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Abstract :  

  

The synthesis of original crystalline thorium aspartate tetrahydrate, Th(C4NO4H6)4.4H2O, was 

performed using two different wet-chemistry routes, involving either L-asparagine or L-

aspartic acid as complexing agent. Characterization of this compound through 13C NMR and 

PXRD led to confirm the terminal coordination mode of the aspartate group and to suggest a 

potential cubic lattice (Pn-3 space group). Vibrational spectroscopy data were also collected. 

The conversion of thorium aspartate tetrahydrate into thorium dioxide was further performed 

through classical high temperature heat treatment or under hydrothermal conditions. On the 

one hand, thermal treatment provided a pseudomorphic conversion which retained the starting 

morphology, and favored the increase of the average crystallite size, as well as the complete 

elimination of the residual carbon content. On the other, hydrothermal conversion could be 

used to tune the morphology of the final oxide, ThO2.nH2O microspheres being prepared 

when starting from L-asparagine.  

 

 

Keywords :  

Thorium – molecular complex – conversion – thorium oxide – hydrothermal 



 - 3 -

1. Introduction 

 

 Actinide carboxylates have been studied for long as precursors for high-temperature 

phases such as AnIII
2O3 and AnIVO2 [1], or AnC carbides through direct carbothermic 

reduction [2]. In the case of oxides, they are easily converted by heating that allows both 

dehydration and decomposition of the low-temperature phases. Moreover, such a transition 

was frequently reported to preserve the original morphology of the low-temperature phase 

used, leading to so-called pseudomorphic transformations. Among the wide bunch of 

precursors explored in the literature, oxalate compounds were probably the most investigated 

[3-6]. Indeed, oxalic precipitation of tri- and/or tetravalent actinides generally provides high 

recovery yields associated with rapid kinetics, and produces powders with a good sintering 

capability [7-9]. More recently, more sophisticated ligands were used to form original solid 

phases [10-12]. Also, the choice of the ligand can be optimized to orientate the morphology of 

the precipitated powder [13]. 

 Indeed, shape-controlled oxides constitute a great challenge for actinide-based 

materials [14] regarding to their interesting properties. As instance, uranium oxide 

nanospheres have already attracted some attention in view of their catalytic properties, 

particularly in the framework of the destruction of volatile organic compounds [15]. More 

importantly, as actinide oxides constitute one of the reference fuel for the current nuclear 

reactors, several future Gen IV concepts [16], and alternate reactors based on the thorium 

fuel-cycle [17, 18], the design of spherical actinide dioxides could allow the preparation of 

powders with interesting properties, such as improved flowability. Hence, while lanthanide 

oxides were already prepared under very various shapes such as nanotubes, nano- or micro-

rods, thin films … actinides compounds were frequently limited to spheres [19-21]. Also, 

literature mainly addressed uranium-based samples, with very few synthesis routes toward 

other actinide oxides with controlled morphology, including ThO2 [22, 23]. 

 This paper then reports the first study concerning the use of a simple amino acid 

(asparagine) and its derivative (aspartic acid) to prepare crystallized precursor of thorium 

dioxide. The main objective is to control the final ThO2 morphology both through synthesis 

conditions and conversion processes. Amino acids were selected as precipitating agents, 

owing to their good complexation properties regarding actinides, as attested by their role in 

the bioaccumulation of thorium and uranium in several micro-organisms such as yeasts or 

mycobacteria [24, 25]. Also, asparagine was recently used during the synthesis of lanthanide 
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coordination polymers that can adopt various morphologies depending on the polarity of the 

solvent used [26, 27]. The thorium-based compounds obtained using either asparagine or 

aspartic acid were first characterized, both from morphological and physico-chemical point of 

views (including structural and spectroscopic aspects), while their decomposition into dioxide 

was further studied. On the one hand, a classical thermal decomposition was performed. 

Nevertheless, if such a heat treatment generally keeps the starting morphology of the samples 

unchanged, it can lead to important modifications in their microstructural properties. As a 

matter of example, the surface reactivity of the powders is frequently modified, either through 

the formation of mesoporosity during the decomposition of the organic part of the initial 

precursor, or during its progressive elimination subsequently to grain growth [28]. The 

crystallinity of the oxide produced was also reported to be drastically impacted by the thermal 

heat treatment, which can further modify the ability of the powders towards sintering. Finally, 

depending on the atmosphere used during the conversion, the elimination of residual carbon 

coming from the decomposition of organics might be incomplete [29]. In order to overcome 

such potential issues, hydrothermal decomposition of the precursor was then undertaken, with 

the aim to simultaneously tune the morphology of the powders and to achieve their 

transformation towards the oxide form with original microstructures. Such features can finally 

be used to optimize some of the properties of interest of ThO2-based materials, such as 

sintering capability [8], homogeneity or chemical durability [30, 31].  
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2. Experimental section 

  

2.1. Preparation of the samples  

 

All the reagents used were of analytical-grade and supplied by Sigma-Aldrich, 

including thorium nitrate pentahydrate. The synthesis of thorium-based compounds was 

adapted from the protocol previously reported by Shen et al. [26] for the preparation of CeO2 

powders with controlled morphology. A mixture of thorium nitrate pentahydrate (typically 

1.4×10-3 mole) and L-asparagine (C4H8N2O3, 6×10-4 mole) with molar ratio A/Th ∼ 0.4 was 

dissolved in 10 mL of deionized water then poured in a PTFE-lined autoclave supplied by 

Parr company. The resulting pH was measured around 2. A heat treatment at 160°C was 

further performed for 24 hours and yielded to a white precipitate. A second protocol was 

developed by replacing L-asparagine by aspartic acid (C4H7NO4) (Figure 1), still considering 

the same molar ratio. The pH of the starting mixture was not significantly modified compared 

to the previous case and remained close to 2. In these conditions, and owing to the pKa values 

of aspartic acid [32], the main species in solution should be (C4H6NO4)
-. For all the samples 

prepared, the solid phase was finally separated from the supernatant by centrifugation, washed 

several times with deionized water then ethanol, and finally dried overnight at room 

temperature under a fume hood. 

 

 

Figure 1.  Chemical structure of L-asparagine and L-aspartic acid ligands. 

 

 

2.2. Characterization  

 

Chemical analyses.  Nitrogen and oxygen contents in the starting aspartate precursors were 

evaluated using a LECO TCH600 apparatus. In order to get quantitative values, a blank then a 

series of standards (including steels with controlled amount of O and N, as well as HfO2) were 

analysed prior to our samples. Similarly, the amount of carbon in the oxide powders was 
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evaluated by the means of a LECO CS230 analyser, using the complete combustion of the 

samples in a large excess of O2 followed by a mass spectrometer measurement of CO2. 

Unfortunately, under these conditions, the combustion of the aspartate precursors was found 

to be incomplete and precluded a reliable determination of the carbon content.  

  

ESEM observations. Prior to their observation, the samples were dispersed in acetone and 

deposited on a carbon sample holder. Environmental scanning Electron Microscope (ESEM) 

micrographs were directly recorded from the as-deposited powders without additional 

preparation such as metallization. A FEI Quanta 200 environmental scanning electron 

microscope, equipped with a Large Field Detector (LFD) and a Back-Scattered Electron 

Detector (BSED), was used to record the images. A low acceleration voltage of 5-10 kV 

coupled with low vacuum conditions (80 Pa water vapor) was chosen to observe the samples 

in order to prevent their degradation under the electron beam. 

 

High Temperature ESEM observations. Direct ESEM observations of the samples were 

performed at high temperature using a specific high temperature stage that can be attached to 

the ESEM. The samples were dispersed in acetone. One drop of the mixture was deposited on 

a 2 mm² × 0.2 mm height platinum sample holder and transferred in the high temperature 

stage. Then, it was heated from RT to 800°C with a 10°C heating rate, while continuously 

recording high magnification images on selected crystals. The air pressure in the ESEM 

chamber was kept to 300 Pa during the experiment. Image processing was performed using 

the Fiji software [33].  

 

NMR. MAS NMR measurements were performed on a Bruker Avance III 400 spectrometer, 

equipped with a 4 mm MAS probe 1H/X. Samples were packed into zirconia rotors and spun 

at 12 kHz at room temperature. 13C and 15N NMR spectra were recorded using TMS and 

CH3NO2 (liq.) as references, respectively. 13C and 15N CP-MAS (Cross Polarization) 

experiments were performed with a contact time of 2 ms and recycle delays of 5 s and 2 s, 

respectively. 

 

Vibrational spectroscopy. Raman spectra were recorded by the means of a Horiba - Jobin 

Yvon Aramis apparatus equipped with an edge filter and using a Nd:YAG laser (532 nm) 

delivering 60 mW on the sample surface. The laser beam was focused on a small fraction of 

powdered sample simply deposited on a glass lamella using an Olympus BX 41 microscope. 
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A ×100 objective with a numerical aperture of 0.9 was used, resulting in a spot size of about 1 

µm2. The scattered Raman light was collected in a 180° backscattering geometry and 

dispersed by a grating of 1800 grooves/mm after having passed a 150 µm entrance slit, 

resulting in a spectral resolution lower than 1 cm-1. For each spectrum, a dwell time of 2 to 5 

seconds was considered with an average of 3 scans. Before analysis, the apparatus was 

calibrated with a silicon wafer, using the first-order Si line at 520.7 cm-1. 

Attenuated Total Reflectance Fourier Transform InfraRed (ATR-FTIR) spectra were 

recorded in the 380-4000 cm-1 range thanks to a Perkin-Elmer FTIR Spectrum 100 device. 

Powdered samples were deposited at the surface of the single bounce diamond crystal ATR 

accessory without any prior preparation. The spectra collected in such operating conditions 

exhibited a resolution lower than 2 cm-1.  

 

PXRD. Powder X-Ray Diffraction (PXRD) diagrams were obtained by the means of a Bruker 

D8 diffractometer equipped with a Lynx-eye detector adopting the reflexion geometry and 

using Cu Kα1,2 radiation (λ = 1.54184 Å). PXRD patterns were recorded at room temperature 

in the 5° ≤ 2θ ≤ 120° range, with a step size of ∆(2θ) = 0.03° and a total counting time of 

about 1.5 hours per sample. Powders were staggered on stainless steel sample holders 

(C0.05Fe0.95, space group Fm-3m, PDF file #00-023-0298) for analysis purposes.  

 On the one hand, thorium aspartate samples were refined by Le-Bail method. Only the 

unit cell parameters were refined after the indexation of the corresponding powder pattern. On 

the other hand, all the PXRD patterns corresponding to the oxides ThO2 were refined by the 

Rietveld method using the Cox-Hastings pseudo-Voigt profile function [34] implemented in 

the Fullprof_suite program [35]. During all the refinements, the conventional profile/structure 

parameters were allowed to vary, i.e. zero shift, unit cell parameters, scale factors and a global 

thermal displacement. Moreover, the modelling of the intrinsic microstructure parameters was 

performed for each phase by applying an anisotropic size model.  

 

TG-DT Analyses. Thermogravimetric analyses were undertaken thanks to a Setaram Setsys 

Evolution equipped with a type-S thermocouple (Pt / Pt-10%Rh). After recording the baseline 

using an empty crucible (100 µL), the weight loss was measured during a heat treatment up to 

1000°C with a rate of 10°C.min-1. Moreover, the gaseous species emitted during the heat 

treatment were analysed by the means of Hiden Analytical QGA analyser using mass 

spectrometry. 
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3. Results and discussion 

  

3.1. Characterization of thorium aspartate samples  

 

Electron microscopy. ESEM observations of the samples prepared revealed the systematic 

formation of well-defined objects with a bipyramidal shape, which can be considered as 

single-crystals. Their size typically varied from 2 to 10 µm and was not significantly affected 

by the nature of the complexing reagent used (i.e. L-aspartic acid or L-asparagine). Also, the 

crystals presented a strong tendency to aggregation, with the formation of agglomerates 

through face to face assemblies.   
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Figure 2.  ESEM micrographs of the precipitates obtained after complexation of thorium 
with asparagine or aspartic acid. 

 

Solid state NMR. The samples were analyzed by 13C and 15N solid state NMR along with 

pure L-asparagine or L-aspartic acid for comparison purposes. Two signals were observed at 

around 175 ppm on the 13C NMR spectra of the two organic compounds considered and were 

attributed to the carbonyl fragments of amide or carboxylic moieties (Figure 3). For the 
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synthesized Th-based samples, two signals were observed at 171.72 ppm and 136.84 ppm. 

The chemical shift of the former one is characteristic of a non-coordinated carbonyl moiety in 

comparison with pure asparagine or aspartic acid spectra. The offset observed for the second 

one (∆δ ≈ 40 ppm) can be attributed to the complexation with thorium. These observations 

can then be related to the formation of thorium molecular species through interaction with 

only one carbonyl fragment. 

 

Figure 3. Solid state 13C NMR CP-MAS spectra of L-asparagine, L-aspartic acid and Th 
sample in the 200-100 ppm range (full spectra are supplied as supplementary 
material). 

 

 Analysis of the 15N NMR spectra of the pure organic compounds enabled the 

assignment of the different signals (Figure 4). On the one hand, the signal at -265.39 ppm, 

only observable on the L-asparagine spectrum, was assigned to the amide fragment. On the 

other hand, all the spectra exhibited a signal around -340 ppm, which was assigned to the 

amine moiety in α-position of the carbonyl group. This signal was also present at -347.54 

ppm on the glycine spectrum which was used as a reference for 15N NMR calibration 

experiments. Similarly to L-aspartic acid, all the spectra recorded for the Th-based samples 

only presented one signal around -340 ppm. The lack of signal around -265 ppm on thorium-

based samples spectra synthesized with asparagine could be attributed to the in situ 

conversion of asparagine into aspartic acid before the complexation with the metal center. 
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Indeed, hydrolysis mechanism of asparagine under hydrothermal conditions was already 

reported by Chen et al. during the synthesis of nanostructured In(OH)3 spheres [36]. Based on 

these results, the samples prepared under hydrothermal conditions are probably composed of 

thorium aspartate complexes, whatever the organic precursor initially used (asparagine or 

aspartic acid). 

 

Figure 4.   Solid state 15N NMR CP-MAS spectra of L-asparagine, L-aspartic acid and Th 
sample in the -200 to -450 ppm range. 

 

Vibrational spectroscopy. Samples were further characterized by ATR-FTIR and Raman 

spectroscopies (Figure 5). Pure L-asparagine and L-aspartic acid were also analysed for 

comparison purposes. For the two ligands, the characteristic features already reported in the 

literature were evidenced [37, 38]. Among the numerous vibration modes observed (see 

Tables S1 and S2 supplied as supplementary material for detailed assignment), both L-

asparagine and L-aspartic acid exhibited intense bands corresponding to CO2
- bending modes 

(typically in the 600-800 cm-1 range) as well as C-C (900-1000 cm-1) and NH2 (above 3000 

cm-1) stretching vibrations. Nevertheless, their spectra significantly differed when considering 

the bands assigned to the amide group. Indeed, the vibration modes assigned to C-N 

stretching (around 1400 cm-1), NH2 bending (1600-1630 cm-1) and anti-symmetrical 

stretching (3350 cm-1) were only pointed out in the spectra recorded for asparagine. 
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 (a) 

 
(b) 

 

Figure 5.  ATR-FTIR (a) and Raman (b) spectra recorded for precipitates prepared after 
complexation of thorium solution with L-asparagine and L-aspartic acid and 
comparison with pure ligands. 

 

 Conversely, ATR-FTIR and Raman spectra recorded for the thorium-based 

compounds were found to be entirely similar whatever the method of preparation employed. 

Moreover, similarly to L-aspartic acid, they did not present any vibration band characteristic 

of the amide group. This result is then in good agreement with that obtained from 15N NMR 

and evidenced the deamidation of asparagine under the synthesis conditions [36]. On the basis 

of the data recorded for pure ligands, and by analogy with other metallic aspartates such as 

hydroxo-aqua nickel (II) [39], an attempted assignment of the vibration bands observed for 
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the complexes prepared is proposed in Table 1. Besides the characteristic modes already 

discussed for pure aspartic acid, the presence of water in the prepared compounds was also 

clearly evidenced, particularly from the large and intense band observed around 3500 cm-1 in 

both ATR-FTIR (see insert on Figure 5a) and Raman spectra. On this basis, one can 

definitely conclude that the samples prepared from the two synthesis routes investigated are 

thorium aspartate hydrate complexes, with the general formula Th(C4NO4H6)4.nH2O. 

Table 1.  Assignment of the bands observed in the ATR-FTIR and Raman spectra 
recorded from thorium complexes with asparagine and aspartic acid. 

ATR-FTIR (cm -1) Raman (cm-1) Assignment 
 466 τ (NH2)    
523 537 δs (OCO) 
562 585  
   
649 715 δas (OCO) 
   
778 783 γ (OCO) 
   
827  ω (H2O) 
   
861 863 γ (NH2)    
978 949 ν (CC) 
 974  
   
1082 1047 ν (CN) 
 1082  
   
1151 1150 r (NH2)    
1235 1266 t (CH2) 
1266   
   
1312  ν (CO) 
   
 1341 δ (CH) 
 1366  
   
1400 1407 νs (OCO) 
1417 1443  
   
1476  δs (NH2)    
1600 1612 νas (OCO) 
   
 1664 δas (NH2)    
  νas (OCO) 
   
 2930 νs (CH2)    
 2995 νas (CH2)    
3120  ν (NH2)    
3400 3488 ν (H2O) 
τ : torsion; δ : in-plane bending; γ : out-of-plane bending; ω : wagging; ν : stretching; r : rocking;  
t : twisting. 
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Structural characterization. The indexation of the two powder patterns viewed in Figure 6 

was performed through Le Bail refinements with the use of the Fullprof_Suite program. For 

the two compounds investigated, all the PXRD lines were taken into account, confirming that 

the samples were single phase. Similar results were obtained in each case and suggested a 

cubic system in the Pn-3 space group, with a = 19.0302(1) Å, V = 6891.8(1) Å and a = 

19.0365(1) Å and V = 6898.6(1) Å3.  

  

Figure 6.  PXRD patterns of the precipitates obtained after complexation of thorium 
solution with L-asparagine and L-aspartic acid (Cu Kα1,2 radiation, λ = 
1.54184 Å). 

 

Attempts to solve the crystal structure were unsuccessful because of the presence of a 

heavy element (thorium) which preclude the collection of capillary PXRD patterns. However, 

four thorium atoms were localized within the unit cell. By considering the general formula 

proposed above of Th(C4NO4H6)4.nH2O, the calculated crystal density was evaluated to 0.8 

g.cm-3 which may suggest the existence of a porous crystal structure. Moreover, regarding the 

tetravalent oxidation state of thorium and the structural hypotheses suggested from 13C NMR 

results and spectroscopic analyses, only one carboxylate function of the complexing agent 

should be linked to the thorium atom, with the rest of its coordination sphere completed by 

water molecules. Thus, the whole crystal structure could consist of isolated (0D) Th-

polyhedra separated by aspartate molecules. However, single crystals or powder synchrotron 

data (capillary) are still needed in order to determine the complete crystal structure, which is 

the main objective of forthcoming studies. 
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3.2. Thermal vs hydrothermal decomposition 

 

 The thermal decomposition of thorium aspartate was first studied by the means of 

TG/DT analyses (Figure 7). The variation of the relative weight loss versus temperature 

exhibited several steps leading to the final formation of ThO2 after heating above 500°C. A 

first weight loss of about 9% was observed between room temperature and 200°C. It was 

assigned to the dehydration of the initial sample. Also, it must be noticed that a small 

exothermic peak was detected around 200°C on the DT signal, without any associated weight 

loss. On this basis, it could correspond to a phase transition of the anhydrous thorium 

aspartate towards a high temperature form. The decomposition of the aspartate fragments 

further started from 260°C. The focus presented in Figure 7 clearly shows that the conversion 

into ThO2 occurs through two distinct and successive steps, although very close in 

temperature (DT peaks maximum at 270 and 275°C). For this reason, it appeared very 

difficult to assign precisely the corresponding weight losses which are probably overlapping. 

However, one can suggest that the first step (associated to an additional weight loss of about 

10%) could be assigned to the departure of nitrogen-based species while the second (41% 

weight loss) could correspond to the elimination of the organic part as CO and CO2. As this 

last step occurred very quickly, with the loss of more than the half of the powder mass within 

10°C, it surely did not allow to fully eliminate the carbon content within the sample. Indeed, a 

residual weight loss of about 5% was recorded between 280 and 600°C, which corresponds to 

the elimination of amorphous carbon still present within the oxide sample. Such phenomenon 

was already stated in several actinide carboxylates, including oxalates [40-42]. The final 

temperature of oxide formation and the amount of residual carbon within the sample is thus 

strongly dependent on the atmosphere used during the thermal conversion, the best results 

being obtained in oxidizing conditions (typically in air) [29]. These results then underline 

once again the necessity to control the conversion of organic precursors toward final oxide 

sample, particularly in the perspective of sintering where the presence of carbon residues 

might modify the densification behavior. 

 Finally, the total weight loss recorded during the conversion of thorium aspartate 

between room temperature and 600°C, i.e. 67%, accounts for 4 water molecules and 4 

aspartate units per thorium atom, leading to a general formula of Th(C4NO4H6)4.4H2O, i.e. 

thorium aspartate tetrahydrate. Such a formulation was supported by the chemical analyses 

performed on the powdered precursors, which led to experimental elementary composition 

(wt.%(O) = 35.2 ± 3.5 % and wt.%(N) = 5.0 ± 0.5 %) very close to that calculated (wt.%(O) = 
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38% and wt.%(N) = 6%). It is also in very good agreement with the hypothesis of the 

presence of monodentate aspartate ligand as suggested from the results obtained by 13C NMR. 

Figure 7.  Thermogravimetric (red) and differential thermal analyses (blue) of thorium 
aspartate with focus on the 240-300°C range. 

 

 In parallel, the conversion of thorium aspartate tetrahydrate was monitored from a 

morphological point of view using in situ High Temperature Environmental Scanning 

Electron Microscopy (HT-ESEM) observations. These latter were performed during the heat 

treatment in air of a small amount of Th(C4NO4H6)4.4H2O up to 800°C under a pressure of 

300 Pa (Figure 8, associated video supplied as supplementary material). The oxide obtained 

after heating at 800°C presents exactly the same morphology than the initial sample. The 

conversion of the thorium aspartate tetrahydrate then appeared to be pseudomorphic. Such 

feature was already stated for several others precursors of actinide dioxides, and particularly 

for oxalate compounds [43]. This shape stability then could be considered as a general 

characteristic of An-based coordination polymers and molecular complexes, and is of 

particular interest if one wants to control precisely the morphology of the oxide powder from 

its preparation method. 

 The good resolution offered by HT-ESEM, associated to image stability, also allowed 

us to extract quantitative data such as grains size. Based on the hypothesis of ideal 

bipyramids, the volume of a grain was then plotted versus temperature and compared with the 

relative weight loss obtained from TG analysis (Figure 8). If the final relative shrinkage 

appeared to be very close to weight loss (i.e. decrease of approximately 70% in volume), the 
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trend in the variation of V/V0 versus temperature significantly differs from the TG curve. Two 

main steps were considered in the volume variation. First, shrinkage of about 25% was 

observed between room temperature and 230°C, which could be correlated to the dehydration 

of the initial compound (Figure 7, � to �).  

  

 

  

 

Figure 8.  HT-ESEM observations performed during the thermal conversion of thorium 
aspartate tetrahydrate and associated evolution of a particle size compared to 
the weight loss measured by TGA. 
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 More surprisingly, the decomposition of the organic species, associated to an 

important weight loss of about 60%, was not found to lead to a drastic decrease of the sample 

volume since only a 10% shrinkage was measured up to 450°C (Figure 7, � to �). Based on 

this observation, and on the results reported in the literature for the decomposition of thorium 

oxalate [28], one can assume that the decomposition of the organic architecture into CO and 

CO2 led to the formation of mesopores (typically of a few nanometers) within the initial 

bipyramids. Conversely, a strong volume drop occurred at higher temperature (450-650°C), 

and was correlated to the elimination of this porosity, accompanied by the growth of the 

crystallites constituting the grains [44] (Figure 7, � to �). 

 

 Simultaneously, several experiments were undertaken in order to operate the 

conversion of thorium aspartate tetrahydrate into ThO2 through hydrothermal treatment. 

Indeed, several authors already reported the formation of metal oxides after hydrothermal 

decomposition of carboxylate complexes, including nitrogenous [45, 46] or oxalate [47, 48] 

compounds. The experimental protocol designed for the precipitation of Th(C4NO4H6)4.4H2O 

was then repeated, starting either from mixtures of thorium and L-asparagine or L-aspartic 

acid, now considering a temperature of 200°C. The ESEM micrographs of the samples 

obtained (Figure 9) revealed a complete modification of the morphology compared to the 

operating conditions initially defined for the synthesis of thorium aspartate tetrahydrate 

(hydrothermal treatment of 24 hours at 160°C). Moreover, some differences were detected 

depending on the nature of the complexing reagent used.  

 
L-asparagine L-aspartic acid 

  

Figure 9.  ESEM micrographs of the samples prepared after 24h of hydrothermal 
treatment at 200°C. 

 

 When using L-asparagine, spherical aggregates of small particles were formed, with a 

size ranging from a few hundredths nanometers to 1-2 µm. One can suggests that the 
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formation of such microspheres could be related to the hydroxylation of actinides, which is 

well-known to be the first step leading to the formation of colloids in solution, which further 

aggregate to yield nanoparticles [49, 50]. In our work, the hydroxylation of thorium probably 

proceeded through the increase of pH in the reacting mixture consequently to the release of 

ammonia during the decomposition of asparagine into aspartic acid. Also, remaining aspartic 

acid in solution might act as a shape modulator which orientates the growth/aggregation in a 

preferential way. A comparable process was indeed recently observed during the formation of 

UO2.nH2O microspheres [20]. 

 When using L-aspartic acid, the morphology of the sample obtained appeared closer to 

the initial bipyramids initially prepared at 160°C, as relics of edges and vertices were still 

viewed on the micrograph. However, the surface appeared to be composed of multiple 

rounded submicrometric crystallites, then confirming the decomposition of the aspartate 

compound. In this case, the formation of ThO2 then most probably proceeded through a 

thermal decomposition of the ligand, which can be put in parallel with that evidenced during 

TG analyses.  

 

 In a last step, the samples formed both from hydrothermal and thermal decomposition 

of Th(C4NO4H6)4.4H2O thorium aspartate tetrahydrate were characterized by PXRD. All the 

patterns gathered in Figure 10 confirmed the formation of thorium oxides exhibiting the 

characteristic PXRD lines of the well-known fluorite-type structure of ThO2 (cubic, Fm-3m 

space group) [51]. However, different crystallization states were evidenced depending on the 

samples. Obviously, the samples prepared through decomposition under hydrothermal 

conditions were associated to wider PXRD peaks, which could be linked to the nanosized 

nature of the powder, in good agreement with the observation of small particles composing 

larger aggregates on SEM micrographs. This feature was also confirmed by the Rietveld 

refinement of the patterns, which led to average crystallite size values close to 40 nm 

whatever the complexing reactant used during the hydrothermal process (Table 2). Also, it is 

interesting to note that the values determined for the unit cell parameter and volume were 

slightly above those usually reported for ThO2 (for example a = 5.598 Å from Hubert et al. 

[51]). Such discrepancy probably underlines the presence of water and/or residual carbon 

within the oxide structure, that appears in good agreement with the observations made by 

several authors during the direct preparation of actinide dioxides in solution [49, 52]. The 

general formula of the oxides obtained by this way could thus be written as ThO2.nH2O. 
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 On the other hand, the oxides obtained after thermal conversion of the initial thorium 

aspartate tetrahydrate exhibited unit cell parameters in very good agreement with the 

referenced data. As already suggested from TGA data, firing of the powders at high 

temperature then ensured the full dehydration then decomposition of the aspartate entities. 

However, for the lowest temperature considered (i.e. 600°C), the conversion was not 

associated with a significant increase of the average crystallite size, which remains in the 

same order of magnitude than that measured for samples prepared through hydrothermal 

conversion. Conversely, the PXRD pattern collected after heat treatment at 1000°C revealed 

intense and narrow XRD lines which were associated to the strong increase of the crystallite 

size by a factor of 8-10 (i.e. typically from 40 nm to about 650 nm).  

 

Figure 10.  PXRD patterns collected from the oxide samples obtained through 
hydrothermal conversion (T = 200°C, t = 24 hours) of thorium aspartate 
formed from L-asparagine (a) and L-aspartic acid (b) and through thermal 
conversion (6h – air atmosphere) at 600°C (c) and 1000°C (d). PXRD peaks 
from the sample holder are indicated by a circle (PDF file #00-023-0298). 

 

 The residual amount of carbon within ThO2 samples was also evaluated since it could 

impact the physico-chemical properties of the oxide powder, and particularly its ability to 

sintering [29, 53]. In this framework, very different results were obtained depending on the 

conversion method considered. First, the hydrothermal conversion from a mixture of thorium 

and L-asparagine was found to yield to the highest carbon content, which exceeded 1 wt.%. 
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Such a high value probably arose from the sorption of asparagine/aspartic acid molecules onto 

the thorium oxides / oxo-hydroxides colloids initially formed by hydrolysis, which further 

remain trapped within the aggregates. As the use of L-aspartic acid favored the thermal 

decomposition of the initial aspartate complex, the residual carbon content in the resulting 

hydrated oxide then appeared much lower (around 0.3 wt.%). Moreover, this value was found 

to be in good agreement with that obtained after thermal conversion at 600°C. The 

decomposition of the thorium aspartate then yielded to similar thorium oxides in terms of 

crystallization state and residual carbon content, either when performing hydrothermal 

conditions in solution or using solid state route. However, if one really wants to obtain an 

oxide compound exhibiting a very-low carbon content (typically under 100 ppm), a heating 

step at high temperature seems to be required. 

   

Table 2. Unit cell parameters, average crystallite size and residual carbon content of 
thorium oxide samples produced by hydrothermal or thermal conversion of 
thorium aspartate. 

Sample a (Å) V (Å3) Crystallite size (nm) Carbon wt.% 

Hydrothermal conversion – 200°C     

From L-asparagine 5.6192(2) 177.43(1) 42 ± 1 1.250 

From L-aspartic acid 5.6178(3) 177.29(2) 44 ± 3 0.270 

Thermal conversion – 6 h     

600°C 5.6026(2) 175.86(1) 82 ± 5 0.090 

1000°C 5.5964(1) 175.28(1) 640 ± 40 0.005 
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4. Conclusions 

 

 The synthesis of an original thorium-based molecular compound was performed using 

two different wet-chemistry routes, involving either L-asparagine or L-aspartic acid as a 

complexing reagent. Both yielded to thorium aspartate tetrahydrate, i.e. Th(C4NO4H6)4.4H2O, 

which precipitated as micrometric bipyramidal single crystals. Complete characterization of 

this compound allowed to confirm its formulation, and particularly the monodentate character 

of the aspartate group. Also, PXRD data led to specify a potential cubic lattice (Pn-3 space 

group) for this compound, although full structural resolution was precluded by the presence of 

heavy thorium atoms. 

 The conversion of thorium aspartate tetrahydrate into thorium dioxide was obtained 

through classical high temperature heat treatment or by the means of hydrothermal reaction. 

These various methods resulted in wide range of oxide characteristics, both in terms of 

morphology, chemical composition and crystallization state. On the one hand, thermal 

treatment provided a pseudomorphic conversion which kept the initial bipyramidal 

morphology. Such a method also favored the increase of the average crystallite size, as well as 

the complete elimination of the residual carbon content. On the other hand, hydrothermal 

conversion could be used to tune the morphology of the final oxide, since ThO2.nH2O 

microspheres were prepared when starting from L-asparagine. Even if this process was 

associated to higher carbon contents, the hydrothermal conversion of metallic carboxylates 

then appeared as an interesting option to control the final physico-chemical properties of the 

resulting oxide powders. Also, two-step protocols involving both hydrothermal and thermal 

treatments could be tested in order to get improved control over both microstructural and 

chemical features of the final oxide. One can then expect to enhance significantly the sintering 

capability of the oxide powders produced, either when dealing with ThO2 or derived solid 

solutions. 
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Supplementary material  

 

 

Figure S1.  Solid state 13C NMR CP-MAS spectra of L-asparagine, L-aspartic acid and Th-
sample in the whole analysed range. Stars indicate spinning sidebands. 
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Figure S2.  Le Bail refinement plot showing the observed, calculated and the difference for 
the thorium complex formed with L-aspartic acid. 
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Table S1.  Band assignment of the ATR-FTIR and Raman spectra recorded from L-
aspartic acid, based on the results of Navarrete et al. [16b]. 

ATR-FTIR (cm -1) Raman (cm-1) Assignment 
   
408  τ (skel.) 
   
446  δ (skel.) 
   
 470 τ (NH3

+) 
   
551 552 δ (COOH) 
652 663  
   
598 600 δ (CO2

-) 
752 747  
   
777 779 γ (OCO) 
   
871 871 τ (CH2)    
896 902 ν (CC) 
988 990  
   
936 937 γ (OH) 
   
1082 1083 ν (CN) 
   
1117 1121 r (NH3

+) 
1148 1145  
   
1246 1250 t (CH2)    
 1263 ν (CO) + δ (OH) 
 1406  
   
1332 1336 δ (CH) 
1359 1360  
   
1418 1425 νs (CO2

-) 
   
1504 1506 δs (NH3

+) 
   
1596 1616 νas (CO2)    
1640 1635 δas (NH3

+) 
   
1684 1697 ν (C=O) 
   
2948 2955 νs (CH2)    
 2997 ν (CH) 
   
 3014 νas (CH2)    
τ : torsion; δ : in-plane bending; γ : out-of-plane bending; ω : wagging; ν : stretching; r : rocking;  
t : twisting. 
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Table S2.  Band assignment of the ATR-FTIR and Raman spectra recorded from L-
asparagine, based on the results of Casado et al. [16a]. 

ATR-FTIR (cm -1) Raman (cm-1) Assignment 
   
410 414 τ (NH3

+) 
537 541  
   
452 452 τ (skel.) 
   
581  δ (CO2

-) 
659   
   
629 661 δ (CONH2) 
680   
   
754 754 γ (NCO) 
   
761 764 γ (CO2

-) 
   
846  γ (NH3

+) 
   
877 877 τ (CH2)    
897 897 ν (CC) 
941 941  
985 987  
   
1072 1072 ν (CN) 
   
1112 1114 r (NH3

+) 
1151 1155  
1165 1161  
   
1246 1251 t (CH2)    
1264 1264 ω (CH2)    
1333 1331 δ (CH) 
1354 1355  
   
1395 1417 ν' (CN), amide III 
   
1423  νs (CO2

-) 
1580 1561  
   
1490 1501 δs (NH3

+) 
   
1606 1622 ν' (CN), amide II 
   
1641  ν (C=O), amide I 
   
1673 1674 δas (NH3

+) 
   
 2943 νs (CH2)    
 2978 ν (CH) 
   
 2990 νas (CH2)    
 3063 νs (NH2)    
3350 3353 νas (NH2)    
τ : torsion; δ : in-plane bending; γ : out-of-plane bending; ω : wagging; ν : stretching; r : rocking;  
t : twisting. 
 


