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ABSTRACT: The synergetic combination of anion photoelectron spectroscopy and high-
level relativistic coupled-cluster calculations was employed to study the anion, HThO™.
The atomic connectivity of this anion was found to be HThO™ and not ThOH™.
Vibrational and electronic energy spacings in the HThO™ photoelectron spectrum were
measured and calculated, with good agreement between them being found. Computations
yielded electronic energies and equilibrium structures as well as enabling orbital analyses.
The adiabatic electron affinity (EA,) of HThO was determined to be 1.297 + 0.03S eV.
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B INTRODUCTION [HTh(OH)]*, (see reaction 1) was favored over the direct

. c s : 11
Nuclear energy offers a high-energy-density alternative to dissociation of water (see reaction 2).

greenhouse gas-emitting fossil fuels; however, radiological Th + H,0 — [HTh(OH)]* - H + HThO (1)
waste disposal and proliferation risks remain as significant
issues. Currently, most nuclear reactors utilize isotopically Th + H,0 — H + ThOH (2)

enriched uranium-235 as their fuel, but the possibility of _ _
instead using thorium as the fuel has attracted attention.' ™" The same resu}tl was found then reacting Th atoms Wlt}} a
This is largely because thorium is over three times more H,/0, mixture. * The reaction of thorium atoms with

abundant than uranium, and thorium reactors are reputed to h}ldrogen.peroxide gelrzlerated Th(.OI'II)Z and Th(OH),, but .it
be safer to operate, to produce less radioactive waste, and to did not yield ThOH. = Water activation was also observed in

1T . o .
have a reduced proliferation threat. Thorium reactors are guided ion bean}r %udles, where Th cations reac_ted with D,O
inherently breeder reactors, converting natural, non-fissile to form DThO"."" Several Fourier transform ion cyclotron

thorium-232 (with the aid of neutrons provided by a seeded resonance mass spectrometric studies had reported the

. + 24+ . +
fissile material, e.g,, uranium-235 or plutonium-239) into the I'eaCthI+ISI 4(_)f6Th and Th™ with H,O to .form ThO™ and
fissile isotopes, uranium-233 and uranium-232. Therefore, ThOH". However, subsequent calculations found these

: +/2+ +/2+ . 17
thorium reactors are comparable to uranium breeder reactors, ree:;‘gons prejerred ?n;}l: O, ovi:r the Thti)H ¢ 1SOmeEr. h
which convert uranium-238 into fissile plutonium-239. In ¢ reaction of thorium atoms With water or wi

these, as well as in all nuclear reactors, fission results in heat, hydrogen/ oxygen mixtures dlfferg 51gn1ﬁc.antly from that of
s . - the other actinides. Based on density-functional theory (DFT)
which in turn is used to generate electricity.

Thorium is the only actinide element not to possess S calculations, the reaction between U* and water favors the
electrons in_ its atomicy d D . Il)ln 642752 dehydration product, UO*, although small amounts of UOH*
ground state. Due to its [Rn]6d™7s are also predicted to be formed.'"® Uranium metal exhibits a
electronic configuration, thorium is normally present in its . P . . . . .
) . highly exothermic reaction with water, generating uranium
tetravalent state. In aqueous solutions, for example, thorium

forms numerous hydroxides, such as, Th(OH);", Th(OH),% hydride 1z;s an in?ermediate before ﬁelding the final UO,
Th(OH)™, and Thy( OH)zs”’ =10 1y c;wever in 1311 ,a trix isolatizo n’ product. ~ Plutonium metal reacts with water to produce
) . )

studies, where laser-ablated thorium atoms and water

molecules were co-deposited on an argon ice, HTh(OH) Received: December 28, 2020 il |
and HThO were found to be the major intermediates and Revised:  February S, 2021 E »
reaction products, with only residual amounts of H,ThO, Published: March 1, 2021 !
HThO(OH), HTh(OH), and OTh(OH), detected. Interest- [
ingly, there was no evidence of thorium hydroxide, ThOH, =

having been formed. The formation of the intermediate,
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PuOH and H,, although, upon heating, these initial products
react to yield PuO, and PuH,.*’ Thus, while HThO is the
favored product of Th + H,O reactions, HMO has not been
observed as the reaction product of other actinides (M) with
water. The HM’O stoichiometry is, however, a known product
of reactions between group IV metals (M) and water. Matrix
infrared spectroscopic studies showed that TiO, reacting with
H,0 formed HTiO, although the main product was OTi-
(OH),.”" The formation of HThO as a product of the Th +
H,O reaction underscores thorium’s kinship with the group IV
transition metals, both because of its four valence electrons and
its lack of f-electrons.

In the present work, we utilized anion photoelectron
spectroscopy (PES) in synergetic conjunction with high-level
relativistic coupled-cluster calculations, finding the principal
thorium-containing anionic species observed to be HThO™
and not ThOH™. We then measured and calculated both the
electron affinity of HThO and the energy separations between
the ground state of neutral HThO and its low-lying
electronically excited states.

B METHODS

Experimental Section. Anion PES is conducted by
crossing a mass-selected anion beam with a fixed energy
photon beam and energy analyzing the resulting photo-
detached electrons. The photodetachment process is governed
by the energy conserving relationship, hv = EBE + EKE, where
hv is the photon energy, EBE is the electron binding
(photodetachment transition) energy, and EKE is the electron
kinetic energy. Our photoelectron apparatus has been
described previously.”” Briefly, it consists of an ion source, a
time-of-flight mass spectrometer, a Nd:YAG photodetachment
laser, and a magnetic bottle electron energy analyzer. The
second (532 nm, 2.33 eV), third (355 nm, 3.49 eV), and fourth
(266 nm, 4.66 eV) harmonics of an Nd:YAG laser were used to
photodetach the HThO™ anion. The resolution of the energy
analyzer is ~35 meV at EKE = 1 eV. Photoelectron spectra
were calibrated against the well-known transitions of Cu™.”’
The HThO™ anions were generated in a laser vaporization ion
source. A translating, rotating, surface-oxidized thorium rod
was ablated using the second harmonic photon energy of a
different Nd:YAG laser (532 nm, 2.33 eV), while 20 psi of
UHP H, gas expanded over the rod.

Computational. All calculations were performed using the
CFOUR program package.”**° Equilibrium structures for the
ground state (1'A’) and the first excited state (1°A”) of the
HThO™ anion were calculated using coupled-cluster singles
and doubles with noniterative triples [CCSD(T)]*" method.
Throughout our calculations, scalar-relativistic effects were
taken into account using the spin-free exact two-component
theory in its one-electron variant (SFX2C-le)*>* and
correlation-consistent triple-zeta basis sets (cc-pVTZ)>**
recontracted for the SFX2C-1e scheme. Th 1s, 2s, 2p, 3s, 3p,
3d, 4f, 4p, 4d, 41, Ss, Sp, 5d electrons and O 1s electrons were
frozen in all CC calculations. The equilibrium structure for the
electronic ground state (1°A’) of the neutral HThO molecule
was also obtained at the SFX2C-1e-CCSD(T)/cc-pVTZ level.
The equation-of-motion electron attachment coupled-cluster
singles and doubles (EOMEA-CCSD)** method was used to
obtain the equilibrium structures for three electronically
excited states of HThO, namely, the 1*A”, 2*A’, and 2?A”
states. For comparison, we also carried out a geometry
optimization for the electronic ground state, X*A, of ThOH.
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Geometry optimizations performed here exploited the
availability of analytic gradients for the SEX2C-le scheme®
and the coupled-cluster methods.”>*” Table 1 presents the

Table 1. Electron Configurations of Low-Lying Electronic
States of HThO™ and HThO as Well as Their Vertical
Electronic Energies Relative to the Electronic Ground State
of the HThO™ Anion, 1'A’, in Its Equilibrium Geometry.
The Valence Molecular Orbitals Shown Here Comprise Th
6s, 6p, 6d, 7s, O 2s, 2p, and H 1s Orbitals

vertical
electronic
leading electron configuration energy (eV)

HThO™ la’*2a"?3a'%1a"%4a’*5a"*2a"6a'*72"*8a" 0
1A’

HThO™ 1a'2a'%3a2"*1a"*4a"*5a"2a"%62'*7a/*82" 132" 0.73
1B3A”

HThO 1a'2a"?32"%12"%4a"*52"%2a"*62"*7a"*8a" 1.27
%A/

HThO 1a’2a'%32"%1a"*4a"*5a'2a"%6a'*72"*3a"! 2.15
IZAH

HThO 1a’2a'*32"*1a"*4a’*5a’2a"*6a'*7a'*9a’"? 247
227

HT;_hO 1a’2a'%32"%1a"*4a’*5a'2a"*6a'*7a"*4a"! 2.85
2°A”

electron configurations of these six states as well as the vertical
electronic energies between them and the electronic ground
state of the HThO™ anion in its equilibrium geometry.

In the present calculations, the electronic energies of the
1°A” state of HThO™ and the 1%A’ state of HThO relative to
the 1'A’ state of HThO™ were calculated as the difference of
the corresponding SFX2C-1e-CCSD(T)/cc-pVIZ energies.
The electronic energies of the 12A”, 2*A’, and 2*A” states of
HThO relative to the 1'A’ state of HThO™ were obtained
using an indirect scheme. We computed the difference between
SEX2C-1e-EOMEA-CCSD/cc-pVTZ energies of these three
states and that for the 12A’ state of HThO and then added the
CCSD(T) relative energy between the HThO 1%A’ state and
the HThO™ 1'A’ state.

A Franck—Condon (FC) simulation was also carried out to
obtain the vibrational progression for the HThO™ 1'A’ —
HThO 1%A’ transition. The harmonic vibrational frequencies
and normal coordinates of the HThO™ 1'A’ state were
obtained by means of numerical differentiation™ of analytic
SFX2C-1e-CCSD(T)/cc-pVTZ gradients. The potential en-
ergy surface of the HThO 1?A’ state was then represented as a
Taylor expansion using the equilibrium structure of the
HThO™ 1'A’ state as the origin, in which SFX2C-le-
CCSD(T)/cc-pVTZ energies in 125 grid points were fit into
a quartic function of displacements in terms of the normal
coordinates of the HThO™ 1'A’ state. The vibrational
Schrodinger equation was solved on this potential energy
surface using products of harmonic oscillator functions of the
HThO™ 1'A’ state as basis functions to represent the
vibrational wave functions.”® The FC overlap integrals with
the vibrational ground state of the HThO™ 1'A’ state were
then obtained in a straightforward manner.

B RESULTS

Together with H,, the residual oxygen on the thorium rod
introduced enough oxygen into the system to produce
HThO™. The resulting mass spectrum is presented in Figure
1. The dominant peak at mass 249 amu is HThO™. It was

https://dx.doi.org/10.1021/acs.jpca.0c11539
J. Phys. Chem. A 2021, 125, 1903—1909


pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c11539?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

HThO"

ThO-

lon Intensity

--------------------------------

230 235 240 245 250 255 260 265 270
Mass (amu)

Figure 1. Mass spectrum obtained by expanding H, gas over a laser
ablated thorium rod. The peak at 249 amu corresponds to the
HThO™ anion.

present only when H, was utilized as the expansion gas. The
mass peak at 248 amu is ThO™. Both ThO™ and ThO,~ were
observed with no expansion gas and with H, as the expansion
gas, but HThO™ and HThO,™ were only seen when H, was
employed.

Figure 2 presents the photoelectron spectra of HThO™, that
is, the anion at mass 249 amu. These were collected using the

a) 532 nm x

Photoelectron Intensity

0.0 05 10 15 20 25 30 35 40 45
Electron Binding Energy (eV)

Figure 2. The photoelectron spectra of the anion HThO™ collected
using (a) 532 nm, (b) 355 nm, and (c) 266 nm wavelength photons.

532, 355, and 266 nm wavelengths of the Nd:YAG
photodetachment laser. The EBEs corresponding to various
peak positions are listed in Table 2. The peak positions taken
from Figure 2a are the EBE values of the intensity maxima of
peaks A, X, X', X", and B. The peak positions for spectral
feature, X, in Figure 2 b,c are approximate origin transition
EBE values. These estimates have accounted for their
vibrational progression profiles. The peak positions for
features, B and C, in Figure 2 b,c are the EBE values of their
intensity maxima.

1905

Table 2. Electron Binding Energy (eV) Values of the
Observed Transitions in the Photoelectron Spectra of
HThO™

electron binding energy (eV)

labeled peaks 532 nm“” 355 nm” 266 nm*“
A 0.747° 0.799¢ 0.809°
X 1.297° 1.234¢ 1.279¢
b:¢ 1.407°
X" 1.476° - -
B 2.097° 2.131°¢ 2.139¢
C 2.737° 2.780°

“The photon wavelength used in each case to collect the spectrum.
“The EBE values correspond to the intensity maxima for each peak.
“The approximate peak position.

The electronic ground state for HThO™ is the 1'A’ state,
and the electronic ground state for HThO is the 1?A’ state. As
shown in Table 1, the photodetachment of HThO™ that results
in HThO involves detachment of an 8a’ electron. Since the
molecular orbital 8a’ receives most of its contribution from the
Th 7s orbital, the detachment reduces the repulsion between
the Th—H and Th—O bonding orbitals and hence shortens the
Th—O bond by 0.03 A and the Th—H bond by as much as
0.07 A. The computed equilibrium structures and electronic
energies are summarized in Figure 3. The relativistic coupled-
cluster Th—H and Th—O bond lengths of 2.099 A and 1.864 A
and H-Th—O bond angle of 105.7° for HThO compare
reasonably well with previous DFT results of 2.054 A, 1.869 A,
and 100.2°, respectively.'' The present coupled-cluster results
are expected to be of higher quality than previous DFT ones.
We note that the DFT Th—H and Th—O bond lengths of
2.034 and 1.820 A for the HThO" cation are shorter than
those in the neutral molecule.'” This may indicate that a
removal of a Th 7s electron in HThO further shortens the
bond lengths, which is consistent with the present observation
that the bond lengths of HThO are shortened compared to
HThO™ with removal of a Th 7s electron.

The electronic energy difference between the 1A’ state of
HThO in its equilibrium geometry and the 1'A’ state of
HThO™ in its equilibrium geometry is calculated to be 1.23 eV.
This together with the net zero-point vibrational correction of
~0.03 eV, deduced from the harmonic vibrational frequencies
in Table 3, leads to a computed adiabatic electron affinity, EA,,
of 1.26 eV, which is in good agreement with the measured
value of EBE = 1.297 eV for feature, X, seen in Figure 2a and
Table 2.

Figure 4 presents the vibrationally resolved photoelectron
spectrum of HThO™ (peaks, X, X/, and X”), measured with
532 nm photons along with the computational simulation of
those peaks. Not only does the profile of the stimulated
spectrum resemble that of the experimental spectrum, but the
computed vibrational energy spacings of 0.106 eV for Th=0
stretching and 0.176 eV for Th—H stretching are in nearly
quantitative agreement with the respective values of 0.110 eV
and 0.179 eV, measured in the photoelectron spectrum of
HThO™. These values are in accordance with Th=0 and Th—
H stretching frequencies of 0.105 and 0.176 eV, obtained via
the combination of matrix-infrared spectroscopy and rela-
tivistic calculations.'”'” The excellent agreement between
experiment and theory firmly establishes feature, X, as the
origin transition from the ground electronic state of HThO™ to
the ground electronic state of HThO. With this additional

https://dx.doi.org/10.1021/acs.jpca.0c11539
J. Phys. Chem. A 2021, 125, 1903—1909
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Figure 3. Computed equilibrium structures and electronic energies for low-lying electronic states of HThO™, HThO, and ThOH.

Table 3. Harmonic Vibrational Frequencies (cm™) of the
Electronic Ground States of HThO™ and HThO Computed
at the SFX2C-1e-CCSD(T)/Cc-pVTZ Level of Theory

HThO™ 1'A’ HThO 1%A’
H-Th—O bending 374 378
Th—O stretching 811 860
Th—H stretching 1259 1446

evidence, the adiabatic electron affinity (EA,) of HThO is
determined to be 1.297 + 0.035 eV.

In addition to the origin-containing vibrational progression
(observed as peaks X, X', and X"), we now consider the nature
of peaks A, B, and C in the photoelectron spectra of HThO™
(Figure 2). Peak A is a low intensity feature located at EBE =
0.747 eV. This broad, weak peak is likely due to a small
amount of ThO™ in the ion beam due to mass leakage (see
Figure 1). The spectral position of this feature is consistent
with the previously measured, ground state ThO™ — ground
state ThO photodetachment transition at EBE ~ 0.7 eV.”’
Both peaks B and C likely correspond to transitions from the
ground electronic state of HThO™ to an electronically excited
state of the neutral HThO. These photoelectron spectral

features are located at EBE values of ~2.1 and ~2.7 eV,
respectively. Our calculations found that the vertical electronic
energies for transitions from the HThO™ 1'A’ state to the
1?A”, 2*A’, and 2?A" excited electronic states of HThO are
2.15, 2.47, and 2.85 eV, respectively (see Table 1). Thus,
transitions to these final (neutral) states are expected to
contribute to features, B and C, in the range, EBE = 2.0—3.0
eV. Peak C is mostly likely due to the 1'A” — 2*A” anion to
neutral transition. Nevertheless, the broad profiles of these two
features insinuate underlying spectral complexity. The leading
configuration of these three neutral states differ from that of
the 1'A’ state of HThO™ by more than one electron. Some of
the intensities in these transitions may tentatively be attributed
to strong electron correlation in the 1'A’ state of HThO™.
Similar observations of multiple electron processes have been
reported for other heavy-metal-containing molecules, including
ThO™.”

The first excited state of HThO™, that is, 13A”, is predicted
to lie 0.73 eV above the HThO™ ground state, 1'A’. However,
the 1°A” state is unlikely to be significantly populated in our
anion source, and the lifetime of the 13A” is short relative to
production in the anion source and photodetachment. If the

1.0

25 1.297

- N
w o

Photoelectron Intensity
S

— Experiment(HThO =, 532nm)
—1_ Theory

0.8

o
o
Franck-Condon Factor

©
>

0.2

0.0

13 1.
Electron Binding Energy (eV)

Figure 4. Photoelectron spectrum of HThO™ collected with 532 nm wavelength photons of an Nd:YAG laser compared with the computational
simulation. The computed electronic spectrum is blue-shifted by 0.03 eV to account for the net zero-point vibrational correction.
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13A” state of the anion was to have met these challenges, it
would have produced an observed transition at EBE ~ 2.0/2.1
eV. We mention this outlying possibility only because there are
very weak vibrational hot bands at EBE = 1.20 eV and 1.17 eV
in the photoelectron spectrum of HThO™ in Figures 2a and 4,
implying that the nascent HThO™ anions were not completely
cold.

Despite the absence of computational or experimental
evidence of the formation of the anion, ThOH™, our
theoretical results show that the neutral thorium hydroxide
isomer, ThOH, lies around 2.39 eV above the 1'A’ ground
state of HThO™, as shown in Figure 3. Since photodetachment
is a vertical ultra-fast process, there would not have been time
for HThO neutral products of photodetachment to have
isomerized into ThOH. Forming the ThOH isomer from
HThO would involve the breaking and reforming of bonds.
Although the Th—O—H atomic connectivity of ThOH no
doubt occurs on the potential energy surfaces of the neutral
photodetachment products, the ThOH potential must be well
far from that of HThO and thus is not accessible by
photodetachment.

Orbital Analysis. Orbitals 2a” and 6a’ represent Th—O
bonding orbitals (Figure S5). These orbitals are largely

33"

8a’

Figure 5. Valence HF orbitals of HThO™ involved in photodetach-
ment processes or bonding.

transferable from ThO (or ThO™) to HThO (or HThO™).
Orbital 7a’ appears to be responsible for the Th—H bond and
consists of around 70% H 1s orbital and 30% Th 6d orbital.
These three orbitals are doubly occupied in HThO™ and in all
electronic states of HThO studied here. Calculations show that
detachment of an electron from these orbitals requires photon
energies higher than 4 eV. Since the electronegative oxygen
atom in ThO™ already has an appreciable negative charge, it is
less energetically favorable for hydrogen to donate its electron
to oxygen to form an O—H bond. The addition of hydrogen to
ThO™ thus favors the thorium site, in which hydrogen atom
plays the role as an acceptor of an electron from Th 6d orbitals.

As shown in Figure 5, orbital 8a’ is by and large a polarized
Th 7s orbital and is doubly occupied in HThO™. Detachment
of an electron in this orbital leads to the electronic ground
state of the neutral molecule. The detachment to generate the
12A", 2*A’, or 2*A” state of HThO involves detachment of an
8a’ electron accompanied by an excitation from the 8a’ orbital
to the 3a”, 9a/, or 4a” orbital, respectively, which as shown in
Figure 5 receives most of the contributions from the Th 6d
orbitals.
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B CONCLUSIONS

In this paper, we present a combined experimental and high-
level computational study of the connectivity and electronic
structures of the HThO molecule and the HThO™ anion. The
present experiment uses the reaction of ThO™ with H, gas to
produce HThO™. Since the oxygen atom in ThO™ already
possesses a substantial negative charge, it is not energetically
favorable for hydrogen to donate an electron to oxygen to form
an O—H bond and ThOH™. Instead, a hydrogen atom accepts
an electron from the Th 6d orbital to form HThO™.
Photodetachment of the ground state of anion HThO~
(1'A’) to form the electronic ground state of the neutral
HThO (1%A”) ejects a thorium 7s electron. This reduces the
repulsion with the Th—H and Th—O bonding orbitals and
causes their bond lengths to shorten. The adiabatic electron
affinity of HThO is accurately determined by resolving the
vibrational progression for this transition. In addition,
transitions from the ground state of HThO™ to electronically
excited states of HThO are characterized to provide valuable
information about the electronic structure of HThO.
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B ABBREVIATIONS

EAa adiabatic electron affinity

DFT density-functional theory

M actinides

M’ group IV metals

PES anion photoelectron spectroscopy

Nd:YAG neodymium-doped yttrium aluminum garnet

EBE electron binding energy

EKE electron kinetic energy

UHP ultra-high purity

CFOUR coupled-cluster techniques for Computa-
tional Chemistry

CCSD(T) coupled-cluster singles and doubles with
non-iterative triples

SFX2C-1e spin-free exact two-component theory in its
one-electron variant

cc-pVTZ correlation-consistent polarized valence triple
zeta

EOMEA-CCSD equation-of-motion electron attachment
coupled-cluster singles and doubles

FC Franck—Condon

eV electron volt
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