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rties of ultra-small thorium and
uranium dioxide nanoparticles embedded in
a covalent organic framework†

Liane M. Moreau, ‡a Alexandre Herve,‡a Mark D. Straub, ab Dominic R. Russo,ab

Rebecca J. Abergel, ab Selim Alayoglu,a John Arnold, ab Augustin Braun, a

Gauthier J. P. Deblonde, §a Yangdongling Liu,a Trevor D. Lohrey, ab

Daniel T. Olive,ac Yusen Qiao, ad Julian A. Rees,a David K. Shuh, a

Simon J. Teat, a Corwin H. Booth *a and Stefan G. Minasian *a

We report the structural properties of ultra-small ThO2 and UO2 nanoparticles (NPs), which were

synthesized without strong binding surface ligands by employing a covalent organic framework (COF-5)

as an inert template. The resultant NPs were used to observe how structural properties are affected by

decreasing grain size within bulk actinide oxides, which has implications for understanding the behavior

of nuclear fuel materials. Through a comprehensive characterization strategy, we gain insight regarding

how structure at the NP surface differs from the interior. Characterization using electron microscopy and

small-angle X-ray scattering indicates that growth of the ThO2 and UO2 NPs was confined by the pores

of the COF template, resulting in sub-3 nm particles. X-ray absorption fine structure spectroscopy

results indicate that the NPs are best described as ThO2 and UO2 materials with unpassivated surfaces.

The surface layers of these particles compensate for high surface energy by exhibiting a broader

distribution of Th–O and U–O bond distances despite retaining average bond lengths that are

characteristic of bulk ThO2 and UO2. The combined synthesis and physical characterization efforts

provide a detailed picture of actinide oxide structure at the nanoscale, which remains highly

underexplored compared to transition metal counterparts.
Introduction

Actinide chemistry at the nanoscale has become of increased
importance due to the potential for improved safety and effi-
ciency with decreasing grain size in advanced nuclear fuels.1–3

For example, self-heating of nuclear fuel4 following loss of
coolant may be lessened by employing advanced reactor fuels
with characteristics similar to the UO2 high burn-up structure
(HBS), in which UO2 fuel evolves into a hierarchical, meso-
porous material with 1 mm pores distributed throughout
a nanocrystalline UO2 solid.1,5,6 Actinide nanoparticles are also
known to play a major role in the migration of radionuclides
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668
through environmental systems,7–11 and have been proposed as
agents for targeted alpha-therapy,12–17 and for applications in
thermopower18 and heterogeneous catalysis.19–24 Further inno-
vation in these areas will require methods to synthesize and
characterize actinides at the nanoscale, an area that is relatively
unexplored and beyond current predictive capabilities. For
stable d-block metals, it has been well-established that as grain
size is reduced to the nanoscale in discrete particles certain
electronic, magnetic, and chemical phenomena may emerge
that do not occur in bulk solids or in molecular systems. This
behavior can be traced directly to factors that are intrinsic to
nanoparticles including changes in structural order, larger
surface energies and surface area-to-volume ratios, and quan-
tization of the electronic states.25–29 By comparison, the chem-
istry of actinide nanoparticle systems is underdeveloped,30,31

and there is little evidence for intrinsic size effects on phase
stabilities, surface reactivities, and 5f-electron behavior.32–36

Handling the actinide elements has also posed challenges, as
hazards associated with radioactivity mandate special proce-
dures for containment, while requirements for waste minimi-
zation, isotope recovery, and reuse necessitate small-scale
reactions that are incompatible with most nanoparticle
synthesis and characterization methods.37 Efforts to move
This journal is © The Royal Society of Chemistry 2020
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beyond the actinide electronic structure models developed for
ideal molecular systems38 or extended solids39–43 and towards
three-dimensional nanoscale materials require synthetic
methodologies for actinide nanoparticles that meet these
technical requirements while retaining the high degree of size
and composition control provided by conventional colloidal
chemistry approaches.

Recent developments in inorganic synthesis and increased
understanding of environmental colloids have provided new
opportunities to explore the chemistry of actinides at the
nanoscale.44–53 Molecular cluster chemistry of the tetravalent
actinides, exemplied by a class of actinide oxo hydroxide
clusters,54–66 has provided valuable structural insight into the
growth of bulk AnO2 (An¼ actinide) by the controlled hydrolysis
of molecular precursors. Synthetic techniques for actinide
nanoparticles have also been reported that include direct
decomposition of actinide precursors into nanoparticles in
aqueous solutions by irradiation,2,8,67 sonolysis68,69 or via
hydrothermal approaches.70,71 These latter methods oen result
in nonuniform size distributions and less desirable aggregated
particles; however, control over particle size has been effectively
achieved by incorporating surfactants into the reaction mixture.
For instance, size-controlled syntheses have been reported for
a range of anisotropic and isotropic actinide oxide nano-
particles (An ¼ Th, U, Np, Pu) by thermal decomposition of
molecular precursors in the presence of organic ligands.18,72–76

Unfortunately, the use of surfactant molecules also complicates
comparisons to analogous bulk materials. For example, surface
ligands have been shown to directly alter nanoparticle surface
charge and electronic structure,77–79 as well as shape and surface
reconstruction,80 while also impacting their functionality in
catalysis81–83 and luminescence properties.84–86 Hence, it has
remained difficult to identify changes in physical behavior that
are a direct consequence of particle size, particularly in ultra-
small nanoparticles where surface speciation is a major and
sometimes dominant component of the overall composition.
Such factors become critical when studying how the effects of
decreasing grain size may affect extended solids.

Towards this end, porous frameworks provide a templated
pathway to synthesize monodisperse nanoparticles that avoids
the complication of surface ligands through size-connement
of nanoparticles to the template pore size. Recent efforts to
adapt earlier template-directed syntheses that use metal–
organic frameworks (MOFs)87,88 and covalent organic frame-
works (COFs) have been reviewed89–91 and include successful
syntheses of Pd,89,92–94 Pt,93,95 Ag,96 and Au nanoparticles.97,98

COF-5 in particular is chemically and thermally robust, having
been assembled from strong covalent bonds between B, C, and
O.90 Hence, COF-5 could potentially accommodate a wide range
of precursors and decomposition conditions, and permit
rational tuning of the molecular coordination chemistry and
decomposition mechanisms. Customizing a template-directed
synthesis approach for sub-milligram scale, solvent-free reac-
tions could enable studies of radioactive actinide nanoparticles
by minimizing the amount of metal needed and radioactive
waste generated.
This journal is © The Royal Society of Chemistry 2020
Herein, we report the synthesis and detailed structural
characterization of ultra-small ThO2 and UO2 nanoparticles
(NPs) without the use of surface ligands by using COF-5 as
a size-directing template and tetravalent thorium and uranium
hexauoroacetylacetonate (hfa) complexes as precursors
(Th(hfa)4 and U(hfa)4). A comprehensive characterization
toolbox was developed to trace the synthetic process, under-
stand precursor decomposition, and compare both the nano-
scale structural properties with bulk actinide oxide structure
and the implications of structural differences on nuclear fuel
materials. Additionally, such an approach was required in order
to determine the nanoparticle composition, which is not
possible using conventional techniques typically used in
nanoparticle characterization including transmission electron
microscopy (TEM) and X-ray diffraction (XRD). Chemical
imaging and spectroscopic analyses of the synthetic products
revealed a controlled process involving nanoparticle formation
without degradation of the COF-5 template. Nanoparticle sizes
were evaluated with TEM and small-angle X-ray scattering
(SAXS) techniques, which show that nanoparticle growth was
effectively limited by the size of COF-5 pores such that ultra-
small nanoparticle products (<3 nm) were obtained. A thor-
ough X-ray absorption ne structure (XAFS) spectroscopy study
shows that the nanoparticles are best formulated as tetravalent
ThO2 and UO2 with disordered cubic uorite crystalline struc-
tures. The XAFS data also show that there are no strong inter-
actions between the nanoparticle surface and organic ligands or
the COF host. Rather, the chemistry of these ThO2 and UO2

nanoparticles can be more directly compared to their bulk
counterparts, and enable us to consider implications of the
nanoparticle surface characteristics on the performance of
nanostructured nuclear fuels.
Results
Synthesis of COF-5 inclusion compounds

Formation of the Th(hfa)4@COF-5 and U(hfa)4@COF-5 inclu-
sion compounds was achieved via room-temperature sublima-
tion under static vacuum of Th(hfa)4 or U(hfa)4 precursors from
glass vials into an activated COF-5 host material that was in the
same ask but contained within a separate, open vial (eqn (1)).

AnðhfaÞ4 þ COF-5
������!10�5 torr

AnðhfaÞ4@COF-5 ðAn ¼ Th;UÞ (1)

During this process, formation of the inclusion compounds was
accompanied by a visible and measurable mass loss of the
precursor and corresponding mass gain for the COF-5 host. The
otherwise colorless COF-5 starting material also adopted some
visible characteristics of the U(hfa)4 precursor (brown) upon
formation of U(hfa)4@COF-5 (tan). Predictably, no signicant
color change was observed upon exposure of COF-5 to Th(hfa)4,
which is colorless. Sublimation consistently provided high and
homogenous loading of the precursors in the COF-5 host when
compared with solution phase loading. Using the uranium case
as an example, multiple syntheses of U(hfa)4@COF-5 by expo-
sure of excess of U(hfa)4 to COF-5 achieved loadings of 90% of
Chem. Sci., 2020, 11, 4648–4668 | 4649
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Fig. 1 PXRD patterns of COF-5, inclusion compounds and NPs@COF-5.
All patterns are normalized to the 110 or 210 reflection, whichever was
more intense, to emphasize changes in the relative intensities of weaker
reflections. Reflections indicated with an asterisk (*) correspond to an
ordering of the incorporated Th(hfa)4 or U(hfa)4 molecules.
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the theoretical maximum for COF-5 (based on the pore volume
of COF-5 and the crystallographic density of U(hfa)4).99 At such
high loadings, the U(hfa)4@COF-5 material was 63% precursor
by mass (64% for Th(hfa)4@COF-5). Inclusion compounds
formed with this maximal loading were used in all the subse-
quent decomposition reactions and characterization studies
described below. Placing Th(hfa)4@COF-5 or U(hfa)4@COF-5
under active vacuum at elevated temperature resulted in
a mass loss and color change that was consistent with removal
of the precursor molecules and recovery of pure COF-5. The
precursor molecules could also be removed readily by washing
the inclusion compounds with diethyl ether. Taken together
with the imaging and spectroscopy results described below,
these data show that formation of the inclusion compounds was
a reversible process that did not result in a change in compo-
sition or structure for the precursor molecules or the COF-5
host.

Decomposition of COF-5 inclusion compounds

Decomposition of the Th(hfa)4@COF-5 and U(hfa)4@COF-5
inclusion compounds was achieved in the solid state via expo-
sure to a gaseous mixture of H2O in Ar at 200 �C with rigorous
exclusion of O2. Under these anaerobic but humid conditions,
a pure sample of COF-5 was not signicantly degraded at
temperatures reaching 300 �C based on analysis by powder X-ray
diffraction and infrared spectroscopy. Subsequent evacuation at
10�5 torr to remove organic byproducts and undecomposed
precursors resulted in formation of new dark gray materials. An
additional step involving heating at 300 �C in an atmosphere of
pure H2 was introduced under the initial assumption that higher
oxides may be present. While this step functions effectively to
anneal the nanoparticles and increase product crystallinity,
subsequent characterization indicates that it is not necessary to
reduce higher oxides formed during the initial decomposition
with H2O in Ar (Fig. S21†). Mass losses of approximately 45–50%
were observed upon weighing, which shows that precursor
decomposition and elimination of the organic hfa ligands was
achieved selectively, resulting in formation of new actinide oxide
products without detectable decomposition of the COF-5 host
material (eqn (2)).

AnðhfaÞ4@COF-5
��������������!

1: H2O=Ar; 200�C

2: H2 ; 300�C
AnO2 NPs@COF-5

ðAn ¼ Th; UÞ (2)

At this point, to simplify the following discussion, these
materials are formulated as ThO2 NPs@COF-5 and UO2

NPs@COF-5; however, note that the binary dioxide composition
was only determined as the most appropriate structural
description through the additional experiments described
below. The reaction pathway leading to formation of AnO2

NPs@COF-5 is hypothesized to proceed via protonolysis of the
An(hfa)4 precursors and formation of intermediate hydroxide
species, followed by condensation to ThO2 or UO2. However,
Th(OH)4 and U(OH)4 are not known, and closely related Th4+

and U4+ oxo hydroxide clusters63,100 may be more plausible
4650 | Chem. Sci., 2020, 11, 4648–4668
intermediates. Testing these hypotheses is the subject of
ongoing investigation.
Powder X-ray diffraction

Fig. 1 shows powder X-ray diffraction (PXRD) patterns for COF-
5, the inclusion compounds Th(hfa)4@COF-5 and U(hfa)4@-
COF-5, and nanoparticle composites ThO2 NPs@COF-5 and
UO2 NPs@COF-5. It should be noted that for PXRD and all
subsequent characterization methods, the nanoparticles
remained conned to the COF-5 template. The particles were
not removed from the template in order to prevent any struc-
tural changes or aggregation that might alter their resulting
morphology and properties. Reections that are characteristic
of guest-free COF-5 are observed at the same position for each of
the inclusion compounds and nanoparticle composites. The
close correspondence with COF-5 suggests that the framework
This journal is © The Royal Society of Chemistry 2020
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composition and structure remained intact throughout the
synthetic process. The inclusion compounds and nanoparticle
composites data do not exhibit changes in the (001) reection
associated with altered stacking behavior,101 nor are changes
observed in the COF-5 reections consistent with hydrolysis
from exposure to small amounts of H2O during the synthetic
process.102 The lack of peak broadening or angular shis
suggests no strong host–guest bonding interactions occurred
with the precursor molecules or nanoparticle surfaces, which
would have resulted in strain or modication of COF-5 func-
tional groups.103 One weak reection is observed near 10� 2q in
each pattern for Th(hfa)4@COF-5 and U(hfa)4@COF-5 that is
attributed to the Th(hfa)4 or U(hfa)4 molecules. Such reections
could arise from ordering of the guest molecules in the COF-5
channels or from trace amounts of unincorporated, crystalline
Th(hfa)4 or U(hfa)4. Reections corresponding to ThO2 or UO2

are not identied in the patterns of ThO2 NPs@COF-5 or UO2

NPs@COF-5, and are presumed to be broadened into the
baseline. Although Scherrer analysis of the particle size is
therefore precluded, such an observation is consistent with the
exceptionally small nanoparticle sizes determined using X-ray
scattering (see section below).

Compared to COF-5, intensities for the rst two low-angle
reections (100 and 110) are inverted relative to the remaining
reections. As has been observed previously in related inclusion
compounds and nanoparticle composite materials,104 inversion
of the low-angle reections is characteristic of the presence of
absorbed and disordered guest materials within the host.105 The
effect is particularly pronounced for the inclusion compounds
Th(hfa)4@COF-5 and U(hfa)4@COF-5, which had greater mass
fractions of guest material. Upon decomposition to ThO2

NPs@COF-5 and UO2 NPs@COF-5, the relative intensity of the
100 and 110 reections is partially restored, which provides
further support for elimination of ligand byproducts resulting in
a lowered pore guest occupancy. Alternatively, PXRD patterns
obtained following removal of the precursor molecules indicate
Fig. 2 Bright-field TEM (A–D) and dark-field STEM (E–H) images show
embedded throughout the organic COF template. No discernable differ

This journal is © The Royal Society of Chemistry 2020
recovery of pure COF-5. Taken together, these observations are
consistent with the decomposition pathway involving reversible
absorption of Th(hfa)4 and U(hfa)4 inside the COF-5 pores, fol-
lowed by selective decomposition to ThO2 and UO2 nanoparticles
without detectable structural degradation of the COF-5 host that
would be expected from strong host–guest interactions, or
hydrolysis at elevated temperature.
Transmission electron microscopy

ThO2 NPs@COF-5 and UO2 NPs@COF-5 materials were inves-
tigated using transmission electron microscopy (TEM) to
determine whether ThO2 NPs@COF-5 and UO2 NPs@COF-5
were successfully synthesized during the decomposition reac-
tions. Bright and dark eld TEM images (Fig. 2) show a roughly
isotropic distribution of quasi-spherical nanoparticles
throughout the greater COF-5 particles and conrm high
particle loading. Digitally measured size analysis of 100 nano-
particles per sample in thinner regions suggests that the
average particle diameter was 2.4� 0.5 nm for ThO2 NPs@COF-
5 and 2.7 � 0.6 nm for UO2 NPs@COF-5, which indicates that
growth for a majority of the nanoparticles was conned by the
COF-5 pore size (2.7 nm).99 However, due to the varied height of
the three dimensional composite inorganic/organic ThO2

NPs@COF-5 and UO2 NPs@COF-5 materials and the impor-
tance of vertical alignment in image acquisition, as well as the
difficulty in imaging sub-3 nm particles,106 images of incorpo-
rated nanoparticles provide only an initial estimate of the upper
limit for nanoparticle size. This limitation prompted the use of
small angle X-ray scattering to make a more statistically
signicant size determination (see below). Still, the TEM images
provide necessary visual conrmation for the formation of sub-
3 nm quasi-spherical nanoparticles within the organic COF
matrix.

TEM also provides evidence that the COF-5 template mate-
rial was not locally destroyed. This appears to be somewhat
nanoparticles on the same size order as the COF pores (2–3 nm)
ence between ThO2 (left) and UO2 (right) NP products is observed.

Chem. Sci., 2020, 11, 4648–4668 | 4651
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unique for this NP@COF-5 system, in that similar template-
based approaches have observed destruction of the template
leading to growth of larger particles.92,107 Additionally, while not
arranged with consistent inter-particle spacing, the nano-
particles appear to have been conned within the COF-5 inte-
rior. This connement is in contrast to some prior work on
templated nanoparticle systems, where migration of nano-
particles to the organic template surface has been observed.108
Small-angle X-ray scattering

To conrm that ThO2 and UO2 nanoparticle growth was con-
strained by the pore size of the COF-5 host, global statistics of
nanoparticle size distributions were also investigated using
small-angle X-ray scattering (SAXS). Whereas the average
nanoparticle diameters are potentially inaccurate and skewed
toward larger particle sizes with TEM because of the ultra-small
nanoparticle sizes and the focusing challenges that are
a consequence of the uneven height of the three-dimensional
COF-5 background, SAXS provides statistically accurate size
and polydispersity measurements.109,110 SAXS also does not
produce the high local heating of TEM, which may result in
unwanted sample damage leading to decomposition or sinter-
ing of nanoparticle products.106 In the integrated 1-D SAXS
patterns of the NPs@COF-5 constructs (Fig. 3), a form factor is
observable in addition to the COF-5 structure at higher q.
Features from a form factor (simulated as the blue line in
Fig. 3A and B) are absent from patterns of the inclusion
compounds and pure COF-5 (see Fig. S5 and S6 in the ESI†),
revealing that nanoparticles formed during decomposition and
not upon inclusion compound incorporation. The wide-angle X-
ray scattering (WAXS) region (>0.1 Å�1) is consistent with the
PXRD results and shows that the peaks from COF-5 are still
present in the patterns of the inclusion compounds and
NPs@COF-5 constructs, providing additional evidence that the
COF-5 structure was minimally perturbed upon incorporation
of guest species. Also like the PXRD, the rst order reection
peak associated with COF-5 (Fig. 3A, B, S5 and S6†) is reduced in
Fig. 3 SAXS results from form factor fitting of NPs@COF-5. The SAXS patt
green) are well-fit (red) with a spherical form factor (simulated in blue) an
patterns reveal that diffraction peaks from COF-5 (black) are retained. (C)
from fitting results. It is apparent from comparing these distributions to
COF-5 pores.

4652 | Chem. Sci., 2020, 11, 4648–4668
intensity when precursor or nanoparticle guests are incorpo-
rated, as expected for lled pores.105

Analysis from tting the form factor assuming a spherical
nanoparticle morphology and Schulz distribution of particle
radii results in an average size of 1.36 � 0.05 nm for the UO2

nanoparticles and 1.62 � 0.02 nm for ThO2, with poly-
dispersities of 0.48 and 0.37 respectively, in terms of the poly-
dispersity index (PDI). These PDI values correspond to standard
deviations in size that are less than 1 nm, and comparable to the
values achieved for colloidally synthesized particles, which are
described as uniform. Reported standard deviations in the
dimensions of actinide oxide nanoparticles synthesized colloi-
dally range from 0.14–1.5 nm, independent of average particle
size.18,21,73–76 These sizes correspond to 32 U and 51 Th atoms per
particle on average when assuming bulk densities. The plotted
Schulz distribution of nanoparticle sizes in each of the samples
(Fig. 3C) shows that the 2.7 nm diameter pores of the COF-5
template limited nanoparticle growth to the “ultra-small” size
regime, where the nanoparticles have an exceptionally high
percentage of surface atoms.111
Infrared spectroscopy

The Fourier transform infrared (FT-IR) spectra are in accor-
dance with the controlled, two-step nanoparticle synthesis
pathway described above. Fig. 4 highlights selected regions in
the IR spectra of Th(hfa)4@COF-5 and U(hfa)4@COF-5, ThO2

NPs@COF-5 and UO2 NPs@COF-5, the Th(hfa)4 and U(hfa)4
precursors, and guest-free COF-5. Complete spectral details are
provided in Table S6 and Fig. S7, S8 of the ESI.† In general,
strong correlations are found throughout the entire spectral
window between the vibrational frequencies measured for the
Th(hfa)4@COF-5 and U(hfa)4@COF-5 inclusion compounds
and their separated COF-5, Th(hfa)4, or U(hfa)4 constitu-
ents,112,113 such that the host and guest ngerprints are effec-
tively superimposed. For example, the nC]C vibrations
associated with COF-5 are observed at 1492 and 1523 cm�1, and
at the same energies for U(hfa)4@COF-5 and Th(hfa)4@COF-5.
The two nC]C bands associated with the hfa ligand at 1534
erns obtained from ThO2 NPs@COF-5 (A, tan) and UO2 NPs@COF-5 (B,
d background contributions. WAXS peaks in the higher-q region of the
NPs@COF-5 size distributions plotted as Schulz distributions extracted
the 2.7 Å COF-5 pore size that the particles were confined within the

This journal is © The Royal Society of Chemistry 2020
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and 1560 cm�1 for U(hfa)4 increase slightly in energy (by 4 to
5 cm�1) upon formation of U(hfa)4@COF-5, to 1539 and
1564 cm�1 respectively. Meanwhile, the higher energy nC]O and
nC]C vibrations associated with the hfa ligand are observed at
1612 and 1650 cm�1 for pure U(hfa)4 and similar frequencies of
1621 and 1646 cm�1 for U(hfa)4@COF-5. Following decompo-
sition and formation of UO2 NPs@COF-5, all of the nC]O and
nC]C vibrations that are characteristic of the hfa ligand disap-
pear, while the COF-5 bands at 1492 and 1523 cm�1 remain.
Similar observations are made throughout the entire spectral
window from 500 to 4000 cm�1, and no new transitions were
identied in the spectrum of any product that are not also
present for the molecular precursors and COF-5 components.

The IR spectra were scrutinized carefully for evidence of
a uranyl stretch that would indicate formation of a higher
oxide in the sample of UO2 NPs@COF-5. Uranyl species can
exhibit a strong vibration in IR spectra between 900–
1000 cm�1;114 however, no such transition can be unambigu-
ously identied in the IR spectra for either U(hfa)4@COF-5 or
UO2 NPs@COF-5. Each of the spectra for COF-5, Th(hfa)4@-
COF-5, U(hfa)4@COF-5, ThO2 NPs@COF-5, and UO2
Fig. 4 Selected regions of the FT-IR spectra for COF-5, Th(hfa)4,
Th(hfa)4@COF-5, and ThO2 NPs@COF-5 (top) and COF-5, U(hfa)4,
U(hfa)4@COF-5, and UO2 NPs@COF-5 (bottom) are shown. Portions
of the data with a dotted background highlight transitions associated
with the hfa ligand, while remaining portions with white backgrounds
contain primarily COF-5 based transitions.

This journal is © The Royal Society of Chemistry 2020
NPs@COF-5 exhibit a similar weak band at 973 cm�1 which
was attributed to a nC]C vibration associated with COF-5.
Furthermore, no signicant differences in peak energy were
observed in IR spectra obtained from samples of UO2

NPs@COF-5 prepared with 18O labelled water and unlabeled
water (Fig. S9 in the ESI†). Taken together, the results show
that IR spectroscopy does not provide evidence for a higher
oxide containing uranyl in the UO2 NPs.
So X-ray spectromicroscopy

Considering the complex composition and three-dimensional
structure of the materials described above, we sought addi-
tional insights from so X-ray spectromicroscopy techniques.115

A scanning transmission X-ray microscope (STXM) was used for
imaging, elemental mapping, and C, O, and F K-edge as well as
Th and U N5,4-edge X-ray absorption spectroscopy (XAS). Fig. 5,
6 and S10–S12 in the ESI† show images and spectra for
Th(hfa)4@COF-5, U(hfa)4@COF-5, ThO2 NPs@COF-5, UO2

NPs@COF-5, and selected reference materials. Micron-sized
particles of the low-melting solids Th(hfa)4 and U(hfa)4
instantly formed liquid droplets in the X-ray beam that ulti-
mately evaporated during longer exposures, which precluded
analysis by STXM-XAS.

The elemental maps shown in Fig. 5 were used to determine
the average optical density (OD) in the micron-scale particles.
Individual OD values are affected by the mass absorption
coefficients, which vary for different elements and absorption
edges, and by the surface concentration (density� thickness) of
the absorbing atom, which varies for different compositions
and particle sizes. Hence, trends in OD values between datasets
were determined by comparing changes in the OD in the uo-
rine maps (ODF) relative to the OD in the same target area of the
C, O, and Th or U maps (ODC, ODO, and ODTh or ODU). For
example, the ODF/ODTh ratio decreases substantially from 13.2
for Th(hfa)4@COF-5 to 0.7 for ThO2 NPs@COF-5. Similarly, the
ODF/ODU ratio decreases from 14.9 for U(hfa)4@COF-5 to 0.0 for
UO2 NPs@COF-5. These observations are generally consistent
with the proposed decomposition pathway involving elimina-
tion of uorinated ligand byproducts and formation of ThO2

and UO2 nanoparticles. STXM-XAS measurements were espe-
cially sensitive for the detection of uorine in thicker particles,
in part because the COF-5 material does not contain uorine
and also because of the high probability of F 1s / 2p transi-
tions at the F K-edge. As a result, small amounts of uorine are
observable in the elemental map of ThO2 NPs@COF-5, and in
the F K-edge XAS spectra for both ThO2 NPs@COF-5 and UO2

NPs@COF-5 (Fig. S12†), which may reect the presence of trace
actinide uoride contamination or incomplete elimination of
uorinated byproducts. Fluorine contamination is known to
occur during the preparation of lanthanide oxide lms by
chemical vapor deposition of uorinated precursors,116–121

although this effect has been mitigated by incorporating H2O
gas.116 Under anhydrous conditions, complexes similar to
Th(hfa)4 and U(hfa)4 also function as single-source precursors
for the preparation of lanthanide uorides.122,123
Chem. Sci., 2020, 11, 4648–4668 | 4653
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Fig. 5 Representative single-energy contrast images and elemental difference maps of micron-scale COF-5 particles 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.
Because the transmission pathlength is governed by the thickness of each selected particle, which varies between datasets, only relative (as
opposed to absolute) intensities should be compared between samples (see text). To facilitate comparisons, each set of four elemental maps is
presented on a common optical density scale that is provided at the head of the column. The indicated average optical density values (ODavg)
were determined by averaging the optical density at each pixel in particle-containing regions of the maps. Analyses were conducted on target
areas greater than 1 mm2 with 5000 or more pixels and were repeated on many individual particles.

Fig. 6 Plots comparing the C K-edge (A) and O K-edge (B) XAS for
Th(hfa)4@COF-5, U(hfa)4@COF-5, ThO2 NPs@COF-5, and UO2

NPs@COF-5. Feature assignments were derived by comparisons with
data reported previously for pure COF-5 and acetylacetone,124 as well
as reference samples Na(hfa), Th(hfa)4, and U(hfa)4 (Fig. S10–S12 in the
ESI†).

4654 | Chem. Sci., 2020, 11, 4648–4668
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Attempts to image the 1–3 nm nanoparticles using STXM
exceeded the focusing ability of the X-ray optic, which provided
a typical spatial resolution of 35–40 nm. However, STXM
accommodated larger and thicker COF-5 particles than the TEM
experiments and was more effective for probing micron-scale
morphology. For each of the products, the STXM images show
similar tight micron-scale aggregates of smaller COF-5 particles
and homogenous elemental compositions on the micron scale.
This determination was reached following surveys of a large
number of particles that were analyzed in multiple independent
samples and over multiple beam-runs.

A qualitative analysis of the C and O K-edge XAS was con-
ducted to identify spectroscopic signatures of the COF-5 host,
guest molecules, and nanoparticles (Fig. 6 and S10–S12 in the
ESI†). For example, the C K-edge spectra of COF-5, Th(hfa)4@-
COF-5, and U(hfa)4@COF-5 each exhibit a band of closely-
spaced features between 284–286 eV that are attributed
primarily to the COF-5 host (C 1s / C]C p*). Additional
This journal is © The Royal Society of Chemistry 2020
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features emerged at 286.5 eV in the spectra of Th(hfa)4@COF-5
and U(hfa)4@COF-5 that are not present for guest-free COF-5,
which are attributed to the hfa ligand (C 1s / C–O p*).124

Following decomposition and formation of ThO2 NPs@COF-5
and UO2 NPs@COF-5, the high energy features in the C K-
edge XAS that are associated with the hfa ligand disappear
and the spectra resemble the COF-5 host spectra.

A similar interpretation was applied to the O K-edge XAS data
(Fig. 6B). Specically, COF-5, Th(hfa)4@COF-5, and U(hfa)4@-
COF-5 all have O K-edge features at 532 and 535 eV that are
attributed primarily to the COF-5 host (O 1s/ C–C p* + B–C p*

and O 1s/ C–C p* + B–O p*). However, the O K-edge spectra of
Th(hfa)4@COF-5 and U(hfa)4@COF-5 also have a feature at
531.5 eV that is not present for COF-5, which is attributed to the
hfa ligand (O 1s / C–O p*). Aer decomposition to ThO2

NPs@COF-5 and UO2 NPs@COF-5, this low energy feature
associated with the hfa ligand also disappeared.

At the F K-edge, intense features that are observed for
Th(hfa)4@COF-5, U(hfa)4@COF-5, and a Na(hfa) reference are
Fig. 7 XAFS L3-edge spectra of Th(hfa)4 and U(hfa)4 precursors, Th
NPs@COF-5 and UO2 NPs@COF-5 compared to bulk ThO2 and UO2 cou
in panels (E)–(H) are displayed with both the amplitude (outer envelope) a
EXAFS k3 weighted data are transformed between 2.5–13.5 Å�1 in panels (
axis off the FTs) is different from interatomic distance R due to photoe
precursor (teal and orange) and inclusion compounds for Th (magenta) a
are nearly identical for the precursors versus inclusion compounds. This
incorporation into COF-5. XANES spectra (C and D) of bulk (gray and blac
line intensity and a dampening of features. EXAFS spectra (G and H) re
counterparts, resulting in a decrease in peak amplitude.

This journal is © The Royal Society of Chemistry 2020
almost indiscernible in the spectra of ThO2 NPs@COF-5 and
UO2 NPs@COF-5 (Fig. S12†), which indicates elimination of
most uorinated organic byproducts and retention of trace
amounts of uorine-containing impurities. Actinide N5,4-edge
transitions are also detected for the Th(hfa)4@COF-5 and
U(hfa)4@COF-5 inclusion compounds and for the ThO2

NPs@COF-5 and UO2 NPs@COF-5 products (Fig. S12†);
however, their exact intensities cannot be quantied due to
large background absorptions from B, C, O, and F. Taken
together, these results provide condence that decomposition
reactions for the Th(hfa)4@COF-5 and U(hfa)4@COF-5 inclu-
sion compounds went fully to completion.
Actinide L3-edge XANES and EXAFS

The aforementioned results suggest that the synthesis reaction
formed nanoparticles according to the designed methodology
but do not reveal anything about the atomic-scale structure of
the nanoparticles. To this end, An L3-edge X-ray absorption ne-
(hfa)4@COF-5 and U(hfa)4@COF-5 inclusion compounds and ThO2

nterparts. XANES data are displayed in panels (A)–(D) and the EXAFS FTs
nd real component (oscillating component) of the complex transform.
E) and (F) and between 2.5–12.0 Å�1 in panels (G) and (H). Note that r (x
lectron phase shifts. Panels (A) and (B) show the XANES data for pure
nd U (purple) species, respectively. Both XANES and EXAFS FTs (E and F)
reveals that the metal site within the precursor was not affected by its
k) versusNPs@COF-5 (brown and green) show differences in the white
veal that the nanoparticles were far more disordered than their bulk

Chem. Sci., 2020, 11, 4648–4668 | 4655
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Table 1 Summary of EXAFS-derived fitting parameters. EXAFS
parameters of precursors and inclusion compounds

Sample Path Na R (Å) s2 (Å2)

U(hfa)4 U–O 8 2.382(2) 0.0038(2)
U–C 10(4) 3.45(2) 0.006(5)

U(hfa)4@COF-5 U–O 9(1) 2.377(8) 0.0042(7)
U–C 12(4) 3.45(4) 0.010(7)

Th(hfa)4 Th–O 9(1) 2.443(6) 0.0037(4)
Th–C 6(4) 3.45(3) 0.005(9)

Th(hfa)4@COF-5 Th–O 9(1) 2.451(7) 0.0043(5)
Th–C 4(3) 3.45(2) 0.001(5)

a S0
2 values (amplitude reduction factors) set to 1.

Fig. 8 EXAFS fit results from UO2 NPs@COF-5. Fitting results
compared to data for UO2 NPs@COF-5 are shown in k-space (top) and
r-space (bottom). Fitting results are outlined in Table 2. The fitting
range is between 1.4 and 4 Å and the k3 weighted data are transformed
between 2.5–14.0 Å�1. Error bars are included on the raw data, the
quality of which is representative of that from other samples in the data
set (shown in Fig. S13a–i†).

4656 | Chem. Sci., 2020, 11, 4648–4668
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structure (XAFS) spectroscopy was used to evaluate the local
atomic structure (using the extended X-ray absorption ne-
structure, or EXAFS, data) and electronic structure (using the
X-ray absorption near-edge structure, or XANES, data) of the
Th(hfa)4 and U(hfa)4 precursors, Th(hfa)4@COF-5 and
U(hfa)4@COF-5 inclusion compounds, and ThO2 NPs@COF-5
and UO2 NPs@COF-5 products.

The rst question is whether the Th(hfa)4 and U(hfa)4
precursors retained their chemical composition upon forma-
tion of the Th(hfa)4@COF-5 and U(hfa)4@COF-5 inclusion
compounds. Both the XANES (Fig. 7, top-le), and the EXAFS
regions of the spectra (Fig. 7E and F) indicate no substantial
differences in the electronic or radial structure from the acti-
nide site between the isolated precursor and when it was
incorporated into COF-5 for either Th(hfa)4 or U(hfa)4. The
EXAFS data are displayed as the Fourier transform (FT) of k3c(k),
where k is the photoelectron wave vector and the EXAFS func-
tion c(k) contains the absorption ne-structure oscillations
aer a suitable background removal.125,126 The FT has peaks in
the amplitude that correspond to near-neighbor scattering
shells, where the position is related to the interatomic distance,
R, and the amplitude has information about the number of
neighbors (scatterers), N, and the mean-squared displacement
of the interatomic-distance distribution, s2, also known as the
Debye–Waller factor for the atom pairs (in contrast to the
positional Debye–Waller factor in crystallography). It is impor-
tant to note that the peak positions are shied a known amount
by a phase shi of the photoelectron, and for this and other
reasons, detailed ts must be performed to obtain accurate
metrical information. For all the ts reported here, the rst two
nearest-neighbor scattering shells were included, starting with
an An–O shell. In the case of the precursors, the second shell
was an An–C shell. Derived EXAFS tting parameters for the free
precursors and when incorporated into COF-5 (Table 1) are in
excellent agreement (the same within error), indicating that the
precursors existed in their nominal form within COF-5. A
representative t and data set are shown in Fig. 8 and all other
ts compared to bulk data are shown in Fig. S13a–i (see ESI for
further details†).

In contrast, substantial differences are observed in the
XANES and EXAFS data between the ensuing nanoparticles and
their bulk counterparts (Fig. 7, right and Table 2). To begin, the
edge positions and ThO2 white line position are similar for
Table 2 EXAFS parameters of AnO2 NPs@COF-5 versus bulk AnO2

Sample Path Na R (Å) s2 (Å2)

UO2 (bulk) U–O 8(1) 2.34(3) 0.005(1)
U–U 12(2) 3.87(1) 0.0013(6)

UO2 NPs@COF-5 U–O 6(1) 2.34(1) 0.011(1)
U–U 3(1) 3.860(8) 0.004(1)

ThO2 (bulk) Th–O 9(1) 2.424(7) 0.0026(5)
Th–Th 13(4) 3.948(5) 0.0005(4)

ThO2 NPs@COF-5 Th–O 7(1) 2.38(1) 0.008(1)
Th–Th 2(2) 3.891b 0.005(5)

a S0
2 values (amplitude reduction factors) set to 1. b Value frozen during

t.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Simulations using the Calvin method compared to (A) ThO2

NPs@COF-5 and (B) UO2 NPs@COF-5 using TEM-determined (pink,
dotted) and SAXS-determined (light-blue, dotted) nanoparticle sizes.

Table 3 Analysis using an Einstein model of precursor, inclusion
compound and NPs@COF-5

Structure Static disorder (Å2) Einstein T (K)

Th(hfa)4 �0.00083 � 0.00008 380 � 3
Th(hfa)4@COF-5 0.00014 � 0.0004 372 � 4
ThO2 NPs@COF-5 0.004 � 0.0007 464 � 56
U(hfa)4 �0.0005 � 0.0003 369 � 6
U(hfa)4@COF-5 0.001 � 0.0005 361 � 18
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ThO2 NPs@COF-5 and bulk ThO2, which is consistent with no
substantial change in the Th valence state. However, the white
line position in the UO2 NPs@COF-5 is shied to lower energy
by 2 eV from the bulk UO2 position. As described in greater
detail in the discussion of the EXAFS results below, this shi is
not accompanied by a lengthening or shortening of the U–O or
U–U interatomic distances (Table 2) which might have been
indicative of a deviation from the tetravalent oxidation state in
UO2 NPs@COF-5. Alternative explanations for the white line
shi include greater localization of the 5f electrons in UO2

NPs@COF-5 or increased charge transfer from the O 2p orbitals
in UO2 NPs@COF-5 relative to bulk UO2.127 The uranium L3-
edge XANES also exhibit a more intense white line for the UO2

NPs@COF-5 versus bulk spectra, which is consistent with the
anticipated trend for small nanoparticles whereby a sharpening
of the 5d band is driven by the loss of long-range order.128 The
opposite trend, however, is observed for the ThO2 NPs@COF-5
compared to bulk ThO2. This has been observed previously
for sub-10 nm ThO2 particles129,130 and can be attributed to
differences in the occupied states between the two actinides,
given that electronic structure and size connement oen are
competing effects in nanoparticle XANES.131Differences are also
observed between the particles investigated in this study and
3 nm PuO2 colloids reported previously, where the white line is
decreased in energy compared with bulk as we observe for UO2,
but lowered in intensity compared to bulk, similar to the ThO2

case.75 In both ThO2 and UO2 NPs@COF-5 cases, the rst post-
edge feature is missing, which has previously been observed for
2.5 nm ThO2 NPs and attributed to a lowering in the number of
coordinating atoms.132 The origin and universality of these
differences in L3-edge XANES spectra for actinide nanoparticle
systems relative to their bulk analogs is the subject of ongoing
investigation. Further in-depth study will be required to eluci-
date actinide-specic trends in electronic structure, as well as
how differences are affected by size, shape, and surface chem-
istry, all of which have been suggested to play a role in the
electronic structure of actinide oxide nanoparticles.72,75,130,132

Specically, the dependence of these parameters on nano-
particle magnetic susceptibility, which is intimately connected
to electronic properties, will be described in detail in a future
manuscript.

The EXAFS data provide a more precise result. The Fourier
transforms (FTs) in Fig. 7G and H show that the An–O scattering
shell of the nanoparticles appear to directly correspond with
their bulk counterparts; however, both the rst (An–O) and the
second (An–An) scattering shells are far diminished in their
intensities. Fitting the rst (Th–O and U–O) and second (Th–Th
and U–U) coordination shells reveals interatomic distances for
the AnO2 NPs@COF-5 materials that are the same, on average,
as those observed in their bulk analogs. No evidence for An–B or
An–C bonds was obtained within the detection limits of EXAFS
and because results from PXRD, XAS and IR spectroscopy
showed no decomposition of the COF-5 template, the possibility
that complex oxides containing signicant amounts of boron or
carbon were formed was ruled out. For the case of the ThO2

NPs@COF-5, the second shell (Th–Th) was not clearly visible,
This journal is © The Royal Society of Chemistry 2020
although tting results suggest that there could be up to 4 Th
neighbors if coupled with a large s2 parameter.

The reduction of the FT peak amplitudes may be due to
increased disorder, a particle-size effect, or both. To determine
which is the cause of the amplitude reduction, spectra for the
AnO2 NPs@COF-5 materials were compared with simulated
spectra for nanoparticles of the same size using the method
UO2 NPs@COF-5 0.007 � 0.001 400 � 59

Chem. Sci., 2020, 11, 4648–4668 | 4657
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developed by Calvin et al.,133 which models decreases in peak
intensity based on changes in average coordination number
with decreased particle size. The results of this analysis (Fig. 9,
S15 and S16†) show that the decrease in FT peak amplitudes
cannot be modeled by a decrease in coordination number
alone. Therefore, the decrease in peak amplitudes is also caused
by larger s2 parameters for the AnO2 NPs@COF-5 relative to
bulk ThO2 and UO2.

Thermal (sth
2) and static (ss

2) contributions to s2 (s2¼ sth
2 + ss

2)
were investigated for Th(hfa)4, U(hfa)4, Th(hfa)4@COF-5,
U(hfa)4@COF-5, ThO2 NPs@COF-5 and UO2 NPs@COF-5 by
applying an Einstein model134,135 to the t results from the rst
coordination shell (Th–O or U–O) as a function of temperature,
from cryogenic (50 K) to room temperature (300 K) (Table 3 and
ESI†). This tting process136 was used to determine whether
decreases in FT peak amplitude resulted from a larger, static
distribution of distances within the precursors of the
NPs@COF-5. Static disorder values are negligible for both
Th(hfa)4 and Th(hfa)4@COF-5, which indicates that the
structure of the Th(hfa)4 molecule was not perturbed
following incorporation into the COF-5 host. The same is true
for U(hfa)4, although a slight increase in the static structural
disorder is observed for U(hfa)4@COF-5 that is only signi-
cant to 2-standard deviations. Overall, these negligible-to-very
small structural disorders show that the precursor was not
strained structurally when incorporated into COF-5, and that
the s2 component was caused primarily by thermal vibrations.

More signicant static disorder values of ss
2 ¼ +0.004 Å2 and

+0.007 Å2 are observed in the rst shell for ThO2 NPs@COF-5
and UO2 NPs@COF-5, respectively, both of which are substan-
tially larger than the total s2 observed in bulk ThO2 and UO2.
Such an increase in static disorder likely results from the larger
distribution of An–O bond distances in nanoparticle surface
layers. Regardless of whether TEM or SAXS is used to determine
nanoparticle size, a signicant number of the actinide metal
atoms are estimated to be at the surface. In the case of UO2

NPs@COF-5, at least 30% of the uranium atoms are at the
surface based on the upper size limit provided by TEM (2.7 nm)
while upwards of 60% are at the surface based on the average
size provided from SAXS (1.4 nm).

Given the high percentage of surface atoms in the ThO2

NPs@COF-5 and UO2 NPs@COF-5, the EXAFS spectra were also
scrutinized for peaks that might provide evidence of interac-
tions between the nanoparticles and the COF-5 host or other
organic residues. For tetravalent actinide oxo hydroxide
molecular clusters, peaks at lower r values have been previously
observed in the L3-edge EXAFS that were attributed to shorter
An–O bonds involving organic ligand species.137 In contrast, no
peaks are observed in the spectra of ThO2 NPs@COF-5 and UO2

NPs@COF-5 that are not also present in the spectra for bulk
ThO2 and UO2. Specically, the lower r peaks observed below 1.5
Å in r-space for both the ThO2 NPs@COF-5 and UO2 NPs@COF-
5 are of comparable intensity to those observed in bulk ThO2

and UO2 (Fig. 7G and H), indicating that these features are the
result of artifacts in the background.138–141 The spectra are most
effectively modeled using bulk pathways alone. The lack of such
a contribution suggests that the ThO2 and UO2 NPs were not
4658 | Chem. Sci., 2020, 11, 4648–4668
strongly bound to the COF-5 host, and that any interactions
must have been weak (e.g., van der Waals) and/or with low
coverage. Taken together with the XANES and EXAFS results
described above, these results show that ThO2 and UO2 nano-
particles prepared in the COF-5 template were not passivated
with strong binding surface ligands and best regarded as
compositional and crystallographic nanoscale analogs of bulk
ThO2 and UO2.
Discussion

The multi-pronged characterization effort, including the
imaging, diffraction and spectroscopic approaches described
above was necessary to fully characterize the structural prop-
erties of the complex multi-component nanoparticle systems.
Combined, the techniques provide atomic- to micron-scale
probes, element and bulk-level specicity, and measurements
that are locally and globally signicant. For example, PXRD, IR
spectra, C and O K-edge XAS, and L3-edge XANES and EXAFS
data all show that the structure and composition of both
precursors, Th(hfa)4 and U(hfa)4, is retained upon formation of
the inclusion compounds, Th(hfa)4@COF-5 and U(hfa)4@COF-
5, respectively. The COF-5 template material was also examined
at each step of the synthetic process, with IR spectra and C and
O K-edge XAS showing that its composition remained
unchanged and PXRD, SAXS, TEM and STXM showing that its
crystalline structure and morphology was not perturbed.

A critical question is whether the COF-5 host directed
nanoparticle formation, and thereby functioned effectively as
a template. Several of the measurements support this hypoth-
esis. First, following sublimation of the precursors into the
COF-5 material, the mass increased by 40–60% which is
consistent with predictions based on the COF-5 pore volume
and precursor crystallographic densities. STXM elemental
mapping shows that U and Th was distributed uniformly
throughout the organic matrix, and PXRD shows an inversion of
the lower-order reections as expected for incorporation of
molecules within host pores.105 These results suggest that the
molecular precursors are guests within the COF-5 host, and not
simply mixed or co-crystallized with larger COF-5 particles.
Similar results observed by TEM and STXM imaging for the
ThO2 and UO2 nanoparticles show that the nanoparticles were
embedded within the COF-5 material and have not migrated to
the surface of the COF particles, as has been observed in other
cases.108 Most importantly, the average nanoparticle diameters
derived from TEM and SAXS are below 3 nm, which suggests
that nanoparticle growth is directed by the COF-5 structure,
which has 2.7 nm diameter pores.99 As shown in Fig. 3C, the
calculated Schulz distribution of particle sizes based on the
average diameter and polydispersities determined from SAXS is
bounded nicely by the diameter of the COF-5 pores. No signif-
icant differences between ThO2 and UO2 nanoparticle sizes are
found when accounting for the polydispersities, which suggests
that the nanoparticle size is controlled primarily by the COF
template. This nding contrasts with observations from
colloidal syntheses, where similar conditions used to form UO2
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 EXAFS experimental spectrum of UO2 NPs@COF-5 (green)
compared to a FEFF simulation of U4O9 (purple, dotted).
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and ThO2 nanoparticles resulted in particles of varying sizes
and morphologies.72,76

The atomic scale structure and composition of the ThO2

NPs@COF-5 and UO2 NPs@COF-5 are compared directly to
their bulk counterparts using L3-edge XAFS. This analysis
considers how having a high percentage of surface atoms might
alter the nanoparticle structure, particularly within particle
surface layers. The contribution to the XAFS signal is the same
for each absorbing atom in the beam path. Therefore, XAFS is
equally sensitive to atoms within the nanoparticle core and to
atoms in other coordinating environments that may be unique
to nanoparticle surface layers. Despite the high percentage of
surface atoms, tting the EXAFS regions for ThO2 NPs@COF-5
and UO2 NPs@COF-5 (Fig. 8 and S13h†) was best achieved
using bulk ThO2 and UO2 pathways, respectively. This model
was foreseeable for ThO2, which was unlikely to form sub- or
hyper-stoichiometric oxides.142 However, nely-divided UO2

powders are known to oxidize readily to U4O9 at surfaces and
along grain boundaries,143 and previous UO2 nanoparticle
synthesis reactions have provided evidence for the formation of
secondary super-stoichiometric UO2+x phases.144 Similarities
between the L3-edge spectra of ThO2 NPs@COF-5 and UO2

NPs@COF-5 and bulk ThO2 and UO2 counterparts provide
initial support for the UO2 formulation. In addition, the L3-edge
spectrum for UO2 NPs@COF-5 does not match those reported
previously for a range of UO2+x species.145 To further consider
possible formation of a higher oxide, a variety of UxOy structures
were simulated using FEFF calculations. Fig. 10 compares
a representative simulation for U4O9, the rst binary uranium
oxide with a higher oxygen stoichiometry than UO2,146

compared with the experimental spectrum for UO2 NPs@COF-5
(see the ESI† for additional simulations). The comparison in
Fig. 10 exemplies a key attribute of all the simulated spectra
that is absent in the experimental data for UO2 NPs@COF-5: the
rst shell intensity is almost entirely diminished for U4O9,
This journal is © The Royal Society of Chemistry 2020
indicating the presence of distortions that would manifest as
higher static disorder in the single pathway model used for
tting the UO2 NPs@COF-5 data. As shown in Table S9,† the
static distribution in U–O bond lengths expected for any
perfectly crystalline higher oxide incorporation is higher than
that extracted from an Einstein tting model (0.031 Å2 for U4O9

vs. 0.007 Å2 in the UO2 NPs@COF-5). The increased bond length
distribution but overall similarity in average structure to UO2 is
in line not only with our ThO2 results, where a super-
stoichiometric oxide would not be expected, but also with
previous nanoscale systems where the AnO2 formulation was
assigned.53,130,147,148 Neither the XANES nor the EXAFS regions
(Fig. 10 and S17–S19†) match the data trends better than UO2,
nor do they provide evidence of shorter U–O bonds that are
characteristic of UO2+x.145,149 This analysis suggests that, as with
ThO2 NPs@COF-5, UO2 is the most representative chemical
formulation for the UO2 NPs@COF-5, both in the nanoparticle
interior and at the surface.

Because colloidal nanocrystal and nanocluster syntheses
typically require strong-binding ligands for surface stabiliza-
tion,150 we considered whether strong binding surface species
stabilized the ThO2 NPs@COF-5 or UO2 NPs@COF-5 materials.
Previous studies show that the presence of strong binding
ligands oen leads to oxidation of surface layers for colloidally
synthesized nanoparticles. Specically, XANES spectra for sub
5 nm nanoparticles have shown signicant differences in
average oxidation state that reect the changes these strong-
binding ligands induced on the nanoparticle surface.78,79 In
the EXAFS region, studies on both nanoparticles151 and clus-
ters137 show low-r peaks at different distances than those ex-
pected in the rst-coordination sphere of bulk analogs that are
indicative of surface-ligand bonds. In the present study, the L3-
edge XANES of ThO2 NPs@COF-5 and UO2 NPs@COF-5 only
show signatures of the Th4+ and U4+ atoms observed in bulk
ThO2 and UO2 and no shi that can be attributed to higher
oxides. In addition, no low-r peaks are observed in the L3-edge
EXAFS for ThO2 NPs@COF-5 or UO2 NPs@COF-5 that are not
also present in bulk as background artifacts and the presence of
strong-binding surface ligands can be ruled out. The lack of
strong-binding surface ligands is increasingly signicant for
ultra-small nanoparticles, given that evidence has shown
increasing ligand packing densities with decreasing particle
size.152 The aforementioned results, however, suggest that our
nanoparticles were not passivated by strong-binding surface
ligands and therefore constitute a suitable system to investigate
actinide structure as a function of grain size. Namely, the
structural properties of surface and interior atoms outlined
herein are applicable to understanding the effects of decreased
grain size in extended solids, such as those important for the
development of advanced nuclear fuels.

While the L3-edge EXAFS results show that the composition
of the ThO2 and UO2 nanoparticles resembled their bulk
analogs without contributions from strong-binding surface
ligands, they also reveal subtle but important distinctions in
their crystallographic structures. For example, Fig. 7 shows that
the EXAFS peak intensities for ThO2 NPs@COF-5 and UO2

NPs@COF-5 are reduced compared to bulk ThO2 and UO2,
Chem. Sci., 2020, 11, 4648–4668 | 4659
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respectively. In particular, the second shell intensities are
reduced more than the rst shell, as expected in nanoparticles
due to the nite size of such systems. Simulations were per-
formed to illustrate the effect of reductions in coordination
number on the EXAFS spectra for ThO2 NPs@COF-5 and UO2

NPs@COF-5 by applying a scaling factor to the bulk data as
a function of R consistent with a given particle size,153 which we
refer to as the Calvin method.154 (Fig. 9, S15 and S16 in the ESI†).
In both cases, decreases in peak intensity are predicted by these
simulations as particle size is systematically reduced from bulk.
Notably, the decreases in peak intensity predicted by the Calvin
method are less drastic than those observed experimentally,
since this approach assumes all intensity reductions are due to
changes in coordination number and does not account for
differences in static disorder. Larger static disorder values for
the NPs@COF-5 samples compared to bulk are conrmed from
tting to an Einstein model, and indicate a larger distribution
of interatomic distances present in the nanoparticles (see Table
3 and ESI† for additional details). It should be noted that the
static disorder was slightly decreased through the post-
synthesis annealing step in H2 at 300 �C, which increased
nanoparticle crystallinity (see Fig. S21†). Still, the nanoparticles
remain signicantly disordered, on average, compared with
bulk analogs. Taken together, these techniques show that the
overall nanoparticle structure resembles a disordered form of
the bulk, such that both the long- and short-range order was
disrupted, likely as a result of structural distortions at the
surface as described below.

The results discussed above also shed light onto the structure
of surface layers within the nanoparticles. Because the surfaces are
a major component of the overall UO2 NPs@COF-5 structure (with
�60% of U atoms being surface atoms based on average size
estimates from SAXS), if the nanoparticle surface layers were
oxidized to a higher oxide, then the higher oxide structure would
comprise a majority of the EXAFS signature. By this logic, because
the L3-edge EXAFS of UO2 NPs@COF-5 shows no evidence of
higher oxide formation, the possibility of a higher oxide that is
only present on the nanoparticle surfaces can be ruled out. EXAFS
cannot explicitly rule out scenarios where a submonolayer of
higher oxide or other minor impurities are present, or the possi-
bility of slightly superstoichiometric oxides,145 which would be
outside the detection limit of our measurements. However,
previous work using Sessile drop and grain boundary grooving
experiments suggest that a sub-monolayer of higher oxide would
be unlikely to form, showing that deviations in surface stoichi-
ometry from that of UO2 result in increased surface and interfacial
energies, making it energetically unfavorable to have a sub-
monolayer of higher oxide.155 In contrast, surface atoms in the
lower energy (111) and (110) surface facets expected for quasi-
spherical UO2 particles have the means to adjust from their ex-
pected bulk positions to lower surface energy considerably. For
example, on (111) surface facets, a contraction of the outer oxygen
sphere can help stabilize dangling uranium surface bonds.156,157

These surface layer reconstructions may play a role in the high
degree of static disorder observed in Th–O and U–O bonds within
the nanoparticles by helping to stabilize the nanoparticle surface
without necessitating the formation of a higher oxide. Such a trend
4660 | Chem. Sci., 2020, 11, 4648–4668
is well-aligned with what has previously been observed in U38

clusters, where interior atoms of the particle aremore well-ordered
than the surface layers, which exhibit a greater degree of re-
arrangement from bulk-like UO2.57 The L3-edge EXAFS of ThO2

NPs@COF-5 and UO2 NPs@COF-5 both show a decrease in coor-
dination number which may be indicative of the formation of m-2
or m-3 bridging oxos as a possible surface stabilization method, as
has been observed previously in single-crystal XRD investigations
of uranium(IV) molecular clusters.65,158 If multiple monodentate
hydroxide groups were instead stabilizing the surface, a decrease
in coordination number would not be expected, making bridging
oxos or an oxo–hydroxide combination a more plausible option.
This could help explain, along with other surface relaxation effects,
the increased disorder observed. However, if either oxo or
hydroxide groups were present, they had comparable An–O
distances to those in UO2 and ThO2, since the average interatomic
distances extracted from EXAFS matched the bulk case.

Surface layer distortions are known to have signicant
consequences for the properties of transition metal nano-
particles,159–163 and may have important implications on the
ability of actinide oxide based nuclear fuels to withstand self-
radiative damage. The implications of disordered surface
structure on radiation damage are twofold. First, surface defects
enable safer release for ssion products without disturbing
internal structure5 by providing a mechanism for defect escape
at the particle surfaces.164,165 This is in line with studies that
show initial grain boundaries in polycrystalline nuclear fuels
remained intact in spite of high burnup structure formation.166

Second, fuel swelling is typically caused through amorphization
processes, leading to failure.167,168 This amorphization damage
and related swelling can be mitigated by starting with an
amorphous material.169 The disordered nanoparticle surface
layers discovered through this study therefore provide insight
into these two mechanisms through which radiation damage
can be minimized by incorporating nanostructured UO2 in
advanced nuclear fuels.

Conclusion

The results presented here show that ultra-small ThO2 and UO2

nanoparticles can be prepared free from strong surface-binding
ligands by using COF-5 as a rigid template, making them ideal
analogs to systematically study the effects of decreased grain size
within extended solids. The synthetic process began by
subliming Th(hfa)4 and U(hfa)4 precursors into the pores of COF-
5 under vacuum, resulting in composite materials that preserved
the original structure and composition of the guest precursor
molecules and COF-5 host. The precursors decomposed selec-
tively upon heating Th(hfa)4@COF-5 and U(hfa)4@COF-5 in the
presence of H2O vapor and formed ThO2 and UO2 nanoparticles.
Analysis using PXRD, TEM, and SAXS conrms that the nano-
particles were ultra-small (sub-3 nm) and that their growth was
conned by the pores of the COF-5 template (2.7 nm).99 Further
characterization using IR spectroscopy and so X-ray spec-
tromicroscopy at the C, O, and F K-edges as well as the Th or U
N5,4-edges shows that the two-step synthetic process resulted in
complete formation of the ThO2 NPs@COF-5 and UO2
This journal is © The Royal Society of Chemistry 2020
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NPs@COF-5 products without detectable decomposition of the
COF-5 template or strong host–guest interactions.

To thoroughly understand the structural properties of the
composite, three-dimensional products, an in-depth study
using Th and U L3-edge XANES and EXAFS was employed to
determine structure and composition at the surface and in the
core of both the ThO2 and UO2 nanoparticles. Fitting to the
EXAFS regions for ThO2 NPs@COF-5 and UO2 NPs@COF-5 was
best achieved using bulk ThO2 and UO2 pathways alone. No
plausible ts could be derived that would support identication
of secondary superstoichiometric UO2+x or other higher oxide
phases at the surface of the UO2 nanoparticles. Analysis of the
experimental spectra using an Einstein vibrational model to
extract estimates of static disorder in conjunction with FEFF
simulations and Calvin analysis show that the ThO2 and UO2

nanoparticle structures feature a larger distribution of bond
lengths indicative of distorted surface layers.

The template-directed synthesis approach described herein
is uniquely advantageous because, despite their exceptionally
small size, the nanoparticle surfaces remained free from strong-
binding organic ligands that could complicate analyses of their
physical properties and comparisons to bulk material. As such,
they presented an opportunity to trace the origins of nanoscale
chemical phenomena from more well-understood bulk actinide
behavior through structural comparisons, which are intimately
connected to their properties. This synthetic methodology is
also ideal for exploring the nanoscale chemistry of transuranic
elements given the minimal amount of metal required
compared to conventional colloidal nanoparticle syntheses,
which is desirable given the high radioactivity and require-
ments for waste-minimization, recovery and reuse of these
elements. Along these lines, future work will explore how 5f-
electron behavior varies as a function of (1) nanoparticle size
by varying the template, and (2) 5f-orbital energies by incorpo-
rating Np(hfa)4 and Pu(hfa)4 precursors.

Experimental
General considerations

All reactions were performed using standard Schlenk-line tech-
niques or in an MBraun dry box (<1 ppm O2/H2O) unless noted
otherwise. All glassware was dried at 150 �C for at least 12 hours,
or ame dried under vacuum prior to use. Toluene, n-pentane, n-
hexane and diethyl ether were degassed by passing through an
argon ow, passed through a column of activated alumina, stored
over 4 Å molecular sieves and vacuum transferred immediately
prior to use. Tetrahydrofuran was vacuum transferred from Na/
benzophenone. Benzene-d6 (Cambridge Isotope Laboratories)
was distilled from sodium benzophenone and degassed by three
freeze–pump–thaw cycles. Hexauoroacetylacetone was distilled,
placed over 4 Å molecular sieves, and stored under argon. The
2,3,5,7,10,11-hexahydroxytriphenylene used to prepare COF-5 was
puried by Soxhlet extraction with H2O under argon prior to use.
COF-5 was prepared by a literature procedure, activated at 100 �C
and 10�5 torr for 24 h, and characterized by PXRD and IR spec-
troscopy prior to use.170 Th(O-2,6tBu2C6H3)4 was prepared
according to the literature procedure.171 Ultrapure UO2 was
This journal is © The Royal Society of Chemistry 2020
prepared according to the published procedure172 by conversion of
uranyl peroxide to UO3 in air at 400 �C for 18 h, followed by
reduction with H2 at 600 �C, and characterized by PXRD, SQUID
magnetometry, and L3-edge XAFS. All other reagents were
acquired from commercial sources and used as received. NMR
spectra were recorded at ambient temperature (unless otherwise
indicated) on a Bruker Avance DPX 300 MHz Ultrashield NMR
spectrometer and referenced internally using the residual protio
solvent resonances relative to tetramethylsilane (d 0) for 1H and
13C{1H} data, and hexauorobenzene (d �164.9) relative to tri-
chlorouoromethane (d 0) for 19F{1H} data. IR samples were
prepared as Nujol mulls between KBr round cell windows and the
spectra were recorded on a Mattson Sirius 100 FT-IR spectrom-
eter. Melting points were determined using sealed capillaries
prepared under Ar and are uncorrected. Elemental analyses were
determined at the Microanalytical Facility of the College of
Chemistry, University of California, Berkeley.

Synthesis of Th(hfa)4

Th(O-2,6tBu2C6H3)4 (0.532 g, 0.505 mmol) was dissolved in Et2O
(�20 mL) in a 100 mL Schlenk ask. Hexauoroacetylacetone
(0.30 mL, 2.1 mmol) was added via syringe to a 50 mL Schlenk
ask with Et2O (�20 mL). The solution of Th(O-2,6tBu2C6H3)4 was
chilled to �78 �C, and then the solution of hexa-
uoroacetylacetone was added slowly over �10 min period. No
immediate color change was observed, and the solution was
allowed to warm to room temperature. Aer stirring for �15 min,
the solution had turned pale yellow, and was then ltered into
a 50 mL Schlenk tube and concentrated to �10 mL. Off-white
crystals of Th(hfa)4 were then formed aer chilling the solution
to �20 �C for 12 h. The mother liquor was decanted and the
compound was recrystallized to yield colorless crystals which were
then dried in vacuo to yield Th(hfa)4 as a white powder (0.431 g,
81%). 1H NMR (benzene-d6, 300MHz): dH 6.03 (s, 4H, CH), 2.81 (s,
2H, H2O).

13C{1H} NMR (benzene-d6, 75 MHz): dC 95.4 (s, CH),
117.8 (q, CF3, JC–F ¼ 284 Hz), 179.1 (q, CO, JC–F ¼ 37 Hz). 19F{1H}
NMR (benzene-d6, 282 MHz): dF �78.9 (s, CF3). IR (KBr-Nujol):
1648 (m), 1622 (sh), 1567 (w), 1541 (w), 1260 (m), 1214 (sh),
1145 (m), 1103 (w), 810 (m), 770 (w), 742 (sh), 656 (m), 587 (m).
Anal. calcd for Th(hfa)4 – C20H4F24O8Th (1060.26): C, 22.65; H,
0.38. Found: C, 22.35; H, 0.37. Intractable twinning problems were
encountered duringmultiple attempts at structural determination
using single-crystal X-ray diffraction with carefully-grown crystals
of Th(hfa)4. Alternatively, crystals suitable for X-ray diffraction
were obtained by slow evaporation of a concentrated solution of
Th(hfa)4 in a 1 : 1 mixture of DME/hexane, which provided the
structure of the dimethoxyethane (dme) adduct, Th(hfa)4(dme).
Structural features are discussed in the ESI.†

Synthesis of U(hfa)4

The literature procedure was followed.112 Purication was
effected by cooling at �35 �C a Et2O solution over 24 h, which
afforded the product as tan crystals following ltration. 1H
NMR (benzene-d6, 300 MHz): dH 12.74 (s, 4H, CH). 1H NMR
(acetone-d6): dH 12.65 (s, 4H, CH). 1H NMR (acetonitrile-d3): dH
12.61 (s, 4H, CH). 13C{1H} NMR (benzene-d6, 75 MHz): dC
Chem. Sci., 2020, 11, 4648–4668 | 4661
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134.10 (s, CH), 143.5 (q, CO, JC–F ¼ 39 Hz), 164.6 (q, JC–F ¼
283 Hz, CF3).

19F{1H} NMR (benzene-d6, 282 MHz): d �80.9 (s,
CF3). IR (KBr-Nujol): 1646 (m), 1620 (m), 1570 (w) and 1542 (w)
(n(C]O or C]C) – Lit: 1538, 1560, 1620, 1642 cm�1 and 1538,
1568, 1619 and 1643 cm�1), 1306 (sh), 1258 (m), 1233 (br), 1212
(br), 1150 (m), 1101 (w), 811 (m), 769 (w), 746 (m), 737 (m), 660
(m), 587 (m). Mp 96–99 �C (Lit: 90 �C). Crystals suitable for X-
ray diffraction were obtained by sublimation at room temper-
ature and 7� 10�5 torr. Structural features are discussed in the
ESI.†

Synthesis of Th(hfa)4@COF-5

A vial containing activated COF-5 (33.2 mg) was placed upright
in a Schlenk ask alongside a separate vial containing an excess
of Th(hfa)4 (100.3 mg). While bulk amounts were synthesized in
order to be used for multiple characterization techniques, it
should be noted that the synthesis has proven successful with
as low as 1 mg of starting material. Aer reducing the pressure
to 4 � 10�5 torr, the system was sealed under static vacuum and
stored at room temperature for 48 h. During this time the off-
white COF-5 powder darkened and the volume of Th(hfa)4
visibly decreased. The product was isolated as a beige powder
(91.8 mg, 64 wt% Th(hfa)4). IR (cm�1): 1646 (br) 1523 (s), 1493
(s), 1396 (m), 1349 (s), 1322 (s), 1241 (s), 1211 (sh), 1159 (s), 1103
(w), 1078 (s), 1021 (s), 974 (m), 848 (s), 834 (s), 730 (m), 673 (sh),
657 (s), 615 (m).

Synthesis of U(hfa)4@COF-5

A vial containing activated COF-5 (31.4 mg) was placed upright
in a Schlenk ask alongside a separate vial containing an excess
of U(hfa)4 (79.4 mg). As with Th(hfa)4@COF-5, bulk synthesis
amounts were needed for subsequent characterization. Aer
reducing the pressure to 4 � 10�5 torr, the system was sealed
under static vacuum and stored at room temperature for 48 h.
During this time the off-white COF-5 powder darkened and the
volume of U(hfa)4 visibly decreased. The product was isolated as
a tan powder (84.1 mg, 63 wt% U(hfa)4). IR (cm�1): 1667 (sh),
1646 (m), 1621 (w), 1564 (w), 1540 (sh), 1524 (w), 1492 (m), 1325
(m), 1259 (m), 1242 (m), 1216 (m), 1158 (m), 1105 (w), 1076 (m),
1021 (m), 975 (w), 892 (w), 848 (m), 833 (m), 811 (w), 768 (w), 746
(m), 658 (m), 612 (w), 588 (m).

Removal of COF-5 guests

In a representative example, suspending U(hfa)4@COF-5 in
Et2O immediately resulted in formation of an off-white powder
and brown liquid. The liquid was decanted, and the solids were
washed again with Et2O. Aer drying, the residual solids were
identied as COF-5 based on IR spectroscopy and powder XRD.
Applying a dynamic vacuum of 1.5 � 10�5 torr to U(hfa)4@COF-
5 and heating above 100 �C for more than 48 h also resulted in
guest removal.

Synthesis of ThO2 NPs@COF-5

A vial containing Th(hfa)4@COF-5 (58 mg) was heated in
a Schlenk ask at 200 �C for 3 d under a ow of Ar that was
4662 | Chem. Sci., 2020, 11, 4648–4668
passed through a bubbler of H2O at a rate of approximately 60
cm3min�1. Aer drying in vacuo (6� 10�5 torr) at 150 �C for 5 h,
the resulting solid was annealed at 300 �C under a ow of pure
H2 to improve crystallinity. The product was obtained as a dark
gray powder (35.2 mg), which was handled with rigorous
exclusion of oxygen and moisture during all subsequent anal-
yses. IR (cm�1): 1691 (br), 1624 (br), 1523 (m), 1492 (s), 1395
(sh), 1350 (s), 1325 (s), 1240 (s), 1207 (sh), 1162 (m), 1077 (m),
1020 (m), 973 (w), 849 (m), 834 (m), 673 (sh), 657 (m), 614 (m).

Synthesis of UO2 NPs@COF-5

The reaction proceeded exactly as described above for ThO2

NPs@COF-5. Beginning with U(hfa)4@COF-5 (51.4 mg), the
product was obtained as a dark gray powder (32.4 mg). IR
(cm�1): 1691 (br), 1624 (br), 1523 (m), 1492 (s), 1395 (sh), 1350
(s), 1325 (s), 1240 (s), 1207 (sh), 1162 (m), 1077 (m), 1020 (m),
973 (w), 849 (m), 834 (m), 673 (sh), 657 (m), 614 (m).

Crystallographic details

For complete details pertaining to the single-crystal X-ray
diffraction data for U(hfa)4 and Th(hfa)4(dme), refer to the ESI.†

Powder X-ray diffraction

Samples of COF-5, Th(hfa)4@COF-5 and U(hfa)4@COF-5 were
prepared for data collection in transmission geometry by ame-
sealing 0.7 mm quartz capillaries that had been packed with
analyte in a glove-box. Samples of ThO2 NPs@COF-5 and UO2

NPs@COF-5 were prepared for data collection in reection
geometry by applying the powder directly to a silicon zero
background plate, which was then covered with a thin Kapton
lm to provide an atmospheric barrier and containment for the
radioactivity. Powder X-ray diffraction (PXRD) patterns were
measured with either a Co source (40 kV, 40 mA) or Cu source
(45 kV, 40 mA) by using a Panalytical X'Pert Pro diffractometer
equipped with a focusing mirror, 0.02 radian Soller slits, and
silicon strip detector. All data is presented as 2q plots for Cu Ka
X-rays. Data were obtained at room temperature as 12–24 scans
with a counting time of approximately 2 hours per scan and
0.02� 2q step size, which were averaged using X'Pert High Score
Plus soware.

Transmission electron microscopy

TEM and high-angle annular dark-eld (HAADF)-STEM images
were collected on a JEOL 2100-F eld emission TEM with an
operating voltage of 120 kV. Samples for TEM were prepared by
dispersing particles in hexane and drop casting onto copper
TEM grids coated with carbon mesh and dried under vacuum.
Focus was optimized using a particle on the edge of a NP-COF
construct where thickness was minimal. Size analysis was per-
formed by digitally measuring the width of nanocrystals; only
particles showing substantial contrast from their COF template
were counted for maximum accuracy. A sample size of 100
nanocrystals was used in both the case of ThO2 NPs@COF-5 and
UO2 NPs@COF-5 to give a reasonable statistical distribution of
nanocrystal size.
This journal is © The Royal Society of Chemistry 2020
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X-ray scattering

Small and wide angle X-ray scattering (SAXS and WAXS) patterns
were collected at beamline 7.3.3 of the Advanced Light Source
(ALS).173Data were collected at an incident energy of 10 keV using
a Pilatus 2M detector and a beam size of 300 mm � 700 mm.
Samples were prepared for measurement by mixing with boron
nitride and placing them in 1.5 mm-diameter quartz capillaries
sealed with epoxy. The capillaries were placed into Kapton tubes
with epoxy at both ends and taped into an aluminum sample
holder sealed with Kapton windows. Data was azimuthally aver-
aged and 1D plots extracted using the NIKA174 soware package
in IGOR Pro. Data was then t across the data collection range
(between 0.1 and 1 Å�1) using the SciPy package175 in Python to
the analytical solution for a spherical form factor integrated over
a Schulz distribution176 along with background contributions.
Backgrounds included Kapton, quartz, COF-5, the inclusion
compound and boron nitride (see ESI† for additional informa-
tion on backgrounds). Background patterns were t in linear
combination with the form factor, due to the variability in
capillary thickness and sample packing density. Best-t values
were determined throughminimization of c2 and error bars were
determined to one standard deviation.
So X-ray spectromicroscopy

Sample preparation methodology for the potentially oxygen and
moisture-sensitive analytes was similar to that described
previously.177,178 Samples were prepared in an argon-lled glo-
vebox by grinding the analyte into a ne powder with a mortar
and pestle, and brushing the powder onto a Si3N4 membrane
(100 nm, Silson) with a ber. This method arranged a large
number of micron-scale particles in a relatively compact area
that were suitable for C, O, and F K-edge as well as actinide N5,4-
edge measurements. A second membrane was placed over the
sample, and the edges were sealed together using Hardman
Double/Bubble® 5 minute epoxy.

Data acquisition methodology was similar to that discussed
previously.178 Single-energy images and spectra were acquired
using both the STXM instruments at the Canadian Light Source
(CLS) spectromicroscopy beamline 10ID-1 and at the Advanced
Light Source-Molecular Environmental Science (ALS-MES)
beamline 11.0.2. The CLS operated in decay mode (250 to
150 mA) and the ALS operated in topoffmode (500 mA). At both
facilities, the beamlines operated with a �0.5 atm He-lled
chamber and used elliptically polarizing undulators that deliv-
ered photons to entrance slit-less plane-grating mono-
chromators.179–182 The maximum energy resolution E/DE
approaches 7000 for both beamlines.179,180 Energy calibrations
were performed at the C K-edge using CO2 gas (C 1s / 3p at
294.95 eV), the O K-edge using CO2 gas (O 1s/ 3p at 538.9 eV),
and at the F K-, Th N5,4-, and U N5,4-edges using Ne gas at the
ALS (Ne 1s/ 3p at 867.30 eV) and SF6 gas at the CLS (F 1s/ a1g
at 688.0 eV). For these measurements, the X-ray beam was
focused with a 35 or 40 nm zone plate onto the sample, and the
transmitted light was detected. Images at a single energy were
obtained by raster-scanning the sample and collecting trans-
mitted monochromatic light as a function of sample position.
This journal is © The Royal Society of Chemistry 2020
Spectra at particular regions of interest on the sample image
were extracted from the “stack”, which is a collection of images
recorded at multiple, closely spaced photon energies across the
absorption edge. Dwell times used to acquire an image at
a single photon energy were typically 2 ms per pixel. C and O K-
edge spectra were collected using circularly polarized radiation,
while F K-, Th N5,4-, and U N5,4-edge measurements were
collected using linearly polarized radiation. To evaluate the
absorbance signal, the measured transmitted intensity (I) was
converted to optical density (OD) using Beer–Lambert's law:
OD ¼ ln(I/I0) ¼ mrd, where I0 is the incident photon ux
intensity, d is the sample thickness, and m and r are the mass
absorption coefficient and density of the sample material,
respectively. Incident photon intensity was measured through
the sample-free region of the Si3N4 windows. C K-, O K-, and F K-
edge data were background-subtracted in MATLAB using the
MBACK algorithm.183 For Th N5,4- and U N5,4-edge data, IGOR
Pro 7 was used to t a line to the pre-edge region, and then the
line was subtracted from the experimental data to eliminate the
background of the spectrum. IGOR Pro 7 was used for all XAS
data to calculate second-derivative spectra which were used as
guides to determine the number and position of peaks.

Reasonable efforts were made to minimize the effects of
self-absorption and saturation by omitting thicker particles
and ensuring that the spectra were governed by the Beer–
Lambert law. Because these effects can be difficult to quan-
tify,184 and because of the different compositions and
concentrations of the analytes, direct and quantitative
comparisons cannot be made between the observed intensity
of features observed in Fig. S10–S12.† Hence, the overall
spectral prole and peak positions were to assess the presence
or absence of transitions associated with particular chemical
components or functional groups, in analogy to the “nger-
print” analysis used in IR spectroscopy.
X-ray absorption ne structure spectroscopy

Th and U XAFS spectra at their L3-edges (16.3 and 17.166 keV,
respectively) were collected at Beamline 11-2 at the Stanford
Synchrotron Radiation Lightsource using a Si 220 (4 ¼ 0)
monochromator detuned to 50%. Data were collected in both
transmission and uorescence mode, using a 100 Element Can-
berra Ge uorescence detector (sample at 45� from the incident
beam and uorescence detector). No photoreduction of the
sample was observed over time in the X-ray beam. Data were
edge-energy calibrated using the rst inection point in the
spectra of Zr foil (17 998 eV) and UO2 (17 170 eV) standards. A slit
height for the sample was chosen to be less than 0.7 mm, such
that the data resolution would be core-hole lifetime limited.126

Fluorescence data were also corrected for dead time. Data were
reduced and analyzed using the RSXAP soware package.125,126

Data were t in r-space using EXAFS standards calculated using
FEFF185 and error bars calculated using a prolingmethod.186 The
number of parameters used in the t were limited to be fewer
than the number of independent points.

Powder samples were prepared for measurements through
dilution with dry boron nitride and mixing using a mortar and
Chem. Sci., 2020, 11, 4648–4668 | 4663
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pestle in an argon-lled glovebox. The diluted samples were
then packed into aluminum holders sealed with indium. Due to
the air and water sensitivity of the samples, they were stored
under argon until measurement. The sealed holders were
exposed to air for less than one minute while being transferred
to vacuum with an He backll. Samples were measured using
a liquid He-cooled cryostat to test for structural temperature
dependence by collecting data either at 50 K and 300 K or in
a series of 50 K, 100 K, 200 K and 300 K for Einstein-model
analysis.135
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