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The observation of the gaseous UFO− anion is reported, which is investigated using photoelectron
spectroscopy and relativisitic ab initio calculations. Two strong photoelectron bands are observed at
low binding energies due to electron detachment from the U-7sσ orbital. Numerous weak detachment
bands are also observed due to the strongly correlated U-5f electrons. The electron affinity of UFO is
measured to be 1.27(3) eV. High-level relativistic quantum chemical calculations have been carried
out on the ground state and many low-lying excited states of UFO to help interpret the photoelectron
spectra and understand the electronic structure of UFO. The ground state of UFO− is linear with
an O–U–F structure and a 3H4 spectral term derived from a U 7sσ25fϕ15fδ1 electron configuration,
whereas the ground state of neutral UFO has a 4H7/2 spectral term with a U 7sσ15fϕ15fδ1 electron
configuration. Strong electron correlation effects are found in both the anionic and neutral electronic
configurations. In the UFO neutral, a high density of electronic states with strong configuration
mixing is observed in most of the scalar relativistic and spin-orbit coupled states. The strong
electron correlation, state mixing, and spin-orbit coupling of the electronic states make the excited
states of UFO very challenging for accurate quantum chemical calculations. C 2016 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4942188]

I. INTRODUCTION

Over the last few decades, actinide chemistry has at-
tracted extensive attention in the scientific community
because of its important applications in nuclear science and
fuel technology.1 Actinide chemistry is also important in the
field of astrophysics, as some of the radioactive isotopes have
been used as cosmo-chronometers to determine the lifetime
of stars and galaxies.2 The strong correlation effects of the
partially filled shells, e.g., 5f, 6d, 7s, lead to an extensive
state mixing and a dense manifold of low-lying excited elec-
tronic states3 for systems that contain one or more actinide
atoms. Scalar relativistic (SR) effects and also spin-orbit (SO)
coupling have profound influences on the energy levels, as
well as the chemical and physical properties in actinide sys-
tems.4–6 On the other hand, the presence of a high density of
low-lying electronic states makes the spectra of actinides very
difficult to interpret and predict to high accuracy. Therefore,
high resolution spectroscopic data as well as rigorous theoret-
ical treatments using high-level relativistic quantum chemical
methods are necessary to accurately explain the electronic
structure and properties of those systems in which the heavy
elements play a significant role.6

a)Authors to whom correspondence should be addressed. Electronic
addresses: kipeters@wsu.edu, Lai-Sheng_Wang@brown.edu, junli@
tsinghua.edu.cn.

In the present work, the first observation of the gaseous
UFO− anion is reported and characterized using photoelec-
tron spectroscopy (PES) at two different photon energies. In
addition, wavefunction-based multi-configurational ab initio
calculations of both the anion and its corresponding neutral
have been carried out using methods incorporating both sca-
lar and SO coupling relativistic contributions to study the
photoelectron spectra in detail. Both species are very inter-
esting due to the strong electron correlation and relativistic
effects due to uranium. The UFO− and UFO systems are
isoelectronic with U()F2 and U()O2

−, respectively, which
have been studied extensively.7–24 Therefore, the photoelec-
tron spectra of UFO− should be very helpful to obtain infor-
mation about the ground state as well as low-lying excited
states of UFO neutral. Experimental vertical detachment ener-
gies (VDEs) are compared with the theoretical calculation of
the ground and many low-lying excited electronic states of
neutral UFO in order to interpret the experimental findings
from the UFO− spectra.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Photoelectron spectroscopy

The experiment was carried out using a magnetic-bottle
PES apparatus equipped with a laser vaporization cluster
source.25 The UFO− anion was produced as a contaminant
during experiments on UFx

− anions.22 In brief, a uranium

0021-9606/2016/144(8)/084309/11/$30.00 144, 084309-1 © 2016 AIP Publishing LLC
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disk target was ablated by a pulsed laser in the presence of
a helium carrier gas containing a small amount of F2. Plasma
reactions between the laser-vaporized uranium atoms and F2

produced various UFx
− species.22 However, because of ox-

ide contamination on the target surface, strong UFO− anion
signals were observed along with UF2

− and UO2
−, in partic-

ular, when a fresh target was used. Clusters from the laser
vaporization source were entrained in the Ar/He carrier gas
and underwent a supersonic expansion to form a cold and
collimated molecular beam after passing a skimmer. Anions
from the beam were extracted perpendicularly and analyzed
by a time-of-flight mass spectrometer. The UFO− anions of
interest were mass-selected and decelerated before being pho-
todetached by a laser beam at 532 nm (2.331 eV) and 266
nm (4.661 eV) from a Nd-YAG laser. Photoelectrons were
analyzed in a 3.5 m long flight tube and the photoelectron
spectra were calibrated by the known spectra of Pb− and
Bi−. The resolution of the apparatus, ∆Ek/Ek, was better than
2.5%, i.e., ∼25 meV for 1 eV electrons.

B. Computational details

The quantum chemical calculations were performed us-
ing ab initio relativistic multi-configurational methods, pri-
marily complete active space second-order perturbation the-
ory (CASPT2), but with two parallel approaches. The first
set of calculations utilized the all-electron scalar relativistic
second-order Douglas-Kroll-Hess (DKH2) Hamiltonian as
implemented in the MOLCAS program, version 7.8.26,27

These calculations employed the ANO-RCC-VQZP basis
set28 for all atoms. The second series of calculations em-
ployed the small-core, 60 electron relativistic pseudopotential
(PP) of Dolg and Cao29 which was adjusted to multiconfigu-
ration Dirac-Hartree-Fock reference data with a perturbative
estimate of the Breit interaction, in conjunction with a series
of correlation consistent cc-pVnZ-PP basis sets30 on U and
the standard aug-cc-pVnZ sets on F and O (n = D, T, Q).31,32

These combinations are denoted as VnZ-PP below. In both
series of calculations (DKH2 and PP), only the semi-core
(U 6s and 6p) and valence (U 5f, 6d, 7s and O, F 2s and 2p)
electrons were correlated in the CASPT2 calculations.

It should be noted that while the CASPT2 level of the-
ory may not have the accuracy to discern between nearly
degenerate electronic states, as in the well-studied 1Σ+−3Φ

splitting in the CUO molecule (see, for example, Ref. 33
and references therein), it has been shown to be reliable for
other molecules similar to UFO/UFO−, e.g., UO2

− (Ref. 23)
and UF/UF+ (Refs. 34 and 35), as well as even UO2

2+ (up
to 41 000 cm−1 above the ground state).36,37 In the case of
CUO, more accurate results were obtained in Ref. 33 by
using the singles and doubles coupled cluster method with
perturbative triples along with the Dirac-Coulomb Hamil-
tonian, DC-CCSD(T), but the UFO system has too much
multireference character for this method. Another approach
could possibly be the multireference intermediate Hamilto-
nian Fock Space Coupled Cluster (IH-FSCCSD) method (see,
for example, Ref. 19 and references therein), which could
also be superior to CASPT2, but this could only be used in

molecules with a maximum of 2 open-shell electrons and,
therefore, could not be used for either UFO or UFO−.

Since a series of correlation consistent basis sets were
used in the PP-based calculations, it was possible to deter-
mine the complete basis set (CBS) limits. The CASSCF CBS
limits were obtained by using the Karton and Martin38 for-
mula with the TZ and QZ energies,

ECAS
n = ECAS

CBS + A (n + 1) e−6.57
√
n, (1)

where the cardinal number of the basis set, n, was used
instead of lmax, i.e., 3 for TZ and 4 for QZ, as was previ-
ously done for the other uranium-containing systems.30,39 The
CASPT2 correlation energies were extrapolated to their CBS
limits using TZ and QZ via40,41

Ecorr
n = Ecorr

CBS +
B

(n + 1/2)4 . (2)

1. All-electron DKH2 calculations

At the first stage, a DFT geometry optimization (a trial
calculation) in the case of the triplet state of UFO− was per-
formed to study the pattern of molecular orbital (MO) energy
levels relative to the atomic orbitals (AOs) of U, F, and O
and also to evaluate the active space orbitals for the final
optimization and computations of low-lying electronic states
of UFO. The generalized gradient approximation (GGA) with
the PBE exchange-correlation functional42 was used for this
purpose. Relativistic effects were included through scalar
relativistic ZORA,43 as implemented in the Amsterdam Den-
sity Functional (ADF) program.44–46 Slater-type basis sets
with triple-ζ plus two polarization functions (TZ2P) were
used for all atoms.47 In the case of U, the 1s2-5d10 orbitals
were frozen, while for O and F, the 1s2 inner-shell orbitals

FIG. 1. Qualitative valence MO energy-level scheme of the UFO− ion at the
scalar-relativistic DFT/GGA PBE level. The energy levels of UFO− have been
shifted down by ∼4.7 eV to match the energies of the U5f (δ, ϕ) and 6dδMOs
with the corresponding AOs.
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were kept frozen (frozen-core approximation).48,49 The sca-
lar relativistic PBE energy levels are shown in Figure 1. The
thin lines in the figure connect the major contributing AOs
with those of the corresponding MO’s. The calculation shows
that the 1δ, 1ϕ, and 2δ MOs are quasi-atomic orbitals, that
is, these are almost atomic 5fδ, 5fϕ, and 6dδ orbitals, respec-
tively, with slight ligand perturbations. Therefore, the energy
levels of all MO’s were shifted down by ∼4.7 eV to match
their energies with those of the corresponding fδ and fϕ AOs.
The MO energies of 1σ, 1π, 2 σ, and 2 π were raised relative
to the corresponding major AOs. Similarly, the energy levels
3σ, 4π, and 5σ were raised, which are due to the interactions
of 5fσ, 6dσ, and 6dπ orbitals with the ligands, especially the
oxide ion, which is energetically closer to these MO’s.

At the second stage, a closed-shell restricted Hartree-
Fock (RHF) single-point calculation was performed on
[UFO]3+ in C2v point group symmetry to generate suitable
starting orbitals (as shown in Figure 2) for a CASPT2 geom-
etry optimization of UFO−. The active space orbitals were
chosen based on the DFT calculations described above. Since
the 6dπ and 6dσ orbitals are much higher in energy (Figure 1)
and the 6dδ orbital is nonbonding, these orbitals were there-
fore excluded from the active space and the MOs selected
were U5fϕ (1ϕ), U5fδ (1δ), U5fπ (3π), U7sσ (3σ), U5fσ
(4σ), O2pσ (2σ), and O2pπ (2π), among which 10 electrons
were distributed in all possible ways in a CASSCF calcula-
tion, which was subsequently followed by a CASPT2 geom-
etry optimization. The numbering of the MOs is listed in
Figure 2 and is also discussed with regards to the DFT energy
level diagram (Figure 1). Numerical gradients were used for
the CASPT2 optimization.26 The optimization was done for

FIG. 3. The optimized structure of UFO− at the SR/CASPT2 level (DKH2)
along with the ground state electronic configuration and bond lengths (in Å).
The analogous SR/CASPT2/VQZ-PP bond lengths were 2.101 Å and 1.856
Å for r(UF) and r(UO), respectively.

all possible spin-multiplicities to determine the lowest ener-
getic state for UFO−. The resulting 3H ground state optimized
structure of UFO− at the DKH2-CASPT2 level is shown in
Figure 3.

The CASPT2 optimized coordinates of UFO− were then
used to calculate its VDEs and the corresponding excita-
tion energies of many low-lying excited electronic states of
neutral UFO. In this regard, single-point state-averaged complete-
active space self-consistent field (SA-CASSCF) calculations
were first performed for quartet and doublet spin-multiplicities.
Since the calculation of VDEs is of interest, which corre-
spond to the low energy region of the photoelectron spectra
and also the low-lying electronically excited states of UFO,
the active space, therefore, included U5fϕ (1ϕ), U5fδ (1δ),
U5fπ (3π), U7sσ (3σ), U5fσ (4σ), U6dδ (2δ), U6dπ (4π),
and U6dσ (5σ) MOs, in which 3 electrons were distributed.
The SA-CASSCF wave functions for doublet and quartet spin

FIG. 2. Contour plots of valence molecular orbitals of the UFO3+ ion at the DKH2-RHF level. The numbering of these MO’s is in the order of the corresponding
MO energy levels in Figure 1.
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multiplicities among each irreducible representation of the
C2v group were optimized with equal weight for the roots
of interest using convergence thresholds of 10−7 a.u. (en-
ergy), 10−4 a.u. (orbital rotation matrix), and 10−4 a.u. (energy
gradient). The number of roots considered for each symmetry
was 10 with overall 40 quartet roots and 40 doublet roots
being calculated. The SR effects were included by adding the
corresponding terms of the DKH2 Hamiltonian to the one-
electron integrals. The dynamic electron correlation effects
were studied at the multi-state complete-active space second-
order perturbation (MS-CASPT2) level using SA-CASSCF
vectors as zeroth-order wave function. The ionization
potential-electron affinity (IPEA) shift parameter50 was
adjusted to 0.3 to improve the convergence and also avoid the
higher-energy intruder states. At the final stage, the SR spin-
free quartet and doublet states obtained at the MS-CASPT2
level were allowed to mix under the influence of the SO
Hamiltonian. We used an effective one-electron operator as
suggested by Hess and co-workers,51–53 which simplifies the
computation of the SO matrix elements. The SO integrals
were calculated by a Douglas-Kroll type atomic mean-field
integral (AMFI) approach51,52 that was used to compute the
multi-center one- and two-electron integrals. The SO coupled
electronic states were calculated using the complete active-
space state interaction (CASSI) program.26,52

2. PP-based calculations

The  suite of ab initio programs54 was used in
relativistic PP-based calculations. Initially, SA-CASSCF
calculations were carried out to represent the lowest energy
spin-free, ΛS, states. The states were calculated in the high-
est abelian group available, i.e., C2v. Expectation values of
L2
z were calculated in all cases to ensure that both degen-

erate components of each Λ state were correctly included. As
above, the CASSCF active space for UFO included 3 elec-
trons in 12 orbitals (4 × a1, 3 × b1, 3 × b2, 2 × a2) that had
predominantly U 5f, 6d (δ,π only), and 7s characters, while
all lower energy orbitals (including U 6s and 6p, F 2s and 2p,
and O 2s and 2p) were constrained to be doubly occupied.
Additional higher-lying orbitals, including the 7p of U and
beyond, did not appreciably contribute to the CASSCF wave-
functions of UFO. Orbitals with π character mostly resulting
from the 7px and 7py were found to be partially occupied in
UFO−, but a similar MO was not observed or occupied upon
increasing the active space in neutral UFO, while orbitals
corresponding to the 6d were not observed. This resulted in
a CASSCF active space for UFO− including 4 electrons in 9
orbitals (2 × a1, 3 × b1, 3 × b2, 1 × a2).

Post-CASSCF calculations were carried out at the
CASPT2 level of theory55 using the same active spaces as
the preceding CASSCF calculations. To avoid problems with
intruder states in the CASPT2 calculations and to improve
convergence, level shifts were utilized using the smallest
possible IPEA shift49 for all included states and geometries.
For UFO, this shift corresponded to 0.26, while for UFO−, it
was 0.28.

The state-interacting method for the treatment of SO
coupling was used as implemented in  56 to calculate

the molecular Ω states. In this method, the SO eigenstates are
obtained by diagonalizing Hel + HSO in a basis of eigenstates
of Hel. The matrix elements of HSO are constructed using
the SO operator from the U PP. In the present work, the SO
matrix elements were calculated throughout at the CASSCF
level of theory, whereas the diagonal terms of Hel + HSO were
replaced by CASPT2 energies. In the cases of molecular
states with Λ , 0, the two associated CASPT2 energies were
averaged to ensure exact degeneracies. The CASSCF SO ma-
trix elements were calculated using the same basis set as
used for the diagonal terms or VQZ-PP when the extrapo-
lated CBS limits for the diagonals were used. In the present
work, a total of 18 ΛS electronic states were calculated for
UFO, while a total of 31 ΛS electronic states were calculated
for UFO−. After diagonalization of Hel + HSO, the values of
|Ω| for the molecules were assigned by converting from the
Cartesian eigenfunction basis to a spherical basis, and then
adding the projection (Σ) of the spin angular momentum S to
Λ to obtain |Ω|.

In order to facilitate the calculation of equilibrium geom-
etries and harmonic vibrational frequencies for many of the
low-lying SO electronic states, near-equilibrium potential en-
ergy surfaces were derived from 28 symmetry-unique geom-
etries distributed about the ground state linear equilibrium
geometry with ∆ri = ri − rie = −0.3, −0.2, −0.1, 0.0, +0.1,
+0.3, +0.5 ao. The calculated energies were accurately fit to
polynomials in simple displacement coordinates,

E(r1,r2) =

i j

Ci j∆r i1∆r j
2, (3)

where i and j ranged from 0 to 5 and i + j ≤ 4 when both i
and j were not equal to 0. The fitting and determination of
the spectroscopic constants were carried out with the program
.57

III. RESULTS AND DISCUSSION

A. Photoelectron spectra of UFO−

The photoelectron spectra of UFO− are shown in Figure 4
at two different photon energies. Two strong bands labeled as
X and A are observed in the low binding energy region of the
532 nm spectrum (Figure 4(a)). Two weak bands labeled as
B and C are observed around 2.0 eV. Based on our previous
studies for UF2

− and UO2
−,22,23 the intense bands X and A

should correspond to electron detachment from the U-based
7sσ orbital of UFO−, whereas the weak bands B and C may
come either from 5f orbitals or from two-electron transitions.
The feature X with a VDE of 1.29 eV should correspond
to the detachment transition from the anion ground state to
that of neutral UFO. The adiabatic detachment energy (ADE)
of band X, evaluated from the onset of band X, is 1.27(3)
eV, which corresponds to the electron affinity (EA) of neutral
UFO. The feature A with a VDE of 1.40 eV should corre-
spond to the detachment transition to the first excited state
of UFO. The separation between these two peaks is 0.11 eV
(887 cm−1), which should represent the first excitation energy
of UFO. The step labeled with * is from a contamination.
There is a shoulder around 1.48 eV, separated from band A
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FIG. 4. Photoelectron spectra of UFO− at (a) 532 nm and (b) 266 nm.

by 640 cm−1, which appears to be a vibrational feature for the
first excited state. Our previously observed U–O stretching
frequency for UO2 was 856 cm−1,24 whereas the U–F stretch-
ing frequency observed for UF2 was about 580 cm−1.22 Thus,
the observed vibrational spacing of 640 cm−1 in band A is
likely due to the U–F stretching mode in UFO. The band B
observed at 1.84 eV and band C at 2.04 eV are weak and
broad, which may each contain many detachment transitions.

At 266 nm (Figure 4(b)), the bands X and A are not well
resolved. An additional weak broad band D at 2.42 eV is
observed, which is similar to bands B and C. Nearly contin-
uous weak signals are observed above 2.5 eV, which are

similar to those observed in the photoelectron spectra of UF2
−

and UO2
− due to complicated two-electron transitions.22,23

The detachment of the F2p and O2p electrons should occur
at much higher binding energies beyond the photon energy at
266 nm, as observed in the spectra of UF2

− and UO2
−.

B. Theoretical results and comparison
with experiment

For the spectral terms or electronic states of molecules
with C∞v symmetry, Σ, Π, ∆, Φ, Γ, H, I, K are used for
Λ = 0, 1, 2, 3, 4, 5, 6, 7, respectively, where Λ is the projec-
tion of the total orbital angular momentum on the molec-
ular axis. The sum of Λ and the projection of the total spin
angular momentum on the molecular axis (Σ) is given by
Ω, specifically Ω = |Λ + Σ| .58 Even though UFO− and UFO
are linear molecules with C∞v symmetry, the ab initio calcu-
lations were performed in its C2v sub-group, in which the
σ, π, δ, ϕ symmetries of the C∞v group are reduced into
a1, b1 + b2, a1 + a2, and b1 + b2, respectively. The ground-
state DKH2-CASPT2 optimized structure of UFO− is shown
in Figure 3. The MO contours of orbitals obtained from a
closed-shell DKH2-RHF calculation on the UFO3+ ion are
shown in Figure 2. In a1 symmetry, the MOs 1σ, 2σ, and 4σ
having F2pz, O2pz, and U7s as major contributions, respec-
tively, are bonding in nature. The MO’s U5fϕ (1ϕ) and U6dδ
(2δ) are mainly nonbonding, quasi-atomic orbitals, whereas
the MO’s 4σ and 5σ having U5fσ and 6dσ as major contri-
butions are antibonding in nature. The doubly occupied 3σ
bonding orbital involved in the ground state configuration of
UFO− has a major contribution from the U7s orbital with
smaller contributions from U6dσ and O2pσ orbitals. In b1/b2
symmetry, 1π and 2π orbitals having F2py, O2py as major
contributions, respectively, are bonding in nature. The MO
U5fϕ (1ϕ) is nonbonding, whereas U5fπ (3π) and U6dπ (4π)
are antibonding orbitals. In a2 symmetry, U5fδ (1δ) and U6dδ
(2δ) MOs are nonbonding.

TABLE I. CASSCF/VQZ-PP NBO analyses for the UFO3+, UFO2+, UFO+, UFO, and UFO−molecular systems.

Natural electron configurationb and natural
charge

U open-shell
orbitals Statesa U O F

UFO3+ . . . 1Σ+
5f1.66d0.6 2s2.02p4.5 2s2.02p5.4

+3.89 −0.45 −0.44

UFO2+ 5f 2Φ+2∆
5f2.26d0.6 2s2.02p4.7 2s2.02p5.6

+3.27 −0.68 −0.59

UFO+ 5f2
3H+3Γ+ (1)3Φ+ (2)3Φ+3∆+3Π+

(1)3Σ−+ (2)3Σ−+1H+1Γ+1Φ+1Π+1Σ+
5f2.66d0.6

+2.80
2s1.92p5.1

−1.04
2s2.02p5.8

−0.76

UFO 5f27s
4H+4Γ+4∆+4Π+ (1)4Σ−+ (2)4Σ−+2H
+ (1)2Γ+ (2)2Γ+ (1)2∆+ (2)2∆+ (1)2Π
+ (2)2Π+ (3)2Π+2Σ++2Σ−

5f2.56d0.77s0.8

+1.93
2s1.92p5.2

−1.15
2s2.02p5.8

−0.77

UFO− 5f27s2 (1)3Γ+3∆+3H+ (1)3Π+3Φ+3Σ−

+ (1)1Γ+1Σ++ (1)1∆+ (1)1Π
5f2.56d0.77s1.67p0.2

+0.98
2s1.92p5.3

−1.20
2s2.02p5.8

−0.78

aThe density matrices and orbitals of these states were averaged and then analyzed.
bAny contributions smaller than 0.05 are not shown.
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TABLE II. SR/MS-CASPT2 spin-free vertical excitation energies of UFO at the optimized geometry of UFO−.
The active space includes U-5fσ, 5fπ, 5fδ, 5fϕ, 6dσ, 6dπ, 6dδ, and U7sσ orbitals.

Term ∆E (eV) ∆E (cm−1)
Important configurations (leading configurations are in

bold-face letters)

(1)4H 0.000 0 1ϕ1δ3σ (5fϕ5fδ7s)
(1)2H 0.118 953 1ϕ1δ3σ (5fϕ5fδ7s)
(1)4Σ− 0.304 2 456 1ϕ23σ (5fϕ27s)+1δ23σ (5fδ27s)+1δ2δ3σ (5fδ6dδ7s)
(1)2Σ− 0.376 3 035 1δ23σ (5fδ27s)+1ϕ23σ (5fϕ27s)+3π23σ (5fπ23σ)
(1)4Π 0.383 3 092 1ϕ1δ3σ (5fϕ5fδ7s)+1δ3π3σ (5fδ5fπ7s)
(1)2Π 0.525 4 239 1ϕ1δ3σ (5fϕ5fδ7s)+1δ3π3σ (5fδ5fπ7s)
(1)4K 0.689 5 563 1ϕ1δ2δ (5fϕ5fδ6dδ)
(1)4Γ 0.879 7 091 1ϕ3π3σ (5fϕ5fπ7s)
(1)2Γ 0.884 7 133 1δ23σ (5fδ27s)+1ϕ3π3σ (5fϕ5fπ7s)
(2)4Γ 0.905 7 300 1ϕ3π3σ (5fϕ5fπ7s)+1ϕ1δ3π (5fϕ5fδ5fπ)
(1)2Σ+ 0.907 7 317 1ϕ23σ (5fϕ27s)+1δ23σ (5fδ27s)+1δ2δ3σ (5fδ6dδ7s)
(2)2Π 0.933 7 523 1ϕ1δ3σ (5fϕ5fδ7s)+1δ3π3σ (5fδ5fπ7s)
(2)2Γ 0.949 7 662 1δ23σ (5fδ27s) + 1ϕ3π3σ (5fϕ5fπ7s) +1δ2δ3σ (5fδ6dδ7s)
(1)4∆ 1.000 8 067 1ϕ3π3σ (5fϕ5fπ7s)
(3)2Γ 1.015 8 188 1ϕ3π3σ (5fϕ5fπ7s)+1δ23σ (5fδ27s)
(2)4∆ 1.028 8 297 1ϕ3π3σ (5fϕ5fπ7s)
(4)2Γ 1.066 8 601 1ϕ3π3σ (5fϕ5fπ7s)
(1)4Φ 1.070 8 630 1δ3π3σ (5fδ5fπ7s)+ 1ϕ1δ2δ (5fϕ5fδ6dδ)
(3)4Γ 1.078 8 695 1ϕ1δ3π (5fϕ5fδ5fπ) + 1ϕ2δ3π (5fϕ5f+6dδ5fπ)
(1)2∆ 1.1587 9 347 1ϕ3π3σ (5fϕ5fπ7s)
(1)2Φ 1.172 9 455 1ϕ1δ2δ (5fϕ5fδ6dδ)+1δ3π3σ (5fδ5fπ7s)
(2)4Φ 1.219 9 837 1ϕ1δ2δ (5fϕ5fδ6dδ)+1δ3π2δ (5fδ5fπ6dδ)
(3)4∆ 1.236 9 968 1ϕ22δ (5fϕ26dδ) + 1δ22δ (5fδ26dδ) + 1δ2δ2 (5fδ6dδ2)
(2)2∆ 1.239 9 996 1ϕ3π3σ (5fϕ5fπ7s)
(4)4∆ 1.279 10 317 1ϕ22δ (5fϕ26dδ) + 1δ22δ (5fδ26dδ) + 1δ2δ2 (5fδ6dδ2)
(3)4Φ 1.332 10 742 1ϕ1δ2δ (5fϕ5fδ6dδ)+1δ3π3σ (5fδ5fπ7s)
(2)4Σ− 1.386 11 181 1ϕ23σ (5fϕ27s) +3π23σ (5fπ27s) + 1δ23σ (5fδ27s)
(4)4Γ 1.413 11 400 1ϕ1δ3π (5fϕ5f+6dδ5fπ)+1ϕ3π2δ (5fϕ5fδ5fπ)
(2)2Φ 1.438 11 597 1δ3π3σ (5fδ5fπ7s)+1ϕ1δ2δ (5fϕ5fδ6dδ)
(2)4Π 1.452 11 712 1ϕ1δ2δ (5fϕ5fδ6dδ)+1δ3π3σ (5fδ5fπ7s)
(1)4I 1.493 12 045 1ϕ3π2δ (5fϕ5fπ6dδ)
(3)2∆ 1.496 12 071 1ϕ3π3σ (5fϕ5fπ7s) + 1δ22δ (5fδ26dδ) + 1ϕ22δ (5fϕ26dδ)
(2)2Σ− 1.497 12 075 1ϕ23σ (5fϕ27s) +1δ23σ (5fδ27s)+3π23σ (5fπ27s)
(4)2∆ 1.535 12 386 1δ22δ (5fδ26dδ) + 1ϕ3π3σ (5fϕ5fπ7s) + 1ϕ3π2δ

(5fϕ5fπ6dδ)
(5)2∆ 1.541 12 429 1ϕ3π3σ (5fϕ5fπ7s) + 1δ2δ3σ (5fδ6dδ7s) +1δ22δ (5fδ26dδ)
(1)2I 1.558 12 572 1ϕ23σ (5fϕ27s) + 1ϕ3π2δ (5fϕ5fπ6dδ)
(2)4I 1.559 12 572 1ϕ3π1δ (5fϕ5fπ6dδ ) + 1ϕ2δ3π (5fϕ5f+6dδ5fπ)
(5)4∆ 1.583 12 771 1ϕ22δ (5fϕ26dδ) + 1ϕ3π2δ (5fϕ5fπ6dδ) + 3π22δ (5fπ26dδ)
(6)2∆ 1.596 12 877 1δ22δ (5fδ26dδ) + 1ϕ3π3σ (5fϕ5fπ7s) + 1ϕ21δ (5fϕ25fδ)
(2)2I 1.628 13 130 1ϕ23σ (5fϕ27s) +1ϕ3π2δ (5fϕ5fπ6dδ) + 1δ22δ (5fδ26dδ)
(3)2Φ 1.632 13 165 1ϕ1δ2δ (5fϕ5fδ6dδ) + 1δ3π2δ (5fδ 5fπ6dδ) + 1ϕ3σ4σ

(5fϕ 5fσ7s) +1ϕ3σ2 (5fϕ7s2) + 1ϕ1δ2 (5fϕ5fδ2)
(6)4∆ 1.672 13 491 1ϕ1δ3π (5fϕ5f+6dδ5fπ) + 1ϕ22δ (5fϕ2 6dδ) + 3π22δ

(5fπ26dδ)
(4)2Φ 1.690 13 635 1ϕ1δ2δ (5fϕ5fδ6dδ)
(5)2Φ 1.698 13 700 1ϕ1δ2δ (5fϕ5fδ6dδ) + 1δ3π3σ (5fδ5fπ7s) + 1ϕ1δ3σ

(5fϕ5fδ7s)
(3)4Π 1.706 13 764 1δ3π3σ (5fδ5fπ7s) + 1ϕ1δ3σ (5fϕ5fδ7s) + 1δ3π2δ

(5fδ5fπ6dδ)
(5)4Γ 1.773 14 304 1ϕ3π2δ (5fϕ5fπ6dδ)
(7)4∆ 1.806 14 568 1ϕ3π1δ (5fϕ5fπ6dδ) + 1ϕ3π2δ (5fϕ5fπ6d+5fδ) + 1ϕ3π1δ

(5fϕ5fπ5f+6dδ)
(3)2Π 1.843 14 860 1δ3π3σ (5fδ5fπ7s) + 1ϕ1δ2δ (5fϕ5fδ6dδ) + 1δ3π2δ

(5fδ5fπ6dδ)
(7)2∆ 1.860 15 003 1δ21δ (5fδ26dδ) + 1ϕ3π2δ (5fϕ5fπ6dδ) + 1δ22δ (5fδ26dδ)
(8)2∆ 1.880 15 164 1ϕ3π2δ (5fϕ5fπ6dδ) + 1δ22δ (5fδ26dδ) + 1ϕ22δ
(3)2I 1.891 15 249 1δ22δ (5fδ26dδ) + 1ϕ23σ (5fϕ27s) + 1ϕ3π2δ (5fϕ5fπ6dδ)
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TABLE II. (Continued.)

Term ∆E (eV) ∆E (cm−1)
Important configurations (leading configurations are in

bold-face letters)

(2)2H 1.911 15 415 1ϕ1δ3σ (5fϕ5fδ7s)
(2)4H 1.956 15 783 1δ3π2δ (5fδ5fπ6dδ)
(4)2I 1.963 15 835 1ϕ23σ (5fϕ27s) + 1δ22δ (5fδ26dδ) + 1ϕ3π2δ (5fϕ5fπ6dδ)
(3)4Σ− 1.981 15 976 1ϕ3π2δ (5fϕ5fπ6dδ)
(8)4∆ 1.983 15 997 1ϕ3π2δ (5fϕ5fπ6dδ) +3π22δ (5fπ26dδ) + 1δ22δ (5fδ26dδ)
(1)4Σ+ 2.051 16 544 1ϕ3π2δ (5fϕ5fπ6dδ) + 1ϕ1δ3π (5fϕ5f+6dδ5fπ)

+ 22%1ϕ3π2δ (5fϕ5fπ6d+5fδ)
(9)4∆ 2.069 16 695 3π22δ (5fπ26dδ) + 1ϕ3π2δ (5fϕ5fπ6dδ) + 1ϕ22δ (5fϕ26dδ)
(9)2∆ 2.140 17 261 1ϕ3π2δ (5fϕ5fπ6dδ)
(4)4Π 2.165 17 465 1δ3π2δ (5fδ5fπ6dδ) + 1δ3π3σ (5fδ5fπ7s)

A natural bond orbital (NBO) analysis,59 carried out at
the CASSCF/VQZ-PP level of theory and consisting of natu-
ral electron populations and natural charges, for the sequence
of molecules UFO3+, UFO2+, UFO+, UFO, and UFO− is
shown in Table I. For the last four species, the open shell
MOs of the ground states correspond to primarily 5f1, 5f2,
5f27s1, and 5f27s2 configurations on the U center, respec-
tively. The open shell characters for UFO+ and UFO (5f2

and 5f27s1, respectively) are in contrast to the cases of UO2
and UO2

−, which involve the 5f7s and 5f7s2 configurations,
respectively. This difference is mainly due to the weaker
ligand field of the F− ligand compared to O2−. While the
charge on the uranium center is reduced from +3.9 in UFO3+

to +3.3 in UFO2+ upon occupation of the first 5f MO, adding
a second electron (to a second 5f MO) to form UFO+ only re-
duces the charge further to +2.8. About half of the charge of
the added electron is transferred to O and F 2p orbitals, with
the majority being to O 2p. The latter is sequentially reduced
upon attaching electrons to UFO3+ from −0.45 (UFO3+) to
−0.68 (UFO2+) and −1.04 (UFO+), respectively. Addition of
the next two electrons to form UFO and UFO−, respectively,
nearly exclusively involves reducing the oxidation state of
the U atom with little change of the natural charge on either
the F or O centers. In all the five species, there is a strong
contribution from the U 6d orbitals, about 0.6 electrons, while
the U 7p makes small contributions to the bonding in the
anion.

The ground state electronic configuration of UFO− at
the SR/CASPT2 level is X3H (3σ21ϕ11δ1). The CASPT2
U–O bond length using the ANO-RCC-VQZP basis set is
1.845 Å, which is 0.022 Å larger than the U–O bond length
in UO2

−, as reported previously at the SR/CCSD(T) level23

and 0.017 Å longer than that at the DFT/B3LYP level,9,23

partly due to the U() oxidation state in UFO−. On the
other hand, the U–F bond length of the present calculation
is 2.105 Å, which is 0.051 Å longer than the U–F bond
length in UF2 (an isoelectronic species) and 0.013 Å larger
than that in the corresponding UF2

− anion, which was
calculated using the PBE functional with the SO-ZORA
Hamiltonian by Li et al.22 The different molecular envi-
ronments and the use of different basis sets and electron
correlation methods cause different bond lengths in these
three anionic systems. The ∠FUF bond angles in UF2

− and

in UF2 are 105.2◦ and 101.7◦, respectively, in comparison
to the linear UFO bond angle in UFO−. The linearity of the
OUF− structure is due to the π-interactions among the three
atoms, resulting in a double bond between O and U. Also
as noted above, the electron configuration of the U atom in
OUF− is approximately 4f27s2, whereas it is 4f37s1 in UF2.
In addition, the CASPT2/VQZ-PP equilibrium geometry of
UFO− is nearly identical to the DKH2 result for the UF
distance, 2.101 Å (PP) vs. 2.105 Å (DK), but the UO
distance shows more sensitivity to method, 1.856 Å (PP) vs.
1.845 Å (DK).

The interpretation of the photoelectron spectra of UFO−

is the major focus of the present discussion. At the ground
state geometry of UFO−, SR/MS-CASPT2 and SO calcula-
tions have been carried out for the ground state and several
low-lying electronic excited states of neutral UFO, as shown
in Tables II and III, respectively. At the SR/MS-CASPT2
level, a total of 80 spin-free states below 2.2 eV in energy
have been found, as given in Table II. The assignments of
these SR states, as well as the resulting SO states, have been
performed on the basis of standard quantum selection rules
and also the transition dipole moments, oscillator strengths,
and Einstein A-coefficients.60,61 The SO-PP results shown in
Table III were assigned as discussed above, based in part on
Lz

2 eigenvalues, and have been matched to the DKH2 results
by comparison of their ΛS character. The SR ground state has
been found to be X4H (1ϕ1δ3σ) for UFO, whereas the first
excited state (1)2H that arises from the same configuration
as the ground state lies at 953 cm−1 (0.118 eV). The excited
states lie very close to each other and the energy differences
among most of the coupled excited states are less than 0.05
eV. Most of these low-lying states correspond to a U atomic
configuration of 5f27s (see also Table I). Besides the ground
state configuration, many other configurations like 1ϕ1δ2δ,
1ϕ3π3σ, 1ϕ22δ, 1ϕ22δ, 1ϕ3π2δ, etc., also contribute to
several excited states due to strong multi-configurational
mixing. In some states, such as a 4Σ− (at 0.304 eV), a2Γ (at
0.884 eV), there are strong configuration mixings, as shown
in Table II.

Table III shows 80 SO-states of UFO below 2.7 eV. The
lowest few Ω states are plotted in Figure 5 as a function of
the UO and UF distances. The ground state of UFO is found
to be X4H7/2 with very small contributions from the 2Γ states.
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TABLE III. The experimental and calculated VDEs of UFO− and the excitation energies (∆E)a of neutral UFO at
the MS-CASPT2/SO (DK) and SO-CASPT2/CBS-PP (PP) level.b All energies are in eV.

Feature
VDE

(expt.)c
VDE
(DK)

∆E
(DK)

∆E
(PP) Ω

Composition of SR/MS-CASPT2 spin-free states (leading
configurations are in bold-faced letters)

X 1.29(3) 1.29d 0.000 0.000 7/2 90% (1)4 H (1ϕ1δ3σ) + 2% (1)2Γ (1δ23σ+1ϕ3π3σ)
+ 2% (2)2Γ (1δ23σ+1ϕ3π3σ+1δ2δ3σ)

A 1.40(3) 1.359 0.069 0.082 9/2 52% (1)2H (1ϕ1δ3σ) + 36% (1)4H (1ϕ1δ3σ)
+ 4% (1)2Γ (1δ23σ+1ϕ3π3σ)

1.646 0.356 0.342 1/2 41% (1)4Σ− (1ϕ23σ+1δ23σ+1δ2δ3σ) + 30%(1)4Π
(1ϕ1δ3σ+1δ3π3σ) + 13%2Σ+ (1ϕ23σ+1δ23σ+1δ2δ3σ)
+ 10%(1)2Σ− (1δ23σ+1ϕ23σ+3π23σ)

B 1.84(4) 1.788 0.498 0.534 11/2 92% 4K (1ϕ1δ2δ)
1.796 0.506 0.512 3/2 42% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 21%(1)4Σ−

(1ϕ23σ+1δ23σ+1δ2δ3σ) + 16%(2)2Π (1ϕ1δ3σ+1δ3π3σ)
1.806 0.516 0.535 1/2 36% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 19%(1)2Σ− (1δ23σ

+1ϕ23σ+3π23σ) + 18%(1)2Π (1ϕ1δ3σ+1δ3π3σ)
2.013 0.723 0.680 9/2 72% (1)4H (1ϕ1δ3σ) + 24%(1)2H (1ϕ1δ3σ)
2.015 0.725 0.690 11/2 58% (1)4H (1ϕ1δ3σ) + 39%(1)2H (1ϕ1δ3σ)

C 2.04(4) 2.279 0.989 1.008 5/2 30% (1)2Φ (1ϕ1δ2δ+1δ3π3σ) + 16%(1)4Γ
(1ϕ3π3σ) + 15%(2)4Γ (1ϕ3π3σ+1ϕ1δ3π)
+ 10%(2)4Φ (1ϕ1δ2δ+1δ3π2δ)

2.321 1.031 1.050 5/2 34% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 11%(1)4Γ (1ϕ3π3σ)
+ 11%(2)4Γ (1ϕ3π3σ+1ϕ1δ3π) + 9%(1)4∆ (1ϕ3π3σ)

2.347 1.057 1.050 3/2 70% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 28%(1)2Π (1ϕ1δ3σ
+1δ3π3σ) + 3%(1)4Σ− (1ϕ23σ+1δ23σ+1δ2δ3σ)

2.353e 1.029 13/2 82% 4K (1ϕ1δ2δ) + 2%4I (1ϕ3π2δ)
2.376 1.086 1.057 1/2 18% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 14%(1)4∆ (1ϕ3π3σ) + 7%

(1)4Σ− (1ϕ23σ+1δ23σ+1δ2δ3σ) + 6%(1)2Π
(1ϕ1δ3σ+1δ3π3σ)

2.385 1.095 1.131 5/2 30% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 15%(1)4Γ (1ϕ3π3σ)
+ 14%(2)4Γ (1ϕ3π3σ+1ϕ1δ3π) + 7%(1)4∆ (1ϕ3π3σ)

2.392 1.102 1.088 3/2 62% (1)4Σ− (1ϕ23σ+1δ23σ+1δ2δ3σ) + 14%(2)2Π
(1ϕ1δ3σ+1δ3π3σ) + 3%(2)2∆ (1ϕ3π3σ)
+ 3%(1)2∆ (1ϕ3π3σ+3Π21δ+1δ22δ)

D 2.42(6) 2.422 1.132 1.092 1/2 44% (1)2Σ− (1δ23σ+1ϕ23σ+3π23σ) + 28%(1)4Σ−
(1ϕ23σ+1δ23σ+1δ2δ3σ) + 14%(2)2Π
(1ϕ1δ3σ+1δ3π3σ) + 4%(1)4∆ (1ϕ3π3σ)

2.454 1.164 1.130 7/2 23% (1)4Γ (1ϕ3π3σ) + 21%(3)2Γ (1ϕ3π3σ+1δ23σ)
+ 20%(4)2Γ (1ϕ3π3σ) + 20%(2)4Γ (1ϕ3π3σ+1ϕ1δ3π)
+ 3%(1)2Γ (1δ23σ+1ϕ3π3σ)

2.496 1.206 1.275 3/2 35% (1)2Π (1ϕ1δ3σ+1δ3π3σ)
+ 9%(3)4∆ (1ϕ22δ+1δ22δ+1ϕ2δ2) + 9%(5)4∆
(1ϕ22δ+1δ22δ+1δ2δ2) + 5%(2)4Φ (1ϕ1δ2δ+1δ3π2δ)

2.548 1.258 1.251 13/2 94% (1)4H (1ϕ1δ3σ) + 3%(1)2I (1ϕ23σ+1ϕ3π2δ)
+ 2%(2)2I (1ϕ23σ+1ϕ3π2δ+1δ22δ)

2.615 1.325 1.318 1/2 24% (1)4Π (1ϕ1δ3σ+1δ3π3σ) + 18%2Σ+ (1ϕ23σ+1δ23σ
+1δ2δ3σ) + 14%(1)2Π (1ϕ1δ3σ+1δ3π3σ)

2.619 1.329 5/2 16% (3)2Φ (1ϕ1δ2δ+1δ3π2δ+1ϕ3σ3σ+1ϕ3σ2+1ϕ1δ2)
+ 16%(3)4Φ (1ϕ1δ2δ+1δ3π3σ) + 8%(1)4Π
(1ϕ1δ3σ+1δ3π3σ)

aCalculated at the equilibrium geometry of the anion.
bResults for VDEs greater than 2.62 eV are given in Table S5 of the supplementary material.64

cThe number in the parentheses represents the experimental uncertainty.
dThe ground state energy is adjusted to the experimental first VDE, calculated at 1.234 eV in the PP calculation.
e2% (2)4∆ (1ϕ3π3σ) and 2% (1)4Π (1ϕ1δ3σ+1δ3π3σ) are mixed with 4K and 4I states due to symmetry breaking, because the
calculation was carried out in lower symmetry C2v instead of C∞v.

The ground state of UFO− has been calculated to be X3H4

with the nearest excited state corresponding to Ω = 0 arising
from a mixture of 3Σ− and 3Π ΛS states and lying 3256 cm−1

above the ground state. The calculated first VDE (1.234 eV)

corresponds to the transition UFO− (X3H4) → UFO (X4H7/2)
and the value given in Table III has been adjusted to match
the experimental value of 1.29 eV for better comparison of
theoretical and experimental values for excited UFO states.

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  128.148.231.12 On: Thu, 24 Mar

2016 00:46:33



084309-9 Roy et al. J. Chem. Phys. 144, 084309 (2016)

FIG. 5. The SO-CASPT2/CBS(PP) potential energy curves of the lowest six Ω states for UFO along (a) RUF and (b) RUO.

The first excited state of UFO (Ω = 9/2), which lies at
561 cm−1 (0.069 eV) above the ground state, is a strong
mixture of two SR states (52% (1)2H + 36% (1)4H) and both
of these arise from the same configuration (1ϕ1δ3σ). The
calculated second VDE associated with this latter state is
1.359 eV (1.29 eV + 0.069 eV), which is 0.041 eV lower
than the experimental value, and corresponds to peak A in the
experimental spectra (Figure 4). The calculated X-A separa-
tion is 0.069 eV, in comparison to the experimental value of
0.11 eV. However, the observed peak following A that corre-
sponds to a vibrational progression of frequency 645 cm−1 is
calculated at the SO-CASPT2/VQZ-PP level (see below) to
correspond to the UF stretch but is strongly underestimated
at 542 cm−1 at this level of theory (DKH-CASPT2 without
SO yields a frequency of 536 cm−1). The observed third
VDE corresponds to the weak and broad band B at 1.84 eV
(Figure 4). There are several candidates to assign for this
peak, including the calculated value of 1.788 eV. This state
is an Ω = 11/2 and is 92% 4K (1ϕ1δ2δ), which corresponds
to the 5f26d configuration of U. The VDE of the next broad
band C occurs at 2.04 eV, which could be assigned to several
calculated states between 1.8 and 2.3 eV. For example, the
calculated value at 2.279 eV, Ω = 5/2, is a strong mixture of
2Φ, 4Φ, 4Γ (2) SR states, where most of these also correlate to
the 5f26d configuration of U. In the 266 nm spectrum, another
weak broad band D at VDE of 2.42 eV has been observed
experimentally. There is an excellent agreement of the exper-
imental value with that of the calculated value of 2.422 eV.
This electronic state (Ω = 1/2) is also a strong SO mixing of
several SR states like a2Σ− (44%), a4Σ− (28%), b2Π (14%),
and a4∆ (4%), which originate from different configurations,
as shown in Table II, but all are associated with the 5f27s
configuration of U. There are, however, several other nearby
states within 0.2 eV that could be assigned to this feature and
the present calculations are not sufficient to make a definitive
assignment. The configurational assignments62,63 of spin-free

and SO states are shown in the supplementary material (Ta-
bles S1-S4).64

The weak features B, C, and D correspond to two-
electron transition processes (shake-up bands), that is, they
have been accessed from the ground state configuration of
UFO− [X3H (3σ)2(1ϕ)1(1δ)1] via two-electron transitions, in
which one electron has been detached from one of these or-
bitals and simultaneously another electron has been excited to
another higher unoccupied 5f or 6d orbital of U. As shown
in Table III, many detachment transitions due to two-electron
transitions contribute these broad and weak PES bands. There
are also almost continuous and weak PES features in the
266 nm spectrum beyond 2.50 eV (Figure 4(b)). These fea-
tures were not resolved due to the low spectral resolution
and a high density of electronic states, mostly due to two-
electron transitions. These transitions calculated theoretically
have been listed in Table III.

Table III lists a manifold of many low-lying SO excited
states of UFO with their Ω values, the configurational assign-
ments of the contributed SR states, the excitation energies,
and also the VDEs. It has been found that in most cases,
there are strong SO mixing of several SR spin-free states of
different contributions and these states are placed energeti-
cally very close to each other. In many cases, the differences
in energies between the coupled states are below 0.03 eV.
Therefore, the strong configuration mixing as well as the
strong relativistic effects results in the complexity of excited
electronic states of UFO and also the photoelectron spectra of
UFO−. This triatomic UFO− species together with previously
investigated UO2

− species is examples of challenging cases,
where strong electron correlation and relativistic effects make
the calculations and interpretations of the PES and excited
states very difficult.

Calculated equilibrium geometries and stretching har-
monic frequencies for the low-lying Ω states of UFO are
reported in Table IV. Most of the states shown arise from the
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TABLE IV. SO-CASPT2/CBS(-PP) molecular properties of UFO for selected Ω states.

Ω State ∆Ea (eV) Te
b (cm−1) re (UO) (Å) re (UF) (Å) ω1

c (cm−1) ω3
c (cm−1)

(X) 7/2 1.290 0 1.809 2.054 890 536
(1) 9/2 1.372 636 1.810 2.052 894 544
(1) 1/2 1.632 2749 1.810 2.054 887 538
(1) 3/2 1.802 4107 1.809 2.055 888 535
(2) 1/2 1.825 4326 1.810 2.054 888 536
(1) 11/2 1.824 4681 1.826 2.098
(2) 9/2 1.970 5450 1.809 2.052 892 540
(2) 11/2 1.980 5494 1.807 2.049
(2) 3/2 2.340 8432 1.808 2.054 888 538
(3) 1/2 2.347 8482 1.808 2.053 891 536
(1) 5/2 2.298 8539 1.825 2.092
(2) 5/2 2.340 8685 1.817 2.086
(1) 13/2 2.319 8654 1.823 2.093 861 505
(4) 1/2 2.382 8791 1.810 2.052 886 537
(3) 3/2 2.378 9022 1.817 2.071 859 496
(2) 7/2 2.420 9495 1.828 2.098
(3) 5/2 2.421 9444 1.822 2.086
(2) 13/2 2.541 9994 1.806 2.049 890 530
(3) 11/2 2.602 10479 1.807 2.047 894 543
(5) 1/2 2.608 10531 1.807 2.047 890 540
(4) 3/2 2.565 10585 1.822 2.083

aVertical detachment energy of UFO− shifted to match the experimental first VDE of 1.29 eV. The SO-CASPT2/CBS(-PP) value
for the 1st VDE is 1.234 eV.
bEquilibrium excitation energies of neutral UFO.
cStretching vibrational frequencies of UFO. ω1 and ω3 correspond to primarily the UO and UF stretches, respectively.

5f27s configuration and have very similar geometries and har-
monic frequencies, with re(UO) ∼ 1.81 Å, re(UF) ∼ 2.06 Å,
ω1 at ∼890 cm−1, and ω3 at ∼530 cm−1. A few of the states
shown correspond to contributions from the 5f26d configura-
tion, and these are marked by bond lengths that are longer
by about 0.02 Å and 0.04 Å for the UO and UF distances,
respectively, with correspondingly smaller vibrational
frequencies. Most of these potential energy surfaces were
heavily perturbed, however, which made their resulting har-
monic frequencies too uncertain to list in Table IV since the
fits to Eq. (3) were not of sufficient accuracy.

IV. CONCLUDING REMARKS

We report the first experimental observation of the UFO−

anion, as well as extensive relativistic quantum chemistry
calculations to understand the electronic structure of UFO−

and UFO. The electron affinity of UFO was matured to be
1.27(3) eV. But the photoelectron spectra were quite compli-
cated and UFO represents an extremely challenging elec-
tronic system from a theoretical point of view. Strong electron
correlation and SO coupling effects were found and they led
to a high density of electronic states with strong configura-
tional mixings. Therefore, the assignments of many of the
excited states are somewhat tentative.
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