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Abstract:

The coordination of crystalline products resulting from the co-crystallization of Np(VI), Pu(VI),
Am(VI), and Np(V) with uranyl nitrate hexahydrate (UNH) has been revealed through solid-state
spectroscopic characterization via diffuse reflectance UV-Vis-NIR, SEM-EDS, and extended X-
ray absorption fine structure (EXAFS). Density functional and multireference wavefunction
calculations were performed to analyze the An(VI/V)O,(NOs),-2H,0 electronic structures and to
help assign the observed transitions in the absorption spectra. EXAFS show similar coordination
between the U(VI) in UO,(NOs),-6H,0 and Np(VI) and Pu(VI); while Am resulted in a similar
coordination to Am(III), as reduction occurred prior to EXAFS data was obtained. The co-
crystallization of the oxidized transuranic species—penta- and hexavalent—with UNH, represents
a significant advance from not only a practical standpoint in providing an elegant solution for used
nuclear fuel (UNF) recycle, but also as an avenue to expand the fundamental understanding of the
5f electronic behavior in the solid-state.

Introduction:

There is a profound fascination with the chemistry of the 5f elements, emphasized by many high-
profile publications on the topic.!”?* But 5f elements retain many mysteries and our current
understanding of their properties and chemical behavior is limited. On the applications side, the
separation of actinides is extremely important in the used nuclear fuel (UNF) cycle; however, a
number of considerations must be addressed, specifically the separation schemes, their scale-up,
and implementation to an industrial process. A suitable scheme needs to achieve several goals
including: (1) ease of implementation for a wide range of fuel types; (2) meet nuclear
nonproliferation and safeguard standards; (3) reduce and minimize waste inevitably bound for
disposal in a geological repository; and (4) the recovery of usable species, such as several of the
actinide (An) elements, to attain maximum energy utilization.>>?’ The obvious target An species
include U and Pu, which are the major energy producing constituents. However, Np and Am should
also be included, as they significantly increase the long-term hazards and heat-load requirements
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of a geologic disposal site.?3? Understanding the behavior of these actinide ions during the
separation process is critical to facilitate development of separation technologies, and
computational quantum chemistry combined with experiments provides an excellent platform to
achieve this goal.

The theoretical modeling of actinide ions hinges upon the ability to develop a reliable model of
the species in various environments and the necessity of chemical accuracy to correlate with
experimental results.3*3* The use of computational methods in this field has driven our
understanding in a wide range of concepts from uranyl bonding in binary systems such as oxides
and nitrides to actinide covalency with designed ligands during solvent extraction. In the case of
the actinyl species (An(VI)O,>", An(VI) = U, Np, Pu, Am), the high charge induces strong
polarization effects on the environment, coupled with ion pairing interactions with nitrate and
water ligands, highlights the importance to design a proper model to describe the complexes in
company with a computational protocol taking into account the environment. Another challenging
aspect is the proper treatment of the electronic structure of the actinide complex itself, which has
a direct result on the accuracy and identification of An species during extraction. Along those lines,
spin-orbit (SO) coupling effects are required to account for excited-states calculations and are
computationally demanding, but crucial for an accurate representation of electronic transitions.
For systems in which relativistic effects are strong, scalar and SO effects should be taken into
account for a correct description of actinide compounds. We have chosen to use scalar all-electron
relativistic time-dependent DFT (TD-DFT) linear response theory and multi-reference
wavefunction theory with SO coupling for this study, which is a suitable combination for
predictive modeling of properties in complex actinide systems.?>

Of the many separation technologies available, a solvent extraction approach is currently the most
feasible for the separation and recovery of U and Pu. This is the envelope under which the
Plutonium Uranium Reduction-EXtraction (PUREX) process and its variations operate.’®
Unfortunately, these approaches based on solvent extraction have only realized a margin of success
when aimed at including Np and Am in the separation. The inability to sufficiently handle Np and
Am, instigated an effort world-wide to develop a separations scheme to address this problem.
Solvent extraction has moved to the forefront in this initiative,3%37 while investigations into ion
exchange®®40 have also been carried out. As technical advances have occurred, they have been
accompanied by process complexity and added cost, which has prevented implementation on a
larger scale.*!

From this, a challenge has recently been issued to develop a technology which can be adapted into
a single-step separation process for recovering U through Am simultaneously, namely, the so-
called Group ActiNide EXtraction (GANEX) type process.*>*3 To answer this challenge, a number
of methodologies relying on solvent extraction***8, ion exchange3®494%30 or crystallization’!=>3,
have been pursued to accomplish a GANEX-type process. One commonality of the different
approaches is the employment of highly oxidizing environments to produce the hexavalent states
of U to Am. This is a nontrivial problem for Am, because the reduction potential of
Am(VI)/Am(III) is +1.7 V vs normal hydrogen electrode (NHE)>#, making it the most challenging
hexavalent An species to generate and stabilize. A variety of methods for attaining Am(VI), have
been studied intently. Probably the most widely implemented is the chemical oxidant sodium
bismuthate, as it results in near quantitative production of Am(VT).44:46,51.54
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We have also engaged in this vein of research, aiming at a GANEX-type separation. Our approach,
employs co-crystallization as a first step, following the dissolution of UNF in hot HNO3, to recover
all of the hexavalent An(VI) within the UNH lattice.’!>3¢ A near proportional removal of the
transuranic (TRU) species to that of U, 1:1 U:TRU, has been observed when the TRUs exist in the
hexavalent state, as the actinyl dioxo cation, AnO,>*.5! A remarkable yield was observed in the
range of 80-90% for this single-step approach, while achieving separation factors of >81 from
common contaminant species like Cs*, Sr>*, Nd**, and Zr#', all generated as fission products during
the nuclear fission reaction.’ Preliminary characterization of the crystalline phase utilizing solid-
state diffuse reflectance UV-Vis-NIR absorption spectroscopy, has shown the An(VI) species of
the TRUs to be present in the crystalline phase.>> This first-of-its-kind study of the hexavalent
TRUs encapsulated in a stable matrix, included initial observation of Np(V) and Am(VI)
absorption bands in the solid state. However, no attempt was made to assign the observed
transitions band or provide a description of the electronic structure of the TRU species. We have
also been able to demonstrate not only are the An(VI) present in the crystalline phase, but they can
be efficiently recovered and are homogeneously distributed throughout the solid.>

The absorption spectra of actinides, in particular the internal f-f transitions, has found wide use for
identification in the visible and UV regions. These transitions for actinide elements are much more
intense and broader than those observed for lanthanides, due to crystal field effects,?> and provide
an excellent means of identification, particularly in co-crystallization scheme. Generating accurate
electronic spectra of hexavalent actinides will provide a diagnostic tool to identify ions entrained
in the crystalline materials. Identification of hexavalent species through solid state absorbance
spectra of the crystalline solids will allow for direct identification and speciation of complexed
actinide ions and relative quantification of oxidation states. Furthermore, the theoretical analysis
will be building upon previous studies to provide an understanding of the chemical bonding of
hexavalent actinides in a solid matrix.

Herein, we focus on characterizing the previously reported>” transitions in the electronic structure
of oxidized actinides by systematically filling the 5f orbitals in a series of co-crystallizations with
Np(VI), Pu(VI), Am(VI), or Np(V) entrained in a UNH matrix. Assignment of the transitions were
accomplished through DR UV-Vis-NIR absorption spectroscopy coupled with theoretical
calculations. The theoretical work offers an important avenue to understand the electronic
structure, chemical bonding and spectroscopic properties of the targeted complexes. Further
characterization of the co-crystallized samples through SEM-EDS and EXAFS enhances the
fundamental understanding of the 5f electrons in the solid state.

Experimental:
Materials

Nitric acid (69—70% Omni Trace, HNOs) was purchased from EDM; sodium bismuthate (ACS
Grade, NaBiO;) was purchased from Alfa Aesar; uranyl nitrate hexahydrate (99+%,
UO,(NOs), 6H,0) was purchased from Strem Chemicals and all were used as received. Deionized
(DI) H,O was obtained from an ELGA LabWater Purelab Flex ultrapure laboratory water
purification system operated at 18.2 MQcm at 25 °C. Neptunium-237 oxide (=99.99+%,
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Z3"Np0O,), and plutonium-239 oxide (>99.92%, 2**Pu0,), and americium-243 oxide (>99.98%,
243 AmQ,), were purchased from the U.S. Department of Energy’s National Isotope Development
Center and were each converted to the nitrate form by dissolving in nitric acid under moderate
heating (~60-90 °C). WARNING: 2*’Np, 2*°Pu, and ***Am are all highly radioactive and were
handled under ALARA principles in laboratories equipped to handle radioactive materials
appropriately. Radiological fume hoods and glove boxes were employed.

Crystallization

The co-crystallization of Np(VI) Pu(VI), and Am(VI) with UNH has been described in detail
elsewhere,’13>3¢ but an abbreviated description will be provided as follows. In general,
approximately 100 mg of uranyl nitrate (UN) solid was heated to roughly 50-60 °C in the presents
of HNOs in a temperature-controlled sand bath, which was regulated by a hot plate equipped with
a thermocouple temperature monitored. Following the dissolution of all the UN solid (ca. 4 h of
heating), slow cooling of the system to ambient temperature (~25 °C) was achieved by cutting
power to the hot plate and allowing the sample to cool naturally inside the sand bath. As the system
cooled, crystallization occurred slowly. The conditions for each crystallization experiment are
summarized in Table 1. At ambient temperature, the crystalline phase was separated from the
liquid supernate by centrifugation with a Costar® Spin-X® 0.45 um cellulose acetate centrifuge
tube filter with a mini-centrifuge. For studies investigating hexavalent TRU species, Np(VI),
Pu(VI), or Am(VI), 3—4 mg of NaBiO; was included in the UN solid to ensure the oxidation
occurred and was maintained throughout the process. An aliquot of ~1-2.5 mg An(VI) species
dissolved in HNO; was added to the UNH-NaBiO; mixture. For experiments involving Am(VI),
only glass containers, pipettes, and cuvettes were used, as Am(VI) is a very strong oxidant and
will react readily with available organic reductants; this includes plastic surfaces. In these cases,
decantation was used rather than centrifugation to separate the phases.

Table 1: Experimental conditions for the co-crystallizations of individual TRUs with UNH.

TRU Visgsmmnvos Vo Vsge [HNOslsge U ZNp 2%Pu #Am
Species /uL /uL  /juL /M /mg  /mg /mg /mg
U(VD-only  2.00 58.0 91.1 035 37.6 - - -
Np(VI) 5.34 157 619 14 335 25@2.2) - -
Pu(VI) 16.7 163 422 63 21.7 - 1.1(1.1) -
Am(VI)  20.4 204 114 28 753 - ] 1.0(12)
Np(V) 0.13 20.8 440  0.047 21 15014 - ]

*Data in parentheses from y-ray spectroscopy analysis.
Oxidation and Spectral Analysis

The oxidation state and concentrations of the actinides in solution were determined by observing
the optical spectra using an Ocean Optics QEPro UV—vis spectrometer and Ocean Optics Flame-
NIR NIR spectrometer, an Ocean Optics HL-2000 halogen light source, and a path length of 1 cm.
The data were obtained with OceanView analysis software from Ocean Optics and baseline-
corrected with OriginPro 2018 Software. The concentration of the UO,?>" was calculated by
implementing Beer’s Law with the molar extinction coefficient (¢) of 5.47 L mol! cm! at
415 nm.”” The concentration of the NpO,?>" was calculated with an & of 41 L mol! cm™' at
1221 nm.*® The concentration of the PuO,*" was calculated with an € of 450 L mol'! cm’! at
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830 nm.>® The concentration of the AmO,2" was calculated with an € of 100 L mol! cm™! at
996 nm.>* The concentration of the NpO,* was calculated by with an € of 372 L mol! cm™ at
980 nm.>® Quantitative analysis was performed via gamma (y)-ray spectroscopy using a calibrated
Canberra Model GC4018 high-purity germanium detector (HPGe) with an active detector volume
of ~45 ¢m3 and Lynx™ digital signal analyzer (DSA, Canberra Industries Inc., Meriden, CT). The
detector has an energy resolution of 0.925 keV at 122 keV and 1.8 keV at 1300 keV. Relevant
nuclear data were obtained from Browne and Firestone.%® All calibrations were determined with a
132Eu standard y-ray source traceable to the National Institute of Standards and Technology (NIST)
purchased from Eckert & Ziegler Isotope Products. The 23’Np was tracked by using the 86.5 keV
and 143 keV y-rays. The 2°Pu was tracked semi-quantitatively by using the 59.5 keV y-ray from
241 Am, a decay daughter of the minor isotope ?*'Pu (0.012% w/w 4'Pu/>3°Pu).

Extended X-ray Absorption Fine Structure Measurements

Small portions of the crystalline phase were directly loaded into the Extended X-ray Absorption
Fine Structure (EXAFS) Measurements sample holder as summarized in Table 2. The EXAFS
sample holders were made up of a 11.57 mm x 6.4 mm x 1.4 mm (OD x ID x h) aluminum
(5052-H34) washer with 1 mil Kapton adhesive tape (2.5 mil overall thickness) on either side of
the washer to contain the sample. The taped washer was then placed inside of a 4 mil LDPE heat-
sealed bag, which was then placed inside a 2.5 mil transparent Mylar heat-sealed bag.

Table 2: Summary of EXAFS samples generated.

TRU U ¥Np 2%Pu 2$Am
Species /mg /ug /ug /ug
U(VD-only 1.66 - - -
Np(VID) 7.65 (700) - -
Pu(VI) 8.12 - (180) -
Am(VI) 0.0927 - - (1.8)
Np(V) 3.88 (210) - -

*Data in parentheses from y-ray spectroscopy analysis.

EXAFS measurements were performed at the Advanced Photon Source (APS) at the 12-BM
station at Argonne National Laboratory. EXAFS data were acquired at each L; edge Np, Pu, and
Am (17.610keV, 18.057 keV, 18.510 keV, respectively) in fluorescence mode at room
temperature using a 13-element germanium detector while the U data (L; edge of 17.166 keV)
were able to be taken in transmission mode. 12-BM uses a double crystal monochromator with Si
(111) crystals as well as a 1.1-meter-long flat mirror along with a 1.0-meter toroidal mirror to focus
and steer the beam to the samples in the experimental station. The Zr K edge was used to calibrate
the energy at 17.998 keV using a Zr foil near the U L; edge. Three-to-five 15 min scans were
averaged for each sample. The data were processed and modeled using the ATHENA and ARTEMIS
software based on the IFEFFIT code from the Demeter 0.9.26 program package.”> The EXAFS
spectra for actinyl ions were modeled starting from the crystal structure of the uranyl
[UO,(NO3),(H,0),]-4H,0 complex™ and substituting U for Np and Pu. Am data were modelled
based on the crystal structure of the trivalent samarium [Sm(NO3),(H,0),]* complex.” Fitting of
the data was done over a range of 3.5 to 8.5 (Np, Pu) and 9.5 A-! (U) and 2.5-8.5 A-! (Am) in k-
space and 1-3 A in R space. Due to degradation of Np, Pu, and Am-containing samples by
radiolysis and other effects, resulted in a limited usable k-range and the number of independent
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parameters that can be varied, only two-shell O,,0.q (axial, equatorial) models for actinyl species
and a single O shell model for Am were considered. The amplitude reduction factor (S,2 = 0.92)
and the coordination numbers (CN) were fixed to their respective values in the crystal structures
during fitting,’*7> while the remaining variables were allowed to float. With these constrains, the
model generated physically reasonable metrics for all systems.

Computational Details

Theoretical investigations were carried out using both density functional theory (DFT) and ab
initio wavefunction theory (WFT) methods. The structures of complexes 1-5 (see Figure S1) were
optimized by the B3LYP flavor of density functionals using the Stuttgart small-core (SSC) 1997
relativistic effective core potential and the associated basis sets for actinides and the Def2TZVPP
basis sets for the light atoms.6'-% The electronic absorption spectra of complexes 1-5 were
calculated with scalar all-electron relativistic time-dependent DFT (TD-DFT) linear response
theory based on the zeroth-order regular approximation (ZORA) Hamiltonian, as implemented in
the Amsterdam Density Functional (ADF) suite of programs.®* Two hundred excited states of the
same spin multiplicity as the ground state were calculated for each complex. The conductor-like
screening model (COSMO) was applied to investigate solvent effects for a dielectric constant (DC)
ranging from 78 (water) down to 19 (pure HNO;). The use of COSMO improved the calculated
excitation energies; however, the differences between the results for DC between 78 and 19 were
negligible. The latter are presented in this article. In order to assign the spectra, transitions of
interest were analyzed in terms of donor—acceptor natural transition orbitals (NTO).%

WET calculations were performed with a developer’s version of the OpenMolcas package based
on Molcas release 8.9¢7 The 2"-order Douglas-Kroll-Hess scalar relativistic Hamiltonian®® was
employed in the calculations without Spin-orbit (SO) coupling, in conjunction with all-electron
atomic natural orbital relativistically contracted basis sets (Np, Pu, Am = ANO-RCC-VTZP; N,
O, H = ANO-RCC-VDZP). State-averaged CASSCF® (complete active space self-consistent
field), with inclusion of dynamic electron correlation by 2™ order perturbation theory (CASPT2),7°
was employed. SO coupling was treated by state interaction among ‘spin-free’ (SF) CASSCF/PT2
wavefunctions, using the RASSI (restricted active space state interaction) program and atomic
mean-field SO integrals. Note, each SF wavefunction has a well-defined spin multiplicity. For
brevity, spin-free and spin-orbit CASSCF and CASPT2 calculation are in the following referred
to as CAS-SF, CAS-SO, PT2-SF, and PT2-SO, respectively, which were used to calculate mainly
the energies of low-energy electronic states arising from the 5f manifold. The active spaces
spanned 10 orbitals, namely, the four nonbonding 6 and ¢ An 5f orbitals, along with the An—O
o, o*, rand 7* orbitals of the actinyl moieties, with between 7 and 10 electrons. Fourteen spin
doublet states (7 2A, and 7 °B, roots) were calculated for Np(VI)O,(NO3), 2H,0, 60 spin-triplet
states (30 3A, and 30 3B, roots) and 60 spin-singlet states (30 'A, and 30 'B, roots) for the Np(V)
complex, 42 spin-triplet states (21 3A, and 21 *B, roots) and 42 spin-singlet states (21 'A, and 21
1B, roots) for the Pu(VI) complex, while spin quartet (35 #A, and 35 B, roots) and doublet (35 %A,
and 35 2B, roots) states were calculated for the Am(VI) complex. Visualizations of iso-surfaces of
the DFT Kohn-Sham orbitals, NTOs, and natural orbitals’' (NOs) of selected WFT spin states and
SO states were created with the graphical user interface of ADF and the Exatomic suite.”?
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Results and Discussion:
Co-Crystallization of An(VI) or An(V) in UNH

Samples containing either a hexavalent (NpO,?*, PuO,%*, or AmO,?*) or pentavalent (NpO,") TRU
species were generated by crystallization of UNH in the presence of the oxidized TRU species,
which resulted in a co-crystalized product, as described previously.’> The hexavalent species,
NpO,2*, PuO,?*, and AmO,?*, were removed from solution in near proportion to UO,?*, while the
pentavalent species, NpO,", was removed at a slightly less efficient manner (see Table 3). Both
the near proportional removal of the hexavalent TRUs, AnO,?", and the slightly less efficient
removal of the pentavalent TRU, AnO,"—which is hindered by the charge balance requirements,
forcing a defect in the lattice—indicate the actinyl species is being incorporated into the UO,**
positions within the lattice and will be discussed in detail later. This is not surprising, as the linear
dioxo geometry is adopted by either valency of the actinyl cations, which allows for the local
environment of the metal center to not experience any steric hinderance within the lattice.
Moreover, scanning electron scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS) confirmed the homogeneous composition of all the materials containing
TRUs, with similar distribution of U and the TRU species throughout the material (see Figure S4).

Table 3: UNH crystallization yields for the U and TRU species and ratios of the percent co-crystallization of U to TRUs.

TRU % Crystallization Ratio
Species U TRU U: TRU
U(VD-only  89%+9% -

Np(VID) 96% +10% 91%+6% 1.0:0.94
Pu(VI) 86% +9%  78% 5% 1.0:0.92
Am(VI) 79% +8%  75%+5% 1.0:0.95
Np(V) 90% +9%  75%+5% 1.0:0.83

X-ray Absorption Fine Structure Spectroscopy

To understand the local environment of the An metal centers, L;-edge EXAFS measurements were
employed to directly probe the coordination environment of AnO,?" (An = Np, Pu, or Am) co-
crystallized with UO,?* out of nitric acid. Consistent with previous EXAFS studies for Np and
Am,”%77 radiolytic degradation was observed for Np(VI), Pu(VI), and Am-containing solid-state
samples, which limited the quality of the measured EXAFS data. The collection of EXAFS data
for Np(V) was attempted, but due to low Np(V) concentrations (~ 3% w/w %) the signal-to-noise
ratio was too low to obtain reliable results. Despite these limitations, we can still obtain
quantitative information on the primary coordination structure of hexavalent ions and Am.

The experimental and fitted L; ¥y (k) EXAFS data using the two-shell O,,0q models for actinyl
species and a single O shell for Am and real-space functions generated using the Fourier transforms
are shown in Figure 1. It is apparent that the main EXAFS oscillations and the relative positions
for the primary two peaks in the FT-EXAS are similar for U(VI), Np(VI), and Pu(VI). The main
peak at ~1.3 A (r + A) and the second peak at ~1.9 A (r + A) correspond, respectively, to axial
oxygens in the actinyl unit and O donor atoms of nitrates and water in the equatorial plane.”®80 In
contrast, a very different coordination is evident for Am, which shows a distinct &>y (k) oscillation
pattern, with the main FT-EXAFS peak shifted to ~2.0 A and only a small shoulder detectable at
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~1.3 A. As will be discussed in detail later, reduction of Am(VI) to Am(III) was observe over a
period of weeks (see Figure S9) after the isolation of the samples, but prior to shipment to the APS.
The shape and position of this peak is strikingly reminiscent of the FT-EXAFS spectrum of the
Am nitrate complex published recently by Riddle ef al.’®, where it was found based on UV-Vis
spectroscopy that the initially prepared 50%:50% mixture of Am(V) and Am(III) species had
reduced to Am(IIl) upon the return of samples from the synchrotron radiation facility. A
distinguishable peak for U(VI) at ~3.6 A (r + A) was previously’8-80 assigned to the enhanced
multiple scattering involving U, N, and the distant O of the bidentate-coordinated nitrate anions.
However, this peak is not resolved for Np(VI), Pu(VI), and Am-containing samples having rather
noisy spectra.

[ee]
(=)

U(vI) ——Experimental
—Fit

k3y(k)
o
B~

Ky(k)
A o B =

FT Magnitude
[}

Np(VI)

FT Magnitude
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k3y(k)
o

K*(k)
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Figure 1. L3-edge K%y (k) EXAFS data (left) and the corresponding Fourier transforms (right) of the U(VI), Np(VI), Pu(VI), and
Am co-crystallized samples (top to bottom, respectively). Experimental data in black and fit in blue. The upper limit of By (k) is
shown up to the fitting range, which is 9.5 A1 for U(VI) and 8.5 A for the other samples.

Fitting parameters accounting for the major EXAFS features due to backscattering from the first-
coordination shell are summarized in Table 4. Despite the limited k-range for these systems,
resulting in relatively large uncertainties of the fitting parameters, the employed models provide
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good fits to the EXAFS data with physically reasonable optimized metrics. The differences in the
average bond distances for the axial and equatorial O atoms between EXAFS and DFT or
diffraction data’77-80-83 are all within the uncertainty of EXAFS results. It is not unexpected to
have a larger Debye-Waller factor (c?) for O,y atoms of water and nitrate with various similar
distances. Similar metrical parameters for UO,?*, NpO,?*, and PuO,>" strongly suggest that they
are all similarly coordinated in the solid state and, thus, expected to be randomly incorporated into
the UNH crystal lattice, occupying the UO,?* positions. A single O shell model was employed to
fit the main peak in the FT-EXAFS spectrum of a reduced Am sample. The average bond distance
for the near-neighbor O atoms is 2.48 A, which coincides with previously reported’¢ value for the
reduced Am(V) to Am(III) sample and within a range of 2.46-2.58 A Am—O bond distances in
the [Am'(H,0)9](CF3S03); crystal structure.®3

Table 4. Metrics from the EXAFS data fitting using the two-shell O,,0.q models for actinyl species and a single O shell for Am,
along with the comparison of interatomic distances from DFT calculations and XRD data?

EXAFS

Element Atom CN R/A o2x103/A2 AE(0)/eV DFT® ND¢,XRD4
U Oux 2 1.75(2) 0.0015(13) 8.3(25) 1.762 1.761, 1.742
Qqq 6 2.46(3) 0.0094(20) 2.508 2.483,2.480

Np Oux 2 1.75(4) 0.0018(31) 7.9(57) 1.742 1.744

Qcq 6 2.50(6) 0.0078(41) 2.498 2.477

Pu Oux 2 1.76(3) 0.0016(20) 9.9(51) 1.732 1.728

Qcq 6 2.45(7) 0.0126(40) 2.489 2.475

Am 0 10 2483)  0.0096(24)  8.2(19) - 2.503

aThe amplitude reduction factor S,z = 0.92 and the coordination numbers (CN) were fixed during the fitting. "DFT calculations
were performed at the B3LYP/SSC(Ac)/ Def2TZVPP level. °The average distances from neutron diffraction (ND) analysis that
appear first are for [UOy(NO;),(H,0),]-4H,0.7* 9The X-ray diffraction distances are for the isostructural
[AcO,(NO;)2(H,0),]-H,0 (Ac = U, Np, and Pu)®*-82 and [Am™(H,0)y](CF3S03)3.83

The position of the L; absorption edge energy in the X-ray absorption near edge structure
(XANES) spectrum can give independent information about the oxidation state of an Am sample.
The tabulated value of the edge energy for the trivalent AmF; and Cs,NaAmCls standards
determined from the maximum in the first derivative is 18511 eV,3* which is 7 eV lower than the
value of 18504 eV for the Am metal® and 4 eV higher than the value of 18515 eV for presumably
tetravalent Am in Pb,Sr,AmCu30g.84 Using Nb metal as an internal standard, the edge energy for
the Am-containing sample is 18510.5 eV. This matches well with the tabulated value for the
trivalent Am standards.®* We therefore conclude from the L; absorption edge that the Am(VI)
sample has reduced to Am(III), which is fully consistent with the EXAFS analyses, as well as the
UV-Vis-NIR analysis, which will be discussed next.

Diffuse Reflectance UV-Vis-NIR Spectroscopy:

As was mentioned earlier, the features in the diffuse reflectance UV-Vis-NIR absorption spectra
of the crystalline phases resulting from the co-crystallization of oxidized TRUs with UNH were
reported in a previous contribution, however, the transitions have so far not been assigned.’> An
in-depth evaluation utilizing TDDFT calculations to make these assignments is presented next.
Based on the results obtained from EXAFS analysis, as discussed previously, the dinitrate species,
AnO,(NO3),-2H,0, was selected for these studies. To get a detailed description of the ground and
low-energy excited states of the complexes with unpaired electrons, WFT calculations with SO
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coupling were performed additionally. A qualitative molecular orbital scheme for
AnO,(NO3),-2H,0 is depicted in Figure 2. The spectroscopically relevant MOs are listed in Tables
S2 to S6. The ground-state structures of AnO,(NO;),'2H,0 were determined to have C,
symmetry. As far as the actinyl moieties are concerned, as in the free actinyl species’!-%, there are
occupied ungerade bonding 5f ¢ and w orbitals, with their unoccupied correlating antibonding
counterparts, displaying strong An 5f-Oy; 2p orbital mixing. The four nonbonding 5f orbitals,
labeled according to the (quasi-) linear symmetry of the actinyl ions as 5f 6 and ¢, are split
energetically in the presence of the equatorial (eq) ligands. Some of these formally nonbonding 5f
orbitals exhibit slight antibonding character with respect to the equatorial O ligands. This means
there are occupied ligand-centered bonding counterparts at lower energy, arising from (relatively
weak) ligand to metal donation bonding in the equatorial plane. Likewise, there is donation
bonding involving the metal 6d shell. The energetic ordering and the compositions of selected
MOs are provided in the SI.

4E G*(An-oy|), bu

n"(An-Oy), a,, b,

—H— &(An-O,), b,
_H_ _H_ n(An-0,), a, b,

Ligand AnO,(NO;),#2H,0 An(VIIV)

Figure 2. Qualitative molecular orbital diagram scheme for two ligands (Oy;, Ocq) and An(VI/V) on the left and right sides,
respectively. The vertical dashed arrows (blue color) indicate the spin allowed ligand-to-metal charge transfer (LMCT) excitation.
The varying occupations of the nonbonding 5f orbitals of AnO,(NOs),-2H,0 are not indicated by arrows.

To begin with, the diffuse reflectance absorption spectrum of the UNH crystalline phase resulting
from the crystallization of the U(VI)-only system, shown in Figure S5, is relatively simple. The
U(V]) characteristic strong absorbance in the range 375-485 nm was present in the solid state and
had a A, of 418 nm (2.97 eV), with another relatively intense absorption at 426 nm (2.91 eV).
According to the natural transition orbital (NTO) analysis of UO,(NO;),-2H,0, shown in Table 5,
the observed absorption features assigned primarily as ligand-to-metal charge transfer (LMCT).
The predicted allowed transitions match the observed spectrum well. The two main transitions are
from HOMO-1 to a nonbonding orbital (LUMO or LUMO+2). The corresponding energies are
2.95 eV (420 nm) and 2.82 eV (440 nm). The deviations between the theoretical and experimental
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wavelengths are minor, for this and the other complexes, and within the expected error ranges for
these types of calculations.

Table 5. Natural transition orbital (NTO) analysis for UO,(NOs),-2H,0 in the ~375-485 nm spectral region. Orbital isosurface
values are +0.03.

LMCT f Donor NTO Acceptor NTO Weight
' o
° .
2.82¢eV 7 3 .
(HOMO-1-> LUMO) 0.0037 ¢o * ®  100%
© °
U‘ 9
° .
2.89 ¢V |
(HOMO-1> LUMO+1)  0-000! °e ©  100%
[ ]

[ ] Q.
2.95eV .
(HOMO-1- LUMO+2) 0012 .'\‘oit ® 100%

[&

Next the system which incorporated Np(VI) into the UNH crystalline phase was examined.
Figure S6 displays the optical spectrum of Np(VI). The major features are a broad band ranging
from 520 to 590 nm with A« at 559 nm (2.22 eV), a small band at 624 nm (1.99 eV) and a band
at 1089 nm (1.14 eV). According to the NTO analysis of NpO,(NOs),:2H,0, the higher energy
transition at 528 nm (2.35 eV) is a LMCT involving HOMO-2 and LUMO+1, as shown in Table
S7, and it matches the experimental absorption region (520—590 nm). Another transition (calc.
608 nm, 2.04 e¢V) is characterized as LMCT involving HOMO-2 to LUMO. Meredith et al.¥’
observed a signal in the range of 500 to 600 nm for Np doped torbernite/meta-torbernite crystals
which was attributed to characteristic Np(VI) transitions. In those studies, the Np(VI) metal center
was a square bipyramidal coordination, while in the current work, the Np(VI) coordination is
hexagonal bipyramidal. The lower energy transition at 1089 nm (1.14 eV) is an f-f transition,
which results in its low intensity. The calculated electric dipole oscillator strengths for the 5f-5f
transitions for all complexes are effectively zero. The observed, albeit low, intensity indicates that
the Np(VI) incorporated UNH-phase either possesses some higher level of structural anisotropy
than the optimized structures of the isolated complexes, or the intensity is vibronic or magnetic.

For a more accurate description of the electronic states of the 5f manifold, we turned to WFT
calculations where the effects of SO coupling (SOC) are taken into consideration. The spin ground
state (GS) of NpO,(NOs),-2H,0 is a doublet (12A,) in which the unpaired electron populates the
5f ¢ orbital of the neptunyl moiety. In contrast, the CAS-SO GS has 57% contribution from 1%A,,
and 27% contribution from the low-lying state 2°B, along with a small admixture from state 1°B,,
as shown in Table S9. The Natural orbitals (NOs) and occupation numbers of the CAS-SF and
CAS-SO ground state are shown in Figure 3. The effects of SOC can be clearly seen from the NOs,

11

Page 12 of 25



Page 13 of 25

Physical Chemistry Chemical Physics

as shown by the changes in the occupation numbers. It may seem counterintuitive that the SOC
leads to an increase of the occupation of the more strongly antibonding 5f ¢ orbital. However, the
mixing of the spin GS with excited spin state components, which leads to the changes in the NO
occupation, comes with a stabilizing contribution from the SO interaction in the total energy. The
low-energy electronic excitation energy (calc. 1.15 eV, 1078 nm) from the CASSCF calculation
reproduces the experiment (1.14 eV, 1089 nm) well and confirms that the observed weak band is

due to an f-f transition.

7:1.955 7:1.955 0:1.929 5fy,: 0.996 5fy,,: 0.002
1.955 1.955 1.931 0.570 0.273
5fy,:0.013 5fy,:0.013 0*:0.045 7*:0.046 7,:0.046
0.086 0.096 0.045 0.045 0.045

Figure 3. Natural orbitals (NOs) and occupation numbers of the CAS-SF (upper set of occupation numbers) and CAS-SO (lower
set of numbers) ground state of NpO,(NOs),-2H,0.

The Pu(VI)-incorporated system was examined next (see Figure S7). The absorption spectrum of
Pu(VI) is more complex than the spectrum for Np(VI), containing more transitions in the UV-Vis-
NIR region. First, Pu(VI) exhibits several features with a broad band beginning around 500 nm
and extending up to 580 nm, with distinct absorbances at 528 nm (2.36 €V), 538 nm (2.31 eV),
and 556 nm (2.23 eV). The GS of PuO,(NO;),-2H,0 has two unpaired electrons in the four
nonbonding orbitals, leading to a triplet spin GS. As seen from Table S4, HOMO and HOMO-1
of the Pu(VI) complex represent the two occupied nonbonding spin orbitals, which are close in
energy. HOMO-2 has stronger orbital overlap of Pu 5f with O, than the corresponding orbitals of
U(VI) and Np(VI). The energy gap between HOMO and LUMO is around 0.43 eV. Based on the
NTO analysis of PuO,(NO3),2H,0 (Table 6), the excitation from HOMO-4 to LUMO gives the
transition at 537 nm (2.31 eV), which agrees with the experimental observation in the range 500—
580 nm. Note that HOMO-4 is a linear combination of nitrate oxygen lone pairs (LPs), while
LUMO is metal-centered, giving the assignment of the transition as LMCT. The other major band
extends from 775 nm to 850 nm, with four distinct signals at 797 nm (1.56 eV), 801 nm (1.55 eV),
808 nm (1.53 V), and 812 nm (1.53 eV), and a shoulder at 818 nm (1.52 eV). These excitations
are attributed to LMCT involving HOMO-3 and LUMO, with HOMO-3 being another ligand-
centered 7 orbital with predominant contributions from O LPs. Gaunt et al.3! observed similar
bands upon crystallization of PuO,(NOs3),-3H,0 out of concentrated HNOj3, but did not attempt to
assign the transitions. The NTO analysis produces several transitions with energies in relatively
good agreement of those observed experimentally. There are also f-f transitions with low or no
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oscillator strength, as described later. As was previously mentioned, the presence of f-f intensity
could be an indication that the symmetry of the system is being reduced by some mechanism, or
the intensity is vibronic or magnetic.

Table 6. Natural transition orbital (NTO) analysis for PuO,(NO;),-2H,0 in the ~500-580 nm and ~ 775-850 nm absorption
spectral region. Orbital isosurface values are £0.03.

LMCT Donor NTO Acceptor NTO Weight

|
1.53 eV Q.{ .
(HOMO Lumo)y 00004 M‘G ua ¥ 100%

231 eV 0.0085 .1& ﬂ% 98%

(HOMO-4—> LUMO)

&

For the WFT calculations, the f* (n>2) systems require treating the dynamic correlation.?9
Therefore, we discuss the PT2 data. As shown in Table S10, the spin GS of PuO,(NOs),-2H,0 is
a triplet (1°B,), determined by two unpaired electrons populating the 5f ¢ and 5f ¢ orbitals
essentially as in the free plutonyl ion. The combination of SOC and the equatorial ligand field
causes the SO GS to be a mixture of 1°B, (46%) and 13A, (46%) spin states, along with a minor
contribution from the singlet state 1!B,. The NOs of the spin GS and the ground SO states are
shown in Figure S2. Calculated PT2-SO transition energies of the Pu(VI) complex correlate with
the features observed experimentally in the bands of 900-960 nm and 1120—-1300 nm, respectively.
The corresponding calculated excitation wavelengths (energies) are 876 nm (1.42eV) and
1278 nm (0.97 eV). The former excitation energy is overestimated relative to the corresponding
experimental absorption region at 900-960 nm. It is possible that PT2 is over-correcting the
excitation energy calculated at the CAS-SO level, which is 1.28 eV (968 nm) and therefore
somewhat too low. In any case, the deviations from the experimentally observed absorption range
are within the uncertainties of the computational model, and not large. The WFT calculations
therefore assign the observed weak bands to f-f transitions.

Following Np(VI) and Pu(VI), which are both easily produced and stabilized in solution, focus
was placed on incorporation of Am(VI) in the UNH crystalline phase. As mentioned earlier,
Am(VI) requires a highly oxidizing environment (Am(III)/Am(VI) ~ +1.7 V vs NHE**) and
readily reacts with reducing agents including organic materials, the surface of plastics, and various
radiolysis products, which often results in the presences of multiple oxidation states. This was the
case during Am(VI) co-crystallization with UNH, where the majority, approximately 78%, was
present as Am(VI), but small amounts of both Am(III) and Am(V), roughly 10% and 12%,
respectively, also persisted in solution (see Figure S8). At first glance, the crystalline phase also
appeared to contain multiple species, but upon closer examination, most of the absorption
wavelengths remain completely unchanged between the crystalline sample and that of the solution.
As will be discussed later, these unchanged signals are assumed to be from Am dissolved in
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residual mother liquor droplets adhered to the surface of the solid, rather than from Am
incorporated into the UNH phase. This is supported by the fact that the U(VI) signal more closely
resembles the solution phase, as opposed to what was observed in the UNH crystals (see
Figure S5). There is, however, a new band at 955 nm (1.30 eV) in the crystalline phase, which, as
will be discussed in a moment, can be assigned to Am(VI).

To assess if surface adsorption of the mother liquor had occurred, resulting in the presence of the
unchanged signals from Am(III), Am(V), and Am(VI), a second spectrum of the crystalline phase
was obtained 10 d after crystallization (8 d after the first spectrum). This provided ample time for
the Am(V]) in the adsorbed mother liquor film to reduce to Am(III), and in fact the band at 996 nm
completely disappears, while the 504 nm and 814 nm bands increase relative to the U(VI) by
approximately 10%, as shown in Figure S9. A portion of the crystalline phase was then washed
with an 8 M HNOj; solution containing 1.9 M U(VI), which resulted in a 70% decrease in the
Am(III) signal compared to that of U(VI), while the broad, low intensity absorbance in the region
of 590-680 nm and the signal at 955 nm, both assumed to arise from Am(VI), remained constant
relative to U(VI). It should be noted, the structure of the U(VI) signal changed upon washing to be
in line with the UNH crystalline product (see inset of Figure S9). This further indicates the mother
liquor film was present prior to washing and was then removed during the washing process.

Before assigning the spectrum, it is helpful to examine the electronic structure of
AmO,(NO;3),-2H,0. The ground spin state of the Am (VI) complex is a quartet with three unpaired
electrons in the nonbonding spin orbitals HOMO-2 to HOMO. As we see from Table S5, these
three highest occupied orbitals are primarily Am 5f, with similar energy. The LUMO has 70%
weight from Am 5f and 26% O 2p. LUMO+1 and LUMO+2 are near-degenerate axial dioxo
antibonding n* orbitals with about 56% Am 5f and 36% Oy, weights. The energy gap between the
HOMO (singly-occupied) and LUMO is 1.36 eV. HOMO-3 is a ligand-centered © bonding orbital
with some admixture from Am 6d. According to the NTO analysis (see Table S8), the excitations
from HOMO-3 to LUMO and LUMO+1 give two excited states, at 2.02 eV (614 nm) and 2.57 eV
(482 nm). The former matches well with the experimentally recorded absorption in the region of
590-680 nm. The calculated excitation wavelength involving HOMO-3 to LUMO+1 at 482 nm
(2.57 eV) is slightly below the experiment absorption region (504 nm, 2.46 e¢V). However, the
discrepancy is well within the expected computational error bars. The lower energy transition at
955 nm is discussed in the next paragraph.

Results from the WFT calculations for the Am (VI) complex are summarized in Table S11. The
PT2-SO GS has 46% contribution (weight) from 14B,, and 22% contribution from the low-lying
state 14A, along with small admixtures of 24A, and 2*B,. The NOs and occupation numbers of the
ground state and the sixth excited state are shown in Figure 4. As a result of SOC, the combined
occupation of 5f ¢ increases at the expense of the Am 5f 6 occupation, and there is a large shift of
electron density, about 0.3 electrons, from the nonbonding to the mildly antibonding 5f @. The
theoretical transition energy (912 nm, 1.36 eV) assigned to correspond to the observed transition
at 955 nm (A, 1.30 eV) results from the sixth excited PT2-SO state. Examining the NOs and
occupation number of the GS and sixth excited state (see Figure 4), attributed to the new
absorbance, it can be seen that an electron is promoted primarily from the Am centered pair of 5f
o orbitals to the near-degenerate Am-Oy; n* anti-bonding orbitals. The target orbitals have
substantial Am 5f character, and therefore the transition has partial f-f character. At this point, the
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root cause of the reduction in symmetry about the Am(VI) metal center is not clear, but the
observation of forbidden transitions experimentally, indicates some level of anisotropy. As
mentioned previously, vibronic or magnetic intensity may also be present.

o 1.925 5fpm: 0.998 5fam: 0.004

m: 1.924
1.926 1.920 0.713 0.428
1.937

1.909 0.559 0.431

.

5fy,,: 0.995 5f,,,: 0.995 o*: 0.070 *: 0.083 m*: 0.082
0.898 0.895 0.068 0.114 0.111
0.526 0.519 0.058 0.561 0.564

Figure 4. Natural orbitals (NOs) and occupation numbers of the PT2-SF ground state (upper rows of data), PT2-SO (middle) ground
state, and PT2-SO sixth excited state (lower rows of data) of AmO,(NO;),2H,0.

Lastly, the incorporation of Np(V) into the UNH-phase was examined. While steric considerations
required for co-crystallization are met by the linear dioxo geometrical configuration, maintaining
charge balance upon co-crystallization of the singly charged NpO,* molecular cation necessitates
defects be introduced in to the lattice. The introduction of defects should reduce the efficiency of
including the Np(V) into the lattice, which is, in fact, what was observed, with slightly less efficient
Np(V) incorporation into the UNH-phase over the other An(VI) species (see Table 3).
Nonetheless, spectroscopic investigation of the crystalline product revealed spectral features
assigned to Np(V) (see Figure S10). The narrow band at 995 nm (1.25 eV) can be attributed to a
5f-5f excitation of Np(V).

To interpret the observed spectrum, it is necessary to understand the electronic structure of the
Np(V) complex. Compared with Np(VI), the GS of NpO,(NOs), -2H,0 has one more unpaired
electron populating the nonbonding orbital, i.e. 5f2, resulting in a spin-triplet state. This is
expected, because Np(V) and Pu(VI) have the same number of unpaired electrons. As shown in
Table S1, the Np(V)-Oy and Np(V)-O, distances are elongated by 0.06/0.07 and 0.14 A,
respectively, relative to the Np(VI)/Pu(VI) complex. The n bonding orbital representing the
interaction of Np with the O, ligand orbitals has 6% Np 5f weight in the Np(V) complex, whereas
the weight is 13% for the Np(VI) complex, and 17% for the Pu(VI) complex. This shows that the
elongated distances go along with a weakened equatorial donation bonding. In other words, the
equatorial donation bonding is the strongest for Pu(VI), weaker when going to Np(VI), and much
weaker for Np(V). The Pu vs. Np covalency trend echoes that for the An-Oy; bonds.?¢ According
to the NTO analysis of NpO,(NO;),7-2H,0 (see Table 7), the transitions calculated at 861 nm
(1.44 eV) and 918 nm (1.35 eV) are assigned as metal-to-ligand charge transfer (MLCT) involving
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HOMO-1 and HOMO to LUMO+2. The calculated wavelengths agree with the experimental
absorption region from 760 nm to 920 nm.

Table 7. Natural transition orbital (NTO) analysis for Np(V)O,(NO3),-2H,0 in the ~760-920 nm absorption spectral region.
Orbital isosurface values are +0.03.

MLCT f Donor NTO Acceptor NTO Weight
= Pt
[*]
1.35eV
(HOMO— LUMO+2) 0.00001 (w] ..

| ®
1.44 eV J . % ®
(H0M0-1—>6LUM0+2) 0.0078 &.b .}. 0.0 € © ’

@<

For assigning the f-f transitions, PT2 WFT calculations were performed. The results are shown in
Table S12. For the NpO,(NOs),-2H,0 complex, the PT2-SO GS has 45% contribution from 13Bg,
and an equivalent weight from the low-lying state (13A,) along with minor contribution from the
singlet state 1'B,. Calculated SO transition energies (1.22 eV, 1016 nm) of the Np(V) complex
match closely the features observed in the experimental absorption spectrum (Ayax, 995 nm,
1.25 eV). As stated before, this type of 5f-5f transition exhibits very weak and low intensity.

Conclusions:

In conclusion, the spectroscopic characterization of crystalline solids resulting from the
crystallization of UNH in the presence of Np(VI), Pu(VI), Am(VI), or Np(V) out of HNO; systems
has been conducted via DR UV-Vis-NIR, SEM-EDS, and EXAFS, which provides strong evidence
that the TRU species are incorporated in the lattice, occupying the U(VI) position. Density
functional and multi-reference wavefunction calculations were used to assign the transitions
observed in the solid-state absorption spectra. In the first step, we determined the electronic
structure and chemical bonding of An(VI/V)(NO;),-:2H,O complexes by performing DFT
calculations. There are equatorial ligand-centered orbitals that exhibit donation bonding into the
An 5f and 6d shells. These orbitals participate in the LMCT transitions assigned in the spectra of
the U(VI), Np(VI), Pu(VI), and Am(VI) complexes, with the acceptor orbitals being formally non-
bonding An 5f, according to NTO analyses of the TDDFT calculations. In contrast, the Np(V)
complex shows MLCT in the region 760-920 nm. The wavefunction calculations include SO
coupling and therefore give an accurate description of the ground state and low-energy excited
states from the 5f manifold. Based on the wavefunction calculations, most of the observed long-
wavelength / low energy absorption bands with weak intensity for the TRU complexes are assigned
to 5f-5f transitions. For the Am(VI) complex, a newly observed absorption band is assigned to a
transition from 5fsto Am-Oy; n*. The accompanying NO analysis gives an intuitive description of
the complicated electronic states, such that the admixture of different spin states under the SO
interaction, or an electronic excitation, are reflected by corresponding changes in the occupations.
We stress that this NO description does not imply further approximations in the calculations.
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Rather, it condenses the enormous complexity of the many-electron SO-coupled wavefunctions
into chemically intuitive pictures. Application of these approaches will continue to broaden our
understanding of more complicated actinide compounds.

The calculations confirm the dinitrate species, An(VI/V)(NOs;),-2H,0, with similar coordination
is present for all five metal centers. This was in line with the EXAFS data, with the exception of
Am, which reduced to Am(III) prior to the beamline experiment. The co-crystallization of the
oxidized TRUs—the penta- and hexavalent species—with UNH, represents a significant advance
from not only a practical standpoint in providing an elegant solution for UNF recycle, but also as
an avenue to expand the fundamental understanding of the 5f electron behavior in the solid-state.
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The solid-state electronic structure of oxidized actinides was probed by co-crystallization Np(VI),
Pu(VI), Am(VI), as well as Np(V), with UO,(NO3),-6H,0. Comprehensive analysis of the solid-
state diffuse reflectance UV-Vis-NIR absorption spectra were carried out and coupled with
theoretical calculations. Additional characterization of the products was performed via SEM-EDS

and EXAFS measurements.
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