
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:2

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Formation of ura
aDepartment of Chemistry, University of Cal
bChemical Sciences Division, Lawrence Ber

94720, USA. E-mail: sgminasian@lbl.gov
cDepartment of Chemistry, Washington Stat
dPhysical and Life Sciences Directorate, La

Livermore, CA 94550, USA

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d4sc03422h

Cite this: Chem. Sci., 2024, 15, 13325

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 25th May 2024
Accepted 17th July 2024

DOI: 10.1039/d4sc03422h

rsc.li/chemical-science

© 2024 The Author(s). Published by
nium disulfide from a uranium
thioamidate single-source precursor†

Sheridon N. Kelly, ab Dominic R. Russo,ab Erik T. Ouellette, ab Debashree Roy,c

Andrew J. Swift,d Michael A. Boreen, ab Patrick W. Smith,b Liane M. Moreau, *c

John Arnold *ab and Stefan G. Minasian *b

A single-source-precursor approach was developed to synthesize uranium-based materials outside of the

typically-studied oxides. This approach allows for shorter reaction times, milder reaction conditions, and

control over the chemicals present in synthesis. To this end, the first homoleptic uranium thioamidate

complex was synthesized as a precursor for US2 materials. Pyrolysis of the thioamidate results in

decomposition via an alkene elimination pathway and formation of g-US2, which has historically been

hard to access without the need for a secondary sulfur source. Despite the oxophilicity of uranium, the

method successfully forms US2 without the inclusion of oxygen in the bulk final product. These findings

are supported by simultaneous thermal analysis, elemental analysis, powder X-ray diffraction, and

uranium L3-edge X-ray absorption fine-structure spectroscopy. This work represents the first example of

a single-source precursor approach to target and synthesize actinide materials other than the oxides.
Introduction

Actinide materials and coordination complexes have been
studied because of the unusual properties associated with 5f-
electrons. In particular, 5f-electrons may be localized or itin-
erant,1,2 which affects interactions with the electronic states of
the anions in their compounds. These interactions lead to
properties such as magnetic order,3,4 the Kondo effect,5 and
superconductivity.6 Although the study of actinide materials is
a growing eld, the structural complexity of experimental
samples is a major challenge that hinders further under-
standing. It is therefore of interest to develop actinide materials
with minimal imperfections (such as crystallographic defects
and grain boundaries) and improved chemical homogeneity.4

Single-source precursors have been used to synthesize
oxidation-state pure, phase-pure, and morphology-controlled
compounds of the transition-metals and lanthanides;7–14

however, development of actinide single-source precursor
chemistry has been limited to oxides.15–18 Single-source
precursors are distinct from conventional precursors because
of the existence of pre-formed metal-sulfur bonds (in the case of
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precursors for suldes).19 While traditional precursor methods
have previously led to successful synthesis of non-oxide actinide
thin lms,20–23 the use of single-source precursors provides
additional advantages such as control over reagents as well as
control of properties (such as solubility and volatility) desirable
for a range of synthetic methods. For example, modulation of
the substituent groups on the coordinated ligands enables
tunable solubility and volatility, meaning these precursors can
potentially be adaptable to colloidal nanoparticle syntheses as
well as gas-phase materials syntheses like chemical vapor
deposition (CVD) and atomic layer deposition (ALD).4,7–10 Addi-
tionally, ligand modications can tune thermal stability, which
allows for material formation at lower temperatures than those
used in more conventional synthetic routes.7–10,14

Within the actinides, single-source precursors have been
used to synthesize ThO2

15 and UO2,16 with the actinide oxides
being the most well-studied of the binary materials for their
technological interest as nuclear fuels.24,25 However, to gain
a better understanding of the interactions of 5f-electrons with
the electronic states of other anions, it is appealing to develop
precursors to target materials beyond the commonly-studied
oxides. We targeted US2 because, as the heavier chalcogen
analogue to UO2, it enables development of sulde precursor
chemistry analogous to that of the oxides while still studying
a fundamentally different system. Though UO2 and US2 have the
same oxidation state and number of valence electrons, this does
not translate to the same fundamental properties. For example,
US2 and UO2 are structurally different, both in the gas phase26

and the solid state.27–33 Beyond structural comparison, UO2

exhibits antiferromagnetism,34 whereas US2 exhibits weak
Chem. Sci., 2024, 15, 13325–13332 | 13325

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc03422h&domain=pdf&date_stamp=2024-08-16
http://orcid.org/0000-0003-0999-6919
http://orcid.org/0000-0003-2138-6259
http://orcid.org/0000-0001-7325-2717
http://orcid.org/0000-0003-4381-8753
http://orcid.org/0000-0001-9671-227X
http://orcid.org/0000-0003-1346-7497
https://doi.org/10.1039/d4sc03422h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03422h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015033


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:2

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ferromagnetism.28,30,35 Therefore, the data on uranium oxides
does not describe uranium suldes, and there is room to study
the differences in electronic structure of these materials, as
indicated by the differences in magnetism.

Historically, work on US2 has focused on the synthesis of
different crystal phases and study of their thermodynamic and
magnetic properties.26,28–31,35–48 More recently, there has been
interest in the electronic structure of US2,49,50 and its utility in
actinide–actinide separations.51,52 However, US2 has been diffi-
cult to study due to the oxophilicity of uranium, which leads to
challenges in isolating pure uranium sulde materials outside
of inert atmospheres. Once synthesized, maintaining purity is
challenging, as US2 readily oxidizes or hydrolyzes in the pres-
ence of air or water.29,53,54 Additionally, typical synthetic
methods towards US2 feature high temperatures, long reaction
times, toxic reagents, and/or hard-to-remove byproducts.55 For
example, the synthesis of a- and b-US2 via chemical vapor
transport requires the heating of uranium metal and elemental
sulfur at $950 °C for up to three weeks.30,36,37,46,47,50 The g-US2
phase is less straightforward to obtain, proceeding through
U3S5, followed by reduction under a stream of H2S or by
elemental sulfur at 330 °C.28,29 Other studies have synthesized
US2 by treating the oxides with CS2 under pressure, with
difficult-to-separate uranium oxysuldes as byproducts.52

To develop new methods of synthesizing and analyzing the
properties of binary actinide materials without the concern of
oxophilicity, temperature, reaction time, and structural defects,
we have used a single-source precursor approach to synthesize
US2. Based on previous success in the use of amidate complexes
towards morphology and size-controlled actinide dioxide
materials15,16,56 and the use of thioamidate complexes to prepare
tin sulde materials,11,57 we hypothesized that homoleptic
uranium thioamidate complexes would be promising precur-
sors for the synthesis of US2 via pyrolysis. Here we report the
rst single-source precursor for non-oxide actinide materials by
pyrolyzing a uranium thioamidate to form US2 materials. This
work demonstrates an extension of our synthetic actinide
materials toolkit beyond the more commonly studied uranium
oxide materials.
Results & discussion

The thioamidate proligand, 2-methyl-N-(2-methyl-2-propanyl)
propanthioamide, (H(ITTA), for “Isopropyl, Tert-butyl
Scheme 1 Synthesis of the homoleptic thioamidate complex,
U(ITTA)4.

13326 | Chem. Sci., 2024, 15, 13325–13332
ThioAmide”), was synthesized according to literature
methods.11 Following deprotonation, the potassium salt
K(ITTA) was treated with UCl4 to prepare the uranium thio-
amidate complex U(ITTA)4 (Scheme 1). The room temperature
1H NMR spectrum (Fig. S6†) reveals approximately six peaks,
rather than the three attributable to the tert-butyl, isopropyl
methine, and isopropyl methyl protons, suggesting low
symmetry for the molecule in the solution state. Thioamidate
ligands have been shown to be hemilabile, which allows for
ready conversion between isomers.58,59 To assess this possibility,
EXSY, HSQC, COSY, and variable temperature 1H NMR (Fig. S1–
S5†) were conducted and suggest that there are three species in
solution, likely corresponding to three isomers of U(ITTA)4
(Fig. S8†). Further assignment was hindered by paramagnetic
broadening of ligand resonances coupling to the uranium
center.60

Green crystals suitable for single crystal X-ray diffraction
(SCXRD) were grown from hexane; the data revealed a bidentate
k2-S,N coordinationmode for the ITTA ligand to the U(IV) center,
typical of other homoleptic metal thioamidate11,57 and actinide
amidate complexes15,16,56 (Fig. 1). The thioamidate complexes
show average U–S and U–N bond lengths of 2.7735(6) Å and
2.594(2) Å, respectively. The U–S bond length is comparable to
other U(IV) complexes with similar ligands: 2.7735(6) Å in this
work, compared to 2.829(2) Å reported by Gaunt et al.,61 2.803(2)
reported by Behrle et al.,62 and 2.768(4) reported by Wang et al.63

The U–N bond length is also in agreement with similar ligand
systems.16,61

The thermal decomposition of U(ITTA)4 was studied to
understand its utility as a precursor to US2 by using simulta-
neous thermal analysis (STA), which combines thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) (Fig. 2 and S15†). Under an Ar atmosphere and with
a heating rate of 5 °C min−1, U(ITTA)4 shows a single step
decomposition at 213 °C (onset at 202 °C). The measured mass
Fig. 1 X-ray crystal structure of U(ITTA)4 with all atoms represented
with 50% probability thermal ellipsoids and hydrogens omitted for
clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermogram of U(ITTA)4 collected under argon at a heating
rate of 5 °C min−1.
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loss at 238 °C, aer the decomposition step, is 58.6%,
increasing to 59.9% at the maximum temperature of 850 °C.
This is lower than the predicted mass loss of 65.32% based on
the stoichiometric decomposition of U(ITTA)4 to US2. This
could suggest the incorporation of impurities in the nal
product that articially raise the apparent mass. These
decompositions were conducted in lidded alumina crucibles,
which could prohibit the removal of volatile byproducts that
would eventually carbonize as more U(ITTA)4 decomposes. This
thermogram is consistent with the thermogram of previously-
studied amidate complexes, which led us to hypothesize that
the thioamidate decomposes in a similar manner, following an
alkene elimination pathway described in Scheme 2.16

To further elucidate the decomposition mechanism, a small
amount of U(ITTA)4 was heated to 300 °C in a sealed NMR tube
under an atmosphere of nitrogen for 16 h. The tube was then
cooled in liquid nitrogen to condense any volatile reaction
products. Addition of C6D6 resulted in a colorless solution and
a small amount of undissolved black solid. Resonances attrib-
utable to isobutylene, isobutyronitrile, and H(ITTA) were
present in the 1H NMR spectrum (Fig. S9†), which supports the
mechanism shown in Scheme 2. We note that these byproducts
were not observed in the expected 1 : 1 : 1 ratio; however, no
other resonances were observed that would indicate a secondary
decomposition pathway. Since these products are all volatile
and/or soluble in organic solvents, they can be removed easily
aer pyrolysis.
Scheme 2 Proposed thermal decomposition mechanism for U(ITTA)4 int
two putative uranium intermediates were not isolated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
To characterize the black solid observed during the NMR-
scale pyrolysis reaction, larger quantities of U(ITTA)4 were
pyrolyzed in a tube furnace under a owing atmosphere of
argon gas. One sample was pyrolyzed at 250 °C for 2 h, which
resulted in a black powder. A separate sample was heated rst to
250 °C for 1 h to complete the pyrolysis, and then at 850 °C for
an additional 5 h to anneal the sample and improve crystal-
linity; this reaction yielded a shiny, black solid. The non-
annealed (250 °C pyrolysis) and annealed (250 °C, followed by
850 °C) samples are henceforth abbreviated as 1-US2 and 2-US2,
respectively.

1-US2 and 2-US2 were probed using scanning electron
microscopy (SEM) to assess how temperature affected the grain
size and morphology of the products and to conrm that
annealing was successful, thus affording crystallinity that would
be useful in diffraction studies. SEM images (Fig. 3 and S14†)
show a difference in the morphology among the precursor and
the products, as well as between 1-US2 and 2-US2. Good
uniformity in particle size is observed for 1-US2, and the
o US2. The organic byproducts were observed by 1H NMR, however the

Fig. 3 Scanning electron microscopy (SEM) images of 1-US2 (a and b)
and 2-US2 (c and d).

Chem. Sci., 2024, 15, 13325–13332 | 13327
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material has a stacked, sheet-like morphology (Fig. 3a). This
sample also has smaller grains on some surfaces (Fig. 3b). On
the other hand, 2-US2 predominantly resembles that of a hol-
lowed sphere and includes nanometer-sized particles (Fig. 3c
and d). The effect of temperature on the morphology of the nal
products is evident from the electron microscopy images: the
sample pyrolyzed at 250 °C has distinct morphology from that
pyrolyzed at 850 °C, implying that annealing was successful and
2-US2 might render useful diffraction data.

To understand the chemical composition of the black solid,
elemental analysis (EA) and PXRD were conducted. EA for 1-US2
found 21.4% sulfur content, consistent with the formation of
US2 (S calcd: 22%) and decomposition of the U(ITTA)4 precursor
(S exptl: 14.39%, calcd: 14.70%). Reduction in the amount of
hydrogen (H exptl: 7.25%, calcd: 7.40%) and nitrogen (N exptl:
6.21%, calcd: 6.40%) observed for U(ITTA)4 were also found for
1-US2, which had H and N in trace amounts that were within
error for the detection method. The sample had 2.33% carbon
content, which was reduced from that seen in U(ITTA)4 (C exptl:
43.67%, calcd: 44.00%). The carbon content found in 1-US2 is
comparable to carbon contamination found in materials
prepared with similar precursors and is in line with the STA
data.15,16 Overall, the shi in the sulfur and carbon contents
from precursor to 1-US2 is supportive of the decomposition of
U(ITTA)4 to US2. In considering the chemical composition of 2-
US2, the 1% mass change in the STA data suggests that the two
samples are chemically similar, and that the addition of the
annealing step likely improves only the crystallinity, not the
sample purity.

The PXRD pattern on a powdered sample of 2-US2 shows
broadened peaks, and Scherrer analysis yields particle sizes of
35(18) mm, which is consistent with sizes observed with SEM.
The pattern is qualitatively consistent with the formation of g-
US2 28,29 for the bulk of the sample, thus we have assigned the 2-
US2 sample to the g-phase (Fig. 4). There are differences in peak
intensities between the observed pattern and the calculated
pattern for g-US2, indicating that the 110 orientation (the most
intense peak in the sample) is the preferred orientation when
Fig. 4 Powder X-ray diffraction pattern of 2-US2 (bottom, black) and
calculated pattern for g-US2 (pink, top) shown for reference. The star
at ca. 27° aligns with UOS, which likely arises from surface oxidation of
US2 due to adventitious oxygen during sample storage.

13328 | Chem. Sci., 2024, 15, 13325–13332
the sample is annealed in a quartz tube. Comparison to calcu-
lated g-US2 with a March–Dollase parameter for the 110 orien-
tation of 0.46 compares well to the observed pattern (Fig. S16†);
meanwhile, comparison to other polymorphs of US2 (Fig. S17†)
do not match. An additional peak at ca. 27° and others broad-
ened into the baseline are consistent with the presence of
a small amount of UOS,64 attributable to surface oxidation due
to adventitious oxygen while storing the sample in a glovebox,
especially given that the sulfur content found in elemental
analysis is consistent with US2, not a combination of US2/UOS.
The peak broadening in combination with other semi-
crystalline impurities challenges indexing of the pattern for
quantitative assignment. 1-US2 was amorphous and showed no
discernible diffraction.

X-ray absorption ne-structure spectroscopy (XAFS) was used
to better understand the chemical structure of the complex, as it
can provide information on the local atomic structure of the
pyrolysis samples and does not rely on crystallinity. To our
knowledge, there are no U(IV) disulde XANES spectra reported
for comparison, so the XANES region of a measured bulk b-US2
sample was compared with bulk UO2 (Fig. 5). The energy of the
inection point for US2 (17.168 keV) is 3 eV below that of UO2

(17.171 keV). This demonstrates that the two tetravalent
uranium samples have unique ngerprints and can be distin-
guished by XANESmeasurements. The XANES for both pyrolysis
samples match the edge energy for bulk US2, with inection
points around 17.168 keV, thus supporting the formation of
US2.

Fitting of the extended X-ray absorption ne structure
(EXAFS) region further supports the formation of US2 (Fig. 6). 1-
US2 has only one scattering shell, which is indicative of small
crystal size or low crystallinity; given the substantial grain sizes
observed in the SEM images, we attribute this case to low
crystallinity. The R space data (Fig. 6a) ts well (R% = 16.50,
Table 1) with a single U–S0 scattering path (Fig. 7, top). In g-US2,
the rst coordination sphere consists of two crystallographically
distinct sulfur types: six sulfur atoms with U–S distance of 2.749
Å and three sulfur atoms with U–S distance of 2.894 Å.28–33
Fig. 5 XANES comparing 1-US2 (blue, solid), 2-US2 (purple, solid), bulk
US2 (blue, dotted), and bulk UO2 (pink, dotted), with E0 labeled to
demonstrate the energy shift. The E0 for UO2 is 17.171 keV, and 17.168
keV for US2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EXAFS U L3-edge spectra of 1-US2 (blue, left) and 2-US2 (pink, right) samples, including fits (purple) and error bars.

Table 1 EXAFS-derived fitting parameters for 1-US2 and 2-US2

Sample Path DE (eV) N R (Å) s2 (Å2)

1-US2 U–S0 −6.0(1) 5.0(4) 2.766(6) 0.0088(6)
2-US2 U–S0 −5.1(3) 4(1) 2.74(1) 0.004(1)

U–S0 −5.1(3) 1(1) 2.94(2) 0.002(3)
U–U −5.1(3) 2 4.109(8) 0.0004(5)
U–U −5.1(3) 12 4.6(2) 0.0004

Fig. 7 Crystal structure of g-US2.28–33 Top, the first coordination
sphere is shown with the average bond distance for U–S0 scattering
labeled in blue. Bottom, the second coordination sphere is shown,
with the average distance for U–U scattering labeled in pink.
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Within a 95% condence interval, the coordination number (N)
of 5.0(4) as well as the average bond distance (R) of 2.766(6) Å
ts well to the expected U–S0 bonds for the six sulfurs found at
2.749 Å in the rst coordination shell. Additional single scat-
tering and multiscattering paths at higher R (including the
sulfur atoms at 2.894 Å from the central uranium) do not
statistically improve the t model (determined using an F-test).
Additionally, the EXAFS data further supports the absence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
UO2 in the pyrolyzed material, as a typical U–O bond length is
2.372 Å, well outside of the error for themodel in this material.65

2-US2 has additional shells, demonstrating that these
samples have greater long-range order, indicative of the higher
crystallinity of the sample, therefore enabling more precise
tting (Fig. 6b). To t the data, additional scattering paths were
used in the model, including an additional rst shell U–S0

scattering path and a second shell U–U scattering path. The two
sulfur types in the rst coordination sphere were t well with an
R of 2.74(1) Å and N of 4(1) for the rst sulfur type, and R of
2.94(2) Å and N of 1(1) for the second sulfur type (R% = 15.57%,
Table 1). In g-US2, the second coordination sphere (Fig. 7,
bottom) includes two crystallographically distinct U–U scat-
tering paths: two uranium atoms with U–U interatomic distance
4.0740(2) Å and twelve uranium atoms with U–U interatomic
distance 4.6530(2) Å.28–33 The coordination numbers for the
second shell were constrained to their crystallographic values in
g-US2. The modeled second shell U–U interatomic distances of
4.109(8) and 4.6(2) Å match well for the two U–U scattering
paths in g-US2 (R% = 15.57, Table 1). This EXAFS spectrum is
overall in good agreement with tetravalent, hexagonal uranium
disulde.

Additionally, comparison of reported EXAFS for bulk UO2
66

(which is cubic Fm�3m) to our measured US2 samples demon-
strates the difference between these two tetravalent materials,
both in the rst and second scattering shells. The rst shell for
UO2 has one scatter, whereas US2 has two scatters. The R
distances are also signicantly different between the samples
(2.34(3) for UO2 compared to 2.766(6) for 1-US2 and 2.74(1) for 2-
US2 in the rst shell). Additionally, the second shell U–U scatter
for both samples have signicantly different U–U interatomic
distances (3.87(1) for UO2 compared to 4.109(8) and 4.6(2) for 2-
US2). This together with the XANES and PXRD data supports the
absence of UO2 in the bulk of the sample.

Comparing the EXAFS of the pyrolysis samples further
demonstrates the difference in the crystallinity of the samples.
Beyond the lack of a second shell scatter in 1-US2, the Debye–
Waller factor is indicative of crystallinity difference; for the rst
shell U–S0 scatter, the Debye–Waller factor is higher for 1-US2
(0.0088(6) Å2) compared to 2-US2 (0.004(1) and 0.002(3) Å2). This
supports the successful annealing of the sample pyrolyzed at
850 °C, as annealing of a material will lead to less disorder in
Chem. Sci., 2024, 15, 13325–13332 | 13329
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the structure. Despite differences in crystallinity, the agreement
between the coordination number and bond distances in the
rst U–S0 scattering shell of both samples demonstrates that
this method is suitable for conrming the formation of tetra-
valent uranium sulde materials whether the sample has low
crystallinity or high.

Conclusions

This work reports the rst homoleptic, tetravalent uranium
thioamidate complex, U(ITTA)4, and demonstrates its viability
as a single-source precursor for US2 materials via solid-state
pyrolysis. The U(ITTA)4 precursor fully decomposed upon
heating to 250 °C, and analysis by STA and NMR showed that
the decomposition proceeded via alkene elimination, compa-
rable to the analogous amidate complex. Formulation of the
solid product as US2 was conrmed by EA, PXRD, and uranium
L3-edge XANES. Addition of an annealing step in the thermal
decomposition increases crystallinity, and the g-phase of US2
was clearly identied using PXRD and uranium L3-edge EXAFS.
Imaging by SEM showed that annealing also induces a different
morphology, which provides an initial demonstration that there
is versatility in controlling material characteristics by control-
ling the decomposition conditions. Hence, this method
provides valuable access to g-US2, which has previously been
harder to obtain than a- and b-US2, as it requires multiple steps
and a secondary sulfur source to synthesize.28,29 The presence of
the preexisting bond between uranium and sulfur in U(ITTA)4
and the well-dened decomposition mechanism suggests that
U(ITTA)4 is functioning as a single-source precursor to US2. The
uranium thioamidate complex described here and related
analogs have promising potential as precursors to nano-
materials with broad applications, the investigation of which is
ongoing in our lab. Additional future work will focus on char-
acterizing the decomposition of U(ITTA)4 under different
physical conditions.
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