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ABSTRACT: Understanding direct metal−metal bonding between actinide atoms has
been an elusive goal in chemistry for years. We report for the first time the anion
photoelectron spectrum of U2

−. The threshold of the lowest electron binding energy
(EBE) spectral band occurs at 1.0 eV, which corresponds to the electron affinity (EA) of
U2, whereas the vertical detachment energy of U2

− is found at EBE ∼ 1.2 eV. Electronic
structure calculations on U2 and U2

− were carried out with state-of-the-art theoretical
methods. The computed values of EA(U2) and EA(U) and the difference between the
computed dissociation energies of U2 and U2

− are found to be internally consistent and
consistent with experiment. Analysis of the bonds in U2 and U2

− shows that while U2 has
a formal quintuple bond, U2

− has a quadruple bond, even if the effective bond orders differ only by 0.5 unit instead of one unit. The
resulting experimental-computational synergy elucidates the nature of metal−metal bonding in U2 and U2

−.

■ INTRODUCTION

Actinide−actinide bonds are of fundamental interest in
chemistry, with their bare metal dimers providing the simplest
examples. Given the importance of uranium, there is significant
interest in the uranium dimer, U2. As a metal-to-metal
molecular prototype, the uranium dimer exhibits purely
covalent bonding, this being unusual among uranium-
containing molecules. Moreover, as is often the case for
actinides, the uranium dimer’s electronic structure is
exquisitely complex, prompting numerous theoretical stud-
ies.1−8

Over the past 15 years, debate has focused on the bonding
scheme within the uranium dimer, U2. Initially, as determined
by Gagliardi and Roos, the ground state of U2 was believed to
have a quintuple bond, based on scalar complete active space
self-consistent field (CASSCF) calculations, followed by
perturbation theory (CASPT2), in which spin−orbit coupling
was included a posteriori.1 Their calculations revealed the
following bonds between the two uranium atoms: three two-
electron two-center bonds, i.e., one σg and two πu from the 7s
and 6d electrons, and four one-electron two-center bonds, i.e.,
one σg, one πu, and two δg from 6d and 5f contributions, as well
as two 5f electrons residing in nonbonding orbitals on each U
atom.1 This formally corresponds to a quintuple bond.
Fourteen years later, Knecht, Jensen, and Saue2 re-evaluated
the bonding in U2, finding its ground state to exhibit a
quadrupole bond rather than the quintuple bond proposed by
Gagliardi and Roos.1 The Knecht et al. work was based on
multiconfigurational CASSCF calculations using the same
active space as in the calculation by Gagliardi and Roos,1 but
included variational spin−orbit coupling.2,9 Moreover, they
also concluded that the previously calculated quintuple ground
state is instead a low-lying electronically excited state.2 The

electronic ground state was shown to consist of three electron-
pair bonds, i.e., one σ and two π, two one-electron bonds of σ
and δ types, and four coupled 5f electrons localized on each U
atom.2 Without experimental validation, the debate remained
ongoing.
In view of the above, we aim to resolve the long-debated

bonding scheme in U2 using the synergy between negative ion
photoelectron spectroscopy and state-of-the-art quantum
chemical calculations. We report joint experimental and
theoretical investigations of the U2

− anion. Together, these
reveal the electronic structure and chemical bonding scheme of
neutral U2, this being facilitated by the photodetachment of the
excess electron in the U2

− anion to yield the ground and
various electronic states of the neutral U2 molecule. Thus,
while the experiments are conducted on U2

−, i.e., on the anion,
the results largely pertain to the electronic states of U2, i.e., the
anions’ neutral counterpart. The resulting anion photoelectron
spectrum of U2

−, reported here for the first time, provides the
experimental benchmark upon which high-level electronic
structure calculations are validated. Together, this combined
experimental and theoretical study elucidates the nature of
chemical bonding in U2 and U2

−.

■ METHODS
Experimental Methods. Anion photoelectron spectroscopy is

conducted by crossing a beam of mass-selected negative ions with a
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fixed-frequency photon beam and energy-analyzing the resultant
photodetached electrons. The photodetachment process is governed
by the energy-conserving relationship: hν = EBE + EKE, where hν is
the photon energy, EBE is the electron binding (photodetachment
transition) energy, and EKE is the electron kinetic energy. Our
apparatus consists of a laser vaporization cluster anion source, a time−
of−flight mass spectrometer, a Nd:YAG photodetachment laser, and a
magnetic bottle electron energy analyzer.10 The magnetic bottle
photoelectron spectrometer resolution is ∼35 meV at EKE = 1 eV. In
this study, the third (355 nm, 3.49 eV) harmonic output of a Nd:YAG
laser was used to photodetach electrons from mass−selected uranium
cluster anions, Un

− (n = 2−8). The well−known atomic transitions of
Cu− were used to calibrate the magnetic bottle spectra.10

The uranium dimer anions were generated in a laser vaporization
ion source. Figure 1 presents a schematic of this source. Briefly, a

housed, rotating, and translating uranium rod was ablated using the
second harmonic (532 nm, 2.66 eV) of a Nd:YAG laser, while 60 psig
of argon gas was pulsed over the rod. A second pulsed valve, backed
with 100 psig of helium gas, introduced the anions to the TOF-MS,
from which the anions were mass-gated before their electrons were
photodetached and energy-analyzed.
Additional uranium cluster anions, Un

− (n = 3−8), were created in
a more traditional laser vaporization source. The second harmonic
photon pulses ablated the rotating, translating uranium rod and
directly introduced the ions into the TOF-MS, prior to the ions being
mass-gated and their electrons energy-analyzed. The anion photo-
electron spectra of Un

− (n = 3−8) are presented in Figure S1.
Theoretical Methods. Single point energy calculations were

performed using the complete active space self-consistent field
(CASSCF) method11 for both U2 and U2

− at various bond distances
near their equilibrium geometry. The active space employed consists
of 6 and 7 valence electrons for U2 and U2

−, respectively, in 21
orbitals. Dynamical correlation effects were incorporated using the
complete active space second order perturbation theory (CASPT2)
on top of the CASSCF wave functions. The energies for excited
electronic states were calculated at the multistate complete active
space second order perturbation theory (MS-CASPT2) level of
theory.12,13 The OpenMolcas software package14 was used to perform
all the calculations. Scalar relativistic effects were incorporated by
using the Douglas−Kroll−Hess (DKH) Hamiltonian.15−17 The spin−
orbit coupling effects were incorporated by using the SO-RASSI
module18 available in OpenMolcas. Atomic natural orbital type basis
set19 were used. A primitive set 26s23p17d13f5g3h was contracted to
9s8p6d4f2g. In order to maintain a linear geometry, a D2h symmetry
and the keyword “Linear” was used to impose supersymmetry. In
total, 240 octet states lying up to 0.56 eV above the ground state, 80
sextet states lying up to 0.62 eV above the ground state, 30 quartet
states lying up to 0.81 eV above the ground state, and 10 doublet
states lying up to 0.85 eV above the ground state were allowed to
interact using the spin−orbit coupling Hamiltonian. In order to find

the electronic ground state, the electronic energies for some points
near the equilibrium geometry of U2

− for the resulting 2540 spin−
orbit coupled states were calculated and compared. In order to
calculate the dissociation energies, the absolute energies for the U and
U− atoms are calculated at the CASSCF level of theory by averaging
over 17 and 38 states, respectively. As was done for the dimers,
dynamical correlation effects for the atoms are similarly incorporated
using MS-CASPT2. For the atoms, a D2 symmetry was considered
and the keyword “Atom” was used to impose supersymmetry. Active
spaces containing 6 and 7 valence electrons in 16 orbitals were
employed for U and U−, respectively. The 16 orbitals considered here
correspond to one 7s, three 7p, five 6d, and seven 5f orbitals. In total,
for the U− atomic specie, 152 octet states lying up to 2.02 eV above
the ground state, 152 sextet states lying up to 0.85 eV above the
ground state, and 152 quartet states lying up to 1.16 eV above the
ground state were allowed to interact using the spin−orbit coupling
Hamiltonian. For the U atom, 68 septet states lying up to 1.44 eV
above the ground state, 68 pentet states lying up to 0.82 eV above the
ground state, and 68 triplet states lying up to 1.05 eV above the
ground state were allowed to interact using the spin−orbit coupling
Hamiltonian. The energies of the atomic species were used to
calculate the absolute energy of the U2 and at infinite bond distances.
An imaginary shift of 0.2 and the default ionization potential electron
affinity (IPEA)20 of 0.25 were employed. The IPEA is an empirical
correction applied to the zero-order Hamiltonian.

■ RESULTS AND DISCUSSION

Experimental Results. Atomic uranium cations, U+, have
long been observed in mass spectra along with various uranium
oxide and hydride cationic stoichiometries.21−23 To prepare
the gas-phase uranium dimer anion, U2

−, we initially employed
a conventional (one stage) laser-vaporization source in which a
pulsed laser beam ablated a depleted uranium rod to generate a
plasma, which was propelled forward by a jet of supersonically
expanding helium gas. While this method made copious
intensities of UmOn

− cluster anions for m ≥ 2 and weaker
signals of Um

− cluster anions for m ≥ 3, U2
− was essentially

absent (see Figure 2A). The likely culprit was the oxidized
surface of the uranium rod, which provided oxygen to the
plasma during laser-vaporization, in turn reacting with the Um

−

cluster anions to form UmOn
− cluster anions. Because bare

metal clusters readily react to form metal oxide cluster anions,
the latter’s signals prevailed in the mass spectrum, reducing the
formation of Um

− and especially of U2
−. To suppress the effects

of oxygen, we then used a two-stage (compound) laser
vaporization source,24 in which two pulsed beams are crossed
(see Figure 1). The beam formed by laser vaporization of the
uranium rod is perpendicular to the other beam’s path which
itself continues on into the main apparatus and into the anion
extraction region of the time-of-flight mass analyzer/selector.
The plasma formed during laser vaporization of the uranium
rod is propelled by pulses of argon gas to reduce the velocities
of the constituent species in that beam. The other beam is a
pulsed helium jet.
The large mass differences between uranium clusters and

oxidized uranium clusters caused them to travel at different
speeds coming out of the laser vaporization source. By
controlling the timing of the second (helium) pulsed valve,
different species ions were preferentially entrained by the
helium expansion, where collisional cooling and dimer anion
formation were promoted. Figure 2B shows a typical mass
spectrum obtained by using this two-stage source. The
uranium dimer anion, U2

− is observed at a significant intensity,
while the formation of uranium oxide anions is significantly
reduced.

Figure 1. Schematic of the two-stage laser vaporization source used to
generate the U2

−.
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Figure 3 presents the negative ion photoelectron spectrum
of U2

− recorded with 3.49 eV (355 nm) photons using a
magnetic bottle electron energy analyzer. The lowest electron
binding energy (EBE) band in the spectrum exhibits a sharp
threshold at 1.0 eV and an intensity maximum between EBE =
1.1 and 1.3 eV. When there is sufficient Franck−Condon
overlap between the ground state of the anion and the ground

state of the neutral species, and when there is negligible hot
band (vibrationally excited anion) signal, the threshold of the
first EBE band signifies the electron affinity (EA) determining
transition. The vertical detachment energy (VDE) is the
photodetachment transition energy at which the Franck−
Condon overlap between the electronic ground-state wave
functions of the anion and its neutral counterpart is maximal,
here, corresponding to EBE ∼ 1.2 eV. Thus, the EA value for
neutral U2 is revealed to be 1.0 eV, while the VDE value of the
U2

− anion is found to be ∼1.2 eV. A weak signal observed at
EBE ∼ 0.4 eV is likely due to the subsequent photodetachment
of U−, itself generated by the photodissociation of U2

−, as this
value was observed in our previous study of the atomic
uranium anion.25 Features present at higher EBE values
correspond to photodetachment transitions to the excited
vibrational and electronic states of neutral U2. The spectral
pattern observed in Figure 3 suggests the presence of
numerous under-lying unresolved transitions.

Theoretical Results. The experimentally determined
adiabatic electron affinity (EA) of the uranium dimer is
compared to the theoretically computed value obtained from
state-of-the art electronic structure theory calculations on U2
and U2

−. Multireference wave function calculations of the
state-averaged complete active space self-consistent field
(CASSCF) type,11 followed by a multistate second order
perturbation theory (MS-CASPT2) treatment12,13 to account
for both static and dynamic correlation effects, were performed
to determine electronic energies (Figure 4) at bond distances

near the equilibrium bond distances of the U2 and U2
−

systems. The ground state for U2 is determined as 7Og (8g)
(without and with spin−orbit coupling notations) which is in
agreement with the reported ground state.1 It should be noted
that although Knecht et al.2 used fully relativistic CASSCF
calculations to determine 9g as the electronic ground state and
8g as a low-lying excited state, their calculations did not include
dynamical correlation effects, which are required to fully
understand the electronic structure of U2. (More details are
available in SI.)
In similarity to U2, for U2

−, the highest spin state, i.e., the
octet, is found to be the most stable electronic state with an
angular momentum (Λ) of 9 au and ungerade symmetry. The
wave function for the ground state of U2

− can be expressed as a
linear combination of two dominant configurations

Figure 2. Mass spectra resulting from the use of (A) a conventional
(one-stage) laser vaporization source versus (B) using a two-stage
laser vaporization source.

Figure 3. Anion Photoelectron Spectrum of the Uranium Dimer
Anion, U2

−. This spectrum was measured using the third harmonic
(355 nm, 3.49 eV) of a Nd:YAG laser.

Figure 4. MS-CASPT2 potential energy curves for the lowest-lying
electronic states of U2

− near its equilibrium geometry.
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as well as other nondominant terms.
The bonding in U2

− can be understood in terms of an
effective bond order Eebo defined as in eq 2.

E n n
1
2

( )ebo
i

be abei i
∑= −

(2)

Here, nbei and nabei represent the electron occupation numbers
in the ith pair of bonding and antibonding natural orbitals,
respectively. Furthermore, the summation runs over all pairs of
bonding and antibonding orbitals. The calculations indicate
that U2

− has a formal quadrupole bond corresponding to a
calculated effective bond order of 3.7. The natural orbitals
providing the main contributions to forming U2

− are presented
in Figure 5 along with their respective occupation numbers.
The wave function for the ground state of U2 can be

expressed as a linear combination of two dominant
configurations as was shown by Gagliardi et al.:1
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as well as other nondominant terms. As seen in eq 1, the
antibonding 7sσu orbital is occupied in all the dominant
configurations of U2

−, thereby resulting in a decrease in bond
order. Thus, according to our analysis, U2 has a formal weak
quintuple bond with a bond order of 4.2, whereas U2

− has a
formal quadrupole bond with a bond order of 3.7. The formal
bond orders of the two molecules differ by one unit, but the
effective bond orders differ by 0.5 unit. It should be noted that
although the 7sσu orbital has been assigned as “anti-bonding”
from symmetry considerations, it has some non-bonding
character. A detailed discussion on this is provided in the SI.
Both scalar relativistic effects and spin−orbital coupling have

been accounted for. Scalar relativistic effects are introduced
through one-body terms in the Douglas−Kroll−Hess (DKH)
Hamiltonian.15−17 Moreover, spin−orbit (SO) coupling is
added as a posteriori correction to DKH and calculated by
allowing fully optimized CASSCF states to interact under a SO
Hamiltonian along with a shift in the diagonal terms to account

for dynamic correction added through perturbation theory.
This indicates that the effects caused due to the coupling of
electronic and spin states are similar for the two species and
therefore cancel out. The equilibrium distances for U2 and U2

−

are found to be 2.42 and 2.43 Å, respectively. This is consistent
with a photoelectron origin band that is devoid of an extended
vibrational progression. The harmonic vibrational frequencies
for the ground state of U2 and U2

− are calculated to be 265 and
220 cm−1, respectively, too small to have been resolved in the
present experiment. The calculated EA value of the uranium
dimer, U2, is found to be 0.71 eV (see Table S2). This
computed EA value is lower than the experimentally obtained
electron affinity by 0.29 eV. We observed that even though the
spin−orbit-coupling effects play a major role in altering the
absolute bond energies of the uranium dimer and uranium
dimer anion, they have a minimal contribution in changing the
electron affinity. Our theoretical calculations predict U2

− to
have both a higher dissociation energy and a lower absolute
energy than the uranium dimer, U2, consistent with its
occurrence and observation in the gas phase.

■ CONCLUSIONS

The original computational determination by Gagliardi and
Roos,1 that the ground state of U2 is characterized by a
quintuple bond, was challenged by the computational work of
Knecht, Jensen, and Saue,2 who instead found the ground state
of U2 to be described as possessing a quadrupole bond. The
present work has two synergetic parts. Its new, higher level
computations confirmed the original U2 quintuple bond
conclusion of Gagliardi and Roos and also found U2

− to
possess a quadrupole bond. Its experimental arm measured the
anion photoelectron spectrum of U2

−, thus providing the
electron affinity of neutral U2. A comparison of its
experimentally determined EA(U2) value, i.e., 1.0 eV, with its
computationally determined EA(U2) value, i.e., 0.71 eV, largely
supported our calculations. Because electronic structure
calculations on the uranium dimer, U2, and its anion, U2

−,
are extraordinarily demanding, perfect agreement would have
been a high bar. Another way to validate our computational
results is to calculate the dissociation energies of U2

− and U2
and to take their difference. An energetic cycle shows that
EA(U2) − EA(U) = D0(U2

−) − D0(U2). The knowledge that
EA(U2) = 1.0 eV, from our present experimental work, and

Figure 5. Active molecular orbitals along with the number of electrons occupying the orbitals (in brackets) for the uranium dimer anion.
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that EA(U) = 0.31 eV, from our recent experimental work,25,26

implies that D0(U2
−) − D0(U2) is 0.69 eV. The difference

between separately calculated D0(U2
−) and D0(U2) values in

this work is 0.61 eV, in close accord with the expected value.
Table S6 summaries several calculated properties of U2 and
U2

−. Even if both calculated EA(U2) and EA(U) values differ
from the experimental ones by about 0.3 eV, the calculated
difference, EA(U2) − EA(U), agrees well with the
experimental one because of error cancellation.
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