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A B S T R A C T

A joint relativistic coupled-cluster and experimental photoelectron (PE) spectroscopic study of the uranyl
dichloride anion, UO2Cl−2 , is reported. Sophisticated electronic-structure calculations predict the photodetach-
ment of UO2Cl−2 to involve a U 5f electron and to be followed by significant geometry relaxation. Therefore, the
adiabatic electron affinity (EAa) of the uranyl dichloride neutral molecule, UO2Cl2, and the vertical detachment
energy (VDE) of its anion, UO2Cl−2 , provide valuable information about its uranium 5f orbital energies. The
EAa value was computed to be 3.15 eV. The VDE value was calculated to be 3.55 eV by augmenting the
computed EAa with a shift derived from a Franck–Condon simulation using coupled-cluster potential energy
surfaces. The VDE, which corresponds to the highest intensity peak in the PE spectrum, was measured to be
3.69 ± 0.20 eV, in good agreement with the computed value. The origin transition in the PE spectrum, whose
electron binding energy corresponds to the EAa, was assigned to the feature at 3.2 ± 0.20 eV, consistent with
the computed EAa.
1. Introduction

The chemistry of the uranyl ion [O–U–O]2+, an important building
block in many uranium compounds, is among the central topics of
actinide chemistry [1–4]. For example, uranyl-containing molecules
play important roles in uranium separation science. In the plutonium
uranium redox extraction (PUREX) process, a standard nuclear repro-
cessing method, uranium is extracted as uranyl nitrate coupled to the
tributylphosphate extractant [5]. The uranyl ion comprises two strong
uranium–oxygen bonds and forms relatively weak bonds with ligands
in many important uranium species, e.g., the UO2Cl2−4 formal dianion
in the Cs2UO2Cl4 crystal consists of a uranyl ion weakly coupled to four
chlorines. Understanding the interactions between the uranyl ion with
ligands thus is of fundamental importance.

Numerous experimental and theoretical efforts [6–60] have been
devoted to study of the uranyl ion, resulting in a better understanding
of many aspects of uranyl-containing molecules. Experimental studies
of electronic and vibrational spectra of UO2Cl2, the target molecule
of the present study, have been reported in non-aqueous solvents [8],
in its crystal structure [10], and in noble gas matrices [15]. Based
on the measured absorption and emission spectra, the structures of
UO2Cl2 in solvents were found to be similar to those of crystalline
uranyl salts. Heaven et al. studied UO2Cl2 in an argon matrix, which
minimally perturbs the molecule. Through laser-induced fluorescence,
the lowest energy transition observed in emission spectra occurred
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at 20323 cm−1 with nearly harmonic vibrational progressions at a
frequency of 840 cm−1 [15]. This is similar to transitions seen in uranyl
salts in the condensed phase and in solution [2,8]. The dominant vi-
brational progression is due to the U–O symmetric stretch. The O–U–O
angle was found to be slightly bent, i.e., to be around 168 degree,
in the normally linear UO2+

2 . Minor discrepancies between measured
vibrational frequencies for the O–U–O symmetric bending mode and
calculations of gas-phase molecules were attributed to van der Waals
repulsion between the oxygen atoms and the argon matrix [15].

When a uranyl-containing anion differs from the corresponding
neutral molecule by a uranium 5f electron, e.g., UO2Cl−2 is formed
by adding a 5f electron to UO2Cl2, the adiabatic electron affinity of
the neutral molecule provides direct information about its uranium
5f orbital energies and thus is of fundamental interest. Wang and
collaborators have reported the measurements of the electron affinities
for uranium oxides UO𝑛, with 𝑛 = 1-5 [23,61,62]. The adiabatic elec-
tron affinity value of UO2 was accurately determined to be 1.1688(6)
eV [62]. With two unpaired 5f electrons already present in UO2,
however, the electron affinity of UO2 is expected to differ substantially
from those of uranyl-containing molecules. On the other hand, because
of the remarkable stability of the uranyl ion, UO3, UO4, and UO5 can
in general be considered as having a uranyl ion bonded with the other
oxygen atoms. The variation of the measured electron affinity values of
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Fig. 1. The mass spectrum obtained from laser ablating a uranium rod in the presence
of a 0.5% HCl and 0.5% O2 in a He gas mixture. The UO2Cl−2 anion mass peaks occur
at 340, 342, and 344 amu.

1.12 eV, 3.60 eV, and 4.02 eV for UO3, UO4, and UO5 [23] reflect the
effects of the bonding with the additional oxygen atoms on the uranyl
5f orbital energies. Wang and collaborators have also reported photo-
electron spectroscopic studies of uranyl tetrahalide dianions, UO2X2−

4
(X = F or Cl) [20], and uranyl trihalide anions, UO2X−

3 (X = F, Cl, Br,
or I) [21]. These photoelectron spectra provided detachment energies
for the corresponding uranyl-containing systems involving electrons in
the U–O bonding orbital or from the ligands.

In this paper we report a joint experimental and computational
study of the photoelectron spectrum of the uranyl dichloride anion,
UO2Cl−2 , aiming to discern the adiabatic electron affinity (EAa) for
the uranyl dichloride molecule, UO2Cl2, and the vertical detachment
energy (VDE) of its anion, UO2Cl−2 . Relativistic exact two-component
coupled-cluster (CC) calculations were performed to predict the EAa
value of UO2Cl2 and the VDE value of UO2Cl−2 to guide the analysis
of its complex anion photoelectron spectrum. Details about the ex-
perimental and computational studies are presented in Sections 2 and
3. Computational results and the measured spectra are discussed in
Section 4 to determine the VDE value of UO2Cl−2 and the EAa value of
UO2Cl2. Finally, a summary and an outlook are provided in Section 5.

2. Experimental details

The experiments were conducted using a laser vaporization source
with our anion photoelectron spectrometer, which has described pre-
viously [63]. Briefly, a depleted uranium rod was used as the laser
vaporization target. A backing gas consisting of 0.5% HCl and 0.5%
O2 in He was simultaneously expanded over the surface of the rod.
The resulting anions were extracted and analyzed using a time-of-flight
mass spectrometer. Fig. 1 presents a mass spectrum showing the variety
of anions that were produced by the source, comprising uranium,
oxygen, and chlorine. Since the depleted uranium rod is essentially
isotopically pure U-238, the isotopic pattern of chlorine assisted in
assigning the anions to their corresponding mass peaks. The mass peaks
at 340, 342, and 344 amu are UO2Cl−2 and follow the predicted isotopic
pattern of the anion. Two other anions (UO2Cl2H− and UCl−3 ) also
contribute to the mass spectrum in the 340 to 350 amu range.

The photoelectron spectra (PES) of UO2Cl−2 were obtained by pho-
todetaching the 340 amu anion since it has the highest intensity. The
UO2Cl−2 anions were mass selected, decelerated, and crossed with a
fixed frequency photon beam, 355 nm (3.49 eV) and 266 nm (4.66 eV)
Nd:YAG laser. The resultant detached electrons were energy-analyzed
using a magnetic bottle energy analyzer. The time of flight spectrum is
converted to electron binding energy using the Levenberg–Marquardt
algorithm and calibrated against the known transitions of Cu− [64].
2

The photodetachment process is governed by the energy-conserving
relationship, hv = EKE + EBE, where EKE is the electron kinetic energy
and EBE is the electron binding energy. The resolution of the energy
analyzer is about 50 meV at EKE = 1 eV. The photoelectron spectra
presented are the average of multiple spectra.

3. Computational details

Given the roles of relativistic and spin–orbit effects in actinide-
containing molecules and anions, calculations involving them are chal-
lenging and require high-level computational methods. In the present
work, all relativistic coupled-cluster calculations were performed using
the CFOUR [65–72] program package. Geometry optimizations for the
ground state of UO2Cl2 and the four lowest scalar-relativistic states of
UO2Cl−2 were carried out at the coupled-cluster singles and doubles
with noniterative triples [CCSD(T)] [73,74] level using correlation-
consistent triple-zeta (cc-pVTZ) [75,76] basis sets. Scalar-relativistic
effects were treated using the spin-free exact two-component theory
in its one-electron variant (SFX2C-1e) [69,77,78] and cc basis sets
contracted for the SFX2C-1e scheme (cc-pVXZ-X2C). The 6s, 6p, 7s,
5f electrons of U, 3s, 3p electrons of Cl, and 2s, 2p electrons of O
were correlated in these calculations. SFX2C-1e equation-of-motion
electron-attachment CCSD (EOMEA-CCSD) [79] calculations were also
performed in the optimized structures of the anion to demonstrate the
orbital composition of the unpaired electron.

The adiabatic electron affinity (EAa) of UO2Cl−2 was then calculated
using optimized structures for the electronic ground state of UO2Cl2 and
UO2Cl−2 . SFX2C-1e-CCSD(T) calculations using uncontracted cc-pVTZ
and cc-pVQZ (cc-pVTZ-unc and cc-pVQZ-unc) basis sets were carried
out and the electron-correlation energies were extrapolated using a
two-parameter formula [80]

𝐸corr[∞Z] = 𝐸corr[cc-pVXZ] − 𝑐∕𝑋3, (1)

to estimate the basis-set-limit values. Since this is a detachment of a
uranium 5f electron, spin–orbit (SO) coupling makes significant contri-
bution to the detachment energy. CCSD(T)/cc-pVTZ-unc calculations
in combination with exact two-component Hamiltonian [81–83] with
atomic mean-field [84] spin–orbit integrals (X2CAMF) [71] were per-
formed to obtain EAa with non-perturbative inclusion of spin–orbit
coupling. The SO correction is then obtained as the difference between
X2CAMF and SFX2C-1e CCSD(T)/cc-pVTZ-unc results. The U 5d, 6s,
6p, 7s, 5f electrons, Cl 3s and 3p electrons, and O 2s and 2p electrons
were correlated in these energy calculations using uncontracted basis
sets, while virtual orbitals with orbital energies higher than 100 Hartree
were kept frozen in the CC step. The zero-point vibrational energy
(ZPE) contribution to EAa was obtained using harmonic frequencies of
UO2Cl2 and UO2Cl2 obtained at SFX2C-1e-CCSD(T)/cc-pVTZ level by
means of numerical differentiation of analytic gradients [68].

A Franck–Condon (FC) simulation of vibrational progression for the
transition from the electronic ground state of UO2Cl−2 to that of UO2Cl2
was performed within the harmonic approximation at the SFX2C-1e-
CCSD(T)/cc-pVTZ level. The difference between the maximal peak
position of the FC spectrum and the vibrational origin transition is
added to EAa to obtain the vertical detachment energy (VDE). The
computation of the FC overlap used a highly efficient implementation
in the fcsquared module [70] of the CFOUR program. The extra electron
in the anion is located in a localized uranium 5f orbital, which can be
well described by cc-pVTZ or cc-pVQZ basis sets. The effects of diffuse
functions on the structures and energies thus are small, i.e., less than
0.005 Å for bond lengths, less than 1 degree for bond angles, and less
than 0.005 eV for the adiabatic electron affinity. Therefore, we have
used the cc-pVXZ, X = T, Q basis sets for uranium throughout our study.
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Fig. 2. Molecular orbitals in which the unpaired electrons in the lowest scalar-
relativistic states of UO2Cl−2 are located. The O, Cl, and U atoms are colored in red,
green, and cyan, respectively. The vertical electronic energy difference with respect to
the neutral molecule obtained from SFX2C-1e-EOMEA-CCSD/cc-pVTZ calculations are
enclosed in the brackets.

Table 1
Structural parameters (bond lengths in Å and bond angles in degree) computed at the
SFX2C-1e-CCSD(T)/cc-pVTZ level for UO2Cl2 and UO2Cl−2 .

R[U–O] R[U–Cl] ∠[O–U–O] ∠[Cl–U–Cl]

UO2Cl2 1𝐴1 1.755 2.531 165.8 109.5
UO2Cl−2

2𝐴1 1.835 2.679 145.9 113.8
2𝐵2 1.835 2.687 145.8 114.3
2𝐵1 1.822 2.677 153.0 117.2
2𝐴2 1.816 2.692 159.3 121.9

Table 2
Harmonic vibrational frequencies (in cm−1) computed at SFX2C-1e-CCSD(T)/cc-pVTZ
level for the ground state of UO2Cl2 and the ground state of UO2Cl−2 .

UO2Cl−2 UO2Cl2
a1 (sym. Cl–U–Cl bending) 57 56
b1 (asym. O–U–O/Cl–U–Cl bending) 117 150
a1 (sym. O–U–O bending) 121 206
a2 (twisting) 193 177
b2 (out-of-plane) 188 232
a1 (sym. U–Cl stretching) 263 341
b2 (asym. U–Cl stretching) 280 339
a1 (sym. U–O stretching) 823 915
b1 (asym. U–O stretching) 906 990

4. Results and discussion

The geometry optimization at the SFX2C-1e-CCSD(T)/cc-pVTZ level
produced a C2𝑣 equilibrium structure for the ground state of UO2Cl2.
The computed structural parameters for UO2Cl2 as summarized in Ta-
ble 1 are consistent with previous computational results [37,49]. Fig. 2
shows the four lowest electronic states of UO2Cl−2 and the molecular
orbitals in which the unpaired electron is located. The extra electron of
the UO2Cl−2 anion largely occupies a U 5f orbital. The presence of the
additional U 5f electron introduces significant repulsion with the U–O
and U–Cl bonds. Consequently, as shown in Table 1, the U–O and U–Cl
bond lengths in the anionic states are considerably longer than those in
the neutral molecule. In particular, the U–Cl bond length is elongated
by more than 0.15 Å. The O–U–O angle is also considerably reduced.
The increase of the bond lengths is expected to weaken the U–O and
U–Cl bonds. Indeed, vibrational frequencies of the UO2Cl−2 anion are
consistently lower than those in the neutral molecule. As shown in
Table 2, the harmonic vibrational frequencies are reduced by around
10% for the symmetric U–O stretching mode and more than 20% for
the symmetric U–Cl stretching mode. Even the harmonic vibrational
frequency for the symmetric O–U–O bending mode is decreased by
around 15%.

Spin–orbit coupling tends to stabilize the 5f electron and increase
the adiabatic electron affinity (EAa). As shown in Table 3, the SO
correction to the EAa amounts to around 0.31 eV. We mention that
the basis-set error for cc-pVTZ-unc basis sets is around 0.25 eV. The
computed EAa at the SFX2C-1e-CCSD(T) level amounts to 2.582 eV
for cc-pVTZ-unc basis sets, 2.727 eV for cc-pVQZ-unc basis sets, and
2.820 eV when extrapolated to estimate the basis-set-limit value. It
3

Table 3
The computed adiabatic electron affinity (EAa) and vertical detachment energy (VDE)
values (in eV) of UO2Cl2. The HF values for EAa were obtained using the cc-pVQZ-
unc basis sets. The correlation contributions were obtained using the cc-pVTZ-unc and
cc-pVQZ-unc basis sets and extrapolated to estimate the basis-set-limit value.

HF CCSD CCSD(T) +SOa +ZPVb

EAa 3.087 2.961 2.820 3.125 3.153
VDEc 3.484 3.358 3.217 3.522 3.550

aSpin–orbit corrections (difference between X2CAMF and SFX2C-1e calculations).
bzero-point vibrational contribution.
cObtained by augmenting computed EAa with a shift of 0.397 eV derived from the
Franck–Condon simulation in Fig. 3.

Fig. 3. Vibrational progression for the transition from the vibronic ground state of
UO2Cl−2 to vibrational states of the ground electronic state of UO2Cl2 obtained from
Franck–Condon (FC) simulation using the harmonic approximation. The x axis denotes
vibrational energies (in eV) with the origin set as the value of the origin transition.
simulation convoluted to the experimental resolution The broad curve is obtained by
convoluting the stick spectrum with a half width at half maximum value of 0.1 eV. A
value of 0.397 eV for the difference between EAa and ADE was obtained as the shift
between the threshold and the maximum peak position in this FC progression.

is clearly important to take both SO correction and basis-set effects
into account when conducting accurate calculations of the EAa value of
UO2Cl2. The zero-point vibrational (ZPV) correction plays a relatively
minor role. The ZPV contribution reduces EAa by 0.028 eV, since the
vibrational frequencies of the anion are lower than those of the neutral
molecule. Altogether, these give a value of 3.153 eV for EAa of UO2Cl2.
The vertical detachment energy (VDE) of UO2Cl−2 was then obtained
by adding the difference between the maximal peak position and the
origin, both in the calculated FC spectrum, to the computed EAa value.
This difference, derived from Fig. 3, has a value of 0.397 eV. The
resulting computed VDE is thus 3.550 eV.

Figs. 4a and 4b present the PES of UO2Cl−2 taken with a 355 nm
(3.49 eV) and a 266 nm (4.66 eV) laser, respectively. The appreciable
width of peak ‘‘X’’ ranging from 3 to 4 eV in Fig. 4b signifies a
significant difference between the equilibrium structures of UO2Cl2
and UO2Cl−2 . The progression observed in the photoelectron spectrum
(Fig. 4b) is also consistent with the vibrational progression obtained
from calculations (Fig. 3). The VDE value is the vertical photodetach-
ment transition energy from the vibronic ground state of the anion
to the electronic ground state of the neutral molecule at the geom-
etry of its anion. This transition energy corresponds to the point of
the greatest Franck–Condon vibrational overlap and is revealed in
the PE spectrum by the EBE of its intensity maximum. Thus, the
experimentally-determined VDE value is 3.69 eV, the EBE of the inten-
sity maximum of the most intense peak X in the anion photoelectron
spectrum shown in Fig. 4b. We assess an uncertainty of ±0.20 eV. Be-
cause they are due to maximal FC overlap, experimental VDE values can
be definitively determined by inspection, i.e., by locating the EBE of the
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Fig. 4. The photoelectron spectra of UO2Cl−2 obtained using (a) the third harmonic
(355 nm, 3.49 eV) and (b) the fourth harmonic of an Nd:YAG laser (266 nm, 4.66 eV).
The arrows designate the position of the computed value of 3.15 eV for the adiabatic
electron affinity.

intensity maximum in the ground state anion to ground state neutral
photoelectron spectral band. This resulting experimentally-determined
VDE value of 3.69±0.20 eV is in good agreement with the computed
value of 3.550 eV. Regarding the computed VDE value based on the
FC simulation shown in Fig. 3, the anharmonic contribution tends
to redistribute intensities to the transitions at vibrational states with
higher vibrational quantum numbers. Thus, the present FC simulation
shown in Fig. 3, which uses the harmonic approximation, leads to a
slight underestimation of the actual VDE value. This is consistent with
the computed value versus measured VDE values reported here.

The electron binding energy of the origin transition in an anion
photoelectron spectrum is equal to the EAa value of the anion’s neutral
counterpart. However, while the VDE value can be located by inspec-
tion of the PE spectrum, the origin transition must be assigned, and
this can be challenging due to several factors. First, due to significant
structural relaxation, the origin transition of the UO2Cl−2 photoelectron
spectrum exhibits inherently weak intensity, as clearly demonstrated
in the FC simulation in Fig. 3. Add low pre-photodetachment UO2Cl−2
anion intensity to the picture, and a modest signal-to-noise spectrum
is the result. Next, consider the possibility of vibrational hot bands.
In an ideal anion PE spectrum the EBE of the intensity threshold
would reveal the origin. However, if some anion vibrational levels
above v = 0 were to be populated, the EBE of the threshold would be
slightly less than the EBE of the true origin. Laser vaporization anion
sources are characterized by a competition between high temperatures
due to the plasma produced in a laser strike and adiabatic cooling
due to the rapid expansion of helium carrier gas. While the resulting
temperature of the anions and thus the prevalence of hot bands varies
considerably, some extent of hot band presence is common, making the
threshold determination of the origin uncertain. While nascent anion
temperatures of a few hundred degrees are often extracted from FC fits
when the anions have simple structures, these are of minimal value
4

given that the anions are not in equilibrium and thus do not conform
to the Boltzmann distribution.

The central issue in the present study is the experimental-
determination of the EAa value of UO2Cl2. The origin transition is
almost certainly one of the weakly discernible peaks in the PE spectrum
between the hot-band-dominated threshold region and peak, X, from
which the VDE value was assigned by inspection. Given the definitions
of EAa and VDE, the EAa-determining origin transition typically sits at
a lower EBE than the VDE transition by a few tenths of an eV. Given
the foregoing, we assign the EAa value of UO2Cl2 to be 3.2 ± 0.20 eV
based of the PE spectrum of UO2Cl−2 . This same region of the spectrum
is shown in Fig. 4a, which was measured using 355 nm photons and
thus does not cover the VDE region of the spectrum. It too is consistent
with this assignment. The present high-level calculations found the
EAa value of UO2Cl2 to be 3.15 eV and the VDE value of UO2Cl−2 to
be 3.55 eV. Experimental measurements based on the PE spectrum of
UO2Cl−2 determined EAa value to be 3.2 ± 0.20 eV and the VDE value
to be 3.69 ± 0.20 eV, both in good agreement with the computed
value. All considered, we assert that our theoretically-determined and
experimentally-supported value of 3.15 eV is a reliable assessment of
the EAa of UO2Cl2.

5. Conclusion and outlook

A joint computational–experimental study of the photoelectron
spectrum of the uranyl dichloride anion, UO2Cl−2 , is reported. High-
level relativistic coupled-cluster calculations predict that the photode-
tachment of UO2Cl−2 involves a U 5f electron and induces significant
geometry change. The electron affinity of uranyl dichloride neutral
molecule, UO2Cl2, thus provides information about the U 5f orbital
energy in UO2Cl2. In the future it would be interesting to determine
electron affinities for other uranyl-containing molecules using photo-
electron spectroscopy and relativistic coupled-cluster calculations, to
obtain insights about the effects of ligands on the uranium 5f orbital
energies of the uranyl ion.
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