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ABSTRACT: The observation and characterization of the anions: EA(eV)

Th,07, ThyAu™, and ThAuO, ,” is reported. These species were

studied through a synergetic combination of anion photoelectron ‘/‘\

spectroscopy and ab initio correlated molecular orbital theory 9 Jd

calculations at the CCSD(T) level with large correlation-consistent
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basis sets. To better understand the energetics and bonding in Th,0 Th,Au Th,AuO Th,AuO,
these anions and their corresponding neutrals, a range of smaller Expt.  1.30 134 1.38 1.25
diatomic to tetratomic species were studied computationally. Calc.  1.34 1.26 1.45 1.25

Correlated molecular orbital theory calculations at the CCSD(T)

level showed that in most of these cases, there are close-lying anions and neutral clusters with different geometries and spin states
and are consistent with the experimentally observed spectra. Thus, comparison of experimentally determined and computationally
predicted vertical detachment energies and electron affinities for different optimized geometries and spin states shows excellent
agreement to within 0.1 eV. The structures for both the neutrals and anions have a significant ionic component to the bonding
because of the large electron affinity of the Au atom and modest ionization potentials for Th,, Th,O, and Th,0,. The analysis of the
bonding for the Th—Th bonds from the molecular orbitals is consistent with this ionic model. The results show that there is a wide
variation in the bond distance from 2.7 to 3.5 A for the Th—Th bonds all of which are less than twice the atomic radius of Th of 3.6
A. The bond distances encompass bond orders from 4 to 0. There can be different bond orders for the same bond distance
depending on the nature of the ionic bonding suggesting that one may not be able to correlate the bond order with the bond
distance in these types of clusters. In addition, the presence of an Au atom may provide a unique probe of the bonding in such

clusters because of its ability to accept an electron from clusters with modest ionization potentials.

B INTRODUCTION

Most of the actinides have valence electrons residing in Sf-
orbitals, giving them chemical properties that are unlike those of
other families in the periodic table. The actinides can also have
multiple oxidation states, ranging from +2 to +7, leading to
diverse molecular geometries. Because of their electronic
configurations, the actinides are capable of bonding that is not
typically observed in transition metal chemistry. Bonding in the
actinides can often follow different trends, for example, bond
lengths decreasing with increasing atomic number.' This is the
result of the well-known actinide contraction, by which their Sf
orbitals become more stable (and more contracted) with
increasing atomic number.”* Also, whereas metal—metal bonds
are common among the d-block metals, very few such bonds
have been observed in the actinide series.” Even so, actinides can
form multiple covalent molecular bonds.”~” A better under-
standing of the electronic structure and bonding behavior of the
actinides is necessary in order to advance the development of
nuclear energy-related applications, generally and the manage-
ment of its resulting waste products, in particular.

Thorium is the second element in the actinide series with the
electronic configuration, [Rn]6d*7s?, with four valence elec-
trons. Because of the fact that it uses its 7s and 6d orbitals for
bonding, thorium’s chemistry often resembles that of the
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transition metals. Metal—metal bonds between thorium atoms
have been investigated extensively through quantum chemistry.
Straka and Pyykko performed a quasirelativistic density
functional (B3LYP) calculation on the HThThH molecule,
predicting that the IZg ground state has a triple Th—Th bond
with a bond length of 2.71 A.® In 2006, Th, was predicted to
have a quadruple bond character with a 3Ag ground state.®
Twelve low-lying excited states within an energy range of less
than 1 eV were predicted with the first excited 1Zg* state only
400 cm™' above the ground state. It was predicted that a
quadruple bond is present in both its ground and first excited
states. Also through computations, a variety of ligands have been
used to probe the Th—Th bond length in LThThL molecules [L
= CgHy,” C5(CH;)5,'? and NH;, PH;, PMes, PCys, PPh;, AsHj,
NHC, CO, and NO].* To date, the H;AsThThAsH; molecule
has been predicted to have the shortest Th—Th quadruple bond
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length (2.590 A).* Ligand substitutions can tune the Th—Th
bond order (BO) from quadruple (H;AsThThAsHj), to triple
(H;NThThNH;), to double (OCThThCO), and to single
(ONThThNO). Th—Th bonds confined in carbon cages have
also been modeled. Ge et al. predicted a stable Th(III)-based
dimetallofullerene, Th,@I;-Cygo, which consists of a Th,*" core
and an I;-Cg,*™ cage.11 The two remaining valence electrons in
the Th,®* core form open-shell, 2-fold, one-electron-two-center
bonds with the electronic configuration of (6d7s7p)s" (5f6d)7".
These authors further predicted that the Th—Th distance can be
changed from 3.803 to 2.843 A by replacing the I;-Cg, cage with
the I,-C4, cage. Correlated molecular orbital (MO) theory
calculations have been reported for ThO,, ThO,~, Th,0,, and
Th,0,."”

In sharp contrast to the relatively extensive computational
work on Th—Th bonding, experimental studies have been
scarce. The only molecule to have been synthesized with a direct
Th—Th bond appears to be the Th, molecule. This gas-phase
Th, dimer was gproduced by laser ablation and detected by mass
spectrometry.”” In 2015, it was studied in the gas phase via 2-D
fluorescence spectroscopy; there, the vibrational frequencies for
two of its electronically excited states (169 and 212 cm™) were
compared to that of the ground state (135 em™!)."* These
results suggest that Th, excited states have stronger Th—Th
bonds than its ground state.

In addition to metal dimer and ligand-supported molecules,
such as LMML (M = metal, L = ligand), heterometallic clusters
with three or more metals in close proximity also contain metal—
metal bonds."> Several examples of M,Au (M = metal, n > 2)
clusters with short metal—-metal bonds have been regorted,
these including those with M = Na,'° Ti,'” Cr,'® Cu,! Ag,20
Pt,*' and La, Y, and Sc.”* Nevertheless, despite the abundance of
data on these heterometallic clusters, the literature is moot on
M, Au species in which M = Th. In the present study, however,
we report the observation of the anions, Th,0~, Th,Au",
Th,AuO,~, and Th,AuO,”, in the gas phase. These anions were
characterized by time-of-flight mass spectrometry, anion
photoelectron spectroscopy, and ab initio electronic structure
calculations. The synergetic combination of anion photo-
electron spectroscopy and computations showed that Th—Th
metal—metal bonds are formed in all four of these species.
Additionally, this work revealed that the bonding character
between thorium and gold is significantly influenced by oxygen,
evolving from metallic toward ionic bonding when oxygen is
present.

B METHODS

Experimental Section. This work utilized anion photo-
electron spectroscopy (aPES) as its primary experimental tool.
The aPES technique 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,
hv = EBE + EKE, where hy, EBE, and EKE are the photon
energy, electron binding (photodetachment transition) energy,
and the electron kinetic energy, respectively. Our photoelectron
spectrometer, which has been described previously,”* consists of
an ion source, a linear time-of-flight (TOF) mass spectrometer, a
mass gate, a momentum decelerator, a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser for photodetach-
ment, and a magnetic bottle electron energy analyzer. Photo-
electron spectra were calibrated against the well-known
photoelectron spectrum of Cu™.**
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The anions of interest were generated using a pulsed-arc
(electric discharge) cluster ionization source (PACIS), which
has been described in detail elsewhere.”>*° This cluster anion
source has been used to generate a variety of bimetal cluster
anions.”” %! During PACIS operation, a 30 us long, 150 V
electrical pulse applied between a copper anode and the sample
cathode vaporizes the sample atoms. The sample cathode was
prepared in a nitrogen glove box, where the sample powder was
firmly pressed onto an aluminum rod. Both pure thorium
powder and a 3:1 Th/Au powder mixture were used in the
experiment. To prevent contact between the thorium powder
and air, a thin sacrificial layer of aluminum powder was pressed
onto the top of the sample layer. During operation of the PACIS
source and almost simultaneously with the firing of its electric
discharge pulses, ~150 psi of ultrahigh purity helium gas was
injected into the source’s discharge region through a pulsed
valve, these actions together result in the generation of a variety
of cluster sizes and compositions. The Th,O~ anions were
generated using a pure thorium powder sample, while the
thorium-gold-containing clusters anions were formed using a
thorium-gold mixed powder sample. The resulting plasma,
containing ions, neutrals, and electrons, was cooled as it
expanded through the PACIS source’s housing and nozzle. The
resulting anion mixture was mass analyzed by TOF mass
spectroscopy, after which the chosen mass-selected anion
compositions were photodetached and their resulting electrons
were energy analyzed.

Computational Methods. All cluster geometries were
initially optimized at the DFT level’” with the hybrid B3LYP
exchange correlation functional.”** The aug-cc-pVDZ basis
sets””*® were used for O, the cc-pVDZ-PP basis sets with
effective core potentials were used for Th,>”** and the aug-cc-
pVDZ-PP basis sets with effective core potentials were used for
Au.” Vibrational frequencies were calculated to confirm that the
structures were minima. These calculations were performed
using the Gaussian16 program system. "’

The DFT geometries were then used as starting points for
high accuracy coupled cluster theory with single and double
excitations with perturbative triples correction [CCSD-
(T)]*'** calculations to predict the structural characteristics
for the lower-energy isomers and the energetics. The aug-cc-
pVnZ basis sets were used for O, the cc-pVnZ-PP basis sets were
used for Th, and aug-cc-pVnZ-PP were used for Auforn=D, T,
and Q. These basis sets are abbreviated as an forn =D, T, and Q.
The CCSD(T) energies were extrapolated to the CBS limit by
fitting to a mixed Gaussian/exponential (eq 1)*¥*°

E(n) = Ecgg + A exp[—(n — 1)] + B exp[—(n — 1)*]

(1)
where n =2, 3, and 4 (DZ through QZ). Values obtained from
this procedure are denoted as CBS.

The lower-energy isomers were optimized at the CCSD(T) at
up to n = T, except for Th,AuO,”~ clusters, which were
optimized at n = D level. For the diatomics, a 7-point Dunham
expansion was used.””** The diatomic harmonic frequencies
(w,) and anharmonic constants (w x, ) were also calculated. The
thermodynamic properties were predicted using the CCSD(T)/
aT (or aD for the largest ones) optimized geometries at the
CCSD(T) level of theory including core-valence (CV)
correlation corrections with the aug-cc-pwCVnZ(O)/cc-
pwCVnZ-PP(Th)/aug-cc-pwCVnZ- PP(Au) basis sets for n =
D, T, and Q (abbreviated as awn for n = D, T and Q). The
calculations included the correlation of the valence electrons and
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Figure 1. The mass spectra of anions generated by PACIS when using (a) thorium powder and helium gas and (b) a 3:1 thorium-gold powder mixture

and helium gas.
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Figure 2. Photoelectron spectra of (a) Th,0~, (b) Th,Au™, (c) Th,AuO~, and (d) Th,AuO,~ measured with 3.49 eV photons. Lowest energy isomeric
structures are displayed for each species, with thorium in blue, gold in yellow, and oxygen in red. Calculated VDEs (eV) at the CCSD(T)/aT level for

each structure are indicated by colored bars.

the outer core electrons (5d, 6s, and 6p core—shell electrons for
Th, Ss, and Sp core—shell electrons for Au and the 1s core—shell
electrons of O).

Total atomization energies (TAEs or £D,) at 0 K were
calculated from the following expression (eq 2) with A referring
to the difference between the molecule (reactant) and the
atomic products for each energy component using aug-cc-
pwCVnZ(0O)/cc-pwCVnZ-PP(Th)/aug-cc-pwCVnZ-PP(Au)
basis sets for n = D, T, and Q and the CBS extrapolation

Z Dy = AEcps + AE;pp + AEgg (2)
Additional corrections to the CCSD(T)/CBS energy

(AE(gs) are necessary to reach chemical accuracy (+1 kcal/
mol). The unscaled vibrational frequencies from the B3LYP/aD

calculations were used to calculate the vibrational zero point
energies (ZPEs) for all the molecules except the diatomic where
the harmonic frequencies (®,) and anharmonic constants
(wex,) at the CCSD(T)/awQ level were used to calculate the
ZPEs. The atomic spin—orbit corrections were used to calculate
the spin orbit corrections of the molecules (AEg,) with the O
atom from Moore’s tables” (AEso(O) = 0 22 kcal/mol), and
the Th atom from Sansonetti and Martin® (AEso(Th) = 8.81
kcal/mol).

Heats of formation at 0 K were calculated by combining our
computed XD, values with the known enthalpies of formation at
0 K for the elements with AH;x(O) = 59.00 =+ 0.00 kcal/mol,
from the active thermochemical tables (ATcT),”'~ 53
AHjoc(Au) = 88 0 + 0.5 keal/mol,>* and AH;o(Th) = 143.9
+ 1.4 kcal/mol.>° Note that there is another value reported for
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Figure 3. Lowest energy isomeric structures. Thorium in blue, Gold in yellow, and Oxygen in red.

AH;o(Th) = 142.1 + 1.5 keal/mol.> Heats of formation at 298
K were calculated by following the procedures outlined by
Curtiss et al.”” using 1.3 kcal /mol thermal corrections for Au and
Th, respectively, and 1.04 kcal/mol thermal corrections for O.

The open-shell calculations were done with the R/UCCSD-
(T) approach where a restricted open shell Hartree-Fock
(ROHF) calculation was initially performed and the spin
constraint was then relaxed in the coupled cluster calcu-
lation.****~°° The CCSD(T) calculations were performed with
the MOLPRO 2018 program package.’*> The Natural
Population Analysis (NPA) results based on the Natural Bond
Orbitals (NBOs)**** using NBO7°>° are calculated using
MOLPRO 2018.

The calculations were done on our local UA Opteron- and
Xeon-based Linux computation clusters as well as on using
resources in the Molecular Sciences Computing Facility
(MSCF) in the Environmental Molecular Science Laboratory
(EMSL) at Pacific Northwest National Laboratory (PNNL) and
the DMC computer at the Alabama Supercomputer Center.

B RESULTS AND DISCUSSION

Experimental Results. Figure la presents the mass
spectrum of cluster anions generated using thorium metal
powder and helium expansion gas in a PACIS source. There, we
observe the anionic clusters: Th,0,_;7, Th,AlO_;7,
Th,Al,Oy_,~, and Th,Al;O™. Figure 1b shows the mass
spectrum of Th,Au-containing cluster anions made from a
thorium-gold powder mixture and helium expansion gas in a
PACIS source. There, one observes the Th,AuO,_," series, the
Th,AuCO,™ anion, and the Th,AuAlIC,;0,_3~ cluster anion
series. This mass spectrum is simplified by the fact that thorium
and gold each have only one naturally occurring isotope. The
contaminant elements: aluminum, carbon, and oxygen, seen in
these spectra originated from the surface of the cathode and the
surroundings in the PACIS source housing. Because there were
no mass-coincident species present at masses: 480, 661, 677, and
693 amu, these anions were identified as: Th,0~, Th,Au",
Th,AuO7, and Th,AuO,". Each of these was mass selected and
their photoelectron spectra measured using third harmonic
photons (355 nm, 3.49 eV/photon) from a Nd:YAG laser.

The photoelectron spectra of Th,O~, Th,Au™, Th,AuO~, and
Th,AuO,” are presented in Figure 2. The photoelectron
spectrum of Th,O~ [see Figure 2a] exhibits a peak with an
onset at EBE = 1.30 eV and an intensity maximum at EBE = 1.49
eV. An unresolved band has a shoulder ranging from EBE = 2.0
to 2.7 eV and a peak centered at EBE = 3.30 eV. The

photoelectron spectrum of Th,Au~, [see Figure 2b], exhibits a
peak with an onset at EBE = 1.34 eV and an intensity maximum
at EBE = 1.60 eV. The series of poorly resolved peaks beyond
EBE = 1.7 eV correspond to transitions from the ground state of
the anion to the various electronically excited states of the
Th,Au™ anion’s neutral counterpart. The photoelectron
spectrum of Th,AuO7, [see Figure 2c], displays a peak that is
centered at EBE = 1.59 eV. The fact that this peak is narrower
than the lowest EBE peak in the photoelectron spectrum of
Th,Au™ suggests that the geometric structures of Th,AuO™ and
Th,AuO are more similar to each other than are the geometric
structures of Th,Au™ and Th,Au. The second band in the
Th,AuO~ spectrum ranges from EBE = 1.85 eV to EBE = 2.0S
eV and reaches it maximum intensity at EBE ~2.0 eV. Beyond
EBE = 2.3 eV, a broad band appears that rises steadily attaining
its maximum intensity at EBE ~3.3 eV. The photoelectron
spectrum of Th,AuO, ™ [see Figure 2d] exhibits two broad peaks
with intensity maxima at EBE = 1.56 eV and EBE = 2.50 eV.

The vertical detachment energy (VDE) is the photodetach-
ment transition at which the Franck—Condon overlap between
the wave function of the ground state of the anion and that of the
ground state of its neutral counterpart is maximal. Thus, the
VDE value corresponds to the EBE value of the intensity
maximum of the lowest EBE peak. The VDE values of Th,07,
Th,Au™, Th,AuO™, and Th,AuO," are, therefore, 1.49, 1.60,
1.59, and 1.56 eV, respectively. The adiabatic (thermodynamic)
electron affinity (EA) is the energy difference between the
lowest energy state of the anion and the lowest energy state of its
neutral counterpart. When suflicient Franck—Condon overlap
exists between v = 0 of the anion and v' = 0 of its neutral
counterpart (the origin transition) and there are no vibrational
hot bands (photoelectrons from vibrationally excited anions)
present, the EA value corresponds to the EBE value at the
intensity threshold of the lowest EBE peak or band. We have
assigned EA values by extrapolating the low EBE side of the
lowest EBE bands to zero. The EA values for Th,O, Th,Au,
Th,AuO, and Th,Au0, are, therefore, 1.30, 1.34, 1.38, and 1.25
eV, respectively. The EA values of these four species, as well as
their VDE values, are relatively similar to one another.

Computational Results. A variety of structures and spin
states were examined for the anions: Th,Au™, Th,AuO~, and
Th,AuO,™ and their corresponding neutrals. In addition, we also
predicted the properties of Th,, ThAu, ThAuO, ThAuO,, AuO,
AuO,, Th,0, Th,0,, and ThO, and their anions for comparison
as well as the EAs of atomic Th and Au. Selected low-energy
structures are shown in Figure 3.
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Table 1. Relative Energies of Th,Au and Th,Au™ in kcal/mol at Different Levels of Theory”

CCSD(T)/aD  CCSD(T)/aD  CCSD(T)/aT
isomer B3LYP/aD (sp) (opt) (sp)

*ThyAu (C,,) 134 02 0.0 0.0
*Th,Au (C,,) 112 1.1 1.3 2.9
*ThyAu (C,,) 10.4 3.6 6.1
*Th,Au (Cg,) 0.0 0.0 0.1 0.2
*ThyAu (C,) 11.8 20.8
*ThyAu (D) 67.2
"Th,Au™ (C,,) 1.6 0.0 0.0 0.0
3ThyAu™ (Cy,) 5.8 2.9 3.5
SThyAu™ (Cy,) 4.7 3.0 2.1
'Th,Au~ 0.0 1.7 2.6 1.1

(Ceor)
3Th,Au™ 0.3 3.7 2.3

(Coor)
"ThyAu™ 52.9

(Do)

CCSD(T)/aT  CCSD(T)/aQ
(opt) (sp) CCSD(T)/CBS CCSD(T)/awD/T/Q/CBS"
0.0 0.0 0.0 0.0/0.3/0.6/0.7
0.4 0.7 0.8 0.0
0.0 0.0 0.0 0.0
11 0.4 0.0 3.1/2/1/1.2/0.6

“sp = single-point calculations (no geometry optimization); opt = geometry optimization. “CCSD(T)/aT optimized geometries were used.

Table 2. Relative Energies of Th,AuO, Th,AuO~, Th,Au0Q,, and Th,Au0O," in kcal/mol at Different Levels of Theory”

CCSD(T)/aD CCSD(T)/aD
isomer B3LYP/aD (sp) opt) CCSD(T)/aT” CCSD(T)/aQ CCSD(T)/CBS CCSD(T)awD/T/Q/CBS*

ThyAuO/Th,AuO™~

>Th,AuO (C,,) 4.1 0.7 0.3 0.0 0.0 0.0 0.5/0.0/0.0/0.0

*Th,AuO (C,,) 0.0 0.0 0.0 1.7 3.0 3.8 0.0/0.6/1.7/2.3

'Th,AuO~ (C,,) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3Th,AuO™ (C,,) 3.1 3.8 4.8 3.6 24 1.7 5.6/5.6/4.3/3.4
Th,Au0O,/Th,AuO,~

>Th,Au0, (C,) (1) 0.0 0.0 0.0

*Th,Au0, (C,) (1) 18.1 22.1 224

2Th,Au0, (C,) (2) 21.0 21.0 21.0

*Th,Au0, (C,) (2) 23.1 28.6 27.6

'Th,Au0,” (C,) (1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

'Th,Au0,” (C,) (2) 6.8 3.8 3.9 4.0 4.1 4.2 24/2.9/3.7/42

3Th,Au0,” (C,) (1) 8.0 132 12.6

3Th,Au0,” (C,)) (2) 23.2 224 21.8

“sp = single-point calculations (no geometry optimization); opt = geometry optimization. bccsD(T)/aT (opt) for Th,AuO and CCSD(T)/aT
(sp) for Th,AuO,. “CCSD(T)/aT optimized geometries were used for Th,AuO and CCSD(T)/aD optimized geometries were used for Th,AuO,.

Table 3. Th,O and Th,0~ Relative Energies in kcal/mol at Different Levels of Theory”

isomer B3LYP/aD  CCSD(T)/aD (opt) ~ CCSD(T)/aT (opt)  CCSD(T)/aQ  CCSD(T)/CBS  CCSD(T)/awD/T/Q/CBS”
3Th,0 (C,,) 0.0 0.0 0.0 0.0 0.0 0.0
STh,0 (C,,) 2.5 22 12 0.5 0.0 1.7/2.2/1.4/0.8
'Th,0 (C,,) 7.4 4.4 4.1 4.0 3.8 4.4/4.1/4.1/4.0
3Th,0 (C,) (ThThO) 25.3
2Th,0™ (C,,) 0.0 0.0 0.0 0.0 0.0 0.0
*Th,0™ (C,,) 0.4 2.0 3.0 3.5 3.9 2.2/3.0/3.4/3.7
°Th,0™ (C,,) 16.5 20.6 (sp) 21.6 (sp)

“sp = single-point calculations (no geometry optimization); opt = geometry optimization. bcesD(T /aT optimized geometries were used.
P gle-p g ry op pt =g ry op P g

Geometries and Isomer Energies. Relative energies of
various isomers and in different spin states are given in Tables
1—4. The optimized geometric parameters for the Th—Th
bonds are given in Table S with the remaining data in the
Supporting Information.

Th,AuQg_,. Th,Au and its anion have a complicated set of
states and geometries. The lowest energy state for ThyAu™ is
either 'A; in C,, symmetry or the linear singlet ThThAu; these
two isomeric structures being different by less than 1 kcal/mol.

262

At the highest computational level, that is, CCSD(T)/CBS with
weighted core basis sets, the linear singlet is 0.6 kcal/mol above
the C,, singlet. The triplet and quintet states for the C,, isomer
are, at most, 3.5 kcal/mol higher in energy. The triplet state for
the linear ThThAu isomer is also close in energy. Thus, there will
be a significant number of species observed in the experiment,
which have comparably low energies.

For neutral ThyAu, there are again two very low-energy
doublet structures within 1 kcal/mol of each other. Linear

https://dx.doi.org/10.1021/acs.jpca.0c09766
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Table 4. Th, and Th,” Relative Energies in kcal/mol at Different Levels of Theory”

isomer

3Th, 0.0 0.5 0.0 0.0
Th, 3.8 0.0 0.3 0.5
Th, 11.8 59 9.2

*Th,~ 6.2 2.3 0.0 0.0
“Th,~ 0.0 6.8 3.8 3.6
°Th,~ 8.9 0.0 0.2 L5

“All CCSD(T)/aT optimized geometry.

B3LYP/aD CCSD(T)/aD CCSD(T)/aT CCSD(T)/aQ CCSD(T)/CBS

0.0
0.7

0.0
3.5
2.3

CCSD(T)/awD  CCSD(T)/awT CCSD(T)/awQ CCSD(T)/CBS

0.4 0.0 0.0 0.0
0.0 0.3 0.5 0.6
22 0.6 0.0 0.0
6.6 4.6 3.6 3.0
0.0 0.0 0.1 0.5

Table 5. Th—Th BO Analysis from NBO and MO Analysis

molecule r(Th—Th) (A) NBO BO MO BO
2ThyAu (C,,) 2.76S 348 3.5
>Th,Au (Cg,) 2.720 2.93 3.5
"Th,Au™ (C,,) 2.990 1.92 3.0
"Th,Au™ (Cg,) 2.773 2.92 4.0
>Th,AuO (C,,) 2.888 248 2.5
“Th,Au0 (C,,) 3.057 1.48 2.0
'Th,AuO~ (C,,) 3.443 0.97 1.0
3Th,AuO~ (C,,) 2972 1.98 2.5
*Th,Au0, (C,) (1) 3.383 0.00 0.0
'Th,Au0,” (C,) (1) 3.419 0.00 0.0
'Th,Au0,” (C,) (2) 3.342 0.00 0.0
3Th,0 (C,,) 3.324 0.50 2.0
STh,0 (C,,) 3.056 1.97 2.0
'Th,0 (C,,) 3.364 1.00 2.0
2Th,0™ (C,,) 3.170 1.48 2.5
*Th,0™ (C,,) 3.144 1.47 1.5
'Th,0, (C,;,) 3.350 0.00 0.0
’Th,0,” (C,,) 3.382 0.00 0.0
3Th, 2.694 4.00 4.0
'Th, 2.736 4.00 4.0
>Th,~ 2.683 4.50 3.5
*Th,~ 2.680 4.50 4.0
®Th,~ 2.782 3.50 4.0

ThThAu is 0.7 kcal/mol less stable than the C,, structure at the
CCSD(T)/CBS limit with weighted core basis sets. There are
also low-energy quartet and sextet states for the C,, isomer of the
neutral. Thus, the VDEs and the adiabatic EAs will be
complicated by the number of low-lying species in both the
neutral and its anion, as will the geometries of the various
species.

The Th—Th bond distances for Th,Au™ and Th,Au are given
in Table S (See Figure 3 for structures). For the C,, geometries
of both the anion and its neutral, the Th—Th bond length is very
sensitive to the apical angle at Au; a slight increase in the
£ThAuTh angle can lead to a significant increase in the Th—Th
bond distance. For the C,, geometry of the neutral, the Th—Th
bond distance increases as the spin state increases, but no such
trend is observed for the anion. For the linear ThThAu
geometry, the Th—Th bond distance decreases as the spin state
increases in its anion, whereas in its neutral, the Th—Th bond
distance increases as the spin state increases, although to a lesser
extent. The Th—Au bond distances are not strongly dependent
on spin states for both the anion and its neutral in all the isomeric
structures. The Th—Au bond distances are slightly longer in the
anionic structures compared to their corresponding neutrals.

The addition of a single oxygen atom to Th,Au leads to a wide
range of structures. The O atom can bridge the Th—Th bond,
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leading to different structures or it can add directly to a Th or Au
atom external to the ring of metal atoms. The lowest energy
structures all involve the O atom interacting with Th because the
interaction of O with Au would involve a very high-energy
species. This is consistent with the high bond energy for ThO at
208.5 kcal/mol"" and the much lower BDE (bond dissociation
energy) for AuO at 53.5 + S kcal/mol.>®> The lowest energy
structure for the anion is the singlet C,, structure with the O
atom bridging the Th—Th bond and with the Au atom bridging
Th—Th bond opposite to the O atom. The triplet is less than 6
kcal/mol higher in energy, depending on the level of the theory.
The lowest energy structure for the neutral is also a C,, structure
with the O atom bridging the Th—Th bond and the Au atom
bridging the same Th—Th bond opposite to the O atom. The
exact spin state depends on the level of the calculation with the
quartet slightly higher in energy than the doublet (<4 kcal/mol)
at the highest computational levels. The next higher energy
isomeric neutral doublet structure has the O atom bridging the
Th—Th bond and the Au atom binding only one Th atom. This
structure could not be optimized for the anion.

The addition of an O atom bridging the Th—Th bond does
not substantially change the geometry of the Th,Au core for the
neutral. Thus, Th—Au is essentially unchanged, and the Th—Th
bond is ~0.17 A longer in Th,AuO as compared to Th,Au. For
the anion, Th,AuO~, the Th—Au bond is ~0.11 A shorter and
the Th—Th bond is 0.45 A longer than for the corresponding
lowest energy Th,Au™ structure. As observed for Th,Au, the
Th—Th bond is the most sensitive to the Th—Au—Th angle as
well as the Th—O—Au angle. Thus, for the Th,AuO~, C,,
structure, as the Th—Au—Th and Th—O—Au angles decrease
from the lowest energy singlet to the triplet state, the Th—Th
bond shortens by 0.47 A, the Th—Au bond increases by 0.15 A,
and the Th—O bond stays almost the same. For neutral
Th,AuO, both Th—Au—Th and Th—O—Au angles increase
from the doublet to the quartet state and the Th—Th bond
increases by ~0.10 A, although both the Th—Au and Th—O
bonds change by less than 0.01 A.

Addition of a second oxygen atom to Th,AuO leads to the
formation of a Th,0, core with the Au now bonded to just one
of the Th atoms and no longer bridging them as in the lowest
energy structure. This structure for the anion is lower in energy
by 4 kcal/mol than the one with the Au atom bridging the two
Th atoms. For the neutral, the C, (1) structure with two ThOTh
bridges and the Au atom bonded to only one Th atom is clearly
the most stable structure. The structure with the Au atom
bridging both Th atoms, that is, C, (2), is more than 20 kcal/mol
higher in energy. For both anionic and neutral Th,AuO,
structures, the Th—Th bonds are much longer than predicted
for ThyAu and Th,AuO and are comparable to the Th—Th bond
in Th,AuO™. The Th—Th—Au angle for the lowest energy
Th,AuO, anion is almost linear, but in the corresponding
neutral, it bends to 138°. For the lowest energy anionic and
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Table 6. CCSD(T) Adiabatic EAs (eV) (AHy)
neutral anion aD/awD” aT/awT® aQ/awQ” CBS/CBS“ expt.

*Th,Au "Th,Au™ 1.35/1.36 1.26/1.32 1.23/1.28 1.22/1.26 1.34

2Th,AuO "Th,AuO™ 1.51/1.55 1.45/1.55 1.39/1.49 1.36/1.45 1.38

>Th,Au0, 'Th,Au0,~ 1.24/1.24 1.23/1.23 1.24 1.25 1.25

*ThAu SThAu~ 0.96/0.92 1.02/0.96 1.05/0.99 1.07/1.01

'Th,0, 2Th,0,~ 0.50/0.47 0.50/0.45 0.52/0.47 0.54/0.49

3Th,0 >Th,0~ 1.21/1.22 1.28/1.25 1.34/1.30 1.38/1.34 1.30

'ThO, *ThO,~ 1.20/1.22 1.17/1.19 1.17/1.19 1.18/1.19

2Au0O, 3Au0,” 3.35/3.32 3.42/3.40 3.47/3.46 3.50/3.49

'ThO *ThO~ 0.44/0.43 0.53/0.47 0.57/0.51 0.60/0.53

2Au0 1AuO~ 2.15/2.20 2.28/2.33 2.34/2.38 2.37/2.41 2.3740 + 0.0070%

3Th, 2Th,~ 0.72/0.70 0.77/0.74 0.80/0.76 0.82/0.77

3Th 4Th- 0.45/0.44 0.53/0.51 0.60/0.56 0.64/0.59 0.607690(60)°

2Au 1Au~ 2.09/2.19 2.17/2.26 2.21/2.29 2.23/2.30 2.30860 =+ 0.00070%
“Basis sets: cc-pVnZ-PP (Th), aug-cc-pVnZ-PP (Au), aug-cc-pVnZ (O)/aug-cc-pwCVnZ (O), cc-pwCVnZ-PP (Th), and aug-cc-pwCVnZ-PP

(Au).

neutral Th,AuO, structures, there are two different Th—O
bonds, a longer one to the Th atom, which binds the Au atom
and a shorter one, which links to the other Th atom.

Thorium Oxygen Species. For Th,0, we cannot determine
if the ground state is the triplet or the quintet because they have
essentially the same energy; they are less than 1 kcal/mol apart at
the CCSD(T)/CBS with weighted core basis set level of theory.
Furthermore, the singlet is only 4 kcal/mol higher in energy. For
the anion, the doublet is the ground state with the quartet being
4 kcal/mol higher in energy. The Th,O anion and neutral have
C,, symmetry with the O atom bridging the Th—Th bond. For
Th,07, the Th—Th bond distance is 3.17 A and Th—O—Th
angle is 97°; for Th,0, the Th—Th bond distance is 0.15 A
longer and the angle is 105°. The Th—Th bonds become shorter
as the Th—O—Th angle becomes smaller in going to the higher
spin states, this being the case for both anions and neutrals. The
Th—O bonds do not change as much as the Th—Th bond with
the spin state, and they are slightly shorter for the neutrals
compared to their corresponding anions.

While they were not studied experimentally in this work, it is
nevertheless instructive to consider the related anions, Th,0,~
and ThAuO,_,”, together with their neutral counterparts
computationally. The lowest energy Th,O,” anion and
corresponding neutral have two O atom bridges on the Th—
Th bond. The lowest energy Th,0,™ anion is a doublet state in
C,, symmetry with two shorter (2.07 A) and two longer (2.21 A)
Th—O bonds. The quartet spin state is 14 kcal/mol higher in
energy at the CCS(T)/aT level of theory. The lowest energy
neutral, Th,0,, has a C,;, symmetry with four equivalent Th—O
bonds of 2.11 A length each. The triplet state neutral is 20 kcal/
mol higher in energy at the CCS(T)/aT level of theory. The
Th—Th bond distance is 3.38 A for the lowest energy anion and
0.03 A shorter for the neutral.

The ThO,™ anion is a doublet in C,, symmetry with a Th—O
bond length of 1.95 A and an O—Th—O angle of 114° at the
CCSD(T)/aT level. The Th—O bond distances for the singlet
neutral ThO, are ~0.04 A shorter. ThO is predicted to be a
singlet and ThO™ is predicted to be a doublet. The bond
distance is predicted to increase from 1.85 A in the neutral to
1.89 A in the anion.

ThAuO,_,. The dimer anion ThAu~ is predicted to have a
triplet ground state, whereas neutral ThAu is predicted to be
have a doublet ground state. The ThAu~ singlet and quintet
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states are 10 and 13 kcal/mol, respectively, higher in energy. The
neutral ThAu quartet is about 6 kcal/mol higher in energy. The
bond distance is predicted to increase from 2.71 A in the neutral
to 2.82 A in the anion at the CCSD(T)/aQ level of theory. The
Th—Au bond for both the neutral and the anion is not
significantly dependent on the spin state, exhibiting changes less
than 0.02 A. The Th—Au bond distances in the anion and
neutral ThAu dimer are ~0.20 and ~0.30 A, respectively, these
being shorter than in the corresponding Th,Au structures.

The lowest energy structures of both the ThAuO™ anion and
its neutral are bent. They have C, symmetry, with Th serving as
the central atom and with Au binding to the ThO moiety. The
ThAuO™ anion is a ground state singlet, with its triplet state
residing at least 26 kcal/mol higher in energy. Neutral ThAuO is
a doublet ground state, with its other spin states sitting much
higher in energy. The Th—Au bond distance for the anion is 2.93
A, that is, ~0.13 A longer than for the neutral. The Th—O bond
distance is almost unchanged, that is, 1.89 A for the anion versus
1.86 A for the neutral. The Th—Au bond distances for ThAuO~
and ThAuO are 0.05 A longer and 0.21 A shorter than for the
corresponding Th,AuO~ and Th,AuO species. The Th—O
bond distances for both ThAuO™ and ThAuO are much shorter
than those of anionic and neutral Th,AuO structures, where an
O atom bridged both Th atoms; they are in fact similar to Th—O
bonds in ThO dimers.

ThAuO,™ has a singlet ground state in C,, symmetry and a
structure where an Au atom binds a ThO, -like molecule with an
O—Th—O angle of 121°. The neutral, lowest energy ThAuO,
isomer is a doublet in C; symmetry, with one of the O atoms
bridging the Th—Au bond and the other O atom bonding only
to Th. The ThAuO, isomer corresponding to the anion’s lowest
energy structure is about 8 kcal/mol higher in energy with an
O—Th—0 angle of ~144°. The Th—Au bond distance is 3.08 A
in the anion and ~0.1 A shorter in the neutral. The Th—O bond
distance for the anion is similar to the Th—O bond distance in
ThO,™.

Th, Dimer. The Th, dimer is complicated. The triplet is
predicted to be the ground state for the neutral, but the singlet is
only 0.6 kcal/mol higher in energy at the CCSD(T)/CBS level
with the weighted core basis sets. At our best computational
level, the CCSD(T)/CBS level with the weighted core basis sets,
the Th, ™ anion is predicted to be a doublet ground state with the
sextet and the quartet only 0.5 and 3.0 kcal/mol, respectively,
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higher in energy. At the CCSD(T)/aQ level of theory, triplet
Th, is predicted to have a bond distance of 2.69 A, which is 0.04
A shorter than in the singlet. For the doublet Th,™ anion, the
bond distance is 2.68, 0.01 A shorter than the bond distance in
the lowest energy ground state triplet neutral. The sextet Th,~
anion has a longer bond distance 0f 2.78 A, almost 0.10 A longer
than in the doublet anion ground state. The quartet anion is
predicted to have almost the same bond distance as the doublet
ground state.

Au Oxygen Species. AuO is predicted to have a singlet
ground state and AuO~ is predicted to be a doublet. The bond
distance in AuO~ is predicted to decrease to 1.88 from 1.89 A in
the neutral. AuO, is predicted to be linear with the doublet
clearly being the ground state at the CCSD(T) level of theory.
Its anion is a linear triplet with the singlet ~11 kcal/mol higher
in energy. The Au—O distance is predicted to decrease from 1.85
A in the anion to 1.80 A in the neutral.

Calculated EAs and VDEs. The adiabatic EAs are
summarized in Table 6 at the CCSD(T) level of theory with
the DFT/B3LYP values reported in the Supporting Information.
The calculated adiabatic EA for Th,Au is 0.08 eV lower than the
experimental value at the weighted core CCSD(T)/CBS level
and 0.12 eV lower without the weighted core basis sets at the
CCSD(T)/CBS level. The EA for Th,AuO is 0.07 eV higher
than the experimental value at the weighted core CCSD(T)/
CBSlevel and 0.02 eV lower without the weighted core basis sets
at the CCSD(T)/CBS level. The calculated CCSD(T)/CBS EA
for Th,AuO, is the same as the experimentally determined value.
The calculated adiabatic EA for Th,O at the CCSD(T)/CBS
level with and without weighted core basis sets is 0.04 and 0.08
eV, respectively, greater than the experimental values. The
agreement between computational and experimental values
confirms the spectral assignments of the adiabatic EAs.

As additional benchmarks of our approach, the experimental
EAs of AuO®” and Au®® are also known, with the calculated
values falling within 0.04, and 0.01 eV of the experimental values.
The calculated value for Th is within 0.01 eV of the recently
reported experimental value.”” This good agreement with
experiment further confirms that our calculated results should
be valid to better than +0.1 eV. Note that for “Th~, there are two
states very close in energy, (6dc)'(6d5)'(6dx)" and
(6d5)'(6drn)?* with the first one of these just 1.3 kcal/mol
higher in energy.

The VDE:s are given in Table 7. For Th,Au", the VDE values
are complicated by the similarity in the energies of the linear and
C,, isomers of the anion and by the fact that different spin states
in the neutral have different overlaps with the geometry of the
anion. Thus, we expect that the 'Th,Au” (C,,) structure will give
rise to transitions ranging from 1.41 to 1.55 eV, these
encompassing the experimental with an intensity maximum
EBE of 1.60 eV and an EBE onset at of 1.34 eV. The higher-
energy C,, spin states of the anion will give rise to lower VDE
values. The linear ThThAu anion would have a VDE of 1.28 eV,
this lying at the low intensity side of the observed EBE value.
Thus, the results point to the observation of the C,, structure as
the dominant one in the EBE spectrum of Th,Au for the first
peak. It is possible that higher binding energies could involve
electron detachment from the linear structure.

For Th,AuO7, there is a low-lying triplet state along with a
singlet ground state for the C,, structure. For the neutral, the
optimized doublet and quartet states are essentially isoenergetic.
The low-energy VDE is consistent with removal of an electron
from the triplet to form either the doublet or quartet neutral with
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Table 7. VDEs (eV) at the CCSD(T)/aT Level

anion neutral VDE
"Th,Au™ (C,,) 2ThyAu (C,,) 1.51
*ThyAu (C,,) 141
*ThyAu (C,,) 1.55
3ThyAu™ (C,,) *ThyAu (C,,) 1.43
*ThyAu (C,,) 1.26
*ThyAu (C,,) 1.37
SThyAu™ (C,,) *ThyAu (C,,) 1.19
“ThyAu (C,,) 1.35
*ThyAu (C,,) 1.65
"ThyAu™ (Cq,) >ThyAu (Cq,) 1.28
“ThyAu (Cy,,) 2.14
3ThyAu™ (Cq,,) >ThyAu (Cy,) 1.19¢
*Th,Au (Cq,) 2.10¢
'Th,AuO~ (C,,) 2Th,AuO (C,,) 1.84
“Th,AuO (C,,) 1.87
3Th,AuO~ (C,,) 2Th,AuO (C,,) 1.34
*Th,AuO (C,,) 1.39
2Th,0,” 'Th,0, 0.68
Th,Au0,~ (C,) (1) Th,Au0, (C,) (1) 1.40°
'Th,Au0,” (C,) (2) 2Th,Au0, (C,) (2) 1.65
>ThO,~ 'ThO, 1.23
SAu0,” 2Au0, 2.29
3ThAu™ >ThAu 1.06
“ThAu 1.34
'ThAu™ >ThAu 0.63
*ThAu 0.90
SThAu~ >ThAu 0.51
*ThAu 0.78
2ThO™~ "ThO 0.56
>Th,0™ (C,,) 3Th,0 (C,,) 1.37
STh,0 (C,,) 1.38
'Th,0 (C,,) 1.56
“Th,0™ (C,,) 3Th,0 (C,,) 1.29
STh,0 (C,,) 1.23
'Th,0 (C,,) 1.48
'AuO™ 2Au0 2.29
>Th,~ 3Th, 0.77
'Th, 0.80
STh, 1.34
“Th,~ 3Th, 0.61
'Th, 0.64
STh, 1.17
STh,~ 3Th, 0.81
Th, 0.79
STh, 1.20

93D basis set. ’1.42 eV with the awT basis set.

respective VDE values of 1.34 and 1.39 eV in comparison with
the experimental EBE peak value of 1.59 eV and an EBE onset of
1.30 eV. The higher-energy EBE band is consistent with a
transition from the ground state singlet to the doublet and
quartet neutral states with calculated values of 1.84 and 1.89 eV;
these predicted values fall in the middle of the experimental EBE
range of 1.85—2.05 eV.

For 'Th,Au0,” (C,) (1), the higher-energy 'Th,Au0,” (C,)
(2) structure with the O atom bridging two Th atoms is 4 kcal/
mol higher in energy and may be present in the experiment. The
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Table 8. Heats of formation and BDEs in kcal/mol at 0 K
BDE
molecule AHgox AH; 08¢ Th—Au Th—Th M-0
>ThAu 162.5 162.4 69.4
3ThAu~ 139.2 139.1 39.5 Th + Au™
>ThyAu (C,,) 2272 227.1 81.4 Th, + Au 79.2 ThAu + Th
*ThyAu (Cq,) 226.6 226.7 82.0 Th, + Au 79.8 ThAu + Th
'ThyAu™ (C,,) 197.5 197.4 58.6 Th, + Au~ 85.6 ThAu™ + Th
'ThyAu™ (Cq,) 1982 198.3 57.2 Thy + Au~ 84.9 ThAu™ + Th
2ThyAuO (C,,) 80.2 79.7 93.9 Th,O + Au 75.4 ThAuO + Th 141.3 ThyAu + O
'Th,AuO~ (C,,) 46.8 46.5 74.1 Th,O + Au~ 74.4 ThAuO™ + Th 209.7 ThyAu™ + O
>Th,Au0, (C,) (1)* —74.6 -75.3 77.5 Th,O, + Au 171.3 ThAuO, + Th 213.8 Th,AuO + O
'Th,Au0,” (C,) (1) —-103.4 —-104.1 53.1 Th,O, + Au™ 118.3 ThAuO,™ + Th 209.2 ThyAuO™ + O
2ThAuO (C,) 11.7 114 68.3 ThO + Au 209.8 ThAu + O
"ThAuO~ (C,) -22.7 -23.0 90.3 ThO™ + Au 211.0 ThAu + O~
>ThAuO, (C,) —47.1 —47.6 26.9 ThO, + Au 117.8 ThAuO + O
'ThAuO,™ (C,,) —-129.0 —-129.3 55.6 ThO, + Au~ 166.5 ThAuO + O~
3Th,0 (C,,) 86.1 85.6 49.8 ThO + Th
2Th,0™ (C,,) 552 54.7 67.3 ThO + Th~
'Th,0, (Cy;,) —85.1 —86.1 230.2 Th,O + O
’Th,0,” (C,,) -96.3 -97.3 208.2 Th,0 + O~
2Au0 99.1 99.0 47.9
'AuO~ 43.7 43.5 50.1 Au™ + O
2Au0, (Do) 88.6 88.1 69.5 AuO + O
3Au0,” (Dqy) 72 6.7 95.5 Au0™ + O
'ThO —-8.0 -8.3 210.9
>ThO~ -20.2 —20.4 189.9 Th + O~
'ThO, (C,,) —-108.2 —-108.7 159.2 ThO + O
2ThO,™ (C,,) —-135.6 —136.1 153.4 ThO + O~
3Th, 220.7 220.5 67.2
>Th,~ 202.9 202.8 714

“Calculated using EAs and the heats of formation of the anion, 'Th,AuO,” (C,) (1).

calculated VDE value is 1.40 eV without the outer core electrons
correlated and 1.42 eV with the outer core electrons correlated
for 'Th,AuO,” (C,) (1). The VDE value for the higher-energy
anion structure 'Th,AuO,™ (C,) (2) is 1.65 V. These calculated
VDE values fall under the band in the experimental EBE
spectrum centered at 1.56 eV.

For Th,O7, the quartet state is slightly higher in energy than
the doublet. The ground state of the Th,O neutral can be either
the triplet or the quintet. The calculated VDE values for the
triplet and quintet states are essentially the same and in good
agreement with the experimental EBE values with an EBE onset
at 1.30 eV and a maximum intensity in the EBE peak at 1.49 eV.

Heats of Formation and BDEs. Calculated heats of formation
and selected BDEs are reported in Table 8, and compared with
the experimental values when available. The experimental heat
of formation of ThO has been reported as —5.0 + 2.4"° and —6.4
+ 3.3 kcal/mol.*® In comparison with these, our calculated value
is more negative (AHg,ggx = —8.3 kcal/mol) and falls essentially
within the experimental error bars. The experimental heat of
formation of ThO, has been reported as —108.8 + 3.0”° and
—104.8 + 10 kcal/mol*® and our calculated value (AH;05¢ =
—108.7 kcal/mol) is in excellent agreement with these values.
The experimental heat of formation of Th, has been reported to
be 217.0 and 216.2 + 5.8 (0 K) kcal/mol*® and our calculated
heat of formation, AH;,gex = 220.5 kcal/mol, is slightly more
positive and within the reported experimental error bars. For the
remaining molecules for which the experimental data are not
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available, the current values represent the best available
thermodynamic data. Spin—orbit effects for the atoms were
included in the calculations of the heats of formation but not for
the molecules. Such molecular spin—orbit effects have been
found”" to be small in calculations of the heats of formation of
ThF, and ThCl, (~0.2 kcal/mol) and were not included. The
good agreement with the available values for the heats of
formation suggests that these molecular spin—orbit corrections
are not large. In addition, the good agreement between the
calculated and experimental values for the EAs shows that spin—
orbit effects are cancelling each other for these quantities.

BDEs are valuable parameters for understanding the bonding
in these species. The BDE of AuO has been reported to be 53.3
+ S kcal/mol, whereas our calculated value of 48 kcal/mol is
slightly smaller than that, it is likely to be more reliable.” Roos et
al.® report a CASPT2 BDE for Th, of 3.28 eV (75.6 kcal/mol),
which is 8 kcal/mol larger than our value, but is not consistent
with the experimental heats of formation.

The BDE values of diatomic ThAu and Th, are very similar to
one another, with the BDE value of ThAu being 2 kcal/mol
larger. At 211 kcal/mol, the BDE value of the ThO diatomic is
much larger, whereas at 48 kcal/mol, the BDE of AuO is much
smaller, suggesting that ThO bonds will govern over AuO bonds
in the structures that are formed.

For ThyAu, we find that the C,, and C,, ThThAu isomers
have comparable energies, which is consistent with the similar
BDE values for Th—Th and Th—Au. The Th—Th and Th—Au
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BDE values in the Th,Au cluster are larger than in the diatomics,
so there might be some metallic character in the trimer. This is
consistent with the Th—Th bond distances ranging only from
2.71t0 2.76 A in the structures and in diatomic Th,. By contrast,
the ThAu bond distances in the trimer species are significantly
longer than in diatomic ThAu. It is also important to note that
the Th—Th interaction is key to the stability of the species, as the
D, ThAuTh, species is much higher in energy. In this D,
structure, there can be no overlap of the Th 6d orbitals with each
other. The only bonding utilizes the valence s-orbitals, leading to
a total BO of 0.5, was caused by placing five electrons into the
three valence s-orbitals, that is, a bonding orbital, a nonbonding
orbital, and an antibonding orbital.

Although the first Th—O BDE in Th,O is only 50 kcal/mol,
the second Th—O BDE is much higher. In contrast, the ThO
BDE in ThO, is 159 kcal/mol. The AuO BDE is much smaller, at
48 kcal/mol. The large Th—O BDE and the lower AuO BDE
mean that Th,O and Th,0, can be considered as core structural
units. This is consistent with the relative energies of the isomers
discussed above, where the Au is best described as complexing to
Th,0 or to Th,O,. There is still a significant interaction of Au
with the cluster with a binding energy of 88 kcal/mol for
Th,AuO where Au can bridge the two Th atoms connected by
an oxygen. This Au-cluster interaction decreases by 20 kcal/mol
when Au can only bind to a Th or bridge across the Th,O,
cluster as in Th,AuO,. The binding of Au™ to the cluster is about
20 kcal/mol smaller for Th,O and Th,0O,. Note that the Th-
cluster BDE in Th,AuO, is quite high because of breaking two
Th—O bonds when Th is liberated. Note also that when Th is
removed, the oxygen binding energy to the cluster is
substantially decreased, again consistent with the conclusion
that the ThO bonds are controlling the energetics of cluster
formation.

Bonding. The BOs for the Th—Th bonds are calculated based
on analyses of the MOs and of the NBOs. The values are
reported in Table 5 and the orbital diagrams are shown in the
Supporting Information. We first discuss the bonding in the core
fragments.

Th,. The bonding of the clusters containing Au can be best
described by first examining the structures containing
Th and O. *Th, has the electron configuration
(7561;)7'(6d5g)1(6d(7g)1(6d71'u * consistent with a BO of 4.0 as
noted by Roos et al® The electron configuration for the
corresponding 'Th, is (7s6)*(6dc)?*(6dx)* with a BO of 4.0 as
well. From the NBO analysis, the lowest energy 3Th,, with two
unpaired electrons in dd and do, has two bonds formed by only d
orbitals, while the other two bonds possess both mixed d- and s-
orbital characters. For *Th,, the BO calculated using an analysis
of the MOs is 3.5 with an electron configuration of
(756)*(6d5)"(6dr)*. There is also a (6dz)* nonbonding lone
pair. From the NBO analysis, the BO should be 4.5 with two
bonds, having mostly d character and with the other 2.5 bonds
exhibiting mixed d- and s-characters. The slightly higher in
energy isomers, “Th,™ and *Th,~, should have BOs of 4.0 from
MO analysis, with the electronic configurations
(7s6)*(6dc)'(6d5)'(6d5)"' (6dx)*(6dx lone pair)' and
(756)*(6d0)"' (6d5)" (6dx)*(6dx lone pair)’, respectively. From
the NBO analysis, °Th,” and *Th,” have BOs of 3.5 and 4.5,
respectively.

Th Oxygen Clusters. Th,O can be envisioned as being held
together by ionic bonding between an O*~ and two Th" ions,
consistent with a ground state triplet with a (7s¢)*(6d5)"(6dx)"
configuration and a (6dr)? lone pair, resulting in a BO of 2.0.
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(We use the same labels for describing the types of bonding as in
the linear Th, configuration, although these are not the correct
symmetry labels in lower symmetry.) *Th,O and 'Th,O have a
BO of 2.0 as well based on an analysis of the MOs. The quintet
has a (7s6)*(6dxr)"'(6d5)" configuration with two (6dz, 6d5)
unpaired lone pair electrons and the singlet has a (7s5)*(6dxr)*
configuration with a (6dz)” lone pair. The NBO analysis gives a
different BO of only 0.5 for the Th—Th bond. The Th—O
“bonds” in all three neutral electronic states have a BO of 1.96
from the NBO analysis; these Th—O bonds are mostly localized
on the O atom. The O atom has a charge of ca. —1.5 lel,
confirming the ionic character of the Th—O bond. *Th,0™ has
an extra (6dr) electron and *Th,O has an extra (6d5) lone pair
electron with resulting BOs of 2.5 and 1.5, respectively. Th,O
can be considered as an ionically bonded species built on O*~
and Th* ions because the charge on the O atom remains the
same; the Th—O bonds are again localized mostly on the O
atom.

Th, 0O, can be envisioned as an ionically bonded species with
two Th** and two O*". There is no Th—Th bonding in this case,
but there is a lone pair on each Th atom consistent with a
nonbonding (6dz)* configuration and with loss of the 7s
electrons to form the +II formal oxidation state. Th,O,~ can also
be considered as being held together by ionic bonding with two
O? ions and with a Th* ion and a Th** ion. As with the neutral,
there is no Th—Th bonding, and there is a lone pair on each Th
atom with a nonbonding (6dz)* and an extra electron lone pair
on one of Th atoms. From the NBO analysis, the O atoms’
charges remain unchanged at ca. —1.5 lel for both the neutral and
the anion; the Th—O “bonds” are highly polarized, with most of
the electron density being mostly localized on the O atom.

Th,Au. It is possible to describe Th,Au with an ionic model
as Au™(Th,)*. The Au atom has a high EA and could abstract an
electron from the Th, moiety. The Th, bond in C,, Th,Au
would then be (7s6)*(6d5)'(6dn)?, resulting in a BO of 3.5,
based on the MO analysis. *Th,Au (C,,) has an
(7s6)*(6do)' (6dr)* electronic configuration with a BO of 3.5,
based on the MO analysis, where the unpaired electron resides
in a 6do orbital, which is different from the C,, isomer, where the
unpaired electron is a 6dS. *Th,” has the electronic
configuration, (7s6)*(6ds)'(6dx)*, so the linear conformer
has the same electron configuration for the Th—Th bond.

In the simple ionic model, the anion Th,Au™ should have the
Th, MO scheme of (7sag)2(6d5 )!'(6do,)' (6dm,)* for neutral
3Th, or the MO scheme (750')82(6d0)§(6dﬂ)4 for the 'Th,
configuration as the singlet Th, is just 0.5 kcal/mol higher in
energy; the Th—Th BO would thus equal 4.0. In fact, the linear
structure of singlet ThThAu™ does have the bonding pattern of
the singlet. Note that the *Th,Au", which would give the ionic
species, (*Th,) (Au~), is 2.3 kcal/mol higher in energy at the
CCSD(T)/aT level of theory. However, the Th—Au bonds in
ThyAu— C,, structure are more elongated by the additional
electron repulsion from Au~ than in the linear anion. For
Th,Au— C,,, the bonding is best described as (7sag)2(6d7ru)4,
with a nonbonding orbital composed of lone pairs on the Th
atom, giving a Th—Th BO of 3.0.

The NBO analysis for 'Th,Au” (C,,) has a Th—Th BO of
1.92, with the Th 6d orbitals as the main contributors. Linear,
Coow 'ThyAu™ has a Th—Th BO of 2.92 with a shorter Th—Th
bond than the C,, isomer. Two of the Th—Th bonds are shared
about equally by both Th atoms through their 6d orbitals, and
the third bond is more localized on the Th atom, which is
directly bonded to the Au atom through a mixture of s—d
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orbitals. *Th,Au (C,,) has a Th—Th BO of 2.93 as well. The
unpaired « spin is mostly on the Th atom (0.74 e) that is not
bound to the Au atom, with the remaining spin (0.26 ¢) on the
Th atom that binds the Au atom. *Th,Au (C,,) is predicted to
have a BO, which is artificially high because of the presence of
open shells (different a and B spins) and the presence of
multicentered bonds.

Th,AuO, _,. In the simple ionic model, the addition of an Au
atom to Th,O would generate an Au” ion and a *Th,0" ion.
>Th,O" is generated by the removal of an electron from the
neutral *Th,O’s lone pair electron on the Th atoms to give a
(7s6)*(6d5)"(6dr)? configuration. The Th—Th BO for *Th,0*
as well as for *Th,AuO of 2.5 does not change from that in
3Th,O. The slightly higher-energy *Th,AuO is described as
(*Th,0)*Au", with a configuration of (7s6)*(6d5)'(6dx)" and
with a (6dz)" lone pair configuration, resulting in a BO of 2.0.
Addition of the electron as part of a lone pair to form 'Th,AuO~
adds enough electron repulsion to elongate the Th—Th bond
relative to the neutral, so that there are then two lone pairs and a
Th—Th z-bond with a BO of 1.0. This Th—Th bond in
"Th,AuO~, which can be considered as (*Th,0)Au", is 0.08 A
longer than in 'Th,0, with a BO of 2.0. In 'Th,0, there is a
(6dr)* lone pair and a (7s6)*(6dx)* configuration for the Th—
Th interaction. The Th—Th bond distance for the higher-energy
anion, *Th,AuO", is much closer to the Th—Th bond distance
of the neutral structure; moreover, >Th,AuO~ has a BO of 2.5
with (7s6)*(6dx)® and a (6dz)' lone pair electronic
configuration. The *Th,0 ground state with a Th—Th bond is
0.35 A longer than the Th—Th bond in *Th,AuO~ and has a
(7s6)*(6d5)" (6dr)" configuration with a (6dr)* lone pair and a
BO of 2.0.

From the NBO analysis, the lowest energy neutral, *Th,AuO,
and the anion, 'Th,AuO~, have the same BOs of 2.48 and 0.97 as
found from the MO analysis (2.5 and 1.0, respectively) given
above. In addition, the NBO analysis shows a 3 center-2 electron
(3c-2e) AuThTh bond for both the lowest energy Th,AuO
neutral and anion structures. This 3¢c-2e bond is a s—d bond with
the most contribution from the Au atom’s s-orbitals and can be
explained by an Au atom contribution to the Th—Th 7 bonds
from the MO analysis. Also, the NBO analysis confirms that the
unpaired electron is mostly 6dd and is equally shared by both Th
atoms. The Th—O bonds in these Th,AuO molecules are highly
polarized. The charges on O and Au atoms of ca. —0.5 lel and ca.
—1.5 lel, respectively, remain almost unchanged for the Th,AuO
neutral and anion and are the same as for the Th,Au and Th,O
molecules, respectively.

Addition of an Au atom to Th,O, abstracts a lone pair
electron from the Th atom to generate Au™(Th,0,)*. As there is
no Th—Th bond in Th,0,, there is not one in Th,AuQO,. The
location of the Au atom on one of the Th atoms is consistent
with the formation of this ionic bonded structure. The addition
of an electron to form (Th,0,)Au" replaces the lone pair on the
Th atom and the Au atom does not change its position. Note
that in all cases, there are a number of low-lying isomers
consistent with the lack of directional bonding in an ion pair.
The similarity in the EAs is also consistent with the ion pair-
bonding model because the removal of an electron is from a lone
pair on the Th atoms in Th,AuO~ and Th,AuO,” or from a
higher-energy Th—Th bonding orbital in Th,Au".
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B CONCLUSIONS

Anion photoelectron spectroscopy of Th,0~, Th,Au~, and
ThyAuO, ,” yielded VDE in the range of 1—-2 eV. Correlated
MO theory calculations at the CCSD(T) level gave values that
are consistent with the experimental data and showed that in
many cases there are close-lying anion and neutral clusters with
different geometries and spin states that can account for the
observed spectra. The calculations are in agreement with the
VDEs within 0.10 eV. The results suggest that there is a wealth of
information for even such simple triatomic through penta-
atomic species.

A plot of the Th—Th BOs from an analysis of the MOs versus
Th—Th bond distances is shown in Figure 4 (the corresponding

5.00

Th-Th MO Bond Order

2.80 3.00 3.20

Th-Th bond distance

3.40 3.60

Figure 4. Trendline in Th—Th BO from MO analysis vs the Th—Th
bond distance in A. Blue diamonds represent Pyykkd’s values’” from
covalent bond radii and are not part of the trendline.

results for the BO from the NBOs are given in the Supporting
Information). We focus on the Th—Th bonds as the highly
polarized Th—O and Th—Au bonds and their BOs do not
change as significantly with the bond distance. The Th—Th
bond distances range from about 2.7 to 3.5 A and the BOs range
from 4 to 0. There is a qualitative trend of a decrease in BO with
an increasing bond distance, but it is interesting to note that
there can be a significant difference in the BO for a given
distance especially for longer distances. The relationship
between BOs from the MOs and bond distances is reasonably
consistent with the bond distances derived from Pyykko'’s
covalent radii’” for Th of 3.50 A for a Th—Th single bond, 2.86
A for a Th—Th double bond, and 2.72 A for a Th—Th triple
bond, where these radii are derived for different atoms
interacting with Th.

We find that a simple ionic model provides insights into the
bonding in these species because of the large EA of Au, the
strong Th—O bond, the weak AuO bond, and the low ionization
potentials (IPs) of the Th,Q,, , clusters. The EA of Au is 2.3 eV
and the IPs of Th,, Th,0O, and Th,0, are 4.90, 5.04, and 5.42 eV
calculated at the CCSD(T)/awT level. Thus, the difference in
the IP-EA that needs to be overcome by an attractive ionic
interaction ranges from 2.6 to 3.1 eV. A simple Coulombic
model with Au~ at a distance of 3.0 A (an approximate average of
the Th—Au distances) from the positive charge gives 4.8 eV in
terms of the Coulombic interaction, so there is a sufficient
Coulombic attraction energy for these charge transfer processes
to occur leading to ion pair formation. As shown by the values in
Table 8, the ionic component contributes a significant amount
to the BDEs. Even ThAu can have a significant ionic component
as the IP of This 6.31 eV’ and the ThAu distance is 2.70 A (see
Supporting Information). In this case, the Coulombic attraction
energy is 5.3 eV and the IP-EA difference is 4.0 eV so the
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Coulombic bond energy is 1.3 eV out of the total BDE of 3.0 eV
(Table 8). We note that ThAu, has been predicted to have 4 Au™
ligands bonded to Th”* and that Pyykkd has summarized work
on cesium auride, Cs*Au”, as well as many other unique
properties of Au in terms of its bonding, especially in terms of its
large electronegativi‘cy.75_77

The neutral Th,Au structure is quite flexible as would be
expected of a species with a closed shell Au™ bonded to a Th,"
core with a strong Th—Th bond in the ionic model. The Au™ can
then effectively move around the Th," core with low barriers.
Although the analysis of the BDEs and bond distances in Th,Au
relative to the diatomics Th, and ThAu suggested possible
metallic character in these species, we prefer the ionic model for
the bonding rather than a metal—metal bonding model as would
be appropriate for Aus, which exhibits similar flexibility but for a
different reason.”® The anion is prepared by adding the electron
to the Th," core. There are a number of low-lying spin states
when only the metals are present because of the different ways of
coupling the spins in Th,"® as Au™ is a closed shell in the neutral
and in the anion. Thus, the Th—Th BO is dominated by what
happens in the diatomic Th,"’® moiety. The interaction of the
Au~ with the Th,"® group can impact the Th—Th bond
distances; for example, the Th—Th bond distance lengthens in
the C,, neutral structure because of electron repulsion from Au™
with both Th atoms.

In the presence of oxygen, the energetics are dominated by the
presence of strong Th—O bonds as the Au—O bond is quite
weak. The Th—O interactions have a dominant ionic
component and we treat O as a formal O*". Thus, for Th,0,
we would expect to have two Th(I), each of which has a ground
state 7s6d" electron configuration; the 7s'6d? and 7s25f* excited
states of the ion are not that high in energy.”* Thus, we expect a
number of low-lying spin states for Th,O as is predicted. In
addition, the ThOTh bond angle is quite flexible ranging from
90 to 110° depending on the spin state. The Th—Th bond is
longer than in Th,Au”~ ranging from 3.0 to 3.4 A depending on
the spin state but is still substantially less than twice the atomic
radius of 1.80 A.” Thus, there is always some metal—metal Th
bonding present in these Th clusters held together by a single O
atom. Addition of an electron to Th,O tends to make the Th—
Th bond distances about the same, near 3.20 A. The Th—Th BO
in Th,O is 2.0 in the neutral and 1.5 to 2.5 in the anion
depending on the spin state. The addition of Au to Th,O can be
described as a charge transfer process leading to the formation of
the [Th,O*][Au~] ion pair because of the large EA of Au and the
modest IP of Th,O. The Th—Th bond length shortens on
addition of the Au consistent with the ionic model. The addition
of the electron to form Th,AuO~ leads to Au™ bonded to a
neutral ThOTh unit as the additional negative charge goes onto
the metal oxide. Although the energy differences between the
singlet and triplet states are small in Th,AuO~, the Th—Th bond
distance has a surprisingly large variation with the longer bond
distance by 0.4 A corresponding to the more stable species with a
BO of 1.0. The triplet has a BO of 2.5. Again, there is a balance in
the electron repulsion so that the singlet minimizes electron
repulsion by the formation of lone pairs on Th.

The bonding in Th,0, is dominated by the ion pairing of the
two O> with the two Th(II). The Th—Th bond distance is still
between 3.3 and 3.4 A, and in principle, could retain some
metal—metal character. However, in this case, the electrons that
are on Th localize as lone pairs and it is best to describe Th,0, as
not having a metal—metal bond. Addition of Au to Th,O, again
leads to the formation of an ion pair [Th,0,"][Au"] and the
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Th—Th distance does not significantly change on addition of Au.
This is consistent with the charge of +2 on the metal.

Overall, the results show that what one might consider as a
cluster with metal—metal bonds between Th and Au may have a
significant ionic component to the bonding and that an ion pair
model can account for the MOs. The results show, in the
presence of moieties with moderately large EAs such as Au and
moderate ionization potentials such as the Th species, that one
cannot ignore the possibility of significant ionic character even
for interactions between metals. As a metal, Au with its quite
high EA may prove to have unique interactions and serve as a
different type of probe for the properties of the metal and metal
oxide clusters. The results also suggest that one must go beyond
just using the bond distance to obtain the BO to describe the
types of bonding that are present in these thorium metal clusters
and oxides.
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