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ABSTRACT: Anion photoelectron spectroscopy (aPES), in conjunction with relativistic electronic-structure calculations, probed
the electronic structures of the di- and triacetate uranyl complex anions, (AcO),UO,” and (AcO);UO,". These anions were
generated by electrospray and photodetached at 355 nm for the diacetate and 193 nm for both species. The experimentally assigned
vertical electron detachment energies are 2.77 and 6.02 eV for the di- and triacetate complexes, respectively. Electronic-structure
calculations were performed to reproduce the aPES spectra. Wave function analysis indicates a UY(5f") center for (AcO),UO,™ and
a UY(5f°) center for (AcO);UO,". Therefore, the detached electron is the Sf' electron of the former, which leads to significant
spin—orbit effects, while for the latter, the detached electron comes from an acetate oxygen. In both systems, all U-O bonds are
highly ionic with minimal covalent character. Our experimental measurements in tandem with our computational findings highlight
how higher coordination numbers can adjust the degree of Sf electron participation in bonding and increase the stabilization of the
anion.

1. INTRODUCTION govern actinide complexation in humic-rich soils, and studying
Understanding how organic ligands coordinate with uranyl in how they interact with the uranyl ion is essential for
aqueous environments is central to nuclear-waste management understanding the mobility and mitigation of uranium in
and environmental remediation.'”* The most stable form of natural ecosystems.”””" Infrared (IR) spectroscopy indicates
uranium, uranyl ion (UO,*), is already prevalent in soils as that carboxylate ligands (e.g, acetate, citrate, and lactate)
byproducts of uranium mining and liquid nuclear waste.> weaken the UO bond in uranyl, shifting the asymmetric OUO
Beyond waste management, uranyl complexation has been stretching mode (v;) to lower frequencies. By varying the
explored as a pathway toward isotope separation. Conventional ligands coordinated to uranyl, an empirical relationship
enrichment methods such as centrifugation, gaseous diffusion, between v; and the isotope-separation coefficient € was
laser isotope separation, and aerodynamic methods’ ™ require determined.>2~2¢

volatile uranium compounds.'® In contrast, chemical-exchange
and ion-exchange methods exploit subtle differences in the
physicochemical behavior of uranium isotopes between
different oxidation states.””'> In uranyl-ligand systems,
chromatographic studies have demonstrated reversible isotope
effects in ligand-exchange reactions on both cation- and anion-
exchange resins.'°~"? With regards to isotope separation, 23U
has been shown to accumulate preferentially in uranyl acetate
complexes during isotopic exchange reactions with the
aquauranyl ion."” In addition, carboxylates such as acetate

Currently, mitigation strategies are aimed at controlling
uranium solubility and mobility via ligand complexation, which
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often rely on redox reactions that control uranium solubility in
groundwater systems. U(VI) species are readily soluble in
oxidizing environments, whereas U(IV) precipitates in
anaerobic, reducing environments.”~">*"7*° While pentava-
lent uranyl U(V) is stable in concentrated carbonate solution,
it undergoes disproportionation to U(IV) and U(VI) and is
unstable in aqueous solutions.'”'*" Aside from its funda-
mental interest, pentavalent uranyl (UYO,*) is a key
intermediate in redox chemistry such as photocatalysis®* as
well as bacterial and mineral reduction of soluble hexavalent
uranyl species to insoluble U(IV).>*™* Despite the synthetic
challenges associated with pentavalent uranyl, there is
considerable interest in isolating it and elucidating its
electronic structure. Recently, monomeric and dimeric uranyl-
(V) amide complexes were synthesized, enabling the assign-
ment of the quartet dominated excited state of UYO," through
emission and Raman spectroscopy.37

From an electronic-structure perspective, the chemical
bonding in hexavalent uranyl UO,*" is often described in
terms of two U—O triple bonds, each formed between uranium
and an oxo ligand. These bonds are facilitated by mixing
between the uranium S5f and 6d orbitals and the oxygen 2p
orbitals.”® The uranium 7s orbital does not participate in
bonding; however, the lowest-lying virtual molecular orbitals
5t6,, Sfep,, and 6d5, remain available to interact with o- and 7-
donor equatorial ligands.”~*' UO,** can possess coordination
numbers ranging from 4 to 6 in the equatorial plane and can
readily accommodate 5 or 6 equatorial donor ligands in
pentagonal or hexagonal bipyramidal geometries.””*'~**
However, little is known about the chemical behavior and
electronic structure of pentavalent uranyl (UO,"). In a
phenomenon known as cation—cation interaction (CCI), the
UO," can coordinate with other cations via their electron-
donor O atoms in an “extreme dipole interaction”.*>~*
Regardless, the U(V) system contains an essentially isolated Sf'
electron, making it an ideal probe for studying the chemical
behavior of 5f electrons spectroscopically.***’

In terms of practicality, available organic oxygen-donor
ligands are attractive tools for exploring new facets of uranyl
chemistry. Acetate is an electron-rich, oxygen-donor Lewis
base that coordinates Lewis-acidic metal centers, such as
uranyl, by donating their lone pairs. Acetate, abundant in
groundwater and soils, is a simple carboxylate bioligand that
can bind monodentate or bidentate to electron-deficient
centers.”’ Infrared multiple photon dissociation (IRMPD)
combined with density functional theory (DFT) demonstrated
that gas-phase uranyl triacetate anions, although capable of
forming a fully bidentate structure, predominately adopt a
mixed-denticity arrangement with two bidentate acetates and
one monodentate acetate.”’ Owing to this variable denticity,
acetate is a potential model ligand for probing uranyl
coordination chemistry.”*~>*

Here, we are interested in elucidating the electronic
structure of two uranyl acetate complexes (AcO),UO,” and
(AcO);U0," with formally U(V) and U(VI) oxidation states,
respectively. Gas-phase studies combined with high-level
quantum chemical calculations provide the ideal setting for
this purpose. We used anion photoelectron spectroscopy
(aPES) of mass-selected, ligated uranyl acetate anions
generated by electrospray ionization (ESI) and interpreted
their respective spectra with high-level electronic-structure
calculations. ESI has proven successful at producing ligated
uranyl complexes in the gas phase,‘“"%_59 but to our
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knowledge, no ligated uranyl complex anions have yet been
photodetached to yield aPES spectra.***'~*® Our findings
reveal how increasing acetate coordination tunes the electronic
structure of the uranyl center and affects the electron affinity of
theéos%r.;.tem, which changes substantially from 2.63 to 6.02
eV.””

2. METHODS

2.1. Experimental Methods

Uranyl acetate anions were prepared by reacting uranium
tetrachloride, UCl, (United Nuclear), with ammonium acetate
(NH,* AcO7) in a 3:1 molar ratio in dry acetonitrile. This reaction
produced a water-soluble solid precipitate and most likely ammonium
chloride (NH,*CI"). Ions from this solution were extracted into the
gas phase from solution using a home-built electrospray ionization
(ESI) apparatus, described in detail in a previous publication.®”
Briefly, the solution was continuously sprayed through a fused silica
capillary floated at —1.5—2 kV into a series of ion optical lenses as well
as quadrupole and octupole ion guides into a Paul ion trap where the
anions were translationally cooled via collisions with a buffer gas
composed of 20% H, in He that thermalizes the anions to room
temperature (300 K). Increasing the ion trap voltage allowed for
trapping of heavier anions. The anions were then released from the
trap in synchronization with the Wiley—McLaren time-of-flight mass
spectrometer (TOFMS), which has been previously described in
detail.®® The resulting mass spectra are shown in Figure 1.

aPES was conducted by crossing a mass-selected and momentum-
decelerated packet of the anions of interest with photons of varying
energies (hv) from two fixed-frequency lasers: a Nd:YAG laser (355
nm) and an ArF excimer laser (193 nm). The resulting electron
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Figure 1. Mass spectra from ESI of a dry acetonitrile reaction solution
mixture of UCl, and NH,AcO (1:3). Tuning the ion trap RF voltage
preferentially filtered the high-mass triacetate complex.
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Figure 2. Photoelectron spectra of (AcO),UO,” at 300 K: the 355 nm (3.49 eV) spectrum is shown on the left and the 193 nm (6.42 €V)
spectrum on the right. Theoretically predicted peak positions and electronic configurations of the lowest-energy states of (AcO),UO,” are shown
with arrows; connected arrows indicate multiple electronic states in that region.

kinetic energies (EKEs) from the photodetached anions were
measured using a magnetic bottle photoelectron spectrometer, with
a resolution of approximately S0 meV at 1 eV EKE. The electron
binding energy (EBE) was calculated using the relation hv = EKE +
EBE, where hv is the energy of the photons used for photodetach-
ment. The photoelectron spectra were calibrated with the known
electron affinity and atomic transitions of iodine.

2.2. Computational Details

Electronic-structure calculations were performed on gas-phase uranyl
acetate complexes with two or three acetate ligands in their neutral
and anionic charge states. As expected, both scalar relativistic and
spin—orbit effects are necessary for accurate calculations of UO,*'-
containing compounds.®* We first optimized the geometries of the
anionic species at the DFT level of theory using the B3LYP density
functional combined with triple-{ quality basis sets. The Cartesian
coordinates of the optimized geometries are given in Table S1 of the
Supporting Information (SI). The plain cc-pVIZ set was used for C
and H centers,”® while oxygen atoms were equipped with a series of
diffuse functions (aug-cc-pVTZ)® to account for their anionic
character. For U, we employed the cc-pVTZ-PP basis set combined
with the appropriate relativistic pseudopotential.®”*® The Cartesian
coordinates of the optimized structures are given in Table S1. For
these calculations, we invoked the Gaussian 16 suite of codes.””

For (AcO),UO,", vertical electron detachment energies (VEDEs)
were obtained from single-point CCSD(T) and MRCI + Q
calculations at the DFT-optimized anion geometries using the
following expression:

VEDE = VEDE(X;CCSD(T)) + AE(MRCI + Q/SO)
+ SO(X™; MRCI + Q/SO)

where VEDE(X; CCSD(T)) is the energy difference between the
ground states of the anionic and neutral species, AE(MRCI + Q/SO)
are the excitation energies at the MRCI + Q (MRCI + Davidson
correction) level and correcting for spin—orbit effects, and SO(X;
MRCI + Q/SO) is the spin—orbit correction for the ground state of
the anion. The spin—orbit calculations were carried out by
diagonalizing the Breit—Pauli Hamiltonian in the MRCI space but
replacing the MRCI energies (diagonal elements) with the
corresponding MRCI + Q_energies. The reference CASSCF wave
functions were constructed with an active space of S orbitals (see
Figure 3) containing 2 electrons (neutral) or 3 electrons (anions). For
the MRCI and CCSD(T) calculations, we exploited the symmetry
elements of C,. All valence electrons are correlated at the CCSD(T)
level, while we used the smallest core space that was technically
possible for MRCI (28 core orbitals). For (AcO);UO,” and for
reasons that will be provided in the discussion below, the VEDE
values were calculated at the MP2 level of theory correlating all
valence electrons. All multireference, MP2, and CCSD(T) calcu-
lations were done with Molpro2021.3.”°
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Figure 3. Contours of select molecular orbitals of (AcO),UO,~
relevant to the lowest energy states.

3. RESULTS AND DISCUSSION

3.1. aPES of (AcO),U0,"

Figure 2 displays the recorded photoelectron spectra of
UO,(AcO),” along with our predicted positions for peaks
corresponding to the excited states discussed earlier. The
vertical detachment energy (VDE), which according to the
Franck—Condon principle corresponds to the maximum
overlap between the anionic and neutral vibrational wave
function, appears as peak X, at 2.77 eV. Higher electron
binding energy (EBE) values occur at 5.27 eV (peak A) as well
as a pair of peaks at 6.01 and 6.28 eV, labeled as peaks B and C,
respectively. The small peak at around 2.5—-3.0 eV correlates
very well with our calculated VEDE value of 2.63 eV = 2.26 eV
[VEDE(X; CCSD(T))] + 0.37 eV [SO(X™; MRCI + Q/SO)],
while the strong peaks at 5.0—5.5 eV and 5.6—6.3 eV match
well with our multiple spin—orbit states in the ranges of 4.8—
5.2 eV and 5.5—6.4 eV (see Table S3 of the SI).

The ground state of (AcO),UO,™ is a doublet state with one
unpaired electron populating one of the two 56, orbitals of U
(see 10a, of Figure 3). Three other electronic states lie within
0.9 eV from the ground state, populating the 19b, (5£5,), 11a,
(Sfp,), and 20b, (Sfep,) orbitals of Figure 3. The spin—orbit
wave functions demonstrate extensive mixing of these four
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electronic states. The excitation energies and composition of
these wave functions are listed in Table S2 of the SI. Removing
the 10a, electron leads to the closed-shell ground state of
(AcO),UO,, while the lowest-lying excited electronic states of
(AcO),UQ, are formed by promoting one electron from the
doubly occupied 18b,, orbital (see Figure 3) to one of the 10a,,
11a, 19b, or 20b, orbitals. All five involved orbitals are
localized on uranium and only 18b, is a combination of the 5f,
of uranium and the 2p, orbitals of the uranyl oxygen atoms. All
our VEDE values and composition of the wave functions after
spin—orbit corrections are listed in Table S3 of the SI. The
position of the theoretically predicted peaks is shown as arrows
in Figure 2 and is consistently placed in lower energies (by
0.2—0.3 eV) than the experimental peaks.

3.2. aPES of (AcO);U0,~

The (AcO);UO,” species is a highly stable anion with a
closed-shell singlet ground state. The aPES spectrum in Figure
4 suggests an experimental VDE value of 6.02 eV (peak X) and
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Figure 4. Photoelectron spectra of (AcO);UO,” at 300 K and 193
nm (642 eV) along with the computationally predicted positions
(green and red arrows for the ground and excited states). The singly
occupied orbital of the neutral (AcO);UO, species at its optimized
geometry and the optimized geometry of the anion are shown in the
bottom right and left contours, respectively.

an adiabatic electron affinity (AEA) larger than 4.5 eV (end of
the tail of the band onset of X). The optimal structure of
(AcO);UO,” bears three acetate ligands on the plane
perpendicular to the UO,* unit (see Figure 4).> Compared
to (AcO),UO0,”, which contains a UO," unit, there is no
unpaired electron to be ejected, and thus, ionization occurs
from the oxygen atoms of the acetate ligands. The ground state
of (AcO),;UO, is formed by removing one electron from a oy
orbital (ionic U*"-AcO™ interaction; see Figure 4), which
leads to the disruption of one U—AcO bond (see the
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optimized structure of Figure 4 and Table SI1 of the SI for
Cartesian coordinates).

Using the optimized geometry of the (AcO);UO,, we were
able to locate a new structure (local minimum = LM) for
(AcO);UO,™ resembling that of (AcO);UO, (see coordinates
in Table S1 of the SI), which is 0.22 eV higher than the global
minimum (GM) symmetric structure separated by a transition
with a GM — LM energy barrier of 0.35 eV, and thus, LM is
not expected to be present under the experimental conditions.
Due to the size of the system, we were unable to perform
CCSD or CCSD(T) calculations. Also, spin—orbit effects are
expected to be marginal here since only the 2p orbitals of
oxygen atoms are involved. We thus decided to perform MP2
calculations, which showed consistent results with the
experimental findings. Using the GM structure, our MP2
VEDE value is 5.72 eV compared well with the experimental
value for the X peak at 6.02 eV. Removal of electrons from
other o or & orbitals of acetate oxygen atoms provides VEDE
values (6.01, 6.16, 6.37, and 6.44 eV) that can account for peak
A at 6.3 eV. Using the LM structure, our MP2VEDE is 5.50
eV, while the MP2 AEA value is 5.20 eV. Conclusively, the
very different structures of (AcO);UO,” and (AcO);UO, can
rationalize the presence of the tail in our aPES spectrum in the
4.5—5.8 eV region.

Our observations are in harmony with the aPES study of
Wang and Li on similar systems with composition X;UO,",
where X = F, Cl, Br, and L*® Apart from X = F, all other
systems lose one of their valence p-orbitals (3p, 4p, or Sp).
The measured VEDE values, 6.72, 6.37, and 5.72 eV, for X =
Cl, Br, and I, respectively, correlate linearly with the VEDE
values of the corresponding plain anions (X~) of 3.61, 3.36,
and 3.06 eV,”" and they are on average 83% larger (probably
due to the U%"---X~ interaction). Applying this correlation to X
= AcO, we find a VEDE value for (AcO);UO,” equal to 1.8 X
3.25 eV’* = 5.95 eV, which is close to our observed 6.02 eV.
Also, for X = Cl, Br, and I, there are multiple excited states of
X;UO, within 0.5 eV corresponding to the removal of different
valence p-electrons of X.**

3.3. Chemical Bonding Considerations

The central UO, unit of the two employed species appears as
UO,* and UO,** in (AcO),U0,” and (AcO);UO,",
respectively. The ground state of the latter is a closed-shell
species, and the first excited states are produced by promoting
one electron from the o, orbital (resembling 18b, of Figure 3)
to one of the &, or ¢, (resembling 19b,/10a, 20b,/11a, of
Figure 3) orbitals, all of them being mainly localized on
uranium.”*”* While the electronic structure of UO,* has been
investigated in prior %as—phase spectroscopic’> and quantum
chemical calculations,”® including the identification of a sf
ground-state configuration, its behavior in ligated complexes
remains considerably underexplored. The ground state of
UO," can be created by adding one §, or ¢, electron to UO,*"
and its excited states stem from the promotion to other J, or
@, orbitals. Spin—orbit effects cause considerable mixing of all
these four configurations (see Table S2 of the SI). Ligated
UO," species have been observed in solutions by photoexciting
the corresponding UO,*" species, which oxidize one ligand or
solvent molecule to produce UO,* centers.”” Similarly, here,
we produce the UO," and UO,*" species by controlling the
coordination number with acetate ligands.

Another aspect for f-block metal complexes is the extent to
which $f- or 6d-orbitals participate in bonding.”® The occupied
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Figure S. Select bonding molecular orbitals of (AcO),UO,~ relevant to the chemical bonding between uranium and oxygen or acetate ligands.

molecular orbitals for (AcO),UO,” collected in Figure S
indicate two groups, one corresponding to the UO, unit and
one to the acetate ligands suggesting primarily ionic bonds
between the acetate ligands and U**. The bonding in UO,*" is
represented by the oyg and 7y orbitals of Figure 5. The oyo
orbitals can be clearly seen as the symmetric and antisymmetric
combination of the two oyg bonds, which are facilitated by the
6d2 and 5f of uranium and are polarized toward oxygen and
uranium, respectively. Similarly, for symmetry reasons, two of
the four 7y bonding orbitals can be facilitated by the 6d,, and
6d,, (6d.,) uranium orbitals, while the other two by the 5f,
and Sfyz2 (5£,,) orbitals. Again, the former are clearly polarized
toward oxygen, and the latter have major 5f,; contribution.
Based on these observations, the O=U=O picture can be
supported, but the bonding orbitals indicate polarized UO
bonds pointing to a considerable ionic O*"U®*O*~ character.
The o and 7 orbitals pertaining to the acetate ligands are rather
localized and show small mixing with uranium orbitals
suggesting primarily ionic interactions.

4. CONCLUSIONS

In this work, we combined aPES with high-level electronic-
structure calculations to elucidate how acetate ligation
modulates the electronic structure of uranyl and the role of
Sf electrons in electron detachment in its di- and triacetate
forms. By directly comparing pentavalent and hexavalent
uranyl acetate complexes, our results illustrate how changes in
valence electron configuration can modulate Sf participation in
bonding. These results demonstrate that increasing equatorial
coordination not only stabilizes the anions but also
fundamentally alters the character of the electron being
detached, shifting from a Sf-derived electron in the diacetate
to an acetate-based electron in the triacetate. These findings
highlight how the coordination number governs the extent of

Sf involvement in bonding and, more broadly, how simple
carboxylate ligands can modulate the uranyl electronic
structure. This work establishes acetate as an effective model
ligand for probing uranyl—ligand interactions in the gas phase
and a foundation for future gas-phase studies on ligated uranyl
complexes displaying various degrees of valency.
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