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Thorium Amidates Function as Single-Source Molecular Precursors 
for Thorium Dioxide 

  
Mark D. Straub,a,b Erik T. Ouellette,a,b Michael A. Boreen,a,b Jacob A. Branson,a,b Alex Ditter,b A. L. 
David Kilcoyne,b Trevor D. Lohrey,a,b Matthew A. Marcus,b Maria Paley,a José Ramirez,a David K. 
Shuh,b Stefan G. Minasian,b and John Arnold a,b 

We report the synthesis of four homoleptic thorium(IV) amidate 
complexes as single-source molecular precursors for thorium 
dioxide.  Each can be sublimed at atmospheric pressure, with the 
substituents on the amidate ligands significantly impacting their 
volatility and thermal stability. These complexes decompose via 
alkene elimination to give ThO2 without need for a secondary 
oxygen source.  ThO2 samples formed from pyrolysis of C-alkyl 
amidates were found to have higher purity and crystallinity than 
ThO2 samples formed from C-aryl amidates. 

 The chemistry of the early actinides is currently in a 
resurgence, with tremendous contributions towards new ligand 
systems1-5 and advances in actinide materials.1,6-13 Research in 
thorium chemistry is often motivated by the global push for 
energy production, and thorium-fueled reactors are predicted 
to offer multiple advantages over conventional uranium 
dioxide-fueled reactors.14-17 These include significantly lower 
production of radiotoxic transuranic elements in the thorium 
fuel cycle18 and greater earth-abundance of thorium versus 
uranium.19 Despite these advantages, some concerns have been 
expressed about the possibility of component failure in thorium 
reactors due to poorly-understood chemical behavior under 
long-term operating conditions.14,20 Given that solid-state 
reactions such as corrosion and deposition typically occur at 
material interfaces, high surface area actinide nanomaterials, 
such as thin films and nanoparticles, serve as excellent models 
for studying these processes in bulk systems such as 
conventional oxide and mixed oxide (MOX) nuclear fuels.21-27  
 Synthesizing well-defined thorium materials from molecular 
precursors has proven challenging due to the small pool of 
known thorium precursors and a limited mechanistic 
understanding of the conversion processes from actinide 
molecules to materials.27-29 To address this gap in knowledge, 
bespoke precursors can be rationally designed with a readily-
accessible decomposition pathway, enabling clean formation of 
the desired materials through careful control of the chemical 

behavior of the precursor.30 In addition to a well-defined 
decomposition mechanism, ideal precursors for actinide 
materials should possess adequate thermal stability and 
volatility, enabling the use of gas-phase methods such as 
chemical vapor deposition (CVD), atomic layer deposition (ALD), 
and framework-templated nanoparticle synthesis.27,30-37 Single-
source precursors, which contain all necessary elements for the 
target material in suitable ratios, are particularly desirable 
because they avoid the need for reactive secondary gases that 
can introduce harsh conditions and greater complexity to the 
decomposition process.38,39  
 As a first step towards satisfying these requirements in 
thorium precursor design, we turned to amidate ligands, which 
are formed by deprotonation of organic amides.  Due to their 
significant thermal stability and volatility, metal amidate 
complexes have been used as molecular precursors for metal 
oxide film deposition, yielding phase-pure films through a well-
defined decomposition pathway.39-41 While there is some 
precedent for uranium amidates,39,42-44 no homoleptic thorium 
amidates have been reported.  Here we describe the synthesis 
of homoleptic thorium amidate complexes as single-source 
molecular precursors to ThO2 and describe the mechanism of 
their thermal decomposition to ThO2.   
 Deprotonation of the amides N-tert-butylisobutyramide 
(H(ITA)), N-tert-butyl-(4-tert-butyl)benzamide (H(TPTA)), N-(3-
pentyl)pivalamide (H(TEPA)), and N-tert-butyl-(3,5-
bis(trifluoromethyl))benzamide (H(ArFTA)) with KN(SiMe3)2 in 
THF yielded the corresponding potassium amidate salts as 
colorless powders.  The homoleptic thorium amidate complexes 
Th(ITA)4 (1), Th(TEPA)4 (2), Th(ArFTA)4 (3), and Th(TPTA)4 (4) 
were synthesized via salt metathesis reactions between 
ThCl4(DME)2 and four equivalents of potassium amidate in THF 
(Scheme 1) and isolated as colorless, air-sensitive crystals.  
Single crystal X-ray crystallographic data for 1, 3, and 4 revealed 
these complexes to be 8-coordinate with all four amidate 
ligands binding in a κ2-O,N geometry; this ligand coordination 
mode has also been observed in transition metal40,41,45 and 
uranium39,42,43 complexes (Figure 1). Complexes 1 and 3 adopt a. University of California, Berkeley, Berkeley, CA 94720, USA. 
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similar pseudo-D2d structural geometries, with two sets of 
amidate ligands related by approximate mirror symmetry, 
whereas 4 displays a lower-symmetry pseudo-S4 dodecahedral 
geometry. The four N atoms in 3 lie in a square plane relative to 
the Th center, while there is a distortion of the N atoms from 
this plane in 1 and 4.  Solid-state structures of 1, 3, and 4 show 
Th–O and Th–N bond ranges of 2.331(3)–2.444(2) and 2.522(7)–
2.565(2) Å, respectively (Table S2). Within the amidate ligands, 
the O–C–N angles ranged from 114.9(7)–118.0(9)o, and the C–O 
and C–N bond lengths ranged from 1.301(3)–1.315(7) and 
1.255(9)–1.303(6) Å.  These metrical parameters are 
comparable to reported values for structurally similar uranium 
amidate complexes.39,42  Attempts to solve the solid-state 
structure of 2 were unsuccessful (see ESI).  
 All four complexes (1-4) could be vaporized by heating 
under atmospheric pressure.  Sublimation of the bis(alkyl) 
amidates 1 and 2 was observed at 261 oC and 190 oC, 
respectively, with no sign of decomposition. Compound 4 
sublimed at 220 oC, although a small amount of amide was also 

identified in the sublimate, indicating simultaneous sublimation 
and gradual decomposition at this temperature. The fluorinated 
amidate 3 melted at 148 oC and vaporized readily at higher 
temperatures. Compound 3 was thus the most volatile, despite 
having the highest molecular weight of the four complexes. This 
can most likely be attributed to weak intermolecular 
interactions in 3 as a function of low dispersion forces between 
fluorinated substituents. 
 To study the mechanism of decomposition of these 
precursors to ThO2, solid samples of 1-4 were heated to 300 oC 
in sealed NMR tubes under nitrogen.  This procedure was 
sufficient to decompose 1, 3, and 4; however, 2 did not 
decompose in the solid-state at this temperature even after 
heating for one week.  The higher decomposition temperature 
of 2 is likely due to the increased kinetic barrier of alkene 
elimination from a secondary alkyl vs. a tertiary alkyl 
substituent.46 However, slight decomposition of 2 was observed 
by heating a d18-decalin solution of 2 to 240 oC for 2 weeks.  
Based on our previous results with related uranium amidate 

 

Scheme 1. Synthesis of homoleptic thorium amidate complexes (1–4). 

Figure 1. X-ray crystal structures of 1, 3, and 4 with 50% probability ellipsoids.  Hydrogen atoms are omitted, and amidate substituents are 
represented as capped sticks for clarity. Bond metrics are listed in Table S2. 

 

Scheme 2. Proposed decomposition mechanism for complexes 1-4.  Alkene, amide, and nitrile byproducts were observed directly by 1H NMR 
spectroscopy. Intermediate decomposition products Int-1 and Int-2 are postulated. 
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complexes,39 we anticipated that 1-4 would decompose 
through an alkene elimination mechanism (Scheme 2).  Indeed, 
NMR studies of the decomposition products provided strong 
evidence for this mechanism: clean formation of the expected 
alkene, amide, and nitrile products were observed for all four 
species (see ESI). 
 Preliminary tests of the viability of complexes 1-4 as single-
source precursors to ThO2 were conducted by pyrolyzing the 
samples in quartz tubes sealed under a nitrogen atmosphere. 
Analysis using powder X-ray diffraction (PXRD) confirmed that 
pyrolysis of all four precursors produced ThO2 (Figure 2).  
Qualitatively, the presence of sharper diffraction peaks for the 
ThO2 products prepared from 1 and 2 relative to 3 and 4 
suggested greater crystallinity of the ThO2 prepared from C-
alkyl amidates relative to C-aryl amidates.  
 To probe chemical purity, oxygen K-edge X-ray absorption 
spectroscopy was performed with a scanning transmission X-ray 

microscope (STXM-XAS). Figure 3 shows a selection of 
elemental maps obtained from representative particles, 
demonstrating homogenous distributions of O and Th on the 
micron scale.  Averaged  O K-edge XAS data obtained from 
multiple micron-scale particles are compared with a reference 
spectrum of pure ThO2 in Figure 4.27,47 The overall spectral 
profiles for the ThO2 prepared from precursors 1 and 2 agreed 
well with the ThO2 reference data, with similar intense features 
found in all three spectra at low energies (532.4, 535.5, 539.0 
eV) and high energies (542.3, 544.7 eV). The O K-edge spectrum 
obtained for ThO2 prepared from the C-aryl amidate precursor 
3 also exhibited features that were characteristic of ThO2, 
however, the weaker relative intensities and disappearance of 
high-energy features suggested that other oxygen-containing 
impurities were present in the sample. An even more significant 
deviation from the ThO2 reference was observed in the O K-
edge XAS for ThO2 from 4, which showed signatures of ThO2 that 
were barely discernable from other absorptions.  
 Elemental analysis (EA) of the ThO2 formed via pyrolysis of 
the C-aryl amidates 3 and 4 indicated the presence of carbon to 
be 12.89% and 19.23% in these materials, respectively, while 
the ThO2 formed via pyrolysis of the C-alkyl amidates 1 and 2 
showed significantly lower carbon contents of 6.43% and 6.56%, 
respectively.  Taken together, the PXRD, O K-edge XAS, and EA 
data suggest that ThO2 samples prepared from the C-alkyl 
amidates 1 and 2 had both higher crystallinity and greater 
compositional purity than the ThO2 samples prepared from the 
C-aryl amidates 3 and 4. 
 In conclusion, we have synthesized the first homoleptic 
thorium amidate complexes and demonstrated their viability as 
single-source molecular precursors to ThO2 materials.  All 
complexes displayed sufficient volatility for metal-organic 
chemical vapor deposition and could be readily sublimed under 
partial vacuum and atmospheric pressures. Preliminary thermal 
decomposition studies showed that the complexes can all 
undergo an alkene elimination mechanism to yield ThO2 

 

Figure 2.  Powder X-ray diffraction patterns of the products formed 
by pyrolysis of 1-4 compared with a ThO2 simulation. 

Figure 3.  Representative elemental difference maps of micron-scale 
ThO2 particles formed by pyrolysis of 1-4 that were used to obtain X-
ray absorption spectra.  Lighter regions in the elemental maps 
correspond to greater concentration of the absorbing atom and 
were obtained by subtraction of two images: one taken at an energy 
just below the X-ray absorption edge and another taken at the 
absorption maximum. 

 

Figure 4.  Plot comparing the O K-edge XAS for the ThO2 products 
obtained by pyrolysis of thorium amidates 1-4 and a ThO2 reference. 
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without the need for an external oxygen source; however, 
differences in the PXRD and STXM-XAS suggest that ligand 
substitution can be modified to improve crystallinity and 
compositional purity. Along these lines, metal-organic chemical 
vapor decomposition of the most promising C-alkyl amidates 1 
and 2 and in-depth characterization of the as-formed ThO2 
materials is the subject of ongoing work. 
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