Au as a surrogate for F: The case of UAue vs UFs.
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ABSTRACT: Here, anion photoelectron spectroscopy and first principles quantum chemistry are used to demonstrate to what
degree Au can act as a surrogate for F in UFs and its anion. Unlike UFs, UAus exhibits strong ligand-ligand, i.e., Au-Au, interac-
tions, resulting in three low-lying isomers - two of which are three-dimensional while the third isomer has a ring-like quasi
two-dimensional structure. Additionally, all the UAus isomers have open-shell electrons, which in nearly all cases are localized
on the central U atom. The adiabatic electron affinity (EA) and vertical detachment energy (VDE) are measured to be 3.05 +
0.05 and 3.28 + 0.05 eV, respectively, and are in very good agreement with calculations.

Uranium hexafluoride (UFs) is the most important mole-
cule in the nuclear industry as it is used for enriching ura-
nium to produce fuels for nuclear reactors and fissile mate-
rial for nuclear weapons. Consequently, there has been a
substantial interest in understanding the chemistry of UFs
and its derivatives. Nevertheless, a deeper understanding of
the chemistry of uranium-containing molecules continues
to be challenging due to their complicated electronic struc-
tures, multiple oxidation states, and strong relativistic and
spin-orbit coupling effects. For example, while both UCle-
and UFe have been studied by anion photoelectron spec-
troscopy and the adiabatic electron affinity (EA) of UCls has
been measured to be 5.3 eV, the EA of UFs has not, even
though it is likely higher2.

Here, we adopt an alternative approach to better under-
stand UFs and UFs~ by using Au as a surrogate for F. Note
that the EA of the Au atom (2.32 eV) is the highest among all
metals in the periodic table; it is also one of the few metals
that forms ionic bonds with metal atoms, such as Cs and Th3-
6, That Au may mimic F in UF is consistent with Hoffmann’s
isolobal principle, which suggests that species with similar
symmetry and frontier orbital energies have similar bond-
ing and reactivity 7. It was previously predicted by theory
that Au could behave like a halogen when interacting with
U in UAus®°. Recent joint experimental-theory studies on
various thorium-gold anions, as well as the AuzF molecule,
have shown that indeed Au can behave very similarly to
F1011 In a computational pilot study of the UAuF trimer, we
also found that Au mimics the chemistry of F (section S2,
and Figure S2 of the Supporting Information, SI).

In the present work, a synergistic approach involving an-
ion photoelectron spectroscopy (PES) experiments and first
principles theory based on both density functional theory
(DFT) and coupled cluster calculations shows that while
UAus possesses some of the properties of UFs, it also exhib-
its unique properties of its own.

The photoelectron spectra of UAus- measured with 3.49
eV, 4.66 eV and 6.42 eV photons are displayed in Figure 1.
The first peak observed in the UAus- spectrum has an onset
around an electron binding energy (EBE) of 2.2 eV with a
peak value at an EBE of 3.28 eV. In the 4.66 eV photon spec-
trum, this peak is seen to be split, with its higher EBE por-
tion located at EBE = 3.43 eV. When there is sufficient
Franck-Condon overlap between the ground state of the an-
ion and the ground state of the neutral, and when vibra-
tional hot bands are absent, the threshold electron binding
energy (EBE) is the value of the adiabatic EA. Nevertheless,
since vibrational temperatures for anions are difficult to es-
timate, and since some degree of vibrational excitation is
not uncommon, the adiabatic EA value often lies between
the threshold and the vertical detachment energy (VDE)
value. As an approximation, we estimate the adiabatic EA as
that corresponding to the EBE value at ~10% of the rising
photoelectron intensity. Focusing primarily on the 3.49 eV
photon spectrum, this yields an adiabatic EA value for UAus
of 3.05 £ 0.05 eV. The VDE is equal to the EBE value at the
lowest EBE peak’s photoelectron intensity maximum and is
found to be 3.28 £ 0.05 eV for UAus.
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Figure 1. Photoelectron Spectrum of UAus- taken with 3.49 eV,
4.66 eV, and 6.42 eV photons

Figure 2 presents the DFT optimized geometries of the
nearly isoenergetic neutral and anionic UAus molecules. For
isomer I, the six Au atoms are arranged in a ring with the U
atom at its center but above its plane by 0.88 A and 0.84 A,
respectively, for its neutral and anion geometries. (Figure
2a).Isomer II (Figure 2b) has a three-dimensional geometry
with four Au atoms forming a rectangular configuration,
while the other two Au atoms are located on opposite sides
of the U atom. Isomer III (Figure 2c) has a butterfly-type ge-
ometry, where the U atom lies on a plane with four of the six
Au atoms. The ring isomer of UAue~ (isomer [) is more sym-
metric than that of neutral UAus, with the U-Au bond length
contracted and Au-Au bond length expanded in the anion.
At the CCSD(T) level of theory, using the DFT geometries,
these three isomers differ in energy by at most 0.44 eV for
the neutrals and 0.53 eV for the anions. The DFT relative en-
ergetics were smaller by about 0.2 eV. An octahedral struc-
ture for UAus (Figure S3), analogous to the equilibrium ge-
ometry of UFs, was calculated to be unstable with respect to
distortion to isomers Il and III. The ground state of the anion
is calculated by CCSD(T) to correspond to the ring type ge-
ometry (isomer [ in Figure 2a) with isomer Il lying 0.22 eV
higher in energy. As shown in Table S3, before adding addi-
tional diffuse functions to the basis set on Au at the triple-
zeta level, this separation wasjust 0.10 eV. For neutral UAus,
isomer III is clearly the ground state. A natural population

analysis (NPA) showed that in all the neutral and anionic
UAus isomers, the U atom is positively charged. In neutral
isomer I and II, all six Au atoms carry negative charge (Fig-
ure 2), while in neutral isomer III four Au atoms are charged
negatively and two are barely positive. This is consistent
with the fact that the adiabatic EA of the U atom (0.31 eV) is
significantly less than that of the Au atom, and thus in UAus,
Au atoms behave like halogens. In the anion, the charge on
the U atom is decreased by nearly %: in the ring isomer (I),
while it becomes slightly more positive in the other two iso-
mers. In nearly all these six cases, the open shell electrons
reside on the U atom as 5f electrons as indicated by their
orbital character and the natural spin density. The one ex-
ception is the quintet state of the neutral ring isomer, where
one unpaired electron is spread over the Au atoms.
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Figure 2. DFT optimized ground state geometries of the nearly
isoenergetic isomers: (a) Ring isomer (I), (b) Distorted-octahe-
dral isomer (II), and (c) Butterfly isomer (III) of neutrals, i.e.,
UAug (top row) and anions, i.e.,, UAus~ (bottom row). Relative
energies, AE, are given at the CCSD(T) level of theory with NPA
charges from the DFT density given next to the atoms. The super-
script on the U atom represents the spin multiplicity of the mol-
ecule.

Comparing the theoretical energetics with experiment,
the calculated VDE and adiabatic EA of isomer I at both the
DFT and CCSD(T) levels of theory agree well with the exper-
imental values, cf,, Table 1. The DFT values are about 0.1 eV
below while the CCSD(T) values are about 0.1 eV above. Not
surprisingly, the calculated adiabatic EA and VDE values of
isomers II and III are also similar to the experimental val-
ues. In particular, the CCSD(T) results for the VDE of isomer
[1Iis about 0.15 eV lower than that of isomer 1. As shown in
Fig. 2, these two isomers are nearly isoenergetic and thus
these two VDEs could clearly account for the doublet struc-
ture in the experimental spectrum shown in Fig. 1. [somer
III could also be present in the spectrum, although to a
lesser extent since this anion lies higher in energy by about
0.5 eV. A comparison of all the DFT and CCSD(T) calcula-
tions of this work can be found in Tables S1-S3.



Table 1. Experimental and CCSD(T) adiabatic electron
affinities? (EA) of UAue and vertical detachment ener-

gies (VDE) of UAus-.

EA (eV) VDE (eV)
Species Expt. Theory Expt. Theory
3.05
UAUs +0.05 3.28+0.05
3.15 3.34
Isomer | (2.99) (3.18)
Isomer 11 258 S31
(3.04) (3.34)
Isomer 111 202 S40
(3.07) (3.40)

aThe CCSD(T) values correspond to using aVTZ basis sets. See
the text in the SI. DFT results are shown in parentheses.

Analogous to the bonding in UFe, the bonding between U
and Au in UAus is primarily ionic. However, there are signif-
icant differences in the electronic structures of UF¢ and
UAus (and their anions). While UFs exhibits only two-cen-
ter-two-electron (2c-2e) bonds, UAus exhibits 3c-2e bonds
(Figures S4-S6). In addition, UFs has a closed-shell singlet
ground state with an octahedral structure, while UAue has
an open-shell ground state (quintet or triplet) with some-
what unsymmetrical structures. The origin of these differ-
ences in the geometries can be traced to the relative bond
dissociation energies (BDE) of the Auz and F2 dimers. The
DFT calculated Auz BDE of 1.96 eV (exp. 2.32 eV) is signifi-
cantly larger than that of F2, 1.61 eV (exp. 1.66 eV) with a
significantly longer equilibrium bond distance, about 2.47 A
for Auz compared to 1.41 A for Fz. This allows for ionic U-Au
as well as Au-Au, interactions. In the octahedral geometry of
singlet UAus (Figure S3), the Au-Au bond lengths are 3.87 A,
which is much longer than the calculated equilibrium dis-
tance in Auz (2.56 A); hence there can be very little interac-
tion between the Au atoms in this structure. Both isomers II
and I1I arise from simple distortions from the octahedral ge-
ometry to allow for Au-Au interactions, and the average Au-
Au distance in the three isomers of UAus range from 2.72 to
2.85 A (Table S1). Thus, the three isomers of UAue can be
rationalized as structures with competing U-Au and Au-Au
interactions. In UFs the ionic U-F interaction dominates and
the geometry is then determined by maximizing the num-
bers of U-F bonds, hence the geometry adopts a perfect On
symmetry. In addition, the existence of strong Au-Au inter-
actions leads to a reduction in the oxidation state of U from
+6 in UFs to +4 in UAus, yielding the open-shell spin states
in the latter. An important difference between UF¢ and UAus
that can have scientific and technological importance is that
the latter is magnetic with a large magnetic moment local-
ized at the U site. [t may be possible to use UAug as a building
block of one dimensional ferromagnets, similar to the
Ve6(CsHs)7 sandwich complexes which have been both pre-
dicted and experimentally confirmed!213. If so, this would
be a case in which two metallic elements, that are intrinsi-
cally nonmagnetic in the bulk, give rise to a ferromagnet
with constrained geometry and composition.

Realizing that Au with an outer electron configuration of
5d196s?! has versatile chemistry in that it behaves both as a

hydrogen atom and halogen atom, we used it as a surrogate
of F to shed additional light on UFs. We were able to photo-
detach UAue and measure its adiabatic EA and VDE to be
3.05 +0.05 and 3.28 + 0.05, eV, respectively, making UAue a
pseudo-halogen. Theoretical studies based on first princi-
ples theory provided results in good agreement with exper-
iment and evidence that the spectrum has contributions
from at least two nearly isoenergetic isomers with the
bonding dominated by ionic interactions between U and Au,
similar to the bonding in UFs. However, theory also revealed
properties of UAus that are very different from that of UFe.
For example, the geometry of UFs- is an octahedron with no
interaction between the F atoms while UAue~ exhibits three
nearly isoenergetic isomers with ring, quasi-octahedral, and
butterfly geometries, all having coupling between the Au at-
oms. An intriguing difference is that the spin multiplicity of
the ring isomer of neutral UAus is a quintet with 3 pg of the
magnetic moment localized at the U site. Thus, while Au can
be used as a surrogate for F, one must be aware that Au-Au
interactions can cause interesting deviations from fluo-
rine’s behavior.
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