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ABSTRACT: High-level electronic structure calculations of the ground and low-lying energy
electronic states for ThH, and ThH,~ for x = 2—35 are reported and compared to available
anion photoelectron detachment experiments. The adiabatic electron affinities (EAs) are
predicted to be 0.82, 0.88, 0.51, and 2.36 eV for x = 2 to S, respectively, at the Feller—
Peterson—Dixon (FPD) level. The vertical detachment energies (VDEs) are predicted to be
0.84, 0.88, 0.81, and 4.38 eV for x = 2—S, respectively. The corresponding experimental VDEs
are 0.871 eV for x = 2, 0.88 eV for x = 3, and 4.09 eV for x = 5. As for ThH, there is a
significant spin—orbit (SO) correction for the EA of ThH,, and this correction decreases
substantially for x > 2. The observed ThH, ™~ photoelectron spectrum has many transitions as
predicted at the CASPT2-SO level. The FPD bond dissociation energies (BDEs) increase
from 67 to 75 kcal/mol for x = 2 to x = 4 at the FPD level. The BDE for ThH; is much lower

266 nm PES of ThH,

VDE expt = 0.87
VDE calc = 0.84
ADE calc = 0.82

Electron Binding Energy (eV)

as it is a complex of H, with ThH;. The hydride affinities for x = 2 to 4 are all comparable and near 70 kcal/mol. A natural bond
orbital analysis is consistent with a significant Th*—H" ionic contribution to the Th—H bonds. There is very little participation of
the 5f orbitals in the bonding and the valence electrons on the Th are dominated by 7s and 6d for the neutrals and anions except for

ThH,™ where there is a significant contribution from the 7p.

B INTRODUCTION

Thorium is an early member of the actinide series with
chemistry that often exhibits transition metal-like chemistry. A
number of experiments have been reported on small molecular
anions containing Th. The experimental electron affinity (EA)'
of Th obtained using photoelectron spectroscopy (PES) is
0.607690(60) eV. A calculation' at the multiconfigurational
Dirac Hartree—Fock level with a large basis set is consistent
with this value. Other calculated EAs for Th are consistent with
this value including 0.59 eV [CCSD(T)/CBS limit using aug-
cc-pwCVnZ basis sets plus an effective core potential for Th]”
and 0.565 eV [beyond the CCSD(T) level including an all-
electron four-component relativistic treatment of spin—orbit
(SO)].*> The EA of ThH arises from a complicated PES
spectrum and has been calculated at the Feller—Peterson—
Dixon (EPD) level*™” using a combination of CCSD(T)/CBS
calculations with additional higher order correlation and
relativistic corrections, and SO corrections at the MRCI level
to be 0.82 eV.* Using a combination of PES and correlated
molecular orbital theory, ThH;~ was shown to be a
superhalogen molecule with a vertical detachment energy
(VDE) of 4.09 eV.” These authors also briefly described results
for ThH;™.

Andrews and co-workers'® reacted Th atoms with H,, D,,
HD, and H,/D, gas mixtures to produce ThH,D, neutrals in
the Ar and Ne matrices. The experimental vibrational
frequency for ThH in a Ne matrix is 1511.0 cm™}, consistent
with the CCSD(T)/awQ-DK values for v(ThH II) of 1530
ecm™! and (ThH 2A) of 1537 cm™.° For ThH, the 1 state is
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the ground state at the CCSD(T) level and the *A state is the
ground state at the CASPT2 + SO level. Grant et al.'' have
reported neutron diffraction and computational results on
much larger Th—H complexes with a variety of ligands.

In the current work, we use a combination of PES
experiments and high-level correlated molecular orbital theory
calculations with SO corrections to investigate the structures
(geometries and vibrational frequencies) and electronic and
energetic properties of neutral and anionic ThH,° molecules
for x = 2—5. The new PES data are for ThH, ™ and the data for
ThH;~ and ThH;~ are taken from prior work.”

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Section. The ThH,™ anions were produced
and analyzed using a house-built anion photoelectron
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 thorium dihydride anions
were generated in a laser vaporization ion source. A rotating,
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translating thorium rod was ablated using the second harmonic
of an Nd: YAG laser (532 nm, 2.33 V), while 20 PSI of UHP
H, gas expanded over the Th rod. After pulsing H, gas over the
rod for a minute, the gas flow was shut off, and the experiments
were conducted using no backing gas. The resulting anions
were then extracted before entering the photodetachment
region.

Anion PES experiments were conducted by crossing the
mass-selected anion beam with a fixed-energy photon beam
and energy analyzing the resulting photodetached electrons.
The photodetachment process is governed by the energy
conservation relationship, hv = EBE + EKE, where hv is the
photon energy, EBE is the electron binding energy, and EKE is
the electron kinetic energy. The second (532 nm, 2.33 eV) and
fourth (266 nm, 4.66 eV) harmonics of a Nd/YAG laser were
used to photodetach the ThH,™ anion. The photoelectron
spectra 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. Building on our computational
approach for the prediction of the electronic affinity and
ionization potential of ThH,® two sets of calculations were
performed. One set used the composite FPD approach to
obtain a quantitative prediction of the EAs. The other set used
the complete active space self-consistent field (CASSCF)
method together with second-order perturbation theory
(CASPT2) and SO coupling via the state interacting approach
to predict the low-lying excited states of the neutrals and
anions. Both are described in detail below.

The geometries were optimized and the harmonic
frequencies of ThH,, ThH; ThH,, and ThH; and the
corresponding anions were calculated at the ccsp(T)' Y
(coupled cluster theory with single and double excitations with
a perturbative triples correction) level with the third-order
Douglas—Kroll-Hess Hamiltonian (DKH3)."*~*° The aug-cc-
pVnZ-DK for H*"** and the cc-pwCVnZ-DK3 for Th**** for n
= D and T basis sets were used for the geometry and frequency
calculations; these are denoted as awn-DK. These calculations
included the correlation of the valence electrons (H 1s, Th 6s,
6p, 6d, and 7s) and the Th Ss, Sp, and Sd core—shell electrons.
In addition, single-point calculations were performed at the
awQ-DK level on the awT-DK geometries, and in some cases,
the geometries were optimized at the awQ-DK level. The
CCSD(T) total energies were extrapolated to the CBS limit by
fitting to a mixed Gaussian/exponential (eq 1)*°

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

1)
with n = D through Q (n = 2, 3, and 4). Equation 1 was chosen
as it works best for extrapolation to obtain dissociation
energies using the D, T, and Q basis sets.”® The open-shell
calculations were performed using the R/UCCSD(T)
approach where a restricted open-shell Hartree—Fock
calculation was initially performed and the spin constraint
was then relaxed in the coupled cluster calculation.”” > The
CCSD(T) calculations were performed using the MOLPRO
program package.’"*” The calculations were performed on our
local University of Alabama Opteron- and Xeon-based Linux
clusters.

To obtain SO corrections for all the ThH,, species (neutral
and anion for x = 2, 3, and 4), state-averaged CASSCF****
calculations were performed to represent the lowest states,
using the aug-cc-pVnZ basis sets’>*® for H and the cc-pVnZ-
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PP basis sets with effective core potentials for Th,*>*” for n =
D, T, and Q. These basis sets are noted as an-PP. To choose
the orbitals for correlation, an ionic model is used where the
H™ anion is treated as a closed shell. Thus, ThH, gives Th(II)
for which the low-lying states correspond to singlets and
triplets from the low-lying 5f'6d' and 6d* atomic ion
conﬁgurations.38 ThH,™ gives Th(I) for which the low-lying
states correspond to doublets and quartets from the 6d'7s”
atomic ion configuration. For ThH,, the CASSCF(2/8) has
two electrons in eight orbitals, with all of the lower energy
orbitals constrained to be doubly occupied. The CASSCF(3/
8) active space for ThH,™ includes three electrons in the same
effective eight orbitals. The CASSCF for ThH; with Th(III)
results in doublet states arising from a single valence electron
on the metal in eight orbitals. ThH;™ gives Th(II) again, so
there are singlets and triplets arising from the two electrons in
eight orbitals. The choice of eight orbitals is based on our
work® on ThH and that of others**™*' on ThX, where X is a
halogen. This choice is based on the anionic nature of the
ligands and the need to incorporate the active orbitals on the
Th, which are the 7s, 6d, and selected 7p.

Post-CASSCF calculations using the same active spaces as
the preceding CASSCF calculations were carried out via
second-order perturbation theory (CASPT2).*** Multiple
states are calculated using a Fock operator constructed from a
state-averaged density matrix and the zeroth-order Hamil-
tonians for all the states. The frozen-core definition in the
CASPT2 included all the orbitals of Th through the 5d
(6s6p5t7s valence). The smallest possible IPEA shift** was
used, a value of 0.28 for all the states.

The state-interacting method for the treatment of SO
coupling,* implemented in MOLPRO, was used to calculate
the molecular states at the SO-CASPT2 level. The SO
eigenstates are obtained by diagonalizing H, + Hgo based on
H,, eigenstates. The matrix elements of Hgo were constructed
using the SO operator from the Th pseudopotential. Here, the
SO matrix elements have been calculated throughout at the
CASSCEF level of the theory, with the diagonal terms of H +
Hjo replaced with CASPT2 energies. These calculations were
performed using the an-PP basis set at the corresponding
optimized awn-DK bond distances for n = D, T, and Q.

This combined approach yielded an EA of 0.764 eV for ThH
as compared to a value of 0.820 eV when full T and Q
corrections at the CCSD level were included (0.029 eV), a
KRCI/MRCI calculation for the SO (0.016 V), and a QED
correction for the Lamb shift (0.011 eV) where the values in
parentheses are the additional missing values.®

To obtain a better understanding of the bonding for these
neutral and anionic ThH, species, the Natural Population
Analysis results based on the natural bond orbitals
(NBOs)** using NBO7*%* are calculated using the
MOLPRO program package at the aD-DK level.

B RESULTS

The mass spectrum of the anions produced when laser ablating
a Th rod in the presence of H, is presented in Figure 1. ThH,~
anions were produced, where x = 0, 1, and 2. The PES spectra
collected from photodetaching the ThH,™ anions using the
second (532 nm, 2.33 eV) and fourth (266 nm, 4.66 eV)
harmonics of a Nd/YAG laser are presented in Figure 2a,b,
respectively. The fourth harmonic produces a PES spectrum
with one broad peak with an onset of 0.571 eV and maxima of
1.239 eV. The second harmonic PES spectrum highlights the

https://doi.org/10.1021/acs.jpca.2c01460
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Figure 1. Mass spectrum obtained by laser ablating a Th rod in the
presence of H,.
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Figure 2. PES spectra of ThH,  collected using the (a) second
harmonic (532 nm = 2.33 V) and (b) fourth harmonic (266 nm =
4.66 eV) of a Nd/YAG laser.

many transitions between the ThH, anion and neutral. There
are seven dominant photodetachment peaks. The extrapolated
peak maxima are listed in Table 1.

Table 1. Extrapolated Peak Maxima for the PES Spectra of
ThH,

peak EBE maxima (eV)
A 0.871
B 1.054
C 1.199
D 1.333
E 1.458
F 1.895
G 2.119

“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.

Molecular Geometries. The molecular geometry param-
eters are given in Table 2. ThH, and ThH,™ are bent with C,,
structures. The bond angle in the neutral is 6° smaller than in
the anion, and both bond angles are greater than 125°. The
bond distance increases in the anion from that in the neutral by
0.09 A. The ground state of ThH, is 'A,;, and the first excited
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Table 2. Calculated Geometry Parameters for ThH,” = (x =
1-5) at the CCSD(T)/awT-DK Level”

spin AEy"
ThH,”~ symmetry State  kcal/mol r(Th—H) A 2(H-Th-H)°
ThH Ceor 11 0.0 2.008
ThH Coor 2A 0.2 2.023
ThH™ Coor 3o 0.0 2.108
ThH, Cy A 0.0 2.036 125.1
ThH, Cy, °B, 6.6 2.066 117.1
ThH,~ C,, ’B, 0.0 2.126 131.3
ThH,~ Cyy A, 0.03 2.126 1312
ThH, Cs, A, 2.073 1163
ThH,~ Dy, A/ 2.121 120
ThH,~ C, A7 9.0 2.173 119.8(x2)
2.152(x2) 107.5
'ThH, T, A 2.079 109.5
*ThH,~ Dy, A, 2.166 128.4(x2)
100.9(x4)
>ThH; C, A 2.082(x2) 112.6
2.073 112.3(x2)
0.792
(H-H)
'ThH,~ Ca A 2.186(ax) 133.6 ax eq
2.154(eq) 81.1 eq eq
'"ThH,~ Dy, A/ 3.0(2i)°  2.144 eq 120
2.239 ax 90

“Values for ThH and ThH from ref 8 and are given for comparison
purposes. “Relative energies at the CBS/awn-DK level. “Not a
minima, two large imaginary frequencies (see text).

state is a °B; state, which is 6.6 kcal/mol higher energy. There
is a second excited 'A,; state 7.8 kcal/mol above the ground
state with a small bond angle and a *A; 8.0 kcal/mol higher in
energy than the ground state. The electronic structure of the
anion is somewhat more complicated as there are two very
low-lying doublet states, *B; and *A,, that are essentially
isoenergetic, with the A, state only 3.4 kcal/mol above the
ground state. This will be discussed in more detail below.

ThH, is a trigonal pyramidal, a A, state with Cy, symmetry,
and the anion is a planar 'A,’ state with Ds;, symmetry. The
vertex inversion barrier in ThHj; is only 0.4 kcal/mol (CBS/
awn-DK), so that the molecule is very similar to ThH;~ except
for the bond distance. The bond distance in ThHj increases by
0.04 A from that in ThH,. The bond distance in ThH,~
increases by 0.05 A as compared to ThH; and is slightly
smaller than the Th—H bond distance in ThH,".

ThH, is a tetrahedral 'A, state with no active Th electrons in
the ionic model. The bond distance in ThH, is very similar to
that in ThH;. The addition of an electron to form the ThH,™
anion leads to a distortion from T, symmetry to D,,; symmetry,
generating a “A, state. The bond distance in ThH," increases
by 0.09 A from that in the neutral.

The structures for ThHg and ThH;~ have been previously
reported, and our optimized structures are in agreement with
the prior reported structures.” ThH,~ has a C,, symmetry
(*A,) with Th—H bond distances similar to those in ThH,".
This anionic ThH;~ structure differs from the trigonal
bipyramidal, Dy, structure predicted for ThF;~.>° The Dy,
structure for ThH;™ has a degenerate imaginary frequency of
293i at the aD-PP level and is 3.0 kcal/mol higher in energy.
The structure of ThH; is asymmetric with the H, complexed
to a ThH; in C; symmetry but canted off to one side. The H,

https://doi.org/10.1021/acs.jpca.2c01460
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bond distance is 0.05 A greater than that of the isolated H,
diatomic (0.743 A) at this level of theory. This differs
significantly from the ThF;"F,” ion pair structure predicted for
ThE,.*° The H, is bound to the ThH, by only 3.1 kcal/mol at
0 K. Thus, there is likely to be only a small fraction of ThH;
present at 298 K.

Vibrational Frequencies. The calculated harmonic
frequencies are given in Table 3. The calculated anharmonic

Table 3. Calculated Vibrational Frequencies (cm™") for
ThH,”~ (x = 1-5) at the CCSD(T) Level®

spin Th—H
molecule state Th—H stretch bend expt.
ThH A, 1547 1511 (Ne), 1485
(wex, = 20) (Ar)
ThH 24,, 1550
(wx, = 19)
ThH"~ 0, 1306
(wex, = 19)
ThH, A, 1546 a, 602 a; 1480 (Ar)
1493 b, 1476(Ne), 1456(Ar)
ThH, 3B, 1509 a; 548 a;
1478 b,
ThH,~ B, 1282 a, 397 a
1145 b,
ThH,~ A, 1350 a, 423 a;
1258 b,
ThH, A 1543 a, 655 e
1467 e 177 a,
ThH;~ A/ 1351 a, 451 ¢
1272 ¢ 411 a,”
ThH, 'A, 1574 a, 543 e 1456 (Ne), 1435
(Ar)
1469 t, 483 t,
ThH,™" A, 1366 a, 448 e
1256 e 423 b,
1245 b, 235 e
ThH," A/ 3527 (H,) a 1172 a'
1519 a’ 856 a'’
1483 a” 655 a’
1446 a’ 524 a’
512 2"
401 o’
356 '
348 2"’
"ThH~ A 1446 a, 611 b,
1279 e 553 e
1266 a, 484 b,
1219 b, 331b,
348 e

“All the frequencies were calculated with the awT-DK basis set unless
noted. “The frequencies were calculated with the awD-DK basis set.

ThH frequency is essentially the same as the experimental
value in Ne.'” The calculated harmonic ThH, asymmetric
stretch frequency for the 'A; ground state is 17 cm™" above the
experimental Ne value.'’ This suggests that there is very little
Ne matrix shift at this computational level if we assume a
similar anharmonic effect to that in ThH. There is clearly a
large Ar matrix effect on the symmetric stretch for ThH,. The
Th—H stretching frequencies in ThH, are substantially smaller
than in ThH, consistent, with the lengthening of the Th—H
bond on the addition of the electron. The shifts from the
neutral values in the ?B; state of the anion are significantly
larger than for the A, state, even though the *B, and *A, states
are essentially isoenergetic. The lengthening of the ThH bonds
in ThH,™ leads to a substantial reduction in the bending
frequency due to a weakening of the interaction between the H
atoms.

The three Th—H stretches in ThH; are very similar in
magnitude to those in ThH,. The three Th—H stretches in
ThH;™ are similar to those in the %A, state of ThH,™. The
calculated frequency for the triply degenerate asymmetric
stretch in ThH, is 13 cm™" above the experimental frequency'’
in Ne and 34 cm™' above the experimental value in Ar,
consistent with what was found for ThH and ThH,. As
expected, the addition of an electron to ThH, leads to a
reduction in the Th—H stretch by about 200 cm™’, consistent
with the increase in the Th—H bond distance in the anion. The
high energy vibrational transition in ThHj is for the H, moiety,
which is almost 900 cm™ below that in H, (w, = 4400 cm™)
at the same level. The average of the Th—H stretches in the
ThH; group of ThHg is about 10 cm™' below the
corresponding average in ThH;. ThH;™ has the highest Th—
H stretch in all of the anions at 1446 cm™'. The remaining
Th—H stretches in ThH™ are consistent with the Th—H
stretches in the other thorium hydride anions.

Adiabatic Electron Affinities. We first describe the
calculated adiabatic EAs (AEAs) given in Table 4. The
AEA(ThH,) is 0.82 eV with a SO correction of 0.11 eV as
compared to a SO correction of 0.07 eV for the AEA(ThH) at
this computational level. As discussed above, the AEA(ThH)
at this level is too low by 0.056 eV as compared to even higher
level calculations.® The AEA(ThH,) is 0.06 eV larger than the
AEA(ThH) at this level. Much of this difference is due to the
larger SO effect and ZPE difference for ThH,. The
AFA(ThH,;) is an additional 0.06 eV higher at 0.88 eV with
a small SO correction of only 0.02 eV. The increase in the AEA
is consistent with adding an electron to a Th atom, which has
an increasing positive charge, although the effects are not very
large, especially considering the ZPE effects. The AEA(ThH ,)
decreases to 0.55 eV as one adds an electron to a closed shell
molecule, forcing a distortion from the T, geometry. ThH, can
still add an electron due to the positive charge on the Th. The
SO correction has now decreased to 0.01 eV. The SO

Table 4. Calculated CCSD(T) AEAs (eV) for ThH,”~ (x = 1-5)

molecule neutral state anion state CBS (awn-DK3) ZPE (awT-DK) SO (CASPT2)“ AHgy
ThH 1l R0 0.68 0.015 0.069 0.76
ThH, A, ’B, 0.67 0.04 0.11 0.82
ThH, 2/ A,/ 0.81 0.05 0.022 0.88
ThH, A, A, 0.39 0.11° 0.014 0.51
ThH, 2/ A, 2.17 0.19° 0.004° 2.36

9S0-ADF (eV): 0.22 ThH,, 0.017 ThH,, and 0.001 ThH,. “awD-DK. “SO-ADF (eV).
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correction for adding an electron to ThHj is essentially 0.
ThH; has a higher AEA of 2.32 eV due to adding an electron
to the molecule, which resembles a ThH;-H, complex. The
resulting ThH;™ structure is very stable, resulting in an AEA
where the additional charge can be spread over the various H
atoms and being stabilized by the +IV oxidation state of the
Th.

Vertical Detachment Energies. The calculated first
vertical electron detachment energies (VDEs) are given in
Table 5 and compared to experiment where possible. The

Table 5. Calculated CCSD(T) First Vertical Electron
Detachment Energies (VDE, V) for ThH,”~ (x = 1-5)

molecule awD-DK awT-DK awQ-DK CBS CBS + SO  expt
ThH 0.56 0.65 0.69 0.71 0.78 0.87
ThH, 0.61 0.69 0.72 0.73 0.84 0.871
ThH;, 0.78 0.83 0.85 0.86 0.88 0.88
ThH, 0.77 0.77 0.79 0.80 0.81
ThH; 4.29 4.35 4.37 4.38 4.38 4.09

results for ThH have been discussed previously,® and a large
number of states were predicted, resulting in a complex PES
spectrum. A similar issue with a large number of states is
predicted for ThH,. As shown in Table 6, there are three

Table 6. Relative Energies (kcal/mol) of Low-Lying ThH,~
and ThH, States at the CCSD(T)/CBS Limit and Geometry
Parameters at the CCSD(T)/awQ-DK Level

state AE kcal/mol r(Th—H) A #H-Th-H?°
ThH,~
B, 0.0 2.120 130.9
A, 0.03 2.121 130.8
A, 34 2.104 120.5
’B, 10.7 2.109 131.8
*B, 13.0 2.136 102.8
‘B, 17.6 2.107 80.1
‘A, 202 2.120 116.7
‘A, 20.9 2.114 82.8
‘B, 234 2.092 81.3
ThH,
A, 0.0 2.033 124.9
3B, 6.6 2.063 117.1
A 7.8 1.992 64.7
A, 8.0 2.067 121.7
3A, 13.1 2.044 87.6
3B, 26.7 2.078 99.4
3B, 343 2.102 104.8

different ThH,™ states within 0.15 eV, with the two lowest
energy states being essentially degenerate, which could
complicate interpretation of the experimental spectra depend-
ing on the relaxation of the low-lying states in the molecular
beam. There are an additional six states of the anion within 1
eV. For ThH, (Table 6), there are five states at the CCSD(T)
level within 0.57 eV of each other.

In order to calculate the VDE spectrum for ThH,~, the first
VDE from the lowest energy state of ThH,™ to the ThH, state
at the anion geometry is calculated at the CCSD(T)/CBS level
with SO corrections. The remaining VDEs are then calculated
from the relative energies obtained at the CASPT2/aQ-PP +

2392

SO level using the optimized ThH,"~ (®B,) CCSD(T)/awQ-
DK geometry following our approach for ThH™.” These results
are given in Table 7. It is clear from the CASPT2-SO energy

Table 7. Calculated ThH, VDEs (eV) at the CASPT2/aQ-
PP + SO Level Using the Optimized ThH,™ (*B,)
CCSD(T)/awQ-DK Geometry

state no. VDE (eV) assignment

1 0.84 95% 'A,

2 0.96 47% 3A; + 48% B,

3 1.00 49% 3A; + 48% B,

4 1.13 92% B,

5 1.14 95% 3A,

6 1.37 49% A, + 49% °B,

7 1.37 49% 3A; + 49% B,

8 1.66 98% A,

9 1.68 97% 3A,

10 1.69 949% A,

11 1.86 95% 'A,

12 1.95 43% 'A; + 24% A, + 20% B,
13 2.07 61% 3A, + 28% B,

14 2.11 87% 'B,

15 2.12 26% ‘A, + 37% A, + 33% B,
16 2.17 58% A, + 40% °B,

17 2.19 11% 'A, + 63% B, + 23% °B,
18 229 50% 'A, + 47% °B,

19 231 41% 3A, + 59% B,

20 2.33 19% 'A; + 26% B, + 50% °B,
21 2.34 91% 3B,

22 2.37 50% 3B, + 43% °B,

23 2.37 29% 3B, + 69% °B,

24 242 38% 'A, + 53% °B,

25 2.51 35% A, + 61% °B,

26 2.53 31% A, + 60% °B,

levels that there are a large number of accessible excited states
of ThH,. For example, there are seven states within 0.55 eV of
the lowest energy state at the CASPT2-SO level (up to 1.37 eV
in the VDE). There are three states with VDEs near 1.7 eV,
followed by two states within +0.05 eV of 1.90 eV, and
another grouping of three states near 2.10 eV. There are then
10 states between 2.15 and 2.5 eV. The large number of states
is consistent with the complicated PES spectrum.

As with PES of ThH, it is very difficult to assign specific
transitions in the experimental spectrum on the basis of the
calculated values. However, we attempt to do so. We can
assign the B peak (Figure 2 and Table 1) to the VDE at 1.00
eV and the C peak to the calculated VDE at 1.14 eV. The D
peak is consistent with two calculated VDEs at 1.37 eV. The E
peak could also be assigned to one of the two VDEs calculated
at 1.37 eV. Peak F is consistent with the calculated VDE of
1.86 eV and possibly with the calculated VDE of 1.95 eV. Peak
F is consistent with the two VDEs calculated at 2.11 and 2.12
eV. Obviously, there are many other VDEs that can be
assigned to transitions in between the assigned peaks in PES
(Figure 2).

There is excellent agreement with experiment’ for PES of
ThH;", which is much simpler with an excited bound triplet
state of the anion 0.39 eV higher in energy. There are no low-
lying states in neutral ThH; to complicate PES. For ThH,,
there are no low-lying excited states in the neutral. The EA of

https://doi.org/10.1021/acs.jpca.2c01460
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Table 8. ThH,_;-H BDEs (kcal/mol) and the Heats of Formation (kcal/mol) for ThH, (x = 1-5)

reaction CCSD(T)/CBS* ZPE AEg,
ThH — Th + H 67.2 —24 —-2.76
ThH, — ThH + H 75.0 -3.0 —4.88
ThH, — ThH, + H 727 -33 -0.03
ThH, —ThH,+ H 79.5 -39 ~1.0
ThH; — ThH, + H 36.5 -5.8

“awn-DK basis sets.

AH(rxn) ¢ molec AH? (0 K) AH? (298 K)
62.2 ThH 133.3 132.2
67.1 ThH, 117.7 116.7
69.4 ThH, 100.0 98.4
74.6 ThH, 77.1 74.5
30.7 ThH 98.0 94.9

Table 9. Hydride Affinities (kcal/mol) for ThH, (x = 0—4) and the Heats of Formation (kcal/mol) for ThH,” (x = 1-5)

reaction CBS (awn-DK) ZPE AEg, AH(rxn)x molec AHf (0 K) AHf (298 K)
Th + H —» ThH™ —66.2 1.9 0.54 —63.8 ThH™ 114.3 1133
ThH + H™ — ThH,~ =73.1 2.0 0.75 —=70.4 ThH,~ 97.2 96.2
ThH, + H™ — ThH," —742 22 3.87 —68.1 ThH," 63.3 616
ThH,+ H™ — ThH," 711 13 115 —68.6 ThH," 29.0 26.9
ThH, + H™ — ThH," -69.3 LS 0 —67.8 ThH," —46 -7.6
Table 10. NBO/HF Charges (q) and Th Population at the aD-DK Level
ThHx state qTh qH St (Sfa/SEB) 6d (6da/6dp) 7s (7sa/7sp) 7p(7pa/7pp) H 1s (1sa/1sp)
ThH 1, 0585  —0.585 0.08 (0.06/0.02) 1.50(1.22/0.28) 1.81(0.90/0.90)  0.04(0.03/0.01) 1.57(0.78/0.78)
ThH 2Asp 0598  —0.598 0.04(0.02/0.02) 1.48(1.24/0.24) 1.86(0.93/0.93)  0.04(0.02/0.02) 1.58(0.79/0.79)
ThH™ 3P, —0297  —0.703 0.03(0.02/0.01) 2.22(2.04/0.18) 1.87(0.94/0.94)  0.18(0.15/0.03) 1.67(0.84/0.84)
ThH™ 3%y —0.305 —0.695 0.04(0.02/0.01) 2.24(2.04/0.20) 1.86(0.93/0.93) 0.18(0.16/0.02) 1.67(0.83/0.83)
ThH, IAI 1.169 —0.585 0.08 1.10 1.61 0.05 1.57
ThH, 3B, 1234 —0.617 0.08(0.05/0.03) 1.73(1.47/026)  0.85(0.74/0.11)  0.13(0.12/0.01) 1.60(0.80/0.80)
ThH,” B, 0297 —0.649 0.07(0.04/0.03) 0.98(0.53/0.45) 1.67(0.83/0.83) 0.99(0.95/0.04) 1.62(0.81/0.81)
ThH,” A, 0.337 —0.669 0.11(0.08/0.03) 1.14(0.71/0.43) 1.64(0.82/0.82) 0.74(0.68/0.06) 1.64(0.82/0.81)
ThH, 25 1.804  —0.601 0.10(0.05/0.03) 1.37(0.96/0.41)  0.69(0.53/0.16)  0.06(0.05/0.01) 1.58(0.79/0.79)
ThH,™  'A/ 0912 —0.637 0.09 1.64 1.33 1.62
ThH, A, 2.325 —0.581 0.12 1.17 0.42 1.57
ThH,”  2A, 1629  —0.657 0.09(0.05/0.04) 1.73(1.27/046)  0.01(0.01/0.0) 0.01(0.01/0.01) 1.65(0.82/0.82)
ThH, 25 1759 —0576(x2)  0.13(0.08/0.03) 1.53(1.05/0.48)  0.56(0.41/0.15)  0.05(0.04/0.01) 1.56(0.78/0.78)
—0.554 1.53(0.78/0.77)
—0.057 1.04(0.54/0.50)
0.005 0.99(0.52/0.47)
ThH A, 2154 —0624(x4) 0.1 1.28 0.44 1.62
—0.659 1.65

ThH; has been previously discussed, and there is about a 2 eV
difference between the adiabatic and vertical values.

Thermochemistry. In order to calculate the heats of the
formation of these neutral and anionic ThH, species, for x =
2—S5, we build up the bond energies sequentially from ThH,
where we have a reliable previous heat of formation prediction
at an even higher computational level.’® The Th—H bond
dissociation energies (BDEs) for various compounds calcu-
lated at the FPD level are given in Table 8. The values for ThH
were obtained using the known atomic heats of the formation
of AH;ox (Th) = 143.9 + 1.4 keal/mol’’ and AH;px (H) =
51.63 kcal/mol from the active thermochemical tables.”*™>*
The values for ThH are AHf (0 K) = 133.3 and AHf° (298 K)
= 132.2 kcal/mol.

The Th—H BDEs increased from 62 to 76 kcal/mol from
ThH to ThH,. The average Th—H BDE for ThH, is 69 kcal/
mol, much less than the average C—H BDE in CH,,. This is in
contrast to the fluorides, where the average Th—F BDE in
ThF, is substantially larger than the average C—F BDE in
CF,.>> There is a significant decrease in the Th—H BDE going
from ThH, to ThH; due to the weak complex, that is, ThH.
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The bond energies can then be used to calculate the heat of the
formation of the hydrides. There is a significant SO
contribution to the bond energy of ThH and an even larger
one for ThH, of almost —5.0 kcal/mol. The SO correction for
the Th—H BDE in ThHj is negligible and changes to —1.0
kcal/mol for ThH,.

The hydride affinities for the thorium hydrides excluding Th
are remarkably similar, falling in the range of 67—71 kcal/mol
and are essentially independent of the number of H atoms on
the Th (Table 9). There is a significant SO correction for the
hydride affinity of ThH,, but the remaining SO corrections are
on the order of 1 kcal/mol or less.

Electronic Structure Analysis. The NBO analysis (Table
10) provides useful insights into how the electronic charge is
distributed. Th—H has about 0.6e on the Th, showing
significant ionic character. For ThH, the bonding in the
ground state comes from a combination of the 7s*6d” state of
Th bonding with the 1s electron of H and the 7s’6d" state of
Th* with the closed-shell 1s* state of H™. For ThH™, the
bonding is best considered by adding H™ to Th, as the Th EA
is lower than that of H. The addition of the electron to Th—H

https://doi.org/10.1021/acs.jpca.2c01460
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to form the anion leads to most of the additional negative
charge being added to the Th, almost 0.9¢ on the Th with only
0.1e being delocalized onto the already quite negative H. The
Th 7s and H 1s orbitals are doubly occupied with two
electrons on the Th occupying 6d orbitals.

For ThH,, there is approximately a +1.2 charge on the Th.
When ThH,™ is generated by the addition of an electron, 0.9¢
of that electron goes onto the Th just as in ThH™. ThHj has a
charge of +1.80 on the Th, so that there is about 0.6¢ on each
H. Thus, the ionicity of the Th—H bond is approximately
constant for the first three H atoms that are added. The
addition of an electron to ThHj; leads again to about 0.9¢ of
the additional electron localizing on the Th. This is consistent
with the negative charge already on the H ligands; thus, the H
ligands do not want to accept an additional charge. For ThH,,
the Th—H bonds are only slightly less ionic than in the
thorium hydrides with one to three hydrogens. The addition of
the electron now starts to delocalize onto the hydrogens as
there is only an additional ~0.7¢ on the Th. The charge on Th
in ThH;, which is a complex of ThH; and H,, is similar to that
in ThH;. The addition of the electron makes the Th more
positive in ThH;~ than in ThHg due to the different structures.

The analysis of the valence orbital contributions to the
bonding shows that the Th behaves more like a transition
metal with a little 5f character, with 0.0—0.15 electrons in the
Sf. Most of the valence population on Th is in the 7s and 6d.
The electron configuration of the Th in ThH is predominantly
7s'%6d"* and that of ThH™ is 7s"?6d**7p®% The 7s electrons
are doubly occupied. The ground state of ThH, has an electron
configuration of 7s"%6d". The addition of the electron leads to
two low-lying states. In both cases, the extra electron goes
mostly into the 7p with an electron configuration of
7s176d"97p"? for the ?B, state of ThH,™. Note that ThH,™ is
the only species with a significant 7p population. Again, the 7s
is doubly occupied. For ThHj, there is still a significant 6d
character but there is a loss of electron density in the 7s as
expected for the formal Th(II) oxidation state with the Th
having a 7s°76d"* electron configuration. The 7s orbital is no
longer doubly occupied, and there is unpaired spin in both the
7s and 6d. The addition of an electron to ThH; to generate
closed-shell ThH;™ is predominantly to the 7s, with some
going into the 6d as well, for a Th electron configuration of
7s'36d". For closed-shell ThH,, there is even less 7s electron
density with a Th electron configuration of 7s**6d'* The
addition of the electron to ThH, leads to a dramatic change
with essentially all of the 7s density lost and a significant
increase in the 6d population, giving a 6d"” electron
configuration. The electron configuration of 7s*°6d" for the
Th in ThHj is similar to ThH; as expected due to its structure
as a complex of ThH; with H,. In ThH;~ the Th electron
configuration is 7s"*6d".

The ground state electron configurations of Th, Th(I),
Th(II), and Th(III) are 7s?6d? 7s'6d* 5f'6d!, and 5f!,
respectively.’®*® There is a low-lying 7s’6d" excited state for
Th(I) that is 0.23 eV above the ground state and a low-lying
6d* excited state that is 0.008 eV above the ground state for
Th(II). The population results above show that the addition of
the H ligands is clearly dominated by bonding to 7s and 6d
electrons and that 5f electrons play only a minimal role, if any,
in the bonding. The bonding in ThH to ThH, has a significant
ionic component but the bonds are not fully ionic as shown by
the H 1s populations and the electron configurations in Th.
The Th electron configurations in the hydrides are usually not
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dominated by the ground state configuration of the
corresponding ionic Th species in the highest formal oxidation
state.

B CONCLUSIONS

The current work continues our study® of the interactions of
hydrogen with Th for up to five hydrogen atoms using a
combination of high-level electronic structure calculations and
PES experiments on ThH, . As found for ThH", there are
many low-lying transitions in ThH,, as observed in the
photodetachment spectrum of ThH,™. There are a significant
number of low-lying states in both ThH, and ThH,™ and SO
calculations on ThH, are needed to predict the transitions in
the ThH,” photodetachment spectrum. At the CCSD(T)/
CBS level, the ground state of ThH," is the *B;, with the A,
state only 0.03 eV higher in energy. At the CASPT2 level, the
ground state is a mixture of 50% *A; + 43% *B, + 6% *A,. The
first excited state at the CASPT2 level is 0.29 eV higher in
energy and is a mixture of 43% *A; + 30% B, + 23% *A,. The
ground state for ThH, is 'A,, with the *B, state 0.29 €V higher
in energy at the CCSD(T)/CBS level. At the CASPT2 level,
the ground state is 'A; with the first excited state a mixture of
47% A, + 48% °B,; 0.12 eV higher in energy and a second
excited state 0.16 eV higher in energy than the ground state,
that is, a mixture of 49% °A; + 48% °B,.

The states for ThH; and ThH;™ are simpler to describe, with
the former being a near planar *A; state in C;, symmetry and
the latter being a planar 'A,’ state in Dy, symmetry. The first
excited state at the CCSD(T)/CBS level for ThH;™ is the *A”,
which is 0.39 eV higher in energy. The CASPT?2 energy for this
state is 0.41 eV, showing only a minor SO effect. At the
CASPT?2 level, the first excited state of ThHj is 0.84 eV higher
in energy. ThH, is clearly a ground state singlet in T
symmetry. At the CASPT2 level, the first excited state of
ThH,™ is 0.53 kcal/mol higher in energy.

The AEA for ThH, is calculated to be 0.82 eV at the FPD
level used in the current work, with a SO correction of 0.11 eV.
The calculated VDE for ThH,™ differs by only 0.03 eV from
the experimental value of 0.871 eV. For ThH,~, the calculated
AEA and VDE differ by only 0.02 eV, very similar to the
differences for these values for ThH™. The VDE and AEA are
essentially the same for ThH; and are in excellent agreement
with experiment. The SO correction for the ThH; is much
smaller, 0.022 eV, than for ThH,. There is a larger difference
between the AEA and VDE for ThH, due to the larger change
in geometry as the ThH, tetrahedron distorts on binding an
electron. Because of the structural stability of ThH,, the AEA
drops by 0.37 eV from that of ThH;. Note that for ThH to
ThH,, the AEA and VDE values are all less than 1.0 eV.
ThH;™, as noted previously,” is quite stable and has a C,,
structure rather than the Dy, structure of ThF;~.>" ThHj is
best described as a complex of H, bonded to ThHj;, so the
VDE and AEA differ by 1.73 eV.

The Th—H BDEs increase from ThH (62 kcal/mol) to
ThH, (75 kcal/mol). The Th—H BDE for ThHy — ThH, + H
is much smaller due to the dramatic change in geometry and
the stability of ThH,. The hydride affinities are comparable for
ThH, to ThH,, approximately 70 kcal/mol. The hydride
affinity for ThH is slightly smaller at 64 kcal/mol. The increase
in the Th—H BDEs from ThH to ThH, is consistent with the
increase in positive charge from 0.60 for ThH to 2.32 for
ThH,. The charge also becomes more positive in the anions
from —0.30 eV for ThH™ to 2.15 in ThH;™.

https://doi.org/10.1021/acs.jpca.2c01460
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The population analysis shows the importance of the 7s and
6d Th orbitals in the bonding of these species, which have a
significant jonic bonding component. Again, the results show
that the hydrogen ligand provides an interesting probe into the
electron configurations of the actinide in an actinide hydride.
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