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ABSTRACT: Kinetic energy dependent reactions of Th+ with H2, D2, and HD were
studied using a guided ion beam tandem mass spectrometer. Formation of ThH+ and
ThD+ is endothermic in all cases with similar thresholds. Branching ratio results for the
reaction with HD indicate that Th+ reacts via a statistical mechanism, similar to Hf+. The
kinetic energy dependent cross sections for formation of ThH+ and ThD+ were evaluated
to determine a 0 K bond dissociation energy (BDE) of D0(Th

+−H) = 2.45 ± 0.07 eV.
This value is in good agreement with a previous result obtained from analysis of the Th+

+ CH4 reaction. D0(Th
+−H) is observed to be larger than its transition metal congeners,

TiH+, ZrH+, and HfH+, believed to be a result of lanthanide contraction. The reactions with H2 were also explored using
quantum chemical calculations that include a semiempirical estimation and explicit calculation of spin−orbit contributions. These
calculations agree nicely and indicate that ThH+ most likely has a 3Δ1 ground level with a low-lying

1Σ+ excited state. Theory also
provides the reaction potential energy surfaces and BDEs that are in reasonable agreement with experiment.

■ INTRODUCTION

There is considerable interest in actinide chemistry, although
the radioactivity of most actinides (except Th and U) has
limited their study to dedicated laboratories. As a consequence,
actinide chemistry in the gas phase, in particular, where
fundamental actinide chemistry can be studied absent solvent
effects, is still largely in its infancy. To date, most experimental
work has dealt with oxidation1−9 and hydrocarbon activation
reactions.10−18 The dearth of experimental work has led to
increased theoretical studies of actinides in the gas
phase.17,19−29 Although the use of theoretical methods to
study actinide systems mitigates safety concerns, the limited
experimental data leaves few benchmarks to which theoretical
methods can be compared. Several examples of discrepancies
(real or apparent) between experimental results and theoretical
methods can be found in the literature.24−26,30 Some of these
discrepancies can be traced to errors in the experimental
work;26 others appear to be method or basis set related.24,25,30

In order to provide experimental benchmarks for comparison
to theoretical work, Heaven and collaborators have recently
studied several simple Th and U molecules spectroscopically, as
summarized in ref 31. In our group, we have used guided ion
beam tandem mass spectrometry to study the reaction of Th+ +
CH4, which leads to thermodynamic bond dissociation energies
(BDEs) for several species.30 A simple actinide system that can
be studied in detail both experimentally and theoretically is the
reaction with H2 and its isotopic analogues. This system is of
interest, in part, because it provides the simplest example of
covalent bond activation by metal cations, and deuterium
labeling provides experimental insight into the reaction
mechanism. Periodic trends in this chemistry are also of
interest as the M+ + H2 reaction has been extensively studied

for first-row,32−39 second-row,36,39−41 and third-row42−46

transition metals.
Because all the lanthanides (Ln) can be studied without

radioactivity concerns (with the exception of Pr where all
known isotopes are radioactive), they can be considered model
systems to shed light on the analogous actinide systems. Of the
lanthanides and actinides, only the reactions of La+, Yb+, Lu+ +
H2, and U+ + D2 have been studied experimentally.10,39,47,48

LnH+ formation has also been observed in reactions of many
Ln2+ with alkanes and alkenes, as studied using ion cyclotron
resonance (ICR) mass spectrometry.49 Additionally, LaH+ and
LuH+ have been observed as products in reactions of La+ and
Lu+ with methane and ethane in guided ion beam experi-
ments.39,48 For the actinides, AnH+ (An = U, Np, Pu, Am, Cm)
has been observed as a product of An2+ reacting with alkanes
and alkenes in ICR experiments, but ThH+ was not observed in
analogous experiments.17,18 Recently, we have observed ThH+

in a guided ion beam study of the Th+ + CH4 reaction.
30 Here

we report the absolute cross sections as a function of kinetic
energy for the reactions of H2, D2, and HD with Th+. Analysis
of these cross sections allows determination of D0(Th

+−H).
Theoretical calculations of ThH+ and ThH2

+ are also
performed to assign electronic states and explore possible
reaction mechanisms.
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■ EXPERIMENTAL AND THEORETICAL METHODS

Instrument. The guided ion beam tandem mass spec-
trometer used in this study has been described in detail
previously.50 Briefly, thorium ions are created using a direct
current discharge/flow tube source (DC/FT)51 described in
further detail below. Ions are extracted and focused through a
magnetic momentum analyzer where the 232Th+ beam is mass
selected before being decelerated to a well-defined kinetic
energy. The Th+ beam is then focused into a radio frequency
(rf) octopole guide that traps ions radially.52,53 This octopole
passes through a static pressure gas cell that contains the
neutral gas reactant. To ensure that the probability of multiple
collisions is sufficiently small, pressures are kept low (0.05−
0.40 mTorr). Reactions were repeated at several pressures to
ensure that the reported cross sections are independent of
neutral gas pressure. After the collision cell, product ions and
remaining reactant ions drift to the end of the octopole where
they are extracted, focused through a quadrupole mass filter for
mass analysis, and counted using a Daly detector.54 Reaction
cross sections are calculated from product ion intensities
relative to reactant ion intensities after correcting for
background ion intensities after the neutral gas is no longer
directed into the gas cell.55 Uncertainties in the calculated
absolute cross section are estimated to be ±20%, with relative
uncertainties of ±5%.
Laboratory ion energies (lab) are converted to the center-of-

mass frame (CM) using the relationship ECM = Elab × m/(m +
M) where m and M are the masses of the neutral and ionic
reactants, respectively. Cross sections are known to be
broadened by the kinetic energy distribution of the reactant
ions and the thermal (300 K) motion of the neutral reactant.56

The absolute zero of energy and the full width at half-maximum
(fwhm) of the ion beam are determined by using the octopole
guide as a retarding potential analyzer.55 Typical fwhms of the
energy distribution for these experiments were 0.4−0.8 eV
(lab). Uncertainties in the absolute energy scale are 0.1 eV
(lab). All energies reported below are in the CM frame.
Ion Source. The DC/FT source is described in detail

elsewhere.51 A cathode, held at 2.5 kV and containing a
thorium powder sample, creates an electric field that ionizes Ar
from the carrier gas. Ar cations collide with the thorium sample
such that Th+ sputters off the cathode. Ions are swept into a 1
m long flow tube by a 9:1 mixture of He/Ar at a total pressure
of 0.2−0.5 Torr. The ions undergo ∼105 collisions with the
flow gases, which should thermalize them. No evidence of
excited states is evident in the reaction cross sections presented
below nor in our previous work on Th+ + CH4.

30 Previous
experiments have indicated that atomic ions generated in the
DC/FT may have internal electronic temperatures between 300
and 1100 K.41,57−60 A population analysis at 300 K indicates
that 99.89% of Th+ is in its ground level (4F3/2, 6d

27s), whereas
at 1100 K, 76% is in the ground level.30 Conservatively, we
estimate the internal temperature distribution of Th+ as 700 ±
400 K, such that the internal energy of the reactant ions is 0.02
± 0.03 eV.
Data Analysis. The kinetic energy dependence of

endothermic reactions is modeled using eq 161−63

σ σ= ∑ + −E g E E E E( ) ( ) /n
0 i i 0 (1)

where σ0 is an energy independent scaling factor, E is the
relative kinetic energy of the reactants, Ei is the internal energy
of the reactant states (electronic for Th+ and rotational for H2,

D2, and HD) having populations gi (∑gi = 1), n is an adjustable
parameter, and E0 is the 0 K reaction threshold. Before
comparison to the data, eq 1 is convoluted over the kinetic
energy distributions of the reactants, and the σ0, n, and E0
parameters are optimized using a nonlinear least-squares
method to best reproduce the experimental cross section.
Uncertainties in E0 are calculated from the threshold values
from several independent data sets (minimum of two for each
system) and combined with the absolute uncertainties in the
kinetic energy scale (<0.002 eV) and internal energies of
reactant ions (0.02 ± 0.03 eV). Thresholds are used to
determine the bond dissociation energy (BDE), D0(Th

+−H),
using eq 2 and its isotopic analogues.

− = − −+D D E(Th H) (H H)0 0 0 (2)

Equation 2 assumes that there are no barriers in excess of the
endothermicity of the reaction. No experimental or theoretical
evidence was found to suggest that such a barrier is present.

Theoretical Approaches. Most quantum chemical calcu-
lations are performed using the Gaussian 09 suite of
programs.64 Unless otherwise noted, a correlation consistent
polarized core (20s17p12d11f7g4h1i)/[9s9p8d8f7g4h1i] basis
set (cc-pwCVQZ-MDF) developed by K.A. Peterson65 that
utilizes the Stuttgart−Cologne (MDF) fully relativistic small
core (60 electron) ECP66 is used for Th along with the aug-cc-
pVQZ67 basis set for H. For calculating bond dissociation
energies, several additional basis sets are used for Th+ and H.
For Th+, these include the Stuttgart Dresden basis set (SDD-
VDZ-MWB) with its accompanying small core quasirelativistic
ECP (MWB) available on the EMSL basis set exchange,68,69 a
segmented basis set (Seg. SDD-VQZ-MWB) that utilizes the
MWB ECP,70 atomic natural orbital basis sets designed for use
with the MWB (ANO-VQZ-MWB)70 and MDF (ANO-VQZ-
MDF)66 ECPs, and correlation consistent cc-pVTZ-MDF, cc-
pVQZ-MDF, and cc-pwCVTZ-MDF (which includes core−
valence correlation) basis sets65 with the MDF ECP. Pople 6-
311+G(3p), cc-pVTZ, and cc-pVQZ basis sets67 are also used
for H. Additionally, BDEs are calculated using single point
energies utilizing the all-electron variants of cc-pVXZ (cc-
pVXZ-DK3) and cc-pwCVXZ (cc-pwCVXZ-DK3) basis sets65

(where X = T or Q) and B3LYP/cc-pwCVQZ-MDF/aug-cc-
pVQZ optimized structures. These latter calculations are
performed using the second order Douglas−Kroll−Hess
Hamiltonian (DK2).71−76 Of note is that the all-electron
basis sets were formulated for use with a third order Douglas−
Kroll−Hess Hamiltonian (DK3), but the DK3 calculations
cannot be performed presently in the current setup. Use of the
DK2 may lead to errors, but we anticipate that these errors
should be small.77 Extrapolation to the complete basis set limit
(CBS) is performed using the Karton−Martin method,65,78 eq
3, proposed for the HF energies with the TZ (X = 3) and QZ
(X = 4) energies:

= + + − √E E A X( 1)eX
X

CBS
6.57

(3)

For CCSD(T) calculations, eq 465,79,80 is used to extrapolate
the correlation energy:

= + + −E E B X(
1
2

)X CBS
4

(4)

The calculations utilize the density functional theory (DFT)
methods B3LYP, B3PW91, BHandHLYP (BHLYP), M06, and
PBE0. Of these functionals, B3LYP has been shown to perform
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well in similar systems.28,30 B3PW91 has been shown by us30

and others24 to perform reasonably well in other actinide
systems. BHLYP has been shown to perform well in singly
bound metal ligand systems.44,45,81 M06 recently performed
well in a theoretical evaluation of several DFT methods by
comparison to the experimental D0(OTh

+−O).28 PBE0 has
previously yielded similar geometrical structures to B3LYP in
our previous Th+ study.30 Additionally, a coupled cluster
method that mixes single and double excitations with
perturbative triple excitations (CCSD(T)) was used for single
point calculations using the B3LYP optimized structures. For
CCSD(T) electron correlation calculations, the 5s and 5p
electrons are frozen. All calculations are open-shell and
unrestricted, and all energies discussed below are corrected
by the zero point energy using the frequencies generated for
their respective optimized structure after scaling by 0.989.82

Representative energies (and zero point energies) from
B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ calculations are
listed in Table S1 in the Supporting Information. No significant
spin contamination was observed in these calculations for any
species studied except for Th+ (2D, 6d7s2) for all calculations
(and basis sets) except M06 and for Th+ (2F, 5f7s2) calculated
at the B3LYP/cc-pwCVQZ-DK3 level (see Table S2 in the
Supporting Information for representative s(s + 1) values).

■ EXPERIMENTAL RESULTS
Th+ + H2 and D2. The reactions of Th+ with H2 and D2

yield products according to reactions 5 and 6.

+ → ++ +Th H ThH H2 (5)

+ → ++ +Th D ThD D2 (6)

The kinetic energy dependent cross section for reaction 5 can
be found in Figure 1 with the analogous deuterium cross

section in Figure 2. Reactions 5 and 6 have apparent thresholds
near 2 eV with the cross sections peaking near D0(H−H) =
4.478 eV and D0(D−D) = 4.556 eV.83 Above these energies,
the cross sections decrease because the ThH+ and ThD+

products can dissociate leading to Th+ + 2H (2D).
The mass resolution settings in the quadrupole for both the

H2 and D2 (as well as HD) reactions were constant. Resolution

was held as low as possible to ensure efficient product
collection, such that the product ion peaks overlap with the
reactant ion peak, with the overlap being worse for ThH+ than
ThD+, which explains why the H2 data is somewhat noisier. In
the present case, the magnitude at the maximum ThH+ cross
section, Figure 1, is 1.2 times that for ThD+, Figure 2. This is
within the estimated absolute cross section uncertainty (±20%)
indicating that the resolution settings are adequate for
accurately measuring the product ion intensities.

Th+ + HD. Reaction of Th+ with HD yields products
according to reactions 7 and 8.

+ → ++ +Th HD ThH D (7)

→ ++ThD H (8)

The cross sections measured for these reactions are shown in
Figure 3. Reactions 7 and 8 have similar apparent thresholds as

reactions 5 and 6 and peak near D0(H−D) = 4.514 eV.83 At
energies somewhat above the apparent thresholds, ThH+ is
found to be the dominant product by a 2:1 ratio. The
magnitude of the total cross section, Figure 3, is 0.8 times the
magnitude of the cross section for reaction 6, Figure 2, also
within experimental uncertainty.

Thermochemical Results. The fitting parameters from eq
1 used to model the cross sections in reactions 5−8 can be

Figure 1. Cross sections for the reaction between Th+ and H2 as a
function of energy in the center-of-mass (lower x-axis) and laboratory
(upper x-axis) frames. The model of eq 1 with parameters from Table
1 is shown as a dashed line. This model convoluted over the kinetic
energy and internal energy distributions of the reactants is shown as a
solid line. The arrow indicates D0(H−H) = 4.478 eV.

Figure 2. Cross sections for the reaction between Th+ and D2 as a
function of energy in the center-of-mass (lower x-axis) and laboratory
(upper x-axis) frames. The model of eq 1 with parameters from Table
1 is shown as a dashed line. This model convoluted over the kinetic
energy and internal energy distributions of the reactants is shown as a
solid line. The arrow indicates D0(D−D) = 4.556 eV.

Figure 3. Cross sections for the reaction between Th+ and HD as a
function of energy in the center-of-mass (lower x-axis) and laboratory
(upper x-axis) frames. The arrow indicates D0(H−D) = 4.514 eV.
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found in Table 1. The models for reactions 5 and 6 are included
in Figures 1 and 2 and can be seen to reproduce the data

throughout the energy range examined. Above the neutral
reactant bond energy, product ions can have enough internal
energy to dissociate. To account for this effect, eq 1 is
augmented with a simple model for dissociation, detailed
elsewhere.63,84 Because the model of eq 1 explicitly accounts for
the internal energy of all reactants, the E0 values reported in
Table 1 are 0 K thresholds. It can be seen that the thresholds
for all four reactions are similar. Given D0(H−H) = 4.478 ±
0.001 eV and D0(D−D) = 4.556 ± 0.001 eV83 in eq 2, the
thresholds measured for reactions 5 and 6 indicate that
D0(Th

+−H) = 2.30 ± 0.12 eV and D0(Th
+−D) = 2.54 ± 0.05

eV. Using eq 2 and D0(H−D) = 4.514 ± 0.001 eV83 leads to
D0(Th

+−H) = 2.36 ± 0.06 eV and D0(Th
+−D) = 2.38 ± 0.19

eV. After correcting for zero point energy differences of 0.03
eV, the weighted average of these four measurements is
D0(Th

+−H) = 2.45 ± 0.07 eV, where the uncertainty is two
standard deviations of the mean.
This result is in good agreement with the value, D0(Th

+−H)
≥ 2.25 ± 0.20 eV, measured in the reaction of Th+ with CH4.

30

The present value is considered more reliable because there are
no competing products, unlike in the methane reaction where
the ThH+ + CH3 channel competes with the thermodynami-
cally more favored dehydrogenation channel, ThCH2

+ + H2. In
that study, a phase space theory (PST) model of the cross
sections of products that share a common intermediate
(ThCH2

+, ThCH3
+, and ThH+) was used to account for this

competition. This model explicitly accounts for angular
momentum conservation and statistical factors by utilizing the
theoretically calculated molecular parameters (vibrational and
rotational) of all products and reactants. The PST analysis
yielded a threshold energy for ThH+ formation of E0 = 2.05 eV
indicating D0(Th

+−H) = 2.45 eV,30 in excellent agreement with
the present value.
Reaction Mechanism. Previous work with transition

metals has shown that the M+ + HD branching ratio is very
sensitive to the reaction mechanism.40,41,85 Three guidelines
have been established to predict the following reaction
mechanism: (1) If M+ has an electronic configuration with
empty s and dσ orbitals, such as a dn configuration where n < 5,
the reaction proceeds efficiently by an insertion mechanism.
These processes are consistent with the statistical behavior of a
long-lived covalently bound HMH+ intermediate that allows
energy to be redistributed throughout the intermediate
statistically and have branching ratios (σMH

+/σTot) near 0.5.
(2) If M+ has an electronic configuration with occupied valence
s or dσ orbitals and is low-spin, such as for dn where n > 5 or

low-spin coupled dn−1s1 configurations, the reaction proceeds
efficiently via a direct mechanism. These processes are
consistent with a short-lived interaction between M+ + H2
such that conservation of angular momentum favors MH+ by
factors of 2−4 such that σMH

+/σTot is typically between 0.66
and 0.80.32,48,86,87 (3) If M+ has an electronic configuration
with occupied valence s or dσ orbitals and has the highest
possible spin state, such as a high-spin coupled dn−1s1

configuration, the reaction proceeds inefficiently by an
impulsive mechanism in which M+ interacts strongly with
either H or D but not both. Such processes favor MD+ + H by a
large factor. However, these rules are only appropriate for
strictly diabatic behavior where the M+ electronic configuration
is essentially static through the course of the reaction.
Figure 4 compares the branching ratio, σMH

+/σTot, for Th
+

with the group 4 transition metal cations. Given that both Ti+

and Zr+ have 4F (d2s) ground states, an impulsive mechanism
according to category 3 is expected. However, Figure 4 clearly
indicates a statistical (category 1) reaction for Ti+. This can be
explained by coupling with the low-lying 4F (4d3) state, which
is then expected to react according to the first guideline. Zr+ has
a reactivity consistent with a direct mechanism (category 2).
This is explained by the coupling of the high-spin surfaces
evolving from ground state Zr+ (4F, 4d25s) + H2 with the low-
spin surfaces that lead to the intermediates and products.41 For
Hf+, the ground state is 2D (5d6s2) indicating that an impulsive
mechanism is expected. However, the HHfH+ PES indicates
that coupling occurs between low-spin surfaces originating from
the ground state reactants and a 2A1 surface that leads to a long-
lived HHfH+ intermediate, which can evolve directly to
products.44 This is substantiated by the results in Figure 4.
Interestingly, for Th+, the σMH

+/σTot ratio is between that of
Hf+ and Zr+, Figure 4. The Th+ ground state is enigmatic
because the ground level is a mixture of the 4F3/2 (6d

27s) and
2D3/2 (6d7s

2).88 Like Zr+ and Hf+, it appears that the Th+ + H2

ground state reactants evolve along surfaces starting from the
mixed character of the J = 3/2 ground level and coupling with
low-spin surfaces leading to a long-lived HThH+ intermediate
(category 1).
For all metals, the branching ratio increasingly favors MH+ +

D formation at energies above D0(H−D) = 4.51 eV. This trend
has been explained previously,32 and is a consequence of the
heavier D atom’s ability to carry away more energy than the
lighter H atom.

Table 1. Fitting Parameters of Equation 1 for the Indicated
Reaction Cross Section

reaction n σ0 E0 (eV) D0(Th
+−H)a

Th+ + H2 →
ThH+ + H

1.3 ± 0.3 7.6 ± 1.3 2.18 ± 0.12 2.30 ± 0.12

Th+ + D2 →
ThD+ + D

1.4 ± 0.1 4.6 ± 0.6 2.02 ± 0.05 2.51 ± 0.05

Th+ + HD →
ThH+ + D

1.4 ± 0.1 2.2 ± 0.2 2.15 ± 0.06 2.36 ± 0.06

Th+ + HD →
ThD+ + H

1.2 ± 0.1 1.3 ± 0.2 2.13 ± 0.19 2.35 ± 0.19

aValues derived from reactions forming ThD+ include a zero point
energy correction of −0.03 eV. All values in eV.

Figure 4. Product branching fractions (σMH+/σTotal) for reactions of
Ti+ (purple ◇), Zr+ (blue △), Hf+ (red □), and Th+ (green ●) with
HD as a function of kinetic energy in the CM frame.
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■ THEORETICAL RESULTS

Energy Levels of Th+. One way to gauge the accuracy of a
theoretical method is to compare predicted low-lying states to
those observed experimentally. Previously, this has been done
for the atomic Th+ cation20,21,24,30 using several basis sets at
various levels of theory. A comparison of the theoretically
predicted low-lying states calculated using the cc-pwCVQZ-
MDF basis set to those experimentally observed is listed in
Table 2. For comparison to the theoretical values, the
experimental levels were averaged over all spin−orbit levels
of each state.88,89 For Th+, this is not straightforward because of
considerable interaction between the 4F (6d27s) and 2D
(6d7s2) states. A detailed explanation of the choice of each
level has been given previously in the Supporting Information
section of ref 30.
With the exception of M06 and B3LYP, which prefer the 2F

state, all levels of theory correctly predict a 2D ground state.
Furthermore, BHLYP, B3PW91, and PBE0 correctly predict
the ordering of all states. However, for these approaches, the
spacing between states is smaller than that observed
experimentally (particularly so for B3PW91). Although CCSD-
(T) incorrectly places the 4H (5f6d7s) higher in energy than
the 4F (6d3), it otherwise correctly orders the states. CCSD(T)
reproduces the correct spacing between the states, deviating
from the excited experimental states by only 0.10−0.17 eV
when excluding the 4H. Additionally, the relative energies of the
2D and 4F states were calculated using the all-electron cc-
pwCVQZ-DK3 basis set for Th+ and are also listed in Table 2.
(M06 calculations did not converge and are not included here.)
These results are similar to cc-pwCVQZ-MDF values.
Spin−Orbit Energy Corrections. Typically, theoretical

BDEs correspond to a value that has been averaged over all
spin−orbit states whereas experimental 0 K BDEs correspond
to dissociation from the lowest levels of the molecule to its
fragments. In order to make a more valid comparison between

experimental and theoretical values, spin−orbit effects, which
are quite large for Th+, must be explicitly accounted for. Here
we employ a semiempirical approach to estimate the spin−orbit
effects in the ThH+ system. This approach has been used
successfully to estimate spin−orbit effects in third-row
transition metal systems and another Th+ system.30,90−93

These corrections require that the Th+ + H asymptote be
lowered by the empirical difference between the ground level of
Th+ and the ground state energy averaged over all spin−orbit
levels. A nuance of the Th+ system is that the experimental
ground state is 2D (6d7s2) whereas the ground level is 4F3/2
(6d27s).30 This allows two possible approaches for correcting
BDEs. The first is to assume that the theoretical BDE is robust
along the diabatic dissociation surface. This necessitates that
the BDE must be referenced to its diabatic asymptote and
corrected by the empirical difference in energy between the
4F3/2 ground level and the average energy of the respective
state, 0.46 eV for 4F and 0.40 eV for 2D. The second approach
corrects directly from the 2D ground state to the 4F3/2 ground
level by the empirical difference (0.40 eV). Previously, the latter
method yielded slightly better results and as such is the method
used here.30

In addition to the spin−orbit correction to the asymptote,
the BDE should also be corrected for the spin−orbit splitting of
ThH+ when applicable.30,90−93 To do so, we assume that the
spin−orbit splitting energy is given by eq 9:

= ΛE M ASO
S (9)

Here A is the spin−orbit splitting constant, Λ is the orbital
angular momentum quantum number, and MS is the spin
quantum number associated with a particular level Ω = Λ +
MS.

94 ESO is also equal to the summation ∑ai i·si, where i·si is
the dot product of the orbital angular momentum and the spin
of electron i and ai is the spin−orbit parameter, which can be
represented by the atomic spin−orbit parameter for the 6d

Table 2. Comparison of Theoretically Computed Excited State Energies (eV) to Experimental Values for Th+a

Th+ exptlb CCSD(T) B3LYP B3PW91 BHLYP M06 PBE0
2D (6d7s2)c 0.00 0.00 (0.00) 0.06 (0.12) 0.00 (0.00) 0.00 (0.00) 0.73 0.00 (0.00)
4F (6d27s) 0.06 0.16 (0.13) 0.26 (0.13) 0.04 (0.08) 0.19 (0.19) 1.39 0.04 (0.02)
2F (5f7s2) 0.43 0.57 0.00 (0.00d) 0.15 0.32 0.00 0.20
4H (5f6d7s) 0.67 1.17 0.45 0.29 0.74 1.24 0.36
4F (6d3) 0.81 0.98 1.04 0.73 0.93 1.81 0.72

aCalculated using cc-pwCVQZ-MDF basis set. Values in parentheses calculated using the cc-pwCVQZ-DK3 all-electron basis set. Bold values
highlight the ground state. bExperimental energies are averaged over all spin−orbit levels and are taken from refs 88 and 89. Also see Supporting
Information of ref 30. cSignificant spin contamination, s(s+1) ∼ 1.5, except for M06 (see Table S2). dSignificant spin contamination, s(s+1) ∼ 1.1.

Table 3. Molecular Parameters and Calculated Relative Energies (eV) for Ground and Excited States of ThH+a

ThH+ r(Th+−H) (Å)b ν (cm−1)b CCSD(T)c B3LYP B3PW91 BHLYP M06 PBE0
3Δ1 (σ

2σδ)d 1.996 1653 0.00 (0.05) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.10 (0.28) 0.00 (0.00)
1Σ+ (σ2σ2) 1.946 1592 0.13 (0.00) 0.45 (0.27) 0.69 (0.51) 0.46 (0.28) 0.00 (0.00) 0.68 (0.50)
3Π0 (σ

2σπ)e 2.001 1604 0.38 (0.35) 0.29 (0.20) 0.32 (0.23) 0.35 (0.26) 0.27 (0.36) 0.33 (0.24)
3Φ2 (σ

2δπ)f 2.032 1491 0.61 (0.75) 0.63 (0.72) 0.57 (0.66) 0.61 (0.70) 0.44 (0.71) 0.57 (0.66)
3Σ− (σ2δ2) 2.029 1547 0.96 (0.83) 1.03 (0.85) 0.98 (0.80) 1.04 (0.86) 0.97 (0.97) 0.97 (0.79)
3Σ− (σ2π2) 2.014 1509 1.11(0.98) 1.21 (1.03) 1.10 (0.92) 1.17 (0.99) 0.98 (0.98) 1.09 (0.91)

aStructures optimized using cc-pwCVQZ-MDF/aug-cc-pVQZ at the respective level of theory (except CCSD(T)) relative to the ground level
(state) with the ground level (state) bolded. Values include spin−orbit correction to the lowest level of each state where applicable. Values in
parentheses do not include spin−orbit corrections. bFrom B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures. Frequencies scaled by
0.989. cSingle point energy from B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures. dIncludes spin−orbit correction of −0.18 eV.
eIncludes spin−orbit correction of −0.09 eV. fIncludes spin−orbit correction of −0.27 eV.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b08008
J. Phys. Chem. B 2016, 120, 1601−1614

1605

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5b08008/suppl_file/jp5b08008_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.5b08008


electrons of thorium ζ6d(Th). We have previously estimated
ζ6d(Th) as 1458 cm−1 (0.18 eV).30

Spin−Orbit Energy Corrections for ThH+. Previously di
Santo et al. have reported a 3Δ ground state with a 1Σ+ state
0.02 eV higher in energy in B3LYP/SDD-VDZ-MWB/6-
311+G(p) calculations.21 We also reported similar results
using B3LYP/Seg. SDD-VQZ-MWB/6-311+G(3p) where we
observed a 3Δ ground state with excited states at 0.18 (3Π) and
0.30 eV (1Σ+).30 CCSD(T)/Seg. SDD-VQZ-MWB/6-
311+G(3p) results reverse the order placing the 1Σ+ 0.07 eV
below the 3Δ, and CCSD(T)/cc-pVQZ-MDF/cc-pVTZ
calculations place the 1Σ+ only 0.04 eV below the 3Δ.30
These results do not include corrections for spin−orbit energy.
When spin−orbit effects were included, the ground level was
3Δ1 at all levels of theory studied.30

The present work finds similar results to the previous
reports. In order to compare theoretical results more readily to
experimental values, spin−orbit effects are estimated using eq 9.
These results are summarized in Table 3. The 1Σ+ and 3Σ−

states have no first order spin−orbit corrections, whereas the
3Δ splits into Ω = 1, 2, 3; 3Π splits into Ω = 0, 1, 2; and 3Φ
splits into Ω = 2, 3, 4. For 3Δ, where Λ = 2 andMS = −1, 0, and
+1, eq 9 shows that A = 729 cm−1 and ESO = −0.18, 0, and 0.18
eV for 3Δ1,

3Δ2,
3Δ3, respectively. For

3Π (Λ = 1 and MS = −1,
0, 1), ESO = −0.09, 0, and 0.09 eV for 3Π0,

3Π1, and
3Π2,

respectively. For 3Φ (Λ = 3 and MS = −1, 0, 1), ESO = −0.27, 0,
0.27 eV for 3Φ2,

3Φ3,
3Φ4, respectively. Once these spin−orbit

corrections have been applied, the ground level is predicted to
be 3Δ1 (by 0.13−0.69 eV) for all levels of theory except M06
which predicts that the 1Σ+ is 0.10 eV lower in energy. This
trend is also reflected in the calculations using additional basis
sets, Table S3 in the Supporting Information.
The 3Δ state has a 1σ22σ1δ electron configuration. A natural

bond orbital analysis (NBO) performed using CCSD(T)
indicates that the 1σ bonding orbital comprises the H 1s-
orbital and a sd-hybridized orbital that also contains some f-
character (70% 6d, 20% 7s, 10% 5f). The nonbonding 2σ-
orbital comprises mostly the Th+ 7s-orbital (75%) with some
6d-character (20%). The nonbonding 1δ-orbital is composed
entirely of the Th+ 6dδ-orbital. The 1Σ+ state has a 1σ22σ2

electron configuration. These orbitals are similar to those for
the 3Δ with an NBO analysis using CCSD(T) indicating that
the 1σ bonding interaction occurs between the H 1s and an
orbital on Th+ having 75% 6d, 15% 7s, and 10% 5f character,
whereas the nonbonding 2σ-orbital has 85% 7s and 15% 6d.
For the higher energy states, the 3Π state has a 1σ22σ1π
electron configuration where the 1δ-electron in the 3Δ state is
moved to a π-orbital that is the Th+ 6dπ-orbital, and the 3Φ has
a 1σ21δ1π electron configuration. For the two 3Σ− states, the
two nonbonding electrons are placed in either the Th+ 6dδ or
6dπ-orbitals.
The 3Δ and 3Π states can originate from the Th+ (4F, 6d27s)

+ H (2S) and possibly the 2D (6d7s2) + H (2S) asymptotes,
whereas the 1Σ+ can originate only from the Th+ (2D, 6d7s2) +
H (2S) asymptote, and the 3Φ and 3Σ− states likely come from
the Th+ (4F, 6d3) + H (2S) asymptote. Here, Th+ is an
interesting case because the assigned ground level is 4F3/2;
however, the J = 3/2 ground level is actually a mixture of the
4F3/2 and 2D3/2 levels indicating that all states of ThH+

presumably can be formed directly from the Th+ ground
level. The 3Σ− states can also form from the ground level or
from the Th+ (4F, 6d3) state. In this regard, it can be noted that
the excitation energies of the 3Σ− states are similar to the
difference (0.83 eV) between the ground 4F3/2 (6d27s) and
4F3/2 (6d

3) levels of Th+.
Bond lengths, r(Th+−H), and vibrational frequencies (scaled

by 0.989)82 calculated for the various states of ThH+ using
B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ are listed in Table 3.
To the best of our knowledge, neither experimental nor
theoretical molecular parameters have been reported previously
for ThH+. Bond lengths vary from r(Th+−H) = 1.946 (1Σ+) to
2.032 (3Φ) Å with r(Th+−H) = 1.996 Å for the 3Δ. Vibrational
frequencies range from 1491 (3Φ) to 1653 (3Δ) with ν = 1592
cm−1 for 1Σ+. Parameters calculated at other levels of theory are
listed in Tables S4 and S5 in the Supporting Information.
Table 4 lists the theoretical BDEs of ground level ThH+ at

various levels of theory and basis set combinations. The ground
state is 3Δ1 after accounting for spin−orbit energy for all levels
of theory except M06, which finds a 1Σ+ ground state. However,
because of the close proximity in energy of the 1Σ+ and 3Δ1

Table 4. Theoretical BDEs (eV) of ThH+a

basis set CCSD(T)b,c B3LYPc B3PW91c BHLYPc M06d PBE0c

SDD-VDZ-MWB/6-311+G(3p) 2.42 2.88 2.91 2.73 2.69 2.83
Seg. SDD-VQZ-MWB/6-311+G(3p) 2.57 2.94 2.96 2.77 2.74 2.89
ANO-VQZ-MWB/6-311+G(3p) 2.57 2.92 2.95 2.75 2.72 2.87
ANO-VQZ-MDF/6-311+G(3p) 3.43 2.92 2.94 2.77 2.73 2.87
cc-pwCVQZ-MDF/aug-cc-pVQZ 2.71 2.89 2.91 2.75 2.73 2.84
cc-pwCVTZ-MDF/cc-pVTZ 2.64 2.89 2.91 2.75 2.71 2.85
cc-pwCVQZ-MDF/cc-pVQZ 2.69 2.89 2.91 2.75 2.72 2.84
CBS-cc-pwCVXZ-MDFe 2.72 2.89 2.91 2.75 2.72 2.84
cc-pVTZ-DK3/cc-pVTZf 2.74 2.78 2.87 2.75 2.85
cc-pVQZ-DK3/cc-pVQZf 2.80 2.79 2.87 2.75 2.86
CBS-cc-pVXZ-DK3e 2.83 2.79 2.87 2.75 2.85
cc-pwCVTZ-DK3/cc-pVTZf 2.64 2.90 2.87 2.75 2.85
cc-pwCVQZ-DK3/cc-pVQZf 2.69 2.90 2.87 2.75 2.85
CBS-cc-pwCVXZ-DK3e 2.72 2.90 2.88 2.75 2.85

aCalculated from structures optimized using the indicated basis sets (Th+ basis set, ECP/H basis set) at the respective level of theory (except for
CCSD(T) and all-electron calculations) relative to H + Th+. Values include spin−orbit correction of the difference between the 2D state averaged
over all spin−orbit states and the 4F3/2 ground level (−0.40 eV). bSingle point energy using B3LYP optimized structures. cThH+ (3Δ1). Includes
spin−orbit stabilization energy of the 3Δ1 level (0.18 eV).

dThH+ (1Σ+). eComplete basis set limit extrapolated from correlation consistent basis sets
using the extrapolation technique described in the text. fSingle point energy from B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structure.
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states, a definitive determination of the true ground state is
difficult. Consequently, the calculated BDEs of both states can
be found in Table S6 in the Supporting Information. (Table S6
also contains values uncorrected for spin−orbit splitting and for
additional basis sets.) In general, the ground state BDEs
overestimate the experimental bond strength by 0.2−0.5 eV
with CCSD(T) (2.71 eV), BHLYP (2.75 eV), and M06 (2.73
eV) values being in closest agreement to experiment when
using the cc-pwCVQZ-MDF/aug-cc-pVQZ basis sets. Notably,
spin−orbit corrections yield better results in all cases, Table S6.
The DFT cc-pwCVQZ-MDF/aug-cc-pVQZ results listed in

Table 4 are typical of the DFT results regardless of the basis set
combination; however, CCSD(T) calculations vary appreciably.
Among the basis sets that utilize an ECP, the smallest basis set,
CCSD(T)/SDD-VDZ-MWB/6-311+G(3p), reproduces
D0(Th

+−H) within experimental uncertainty, and the larger
CCSD(T)/Seg. SDD-VQZ-MWB/6-311+G(3p) and CCSD-
(T)/ANO-VQZ-MWB/6-311+G(3p) results are just outside of
experimental uncertainty. Meanwhile the use of a similarly sized
CCSD(T)/ANO-VQZ-MDF/6-311+G(3p) basis set with the
fully relativistic basis set (MDF) leads to results that
overestimate the bond strength considerably for both states.
This substantial deviation is not understood but suggests that
this basis set may not be well-optimized for Th+. An
extrapolation to the complete basis set limit using the cc-
pwCVXZ-MDF (X= T, Q) basis sets leads to CCSD(T)/CBS-
cc-pwCVXZ-MDF results similar to CCSD(T)/cc-pwCVQZ
-MDF/aug-cc-pVQZ results. The BDEs of the CBS limit for
the all-electron basis sets (CBS-cc-pwCVXZ-DK3) are 0−0.11
eV lower than their counterparts that utilize the MDF ECP
(CBS-cc-pwCVXZ-DK3).
Fully Relativistic Calculations on ThH+. To investigate

the role of second order spin−orbit effects on the ordering of
the 3Δ1 and 1Σ+, fully relativistic Dirac Hartree−Fock
calculations are performed where the spin-orbitals are
generated using the average-of-configuration SCF approach,
and all states are projected out with a full CI in this spin-orbital
space. These calculations are performed with the DIRAC14
code95 using an uncontracted Dyall basis set for thorium96 and
an uncontracted Dunning basis set for hydrogen.67 The
standard finite nucleus model of the DIRAC14 code is used,

and all two-electron integrals including the Gaunt interaction97

responsible for the spin-other-orbit interaction are included in
the calculations. Two different orbital configuration spaces are
utilized, with one large space representing the Th 5f, 6d, 7s, and
H 1s and a second small space with 8 spin-orbitals that describe
17 spin−orbit split states including the lowest levels for 3Δ, 1Σ+,
3Π, and 3Φ. The calculated 3Δ spin−orbit splitting constants of
0.17 and 0.16 eV for the large and small space, respectively, are
slightly smaller than the 0.18 eV estimated from the atomic
thorium 6d splitting. Relative energies for the 3Δ1,

3Δ2, and
3Δ3

states obtained from these calculations are −0.14, 0.00, and
0.20 eV for the large configuration space and −0.13, 0.00, and
0.19 eV for the small space, respectively. Here the 3Δ2 is
defined as zero to allow for a direct comparison with the results
obtained from eq 9. The relative energies show that the second
order effects are relatively small, on the order of 0.02−0.03 eV.
In both configuration spaces used, the 3Δ1 state is the ground
state with the 1Σ+ state 0.03 and 0.10 eV higher in energy for
the large and small space, respectively. The relative energy
differences between the 3Δ1 and

1Σ+ states obtained in the fully
relativistic calculations are similar, although somewhat smaller,
as compared to the CCSD(T) calculations combined with eq 9,
suggesting the model is a reasonable approach to estimate the
effect of spin−orbit splitting in these systems.

Potential Energy Surface for HThH+. Calculated ground
and excited states of HThH+ are listed in Table 5. The ground
state, 2A1, has bond distances, r(Th+−H), of 1.995 Å, and a
bond angle, ∠HThH, of 102.3° (B3LYP/cc-pwcVQZ-MDF/
aug-cc-pVQZ). The 2B1,

2A2, and
2B2 states lie 0.11−0.35,

0.18−0.48, and 0.43−1.30 eV higher in energy, respectively. A
series of quartet states were also located at both small and large
∠HThH bond angles and lie at least 1.18 eV above the 2A1

ground state. Linear variants of HThH+ were also calculated but
were all found to have one negative vibrational frequency
indicating that these are transition states. Similar results were
observed for linear ThHH+ variants. Theory predicts that the
2A1 state has a BDE, D0(Th

+−H2), relative to Th+(4F3/2) + H2

of 1.07−1.32 eV with D0(HTh
+−H) = 2.73−2.96 eV. Note that

the second hydride bond energy is comparable to the first,

Table 5. Calculated Molecular Parameters and Relative Energies (eV) for Ground and Excited States of HThH+a

state configuration r(Th+−H) (Å)b ∠HThH (deg)b CCSD(T) B3LYP B3PW91 BHLYP M06 PBE0
2A1 (1a1)

2(1b2)
2(2a1)

1 1.995 102.3 0.00 0.00 0.00 0.00 0.00 0.00

(−1.47) (−1.62) (−1.70) (−1.51) (−1.59) (−1.72)
2B1 (1a1)

2(1b2)
2(1b1)

1 2.021 103.5 0.35 0.29 0.25 0.29 0.11 0.26
2A2 (1a1)

2(1b2)
2(1a2)

1 2.017 90.7 0.48 0.40 0.38 0.44 0.18 0.39
2B2 (1a1)

2(1b2)
2(2b2)

1 2.051 95.1 1.30 0.78 0.75 1.02 0.43 0.80
4A2 (1a1)

2(1b2)
1(2a1)

1(1b1)
1 2.160 169.1 2.93 2.77 2.75 2.89 3.13 2.76

2.302 20.0 1.22 1.36 1.23 1.38 1.49 1.22
4B2 (1a1)

2(1b2)
1(2a1)

1(3a1)
1 2.160 169.1 2.93 2.77 2.76 2.89 3.12 2.76

2.334 19.8 1.25 1.34 1.20 1.34 1.52 1.19
4B1 (1a1)

2(1b2)
1(1a2)

1(2a1)
1 2.108 169.9 2.98 3.05 2.99 3.22 3.16 2.79

2.327 19.9 1.33 1.33 1.19 1.34 1.51 1.18
4A′c 2.160 180.0 2.93 2.77 2.76 2.89 3.12 2.76
4A1 (1a1)

2(1b2)
1(2a1)

1(2b2)
1 2.349 19.8 2.30 1.79 1.71 2.03 1.78 1.74

4A2 (1a1)
2(1b2)

1(1a2)
1(2b2)

1 2.093 170.1 3.52 3.69 3.48 3.83 3.54 3.46

2.318 20.5 2.95 2.45 2.26 2.63 2.34 2.29
aSingle point energies of B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures. Values in parentheses are relative to Th+ (2D) + H2. Values
in italics distinguish minima found at small ∠HThH angles along the indicated diabatic potential energy surface. bFrom B3LYP/cc-pwCVQZ-MDF/
aug-cc-pVQZ optimized structures. c4A1 state collapses to 4A′ at large angles. See text.
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consistent with covalent coupling of H to one of the unpaired
electrons in ThH+ (3Δ).
The 2A1 state has a (1a1)

2(1b2)
2(2a1)

1 electron configuration
where the lone electron is found in an orbital (2a1) composed
primarily of the Th+ (7s). The 1a1 bonding orbital is an sd
hybridized orbital interacting with the H (1s) orbitals, and the
1b2 orbital is a bonding interaction of the 6dyz (where the z-axis
is defined as the C2 symmetry axis and the molecule lies in the
yz-plane) and the H (1s) orbitals. For the 2B1 state, the lone
electron is moved into the 6dxz orbital, and for the

2A2 state, the
electron is moved into the 6dxy orbital. The

2B2 state places the
lone electron in the antibonding 2b2 orbital, leading to its
higher energy.
For the quartet states, one of the bonding electrons must be

moved to a nonbonding or antibonding orbital, such that these
states lie considerably higher in energy. In the large angle
variants, all with ∠HThH near 170°, this also leads to slightly
longer Th+−H bond lengths, ∼2.1 Å. For each of these states,
minima are also observed at small ∠HThH angles, Table 5,
corresponding to Th+(H2) association complexes. In general,
the geometries of these intermediates are characterized by
∠HThH of ∼20° with r(H−H) of approximately 0.8 Å, similar
to r(H−H) = 0.739−0.744 Å calculated for free H2.
Additionally, r(Th+-H) = 2.30−2.35 Å are observed, which
are significantly longer than the bond lengths of the large angle
HThH+ species (2.0−2.1 Å).
In order to further explore the potential energy surface of

reaction 5, we performed relaxed potential energy scans along
the ∠HThH coordinate using the optimized HThH+ structures
as a starting geometry. In our theoretical study of the Th+ +
CH4 reaction,30 the DFT methods yielded similar results
regardless of the basis set used. Consequently, to avoid
excessive computational cost, scans were performed using the
B3LYP/Seg. SDD-VQZ-MWB/6-311+G(3p) level of theory.
The results of these scans are presented in Figure 5. Notably,
neither zero point energies nor spin−orbit effects are included
in this diagram. Additionally, for the cc-pwCVQZ-MDF/aug-
cc-pVQZ calculations, a 4A1 intermediate is found at small
angles; however, at larger angles the 4A1 intermediate has 1
imaginary frequency along the asymmetric Th+−H stretch
suggesting that it is the inversion transition state to a 4A′

intermediate. Indeed, optimization of a geometry displaced
along the imaginary frequency using the 4A1 wave function
leads to a 4A′ state with r(Th+−H) = 2.1599 and 2.1601 Å. An
analysis of the orbitals indicates that the symmetry of the
orbitals is similar to the 4A1 [(1a1)

2(1b2)
1(2a1)

1(2b2)
1] found

using the Seg. SDD-VQZ-MWB/6-311+G(3p) basis set. The
break from C2v symmetry using the larger basis sets is possibly
caused by the degeneracy of the 4A1 and

4B2 states at linearity.
Neither the 4A1 nor 4B2 surfaces are expected to play a
prominent role in reaction 5.
Initially, all doublet surfaces are repulsive, so approach of Th+

with H2 in reaction 3 evolves along a quartet surface where the
4A2,

4B1, and
4B2 surfaces are similar in energy (see also Table

5). Qualitatively, this can be understood on the basis of the
doubly occupied 7s frontier orbital of Th+ (2D), versus its single
occupation in the 4F state. Note that the quartet surfaces for the
HThH+ species evolve at small angles to energies that match
that calculated for Th+ (2D) + H2. This disparity appears to be a
result of the spin-contamination of the calculated 2D asymptote,
as none of the surfaces shown in Figure 5 exhibit any
appreciable spin-contamination. At larger angles, these quartet
surfaces cross that of the 2A1 surface that leads to the global
minimum. On this surface, two covalent bonds with the H-
ligands are formed via interactions of the Th+ 6d-electrons with
the H 1s-electrons so that the unpaired electron is found in the
2a1(7s) orbital. Loss of a H ligand from these doublet spin
intermediates can potentially lead to high spin-coupled ThH+

(3Δ, 3Π, 3Φ) + H (2S) or low spin-coupled ThH+ (1Σ+) +
H (2S) products with no barrier in excess of the asymptotic
energies. Overall, these surfaces show that the reaction of Th+

(J = 3/2) with H2 can occur via the formation of a stable
dihydride intermediate with no barrier in the entrance or exit
channels presuming that the quartet and doublet surfaces
couple, which seems likely given the large spin−orbit
interactions in this heavy metal system. This coupling with
the low-spin surface would lead to category 1 (statistical)
behavior that is consistent with the mechanism indicated by the
branching ratio of reactions 7 and 8, Figure 4.

■ DISCUSSION
Basis Set Comparison. Table 4 shows that BDEs derived

from DFT methods vary little between basis sets used for Th+

and H; however, CCSD(T) results may differ by as much as 0.3
eV (excluding CCSD(T)/ANO-VQZ-MDF/6-311+G(3p))
between basis sets. For CCSD(T), basis sets that utilize
quasirelativistic MWB (SDD-VDZ-MWB, ANO-VQZ-MWB,
and Seg. SDD-VQZ-MWB) are in better agreement with the
experimental BDE than those calculated using the fully
relativistic MDF ECP (ANO-VQZ-MDF and cc-pwCVXZ-
MDF). For DFT, BDEs calculated using the all-electron cc-
pwCVXZ-DK3 and cc-pVXZ-DK3 basis sets are 0−0.13 eV
smaller than their ECP counterparts (except B3LYP/cc-
pwCVQZ-DK3 which is 0.01 eV larger), cc-pwCVXZ-MDF
and cc-pVXZ-MDF, respectively (see also Table S6). For
CCSD(T) calculations, the all-electron and ECP cc-pwCVXZ-
MDF basis sets yield identical results, whereas the cc-pVXZ-
DK3 basis sets yield BDEs 0.0−0.03 eV smaller than their ECP
counterpart.
Interestingly, the smaller basis sets appear to reproduce the

experimental BDE best. This is not likely a cause of the basis set
superposition error (BSSE) as calculations indicate that the
BSSE is only 0.03 eV (not included in Table 4) for the largest
basis set combination CCSD(T)/cc-pwCVQZ-MDF/aug-cc-

Figure 5. B3LYP/Seg. SDD-VQZ-MWB/6-311+(3p) relaxed poten-
tial energy surface scan calculations of the Th+ + H2 reaction in C2v
symmetry as a function of ∠HTh+H in degrees. The energies are
relative to Th+ (2D, 6d7s2) + H2. Doublet surfaces are represented by
solid lines and quartet surfaces by dashed lines. Surface crossings that
would be avoided in C2v and Cs symmetry (ignoring spin) are indicated
by the solid and open circles.
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pVQZ. This is also shown by the small difference in the cc-
pwCVQZ-MDF and CBS values. Similarly, errors resulting
from the use of the MDF ECP appear to be minimal as the
difference between CBS-cc-pwCVXZ-MDF and CBS-cc-
pwCVXZ-DK3 results are small, Table 4.
In a previous study, CCSD(T)/cc-pVQZ-MDF/cc-pVTZ

calculations overpredicted the BDE of singly bound ThH+ (3Δ1)
and ThCH3

+ (1A1) by 0.22 and 0.62 eV, respectively, but
performed much better than the smaller basis sets for the triply
bound ThCH+ (1Σ+), underpredicting the experimental value
by 0.21 eV.30 Similarly, CBS limit extrapolations using
correlation consistent basis sets are also lower than the
experimental value by 0.2 eV for several transition metal
oxide cation BDEs.91,92 For calculations involving several other
ThL+ species, it was found that high levels of theory,
CCSDT(Q) and multireference configuration interaction
(MRCI+Q) calculations, were necessary to reproduce exper-
imental relative energies of the ground and excited states.
Specific errors relative to the experimental difference between
the ground and first excited state (0.08 eV) were 0.06 eV for
CCSD(T), 0.03 eV for CCSDT(Q), and 0.015 eV for
MRCI+Q.31,77 This was attributed to accurate recovery of
correlation energy.31 The use of these very high levels of theory
are not attempted here and could be the cause for the
discrepancies between the experimental and calculated BDEs.
The spin contamination in the Th+ (2D) ion indicates

significant mixing of spin states, which points to the need for
multireference quantum calculations to obtain the relative
energies of the states at high accuracy. Although the mixed
character is presumably accounted for in the empirical
correction factor, the multireference character of the
Th+ (2D) asymptote could potentially be mitigated by
calculating the BDE in reference to a “pure” state and
correcting by the empirical excitation energy to the ground
state. For the CCSD(T)/cc-pwCVQZ-MDF/aug-cc-pVQZ
calculations referenced to the excited Th+ (2F) + H (2S)
configuration (excitation energy from J = 3/2 ground level =
0.83 eV), the BDE is 2.86 eV, in worse agreement with the
experimental value than the approach used here.
ThH+ Electronic State. Previous theoretical work on ThH+

by di Santo et al.21 identified a 3Δ ground state with a low-lying
(0.02 eV) 1Σ+ excited state (B3LYP/SDD-VDZ-MWB/6-
311+G(p)). In the present work, all levels of theory except
CCSD(T) and M06 identify the 3Δ as the ground state before
accounting for spin−orbit interaction. After including spin−
orbit corrections, all levels of theory except M06 indicate that
the ground level is 3Δ1. Nevertheless, the close proximity of the
3Δ and 1Σ+ states makes unambiguous determination of the
ground state difficult; therefore, a comparison to similar species
may be useful in providing additional insight into identification
of the ThH+ ground state.
One such comparison is to HfH+, which like ThH+ has either

a 1Σ+ or 3Δ ground state,44,98,99 where the 1Σ+ (1σ22σ2) can
only be formed from the Hf+ (2D, 5d6s2) + H (2S, 1s)
asymptote and the 3Δ (1σ22σ1δ) state is formed from the
Hf+ (4F, 5d26s) + H asymptote (possibly the Hf+ (2D, 5d6s2) +
H (2S, 1s) asymptote). Because the 2σ molecular orbital (MO)
is essentially the Hf+ 6s-orbital, the 1σ bonding orbital in the
1Σ+ cannot be sd-hybridized resulting in poor orbital overlap
and a weaker BDE than the 3Δ where sd-hybridization of the
Hf+ bonding orbital is allowed.44 Because the Hf+ ground state
is 2D (with a 2D3/2 ground level),89 the ground state of HfH+ is
1Σ+ if the stabilization resulting from an sd−s MO over a d−s

MO is less than the promotion energy, Ep = 0.45 eV,89 from the
ground level 2D3/2 to the 4F3/2 level. Unlike Hf

+, Th+ has a J =
3/2 ground level with 43% 4F3/2 and 27% 2D3/2 mixed
character,88 so that both the 1Σ+ and 3Δ states can presumably
evolve directly from the ground level asymptote. Assuming that
there is an advantage to forming the ThH+ bond using a sd-
hybridized orbital, then the likely ground state of ThH+ is 3Δ.
This simplistic analysis ignores likely second order interactions
between low-lying states of ThH+, which the fully relativistic
calculations discussed above indicate are small.
Recently there has been an effort to characterize actinide

chemical bonds spectroscopically. Although ThH has been
studied in an Ar matrix,100 ThH+ has not been studied. ThF+,
which has been studied in pulsed-field ionization zero kinetic
energy (PFI-ZEKE) photoelectron spectroscopy and laser-
induced fluorescence (LIF) experiments,31,77 may be expected
to have similar characteristics as ThH+ because both ligands
have one unpaired electron and form a single covalent bond
with Th+. PFI-ZEKE experiments indicate that either the 3Δ1 or
1Σ+ is the ground level of ThF+.31,77 Later LIF results confirmed
a 1Σ+ ground level, with the 3Δ1 level only 316 cm−1 (0.04 eV)
higher in energy.31 These results are consistent with high-level
quantum chemical calculations that include spin−orbit
coupling, which place both the 3Δ or 1Σ+ states as low-lying,
similar to ThH+. Bonding occurs by an interaction of the F 2pz-
orbital with an appropriate Th+ orbital (most likely an sd-
hybridized orbital). The 1δ-orbital in the 3Δ state was found to
be a Th+ 6dδ-orbital, and the filled 2σ-orbital in the 1Σ+ state is
primarily the Th+ 7s-orbital.31 Heaven et al.31 also note a slight
antibonding interaction between the Th+ 6dπ-orbitals and the F
2pπ-orbitals, an effect that cannot occur for ThH+ because the
H ligand has no occupied p-orbitals.
Qualitatively, the difference in the character of the π-orbitals

in ThH+ and ThF+ suggests that the 3Π state of ThH+ should
be lower in energy than the analogous ThF+ 3Π state. This is
confirmed by experimental and theoretical results. Experimen-
tally, the 3Π0 level is found 0.42 eV above the 1Σ+ ground state
in ThF+ (the 3Π1 was not observed in the range 0−4000
cm−1),77 whereas theoretical calculations indicate that the 3Π0
and 3Π1 lie 0.61 and 0.65 eV above the ground state,
respectively.31 In ThH+, theoretical calculations (CCSD(T)/
cc-pwCVQZ-MDF/aug-cc-pVQZ) combined with empirical
spin−orbit effects estimated using eq 9 indicate that the 3Π0
and 3Π1 lie 0.39 and 0.48 eV above the 3Δ1 ground level (0.28
and 0.37 eV above the 1Σ+), respectively.
The energy of the 3Π levels has implications for the second

order interaction of the 1Σ+ and 3Δ1 levels with the
3Π0 and

3Π1
levels, respectively. Because theoretical calculations in the
present work indicate that the 1Σ+ and 3Π0 levels are closer in
energy in ThH+ than ThF+, it is anticipated that the second
order interaction between these levels will be stronger than the
interaction between the same levels in ThF+. Likewise, the
interaction of the 3Δ1 and 3Π1 levels in ThH+ will also be
stronger than the corresponding levels in ThF+. For ThF+,
theoretical calculations that explicitly treat spin−orbit inter-
action place the 3Π0 and 3Π1 levels only 0.04 eV apart
compared to a 0.09 eV difference expected using eq 9,
suggesting that the second order interaction of the Ω = 0 levels
stabilizes the 1Σ+ state by 0.05 eV. Interestingly, the difference
in energy of the 1Σ+ (ground) and 3Δ1 states is only 0.02 eV
calculated at the same level of theory (0.04 eV experimen-
tally).31 Thus, the second order interaction with the 3Π0 level is
influential in making the 1Σ+ state of ThF+ the ground level.
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Given that the 3Π state is likely closer in energy to the 1Σ+ and
3Δ states in ThH+ than in ThF+, estimated spin−orbit effects
from eq 9 suggest that the states are probably very close in
energy. Overall, the ThH+ ground state is most likely 3Δ1, but it
is difficult to make a definitive assignment absent experimental
data. Notably, given the reported difficulty in assigning the
analogous ThF+ ground state spectroscopically,31 the ThH+

ground state will likely also be difficult to assign experimentally.
As noted above, explicit fully relativistic calculations accounting
for multireference character and spin−orbit interactions
continue to confirm this close spacing, with the 3Δ1 state
being the ground state and the 1Σ+ state 0.03−0.10 eV higher in
energy, comparable to the 0.13 eV spacing found using the
empirical spin−orbit correction.
MH+ Thermochemistry. Because Th+, unlike other

actinides, does not populate the 5f-orbitals in its ground
state, a good comparison can be made to transition metals with
three valence electrons, Ti+, Zr+, and Hf+. These have BDEs of
D0(Ti

+−H) = 2.31 ± 0.11,38 D0(Zr
+−H) = 2.26 ± 0.08,41 and

D0(Hf
+−H) = 2.11 ± 0.08 eV,44 as measured in guided ion

beam experiments analogous to the present ones. The lower
Hf+ BDE has been explained as resulting from the fully
occupied 6s orbital in the 2D (5d6s2) ground state of Hf+.44

The other transition metal congeners have 4F (d2s) ground
states that permit ready formation of a strong M+(s)−H(s) or
M+(sd)−H(s) covalent bond. The ground level of Th+ is a
mixture of 4F and 2D states, which does not appear to inhibit
the bond strength as D0(Th

+−H) is 0.2−0.3 eV stronger than
D0(Ti

+−H) and D0(Zr
+−H). This trend is similar to that

reported for BDEs of the same metals with other ligands and
can be attributed to the lanthanide contraction, where
increasing nuclear charge preferentially contracts the s-orbital
allowing for efficient sd-hybridization and better M+−ligand
orbital overlap.30,43,101−105

According to theory, the participation of the d-orbitals in
group 4 MH+ bonding increases moving down the periodic
table. Previous theoretical work has indicated that sd-hybrid-
ization is typically not important for first-row transition metals.
Consequently, TiH+ has a 3Φ ground state106 that can form
directly from the Ti+ 4F (3d24s) ground state via M+(s)−H(s)
bonding. sd-hybridization becomes more important in ZrH+ as
suggested by the close proximity of the 3Δ and 3Φ states. Both
states have been reported as the ground state in different
studies,41,106 and both states can be formed directly from the
Zr+ 4F (4d25s) ground state through M+(sd)−H(s) or M+(s)−
H(s) bonding, respectively. For the third-row transition metals,
sd-hybridization becomes important because of the similarity in
size of the 4s and 5d orbitals.98 For HfH+, the ground state is
most likely 3Δ, which can be formed from the low-lying
4F (5d26s) state.44 Likewise, the present work indicates that the
bonding interaction between Th+ and H occurs between an
orbital primarily 6dσ in character and the H 1s orbital for the
likely ground state, 3Δ (presumably because the 7s orbital is
now too large to overlap well with the 1s orbital of H, unlike
the smaller transition metal congeners).
The BDE trend can be explained with promotion energy

(Ep) arguments where Ep is defined as the difference in energy
between the M+ ground level and the first level with an
appropriate electronic configuration (d2s) for bonding. This
definition ignores any spin decoupling effects107 but should be
qualitatively correct. Both Ti+ and Zr+ have 4F3/2 (d

2s) ground
levels, so Ep = 0.0 eV. Hf+ has a 2D3/2 (5d6s

2) ground level, and
the first level with the appropriate configuration is 4F3/2

(5d26s), Ep = 0.45 eV. Likewise, ThH+ most likely has a 3Δ
ground state, and the Th+ J = 3/2 ground level has primarily an
appropriate configuration (6d27s). This yields intrinsic BDEs
(= D0 + Ep) of 2.31 ± 0.11, 2.26 ± 0.08, 2.56 ± 0.08, and 2.45
± 0.07 eV for TiH+, ZrH+, HfH+, and ThH+, respectively,
which increase roughly as the metal gets heavier (within
experimental uncertainty), as might be anticipated for the trend
associated with the lanthanide contraction. It is also possible
that the ThH+ BDE is depressed by the 2D3/2 (6d7s

2) character
mixed into the J = 3/2 ground level, such that the promotion
energy is better described as corresponding to a more pure 4F
level, e.g., the 4F5/2 (65% 4F, 17% 2D), 0.19 eV above the
ground level,88 leading to an intrinsic BDE of 2.64 eV.
Nevertheless, because the effect of the 2D character on the
ThH+ BDE is not clear, we adopt Ep(Th

+) = 0.0 eV.
AnH+ Thermochemistry. In this section, we explore

whether the thermochemistry of Th+ determined here can be
analyzed to provide insight into the thermochemistry of other
actinide (An) systems where the thermochemistry is poorly
understood. In a recent study of the reactions of An2+ with
alkanes and alkenes using ICR, several AnH+ species were
observed in reactions at thermal temperatures.18 For the
purposes of determining lower limits to the AnH+ BDE, the
most discriminating process is reaction 10.

+ → ++ + +An C H AnH C H2
3 8 3 7 (10)

Reaction 10 was observed at thermal energies yielding UH+,
NpH+, PuH+, AmH+, and CmH+ with product branching
percentages of 10, 5, 70, 90, and 10%, respectively.18 Thus, the
ICR results suggest that a lower limit to the AnH+ BDE can be
obtained using eq 11:

− ≥ − − ++ +D D(An H) (H C H) IE(An ) IE(C H )0 0 7 3 3 7
(11)

Here D0(H7C3−H) = 4.20 ± 0.02 eV83,108,109 and IE(C3H7) =
7.37 ± 0.02 eV.83,110 Only IE(U+) = 10.6 eV111 and IE(Pu+) =
11.2 eV112 are listed in a review of atomic energy levels,89

values that yield lower limits of D0(U
+−H) ≥ 0.97 ± 0.2 eV

and D0(Pu
+−H) ≥ 0.37 ± 0.2 eV, where we have assumed an

uncertainty of ±0.2 eV for IE(An+). In contrast, in an
evaluation of IE(An+) by Marca̧lo and Gibson,9 IE(U+) =
11.7 ± 0.3 eV and IE(Pu+) = 11.8 ± 0.3 eV are given, values
that indicate reaction 10 is exothermic no matter how weak the
AnH+ bond may be.
Other than our recent work on ThH+,30 the only previous

experimental report of an AnH+ BDE is that of D0(U
+−D) =

2.9 ± 0.1 eV measured in early (notably not guided) ion beam
studies of the reactions of U+ with CD4 and D2.

10 In later
theoretical work, di Santo et al. report UH+ BDEs calculated
using B3LYP/SDD-VDZ-MWB/6-311+G(p) and PW91/
ZORA as 2.35 and 2.94 eV, respectively.21 Although the
PW91/ZORA value is in good agreement with the experimental
value in this case, this level of theory appears to overestimate
bond strength in other molecules where experimental data is
readily available.21,30 The difference in energy of the ThH+ and
UH+ BDEs is potentially interesting because the measured UH+

BDE is ∼0.5 eV stronger than the ThH+ BDE, which is
opposite the results from theoretical BDEs reported by di Santo
et al. that predict ThH+ to be the stronger bond at both levels
of theory investigated.21

As discussed above, AnF+ species are potentially similar to
the AnH+ systems. BDEs of D0(Th

+−F) = 6.63 ± 0.10
eV,31,89,113 D0(U

+−F) = 6.57 ± 0.10 eV,31,89,114 and

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b08008
J. Phys. Chem. B 2016, 120, 1601−1614

1610

http://dx.doi.org/10.1021/acs.jpcb.5b08008


D0(Pu
+−F) = 5.40 ± 0.34 eV89,115 can be derived from existing

reports using the thermochemical cycle (see the Supporting
Information for a full discussion). Assuming that the AnH+

BDE trend is similar to that of the AnF+ trend, this analysis
indicates that the ThH+ and UH+ BDEs should be similar,
which clearly suggests that the reported UH+ BDE is too large.
Of note is the much larger AnF+ BDEs compared to AnH+, a
result consistent with bonds that are significantly more ionic
than the AnH+ bonds along with contributions from donation
of F(2pπ) electrons into empty An+ (6dπ) orbitals. Never-
theless, the required electronic configuration of An+ (discussed
below) to form a single covalent bond to either the H or F
ligand is the same in both AnH+ and AnF+ so that the periodic
trends comparison should be qualitatively correct.
The trends in these three BDEs can also be understood in

terms of the promotion energy from the ground level to a
reactive level with the appropriate configuration, EP(An

+).9 For
AnL+ with a bond order of 1, the required electron
configuration could be 5fn−17s, 5fn−26d7s, 5fn−26d2, or
5fn−36d27s. As noted above with Th+, the 7s-orbital appears
to be insufficient to form a strong covalent bonding interaction,
such that promotion to a configuration with at least one 6d
electron is needed. Notably, the difference in BDEs between
UF+ and ThF+ is similar to the magnitude of EP (U+) = 0.04
eV89 from the ground level 4I9/2 (5f

37s2) to 6L11/2 (5f
36d7s) for

U+. Likewise, the difference between the ThF+ and PuF+ BDEs
is comparable to Ep = 1.08 eV89 from the ground level 8F1/2
(5f67s) to 8K7/2 (5f

56d7s) for Pu+ (a result that confirms that a
6d electron is needed for bonding). Previously, Marca̧lo and
Gibson have shown that the BDEs for AnOn+ (n = 0−2) are
correlated to the promotion energy of Ann+ to the first state
with a 6d2 electron configuration because two valence electrons
on the metal are needed to form a strong bond with O.9

Because the typical configuration of early An+ is 5fn−27s2,89 this
correlation indicates that non-f electrons are required for strong
bonding. The intrinsic BDE (diabatic BDE arising from the An
reactive state), D0(An

n+−L)*, for that configuration should also
be similar across the AnOn+ series. For n = 1, a reasonable
estimate for this intrinsic BDE is D0(Th

+−L) because Th+ has a
ground configuration of 6d27s. This allows for the simple model
shown in eq 12

− * = − = − ++ + + +D D D E(An L) (Th L) (An L) (An )0 0 0 P
(12)

where EP(An
+) is the promotion energy from the ground level

to a reactive level with the appropriate configuration (again
ignoring the energy associated with spin decoupling the
bonding electron from other unpaired electrons on the
metal).9 Equation 12 allows for the estimate of D0(An

+−L)
from established D0(Th

+−L). Consequently, we estimate the
BDEs of AnF+, AnH+, and AnCH3

+ for Ac−Cm in Table 6,
where D0(Th

+−CH3) was determined previously from the
reaction Th+ + CH4.

30

■ CONCLUSIONS
Analysis of the kinetic energy dependence of the cross sections
in Figures 1−3 indicates that D0(Th

+−H) = 2.45 ± 0.07 eV.
This value is in agreement with the previously reported
D0(Th

+−H) ≥ 2.25 ± 0.20 eV measured in the reaction Th+ +
CH4 as well as the PST model of the same system, which
indicates a BDE of 2.45 eV.30 Branching ratios from reactions 7
and 8 indicate that the reaction proceeds via a statistical
mechanism. This is thought to occur from coupling of the
mixed character surfaces of the Th+ ground level to several
doublet surfaces, which lead to long-lived ThH2

+ intermediates.
In general, theoretical BDEs overestimate the bond strength of
ThH+ even after including spin−orbit contributions, which
always improve the agreement. Furthermore, the use of the
larger cc-pwCVQZ-MDF and cc-pVQZ-MDF basis sets (that
include i-functions) does not improve theoretical results
compared to the smaller SDD-VDZ and Seg. SDD-VQZ.
This may indicate that higher levels of theory than CCSD(T)
may be necessary to accurately describe these actinide BDEs.
However, CCSD(T) and BHLYP results are in reasonable
agreement with the experimental value obtained here and also
reproduce atomic state orderings reasonably well. Previous
calculations for the various products of the Th+ + CH4 system
indicate that CCSD(T) calculations provide the best agreement
with experimental BDEs, while BHLYP performs well only for
singly bound systems.30
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Relative energies and molecular parameters for ThH+

ground and excited states calculated at additional levels

Table 6. Estimation of AnL+ Bond Dissociation Energies (eV) from An+ Electronic Parametersa

D0(An
+−F) D0(An

+−CH3) D0(An
+−H)

An+ ground configb promotion energyb exptl estimate exptl estimate exptl estimate

Ac+ (7s2) 0.59 (6d7s) 6.04 2.01 1.86
Th+ (6d27s) 0.00 (6d27s) 6.63 ± 0.10c 6.63 2.60 ± 0.30d 2.60 2.45 ± 0.07 2.45
Pa+ (5f27s2) 0.10 (5f26d7s) 6.53 ≥0.29 ± 0.30e 2.50 2.35
U+ (5f37s2) 0.04 (5f36d7s) 6.57 ± 0.10f 6.59 ≥1.29 ± 0.10e 2.56 2.9 ± 0.1g 2.41

Np+ (5f46d7s) 0.00 (5f46d7s) 6.63 ≥0.34 ± 0.30e 2.60 2.45
Pu+ (5f67s) 1.08 (5f56d7s) 5.40 ± 0.34h 5.55 ≥0.69 ± 0.10e 1.52 ≥ 0.37 ± 0.10e 1.37
Am+ (5f77s) 1.76 (5f76d) 4.87 0.84 0.69
Cm+ (5f77s2) 0.50 (5f76d7s) 6.13 2.10 1.95

aEstimate of AnL+ BDEs using ThL+ BDEs as an estimate of the intrinsic AnL+ BDE, i.e., D0(An
+−L) = D0(Th

+−L) − EP(An
+). See text.

bPromotion energy defined as the difference in energy between the ground level and the lowest-lying level with the indicated electronic
configuration. Energy levels and configurations from refs 88 and 89. cCalculated from D0(Th−F) = 6.72 ± 0.10 eV,113 IE(Th) = 6.3067 eV,89 and
IE(ThF) = 6.3953 ± 0.0004 eV.31 dReference 30. eLower limits derived from results of ICR reaction An2+ + C3H8 from ref 18 using eq 10 (or
analogous equation). Hydrocarbon BDEs and IEs from ref 83. IEs for U+ and Pu+ from ref 89. Other IE(An2+) from ref 9. fCalculated from
D0(U−F) = 6.72 ± 0.10 eV,114 IE(U) = 6.1941 eV,89 and IE(UF) = 6.341 59 ± 0.000 06 eV.31 gReference 10. hCalculated from D0(Pu−F) = 5.58 ±
0.30 eV115 and IE(Pu) = 6.026 eV.89 Ionization energy of PuF estimated as IE(PuF) = 6.2 eV. See discussion in the Supporting Information.
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