnetometer (VSM, Riken Denshi Co. Ltd, Japan).



Measurements of Electromagnetic Parameters

The relative complex permeability and permittivity were measured by a vector network analyzer (Agilent, PNA 5244A). Before test, Ni/MWCNTs and PVDF were mixed in DMF with different mass fractions evenly and dried to form a film, which was then being pressed into a ring-like compact structure (with a 3.04-mm inner diameter and a 7.00-mm outer diameter).




RESULTS AND DISCUSSION

The crystal structure of the Ni/MWCNTs composite was measured by XRD, as displayed in Figure 1A. The diffraction peak at 26.1° can be assigned to the (002) reflection of the MWCNTs, indicating that the CNTs structure was not destroyed (Zhao et al., 2010). It is noted that other diffraction peaks located at 2θ = 33.8° and 44.8° can be indexed to the NiP2 and metallic Ni (111) structure, respectively (Kim et al., 2014; Yim et al., 2016). The Raman spectroscopy was also tested to aid in the investigation of the compositions. As can be seen in Figure 1B, the existence of MWCNTs is clearly confirmed by the featured D band at 1,330.3 cm−1 and D band at 1,581.9 cm−1. D peak is related to disordered structure of amorphous carbon, forbidden in complete graphitization and became active in the presence of disordered or finite size crystals of graphite, while the G peak corresponds to the E2g mode of the telescopic vibration of the sp2 bond (Ferrari and Robertson, 2000; Cheng et al., 2018). Meanwhile, the intensity ratio of D band to G band (ID/IG) can be utilized to assess the disorder degree of carbon materials. A high ID/IG value of the Ni/MWCNTs composite suggested the presence of numerous defects in the graphitized structure or the edges, which may have contributed to induce dipole/electron polarization (Wen et al., 2014). The information and atomic structure were obtained by the XPS technique. The survey scan displayed in Figure 1C confirms the presence of Ni, C, and O elements in the composites. In the Ni 2p spectrum of the sample (Figure 1D), the two satellite peaks of Ni that are located at 861.8 and 879.8 eV can be observed (Fang et al., 2019). Besides, two peaks with a binding energy of 856.0 and 873.6 eV are assigned to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively (Zhang et al., 2019a). The result demonstrates that Ni–C or Ni–O–C bonds exist on the Ni/MWCNTs surface, which is presumably attributed to a partial oxidation of surface metal Ni species (Yang et al., 2019).


[image: Figure 1]
FIGURE 1. XRD patterns (A), Raman spectra (B), and XPS spectra of survey spectrum (C), and Ni 2p (D) of Ni/MWCNTs composites.


To further investigate the microstructure and morphology of Ni/MWCNTs composites, SEM and TEM were conducted and shown in Figure 2. As observed from Figures 2A,B, Ni nanoparticles were anchored unevenly to the surface of the MWCNTs, indicating the successful synthesis of Ni/MWCNTs composites. The Ni/MWCNTs composites with a diameter of 25–73 nm and length up to several micrometers are aggregated into a porous three-dimensional network. The TEM image in Figures 2C,D further indicates that conductive MWCNTs can serve as the skeleton to deposit Ni nanoparticles with an obvious particle accumulation, and then self-assemble into irregular nanoparticles.


[image: Figure 2]
FIGURE 2. SEM (A,B) and TEM (C,D) image of Ni/MWCNTs composites.


Magnetic hysteresis loops of Ni/MWCNTs composite were conducted by a vibrating sample magnetometer (VSM) at room temperature to investigate magnetic properties. As seen from Figure S1, typical S-type M-H curve indicates ferromagnetic behavior with a saturating reversible magnetization. The saturation magnetization (Ms) of Ni/MWCNTs is 0.76 emu/g, which is lower than bulk nickel (55 emu/g) and elemental nickel reported in other literatures (42 emu/g) (Liu et al., 2016). Such a decline can be attributed to the existence of nonmagnetic carbon with low crystallinity.

The microwave absorption properties, in terms of reflection loss (RL), are calculated from the relative permeability and permittivity through the following transmission line theory (Xie et al., 2017; Wang et al., 2018):

[image: image]
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where Z0 and Zin are the intrinsic impedance of free space and the input impedance of the absorber, respectively. d, c, and f represent the thickness of absorber, the velocity of light, and the frequency of electromagnetic wave, respectively. Commonly, the excellent microwave absorption materials are required to have a RL value lower than −10 dB within a wide bandwidth under thin thickness. Figure 3 presents the RL curves of Ni/MWCNTs absorber with different loading contents in the frequency range of 2–18 GHz. It is clear that the microwave absorption property of Ni/MWCNTs composite is significantly enhanced initially and then decreases with the increase of filler loading. The minimum RL values shift to a lower-frequency range with the increases of Ni/MWCNTs filler loadings, which can be reasonably ascribed to interfacial polarization that usually occurs in the low-frequency stage. For the composites containing 1 wt% Ni/MWCNTs (Figure 3A), it exhibits poor microwave absorption capacity with the RL value of −1.6 dB over the tested frequency of 2–18 GHz. Such poor absorption property also emerges in other filler loading of 5 wt and 10 wt%, which is mainly originated from the weak dielectric loss derived from low conductivity and interfacial polarization (Figures 3B,C). However, when the filler loading is 20 wt%, the minimum RL value of the materials reaches −46.85 dB at 6.56 GHz with a thickness of 3.7 mm, and the effective bandwidth is up to 3.20 GHz (Figure 3D). Besides, the RL value exceeding −10 dB can be achieved in the range of 4.0–18.0 GHz by varying thickness from 1.5 to 5.0 mm. As for sample with 30 wt and 40 wt% filler contents shown in Figures 3E,F, it exhibits poor absorbing performance because of the high conductivity brought by the formation of a conductive network, which makes electromagnetic waves reflect on the surface of materials. Thus, the samples can achieve better microwave absorption by adjusting the absorber thickness and filler loading.


[image: Figure 3]
Figure 3. (A–F) Frequency dependence of RL curves for the PVDF composites with 1, 5, 10, 20, 30, and 40 wt% Ni/MWCNTs at various thicknesses.


Moreover, it should be pointed out that the optimal RL peaks are shifted toward lower frequency along with the change of thickness from 1.0 to 5.0 mm. This interesting phenomenon is usually expressed by the 1/4 wavelength cancellation equation (Liu H. et al., 2018):

[image: image]

Obviously, the peak frequency is inversely proportional to the thickness of absorbers. As shown in Figure S2, this sample obeys the λ/4 model, meaning the reflected electromagnetic waves from both the air–absorber interface and the absorber–metal background interface are out of phase by 180°, making them cancel out and then resulting in a minimum RL value (Lou et al., 2018).

To further investigate the associated wave absorption mechanisms and influence of the filler content on microwave absorption properties, frequency-dependent complex permittivity and permeability were examined in 2–18 GHz for Ni/MWCNTs sample loading from 1 wt to 40 wt%. As known, the complex relative permittivity (εr) and permeability (μr) highly determine reflection and attenuation characteristics of absorbers. In general, the real permittivity (ε′) and permeability (μ′) stand for the storage capability of the electric and magnetic energy, while the imaginary parts (ε″ and μ″) correspond to the dissipation capability (Xie A. et al., 2018). As shown in Figures 4A,B, the ε′ values of six different loading samples over 2–18 GHz present a declining trend with a certain degree of fluctuations from 3.20 to 2.99, 3.99 to 3.86, 6.33 to 5.43, 10.77 to 9.07, 15.49 to 12.32, and 19.81 to 18.78, respectively. Both ε′ and ε″ increase obviously with the increasing content of Ni/MWCNTs in PVDF, demonstrating that dielectric properties are dependent on the conductivity (Duan et al., 2018). The increase is mainly determined by the interfacial polarization and enhanced conductivity resulted from the gradually establishment of a large conductive networks as the increasing filler loading (Figure S5), which is beneficial for electron transport and space charge polarization (Xu W. et al., 2018; Wu et al., 2019). Based on the free electron theory (Liang et al., 2016; Guan et al., 2018; Lu et al., 2019): [image: image], the frequency-dependent conductivity profiles were characterized in Figure S3. The conductivity values of 0.04–0.73 S/m are obtained for the Ni/MWCNTs composite with the loading of 1, 5, and 10 wt% in 2–18 GHz. For the filler content of 40 wt%, it shows much larger values from 0.45 to 0.92 S/m in the same frequency range. Undoubtedly, the ameliorated conductivity will enhance electromagnetic performance, but the high electrical conductivity leads to the imbalance of impedance matching and weakens microwave absorption property. As observed in Figures 4C,D, the μ′ and μ″ values of different filler samples exhibit pretty similar variation trends, showing a sharp decrease and then keep relatively flat with a slight fluctuation in 8.0–18.0 GHz. This is mainly ascribed to the stronger eddy current loss in alternating the EM field at high frequency. Furthermore, derivative internal magnetic field can be induced by an alternating current electric field generated by the eddy current (Qiu et al., 2016). At high frequency, the loss capability of Ni nanoparticles may be gradually counteracted with the consolidation of the internal magnetic field, resulting in the decreased complex permeability (Liu et al., 2019).


[image: Figure 4]
FIGURE 4. Electromagnetic parameters of samples with different filler loading in the frequency range of 2–18 GHz, real part of permittivity (A), imaginary part of permittivity (B), real part of permeability (C), and imaginary part of permeability (D).


Meanwhile, the dielectric and magnetic loss tangents of Ni/MWCNT composites with different filler loading are calculated to evaluate the attenuation loss and shown in Figure S4. Except for the loading of 40 wt%, the tanδε values enhance with the increase of filler proportions (Figure S4A). From Figure 4B, it is clear that tanδμ is much lower than that of the dielectric loss, which indicates that the dielectric loss has a major contribution to electromagnetic loss. Besides, negative tanδμ values appear in the high frequency, which indicates that the magnetic energy is radiated out from the Ni/MWCNTs absorbers and converted into electrical energy to increase tanδε.

Actually, the RL values are not simply determined by their dielectric/magnetic loss capability, but more dependent on impedance behavior that is a necessary prerequisite for obtaining excellent microwave absorption performance, as well as overall attenuation ability, which is another key factor to impact the intensity and bandwidth of RL peak. Generally, impedance matching and attenuation constant (α) can be expressed by the relative input Z = |Zin/Z0| and deduced using the following equation (Ma et al., 2016; Wu et al., 2018), respectively.

[image: image]

It can be found from Figure 5 that the Z values decrease with the increasing filler contents, whereas the attenuation constant of samples increase as the filler contents increase in PVDF. As for the sample with 20 wt% loading, the |Zin/Z0| values are the nearest to 1 and even coincide with dot lines in a certain frequency band (Figure 5A). These results illustrate that the excellent microwave absorption property has also been caused by the superior impedance matching in the sample with 20 wt% loading. The sample with 40 wt% loading possesses best attenuation property but poor impedance matching behavior, thus leading to that only very limited incident electromagnetic waves can be transmitted into absorber. In this case, no matter how good the attenuation ability they own, it will not create desirable absorption properties.


[image: Figure 5]
FIGURE 5. Modulus of normalized input impedance Z (A) of 3.7 mm and attenuation constant α (B) of Ni/MWCNT composites with different filler loading.


Based on these results, it can be concluded that the enhanced microwave absorption mechanism may be the well-matched impedance, conductive loss, multiple reflections and scatterings, and synergistic effect of dielectric loss and magnetic loss. The optimal impedance matching means that most of the incident electromagnetic wave can effectively propagate into the absorbers and further be attenuated by the multiple loss mechanism (Liu P. et al., 2017). Ni/MWCNTs composites with unique one-dimensional tubular nanostructure and appropriate conductivity may generate microcurrent and be beneficial to the enhancement of conduction loss (Zhao et al., 2018). Space charge polarization and interfacial polarization induced by space charge accumulation between various interfaces make a contribution to the dielectric loss (Liang et al., 2019). Furthermore, dipole polarization induced by abundant defects also enhance microwave attenuation capacity (Zhang et al., 2019b). Table 1 summarizes the MWA performance of various carbon-based magnetic composites reported in literature. Ni/MWCNTs prepared in this work have the advantages of low filler loading, thinner thickness, and broadening efficient absorption bandwidth (EAB).


Table 1. Microwave absorption performances of various carbon-based magnetic composites in previous reports compared with this work.
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CONCLUSIONS

In summary, we created a prominently excellent microwave absorber with moderate conductivity and optimal impedance matching by adjusting the filling content based on purchased Ni/MWCNTs materials. As a result, not only a strong reflection loss (−46.85 dB) but also a broad bandwidth (3.2 GHz) in frequency of 2–18GHz was achieved in the Ni/MWCNTs composites with only 20 wt% fillers. Its excellent absorbing properties are mainly ascribed to well impedance matching and synergistic effect of dielectric loss and magnetic loss. The aforementioned results provide a novel strategy to obtain a commercially available absorber that can be widely applied in many fields.
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The 1D Cu(II) coordination polymers [Cu3(L1)(NO3)4(H2O)2]n (1) and [Cu2(H2L2)(NO3)(H2O)2]n(NO3)n (2) have been synthesized using the aroylhyrazone Schiff bases N'1,N'2-bis(pyridin-2-ylmethylene)oxalohydrazide (H2L1) and N'1,N'3-bis(2-hydroxybenzylidene)malonohydrazide (H4L2), respectively. They have been characterized by elemental analysis, infrared (IR) spectroscopy, UV-Vis spectroscopy, electrospray ionization mass spectrometry (ESI-MS), single crystal X-ray diffraction and variable temperature magnetic susceptibility measurements (for 2). The ligand (L1)2− coordinates in the iminol form in 1, whereas the amide coordination is observed for (H2L2)2− in 2. Either the ligand bridge or the nitrate bridge in 2 mediates weak antiferromagnetic coupling. The catalytic performance of 1 and 2 has been investigated toward the solvent-free microwave-assisted oxidation of a secondary alcohol (1-phenylethanol used as model substrate). At 120°C and in the presence of the nitroxyl radical 2,2,6,6-tetramethylpiperydil-1-oxyl (TEMPO), the complete conversion of 1-phenylethanol into acetophenone occurs with TOFs up to 1,200 h−1.

Keywords: Cu(II) complexes, coordination polymer, X-ray structure, magnetism, microwave assisted oxidation of alcohols
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GRAPHICAL ABSTRACT. Two new aroylhydrazone Cu(II) 1D coordination polymers [Cu3(L1)(NO3)4(H2O)2]n (1) and [Cu2(H2L2)(NO3)(H2O)2]n·(NO3)n (2) (H2L1 = N'1,N'2-bis(pyridin-2-ylmethylene)oxalohydrazide and H4L2 = N'1,N'3-bis(2-hydroxybenzylidene)malonohydrazide) have been structurally characterized. Their magnetic properties and the catalytic activity toward the solvent-free microwave-assisted oxidation of 1-phenylethanol have been explored.




INTRODUCTION

Transition metal complexes derived from multidentate Schiff base ligands received high significance due to their wide dimension of applications in the areas of molecular magnetism (Benelli and Gatteschi, 2002; Sutradhar et al., 2012, 2013, 2014b, 2015a, 2018; Cho et al., 2016; Andruh, 2018), crystal engineering (Dong et al., 2000; Kitaura et al., 2004; Andruh et al., 2009), supramolecular chemistry (Pradeep and Das, 2013; El-Bindary et al., 2016; Dwivedi et al., 2018), catalysis (Sutradhar et al., 2013, 2014b, 2015a,b,c, 2016a,b,c, 2017, 2018, 2019), etc. Molecular magnetism is one of the significant domains determining magneto-structural correlations to design magnetic materials (Benelli and Gatteschi, 2002; Sutradhar et al., 2012, 2013, 2014b, 2015a, 2018; Cho et al., 2016; Andruh, 2018). Single molecule magnets (SMMs) (Karotsis et al., 2010; Glaser et al., 2015; Maniaki et al., 2018) exhibit a large spin ground-state (S) value and large negative magnetic anisotropy and are used in potential high-density information storage devices and quantum computers (Leuenberger and Loss, 2001). Therefore, many efforts have been devoted to rationally establish polynuclear metal complexes and/or clusters elucidating molecular magnetism (Benelli and Gatteschi, 2002; Karotsis et al., 2010; Sutradhar et al., 2012, 2013, 2014b, 2015a, 2018; Glaser et al., 2015; Cho et al., 2016; Andruh, 2018; Maniaki et al., 2018). Coordination polymers and molecular clusters are particular classes of compounds that can display novel magnetic properties including high ground-state spin values and single molecule magnetism behavior (Zheng et al., 2014; Journaux et al., 2018; Yue and Gao, 2019).

The coordination behavior of Cu(II) is versatile, flexible and magnetically attractive. Many Cu(II) complexes are widely explored for magnetic studies focused on the synthesis of polynuclear complexes and/or clusters and their possible application in molecular magnetism (Benelli and Gatteschi, 2002; Sutradhar et al., 2013, 2015a, 2018; Andruh, 2018). Several attempts have been carried out to synthesize polynuclear Cu(II) complexes by designing suitable flexidentate Schiff base ligands to fabricate magnetic properties (Lu et al., 2013; Sutradhar et al., 2013, 2015a, 2018). Moreover, some multinuclear copper complexes show good catalytic performances toward the mild peroxidative oxidation of alkanes and alcohols into more valuable organic products (Pombeiro, 2013, 2019; Sutradhar et al., 2013, 2015a, 2018; Kopylovich et al., 2015) thus contributing to one of the most challenging subjects of modern chemistry. However, such examples are still limited and the study requires further exploration.

Aroylhydrazone Schiff bases are versatile in terms of functionalities, coordination properties and chelating abilities (Sutradhar et al., 2013, 2015a,b,c, 2016a,b,c, 2017, 2018). In continuation of our work in the fields of catalysis and magnetic studies, herein we report the syntheses of two 1D coordination polymers using two different multidentate N,O donor aroylhydrazone Schiff bases. The magnetic properties of one of them (complex 2) are studied using variable temperature magnetic susceptibility measurements. These 1D polymers are also tested as catalysts toward the microwave assisted peroxidative oxidation of alcohols under mild conditions for the future development of an environment benign catalytic system.



EXPERIMENTAL

All synthetic work was performed in air. Commercially available reagents and solvents were used as received, without further purification or drying. Cu(NO3)2·2.5H2O was used as metal source for the synthesis of the complexes.

C, H, and N elemental analyses were carried out by the Microanalytical Service of Instituto Superior Técnico. Infrared spectra (4,000–400 cm−1) were recorded on a Bruker Vertex 70 (Bruker Corporation, Ettlingen, Germany) instrument in KBr pellets; wavenumbers are in cm−1. The 1H NMR spectra were recorded at room temperature on a Bruker Avance II + 400.13 MHz (UltraShieldTM Magnet, Rheinstetten, Germany) spectrometer. The UV–Vis absorption spectra of methanol solutions of 1 and 2 (ca. 2 × 10−5M) in 1.00 cm quartz cells were recorded at room temperature on a Lambda 35 UV–Vis spectrophotometer (Perkin–Elmer) by scanning the 200–1000 nm region at a rate of 240 nm min−1. Tetramethylsilane was used as the internal reference and the chemical shifts are reported in ppm. Mass spectra were run in a Varian 500-MS LC Ion Trap Mass Spectrometer (Agilent Technologies, Amstelveen, The Netherlands) equipped with an electrospray (ESI) ion source. For electrospray ionization, the drying gas and flow rate were optimized according to the particular sample with 35 p.s.i. nebulizer pressure. Scanning was performed from m/z 100 to 1,200 in methanol solution. The compounds were observed in the positive mode (capillary voltage = 80–105 V). The catalytic tests were performed under microwave (MW) irradiation using a focused Anton Paar Monowave 300 microwave (Anton Paar GmbH, Graz, Austria) fitted with a rotational system and an IR temperature detector, using a 10 mL capacity reaction tube with a 13 mm internal diameter. Gas chromatographic (GC) measurements were carried in a FISONS Instrument GC 8000 series gas chromatograph with a capillary DB-WAX column (30 m x 0.32 mm), a FID detector, helium as the carrier gas and using the Jasco-Borwin v.1.50 software. The magnetic susceptibility measurements were carried out on a polycrystalline samples with a Quantum Design MPMS-XL5 SQUID magnetometer in the temperature range of 2–300 K and at an applied field of 2000 Oe. Diamagnetic corrections were estimated from Pascal's constants for all constituent atoms (Kahn, 1993).


Synthesis of the N'1,N'2-bis(pyridin-2-ylmethylene)oxalohydrazide (H2L1)

The aroylhydrazone Schiff base pro-ligand H2L1 (Scheme 1) was prepared by using a similar method reported for the synthesis of N'1,N'3-bis(2-hydroxybenzylidene)malonohydrazide (H4L2) (Sutradhar et al., 2014a) upon condensation of the oxalyl dihydrazide with pyridine-2-aldehyde.


[image: Scheme 1]
SCHEME 1. Syntheses of 1 and 2.


Yield: 86%. Anal. Calcd for H2L1 C14H12N6O2: C, 56.75; H, 4.08; N, 28.36. Found: C, 56.68; H, 4.04; N, 28.29. IR (KBr pellet, cm−1): 3131ν(NH), 1681 ν(C=O) 1185 ν(N–N). 1H NMR (DMSO-d6, δ): 12.67 (s, 2H, NH), 7.47 (s, 2H, -CH=N), 8.67–7.89 (m, 8H, C5H4N). UV–Vis max (MeOH, nm (ε, LM−1 cm−1)): 656 (305), 378 (16,478), 285 (23,434), 237 (32,108). ESI-MS(+): m/z 297 [M+H]+ (100%).



Synthesis of [Cu3(L1)(NO3)4(H2O)2]n (1)

0.930 g Cu(NO3)2·2.5H2O (4.0 mmol) was added to a 25 mL methanolic suspension of H2L1 (0.302 g, 1.02 mmol). The resultant mixture was stirred at room temperature for 20 min and a dark green solution was obtained. The solution was then filtered and the solvent was allowed to evaporate slowly at room temperature. After 2 d, single crystals suitable for X-ray diffraction were isolated, washed 3 times with cold methanol and dried over silica gel.

Yield: 0.523 g (68%, with respect to Cu). Anal. Calcd for C14H14Cu3N10O16: C, 21.87; H, 1.84; N, 18.22. Found: C, 21.83; H, 1.81; N, 18.17. IR (KBr; cm−1): 3448 ν(OH), 1610 ν(C=N), 1382 ν(NO3), 1252 ν(C–O)enolic and 1154 ν(N–N). UV–Vis λmax (MeOH, nm (ε, LM−1 cm−1)): 752 (309), 820 (286), 390 (16,248), 282 (22,632), 254 (31,818). ESI-MS(+): m/z 770 [M+H]+ (100%).



Synthesis of [Cu2(H2L2)(NO3)(H2O)2]n(NO3)n (2)

To a 25 mL methanol solution of H4L2 (0.340 g, 1.00 mmol), a 20 mL methanol solution of Cu(NO3)2·2.5H2O (0.670 g, 3.0 mmol) was added and the reaction mixture was stirred for 20 min at room temperature. The resultant dark green solution was filtered and the filtrate was kept in open air. Dark green single crystals suitable for X-ray diffraction analysis were isolated after 2 days. Crystals were washed 3 times with cold ethanol and dried over silica gel.

Yield: 0.450 g (72%, with respect to Cu). Anal. Calcd for C17H18Cu2N6O12 (2): C, 32.65; H, 2.90; N, 13.44. Found: C, 32.60; H, 2.86; N, 13.39. IR (KBr; cm−1): 3432 ν(OH), 2874 ν(NH), 1607 ν(C=O), 1384 ν(NO3), and 1154 ν(N–N). UV–Vis λmax (MeOH, nm (ε, LM−1 cm−1)): 756 (296), 359 (14,436), 344 (18,322), 326 (16,862). ESI-MS(+): m/z 581 [(M-NO3)+H2O]+ (100%).



X-Ray Measurements

Crystals of 1 were unstable at room temperature and without solvent. A good quality single crystal of 1 in the mother liquor was mounted in a capillary tube, sealed and measured at the temperature of ca. 150 K. A crystal of 2 was immersed in cryo-oil, mounted in a Nylon loop and measured at the temperature of 296 K. Intensity data were collected using a Bruker AXS PHOTON 100 diffractometer with graphite monochromated Mo-Kα (λ 0.71073) radiation. Data were collected using omega scans of 0.5° per frame and full sphere of data were obtained. Cell parameters were retrieved using Bruker SMART (Bruker, 2012) software and refined using Bruker SAINT (Bruker, 2012) on all the observed reflections. Absorption corrections were applied using SADABS (Bruker, 2012). Structures were solved by direct methods by using SHELXS (Sheldrick, 2000) and refined with SHELXL 2018 (Sheldrick, 2015). Calculations were performed using WinGX version 2014.1 (Farrugia, 2012). All non-hydrogen atoms were refined anisotropically. The H-atoms bonded to carbons were included in the model at geometrically calculated positions and refined using a riding model. Uiso(H) were defined as 1.2Ueq of the parent aromatic and methylene groups and 1.5Ueq of the parent methyl ones. The hydrogen atoms attached to O were located in the difference Fourier map and refined with their isotropic thermal parameter set at 1.5 times the average thermal parameter of the parent oxygen atom. There was disordered solvent in the structure of 2 that could not be modeled (232 electrons in a void of 471 Å3). Platon Squeeze (Spek, 2009) was used to remove that electron density. Least square refinements with anisotropic thermal motion parameters for all the non-hydrogen atoms and isotropic for the remaining atoms were employed. Crystal structures data are provided in the Supplementary Material.



Typical Procedures and Product Analysis for Catalysis

The catalytic microwave-assisted (MW) peroxidative oxidation of 1-phenylethanol was undertaken in a focused Anton Paar Monowave 300 reactor equipped with a rotational system and an IR temperature detector. To a cylindrical pyrex tube (10 mL), 2.5 mmol alcohol, 5 μmol catalyst 1 or 2 (0.2 mol% vs. substrate) and 70% aqueous solution of tert-BuOOH (5 mmol) were added. The tube was sealed and placed in the microwave reactor under stirring and irradiation (5 or 20 W) at 80 or 120°C respectively, for 0.5 h. In the end, the reaction mixture was cooled to room temperature, 150 μL of benzaldehyde (internal standard) and 2.5 mL of MeCN (for substrate and organic products extraction) were added. The reaction mixture was stirred for 10 min and in the end a sample (1 μL) was taken from the organic phase and analyzed by GC using a FISONS gas chromatograph (GC 8000) with a FID detector and a capillary column (DB-WAX, column length: 30 m; internal diameter: 0.32 mm) (He as the carrier gas) and the Jasco-Borwin v.1.50 software. The samples were injected at 240°C. Initially the temperature was held at 120°C for 1 min, then elevated 10°C/min up to 200°C and maintained at this temperature for 1 min. Assignment of product peaks was done by comparison with chromatograms of pure commercial samples.




RESULTS AND DISCUSSION

Syntheses and Characterization

The aroylhydrazone Schiff base N'1,N'2-bis(pyridin-2-ylmethylene)oxalohydrazide (H2L1) and N'1,N'3-bis(2-hydroxybenzylidene)malonohydrazide (H4L2) have been used to synthesize Cu(II) coordination polymers. Reactions of Cu(NO3)2·2.5H2O with those Schiff bases result in the formation of the 1D coordination polymers [Cu3(L1)(NO3)4(H2O)2]n (1) and [Cu2(H2L2)(NO3)(H2O)2]n(NO3)n (2). In 1 and 2 the coordination forms of the ligands are different (Scheme 1). Generally, in the presence of a base, aroylhydrazone coordinates to the metal center via the iminol (enol) form. The amide (keto) form is typically observed when reacting with a metal salt of the weak conjugated base of strong acid, e.g., nitrate, chloride or sulfate (Sutradhar et al., 2015a, 2016a). The treatment of H2L1 with Cu(NO3)2·2.5H2O yields the 1D polymer 1 with the iminol (enol) coordination form of the ligand without addition of a base. However, this is probably due to the presence of the basic pyridine moiety in H2L1 which helps to deprotonate the enolic hydrogen of another molecule during complex formation. In accord, the ligand exhibits the usual amide (keto) coordination in polymer 2, where no such basic moiety is present in the ligand.

All the characteristic bands of the corresponding coordinated tridentate anionic ligand are found in the IR spectra of 1 and 2, viz., 3,448, 1,610, 1,252, and 1,154 ν(N–N) cm−1 for 1 and 3,432, 2,874, 1,607, 1,384, and 1,154 cm−1 for 2. In addition, the presence of nitrate was found at ca. 1,382 cm−1. In the UV-Vis spectra, both complexes 1 and 2 exhibit intense ligand to metal charge transfer transitions (LMCT) in the range of 254–390 nm (Figures S1,S2). In 1, less intense absorption bands at 752 and 820 nm are due to d–d transitions attributable to 2B1g → 2A1g and 2B1g → 2E1g transitions, suggesting a distorted octahedral geometry (Figure S1) (Sutradhar et al., 2016b; Sureshbabu et al., 2019). In the case of 2 a less intense absorption band is observed at 756 nm (Figure S2) in accord with square pyramidal coordination geometries at the Cu(II) centers (Sutradhar et al., 2016b; Sureshbabu et al., 2019), which is in agreement with the structures obtained by single crystal X-ray analysis. The ESI-MS spectrum of compound 1, in methanol solution (see experimental section), displays the molecular ion peak at m/z = 770 [1+H]+ (100%). For 2, the peak at m/z 581 (100%) suggests the absence of the non-coordinated nitrate ion and the addition of one water molecule. The magnetic properties and catalytic activity toward solvent-free microwave-assisted oxidation of 1-phenylethanol of 1 and 2 are discussed in the following sections.



Description of the Crystal Structures

Single crystals suitable for X-ray analysis were isolated upon slow evaporation of a methanolic solution of 1 or 2 at room temperature. Crystals of 1 are unstable at room temperature and loose crystallinity in the absence of the mother liquor. A special precaution was taken (mentioned in experimental section) to analyze the structure. Crystallographic data for 1 and 2 are summarized in Table S1 and selected dimensions (bond angle and lengths) are presented in Table S2. Figures 1, 2 represent the structures of the respective complexes.


[image: Figure 1]
FIGURE 1. (A) Ellipsoid plot of 1 with partial atom numbering scheme, (B) a fragment of its 1D polymeric chain with the metals in polyhedral representations (coordination number six represented in blue, and seven in violet), and (C) a view of the smooth wave-like nature of the chain. Symmetry operation to generate equivalent atoms: (i) 1.5–x, –y,1/2+z; (ii) 1.5–x, –y, −1/2+z.



[image: Figure 2]
FIGURE 2. (A) Ellipsoid plot of 2 with partial atom numbering scheme; (B) a fragment of 1D polymeric chain with the metals in polyhedral representation; (C) a view of the 1D chain. The nitrate counter-ions are omitted for clarity. Symmetry operations to generate equivalent atoms: (i) 1+x, y, z; (ii) −1+x, y, z.


The multidentate ligand (L1)2− in 1 is planar and chelates to three Cu(II) ions through the NNN, the NNO and the NO pockets affording one 6-membered and four 5-membered metallacycles (Figure 1A). The copper cations are slightly displaced (maximum of 0.197 Å) toward the same side of the least-square plane of the organic ligand. Despite the planarity of (L1)2−, its derived 1D coordination polymer has a smoth wave-like shape imposed by the coordination mode of one of the nitrate anions behaving as bridging 1κOO':2κOO” donors to Cu1 and Cu2; the least-square planes of adjacent (L1)2− ligands make angles of 19.84°. The remaining nitrate ligands work as bidentate (to Cu1 and to Cu3) and as monodentate (to Cu3) ligands. The two water molecules are coordinated to the same copper cation (Cu2). The metal ions assume coordination numbers six (Cu2 and Cu3) and seven (Cu1), with the coordination polyhedron of Cu3 (Figure 1B) having no contact atom with the other polyhedra; those of Cu1 and Cu2 share an Onitrate atom. The intrachain Cu…Cu distances through the azine bridges are of 4.736 and 4.794 Å, and of 4.451 Å through the nitrate bridge. The minimum interchain Cu…Cu distance is of 5.692 Å.

The asymmetric unit of 2 contains two Cu(II) ions, one (H2L2)2−, one nitrate and two water ligands, and a nitrate counter-ion. The organic ligand in 2 behaves as a hexadentate chelator acting as an NOO donor for each of the Cu(II) ions, therefore giving rise to two six- and two five-membered metallacycles (Figure 1A). Bridging monodentate nitrate anions connect the {Cu2(H2L2)}2− moieties and generate a 1D polymeric chain running along the crystallographic a axis (Figure 1C). The copper cations adopt square pyramidal geometries (τ5 = 0.04 for Cu1 and 0.05 for Cu2) and share the Onitrate atom that stands in the axial position (Figures 2A,C). In view of the binding mode of the nitrates, the shortest Cu…Cu distance of 4.028 Å is along such ligands, while that along the hydrazone group exclusively (6.469 Å) is much longer than in 1 (see above). Resulting from the presence of a central methylene group in (H2L2)2− the ligand is highly twisted at this level, with the least-square planes of the two phenyl(methylene)acetohydrazide moieties making angles of 84.85°.



Magnetic Properties

The dc magnetic susceptibility of 2 was measured under 2000 Oe field (Figure 3). The room temperature χT value of 0.775 cm3 K mol−1 is a little larger than 0.750 cm3 K mol−1 calculated for two isolated Cu2+ ions. The χT value for 2 decreases gently with decreasing temperature in the range of 300–25 K, and then decreases sharply. The magnetic data at 50–300 K follow the Curie-Weiss law, with C = 0.785 cm3.K.mol−1 and Θ = −3.20 K (Figure S3). The small negative Θ value suggests existence of weak antiferromagnetic interaction in 2.


[image: Figure 3]
FIGURE 3. Plot of χT vs. T for 2. The solid line represents the best theoretical fitting.


Based on the crystal structure, complex 2 is an alternative copper(II) chain compound, so two J1 and J2 parameters are necessary to describe the magnetic interaction, which are mediated through the ligand bridge and the Onitrate bridge, respectively. The magnetic data could be fitted by MagPack software using a Cu14 cluster loop approximation (Figure 4). The Hamiltonian of the Cu14 cluster loop with alternative J1 and J2 magnetic coupling constants is as follows: H = −2J1(SCu1SCu2+SCu3SCu4+SCu5SCu6+SCu7SCu8+SCu9SCu10 + SCu11SCu12+SCu13SCu14)−2J2(SCu2SCu3+SCu4SCu5+SCu6SCu7 + SCu8SCu9+SCu10SCu11+SCu12SCu13+SCu14SCu1). The best fitting gave J1 = −1.84 cm−1, J2 = −4.35 cm−1, g = 2.10 and R = 1.6 × 10−4. Both J1 and J2 values are small, suggesting that the antiferromagnetic interaction in 2 is weak. The J2 value is more negative than that of J1, indicating that the antiferromagnetic interaction through the ligand bridge is weaker than that through the Onitrate bridge.


[image: Figure 4]
FIGURE 4. Magnetic topology of Cu14 cycle in 2 (the copper numbers do not show crystallographically independent copper ions, but rather are used to distinguish them).




Catalytic Studies Toward Microwave (MW) Assisted Oxidation of a Secondary Alcohol Under Solvent-Free Conditions

Cu(II) complexes 1 and 2 have been investigated as catalysts for the homogeneous oxidation of a secondary alcohol, 1-phenylethanol, to the corresponding ketone using tert-butylhydroperoxide (tert-BuOOH, TBHP, aq. 70%, 2 eq.) as oxidizing agent. The oxidation reactions were performed typically at 80 or 120°C, low power (5 or 20 W) microwave irradiation (MW), 0.5 h reaction time without additional solvent (Scheme 2). Results are summarized in Table 1.


[image: Scheme 2]
SCHEME 2. MW-assisted solvent-free oxidation of 1-phenylethanol to acetophenone.



Table 1. Solvent-free MW-assisted oxidation of 1-phenyethanol using 1 and 2 as catalysts precursors (selected data)a.

[image: Table 1]

Complexes 1 and 2 proved to be essential for the formation of acetophenone, since under similar reaction conditions and in the absence of these metal catalysts only traces of the desired product were detected. For catalytic tests performed only with the free ligand, no product was detected.

Under the studied conditions, the assays with copper catalysts 1 and 2 have shown comparable yields. For instance, for both 1 and 2 and using TBHP as oxidant at 120 °C, in the presence of TEMPO (2,2,6,6-tetramethylpiperydil-1-oxyl) radical, the almost complete conversion of 1-phenylethanol to the desired product is achieved after the short period of 30 min with a TON of 588 and 522, respectively (Table 1, entries 4 and 11, respectively).

For these encouraging results, the effect of temperature and the presence of TEMPO, a chemically stable nitroxyl radical which has emerged as a promoter for the metal catalyzed transformation of alcohols to the corresponding carbonyl products (Gamez et al., 2004; Sheldon and Arends, 2004; Figiel et al., 2007, 2009; Sheldon, 2008; Ahmad et al., 2009), seem to be determinant. Reactions carried out under the same reaction conditions but at 80°C and in the absence of any additive did not go beyond 15 and 11% in the presence of 1 and 2, respectively (Table 1, entries 1 and 8, respectively) whereas when carried out at 120°C it was possible to observe a significant increase in yield to 68 and 47% for 1 and 2, respectively (Table 1, entries 2 and 9, respectively). The combination of these two parameters, temperature at 120°C and presence of TEMPO radical (Figure 5), resulted in the complete conversion of 1-phenylethanol into acetophenone and TOFs up to 1200 h−1 (Table 1, entries 4 and 11, for 1 and 2, respectively).


[image: Figure 5]
FIGURE 5. Influence of temperature and of presence of TEMPO additive on the yield of acetophenone from oxidation of 1-phenylethanol catalyzed by 1 and 2. Reaction conditions: 2.5 mmol of substrate, 5 μmol (0.2 mol% vs. substrate) catalyst 1 or 2, 5 mmol of t-BuOOH, 0.5 h, 80 or 120°C (5 or 20 W, respectively).


Considering the promoting effect of acid co-catalysts observed for other Cu-catalyzed oxidation systems (Sutradhar et al., 2016a,c, 2018), which are believed to accelerate the oxidation reactions by improving the oxidation properties of the complexes and by creating unsaturated metal centers (Sutradhar et al., 2015c), the influence of acidic additives on the acetophenone product yield was explored. The addition of trifluoroacetic acid (TFA) has a slight beneficial effect on both catalytic systems, resulting, for example, into a maximum yield of 25% (Table 1, entry 6), in the presence of 1 (at 80°C) (Figure 6). In contrary, the addition of the heteroaromatic 2-pyrazynecarboxylic acid (Hpca) has the opposite effect (Figure 6), i.e., a yield drop is observed when 50 μmol was used [n(acid)/n(catalyst 1 or 2) = 10] (Table 1, entries 7 and 14, for 1 and 2, respectively).


[image: Figure 6]
FIGURE 6. Influence of different additives on the yield of acetophenone from oxidation of 1-phenylethanol catalyzed by 1 and 2. Reaction conditions: 2.5 mmol of substrate, 5 μmol (0.2 mol% vs. substrate) catalyst 1 or 2, 5 mmol of t-BuOOH, 0.5 h, 80°C (5 W MW irradiation).


The promoting effect of TEMPO suggests the involvement of a radical mechanism which possibly involves the formation of t-BuOO and t-BuO radicals by a metal-assisted oxidation or reduction of t-BuOOH by a CuII or a CuI center, respectively (Gephart et al., 2012; Dronova et al., 2014), the latter behaving as an H-atom abstractor from the alcohol (Rothenberg et al., 1998; Mahdavi and Mardani, 2012; Frija et al., 2016; Sutradhar et al., 2016a,b, 2018; Ma et al., 2019).




CONCLUSIONS

In this study we have successfully synthesized two 1D Cu(II) coordination polymers using two different multidenate aroylhyrazone Schiff bases. The X-ray crystallographic study indicates that the two ligands show different coordination behaviors. The N'1,N'2-bis(pyridin-2-ylmethylene)oxalohydrazide (H2L1), having a basic pyridine moiety, coordinates in the iminol form, whereas the amide form is observed in the case of 2. Both the ligand bridge and the nitrate bridge in 2 mediate weak antiferromagnetic interaction. The effects of temperature and of the aditive TEMPO dramatically increase the catalytic efficiency of both Cu(II) compounds in the microwave-assisted oxidation of 1-phenylethanol to acetophenone under solvent-free conditions.

Our study concerns an attempt to design Cu(II) coordination polymers with interesting magnetic properties and also for use as catalyst toward the development of environmentally friendly alcohol oxidation catalytic systems.
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This review summarizes the syntheses and applications of metal oxysulfides. Bulk compounds of rare earth and transition metals are discussed in the section Introduction. After a presentation of their main properties and applications, their structures are presented and their syntheses are discussed. The section Bulk Materials and Their Main Applications is dedicated to the growing field of nanoscaled metal oxysulfides. Synthesis and applications of lanthanide-based nanoparticles are more mature and are discussed first. Then, works on transition-metal based nanoparticles are presented and discussed. Altogether, this review highlights the opportunities offered by metal oxysulfides for application in a range of technological fields, in relation with the most advanced synthetic routes and characterization techniques.
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INTRODUCTION


Definition

A “metal oxysulfide” is a compound composed of at least a metal, oxygen and sulfur, with negative oxidation states (e.g., –II) for both oxygen and sulfur. The generic formula for ternary oxysulfide is MxOySz. Due to its negative oxidation state, sulfur forms no bounds with oxygen in oxysulfides, in contrast with more common metal sulfates Mx(SVIO4)y where the sulfur is +IV.

In 1951, Eastman et al. recommended the following distinction (Eastman et al., 1951): MxOySz compounds should be designed by the general term “oxide-sulfide” and named after the similarities of their crystalline structure with the corresponding oxide or sulfide. If the oxide-sulfide has the same crystalline structure than the oxide, it should be named “thio-oxide”; if its crystalline structure is the same than the sulfide, it should be called “oxy-sulfide” and if its structure is none of the two, it should be called “sulfoxide.”

However, in an article of 1958 published in French, Flahaut et al. questioned this nomenclature (Flahaut et al., 1958). They argued that all the Ln2O2S (Ln, lanthanide) compounds crystallize in the same structure and showed similar chemical properties. With Eastman's nomenclature, because Ln2O3 oxides crystallize in the two different structures Ce2O3 and Tl2O3, the Ln2O2S compounds would have been named “thioxyde” (French word for thio-oxide) from lanthanum to praseodymium and “sulfoxyde” (sulfoxide) for the others.

Although the terms “thio-oxide” and “oxide-sulfide” are still present in the literature, “oxysulfide” is now employed in a large majority of the works to name any combination on one or several metals to oxygen and sulfur anions.

Altogether, metal oxysulfides represent a class of compounds that is independent from both metal oxides and metal sulfides, though common properties may be punctually identified depending on the metal, the crystal structure, and the anion substitution scheme.



Discovery and First Phases

Oxysulfides are scarce in nature and are the most often synthetic. One reason for this is the competitive formation of sulfates, which are found in numerous minerals and are more stable toward oxidation. This competition between sulfate and sulfide is also at stake when designing a synthetic route.

To the best of our knowledge, the first occurrence of an oxysulfide compound was reported in 1827 by Mosander, who was working on the sulfidation of Ce2O3 into Ce2S3 using H2S (Figure 1). He noticed the presence of oxygen and sulfur combined with the metal in a single product, along with the formation of cerium sulfate. Later, Sterba (1904) and Biltz (1908) also reported this observation. Biltz even proposed the formula Ce2S2.5O·S as he identified remaining sulfur as polysulfide on its final product. In 1907, Hauser prepared using H2S on oxides two oxysulfides of tetravalent metal, namely ZrOS and ThOS based on their composition (Hauser, 1907). Hauser indicated that the zirconium and thorium oxysulfides were pyrophoric. Without knowing it, Klemm et al. were probably the first to obtain a pure phase of Ln2O2S by heating Er(SO4)3 in H2S and consequently getting Er2O2S, that they only described as pale pink and resistant to other heating treatments in H2S (Klemm et al., 1930).


[image: Figure 1]
FIGURE 1. Key dates and authors of the oxysulfide research with some related structures. Ln stands for lanthanide and An for actinide. An2O2S compounds are also known since 1949 (Pu2O2S) and possess the same structure as Ln2O2S.


The first crystalline oxysulfide structures were elucidated by Pitha et al. (1947) (La2O2S) and Zachariasen (1949a) (La2O2S, Ce2O2S, and Pu2O2S). The samples often contained impurities and were prepared either by reducing the corresponding sulfate Ln2(SO4)3 using H2 or by gently heating in air sesquisulfide compounds (Ln2S3). The two authors noticed that the metal was coordinated to seven atoms: four atoms of oxygen and three atoms of sulfur. The Ln2O2S structure derives from the hexagonal oxide Ln2O3 and crystallizes in the P-3m1 space group. This lamellar structure can be described as alternating sheets of [Ln2O2]2+ and S2− (Figure 2). Since this discovery, the entire series of lanthanide oxysulfide Ln2O2S (except promethium) was prepared (Flahaut et al., 1958).


[image: Figure 2]
FIGURE 2. (A) Ln2O2S structure: a hexagonal layered structure (Ln = Gd). (B) Lanthanide environment in hexagonal lanthanide oxide Ln2O3 (JCPDS 02-1878), lanthanide sesquisulfide Ln2S3 (JCPDS 03-2364) and lanthanide oxysulfide Ln2O2S (JCPDS 06-8819) with the example of gadolinium.


In 1948, McCullough et al. established the structure of cubic ZrOS (McCullough et al., 1948) prepared similarly to Hauser and in 1962, Jellinek described a new tetragonal form with the same composition (Jellinek, 1962). In the 1960's and the 1970's, more M2O2S compounds were also reported. The work on radioactive elements gave the actinide oxysulfides Np2O2S (Marcon, 1967a), Am2O2S (Haire and Fahey, 1977), Cm2O2S (Haire and Fahey, 1977), Bk2O2S (Haire and Fahey, 1977), and Cf2O2S (Baybarz et al., 1974). Similarly to Ln2O2S compounds, An2O2S (An, actinide) materials crystallize in the P-3m1 space group. On the contrary, Sc2O2S crystallizes in the hexagonal P63/mmc space group. Its structure remains very close to Ln2O2S with a coordinence of seven for scandium atoms and a structure based on alternative layers of [Sc2O2]2+ and S2− (Julien-Pouzol et al., 1978).

In 1949, Zachariasen described the structure of tetravalent actinide oxysulfides ThOS, UOS, and NpOS as presenting a PbFCl structure type with tetragonal symmetry in P4/nmm space group. The tetragonal form of ZrOS described by Jellinek is isostructural of these compounds (Zachariasen, 1949b). On the contrary, cubic HfOS (isostructural to cubic ZrOS) was first identified by Stocks et al. (1980) and prepared as a pure phase by Eisman and Steinfink (1982). The latter were also able to prepare solid solutions of zirconium and hafnium oxysulfides Zr1−xHfxOS (0 ≤ x ≤ 1) such as Zr0.25Hf0.75OS and Zr0.75Hf0.25OS.

A few years later, Khodadad et al. and Ballestracci demonstrated the existence of several Ln2O2S2 compounds (Ln = La, Pr, and Nd), where the disulfide [S2]2− anion is present (Khodadad et al., 1965; Ballestracci, 1967; Wichelhaus, 1978a). They have to be distinguished from AnOS (An, actinide) compounds in which the actinide is at the +IV oxidation state while the lanthanide in Ln2O2S2 remains at the +III oxidation state.

In 1967, Kupčík reported the kermesite's structure (Kupčík, 1967). The antimony-based compound Sb2OS2 is a rare crystalline natural oxysulfide mineral, which can form thanks to a partial oxidation of stibnite Sb2S3. This so-called oxydisulfide M2OS2 composition was also synthetically obtained for lanthanide compounds Ln2OS2 [Ln = Sm (Lissner and Schleid, 1992), Gd (Wontcheu and Schleid, 2003), Tb (Schleid, 1991a), Dy (Schleid, 1991b), Er (Range et al., 1990), Tm (Range et al., 1990), Yb (Range et al., 1990), Y (Schleid, 1992)]. The erbium, thulium, and ytterbium compounds were obtained at 10 kbar and 1,600°C.

A sulfur-rich phase was also discovered by trying to solve the crystalline structure of what was thought to be β-Ln2S3. It happened to be Ln10OS14 (Ln = La, Ce, Pr, Nd, Sm) that formed because of traces of water or oxygen during the reaction (Carré et al., 1970; Besançon, 1973). Besançon et al. showed that the oxygen content of Ln10S14OxS1−x can be lowered down to a value close to 0.1 mol% for La, Ce, and Pr (Besançon et al., 1970, 1973). Later, Schleid et al. also reported the gadolinium compound Gd10OS14 (Schleid and Weber, 1998).

The work of Marcon with actinides led to the first description of more complex compounds, namely MIII2MIV2O4S3 (Pu4O4S3, U2Pu2O4S3, U2Gd2O4S3, and Ce4O4S3), based on composition analysis (Marcon, 1967b). He also completed the work of Zachariasen by obtaining PuOS (Marcon, 1967b). In the same time, based on the work of Marcon, the compositions of cerium oxysulfides Ce4O4S3 (Dugué et al., 1978; Wichelhaus, 1978b) and Ce6O6S4 (Dugué et al., 1979) were confirmed and their structures were elucidated by X-Ray diffraction on monocrystals by Dugué et al. and Wichelhaus. Ce4O4S3 and Ce6O6S4 monocrystals were obtained by heating Ce2O2S and sulfur or CeO2, Ce2S3, and sulfur together. In the lanthanide series, only cerium allows both oxidation states +III and +IV. In CeIII2O2S, partial oxidation of cerium led to CeIII2CeIV2O4S3 and CeIII4CeIV2O6S4.

A decade after the discovery of Bi2O2Se (Boller, 1973), Koyama et al. published in 1984 a study about the combination of bismuth with chalcogens. They obtained the ternary oxysulfide Bi2O2S from Bi2O3 and Bi2S3 via a hydrothermal synthesis (Koyama et al., 1984). The Bi2O2S structure differs from Ln2O2S (Ln, lanthanide), as it crystallizes in the Pnnm space group.

The coordination number of the bismuth is eight: bismuth is bound to four atoms of oxygen and four atoms of sulfur (Figure 3). In comparison with Ln2O2S in which Ln forms four Ln-O and three Ln-S bonds, bismuth-oxygen bonds are in the same length range (between 2.2 and 2.5 Å) but bismuth-sulfur bonds are significantly longer (3.4 Å for Bi2O2S, <3 Å for Ln2O2S). Further works showed that bismuth can form several oxysulfides, leading to superconductive Bi4O4S3 (Zhang et al., 2015) (containing both sulfide and sulfate ions) and to Bi9O7.5S6 (Meng et al., 2015).


[image: Figure 3]
FIGURE 3. Structure of Bi2O2S (JCPDS 10-2907) and bismuth coordination in the solid.





BULK MATERIALS AND THEIR MAIN APPLICATIONS


Toward More Complex Structures: Quaternary Oxysulfides and Selective Bonding

We already cited the work of Marcon who isolated actinide oxysulfides U2Pu2O4S3 and U2Gd2O4S3 (Marcon, 1967b). These structures contain UIV and LnIII. This mixed valence allowed the formation of the AnIV2LnIII2O4S3 and AnIV2LnIII4O6S4 (of general formula AnIV2LnIII2nO2+2nS2+n) structures by a shearing mechanism of the Ln2O2S structure when similar mixed-valent uranium-lanthanide oxysulfides were obtained (Tien et al., 1988). With Okabe et al. (1988), they also exhibited a series of U2La2n−2O2nSn+1 compounds.

Besides, in the 1980's, a considerable amount of quaternary oxysulfides containing other metals than lanthanides or actinides were synthesized. Firstly, the idea was to insert another metal in the lamellar structure of a lanthanide oxysulfide Ln2O2S. The easiest way to get a quaternary oxysulfide was to put the other metal in the layer of sulfur anions, and consequently obtain a structure composed by sheets of lanthanide oxide and metal sulfide. This compound, in which oxygen is bound only to the lanthanide and sulfur only to the additional metal, exhibits a particular order that one can call selective bonding. As the quaternary oxysulfides can be formed with a large variety of precursors (mainly oxides and sulfides, but also elemental sulfur, H2S, metals, …) and not only using lamellar preformed structures such as Ln2O2S, this selective bonding can be extended to any resulting oxysulfide in which one of the anions is preferentially bound to one of the metals and conversely. It generally led to layered compounds. On the contrary, when no such order is present in the structure (at least one metal site in the structure is bound to the two anions), the compound exhibits unselective bonding.

To illustrate this difference, we chose to study a family of quaternary oxysulfides Ln2Ti2S2O5 (with TiIV) reported in the late 1990's (Figures 4A–D). These structures turned out to be defective Ruddlesden-Popper phases which alternate [Ln2S2]2+ and [Ti2O5]2− layers (Figure 4A). However, it is also possible to get compounds where both metals are equally bound to both oxygen and sulfur without particular arrangement (unselective bonding). It can be illustrated by the previously reported quaternary titanium oxysulfides La4Ti3O8S4 and La6Ti2S8O5 that do not show any selective bonding (Figures 4B,D; Cody and Ibers, 1995). In the 1980's, the study of the LawGaxOySz compounds already started the reflexion on the selectivity of the bonds in quaternary oxysulfides (selective bonding for LaGaOS2-α, La4Ga1.33O4S4, and La3GaOS5; unselective bonding for LaGaOS2-β and La3.33Ga6O2S12, Table 1; Guittard et al., 1985).


[image: Figure 4]
FIGURE 4. Various quarternary oxysulfide structures containing titanium. (A) Sm2Ti2O5S2 (JCPDS 13-1325) exhibits selective bonding as sulfur is preferentially bound to titanium and oxygen to samarium. (B) La4Ti3O8S4 (JCPDS 09-7018), (C) La8Ti10O4S24 (JCPDS 09-8085), and (D) La6Ti2O5S8 (JCPDS 09-7017) show different structures with unselective bonding.



Table 1. Quaternary oxysulfides M1wM2xOySz.
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Quaternary Oxysulfides: A Large Catalog of Compositions

Using high temperatures and long reaction times, monovalent (CuI, AgI), trivalent (CrIII, GaIII, AsIII, SbIII, BiIII), tetravalent (SnIV) and pentavalent elements (NbV) were shown to be able to crystallize along with a lanthanide in various types of oxysulfide compounds (Table 1). In some cases, the second metal can also present mixed oxidation states (TiIII, IV, VIII, IV).

More recently, lanthanide-free quaternary oxysulfide compounds CaMOS [M = Fe (Selivanov et al., 2004; Delacotte et al., 2015), Co (Pitha et al., 1947), Zn (McCullough et al., 1948)] and BaM'OS [with M' = Co (Pitha et al., 1947; Valldor et al., 2015), Zn (Broadley et al., 2005)] were synthesized and characterized. This shows the growing interest in obtaining metal oxysulfides without rare earth (which are strategic resources) in order to explore their magnetic and catalytic properties.

In this table are not referenced the quaternary phases reported by Umarji et al. in 1980: M2Mo6S6O2 (M = Co, Ni, Cu) and PbMo6S6O2 (Umarji et al., 1980). A few years after this publication, Selwyn et al. tried to obtain the copper-based phase and demonstrated that Umarji et al. reached only a mixture of the Chevrel phase Cu2.7Mo6S8, Mo, and MoO2 (Selwyn et al., 1987). Then Selwyn et al. also concluded that obtaining the ternary Mo6S6O2 oxysulfide from the claimed M2Mo6S6O2 was impossible.



Quinary Oxysulfides

Quinary oxysulfides also exist, but are not exhaustively listed in this review. Most of them are layered compounds with selective interactions and contain earth-alkaline atoms, as evidenced by Teske in 1985 with CaLaGa3OS6, SrLaGa3OS6, La2ZnGa2OS6, and Sr2ZnGe2OS6 (Teske, 1985). A similar Sr2MnGe2OS6 phase was synthesized and studied recently (Endo et al., 2017). Doped phosphors CaLaGa3OS6 (Yu et al., 2008, 2012; Zhang et al., 2010, 2011, 2012) and SrLaGa3OS6 (Zhang et al., 2005a, 2016; Yu et al., 2011, 2012) were extensively studied by Zhang, Yu, and Zhang since 2005. Zhu, Hor, and Otzschi also detailed different quinary oxysulfide families: (i) the Sr2Cu2MO2S2 [M = Mn (Zhu and Hor, 1997a), Co (Zhu et al., 1997; Smura et al., 2011), Zn (Zhu and Hor, 1997a), Ni (Otzschi et al., 1999)] and Ba2Cu2CoO2S2 (Zhu et al., 1997; Smura et al., 2011) family that displays an unusual square planar MO2 layer and the two perovskite-based families (ii) Sr3Cu2M2O5S2 [M = Sc (Otzschi et al., 1999), Fe (Zhu and Hor, 1997b)] and (iii) Sr2CuMO3S [M = Sc (Ogino et al., 2012), Cr (Zhu and Hor, 1997b), Fe (Zhu and Hor, 1997b), Ga (Zhu and Hor, 1997c), In (Zhu and Hor, 1997b)] with the work of Ogino on scandium. Later, Blandy transformed Sr2Cu2MnO2S2 in Sr2Cu1.5MnO2S2 by oxidative deintercalation of copper to obtain a mixed-valent perovskite (Blandy et al., 2015).

The study of the quasi-binary system La2O2S-AgGaS2 (La2O2S – 0.75 Ga2S3 – 0.75 Ag2S) by Carcaly et al. (1981) led to the formation of La4Ag1.5Ga1.5O4S5 in which silver and gallium are randomly distributed in the same sites. Along with La3MO5S2 (M = Nb, Ta; Table 1), Cario et al. reported bilanthanide lamellar La2YMO5S2 phases very close to the Ln2Ti2O5S2 structure (Eisman and Steinfink, 1982). The works of Tranchitella on La/Ti quaternary oxysulfide (Table 1) led him to the quinary compound Sr5.8La4.4Ti7.8S24O4 with the same [(Ti4S2O4)(TiS6)4/2]12− layer than La14Ti8S33O4 (Tranchitella et al., 1996). La5Ti2MS5O7 (M = Cu, Ag), an alkaline-free structure with perovskite layers was also evidenced by Meignen et al. (2004b) and studied for its photocatalytic properties for water reduction and oxidation (Suzuki et al., 2012). Meignen et al. (2005) also prepared La5Ti~3.25Zr~0.25S5O9.25 with mixed Ti/Zr sites. In 2003, Rutt et al. obtained KY2Ti2O5S2 by topotactic potassium intercalation of potassium in Y2Ti2O5S2 (Rutt et al., 2003). As a perspective, in 2015, Yee et al. designed by DFT modeling a new high-temperature superconductor Ca2HgCuO2S2 whose superconducting transition temperature should be close to mercury cuprates' ones (Yee et al., 2015).



Transition Metal Oxysulfides

For a long time, ternary oxysulfides MxOySz were limited to lanthanides, actinides, and bismuth. Despite the presence of numerous metals in quaternary oxysulfides, the transition metals did not give any crystalline ternary oxysulfide (except ZrOS and HfOS) until the synthesis of ZnO1−xSx in the 1990's. This phase is the most often found as crystalline thin films. It is also the case for titanium, tungsten and molybdenum oxysulfides except that they are amorphous.

The first-raw transition metals ternary oxysulfides represent a challenge, because the coordination of the metal commonly does not exceed six, and consequently cannot bear the M2O2S structure of Ln2O2S (Ln, lanthanide) where the lanthanide coordination is seven or the Bi2O2S structure where the coordination of bismuth is eight. Alternative crystal structures may be obtained in the case of first-raw transition metals.


Crystalline Transition Metal Oxysulfides
 
Copper oxysulfide Cu2O1−xSx

In 2013, Meyer et al. reported the synthesis of ternary compounds Cu2O1−xSx with various compositions (Meyer et al., 2013). These were obtained using radio-frequency magnetron sputtering (RFS) with a copper target and a flow of O2 and H2S with various gas ratios. The authors showed that for x > 0.39, the compounds did not crystallize in the cubic structure of Cu2O and became amorphous. The lattice constant of cubic Cu2O1−xSx evolved with the composition toward bigger values because of sulfur insertion. The variation was linear only up to x = 0.13 and did not follow the Vegard's law. Unfortunately, direct information about the sulfur oxidation state is missing: the oxysulfide nature of the compound remains unsubstantiated.



Zinc oxysulfide ZnO1−xSx

Despite their electronegativity and size differences, sulfur atoms are able to replace the oxygen atoms of the wurtzite structure which progressively turns into the ZnS blende structure. It evidences another challenge of metal oxysulfide identification: they could be isostructural of metal sulfides or metal oxides.

Zinc oxysulfide was first reported as thin films grown by atomic layer deposition (ALD) in 1992 by Sanders et al. The oxygen and water traces in the gases were responsible for the oxygen in the resulting film. Since 2010, extensive characterization of ZnO1−xSx thin films were reported, not only involving ALD (Bakke et al., 2012) but also pulsed-laser deposition (Deulkar et al., 2010), chemical spray pyrolysis (Polat et al., 2011a,b, 2012; Thankalekshmi and Rastogi, 2012) or thioacetate-capped ZnO nanocrystals (Lee and Jeong, 2014). Because of the active research on bandgap engineering, zinc oxysulfide was envisaged as buffer layer in solar cells (Platzer-Björkman et al., 2006; Sinsermsuksakul et al., 2013). X-Ray photoemission spectroscopy (XPS) showed that the sulfur in these films is reduced and thus in agreement with the announced oxysulfide nature (Thankalekshmi and Rastogi, 2012; Lee and Jeong, 2014).



Molybdenum oxysulfides MoxOySz

In 1986, Inoue et al. crystallized two MoxOySz compounds while studying the MoS2:MoS3 system (Inoue et al., 1986). The deep-bluish crystal of MoO2.74S0.12 (otherwise written as Mo4O10.96S0.48) was isostructural to γ-Mo4O11 and exhibited charge density wave instabilities similar to these of quasi-2D materials. The similar properties of MoO2.74S0.12 and γ-Mo4O11 supported the hypothesis of a true oxysulfide compound. Also, reddish crystals of MoO1.88S0.15 were obtained and presented structural and electronic similarities with monoclinic MoO2.

The decomposition of molybdenum oxodithiocarbamate as a single source precursor also enabled the formation of crystalline thin films (Olofinjana et al., 2010). Rutherford backscattering spectroscopy (RBS) indicated a pure phase. Unfortunately, the final product shared the XRD patterns of Mo8O23, Mo9O26, and Mo2S3 but the structure was not fully solved.




Amorphous Titanium, Tungsten, and Molybdenum Oxysulfides

In this section are referenced the oxysulfides of three elements: titanium, tungsten, and molybdenum. In the 1990's, thin films of these oxysulfides were obtained and studied for their electrochemical properties.

In 1993, Tchangbedji et al. announced the formation of a hydrated amorphous phase of vanadium oxysulfide by reacting Na2S·9H2O and VOCl2 (Tchangbedji et al., 1993). The first described formula for this compound was V2O4S·2H2O, but was adjusted to V2O3S·3H2O in latter studies (electron paramagnetic resonance and XANES at V K-edge demonstrated the presence of VIV species; Tchangbédji et al., 1994; Ouvrard et al., 1995). Water was believed to stabilize the compounds, as its evaporation was accompanied by the loss of the sulfur in the structure. Unfortunately, the authors did not provide enough convincing arguments to justify the oxysulfide nature and the purity of their phase without ambiguity. In particular, the absence of the IR and XANES at S K-edge spectra, which are discussed in the articles, is detrimental. Because of this lack of information, we did not focus on this phase.


Titanium

Titanium oxysulfides were obtained under the form of thin films to serve as positive electrode material for solid state batteries. Reported for the first time in 1989 by Meunier et al. (1989, 1991) they were extensively characterized in the same group by X-ray photoemission spectroscopy (XPS) that was shown well-adapted for thin films characterization (Levasseur et al., 1999).

Titanium oxysulfides (TiOySz) of various compositions were obtained using RFS of hydrolyzed TiS2 targets. The composition can be adjusted via the partial pressure of oxygen during the sputtering process. XPS showed that titanium oxysulfides thin films contain three titanium species (TiIV as in TiO2, TiIV as in TiS2 and Ti in mixed environment) and three sulfur species (S−II of S2− anions, S−I in disulfide S22− ions and undefined Sn2− ions). For high oxygen contents (TiOS for instance), SVI species of sulfate ions attributed to surface species were also observed, although in a lesser extent due to mechanical erosion (Gonbeau et al., 1991; Dupin et al., 2001; Martinez et al., 2004; Lindic et al., 2005a) Besides, the presence of ordered domains, observed by TEM and XRD, revealed the existence of TiS2 nanocrystals in the amorphous materials (Lindic et al., 2005b). Lithiated titanium oxysulfides thin films were recently obtained with RFS using LiTiS2 targets (Dubois et al., 2017). Their characterization show similar properties than TiOySz. Their capacities of around 85 μAh.cm−2.μm−1 made them usable in a Li-ion cell.

Aside these thin films, “sulfur-doped TiO2” can be obtained by reacting TiO2 with thiourea or hexamethyldisilathiane, for instance. However, in this case, the products should not be named “oxysulfides,” because they only contain oxidized sulfur under the form of SIV and SVI species (Yang et al., 2012; Ramacharyulu et al., 2014; Smith et al., 2016).



Tungsten

Similarly to titanium oxysulfides, amorphous tungsten oxysulfides thin films with adjustable composition were obtained by RFS on WS2 targets and mainly characterized by XPS (Martin et al., 1999). Along with the three species of sulfur described in the titanium section, three different species of tungsten (WVI as in WO3, WIV as in WS2, and WV in a mixed environment of O2−, S2−, and S22−) were observed (Dupin et al., 2001; Martinez et al., 2004). TEM and XRD showed the presence of nano-crystallites of WS2, but the polymorphs 3R-WS2 and 2H-WS2 could not be distinguished (Martin-Litas et al., 2002). The incorporation of lithium in these thin films and their electrochemical properties were studied (Martin et al., 1999; Martin-Litas et al., 2001). It revealed that 1.1 lithium atoms per formula can be incorporated, providing a capacity of 75 μA.cm−2. XPS also demonstrated that the tungsten ions are reduced to W(0) and that sulfide ions participated to the redox process with irreversible behaviors (Martin-Litas et al., 2003).



Molybdenum

Abraham, Pasquariello et al. synthesized various MoOySz amorphous compounds from the thermal decomposition of ammonium dithiomolybdate (NH4)2MoO2S2 (Abraham et al., 1989; Pasquariello et al., 1990). This precursor was obtained by bubbling H2S on ammonium paramolybdate [(NH4)6Mo7O24·4H2O] in an ammonia solution. Depending on the thermal treatment (temperature, number of steps), significant amounts of hydrogen and/or nitrogen could be found in the solids. Reacting a mixture of [(NH4)6Mo7O24·4H2O] and (NH4)2MoS4 also led to a solid precursor whose thermal decomposition yielded MoOySz. Based on the electrochemical properties of these amorphous compounds, the authors suggested different structures for them, with different O/S ratios and involving both S22− and S2− anions (Abraham and Pasquariello, 1993). Infrared spectroscopy and XPS supported the presence of Mo–O and Mo–S bonds in the solid, but Mo–Mo bonding could not be evidenced.

The solution obtained by reflux of (NH4)2Mo2S12 in acetone dispersed in different aqueous electrolyte solutions led to original morphologies of amorphous molybdenum oxysulfides (water/acetone = 1/10 v/v; Afanasiev and Bezverkhy, 2003). For instance, tubular morphologies (with the following electrolyte: 10% KCl, 10% NH4SCN), hollow spheres [with 10% (NH2OH)H2SO4] and fractal sponge-like solids (with 20% NH4SCN) were obtained. A solid was collected by evaporation of the solvent. EXAFS at Mo K-edge spectra showed one oxygen atom and four sulfur atoms in the first coordination shell of molybdenum atoms. XPS supported the hypothesis of mainly reduced sulfur, even if a broad peak in the region 167–171 eV indicated oxidized species. In the same group, Genuit et al. (2005) performed the condensation in acidic medium of MoO2S22− to amorphous MoOS2. The addition of HCl in a (NH4)2MoO2S2 aqueous solution led to MoOS2.

Similarly to titanium and tungsten, RFS gave amorphous thin films of molybdenum oxysulfides (Schmidt et al., 1994, 1995a). The target was a pellet of MoS2. Pure oxygen was flowed into the chamber to get oxygen-rich oxysulfides (MoO~1.3S~1.9), but the traces of oxygen in the glovebox were originally sufficient to get MoOySz thin films. For oxysulfides with a low content of oxygen (MoO~0.5S~2.0), TEM showed ordered domains that are isostrucural of MoS2, based on electronic diffraction. XRD evidenced both MoS2 and MoO2 phases when the films were annealed under inert atmosphere. As shown by Buck for contaminated MoS2 films, substitution of sulfur by oxygen atoms is likely to explain the changes in lattice parameters observed in the MoS2-like phase (Buck, 1991). Later, XPS analysis provided clues about the oxidation states of molybdenum and sulfur in MoOySz films which strongly varied with the film composition (Levasseur et al., 1995; Schmidt et al., 1995b; Dupin et al., 2001). For y <0.6 and z > 2 (oxygen-poor oxysulfides), MoIV cations and S−II (as in MoS2) were dominant. For y > 3 and z <1 (oxygen-rich oxysulfides), only MoVI in octahedral sites (as in MoO3) was observed. For 0.6 < y <3 and 1 < z <2, MoV was observed in addition to MoIV and MoVI and was likely surrounded by O−II (O2−) and S−I (S22−) species. Moreover, in MoO0.6S1.9 thin films, extended X-ray absorption fine structure (EXAFS) at molybdenum K-edge also showed the presence of oxygen atoms in the coordination sphere of molybdenum atoms (Schmidt et al., 1995b).

During the same decade, useful XPS and IR references for molybdenum oxysulfides were established by Muijsers et al. (1995) and Weber et al. (1996) in the study of MoO3 films sulfidation. The formation of oxysulfide intermediate species with their corresponding probable structures was detailed.




Applications of Bulk and Thin Film Metal Oxysulfides

In the 1980's, potential applications for doped Ln2O2S materials were identified and led to their use as lamps, lasers, scintillators, screens, etc. For example, they can be found in X-ray detectors used for tomography or medical imaging. They have also been used for oxygen storage. Often, Y2O2S, La2O2S, or Gd2O2S are used as the lattice and doped with one or several lanthanide ions to obtain the desirable luminescence features. The oxysulfide was compared with the corresponding oxide Sm2Ti2O7 that has a higher bandgap. Also, electrochemical properties of transition metal oxysulfides were investigated for their use in lithium-ion batteries. A brief summary is given below on these applications.


Screens

Doped oxysulfides were primary employed in cathode ray tubes (CRTs) of television screens and later in computer monitors. In 1968, Royce patented a “family of new cathodoluminescent phosphors” by describing the potential use of doped Y2O2S and Gd2O2S (Royce, 1968). Lutetium and lanthanum were also envisaged as efficient matrixes for the doping ions (mainly SmIII or EuIII).

Three classes of phosphors, respectively, associated to red, blue, and green, are necessary for a proper screen to emit the colors of the visible spectrum. Thanks to their good luminescence properties, lanthanide doping ions equip the main phosphors used for industrial applications (Jüstel et al., 1998). Red color is provided by EuIII: Y2O3:Eu, Y2O2S:Eu, YVO4:Eu, Y2(WO4)3:Eu; blue emission is enabled by EuII in compounds such as: Sr5(PO4)3Cl:Eu, BaMgAl11O7:Eu, Sr2Al6O11:Eu; and green is emitted thanks to TbIII: CeMgAl11O19:Tb, (Ce,Gd)MgB5O10:Tb, (La,Ce)PO4:Tb, Y2SiO5:Tb, Y3Al5O12:Tb (Ronda et al., 1998). However, for CRTs, blue and green are preferentially obtained with ZnS:Ag and ZnS:(Cu,Au), respectively.

In current computer monitors, the amount of europium-doped yttrium oxysulfide Y2O2S:Eu (0.73% w/w for Eu, 13.4% w/w for Y) used for red emission has become large enough to implement and develop the rare-earths recovery (Resende and Morais, 2015).




Laser: Emission and Absorption
 
Stimulated emission in lanthanum oxysulfide

The first study on metal oxysulfides as laser-emitting material was reported in the earliest years of the design of laser devices. “Laser” stands for light amplification by stimulated emission of radiation and is a general term for a device that emits light through a process of optical amplification based on the stimulated emission of electromagnetic radiation. It is characterized and differs from other light sources by the spatial and temporal coherences of the resulting light. Thus, there are countless applications of the laser devices. Two kinds of applications can be distinguished: information transfer (fiber-optic communication, length measurements, fingerprint detection, barcode scanner, thermometers, laser pointers, weapon guidance…) and power transfer (cutting, welding, superficial fusion, marking materials…).

In 1971, while the most famous laser crystal, namely YAG:Nd (neodymium-doped yttrium aluminum garnet), had already been extensively studied, Alves et al. (1971) carried out the first experiments dealing with an oxysulfide-based laser. They grew and studied millimetric La2O2S:Nd crystals with many defects, but also estimated the properties of crystals with less imperfections. Similarly to YAG:Nd, the stimulated emission takes place between the 4F3/2 and 4I11/2 energy levels of the NdIII ion in La2O2S:Nd with an emission wavelength of 1,075 nm (9,300 cm−1), while YAG:Nd emits at 1,064 nm (9,400 cm−1).

In 1990, Markushev et al. (1990) presented preliminary results on the stimulation emission kinetics at the temperature of liquid nitrogen for 1 mol% of neodymium. In 2012, the stimulated emission properties of La2O2S:Nd were studied with oxysulfide powders (Iparraguirre et al., 2012). In particular, Iparraguirre et al. (2012) estimated and experimentally investigated the influence of the doping ion concentration and pumping wavelengths on the different laser properties.



Laser absorption of samarium oxysulfide

The counterpart of laser emission is laser absorption. Because of the coherence of the emitted light, laser devices can be harmful for human skin or eyes. Protecting glasses or clothes are then required for safety issues. Absorption materials must display a low reflectivity and a good thermal stability because of local heating induced by the laser beam.

The research on absorption devices deals with materials that can absorb the 1,064 nm radiation of the widespread YAG:Nd3+ laser. In particular, samarium-based compounds were found to be efficient absorption materials because of electronic transitions between the ground state 6H5/2 to the 6F9/2 excited state.

Undoped Sm2O2S was found to absorb a large proportion of the 1,064 nm laser radiation with a reflectivity of around 0.74% and it is stable up to 2,000°C (Zhu et al., 2016). In comparison, SmBO3 presents a reflectivity of 0.6% but endures a phase transition at 1,200°C (He et al., 2009). Doping with erbium or thulium may also be an efficient way to slightly enhance the absorption properties of Sm2O2S (Sun et al., 2017).




Scintillators

A scintillator is a material that emits light when it is excited by an ionizing radiation (X-rays or gamma rays for example). Scintillators are mainly used in the field of medical imaging. Their role is to lower the dose of X-rays endured by a patient during an analysis. To enable a good absorption of the X-ray beam, the requirements for a good scintillator phosphor is the presence of heavy atoms (cadmium, bismuth, lanthanides, tungsten for instance), a high material density (≥ 4 g.cm−3) and a high stability regarding the radiations. The photon must be converted into photons in the visible range (500-800 nm) with a good efficiency, a fast decay and a short afterglow. Moreover, mechanical strength, absence of toxicity, and chemical stability are desired features (Rossner and Grabmaier, 1991).

Thus, a scintillator is generally composed by a dense ceramic and converts X-rays in visible light. It is connected to photodiodes that convert the visible photons in electrons that form an image on a layer of amorphous silica. Considering their efficient absorption of X-rays, Y2O2S:Tb, La2O2S:Tb, Gd2O2S:Tb were considered to replace CaWO4, which was commonly used as scintillator (Brixner, 1987). Gd2O2S:Tb was finally chosen for its higher density and better absorption properties in comparison to the other lanthanides (Brixner, 1987). Later, Gd2O2S:Pr was shown to be an efficient scintillator by Rossner et al. They demonstrated that the main differences between the PrIII and the TbIII doping lie in the incident beam conversion efficiency (for a 40-80 keV X-ray beam, 8.5% for Gd2O2S:Pr, Ce, F, and 15% for Gd2O2S:Tb) and the luminescence lifetime of the doping ion (~3 μs for Gd2O2S:Pr, Ce, F; 600 μs for Gd2O2S:Tb; Rossner and Grabmaier, 1991). PrIII shows a very rapid decay, cerium decreases the trap states and fluorine causes an important decrease of the afterglow. Gd2O2S:Eu was also studied. Its absorption and luminescence properties were competitive enough and it enables the emission of red photons (instead of green photons for Pr and Tb) which can be useful for compatibility issues with digital imaging systems (Michail et al., 2010).

Nowadays, gadolinium oxysulfides are used as scintillators for Single-Photon Emission Computed Tomography (SPECT), X-ray Computed Tomography (CT), and Positron Emitting Tomography (PET).



Lithium-ion Batteries

Lithium intercalation and electrochemical properties of bulk metal oxysulfides were discussed because of possible oxido-reduction reactions with transition metals such as titanium or molybdenum. We already mentioned that titanium (Meunier et al., 1989; Lindic et al., 2005a; Dubois et al., 2017) or tungsten (Martin et al., 1999; Martin-Litas et al., 2001, 2003) thin films were studied as cathodes in solid-state lithium-ion batteries. As cathodes, molybdenum oxysulfide thin films were also developed (Abraham et al., 1989; Pasquariello et al., 1990; Gonbeau et al., 1991; Abraham and Pasquariello, 1993; Levasseur et al., 1995; Schmidt et al., 1995a; Yufit et al., 2003; Golodnitsky et al., 2006a,b) More recently, a TiO2@MoOySz composite was investigated as anode material (Qiao et al., 2013). The external layer of molybdenum oxysulfide was supposed to enhance the conductivity of the hybrid material.




Conclusion

At the end of this section, we wanted to underline several crucial points:

(i) Oxysulfide materials are mainly reached by chemical synthesis and much fewer compositions were obtained compared to monochalcogenide compounds.

(ii) The lack of oxysulfide compositions is mainly based on the strong differences between oxygen and sulfur. Metals tend to preferentially bind to one compared to the other.

(iii) Transition metals oxysulfides are particularly rare and their crystalline phases even more.

In this context, a periodic table showing the reported oxysulfide compounds is presented in Figure 5.
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FIGURE 5. Periodic table showing the reported oxysulfide compounds. In blue are indicated the elements that can be found in synthetic or natural oxysulfides. Blue shades indicate the compositions (ternary, quaternary, and more) that can be achieved for each element. Surrounded in violet are the elements for which MxOySz nanoparticles were reported.





NANOSCALED TERNARY LANTHANIDE OXYSULFIDES LN2O2S


Introduction

Following the hype for nanotechnology in the twenty-first century, researchers have recently worked on producing metal oxysulfide materials as nanoparticles (Figure 6). This trend is justified by the applications that could emerge from nanomaterials, especially in the domain of biology and medicine. In particular, nano-scale objects can cross biologic barriers and be metabolized by living beings. Also, because of their wide range of morphologies, compositions, and grafting, the nanoparticles can reach targeted zones using specific interactions to provide local information, deliver drugs at precise places or stimulate organs and tissues with an internal or external stimulus.
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FIGURE 6. Key dates, authors, and techniques of the oxysulfide nanoparticles research.


Lanthanide oxysulfide nanomaterials present many advantages for imaging in biological medium. They have a good chemical and thermal stability. Their size and shape is highly tunable from very small crystals around 5 nm to micrometer spheres, rods, belts, tubes and so on. Moreover, the Ln2O2S crystalline phase bears many lanthanide/transition metal or lanthanide/lanthanide substitutions, which guarantees a generous variety of luminescent properties.


Examples of Oxysulfide Nanoparticles' Applications
 
Upconversion

In the fields of therapy and in vivo imaging, using direct light composed of high energy photons, typically X-rays or gamma rays, leads to potential harmful effects for the patient. Organic dyes, radioisotopes and quantum dots are currently used in order to perform bioimaging. However, toxicity of radioactive isotopes, and quantum dots is problematic. Also, organic fluorophores and quantum dots (QD) are sometimes excited through ultraviolet (UV) irradiation that can lead to autofluorescence (excitation of natural targets, such as elastin, collagen…), photobleaching (destruction of the dye), and luminescence blinking.

Another indirect but efficient way to excite phosphors at low energy for bioimaging is infrared (IR) irradiation, taking advantage of the biological transparency windows: 750–950 nm (BW−1), 1,000–1,450 nm (BW–II), and 1,500–1,700 nm (BW–III). The main advantage is the high signal-to-noise ratio, because biological tissues (containing melanin, hemoglobin and water) absorb less light in these spectral ranges (Shi et al., 2016). Consequently, IR bioimaging does not result in parasitic fluorescence. Moreover, it causes low tissue damage and enables local irradiation along with high penetration depth.

Lanthanide-based upconverting phosphors are based (in the simplest case) on the combination of two absorbed low-energy photons in one of a higher energy, resulting for instance in the absorption of IR wavelengths and emission of visible light (Auzel, 2004). This way, many advantages are conferred to the imaging system (Ajithkumar et al., 2013): the chemical stability and low toxicity of rare-earth compounds, the absence of photobleaching, the low and easy available required energy.

Oxysulfide nanomaterials based on the upconverting properties of lanthanide dopants have been studied as potential upconverting phosphors for biomedical imaging. Ytterbium and erbium co-doped materials are being investigated in detail, but other dopants, such as holmium and thulium have also been reported for upconverting materials.



Persistent luminescence

The phenomenon of persistent luminescence is the emission of light by a material after excitation has stopped. It must be distinguished from fluorescence and phosphorescence. Its mechanism is complex and still debated (Jain et al., 2016). In persistent luminescence, the origin of the extended emission in an insulator or semi-conductor is the entrapment of electrons or holes that are progressively released (Leverenz, 1949). Either an electron is trapped in an energy level near the conduction band or a hole is trapped in an energy level near the valence band.

The traps can be point defects with intrinsic defects of the lattice such as vacancies, interstitial defects, antisite defects, or extrinsic defects when doping ions substitute lattice atoms or occupy interstitial sites. Extended defects (dislocations, surface, or grain boundaries) of the lattice can also play the role of traps.

Oxysulfide materials containing titanium and europium have been developed for persistent luminescence. Here, the doping ions substitute the rare-earth of the matrix and correspond to extrinsic defects. Y2O2S:Ti in 2005 was the first example (Zhang et al., 2005b), but numerous articles focused on the promising properties of Ln2O2S:Eu3+, Mg2+, Ti4+ (Ln = Gd, Y) which will be named Ln2O2S:Eu, Mg, Ti for simplification (Mao et al., 2008; Li et al., 2010; Cui et al., 2013a, 2014a; Liu et al., 2014a).



Magnetic probes

Because of their remaining 4f electrons, most of the lanthanide ions present magnetic properties. Lanthanide oxysulfides were found to be paramagnetic in a large range of temperatures, and their magnetic properties at low temperatures were extensively studied (Ballestracci et al., 1968; Quezel et al., 1970; Biondo et al., 2014).

Lanthanides can exhibit high magnetic susceptibility, which is major interest for chemicals that can be injected in a living organism. For instance, GdIII complexes are used as positive contrast agents in magnetic resonance imaging (MRI) due to the 4f7 electronic configuration of the ion (μ = 7.94 μB). The role of a contrast agent is to enhance the MRI signal by locally perturbing the magnetic field. The spin relaxation time of GdIII is long enough to optimize the dipole-dipole interactions of electron and protons (biological tissues, water) in the neighborhood of the contrast agent. The MRI signal is then enhanced by the acceleration of the spin relaxation of the protons caused by these interactions. Gadolinium ions in molecular complexes are toxic because of polarizing effects and competition with calcium. Special hydrosoluble complexes were then developed to prevent the toxicity of GdIII (Tóth et al., 2002).

An alternative to lanthanide complexes is lanthanide nanoparticles. A better detection occurs as the consequence of the concentration of several thousand atoms in a little volume. Iron oxide nanoparticles have been widely studied and used as negative contrast agents, but many artifacts were observed on the resulting images (Bulte and Kraitchman, 2004). Gd2O3 nanoparticles were found to have a similar or better relaxivity than gadolinium complexes, without the drawbacks of iron oxides. They were then chosen for the precise visualization of locally injected cells (Engström et al., 2006; Petoral et al., 2009).

With doping ions, gadolinium oxide nanoparticles were then applied for bimodal imaging (MRI and luminescence) (Kryza et al., 2011). Because of their very good luminescence properties, similar results are expected for oxysulfide Gd2O2S nanoparticles. Bimodal agents are especially useful to get various information of the environment of the nanoparticles from the luminescence properties (wavelength, lifetime, and so on) in short times coupled with long term data and precise localization with magnetic resonance imaging (Cherry, 2006). Ajithkumar et al. (2013) demonstrated the possibility of performing multimodal bioimaging using oxysulfide material choosing the Gd2O2S:Yb, Er phosphor. Besides, Gd2O2S:Eu micronic particles were used as a colloidal solution for X-ray Luminescence Computed Tomograghy (XLCT), a technique that could be applied in vivo (Pratx et al., 2010a,b). Drug delivery can also be tracked in vivo. Gd2O2S:Tb nanoparticles coated with SiO2 were employed as radioluminescent markers to evaluate the release of doxorubicin as a function of pH, using X-ray Excited Optical Luminescence (XEOL) (Chen et al., 2013).



Catalysis

Recently, sub-micronic powder of Sm2Ti2O5S2 was used as a stable photocatalyst for water oxidation and reduction under visible-light irradiation, and this was later further extended to other Ln2Ti2O5S2 (Ln = Pr, Nd, Gd, Tb, Dy, Ho, and Er) phases (Ishikawa et al., 2002, 2004). Moreover, because the majority of lanthanides are often restricted to the +III oxidation state, catalysis based on oxido-reduction reactions is not the preferential application of oxysulfide materials. Nevertheless, cerium (CeIII and CeIV) and europium (EuII and EuIII) are notable exceptions. In particular, Ce2O2S nanoparticles on carbon was tested for oxygen reduction reaction (ORR) (Yang et al., 2017). Also, Eu2O2S nanoparticles showed catalytic activity for the water-gas shift reaction (reaction of CO with water that yields CO2 and H2) (Tan et al., 2016). They can also act as a peroxidase mimic for the catalytic oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) (Ghosh et al., 2016).




Synthetic Strategies for Lanthanide Oxysulfide Nanoparticles
 
General pathways toward Ln2O2S nanoparticles

Several strategies can be employed to yield oxysulfides nanoparticles. Historically, bulk oxysulfides were formed by partial sulfidation of oxides, oxidation of sulfides or reduction of sulfates (Figure 7). However, solid-gas or solid-solid reactions at high temperatures inevitably lead to sintering and large particles. This should be avoided to control the growth of nanoparticles. Moreover, avoiding sulfates is challenging: their formation is thermodynamically favored.
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FIGURE 7. Synthetic strategies toward Ln2O2S.


Four major strategies are employed to yield Ln2O2S (bulk and nanoparticles). The two first methods are the sulfidation of an oxygenated phase such as an oxide or a hydroxide (Figure 7, pathway A) and the oxidation of sulfides (Figure 7, pathway B). In the latter case, the term “oxidation” names a substitution between sulfur and oxygen and does not imply oxido-reduction processes. This process is challenging: the partial oxygenation of sulfides is hard to control because sulfates are easily formed. To the best of our knowledge, only bulk materials were synthesized this way.

The reduction of sulfates and oxysulfates is also possible (Figure 7, pathway C). It is generally excluded for the formation of nanoparticles as it demands high temperatures (≥800°C). Finally, another way to achieve the synthesis of metal oxysulfides is the co-insertion of oxygen and sulfur. Decompositions of organic precursors containing oxygen or sulfur are especially helpful for this method (Figure 7, pathway D). For syntheses in which oxygen rate has to be finely controlled, inert atmosphere assured by N2 or argon is mandatory.

Since 20 years, a broad spectrum of techniques has been developed to yield Ln2O2S nanoparticles, which remains by far the center of the oxysulfide research. Here, we chose to classify them in three groups mainly depending on the reaction medium: water, organic solvent, and others. As we focused our study on the synthesis of nanomaterials, we excluded the works dealing with particles which were systematically sub-micronic or micronic (>700-800 nm).



Typical oxygen and sulfur sources in Ln2O2S nanoparticles syntheses

Oxygen source The oxygen source for the formation of Ln2O2S nanoparticles highly depends on the synthetic route (Figure 7).

Commonly, in the water-based syntheses, oxygen is brought by hydroxide ions with the precipitation of an intermediate oxygenated phase in basic medium. Oxygen insertion in sulfides Ln2S3 has never been performed for nanoparticles, to the best of our knowledge. Molecular precursors such as lanthanide formate or lanthanide acetylacetonate contain enough oxygen for the targeted composition. In organic medium, the use of ketones as ligands enables the formation of in situ water when an amine is present. The thermal decomposition of single-source precursors with sulfide ligands can be performed in air or pure dioxygen to give Ln2O2S nanoparticles. In the case of reduction of sulfates and oxysulfates, no additional source of oxygen is required.

Sulfur sources (Scheme 1). In water, sulfidation is mainly carried out by solid-gas reaction with H2S or in situ formed CS2 using elemental sulfur heated in graphite or in presence of carbon. Nevertheless, a significant amount of syntheses also use sulfur sources soluble in water, such as thiourea or thioacetamide that initiate the sulfidation process. Elemental sulfur can also be used in organic medium especially dissolved in amines. Recently, substitution of oxygen by sulfur was carried out by ammonium sulfide and hexamethyldisilathiane (HMDTS).


[image: Scheme 1]
SCHEME 1. Sulfur sources typically used for the sulfidation processes leading to oxysulfides (mp, melting point; bp, boiling point; Sol., solubility). The first neighbor of sulfur in the molecule is indicated.





Exotic Syntheses

Classical nanoparticles syntheses consist in heating hydrophobic or water-soluble inorganic precursors in aqueous or organic media, possibly sealed and/or pressurized and often followed by a thermal treatment which helps sulfidation and/or crystallization. In marge of these techniques, unconventional synthetic methods can be found. They involve unusual solvents, like molten salts, or are performed in uncommon conditions (electrospinning, combustion, and so on). This section describes such syntheses.


Boron-Sulfur Method

In 2008, Huang et al. adapted the boron-sulfur method, originally destined to the synthesis of sulfides, to the synthesis of La2O2S and Nd2O2S (Huang et al., 2008). In this synthesis, nanowires of the lanthanide hydroxide Ln(OH)3 (formed by reaction between Ln(NO3)3 and KOH) are directly heated in presence of boron and elemental sulfur S8 placed in a neighboring crucible. The driving force of the reaction is the strong affinity of boron with oxygen, which leads to the formation of B2O3 as a by-product.

When the reaction is maintained for 24 h at 400°C, LnS2 nanowires are obtained. Using shorter reactions times (500°C, 10 min), sulfidation of the wire is partial and Ln2O2S can be obtained (Figure 8A).
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FIGURE 8. Ln2O2S nanoparticles obtained from unconventional synthetic methods: (A) Boron-sulfur method (La2O2S:Eu nanowires); Adapted with permission from (Huang et al., 2008), copyright (2008) American Chemical Society. (B) Combustion (La2O2S:Yb, Er nanoparticles); Adapted from Hakmeh et al. (2015) with permission of Elsevier. (C) Thermal decomposition of a gel of Pomelo skins (Ce2O2S nanoparticles supported on carbon); Adapted with permission from Yang et al. (2017), copyright (2017) American Chemical Society. (D) Emulsion liquid membrane system (Y2O2S:Yb, Er nanoparticles); Adapted with permission from Hirai et al. (2002), copyright (2002) American Chemical Society. (E) Electrospinning (Y2O2S: Yb, Er hollow nanofiber). Adapted from Han et al. (2015a) with permission of The Royal Society of Chemistry.


This solid-state reaction preserves the shape of the precursor. Also, it is one of the rare techniques that enable the formation of Ln2O2S2 nanomaterials using in some conditions an excess amount of sulfur compared with the targeted stoichiometry to ensure complete reactions. Nevertheless, only a small quantity of reactants were loaded in the crucible, leading to <15 mg of product per reaction. Also, the remaining species (B2O3, sulfur in excess) were washed with toxic CS2.




Combustion Synthesis

In order to get a swift synthesis, Hakmeh et al. (2015) developed a combustion synthesis by mixing lanthanide nitrates [La(NO3)3, Er(NO3)3 and Yb(NO3)3] with thioacetamide in ethanol. The precursors were rapidly inserted in a furnace at 500°C. Two successive flames evidenced first the ignition of ethanol, then the exothermic decomposition of the organic compounds, leading to an increase of the temperature and eventually to the formation of particles. A post-treatment at high temperature was also necessary (H2S in N2, 2 h, 1,000°C) and resulted in large particles with a typical size around 300-500 nm (Figure 8B).



N,S Dual Doped Carbon Supported Ce2O2S

Recently, an original catalyst for oxygen reduction reaction (ORR) was obtained by using the thermal decomposition of a vegetal, which provides the carbon support for the inorganic catalyst (Yang et al., 2017). Cerium nitrate [Ce(NO3)3] was dissolved in water along with thiourea and then pomelo skins were added to the solution in order to form a gel. After drying, the gel was annealed at 900-950°C for 2 h to get Ce2O2S supported on carbon doped by nitrogen and sulfur. When the reaction temperature was set to 850 or 1,000°C, the reaction led to the formation of CeO2. The TEM observation of the catalyst shows 50-100 nm crystals of Ce2O2S disseminated on the surface of the samples (Figure 8C). The porous structure, inherited from the pomelo precursor and the oxygen vacancies evidenced by the authors make this material suitable for the ORR.



Emulsion Liquid Membrane System (ELM)

Emulsion Liquid Membrane System (ELM) employs a water-in-oil-in-water (W/O/W) double emulsion. Originally, ELM was applied to separate metals. Here, the double emulsion is used for the formation of doped yttrium and gadolinium oxalates. These intermediates are converted to oxysulfides, Y2O2S:Yb, Er, and Gd2O2S:Eu, by a solid-state reaction with sulfur vapor (Hirai et al., 2002; Hirai and Orikoshi, 2004). Typically, a first emulsion is obtained by mechanical agitation of an organic phase containing kerosene with bis(1,1,3,3-tetramethylbutyl)phosphinic acid (DTMBPA) (or 2-methyl-2-ethylheptanoïc acid, VA-10) as extractant and sorbitan sesquioleate as surfactant and an aqueous phase containing oxalic acid. This emulsion is then added to the external water phase which contains the metal ions (chloride or nitrates) and the double emulsion is produced by mechanical stirring. The oxalate compounds are thus produced at ambient temperature, and the system is demulsified using ethylene glycol. Oxysulfides nanoparticles of 50-100 nm are then obtained by annealing the powders at 600-1,000°C in sulfur vapor generated at 200°C by elemental sulfur and carried by a N2 flow (Figure 8D).



Synthesis in Molten Sodium Chloride

The synthesis in molten salts is an emerging technique which consists in the use of one or several salts as solvents for an inorganic reaction. An eutectic mixture can even be used to benefit from a lower melting point. Molten salts are typically suitable for reaction temperatures between 300 and 1,000°C, which enable the formation of nanoparticles while avoiding their sintering (Portehault et al., 2011; Gouget et al., 2017). After cooling, the particles are obtained in a matrix composed by the salts that are washed with water or alcohols.

Molten sodium chloride (melting point: 801°C) was chosen for the one-pot synthesis of Y2O2S:Eu. Y(NO3)3, Eu(NO3)3 and NaOH were mixed and stirred before the addition of NaCl, S8 and a surfactant (Wang et al., 2014). After grinding, the mixture was heated to 850°C in a CO atmosphere for 4 h, and then cooled and washed.

Depending on the surfactant, the particles were either sub-micrometric or nanoscaled, but the morphology was quite irregular and the size polydisperse in all cases. For instance, polyoxyethylene (9) nonylphenyl ether (Scheme 2) gave 150-250 nm particles while sodium dodecylbenzenesulfonate (Scheme 2) gave 0.5-1.5 μm particles.


[image: Scheme 2]
SCHEME 2. Examples of surfactants employed by Wang et al. to synthesize Y2O2S:Eu in molten NaCl (Wang et al., 2014).




Composite-Hydroxide-Mediated Method

The composite-hydroxide-mediated method is also a synthesis in molten salts, but with hydroxides. Thirumalai et al. (2011a) adapted this method to the synthesis of Eu-doped yttrium oxysulfide by heating concentrated yttrium acetate Y(CH3COO)3 in an eutectic mixture of NaOH and KOH in an autoclave. As the eutectic of the mixture is 165°C, the autoclave was heated at 200°C to yield Y(OH)3 nanobelts (48 h) and nanorods (24 h) (Figure 9).


[image: Figure 9]
FIGURE 9. Europium-doped yttrium oxysulfide nanoparticles with different morphologies obtained via the composite-hydroxide-mediated method and their precursors. (A) SEM image of bulk Y2O2S:Eu. (B) SEM image of Y(OH)3 nanobelts. (C) SEM image of Y(OH)3 nanorods. (D) SEM image of Y2O2S:Eu nanobelts. (E) SEM image of Y2O2S:Eu nanorods. (F) TEM and (G) HRTEM images of Y2O2S:Eu nanobelts. (H) High-magnification SEM image of Y2O2S:Eu nanobelts. (I) High-magnification SEM image of Y2O2S:Eu nanorods. (J) TEM and (K) HRTEM images of Y2O2S:Eu nanorods. Insets are corresponding SAED patterns. Adapted from Thirumalai et al. (2011a), copyright (2011) The Institution of Engineering and Technology.
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Europium and S8 were then mixed with the Y(OH)3 nanomaterial at 70-80°C and underwent an undescribed sulfidation process. In any case, the product was then annealed at 600°C for 2 h in an (Ar or N2)/sulfur atmosphere to form Y2O2S:Eu. Interestingly, the final product retained the morphology of the Y(OH)3 precursor. On the other hand, the step where the product was sulfidated was particularly unclear here, as three sulfidation processes are mentioned.



Electrospinning

Electrospinning is based on the application of a high potential difference between a polymer solution or a polymer melt and a collector. The electrical field creates charged threads that can be assembled depending on the experimental parameters such as tension, temperature, relative humidity (RH), concentration of the precursors, viscosity, distance between capillary screen and collection screen, etc.

Lanthanide nitrates Y(NO3)3, Yb(NO3)3, and Er(NO3)3 and polyvinyl pyrrolidone (PVP) were dissolved in DMF and stirred 8 h (Han et al., 2015a). Fibers were produced by electrospinning. They were annealed twice: (i) at 700°C for 8 h under air to get Y2O3:Tb, Er fibers and (ii) at 800°C for 4 h in a CS2 atmosphere (obtained by heating S8 in presence of carbon) to yield Y2O2S:Yb, Er hollow nanofibers (Figure 8E). The same strategy was used to yield Y2O2S:Er hollow nanofibers (Han et al., 2015b). With slightly different electrospinning parameters, full nanofibers of Y2O2S:Yb, Er with a diameter comprised between 80 and 140 nm were obtained and studied by Lu et al. (2015).



Anodic Aluminum Oxide Template

In 2013, Cui et al. (2013a,b) elaborated a synthesis for doped oxysulfide nanoarrays using an anodic aluminum oxide template (AAO). A nitrate solution obtained by dissolution of Y2O3, Eu2O3, and Mg(OH)2·4MgCO3·2H2O in hot HNO3 (65%) was diluted by ethanol. Titanium doping was then obtained by adding the reaction product of Ti(OBu)4 with acetylacetone. The pH was adjusted to 1 with HNO3. The sol was eventually obtained by evaporation at 80-90°C. The AAO template was dipped in the sol, dried, calcined at 600°C for 2 h and etched by NaOH (2.0 M) to give Y2O3:Eu, Mg, Ti nanoarrays. The whole process involved numerous steps and the resulting nanoarrays had to be sulfurated to Y2O2S:Eu, Mg, Ti using S8 in graphite at 850°C sharp (Cui et al., 2013a). Lower and higher temperatures were indeed not adequate: they resulted, respectively, in uncomplete sulfidation or oxide formation. Besides, an optimal concentration of europium dopant for the luminescence properties was determined (6.5 mol% Eu vs. Y) (Cui et al., 2013b).




Water-Based Syntheses

In the following syntheses, the reaction medium is water. It is an available, green, and ideal solvent for the dissolution of numerous metallic precursors, especially nitrates and chlorides.

Water also brings two main advantages: first, the availability of lanthanide precursors, and especially nitrates (that can be prepared from oxides in HNO3) and water-soluble sulfur sources (thioacetamide, thiourea, ammonium sulfide, sodium sulfide, and so on; see Scheme 1); second, the substantial knowledge on inorganic polymerization in water. So far, in more than 90% of the articles dealing with Ln2O2S nanoparticles, the desired feature of the material was luminescence. Luminescence is due to a controlled doping of the oxysulfide phase (Ln12O2S:Ln2, M3, M4) that is achieved by co-precipitation of the main cation (Ln1) with the cations that trigger the luminescence and influence its properties (Ln2, and possibly M3, M4,…).

Water is however limiting metal oxysulfide synthesis by its relatively low boiling point. Even hydrothermal syntheses with autoclaves do not provide enough energy to obtain crystalline oxysulfide nanoparticles. In general, syntheses lead to an intermediate nanoscaled phase (which sometimes already contains sulfur) that is subsequently fully converted in oxysulfide nanoparticles with a solid-gas sulfidation (Figure 7). This last step remains an important drawback. It requires relatively high temperatures for nanoparticles synthesis (typically between 600 and 1,100°C) and a large excess of inert gas and sulfur which is often present under the active but toxic gaseous forms of H2S or CS2. Also, it can affect the morphology of the solid by sintering or degradation of the desired phase.

The high-temperature sulfidation step remains the most challenging process here, but can be useful for other features. For luminescence purposes, the energy provided during the thermal treatment gives better-crystallized nanoparticles that present better photoluminescence properties. Moreover, doping ions can be inserted during this step.


Gelatin-Templated Synthesis

Reported in 2008 by Liu et al., this synthesis stands out through the original use of gelatin and the way the oxysulfide phase is obtained (Liu et al., 2008).

First, the appropriate amounts of lanthanum, terbium, and europium nitrates obtained from dissolution of La2O3, Tb4O7, and Eu2O3 in nitric acid are mixed and heated with gelatin at 80°C in H2O. The obtained translucent gelatin sol turns into a gel at 0°C. Small pieces of the gel are soaked into NH3·H2O and La(OH)3:Eu, Tb precipitates inside the gel. Violent stirring can then turn the gel into sol again, and (NH4)2(SO4) is added in stoichiometric amount. After drying and annealing at 500°C for 2 h in air, a powder of oxysulfate La2O2SO4:Eu, Tb nanoparticles is formed. The oxysulfate nanoparticles are then converted to oxysulfide nanoparticles by solid-gas reaction using H2 as reducing gas (700-800°C, 2 h).

The pathway of oxysulfate reduction is quite rare in the oxysulfide nanoparticles literature, as it often requires high temperatures and long reaction times. Here, the nanoparticles however keep a reasonable 50 nm diameter. On the other hand, this synthesis comprises a myriad of steps, generates two intermediary phases and requires two heat treatments above 500°C.



Sol-gel Polymer Thermolysis

This strategy is based on the elaboration of an organic network in which the inorganic nanoparticles nucleate and grow in a controlled way. The network is then burnt to free the nanoparticles. It is analogous to the Pechini method used for oxide synthesis for which a tridimensional polyester network is elaborated by reaction of trisodium citrate and ethylene glycol for instance (Pechini, 1967).

Dhanaraj et al. published in 2003 a first version of a sol-gel polymer thermolysis strategy to yield Y2O2S:Eu nanoparticles (Dhanaraj et al., 2003). Y(NO3)3 and Eu(NO3)3 were obtained from the corresponding oxides. Urea, formaldehyde and elemental sulfur were then added and the network was formed at 60°C. By condensation of urea and formaldehyde along with water evaporation, a gel was obtained. After thermolysis at 500°C in sulfidating atmosphere, Y2O2S:Eu nanoparticles were formed. Based on the XRD pattern, the product was not pure (small peaks of impurities). Despite the treatment at 500°C, the nanoparticles were quite small (around 30–50 nm) but presented an unclear morphology and aggregation. The work of Dai et al. in 2008 on La2O2S:Eu which deals with the effects of Eu3+ concentration on the photoluminescence is based on the same synthetic route (Dai et al., 2008).

One year later, Dhanaraj et al. published a second version of the protocol that led to hexagonal nanoplates with a size between 7 and 15 nm, tunable via the reactants concentrations (Dhanaraj et al., 2004). The thermolysis process was divided in two steps: first, the sol/network solid was heated at 500°C for 2 h to get Y2O3:Eu nanoparticles, and was subsequently digested by a thiosulfate solution. After water evaporation, a second thermal treatment at 500°C (1 h) burnt the mixture to yield Y2O2S:Eu nanoparticles. The authors did not obtain a pure product yet, based on XRD analysis, but this time they identified sodium polysulfides as side-products. Later, Thirumalai and Nakkiran reused this strategy, succeeded in washing the by-products (Thirumalai et al., 2007) and deeply investigated the nanoparticles: optical (Thirumalai et al., 2007, 2008a) and electronic properties (Thirumalai et al., 2008a) were discussed as well as the photo-assisted relaxation of surface states (Nakkiran et al., 2007).



Syntheses in Water at Atmospheric Pressure

Because of the attractiveness of luminescent water-dispersible nanoparticles, the pursuit of doped oxysulfide nanoparticles led to the publication and the refinement of synthetic strategies in water. However, the reported syntheses illustrate the complexity of obtaining oxysulfides at low temperatures in water: most often, the authors choose to precipitate an unsulfurated intermediary doped phase [Ln(OH)3, Ln(OH)(CO3) for instance] that can be amorphous or not. Thus, the syntheses presented in this section are worthwhile for oxide-, hydroxide-, or hydroxycarbonate-based nanomaterials. The intermediate nanoparticles are then sulfidated, most often with a solid-gas or alternatively with a solid-solid reaction.

Interestingly, the conditions for lanthanide oxysulfide nanoparticles syntheses in water are majorly optimized on Gd2O2S and Y2O2S because of their well-known luminescent properties and also maybe for the relatively low price of the related precursors (Table 2).


Table 2. Lanthanide oxide and nitrate prices (October 2018).
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Urea-based syntheses

Decomposition of urea in water. Generally, the precipitation of the lanthanide salts is performed via the basification of the reaction medium. Thus, a significant amount of research has focused on the cheap, safe, highly available, and water-soluble urea. Urea is indeed known to decompose in ammonia [pKa([image: image],NH3) = 9.25] and aqueous carbon dioxide which can carbonate aqueous lanthanide species (Scheme 3).


[image: Scheme 3]
SCHEME 3. Urea decomposition in water. Isocyanic acid is slowly obtained by urea thermolysis and ammoniac release. A second ammoniac molecule is released by hydrolysis which gives aqueous carbon dioxide “H2CO3.”


The concomitant release of ammonia and aqueous carbon dioxide is used in particular for the precipitation of lanthanide hydroxycarbonates Ln(OH)CO3 that turned out to be a suitable precursor of lanthanide oxysulfide nanoparticles. In the absence of sulfur source, further decomposition of this intermediate leads instead to lanthanide oxide. This was demonstrated in the pioneering work of Matijević and Hsu (1987) in the context of the fabrication of well-calibrated lanthanide colloids.

Syntheses with urea in water. The first aqueous synthesis of oxysulfide nanoparticles was reported by Kawahara et al. (2006; Table 3). Using yttrium and europium nitrates Y(NO3)3 and Eu(NO3)3 along with urea, an europium-doped hydroxide precursor Y(OH)3:Eu was obtained by heating the mixture possibly in the presence of a glycol (ethylene glycol, propylene glycol, or hexamethylene glycol). The isolated powder of Y(OH)3:Eu was then heated between 800 and 1,200°C with Na2CO3 and sulfur to create a sulfidating vapor and yield Y2O2S:Eu nanoparticles. XRD showed that the crystalline phase was pure Y2O2S. The obtained nanoparticles were facetted crystals of 100-300 nm length. Above 1,100°C, sintering made the particles sub-micrometric (≥600 nm).


Table 3. Precipitation from aqueous solutions at atmospheric pressure.
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Xing et al. (2009) then developed an inspiring but complex protocol to synthesize Y2O2S:Yb, Ho upconversion nanoparticles (Xing et al., 2009). A solution of lanthanide nitrates Y(NO3)3, Yb(NO3)3, and Ho(NO3)3 and a solution of urea were separately prepared. The latter solution was added to the first that had been pre-heated at 60°C and the mixture was then heated at 82°C. After cooling and aging during 48 h, a white amorphous precipitate [likely Y(OH)CO3] (Tian et al., 2017) was dried and converted to Y2O3:Yb, Ho via calcination (600°C, 1 h, air). Then, the oxide was sulfidated at 800°C for 1 h with a sulfur vapor created by S8 at 400°C and conveyed by an argon flow. It enabled the formation of size-monodisperse and non-aggregated nanoparticles with an average diameter of ca 80 nm. The diameter could also be tuned by adjusting the reaction time (aging step). Several works are based on Xing's synthesis with slight modifications. Luo et al. added a small amount of oleic acid in the urea mixture and performed the sulfidation at only 600°C to form the same Y2O2S:Yb, Ho nanoparticles (Luo et al., 2009). In the same group, Pang et al. (2010) reported additional reactions that coated the nanoparticles with functionalized silica using a derived Stöber process with polyvinylpyrrolidone (PVP), aqueous ammonia, teraethylorthosilicate (TEOS), and aminopropyltriethoxysilane (APTES) in a second step (Figure 10). Sulfidation of hydrated Ln(OH)CO3:Eu3+ nanoparticles (Ln = Gd, Dy, Ho) was alternatively performed under a flow of H2S at 750°C for 90 min followed by an annealing under Ar at 850°C for 4 h (Verelst et al., 2010; Osseni, 2012) This constitutes the sole reported route to Dy2O2S and Ho2O2S nanoparticles, to the best of our knowledge.


[image: Figure 10]
FIGURE 10. (A) Precursors and additives commonly used for nanoparticles silica coating. Tetraethylorthosilicate (TEOS) is used as silica precursor; 3-aminopropyltrimethoxysilane (APTMS), and 3-aminopropyltriethoxysilane (APTES) are rather employed for silica functionalization. TEM micrographs of Gd2O2S:Eu@SiO2-APTMS (B) and Gd2O2S:Eu@mSiO2 (C) nanoparticles from Osseni et al. (mSiO2 stands for mesoporous silica). Adapted from Osseni et al. (2011) with permission of The Royal Society of Chemistry.


Also based on Xing's work, Bakhtiari et al. (2015) later studied the effect of europium concentration on Y2O2S:Eu nanoparticles size and luminescence. Very recently, Tian et al. succeeded in forming upconverting core-shell nanoparticles Y2O2S:Er@Y2O2S:Yb,Tm by applying Xing's method twice to form the oxide-oxide compound Y2O3:Er@Y2O3:Yb,Tm as an intermediate (Tian et al., 2017). Solid-gas reaction with sulfur vapor at 800°C finally provided the oxysulfide nanoparticles. After the shell formation, Y2O3:Er@Y2O3:Yb,Tm nanoparticles were well-separated (Figure 11A). After sulfidation, the nanoparticles were aggregated because of sintering (Figure 11B). Nevertheless, the shell prevented the quenching of the ErIII luminescence and multicolor fluorescence was achieved thanks to ErIII/TmIII co-doping (Figure 11C).
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FIGURE 11. TEM micrographs of Y2O3:Er (A) and Y2O2S:Er@Y2O2S:Yb,Tm nanoparticles (B) synthesized by Tian et al. (C) Luminescence spectrum of Y2O2S:Er@Y2O2S:Yb, Tm nanoparticles under 1,550 nm excitation that exhibits the multicolor fluorescence of the core-shell nanoparticles (in the near-infrared region, between 780 and 830 nm, the 4I9/2→4I15/2 transition of ErIII was proven to play a minor role). Adapted from Tian et al. (2017) with permission of Elsevier.


Y2O2S:Eu, Mg, Ti nanoparticles were also synthesized for persistent luminescence applications by Ai et al. (2010a). Y(OH)CO3:Eu was obtained by heating a mixture of Y(NO3)3, Eu(NO3)3, and urea at 90°C for 2 h. The final product is obtained by a two-step thermal treatment developed by Li et al. (2009), It involves first S8 in graphite at 800°C for 4 h, which creates in situ reactive CS2, and then solid-solid reaction with doping solids (here Mg(OH)2·4MgCO3·6H2O and TiO2). The same year, Ai et al. (2010b) presented an original morphology for the same phase. Hollow submicrospheres were obtained using templating 350-400 nm carbon submicrospheres obtained by hydrothermal glucose decomposition (autoclave, 160°C, 9 h). Before sulfidation and Mg/Ti doping, Y2O3:Eu was obtained when removing carbon by thermal treatment at 700°C (2 h, air).

In 2011, Osseni et al. reported the first synthesis of Gd2O2S:Eu nanoparticles starting from nitrates and urea in a water/ethanol mixture (H2O/EtOH = 80/20 v/v) (Osseni et al., 2011). After dissolution, the reactants were heated to 85°C to form a doped hydroxycarbonate precursor Gd(OH)CO3·H2O:Eu. After isolation and drying, a heat treatment in two steps was performed. First, sulfidation was performed by Ar/H2S at 750°C for 90 min and then the nanoparticles were maintained at 850°C for 4 h under argon atmosphere only. The final nanoparticles were crystalline and spherical. Diameter was tunable by varying the H2O/EtOH ratio and reaction time. Interestingly, two techniques of deposition of silica on the nanoparticles were presented. The shell was either formed of mesoporous silica using TEOS and cetyltrimethylammonium bromide (CTAB) or functionalized by a silica/APTMS shell using TEOS and 3-aminopropyltrimethoxysilane (APTMS). In particular, mesoporous silica was found to enhance the luminescence properties of the nanoparticles. Multimodal imaging was recently applied using these Gd2O2S:Eu nanoparticles (Santelli et al., 2018).

A slightly different strategy, close to the work of Xing et al. on yttrium, was adopted in 2013 by Yan et al. (2013a) for the formation of terbium-doped oxysulfide nanoparticles of gadolinium and yttrium. Tb(NO3)3 and Gd(NO3)3 were dissolved in water around 100°C, and then urea was added. After filtration and drying, Gd(OH)CO3·H2O:Tb was obtained. The sulfidation process was quite complex: the precursor is mixed with Na2CO3 and sulfur but is also covered by a second mixture composed of Gd2O3, Na2CO3, and S8. The bottom layer was washed in hot water and filtrated after being fired at 900°C for 1 h. The crystalline phases Gd2O2S or alternatively Y2O2S were pure (based on XRD) and the polydispersity of the diameter was significant (average diameter around 100–120 nm). Yan et al. also studied the role of the doping ions in the luminescence mechanism of Y2O2S:Tb, Er nanoparticles (Yan et al., 2013b). In 2016, Bagheri et al. fabricated a scintillator screen composed of Gd2O2S:Pr nanoparticles synthesized via a similar nitrate/urea reaction (Bagheri et al., 2016). However, the sulfidation process is a solid-solid reaction with S8 at 900°C for 1 h.

In 2014, Hernández-Adame et al. extensively studied the influence of the reaction conditions on the morphology of Gd(OH)CO3:Tb and Gd2O2S:Tb, by mixing an urea aqueous solution with an aqueous solution of Tb(NO3)3 and Gd(NO3)3, and performing two thermal treatments (at 800°C under air and at 900°C under a N2/S atmosphere; Hernández-Adame et al., 2014). The precursor concentrations, the temperature of the stock solutions of nitrates and urea and the time and temperature of reactions were varied (Figure 12). Eventually, only one set of conditions gave regular spherical nanoparticles (Ø ≈ 100 nm): a nitrate solution at 6.0 10−3 M, pre-heated at 65°C, and a urea solution at 0.5 M, at room temperature, reacting for 90 min at 85°C (Figure 12B). Hernández-Adame et al. recently completed their work with a comprehensive study of the effects of the terbium concentration on the luminescence properties of their nanoparticles (Hernandez-Adame et al., 2018).
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FIGURE 12. Optimized synthesis of Gd2O2S:Tb nanoparticles by Hernández-Adame et al. (2014) (A) Synthetic strategy: the authors first synthesized from nitrates and urea a doped hydroxycarbonate precursor that was later converted to the oxysulfide. TEM micrographs of the final Gd2O2S:Tb nanoparticles in the optimized conditions (B) and of the different Gd(OH)(CO3) particles obtained with through the optimization (C–N). Only one parameter is changed at once, the others being identical to the optimal conditions. Adapted from Hernández-Adame et al. (2014) with permission of Elsevier.


Recently, Cichos et al. studied three different syntheses of europium-doped Gd2O2S nanoparticles starting from nitrates and urea: (i) heating water at around 100°C for 2 h using an oil bath, (ii) heating a Teflon bottle at 100°C for 24 h, and (iii) heating an autoclave at 120°C for 12 h (see the autoclave section; Cichos et al., 2016). After reaction, the isolated solids were heated with an excess of sulfur under argon at 950°C for 1 h to yield Gd2O2S:Eu particles. In case (i), the intermediary solid was amorphous but the particles were spherical and quite monodisperse in diameter (Figure 13A). After sulfidation, crystalline Gd2O2S:Eu nanoparticles with a diameter close to 135 nm were obtained. The surface was rougher than the amorphous precursor's one. The Teflon bottle method [case (ii)] gave micrometric hydroxycarbonate Gd(OH)CO3 particles (Figure 13B) that were converted to Gd2O2S:Eu micrometric crystals and was thus not suitable for nanoparticles synthesis.
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FIGURE 13. Structural and morphological variations of Gd2O2S precursors obtained by Cichos et al. (2016). Depending on the heating process, strong variations are observed: amorphous spherical nanoparticles (A with the size distribution in inset), hydroxycarbonate microcrystals (B) or carbonate microcrystals (C) can be obtained. Adapted from Cichos et al. (2016) with permission of Elsevier.




Other precipitation routes from aqueous solutions

Closely related to urea's precipitating method, an aqueous ammonia/ammonium hydrogenocarbonate precipitation of nitrates was reported by Tian et al. (2015). A NH4HCO3/NH3·H2O solution was added dropwise to a nitrate solution including Y(NO3)3, Yb(NO3)3, and Er(NO3)3. A white precipitate of Y(OH)x(CO3)y:Yb, Er was obtained and dried. The Y2O2S:Yb, Er nanoparticles were obtained using sulfur vapor (S8 heated at 400°C) carried by N2 at 900°C for 1 h. The small but aggregated crystalline nanoparticles (Ø ≈ 30 nm) were phase-pure, based on XRD. Here, the use of ammonium hydrogenocarbonate and aqueous ammonia enabled the authors to carry out the reaction without heating whereas urea needed thermolysis.

Regarding upconverting oxysulfide nanoparticles, Fu et al. (2010) chose Na2CO3 to form intermediate solids which were then sulfidated. After dissolution of Y(NO3)3, Yb(NO3)3, and Ho(NO3)3, the nitrate solution was added in a 0.1 M solution of Na2CO3 containing PEG 4000 as surfactant. A solid precipitated, was isolated and dried. It was heated at 600°C to yield Y2O3:Yb, Ho. Then, the oxide was converted to oxysulfide using Xing's thermal treatment described in the previous section. Interestingly, Na2CO3 enables the authors to work at ambient temperature in the first step whereas urea required thermolysis. However, two thermal treatments were necessary to reach the oxysulfide product. Moreover, an irregular faceted morphology and a significant polydispersity in size were found in the final sample.




Aqueous Reactions Under Autogenic Pressure

This section is dedicated synthesis in aqueous solution under pressure, in autoclave. We already mentioned the low boiling point of water as a strong limitation if we consider the temperatures commonly required for crystalline nanoparticles synthesis. Synthesis under pressure might be a way to overcome this limitation. Unfortunately, like the precipitation reactions at atmospheric pressure, the reported syntheses in hydrothermal conditions mainly focus on producing an intermediate solid that requires sulfidation in a second step (Table 4). Nevertheless, these syntheses expanded the range of available morphologies for the final oxysulfide nanoparticles.


Table 4. Hydrothermal syntheses of Ln2O2S nanomaterials.
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In the late 2000's, Thirumalai et al. (2008b, 2009a) reported the hydrothermal synthesis of Gd2O2S:Eu (Table 4, entries 1, 2). Starting with an amorphous precipitate (obtained by adjusting the pH of an aqueous solution of Gd(NO3)3 with NaOH), they obtained Gd(OH)3 nanoscaled materials (hexagonal nanocrystals, nanotubes, nanobelts, …) after the hydrothermal treatment. The influence of the pH of precipitation and the temperature and duration of the hydrothermal define the morphology of the material. After impregnation of the solid with Eu3+ ions in a aqueous solution, sulfidation was performed using a CS2 atmosphere generated by reaction of sulfur and carbon. The morphology of Gd(OH)3 was retained in the final Gd2O2S:Eu nanopowder, with only slight size decreases. The nanomaterials are well-crystallized and the morphology is finely adjustable varying the reaction conditions. Unfortunately, an undescribed sulfidation process is performed before the annealing step. It is probably similar to the one mentioned before for the composite hydroxide method conducted by the same group (Thirumalai et al., 2011a). Moroever, an original study on the photo-induced impedance is presented. Interestingly, the morphology is retained also with other lanthanides, as similar results were obtained by Thirumalai et al. (2009b) on Y2O2S:Eu (Table 4, entry 3).

The oxysulfides nanoparticles obtained by hydrothermal syntheses were also extensively studied by Li, Ai, Liu et al. who obtained Y2O2S:Eu,Mg,Ti nanoparticles (Table 4, entries 4, 5, and 6; Li et al., 2009, 2010; Ai et al., 2010c). This combination of doping ions is typical for persistent luminescence. Aqueous ammonia NH3·H2O was used as a base for precipitation of hydroxides. The authors then inserted the dopants by solid-solid reaction in the annealing step with Eu2O3, Mg(OH)2·4Mg(CO3)·6H2O, and TiO2. Moreover, they noticed that using CS2 formed in situ, rather than solid S8, is crucial to keep the morphology. With S8, the Y(OH)3 nanotubes turned into hexagonal nanoparticles after the annealing step.

The group of Cui and Liu also put great efforts on the characterization of such nanoparticles (Table 4, entries 7 and 8; Cui et al., 2014b; Huang et al., 2014; Liu et al., 2014a,c). Soluble sources [Eu(NO3)3, Mg(NO3)2 and Ti(OBu)4] were employed as reactants rather than solids for doping. Thus, a moderated sulfidation annealing temperature ( ≤ 800°C) was employed to yield Y2O2S:Eu, Mg, Ti nanotubes. The synthesis (Cui et al., 2014b), the influence of earth-alkaline or metal MII ion (Huang et al., 2014; Liu et al., 2014b), the effect of the relative concentration of MgII and TiIV (Liu et al., 2014a), and the EuIII concentration were separately studied (Cui et al., 2014a). Later, Yuan et al. (2016) also reported mild conditions to synthesize composite Y2O3:Eu/Y2O2S:Eu nanoparticles starting from soluble nitrate precursors (Table 4, entry 12; Yuan et al., 2016). The particles were crystalline but presented an irregular morphology. They were incorporated in dye-sensitized solar cells that were fabricated by the group. An enhancement of the cell efficiency was measured thanks to the light scattering properties of the nanocomposite.

A rare example of Lu2O2S:Eu nanocrystals was reported in 2015 by Wang et al. (Table 4, entry 9). PVP K30 followed by a solution of thiourea in ethanol were added to lutetium nitrate dissolved in a mixture of water and ethylene glycol. Perfectly regular nanorods were obtained after a thermal treatment with a sulfidizing atmosphere. Here again, the sulfidizing step mechanism was not studied in detail.

In 2016, Cichos et al. tested an hydrothermal synthesis (Table 4, entry 10) to yield doped Gd2(CO3)3:Eu particles in comparison with reactions at atmospheric pressure (Cichos et al., 2016). The authors noticed that this method is rather not adapted to the synthesis of nanoparticles: several populations are obtained, including micrometric irregular crystals (Figure 13C).

The synthesis reported by Rosticher et al. (2016) is a promising exception (Table 4, entry 11). The crucial difference lies in the sulfidation method. An excess of water-soluble thioacetamide was incorporated before the hydrothermal heating after precipitation of amorphous Gd(OH)3:Eu, Mg, Ti with NaOH. This allowed incorporation of sulfur before the annealing step, which could conveniently be performed under inert atmosphere. Its role was only to improve the cristallinity and the luminescence performances of the powder.



Conclusion

The formation of oxysulfide nanoparticles in water encounters several limits. Because of the aqueous solvent, excess oxygen favors the formation of intermediary phases such as hydroxides, hydroxycarbonates, or oxides. Only an adequate sulfidation annealing step at high temperatures enables the formation of the oxysulfide nanoparticles. Nevertheless, it can affect the morphology of the nanoparticles with aggregation and sintering.

Moreover, the synthesis of the intermediary phases is also challenging. Precise reaction parameters have to be employed, with long optimization processes. In Figures 12, 13, we reminded for instance the works of Hernández-Adame et al. and Cichos et al. on the synthesis of doped gadolinium oxysulfide nanoparticles with urea. Not only the reaction temperature and time had a great effect on the final morphology of the intermediates: concentrations of the reactants, pre-heating temperatures, heating techniques are also crucial to obtain the desired product.

Working in organic medium then seems to be a suitable solution to overcome the excess available oxygen.




Syntheses in Organic Medium

The following section is dedicated to the reactions mainly performed in organic medium. Thanks to the availability of high boiling-point solvents, the temperature of the reaction medium can reach 200-300°C much easier than in water. Moreover, the control of the nanoparticles size and morphology in organic solvents is easily attainable using surfactants.

In the case of lanthanide oxysulfide nanoparticles, we also note several benefits of organic medium for the stoichiometry:

(i) the control of the oxygen concentration that is assured by the absence of excess reactive oxygen brought by water and reactions under inert atmosphere,

(ii) the use of molecular sulfur sources with for instance the possibility of decomposing hydrophobic single-source precursors (typically, lanthanide complexes with sulfur-containing ligands) or the dissolution and activation of elemental sulfur in primary amines, as they react to form reactive alkylammonium polysulfides which release in situ H2S (Scheme 4; Thomson et al., 2011).
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SCHEME 4. Reaction pathways releasing H2S in a primary amine/elemental sulfur medium at 130°C as proposed by Thomson et al. (2011) Water traces can also react with the thioamide to form the corresponding amide and H2S similarly to reaction (b).


In both cases, the amount of reactive anions can be set to the desired value by playing on the concentration and the nature of the reactants. In water-based reactions, an excess of water in the precipitation step was followed by an excess of sulfur during the annealing step. Thus, organic medium brings the possibility to finely control the stoichiometry of the anions and one could expect that it leads to different oxysulfide compositions apart from thermodynamics considerations.


Decomposition of Sulfur-Containing Single-Source Precursors

The decomposition of lanthanide complexes bearing ligands with sulfur in the presence of dioxygen can lead to oxysulfide nanoparticles. It was shown for the first time in 2006 in a communication by Zhao et al. who developed the synthesis of thin monodisperse hexagonal nanoplates of Eu2O2S, Sm2O2S and Gd2O2S (Zhao et al., 2006a). In a mixture of organic solvents and surfactants typical for colloidal synthesis (1-octadecene, oleic acid and oleylamine), [Eu(phen)(ddtc)3] (phen = 1,10-phenanthroline, ddtc = diethyldithiocarbamate; Scheme 5) was decomposed under air at 290°C in 45 min, forming anistropic nanocrystals (15 × 1.7 nm (Flahaut et al., 1958; Figure 14). For the first time, the observation of self-assembled oxysulfide nanoplates to nanowires is made (Figures 14A–C). The nanoplates are piled one above each other, because of the hydrophobic interaction between the surface surfactant chains of oleic acid (oleylamine-metal bonds are weaker than oleic acid-metal bonds; Cheon et al., 2004).


[image: Scheme 5]
SCHEME 5. Chemical formulas of diethylammonium diethyldithiocarbamate (dea-ddtc), [Ln(1,10-phenanthroline)(diethyldithiocarbamate)3] complex ([Ln(phen)(ddtc)3]), and Triethylammonium of tetra(2-aminocyclopentenedithiocarbamate) lanthanide ([(Et3NH)+(Ln(acda)4)−]).
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FIGURE 14. Characterization of Eu2O2S nanoparticles obtained by decomposition of [Eu(phen)(ddtc)3] by Zhao et al. (2006a) TEM micrographs of self-assemblies formed by the hexagonal nanoplates (A), of a single nanowire (B) with a zoom in inset and HRTEM micrograph of two nanowires (C). (D) TEM micrographs of hexagonal nanoplates lying on their flat surface. Inset: representation of a single nanoplate. HRTEM images of Eu2O2S nanoplates lying on their flat surface (E) and of short nanorods (F). Insets are FFT of the indicated regions. (G) Powder XRD pattern of the Eu2O2S nanoparticles. Adapted with permission from Zhao et al. (2006a), copyright (2006) American Chemical Society.


Interestingly, EuS (EuII) nanocrystals were obtained with the same synthesis but under inert atmosphere with oleylamine alone (which played the role of reducing agent; Zhao et al., 2006b). A more detailed study on the pyrolysis of the [Ln(phen)(ddtc)3] precursor and the nanoparticles properties was also reported. A noticeable work using the same strategy was conducted by Tan et al. (2016). In comparison with europium, the decomposition of [La(phen)(ddtc)3] and [Pr(phen)(ddtc)3] only yielded LaS and PrS. From oxidation of the sulfides, oxysulfates nanoparticles of La2O2SO4 and Pr2O2SO4 were obtained. The nanoparticles of Eu2O2S, La2O2SO4, and Pr2O2SO4 were then tested for the water-gas-shift reaction.

Lin et al. (2016) obtained europium- and terbium-doped Gd2O2S and europium-doped Tb2O2S by decomposition of the same precursor. Although the morphology of the nanoparticles was not perfectly regular, and the crystallinity not optimal, an extensive luminescence study was performed and biologic tests (in vivo imaging, cell viability) were conducted. The latter required a coating with 3-aminopropyltriethoxysilane (Figure 10) and grafting of methoxy-polyethyleneglycol and Alexa Fluor 660 (photostable red dye which emits photons in the wavelength range of 630-650 nm).

In 2012, He et al. (2009) described a similar decomposition of a precursor formed in situ. The reaction yielded europium oxysulfide nanorods. In this synthesis, europium oleate, oleylamine, 1,10-phenanthroline, and dodecanethiol were heated at 320°C under inert atmosphere before hot injection of diethylammonium diethyldithiocarbamate (dea-ddtc, Scheme 5) dissolved in oleylamine. Nanorods were isolated after 1 h of reaction. The oxygen source was not explicitly discussed, but it was likely the oleate ions in the europium-oleate complex. Even if dea-ddtc is the most probable sulfur source, the introduction of dodecanethiol was not discussed. Nevertheless, this report showed that forming the single-source precursor in situ was a viable strategy. The non-stoichiometric character of the Eu2+xO2S nanoparticles was evidenced by the Eu/S ratio measured by EDS. Non-stoichiometry is attributed to EuII in the solid and was already observed for the bulk phase in the 1960's by Ballestracci and Quezel who estimated that 1% of the europium atoms were divalent thanks to neutron diffraction and magnetic measurements (Ballestracci et al., 1968; Quezel et al., 1970). He et al. (2009) also described magnetic properties of europium oxysulfide nanoparticles and confirm the EuII/EuIII ratio, even if the average composition Eu2.11O2S corresponds to about 15% of EuII. Moreover, an electrophoretic deposition of the nanorods was proposed.

Ghosh et al. reported another precursor to obtain Eu2O2S nanoparticles (Ghosh et al., 2016). According to the authors, La2O2S and Nd2O2S can also be prepared with a similar procedure. Synthesized from europium nitrate, triethylamine (Et3N) and 2-aminocyclopentene-1-dithiocarboxylic acid (Hacda), [(Et3NH)+(Eu(acda)4)−] was decomposed via three different methods (Scheme 6).
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SCHEME 6. Triethylammonium of tetra(2-aminocyclopentenedithiocarbamate) europium ([(Et3NH)+(Eu(acda)4)−]) decomposition in organic solvents by (Ghosh et al., 2016)


By heating the precursor in an OM/OA/ODE mixture, ultrathin nanoplates of Eu2O2S were obtained. However, the 0.3 nm reported thickness is quite surprising, as it would represent a single monolayer of the solid, and there is no correlated peak extinction in the corresponding XRD pattern. Using similar conditions with OM only led to rod-like nanoparticles (7 × 3 nm2). Finally, hot injection of [(Et3NH)+(Eu(acda)4)−] and trioctylphosphine (TOP) led to polydisperse nanospheres with an average diameter of 13 nm. The catalytic activity of Eu2O2S, and especially its activity as a peroxidase mimic, was deeply investigated. Because Eu2O2S catalyzed the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) in presence of H2O2 and neither La2O2S nor Nd2O2S succeeded in it, the authors concluded to a mechanism involving the EuIII/EuII redox couple.



Syntheses With High Boiling-Point Organic Solvents at Atmospheric Pressure

Also colloidal synthesis in organic solvents have been used for years in the synthesis of metal and metal oxide nanoparticles, the first report for metal oxysulfides was published by Ding et al. (2011). Lanthanide acetylacetonate Ln(acac)3 (1 equiv.), elemental sulfur (1 equiv.), and sodium acetylacetonate (1 equiv.) were added in an OM/OA/ODE mixture and heated for 45 min. at 310°C under inert atmosphere after degassing under vacuum at 120°C (Figure 15). Size-monodisperse hexagonal nanoplates of Ln2O2S were obtained. They were thin (a few monolayers) and 5–40 nm wide depending on the lanthanide. The composition of the powder showed a lack of sulfur (Na0.4La1.6O2S0.6), which was attributed to terminal [Ln2O2]2+ layers. The crucial advantage of this method is its high versatility: La2O2S, Pr2O2S, Nd2O2S, Sm2O2S, Eu2O2S, Gd2O2S, Tb2O2S were prepared. The sodium ions, added in stoichiometric amounts, were proposed to help the crystallization and favor the oxysulfide formation. The hypothesis of the authors is that the close ionic radii of sodium [r(NaI(VII)) = 1.26 Å] and larger lanthanide ions [r(LaIII(VII)) = 1.24 Å to r(TbIII(VII)) = 1.12 Å] enables cation exchanges in the solid and favors the oxysulfide crystallization. Lithium ions were tested and were efficient for Y2O2S synthesis. In 2013, a more complete study (experimental study and calculations based on density functional theory) on the alkaline additives on the formation and morphology of the obtained nanocrystals also showed the possible use of potassium to synthesize oxysulfide nanoparticles (La2O2S, Eu2O2S, Gd2O2S, and Yb2O2S; Zhang et al., 2013). The hypothesis of alkali insertion in the crystal structure was recently disputed: the alkali would serve as a stabilizing species for the formation of a lamellar alkali-oleate phase (as observed with sodium) rather than as a doping ion in the Ln2O2S structure (Larquet et al., 2020). In 2017, Lei et al. investigated the roles of yttrium and sodium in the formation and growth of Gd2O2S, by using them separately or combined. They also demonstrated that a large excess of sulfur allows forming gadolinium oxysulfide nanoplates without adding sodium ions (Lei et al., 2017).
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FIGURE 15. Ding's alkali-based synthesis of lanthanide oxysulfide and its derivatives. The number of equivalent (“eq” in the table) is the molar ratio between the reactant and metal. The term “hex.” stands for “hexagonal” and “irreg.” for “irregular.”


In 2017, Tan and Li announced the formation iron/sodium co-doped lanthanum oxysulfide nanoparticles (Na, La)2O2S:Fe (Tan and Li, 2017). Such doping with light transition metal is very rare due to ionic radii mismatch. Thus, according to the authors, only a limited amount of iron would have been able to substitute lanthanum, and surprisingly, no contraction of the lattice was observed despite the ionic radii difference [r(LaIII(VII)) = 1.24 Å; r(FeIII(VII)) ≈ 0.85 Å]. Even though such iron doping would be very interesting for catalytic features, it is quite unclear that iron was well-inserted in the La2O2S phase. In 2015, Jiang et al. employed Ding's synthesis and demonstrated the possible use of La2O2S:Eu nanoparticles as optical temperature sensors (“nanothermometer”) (Jiang et al., 2015). Our group recently investigated the reactivity of Ln2O2S hexagonal nanoplates formed with a stoichiometric amount of sulfur and demonstrated different oxidation processes in bimetallic Gd2(1−y)Ce2yO2S nanoparticles. It enabled us to prove that highly unstable Ce2O2S nanoparticles can also be formed with the help of sodium ions, as long as it is isolated and stored under strict inert conditions (Larquet et al., 2017). The thermal stability of the nanoparticles was investigated under inert and oxidizing atmosphere, highlighting the possibility to remove the oleate surface ligands by a mild thermal treatment (Larquet et al., 2019a). Moreover, both magnetic properties (Larquet et al., 2019b) and optical ones (bandgap) (Larquet et al., 2019c) could be tuned as a function of the Gd:Ce ratio.

Gu et al. managed to obtain yttrium, gadolinium, erbium, and ytterbium oxysulfide nanoplates using oleylamine as only solvent and H2S as sulfurating agent. Ln(acac)3 and oleylamine were degassed at 120°C and then heated at 280°C for 1 h under a H2S/N2 flow (20/80 v/v, 60 mL/min) to yield Ln2O2S nanoplates (Gu et al., 2013). Again, sodium ions were shown to help the crystallization of the nanoplates but were not necessary in this case. Y2O2S, Eu2O2S, Gd2O2S, Er2O2S, and Yb2O2S were prepared by this route.

Another method was reported in 2013 by Ma et al. (2013) to synthesize europium-doped lanthanum oxysulfide La2O2S:Eu. Lanthanide formates La(HCOO)3 and Eu(HCOO)3 were heated at 260°C in the presence of elemental sulfur (2 equiv. of S) in triethylenetetramine (TETA) and dodecanethiol (DT) (Figure 16). After 12 h, La2O2S:Eu nanocrystals were obtained with triethylenetetramine/dodecanethiol ratio being 1:2 and the nanospheres diameter was around 100 nm. Without dodecanethiol, 100 nm in width and 10 nm in thickness La2O2S:Eu nanoplates were obtained.
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FIGURE 16. Reaction of Ma et al. (2013) to yield La2O2S nanoparticles.


The amine/thiol ratio influenced the morphology. When the TETA/DT ratio was 3:1 or 1:1, micronic structures were obtained. Interestingly, other precursors [La(NO3)3, LaCl3, La2O3, and La(OH)3] were not selective enough or did not completely react [impurities of La(OH)3 or La2O3 based on XRD]. Also, shorter reaction times with TETA/DT = 3:1 for the exhibited the rare La10OS14 intermediary phase with LaOOH and La2(SO4)3. Although the crystals are large and the selectivity can be improved, it is to the best of our knowledge the only occurrence of a promising protocol for nanoscaled Ln10OS14.



Solvothermal Syntheses in Autoclave

In 2000, Li et al. tested a direct and simple solvothermal sulfidation process for numerous lanthanide oxides. LnxOy powders (Ln = Y, Sc, La, Pr, Nd, Eu, Sm, Gd, Ho, Er, Yb, or Lu) and S8 were suspended in ethylenediamine and heated in autoclave at 150°C for 8 h (Li et al., 2000). Aggregated and irregularly-shaped crystalline spherical nanoparticles of Pr2O2S, Eu2O2S, and Gd2O2S were obtained with this method (<50 nm). The authors suggested an anion-exchange mechanism between the O−II in the LnxOy crystal and the S−II available in polyanions when S8 reacts with TETA. They supposed next that oxysulfide nuclei could leave the surface of the oxide to grow apart.

For Ln = La, Nd, Sm, Ho, and Er, the conversion was incomplete (Ln2O2S and LnxOy on the XRD pattern) and no change was observed with longer reaction times. Only the starting oxide was observed for Ln = Y, Sc, Yb, and Lu. In 2012, Gd2O2S:Eu and Gd2O2S:Er, Yb nanoplates were also obtained by Liu et al. in ethylenediamine using gadolinium nitrate and elemental sulfur (Liu et al., 2012). PVP (K29-32) or OM was added to a solution of the lanthanide nitrate in ethanol. The resulting solution was added dropwise into ethylenediamine and sulfur. The autoclave was heated at 220°C for at least 4 h to form crystalline hexagonal nanoplates. With OM, subsequent aggregation in flower-like structures was observed. Separated nanocrystals of irregular shape were obtained with PVP. Y2O2S:Eu and Y2O2S:Er, Yb were obtained from yttrium acetate by the same group with PVP and a thermal treatment at 250°C for 24 h (Liu et al., 2014a). Various self-assemblies of the nanoparticles were formed, depending on the presence of PVP, sulfur concentration, and so on.

Song et al. (2010) obtained Gd2O2S:Eu and Gd2O2S:Tb nanospheres from the solvothermal treatment of lanthanide nitrates in a mixture of ethanol and ethylene glycol, containing polyvinylpyrrolidone (PVP K30, M = 40,000 g/mol) and thiourea. The autoclave was heated at 200°C for 24 h and the isolated solid was then sulfidized in a N2/S atmosphere at 600-800°C to form doped gadolinium oxysulfide nanoparticles. PVP is believed to be responsible for the spherical morphology, and polymer residues were evidenced on the rough surface of the nanoparticles. They presented a good crystallinity and a good monodispersity in diameter. Their size was tunable between 150 nm and 1.25 μm by varying the PVP content and the ethanol/ethylene glycol ratio. A similar strategy was used by Deng et al. to yield Y2O2S:Sm hollow nanospheres (Ø = 140-200 nm; Deng et al., 2012a). The thermal treatment was based on Li's work (Y2O2S nanoparticles hydrothermal synthesis, Table 4, entry 4; Li et al., 2009). The authors first proposed a mechanism involving H2S/CO2 bubbles to explain the holes, but finally declared in a second paper on Y2O2S:Eu, Mg, Ti nanoparticles that NH3/CO2 bubbles were more likely the templating agents (Deng et al., 2012b). Similarly to Song's spheres, the surface was rough and the nanoparticles seemed to be constituted with smaller units.

Thirumalai et al. (2011b) have mainly focused their work on water-based syntheses, but also prepared various morphologies of Gd2O2S:Eu nanoparticles in oleylamine. GdCl3·6H2O and EuCl3·6H2O were introduced in hot oleylamine and various amounts of thioacetamide were added. The resulting solution was heated in an autoclave at 120-240°C for 12-24 h. Flower-like nanocrystals (≈10 nm), nanospheres (Ø = 5-10 nm) and nanorods of various lengths (Ø = 6 nm) were obtained depending on the reaction conditions and the thioacetamide amount. An excess of sulfur was proposed to be mandatory to ensure a high chemical potential, which promoted the formation of nanorods. Despite the good morphology control, the XRD patterns of the nanoparticles showed a poor crystallinity of the materials: only broad peaks were observed. It is intriguing because nanorods presented big crystal domains, and HRTEM images showed large and regular lattices.





TRANSITION METAL OXYSULFIDES NANOPARTICLES

Transition metal bulk oxysulfides are quite rare. Zinc, titanium, molybdenum, and tungsten oxysulfide were nevertheless obtained. Most of the time, they were obtained under the form of amorphous thin films or particles.

Because of the electronegativity and atomic number differences between the two anions, transition metals will preferentially bind to one of them (in the hard and soft acids and bases theory, oxygen is a hard base and sulfur a soft base). Also, keeping reduced sulfur id est avoiding sulfates or other oxidized sulfur species is highly difficult because of their good thermodynamic stability.


Challenging Synthesis, Tricky Characterization

In the previous section, we detailed numerous syntheses of Ln2O2S nanoparticles. It is an exception in the oxysulfide family, as it remains to the best of our knowledge the only structure for which monophasic crystalline nanoparticles could be formed. Today, a vast and promising land of metal oxysulfide nanoparticles, especially involving transition metals, must be explored. With such nanoparticles with transitions metals and chalcogens, new applications could emerge, such as heterogeneous catalysis, photocatalysis, battery materials, superconduction, and so on.

Several advantages are intrinsically brought by soft reaction conditions (compared with typical synthesis of bulk crystals) and the nanoscale. Mild temperatures and small grain size can unlock metastable structures. Also, diffusion processes are much faster over nanometric distances and lead to efficient substitution reactions with nanoscaled materials. It opens new synthetic strategies to transform preformed oxide, sulfide, or metal nanoparticles in oxysulfide nanoparticles.

However, synthesizing transition metal ternary oxysulfides is particularly challenging. The ionic radius difference between O−II (1.26 Å) and S−II (1.70 Å) associated with the variable affinities with the metal make the substitution reactions highly difficult. Energy input by heating is especially not recommended for nanoparticles synthesis because of excessive growth and sintering.

Despite these difficulties, transition metal oxysulfide nanoparticles were already prepared. A few examples will be detailed in the next section. The main issue consists of identifying and evidencing the oxysulfide nature of the compound. Because excessive heating tends to stabilize sulfate or separate oxides and sulfides rather than crystallize an oxysulfide structure, the reported structures are mainly amorphous.

Identification and characterization of such phases is much harder than crystalline nanoparticles. In particular, inductively coupled plasma atomic emission spectroscopy (ICP-AES), X-ray fluorescence (XRF), and energy dispersive X-ray spectroscopy (EDS) are suitable techniques to evidence the presence of sulfur, but the determination of the nanoparticles' precise oxygen content remains a challenge. High resolution transmission electron microscopy and energy filtered transmission electron microscopy (EFTEM) constitute an elegant solution, but requires well-dispersed nanoparticles and will not provide accurate quantitative data. Moreover, it is hard to conclude about the precise localization of the atoms: are they in the whole particle or only at the surface (because of ligands for instance)?

The identification of the nature of the chemical bonds and oxidation states inside the material is a supplementary issue, yet this is required to differentiate oxysulfides from sulfates. It becomes highly problematic when the composition of a solid is unclear. Infrared and Raman spectroscopies are particularly appropriate for amorphous oxysulfide identification because M-O and M-S bonds generally present very distinguishable signatures. However, only qualitative analysis is possible. X-Ray photoemission spectroscopy (XPS) brings some clues but investigates only the very surface. X-ray absorption spectroscopy, such as XANES or EXAFS (at O K-edge, S K-edge, M K, L, or M-edge) is able to characterize the whole sample and gives precious information on the oxidation states and chemical bonds. However, surface and core cannot be distinguished and only average information is obtained, so that one should be very careful about hypothesis and interpretations. Furthermore, it must be noticed that the required energies for the different edges involves the use of different X-ray ranges (soft for oxygen, tender for sulfur, hard for the metal K-edge) and consequently the use of distinct beamlines. The analysis of the pair distribution function of the diffuse background of X-ray diffraction patterns (PDF) is expected to bring solutions as it can be applied to the analysis of amorphous compounds. Still, it remains a poorly studied technique in the field of nanoparticles analysis.

Finally, we emphasized the fact that oxysulfide nanoparticles can be metastable or unstable phases. It reinforces the difficulty to store, transfer, manipulate, and characterize them (for instance in air-filled room atmosphere and devices or when heating upon irradiation by electron or X-ray beams).



Amorphous and Crystalline Cobalt Oxysulfide

In 2016, Nelson et al. reported the formation of cobalt oxysulfide CoOxSy hollow nanoparticles (Nelson et al., 2016). The strategy consisted in the substitution of oxygen anions by sulfur anions in cobalt oxide hollow nanoparticles, using ammonium sulfide dissolved in oleylamine at 100°C (Figure 17A). The sulfur content was adjustable via the nominal (NH4)2S amount, with a saturation of the sulfur content at y ≈ 1.3. With low sulfur contents (y < 0.2), the particles keep the crystalline structure of CoO but with higher sulfur contents, the nanoparticles became amorphous (Figure 17F). The hollow nanosphere morphology was preserved during the whole experiment (Figures 17B–E).


[image: Figure 17]
FIGURE 17. Adapted from Nelson et al. (2016) (A) Synthetic strategy of CoOxSy hollow nanoparticles. TEM micrographs of CoOxSy nanoparticles with y = 0 (B); 0.18 (C); 1.03 (D); 1.27 (E). (F) Rotationally averaged SAED patterns of the various CoOxSy nanoparticles. Reference lines in green indicate CoO Bragg peaks (JCPDS 00-048-1719). Adapted from Nelson et al. (2016) with permission of the Royal Chemical Society.


No direct proof of the oxidation state of sulfur is brought by the authors. Nevertheless, annealing the sulfur-rich nanoparticles led to the formation of cobalt sulfides (possibly in a mixture with CoO). It supported the presence of reduced sulfur in the nanoparticles.



Crystalline ZnO1-xSx Nanoparticles

Crystalline zinc oxysulfide was obtained at the nanoscale. In 2009, Park et al. carried out the substitution of oxygen atoms in ZnO by sulfur using hexamethyldisilathiane (Scheme 1) and obtained ZnS crystalline hollow nanoparticles (Figure 18; Park et al., 2009). The driving force of the reaction with ZnO is the formation of very stable Si–O bonds.


[image: Figure 18]
FIGURE 18. TEM (A) and EFTEM (B) images of ZnO@ZnS nanoparticles. (C) Oxygen and sulfur composition along the cross-section in (B). (D) XRD patterns of the nanoparticles from ZnO to ZnS through ZnO@ZnS core-shell nanoparticles. Inset: Normalized pattern in the [38.5°; 44.5°] 2θ region. The small shifts of the diffraction peaks toward low 2θ values indicate a lattice dilatation caused by sulfur insertion. Adapted with permission from Park et al. (2009), copyright (2006) American Chemical Society.


During the substitution process, the authors were able to isolate ZnO@ZnS core-shell crystalline nanoparticles, which are composed by a core of ZnO and a shell of isostructural ZnS wurtzite structure.

The process was accompanied by the so-called “nanoscale Kirkendall effect,” which refers to the hollowing of the nanoparticles as a consequence of unbalanced diffusion rates (Wang et al., 2013). Because ZnII diffuse outwards faster than S−II inwards, the reaction finally led to a hollow ZnS structure. HRTEM and EFTEM also showed that the final ZnS nanoparticles were obtained through the formation of heteroepitaxial ZnO@ZnS intermediates that release the high interface energy by the diffusion of the core into the shell (Figure 19). The composition analyses of core-shell intermediates indeed showed that oxygen is not only localized in the core of the nanoparticle, but also in the shell. It suggested that the substitution process with hexamethyldisilathiane took place in the shell region where oxygen had migrated.


[image: Figure 19]
FIGURE 19. TEM (A), EFTEM (B), and HRTEM (C) of annealed core-shell nanoparticles. EFTEM strongly suggest the formation of a ZnO1−xSx nanoalloy. (D) FFT image of (C) overlaid on FFT image of the precursor ZnO@ZnS core-shell nanoparticles (red: ZnO; green: ZnS; blue: annealed nanoparticles). These images support the heteroepitaxial formation of the ZnS shell and ZnO1−xSx when thermally annealed. Adapted with permission from Park et al. (2009), copyright (2006) American Chemical Society.


The reaction resulted in the formation of crystalline ZnO1−xSx located in the shell. Furthermore, the authors were able to obtain pure hollow ZnO1−xSx nanoparticles by thermally annealed the core-shell intermediates. Interestingly, the diffusion processes spontaneously occurred without sulfurating reagents and led to hollow ZnO1−xSx alloys.

The research on zinc oxysulfide nanoparticles has grown in the last years. Pandey et al. (2013, 2014) managed to obtain the whole composition range (0 ≤ x ≤ 1) of nanoparticles. They obtained ZnO1−xSx crystalline nanoparticles by a solution combustion method. Zn(acetate)2 and thiourea were incorporated in a mixture of ethanol and ethylene glycol (4:1) and then placed in a hot furnace (350°C) for 2 h. They showed that the bandgap varied with the sulfur content and that ZnO1−xSx nanoparticles can photocatalyze the degradation of methyl orange. In 2017, Zhang et al. underlined the importance of doped zinc oxide to understand the intriguing ferromagnetic properties of certain d0 components and used the same combustion method than Pandey (Zhang et al., 2017). As a consequence of oxidation by air, they measured a significant amount of sulfate groups at the surface of their nanoparticles using XPS. Abdullah et al. (2017) synthesized ZnO1−xSx nanoparticles using zinc(II) acetate and thioacetamide for the photocatalysis of the hydrogen evolution reaction. Gultom et al. (2017) in the same group also showed that nickel-doped ZnO1−xSx nanoparticles were suitable for hydrogen production.



Other Proposed Transition Metal Oxysulfides

Crystalline nano-aggregates of cobalt nickel oxysulfides (CoNi)OySz were claimed by Liu (2013). However, the author noticed that sulfur only existed in oxidized species (SIV, SVI) in the material using XPS. By definition, it cannot be called “oxysulfide” but should rather be named “oxysulfate.”

In 2017, Liu et al. reported “fullerene-like oxysulfide hollow nanospheres” (Liu et al., 2017). The name is also abusively employed in this case, as the authors demonstrated that their nanoparticles are composed of crystalline nickel sulfide mixed with amorphous nickel oxide.




GENERAL CONCLUSION

The oxysulfide family is full of surprises. Most of its members are strictly synthetic because of size and electronegativity differences of oxygen and sulfur. It explains why these compounds were obtained as pure materials and identified relatively late in the history of Chemistry. However, since the 1950's, many compositions have been synthesized, from the simplest ternary compounds to oxysulfide materials containing five or more different atoms.

Among this family, Ln2O2S must be pointed out. It was the first discovered phase, and represents one of the simplest oxysulfide compositions. It is nearly the only one for which the scientific community proposed various applications especially in the domain of imaging. Consequently, it led to the development of numerous synthetic approaches for Ln2O2S nanoparticles. Size, morphology, composition, and reactivity of Ln2O2S nanoparticles are more and more controlled and understood. However, there is still an open door for the study of novel Ln2O2S nanoparticles. Surprisingly, nanoscaled Ln2O2S with heavy lanthanides remain hard to obtain. To the best of our knowledge, Tm2O2S nanoparticles were never prepared. Also, most of the articles focus on the luminescence applications. Yet, in the domain of catalysis for instance, europium, cerium, or ytterbium redox properties have only been poorly explored in such compounds. Lastly, at this point there is no general method to control the size and shape of these nanoparticles on a broad range: only slight adjustments are proposed so far. Such control would enable understanding the influence of the nanoscale on the electric, magnetic, and optical properties. In particular, controlling the nanoparticles thickness could allow to identify the transition between a regime of indirect bandgap (as in the bulk) to the direct one.

Regarding transition metals, their integration in quaternary oxysulfides at bulk scale is successful. Recently, lanthanide-free compositions were obtained. Still, crystalline ternary oxysulfides are very rare, and the characterization of the amorphous products is still incomplete, even if molybdenum or titanium oxysulfide thin films for instance were explored in many studies. One of the challenges is to identify preparation route that lead to crystalline compounds that are easier analyzed by structural techniques. The synthesis of nanoscaled materials with accelerated diffusion processes and possible metastable phases, the developments of characterization techniques and the promising field of applications of transition metals oxysulfides should start an unprecedented area of novel oxysulfide syntheses, identifications and applications.
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Metal-organ frameworks (MOFs), as a kind of novel artificial material, have been widely studied in the field of chemistry. MOFs are capable of high loading capacities, controlled release, plasticity, and biosafety because of their porous structure and have been gradually functionalized as a drug carrier. Recently, a completely new strategy of combining biomolecules, such as oligonucleotides, polypeptides, and nucleic acids, with MOF nanoparticles was proposed. The synthetic bio-MOFs conferred strong protection and endowed the MOFs with particular biological functions. Biomolecular modification of MOFs to form bridges for communication between different subjects has received increased attention. This review will focus on bio-MOFs modification methods and discuss the advantages, applications, prospects, and challenges of using MOFs in the field of biomolecule delivery.
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BACKGROUND

The metal-organ framework (MOF), which is also known as a porous coordination polymer (PCP), is a kind of novel nanomaterial composed of metals or metal clusters, chains or layers formed by non-toxic metals (Fe, Zn, Ca, Mg, etc.) and organic compounds, such as carboxylic acid and phosphonic acid (Férey, 2008). PCPs have been widely used in the fields of chemistry and material science in applications such as gas separation and storage (Eddaoudi et al., 2002), sensing (Xu et al., 2011), catalysis (Zhuang et al., 2015), and chromatography (Li et al., 2009; Xiao et al., 2009). MOFs have a porous structure with pore sizes between 0.4 and 6 nm (Zhou et al., 2012). The inherent pore size and structure can be modulated according to the organic-metal compound category and the spatial arrangement. These characteristics enable MOFs to possess open architectures that allow them to combine with, penetrate, and encapsulate a variety of molecules. Therefore, MOFs are ideal materials for storage, protection (Liang et al., 2016b) and carrier functions (Morris and Wheatley, 2008). Recently, non-toxic and biocompatible MOFs, as newly developed materials, have been recommended for use in biological field applications, such as bio-imaging, drug delivery, and electrocatalysis (Huxford et al., 2010; Cai et al., 2015), and these functions were primarily achieved by incorporation of drugs or biological molecules with MOFs (Wang et al., 2015). Increasing numbers of drugs have been combined with different kinds of MOFs, including isoniazid (INH), which is a traditional antitubercular agent that has been loaded onto Fe-MIL-101-NH2 nanoparticles to control the release of the drug and improve absorption by macrophages (Wyszogrodzka-Gaweł et al., 2019). An antibiotic (vancomycin) and targeting ligand (folic acid) could also be combined with zeolitic imidazolate framework (ZIF-8) nano MOFs to be delivered to Staphylococcus aureus to control infection (Chowdhuri et al., 2017). Furthermore, loading with antitumoral and retroviral drugs to fight cancer and AIDS has greatly inspired MOF research (Horcajada et al., 2009). These successes have promoted the development of MOFs for use in the field of biology.

Biomolecules are special organic molecules produced by living systems, including nucleic acids, proteins, polysaccharides, and lipids, which cannot easily pass through a cell membrane due to their large weight and volume. Biomolecules can also be present on the cell membrane alone, but this occurs with difficulty (Whitehead et al., 2009) owing to the effect of serum nuclease (Keles et al., 2016). Delivery systems have emerged to offer superior thermal and chemical protection for biomacromolecular cargo, which is mainly divided into virus and non-viral vectors (Yoo et al., 2011; Kotterman et al., 2015). Compared with non-viral vectors, the low selectivity, potentially unsafe nature, and insertion mutations (Thomas et al., 2003; Waehler et al., 2007; Mintzer and Simanek, 2009) of viruses have limited their application in living bodies. Non-viral vectors, including organic carriers (liposomes, polymers, peptides, etc.) and inorganic carriers (silica, carbon tubes, calcium phosphate, etc.) (Sokolova and Epple, 2008; Nam et al., 2009), are also considered to be defective (Yin et al., 2014; Chira et al., 2015). Among them, poly-L-lysine, which is a cationic polymer, is one of the most common polymers used for DNA delivery (Khalil et al., 2006; Cheng and Lee, 2016). However, its biotoxicity, as well as its ATPase reduction, autophagy (Lv et al., 2006) and immunogenic responses, cannot be ignored (Tseng et al., 2009; Wan et al., 2013). Additionally, as the only non-viral delivery systems currently in clinical trials, lipid microsystems (Ginn et al., 2018) have been suggested to form large aggregates that hinder the further transportation of nanoparticles in blood (Dash et al., 1999; Das et al., 2015). It is necessary to develop a new biomacromolecule carrier with good biocompatibility and biodegradability.

As porous nanomaterials, MOFs are capable of high loading capacities, controlled release, plasticity, and biosafety, which facilitate the selective transportation of nanomaterials through the porous network (An et al., 2012). MOFs have been proposed as an attractive alternative to mitigate drawbacks that other drug delivery systems (DDSs) face (Abanades Lazaro et al., 2020). Thus, MOFs have already served as a successful drug delivery platform (Zhao et al., 2011). However, there are many differences between drug and biomolecule delivery systems (Zhuang et al., 2017). First, the electrostatic interactions and covalent bonds used to incorporate drugs might not be suitable for the incorporation of biomolecules and MOFs. Second, MOF stability should be a consideration because the addition of biomolecules might change the crystal structure. Third, targeting will be expected. Last, but not the least, a controlled-release effect is another characteristic to be encouraged. Among these requirements, the most important is the effective protection of biomolecules from external factors. In addition, the simplicity and reproducibility of material manufacturing should also be taken into account (Morris and Wheatley, 2008; Imaz et al., 2011). At present, there are two ways to combine MOFs with biomolecules. One method involves growing or depositing metal ions and organics onto a two-dimensional plane to form MOFs films, which are used to physically wrap the target molecule (Horcajada et al., 2011; Shekhah et al., 2011). The other method involves chemical bonding, including surface modification and internal encapsulation (Doonan et al., 2017), which is particularly useful due to its high stability, capacity, and affinity.

This review will focus on the reported methods of bio-MOFs functional synthesis, including surface modification and internal encapsulation, and further discuss the advantages, applications, prospects, and challenges of MOFs in the field of biomolecule delivery.



MOF BIOFUNCTIONALIZATION BY SURFACE MODIFICATION

In pioneering research, the biochemical surface modification of nanomaterials has been applied to biological probes and cell imaging (Wang D. et al., 2019). To date, MOFs have been modified on their surface to meet specific requirements and achieve biological functionalization, such as targeted delivery and localized release (Meng et al., 2018). These characteristics greatly improve the performance and bioutilization of MOFs (Cai et al., 2017; Huang et al., 2018). Consequently, there are two generalizable methods that postsynthetically functionalize the bulk MOF structure with biomolecules (Wang et al., 2015). The first method is the covalent combination of the modifier with an anchor on the surface of prepared MOFs before MOF synthesis. Unlike the modification of a pre-synthesized organic linker, the second method involves the coordination of the modifier directly on the surface of the post-synthesized MOF. The chelation of metal ions with target molecules is responsible for the connection (Deria et al., 2015). The unsaturated coordination metal sites on MOFs allow for the incorporation of biomolecules, and UiO-66 will be used to discern the two methods (Figure 1).


[image: Figure 1]
FIGURE 1. Two methods for surface modification to MOF by DNA.


Via the first method, the conjugation of nucleic acid and azide-functionalized UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)), which is transferred from UiO-66, was produced (Morris et al., 2014). Alkane terminal ligands could react with the azide group in UiO-66-N3 via click reactions, which have been utilized to interface MOFs in bulk with a variety of organic functionalities. By the click reaction, UiO-66-N3 was able to interact with dibenzyl-cyclooctyne (DBCO)-functionalized DNA and further realize cellular entry. Furthermore, the functionalized MOFs gained the ability to hybridize with diverse complementary nucleic acids in a sequence-specific fashion, which provided the possibility of the widespread bioapplication of this kind of MOF. However, the degree of DNA surface combination obtained by the first approach was approximately two times lower than that achieved by the other method, in which the surface modification of oligonucleotides resulted from metal–phosphate coordination through modified DNA and unsaturated metal sites on the MOF surface (Wang S. et al., 2017). In that process, chemically modified phosphonamidites at either the 3′ or 5′ end of the oligonucleotide were added into the colloidal suspension of synthesized UiO-66, and then the terminal phosphate moiety was adsorbed onto the MOF nanoparticles by coordination with the solvent-bound Zr sites (Deria et al., 2015). The affinity of the terminal phosphate for the Zr centers was better than that of the internal phosphodiester bonds of oligonucleotides because of the increased steric hindrance encountered by the internal phosphodiester. In addition, the DNA surface coverage directly correlated with the surface second building unit (SBU) density, metal–phosphate coordination number, and bond strength of the MOF. Therefore, increased SBU coordination numbers yield higher DNA functionalization densities. Additionally, it should be mentioned that this approach to DNA-modified MOFs was independent of the category of organic linkers and was broadly applicable to a variety of metal clusters. This means that it is a general way to synthesize the regular structure of surface-modified DNA-MOFs. Based on this method, a research team then designed a nucleic acid-MOF nanoparticle using NU-1000 and PCN-222/MOF-545, which acted as a host to easily and effectively deliver a variety of proteins into cells (Wang S. et al., 2019).

Through in-depth research, many kinds of biomolecules have been developed for the surface modification with different MOFs, such as oligopeptides that form metal-peptide frameworks with copper and calcium due to carboxylic acid chelation (Mantion et al., 2008). Surface combination has become an important and general way to obtain biofunctionalized MOFs.



MOF BIOFUNCTIONALIZATION BY INTERNAL MODIFICATION

Unlike surface modification, internal modification involves a higher-level combination, which involves the encapsulation of molecules by MOFs. The molecules can be better protected and bound more tightly by internal modification than by surface modification. Through encapsulation, MOFs could act as carriers to deliver large drugs and biomolecules, as well as to achieve the condition-triggered release of drugs from a vehicle (Roth et al., 2018). Compared with drugs, proteins, and nucleotides have more complicated multistructures, which means that conformational changes are always unavoidable and might disrupt their function (Wickner, 2005) when they are transported through nano channels to enter the cell. Therefore, a carrier would be necessary and important. Among nano delivery systems, MOFs are novel and outstanding. Taking enzymes as an example, MOF (Hudson et al., 2008) crystals have an increased encapsulation efficiency, recyclability, and an excellent enzyme-catalytic performance (Rapoport, 2007) compared to mesoporous silica (Lykourinou et al., 2011). However, biomacromolecules similar in size to MOF pores were hardly able to be loaded into the framework via postsynthetic infiltration (Chen et al., 2012). Recently, two methods for encapsulating target molecules into MOFs at the beginning of synthesis were proposed. Here, we utilize zeolitic imidazolate frameworks (ZIFs) as an example because of their growth characteristics under mild biocompatible conditions (Zhuang et al., 2014) to describe two internally modified methods (Figure 2), which are coprecipitation (Lu et al., 2012; Shieh et al., 2015) and biomimetic mineralization (Liang et al., 2015).
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FIGURE 2. Two methods for internal modification to MOF by biomolecule.


The coprecipitation method was proposed by Lyu et al. (2014), who added a solution containing cytochrome c (cyt c) and polyvinylpyrrolidone (PVP) to a methanol solution of 2-methylimidazole and zinc nitrate hexahydrate to achieve cyt-ZIF nanoparticles. A transmission electron microscope (TEM) showed that Zn2+ and 2-methylimidazole were first assembled into rod-shaped crystals. Then, rhombohedral dodecahedral crystals formed 24 h later, indicating that ZIF-8 was formed first, before the protein was embedded. In addition, Liu demonstrated the generality of coprecipitation by loading horseradish peroxidase and lipase onto ZIF-8 and ZIF-10. The biomimetic mineralization method was inspired by a natural process according to the specific ability of amino acids, peptides, and enzymes to concentrate inorganic cations in biominerals (Trzaskowski et al., 2007; Hwang et al., 2013). This is a new and simple method to rapidly encapsulate proteins, enzymes, and DNA into MOFs, as suggested by Liang et al. (2015). Bio-ZIF could be prepared by mixing an aqueous solution containing 2-methylimidazole and bovine serum albumin (BSA) with an aqueous solution of zinc acetate at room temperature, depending on the nucleation of the ZIF-8 precursor. Coordination between the Zn cations and the carbonyl group of the proteins is formed naturally. Different from the crystals separated from the mixture of ZIF-8 and BSA, the BSA-ZIF synthesized by mineralization was shown to encapsulate BSA and perfectly retain the structure of the enzyme. When the biomimetically mineralized ZIF-8 layer was removed via pH modulation, the released biomacromolecule retained its native activity. Additionally, the category of encapsulated biomacromolecules was enlarged by biomimetic mineralization, and the crystal morphology of bio-MOF had a unique dependence on the biomacromolecule.

Coprecipitation and biomimetic mineralization are generally known as “one-pot” methods because in both methods, biomolecules are initially mixed with MOF precursors and surrounded by grown MOF materials instead of occupying cavities. The difference is that PVP is utilized to functionalize the precursor and optimize the crystallization of ZIF-8 in coprecipitation. PVP is an amphiphilic, non-ionic polymer used as an efficient MOF nucleating agent to support size and shape control and stabilize nanoparticles during synthesis (Li and Zhang, 2006). In the mineralization method, the nucleation of precursors in an aqueous solution allows ZIF-8 to form a protective layer without PVP. According to a comparative study of the two methods, the loading rate of protein was equivalent. Compared with that of free enzymes, biomimetic mineralization expanded the temperature range of enzymatic biological activity, that is, within a certain temperature range, biomimetic mineralization would have a better protective effect on the enzyme than coprecipitation (Liang et al., 2016a). In addition, the stability of the enzymes encapsulated via biomimetic mineralization was enhanced, probably due to the rigid ZIF-8 structure restricting the structural rearrangement at elevated temperatures (Hartmann and Kostrov, 2013). Moreover, the distribution of cavities throughout the crystals was analyzed by thermal enzymatic decomposition, which indicated that this was more likely to expose the enzyme to the external environment in coprecipitation. In summary, mineralization was the preferred choice for biomolecule encapsulation (He et al., 2016).

In addition, the colloidal stability of the synthetic material should be considered seriously in terms of physiological factors, for example, protein-containing solution. The surface coating is proposed to stabilize the structure of nanoparticles, such as silica, (Della Rocca et al., 2011) hydrophobic polydimethysiloxane (PDMS) (Zhang et al., 2014), and hydrogel. Hydrogels are structurally various and functional materials composed of cross-linked hydrophilic polymers. The network endows a hydrogel with stability, which is a prominent advantage in embedding and protecting other materials. Additionally, the local release of cargo from a hydrogel can be achieved by degradation under specific environmental conditions. For instance, Cu-MOF has been embedded in poly-(polyethyleneglycol citrate-co-N-isopropylacrylamide) (PPCN), which is an intrinsically antioxidant thermoresponsive citrate-based hydrogel, and MOF NPs didn't degrade in a protein solution as a result of protection by the hydrogel coating (Xiao et al., 2016). The pH-sensitive carboxymethylcellulose (CMC) biopolymer was used to protect and carry the 5-FU encapsulated MOF-5 nanohybrid (5-FU@MOF-5) through the digestive system (Javanbakht et al., 2019). It should be mentioned that high biocompatibility and biodegradability are crucial properties of hydrogels, which bring numerous possibilities for use in the biomedical field (Fu et al., 2018). However, electronic interactions between positively charged metal ions in MOFs and negatively charged ions in hydrogels may limit gelation. The type of metal atoms in the MOF must be considered. In a word, the hydrogel coating method can be applied to entrap MOF NPs as a mechanism to slow degradation and thus prevent aggregation.



ADVANTAGES, PROSPECTS, AND CHALLENGES


Bio-MOF Advantages
 
MOFs Remarkably Protect the Activity of Biomolecules

As nanoparticles synthesized from organic and inorganic components, MOFs are able to combine with a variety of molecules and offer superior thermal and chemical protection for their cargo (Liang et al., 2015). MOFs have been successfully developed not only in the field of drug release (Zhuang et al., 2014) but also in the study of biomacromolecules. The “micro enzyme” catalase (MP-11) and high-molecular weight molecules such as cytochrome c (104 amino acids), organophosphorus acid anhydrolase (440 amino acids) (Li et al., 2016), and bacillus subtilis lipase (BSL2) could be encapsulated by MOFs (He et al., 2015). The framework could effectively maintain the skeletal integrity, biological activity, and reusability of proteins (Cao et al., 2016). It was reported that two enzymes, α-glucosidase (GAA) and glucose oxidase (GOx), could be assembled on one Cu-MOF molecule to generate a bifunctional hybrid enzyme-catalytic framework reactor, which could be utilized for the highly sensitive and stable screening of GAA inhibitors (Zhong et al., 2019). In terms of nucleic acids, low-molecular weight (MW) molecules such as oligonucleotide CpG ODNs (Zhang et al., 2017) and ssDNA (11, 22, 33, and 53 nucleotides) (Peng et al., 2018) have been wrapped and combined with MOFs. However, to the best of our knowledge, it is challenging to safely deliver nucleic acids with a high MW. The latest research showed that even macromolecular plasmid DNA could be successfully embedded into a ZIF-8 carrier by the biomimetic mineralization method (Li Y. et al., 2019), so that the pDNA could be protected when it passed through the cell membrane into the lysosome and to then be released around the cell nucleus (Figure 3). Additionally, a 25-kD polyethyleneimine (PEI) capping agent was added to improve the ZIF-8 crystal structure strength, loading capacity, pH-responsive release, and binding affinity to pDNA. The synthetic nanoparticle pDNA@ZIF-8-PEI 25 kD performed better than pDNA@ZIF-8, with improved gene expression and high transfection efficacy in various types of cells, possibly because of the enhanced positive charge that facilitated binding and internalization of the nucleic acid molecule. In summary, MOFs can be used as carriers of various biomolecules and play an effective protective role during delivery.


[image: Figure 3]
FIGURE 3. Process of pDNA growing with ZIF-8 precursors and transportion into cell.




New Characteristics of MOFs Endowed by Molecules
 
Stability

MOF nanoparticles can be structurally affected by biomolecular modification. For example, the insertion of an enzyme was beneficial to the construction process of MOFs (Liang et al., 2016a). The binding of oligopeptides could lead to adaptive changes in metal-peptide frameworks (MPFs), which showed differences in porosity and organometallic framework strength according to the different types of amino acids used, such as glycine, threonine, and alanine (Carlos et al., 2012). In addition, lipid-functionalized MOFs have shown better stability in aqueous solution than unmodified MOFs (Wuttke et al., 2015; Zhuang et al., 2015). Liu et al. (2018) proved that Zr MOF nanoparticles bound to single-stranded DNA (ssDNA) showed better stability than did unbound particles over 24 h. In addition, the interaction strength and pore geometry influence the absorption and release kinetics, as well as the way the matrix diffuses inside and outside the pores (Carlos et al., 2012).



Targeting Movement and Local Release

Modification not only changes the MOF structure but also endows new characteristics. Cell-targeting capabilities should be mentioned first. The mechanism of targeting is always related to the bio-MOF's bioactive group. The most common targeting method is the coupling of the ligand-receptor through distinguishing the specific recipient from the other cells. A manganese MOF modified by small cyclic arginine-glycine-aspartate (RGD) peptides has been verified to target angiogenic cancer cells well by binding to the upregulated αvβ3 integrin (Taylor et al., 2008). A terminal cyclic RGD-SH peptide was modified onto a hybrid MOF, and the nanoparticle was proven to have a targeting ability for HeLa cells (Wang D. et al., 2018). Folic acid-bovine serum albumin (FA-BSA) was a significant targeting connector for cancer cells, which resulted from efficient internalization via FA-receptors-mediated endocytosis (Jiang et al., 2018). Polysaccharide hyaluronic acid (HA) acts as a cancer-targeting ligand when connected with MOF, too, because it recognizes the overexpressed CD44 that occurs in many cancer cells (Liu et al., 2016; Kim et al., 2019). Another important mechanism of bio-MOFs' targeting movement is the sensing of chemical gradients in environments, which has previously been discovered in bacteria. We can achieve directional motion by endowing MOFs with pH-sensitive biomolecules. Ikezoe et al. (2015) encapsulated the diphenylalanine (DPA) peptide, which could facilitate Cu-MOF movement based on an asymmetric surface tension distribution through the dissolution and self-assembling character of DPA. The solubility of PDA is sensitive to pH gradients. With a higher pH, the solubility of the DPA peptide increased, leading the MOF to lose the surface gradient, thus terminating the motion. In this way, the directional movement of MOF NPs was achieved.

In addition, controllable release is another exciting characteristic (McKinlay et al., 2010), which benefits from the fact that some kinds of MOFs can be degraded in certain environments (Park et al., 2006; Lin and Anseth, 2008). ZIF-8 has good biodegradability under acidic conditions (Della Rocca et al., 2011; Zheng et al., 2016). The ZIF-8/CpG-ODN complex showed good stability in a physiological environment, but the complex effectively released CpG ODNs under acidic conditions corresponding to the endolysosome identified by Toll-like receptor 9 (TLR 9). Moreover, ZIF-8 could significantly improve the uptake of CpG ODNs by RAW264.7 cells and further promote the secretion of immune cytokines in vitro and in vivo (Li Y. et al., 2019).





Applications, Prospects, and Challenges

As a novel platform for bioapplications, MOFs have made rapid progress and have constantly provided new methods for biomolecular delivery systems. MOF formation occurs because of the coordination between metal atoms and the organism, and different numbers and categories of metals or organic compounds will produce a variety of constructs, such as those resulting from bimetallic organism synthesis. Recently, a new multivariate modulation of Zr-MOF UiO-66 (Abanades Lazaro et al., 2020) was reported. Multivariate modulation allows the incorporation of up to three drugs containing either carboxylates or phosphates as metal-binding units to coordinate with the defect sites of metal clusters in UiO-66. The one-pot synthesis of solvothermal compounds retained Uio-66 crystallinity and porosity so that other drugs could be further loaded. This research revealed the broader prospects and bioapplications of MOFs. MOFs are also used in the field of bioprobes. The Cu-MOF was combined with a ssDNA probe labeled with carboxyfluorescein through electrostatic interactions and/or hydrogen bonding, which was used to detect Hg via the coordination motif between Hg and ssDNA (Huang et al., 2019). Another new application involved encapsulating viral nanoparticles to produce a vaccine carrier, so that the integrity of the virus and the biosafety and immunogenicity of the overall composite was enhanced due to the non-toxicity and good biocompatibility of the MOF (Luzuriaga et al., 2019).

However, the use of MOFs as potential carriers for the intracellular transmission of proteins (Liang et al., 2015) and nucleic acids (Wang S. et al., 2017; Wang Z. et al., 2017; Peng et al., 2018) is still in the preliminary stage (Alsaiari et al., 2017; Chen et al., 2018). There are some barriers that need to be resolved in the process of the bioapplication of MOFs. For example, in the future, the induction and growth-affecting factors of proteins or nucleic acids in morphological structures need further study, which will allow large double-stranded DNA molecules to be wrapped in MOFs. The biological stability of bio-MOFs is another constraint. Coating may be a good choice to escape from immune system, such as poly-lactide-co-glycolide (PLGA) and cell membrane (Wang L. et al., 2018; Li J.-Y. et al., 2019). We team has invented a cell membrane-coated nanodrug deliver system to improve biocompatibility, and it has been proved the embedded drug can cleverly escape identification and clearance from the immune system, effectively prolong the blood circulation time and accurately accumulate in the target tumor tissues (Wang et al., 2020). In addition, some researchers have cautioned that most enzyme-MOF research has been focused on enzyme encapsulation in particle form, which means that solid support is essential, but this may limit the material flexibility for further practical applications (Izzah Binti Mohammad et al., 2018). Therefore, the use of versatile modalities, such as flexible ZIF-8 thin films, for the synthesis of bio-MOFs is required.

Currently, bio-MOF cascade reactions in cells have been put forward as a novel strategy. How to utilize the synergy of modified molecules in nanoparticles during working processes in organisms is still an unanswered question. For instance, in multimodal cancer therapies, the synergistic cancer starvation/ROS-mediated/chemotherapy strategy has been designed to cleverly work together in cancer cells. Glucose oxidase (GOX) modified onto the surface of MOF(Fe) catalyzes glucose into hydrogen peroxide (H2O2) and gluconic acid (H+) in cancer cells, and then H+ can degrade the organic framework to release camptothecin (CPT) for chemotherapy (Liu et al., 2019). In my opinion, to date, the research of bio-MOFs has always been focused on single molecules or on multiple molecules acting independently in unrelated processes. This kind of therapeutic effect is slight, but the effects will be different when we make use of all linked and correlated nodes in entire reaction chains, such as the chain of ROS-induced oxidation. In the latest research, MOF(Fe) is used to promote ROS-induced oxidative damage in cancer cells, and chloroquine modification will inhibit lysosome autophagy, so that this nanodrug can cut off the self-protection node under the oxidative stress chain and improve the anti-cancer effect (Yang et al., 2020). As we can see, the regulation of multiple reactive nodes in a biological chain can be achieved by setting the reaction times of substances loaded onto MOFs. I believe that achieving synergistic effects to maximize the efficiency of bio-MOFs will be a point that attracts the focus of scientists.

Finally, the development direction of bio-MOFs must be toward clinical applications, and transformations are in development, such as targeted protein or DNA biosensors (Osman et al., 2019) and delivery (Wang S. et al., 2019). There is a wider range of utilization of bio-MOFs. Through interdisciplinary research, bio-MOFs will have a significant impact on various fields including chemistry, genetics, biology, and materials science (Wu et al., 2018). We hope that genetic diagnosis, biological-targeted therapy, and therapeutic drug encapsulation can be improved through the use of MOFs in the future.
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The all-solid-state flexible supercapacitor (AFSC), one of the most flourishing energy storage devices for portable and wearable electronics, attracts substantial attentions due to their high flexibility, compact size, improved safety, and environmental friendliness. Nevertheless, the current AFSCs usually show low energy density, which extremely hinders their practical applications. Herein, ultra-thin β-Ni(OH)2 nanoplates with thickness of 2.4 ± 0.2 nm are in-situ grown uniformly on Ni foam by one step hydrothermal treatment. Thanks to the ultra-thin nanostructure, β-Ni(OH)2 nanoplates shows a specific capacitance of 1,452 F g−1 at the scan rate of 3 mV s−1. In addition, the assembled asymmetric AFSC [Ni(OH)2//Activated carbon] shows a specific capacitance of 198 F g−1. It is worth noting that the energy density of the AFSC can reach 62 Wh kg−1 while keeping a high power density of 1.5 kW kg−1. Furthermore, the fabricated AFSCs exhibit satisfied fatigue behavior and excellent flexibility, and about 82 and 86% of the capacities were retained after 5,000 cycles and folding over 1,500 times, respectively. Two AFSC in series connection can drive the electronic watch and to run stably for 10 min under the bending conditions, showing a great potential for powering portable and wearable electronic devices.

Keywords: β-Ni(OH)2, ultra-thin nanoplates, energy density, flexibility, all-solid-state supercapacitors


HIGHLIGHTS

- Ultra-thin β-Ni(OH)2 nanoplates with thickness of 2.4 nm are designed and in-situ synthesized.

- The all-solid-state flexible supercapacitors show a high energy density of 62 Wh kg−1.

- The supercapacitors exhibit excellent flexibility and stability and show great promise for practical applications.



INTRODUCTION

With the rapid development of portable and wearable electronic devices, the demand for high-performance, flexible, and safe energy storage devices has increased dramatically energy (Huang et al., 2016). As a kind of emerging power sources, supercapacitors (SCs), whose power and densities are between the gap of batteries and dielectric capacitors, have drawn widespread attention owing to their ultrahigh power density, long lifetime, fast charging–discharging rate, etc. (Zhao et al., 2018). Compared to traditional liquid-electrolyte-based SCs, SCs based on solid-state electrolytes show their great potential for portable devices (Meng et al., 2010; Yang, 2020). However, up to now, the commercial application of AFSCs is still challenged because the energy density is much lower than that of rechargeable batteries. To date, a variety of materials have been explored as the electrode materials for fabricating high energy density SCs, which can be categorized into carbon materials and pseudocapacitive materials roughly (Peng et al., 2014). It has been demonstrated that pseudocapacitive materials are of great significance in achieving both high energy density and power density SCs such as transition metal oxides, hydroxides, dichalcogenides or nitrides, and conducting polymers (Wu et al., 2017). Among them, Ni(OH)2 has been extensively studied because of the fascinating features of excellent redox behavior, high theoretical capacity, and natural abundance. Especially, the unique two-dimensional (2D) laminar structure with sufficient interlayer space causing by intercalated water molecules and ions can provide transport channels for electrolyte and improve the charge storage ability (Zha et al., 2017). Generally, Ni(OH)2 has two types of crystal structures, i.e., α and β phase. In comparison to α-Ni(OH)2, β-Ni(OH)2 has better stability and longer lifetime in an alkaline electrolyte (Cai et al., 2004). Nevertheless, analogous to other pseudocapacitive materials, β-Ni(OH)2 often shows an inferior capacity in practical application, which may be caused by the small specific surface area. It has been reported that special designed nanostructures, such as nanoflowers (Zhao et al., 2016), nanospheres (Qin et al., 2018), nanoplates (Wang et al., 2010), and nanowires (Dong et al., 2014), are effective approaches to improve the energy storage capacity of β-Ni(OH)2, which exhibit large capacitance because of their abundant active sites benefiting from large surface. However, as a kind of typical 2D nanomaterial, the layers aggregation and stacking of β-Ni(OH)2 caused by hydrogen bond and electrostatic interactions may impede the ion transport and decrease the active sites, resulting in unsatisfactory capacitance and rate capability (Zha et al., 2017). Consequently, to avoid aggregation and stacking, in-situ growing ultra-thin β-Ni(OH)2 with few layers is significant to improve the electrochemical performance.

In this work, β-Ni(OH)2 nanoplates with ultra-thin thickness are in-situ grown on Ni foam by a facile hydrothermal process at low temperature. An asymmetric AFSC based on ultra-thin β-Ni(OH)2 nanoplates was fabricated, in which the β-Ni(OH)2, PAAK/KOH, activated carbon (AC), and Ni foam served as the positive electrode material, electrolyte, negative electrode material, and current collector, respectively. The power density, energy density, reliability with cycling, and folding are systematically investigated. Finally, the practical applications of the asymmetric AFSC are also presented.



MATERIALS AND METHODS


Preparation and Characterizations of Ultra-Thin β-Ni(OH)2 Nanoplates

All of the materials are of analytical grade and used without further purification. The preparation procedure is illustrated in Figure 1. Briefly, 1.1215 g of Ni(NO3)2·6H2O and 1.1632 g of C6H12N4 were added into a beaker containing 40 ml deionized water, and the mixture was magnetically stirred until it became clear to obtain the precursor solution. Then, a piece of Ni foam with size of 1 × 2 cm was cleaned by ultrasonication in acetone, 2 M HCl solution, and deionized water, respectively. After drying, the mass of Ni foam is marked m0. Subsequently, the clean Ni foam was added into a Teflon liner together with the precursor solution. After that, the Teflon liner was sealed by a reaction kettle and heated in an oven. After reaction at 80°C for 20 h, taking the Ni foam out and wash it with ethanol and deionized water, and then drying it at 60°C in vacuum. Finally, the color of Ni foam changed from the initial silvery white to light green after drying, and the mass was marked m1. The mass loading of β-Ni(OH)2 nanoplates (m) is about 1.6 mg cm−2, which can be calculated by equation: m = m1 – m0.


[image: Figure 1]
FIGURE 1. Schematic illustration of the procedure for the synthesis of ultra-thin β-Ni(OH)2 nanoplates.


The structure, morphology, and composition of the samples were studied by using an X-ray diffractometer (XRD, D8 Advance, Bruker), a field-emission scanning electron microscope (FESEM; JEOL JSM7100F), and an atomic force microscope (AFM, Dimension FastScan, Bruker). X-ray photoelectron spectroscopy (XPS) measurement was performed on an ESCALAB 250xi XPS spectrometer, using monochromatic Al Ka X-rays.



Assembly of Asymmetric AFSC and Electrochemical Measurement

The slurry of asymmetric AFSCs was prepared by mixing acetylene black, poly(vinylidene fluoride), and AC with N-methyl-2-pyrrolidone in a mass ratio of 1:1:8. Then, the slurry was dip-coated on the Ni foam (1 × 2 cm) and dried at 120°C for 10 h. The mass loading of negative material (AC) was calculated by Equation 1 based on the charge balance between positive and negative electrode (Guo et al., 2019).

[image: image]

Where m+ (g) and m− (g) are the active material mass of positive and negative electrode, respectively. C+ (F g−1) and C− (F g−1) stand for the specific capacitance of positive and negative electrode, respectively. V+ (V) and V− (V) are the potential window of positive and negative electrode, respectively. The mass of the AC is about 1.6 mg cm−2, respectively.

By mixing 2 g of KOH, 2 g of PAAK, and 20 ml of deionized water under stirring at room temperature, the PAAK/KOH gel electrolyte is ready to use when it became clear and transparent. A filter paper was served as the separator. Finally, the three components [positive electrode β-Ni(OH)2, negative electrode AC, and separator] dip-coated with the prepared electrolyte were assembled into an asymmetric AFSC.

The electrochemical performance of the β-Ni(OH)2 electrode was studied using a three-electrode system. β-Ni(OH)2, Hg/HgO, platinum foil (2 m × 2 cm), and 1 M of KOH aqueous solution were used as the work electrode, reference electrode, counter electrode, and electrolyte, respectively. The electrochemical tests such as alternating current electrochemical impedance spectroscopy (EIS), galvanostatic charge/discharge (GCD), and cyclic voltammetry (CV) were performed by means of the Zahner electrochemical workstation (CIMPS-2). The cycling stability was studied by using the LANHE battery testing system (CT2001A). The electrochemical performance of the asymmetric AFSCs was also studied by the same testing devices.




RESULTS AND DISCUSSIONS

Figure 2A shows the XRD pattern of the as in-situ grown sample. In order to display the sample diffraction peaks more intuitively, the diffraction intensity has been processed by logarithm. One can see that the diffraction peaks at 20.2, 33.6, 38.8, and 59.8° correspond to (001), (100), (101), and (110) of Ni(OH)2, respectively, which is consistent with β-Ni(OH)2 (JCPDS 14-0117) (Ji et al., 2013). Meanwhile, there are other three dark yellow peaks locating at 44.5, 51.8, and 76.4°, which belong to the diffractions of the Ni foam (JCPDS 04-0850) (Kim et al., 2017). Figures 2B,C show the SEM images of β-Ni(OH)2 with different magnifications. It is obvious that the β-Ni(OH)2 nanoplates are in-situ grown uniformly on the surface of Ni foam, forming three-dimensional porous network structure. From the inset of Figure 2C, it can be seen that the nanoplates are extremely thin. In order to further determine the thickness of β-Ni(OH)2 nanoplates, AFM image is shown in Figure 2D and Supplementary Figure 1. It can be seen that the morphology is irregular after ultrasonic treatment. Using the Step Model in NanoScope Analysis Software, we can obtain the step height of selected area in nanoplate. Considering that there is a little error in the AFM test, the thickness distribution is shown in Supplementary Figure 1. It can be seen that the thickness of β-Ni(OH)2 nanoplate is about 2.4 ± 0.2 nm, which is much thinner than those of β-Ni(OH)2 in previous reports (Lu et al., 2011; Li et al., 2020). Figures 2E,F shows the XPS curves of Ni and O elements in Ni(OH)2 nanoplate. The peak of Ni 2p3/2 is located at 855.6 eV with a shake-up satellite (denoted as “Sat.”) peak at about 861.5 eV; meanwhile, Ni 2p1/2 characteristic peak is located at 873.2 eV with a shake-up satellite peak at about 879.9 eV. The spin-orbit splitting energy of Ni 2p1/2 and Ni 2p3/2 is at 17.6 eV, corresponding to the chemical state of Ni2+ (Chang et al., 2014). In addition, two oxygen bonds peaks can be observed from the O1s spectrum in Figure 2F. The peak at 531.2 eV is attributed to the nickel–oxygen bonds and the peak at 533.9 eV may be attributed to the physic/chemisorbed water on the surface of β-Ni(OH)2 nanoplates (Chang et al., 2014).


[image: Figure 2]
FIGURE 2. Phase, microstructural, and chemical state analysis of Ni(OH)2 nanoplates. (A) XRD patterns. (B,C) The SEM images at different magnifications. Inset of C is a high-magnification SEM image. (D) AFM image of ultra-thin Ni(OH)2 nanoplates, inset is the thickness curve. (E) XPS peaks of Ni 2p. (F) XPS peaks of O1s.


Figure 3 shows the electrochemical performance of as-prepared electrode based on ultra-thin β-Ni(OH)2 nanoplates [Ni(OH)2@Ni Foam] using the three-electrode system (vs. Hg/HgO). Figure 3A is the comparison of CV curves of bare Ni foam and Ni(OH)2@Ni Foam electrodes at a scan rate of 3 mV s−1. It can be seen that the curve of Ni Foam electrode has a quite small area, indicating that the Ni foam has a slight capacitance. In addition, after hydrothermal reaction, the Ni(OH)2 nanoplates grows on the surface of Ni foam, which may hinder the electrolyte from contacting the nickel foam extremely, resulting in a smaller capacitance contribution in energy storage. Supplementary Figure 2 shows the comparison of GCD curves, which also demonstrates that the Ni foam has a tiny capacitance. Therefore, we can approximately ignore the contribution of Ni foam in the capacitance calculation process. The CV curves of Ni(OH)2 nanoplates are obtained at different scan rates ranging in potential window from 0 to 0.7 V (Figure 3B). The typical irregular shapes with clear redox peaks can be observed, revealing that Faradaic redox reactions dominate the energy storage. The redox reaction during charging-discharging process might be described as follows:


[image: Figure 3]
FIGURE 3. Three-electrodes electrochemical measurements of β-Ni(OH)2 electrodes in 1 M of KOH aqueous solution. (A) CV curves of the electrodes with scan rates from 3 to 20 mV s−1. (B) Specific capacitance and capacitance retention at different current densities. (C) GCD curves at various current densities. (D) Dependence of peak current and sweep speed after taking the logarithm. (E) Impedance Nyquist plots of the three-electrodes. (F) The cyclability of the electrode, the capacitance retention remains 86.3% after 5,000 cycles.
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It's obvious that two redox peaks are almost symmetrical, indicating that the electrode based on β-Ni(OH)2 nanoplates has excellent reversibility. In addition, all the CV curves can still keep similar shape at different scan rates, revealing a good stability.

According to the CV curves, the specific capacitance (F g−1) of the β-Ni(OH)2 electrode can be calculated through following equation (Wu et al., 2017):

[image: image]

Where I (A) is the instantaneous current in CV curve, m (g) is the mass of the active material, v (mV s−1) is the scan rate which represents the speed of the potential change during the positive and negative sweeps in the CV measurement, and ΔV (V) is the applied potential window which presents the range of potential change.

The specific capacitance and rate capability at different scan rates are shown in Supplementary Figure 3. Especially, the gravimetric capacitance achieves as high as 1,452 F g−1 at the scan rate of 3 mV s−1. Of particular importance is that β-Ni(OH)2 electrode also possesses excellent rate capability, remaining a superior capacitance value of 60% (869 F g−1) at a scan rate of 20 mV s−1, which attributes to the unique ultra-thin structure. Figure 3C shows the GCD curves obtained at different charging and discharging current densities. The obvious potential plateaus correspond to the pseudocapacitive behavior during the energy conversion and storage. Superior reversible redox capacity can also be demonstrated from the symmetric curves. To further understand the charge storage mechanism of as-prepared ultra-thin β-Ni(OH)2 nanoplates, the capacity contribution category is discussed in detail. According to the CV curves, the peak current (i, mA) and scan rate (v, mV s−1) obey the following functional relationship (Ju et al., 2020; Wang et al., 2020):
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Where a and b are adjustable parameters. After linear fitting log(i) and log(v), the curve shows in Figure 3D and the Adj. R-Square is about 0.99. According to the curve, it can be obtained that the b-value is 0.5, which means that the ultra-thin β-Ni(OH)2 nanoplates belongs to battery type material and the capacity comes from the Faraday intercalation reaction controlled by diffusion (Wang et al., 2007). This result corresponds to the GCD curve mentioned above, which has obvious potential plateaus as same as battery type material (Fleischmann et al., 2020). In this regard, designing ultra-thin nanostructure to avoid the layers from aggregation and stacking is of great significance. The b-values also indicate that the as-prepared β-Ni(OH)2 nanoplates have excellent channels for ions intercalation. As for the electrical and ionic conductivities of β-Ni(OH)2 electrode, the Nyquist plot with the frequency from 100 kHz to 10 mHz is obtained via the EIS-test (Figure 3E). In the low frequency region, the Nyquist plot is almost a vertical line, while the shape of bare Ni foam is like an semi-circle, suggesting the β-Ni(OH)2 nanoplates have good capacitive behavior. In the range of high frequency region, it can be concluded that the equivalent series resistance is about 1.1 Ω (RESR, including the solution resistance, the contact resistance among active material and substrate, and the internal resistance of the active material) (Zhao et al., 2018), indicating a small electrode resistance as well as fast charge-transfer rate between the β-Ni(OH)2 nanoplates and electrolyte. Meanwhile, the bare Ni foam shows a larger RESR of 1.6 Ω, which may be due to that the nickel oxide formed on the surface of the Ni foam during charging and discharging hinders the charge transfer. The smaller RESR of Ni(OH)2 electrode also indicates that the Ni(OH)2 nanoplates growth on the surface of Ni foam can prevent electrolyte from contacting the nickel foam. Figure 3F shows the cycling stability of β-Ni(OH)2 electrode after charging-discharging 5,000 times at 3 A g−1. The capacitance increases about 15% during the first 300 cycles, which may be caused by the activation effect (Zhang et al., 2015). After 5,000 cycles, the specific capacitance stills retain 86.3% of the original value, demonstrating a good cycling stability.

To further evaluate the application potential of β-Ni(OH)2 electrode for energy storage, a rechargeable asymmetric AFSC configuration is built based on AC negative electrode and β-Ni(OH)2 positive electrode, as schematically illustrated in Figure 4A. Figure 4B shows that the asymmetric AFSC has a high and stable potential window of 1.5 V, which is important to enhance the energy density. Figure 4C is the result of CV measurement for the assembled AFSC at different scan rates. There are obvious redox reactions during the charging and discharging process, and the similar shapes indicate the assembled AFSC has excellent stability. Figure 4D is the GCD curves at different current densities and the detail discharging curves are shown in Supplementary Figure 4.


[image: Figure 4]
FIGURE 4. The electrochemical performance of the asymmetric AFSC device. (A) Schematic of the assembled AFSC device. (B) GCD curves at various potential windows. (C) CV curves at different scan rates. (D) GCD curves at different current densities. (E) EIS result of the AFSC. (F) Capacitance retention after 5,000 cycling times.


According to the GCD curves, the specific capacitance (F g−1) of the AFSC can be calculated by Equation 6 (Wu et al., 2017):

[image: image]

Where I (A) is the discharge current, m (g) is the mass of the active material, Δt (s) is the discharge time, and ΔV (V) is the potential window.

The specific capacitances at different current densities are shown in Supplementary Figure 5. It can be seen that the capacitance is 198 F g−1, gradually decreasing to 104.6 F g−1 as the current density increasing from 2 to 15 A g−1, where a good capacity retention value of 53% is exhibited at 15 A g−1. This phenomenon maybe due to the diffusion movement of electrolyte ions is limited during high charging-discharging process. Thus, only the outer surface of β-Ni(OH)2 nanoplates can be used to storage charge, resulting in a low electrochemical utilization of the electrode materials.

To further study the capacitive behavior, the Nyquist plot is presented in Figure 4E. A straight line can be observed in the range of low frequency, the slope of which represents the Warburg resistance (Rw), which is caused by the diffusing resistance of electrolyte ions transferring into the interior of ultra-thin β-Ni(OH)2 nanoplates (Zhao et al., 2018). The straight line almost parallels to the imaginary axis, revealing the β-Ni(OH)2 electrode has low Rw and fast ions diffusion. From the magnified area of the high frequency portion, it can be determined that the RESR of the asymmetric AFSC is 0.5 Ω (Inset of Figure 4E). Moreover, the β-Ni(OH)2-based AFSC also shows good cycling stability (Figure 4F). After 5,000 cycles at 3 A g−1, the capacitance still retains 82.2%.

In addition, the energy density (E, Wh kg−1) and power density (P, W kg−1) of the AFSC can be calculated by the following equations (Wu et al., 2017):
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Where C (F g−1) is the specific capacitance, ΔV (V) is the potential window and Δt (s) is the discharge time.

Figure 5 shows the Ragone plot of performance comparison between our AFSC and the state-of-the-art reported supercapacitors based on Ni(OH)2. Impressively, at a power density of 1.5 kW kg−1, the AFSC can keep a high energy density of 62 Wh kg−1. Even under a high power density of 12 kW kg−1, the specific energy density can still achieve 32.7 Wh kg−1. Moreover, it is worth noting that the value reported here has exceeded those reported work recently such as FeCo2S4/Ni(OH)2//AC (55.3 Wh kg−1), NiCo2S4/Ni(OH)2/PPy//AC (34.7 Wh kg−1), Ni(OH)2//HPC (40.9 Wh kg−1) etc. (Supplementary Table 1; Ghosh et al., 2015; Salunkhe et al., 2015; Zhao et al., 2016; Wang et al., 2017; Liang et al., 2018; Liu et al., 2018; Qin et al., 2018; Yang et al., 2018; Zhang et al., 2018; Zhou et al., 2020). The excellent electrochemical performance of the asymmetric AFSC is attributed to the unique nanostructure of β-Ni(OH)2. The nanoplates in-situ growing on Ni Foam form a porous network structure, which can not only prevent aggregation but also improve ion transport in the whole electrode and the electrolyte accessibility of β-Ni(OH)2. Meanwhile, the ultra-thin thickness of the nanoplates can effectively avoid the influence caused by layers stacking. (All detailed electrochemical performance of the AFSC is listed in Supplementary Table 2.)


[image: Figure 5]
FIGURE 5. Power densities and energy densities of the AFSC devices in comparison with the state-of-the-art reported supercapacitors based on Ni(OH)2 materials.


Considering that different applications have special requirements for capacity and potential, two AFSCs are assembled in both parallel (Figure 6A) and series connections (Figure 6B). Obviously, compared with the individual AFSC, the discharge time of two AFSC in parallel connection is much longer at the same current density, indicating that the capacity is increased by parallel connection. In the meantime, the potential window of two ASFCs connected in series is enlarged to 3 V. These results indicate that fabricated asymmetric AFSC can satisfy different demands in term of potential window and capacity. The background of Figure 6B is two blue LEDs in parallel, which can run for 5 min powered by two ASFCs connected in series charged to 3 V. Similarly, an electronic watch also can be driven by two AFSCs (Supplementary Figure 6). Flexibility is also an importance index for practical application. As shown in Figure 6C, at different bending angles, the changes in size and shape of the CV curves are almost unchanged, indicating that the AFSC still maintains good chemical stability under bending. Moreover, after folding for 1,500 times at 180 degrees, the capacity still maintains 86% of the original value, which further confirms the good flexibility of the AFSC (Figure 6D). Besides, attaching two AFSCs in series to the PET board and wrapping them around the hand, an electronic watch still can be powered stably for 10 min. These results give evidence that the fabricated AFSC possesses a high potential for applying in flexible and wearable electronic device.


[image: Figure 6]
FIGURE 6. The practical application of AFSC devices. (A) GCD curves of two AFSC devices connected in parallel. (B) GCD curves of two AFSC devices connected in series, the background is the two working blue LEDs. (C) Bending angle-tests of the AFSC, inset is the digital photograph. (D) Capacitance retention of the AFSC after 1,500 times (bending angle: 180°), the background shows a digital watch driven by two AFSCs connected in series.




CONCLUSIONS

Ultra-thin β-Ni(OH)2 nanoplates grown on Ni foam are successfully prepared by a facile method. The β-Ni(OH)2 electrode exhibits a large specific capacitance and high rate capability. The asymmetric AFSC shows superior performance such as potential window (1.5 V), energy density (62 Wh kg−1 at the power density of 1.5 kW kg−1), cycling stability (about 82% capacitance remained over 5,000 cycles), and flexibility (about 86% capacitance remained over 1,500 folding times). The demonstrated performance for AFSCs suggests a great potential to convert and store energy for portable and wearable electronic devices. This work demonstrates that the rational design of ultra-thin nanostructure is an effective strategy to improve the electrochemical performance of 2D materials.
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Four new different porous crystalline Cd(II)-based coordination polymers (CPs), i. e., [Cd(mdpt)2]·2H2O (1), [Cd2(mdpt)2(m-bdc)(H2O)2] (2), [Cd(Hmdpt)(p-bdc)]·2H2O (3), and [Cd3(mdpt)2(bpdc)2]·2.5NMP (4), were obtained successfully by the assembly of Cd(II) ions and bitopic 3-(3-methyl-2-pyridyl)-5-(4-pyridyl)-1,2,4-triazole (Hmdpt) in the presence of various benzendicarboxylate ligands, i.e., 1,3/1,4-benzenedicarboxylic acid (m-H2bdc, p-H2bdc) and biphenyl-4,4′-bicarboxylate (H2bpdc). Herein, complex 1 is a porous 2-fold interpenetrated four-connected 3D NbO topological framework based on the mdpt− ligand; 2 reveals a two-dimensional (2D) hcb network. Interestingly, 3 presents a three-dimensional (3D) rare interpenetrated double-insertion supramolecular net via 2D ···ABAB··· layers and can be viewed as an fsh topological net, while complex 4 displays a 3D sqc117 framework. Then, the different gas sorption performances were carried out carefully for complexes 1 and 4, the results of which showed 4 has preferable sorption than that of 1 and can be the potential CO2 storage and separation material. Furthermore, the stability and luminescence of four complexes were performed carefully in the solid state.

Keywords: coordination polymers, structural variations, topologies, gas adsorption, luminescent properties


INTRODUCTION

The coordination polymers (CPs) have gained considerable research interest by the self-assembly of various organic linkers (including different functional groups) with metal ions/clusters due to their special topological nets and broad applications (Wang et al., 2014, 2015; Smith et al., 2015; Wang and Wang, 2015; Dey et al., 2017; Hong et al., 2017; Islamoglu et al., 2017; Kariem et al., 2017; Lin et al., 2017; Li et al., 2018; Xing and Janiak, 2020; Zhang et al., 2020). Generally, the coordination preference of the nature of ligands and geometries of ions are the primary considerations in the preparation process of CPs. However, other factors, such as the choice of auxiliary ligands, pH, template effect, as well as reaction temperature, etc., are considered to be the great roles in the fabrications of the desired structures (Chen et al., 2015; Song et al., 2015; Waller et al., 2015; Blandez et al., 2016; Lannoeye et al., 2016; Manna et al., 2016; Rosa et al., 2016; Lu et al., 2017). Besides, the typical non-covalent supramolecular interlocks, including H-bonding, π···π stacking, etc., may also help to fine-tune the structural assemblies (Wheeler, 2013; Yadav and Gorbitz, 2013; Bhattacharya et al., 2014, 2016; DeFuria et al., 2016; Ju et al., 2016; Li et al., 2016, 2017; Song et al., 2016; Yao et al., 2016; Park et al., 2017). Thus, it is essential to explore these factors to further help study the relationship of structures and properties.

The current research findings have presented that N-containing heterocyclic ligands possess excellent binding abilities with different center metal ions to construct various CPs. Further, most of them may be acted as the neutral building units and also as the anionic units by releasing the acidic N-H groups of the ligands, showing more versatile coordination fashions (Lin et al., 2010, 2011; Chen et al., 2013; Li et al., 2019). Recently, there are some studies mainly focused on the N-heterocycles and their derivatives with five-membered rings (including the imidazole, triazole, or tetrazole groups, etc.) and multicarboxylate as mixed ligands to build different porous CPs (Pachfule and Banerjee, 2011; Chen et al., 2013; Liu et al., 2014; Qin et al., 2014; Wang et al., 2014; Du et al., 2015; Li et al., 2016, 2017; Yan et al., 2017), which often show exceptional gas sorption and luminescent performances. Similarly, the phenlycarboxylate tectons have also been proven to be the great candidates to yield functional CPs because of their abundant coordination modes with ions (Chen et al., 2013; Li et al., 2015; Jin et al., 2016; Wu et al., 2017).

As a combination of the above stated facts and our previous works, a rigid N-heterocyclic 3-(3-methyl-2-pyridyl)-5-(4-pyridyl)-1,2,4-triazole (Hmdpt) ligand was deliberately chosen with three kinds of phenyldicarboxylate linkers, i.e., 1,3/1,4-benzenedicarboxylate (m-H2bdc, p-H2bdc) and biphenyl-4,4′-dicarboxylate (H2bpdc) to prepare porous CPs in this study. The Hmdpt tecton has lots of coordination sites and also can be the excellent hydrogen bonding donor/acceptor in the assembly of new CPs. Herein, four new Cd(II)-CPs, [Cd(mdpt)2]·2H2O (1), [Cd2(mdpt)2(m-bdc)(H2O)2] (2), [Cd(Hmdpt)(p-bdc)]·2H2O (3), as well as [Cd3(mdpt)2(bpdc)2]·2.5NMP (4), were synthesized successfully. Complex 1 displays a 2-fold interlocked four-connected NbO framework; 2 reveals a two-dimensional (2D) hcb network. More interestingly, complex 3 presents a three-dimensional (3D) rare interlocked double-insertion fsh supramolecular net via 2D ···ABAB··· layers, while 4 is a 3D sqc117 network. Their structural diversity indicates that the different secondary benzendicarboxylate linkers have great influence on the assembly process of new CPs. The stability and luminescence were investigated carefully for four complexes in the solid state. Especially, the different gas sorption performances have been carried out for 1 and 4 in detail, indicating 4 has preferable adsorption than that of 1 and can be the potential CO2 capture/separation material.



EXPERIMENTAL SECTION


Materials and General Methods

All the reagents/solvents were brought to use in the experiments with no further purification. The characterization methods of the four complexes are given in section Materials and General Methods. Because the synthesis processes of four CPs are very similar, thus the synthesis of CP 1 is only presented herein briefly, and others can be found in the supporting information.

Synthesis of [Cd(mdpt)2]·2H2O (1). A mixture of 3CdSO4·8H2O (0.05 mmol, 38.5 mg), Hmdpt (0.05 mmol, 11.8 mg), DMA (4 ml), and H2O (6 ml) was mixed in a 25-ml Teflon-lined stainless steel vessel, which was heated at 120°C for 72 h and then cooled to room temperature at the rate of 10°C/h to form colorless block crystals. Yield is 63% (based on Hmdpt). Elemental analysis of 1, calculated (%): C 51.75, N 23.22, H 3.98; found: C 51.68, N 23.38, H 3.73. Fourier Transform Infrared spectra (FT-IR) (cm−1): 3,525 (m), 3,436 (m), 3,244 (m), 1,612 (m), 1,424 (m), 1,110 (s), 839 (w), 716 (w), 608 (s).



X-Ray Crystal Structure Determinations

The instruments used for X-ray crystallographic measurements and the refinement methods and details by SHELXL-97 (Sheldrick, 1997) are displayed in section X-Ray Crystal Structure Determinations. The crystallographic data of four CPs are listed in Table 1. The Cambridge Crystallographic Data Centre (CCDC) numbers of the four CPs are 1543594–1543597, respectively.


Table 1. Crystal data and refinements of four complexes.
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RESULTS AND DISCUSSION


Structure Description of [Cd(mdpt)2]·2H2O (1)

Based on the X-ray single-crystal diffraction of complex 1, it crystallizes in the R-3 trigonal system. Each Cd(II) ion is coordinated octahedrally with 2-pyridyl/triazolate N atoms from two mdpt− linkers as the trans fashion as well as 4-pyridyl N atoms from the adjacent units (Figure 1A), and the similar complex of which has been reported before (Lin et al., 2010). The Cd–N lengths are the 2.215–2.408 Å, and the angles via Cd(II) center are 71.27° (8)−180.0°.


[image: Figure 1]
FIGURE 1. (A) The Cd(II) coordination geometry of 1. (B) One-dimensional (1D) chain-like motif of 1. (C) Three-dimensional (3D) space-filling view of 1. (D) Topological representation of 1.


The mdpt− linker holds two coordination fashions, i.e., bridged/chelated bidentate fashions ([image: image] and [image: image]) in 1, to coordinate with Cd(II) ions (Figure 1B and Supplementary Figure 4) to form a porous 3D framework (Figure 1C), and the void volume ratio of which is about 23.2% after exclusion of the guest water molecules by the calculation of PLATON program. Topologically, each ligand links two Cd(II) centers and each Cd(II) center joins four different bridged linkers, respectively. Thus, complex 1 displays a 2-fold four-connected interpenetrating NbO topological type with the (64.82) point symbol (Figure 1D).



Structure Description of [Cd2(mdpt)2(m-bdc)(H2O)2] (2)

When the different carboxylate ligands are introduced in the reaction systems, Cd(II) centers are more prone to coordinate with O atoms than N atoms via the soft–hard acid–base (SHAB) principle, thus making various dimensionalities and structures of complexes (Zhang S. et al., 2013; Zhang X. et al., 2013). Herein, complex 2 has the P21/c monoclinic system. The asymmetric unit holds two independent Cd(II) centers, two mdpt−, one m-bdc2− linker, as well as two coordinated waters. All the Cd(II) ions have the hexa-coordinated geometries and possess the similar modes to link different ligands. Each Cd(II) center makes coordination with two O atoms of one m-bdc2−, one O atom of water molecule, and three N atoms of two different mdpt− tectons (Figure 2A). The Cd–O/Cd–N distances are 2.272–2.434/2.267–2.371 Å, respectively; and the angles via Cd(II) ion are 55.49°-175.63° (Supplementary Table 1).


[image: Figure 2]
FIGURE 2. (A) The Cd(II) coordination environments of 2. (B) One-dimensional (1D) chain motif of 2 along a axis. (C) Two-dimensional (2D) layered structure of 2. (D) Topological net of 2.


In 2, Cd(II) ions are connected through mdpt− ligand to give rise to a 1D wave-like motif (Figure 2B). These adjacent 1D chains are further extended by m-bdc2− tectons to yield a waved 2D layered structure along the a axis (Figure 2C). Topologically, each mdpt− and m-bdc2− linker two Cd(II) centers, which can be regarded as three-connected nodes, thus, the 2D structure can be viewed as a three-connected (63) hcb net (Figure 2D). In addition, there exist the different hydrogen H-bonding interlocks (N2···O5, N7···O6) in the adjacent parallel 2D networks, which help to combine these 2D motifs as a final 3D supramolecular structure (Figure 3).


[image: Figure 3]
FIGURE 3. The intermolecular H-bonding interlocks between the two-dimensional (2D) layers, yielding a three-dimensional (3D) supramolecular motif along c axis.




Structure Description of [Cd(Hmdpt)(p-bdc)]·2H2O (3)

Compared with the m-H2bdc ligand, the distance of the carboxylate groups of p-H2bdc is much farther to each other, which thus results in the various mode with Cd(II) centers and structure of 3. Compound 3 has the P21/n monoclinic system. The building block consists of a Cd(II) center, an Hmdpt, a p-bdc2− tecton, and two guest waters. Each Cd(II) center adopts a seven-coordinated environment in which four O atoms are from the same p-bpc2− and three N atoms are derived from two Hmdpt linkers (Figure 4A). The Cd–N/Cd–O lengths are 2.363~2.374/2.329~2.5175Å, and the angles via Cd(II) ion are 53.56–162.80° (Supplementary Table 1).


[image: Figure 4]
FIGURE 4. (A) The Cd(II) coordination geometry of 3. (B) The binuclear unit of 3. (C) The two-dimensional (2D) layered motif of 3 via the a axis. (D) The 2-fold interlocked topology of 3.


In 3, the N atoms of Hmdpt ligand adopt 2-pyridyl and triazolate 1-nitrogens chelating and 4-pyridyl bridging modes with two Cd(II) ions, forming a secondary building unit [Cd2(mdpt)2] (Figure 4B), which produced an infinite 1D chain motif through p-bdc2− ligand (Supplementary Figure 1). The neighboring 1D chains were successfully bridged by p-bdc2− linkers to produce a new 2D layer via the a axis (Figure 4C). Like that of complex 2, although 3 is also a 2D layered motif, however, the 2D layers are characterized by the accumulation of ···ABAB··· fashion. Further, the hydrogen bonds between the AA layers and water molecule O6 form a 3D supramolecular network and then interpenetrate with the 3D net held by the BB layers (Supplementary Figure 2). When the topological method is employed for analyzing the structure, complex 3 can be simplified as (4,6)-connected fsh framework, and the point symbol of which is (43.63)2(46.66.83) (Figure 4D).



Structure Description of [Cd3(mdpt)2(bpdc)2]·2.5NMP (4)

Due to the distance of two carboxylate groups of H2bpdc longer than those of 3, thereby, a 3D dense framework of 4 is formed. Complex 4 crystallizes in the monoclinic C2/c crystal system. There contain three kinds of Cd(II) centers, two mdpt− tectons, as well as two bpdc2− linkers to form the asymmetric unit. The Cd–O/Cd–N distances are 2.185–2.613/2.229–2.395 Å, respectively.

Due to the twist of the two benzene rings, which makes the Cd1 and Cd2 centers adopt the same hexa-coordinated geometries but different coordination environments, where the Cd1 center takes coordination with three O atoms of bridging bpdc2− tectons and three N atoms of mdpt− linkers, the Cd2 center is bonded with four O atoms of bridging bpdc2− tectons as well as two N atoms of mdpt− linkers (Figure 5A). The deprotonated carboxylates exhibit [image: image] and [image: image] (Supplementary Figure 5) coordination modes and the N2, N3 of the mdpt− ligands are coordinated with three Cd(II) ions to result in a new [Cd3(μ2-COO)4N4] secondary building unit (SBU) (Figure 5B). Such SBUs are further bridged by mdpt− tectons to afford a 2D [Cd3(mdpt)2] layered motif along the a axis (Figure 5C). Moreover, these 2D adjacent motifs are further supported by introducing the flexible bpdc2− linkers as the pillars to produce a 3D porous pillar-layered framework along the b axis (Figure 5D). As shown in Supplementary Figure 4, a pore space-filling structure is presented, and the void ratio is about 32.9% based on the PLATON program calculation. From a topological viewpoint, each Cd SBU may be simplified as the eight-connected nodes, and the overall net thus forms a (36.412.58.62) sqc117 net (Figure 6).


[image: Figure 5]
FIGURE 5. (A) The Cd(II) coordination geometries of 4. (B) The [Cd3(μ2-COO)4N4] SBU of 4. (C) The two-dimensional (2D) layered motif based on mdpt− tectons of 4 via the a axis. (D) The three-dimensional (3D) porous structure of 4 via the b axis.



[image: Figure 6]
FIGURE 6. The topological framework of 4.


From the above structural features of four CPs, it can be found that the different auxiliary tectons may give rise to the new structural variations and then further help to fine-tune the properties of CPs. In the same reaction systems, the minor differences of the ligands will make great changes in the assembly processes of CPs, the benefit of which should be explored carefully to control the fabrications of new CPs with desired structures and performances.



Powder X-Ray Diffraction Measurement and Thermal Stabilities

The mass identities and phase purity of the four complexes were tested by comparisons of the experimental and the simulated powder X-ray diffraction (PXRD) patterns from the X-ray single-crystal data (Supplementary Figure 6), indicating the high-quality crystalline products.

The Thermogravimetric analysis (TGA) data were also tested carefully for studying the stability of the four complexes (Supplementary Figure 7). It is found that complex 1 firstly loses its guest waters in ~30–113°C [observed (obsd.) ~5.9%, calculated (calcd.) ~4.7%] and then collapse the linkers gradually. For complex 2, a plateau is observed from the beginning to 30°C and then a ~3.3% loss in ~30–201°C, which matches well with the removal of two coordinated waters (calcd. ~4.0%); the second ~22% loss appears in ~315–366°C, which is attributed to a collapsed m-H2bdc ligand, and then the rest of the ligand starts to decompose gradually. Complex 3 loses guest waters in ~30–100°C (obsd. ~6.3%, calcd. ~6.6%), then follows a plateau of stability to ~306°C, and then an abrupt 29% loss in ~306–349°C, matching with the p-bdc loss (calcd. ~30%). Complex 4 incurs a ~15.4% loss in ~30–267°C for reduction in all NMP molecules (calcd. ~16.1%), then holds the stability to ~357°C.



Gas Sorption of Complexes 1 and 4

The gas capture isotherms were tested carefully to prove the void properties of 1 for CO2 and CH4. The crystalline product of 1 was soaked in CH2Cl2 for 24 h and then dried under vacuum at 80°C to afford the desolvated 1a. The gas captures of 1a were performed carefully at 195 and 273K, respectively. At 1 atm, the uptake amount is 55.1 cm3 g−1 (1.08 wt.%) for CO2 (Figure 7), which is greatly higher than the CH4 uptake (16.4 cm3 g−1, 0.12 wt.%) at 195K. The gas sorption of CO2/CH4 was also performed at 273K (Supplementary Figure 9), and the CO2/CH4 uptake is 29.6/11.0 cm3 g−1 (0.58/0.08 wt.%) at 1 atm, respectively. Interestingly, the hysteresis effect is found for the CO2 sorption of 1a, the reason of which might be the interactions of framework with CO2 to hinder the CO2 from the host framework in the sorption/desorption procedure (Biswas et al., 2013; Boldog et al., 2013; Liang et al., 2013; Han et al., 2017). Further, the PXRD patterns still closely matched well with the stimulated patterns of 1 (Supplementary Figure 6), indicating that the sample after heating retained the intact host framework.


[image: Figure 7]
FIGURE 7. The CO2/CH4 sorption isotherms of 1a at 195K.


Compared with complex 1, 4 has preferable adsorption property, which may arise from introducing auxiliary H2bpdc ligand to give rise to more active sites and the flexibility of two benzene rings. Thus, the sorption isotherms were measured for N2/CO2/CH4 to verify the porosity of 4. Herein, 4 is soaked in CH2Cl2 for 24 h and dried at 150°C under vacuum to yield the desolvated crystalline product (4a) successfully, which is proved by the combination of the TGA and FT-IR tests (Supplementary Figure 8). At 77K and 1 atm, the N2 uptake is 8.74 cm3 g−1 and the capture isotherm has an obvious hysteresis in the sorption/desorption process (Supplementary Figure 10).

At 195K and 1 atm, the CO2 sorption has a higher capture amount (34.04 wt.%, 173.28 cm3 g−1) to further prove the pore performances of 4a. The Brunner-Emmet-Teller (BET) and Langmuir surface areas are 273.65/382.56 m2 g−1. Interestingly, the CO2 sorption exhibits a double abrupt increase at 0.04, 0.22 atm as a significant hysteretic desorption curve (Figure 8). In the initial step, the CO2 sorption amount is adsorbed as 109 cm3 g−1 (21.41 wt.%) for 4a, and then the isotherm has a sudden increase in the second step (P/P0 = 0.2) and finally keeps the saturation. The desorption process does not retrace the capture process, which shows the different hysteresis, and the amount is 119 cm3 g−1 (P/P0 = 0.1) at the end of desorption. The incomplete desorption suggests there exist the interactions of CO2 and pore surface. Generally, this phenomenon in rigid metal-organic framework (MOFs) may be ascribed to the sorbate/sorbent interlocks as the gases capture by surfaces of the structure, obtaining the various pores as it breathes (Bezuidenhout et al., 2015; Ichikawa et al., 2016; Esfandiari et al., 2017). When at relatively lower pressures, the two distorted benzene groups of bpdc2− ligand make the pore open, thus, leading to a rather large hysteresis.


[image: Figure 8]
FIGURE 8. The CO2/CH4 sorption isotherms of 4a at 195K.


The sorption isotherm of CH4 shows a lower amount (6.02 wt.%, 84.19 cm3 g−1) at 195K and 1 atm (Figure 8). However, it has a more obvious abrupt step with two sudden increases at 0.22/0.85 atm, which is similar to the CO2 isotherm. The CO2 is captured as 3.08 wt.% (43.23 cm3 g−1) for 4a in the initial step, and then the isotherm holds a sharp increase (P/P0 > 0.85) and finally keeps the saturation. And the desorption process also displays the several steps at the corresponding points. As a result, the large hysteresis loops happen, leading that the CH4 is packed in the structure at the lower pressures and not released right now on decreasing the external pressure (Liu et al., 2013; Handke et al., 2014; Ju et al., 2015; Hiraide et al., 2017; Sun et al., 2017).

The CO2/CH4 sorption properties of 4a were also explored at 273/298K. The CO2 uptake amounts are 57.53 cm3 g−1 (11.3 wt.%) and 34.28 cm3 g−1 (6.7 wt.%) at 273/298 K, 1 atm (Figure 9A), and the CH4 amounts are 12.83 cm3 g−1 (0.9 wt.%) and 4.75 cm3 g−1 (0.3 wt.%) at 273/298K. These results indicate that 4a has the selectivity for CO2 molecules, which is more evident at the higher temperature. Thus, the CO2/CH4 selectivity of 4a is calculated by ideal adsorbed solution theory (IAST) at 273K (Chen et al., 2015) (Supplementary Figure 11). Here, the CO2/CH4 molar fraction is set as 50/50 to simulate the content of biogas mixture (Figure 9B). The results present that CO2 selectivity rapidly ascends with increasing load for both mixed contents over CH4, and the selectivity CO2/CH4 is calculated as 5.7 from the equimolar gas phase mixture at 1 atm.


[image: Figure 9]
FIGURE 9. (A) The CO2/CH4 isotherms of 4a at 273/298K. (B) The ideal adsorbed solution theory (IAST) selectivity for equimolar CO2/CH4 mixture at 273K.


The capture enthalpy (Qst) was estimated to explore the CO2 affinity via the Virial equation of sorption isotherms at 273K (Supplementary Figure 12), revealing 4a has a higher CO2 affinity at high loading amount. The Qst has a slow decrease by the CO2 increasing capture; however, it is 23.2 kJ mol−1 at the final (Figure 10). This value is comparable to those of the hydrated HKUST-1, MAF-2, JUC-132, JLU-Liu, and NOTT-140 (30, 27, 30, 30, and 25 kJ/mol), but higher than those of most “benchmark CPs,” such as CuBTTri, MOF-5, and UMCM-1 (21, 17, 12 kJ/mol) (Wang et al., 2015) Thereby, complex 4 may be explored as a great gas adsorbent in many fields.


[image: Figure 10]
FIGURE 10. The CO2 Qst of 4a at 273K.




Luminescent Properties

Due to the great luminescent performances of the Hmdpt linker and d10 complexes (Chou et al., 2014; Kumar et al., 2014; Hu et al., 2015; Ye et al., 2015; Wang et al., 2016; Hong et al., 2017; Lim et al., 2017), the solid-state photoluminescence properties have been studied for the four complexes and Hmdpt as well as the various auxiliary benzendicarboxylates at room temperature (Figure 11 and Supplementary Figure 13), the emissions of which are given in Supplementary Table 2. The free Hmdpt shows the band at 472 nm when excited at 307 nm, attributing to the π* → π transition of the intra-ligand (Lin et al., 2017). The four complexes have their specific emissions, the bands of which were presented at 425 nm (λex = 321 nm) for 1, 380 nm (λex = 305 nm) for 2, 360 nm (λex = 289 nm) for 3, as well as 386 nm (λex = 336 nm) for 4, respectively. These emission bands are greatly similar to the free Hmdpt emission for the π–π* or n–π* intra-ligand transition (Sun et al., 2013; Wenger, 2013; Zou et al., 2013; Chen et al., 2017). In contrast to the Hmdpt, the emissions of four CPs have the similar blue shifts, which are considered to be the energy transfer from the Hmdpt ligand to the Cd(II) centers for the ligand-to-metal charge transfer (LMCT) (Cao et al., 2017).


[image: Figure 11]
FIGURE 11. The solid-state luminescent emission spectra of the four coordination polymers (CPs) and Hmdpt linker.





CONCLUSION

In summary, four new CPs with rigid Hmdpt and different benzendicarboxylate linkers have been successfully obtained. The different auxiliary carboxylates resulted in a series of new various structural CPs. Complex 1 has a 2-fold interlocked NbO net; 2 presents the 2D three-connected hcb net; 3 shows the double-insertion 3D fsh supramolecular network; and 4 displays a 3D eight-connected sqc117 net. The CH4/CO2 sorption behaviors of 1 and 4 have been carefully carried out at different temperatures. Remarkably, complex 4 has preferable sorption and high CO2 selectivity, making it as a useful gas storage/separation functional material.
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@Reaction conditions: 2.5 mmol of substrate, 5 umol (0.2 mol% vs. substrate) catalyst 1
or 2, 5 mmol of t-BuOOH (70% aq. solution), 0.5h, 80 or 120°C, MW irradiation (5 or

20W, respectively).

BMolar yield (%) based on substrate, i.e., moles of product per 100mol of substrate,

determined by GC.

¢ Turnover number = number of moles of product per mol of metal catalyst; TOF = TON

per hour (values in brackels).
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Thirumalai et al. (2008b)
Gdz02S:Eu
(Thirumalai et al., 2009a))
Gdz02S:Eu

Thirumalai et al. (2009b)
Y20:8:Eu

Lietal. (2009)
Y20,S:EuMg,Ti

Lietal. (2010)
Y20,S:EuMg.Ti

Aietal. (2010c)
Y20,S:EuMg.Ti

Cui et al. (2014b), Liu et al. (2014b)
Cui et al. (2014a), Liu et al. (2014a)
Y20,8:EuMg,Ti

Huang et al. (2014)
Y20,8:Eu,zn,Ti

Wang et al. (2015)
Luz02S:Eu

Cichos et al. (2016)
Gd20:S:Eu
Rosticher et al. (2016)
Gd028:EuMg,Ti

Yuan et al. (2016)
Y203:EWY20,S:Eu

Metal sources

Gd(NOg)s
Eu(NOg)s
Gd(NO3)3
Eu(NOz)s

Y(NOg)s
Eu(NOs)s

Y(NOs)s

Y(NOs)s

Y(NOg)s

Y(NOg)s
Eu(NOg)s
Mg(NOs)2
Ti(OBu)s
Y(NOg)s
Eu(NOg)s
Zn(NOg)2
Ti(OBu)s
LuNO3)3
Eu(NOG)3
Gd(NOs)s
Eu(NOs)s
Gd(NOs)s
Eu(NOs)s
Mg(NOs)2
TiCly
Y(NOg)s
EuNOs)s

Additives

NaOH (pH = 11)

NaOH (7 < pH < 13)

NaOH (7 < pH < 19)

NHs-H20

NaOH (pH = 14)

NaOH (pH = 1)

NaOH (pH = 13)

NaOH (pH = 13)

NaOH (pH = 11)
Thiourea, PVP K30

Urea
NaOH (pH ~ 8)
Thioacetamide

NaOH

Hydrothermal step

130-150°C
24-48h
100-180°C
12-48h

100-180°C
12-48h

260°C
5h

180°C
12h

180°C
12h

180°C
12h

180°C
12h

Annealing step

Ar/CS,/S/C, 700°C, 2-3 h

Ar/CS,/S/C, 700°C, 2-3 h

Ar/CS,/S/C, 600°C, 2 h

1/Ss in graphite (CS2), 800°C, 4 h
2/E0;03, TiOz,
Mg(OH)z-4Mg(COg)-6H20,
1100°C, 4 h

Hz, s, NazCOs, Euz0s, TiOz,
Mg(OH)-4Mg(CO3)-6H,0
600-800°C, 4h

1/Ss in graphite (CSz), 800°C, 4 h
2/Eu;03, TiOz,
Mg(OH)2-4Mg(COs)-6H20,
1100°C, 4 h

S6/C (CS2), 600-800°C, 6 h

S5/C (CSy), 600-800°C, 6 h

S/Np, 800°C,2 h

Ss, A, 950°C, 1h

Ar, 700°C, 2 h

Sg, N2, 600°C, 1h

Morphology (size)

Nanotubes (50 nm x few m)

Tunable: Spheres (@ 15 nm) +
hexagonal crystals (20-30 nm)
Nanoshests (15 x 80 nm?),
Nanobelts (25 nm x few pm)
Nanotubes (15 x 200 nm?),
Nanorods (15 x 100 nm?)
Nanowires (15 x 250 nm?)
Tunable: Spherical (15 nm) +
hexagonal crystals (20-40 nm)
Nanosheets (15 x 70 nm?),
Nanobelts (25 nm x few pm)
Nanotubes (10 x 200 nm?),
Nanorods (10 x 70 nm?)
Nanowires (15 x 250 nm?)

Nanorods (50 x 400 nm?)

Hexagonal nanoparticles (30-50nm)

Nanotubes (100-200 nm x 1-3 m)

Nanotubes (200 nm x 3 )

Nanotubes (200 nm x 3 pum)

Nanorods (20 x 500 nm?)

Imegular microcrystals (= 1 um) +
submicrospheres (300-500 nm)

Nanospheres (2 = 20 nm) + facetted
crystals (50-100 nm)

Iegular morphology (<150 nm)
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References
Phase

Kawahara et al. (2006)
Y20,S:Eu

Xing et al. (2009)
Y20,8:Yb,Ho

Pang et al. (2010)
Y20,8:Yb,Ho@SiO,-APTES
Bakhtiari et al. (2015)
Y20,S:Eu

Luo et al. (2009)
Y2028:Yb,Ho

Aietal. (20105)
Y20,S:Eu,Mg,Ti

Aietal. (20102)
Y20;8:EuMg,Ti

Fu etal. (2010)
Y20,8:Yb,Ho

Osseni (2012)
Gd2028:Eu

Dy202S:Eu

Ho,0pS:Eu

Osseni et al. (2011)

G20, S:EU@MSIO,

G, 0,S:EU@SIO,-APTMS

Yan et al. (20132)

Ln,0,8:Tb (Ln = Gd, Y)

Yan et al. (2013b)

Y20,8:Tb Er
Hernéndez-Adame et al. (2014)
Gdz0,8:Tb

Tian et al. (2015)
Y2028:Yb,Er

Cichos et al. (2016)
Gd20:S:Eu

Bagheri et al. (2016)
G 0,8:Pr

Tian et al. (2017)

Y20, S:Er@Y,0,8:Yb,Tm

Metal sources

Y(NOs)s
Eu(NGs)s
Y(NOs)s
Yb(NOgz)s
Ho(NOs)s

Y(NOs)s
Yb(NO)s
Ho(NO)s
Y(NOs)s
Eu(NOg)s

Y(NOs)s
Eu(NO3)s

Y(NOs)s

Yb(NOg)s
Ho(NOs)s
Gd(NOg)s
Dy(NOs)s
Ho(NO3)s
Eu(NOg)s
Gd(NOs)s
Eu(NOs)s

Ln(NOg)s
Tb(NOs)s
(Er(NOs)s)

Gd(NO3)s
Tb{NOg)s

Y(NOg)s
Yb(NOs)s
Er(NOg)s
Gd(NOs)s
Eu(NOs)s

Gd(NOs)s
Pr(NOg)s
Y(NOg)s
Er(NOg)s
Yb(NOs)s
Tm(NOs)s

Precipitation step(s)

1/Urea, glycol
100°C, 5 h
1/Urea 82°C
2/Aging t., 48 h

1/Urea (oleic acic) 82°C
2/Aging r1., 48 h

1/Urea
90°C,3h

1/Urea
90°C,2h

1/Na,COs
PEG 4000

1/Urea
EtOH 85°C

1/Urea
EtOH 856°C

1/Urea
~100°C, 1h

1/Urea

1/NH{HCO;
NHgH20

rt

1/Urea

~100°C

@2h, (6)24h
1/Urea

~100°C, 1h
1/Urea 82°C
2/Aging 1., 48 h

Annealing step(s)

2/S5, NapCO;
800-1,200°C, 2h

3/Air, 600°C, 1h

4/8 vapor (Sg at 400°C)
A, 800°C, 1h

3/Air, 600°C, 1 h
4/8 vapor (Sg at 400°C)

Ar, 550-600°C, 1 h

2/Air, 700°C, 2h

3/S5 in graphite (CS;) 800°C, 4 h
4/TiOz, Mg(OH),-4Mg(COs)-6H0
1,100°C, 4 h

2/S5 in graphite (CSz) 800°C, 4 h
3/Ti02, Mg(OH)-4Mg(CO5)-6H;0
1,100°C, 4 h

2/Air, 600°C, 1 h

3/S vapor (Sq at 400°C)

A, 800°C, 1h

2/Ar/H,S (83/17 v/v) 750°C, 90 min

3/Ar, 850°C, 4 h

2/Ar/HS (83/17 Vi) 750°C, 90 min

3/Ar, 850°C, 4 h

2/Na;C0s, Sg, LnzOs
900°C, 1h

2/Air, 800°C, 2h
3/S vapor (Sg at 900°C)
Nz, 900°C, 3 h
2/S vapor (Sg at 400°C)
N2, 900°C, 1h

2/Ss, Ar
950°C, 1h

2/Air, 600°C, 1h
3/8g,900°C, 1 h

3/S vapor (Sg at 800°C)
Ar, 800°C, 40 min

Intermediary phase(s)

1/Y(OH)s:Eu

2/¥(OH)COs:Yb,Ho*
3/Y,05:Yb,Ho (after annealing i air)

2/¥(OH)COs:Yb Ho*
3/Y;05:YbHo

2/Y203:Eu

1/¥(OH)COs:Eu
1/Y(OH)COs:Yb,Ho*
2/Y,05:YbHo
1/GAOH)CO5-H,O:Eu
Dy(OH)COg HzO:Eu
Ho(OH)COg-H,O:Eu
1/Gd(OH)COs-HzO:Eu
1/Ln(OH)COs-H,OTb
or

Y(OHICOs Hz0:Tb,Er

1/Gd(OH)CO3-H,0:To
2/Gd,05:Tb

1/Y(OH)x(COg)y:Yb Er
1/{a) amorphous

(b) GA(OH)COg:Eu
1/GAOH)COs-HzO:Pr

2/¥,05Er
2/V,05Er@Y;05:Yb,Tm

Final Morphology (Final size)

Nanocrystals (100-300 nm for
T < 1,100°)
Nanospheres (@~ 70 nm)

Nanospheres (@~ 50 nm)

Hollow submicrospheres
(@ = 350-400 nm)

Nanospheres (@ = 100-150 nm)

Nanocrystals (30-100 nm)

Nanospheres (@ = 60 nm for Gd,
170 nm for Dy, 53 nm for Ho)

Nanospheres, tunable diameter with
E{OH volume (@ = 100-250 nm)
Silica coating: 10 nm

Nanocrystals (50-200 nm)

Good conditions give nanospheres
© = 100nm)

Aggregated nanocrystals (30 nm)
(a) Nanospheres (@ ~ 130 nm)
(b) Microcrystals (~ 1 um)
Nanospheres (& = 25-80 nm)

Aggregated crystals (50-150 nm)

8Intermediary phase deducted from later works.
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Element Ln,0g

€/100 g°
Y 026
La 0.16
ce /
Pr 5.08
Nd 4.04
sm 0.17
Eu 371
Gd 1.72
To 380
Dy 159
Ho /
Er 201
Tm /
Yo /
L /

@Prices on Shanghai Metal Market. Original prices units are RMB/mt or RMB/kg and were converted

bPrices on Merck on October 29th 2018 for France.
SFrom more affordable to more expensive: biue-green-yellow-red.
*no stable isotope.

Ln;0g
99.99%, €/100 g

230
139
/
1,850 (99.9%)
722
79
3,140
2,560
3,900
1,040
806 (99.9%)
1,084
17,500
2,120
10820

Ln(NOg)s-xH,0
99.9%, €/100 g°

140 (99.8%)
89
359
236 (99.99%)
113
2n
2,608
235
1,420
166
776
233
3,300
430
5,040

Cost®
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Phase Space group Bonding® References

AnyAnOyS; and An,Ln,O,'S;

(An, actinide; Ln, lanthanide)

UnsPuosOS Tetragonal P/nmm s Marcon, 1967b

U2Puz0483 Orthorhombic Pbam® u Marcon, 1967b

UpLnz04S3 Orthorhombic Pbam u Marcon, 1967b; Tien et al., 1988

(Ln = La, Ce, Pr, Nd, Sm, Gd, Tb)

UpLngOsSs Orthorhombic Pnam u Ten et al., 1988

(Ln = La, Ce, Pr, Nd, Sm, Gd, Tb)

UpLag0sS5 Orthorhombic u Teen etal., 1988

UzLasO10Ss

Uzla0012S7

UsLnO, S5 Tetragonal [4/mmm s Guittard et al., 1986

(Ln = Gd, Dy, Ho, Er, Tm, Yb, Lu, Y)

UsLusO4Ss Tetragonal /4/mmm s Jaulmes et al., 1990

Ln, MO, S,

(Ln, lanthanicie or bismuth; M, Tst row transition metal)

Ln,TizOsS2 Tetragonal /4/mmm s Boyer etal., 1999; Goga et al., 1999
(Ln = Pr, Nd, Sm)

LayeTisO17S174x x = 0.75) Tetragonal /4/m u Meignen et al., 2003

LauTigOpSs Monodiinic C2/m u Gody and Ibers, 1995

LagTizOsSs Monoclinic P2;/m u Cody and Ibers, 1995

LaTisO4sS3s Monodiinic C2/m u Tranchitella et al., 1996

LagTiso04S24 Tetragonal P4/mmm u Gario et al., 1998

Las 75Tio 250424 Tetragonal P4/mmm u Tranchitella et al., 1998
Lag50Tio.5004S24

La.10Tis.0504S24

LagoTi1106Sus Orthorhombic Pmmn u Deudon et al., 1995

CezoTit106Sas Orthorhombic Pmmn u Cody et al., 1997

Nd6TisO17S17 Tetragonal [4/m u Boyer-Candalen et al., 2000a

Gl Tis1S10-yOesy Orthorhombic Pama u Meignen et al., 2004a

LnsVs07Ss Orthorhombic Pmnm u Vovan et al., 1981; Dugué et al., 1985
(Ln = La, Ce, Pr, Nd)

LaCros, Orthorhombic Pbnm u Vovan et al., 1978; Dugué et al., 1980a
LnCros, Monociinic B2/m u Vovan et al., 1978; Dugué et al., 1980b
(Ln = Ce, Pr, Nd, Sm)

LasMnOSs Hexagonal P6sme u ljaali et al., 2005

Ln,Fe,038, Tetragonal /4/mmm u Mayer et al., 1992; Charkin et al., 2011
(Ln=La, Ce, Pr)

LaCuOS Tetragonal P4/nmm s Palazzi, 1981; Doussier-Brochard et al., 2010
LasCuO:sS7 Orthorhombic Imma u Huang et al., 2000

CeCu,08 Tetragonal P4/nmm s Ueda et al., 2003; Chan et al., 2006
x=08;1)

PrCu0S Tetragonal P4/nmm s Lauxmann and Schleid, 2000

LnCuos Tetragonal P4/nmm s Popovkin et al., 1998

(Ln = Nd, Sm)

BiCuOS Tetragonal P4/nmm s Kusainova et al., 1994; Sheets et al., 2007
L, MO,S;

(Ln, lanthanide or bismuth; M, 2nd and 3rd row transition metal in d-block)

LagNbs0sS2 Orthorhombic Pnm u Brennan and Ibers, 1992; Cario et al., 2003
LagMOsS, Tetragonal /4/mmm s Cario et al., 2007

(M= Nb, Ta)

La-108NbsO20S10 Orthorhombic Immm u Boyer-Candalen and Meerschaut, 2000
CegNb04Ss Orthorhombic Pbam u Altmannshofer and Johrendt, 2008
SmsNbO,S3 Orthorhombic Pn2;a u Boyer-Candalen et al., 2000b
Gd3NbO4sSg Orthorhombic Pn2sa u Kabbour et al., 2003

LagTas0sS2 Orthorhombic Pnnm u Brennan and Ibers, 1992

Sm,TasOsSz Orthorhombic Panm u Guo et al., 1995

LaAgOS Tetragonal P4/nmm s Palazzi et al., 1980; Palazzi and Jaulmes, 1981
CeAg,0S Tetragonal P4/nmm s Chan et al., 2006

x=08;1)

BiAGOS Tetragonal P4/nmm s BaQuis et al., 2017

Ln,M,O,S,

(Ln, lanthanide; M, 2nd and 3rd row transition metal in p-block)

LaGaOSze Orthorhombic P2;ab s Guittard et al., 1985

LaGaOS:p Orthorhombic Pmea u Jaulmes, 1978

LayGaSs0 Orthorhombic Prma s Jaulmes et al., 1983; Guittard et al., 1985
Lag 33GasS1202 Tetragonal P42;m u Mazurier et al., 1982; Guittard et al,, 1985
CeuGay04Ss Tetragonal /4/mmm s Jaulmes et al., 1982; Guittard et al., 1984
LnsGas 530484 Tetragonal P4/mmm s Guittard et al., 1985

(Ln=La, Ce)

LnyGap04S5 Orthorhombic Pbca s Guittard et al., 1984

(Ln = Pr, Nd, Sm)

Laln0S, Orthorhombic ND Kabbour et al., 2004

LasIngOsSe Orthorhombic Pbem s Kabbour et al., 2004

LaiolnsOsS17 Orthorhombic Immm s Gastaldi et al., 1982

LnSnz04Ss Orthorhombic Pbnm s Guittard et al., 1984

(Ln = La, Ce, Pr, Nd)

LnBiOS, Tetragonal P4/nmm s Céolin and Rodier, 1976; Pardo et al., 1976;
(Ln = La, Ce, Pr, Nd, Gd, Dy) Tanryverdiev et al,, 1995

Ln,T0,8; and Ca, T,0,S;

(Ln, lanthanide; T, metalloid)

LnsGe: 50485 Orthorhombic Pbca s Guittard et al., 1984

(Ln = La, Ce, Pr, Nd)

LayAs;0485 Tetragonal /4/mmm s Jaulmes et al., 1982

LnSbOS, Not described ND Pardo et al., 1976

(Ln=La, Ce, P1)

LaySb,04S5 X X Aliev and Tanryverdiev, 1997
LagSbsO12Ss Tetragonal /4;/amd u Soetal, 2004

NdSbOS, Tetragonal P4/nmm s Pardo et al., 1976

CasbioO10Ss Monoclinic C2/c ND Nakai et al,, 1978

AMO,S,

(A, alkaline or earth-alkaline; M, transition metal)

KeTigOS15 Triclinic P1 u Tillnski et al., 2001

BagTisOS15 Orthorhombic C222; s Sutorik and Kanatzidis, 1994

CaFe0S Hexagonal P6sme s Selivanov et al., 2004; Delacotte et al., 2015
CagFesSs0§ Tetragonal ND Selivanov et al., 2004

CaCo0S Hexagonal P6smc s Salter et al., 2016

BaCoOS Orthorhombic Cmem u Valldor et al., 2015; Salter et al., 2016
Cazn0S Hexagonal P6sme s Petrova et al., 2003; Sambrook et al., 2007
BaznOS Orthorhombic Cmem u Broadley et al., 2005

SrZn,08, Orthorhombic Pmn2; u Tsujimoto et al., 2018

Others

Zr1_HOS Cubic P2,3 u Eisman and Steinfink, 1982
Pbi4Sbg00sSse Monoclinic C2/m u Orlandi etal., 1999

(scainite)

25, selective; U, unselective; ND, not described.
bDeducted from later works.

©Structure not solved, only based on composition.
9INatural compound.
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Samples Individual fluences of ion energies applied [ions/cm?] Total fluence [ions/cm?]

YPO, LaPOy, 35 MeV (50%) 22 MeV (21%) 14 MeV (26%) 7 MeV (13%) Sum (100%)
do 0 0 o 0 o 0

dt el 800 x 102 3.36 x 102 2556 x 1012 2.08 x 102 16x 101
d2 o2 1.15 x 1013 483 x 102 3.68 x 102 2.99 x 102 23 x 101®
d3 3 1.75 x 1013 7.35 x 1012 5.60 x 102 455 x 1012 3.50 x 1013
d4 e4 2.43 x 1013 1.02 x 1013 7.76 x 102 631 x 1012 4.85 x 1013
d5 5 3.25 x 1013 137 x 101® 1.04 x 101 845 x 1012 650 x 1013

Ceramic pellets were imadiated with Au-ions of four different energies in the order 35, 22, 17, and 7 MeV at fixed proportions, but with variable total fuences. A quadruple Au-irradiation
was chosen to produce a homogeneous damage profile over a maximum irradiation depth of 5 wm as expected from the cumulative displacements predicted by SRIM (cp. Figure 2).
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$Approximate probing depths of X-rays at given incident angles and their attenuation lengths were calculated after Henke et al, (1993).
*The amorphous fraction 1y is obtained from PL hyperspectral profies across the iradiation-demaged surface. Multiple date points were () averaged unto distinct depths specified, and
(i) averaged among different profiles of various grains. See detailed discussion in the text. An error of £5% is accepted to represent statistical variation.
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