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ABSTRACT
The thorium–gold negative ions ThAu2

−, ThAu2O−, and ThAuOH− have been observed and experimentally characterized by anion pho-
toelectron spectroscopy. These experiments are accompanied by extensive ab initio electronic structure calculations using a relativistic
composite methodology based primarily on coupled cluster singles and doubles with perturbative triples calculations. The theoretical electron
affinities (EAs) at 0 K agree with the experimental adiabatic EAs to within 0.02 eV for all species. Two separate isomers were located in the
calculations for ThAuOH−, and detachment from both of these appears to be present in the photoelectron spectrum. Excited electronic states
of the neutral molecules are reported at the equation of motion-coupled cluster singles and doubles level of theory. Atomization energies and
heats of formation are also calculated for each neutral species and have expected uncertainties of 3 and 4 kcal/mol, respectively. The σ bonds
between Th and Au are determined by natural bond orbital analysis to consist of predominately sd hybrids on Th bonding with the Au 6s
orbital. In order to investigate the correspondence between the bonding in Th–Au and Th–F molecules, a limited number of calculations were
also carried out on most of the F-analogs of this study. These results demonstrate that Au does behave like F in these cases, although the Th–F
σ bonds are much more ionic compared to Th–Au. This results in an EA for ThF2 that is 10 kcal/mol smaller than that of ThAu2. The EA
values for the Th(IV) species, i.e., ThX2O and ThXOH, only differed, however, by 3–4 kcal/mol.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079795

I. INTRODUCTION

The chemistry of actinides (An’s) has received prodigious
attention in recent years due to the wide applications of uranium and
plutonium in nuclear energy development.1 The renewed research
on the thorium-based molten salt fast reactors (MSFRs) shows that
thorium, the second element in the An series, is a potential nuclear
fuel to complement uranium-based reactors.2–4 In addition, the high
natural abundance of thorium (9.6 ppm) in the Earth’s crust com-
pared to that of uranium (2.7 ppm) is an economic stimulus to
the development of the next-generation nuclear reactor.4 Thorium
is an early An element without 5f electrons and has an atomic
ground-state electron configuration of [Rn]6d27s2, analogous to
group IV transition metals. Owing to the significant relativistic and
non-negligible electron correlation effects, electronic structures of

thorium-containing compounds are complicated and challenging
for theoretical calculations.5–10 The combination of experimental
data and calculations is vital for interpreting and understanding
thorium chemistry.

Gold–thoria catalysts, which are ThO2-supported on gold clus-
ters or a single gold atom, showed extremely high catalytic activity
for carrying out the water–gas shift reaction (WGSR) and the pro-
cess of CO oxidation.11–13 Tabakova et al. (2006) suggested that
the WGSR activity is related to the gold clusters interacting with
thoria.11 Notably, an OH group probably at the boundary of the
gold–thoria catalyst may interact with CO resulting in a formate
intermediate toward the formation of CO2, which means that the
Aux–ThyOnH (x, y, n = 0, 1, 2, 3, . . .) moiety in the catalyst plays a
critical role in the CO oxidation reaction. Although several first prin-
ciple calculations were performed to study the mechanism of CO
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oxidation by gold–thoria catalysts, the function of the OH group is
unexplored at the molecular level.12,13 To give a better understand-
ing of the structure of the gold–thoria catalyst, it is essential to study
the chemical bonding in thorium–gold, thorium–gold oxide, and
thorium–gold hydroxide species.

In addition to the bulk thorium–gold containing species, small
thorium–gold and thorium–gold oxide clusters are also of great
interest to theorists. Barysz and Pyykkö performed a first princi-
ple theoretical study of the ThAu+ cation, identified its 1Σ+ ground
state, and showed that it has a single bond with a bond dissocia-
tion energy of 3.5 eV.14 In 2006, Pyykkö’s theoretical work reported
that ThAu2

2+ and OThAu+ have D∞h and C∞v symmetry, respec-
tively.15 In both ThAu2

2+ and OThAu+ clusters, Au+ is an analog to
oxygen. Additionally, Gagliardi predicted a tetrahedral ThAu4 clus-
ter in which gold carries a formal charge of −1 ∣e∣ and behaves like
a halogen.16 The unique properties of Au have been summarized
on Cs+Au− and [Au=C=Au]2+ as well as many other systems.17–19

However, experimental studies of thorium–gold clusters are scarce.
Recently, the photoelectron spectra of Th2Au− and Th2AuO1,2

−

were reported by some of the current authors.20 Those experiments
were also accompanied by ab initio calculations similar to those of
this study. To the best of our knowledge, no experimental or the-
oretical data have been reported on the structures and bonding of
ThAu2

0/−, ThAu2O0/−, or ThAuOH0/− clusters.
In this paper, we report the first investigation on ThAu2

−,
ThAu2O−, and ThAuOH− anions in the gas phase using photoelec-
tron spectroscopy combined with high level theoretical calculations.
Experimental and theoretical results are compared and utilized to
characterize the electronic structures and chemical bonding of all
three species.

II. METHODS
A. Experimental

The present work utilized anion photoelectron spectroscopy
(aPES) as its primary probe. The experimental technique, aPES, is
conducted by crossing a mass-selected beam of negative ions with
a fixed-energy photon beam and energy analyzing the resulting
photodetached electrons. This technique is governed by the energy-
conservation relationship, hν = EBE + EKE, where hν, EBE, and EKE
are the photon energy, the electron binding (transition) energy, and
the electron kinetic energy, respectively. Our photoelectron spec-
trometer, which has been described previously,21 consists of one of
several ion sources, a linear time-of-flight (TOF) mass spectrom-
eter, a mass gate, a momentum decelerator, a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser for photodetachment,
and a magnetic bottle electron energy analyzer. Photoelectron spec-
tra were calibrated against the well-known photoelectron spectrum
of Cu−.22

The anions of interest were generated using a pulsed-arc (dis-
charge) cluster ionization source (PACIS), which has been described
in detail elsewhere.23,24 This cluster anion source has been used to
generate a variety of bimetal cluster anions.25,26 During PACIS oper-
ation, a 30 μs long, 150-V electrical pulse applied across the Cu
anode and the Th–Au sample cathode in the discharge chamber
vaporizes the Th and Au atoms. The sample cathode had been pre-
pared in a nitrogen glove box, where a Th–Au powder mixture was
firmly pressed onto a copper rod. Another layer of Cu powder was

pressed onto the top of the Th–Au layer to prevent contact between
the thorium powder and air. Almost simultaneously with the elec-
trical discharge, 150 psi of ultrahigh purity helium gas was injected
into the discharge region to make the ThAu2

− and ThAu2O− anions,
while 150 psi of pure hydrogen gas was used to make the ThAuOH−

anion. The resulting mixture of atoms, ions, and electrons then
reacted and cooled as it expanded through the PACIS housing and
nozzle. The resultant anions were further analyzed by TOF mass
spectroscopy and aPES.

B. Computational
Equilibrium geometries of all six species (ThAu2/ThAu2

−,
ThAu2O/ThAu2O−, and ThAuOH/ThAuOH−) were optimized at
the coupled cluster singles and doubles with perturbative triples,
CCSD(T), level of theory.27 For the open-shell anion species,
restricted open-shell Hartree–Fock (ROHF) orbitals were used
in CCSD(T) calculations where the spin restriction is relaxed
in the CCSD solutions, i.e., R/UCCSD(T).28 For these geometry
optimizations, the third-order Douglas–Kroll–Hess (DKH3) scalar
relativistic Hamiltonian29–32 was used throughout with diffuse-
augmented correlation consistent basis sets from double- to triple-
zeta (n = D, T), i.e., aug-cc-pVnZ-DK for O and H,33,34 the
newly developed aug-cc-pVnZ-DK3 for Au,35 and the cc-pVnZ-
DK3 sets36,37 for Th augmented by a diffuse function in each
angular symmetry obtained via even-tempered extension. Through-
out this text, these basis sets will be denoted as aVnZ (n = D,
T, and Q). In these calculations, only the valence electrons were
correlated (6s6p6d7s for Th, 6s5d for Au, 2s2p for O, and 1s
for H), i.e., the standard frozen-core (FC) approximation was
employed.

The CCSD(T) equilibrium geometries calculated at the triple-
zeta level were then used in subsequent Feller–Peterson–Dixon
(FPD) composite calculations37–40 of the electron affinities and
atomization energies, with the latter leading to heats of formation.
Specifically, the FPD energy is defined in this work to be

EFPD = EFC−CCSD(T)/aVQZ + ΔECBS + ΔECV + ΔEQED

+ ΔESO + ΔEZPE. (1)

On the right-hand-side of Eq. (1), EFC-CCSD(T)/aVQZ is the frozen-core
DKH3 CCSD(T) energy calculated with the aVQZ basis set. The
complete basis set (CBS) limits were obtained using core–valence
basis sets, aug-cc-pwCVQZ-DK3 on Au,35 aug-cc-pwCVQZ-
DK on O,41 aug-cc-pVQZ-DK on H,42 and diffuse augmented
cc-pwCVQZ-DK3 on Th.36,37 These sets will be denoted as aCVnZ
below (n = T, Q). Using FC DKH3 CCSD(T) calculations with
aCVTZ and aCVQZ basis sets, the HF energies were extrapolated
to the HF limit via43 (n = 3 and 4 for T and Q, respectively)

En = ECBS + A(n + 1)e6.57
√

n
, (2)

while the CCSD(T) correlation energies were extrapolated with44,45

En = ECBS + B
(n + 1

2)
4 . (3)
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The second term on the right-hand-side of Eq. (1), ΔECBS, is the dif-
ference between the extrapolated CBS limit [sum of the results of
Eqs. (2) and (3)] and the aVQZ energy.

The term ΔECV is the effect of correlating the outer-core elec-
trons, i.e., 5s5p5d on Th, 5s5p on Au, and 1s on O. This is calculated
as the difference between DKH3 CCSD(T) calculations with outer-
core correlated and frozen core, both with the same aCVTZ and
aCVQZ basis sets. These differences were then extrapolated to the
CBS limit via Eq. (3).

Small effects due to the leading contribution of QED, the Lamb
shift ΔEQED, were obtained using the local model potential approach
proposed by Pyykkö and Zhao for the self-energy term, including a
fit to the Uehling potential for the vacuum polarization.37,46 These
calculations were carried out at the frozen-core DKH3-CCSD(T)
level of theory with aCVDZ basis sets.

The spin–orbit correction, ΔESO, was calculated using four-
component (4-c) or two-component (2-c) CCSD(T) using orbitals/
spinors from average of configuration Dirac–Hartree–Fock (AoC-
DHF) calculations. The Dirac–Coulomb–Gaunt (DCG) Hamilto-
nian and Dyall’s spin-free (SF) Hamiltonian47 were used throughout
using the same aVDZ basis sets defined above but completely uncon-
tracted and with a finite-nucleus model.48 It should be noted that
the Gaunt term was only implemented at the DHF level of the-
ory. Only valence electrons were correlated in these coupled cluster
calculations with virtual orbital cutoffs of 20 Eh. In the cases of
ThAu2/ThAu2

− and ThAuOH/ThAuOH−, the SO correction was
calculated as the difference between a 4-c CCSD(T) calculation49

with the DCG Hamiltonian and one with Dyall’s SF Hamiltonian.
For the larger ThAu2O/ThAu2O− pair, the exact 2-c molecular mean
field (X2C-mmf) CCSD(T) method50 (originating from a DHF cal-
culation with the DCG Hamiltonian) was utilized in place of 4-c
CCSD(T). In all cases, the spin–orbit corrections were calculated
at the DKH3 CCSD(T)/aVTZ geometries. The SO contribution for
the O atom was obtained from its experimental energy levels,51 with
its Gaunt contribution calculated at the AoC-DHF/aVDZ level of
theory. Excited electronic states for the neutral molecules were cal-
culated using the equation-of-motion (EOM) CCSD method with
the X2C-mmf Hamiltonian (both SF and DCG).52,53

For the calculation of adiabatic electron affinities and atomiza-
tion energies, zero-point energy (ZPE) corrections were obtained
from harmonic vibrational frequencies calculated at the DKH3
CCSD(T) level of theory with the aVDZ basis set throughout except
for ThAu2/ThAu2

−, which utilized aVTZ.
Heats of formation at 298 K were calculated by combining

FPD atomization energies using the contributions of Eq. (1) for
the molecules and atoms, including thermal corrections via stan-
dard gas phase partition function expressions, with the known 298 K
enthalpies of formation for the gaseous elements: ΔHf (H) = 52.1028
± 0.0000 kcal/mol, ΔHf (O) = 59.5672 ± 0.0005 kcal/mol,54–56

ΔHf (Au) = 88.05 ± 0.26 kcal/mol,57 and ΔHf (Th) = 143.9
± 1.4 kcal/mol.58,59

Natural Bond Orbital (NBO) analysis,60 including natural pop-
ulation analysis (NPA),61 was carried out with the NBO7 program62

using DKH3 Hartree–Fock/aVTZ wave functions. In these calcu-
lations, the Th 6s and 6p orbitals were included in the valence
space. Nearly all the calculations of this work were carried out with
MOLPRO 2020.2,63–65 except for the SO calculations, which were
completed with DIRAC19.66

III. RESULTS AND DISCUSSION
A. Experimental results

Figure 1(a) presents the mass spectrum of anionic products
ranging from 100 to 900 amu using a 1:1 thorium–gold mixture
and helium backing gas. Three major series of clusters are observed.
The first series starting from 254 amu consists of ThCxOy

− (x
= 0, 1, 2, y = 1, 2) anion clusters, and the second series begin-
ning from 457 amu is composed of the ThAuAl− anion and its
oxides. The ThAu2

− anion appears at 626 amu at the beginning of
the third series in which we also observe ThAu2O− and ThAu2Al−

anions. Aluminum, as well as carbon and oxygen, is from the sur-
face of the cathode and surroundings in the PACIS source housing.
From Fig. 1(b), the ThAuOH− anion is observed when using 3:1

FIG. 1. The mass spectrum of anions generated by the PACIS when using (a)
1:1 thorium–gold mixture and helium gas and (b) 3:1 thorium–gold mixture and
hydrogen gas.
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thorium–gold mixture and hydrogen gas. We see a variety of tho-
rium hydride anions, thorium hydroxide, thorium–gold hydride,
and thorium–gold hydroxide anions in the spectrum in Fig. 1(b).

We, then, applied anion photoelectron spectroscopy with a
355 nm laser to characterize the ThAu2

−, ThAu2O−, and ThAuOH−

anions. The resulting photoelectron spectra of ThAu2
−, ThAu2O−,

and ThAuOH− are presented in Fig. 2. In each spectrum, we observe
several peaks corresponding to transitions from the ground state
of the anion to different states of its corresponding neutral. For
ThAu2

−, two broad electron binding energy (EBE) bands range from
∼1.3 to 3.49 eV; they reach their intensity maximum at 1.53 and
2.71 eV. For ThAu2O−, the spectrum displays three EBE bands start-
ing from ∼1.3, ∼2.0, and 2.5 eV, with these attaining their maxima at
1.65, 2.21, and 2.73 eV, respectively. In ThAuOH−’s spectrum, the
first feature X, with its threshold occurring at an EBE of ∼0.7 eV,
is peaked at 1.03 eV. Band A, which is the most intense feature in
the spectrum, exhibits an onset of signal at 1.23 eV and reaches
maximum intensity at 1.43 eV. Band B, which ranges from EBE
∼2.7–3.4 eV, is relatively broad and weak, suggesting that it contains
multiple transitions, some of which may be due to multi-electron
processes with low transition efficiencies. In the anion photoelectron
spectra, the intensity maxima of these peaks represent transitions
from the ground state of the anion to the ground and excited states
of the neutral counterpart. Among these transitions, the electron

FIG. 2. Photoelectron spectra of ThAu2
−, ThAu2O−, and ThAuOH− measured

with 355 nm (3.49 eV) photons.

binding energy (EBE) value at the peak position in the lowest EBE
spectral feature (labeled as X) is the vertical detachment energy
(VDE), which is the energy difference between the ground state
anion and its neutral counterpart at the geometry of the anion. Thus,
VDEs of ThAu2

−, ThAu2O−, and ThAuOH− are 1.53, 1.65, and
1.03 eV, respectively. When there is sufficient Franck–Condon over-
lap between the ground state of the anion and the ground state of
the neutral and when vibrational hot bands are absent, the threshold
EBE (ET) is the value of the electron affinity (EA). Nevertheless, since
vibrational temperatures for anions are difficult to estimate and
since some degree of vibrational excitation is not uncommon (giv-
ing rise to hot bands), the EA value often lies between the threshold
and the VDE value. As a reasonable approximation, one can estimate
the EA as that corresponding to the EBE value at ∼10% of the ris-
ing photoelectron intensity. Therefore, EAs of ThAu2

−, ThAu2O−,
and ThAuOH− are evaluated to be 1.30, 1.35, and 0.80 eV, respec-
tively. The EA values of ThAu2

− and ThAu2O− are relatively similar
to each other, while the EA and VDE values of ThAuOH− are
significantly lower than those of the other two species.

B. Computational results
1. Assignment of low-lying detachment energies

a. ThAu2/ThAu2
−. As shown graphically in Fig. 3 and more

specifically in Table I, the ThAu2 molecule, which has a closed-shell
1A1 ground state in the absence of SO coupling effects (more on
this is discussed below), has a bent, symmetrical structure with a
CCSD(T)/aVQZ bond angle of 136.6○. Initial calculations also inves-
tigated the presence of low-lying triplet states, which uncovered 3A1
and 3B1 states that arise from single excitations from the 7s orbital on
Th to 6d orbitals that correspond to 6dδ at linear geometries. At the
CCSD(T)/aVTZ level of theory, these triplets lie just 2.54 and 2.25
kcal/mol, respectively, above the singlet state at their respective equi-
librium geometries (which are qualitatively very similar to that of
the singlet). Most of the FPD calculations then proceeded assuming
a 1A1 ground state for ThAu2, but subsequent X2C-mmf-EOM-
CCSD calculations with the DCG Hamiltonian demonstrated that
SO coupling was sufficient to yield a triplet ground state for ThAu2.

FIG. 3. Lowest energy isomeric structures (thorium in blue, gold in yellow, oxygen
in red, and hydrogen in gray).
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TABLE I. CCSD(T) equilibrium geometries (Å and deg.) and CCSD(T) harmonic frequencies (cm−1) of the molecules of this work.a,b

C2v/D∞h ThAu2 (1A1) ThAu2
− (2Δg)

r(ThAu) 2.7510 2.8845
θ 136.58 180.00
ωi 166 (b2), 121 (a1), 21 (a1) 137 (b1u), 89 (ag), 8 (b2u), 8 (b3u)

Cs ThAu2O (1A′) ThAu2O− (2A′)
r(ThO) 1.8693 1.8959
r(ThAu) 2.8065 2.9185
θ(AuThO) 113.41 109.88
ϕ(AuOThAu) 132.19 130.07
ωi 824 (a′), 161 (a′′), 127 (a′), 119 (a′′), 55 (a′), 25 (a′) 780 (a′), 138 (a′′), 109 (a′), 90 (a′′), 72 (a′), 22 (a′)

C1
c ThAuOH (1A) ThAuOH− (2A)

r(ThO) 1.8729 1.9028
r(ThAu) 2.8081 2.9443
r(ThH) 2.1221 2.1841
θ(AuThO) 112.61 111.18
θ(HThAu) 106.96 112.68
ϕ(OAuThH) 117.21 118.76
ωi 1454, 822, 472, 226, 142, 79 1281, 770, 374, 242, 119, 88

Cs ThAuOH (1A′) ThAuOH− (2A′)
r(ThO) 2.0703 2.1216
r(ThAu) 2.7808 2.9530
r(OH) 0.9598 0.9564
θ(AuThO) 134.76 165.65
θ(ThOH) 162.59 169.18
ωi 3880 (a′), 627 (a′), 383 (a′), 346 (a′′), 137 (a′), 78 (a′) 3922 (a′), 563 (a′), 326 (a′), 320 (a′′), 102 (a′), 50 (a′)

aStructures calculated with aVTZ basis sets except for ThAu2/ThAu2
− , which used aVQZ. Harmonic frequencies were calculated with aVDZ basis sets except for

ThAuOH/ThAuOH− , which used aVTZ.
bSee also Fig. 3.
cThe C1 isomers are the ground states of ThAuOH and ThAuOH− .

Combining the SO effect on the state splitting at the EOM-CCSD
level with the vertical triplet–singlet splitting at the CCSD(T)/aVTZ
level of theory yields a singlet–triplet correction of −1.43 kcal/mol
(−0.06 eV). The ground state of the anion has a linear equilibrium
geometry with a Th–Au bond length that has lengthened by 0.134 Å
upon electron attachment. Relative to the closed-shell 1A1 state of
the neutral, the additional electron occupies the degenerate 6dδ
orbital on the Th atom, yielding a 2Δg ground state. Inclusion of
SO coupling results in an Ω = 3/2 ground state (the Ω = 5/2 state
lying ∼6.6 kcal/mol or 0.29 eV higher in energy at the AoC-DHF
level of theory with the DCG Hamiltonian). The results of the FPD

treatment for both the adiabatic EA (EA0) and VDE are shown in
Table II. It can be noted that correlation of the outer-core elec-
trons has a non-negligible effect on the EAs, decreasing EA0 and
VDE by 0.8 and 0.6 kcal/mol, respectively. Including the effects
of spin–orbit coupling increases both values by about 4 kcal/mol
(0.17 eV). The final FPD value for the adiabatic EA, 29.5 kcal/mol
(1.28 eV), which is relative to the triplet ground state of ThAu2, is in
excellent agreement with experiment (1.30 eV).

For ThAu2
−, the calculation of the VDE is complicated by

the fact that the lowest state of neutral ThAu2, even at the linear
anion geometry, is a 3Δ1g state and not the 1Σ+0g state. At the scalar

TABLE II. Contributions (in kcal/mol) to the FPD adiabatic electron affinity, EA0, and VDE of ThAu2. Values in parentheses
are in eV.

aVQZ ΔCBS ΔCV ΔQED ΔSO Δ(triplet)a ΔZPE FPD Expt.b

EA0 27.37 +0.14 −0.81 +0.22 +3.91 −1.43 +0.10 29.49 (1.28) (1.30)
VDE 31.46 +0.29 −0.60 +0.14 +4.15 −1.90 ⋅ ⋅ ⋅ 33.55 (1.45) (1.53)
aSinglet–triplet excitation energy using CCSD(T)/aVTZ and X2C-mmf-EOM-CCSD since the rest of the FPD calculations
assumed a singlet ground state for ThAu2 . See the text.
bThis work.
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TABLE III. Electronic excited states of ThAu2 calculated at the X2C-mmf DCG-EOM-
CCSD level of theory using the linear ThAu2

− CCSD(T)/aVQZ equilibrium geometry.
Values are in eV.

Ω State dE VDE Ω state dE VDE

(1) 1g 0.00 1.45a (1) 2u 1.768 3.223
(1) 2g 0.15 1.60a (1) 3u 1.853 3.308
(1) 0g 0.23 1.68a (1) 0u 1.904 3.359
(1) 3g 0.38 1.84 (1) 1u 1.949 3.404
(2) 0g 0.84 2.30 (2) 2u 1.969 3.424
(3) 0g 0.87 2.32 (2) 0u 2.023 3.478
(2) 1g 0.90 2.36 (2) 1u 2.099 3.554
(2) 2g 1.12 2.58 (3) 0u 2.336 3.790
(3) 1g 1.24 2.70 (3) 2u 2.380 3.835
(3) 2g 1.33 2.78 (3) 1u 2.401 3.856
aPresumably strong features in the PES since these correspond to 1-electron excitations
from the anion ground spin–orbit state. See the text.

relativistic DKH3-CCSD(T)/aVTZ level of theory, the 3Δg state lies
above the 1Σ+g state by 1.99 kcal/mol, but including spin–orbit cou-
pling as the difference between X2C-mmf EOM-CCSD with DCG
and SF Hamiltonians favors the Ω = 1g state over the 0g spin–orbit
state by 3.89 kcal/mol, yielding a final singlet–triplet separation at
the anion geometry of −1.90 kcal/mol or −0.08 eV (the triplet being
lower). As shown in Table II, this results in a final FPD VDE of
33.6 kcal/mol (1.45 eV), which is in very good agreement with the
experimental result (1.53 eV) extracted from the spectrum shown in
Fig. 2. The full results of the X2C-mmf DCG-EOM-CCSD calcula-
tions at the anion geometry are shown in Table III. Except for the
lowest Ω = 0g state, all of the excited states are dominated by a sin-
gle excitation from the highest occupied MO of closed-shell ThAu2,
which is predominately Th 7s in character. As shown in Table III,
there are many even (g) parity states that might contribute to the
PES, particularly the lowest Ω = 1g, 2g, and 0g states that arise from
the 3Δg and 1Σg

+ states, respectively. These first 3 Ω states are related
to the anion Ω = 3/2 ground electronic state by just a single electron
detachment from the 7s orbital and as such might be expected to
have relatively strong intensity. (The next excited state of the neu-
tral, the Ω = 3g, would arise from electron detachment from the SO
excited 2Δ5/2 state of the anion.) From these calculations though, it
is not clear which of these gerade states could be assigned to the PES
feature marked “A” at about 2.7 eV. The first ungerade state lies at a
VDE of about 3.2 eV.

b. ThAu2O/ThAu2O−. As seen in Fig. 3, the equilibrium
geometries of the ThAu2O and ThAu2O− molecules have a pyrami-
dal structure with a central Th atom, corresponding to Cs symmetry.

The neutral molecule has a closed-shell MO configuration, and the
ground electronic state of the anion involves the attachment of the
electron into an MO localized on Th with predominately Th 7s char-
acter with contributions from the Th 6d and 7p orbitals. As shown
in Table I, the largest change in the ThAu2O structure upon elec-
tron attachment is in the Th–Au bond length, which lengthens by
0.112 Å. The other internal coordinates only involve minor changes.
Table IV shows the FPD results for EA0 and the VDE. In this case, all
of the FPD contributions on top of the FC-CCSD(T)/aVQZ values
are relatively small. The largest is the effect of including SO cou-
pling, but even this is just −0.90 and −0.59 kcal/mol for the EA0 and
VDE, respectively. This is not surprising since the additional elec-
tron occupies primarily a Th 7s orbital. The final FPD result for the
EA0 is 31.3 kcal/mol (1.36 eV), which is in excellent agreement with
the experimental value of 1.35 eV. The VDE obtained by FPD, 35.1
kcal/mol (1.52 eV) is, however, lower than the experimental result
(1.65 eV) by 0.13 eV. In regard to the features A and B shown in the
spectrum of Fig. 2, it is not clear at present what these might corre-
spond to. The results of EOM-CCSD calculations on ThAu2O (at the
anion geometry) show the first two excited states to be triplets and
lie about 3 eV above the ground state. The corresponding singlets are
higher in energy by about another 0.1 eV. These excitation energies
correspond to detachment energies of 4.5 eV and above, which are
far above the highest energy portion of the measured PES. A search
for alternative structures of the anion that might explain the features
at higher binding energies was also attempted but was unsuccessful.
Other reasonable clusters having a m/z coincidence with ThAu2O−

were also ruled out.

c. ThAuOH/ThAuOH−. Initial work on ThAuOH/ThAuOH−

assumed a bent molecule with a central Th atom in analogy to bent
ThF2 (or ThAu2). A planar structure with Cs symmetry was readily
found, and its structural parameters are given in Table I. As in the
ThAu2 case, the closed-shell neutral molecule has a highest occupied
molecular orbital (HOMO) that is primarily Th 7s in character. The
anion is formed by attaching an electron in a Th 6d orbital, yielding a
2A′ electronic state. As in the previous cases considered in this study,
the largest change in the neutral structure upon electron attach-
ment is in the Th–Au bond length, which lengthens by 0.172 Å.
Some lengthening of the Th–O distance is also observed, 0.051 Å,
and the Au–Th–O bond angle opens up by about 30○. As shown
in Table V, the calculated EA0 value is smaller than that of ThAu2,
but the FPD contributions are rather similar with outer-core corre-
lation decreasing the EA by about 1 kcal/mol and SO increasing it by
about 3. The final FPD result for EA0, 20.4 kcal/mol (0.89 eV), is in
good agreement with the experimental result of 0.80 eV. The calcu-
lated VDE of 24.6 kcal/mol (1.06 eV) is also in very good agreement
with the experimental value of 1.03 eV. Both of these results seem

TABLE IV. Contributions (in kcal/mol) to the FPD adiabatic electron affinity, EA0, and VDE of ThAu2O. Values in parentheses
are in eV.

aVQZ ΔCBS ΔCV ΔQED ΔSO ΔZPE FPD Expt.a

EA0 32.40 −0.02 −0.30 −0.06 −0.90 +0.14 31.26 (1.36) (1.35)
VDE 35.37 +0.12 +0.38 −0.16 −0.59 ⋅ ⋅ ⋅ 35.12 (1.52) (1.65)
aThis work.
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TABLE V. Contributions (in kcal/mol) to the FPD adiabatic electron affinity, EA0, and VDE of ThAuOH as well the 0 K
isomerization energy of ThAuOH− (ΔEisom). Values in parentheses are in eV.

Isomera aVQZ ΔCBS ΔCV ΔQED ΔSO ΔZPE FPD Expt.b

C1 EA0 29.58 −0.04 −0.18 −0.04 +0.42 +0.46 30.21 (1.31)
VDE 32.12 +0.09 +0.44 −0.11 +0.69 ⋅ ⋅ ⋅ 33.23 (1.44) (1.43)

Cs EA0 17.96 +0.10 −1.16 +0.24 +3.04 +0.24 20.41 (0.89) (0.80)
VDE 21.64 +0.23 −0.90 +0.20 +3.37 ⋅ ⋅ ⋅ 24.55 (1.06) (1.03)

ΔEisom 39.07 +0.41 +0.44 +0.30 −2.24 +3.44 41.43 (1.80)
aSee Fig. 3. The C1 isomer is in the ground state.
bThis work.

to accurately account for the feature marked X in the spectrum of
Fig. 2.

In regard to features A and B of the PES shown in Fig. 2,
excited states of the Cs form of ThAuOH were calculated at
the CCSD(T)/aVTZ equilibrium geometry of the anion using the
X2C-mmf-EOM-CCSD level of theory. These results are shown
in Table VI. Without the inclusion of SO coupling, the low-lying
excited states are composed of various singlets and triplets, all of
which originate from an excitation from the HOMO of the neu-
tral that has primarily Th 7s character. It is easily seen that the
near-linear structure used in these calculations leads to many excited
states that are nearly degenerate. The first excited state is calculated
to be a 3A′′ state and lies within 0.2 eV of the singlet ground state.
The next state, a 1A′′ state, is separated by 1 eV, and then, there are
many singlet and triplet states separated by only a few tenths of an
eV. With the inclusion of SO coupling, one of the components of
the lowest 3A′′ state is now isoenergetic with the closed-shell 1A′

state. The next two components of the triplet lie within 0.14 and
0.35 eV of the SO ground state. As in the SF case, the next states
then begin about 1 eV higher in energy and are all relatively closely

TABLE VI. EOM-CCSD (X2C-mmf) excited electronic states (in eV) for the Cs isomer
of ThAuOH at the anion geometry.

Without SO With SO

State dE VDE State dE VDE

1A′ 0.00 1.06 1 0.00 1.06
3A′′ 0.16 1.22 2a 0.00 1.07
3A′ 0.16 1.22 3 0.14 1.20
1A′′ 1.16 2.22 4 0.35 1.41
1A′ 1.16 2.23 5 1.20 2.27
3A′′ 1.42 2.48 6 1.33 2.39
3A′ 1.45 2.52 7 1.37 2.43
1A′′ 1.58 2.64 8 1.59 2.65
1A′ 1.61 2.68 9 1.69 2.75
3A′′ 2.16 3.22
3A′ 2.16 3.22
3A′′ 2.22 3.28
3A′ 2.24 3.30
aThis state corresponds to the closed-shell reference state.

spaced. Referring to the PES of Fig. 2, the width of peak X can now be
attributed, in part, to the contributions from up to three electronic
states. Peak A could be due, in part, to the excited state with a VDE
of 1.4 eV. It is not clear what peak B could be attributed to except
perhaps high-lying excited states of ThAuOH.

The relatively large intensity of peak A, however, is difficult
to easily rationalize. This led to a search for alternative structures,
which led to the C1 symmetry molecule shown in Fig. 3, which
has a central Th atom bonded directly to Au, O, and H. For this
isomer, which like ThAu2O is also formally a Th(IV) species, the
anion is formed by attaching an electron to the empty Th 7s orbital
of the closed-shell neutral. From the structural parameters given
in Table I, electron attachment again leads to large changes in the
Th–Au distance (+0.136 Å) and modest elongation of the Th–O
distance (+0.030 Å). Most importantly, as shown in Table V, the
C1 isomer of the anion is more stable than the Cs form by 41.4
kcal/mol (1.80 eV). As also shown in Table V, the electron affinity
is slightly larger for the C1 isomer as compared to the Cs one. Just
as in ThAu2O, all the contributions beyond the FC CCSD(T)/aVQZ
values are relatively small. The FPD result for the EA0, 30.2 kcal/mol
(1.31 eV), and the VDE, 33.2 kcal/mol (1.44 eV), seem to be good
matches for peak A in the PES of Fig. 2. The relatively large intensity
could be due to the higher population of the C1 form relative to the
Cs isomer (since it is significantly more stable) but also due to excited
state contributions from the latter isomer as mentioned above. In
addition, as in the ThAu2O case, excited states arising from the C1
isomer are not predicted to play a role in the PES of Fig. 2 since the
first excited state (at the anion geometry) is calculated to lie 3.0 eV
above the electronic ground state (without SO), which corresponds
to a VDE of about 4.5 eV.

2. Thermochemistry
Atomization energies at 0 K (AE0s) have been calculated with

the FPD method for the neutral molecules of this work to pro-
vide additional insights into their bonding. These results, including
the breakdown of the FPD contributions, are shown in Table VII.
Most of the contributions are relatively large, particularly the effects
due to the CBS extrapolation (∼3 kcal/mol), outer-core correlation
(∼5.5 kcal/mol), and SO coupling (∼6.5 kcal/mol). The contribu-
tion due to the Lamb shift is calculated to be particularly large for
ThAu2, −1.4 kcal/mol, which is about twice as large as the value
calculated for ThAu2O. Generally, this quantity is larger when the
change in valence s-orbital occupation is large, which naively would
point toward a larger value for ThAu2O compared to ThAu2 (see
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TABLE VII. Calculated contributions to the FPD 0 K atomization energies (AE0s) and resulting heats of formation (all in
kcal/mol).

Species aVQZ ΔCBS ΔCV ΔQED ΔSO ΔZPE AE0 Hr (298–0)a ΔHf (298 K)

ThAu2 153.82 +0.83 +5.64 −1.38 −5.83 −0.44 154.1b +0.67 165.3
ThAu2O 358.55 +2.95 +6.31 −0.71 −7.12 −1.87 358.1 +1.30 20.2
ThAuOH (C1) 347.78 +2.87 +4.17 −0.12 −6.68 −4.57 343.5 +2.25 −2.1
aThermal correction to the atomization energy.
bThis also includes a +1.43 kcal/mol contribution from the singlet–triplet splitting. See the text.

Sec. III). Confirmation of the present results with a more rigor-
ous treatment would be very interesting. The final FPD atomization
energy for ThAu2, 154.1 kcal/mol, which includes a correction for
the triplet ground state (see above), is nearly half the AE0 value of
ThF2.67 Curiously, the AE0 value calculated for ThAu2O is nearly
identical to the sum of the experimental ThO bond dissociation
energy (207.6 kcal/mol)68 and the ThAu2 atomization energy. Uti-
lizing experimental heat of formation values for the elements (see
Sec. II B), heats of formation at 298 K have been calculated and are
also shown in Table VII. The atomization energies have estimated
uncertainties of ±3 kcal/mol, while the heats of formation are esti-
mated at ±4 kcal/mol due to the uncertainty in the experimental heat
of formation of atomic Th (±1.4 kcal/mol).58

3. Electronic structure analysis
Table VIII lists the atomic charges for all the molecules of the

present work from natural population analysis. The neutral species
are characterized by a positively charged Th atom (between +0.95
and +2.4) with all other atoms negatively charged. In these cases, the
charge on Au is about −0.5, while that of O is generally −1.3. In the
C1 isomer of ThAuOH, the H atom is strongly negative with a charge
of −0.6. In the anions, the extra electron is localized on Th, so this
reduces the positive charge on Th by 0.6 (ThAu2O) to 0.8 (ThAu2).
The remaining additional negative charge is distributed over the Au
and O atoms, although preferentially more on the Au atoms.

The bonding given by NBO analysis is given in Tables IX–XI
for ThAu2, ThAu2O, and ThAuOH (C1), respectively. The bonding
NBOs of ThAuOH (C1) are shown in Fig. 4 as representative exam-
ples. In all three cases, full sets of 5d lone pairs (10 for ThAu2 and
ThAu2O and 5 for ThAuOH) are not shown but are also present on
the Au atoms. As shown in Table IX for ThAu2, two σ-type NBOs
arise from couplings of Th 7s and 6d natural atomic orbitals (NAOs)

TABLE VIII. Natural charges of ThAu2, ThAu2O, and ThAuOH and their anions.

Species Th Au O H

ThAu2
a 0.953 −0.477

ThAu2
− 0.129 −0.565

ThAu2O 2.289 −0.517 −1.255
ThAu2O− 1.668 −0.661 −1.347
(C1) ThAuOH 2.391 −0.520 −1.247 −0.624
(C1) ThAuOH− 1.729 −0.695 −1.348 −0.686
(Cs) ThAuOH 1.340 −0.564 −1.296 0.520
(Cs) ThAuOH− 0.561 −0.760 −1.293 0.492
aThese results are for the singlet state of ThAu2 .

with Au 6s and 5d. The two Th NAOs mix, along with some 7p
and 5f character, to form two 6d-rich hybrids (71%) directed toward
Au. The Au 7s NAOs remain essentially unhybridized and combine
with the Th hybrids to form two σ bonds that are strongly polarized
toward the Au atoms with percent ionicities of 58%. The third hybrid
on Th is an s-rich (68%) lone pair that arises from mixing the Th 7s
and 6d NAOs. For the negative ion, the additional electron occu-
pies an unhybridized 6d orbital on Th and the Th lone pair remains
essentially unchanged. The σ bonds become only slightly less d-rich
(66%) compared to those of the neutral (71%) with a very similar
percent ionicity (55%).

The NBO analysis of the Lewis structure for ThAu2O shown in
Table X consists of one Th–Au bond and three Th–O bonds. The
σ bond between Th and Au arises from a hybrid on Th consisting
primarily of 7s and 6d NAOs in nearly equal amounts with essen-
tially an unhybridized 6s orbital on Au. This bond is slightly more
strongly polarized toward Au than in the ThAu2 case, as judged by
the percent ionicity, 63%. The three bonds between Th and O arise

TABLE IX. NBOs of the Lewis structure for 1A1 ThAu2.a

Th hybrid (A) Au/O hybrid (B)

NBO occ Energy % ion cA % s % p % d % f cB % s % p % d

nTh 1.994 −0.215 1.000 68 2 30 0
σThAu 1.963 −0.349 58.1 0.458 15 9 71 4 0.889 91 0 9
aThere are also ten lone pairs corresponding to the Au 5d orbitals at energies around −0.46 a.u. Columns include orbital type,
occupancy, energy (in au), percent ionicity (=cB

2
− cA

2), polarization coefficients (cA and cB), and percent hybrid character.
Bonding NBOs are superpositions of hybrid pairs, ΩAB = cAhA + cBhB .
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TABLE X. NBOs of the Lewis structure for 1A′ ThAu2O.a

Th hybrid (A) Au/O hybrid (B)

NBO occ Energy % ion cA % s % p % d % f cB % s % p % d

σThAu 1.969 −0.332 62.6 0.4323 38 7 49 6 0.9017 93 1 6
πThO 1.983 −0.468 81.6 0.3033 0 1 61 37 0.9529 0 99 1
πThO 1.999 −0.485 77.6 0.3344 0 0 73 26 0.9424 1 99 1
σThO 1.995 −0.816 69.9 0.3877 2 6 63 29 0.9218 23 76 1
aThere are also ten lone pairs corresponding to the Au 5d orbitals at energies around −0.46 a.u. The 2s lone pair on O is at
−0.92 a.u. Columns include orbital type, occupancy, energy (in a.u.), percent ionicity (=cB

2
− cA

2), polarization coefficients (cA

and cB), and percent hybrid character. Bonding NBOs are superpositions of hybrid pairs, ΩAB = cAhA + cBhB .

TABLE XI. NBOs of the Lewis structure for 1A ThAuOH (C1).a

Th hybrid (A) Au/O hybrid (B)

NBO occ Energy % ion cA % s % p % d % f cB % s % p % d

σThAu 1.987 −0.334 61.3 0.4398 47 5 44 4 0.8981 92 1 7
σThH 1.990 −0.409 62.6 0.4323 25 2 63 10 0.9017 100 0 0
πThO 1.998 −0.476 78.0 0.3314 1 0 73 26 0.9435 1 99 1
σThO 1.990 −0.589 73.6 0.3635 2 4 65 29 0.9316 15 84 1
πThO

b 1.990 −0.688 76.6 0.3418 1 2 68 28 0.9398 8 91 1
aThere are also five lone pairs corresponding to the Au 5d orbitals at energies around −0.46 a.u. Columns include orbital type,
occupancy, energy (in a.u.), percent ionicity (=cB

2
− cA

2), polarization coefficients (cA and cB), and percent hybrid character.
Bonding NBOs are superpositions of hybrid pairs, ΩAB = cAhA + cBhB .
bThis hybrid has a mixture of both σ and π character.

from couplings of Th 6d and 5f NAOs with 2s and 2p NAOs of O.
The σ bond involves a d-rich (63%) hybrid on Th mixing with a p-
rich hybrid (76%) on O. The two π bonds also involve d-rich hybrids
on Th (61% and 73%) but mix with unhybridized 2p orbitals on O.
All three bonds are more strongly polarized toward the O atom com-
pared to the Th–Au bond, particularly in the case of the π bonds. In
the case of the anion of ThAu2O, the additional electron occupies
a Th s-rich (54%) hybrid lone pair orbital that arises from coupling
Th 7s, 7p (22%), and 6d (22%) NAOs. The other NBOs are similar to
those of the neutral except that the Th–Au s bond is a bit more rich
in d character (66%) compared to the neutral.

An NBO analysis of the bonding in the C1 isomer of ThAuOH
is shown in Table XI. A total of five bonds are formed, σ bonds
between Th, Au, and H with σ and π bonds between Th and O. In
this sense, the bonding is similar to ThAu2O. The s bond between Th
and Au is from the couplings of 7s and 6d NAOs on Th mixing with
primarily an unhybridized 6s on Au. The resulting hybrid on Th has
nearly equal parts of 7s (47%) and 6d (44%) with small contribu-
tions of 7p and 5f. Not surprisingly, the bond is polarized toward the
more electronegative Au atom with a percent ionicity of 61%. The
Th–H s bond involves a d-rich (63%) hybrid on Th mixing with the
1s of H. This bond is also very polarized toward H (% ionicity of
63%). Finally, the σ and π bonds between Th and O are very sim-
ilar to those described previously for ThAuO2 although one of the
bonds designated as π is actually a mixture of both σ and π character.
The unpaired electron in the negative ion of ThAuOH (C1) occupies
an s-rich (54%) lone pair orbital on Th with strong contributions
from p-type (24%) and d-type (19%) NAOs. The other NBOs are

very similar to those of the neutral except that the Th–Au and
Th–H σ bonds become more d-rich and more polarized away from
the Th.

4. Correspondence of Th–Au and Th–F species
As noted in the Introduction, it has been previously noted that

Au+ and Au can behave as analogs of O and halogens, respec-
tively. In order to investigate this further, DKH3-CCSD(T)/aVTZ
calculations have been carried out on the F-analogs of some
of the present molecules, i.e., ThF2/ThF2

−, ThF2O/ThF2O−, and
ThFOH/ThFOH−(C1). In each of these cases, the ground electronic
states were identical to the Au-analogs, and the equilibrium struc-
tures were remarkably similar outside of the expected shorter Th–F
bond compared to Th–Au. In regard to the equilibrium electron
affinities, the F-containing molecules have CCSD(T)/aVTZ EA val-
ues [ThF2: 17.1 kcal/mol, ThF2O: 28.8 kcal/mol, and ThFOH (C1):
26.4 kcal/mol] smaller than the analogous Au-containing ones (27.1,
32.5, and 29.7 kcal/mol for ThAu2, ThAu2O, and ThAuOH, respec-
tively) by 3–10 kcal/mol, with the largest difference observed for
ThF2. On inspection of the NBOs, the Th–O bonds in ThF2O
and ThFOH are nearly identical in character to those of ThAu2O
and ThAuOH. The Th–F bonds, however, are much more polar-
ized toward F in comparison to Au, and the hybrid orbitals on Th
involved in these σ-type bonds have substantial 6d and 5f charac-
ter with very little s or p contributions. This is particularly true for
ThF2 where the % ionicity of the σThF bond is 89.0% compared to
58.1% for σThAu, and the % of 5f character is 25% compared to just
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FIG. 4. Bonding NBOs of the ground state of ThAuOH (C1).

4% for the ThAu2 case. In the negative ion, ThF2
−, the addition of

the extra electron into a Th 6d orbital results in the bonding becom-
ing sufficiently ionic that no formal bonds were discovered in the
NBO analysis.

IV. CONCLUSIONS
The ThAu2

−, ThAu2O−, and ThAuOH− negative ions were
characterized both experimentally by anion photoelectron spec-
troscopy and by ab initio calculations based on relativistic coupled
cluster theory. Excellent agreement between experiment and theory
was observed, to within 0.02 eV, for the adiabatic electron affini-
ties (0 K from theory and the threshold EBE from experiment).
In particular, the spectrum of ThAuOH− was interpreted as aris-
ing from two isomers, one corresponding to Th(IV) and the other
(less stable) to Th(II). The bonds of Th to Au were calculated to be
fairly ionic but were not nearly as ionic as Th–F bonds, as indicated
by analogous calculations on the F-analogs of these three Au-
containing molecules. Atomization energies and heats of formation
were calculated for the neutral species using the same composite rel-
ativistic coupled cluster methodology as the EAs, yielding expected
accuracies of 3–4 kcal/mol.
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