INORGANIC CHEMISTRY CCs RSt 7 rovar sociery
Wlgs® SOCIETY P

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal

Room temperature synthesis of UO,,, nhanocrystals
and thin films via hydrolysis of uranium(iv)
complexest

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d1qi01248g

® Alex Hattori,?
a

Jesse Murillo,? Debiprasad Panda, {2 ® Subhananda Chakrabarti,
Leonel Griego,® Venkata S. N. Chava,? Sreeprasad T. Sreenivasan,
Chintalapalle V. Ramana®® and Skye Fortier (2 *@

Methods for the straightforward, room temperature synthesis of UO,,, nanoparticles and thin films using
solution processable, molecular uranium(iv) compounds is described. Ultra-small uranium dioxide nano-
particles are synthesized from the hydrolysis of either U(ditox), (ditox = ~OCHBuy) (1) or
U(CH,SiMe,NSiMes)[N(SiMes),l, (2) via addition of water to stirring solutions of the compounds in non-
polar solvents to give UO,-1 and UO,-2, respectively. The structural characteristics of the uranium dioxide
nanoparticles were characterized using powder X-ray diffraction (pXRD), high-resolution transmission elec-
tron microscopy (HRTEM), and Raman spectroscopy. The pXRD results affirm the cubic fluorite structure
expected for UO, nanoparticles. The nanocrystallinity of UO,-1 and UO,-2 were substantiated by bright-
field HRTEM images and fast Fourier transform (FFT) patterns. The HRTEM analysis also shows the nano-
particles fall within the ultra-small regime possessing sizes of ~3 nm with uniform distribution. Additionally,
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Introduction

The physical properties of uranium oxides have been exten-
sively studied due to their various roles in the nuclear fuel
cycle. In particular, UO, has received much attention as this
binary oxide is utilized as the primary fuel source in nuclear
reactors. The study of UO, has revealed this material to have a
number of interesting properties that could be utilized in a
wide range of applications. For instance, UO, has been demon-
strated to be capable of performing the heterogeneous catalytic
hydrodesulphurization of H,S and the dehydrogenation of
ethyl benzene and ethanol.' UO, can also be readily oxidized
to UzOg, which has been used in the oxidation of volatile
organic compounds.*
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onto glass or silicon substrates and subsequently hydrolyzed to give UO,,, thin films.

Moreover, UO, single crystals possess a high Seebeck coeffi-
cient of ca. 750 pV K that signals possible use for thermo-
electric applications, though this can vary in polycrystalline
samples based on grain size.” UO, also has interesting semi-
conducting properties that vary upon the relative oxygen
content. Technically, it is a Mott-Hubbard insulator®” with a
band gap of ca. 2.0 eV (ref. 8-10) that can range from 0.54 eV
in UO; o7 to 1.68 eV in UO, ,5 based on hypo- or hyper-stoichio-
metric oxygen content, respectively.”'""*> As proof of principle
of its semiconducting character, UO, has been used to con-
struct a Schottky diode’ and has also been used in gas
sensing devices."* The conductivity of UO, increases with
higher temperatures,">'® providing an advantage over tra-
ditional semiconducting materials such as Si or GaAs.

A complicating factor in the use of UO, is its high melting
point, 2805 °C,"” which can potentially limit its applications.
Sputtering has traditionally been used for fabricating thin
films,"® while sol-gel methods,"****'  hydrothermal
syntheses,”***” gamma ray or electron beam irradiation,>*°
and galvanostatic reduction of uranyl*"*> have been used for
the synthesis of UO, nanoparticles. Sol-gel methods and
hydrothermal syntheses are the most practical because these
techniques generally involve straightforward preparations.
These routes typically rely on the reductive, thermal decompo-
sition of uranyl(vi) in gelated organic matrices to UO,, which
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may lead to the incorporation of carbon impurities or the
undesired formation of mixed valent binary oxides. The use of
uranium(iv) oxalate has been reported in the hydrothermal
synthesis of UO,.>*?® In principle, this avoids the adventitious
formation of mixed valent oxides, though high temperatures
and pressures are still required.

Exciting progress in the chemical vapor deposition (CVD) of
uranium oxides using volatile uranium(wv) compounds has
been reported.**° In 2014, Mathur, Evans, and co-workers
described the gas phase conversion of air-stable uranium(wv)
B-heteroarylalkenolates to form UO; and U;Og films using
CVD.*? Later, Mathur et al. demonstrated that volatile uranium
(iv) amidinate complexes could be used for the CVD of phase-
pure UO, thin films. More recently, the uranium(vi) alkoxide
complex U(O'Bu)s was shown to undergo reductive decompo-
sition through CVD to give UO, films.*® Interestingly, appli-
cation of a magnetic field during the process alters the mor-
phology and orientation of the films.

In our own laboratory, we have been exploring chemically
well-defined uranium(iv) molecular precursors that could be
used for the synthesis of both UO, nanoparticles and thin
films. Special consideration has been given to complexes that
are soluble in a wide range of organic solvents for improved
processability, sublimable under moderate conditions, and
that instantaneously hydrolyse to UO, upon exposure to water.
Based upon this criteria, we have focused our attention on two
previously reported molecules developed by the Andersen lab-
oratory, namely U(ditox), (ditox = "OCH'Bu,) (1)***” and the
metallacycle U(CH,SiMe,NSiMe;)[N(SiMe,),], (2).*®

Compounds 1 and 2 have long been known but are repur-
posed here for new applications in actinide materials science.
We describe the modified synthesis and structural characteriz-
ation of 1 and its use in the synthesis of UO,., nanocrystals.
We additionally detail use of 2 for this purpose. The resulting
uranium dioxide nanocrystalline powders have been character-
ised by powder X-ray diffraction (pXRD), FT-IR and Raman
spectroscopies, and high-resolution transmission electron
microscopy (HRTEM). Furthermore, we demonstrate the viabi-
lity of 1 for preparing thin films of UO,,,. The use of 1 and 2
provides easy entry to the synthesis of UO,., nanoparticles and
thin films under mild conditions with common laboratory
equipment.

Results and discussion
Synthesis of UO, nanoparticles

Compound 1 has been previously reported from the reaction of
UCl, with 4 equiv. of Li(ditox).*® We found that 1 can also be
synthesized through the reaction of UCl, with 4 equiv. of MgCl
(ditox)(THF) in a toluene suspension that, upon subsequent
workup from diethyl ether de and drying, gives 1 as a pale
purple solid in 63% yield (Scheme 1). The successful synthesis
of 1 was confirmed through "H NMR spectroscopy and its struc-
ture elucidated through single crystal X-ray diffractometry
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Scheme 1 Synthesis of 1 and 2 and hydrolysis to UO,.,.

Fig. 1 Solid-state molecular structure of 1.

(Fig. 1 and Table S17). The synthesis of 2 was accomplished fol-
lowing literature procedures.®

Both 1 and 2 are highly soluble in non-polar solvents such
as hexanes, and addition of excess degassed H,O to these solu-
tions under an inert atmosphere of N, results in the immedi-
ate precipitation of UO, as a dark solid upon stirring. Removal
of the solvent under reduced pressure with mild heating
(80 °C) for several hours gives the UO, as a fine powder, which
is subsequently thoroughly washed with THF and water in
open air.

Nanoparticle characterization

The uranium dioxide powders synthesised from 1 (UO,-1) and
2 (UO,-2) were characterised by FT-IR and Raman spectrosco-
pies and pXRD analysis. UO, possesses one broad absorption
band in the IR region at 445 cm™" but is otherwise featureless
unless higher oxides are present.**** As compared to the
FT-IR (KBr pellet) of commercially purchased UO,, the spectra
of UO,-1 and UO,-2 exhibit a few additional absorption bands,
with a prominent peak in both at 906 cm™" and a peak at
1550 cm™" in UO,-1, absorptions that cannot be attributed to
hyperstoichiometric UO,, (Fig. S71).*"*> Based upon the lack
of additional features in the IR spectra, we tentatively assign
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Fig. 2 Comparison of the pXRD patterns obtained for the powders of
UO,-1 (red) and UO,-2 (black).

these bands to the presence of residual organic material. In
addition, there is a broad, ill-defined shoulder at ca. 750 cm™"
in UO,-1, which has been shown to appear in samples of
hyperstoichiometric UO,.,,*> signifying a higher oxide
content.

The Raman spectra of UO,-1 and UO,-2 are qualitatively
similar, with both samples giving weak signals (Fig. S8%).
Comparison of the Raman spectra of UO,-1 and UO,-2 with lit-
erature values show that the spectra match most closely with
hyperstoichiometric uranium dioxide of the formulation UO,.,
(x = 0.12-0.20),** consistent with the FT-IR data. However,
caution is exercised here as determining the hyperstoichio-
metric oxygen content is not trivial and is further complicated
by the fact that the presence or incorporation of U,0q in UO,-1
and UO,-2 is not indiscernible by pXRD (vide supra).>***

The pXRD patterns obtained for UO,-1 and UO,-2 are
shown in Fig. 2. Although several experimental procedures
were attempted to optimize the resolution of the powder
spectra, all efforts gave broad features with low peak resolu-
tion. This behaviour is consistent with a lack of crystallinity or,
in accordance with the Scherrer equation, the presence of crys-
tallites with small particle domain size indicating a nanocrys-
talline material.”> Moreover, the counts for UO,-1 are higher
for each reflection under the same experimental conditions,
suggesting greater crystallinity for the material prepared from
1. UO,-1 and UO,-2 give reflections at (111), (200), (220), (311),
and (331), matching the expected pattern for UO,.>**® X-ray
diffraction analysis can be used to determine the amount of
incorporated oxygen in hyperstoichiometric = UQ,,,;*>*®
though, while the Akl reflections observed are consistent with
uranium dioxide in the cubic fluorite form, the peak broaden-
ing and the poor signal to noise ratios preclude a definitive
analysis of the uranium to oxygen ratio.

To better characterise the morphology of the UO, powders
and to determine their crystalline properties, HRTEM analysis
was performed. The bright field images of UO,-1 and UO,-2
are shown in Fig. 3 and reveal that the powders produced from
the hydrolysis of 1 and 2 are comprised of nanoparticles (NPs)
approximately 3 nm in size. The size distribution of the NPs
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Fig. 3 HRTEM images of the nanoparticles formed from UO,-1 ((a)/(b)),
and UO,-2 ((c)/(d)) at different resolutions. White circles indicate
location of discrete nanoparticles.

for both samples were calculated using Image] software.*” The
histograms of the size distributions are shown in Fig. S9.}
However, the NPs are less coalesced with sharper lattices in
the case of UO,-1 as compared to UO,-2. The discrete NPs of
UO,-1 are marked in Fig. 3(b).

To further elucidate the crystallinity of the NPs, HRTEM
fast Fourier transform (FFT) data was collected. The FFT
images of UO,-1 and UO,-2 indicate the material to consist of
polynanocrystalline structures that give small spots that
produce larger ring patterns (Fig. 4). The increased numbers
of peaks in the FFT images of UO,-2 (Fig. 4(c) and (d)), as com-

Fig. 4 FFT images of UO,-1 (a) and UO,-2 (c) collected from the

samples shown in Fig. 3(b) and 3(d), respectively, and the FFT patterns of
selected areas in the UO,-1 (b) and UO,-2 (d) samples.
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pared to UO,-1 (Fig. 4(a) and (b), are consistent with increased
aggregation of the nanoparticles, while the FFT pattern in
Fig. 4(b) is consistent with more discrete nanoparticles with
some directionality.

The particles of UO,-1 and UO,-2 exist within the ultrasmall
NP size regime (1-3 nm),*® which is uncommon for uranium
dioxide.”®**"*! Of particular relevance to this point, Minasian
and co-workers recently reported the synthesis of UO, NPs
from the use of guest-host complexation of An(hfa), (hfa =
“[(O)C(CF3)],CH,) within the carbon organic framework
COF-5.”" The ultrasmall UO, NPs are formed within the COF-5
from thermal decomposition of the An(hfa), in the presence of
H,O vapor, where the framework prevents aggregation to give
particle sizes of 2-3 nm on average. Interestingly, while our
synthetic procedure does not employ molecular templates, we
are able to achieve a particle size comparable to their
methods. We postulate this is due to hydrophobic conditions
of the solution phase reaction which moderates the rate of
hydrolysis; however, we cannot discount concentration effects,
which is currently under study.

Thin film synthesis

In addition to their solubility in a wide range of organic sol-
vents, 1 and 2 have the added advantage of being sublimable
under relatively mild conditions (90-95 °C; 100 mTorr). This
trait is desirable for the formation of thin films via CVD,
making 1 and 2 appealing precursors for UO, thin film prepa-
ration. Moreover, this allows for the deposition of molecular
films on various substrates with relative simplicity and without
the use of specialized equipment. To demonstrate the viability
of 1 and 2 as UO, thin film precursors, we set out to synthesize
UO, films using readily available laboratory glassware.

Utilizing a two-piece sublimator, a glass or Si substrate
(~1 cm x 1 cm) was taped to the cold finger and the apparatus
was charged with 50 mg of 1 or 2. The sublimator cold finger
was cooled using a circulating, chilled water/ethylene glycol
solution (5 °C) and the system subsequently placed under
vacuum with heat. After approximately 1 h, visible film depo-
sition was observed on the substrates and the heat was
removed. The resulting films are stable at room temperature
under inert atmospheres but are readily susceptible to hydro-
lysis. Utilizing Schlenk techniques, degassed water was intro-
duced as a vapor under vacuum transfer. Upon exposure, a dis-
tinct colour change is observed for both 1 (Fig. 5) and 2
(Fig. S27). The resulting films were then heated on the sub-
strates for 12-16 h at ~400 °C under dynamic vacuum.

Thin film characterisation

The formation of the UO, films using 1 (UO,-1""™) were con-
firmed by pXRD analysis both on the glass and silicon sub-
strates. As shown in Fig. 6, the diffraction pattern obtained
from the hydrolysis of 1 on silicon and glass compares favour-
ably to commercially obtained UO, powder. On the other
hand, no discernible peaks were observed in the pXRD ana-
lysis of the thin films produced from the hydrolysis of 2
(Fig. S27), thus the composition of the thin film material is
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Fig. 5 Images showing 1 (a) as a pure solid and its thin film deposition
onto silicon (b), followed by condensation of water onto the film (c)
resulting in the formation of UO,-1™™ upon hydrolysis and drying (d).
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Fig. 6 Comparison of pXRD patterns obtained for UO,-1%™ silicon
(red) and glass (black) as well as a UO, standard for reference (blue). &
indicate the diffractions due to the Si substrate. % indicate the presence
of U308.

not currently known. It is possible that this occurs due to
incomplete hydrolysis of 2, giving a mixture of products, or for-
mation of a highly amorphous thin film.

Comparing the diffractions of UO,-1 to the UO, stan-
dard, many of the expected Akl reflections are present on the
thin films from 10-90° 26, with peaks for the (111), (200),
(220), (311), (222), and (331) indices all present. As with the
PXRD of the powder samples, all of the 4™ order diffractions
are missing in the films. The absence of these peaks may be
due to the poor signal to noise ratio for the samples, which
may obscure their identification. Alternatively, the missing
diffractions may indicate the morphological preference of the
materials grown via our synthetic procedure. Previous reports
of UO, film deposition have shown the propensity for pre-
ferred crystallographic orientation.>*>*>3

Further examination of the pXRD diffraction pattern reveals
the presence of two additional peaks located at 21.2° and 43.5°
260 in UO,-1%"™ on the silicon substrate (Fig. 6). We attribute
these peaks to the formation of the mixed valent oxide species
U;0g. Specifically, these lattice spacings are consistent with
the (001) and (220) %kl orientations. The formation of the U;O4

film
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is unique to the silicon substrate as these peaks are absent in
the UO,-1"™ on glass and in the powders of UO,-1. The
reason for the partial oxidation of the UO, to Uz;Og is not
known at present and various preparations of the silicon sub-
strate are currently under investigation.

Slight peak broadening is observed for the pXRD features of
the thin films as compared to the UO, standard powder
sample. Particle size calculation of the UO,-1""™ on the silicon
substrate, using the Scherrer equation, yields average particle
size of 12.0 nm. This is significantly larger than those deter-
mined by HRTEM (~3 nm) in the powder samples of UO,-1.
The larger grain size may account for the overall improvement
in the crystallinity, allowing for the appearance and identifi-
cation of additional lattice indices as compared to UO,-1 and
U0O,-2.

The composition of UO,-1""" was additionally characterised
by UV-visible (UV-vis) spectroscopy. A UV-vis spectrum was col-
lected on UO,-1""™ deposited on the transparent glass sub-
strate. The spectrum shows a broad absorption feature with an
onset around 665 nm but with a notable increase of absorp-
tion intensity near 400 nm (Fig. S51). The absorption trace is
otherwise featureless, which is distinctive from stoichiometric
UO, thin films that display broad but defined absorption
peaks between ca. 250-500 nm.>* Instead, the UV-vis spectrum
of U0,-1"™ on glass compares more favourably with that
reported for UO,,3,>* indicating hyperstoichiometric oxygen
content similar to that found for UO,-1 and UO,-2.

Finally, the thickness of the UO,-1™™ produced on glass and
silicon was determined using a stylus profiler. The sublimation
and hydrolysis process as described produces thin films that
range from approximately 15-40 nm (Fig. S3 and S47}), demon-
strating the viability of our method for the synthesis of UO,
thin films in the nanometre regime. Current efforts are ongoing
to study the surface characteristics and the electronic properties
of these films and will be reported in due time.

film

Summary

We demonstrate that UO, NPs can be readily accessed from
the hydrolysis of the molecular, tetravalent uranium precur-
sors 1 and 2 to give UO,-1 and UO,-2, respectively. The NPs are
formed from a modified sol-gel synthesis conducted under
mild conditions using standard laboratory equipment. The
NPs produced in this fashion exist on the ultrasmall particle
regime. Furthermore, 1 has added versatility as it can be sub-
limed with mild heating under vacuum to give thin films that
are readily hydrolysed to UO,-1"™, obviating the need for
specialized CVD equipment. In all cases, the uranium dioxide
formed is hyperstoichiometric in oxygen, giving UO,.,. This
may be due to surface oxidation of the NPs and thin films or
as a result of oxygen diffusion based upon the surface mor-
phology of the uranium dioxide materials.”> Regardless,
uranium oxides of the form UO,,, are semiconductors, and
our protocols add to the toolbox for the synthesis of these
novel materials.
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Experimental
General considerations

All air and moisture-sensitive operations were performed in a
M MBraun dry box under an atmosphere of purified dinitrogen
or using high vacuum standard Schlenk techniques. Solvents
were dried using a Pure Process Technology Solvent
Purification System and subsequently stored under a dinitro-
gen atmosphere over activated 4 A molecular sieves. UCl, was
synthesized using previously reported methods.>® MgCl(ditox)
(THF) was synthesized using a modified procedure®” from the
reaction of MgCl(“Bu) with hexamethylacetone in hexanes.
U(CH,SiMe,NSiMe;)[N(SiMe;),], (2) was synthesized as pre-
viously reported.®® UO, powder was purchased from
International Bio-Analytical Laboratories, Inc. and was used as
received. Benzene-ds was purchased from Cambridge Isotope
Laboratories Inc. and dried over activated 4 A molecular sieves
for 24 h prior to use. Celite used for filtration was dried under
vacuum while heating at 250 °C for 24 h, subsequently cooled
under vacuum, and stored under dinitrogen. NMR spectra
were recorded using a Bruker AVANCE II 400 MHz spectro-
meter. '"H NMR spectra are referenced to SiMe, using the
residual "H solvent peaks as internal standard. UV-vis-NIR
spectra were recorded using a Cary 5000 spectrophotometer in
toluene or as films using the Cary solid state sample holder in
transmission geometry. Fourier transform infrared (FT-IR)
spectra were recorded on a Bruker Tensor 27 infrared spectro-
meter (ATR) from powder samples. Profilometry was con-
ducted using a KLA stylus type Tencor profilometer. Raman
spectra of the UO,-1 and UO,-2 powder samples were
measured with an NTEGRA Spectra-Il (NT-MDT) Raman
spectrometer equipped with a 532 nm laser excitation source
with an 100x objective.

X-ray diffraction details

Data for 1 was collected on a dual-source Bruker Venture D8
4-axis diffractometer equipped with a PHOTON II CPAD detec-
tor with a IuS Mo Ka X-ray source (a = 0.71073 A) fitted with a
HELIOS MX monochromator. The crystals were mounted on a
Mitigen Kapton loop coated in NVH oil and maintained at 100
(2) K under a flow of nitrogen gas during data collection. Data
collection and cell parameter determination were conducted
using the SMART’® program. Integration of the data and final
cell parameter refinements were performed using SAINT>® soft-
ware with data absorption correction implemented through
SADABS.®® Structures were solved using intrinsic phasing
methods and difference Fourier techniques. All hydrogen atom
positions were idealized and rode on the atom of attachment.
Structure solution, refinement, graphics, and creation of publi-
cation materials were performed using SHELXTL®' or the
Olex2°* crystallographic package. Crystallographic parameters
for 1 are shown in Table S1.f CCDC deposit number 2106529
for 1.1

Powder X-ray diffraction was carried out either on a 6-0 con-
figuration on a Rigaku Smart Lab double-axis diffractometer
using Cu-Ka radiation (1.540 A) radiation or a Panalytical
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Empyrean 2 instrument equipped with a flat sample stage with
45 kv and 40 mA with Cu-Ka radiation (4 = 1.540 A).
Commercially available UO, powder reference was measured
on a spinning sample stage at 2 RPS on a low background Si
sample holder. All X-ray data was processed using PANalytical
HighScore (Plus) software package.

High resolution transmission electron microscopy (HRTEM)

HRTEM was performed with a 200 kV JEOL JEM 2100F system.
A small amount of powder (<0.5 mg) was randomly sampled
and dispersed by ethanol in a microcentrifuge tube followed
by ultrasonic deagglomeration to separate the soft agglomer-
ates into individual grains. The suspension was then pipetted
onto a copper grid, and the ethanol was left under an infrared
heater to evaporate. The fast Fourier transform (FFT) method
was applied to convert the crystalline contribution in a real
space image into lattice reflections of a reciprocal space image.

Synthesis of U(ditox), (1)

Synthesis of 1 was carried out via a modified synthetic pro-
cedure based upon a previously described synthesis.’” In a
100 mL round bottom flask, 0.5 g (1.82 mmol) of MgCl(ditox)
(THF) was added to a stirring toluene (20 mL) suspension con-
taining 0.16 g (0.41 mmol) of UCl,. The dark green suspension
was stirred vigorously at room temperature for 72 h. The result-
ing turbid, light blue-green suspension was dried completely
under vacuum to a blue solid. The solid was dissolved in
diethyl ether (50 mL) and stirred at room temperature for 1 h,
producing a light violet turbid suspension. This suspension
was filtered through Celite supported on a medium porosity
glass frit, giving a purple filtrate. The Celite was subsequently
washed with diethyl ether (5 mL x 2). The filtrate was concen-
trated to approximately 2 mL and the solution stored at
—35 °C. After 48 h, violet crystals appear which could be iso-
lated after removal of the supernatant and drying under
vacuum. Yield: 0.21 g, 63%. "H NMR (25 °C, 400 MHz, C¢Dg): &
0.14 (s, 72H, Me;CH), § 31.85 (s, 4H, Me;CH). UV-vis (toluene,
1.60 mM, 25 °C, L mol ™" em™): 284 (& = 1535), 459 (& = 8), 515
(e =19), 572 (e = 14), 667 (¢ = 58), 701 (¢ = 19), 779 (¢ = 10), 919
(e =16),1039 (e = 12), 1173 (& = 24), 1316 (¢ = 19), 1404 (¢ = 10).
The '"H NMR spectrum of 1 (Fig. S11) matches the reported
values.””

Synthesis of UO,-1 and UO,-2 via room temperature hydrolysis
of 1 and 2

Hydrolysis of both 1 and 2 were performed in the following
manner: In a glovebox, 1 or 2 (0.5 g) were loaded into a Cajon
flask (50 mL) and hexanes or pentane (5 mL) was added to dis-
solve the solid, giving violet or yellow solutions, respectively.
The Cajon flask was sealed, removed from the glovebox, and
subsequently attached to a Schlenk line. Under a purge of dini-
trogen, 1.0 mL of degassed, reverse osmosis treated water was
added to the uranium solution. Immediate formation of a
black-tan precipitate was observed. The Cajon flask was then
sealed and the resulting dark suspension stirred for 10-15 min
at room temperature. The solvent was then removed in vacuo,
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leaving a dark, almost black solid, which was dried for 12 h at
80 °C. The grey-black solid was then washed with THF (50 mL)
in air. The dark solid was collected by vacuum filtration on a
small medium porosity glass frit. The dark powder was
washed on the frit with deionized water (10 mL) and dried for
1-2 h under vacuum with mild heating (80 °C) to give UO,-1 or
UO,-2 in 84 and 89% yield, respectively.
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