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ABSTRACT: The results of ab initio correlated molecular orbital theory

. . . . . - AEA(calc)
electronic structure calculations for low-lying electronic states are presented for UH" PES

UH and UH™ and compared to photoelectron spectroscopy measurements. = 0.468 eV
The calculations were performed at the CCSD(T)/CBS and multireference AEA(expt)
CASPT?2 including spin—orbit effects by the state interacting approach levels. =0.462 eV
The ground states of UH and UH™ are predicted to be *Iy, and °A )
respectively. The spectroscopic parameters T,, r., ®. ®xX., and B, were UH-: 5A6
obtained, and potential energy curves were calculated for the low energy £ UH: 4|9’2

states of UH. The calculated adiabatic electron affinity is 0.468 eV in excellent - : :
agreement with an experimental value of 0.462 + 0.013 eV. The lowest vertical 00 05 10 15 20

detachment energy was predicted to be 0.506 eV for the ground state, and the Electron Binding Energy (eV)

adiabatic ionization energy (IE) is predicted to be 6.116 eV. The bond

dissociation energy (BDE) and heat of formation values of UH were obtained using the IE calculated at the Feller—Peterson—Dixon
level. For UH, UH™, and UH, the BDEs were predicted to be 225.5, 197.9, and 235.5 kJ/mol, respectively. The BDE for UH is
predicted to be ~20% lower in energy than that for ThH. The analysis of the natural bond orbitals shows a significant U'H™ ionic
component in the bond of UH.

Bl INTRODUCTION of 0.31497(9) for the electron affinity (EA) of U. Likewise,
Bowen, Peterson, and co-workers® measured a value of 0.309 +
0.025 eV for the EA(U) using negative ion photoelectron
spectroscopy, in agreement with the above result. Based on
composite coupled cluster theory with single and double
excitations with perturbative triples (CCSD(T)) with all-
electron four-component spin—orbit coupling, they calculated
the EA of U to be 0.232 eV, corresponding to detachment
from a 6d orbital on the U.

Several computational studies have been reported for
uranium-containing diatomic molecules.””'® The electronic
structure of uranium monohydride (UH) resembles those of
UF and UCI, which can be considered ionic U'X~; the
uranium cation is perturbed by a closed-shell anion ligand.
Bross and Peterson’ obtained a *Iy/, (U* (5£7s%) ground state
for UF and UCI from high-level correlated molecular orbital
theory calculations, in agreement with previous calculations on
UF by Antonov and Heaven® using the CASPT2-SO approach.
Dolg and co-workers'”*" performed multireference (MRCI)

Actinides and actinide-containing species are of special interest
due to their unique chemical properties as well as their vital
role in the field of nuclear energy."” Because most actinides are
radioactive, expensive to produce, and difficult to handle,
experimental studies alone present a challenge to under-
standing the basic properties of molecules containing actinides.
This is exacerbated by the potential for many low-lying
electronic states due to the presence of partially occupied S5f
and/or 6d orbitals. Thus, a combination of experimental and
theoretical approaches has become a useful approach for the
study of the chemistry of heavy-element compounds. The
uranium atom, one of the most studied actinides, has a
[Rn]S5£6d'7s* electronic configuration with a °K,, excited state,
only 620 cm™" above the L, ground state; there are around 30
states below ~2.0 eV in energy for U.” The chemistry of
uranium is heavily dependent on its oxidation states with +4
and +6 being the most prevalent in natural compounds.* The
potential presence of electrons in both the Sf and 6d valence

orbitals plays a significant role in determining the nature of the
bonding and reactivity of U. The potential for the existence of Received: May 5, 2022

many low-lying excited states in uranium compounds with low Revised:  June 14, 2022
Published: June 29, 2022

oxidation states can require the use of multireference methods
including relativistic corrections to identify their ground states

and to match available spectroscopic values. So far, Tang et al.®

have used slow-electron velocity-map imaging to obtain a value
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and relativistic calculations, at the all-electron DKH level and
also with pseudopotentials (PP), on the low-lying states of UH
with U Sf configurations. Their calculations predicted 16
states below ~0.5 eV, also yielding a *I,, ground state.
Andrews and co-workers®"*” observed multiple uranium
hydrides, UH, (x = 1—4) and U,H, (x = 2,4), as products
of laser-ablated U atoms reacting with gaseous H, and HF in
solid Ar and Ne matrices. For UH, a vibrational band at 1423.6
cm™' was assigned based on its density functional theory
calculations for the quartet ground state. Recently, Armentrout
and co-workers have carried out experimental kinetic reactions
of an uranium atomic cation (U*) with H,, D,, and HD via
guided ion beam mass spectrometry determining a bond
dissociation energy (BDE) of 2.48 + 0.06 eV (U*—H) for
UH",> close to the one obtained experimentally for ThH*
(2.45 + 0.07 eV) by Cox et al.”* Note that the experimental
value for the BDE of ThH* does not agree with a high-level
calculated value of 2.82 eV.>**° In the same work on UH,*
they predicted a *® (7°c) ground state with an excited °I
(n50) state lying 0.006 eV (48 cm™) higher in energy at the
CCSD(T) level of theory and a BDE equal to 2.43 eV at the
CCSD(T)/CBS-cc-pw-CVnZDK3 level. After the inclusion of
spin—orbit effects, the °I state was assigned as the ground state
of UH". Using the CASPT2-RASSI approach with the
relativistic DK2 Hamiltonian, these authors®® obtained a
spin—orbit correction of 0.779 eV (6283 cm™'). We have
previously used the methods described in the current work to
obtain the thermodynamic properties of the ThH®~/*!
diatomic molecules and interpret the PES spectra yielding
very accurate results.”” In that work, we also showed that the
H/H™ ligand can provide insights into the atomic states of the
actinide atom.

The goal of the current work is to investigate the electronic
structures of UH and UH™ molecules using high-level
computational electronic structure methods, with the intention
of expanding our knowledge of the bonding and energetics of
the uranium atom with different ligands in the gas phase. The
photoelectron spectrum (PES) of UH™ is reported together
with CCSD(T)/CBS and CASPT2 calculations including
spin—orbit coupling using the state interacting approach.
The energies of the low-lying excited electronic states and their
rovibrational constants were calculated, as well as vertical
detachment energies (VDE) from the anion, the adiabatic
electron affinity (AEA), and the BDEs.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Section. The UH™ and UD™ anions were
produced and analyzed using a house-built anion photo-
electron spectrometer, which has been described in detail
previously.”® The apparatus consists of an ion source, a time-
of-flight mass spectrometer, a Nd:YAG photodetachment laser,
and a magnetic bottle energy analyzer. The uranium hydride
anions were generated in a laser vaporization ion source. A
rotating, translating uranium rod was ablated using the second
harmonic of a Nd:YAG laser (532 nm, 2.33 V), while 20 PSI
of UHP H, gas expanded over the U rod. After pulsing H, gas
over the rod for a minute, the gas flow was shut off, and the
experiments were conducting using no backing gas. In order to
generate UD™ anions, the experiment was repeated with 15 PSI
of D, expanded over the U rod. The backing gas was shut off
because only diatomic UH™/UDT, the focus of the current
work, were observed with no backing gas. Larger clusters like
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UH,”/UD,” (x > 2) were observed when backing gas was
present. The resulting anions were then extracted with mass
selection before entering the photodetachment region.

Anion photoelectron spectroscopy experiments were con-
ducted by crossing a beam of mass-selected actinide hydride
negative ions with a fixed-frequency photon beam and energy
analyzing the resultant photodetached electrons. The photo-
detachment process is governed by the energy conservation
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. The second
(532 nm, 2.33 eV) harmonic of an Nd:YAG laser was used to
photodetach electrons from the UH™ and UD™ anions. The
PESs were calibrated against the known transitions of Cu™.”’
The resolution of the magnetic bottle energy analyzer is ~50
meV at 1 eV EKE.

Computational Methods. Spectroscopic constants in-
cluding harmonic frequencies (®,.), anharmonic constants
(wex.), and optimized equilibrium bond lengths were obtained
for diatomic UH and the anion UH™ at the CCSD(T)**™*'
level of theory using the MOLPRO program package.””*” The
calculations were performed using the third-order Douglas—
Kroll-Hess Hamiltonian (DKH3)***® with the aug-cc-pVnZ
basis set for H*”*® and the cc-pwCVnZ-DK3 basis set for U*’
(abbreviated as as/awn-DK). The diatomic potential energy
curves were obtained by seven single-point calculations
distributed around the approximated equilibrium bond length
(r—r,=-0.3,-0.2, —0.1, 0.0, +0.1, +0.3, +0.5 in Bohr). The
optimized CCSD(T) energies were extrapolated to the
complete basis set (CBS) limit using a mixed Gaussian/
exponential** for basis sets with n = D, T, Q (awCVnZ-DK)

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

The valence space included the 6s, 6p, 6d, 5f, and 7s valence
electrons on U and the 1Is electron on H. Core-valence
correlation effects were included by correlating the core—shell
Ss, Sp, and 5d electrons. The open-shell calculations were done
with the R/UCCSD(T) approach, where a restricted open-
shell Hartree—Fock calculation was performed and the spin
constraint was then relaxed in the coupled-cluster calcu-
lation.***'~*

In order to better describe the low-lying excited states of
UH/UH", the complete active space self-consistent field
(CASSCF)*™* approach was used to represent each lowest
spin-free state, AS, followed by second-order perturbation
theory (CASPT2)*** calculations and a treatment of spin—
orbit coupling by the state interacting method. The atomic
basis functions used in the expansion of the molecular orbitals
were the aug-cc-pVnZ basis set’”*® for hydrogen and the cc-
pVnZ-PP basis sets>”* for uranium, for n = D, T, and Q. The
U basis set includes a small-core energy consistent 60-electron
effective core potential (abbreviated as PP) optimized in a
multiconfigurational Dirac—Hartree—Fock calculation. These
calculations were carried out in the highest Abelian point
group available, C,,, for both molecules. Expectation values of
L, were calculated to ensure that both degenerate components
of each A were correctly accounted for.

The identity of the relevant spin-free states that may
contribute to the final relativistic states was determined by the
molecular states arising from the coupling between the lowest
atomic asymptotes. For UH and UH", an ionic model was
initially adopted in which the H™ anion is treated as closed

https://doi.org/10.1021/acs.jpca.2c03115
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shell species and U* (*Iy,, 5£7s*) and U° (°L, 5£6d'7s?)
determined the resulting electronic states. For U'H™, the
coupling yields quartet (S = 3/2) and sextet (S = 5/2) low-
lying states, and for U’H", it corresponds to a manifold of
septets (S = 3) through singlet (S = 0) states. For the latter,
singlets and triplets were found to lie very high in energy; thus,
only quintets and septets were calculated. Initially, the
CASSCEF active space for UH comprised five electrons in 12
orbitals (4 X a;, 3 X b;, 3 X by, and 2 X a,), similar to the
approach used previously by Cao et al.'” for this molecule.
However, this space failed to describe the states of UH™ and
the 6d,> orbital had to be included. The final active space
included five electrons in 13 orbitals (5 X a;, 3 X b;, 3 X b,,
and 2 X a,) that had predominantly U 5f, 6d, and 7s character,
and the lower-energy U Ss, Sp, 5d, 6s, 6p, and H 1s orbitals
were constrained to be doubly occupied. In the case of UH",
six electrons in 13 orbitals were included giving a (6/13)
CASSCEF. In order to generate a common set of molecular
orbitals, the AS electronic states were state averaged for both
species.

On top of the CASSCF -order wavefunction, second-order
multiconfigurational perturbation theory (CASPT2) calcula-
tions were carried out using the same active space of the
preceding calculation to recover dynamical correlation effects.
In this step, multiple states are calculated using a Fock operator
constructed from a state-averaged density matrix and the
zeroth-order Hamiltonians for all states are constructed from
the same operator. The frozen-core definition in the CASPT2
included Ss, Sp, and 5d orbitals of U. In order to avoid intruder
states, an IPEA* shift value of 0.28 was used for all states.

The molecular €2 states arising from the spin—orbit coupling
were calculated by applying the state interacting method, as
implemented in MOLPRO (SO-CASPT2).” In this method,
the spin—orbit eigenstates are obtained by diagonalizing H, +
Hgo in a basis of H,, eigenstates. The matrix elements of Hgo
were constructed using the spin—orbit operator from the U PP.
Here, the spin—orbit matrix elements have been calculated
throughout at the CASSCF level of the theory using the same
basis set as used for the diagonal terms, and the diagonal terms
of Hy + Hgo have been replaced with CASPT?2 energies. The
latter energies for the two components of each molecular state
with A # 0 were manually averaged when needed to ensure
exact degeneracies. After diagonalization of H, + Hgp, the
values of Q for each molecule were assigned by converting
from a Cartesian eigenfunction basis to a spherical basis and
then adding the projection of the spin angular momentum S on
the diatomic axis, X, to A to obtain €. These calculations were
performed using the an-PP basis set at the corresponding
optimized awn-DK bond distances, for n = D, T, Q.

The Feller—Peterson—Dixon (EPD)>'™>* method was used
to predict the EA and BDEs for UH. The contributions
included in the BDE calculations are defined as follows

Dy = AEcps + AEqy + AEgq + AEzpp + AEGup (2

where AE g is the CCSD(T) energy extrapolated to the CBS
limit using the awn-DK basis set for n = D, T, and Q, AEqy
represents the contribution of the additional correlation due to
the valence and outer core electrons, AEgy accounts for the
SO-CASPT2 energy corrections, and AE,pg is the zero-point
energy calculated to be 0.5 ®,—0.25 @ x, with frequencies
obtained from fitting the CCSD(T)/awQ-DK curve.”
Contributions from the Gaunt term (AEg,,,.), which accounts
for spin-other-orbit coupling, were obtained by the difference
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between the four-component Dirac-Coulomb-Gaunt and spin-
free Hamiltonian of Dyall’® calculations using fully uncon-
tracted basis sets, cc-pVDZ-DK3 on U and aug-cc-pVDZ on H.
These calculations were carried out using the DIRAC
proglrarn.57 For the AEA and IE calculations, higher order
correlation effects were calculated using the DKH3 Hamil-
tonian with the MRCC>**” package connected to MOLPRO,
where AE; = CCSDT — CCSD(T) with the aT-DK basis
sets®”® and AE, = CCSDTQ — CSSDT with the aD-DK
basis sets.””

A bonding analysis of the UH species was made through the
natural population analysis (NPA) results based on the natural
bond orbitals (NBOs)*** using NBO7°% and are calculated
using the MOLPRO program package at the aD-DK level. All
the calculations were performed on Linux clusters at The
University of Alabama.

B RESULTS AND DISCUSSION

Photoelectron Spectrum of UH™. The ions UD™, UC,
UN7, UO7, and UC,” were observed in the mass spectra
presented in Figure 1. The PES spectra are given in Figure 2

U rod

15PSID, uo
2
2
£

UN
w " v
200 220 240 260
Mass (amu)

Figure 1. Observed mass spectra using 15 psi of D, forming the
anions UD™, UC™, UN™, UO7, and UC,".

with selected EBE values in Table 1. The PES spectra for UH™
and UD"~ exhibit a complex spectrum with seven major peaks,
ranging from 0.45 to 2.16 eV, and multiple weak peaks are
present within this interval.

Electronic Structure Calculations of UH™. To better
understand the PES spectrum, we performed calculations to
predict the energetic ordering of low-lying states of UH™ and
UH. Table 2 gives the low-lying € states at the CASPT2-SO/
aQ-PP level with their AS composition. Table 3 provides the
spectroscopic constants for selected states of UH™. UH™ has a
SAg ground state with a S£6d' (f5 fr fp dS) electronic
configuration with the fg orbital highly mixed with the fz
orbital. The first excited state is predicted to be the K state
(fo £5 f dS) and is higher in energy by 0.054 eV (436 cm™")
at the CASPT2-SO level. At the CCSD(T)/CBS level, these
states are almost degenerate with the *K state higher in energy
by only 54 cm™. In addition, at the CCSD(T)/CBS level, the
second (°I,) and third excited (*H;) states have an inverted
order compared to the € representation results. After the
inclusion of spin—orbit effects, the ground state of UH~
lowered its energy by 6912 cm™" (0.857 V). The equilibrium
bond length and harmonic frequency for the ground state were
predicted to be 2.144 A and 1189.2 cm™ at the CCSD(T)/

https://doi.org/10.1021/acs.jpca.2c03115
J. Phys. Chem. A 2022, 126, 4432—4443
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Figure 2. Photoelectron spectra of UD™ (top) and UH™ (bottom)
obtained using the second harmonic (532 nm).

Table 1. Electron Binding Energies (EBEs) in eV of the
Observed Transitions Using 532 nm Photons To
Photodetach the Anions UH™ and UD™“

peaks UH™ EBE UD™ EBE
A (onset) 0.462 0.456
A (maxima) 0.551 0.558
B 0.853 0.814
C 1.008 0.998
D 1.190 1.157
E 1.371 1.357
F 1.703 1.640
G 2.158 2.069

“Collected using the second harmonic of a Nd:YAG laser (532 nm =
2.33 eV). The error bars on the peaks are +0.013 eV.

CBS limit obtained by extrapolating the total energies to
obtain the potential energy curve at the CBS limit, respectively.

Electronic Structure Calculations of UH. Table 4 gives
the low-lying Q states at the CASPT2-SO/aQ-PP level with
their AS composition. Table 5 shows the spectroscopic
constants for selected states for UH. There are 62 quartet
and sextet states within 2.0 eV. The ground state of UH is
predicted to be *Iy, (5£7s?), which has the unpaired f
electrons in the fo £6 frr orbitals, in agreement with the ground
state of the U* atom (*Iy/,). The low-lying states of UH arise
from lowering the atomic orbital angular momentum (M;) of
the *I (U*) atomic state yielding the observed H, I', ®, A, II,
and X states. The lowest excited state (*H,/,) of UH has the fg
f0 fo electronic configuration and is higher in energy by only
0.014 eV (113 cm™). Likewise, the second excited state,
identified as *I's),, has a lower angular momentum
configuration fg fz fo and is only 0.027 eV (218 cm™") higher
than the ground state. These are consistent with the expected
ordering of the substates of U'. The same energetic order of
states is observed at the CCSD(T) level, but the *H,, state is
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Table 2. Low-Lying States of UH™ at the CASPT2/aq-pp +
SO Level”

state Q AE (eV) AS composition

SAg 6 0.000 81% SA + 15% K + 2% 1

K 5 0.054 68% K + 25% °T + 5% “H

1, 4 0.140 63% °1 + 30% “H + 3% T

H,4 3 0.303 72% SH + 27% T

A, 7 0.345 73% SA + 22% K + 2% °I

K¢ 6 0.382 43% K + 32% °I + 15% °A + 2% *H
SH, S 0.450 37% SH + 27% 1 + 25% K + 10% T
T, 4 0.618 34% T + 33% SH + 32% °1

T 6 0.644 100% T’

Mg 6 0.691 85% M + 12% "A

SAg 8 0.728 73% SA + 23% K + 2% 1

K, 7 0.751 37% K + 35% T + 21% °A + 7% °H
SHy 6 0.786 38% “H + 31% °K + 15% °T + 12% T
A 5 0.831 79% A + 19% 'K

I 5 0.923 40% ST + 37% T + 16% “H + 5% °K
™, 7 0.955 76% "M + 19% "A

T, 3 1.009 73% T + 27% H

K, 4 1.023 97% 'K

"Ag 6 1.091 57% 'A + 26% 'K + 12% 'M

SAg 9 1.155 81% SA + 18% K

Kg 8 1.163 45% K + 30% ST + 21% A + 4% 'M
*H, 7 1.182 38% “H + 34% °K + 23%

T, 4 1212 44% T + 38% °1 + 9% “H + 8% K
M, 8 1.235 68% "M + 23% "A + 4% A

T, 4 1.297 59% T + 37% “H

Ky 5 1.352 79% K + 18% "A

A, 7 1.520 48% A + 31% 'K + 19% 'M

ST S 1.531 519% T + 41% SH + 8% °I

“At the UH™ (*A) optimized CCSD(T)/awQ-DK geometry.

now higher by 0.026 eV (210 cm™) and the T’/ state is
higher by 0.195 eV (1573 cm™"). The equilibrium bond length
and harmonic frequency for the ground state were predicted to
be 2.016 A and 1480.5 cm™ at the CCSD(T)/CBS limit,
resgectively, in agreement with the previous report by Cao et
al.” (2.008 A, 1501 cm™) using the MRCI-SO all-electron
DKH method for the same electronic state. Note that addition
of an electron to UH to form UH™ increases the bond distance
by 0.13 A and decreases w, by 280 cm™".

The lowest-lying sextet state (°A;,,,) is located 0.302 eV
(2436 cm™") above the ground state. The energetic profile of
the Q states of UH resulting from the AS quartet and sextet
states is illustrated in Figure 3. Potential energy curves were
obtained by a seven-point fit procedure around the optimized
CCSD(T)/awQ-DK equilibrium distance.>® Table 6 contains
the calculated rovibrational constants with adiabatic excitation
energies (T,) < 7000 cm™". In general, the r, values are smaller
and the frequencies slightly larger than the ones in Table S.
The interaction of several states between 3000 and 3500 cm™!
leads to more anharmonic potential curves as evidenced by the
vibrational constants. The T, values for the five lowest-lying
states (Q =9/2,7/2,5/2,3/2, 1/2) are nearly the same as the
vertical energies collected in Table 4, as they originate from
quartet states with very similar bond lengths.

The inclusion of spin—orbit effects leads to the Iy, and
*H,, states being very close energetically at the MR-PT2 level,
differing from what was predicted at the CCSD(T) level.

https://doi.org/10.1021/acs.jpca.2c03115
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Table 3. Spectroscopic Properties of Low-Lying States of
the Anion UH™ at the CCSD(T) Level

AS basis T, T, B @, ]
state set (ev) (em™) r,(A) (m?) (em') (em™)
A awD- 0 0 2172 3.560 11534 367
DK
awT- 0 0 2.160 3.602 1170.9 20.0
DK
awQ- 0 0 2.150 3.635 1182.0 6.2
DK
CBS 0 0 2.144 3.655 1189.2 0.25
K awD- -0.017 —136 2.164 3.588 1153.9 24.0
DK
awT- -0.002 -19 2.156 3.614 1174.8 21.5
DK
awQ- 0.003 27 2.148 3.639 1190.5 22.7
DK
CBS 0.007 54
SH  awD- 0.027 218 2.169 3.571 1146.2 28.6
DK
awT- 0.028 229 2.185 3.616 1168.2 20.8
DK
awQ- 0.029 238 2.146 3.648 1182.7 193
DK
CBS 0.030 244
T awD- 0.049 400 2.167 3.578 1154.5 29.7
DK
awT- 0.056 451 2.156 3.615 1174.5 22.6
DK
awQ- 0.058 465 2.147 3.644 1195.2 31.5
DK
CBS 0.059 472

Similar results were found by Bross and Peterson’ at the
CASPT2-SO/CBS for UC, which has a *H;/, state only 0.009
eV (76 cm™) above the ground state (*Iy,). Cao et al.'”
reported vertical excitation energies of 0.039 and 0.056 eV for
the *H,/, and 'y, states, respectively, for UH, slightly higher
than the ones predicted in the current work. At the CASPT2-
SO/aQ-PP level at the optimized UH (‘1) CCSD(T)/awQ-
DK geometry, the spin—orbit correction of the UH ground
state (*o,) is 5782 cm™'. As shown in Table 4, the ground
state is well described by a single AS state, consisting of 78% *I
and 18% *H, whereas the *H,, and Iy, states present
considerable admixtures from other AS states.

The results for UH are very similar to those for UF and
UC,” as UF has a *Iy), ground state composed of the 81% I +
16% *H mixture, whereas for UC], it consists of 77% *I and
19% *H. We note that only a few states are reasonably
described by a single AS, with most excited states being highly
mixed.

Electron Detachment Energies. We first discuss the AEA
as we will build the computed photodetachment energy
ordering from this starting point. The FPD components for the
AFA and the ionization energy (IE) are collected in Table 7.
The AEAs were obtained by taking the energy differences
between the ground states of UH™ (°A¢) and UH (*,,,). A
value of 0.468 eV was calculated for the AEA of UH, including
a contribution of 0.14 eV for spin—orbit effects from the SO-
CASPT2 calculation, which is added to the CCSD(T)/CBS
value of 0.303 eV. The Gaunt correction is 0.013 eV, and that
for higher order correlation corrections is 0.011 eV up through
CCSDTQ. The CASPT2-SO/aQ-PP EA is 0.519 eV. An
experimental value of 0.462 eV for AEA from the onset is in
good agreement with both values. For comparison, ThH has a
SO correction of 0.069 eV for the EA, and EA(ThH) is 0.36
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Table 4. Energies and AS Composition of the Low-Lying
States of UH at the CASPT2/aQ-PP + SO Level”

state Q AE (eV) AS composition

Tp 4.5 0.000 78% *1 + 18% *H + 3% ‘T’

*H,, 3.5 0.014 58% *H + 32% ‘T" + 9% “®

Tsp 2.5 0.027 45% ‘T + 37% *® + 16% *A

Ay LS 0.052 39% *A + 31% *® + 23% ‘Tl + 7% ‘X
1,5 0.5 0.060 49% “T1 + 32% *Z + 20% “A

A1y 5.5 0.302 80% A + 17% °K + 3% °I

Ko/, 4.5 0.343 66% °K + 26% °I + 6% ‘H

11 5.5 0.377 73% *1 + 23% *H + 3% ‘T

Top 4.5 0.384 36% ‘T + 36% *H + 18% ‘1 + 9% ®
‘D, 3.5 0.401 38% ‘@ + 32% *H + 15% “A + 14% ‘T’
T/ 2.5 0.416 39% ‘T + 35% *A + 23% “TI + 3% ‘@
Ly 3.5 0.417 58% °I + 31% °H + 8% T

‘D, , LS 0.423 42% *®@ + 32% *T + 26% ‘T1

Ay, 0.5 0.438 43% *A + 42% “TI + 15% %

°Hs,, 2.5 0.538 59% °H + 33% T + 7% 5@

A3 6.5 0.580 69% SA + 25% °K + 5% °I

K1/ 5.5 0.607 37% °K + 33% I + 17% °A + 10% °H
*Hy/, 4.5 0.666 36% °H + 26% °K + 21% °I + 14% T’
Tsp 1S 0.741 72% °T" + 27% @

Ty 3.5 0.777 37% °T" + 33% °I + 16% °H + 12% °®
1132 6.5 0.819 79% *T + 19% *“H

*Hy, 5.5 0.826 41% *H + 34% ‘T + 24% 1

Dy, 4.5 0.838 41% *® + 38% *H + 18% I’ + 3% ‘1
‘D) 3.5 0.854 45% *A + 41% ‘T + 8% *“H + 5% ‘@
5, 2.5 0.865 47% *T1 + 39% *® + 14% ‘T

s LS 0.871 43% % + 31% *A + 22% ‘@ + 3% ‘T1
1,5 0.5 0.883 59% “T1 + 30% “A + 11% *=

®Ars) 7.5 0.886 65% °A + 29% °K + 6% °I

lis ) 6.5 0.900 34% ST + 25% A + 24% °K + 11% °H
°Hy, ) 5.5 0.938 35% °H + 34% °K + 17% T + 8% °I
*Hy), 2.5 0.990 37% °H + 34% °® + 29% T

Ly, 45 1.025 38% °I + 35% °T" + 17% °® + 6% °K
‘D, ), 0.5 1.094 100% °®

Tis) 7.5 1.220 37% °I + 29% °A + 24% °K + 9% °H
°H,/, 3.5 1.224 42% °H + 37% S® + 11% T + 7% °I

“At the UH (*I) optimized CCSD(T)/awQ-DK geometry.

eV higher than EA(UH).” The EA for the uranium atom was
determined experimentally” to be 0.31497(9) eV, whereas at
the CCSD(T) level plus a full four component spin—orbit
coupling correction, a value of 0.232 €V was obtained.” For
EA(Th), there is better agreement between the experiment,
0.607690(60) eV, and the high level calculated values of
0.599,%> 0.59,° and 0.565 eV.°

The VDE from the UH (*I,/,) energy at the UH™ (°A)
geometry is 0.056 eV greater than the AEA at the CCSD(T)/
CBS level. Adding 0.056 eV to the best estimate of the AEA
including the SO corrections and excluding the contribution of
AEpg results in a VDE of 0.506 eV (Tables 7 and 8). The
predicted adiabatic and vertical electron affinities are consistent
with the peaks shown in the experimental PES spectrum
(Figure 2 and Table 1). The first large maximum peak (A) is
observed at 0.551 eV for UH™ and 0.558 eV for UD". Five
VDEs are predicted in the range of 0.50 to 0.57 eV, consistent
with the first experimental peak. In addition, there could be
other peaks between the onset and the first peak due to the

https://doi.org/10.1021/acs.jpca.2c03115
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Table 5. Spectroscopic Properties of Low-Lying States of
UH at the CCSD(T) Level

AS basis T, T, B w, ]
state set (ev) (em™) r,(A) (m?) (em') (em™)
‘1 awD- 0 0 2021 4111 14757 210
DK
awT- 0 0 2.021 4.112 1458.2 9.0
DK
awQ- 0 0 2.018 4.125 1471.2 14.4
DK
CBS 0 0 2.016 4.134 1480.5 18.4
‘H awD- 0.026 208 2.021 4.115 1463.9 19.3
DK
awT- 0.019 156 2.018 4.124 1453.0 18.1
DK
awQ- 0.018 147 2.014 4.140 1461.7 14.1
DK
CBS 0.018 142
‘r awD- 0.195 1572 2.022 4.109 1483.9 21.2
DK
awT- 0.204 1644 2.021 4.112 1476.9 15.7
DK
awQ- 0.206 1664 2.017 4.130 1489.6 13.0
DK
CBS 0.208 1677
‘A awD- 0.290 2336 2.021 4.114 1464.2 20.6
DK
awT- 0.311 2512 2.024 4.101 1448.7 12.5
DK
awQ- 0.322 2601 2.022 4.111 1461.9 20.2
DK
CBS 0.329 2655
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Figure 3. SO-CASPT2/aQ-PP potential energy curves for the low-
lying Q states of UH.
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Table 6. SO-CASPT2/aQ-PP Spectroscopic Parameters for
the Low-Lying  States of UH

AS T, T, L o, WX,
state (eV) (em™) 7, (A) (em™) (em™) (cm_el)
Loy 0.000 0 2006  4.174 1525.5 17.2
‘H,, 0014 109 2.005  4.183 1523.1 17.2
T 0.027 220 2.005  4.185 1516.6 17.0
*Ay, 0051 415 2.006  4.181 1514.2 169
,,,  0.060 483 2007 4177 1515.1 17.0
®Ayi;, 0298 2404 2.050  4.001 1479.0 33.8
Kojy  0.339 2735 2.046  4.016 1454.0 189
iy 0.376 3035 2.005 4.188 1551.4 774
Ty 0.384 3097 2004  4.192 1535.7 28.7
‘D, 0401 3234 2.005  4.176 1415.0 28.7
Ty 0.417 3359 2.008  4.170 1344.8 5.4
L, 0.417 3364 2011  4.160 1561.7 242
0, 0423 3411 2.005  4.184 1534.8 147
Ay 0439 3538 2005 4154 1516.2 20.0
*Hy, 0535 4311 2.048  4.009 1457.7 182
*Ay;p 0577 4655 2.048 4.009 1466.4 17.0
Kyyp  0.604 4875 2045  4.020 1467.2 169
‘Hy;,  0.663 5350 2.046  4.019 1464.0 17.0
Ty 0.739 5958 2.047 4.016 1442.2 18.9
T,/ 0.773 6235 2.049  4.006 1479.9 54.9
My, 0819 6603 2.005  4.185 1523.8 29.5

first low-lying *K excited electronic state of UH™ at 0.053 eV

lowering the VDE.

Continuing the assignment of excited states of UH in the
PES spectrum, our calculated results show that there are two
states between the experimental A and B maxima at 0.75 and
0.80 eV. There are two states near 0.88 eV that can be assigned
to the B experimental peak and an additional five states
between 0.89 and 0.94 eV, which could be part of this peak.
The intense experimental peak C with an EBE of 1.008 eV
(UH") is consistent with the calculated °Hs), state. In
addition, there are predicted peaks at 1.04, 1.07, and 1.13
eV. There are two T states consistent with the experimental
EBE D peak of 1.190 eV for UH". From 1.32 to 1.41 eV, there
are 10 predicted states, which can account for the experimental
E peak at 1.371 eV. From 145 to 1.56 eV, there are three
states. The experimental F peak is at 1.703 eV, and there are
five predicted states between 1.68 and 1.75 eV, which can
account for this peak. The next assigned experimental peak is
the G peak at 2.158 eV. Between 1.84 and 2.11 eV, there are
16 states and the higher values of these states at 2.09 and 2.1
eV could account for the observed peak at 2.16 eV. There are
then an additional eight states between 2.27 and 2.49 eV.

Thermochemistry. The BDE of UH was obtained as
follows. Direct calculation of the BDE(UH) to obtain the heat
of formation following the FPD approach is not straightfor-
ward as accurate calculations of the U atom are difficult due to
its 7s*6d'Sf> ground state. Rather than directly calculating the
BDE using the U atom, we can calculate the BDE from the
ionization potential of UH because U’ with a 5f7s”
configuration has only open-shell 5f orbitals. This makes the
calculations simpler as we do not have to consider coupling to
the 6d orbital as would be found in U. The BDE of UH" is
available from the experiment and from high-level calculations,
which are consistent with each other.”> We redid the
calculations of the BDE of UH' using the FPD approach

https://doi.org/10.1021/acs.jpca.2c03115
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Table 7. FPD Components for the EA and IP at 0 K with DK Basis Sets of UH in eV

neutral ion property  awQ-DK  AEcgs” AECVb
UH (*ly,) UH™ (PAg) AEA 0.278 0.303 —0.017
VDE# 0.337 0.359
UH (*Ly,) UH' (°L,) IE 6.048 6.054  0.029

AEZPEb AEgo* AEGauntd AEccspr” AECCSDTQf final (0 K)

0.018 0.140 0.013 0.047 —0.036 0.468
0.506"

0.010 —0.032 0.031 0.009 0.015 6.116

“CCSD(T) value extrapolated to the CBS limit using awn-DK basis sets for n =D, T, Q. bCCSD(T)/awQ-DK. °SO-CASPT2 values: UH™ = 0.857
eV (6912 cm™), UH = 0.717 eV (5781 cm™), UH* = 0.749 eV (6040 cm™). dFulIy uncontracted cc-pVDZ-DK3. *AE; = CCSDT — CCSD(T).
J, AEq = CCSDTQ — CCSDT. ¥UH (*1y),) at UH™ (°Ag) geometry for each level of theory. "7alue does not include a ZPE correction but includes

the same other corrections as calculated for the AEA.

Table 8. Calculated VDEs at the CASPT2/aQ-PP + SO Level”

state VDE
Lo 0.506
*H, ), 0.520
Ty 0.533
A3y 0.556
0, 0.564
Ay 0.763
Koys 0.807
Ly 0.880
o/ 0.883
‘D, 0.892
Ts 0.908
L, 0.923
‘), 0.929
Ay 0.944
°Hs,, 1.000
A1z 1.043
Ky 1.073
Hy, 1.131
Ty, 1.205
Ty 1.242
Tispn 1.324
*H, 1.334
*®,,, 1.347
4A7/2 1.351
L5, 1.363
DIYN 1.370
o, , 1372
*Ais/ 1.379
Lisja 1.391
*Hy, ), 1.406
°Hs), 1.454
Ly, 1.492

state VDE
‘D, 1.558
Lis)5 1.689
°H,,, 1.690
*A17j 1.690
*Hyy), 1.711
L1 1.753

Lis) 1.843
*Hyyy 1.854
T 1.856
Dy, 1.856
‘D), 1.865
D, 1.882
*As, 1.896
11, 1.900
‘D, , 1.902
H,,, 1.910
Kz 2.051
*Hys), 2.054
*Atoja 2.064
T3 2.080
‘D, 2.090
D), ), 2.109
®,, 2276
Loy 2413
Li7/ 2.440
*Hys), 2.440
Kio2 2451
*H,3,, 2461
Ay 2475
Ty 2492

“At the optimized UH™ (*A) CCSD(T)/awQ-DK geometry.

outlined in the current work with the components in Table 9.
We note that the SO correction for UH" is 6040 cm™ and that
for U is 6704 cm™ obtained at the CASPT2-SO level. The
SO value for U* is consistent with a value of 6851 cm™!
obtained from the expression Y,(2] + 1)E(J)/>;(2] + 1)
using the ground state values for E(J) for U*.> We obtain a
value of 235.5 kJ/mol for the BDE(UH"), which can be
compared to an experimental value of 239.3 + 5.8 kJ/mol
(2.48 + 0.06 eV) and a calculated value of 234.5 kJ/mol at the
CCSD(T)/CBS/cc-pwCVnZ-DK3 level® The calculated IE
of UH is 6.12 eV at the FPD level. In combination with the
heat of formation of UH", which can be readily obtained from
the experimental IE of U, we can obtain the values for UH,
UH, and UH™ given in Table 10. For UH", AH? was
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obtained using the AEA and the heat of formation of UH.
Standard heats of formation at 298 K were calculated using the
approach described by Curtiss et al.”” using 6.36% and 4.23 kJ/
mol®* for the thermal corrections of U and H, respectively.

Another way to obtain the heat of formation of UH is by
reaction 3 building on our work

UH + WE, > UE, + WH 3)
on UCl,.” We chose reaction 3 as the nominal oxidation states
are the same. AH{ ¢ of UF¢ is —2142.5 kJ/mol,®> obtained
from the experimental value reported by Guillaumont et al.”*
of —2148.6 + 1.9 kJ/mol at 298 K with the thermal correction
for 0 to 298 K from Wagman et al.”> of 6.1 kJ/mol. The FPD
value”® for AHPo(WFq) is —1763.1 kJ/mol; thus, we can

https://doi.org/10.1021/acs.jpca.2c03115
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Table 9. FPD Components for the BDE of UH* (UH* — U*
+ H) in kJ/mol

component energy
awd-DK 232.0
awt-DK 239.5
awq-DK 244.7
AEps” 248.0
AEcy 8.1
AEso —7.94
Ay —291
AEp" —-9.76
D, (0 K) 235.5

“CCSD(T) value extrapolated to the CBS limit using awn-DK basis
sets for n = D, T, Q. ®CCSD(T)/awQ-DK.

Table 10. Heats of Formation (AH;°) and BDEs (D,) of
UH"~ in kJ/mol

diatomic AHP(0 K)“ AHP (298 K)* D,’
UH 523.5 521.6 225.5
UH"~ 478.4 476.5 197.9¢
UH" 1113.6 1111.7 235.57

“We estimate an error of +10 kJ/mol of the heats of formation
predominantly due to the error bar for the heat of formation of the U
atom. e estimate an error of +5 kJ/mol for the value of D,
predominantly due to potential errors in the spin—orbit calculations.
“To U+ H™. “To U* + H.

calculate AH{°(WH) using the FPD approach. We calculate
the heat of formation of WH with respect to the ’S atomic
state of tungsten and then correct it to the ground state by
35.31 kJ/mol (8.44 kcal/mol).” At the FPD level (see the
Supporting Information for details of the calculation), the BDE
for WH is 266.6 kJ/mol giving AHo«(WH) = 800.5 kJ/mol.
The energy of reaction 3 at the CCSD(T)/CBS level is —81.5
kJ/mol at 0 K giving AHZox(UH) = 530.6 kJ/mol, in close
agreement with a value of 523.5 kJ/mol from the IE + BDE
approach described above. We note that it is critical to include
the SO corrections for the MH because the value at the
CASPT2-SO/aug-cc-pVQZ-PP level for UH is —69.2 kJ/mol,
whereas for WH, it is only —3.3 kJ/mol.

The BDEs (Table 11) for UH and UH™ were calculated
from the known atomic heat of formation of U (AH°(0 K) =
533.0 + 8 kJ/mol)® and the values for H (AH? (0 K) =
216.034 kJ/mol) and H™ (AH (0 K) = 143.264 kJ/mol) from

Table 11. M—H, Average M—O, and Average M—F BDEs in
kJ/mol

hydride M-H“ oxide M=0" fluoride M-F°
MoH 230.4 MoO; 574.5 MoF¢ 447.0
WH 238.4 WO, 641.0 WEq S512.7
UH 225.5 U0, 693.3 UF¢ 526.3
ZH 247.0 70, 692.0 ZiF, 647.0
HfH 266.6 HfO, 666.1 HIF, 657.2
ThH 260.5 ThO, 777.7 ThE, 667.1

“Dy. Current work unless noted. ThH from ref 25. bAverage M=0
from the oxide. Values for MoO;, WO;, ZrO,, and HfO, from ref 65
at the CCSD(T)-PW91/CBS level, UO; from ref 66, and ThO, from
ref 72. “Average M—F from the fluoride. Values for MoF from ref 73,
WEF from ref 68, UF, from ref 66, and ZrF,, HfF,, and ThF, from ref
74.
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the active thermochemical tables (ATcT).”*”7° The values for
all of the metal hydrides in Table 11 were calculated in this
work except for ThH taken from our prior work.”> The BDE
for UH is ~20% weaker than the BDE of ThH even though the
bond distances are essentially the same. This can partially be
explained by the nonbonding 5f electrons in U having a
repulsive interaction with the H™, and such an interaction is
not present in Th. The BDE for UH™ is lower than that for
UH, by 30 kJ/mol, whereas the BDE for ThH™ is 7 kJ/mol
higher than that for ThH. For the UH™ and ThH™ anions,
dissociation leads to M + H™, not M~ + H, as the EA of H is
larger than those of U and Th.”*

We can also compare the trends for various bond energies in
a column. The BDE for WH is slightly larger than that for
MoH, and the UH BDE is the smallest of these three. The
trend in BDEs for ZrH (this work) and HfH (this work) is the
same as that for MoH and WH, but the ThH BDE*® falls in
between those of ZrH and HfH. We can compare the average
MO BDEs from MO, and MO, as well.*”**”” The metals in
the +IV oxidation state have higher BDEs than those in the
+VI oxidation state. For the +VI MO, the BDEs increase from
Mo to U, but the +IV oxidation-state BDEs decrease from
ZrO, to HfO, and then substantially increase for ThO,. The
average M—F BDEs for MF, and MF, increase down the
column.®®*®”®7? The values for MF, are larger than those for
MF; in part due to smaller steric interactions in the former.
Thus, the ordering of the BDEs depends on the ligand and the
metal oxidation state.

Electronic Structure Analysis. As expected, an examina-
tion of the molecular orbitals of UH and UH™ indicates that
bonding in these molecules has mostly ionic character. Table
12 shows the NPA charges and population from the natural
bond orbital analysis obtained at the AD-DK level for selected
low-lying states of UH and UH™. The interaction of U* (*],,)
with H™ gives rise to the low-lying UH states. The ground state
of UH (*,/,) is well described by the fp f5 fr electronic
configuration with the highest occupied MO of ¢ symmetry
having strongly Sf character. Bonding character is observed for
the second highest MO, which is a mixture of the atomic
functions 6d, + 7s (U) strongly polarized toward the 1s H. A
similar pattern is observed for the *H,, (fp £5 fo) state, which
is only 0.014 eV higher in energy than the ground state and is
expected to contribute to its AS composition (Table 4).

The natural charge for U in UH is +0.71, and that for H is
clearly highly negative. These results are consistent with the
assignment of an ionic configuration (U**”'H®"") for UH. In
this case, the U 7s orbitals remain double occupied with about
1.88 ¢, and the U 5f orbitals have three unpaired electrons (3.0
e) in agreement with the 5£7s* configuration associated with
the U*(*1,) lowest atomic asymptote. There are 0.38 electrons
in the U 6d, and there are 1.68 electrons in the H 1s orbital.
The populations for the *I,, and *H,/, states of UH are
basically the same. As the U* (°L,) atomic asymptote is higher
by only 289 cm™, we calculated the atomic charges for the first
sextet excited state, YA}, /,. The atomic charges slightly change
to 0.677 (U) and —0.677 (H) as compared to the quartet
states. The 6d population increases by almost one electron to
1.32 e, and the 7s orbital decreases to 0.98 e corresponding to
the expected 5£6d'7s' U configuration.

The bonding in UH™ results from the interaction of U
(5£6d'7s*) with the closed shell H™ (1s®). The natural charges
calculated for U are —0.12 e in UH™, whereas for H, there is a
population of —0.88 e, so most of the additional electron goes
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Table 12. NBO/HF Charges (q) and U Population at the HF-aD-DK Level

6d“

0.38 (0.20/0.18)
0.38 (0.20/0.18)
1.32 (1.23/0.08)

1.18 (1.09/0.09)
1.21 (1.12/0.09)

75"

1.88 (0.94/0.94)
1.88 (0.94/0.94)
0.98 (0.90/0.08)

1.87 (0.94/0.94)
1.88 (0.94/0.94)

a

7p

0.03 (0.01/0.01)
0.03 (0.01/0.01)
0.03 (0.03/0.00)

0.06 (0.03/0.03)
0.05 (0.03/0.02)

H 1s°

1.68 (0.84/0.84)
1.68 (0.84/0.84)
1.66 (0.84/0.82)

1.79 (0.90/0.90)
1.79 (0.89/0.89)

q(U) q(H) SF

UH

s 0.711 —0.711 3.02 (2.99/0.02)
*H,,, 0.710 —0.710 3.02 (3.00/0.02)
*A11js 0.677 —0.677 2.99 (2.98/0.01)
UH™

SAg —0.123 —0.877 3.00 (3.00/0.01)
Ky —0.129 —0.871 2.98 (2.98/0.01)

“In the order total spin (a spin, f§ spin).

onto the U. U gains —0.83 e as compared to the U in UH, and
H is 0.16 e more negative in UH" than in UH. In comparison
with UH, the additional electron goes into the 6d orbitals with
a population of 1.20 e. The 7p population remains very small
in UH™ as in UH.

B CONCLUSIONS

The UH and UH™ molecules were characterized by high-level
electronic structure calculations combined with anion photo-
electron spectroscopy experiments to study the interaction of
U with this simplest ligand. The ground state of UH is
predicted to be *Iy,, (fp 5 fr) at both the SO-CASPT2 and
CCSD(T) levels with the *H,/, excited state only 0.014 eV
higher in energy. For UH™, the ground state is predicted to be
SAg with (f5 frr fp d5) and the first excited state *K higher by
0.054 eV at the CASPT2-SO level. At the CCSD(T) level, the
two states are essentially degenerate, which shows the
importance of including spin—orbit effects in the assignment
of the low-lying states.

At the FPD level, the AEA of UH is calculated to be 0.468
eV, in good agreement with an extrapolated experimental value
of 0462 V. The theoretical value includes a spin—orbit
correction of 0.14 eV. At the CASPT2-SO/aQ-PP level, the
AEA was calculated to be 0.519 eV. The EA of UH is about
0.17 eV larger than the EA of the U atom, an increase of
~60%. This is similar to the absolute differences in the electron
affinities of Th and ThH. The photodetachment spectrum of
UH"™ is complicated by the large number of low-lying excited
states in UH, which can be accessed in less than 2.0 eV. This
again is similar to the situation for ThH™ photodetachment.
The vertical EA, obtained at the FPD level, is predicted to be
0.506 eV. The assignments of the excited states of UH up to
~2.5 eV show consistency with the PES spectrum.

Considering dissociation to U* + H, the IE of UH at the
FPD level was computed to be 6.116 eV including a small
spin—orbit correction of —0.032 eV. The IE is 0.08 eV lower
than the experimental IE of U, which suggests that H has only
a moderate influence as a ligand on the IE. At the CASPT2-SO
level, the IE is estimated to be 6.040 eV.

The BDE of UH was obtained from the calculated IE and
heat of formation of UH". The BDE of UH" is estimated to be
235.5 kJ/mol at the FPD level, including a —7.94 kJ/mol spin—
orbit correction, and AH?°(0 K) = 1113.6 kJ/mol. For UH, we
obtained a BDE of 225.5 kJ/mol and AHy (0 K) = 523.5 kJ/
mol. These values are essentially the same as the ones obtained
from reaction 3. For UH™, we calculated a BDE of 197.9 kJ/
mol with AHP(0 K) = 478.4 kJ/mol. Compared with ThH,
the UH BDE is lower by ~20%, which can be explained by the
presence of the f nonbonding electrons on the U.

4440

The NBO electronic structure analysis is consistent with the
5f> subconfiguration for the bonding of the UH” ™! species and
supports the presence of significant ionic character. Consid-
ering ionic bonding for UH (U*H"), there are 21 spin—orbit
states in U" below 1 eV, which originate from the 568752,
586d'7s!, 5£6d% and 5f*7s' atomic conﬁgurations.3 If we
assume only a covalent bond (UH), there are 19 spin—orbit
states in the neutral U, which are mostly associated with the
5£6d'7s* configuration.” Only a few states are derived from
5£6d*7s' and Sf*7s* up to 1 eV excitation energy.
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