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ABSTRACT

The study of the reactions of Sm" and Th" with several small molecules using
guided ion beam tandem mass spectrometry is presented. The kinetic energy dependent
reaction cross sections of these reactions are modelled using a modified line-of-centers
model, and thermochemical values, including bond dissociation energies (BDEs), are
reported. In most cases, the experimental BDEs are compared to BDEs derived from
quantum chemical calculations. Furthermore, a semiempirical model to include spin-orbit
energy corrections to theoretical calculations is presented. Finally, experimental Th"

BDE:s are used to elucidate the thermochemical trends of the actinide series.



In memory of Diana Wells
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CHAPTER 1

INTRODUCTION AND OVERVIEW

Introduction

Much of the interest in studying the actinides (An) is due to their application to
nuclear power and national security. Most An also pose a significant health risk to
humans. Consequently, the study of An chemistry is a growing field, and practical
applications may include nuclear waste removal and treatment or detection methods.
Nevertheless, studying An chemistry poses a significant challenge and is generally
limited to dedicated radiation-controlled laboratories. However, the lanthanides (Ln) are a
promising analogue to understand actinide chemistry, partly because they are much less
dangerous than their An counterparts.'

From a fundamental standpoint, the f-block (An and Ln) represent an area of
chemistry than has been studied far less frequently than the main group and transition
metals: therefore, basics studies of reaction chemistry are essential to properly understand
the chemistry of the f-block systems. Fundamental studies are best performed in the gas
phase where perturbing (e.g., solvent, etc.) effects are minimized. Accordingly, the study
of An and Ln reactions in the gas phase is a growing field. These studies can largely be
grouped into two types: oxidation' " and hydrocarbon activation.'***

Another goal of studying M + LR (M = Ln, An) reactions is to ascertain bond



dissociation energies (BDEs) through bond activation reactions. These values are useful
basic thermochemical information that allows for the prediction of many
thermochemicalprocesses. For the An" and Ln" species, most of the published BDEs are
either MO" or MO," BDEs."” Additionally; these experimental BDEs provide reliable
benchmarks to which theoretical methods can be evaluated. This is critical because
working with An is typically hazardous, and theoretical study of these systems represents
an alternative (and safe) method of obtaining useful information about An chemistry.
However, theoretical studies of An systems is an emerging field. Many examples of
apparent discrepancies between theory and experiment exist,**>*’ and the lack of
available information makes it difficult to determine which value (experimental or
theoretical) is in error.

Another interesting aspect of studying An and Ln thermochemistry is the potential

insight into the chemi-ionization reactions, Eq. 1.1 and 1.2.**

M+0— MO +¢ (1.1)

M+0,— MO, +¢ (1.2)

This reaction has primarily been studied for the Ln and An, and existing literature
values® suggest that this is a phenomenon almost exclusively characteristic of the f-block
species. The application of this study may include the creation of an artificial plasma. The

utility of this reaction will be discussed in greater detail in Chapter 3.



Bond Activation
Studying bond activation by M in the gas phase can be grouped into two broad
methods: thermal methods and ion beam methods. Thermal methods include Fourier

2-4,6,11-20,22

transform ion cyclotron resonance mass spectrometry (FT-ICR) and inductively

coupled plasma mass spectrometry (ICP-MS).”'%%!

These techniques are typically
performed at nominal room temperature (300 K) and are useful in studying exothermic or
possibly thermo-neutral reactions. The second group, ion beam techniques, uses ion
optics to collimate and manipulate an ion beam that is passed through a reaction cell
containing the reaction partner. This technique often allows for the variance of the ion
energy and, thereby, the study of the energy dependence of a bond activation reaction.

To date, most studies of An and Ln reactions have primarily been studied using
thermal methods. For the An, Gibson and coworkers have systematically studied An"
oxidation with various oxidants using FT-ICR across the early An series (Th — Cm).>'*"
Meanwhile, several others have studied Th" and U* oxidation, also with FT-ICR."' The
oxidation reactions of the An" with several oxidants are summarized in Table 1.1. In
general, reactivity increases moving across the An series, which, in most cases, also
corresponds to the promotion energy to the lowest lying level with a configuration that
contains two unpaired 6d-electrons.” Likewise, Gibson and others have studied
hydrocarbon activation by the An’, and find reactivity trends similar to those of the
oxidation study.'® This is also true of studies involving sulfur ligands.°

Like the An’, most Ln" bond activation studies have been performed using a

thermal method. Oxidation reactions have been studied by Bohme and coworkers with a

variety of oxidants across the entire Ln series (except Pr’ which is not naturally



occurring) using ICP-MS.”"® Others have studied the reactions using FT-ICR.'" A
summary of the oxidation reactions of the early Ln" (La" - Gd") are also found in Table
1.1. Similar to the An", Ln" reactivity appears to be correlated to the promotion energy
from the ground-level to the first level with two unpaired non f-electrons. Bohme
indicates that the promotion energy, E,(5d6s) or Ep(5d2),7 to the first available level is
sufficient, while Gibson contends that the reactivity correlates better with Ep(5d2).1 Like
the An", hydrocarbon activation reactivity of the Ln" is similar to the observed reactivity
of the oxidation reactions.*'*

Ion beam experiments have been much more limited. Prior to the work presented
here, ion beam studies of the An" were limited to studies of the reactions of U™ with
several small molecules.”’>! For the Ln", the reactions of La" and Lu" with CH,, C,Hq,
SiH4, and H; (D3, HD)32'34 have been studied. In all cases, the observed reactions are
consistent with the analogous reactions observed using the thermal techniques, but the
ability to observe the energy dependence of the reaction allowed for the determination of

several BDEs such as BDEs of Dy(U™-H) = 2.90 + 0.10 eV and Dy(U™-N) = 4.7 + 0.2 eV

from the U* experiments.*

An" and Ln" Thermochemistry
Because most studies of An" and Ln" bond activation are limited to the thermal
methods, direct determination of BDEs is limited to bracketing experiments, so that the
BDE is reported as a range between the BDEs of oxidants, Table 1.2, that successfully
oxidize or unsuccessfully oxidize the ion of interest. This can lead to large ranges or only

upper or lower limits of the BDE established (see Table 1.1). Consequently, more precise



determinations of An" and Ln" BDEs are done using the thermochemical cycle, Eq. 1.3.

Do(An'-0) + IE(An) = Do(An-O) + IE(AnO) (1.3)

In general, the ionization energy (IE) of most An and all the Ln are reliably known
through spectroscopic methods.” In most cases, Do(An-O) and Do(Ln-O) have been
determined wusing high-temperature methods, such as Knudsen cell -effusion
experiments.*® These high-temperature methods require the use of free-energy functions
to extrapolate energies to 0 K BDEs. Several have warned that the BDE is highly
dependent on the free-energy function chosen, and this is a potentially significant error
for this method.”®”” This is particularly true of the An where limited experimental data is
available to form the free-energy function. Ionization energies of the neutral molecule IEs
have often been determined using electron impact methods at elevated temperatures. Ion
beam experiments with transition metals indicate that IEs determined in this manner are

usually0.2 — 0.5 eV too low "

so that, in general, this method is better viewed as a
lower limit to the true IE, presumably because it does not account for the population of
excited-states at higher temperatures. Spectroscopic determinations of IE(ThO), IE(UO),
and IE(SmO) indicate that this is true for the AnO and LnO determined using electron
impact as well.***! For many of the An, IE(AnO) have been determined using FT-ICR
bracketing experiments with electron donor molecules."*>'*!"*This method appears to be
reasonably accurate when compared to theoretical IE(AnO), but theoretical calculations

indicate that at least one IE(AnO) is too small.”® (Potentially, inefficiencies in electron

transfer inhibited observation of PaO".)



Because AnO" and LnO" systems are the most studied, the AnO" and LnO" BDEs
are the most reliable thermochemistry available for these elements. In general, most of
these BDEs have been derived using Eq. 1.3 from the Dy(M-O) values reviewed by
Pedley and Marshall.*® More recently Konings et al.* have reviewed the AnO and LnO
BDEs. Other compilations usually rely on the value of Pedley and Marshall.” These
BDEs are summarized in Table 1.3. Table 1.3 also contains the E, of the An" and Ln" to
the first reactive state, 5f"26d? or 5f"36d7s and 4f"*5d respectively. Figure 1.1 indicates
that the AnO" and LnO" BDEs correlate with the E,. Similarly, the AnO," and LnO," are

reasonably well known and have been determined using a method analogous to Eq. 1.3.”

Experimental Benchmarks

Because the study of An and Ln chemistry in the gas phase is an emerging field,
as indicated above, experimental benchmarks are necessary to evaluate theoretical
methods, basis sets, and theoretical approaches. The An and Ln are atomic centers with
large atomic numbers, so these calculation must also account for relativistic effects from
core electrons. This is typically accounted for by using an effective core potential (ECP)
that accounts (quasi or fully) for relativistic effects, or by using full electron basis sets
with an approximation of the Dirac equation, such as Douglas-Kroll-Hess Hamiltonian
(DKH)®*" or zero-order relativistic approximation (ZORA).** Usually, theoretical
methods used can be classified as density functional theory (DFT) or post self-consistent
field theory (SCF), such as coupled cluster methods that include single and double
excitations with triple excitations treated perturbatively (CCSD(T)), or complete active

space self-consistent field (CASSCF) calculations.



Experimental benchmarks can be classified as either spectroscopic benchmarks or
energetic benchmarks. The former would include molecular states and levels, molecular
parameters, such as bond lengths and vibrational modes, and IEs. The latter includes
BDEs and kinetic barrier heights. Recently, Heaven and coworkers have studied ThL"
and UL" (L=C, N, O, F, and S) using pulsed-field ionization zero kinetic energy (PFI-
ZEKE) and laser-induced fluorescence (LIF) spectroscopy.”® Complementary
calculations reproduced the observable experimental calculations reasonably well, but in
some cases, such as ThF", it was necessary to resort to very computationally expensive
levels of theory, such as coupled cluster with single, double, and triple excitations and
quadruple excitations mixed in perturbatively, CCSDT(Q), and multireference
configuration interaction MRCI+Q methods to reproduce the experimental ordering of
the ground ('Z%) and first excited-state (°A;). The authors attribute this result to the
accurate recovery of correlation energy.”® Both methods included explicit treatment of
spin-orbit effects. The difficulty in reproducing the experimental ground-state in this case
is discouraging because AnL" and LnL" are expected to have a high density of low-lying
states because of nonbinding f-electrons, see spectroscopic results from Chapter 3. This
will likely present a considerable challenge for theoretical studies.

Another traditional experimental benchmark for theoretical calculations is the IE.
A comprehensive theoretical treatment of the IE(AnO) system was performed by several
post-SCF methods using an atomic natural order (ANO-RCC) basis sets of VTZP quality
with the Douglas-Kroll-Hamiltonian.® While most calculations reproduced the
experimentally observed IEs, it is difficult to fully evaluate the theoretical approach

because the IE(AnO) were determined experimentally using a bracketing approach,



where the mean is the average of the range between the lower and upper limit, and the
uncertainty is the range. The most notable discrepancy is between the experimental
IE(Pa0) = 5.9 + 0.2 eV and the theoretical, 6.28 — 6.51 eV.”' The bracketing
determination of IE(PaO) makes it unclear which value (experimental or theoretical) is in
error. With limited experimental benchmarks, determining errors in either the
experimental or theoretical methods will remain challenging. BDEs are also an attractive
experimental benchmark for theoretical studies. To date, most theoretical determinations
have focused on AnO" (AnS") and AnO,” BDEs.®’! Of these systems, studying the
ThO," BDE is attractive because the *Z," ground-state that corresponds with a ThO" *Z”
+0°P asymptote has limited spin-orbit interactions to consider. Averkiev et al. studied
this system extensively with many DFT functionals and several post-SCF methods.”’
They identified several methods that reproduced the experimental value with reasonable
accuracy. Of these methods, B3LYP and MPW3LYP performed well, but post-SCF
methods including CCSD(T) underpredicted the experimental BDE by 0.86 eV.

Pereira et al. recently calculated the BDEs of AnO" and AnS" using B3LYP and
MPWI1PWO91 DFT methods with a segmented basis set of at least VIZP quality and a
quasirelativistic ECP (60 electrons) for An", a contracted 10s6p basis set for O, and a cc-
pVTZP basis set for S. In the early part of the An series (Th — U), calculations
overestimate the experimental AnO" BDE by 0.09 — 0.55 eV. Much of this error may be
attributable to spin-orbit energy which was not explicitly considered; however, it is
difficult to quantitate this error because of the uncertainties in the experimental values.’®
In particular, Do(Pa™-O) = 8.29 = 0.50 eV makes evaluation of the theoretical treatment

difficult. In contrast to the early An, calculations for the latter part of the An series (Np —



Cm) underestimate the BDEs by 0.63 — 1.25 eV. Again this may be attributed to spin-
orbit energy, but it is difficult to determine the extent because experimental uncertainties
are 0.13 — 0.39 eV. AnS" calculations mirror the trends of the AnO" calculations;
nevertheless, no evaluation of performance was made because experimental BDEs were
determined in bracketing experiments.’

Other systems of interest for comparison of experimental results to theory are
reaction coordinates. One such system is the activation of methane by Th". In this system,
FT-ICR studies observed the dehydrogenation product, ThCH,", but at a low efficiency
(<2%).'®** Unfortunately, theoretical calculations proved inconclusive because one study
concluded a small kinetic barrier was present,”> while a second study concluded the
inefficiency was due to a spin-crossing in the early part of the reaction.”” While guided
ion beam studies described in Chapter 4 ultimately determined experimentally that there
was a kinetic barrier between the first and second intermediates, these mixed results
indicate the required interplay between theory and experiment to arrive at the correct
conclusion. In order to improve on previous results, reliable experimental benchmarks are

necessary to improve theoretical methods and basis sets.

Chemi-lonization Reactions
A final application of studying An and Ln thermochemistry in the gas phase is to
understand the chemi-ionization reaction. Several metals have been observed to
spontaneously ionize in the presence of O and O, as described in reactions 1.1 and 1.2.
Schofield,”® in an evaluation of current thermochemical values, determined that many of

the Ln and An should undergo these reactions exothermically. Because the reaction is
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exothermic, there is then a barrier to recombination so that the LnO" or AnO" ions should
be long-lived, allowing for the creation of an artificial plasma.

Recently, the United States Air Force has expressed interest in using reaction 1.1
to generate an artificial plasma in the upper atmosphere, where atomic oxygen is
prevalent. Such a plasma could be used to smooth natural fluctuations in the ionosphere
that may hinder satellite communication. Sm was chosen as a test subject because of a
relatively high volatility. Unfortunately, atmospheric studies indicated that Sm did not
ionize to the extent expected from then-current thermochemistry.”>> A thermochemical
cycle allows the determination of the enthalpy of the chemi-ionization reaction according

to Eq. (1.4):

AH,° = IE(Ln) - Dy(Ln"-0) = IE(LnO) - Dy(Ln-O) (1.4)

GIBMS
While An" and Ln" chemistry in the gas phase is a growing field, it is still
relatively unexplored. To date, multiple discrepancies between theoretical calculations
and experimental results exist, such as BDEs, IEs, energy levels, and reaction coordinates

in the literature.5>° 272

In some cases, it is not clear which result is in error. Furthermore,
the lack of experimental data is also problematic for the evaluation of theoretical
methods. Guided ion beam tandem mass spectrometry is uniquely suited to study ion
thermochemistry because of the ability to vary the kinetic energy of the reactant ion by 0

— 1000 eV in the laboratory frame. This allows for the study of the energy dependence of

a reaction product and the determination of reaction kinetics. Furthermore, the ability to
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vary the energy over a wide range of kinetic energy provides reaction thresholds so that
BDEs of endothermic products can be determined. Described herein are the reactions of
Sm” and Th" with several small molecules as studied by GIBMS. Additionally,

complementary theoretical calculations are compared to experimental results.

Overview

Chapter 2
The GIBMS instrument, experimental methodology, and theoretical methods are
outlined. The approach to correcting theoretical values for spin-orbit effects is also

explained.

Chapter 3
The study of oxidation of Sm" by various small gasses is reported. An updated,
more precise experimental SmO" BDE is reported, and the significance of this finding to

understanding the chemi-ionization results in upper atmosphere studies is discussed.

Chapter 4
The guided ion beam and theoretical study of the activation of CH4 by Th' is
reported. Experimental evidence of a kinetic barrier to dehydrogenation is reported, and
this barrier is reproduced in quantum calculations after including spin-orbit energy

effects.
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Chapter 5
The guided ion beam study of the reaction of Th™ + H,, D,, HD is reported.
Several basis sets and theoretical methods are evaluated by comparison to experimental
results. Additionally, the trend of singly bound AnL" BDEs is predicted from existing

experimental data.

Chapter 6
The guided ion beam and theoretical study of the reactions Th™ + O,, CO are
presented. Basis sets and theoretical methods are further evaluated by comparison to
experimental results. Additionally, AnL" (O and C) are predicted from measured ThL"

BDE:s.
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Table 1.1. Reaction efficiencies of Ln'/An" + RO.

16

Ln +RO—> La" Ce' Pr Nd" Pm" Sm" Eu' Gd"
LnO"+N,° 082 072 039 040 NA 0.19  0.097 0.75
1.03¢ 0.47° 0.18¢ 0.46°
LnO"+0° 0.75 0.88 0.75 0.57 NA 0.78 NR 0.86
1.05¢ 0.80° 0.49¢ 0.61°
1.0°
LnO"+CO%¢ 0.64 066 023  0.054 NA NR NR 0.50
0.70° 0.08° NR 0.22°
LnO"+N" 040 0.89 0.32 0.06 NA NR NR 0.41
NR¢ 0.16°
LnO"+CH,Y NA NA NA NA NA NA NA  0.088
An'+RO — Ac’ Th" Pa’ U’ Np' Pu’ Am’ Cm’
AnO +N; NA 068 049 047 048  0.02 0.004 0.17°
1.02¢ 1.25°¢
An0O"+0' NA 086 066 072 068 027 032 037°
1.12¢ 1.17°
1.20'
AnO"+CO'" NA 035 038 029 030 0003 0.001 0.08
0.95° 1.02¢
AnO"+N'  NA 049 050 046 045 0.17  NR*  0.013°
AnO"+CH,; NA 061 048 053 028 NR NA NR®
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Table 1.1 Continued

* Reaction efficiency k/k.,; where ko is defined as the Su-Chesnavich semiclassical
trajectory rate constant. NA = no reported measurement. NR = No observed reaction.
® FT-MS measurement Ref. 7, unless noted otherwise, uncertainty +30%.

¢ FT-ICR measurement Ref. 11, uncertainty +30%.

4 FT-MS measurement, Chapter 3, uncertainty +25%.

¢ FT-ICR measurement Ref.13, uncertainty +£50%.

T GIBMS measurement, Chapter 3, uncertainty +20%.

£ FT-MS measurement Ref. 8, unless noted otherwise, uncertainty +30%.

F FT-MS measurement Ref. 9, unless noted otherwise, uncertainty +30%.

' FT-ICR measurement Ref. 2, unless noted otherwise, uncertainty +50%.

J FT-ICR measurement Ref., unless noted otherwise, uncertainty +50%.

“ FT-ICR measurement Ref. 12, unless noted otherwise, uncertainty £50%.

' GIBMS measurement, Chapter 6, uncertainty +20%.



Table 1.2. Neutral RO BDEs (in eV)*

18

Neutral Reactant N,O 0O, CO, NO CH,0O
Dy(R-0) 1.667 + 5117 + 5.453 + 6.500 = 7.964 +
0.001 0.001 0.002 0.004 0.017

# Values calculated from Ref. 56.
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Figure 1.1. Comparison of MO" BDEs (M = Ln, An) to the promotion energy to the
reactive state. Solid line represents the linear least-square trend line. Ln/An congeners
labeled in same color. Values in blue squares represent GIBMS values. See Table 1.3.
(a) LnO" BDEs vs. Ep(5d2). EuO" not shown, but included in trend line fit. (b) AnO"
BDEs vs. Ep(6d%).



CHAPTER 2

EXPERIMENTAL AND THEORETICAL TECHNIQUES

Instrument

Overview
The guided ion beam tandem mass spectrometer, pictured in Figure 2.1, has been
described in detail previously.! Briefly, ions are created in a direct current/flow tube
source (DC/FT) that is described in greater detail below.” Ions are then focused into a
magnetic momentum analyzer, where the reactant ion beam is mass selected. Upon mass
selection, the ion beam is decelerated to a well-defined kinetic energy and passed into the
radio frequency (rf) octopole ion guide,”” described in greater detail below, where the
ions are trapped radially. The octopole passes through a reaction cell that contains the
neutral reactant gas of interest. Pressures in the reaction cell are kept low, 0.05 — 0.40
mTorr for the present work, to ensure that the probability of multiple collisions is
sufficiently small, and all reaction cross sections are verified to be pressure independent.
For the present work, pressure-dependent cross sections are only observed in sequential
reactions. Resulting product and remaining reactant ions drift to the end of the octopole,
where they are focused through a quadrupole mass filter and counted at a Daly detector.®

Ion intensities are corrected for background counts and converted to an energy-dependent
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. 5
absolute cross section.

Lab frame energies are converted to the center-of-mass (CM) frame using Eq. 2.1:

Ecym = ELapy X m/m+M (2 1)

where m and M are the mass of the neutral gas and ion, respectively. The ion energy
distribution (fwhm) and absolute energy zero are measured by using the octopole as a
retarding potential analyzer after directing neutral gas flow into the chamber as described
previously.” Typical fwhms for these experiments are 0.4 — 0.9 eV (Lab). Several factors
are known to broaden the reactant energy distribution; these include the thermal motion
of the neutral gas (Doppler broadening).” The absolute uncertainty in kinetic energy is

0.05 eV (Lab).

DC/FT Source

The DC/FT source consists of a cathode that contains the sample (Sm foil or Th
powder) held at 1.2 or 2.5 kV. A 90:10 He/Ar mix flows over the sample at a total
pressure of 0.3 — 0.5 Torr. In the resulting electric field, Ar ionizes and collides with the
cathode, sputtering off sample cations that are swept by the carrier gas into a ~1 m long
flow tube. In the flow tube ions thermalize under ~ 10° collisions. Molecular ions are
created by leaking a reactive gas into the flow tube 19 cm from the source using a
variable leak valve.

Previous work with transition metals indicates that the DC/FT source creates ions

with an internal temperature distribution of 300 — 1100 K.*'* Population analyses of Sm"
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and Th" indicate 67.8%and 99.9% of ions, respectively, are found in their ground-levels
at 300 K. At 1100 K, 21.1% and 76.4% of Sm" and Th" ions are found in their
ground-levels.”*'* Conservatively, we estimate the internal temperature as 700 + 400 K,
so that the average internal energy is 0.06 + 0.05 and 0.02 + 0.03 ¢V for Sm" and Th",">""
respectively. Average internal energies are incorporated into all reported BDEs. In most
reactions studied, no evidence of excited-states is observed in the cross sections;
however, in select cases (see Chapter 3), when evidence of excited-states is present in the
observed cross section, a quenching gas (the reactant gas) is introduced through the leak

valve, described above, to selectively remove reactive states. Molecular ions are

presumed to be thermalized, with no evidence of excited-state ions observed.

Octopole Ton Guide

The effective trapping potential (Usr) of the octopole is described by Eq. 2.2:

Uetr = [ 49°Vo/ma’re*1[r/r"] (2.2)

where  and m are the ion charge and mass, Vy and w are the rms voltage and rf
frequency, Iy is the inner radius of the octopole, and r is the ion distance from the central
axis. The octopole trapping field has a broad flat potential that steeply rises at the edges
so that translational energy is relatively unperturbed while transverse energy is
effectively trapped. Ideally, reaction products are trapped and transmitted with unit
efficiency. In practice, small ion losses can occur (particularly at high kinetic energies),

but the octopole effectively reduces ion loss so that absolute errors in the reaction cross
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section are minimized. Another advantage of the octopole ion guide is that ions near the
axis are relatively unaffected by the rf field, so that the kinetic energy of the reactant ions

is well defined. This advantage leads to more reliable thermochemical values.

Data Reduction and Analysis

Raw ion counts are converted to absolute cross sections using Eqgs. 2.3 and 2.4:

In(lo/1) = Gl 2.3)

Gp = Groi(l/Zl) (2.4)

where |y is the initial reactant ion intensity, | is the transmitted reactant ion intensity, G
is the total product cross section, n is the number density of the neutral reactant, | is the
effective gas-cell path length, and o, is an individual product cross section having
transmitted intensity |,. Because trapping is efficient in the octopole, it is assumed that |y
= | + XI,. The absolute uncertainty in the cross section is estimated to be £20%, and
relative uncertainties are £5%.

Kinetic energy dependent absolute cross sections are modelled using a modified

line-of-centers model, Eq. 2.5:%'>'°

6(E) = 60X g (E + E; — Eq)"/E 2.5)

where oy is an empirical scaling parameter, E; is the internal energy of the reactants

summed over ¢; states (£g; = 1), n is an empirical fitting parameter, and E, is the
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threshold. Eq. 2.5 is first convoluted over the internal and kinetic energy distributions and
a nonlinear least-squares method is used to find a fit that best reproduces the
experimental cross section.”®!'” Because the model explicitly accounts for reactant
internal energy distributions, the E, represents the 0 K threshold. Uncertainty in Ey is
derived from fits over multiple independent data sets and over a range of acceptable
values of n. For exchange reactions E( can be used to establish bond dissociation energies

(BDEs) of ML" according to the relationship in Eq. 2.6:

Do(M"-L) = Do(L-R) — E; (2.6)

where the neutral reactant BDE, Dy(L-R), is calculated from Ref. 18, unless stated
otherwise. Eq. 2.6 is valid, assuming that no barrier in excess of the reaction
endothermicity exists, which is typical for most ion-molecule reactions. Otherwise, Eq.
2.6 represents the lower limit to the true BDE. For collision-induced dissociation
reactions, £y = Dy(M'-L), given that no inefficiencies in energy transfer occur. Such
inefficiencies may be observed in strongly bound molecules (MO etc.), and in this case
E, represents an upper limit to the BDE."*!

Several factors may influence E, that are not explicitly included in Eq. 2.5." The
first factor is competition with another product. This is common for products that share a
common intermediate, where the threshold for higher energy processes may be delayed
(see Chapter 3). One such way to account for this effect is to compare the BDE measured

from a competitive reaction using Eq. 2.6 to a BDE derived from a reaction that

precludes competition (i.e., L,). The Ey measured from the competitive reaction (and



26

products with very similar energetics) is shifted by the difference between the two
BDEs.”* Alternatively, a model that utilizes transition state molecular parameters that

2324
324 can be used.

explicitly accounts for competition such as phase space theory (PST)
PST is described in more detail in Appendix A. Another possible influence on the
reaction threshold is caused by dissociation periods that exceed the experimental
timeframe (107 s). This may be common in large molecular ions that contain many
internal modes. The kinetic shift in Ey can be accounted for by using a variation of Eq.
2.5, described elsewhere,” that incorporates Rice-Ramsperger-Kassel-Marcus theory
(RRKM).>?® The systems in the present work are sufficiently small that kinetic shift
does play an important role. Finally, pressure dependent cross sections may display a
shift in the apparent threshold towards lower energies due to multiple collisions.” This
shift is more evident in CID reactions of large molecular ions that have many internal
nodes to store energy from nonreactive collisions with the CID gas. Cross sections that

are observed to be pressure-dependent are extrapolated to rigorous single collision

conditions (~0 mTorr).

Theoretical Calculations

Most theoretical calculations were performed using the Gaussian 09 suite of
programs.®’ Other programs used are described in the applicable chapter where used. No
calculations for SmL" systems are detailed in this work. Density functional theory (DFT)
calculations are performed using the B3LYP,”** B3PW91,”* BHandHLYP (BHLYP),’’
M06,32 and PBE0*** functionals. In a theoretical study of actinide dioxide cation BDEs,

B3LYP and M06 performed particularly well.’* B3PW91 has been shown by others to
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perform reasonably well in several actinide systems.® BHLYP has been shown to
perform well for singly bound systems;’’ however, it performs poorly for higher-bond

%39 BHLYP also performs well calculating excitation energies for the Th*

order-systems.
and ThL" systems studied here. PBEO calculations yield optimized structures very similar
to B3LYP structures (Appendix A). In addition to the DFT methods, single-point energy
calculations are performed using the coupled cluster method that includes single and
double excitations and triple excitations perturbatively (CCSD(T))** of the B3LYP
optimized structures. For CCSD(T) correlation energy calculations, the Th* 5s and 5p and
the C or O 1s electrons are frozen. For full electron basis sets, an equivalent number of

electrons are frozen. All calculations are performed using an unrestricted open-shell

method.

Basis Sets

Several basis sets for Th” were employed in the studies presented here. A detailed
description of each basis set can be found in Table 2.1. Basis sets are identified by their
name-quality-effective core potential (ECP). ECPs used are the Stuttgart-Dresden (SDD)
qausirelativistic (MWB)* and a fully relativistic (MDF)* small core (60 electrons)
ECPs. The MWB ECP is used with the SDD basis se‘[,44 an atomic natural orbital
(ANO),* and a segmented (Seg. SDD)* basis sets that are double-C (VDZ), quadruple-¢
(VQZ), and quadruple-C in quality, respectively. The MDF basis set is used with an ANO
basis set* similar to the ANO-VQZ-MWB basis set, the correlation consistent cc-pVXZ-
PP (X =T, Q) basis sets, and polarized core correlation consistent cc-pwCVXZ-PP basis

sets published by K. A. Peterson.*” Additionally, full electron variations of the cc-pVXZ
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and cc-pwCVXZ basis sets’ are used with the second-order Douglas-Kroll-Hess (DKH)
Hamiltonian.**>? Some error is expected in the use of the cc-pVXZ-DK3 and cc-
pwCVXZ-DK3 basis sets because these basis sets were designed explicitly to be used
with the third-order DKH (DK3);*” however, the error is expected to be minimal, and
DK3 calculations are impractical at present. For the neutral atoms (H, C, O) Pople 6-
311++G(d,p) and 6-311++G(3df,3p) basis sets,””’ cc-pVXZ (X = T, Q), cc-pwCVXZ,
aug-cc- pVQZ, and aug-cc-pwCVQZ basis sets are used. Extrapolation to the complete
basis set limit (CBS) for the cc-pVXZ and cc-pwCVXZ basis sets is performed using the

Karton-Martin method,® Eq. 2.7, proposed for HF energies (T =3, Q = 4):

Ex = Ecps + AX + 1)e®3% Q2.7)

For CCSD(T) calculations, Eq. 2.8 is used to extrapolate the correlation energy:”

Ex = Ecps + B(X + %)™ (2.8)

Spin-Orbit Corrections
Because it is a heavy metal, spin-orbit effects for ThL" systems are large;
however, energies from typical theoretical calculations do not explicitly account for spin-
orbit energy, but are an average of all spin-orbit levels. Furthermore, explicit spin-orbit
calculations are computationally expensive. A simple semiempirical model to estimate
spin-orbit splitting is used here. This model has been used to successfully estimate spin-

orbit splitting in several third-row transition metal systems.®”® It is also validated in
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Chapter 5 for ThH™ using explicit spin-orbit calculations. The approach to correcting
theoretical BDEs is displayed in Figure 2.2, where the diabatic BDE potential energy
surface (PES) corresponding to the Th* (‘F) + L is represented by the solid black line,
and the diabatic BDE PES corresponding to the Th* (*D) + L asymptote is represented by
the solid green line. (Here, diabatic is used to indicate that the orbital occupation remains
constant throughout the PES.) In most cases, the reactive state (i.e., the state with the
required electronic configuration to form the covalent bonds in ground-state ThL") of Th"
is *F; however, the ground-state of Th™ is *D (when averaged over all spin-orbit levels,
see Chapter 4 and Appendix A), so the theoretical adiabatic BDE is ThL " referenced to
the Th" (°D) + L asymptote without considering spin-orbit effects. To better approximate
the experimental BDE (red energy gap), the Th*™ (*D) + L asymptote is corrected by the
energy difference (dark red double-headed arrow) between the “D ground-state (averaged
over all spin-orbit levels) and theground-level Th™ (*F3,,) + L asymptote (red line). (The
spin-orbit energy of L from the Th" + L asymptote is considered negligible.) When spin-
orbit splitting occurs in ThL", the BDE is also increased by the energy difference (dark
blue double-headed arrow) between the ground-state and the ground-level ThL'.
(Individual levels of a triplet ThL" state are represented by the red dotted surfaces.) Note
that the approach used here is a first-order approximation of the spin-orbit effects and
does not include second-order interactions between states (configuration interaction).
Second-order effects are presumed inconsequential because the excitation energy
between potential interactive states is large. Possible exceptions are noted in Chapters 4
and 5.

A peculiar aspect of Th' is that it has a “D ground-state, but a J = 3/2 level
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ground-level where the major component is 4F3/2.13 (For comparison to theoretical
calculations, we identify this level as 4F3/2, see Appendix A.) When correcting for the Th*
spin-orbit energy, there are two possible approaches. The first approach is to evaluate the
BDE:s relative to the *F (reactive) state and then lower the BDE by the average, empirical
excitation energy of the “F state, 0.46 eV. The second approach is to correct the BDE
from the D ground-state, by lowering the BDE by the empirical difference in energy
between the °D state averaged over all spin-orbit levels and the “Fip ground-level, 0.40
eV. The latter method appears to perform slightly better compared to experimental values

and is the approach used.”* The spin-orbit energy of ThL' is estimated using Eq.

22 1
2.9: ,60,61,63

ES°=AMsA (2.9)

where A is the spin-orbit splitting constant, A is the orbital angular momentum quantum
number, and Mg is the spin quantum number associated with a particular level Q = A +
M. ESC is also equal to Z a; {; * s;, where {; * s; is the dot product of the orbital angular
momentum and the spin of electron i and a; is the spin-orbit parameter,”* which can be
represented by the atomic spin-orbit parameter for the 6d electrons of thorium (gq(Th) =

1458 cm™. Appendix A contains a detailed explanation of the values used to calculate

Cea(Th).
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Table 2.1. Description of basis sets used in Th" theoretical calculations

35

Basis Set ECP Functions
SDD-VDZ* MWB* (12s11p10d81)/[8s7p6d4f]

Seg. SDD-VQZ" MWB (14s13p10d8f6g)/[10s9p5d4f3g]
ANO-VQZ® MWB (14s13p10d8f6g)/[6s6p5d4f3g]
ANO-VQZ* MDF? (14s13p10d8f6g)/[6s6p5d4f3g]

cc-pVTZ-PP! MDF (17s16p11d10f3g1h)/[6s6p5d4f3glh]
cc-pVQZ-PpUe MDF (20s17p12d11f5g3h1i)/[7s7p6d5f5g3h1i]
cc-pwCVTZ-PP? MDF (17s16p11d10f4glh)/[8s8p7d6f4glh]
cc-pwCVQZ-PP! MDF (20s17p12d11£7g4h11)/[9s9p8d8f7g4hli]
cc-pVTZ! DK3* (33s29p20d13f3g1h)/[10s9p7d5f3g1h]
cc-pvVQZ? DK3 (37s34p24d15f5g3h1i)/[11s10p8d6f5g3h1i]
cc-pwCVTZ? DK3 (33529p20d13f4g1h)/[12s11p9d7f4g1h]
cc-pwCVQZ! DK3 (37s34p24d15f7g4h11)/[13s12p10d9f7g4hli]
® Ref. 44. Available on the EMSL Basis Set Exchange.”>""
® Ref. 46.
° Ref. 45.
I Ref. 47.

¢ Also called KAP in Chapter 4.
"Full electron basis sets that utilize the Douglas-Kroll-Hess Hamiltonian.
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Abstract
The exothermicity of the chemi-ionization reaction Sm + O — SmO" + ¢ has
been re-evaluated through the combination of several experimental methods. The thermal
reactivity (300 — 650 K) of Sm" and SmO" with a range of species measured using a
selected ion flow tube apparatus (SIFT-MS) is reported and provides limits for the bond
strength of SmO”, 5.661 eV < Dy(Sm'-0) < 6.500 eV. A more precise value is measured
to be 5.73 £ 0.07 eV, bracketed by the observed reactivity of Sm" and SmO" with several

species using a guided ion beam tandem mass spectrometer (GIBMS). Combined with



39

the established Sm ionization energy, this value indicates an exothermicity of the title
reaction of 0.08 £ 0.07 eV, ~0.2 eV smaller than previous determinations. In addition, the
ionization energy of SmO has been measured by resonantly enhanced two-
photonionization (REMPI) and pulsed-field ionization zero kinetic energy (PFI-ZEKE)
photoelectron spectroscopy to be 5.7427 = 0.0006 eV, significantly higher than the
literature value. Combined with literature bond energies of SmO, this value indicates an
exothermicity of the title reaction of 0.14 + 0.17 eV, independent from and in agreement
with the GIBMS result presented here. The evaluated thermochemistry also suggests that
Dy(SmO) = 5.83 + 0.07 eV, consistent with but more precise than literature values.
Implications of these results for interpretation of chemical release experiments in the

thermosphere are discussed.

Introduction
There has long been an interest in small-scale chemical releases to alter the
electron density in local regions of the atmosphere.' Recently, the Air Force Research
Laboratory (AFRL) has conducted two releases of samarium from sounding rockets
intended to artificially generate local electron density and conductivity enhancements in
order to provide regional suppression of naturally occurring ionospheric scintillation. The
chemistry involved starts with the reaction of the released Sm and ambient atomic

oxygen to create ionization,

Sm+0 — SmO" +¢. (3.1
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The experiments took place at the Reagan Test Site, Kwajalein Atoll in May
2013. Two sounding rockets were launched that reached altitudes of 170 km and 180
km.** Each rocket had canisters with 5 kg of samarium vapor released by heating with a
thermite explosion, as developed by General Sciences Inc. Creation of the cloud was
confirmed by observations from a host of ground-based sensors from five locations on
four separate atolls in the Republic of the Marshall Islands. Models based on laboratory
data of the chemi-ionization, or associative ionization, reaction (3.1) and subsequent
processes predicted a higher level of ionization than was observed. The present work
aims to help understand these unexpected results by reexamining the thermochemistry of
reaction (3.1).

A small number of elements, primarily a subset of the lanthanides and actinides,
form monoxides having ionization energies (IE) smaller than their bond dissociation
enthalpies (BDE).* This property dictates that reactions analogous to (3.1) are exothermic
and may proceed efficiently at thermal energies. In turn, this places those monoxide
cations into the exclusive group of molecular cations that are stable to dissociative
recombination, i.e., the reverse of reaction (3.1). Any of the species in this group are
potentially effective at producing elevated electron densities at altitudes above ~100 km,
where atomic oxygen is a dominant atmospheric species.

With interest in the atmospheric effects of chemistry of this type, several
experiments were undertaken in the 1970s to evaluate both the kinetics and the
thermochemistry of these systems. Fite et al. measured cross-sections of chemi-ionization
processes by crossing beams of several atomic metals with beams of neutral O, O,, and

Os and monitoring the ionized products using a quadrupole mass spectrometer.”” These
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results, summarized in a technical report'® to the Air Force Geophysics Laboratory (now
AFRL), indicated cross sections for reactions analogous to (3.1) of between ~10™ to 10"
'> em?, equivalent to room temperature rate constants of ~107% to 10™"° cm® s™'. Although
the reported kinetics of Sm + O were slow, lying towards the lower end of those ranges,
Sm was chosen for chemical release experiments because of its relatively high vapor
pressure and the subsequently expected ease of vaporizing the metal during the release.
Interestingly, the magnitude of the reported rate constants for these chemi-ionization
reactions are highly correlated with the exothermicity of the reactions.

Thermochemical cycles demand that the exothermicity of reaction (3.1) is equal
to either of two differences: 1) as stated above, the IE and the BDE of SmO and 2) the
BDE of SmO" and the IE of Sm. This is illustrated in Figure 3.1, which shows a
schematic representation of these energy levels. Of these four quantities, the IE of Sm is
by far the most well-determined, evaluated as IE(Sm) = 5.6437 + 0.0006 eV.'"'* The
ionization energy of SmO has been reported as IE(SmO) = 5.55 + 0.1 eV, derived from
linear extrapolation of the ionization efficiency curve of SmO" produced by electron
impact of SmO at 2300 K."* This value is in agreement with a coarse determination made
from the appearance energy of SmO" (here, the value cited of 5.5 eV also equaled the
value measured for atomic Sm, indicating it is likely too low).'"* The earliest work
concerning the 0 K BDE of SmO was reported by Ames et al.,'> who found a value of
5.94 £ 0.04 eV from the vaporization of Sm,0O3 and a third-law determination of 6.31 eV
from an equilibrium of Sm-YO. Brewer and Rosenblatt later reevaluated these data,
reporting BDEs of 5.72 and 5.81 eV, respectively, assigning 5.77 £ 0.35 eV as the

recommended Value,16 a value also adopted by Ackermann, Rauh, and Thorn."
P y
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Subsequently, Hildenbrand reported the SmO BDE as Dy(Sm-O) = 590 + 0.09 eV,
derived from measured equilibrium constants of the exchange reactions of Sm with
several metal oxides (i.e., the third-law method)."* (Specific values obtained were 5.86 +
0.12 eV with AIO, 5.91 £ 0.13 eV with TiO, and 5.94 + 0.15 eV for EuO.) This value is
quite close to a lower limit of 5.88 + 0.03 eV, established by measurement of the
chemiluminescent spectrum of the reaction of Sm with NO,.!” In a subsequent review
utilizing updated thermochemistry, Pedley and Marshall suggested a value of Dy(Sm-O)
=5.88 + 0.17 eV'® on the basis of data from Hildenbrand,14 Ames et al.,15 and Dickson et
al.'” In another review, Chandrasekharaiah and Gingerich'® adopted the value of
Hildenbrand and adjusted the uncertainty, 5.90 + 0.10 ¢V, a value later cited by Gibson.”
The GIANT (Gas-phase Ion And Neutral Thermochemistry) Tables compilation adopts
the 298 K heat of formation for SmO suggested by Pedley and Marshall but adjusts the
heat of formation to 0 K differently, such that Do(Sm-O) = 6.04 £ 0.13 eV is calculated
from the 0 K heats of formation provided.”' More recently, Konings et al. relied primarily
on the Sm-AlO equilibrium values from Hildenbrand'* (ignoring the Sm-TiO and Sm-
EuO equilibria for reasons left unstated) and assign the SmO BDE as Do(Sm-O) = 5.76 £

0.08 eV.*? Adopting the more inclusive and conservative value from Pedley and

Marshall,'® the difference between the SmO IE and BDE yields A H; for reaction (3.1)

of-0.33 £ 0.20 eV.

For the cationic species, a value of Dy(Sm™-O) = 5.97 + 0.20 eV may be derived
from the adopted literature values above. This is essentially equivalent to the value cited
by Murad and Hildenbrand, 5.98 = 0.13 eV, who used an earlier spectroscopic value for

IE(Sm) = 5.63 eV.>® Ackermann et al."” cited 5.80 + 0.10 eV using their IE values for
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both Sm (5.58 eV) and SmO along with the Brewer and Rosenblatt neutral BDE.
Chandrasekharaiah and Gingerich'® (whose value is also adopted by Gibson)*® reported
Do(Sm™-0) = 5.86 £ 0.16 eV, but the 0 K heats of formation for Sm, Sm", SmO, and
SmO" provided in this reference indicate IE(Sm) = 3.49 eV and IE(SmO) = 3.55 eV,
which are clearly incorrect. (Neither the specific IE values used nor their origins are
provided in this work.) Finally, heats of formation given in the GIANT Tables suggest
Dy(Sm™-0) = 6.14 + 0.16 eV."* This literature thermochemistry is largely supported by
CASSCF ab initio calculations, differing significantly only in that the calculations
produce a lower BDE for SmO" of 5.74 e¢V.** These calculations also indicate Do(Sm-O)
= 5.92 eV, IE(SmO) = 5.58 eV, and IE(Sm) = 5.69 eV. However, the authors do not
address the discrepancy that the sum of the theoretically calculated IE(SmQO) and BDE of
SmO" is 0.29 eV less than the sum of the calculated SmO BDE and IE(Sm) (see Fig. 3.1).

The lower-than-expected electron density observed in the Sm release experiments
raises questions about the seemingly established thermochemistry of the reaction. That
the chemi-ionization reaction involving Sm was observed in the experiment by Fite et
al.'® strongly suggests that the reaction is exothermic. Later efforts by Cockett et al.
report an upper bound to the reaction exothermicity of reaction (3.1) as 0.27 + 0.08 eV
(on the basis of the maximum electron kinetic energy observed) that is in good agreement
with the accepted literature value reported above. However, this reported exothermicity
may be influenced by excited-states as Sm samples were vaporized at 800 K. A
population analysis indicates that at 800 K Sm has an average internal electronic energy
of 0.07 eV with significant populations at the "F, (25%), "F3 (10%), and "F4 (3%) levels

that have energies lying 0.10, 0.18, and 0.28 eV, respectively, above the ground 'F
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level.?® As discussed below, the magnitude of the exothermicity could have large effects
on the efficiency of the chemical release efforts. Here, the exothermicity of the title
reaction is re-evaluated through two independent determinations: measurement of
Do(Sm™-0) and measurement of IE(SmO). Additionally, the thermal reactivity of Sm"

and SmO" with a number of species is investigated.

Experimental and Theoretical Methods

Selected Ion Flow Tube (SIFT) Apparatus

The Air Force Research Laboratory’s variable temperature selected ion flow tube
instrument (VT-SIFT) has been described in detail elsewhere.”” Sm" and SmO" ions are
created in a newly implemented electrospray ion source.”® An approximately 1mM
solution of samarium iodide in methanol flows at 150 puL hr' through a fused silica
capillary biased to approximately 4000 V in open atmosphere. The spray enters vacuum
through a dielectric capillary heated to 100 °C for increased desolvation. The ions formed
are focused by an ion funnel and lenses, then transported by a rectilinear ion guide and
ion bender to a quadrupole mass filter where either the Sm” or SmO" ions are isolated.

The 1ons are focused before introduction to a laminar flow tube via a Venturi
inlet, where ~10* to 10> collisions with a He buffer gas act to thermalize the ions and
carry them downstream. Operating pressures of 0.4 Torr of He are typical; however, for
several of the reactions observed, the operating pressure in the flow tube was varied up to
0.8 Torr in order to identify termolecular processes. The neutral reagent (O,, N,O, NO,,
NO, CO,, SO,) is added 59 cm upstream of the end of the flow tube, with typical reaction

times on the order of 4 ms, dependent upon flow tube pressure and temperature. After
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traveling the length of the flow tube, the core of the flow is sampled through a truncated
nose-cone with a 2 mm aperture. The remainder of the flow is pumped away by a roots
pump through a throttled gate valve that acts to maintain the desired pressure within the
flow tube. After the nose-cone, the primary ions and product ions are guided by a lens
stack to a quadrupole mass filter for analysis, and are subsequently detected using an
electron multiplier operated in counting mode. Rate constants are derived by monitoring
the decay of the primary ion as a function of the neutral reagent flow. Measurements
were made from approximately 300 K to 650 K and temperature dependences of the rate
coefficients were determined. Uncertainties in the rate coefficients are estimated to be

+25% absolute and +15% relative to each other.?’

Guided Ion Beam Tandem Mass Spectrometer

The guided ion beam tandem mass spectrometer (GIBMS) at the University of
Utah used in these studies has been described previously.”” Briefly, Sm™ and SmO" ions
are created in a direct current discharge flow tube (DC/FT) source described in detail
elsewhere.’® Sm” ions are created when Ar ionized by a dc electric field (1.2 — 1.4 kV)
collides with a cathode holding the samarium foil sample. Ions typically thermalize under
~10° collisions with the He/Ar carrier gasses in a 9:1 mixture in a 1 m flow tube held at a
total pressure of 0.5 Torr. To further ensure thermalization, O, or SO, gas is introduced to
the flow tube 15 cm downstream from the ion source to quench any excited-state ions.
SmO" ions are created by introducing O, gas through the same inlet. Previous work in
our laboratory has indicated that the DC/FT source produces atomic metal cations with an

internal electronic energy of 300 — 1100 K.*'*> At 300 K, 67.8% of Sm™ ions are found in
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the 8F1/2 ground-level. At 1100 K, 21.1% of ions are found in the 8F1/2 ground-level.26

Conservatively, we estimate that the average internal temperature of the Sm" ions is 700
+ 400 K, for an average internal energy of 0.06 = 0.05 eV that is incorporated in all
reported BDEs. The internal energies of SmO" ions are presumed to be at 300 K.

Ions are extracted from the source and focused through a magnetic momentum
analyzer, where the reactant ion is mass selected. To ensure efficient mass separation
between the several abundant isotopes of Sm, the second most abundant and heaviest
isotope, **Sm (22.7% abundance), was chosen because it is separated from the next
closest isotope by 2 amu. These ions are subsequently decelerated to a well-defined

3638 Where

kinetic energy and passed into a radiofrequency (rf) octopole ion beam guide,
the ions are trapped radially. The octopole passes through a static gas cell that contains
the neutral reactant gas at pressures of 0.10 - 0.40 mTorr. Pressures are low to ensure that
the probability of more than one collision occurring between the reactants is small, and it
was verified that the measured cross sections reported below do not vary with neutral
reactant pressure. After the collision cell, remaining reactant and product ions drift to the
end of the octopole, are focused through a quadrupole mass filter for mass analysis, and
counted using a Daly detector.”” Reaction cross sections are calculated, as described
previously, from product ion intensities relative to reactant ion intensities after correcting
for product ion intensities with the neutral gas no longer directed to the gas cell.
Uncertainties in the measured absolute cross sections 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 Ecy = Ejp, X m/(m + M) where m and M are the masses of the
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neutral and ionic reactants, respectively. 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.”” Typical FWHMs of the energy distribution for these
experiments were 0.4 - 0.6 eV (lab). Uncertainties in the absolute energy scale are 0.1 eV

(lab). All energies reported below are in the CM frame.

GIBMS Data Analysis
The kinetic energy dependence of endothermic reactions observed using the

GIBMS is modeled using Eq. (3.2),”%%!

o(E)=00X g/ (E+E;—Ey)"/E (3.2)

where o is an energy-independent scaling factor, E is the relative kinetic energy of the
reactants, E; is the internal energy of the reactants’ electronic, vibrational, and rotational
states having populations g; (Xg; = 1), n is an adjustable parameter, and £y is the 0 K
reaction threshold. Before comparison to the data, Eq. (3.2) is convoluted over the kinetic
energy distributions of the reactants.””*** The oo, n, and Ej parameters are then
optimized using a nonlinear least-squares method to best reproduce the experimental
cross section. Uncertainties in £y are calculated from the threshold values for several
independent data sets over a range of n values combined with the absolute uncertainties
in the kinetic energy scale and internal energies of reactant ions. For exchange reactions,
calculated  thresholds are then wused to determine BDEs, Dy(Sm'-R),

using relationship (3.3):
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Do(Sm'-R) = Do(L-R) — E, (3.3)

This equation assumes that there are no barriers in excess of the endothermicity of the
reaction. When evidence of a barrier exists, Eq. (3.3) provides a lower limit to the true
BDE. Neutral BDEs, Dyo(L-R), were taken from thermochemistry found in the NIST

webBook.**

REMPI and PFI-ZEKE

The ionization energy (IE) of SmO was determined by means of resonantly
enhanced two-photon ionization measurements. The experiments were performed at
Emory University using an apparatus that has been described in previous publications.®
Gas phase SmO was produced using pulsed laser vaporization (1064 nm) of a pure Sm
rod (ESPI Metals, natural isotopic composition). The metal vapor was entrained in a
pulse of He that contained 1% O,. The products from the ablation source were cooled by
supersonic expansion. The vacuum chamber that housed the ablation source was
equipped for interrogation of the products using laser-induced fluorescence (LIF). A
pulsed tunable dye laser (Lambda Physik, Scan-Mate Pro, 0.15 cm™ linewidth, 10 ns
pulse duration) was used as the excitation source. The absolute wavenumber calibration
of this laser was established by recording previously characterized bands of SmO.***’

For photo-ionization measurements, the core of the supersonic expansion was
sampled, via a conical skimmer, into a second vacuum chamber. This was equipped with

a Wiley-McLaren time-of-flight mass spectrometer and a separate set of microchannel

plates for photoelectron detection.” The Scan-Mate Pro dye laser was used for the first
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excitation step. lonization was achieved using pulses from a second Nd/YAG pumped
dye laser (Continuum ND6000, 0.1 cm™ linewidth, 10 ns pulse duration). Wavelengths in
the 300 - 330 nm range were generated by frequency doubling, and the absolute
wavenumber calibration for the ND6000 was obtained by using the fundamental to record
the B-X spectrum of 12.48

Photo-ionization efficiency (PIE) curves were recorded with the first laser tuned
to an established electronic transition of SmO, and the wavelength of the second laser
was swept to locate the ionization threshold. For these scans, the mass spectrometer was
used to monitor the signals resulting from the most abundant isotopologs ('**SmO" and
*SmO™). The threshold energy was then refined by means of pulsed-field ionization

zero kinetic energy (PFI-ZEKE) photoelectron spectroscopy.

Experimental Results

SIFT Results
The reactions of Sm" with several common oxygen-donating molecules are shown
in Table 3.1. The LO bond energy is also shown as a guide to the expected reaction
exothermicity, which is simply the difference between the BDEs of LO and SmO". The
room temperature rate constants for the reactions with N,O, O, and NO, agree very well

31 The previously reported formation of SmO™ from reaction

with those in the literature.
with NO was not observed, which is consistent with similar differences in NO reactivity
that have been reported previously for other metals.’” Table 3.1 shows that the

efficiencies of these reactions show no clear correlation with the LO bond energy, and

therefore the reaction exothermicity. The temperature dependences are typical for
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exothermic reactions such as these. The reaction with SO, serves to provide a rigorous
lower limit to the bond strength of SmO™ of 5.661 * 0.014 eV, whereas the null reaction
with NO serves as a tentative upper limit of 6.500 eV. This limit is tentative because
kinetic barriers may be present in the reaction path. Indeed such barriers seem likely in

the null reaction observed for C02,5 6,57

which has a lower LO bond energy than SO, such
that the Sm" + CO, — SmO" + CO reaction must be exothermic. GIBMS experiments
verify the presence of these kinetic barriers in both cases.”’

The lower limit of 5.661 = 0.014 eV for Do(SmO") combined with IE(Sm)
dissociative recombination reaction is endothermic. Given this conclusion, we considered
the possibility of continued oxidation of the SmO" cation. Reactions of SmO" with each
of the oxygen donating neutrals, other than NO, were then studied and are shown in
Table 3.2. In all cases, these reactions led only to cluster formation, with no bimolecular
reactions being observed. Termolecular rate constants are derived from measured
effective two-body rate constants over pressure ranges of 0.4 — 2 Torr; however, the
likely small bond energies of these clusters suggest thermal or electric field excitation
may result in cluster dissociation prior to detection, resulting in potentially large error. As
expected, clustering to each of the triatomic species was significantly faster than for O,
which was too slow for a rate to be established. Clustering with SO, and NO, was an
order of magnitude faster than for N,O and CO,, implying larger bond energies for these
species.

In regards to the lower-than-expected electron density observed by the recent

chemical release, the SIFT work has several important findings. The reaction of Sm" with

SO, firmly establishes that reaction (3.1) is exothermic. A more precise magnitude of this



51

exothermicity is pursued using the GIBMS and REMPI studies reported below. The
reaction of Sm" with O, shows that any Sm" formed by either thermal or photo-ionization
will quickly react to form SmO”, as opposed to species where dissociative recombination
may play a larger role in limiting the electron density. Furthermore, it was found that
SmO" will not further oxidize, which would result in electron sinks via dissociative
recombination of the larger product ions. The only observed reactions with SmO",
clustering, will have little to no impact for these results, given the low atmospheric

densities at these altitudes.

GIBMS Results

Sm"+LO(L=0,8S0,0)

A key feature of the GIBMS is the ability to study the kinetic energy dependence
of a reaction over a large range of energies. This feature allows for the direct
determination of a BDE from an endothermic process. Given the scope of this project,
reactions of Sm” with N,O and NO, were not studied using GIBMS because the BDE of
these O donors are much smaller than the expected SmO" BDE (Table 3.1), and
therefore, are not expected to yield much additional information beyond the SIFT
experiments. Reactions of Sm" with CO, and NO were studied using GIBMS, and the
failure of both reactions to yield SmO" at thermal energies found in the SIFT studies was
confirmed (Table 3.1). In both cases, these reactions have interesting kinetic features that
are beyond the scope of this text and will be published elsewhere.>’

The kinetic energy dependent cross sections from the reaction of Sm* and O, are

found in Fig. 3.2. In this reaction, two products were observed according to reactions
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(3.4) and (3.5).

Sm"+ 0, — SmO" + O (3.4)

Sm" + 20, — SmO,  +20 (3.5)

The cross section of SmO"™ from reaction (3.4) is consistent with an exothermic and
barrierless process as the cross section declines with increasing energy. Reaction (3.4) is
observed to occur with unit efficiency, k/k.o; = 1.0 £ 0.2, where k., is defined as the Su-
Chesnavich semiclassical trajectory rate constant.”® The cross section of reaction (3.5) is
observed to be dependent on the pressure of the O, reactant partner, indicating that it is
the product of sequential reactions, i.e., SmO" + O,. The observation that this reaction
exhibits a substantial barrier is consistent with the failure of the SIFT studies to observe
this reaction at thermal energies.

The efficiency of reaction (3.4), observed using GIBMS, is significantly larger
than that observed in SIFT experiments, where the present work observes an efficiency of
k/keot = 0.49 + 0.15 and previous work by Koyanagi and Bohme?® observed an efficiency
of k/keor = 0.48 £ 0.14. To ensure that the efficiency of reaction (3.4), observed using
GIBMS, is not a result of excited-state ions, the reaction was repeated while leaking O,
into the source flow tube region. This approach selectively removes ions with excessive
internal energy; however, no effect on the overall efficiency of reaction (3.4) was
observed. We therefore have no explanation for this discrepancy, the cause of which may
be interesting. Fortunately, the difference is of no consequence to the primary purpose of

this paper, i.e., the thermodynamics of reaction (3.1).
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The kinetic energy dependent cross sections from the reaction of Sm" and SO, are
found in Fig. 3.3 and are in accord with the SIFT results. At all energies, the dominant

product is SmO" formed according to reaction (3.6):

Sm" + SO, — SmO’ + SO (3.6)

The SmO" cross section declines with an energy dependence similar to the Su-
Chesnavich cross section until ~ 1 eV, where the cross section levels off. A secondary
feature with an apparent threshold near 1.5 eV and a peak at 5.5 eV is also observed. The
energy of the peak corresponds nicely to Do(OS-0) = 5.66 eV, indicating that the SmO"
cross section declines because the Sm™ + O + SO channel becomes available at this
energy. The efficiency of reaction (3.6) is k/keo = 0.22 £ 0.04, which is similar to the
0.29 + 0.09 observed in the SIFT experiments here.

Samarium ions react with SO, to form additional products according to reactions

(3.7) - (3.9).

Sm” + SO, — SmSO," (3.7)
— SmSO" + O (3.8)
—SmO," + S (3.9)

Reaction (3.7) is observed at the lowest energies with a cross section that is consistent
with an exothermic, barrierless reaction. Furthermore, no pressure dependence for the

cross section was observed, indicating that this species is not collisionally stabilized. The
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observation of the SmSO," adduct as a long-lived intermediate is likely a result of the
large dipole moment (1.63 D)* and polarizability (3.22 A*)* of the SO, gas. The
threshold of reaction (3.8) has an apparent onset near 3.5 eV and peaks at ~ 5.7 eV, again
corresponding to Dy(OS-0). Reaction (3.9) has an apparent threshold of ~ 4.5 eV and
peaks near ~ 6 eV. A secondary feature with an apparent onset near 8 eV is also
observed. The product from reaction (3.9) is identified as SmO," (rather than the isobaric
%Sm?”S™) because no reaction product with a mass consistent with '**Sm*'S” was
observed. In addition, the SmO," cross section showed no discernable pressure
dependence, indicating that this product is formed in a single ion-molecule interaction
rather than a sequential reaction, such as reaction (3.5). Finally, the apparent threshold is
similar to the expected threshold for reaction (3.9) given the thermochemistry reported
below.

The kinetic energy dependent cross sections from the reaction of Sm” and CO is
found in Fig. 3.4. SmO" and SmC" were observed according to reactions (3.10) and

(3.11).

Sm" + CO — SmO' + C (3.10)

— SmC" + O (3.11)

The cross section for reaction (3.10) has an apparent threshold of ~5.5 eV and rises with
increasing energy. The cross section peaks near the BDE of CO, 11.109 + 0.005 eV,*
where enough energy is available for SmO" to dissociate to Sm” and O. Reaction (3.11)

has an apparent threshold near 8.5 eV and rises with increasing energy until peaking
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again near Dy(CO). Note that the apparent threshold is consistent with a BDE for SmO"
in the vicinity of 5.6 eV, close to that expected from the literature thermochemistry. A

precise determination of this threshold and the resultant Do(SmO+) 1s discussed below.

SmO" + Xe/O,
Reactions of SmO" with Xe and O, were also performed. The cross section from

the collision-induced dissociation (CID) reaction (3.12),

SmO" + Xe — Sm’ + O + Xe (3.12)

is found in Fig. 3.5. This reaction has an apparent threshold of ~ 6 eV, again roughly
consistent with the literature thermochemistry. Although not obvious from the
logarithmic scale of Fig. 3.5, the CID cross section rises rather slowly and reaches a
relatively small magnitude of only 0.15 x 10° cm” at 15 eV, consistent with the need to
break a relatively strong diatomic bond. The kinetic energy dependent cross sections for
the reaction of SmO" and O, are found in Fig. 3.6. Products are observed according to

reactions (3.13) and (3.14).

SmO" + O, — SmO," + O (3.13)

— Sm" + O + O, (3.14)

Reaction (3.13) has an apparent threshold of 3.5 eV and rises in intensity until ~ 6 eV,

where it begins to decline. Reaction (3.14) has an apparent threshold similar to that
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observed for reaction (3.12), substantiating the CID mechanism listed in reaction (3.14),
as opposed to concomitant formation of ozone, discussed further below. Notably, this
CID cross section rises more rapidly than that of reaction (3.12), which suggests that

determination of the threshold energy from this reaction is more reliable.

REMPI and PFI-ZEKE Results

LIF spectra for SmO were recorded to locate a suitable transition for the first
excitation step and to characterize the internal temperature of the jet-cooled ablation
products. The origin band of the [16.6]1-X0" transition proved to be suitable for this
purpose. Because of the large number of Sm isotopes, the spectrum was not rotationally
resolved. However, the P/Q/R branch structure was easily recognizable, as can be seen in
Fig. 3.7. The lower trace in Fig. 3.7 is a simulation of the rotational band contour,
performed using the molecular constants for '*SmO and '**SmO from Bujin and
Linton,*” the program PGOPHER,” and a rotational temperature of about 10 K. Note that
the difference between the simulation and the LIF spectrum in the region between the P-
and Q-branch contours is a result of neglecting the less abundant isotopes of Sm, for
which spectroscopic constants were not reported. (‘°Sm and **Sm have natural
abundances of 26.75 and 22.75%, respectively). At a rotational temperature of 10 K, the
Q-branch was heavily overlapped, and by far the most intense part of the band contour.
Consequently, the photo-ionization measurements were carried out with the first laser
tuned to the maximum of the Q-branch (16585.5 cm™).

The ablation products were further characterized by recording the mass spectrum.

To probe the widest range of species, one color non-resonant two-photon excitation at
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310 nm was employed. The resulting mass spectrum contained only the Sm" and SmO"
signals, with relative Sm isotopic peak intensities that were consistent with the natural
abundances. Larger molecular species did not appear to be formed under the jet
expansion conditions used.

A two-color PIE scan for SmO is presented in Fig. 3.8. Here it can be seen that
the threshold for SmO" ion production was located at a two-photon energy of 46226 + 10
cm™. This trace was recorded with the ionization lasers positioned between the repeller

plate and the draw-out grid of the mass spectrometer, where the local field was F=250 V

-1\ _ f -1
cm™. This field depresses the IE by an energy of AE(CIH )_ 6.124F(V em ), which is

97 cm’™ in this instance. Correcting for this effect yields an initial estimate for the IE of
SmO of 46323 + 10 cm™. Care was neehed to ensure that the threshold observed was a
two-color resonance, as features arising from two-photon excitation by the second laser
alone were commonly encountered. The density of electronically excited-states of SmO
in the near uv spectral range is high, which is easily appreciated given that the ground-
state has the electronic configuration Sm* (4f°6s)0%". The signal-to-noise ratios of the
PIE trace, and the PFI-ZEKE scan shown in Fig. 3.8 (see below), were low because the
laser intensities were attenuated to suppress one-color multiphoton processes.

A PFI-ZEKE spectrum was recorded with the first laser tuned to the Q-branch
feature noted above. The most populated rotational level within this feature was J=3, so
levels of the intermediate state with J=1-4 were significantly populated. Fig. 3.9 shows
the PFI-ZEKE spectrum. The PFI-ZEKE measurement relies on the fact that the high-n
Rydberg states that are just below the ionization threshold are long-lived. SmO was

excited to the Rydberg states under field-free conditions. After a delay of 2 ms, a 0.36 V
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cm’ field was applied to remove electrons from the Rydberg states and accelerate them
to the microchannel plate detector. The time delay is used to suppress the signal from any
process that causes direct ionization. Hence, the blue-edge of the PFI-ZEKE feature
corresponds to the convergence limit of the Rydberg-series, and thereby defines the IE. It
is helpful to contrast the fact that the PFI-ZEKE scan shows the energy levels
immediately below the ionization threshold, whereas the PIE curve shows the continuum
and auto-ionizing states above the threshold. After local field corrections, it is expected
that the red threshold of the PIE curve and the blue-edge of the PFI-ZEKE spectrum will
coincide with the IE. The data shown in Fig. 3.9 yielded an IE of 46318 + 5 cm™ (5.7427
1 0.0006 eV), in good agreement with the less accurate value from the PIE scan.

Tests were conducted to ensure that the observed PFI-ZEKE threshold
corresponded to the intended sequential excitation process that passed through the
[16.6]1, v'=0 state. The peak in Fig. 3.9 was only observed when the first laser was tuned

to the more intense regions of the [16.6]1-X0" rotational contour.

Thermochemical Results

SmO"

In SIFT-MS experiments, SmO" was observed in reactions with N,O, NO,, O,
and SO,, but was not observed in reactions with CO, and NO. The results of all these
reactions, with the exception of CO,, are consistent with the literature BDE for SmO” of
5.97 + 0.20 eV. Previous SIFT-MS experiments observed the formation of Sm"(CO,), .3,
indicating that the anomalous results from the CO; reaction can be attributed to a barrier

to the reaction in excess of thermal energies.”® In GIBMS experiments that will be



59

reported elsewhere, we confirm the presence of this barrier.”’ The results of the SIFT-MS
experiments indicate that Dy(Sm™-O) > Do(0S-0) = 5.661 = 0.014 eV, and probably that
Dy(Sm’-0) < Dy(N-O) = 6.500 + 0.004 €V .

In GIBMS experiments, SmO" was observed to form exothermically in reactions
(3.4) and (6) in direct agreement with the SIFT-MS experiments. Modeling of the SmO"
cross section for reaction (3.10) using Eq. (3.2) indicates a threshold, Ey = 5.49 + 0.12
eV. Parameters used in Eq. (3.2) for this and all other modelled reactions can be found in
Table 3.3. Using Eq. (3.3) and Do(C-O) = 11.109 + 0.005 ¢V,* this yields Do(Sm™-0) =
5.62 £ 0.15 eV. This value is consistent with the results from reaction (3.6) and within
experimental uncertainties of the literature values.

Additionally, Do(Sm™-O) was measured in CID reactions with Xe and O, used as
the collision gas with thresholds of 5.67 = 0.16 eV and 5.78 £ 0.09 eV, respectively,
which in both cases are direct measures of the desired BDE. In this instance, the slow
onset in the cross section for reaction (3.12) leads to the larger uncertainty. By contrast,
the sharp rise in the threshold for the cross section of reaction (3.14) suggests that the
value Do(Sm™-0) = 5.78 + 0.09 eV is more reliable. The agreement in the threshold
energies for these two CID processes also provides support that reaction (3.14) rather

than (3.15) is responsible for the Sm" product.

SmO” + 0, — Sm' + O3 (3.15)

The threshold for reaction (3.15) is lower than that for (3.14) by D¢(0,-O) = 1.05 £+ 0.02

eV,* a result that is clearly inconsistent with the results from modeling with Eq. (3.2) as
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listed in Table 3.3. In some cases, the threshold measured in CID reactions of strongly
bound molecules like SmO" is conservatively reported as an upper limit to the true BDE

60-62 In

because of inefficiencies in the energy transfer needed to dissociate the reactant.
the present case, however, the excellent agreement between BDEs derived from the CID
values, from reaction (3.10), and the literature suggest that this is a good measure of the
SmO" BDE.

The Dy(Sm™-O) values measured from reactions (3.10), 5.62 £ 0.15 eV, (3.13),
5.67 £ 0.16 eV, and (3.14), 5.78 = 0.09 eV are within experimental uncertainty of each
other. A weighted average of all three values yields Do(Sm™-0O) = 5.725 + 0.07 eV (one
standard deviation). This value agrees with the literature values within experimental
uncertainties and is in good agreement with theoretical work, Do(Sm™-0) = 5.74 eV.**
Combined with IE(Sm) = 5.6437 eV, our BDE indicates that the chemi-ionization
reaction (3.1) is exothermic by only -0.08 = 0.07 eV, substantially less than originally
thought. Combined with IE(SmO) = 5.7427 eV, the SmO" BDE indicates that Do(SmO) =
5.83 £ 0.07 eV, in good agreement with the previously recommended experimental

values of 5.88 + 0.17 eV'® and 5.76 + 0.08 eV, and reasonable agreement with

theoretical work, Do(Sm-O) = 5.92 eV.**

Other Thermochemical Results
In the course of the present work, several other Sm" species were observed in the
GIBMS studies in addition to SmO". With the exception of SmO,", which was previously
observed in laser ablation spectroscopic studies in Ar matrices by Willson and

Andrews,® these species have not been previously reported. They report a linear structure
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but no energetics associated with its formation. The formation of SmO," was observed
here in reactions (3.5), (3.9), and (3.13). Reaction (3.5) is pressure-dependent and is a
subsequent reaction of SmO" formed in reaction with another O, i.e. reaction (3.13), to
form SmO,". The threshold measured using Eq. (3.2) for reaction (3.13) is Ey = 3.98 =+
0.15 eV. Using Eq. (3.3) with Dy(0-0) = 5.117 + 0.001 eV, this indicates that Do(OSm -
0O) = 1.14 + 0.15 eV. When this value is combined with Do(Sm'-O) derived above,

Do(Sm™0,) = 1.76 = 0.17 eV can be determined using Eq. (3.16).

Do(Sm™-0,) = Do(0OSm"-0) + Dy(Sm"-0) — Dy(0-0) (3.16)

This bond energy can be combined with Dy(S-O,) = 5.897 £+ 0.003 eV* to determine an
expected threshold for reaction (3.9) of Ey = 4.14 + 0.17 eV. This is consistent with the
apparent threshold for this reaction as observed in Fig. 3.3; however, this cross section
was not modelled using Eq. (3.2) because of the low signal intensity.

The BDEs of SmSO"™ and SmC" were also determined by modelling the cross
sections for reactions (3.8) and (3.11), respectively, using Eq. (3.2) and then using Eq.
(3.3) to convert the E, threshold energies listed in Table 3.3 to BDEs. For reaction (3.8),
Ey = 3.86 + 0.08 eV, indicating that Dy(Sm'™-SO) = 1.80 = 0.08 eV given Dy(O-SO) =
5.661 = 0.014 eV. For reaction (3.11), Ey = 8.95 = 0.07 eV, indicating that Dy(Sm"-C) =

2.16 +0.07 eV, given Dy(C-0) = 11.109 + 0.005 eV.*
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Discussion
Chemi-ionization Reaction

At the time of the chemical release, reaction (3.1) was assumed to be exothermic
by 0.33 £ 0.20 eV on the basis of Do(SmO) = 5.88 £ 0.17 eV evaluated by Pedley and
Marshall'® along with IE(SmO) = 5.55 + 0.10 eV reported by Rauh and Ackermann."
(The subsequent evaluation by Konings et al.** suggests a smaller exothermicity of 0.21 +
0.08 eV.) Both values are within experimental uncertainty of the value measured directly
by Cockett et al., 0.28 £ 0.07 eV;* however, these data may be unduly influenced by
excited-states, as discussed above. The present PFI-ZEKE results show that the electron
impact ionization energy of SmO is too low by ~0.2 eV and greatly improves the
precision of this value. Combined with the neutral bond energies, IE(SmO) = 5.7427 +
0.0006 eV indicates that the exothermicity of reaction (3.1) decreases by 0.19 eV to 0.14
+ 0.17 or 0.02 + 0.08 eV, depending on the adopted Do(SmO). These values are
independently verified by combining Do(Sm'-O) = 5.725 + 0.07 eV from the present
GIBMS results with IE(Sm) = 5.6437 + 0.0006 eV. Doing so yields an exothermicity of
0.08 = 0.07 eV, within experimental uncertainty of any of the IE(SmO) — Dy(SmO)
values and midway between the values derived from the updated and evaluated
recommendations for Do(SmO). Conversely, combining our Dy(Sm'™-O) and IE(SmO)
values provides Dyo(SmO) = 5.83 £ 0.07 eV, consistent with but more precise than any
literature evaluation.

The revised thermochemistry for this reaction may play a vital part in the lower
than expected electron density observed in the recent Sm release. (It should be noted that

this release occurred in sunlight, where photoionization could yield significant quantities



63

of Sm", which would be long-lived with respect to recombination. However, the present
SIFT and GIBMS results indicate that such ions would rapidly convert to SmO" via the
reaction with O,, reaction (3.4).) Although the chemi-ionization reaction (3.1) remains
exothermic, and thus the reverse dissociative recombination reaction endothermic, the
exothermicity is far less than previously believed. At the altitude of the release, ~200 km,
the electron energy distribution is reasonably described by a temperature of ~1000 K,
Fig. 3.10. A significantly larger fraction of this electron distribution has enough energy to
overcome the updated 0.08 eV barrier to recombination (Fig. 3.10), potentially leading to
an equilibrium preventing full ionization of the released samarium and leading to the
observed low electron density. The equilibrium constant of reaction (3.1) may be roughly

estimated from the exothermicity reported here and calculation of A, S, .= -66 J mol™ K’

16485 t6 be ~10~ at 1000 K. Taking the forward chemi-ionization rate constant® to be 10°

"em’s? yields a reverse dissociative recombination rate constant of ~10® cm®s™.
Employing a typical ambient O atom density at 200 km to be 10'° cm’, an ambient
electron density of 10°cm™, and a density of released Sm of 10’ cm™, a simple, zero-
dimensional model suggests incomplete ionization of the Sm, with an equilibrium at
about 60% ionization, the same order of magnitude as that observed. (Assuming an
exothermicity for reaction (3.1) of 0.33 eV, or even 0.21 eV, would suggest complete
ionization.) This estimation is crude, but sufficient to justify further study. Although
dissociative recombination kinetics have been studied for a wide range of systems®® and
are almost universally rapid (k > 107 cm’ s™), no measurement has been made for any

near-endothermic or thermoneutral reaction such as the reverse of reaction (3.1).

. . . . . +
Measurement of the dissociative recombination cross-section for SmO", or for any of the
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systems with similar energetics (e.g., the much lower mass TiO" may be more amenable

to study in a magnetic ion storage ring), would be informative.

Conclusion

We have reevaluated the exothermicity of the title reaction, Sm + O — SmO" +
¢". The bond strength of SmO" has been measured as 5.725 + 0.07 eV, using a GIBMS
apparatus. Combined with the firmly established ionization energy of Sm, this gives an
exothermicity of the reaction (3.1) of 0.08 + 0.07 eV. Furthermore, we have remeasured
the ionization energy of SmO using REMPI/PFI-ZEKE, finding a value of 5.7427 +
0.0006 eV, higher than the previously reported value of 5.55 = 0.1 eV. Combining this IE
with literature values for the SmO bond strength gives exothermicities of either 0.14 +
0.17 or 0.02 £ 0.08 eV for the reaction (3.1), independent of and in agreement with the
IE(Sm) - Do(SmO") value, lending great confidence to the latter determination. Adopting
this value suggests Do(SmO) =5.83 £ 0.07 eV.

The exothermicity of the chemi-ionization reaction is far smaller than had been
believed when the reaction was exploited to produce a local region of artificially high
electron density by releasing Sm at ~200 km from a sounding rocket. This may explain
the unexpectedly low electron yield observed in that release experiment, a result of
incomplete ionization caused by equilibrium between the chemi-ionization reaction and
the reverse dissociative recombination reaction. A significant unknown remaining in that
analysis is the dissociative recombination cross-section of SmO" or of any other system

with similar energetics (i.e., slightly endothermic to dissociative recombination).
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Table 3.2. Apparent termolecular rate constants for reactions of SmO" with O,, NO,,
Nzo, SOz, and COz

Reaction Kiermotecular(300 K) (x 1077 cm’s™)?
SmO" + O, + He — SmO(0,)" + He observed
SmO" + CO;, + He — SmO(CO»)" + He 0.1
SmO" + N,0 + He — SmO(N,0)" + He 0.1
SmO" + SO, + He — SmO(SO,)" + He 1.2
SmO" + NO, + He — SmO(NO»)" + He 2.1

*See text for a discussion of uncertainty.



Table 3.3. Fitting parameters of Eq. (3.2) for the indicated reaction cross section.

Reaction G0 n Ey(eV)
Sm"+CO — SmO" + C 0.5+0.2 23+02 5.49+0.15
—SmC"+0 1.1£0.1 1.7£0.2 8.95 +0.07
Sm" + S0, — SmSO" + O 1.3£0.2 1.8+£0.2 3.86 + 0.08
SmO"+Xe—>Sm +0+Xe 0.1+0.1 20+£0.2 5.67+0.16
SmO" + 0, — SmO, + O 1.1+0.2 1.0£0.2 3.98+0.15
—-Sm"+0+0, 03+0.1 1.2+0.1 5.78 + 0.09
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Figure 3.2. Cross sections for the reaction between Sm' and O, as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames.
The arrow indicates the bond energy of O,. The line is the calculated semiclassical

trajectory collision cross section.
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Figure 3.3. Cross sections for the reaction between Sm™ and SO, as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames.
The arrow indicates the bond energy of OS-O. The line is the calculated
semiclassical trajectory collision cross section.
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Figure 3.4. Cross sections for the reaction between Sm’ and CO as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames. The
arrow indicates Do(C-O). The dashed lines show the model cross section given by Eq.
(3.2). Solid lines are convoluted over the experimental energy distributions.
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Figure 3.5. Cross section for the collision-induced dissociation reaction between
SmO" and Xe as a function of energy in the center-of-mass (lower x-axis) and
laboratory (upper x-axis) frames. The dashed line represents the model cross section
given by Eq. (3.2). Solid lines are convoluted over the experimental energy
distributions.
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Figure 3.6. Cross sections for the reaction between SmO"™ and O, as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames. The
arrow indicates Dy(O-0O). The dashed lines show the model cross section given by Eq.
(3.2). Solid lines are convoluted over the experimental energy distributions.
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Figure 3.7. Section of the SmO LIF spectrum showing the [16.6]1-
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Figure 3.8. Photoionization efficiency curve for ionization of SmO via the [16.6]1
state. This trace was recorded with the first laser tuned to the Q-branch feature of the
spectrum shown in FIG. 3.7. The abscissa is the energy sum of the two photons. The
local electric field for this measurement was 250 V cm™.
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of the Q-branch of the [16.6]1-X0" origin band. The vertical broken line indicates

the blue-edge of the high-n Ryberg series that converges on the zero-point level of
SmO".
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region highlights electrons energetic enough to overcome the barrier to the
reverse of reaction (3.1) from previously reported thermochemistry. The blue
shaded region highlights the electrons meeting this requirement with the newly

derived value.
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CHAPTER 4

ACTIVATION OF CH,; BY Th" AS STUDIED BY GUIDED
ION BEAM MASS SPECTROMETRY AND

QUANTUM CHEMISTRY

Cox, R. M; Armentrout, P. B.; de Jong, W. A.
Inorg. Chem. 2015, 54, 3584 - 3599.
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Abstract

The reaction of atomic thorium cations with CH4 (CD4) and the collision-induced
dissociation (CID) of ThCH4" with Xe are studied using guided ion beam tandem mass
spectrometry. In the methane reactions at low energies, ThCH," (ThCD,") is the only
product; however, the energy dependence of the cross section is inconsistent with a
barrierless exothermic reaction as previously assumed on the basis of ion cyclotron
resonance mass spectrometry results. The dominant product at higher energies is ThH"
(ThD"), with ThCH;" (ThCDs") having a similar threshold energy. The latter product
subsequently decomposes at still higher energies to ThCH (ThCD"). CID of ThCH,"

yields atomic Th' as the exclusive product. The cross sections of all product ions are
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modeled to provide 0 K bond dissociation energies (in eV) of Do(Th'™-H) > 2.25 + 0.18,
Do(Th™-CH) = 6.19 + 0.16, Do(Th"™-CH,) > 4.54 £ 0.09, Do(Th"-CH3) = 2.60 = 0.30, and
Do(Th"™-CHy4) = 0.47 + 0.05. Quantum chemical calculations at several levels of theory are
used to explore the potential energy surfaces for activation of methane by Th” and the
effects of spin-orbit coupling are carefully considered. When spin-orbit coupling is
explicitly considered, a barrier for C-H bond activation that is consistent with the
threshold measured for ThCH," formation (0.17 + 0.02 eV) is found at all levels of
theory, whereas this barrier is only observed at BHLYP and CCSD(T) levels otherwise.
The observation that CID of the ThCH," complex produces Th"™ as the only product with
a threshold of 0.47 eV indicates that this species has a Th'(CH,) structure, which is also
consistent with a barrier for C-H bond activation. This barrier is thought to exist as a
result of the mixed (*F,’D) electronic character of the Th™ J = 3/2 ground-level combined

with extensive spin-orbit effects.

Introduction
The activation of methane by metals is an active area of research.'” This interest
is motivated in part by the desire to find more efficient or selective catalysts as well as to
gain insight into the physical aspects involved in the C-H bond activation process at
metal centers. Such insight would be useful because methane is relatively inert but a
plentiful feedstock in the synthesis of more complex hydrocarbons.>* To this end, several

groups, including our own, have looked at the reactions of methane with the atomic

1,5-12 d- 1,7,13-19 1,7,20-30
b

first-, secon and third-row transition metal cations. Others have

1,2,31-33 34-36

investigated the same reaction for lanthanide and actinide cations.
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The latter actinide studies were conducted using Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS). This instrumentation has also been used to
examine oxidation reactions of actinide cations, with thorium being established as the
most reactive of the actinide series.”’® Actinide reactivity has been inversely correlated
to the promotion energy from the ground-level to the first level with two 6d electrons
(5/"264°7s or 5/"26d° configurations).”” In these studies, the ground-state of Th* was
reported to have a 64°7s (*F) configuration, thus requiring no promotion.

Similar to the oxidation studies, thorium was also observed to be the most reactive
of the actinides with several hydrocarbons studied using FT-ICR.*® It is the only actinide
to dehydrogenate methane at thermal energies, albeit with low efficiency, k/k¢o= 0.009 £+
0.005°° and k/keo; = 0.02 + 0.01,%° where the collision rate limit (keo1) is the rate derived
from modified variational transition-state/classical trajectory theory.* Both studies
interpreted their observations to indicate an exothermic reaction, which suggested that
Do(Th"-CH,) > Do(HoC-Hy) = 457 + 1 kJ/mol.*

The reaction of thorium cation with methane has also been studied

theoretically.*'**

Two competing explanations for the low efficiency of the
dehydrogenation pathway have emerged. In a reaction coordinate presented by di Santo
et al.,*! the reaction proceeds exclusively on the doublet spin surface, originating from a
°F Th" ground-state, with a small barrier of 4 kJ/mol at the transition state between the
first two intermediates: Th'(CH,), the association complex of the ion and methane
formed through electrostatic interactions, and HThCHj;', the inserted species. These

calculations used B3LYP in combination with a Stuttgart-Dresden effective core potential

and basis set (SDD) for Th” and a 6-311++G(d,p) basis set for C and H. Such a barrier



85

would indicate that only a small population of the reactants would have the necessary
energy to react, consistent with the experimentally observed low efficiency. Another
recent study® used the same Pople basis set for C and H and an unpublished double-(
quality basis set in combination with the Stuttgart-Dresden ECP and the B3PW91
functional. Here no barrier along the lowest energy pathway was observed, but a crossing
was found between the quartet (the ground-state of the Th' reactant in this study) and
doublet (needed to form the ground-state of HThCH;") surfaces near the first
intermediate. They concluded that the inefficiency at this crossing point hindered the
crossover to the doublet surface on which the reaction evolves to products. In this study,
the electronic state of the Th™ reactant was not identified beyond its spin.

Despite these efforts, actinide chemistry (particularly in the gas phase) is largely
unexplored. This is attributable, in part, to safety concerns, as all actinides except thorium
and uranium are highly radioactive. This limits the ability to study most actinides to
dedicated laboratories or theoretical studies. In order for theoretical methods to be
accurate, reliable experimental benchmarks are critically needed. Here we present a study
of the activation of methane and its deuterated analogue by atomic thorium cations using
guided ion beam tandem mass spectrometry (GIBMS). A key feature of GIBMS is the
ability to control the kinetic energy of the reactant ion over three or more orders of
magnitude in the laboratory frame. This allows for the determination of the energy
dependence of the dehydrogenation reaction as well as the study of higher energy
reaction pathways. To more fully explore this reaction surface experimentally, we also
examine the collision-induced dissociation (CID) of the ThCH; cation. This

experimental work is complemented by quantum chemical calculations performed here at
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several levels of theory and a careful quantitative evaluation of spin-orbit effects. A key
objective of the present study is the determination of experimental bond dissociation

energies (BDEs) from which theoretical methods can be evaluated more completely.

Experimental and Theoretical Methods

Instrument
The guided ion beam tandem mass spectrometer used in these studies has been
described previously.” Briefly, Th™ (***Th 100% abundance) and ThCH," ions are
created in a direct current discharge flow tube (DC/FT) source described further below.**
Ions are extracted from the source, focused through a magnetic momentum analyzer
where the reactant ion is mass selected, and subsequently decelerated to a well-defined
kinetic energy. These ions are passed into a radiofrequency (rf) octopole ion beam

#347 where the ions are radially trapped. The octopole passes through a static gas

guide
cell that contains the neutral reactant gas at pressures of 0.05 - 0.40 mTorr. Pressures are
low to ensure that the probability of more than one collision occurring between the
reactants is small. It is verified that the measured cross sections reported below do not
vary with neutral reactant pressure. After the collision cell, remaining reactant and
product ions drift to the end of the octopole, are focused through a quadrupole mass filter
for mass analysis, and counted using a Daly detector.”® Reaction cross sections are
calculated, as described previously, from product ion intensities relative to reactant ion
intensities after correcting for ion intensities with the neutral gas no longer directed to the

gas cell.*” Uncertainties in the measured absolute cross sections are estimated to be +20

%, with relative uncertainties of £5%.
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Laboratory ion energies (lab) are converted to the center-of-mass frame (CM)
using the relationship Ecy = Epp X m/(m + M) where m and M are the masses of the
neutral and ionic reactants, respectively. 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.”” Typical FWHMs of the energy distribution for these
experiments were 0.4 - 0.6 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.** Th” ions are created when
Ar ionized by a dc electric field (2.5 kV) collides with a cathode holding the thorium
powder sample. Ions typically thermalize under ~10° collisions with the He/Ar carrier
gasses in a 9:1 mixture in a 1 m long flow tube. Total pressure in the flow tube is 0.2 —
0.5 Torr. ThCH," is created by leaking methane into the flow tube 15 cm downstream of
the discharge through a variable leak valve. Previous experiments have indicated that
atomic metal ions generated in the DC/FT source generally have internal electronic
temperatures between 300 and 1100 K.*™* At 300 K, 99.99% of Th™ is in its J = 3/2
ground-level.”* At 1100 K, 76% of Th' is in the ground-level with an average
electronic energy of only 0.05 eV (see Table A.1). For the ThCH4" complex, the ions are

expected to have an internal temperature of 300 K.
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Data Analysis

The kinetic energy dependence of endothermic reactions is modeled using Eq.

4
4.1 , 6,56,57

o(E) = 00 X i (E + E; — Eo)/E 4.1)

where oy is an energy-independent scaling factor, E is the relative kinetic energy of the
reactants, E; is the internal energy of the reactants’ electronic, vibrational, and rotational
states having populations g; (Xg; = 1), n is an adjustable parameter, and E, is the 0 K
reaction threshold. Before comparison to the data, Eq. 4.1 is convoluted over the kinetic
energy distributions of the reactants.*”*° The o¢, n, and E, parameters are then
optimized using a nonlinear least-squares method to best reproduce the experimental
cross section. Uncertainties in £, are calculated from the threshold values for several
independent data sets over a range of n values combined with the absolute uncertainties
in the kinetic energy scale and internal energies of reactant ions. Calculated thresholds
are then used to determine bond dissociation energies (BDEs), Do(Th'-R), using

relationship 4.2.

Dy(Th"-L) = Dy(L-R) — E; 4.2)

This equation assumes that there are no barriers in excess of the endothermicity of the

reaction. When evidence of a barrier exists, Eq. 4.2 provides a lower limit to the true

BDE. Neutral BDEs, Dyo(L-R), were taken from thermochemistry found in the NIST
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webBook® or previous compilation.”? Thermodynamic values used to determine neutral

BDEs are listed in Table A.2 of the Supporting Information.

Theoretical Calculations

Most of the quantum chemical calculations were performed using the Gaussian 09
suite of programs.®' Geometries of all intermediates and transition states were optimized
using the B3LYP®*® functional with a Stuttgart-Dresden small core (60 electron)
relativistic effective core potential (ECP) and accompanying basis set (SDD)* for Th”
and the Pople basis set® 6-311++G(d,p) for C and H. This SDD basis set is the 1997
revision made by the Stuttgart/Dresden groups and can be obtained from the EMSL basis
set exchange.®®” Single-point energies were then calculated using several density
functional theory (DFT) approaches, B3LYP, B3PW91, and BHandHLYP (BHLYP)
functionals with the SDD basis set for Th” and a 6-311++G(3df,3p) basis set for C and H
that has been shown to be reasonably accurate in studies of third-row transition metal-
methane systems by our group.”****%*7% Additional single-point calculations using the
B3LYP/SDD/6-311++G(d,p) structures were performed using a
(14s13p10d8f6g)/[6s6pSd4f3g] atomic natural orbital basis set of quadruple-{ quality
with the SDD small core ECP (ANO) and a (14s13p10d8f6g)/[ 10s9p5d4f3g] segmented
basis set of quadruple- quality with the SDD small core ECP (Seg. SDD) for Th along
with a 6-311++G(3df,3p) basis set for C and H.”' Unless noted otherwise, all theoretical
energies reported below are calculated using Seg. SDD/6-311++G(3df,3p) basis sets for
Th'/C and H. Other groups have indicated that the B3PW91 has performed well in the

study of other actinide systems.*” Holthausen et al.”* previously have considered the
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appropriate choice of level of theory to study first- and third-row transition metal methyl
cation species, and concluded that BHLYP performed well for singly bound species. This
conclusion has been confirmed in subsequent use by our group that BHLYP performs
well for several third-row transition metal hydride systems; however, BHLYP is not
accurate for species having more than a single covalent bond.®™ Additionally, single-
point energies were calculated using the coupled cluster method that mixes in single and
double excitations and perturbative triple excitations with the Th™ (3s,5p) and the C (/s)
orbitals frozen for electron correlation, CCSD(T).®>”>” For all open-shell calculations,
unrestricted open-shell wave functions were utilized throughout. With a few exceptions
that are explicitly noted, spin contamination is insignificant. All single-point energies
were zero-point energy-corrected using the frequencies of the optimized structures after
scaling by 0.989.”° Transition states were found by employing a Synchronous Transit-
Guided Quasi-Newton (STQN) method””’® to approach the quadratic region around the
transition state. Transition states were checked to ensure that there was only one
imaginary frequency, which led to the appropriate intermediates or products. BDEs of the
reaction products were also calculated from these various single-point energies.
Additional calculations were performed using the NWChem computational
chemistry software.” Here the geometries were optimized using the PBEO functional
using the latest Stuttgart-Cologne ECP* with a newly developed correlation consistent
type basis set for Th (20s17p12d11f5g3h11)/[7sTp6d5f5g3hli] developed by K.A.
Peterson (KAP).* For C and H, the cc-pVTZ basis sets®” were used. All geometries used
in NWChem were optimized using the PBE functional.* The Nudged Elastic Band

method® was used to locate transition states, and saddle point optimizations and
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frequency calculations were used to ensure a transition state with one imaginary
frequency was found. It should be noted that although different basis sets and functionals
were used in the Gaussian and NWChem calculations, the resulting structures were found
to be very similar (as detailed in Table A.6 of the Supporting Information). Single-point
energies were calculated using the CCSD(T) method. As with the Gaussian calculations,
the Th” (5s,5p) and the C (1s) orbitals were frozen. For CCSD(T), a spin-restricted open-
shell wave function was used as a reference for the correlated calculations based on an

unrestricted formulation.

Experimental Results

Th" + CH, (CDy)

The reaction of Th” with methane yields products formed in reactions 4.3 — 4.6.

Th"+ CH; — ThCH," +H, 4.3)
— ThH" + CH; 4.4
— ThCH; +H 4.5)
— ThCH' +H+ H, (4.6)

The cross sections for these reactions are shown in Figure A.l in the Supporting
Information and are very similar to the analogous methane-d4 reaction cross sections
shown in Figure 4.1. Mass overlap for the ThCH;" and ThCH" products with the more
intense ThCH," product was observed. In both cases, cross sections were corrected to

remove overlap from adjacent mass peaks, a procedure that was straightforward and
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unambiguous because of the different energy dependences of the products in question.
The reactions with methane-ds showed much less mass overlap. In all cases, the cross
sections produced in reactions 4.3 — 4.6 for both methane and methane-d4 are similar in
energy dependence and magnitude.

At low energy, reaction 4.3 dominates with a cross section that initially rises with
increasing energy. The energy dependence of reaction 4.3 is inconsistent with that of a
barrierless exothermic reaction, as was concluded from the FT-ICR studies.”>”® A plot of
our experimental data for reaction 4.3 converted to a rate coefficient as a function of
kinetic energy according to a method outlined elsewhere®’ is presented in Figure 4.2. For
CHy,, it can be seen that at the lowest energies in the present experiment (0.07 + 0.02 eV,
equivalent to a temperature of 500 = 150 K), we do observe a small amount of product
with a rate constant of 0.02 + 0.01 x 10'° cm?/s and a reaction efficiency of k/k o = 0.002
+ 0.001, where the collision limit is defined by the Su-Chesnavich variational transition-
state/classical trajectory theory rate constant.*® Likewise, the rate coefficient for reaction
43 with CDy4 is 0.03 + 0.02 x 10 cm’/s at our lowest energies (0.09 + 0.04 eV,
equivalent to an average temperature of 700 + 300 K). At this same temperature, the rate
coefficient for reaction 4.3 with CHy is 0.04 = 0.03 x 10'° ¢m®/s. The slight differences
between the rates observed in reaction 4.3 using CH4 and CD4 can be explained by two
effects. The first takes into account that the collisional rate coefficient depends inversely
on the square root of the reduced mass of the reactants, 15.00 u for CH4 and 18.46 u for
CDy, such that the CDy4 collision rate is 90% of that for CH4. The second relates to the
differences in zero-point-energy (ZPE) between the two reactants. As a result, Dy(D,C-

D») is slightly stronger than Do(H,C-H,) so that the threshold for reaction 4.3 with CDj is
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higher than with CH,.

Previously, Marcalo et al.*> and Gibson et al.*® observed that Th* reacts with CH,
with rates of 0.20 = 0.10 x 107'° cm?/s for an efficiency of k/k¢, = 0.02 £ 0.01 and 0.10 +
0.05 x 10" cm’/s for an efficiency of k/keo = 0.009 + 0.005, respectively, in ICR
experiments at nominally room temperature. Both ICR rates are larger than that measured
here, but of similar magnitude and nearly within the combined uncertainties, Figure 4.2.
It seems plausible that the ICR rates are somewhat elevated because the reactants have an
effective temperature (electronic or translational) above 300 K.

The ThCH," (ThCD,") cross section rises until ~2 eV, where it begins to fall off,
Figures A.l1 and 4.1. This decline corresponds with the apparent thresholds for ThH"
(ThD") and ThCH;" (ThCD;"). Because decomposition of ThCH," (ThCD,") to ThH"
(ThD") cannot occur until much higher energies, this decline can only be explained by a
shared common intermediate between the three channels. In addition, the peak in the
magnitude of the ThCH;" (ThCDs") cross section corresponds to the rise of the ThCH"
(ThCD") cross section, indicating that this latter product is formed by the
dehydrogenation of ThCH;" (ThCDs;"). Finally, the ThCH;" (ThCD;') product can
decompose by H (D) atom loss, which can be seen as the faster decline in the ThCH3"
(ThCD;") cross section starting near 6 eV and the plateau in the ThCH," (ThCD,") cross
section starting at the same energy. The potential product, ThC", was also explicitly
looked for but not observed.

The parameters used in Eq. 4.1 to model the experimental cross sections are found
in Table 4.1. Each channel was modeled independently. Because Eq. 4.1 explicitly

includes the rotational, vibrational, and translational energy distributions of the reactants,
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the E, threshold energies determined correspond to 0 K values. Therefore, all BDEs

determined below using Eq. 4.2 are 0 K dissociation energies.

ThCH4 + Xe
The CID reaction of the ThCH," complex yields a single product, the atomic

thorium cation, reaction 4.7, as shown in Figure 4.3.

ThCH4 + Xe — Th'+ CH4 + Xe 4.7

Other products explicitly looked for but not observed were ThH', ThCH;", and ThCH,",
species that would indicate a structure of HThCH;' or H,ThCH,". As discussed in more
detail below, the HThCH; " structure is the global minimum along the methane activation
reaction pathway. In previous work,** the CID of PtCH,4" yielded both Pt" and PtH"
products, indicating that the reactant had a HPtCH; ' structure (again the global minimum
structure). Because the CID products expected from this inserted structure are not
observed in the thorium system, the present CID results suggest that this species has a
Th'(CHy) structure. This is also confirmed by the comparison of the threshold energy
obtained from analysis of this cross section, Table 4.1, with theoretical values for the two
possible structures. The evidence for this structural identification is discussed further

below.
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Thermochemical and Theoretical Results

Th" Ground-state

Some ambiguity surrounds the ground-state of Th" because there is considerable
interaction between the 2D(6d7s’) and *F(6d°7s) states. The J = 3/2 ground-level is
identified as having mixed character, 43% “F(6d°7s) and 27% D(6d7s°).>* A detailed list
of the levels, including energies and character, chosen as representative of each state
listed in Table 4.2, can be found in Table A.l in the Supporting Information. For the
purpose of comparing the theoretical energies of each state, which are averaged over all
spin-orbit levels, to the experimental results, the ground-level is assigned as *F3. Despite
the assignment of the ground-level as part of the “F state, after averaging over all spin-
orbit levels, the experimental ground-state is “D. Experimental energies, averaged over
properly weighted spin-orbit levels, for each low-lying state are listed in Table 4.2, as are
theoretical energies of these states. Both BHLYP and CCSD(T) correctly identify the
ground-state as a “D (6d7s’), whereas B3LYP and B3PW91 prefer the °F (5/°7s) state. At
all levels of theory, considerable spin contamination, s(s+1) ~ 1.5, is observed for the “D
state, consistent with mixing in “F character. Overall, the BHLYP and CCSD(T)
calculations do a particularly good job of reproducing the experimental values. When
using the SDD and ANO basis sets, results are similar to those observed using the Seg.
SDD basis set and can be found in Table A.3. The use of the larger basis sets does
significantly improve the results of the CCSD(T) calculations compared to experiment.
Notably, the largest basis set, KAP, correctly predicts the order of the D and “F states
and yields the best agreement with experiment, Table 4.2. Given that the *D (6d7s°) state

is the calculated ground-state for Th” using CCSD(T) and BHLYP, all theoretical BDEs
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are determined here relative to this D state in the next several sections. Consideration of
spin-orbit interactions is needed to properly reference these BDEs to the *Fip ground-

level and is discussed later.

ThCH,"

The threshold measured for reaction 4.3 is 0.17 = 0.02 eV, Table 4.1. Combined
with Do(H,C-H,) = 4.74 + 0.02 ¢V, this would yield a BDE of Do(Th"-CH,) = 4.57 +
0.06 eV if the threshold corresponds to the product asymptote. Similarly, the threshold
for the deuterated system is 0.28 + 0.03 eV, which would lead to Do(Th"™-CD,) = 4.54 +
0.06 eV. After accounting for the explained below, we report Do(Th™-CH,) > 4.54 + 0.09
eV as a lower limit to the true BDE zero-point energy differences of 0.03 eV, the
weighted average is Do(Th"-CH,) = 4.54 + 0.09 eV, where the uncertainty is two standard
deviations of the mean. This result is significantly different than the lower limit, Do(Th"-
CH,) > 4.74 eV,* reported by Marcalo et al.>> and Gibson et al.,’® who assume that
reaction 4.3 is barrierless and exothermic. This assumption is inconsistent with the cross
section for reaction 4.3 in Figure 4.1 (and the rate coefficients in Figure 4.2), which
increase with increasing kinetic energy. Because of experimental and theoretical results
explained below, we report Do(Th"™-CH,) > 4.54 + 0.09 eV as a lower limit to the true
BDE.

The calculated ground-state of ThCH, " is *A’ with a metal carbene geometry that
has an agostic structure where one H is tilted towards the metal, essentially donating
electron density from this CH bond into an empty d orbital on the metal. This agostic

structure has been found to be characteristic of the early transition metals, %%
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Geometrical parameters found here are similar to the structures reported by di Santo et
al.*' and de Almeida and Duarte,** who also find a *A’ ground-state. The CH, wagging
motion passes through the symmetric 2A; state (a transition state having C,, symmetry)
lying only 0.05 eV higher in energy. A A" state is found 0.6 eV higher in energy, where
the radical electron is moved from the a’-orbital composed primarily of the 7s-orbital to a
6d 8-like a”-orbital, and a *A” state is 1.3 eV above the ground-state. All other isomers,
such as HThCH' and H,ThC", are at least 1.3 eV above the ground-state and can be
found in Table A.4 in the Supporting Information.

BDEs derived from the seg. SDD theoretical calculations are listed in Table 4.3
and predict bond energies of 4.82 — 5.44 eV, not accounting yet for the spin-orbit
contribution as discussed in the next section. CCSD(T)/KAP calculations indicate a BDE
of 5.34 eV. The SDD and ANO basis sets yield similar results and can be found in Table
A.5. All levels of theory investigated here indicate that reaction 4.3 is exothermic when
the associated theoretical value for Do(CH,-H,) is used. The range calculated here
encompasses the theoretical value reported by di Santos et al.*' of 5.08 eV calculated at
the B3LYP/SDD/6-311++G(d,p) level. They also report a theoretical value of 5.98 eV
using PW91PWO91/TZ2P employing a zero-order regular approximation (PW91/ZORA),
but other BDEs determined using this method appear to overestimate bond strengths. All
theoretical BDEs are consistent with the experimental lower limit, and thus this
comparison provides no definite quantitative information that allows evaluation of any

theoretical method.
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ThH'

The threshold for reaction 4.4 is measured to be 2.38 + 0.16 eV. Given Dy(H;C-
H) = 4.48 £ 0.01 eV,” this suggests Do(Th"-H) = 2.10 + 0.16 V. A similar result is
obtained for the deuterated system, Do(Th™-D) = 2.33 + 0.11 eV. After accounting for
zero-point energy differences (0.03 eV), the weighted average BDE is Do(Th'-H) = 2.25
+ 0.18 eV. To the best of our knowledge, this represents the first experimental report of
this bond energy.

For transition metal cations studied in our lab, BDEs measured using H; are 0.10
— 0.43 eV greater than those determined using CH, as a reactant.?>?>2728.30.33.69.7086 1,
all cases, the difference is attributed to competition with the formation of the metal
carbene because of a shared, common intermediate. Because reactions of M" with H,
produce only one product, no competition exists that may delay the onset of reaction. For
this reason, BDEs for metal hydrides measured using H, as the reaction partner are
considered more reliable. Unpublished results®’ for the reaction of Th* with H, and D,
determine that Do(Th'-H) = 2.46 + 0.07 eV, indicating that the average threshold for
reaction 4.4 is delayed by 0.21 + 0.19 eV. This observation is further substantiated by a
phase space theory modeling of the competition between reactions 4.3 and 4.4, as
described in greater detail in the Supporting Information and depicted in Figure A.2. This
model, which explicitly considers angular momentum effects, indicates that the threshold
for reaction 4.4 is shifted by ~0.3 eV, consistent with the more quantitative comparison
above.

Di Santo and co-workers*' calculated a *A ground-state for ThH™ with a 'S state

very close in energy (0.02 eV) using B3LYP/SDD/6-311+G(p). Using a larger basis set
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for Th*, we calculate similar results with a *A ground-state and low-lying excited-states
of 'S (0.30 eV) and °II (0.18 eV) at the B3LYP level of theory. CCSD(T) calculations
reverse the order by placing the 'S state 0.07 eV lower in energy than the *A state and
also indicate that the °II is 0.37 eV higher in energy than the 'S". CCSD(T)/KAP
calculations yield similar results with the 'E" state 0.04 eV lower in energy than the *A
state. Bonding in ThH" occurs by combining the Th” (6d) and H (1s) electrons. The A
correlates with the *F (6d27s) state where the unpaired electrons are found in essentially
6dé and 7s atomic orbitals on the metal. Conversely, the 'S* state forms from the
’D (6d7s?) state of Th™ with the 7s orbital filled. Given the mixed nature of the Th"
ground-level, formation of either state should be possible directly from the J = 3/2
ground-level. The *IT, which places the 6d electron in a 7 orbital rather than a J, should
also form directly from the ground-level.

Compared to experiment, Table 4.3, all levels of theory overbind ThH™ by 0.3 —
0.5 eV, with the BHLYP value closest to the experimental value. Di Santo et al. report a
similar BDE of 2.98 eV determined at the B3LYP/SDD/6-311++G(d,p) level and 3.49 eV
using PW91/ZORA.*" As for ThCH,", the latter method appears to overestimate the bond
strength significantly. Differences between the theoretical and experimental values for
Do(Th™-H) are attributable in part to spin-orbit splitting effects, as discussed in a

following section.

ThCH3™
Because the ThCH;' product dissociates readily to ThCH™ at slightly higher

energies, we determined the threshold for ThCH;  production by analyzing the sum of
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these two product cross sections. Using this procedure, the threshold for reaction 4.5 is
2.11 + 0.15 eV, which corresponds to a bond energy for Do(Th"-CH3) of 2.37 + 0.18 eV.
Results from the CD, reaction lead to DO(Th+-CD3) = 2.44 + 0.14 eV. After accounting
for zero-point energy differences (0.04 eV), the weighted average BDE is Dyo(Th-CH3) =
2.39 + 0.22 eV. This value is likely a lower limit, because like ThH", ThCH;" competes
with reaction 4.3 through a shared intermediate such that the reaction 4.5 threshold may
be delayed. Given that both experimental data and theoretical models (see Table 4.3)
indicate that the BDEs for ThCH;" and ThH" are similar, the delay in threshold onset for
reaction 5 should be equivalent to the delay observed in reaction 4.4, 0.21 + 0.19 eV.
This conclusion is substantiated by the phase space theory modelling described in the
Supporting Information, Figure A.2. This model indicates that thresholds for both
reactions 4.4 and 4.5 are shifted by comparable amounts that are consistent with a shift of
0.21 £ 0.19 eV. Therefore, a better estimate of the ThCH3" BDE is Dy(Th"-CH3) = 2.60 +
0.30 eV. Previously, no theoretical or experimental report of the BDE for ThCH;" has
been made.

Similar to results for ThH', the DFT methods indicate that ThCH;  has a ground-
state of °E with the unpaired electrons found in the 7s and 6d atomic orbitals and a low-
lying level, 'A}, only 0.06 eV above the °E for B3LYP. Additionally, a structural isomer,
HThCH," ("A’), is found nearly isoenergetic to the *E. CCSD(T) calculations place the
'A; and 'A’ states 0.22 and 0.01 eV, respectively, below the *E. CCSD(T)/KAP
calculations place the 'A; and 'A’ states 0.18 and 0.19 eV lower in energy, respectively.

Other structures and states investigated are listed in Table A.4, but are found to be at least

2 eV higher in energy than ThCH;" CE).
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Theoretical BDEs listed in Table 4.3 for both the *E and A, states indicate that
Dy(Th"-CH3) and Dy(Th"-H) have similar magnitudes, with the former being stronger by
0.23 — 0.67 eV. Similar results are obtained using the SDD and ANO basis sets, Table
A.5. A direct comparison of the thresholds from reaction 4.4 and 4.5 in Table 4.1
suggests that Do(Th'-CH3) is 0.27 + 0.22 eV larger than Do(Th'-H) and that Do(Th"-CD3)
is 0.12 + 0.14 eV larger than Dyo(Th'-D), with a weighted average (after ZPE corrections)
of 0.15 + 0.12 eV. This is comparable to results for the transition metal congeners,
Zr 2% and HE", > where MCH;" and MH™ BDEs are similar in strength, and to Ti*®
where the BDE for TiCH; " is stronger than that for TiH" by 0.2 +£ 0.2 eV. Similar to the
results for ThH', theory overbinds by 0.4 — 0.9 eV, again in part because of spin-orbit

effects discussed below.

ThCH"

The threshold for reaction 4.6 i1s 3.08 = 0.17 eV and 2.98 + 0.06 eV for the
deuterated analogue, Table 4.1. The correlation between the decline in the cross section
for ThCH;" at the apparent onset for the formation of ThCH" indicates that this product is
formed by the dehydrogenation of ThCH3'. Thus, we combine these thresholds with
Do(H,C-H,) + Do(HC-H) = 9.07 + 0.02 eV® and the value of its deuterated counterpart to
obtain BDEs of Do(Th"-CH) = 5.99 = 0.20 eV and Do(Th"-CD) = 6.27 = 0.09 eV. After
accounting for differences in the zero-point energy (0.03 eV), the weighted average is
Do(Th"-CH)=6.19 £ 0.16 V.

The ground-state structure of ThCH" identified by theory is a linear methylidyne

having a 'S" ground-state. Several geometries including bent and linear insertion
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(HThC") geometries were also investigated, but these are all found to be at least 2.2 eV
higher in energy, as detailed in Table A.4.

Theoretical predictions of Do(Th"-CH) range from 0.4 eV too high (B3PW91) to
0.6 eV too low in energy (BHLYP) with the values derived from B3LYP and CCSD(T)
(seg. SDD and KAP) within experimental uncertainty. Benchmark studies by Zhang and
Schwarz® indicate that although BHLYP performs well for MCH;" species, it performs
poorly for other MCH, " systems. Studies from our group have also observed similar poor
performance by BHLYP for studies involving higher bond order thirdrow transition metal

23,25-28,30 -

species, indicating that BHLYP is an inappropriate choice of level of theory for

the study of species with bond orders higher than 1.

ThCH,4"
The threshold for reaction 4.7 obtained using Eq. 4.1 is 0.46 + 0.05 eV, which

should equal Do(Th™-CH,), as discussed below. Previous work’"’'

in our lab has
indicated that collisionally excited association complexes may have a sufficiently long
lifetime such that dissociation does not occur within the experimental time frame of 1 x
10 s. In such cases, the apparent threshold is higher than the true bond energy because

91,92
d""

of a kinetic shift in the threshol Therefore, the cross section for reaction 4.7 was

also modeled using a modified version of Eq. 4.1 that incorporates RRKM rate theory”**
to account for any possible kinetic shift. This model, which has been thoroughly
explained elsewhere,”' yields a threshold of 0.47 + 0.05 eV, indicating there is no

significant kinetic shift, consistent with the simplicity of this system.

The ground-state of Th'(CHj) is ’A with a calculated structure that is
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nonsymmetrical as Th™ binds to CH, such that the bond lengths r(Th-H) of the three
closest H atoms are 2.71, 2.70, and 2.66 A. The methane is largely unperturbed,
consistent with the formation of an electrostatic bond. Both di Santo et al.*' and de
Almeida and Duarte® also report a 2A structure for the ground-state of Th*(CH,). A more
symmetrical *A’ state is also found 0.1 — 0.2 eV higher in energy. A *A” state lies 0.06 —
0.22 eV higher in energy than the *A state, Table A 4.

The theoretical BDEs of the Th'(CH4) (PA) state relative to Th™ (°D,6d7s”) + CH,
range from 0.33 - 0.64 eV, Table 4.3, where B3LYP and B3PWO91 overestimate the bond
strength and BHLYP and CCSD(T) are too low in energy. Results using the SDD and
ANO basis sets are similar with the exception of the BHLYP/SDD and CCSD(T)/SDD
values, which underestimate the bond strength by ~0.2 eV, Table A.5. CCSD(T)/KAP
results place the BDE slightly outside of experimental uncertainty. Di Santo et al.*' report
theoretical BDEs of 0.32 and 1.05 eV using B3LYP/SDD/6-311++G(d,p) and
PWO91/ZORA, respectively. Again PW91/ZORA appears to significantly overestimate the
BDE, and the B3LYP value is somewhat low. Theoretical BDEs of 0.47 and 0.44 eV
calculated by B3PWO91/DZP/6-311++G(d,p) and B3LYP/DZP/6-311++G(d,p),
respectively, can also be inferred from de Almeida and Duarte’s potential energy surface

for reaction 4.3.%?

These latter values are in good agreement with the experimental and
theoretical values determined here.

As discussed more thoroughly below, the lowest energy structure for ThNCH," is
not Th"(CH,) but rather the inserted HThCH;". Theoretical BDEs for this inserted species

losing CH4 range from 1.47 — 2.00 eV, well above the experimental value. Given the

agreement between theoretical and experimental BDEs for Th'(CH,), it can be concluded
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that ThCH; " complex formed in our experiment is Th"(CH,). By extension, the failure to
generate HThCH;" in the flow tube source suggests that there must be a barrier in excess
of thermal energies when Th” interacts with methane. The presence of this barrier will be

explored in greater detail below.

Doublet Potential Energy Surface for Th” + CH4 Reaction

The potential energy surfaces for reactions 4.3, 4.4, and 4.5 were calculated using
several basis sets for Th'. The PES at the CCSD(T)/Seg. SDD/6-
311++G(3df,3p)//B3LYP/SDD/6-311++G(d,p) level of theory appears to reproduce the
experimental data most accurately and is presented in Figure 4.4 with structures in Figure
4.5. Geometrical parameters can be found in Table A.6 in the Supporting Information
section. The energies of each intermediate and transition state (TS) as well as values from
additional levels of theory are in Table 4.4. Energies from the SDD and ANO basis sets
are listed in Table A.7 in the Supporting Information. Most energies in Figure 4.4 and
Table 4.4 are relative to the Th™ (°D, 6d7s°) + CHy reactants, except where explicitly
noted otherwise. As discussed in detail below, accounting for spin-orbit interactions is
critical when comparing the PESs to experimentally measured values. Thus, the solid
lines in Figure 4.4 denote surfaces with spin-orbit energy explicitly accounted for and the
dotted lines represent the uncorrected surfaces. Geometries and electronic states of all the
intermediates and transition states are similar to those reported by di Santo et al.
(B3LYP)"' and de Almeida and Duarte (B3PW91),** and their calculated values are
included in Table 4.4. (Note these are referenced to different ground-state reactants.)

When compared to the present calculations using the same level of theory and the same
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reactant state, the mean absolute deviations in all energies are about 11 and 12 kJ/mol,
respectively. Similar to the reaction coordinate published by di Santo et al.,*! before spin-
orbit interactions are included, the reaction appears to evolve entirely along the doublet
surface. This contrasts with B3PWO91 calculations of de Almeida and Duarte where they
observe a crossing between the reactants’ ground quartet surface and the doublet surface
near the first intermediate because their calculations place Th* (*F) below Th* (*D).** No
such crossing point was observed at any level of theory studied here, although the doublet
and quartet thorium-methane adducts are close in energy at the B3PW91, BHLYP, and
CCSD(T) levels of theory, Table 4.4.

The first intermediate (*1) is the association complex, Th'(CH4), where the
methane is largely unperturbed. *1 (A) lies 31 — 62 kJ/mol lower in energy than the
ground-state reactants, which is consistent with the CID threshold of 45.3 &+ 4.8 kJ/mol in
reaction 4.7 (Figure 4.3). It is worth noting that *1 is the only intermediate that shows
spin contamination, s(st1) = 1.35 — 1.69 in the present calculations, of a similar
magnitude to that of the Th" separated atom. This spin contamination probably arises
from the proximity (in energy) of the quartet intermediate. This intermediate has similar
geometric properties to the doublet analogue and is only 6 — 22 kJ/mol higher in energy.

The first transition state (*TS1/2) connects 21 with the global minimum 22,
HThCH;", the thorium hydrido methyl cation intermediate. The r(Th"-C) bond decreases
from 2.78 A in21t02.29 A in 2TSI/Z, a single C-H bond elongates from 1.10 to 1.37 A,
and the H moves closer to the metal center. *TS1/2 (*A) lies 6 and 26 kJ/mol above the
reactants according to CCSD(T) and BHLYP calculations, respectively, whereas B3LYP

and B3PW91 indicate “TS1/2 lies below the reactants by 17 and 35 kJ/mol, all referenced
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to the Th" (D) + CH, asymptote. Di Santo and coworkers previously reported the
presence of a 5 kJ/mol barrier in similar B3LYP calculations;*' however, their reported
potential energy surface was referenced to the Th* (°F, 5/7s°) state that is the ground-state
for B3LYP and B3PW91 calculations but is 18 — 56 kJ/mol (Table 4.2) higher in energy
for the other levels of theory and 42 kJ/mol higher experimentally. The use of the °F state
as the reference in our surface would lead to a barrier of 2 kJ/mol for the surface
calculated using B3LYP/Seg. SDD/6-311++G(3df,3p), similar to the result of di Santo
and coworkers. No barrier is observed in the results of de Almeida and Duarte, who place
the *TS1/2 transition state 7 — 25 kJ/mol below the D asymptote and 15 — 18 kJ/mol
below the *F ground asymptote.*

The ground-state of HThCH;", 22, where the metal is inserted into one of the C-H
bonds, lies 162 — 202 kJ/mol below ground-state reactants. It has a A’ ground-state with
r(Th-H) = 2.00 A and r(Th-CH3) = 2.32 A bond lengths. These are comparable to r(Th-H)
for ThH" of 1.99 A and r(Th-CH3) for ThCH3" of 2.31 A, consistent with the formation of
single covalent bonds between the Th cation (having three valence electrons) and both
ligands, which necessitates having the doublet low-spin. (Thus, the quartet state of this
species can no longer form two covalent bonds, leading to the much higher energy.)

>TS2/3 has a *A ground-state and lies 26 — 101 kJ/mol below the reactants in
energy. 2TS2/3 is a four-centered transition state in which another C-H bond elongates
from 1.10 to 1.71 A as this second H is transferred from the C to the H ligand. Thus, the
Th*-H bond in %2 lengthens, consistent with the Th'-H covalent bond beginning to break
as the H-H bond forms. This leads to 23 (*A), a thorium carbene cation-dihydrogen

association complex, (H,)ThCH,", which lies 35— 98 kJ/mol lower than the reactants.
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Loss of H, from 23 requires only 13 — 21 kJ/mol and leads to the ThCH," (A') + H,
products. Overall, the dehydrogenation reaction is calculated to be exothermic by 22 — 77
kJ/mol along the doublet surface.

An alternative pathway for dehydrogenation is to proceed through *TS2/4, which
forms when a second hydrogen is transferred to the metal center to form 4, a dihydride
carbene cation, H,ThCH,". In this case, both r(Th-H) bonds have lengths of 2.01 A,
consistent with covalent bonds, and the ZHThH angle (100.7°) is much larger than
ZHThH (25.3°) in *TS2/3. Furthermore, r(Th-C) = 2.32 A in %4 is longer than r(Th-C) =
2.11 A in *TS2/3, considerably longer than r(Th-C) = 2.04 A in the ThCH," product, and
equivalent to r(Th-C) = 2.31 A in ThCH;", showing that the Th-C bond in 24 no longer
has double bond character. 24 has a *A' ground-state that converts to 23 through *TS4/3
(A) by rotating the hydrogens located on the Th® together. As this pathway is
considerably higher in energy (by 85 — 116 kJ/mol) than passing through *TS2/3, it is

unlikely to be influential experimentally.

Quartet Potential Energy Surface for Th” + CH,4 Reaction
The quartet surface presented here is energetically less favorable than the doublet
surface at all points along the surface for all levels of theory investigated, Table 4.4. The
structures of all intermediates and transition states are similar to their analogous doublet
structures and are pictured in Figure A.3 in the Supporting Information. The surface
originates from Th™ (*F, 64°7s) + CH,, which is 2 — 18 kJ/mol higher in energy than Th”
(D, 6d7s’) + CH4. The Th'(CH,) association complex of CH, with Th', where the

methane is largely unperturbed. *1 is 6 — 22 kJ/mol higher in energy than 21 with r(Th-C)
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increased by 0.12 A. The surface is repulsive as it moves through “TS1/2 to *2 and r(Th-
C) decreases from 2.90 to 2.86 A. “TS1/2 lies 59 — 95 kJ/mol higher in energy than
TS1/2 and 2 lies 245 — 259 kJ/mol higher in energy than 22 with r(Th-H) and r(Th-C)
being 0.05 and 0.37 A longer, respectively. Thus, the higher spin state means that the
HTh-CHj3 bond is no longer a covalent single bond, greatly increasing the energy of this
species. *2 is connected to 3 by “TS2/3, which is 169 — 196 kJ/mol higher in energy than
2TS2/3. *3 is a thorium carbene cation — dihydrogen association complex that is 100 —
134 kJ/mol higher in energy than 23. Similar to the doublet complex, loss of H, requires
only 9 — 17 kJ/mol to dissociate to the products, ThCH," (*A") + H,. Overall, the
dehydrogenation reaction along this pathway is 39 — 79 kJ/mol endothermic compared to
the °D ground-state reactants and 96 — 130 kJ/mol above the ThCH, " (*A") + H, products.
Notably, r(Th-C) of ThCH,™ (*A") is 2.32 A, 0.27 A longer than ThCH," (*A"), and
similar to ThCH;" where r(Th-C) = 2.31 A. Thus, the high-spin state of ThCH," (*A") no

longer allows a Th-C covalent double bond.

Discussion
Spin-Orbit Corrections to Theoretical BDEs
The present theoretical calculations correspond to the average energy over all
spin-orbit levels in a given state; however, the experimental results presented here should
correspond to the energies of the lowest spin-orbit states. For Th', this effect is quite
large, thereby accounting for much of the deviation between theoretical and experimental
BDEs. In order to make a better comparison between theory and experiment, it is

necessary to explicitly estimate the spin-orbit energies. For dissociation of Th'-L bonds,



109

the experimental asymptote for Th” + L lies below the theoretical asymptote such that the
theoretical BDE should be lowered by the average excitation energy of Th™ and the
ligands (where the spin-orbit correction for the latter is negligible here) and raised by the
spin-orbit splitting of the ground-state of ThL'. Th' is an interesting case where the
ground-state averaged over all spin-orbit levels is ZD, but the ground-level is *F3/. The
estimation of the spin-orbit effects of the asymptote can be done in two ways. The first is
to consider that the spin state and bonding of the molecules listed in Table 4.3 (except
ThH™ ('Z%), ThCH;" (‘A)), and ThCH," (*A)) necessitate that the molecules are
diabatically associated with the Th' (*F) + L asymptote. Thus, to include the spin-orbit
effects of the Th” + L asymptote, the theoretically calculated BDE for dissociation to Th"
(*F) + L (rather than for dissociation to the °D state as listed in Table 4.3) is corrected to
the Th" (*F3) + L asymptote by the empirical difference in energy of the *F state
averaged over all spin-orbit levels and the 4F3/2 level, 3729.960 cm’! = -0.46 eV, Table
A.1. When necessary, the BDE is also corrected by the spin-orbit splitting of the
respective ThL™ molecule, as estimated below. Utilizing this method yields mean
absolute deviations (MADs) of 0.31 — 0.41 eV compared to experimental values
excluding ThCH,". The second method is to correct directly from the Th* (°D) + L
asymptote to the Th™ (*F3,) + L asymptote by the difference between the *Fs;, level and
the *D state averaged over all spin-orbit states. Empirically, the *F3, lies 3211.991 cm™ =
0.40 eV below the D state, Table A.1. Utilizing this method yields MADs of 0.27 — 0.38
eV, Table 4.3, indicating that this method provides slightly more reliable predictions,
which is why the latter method is used here.

It should be noted that this semiempirical approach to estimating spin-orbit effects
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is only a first-order approximation, as second-order effects associated with coupling with
other states is possible in some instances (mentioned specifically below). An estimation
of these effects is beyond the scope of the present approach, such that we assume such
second-order perturbations are negligible, which may lead to (potentially significant)
errors in the estimated stabilization energies. We also note that rigorous theoretical
methods designed to treat spin-orbit interactions tend to underestimate the experimentally
observed couplings.”

ThCH," has a >A’ ground-state and hence has no spin-orbit splitting. Second-order
interactions of this state with the A" and *A” states may occur, but these interactions are
assumed to be negligible because these states are much higher in energy, Table A.4.
Thus, spin-orbit corrections to Do(Th'-CH,) involve only the average excitation energy of
-0.40 eV from the Th" (*D) + CH, asymptote. After including this spin-orbit energy
correction, the theoretical BDEs for ThCH," are 4.42 (BHLYP) and 4.74 —5.04 eV,
Table 4.3, such that reaction 4.3 is endothermic by 0.17 for BHLYP, whereas the other
levels predict the reaction will be exothermic by 0.13 — 0.40 eV (Table 4.4). Note that the
BHLYP result (which is suspect for this multiply bonded species) is potentially consistent
with the threshold experimentally measured for reaction 4.3; however, at all levels of
theory, the barrier at TS1/2 in the reaction coordinate (Figure 4.4) lies 42 — 58 kJ/mol
above the product asymptote. Thus, theory indicates that the threshold must correspond to
the barrier at “TS1/2. Therefore, our experimental value of Do(Th"-CH,) can only be
reported as a lower limit to the true BDE, although CCSD(T), B3LYP, and B3PW91
levels all indicate the bond is not that much stronger. Nevertheless, comparison of

experimental and theoretical results with and without explicitly accounting for spin-orbit
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effects is inexact.

ThCH" has a '=" ground-state, which has no spin-orbit splitting, so like ThCH,",
the only spin-orbit correction to the BDE needed is that from the Th" (*D) + CH
asymptote. Here, second-order spin-orbit interactions are assumed to be negligible
because the appropriate excited-states with which the 'S ground-state can interact are
much higher in energy, Table A.4. When this spin-orbit correction is included, the
theoretical BDEs are 5.17 (BHLYP) and 5.64 — 6.21 eV, Table 4.3, where the latter
values are in reasonable agreement with the experimental value of 6.19 + 0.16 eV.
BHLYP underestimates the BDE by the most (~1 eV), which as noted above, is typical of
BHLYP calculations for multiply bonded species. Excluding the BHLYP results, the
average deviation between theory and experiment when spin-orbit corrections are
included i1s 0.32 + 0.27 eV, which is comparable to the average deviation without
including spin-orbit corrections (0.19 £ 0.20 eV). Thus, the applied correction does little
to improve (or harm) the theoretical BDEs in this case. CCSD(T)/KAP calculations are
similar with both the uncorrected and corrected BDEs being slightly outside of
experimental uncertainty.

Previous work has successfully estimated the spin-orbit splitting for third-row

transition metal molecules®*”*”® by using:

ESC = AMsA (4.8)

where A is the spin-orbit splitting constant, A is the orbital angular momentum quantum

number, and Mg is the spin quantum number associated with a particular level Q = A +
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Ms.99 ESO is also equal to the summation X a; {; * s;, where {; ¢ s; is the dot product of the
orbital angular momentum and the spin of electron i and a; is the spin-orbit parameter,
which can be represented by the atomic spin-orbit parameter for the 6d electrons of
thorium (gq(Th). To the best of our knowledge, this constant has not been determined
experimentally, but we estimate that (g(Th) = 1458 cm’ as explained in
the Supporting Information.

The A state of ThH" splits into 3 A, 3 A,, and 3As levels where * A, with A =2 and
Mg = -1, is the ground-level. Using Eq. 4.8 and our estimated value of (¢q(Th), this
ground-level lies relative to the spin-orbit average value by E3° = 2 (-1) A = -{eq(Th)
=-1458 cm™ = -0.18 eV so that A = 729 cm'. The splitting for *A, is E5° =2 (0) A = 0.0
eV, and the *A; level is destabilized by E5° =2 (1) A = 0.18 eV from the unperturbed
state. Thus, the theoretical BDEs for ThH' (°A) relative to Th™ (°D) should be decreased
by 0.40 eV, the difference between the average ’D and 4F3/2 level for Th', and increased
by 0.18 eV to account for the splitting in the *A; state. Doing so yields BDEs of 2.57 —
2.96 eV for the ThH" (°A,) state, Table 4.3. In general, inclusion of spin-orbit corrections
improves the agreement between the theoretical BDEs for ThH' and the experimental
value, with the BHLYP result within experimental uncertainty, CCSD(T)/seg. SDD
nearly so, and the other methods slightly higher.

The 'S state of ThH has no spin-orbit splitting, so BDEs need only be corrected
by the difference in energy between the average “D state and the *Fs, level. Applying this
correction, BDEs for the 'S" state are 2.26 — 2.47 ¢V and 2.55 eV for CCSD(T)/KAP. As
noted above, the predicted ground-state for ThH" is *A for all methods except CCSD(T),

such that these BDEs should not correspond to the experimentally measured value. In the
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CCSD(T) case, a 'S ground-state lying 0.07 eV below the A is predicted, but after
including spin-orbit effects, the *A; lies 0.11 eV below the '=". CCSD(T)/KAP
calculations indicate that the *A; lies 0.14 eV below the 'S*. Additionally, Eq. 8 indicates
that the stabilization of the *IIj level is only 0.09 eV such that the *A, is predicted to be
the ground-level at all levels of theory. The results using the ANO basis set are similar,
whereas the SDD basis set indicates that the 'S* and 3A1 are isoenergetic, Table A.S.
Further complicating the assignment of the ground-level is the second-order spin-orbit
interaction of the *A; level with the IT; and of the 'T" with the °II, level. In these cases,
the interactions should stabilize both the *A; and 'T" levels, but we make no attempt to
quantify this effect. Because both the A and 'S states can be formed directly from the
(*F,’D) mixed ground-level of Th", the mixed results here preclude a confident
determination of the true ThH" ground electronic state.

The calculated ground-state of ThCH; " is °E (DFT) or 'A; (CCSD(T)). Like ThH"
(*A), the unpaired electrons in the triplet state are d's’, where the d-electron is found in a
8-like orbital. As an approximation to the spin-orbit splitting for the °E state, we assume
that the splitting is similar to that for ThH™ (A). The 'A; state has no spin-orbit
corrections. Unlike ThH', after inclusion of spin-orbit effects, the ]Al still lies below the
’E for CCSD(T) and the states are isoenergetic for CCSD(T)/KAP. After applying the
spin-orbit corrections, the theoretical BDEs are 2.76 — 3.32 eV for the °E and 2.56 — 3.00
eV for the 'A; (3.22 eV for CCSD(T)/KAP), Table 4.3, improving the agreement with the
experimental value of Do(Th™-CH3) = 2.60 + 0.30 eV. Here, the BHLYP value for the °E
is within experimental uncertainty of the experimental BDE, and the CCSD(T)/seg. SDD

value for the 'A| is just outside the experimental range.
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The calculated ground-state of Th+(CH4) is A where the CHy is loosely bound
and largely unperturbed. Because bonding results from electrostatic interactions between
Th™ and CH4, a zero-order approximation of the spin-orbit splitting of this molecule
assumes it is very similar to that found on the atomic metal center when unperturbed.
Thus, we make no spin-orbit corrections to the theoretical BDEs for this species;
however, because the *F3), level lies 0.23 eV (1859.938 cm'l) below the *Ds; level (Table
A.1) and the calculated BDEs for *1 and *1 are comparable (within 0.13 eV, Table 4.4),
the ground-state of Th'(CH,) becomes the *A” at all levels of theory. The theoretical
BDEs for this state are 0.43 — 0.57 eV and 0.51 eV for CCSD(T)/KAP, in very good
agreement with the experimental value, Table 4.3.

This first-order approximation to the true spin-orbit interaction in Th'(CH,)
cannot be rigorously correct because the degenerate d-orbitals of the nonperturbed Th"
will be split by interaction with CH4, which can be thought about in terms of a simple
donor-acceptor model. When CHj is brought into close proximity, it donates electron
density into the d,;-orbital. This interaction of the o-like orbitals of the Th" and CH,4 leads
to a pair of bonding and antibonding orbitals, such that the d,-orbital is pushed up in
energy. Simultaneously, the 5-like orbitals on Th' are largely noninteractive with CH,,
whereas the n-like d-orbitals interact with antibonding orbitals on CHy4 stabilizing these
orbitals. This analysis agrees with the results of our calculations on Th"(CH,) (2A), where
the unpaired electron is located in a n-like 6d-orbital located on Th™ and with those for
Th'(CH4) (*A") where the unpaired electrons are in the 7s—orbital and two n-like 6d-
orbitals. Thus, to a first approximation, the theoretical results naturally account for the

orbital occupation preference, but a quantitative account of how these interactions change
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the first-order spin-orbit correction applied above is not attempted here. The
approximation made here should be reasonable as long as the splitting of the degenerate
6d-orbital energies resulting from the ligand is smaller than the spin-orbit splitting of the
free ion. This assumption appears reasonable because of a favorable comparison to the

experimental value for the Th'(CH,) well depth.

Bonding in ThCH,"

Figure 4.6 shows a comparison of the Do(Th"-CH,) values with their organic
analogues Do(HxC-CHy). Such a plot is a useful means of experimentally determining
bond order and has proven useful for many transition metal systems.'>***>***° The solid
line represents the least-squares linear regression constrained to pass through the origin.
In order to ascertain a more accurate trend, Do(Th+-H) =2.46 + 0.07 eV from the reaction
of Th" with H, and the adjusted value for Do(Th™-CHjs) are used.®” Notably, there is no
meaningful change in the trend line when Do(Th'-CH,), which is a lower limit, is
excluded from the fit. This suggests that the true value of Do(Th"-CHy) is unlikely to be
much higher than the limit, consistent with theory. The good correlation of the plot
clearly indicates that Th*-H and Th'-CHj; are single bonds, Th*=CH, is a double bond,
and Th'=CH is a triple bond. These assignments are fully consistent with the quantum
chemical calculations described above.

It is also interesting to compare these BDEs with those of several related metals.
Unfortunately, comparable experimental data for other actinides do not exist, with the
exception of Do(U™-H) = 2.9 + 0.1 eV.** However, because Th* does not occupy the 57

orbitals in its ground-state, a better comparison might be to transition metals with three
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valence electrons: Hf (°D, 5d6s°), Zr" (*F, 4d°5s), and Ti" (*F, 3d°4s). In this regard, it is
worth noting the similarities of Th” with Hf", where experiment and theory both assign a
’D (5d6s°) ground-state.”>>® In calculations of the Hf" (D) state, the observed spin
contamination, s(s+1) ~ 1.2, is comparable to that of the Th" system.25 The BDEs for
these metals are compared to those for Th" in Table 4.5 and Figure 4.6. The slope of the
trend line for Th”, m = 0.62, is very similar to that of Zr", m = 0.60, and systematically
higher than those observed for Hf", m = 0.53, and Ti', m = 0.54. Thus, the relative BDEs
are Ti" ~ Hf' < Zr' =~ Th'. Typically BDEs increase moving down the periodic table
because of the lanthanide contraction,”**?*** Jeading to an expected trend in BDEs of
Ti" < Zr" < Hf" < Th". The lower BDEs of Hf" (°D, 5d6s°) have previously been
explained by the filled 6s orbital, which inhibits bond formation,” compared to the open
d-shell configurations of Ti" (*F, 3d°4s) and Zr~ (*F, 4d°5s). Likewise, the partial “D
character of the ground J = 3/2 level may suppress the BDEs of Th™ somewhat.

The individual trends for each bond type indicate that for the singly bonded M"-H
and M'-CHj3, the BDE trend is Hf" < Zr' < Ti" < Th", whereas the multiply bonded
species, M'-CH, and M"-CH, have bonds that follow the order Ti" < Hf < Zr' =~ Th" and
Hf < Ti" <Zr" < Th", respectively. Presumably, some of these variations are associated
with the strength of the m-bonds, which can vary through the periodic table because of
overlap differences as the size of the d orbitals on the metal changes. Despite some
deviation from the expected trend for the smaller metal cations, Th® BDEs are
consistently higher than the other metal cation BDEs considered here, with the possible
exception of Dy(Th'-CH,), which is only a lower limit. For the other BDEs, the Th"

BDEs average 0.24 + 0.16 eV higher in energy than the Zr" BDEs. Assuming that the
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trend between Th' and Zr" BDEs holds true for MCH, ", then Do(Th+-CH2) =486=+0.17
eV can be estimated. This value is in reasonable agreement with BDEs obtained using the
seg. SDD basis set at the B3LYP (4.92 eV), B3PWO91 (5.04 V), and CCSD(T) (4.74 eV)

levels as well as CCSD(T)/KAP (4.94 eV).

Spin-Orbit Corrected Potential Energy Surface

The kinetic energy dependent cross section of reaction 4.3, Figure 4.1, clearly has
an energy dependence inconsistent with a barrierless, simple exothermic reaction, as
previously concluded on the basis of the FT-ICR experiments.’>*® Thus, this reaction is
either endothermic, or a barrier in excess of the reactant energies is present. As noted
above, before spin-orbit corrections, all levels of theory here, Table 4.4, and previous
theoretical work*'** indicate that reaction 4.3 is exothermic overall; however, a valid
comparison between experiment and theory requires consideration of a correction to
account for spin-orbit interactions. (Ideally, this could be accomplished using either a
two-component approach or a perturbative approach where matrix elements of the SOC
Hamiltonian are computed between states that are low in energy. Here, we use a simpler
first-order approximation to all spin-orbit corrections.) With the exception of
intermediate 1, all intermediates and transition states along the potential energy surface in
Figure 4.4 are A states (including the ThCH,  products discussed above) and as such
should experience no first-order spin-orbit splitting. Furthermore, the quartet surface for
this part of the potential energy surface is well above the doublet surface, such that spin-
orbit interactions between these surfaces should also be relatively small. For intermediate

1, an electrostatic interaction of Th™ and CHy4, we expect a similar spin-orbit splitting as
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the unbound Th', which does exhibit spin-orbit interaction. As discussed above, this
approximation leads to a calculated well depth for 1 relative to its respective asymptote
remaining constant. To approximately correct the PES in Figure 4.4, we identify the true
J = 3/2 reactant asymptote as lying 38.4 kJ/mol (3211.991 cm™) lower in energy than the
’D (6d7s”) theoretical value, which is an average over all spin-orbit states of Th™ (*D).
Likewise, the Ds, asymptote lies 16.2 kJ/mol (1352.053 cm™) below the °D.
Referencing the PES to the *F3,, asymptote pushes the energy of all intermediates (except
1), transition states, and products up by 38.4 kJ/mol relative to Th™ (*F3,) + CHs, as
indicated by the solid line in Figure 4.4. Note that by using experimental spin-orbit
splittings, we effectively include the mixing of the *F state into the reactants and
intermediate 1 complex. Table 4.4 lists the explicit values of all species along the spin-
orbit corrected PES at the CCSD(T) level shown in Figure 4.4, with results for other
levels of theory in Table A.7. Making this correction, B3LYP, B3PW91, and CCSD(T)
levels predict that reaction 4.3 is exothermic by 13 — 39 kJ/mol, Table 4.4. (BHLYP
predicts the reaction is endothermic by 16 kJ/mol, although as noted above, BHLYP is
not expected to be accurate for the multiply bound ThCH, " product.)

A second corollary of the spin-orbit corrections is that a crossing between the
quartet and doublet surfaces is observed between 1 and *TS1/2 at all levels of theory. De
Almeida and Duarte also reported a crossing along their B3PWO91 surface, Table 4.4,
although it occurs between the Th™ + CH, reactants and 1 and is a consequence of finding
a Th" (*F) ground-state.** For the spin-orbit corrected surface shown in Figure 4.4, it can
be realized that the “surface crossing” is an artifact of imposing the construct of a spin

state on the reaction surface, whereas only the total spin-orbit quantum state is likely to
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be a good quantum number for such a heavy element. As a consequence, calculations
designed to locate the crossing point would not be useful as there is no crossing between
doublet and quartet surfaces before including spin-orbit corrections. In addition,
experimentally, the J = 3/2 ground-level is a mixture of the *F and *D states so that *1 and
41 are both conceivably accessible directly from the ground-level asymptote without a
surface crossing.

The presence of a barrier in excess of reactant energies is established
experimentally by the CID of ThCH,', Figure 4.3, which yields Th" + CHy exclusively.
This result shows that the ThCH," adduct is trapped as the association intermediate 1,
Th'(CH,). In previous work of the related platinum system, reaction of Pt + CHy leads to
dehydrogenation in a barrierless exothermic reaction and CID of PtCH," with Xe yielded
Pt"+ CH,4 and PtH™ + CH; products, consistent with a HPtCH; " structure.*? Furthermore,
the threshold measured for the Pt" + CH,4 products in the CID reaction, £y = 1.72 = 0.05
eV, 1s consistent with this inserted structure and much greater than would be expected for
Pt'(CH4), where theory predicts a threshold of £y = 0.9 eV. In the Th' system, if the
barrier at 2TS1/2 were not present, the formation of 22, HThCH;", would be expected as
this is the most stable species on the reaction surface. Then, like the Pt" system, the CID
products ThCH," + H, or ThH' + CHj3 should be observed at higher energies if HThCH;"
were present. Both of these products were explicitly looked for but not observed.
Additionally, the threshold for forming the Th® + CH4 products from 2 would be
expected to be ~ 1 eV higher in energy than observed, Table 4.4.

When the PES is corrected for spin-orbit effects (ignoring any potential second-

order effects), all levels of theory predict a barrier for reaction 4.3 of 4.4 — 65 kJ/mol. The
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B3LYP and B3PW9II results indicate that the barrier results from spin-orbit effects. This
is further substantiated by CCSD(T)/KAP calculations where no barrier is observed
absent spin-orbit effects, but when spin-orbit effects are included a barrier in excellent
agreement with the threshold from reaction 4.3 is observed, Table 4.6. Furthermore, the
difference in the computed barrier height at 2TS1/2 in the CHy4 and CDy systems is 5.7
kJ/mol, similar to the observed difference in the thresholds measured for reaction 3, 10.6
+ 3.5 kJ/mol. Given that the only product observed from the CID reaction is the loss of
methane and that there is reasonable agreement between the theoretical barrier height and
the experimental threshold, the threshold for reaction 4.3 is assigned to the barrier located
at *TS1/2.

The presence of this barrier can be understood using a simple donor-acceptor
model that predicts 6-bond activation requires an orbital on the thorium cation that can
accept the electrons from the bond on the ligand to be broken. Furthermore, n-electrons
on the metal backdonate into the antibonding orbital of the bond to be broken.'®™ On the
calculated potential surface for Th™ (°D, 6d7s’), the 7s acceptor orbital is doubly
occupied, leading to the repulsive interaction at TS1/2. By contrast, the *F (64°7s) has
less electron density along the bond axis so that the interaction is less repulsive. The
argument can be extended to a mixed electronic character J = 3/2 (*F, *D) ground-level of
the ion where the D character increases the electron density in the 7s acceptor orbital
such that a repulsive interaction still occurs.

To further understand the repulsive nature of the Th™ (J = 3/2) ground-level
interacting with CHy, it is instructive to compare the potential energy surfaces of methane

reacting with Zr","”> Hf',”> and Th". At the B3LYP/HW/6-311++G(3df,3p) and
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B3LYP/HW '/6-311++G(3df,3p) levels of theory, the barrier height at TS1/2 is 0 kJ/mol
and 8 kJ/mol relative to the reactants for Zr™"> and Hf".>> When spin-orbit corrections of 9
kJ/mol for Zr" and 21 kJ/mol for Hf" are made,” these barriers are 9 and 29 kJ/mol,
respectively. The high barrier of Hf has been ascribed to the filled 6s orbital of its D
(5d6s°) ground-state.”” Zr" has a *F (4d°5s) ground-state and does not experience the
same repulsive forces because of the half-filled 5s orbital.'” The barrier height at TS1/2
calculated using B3LYP for Th" is 18 kJ/mol, when using the similarly sized SDD basis
set after accounting for spin-orbit energy. The observation that the TS1/2 barrier for Th"
lies in between those for Zr" and Hf" is consistent with the mixed electronic character of

the Th™ (*F, ’D) ground-level.

Basis Set Comparison

Theoretical calculations were performed using several basis sets for Th'. The
smallest of these basis sets, SDD, is double-( in quality and does not include polarization
functions. Additionally, ANO and Seg. SDD basis sets from Cao et al.”' that are
quadruple-{ in quality and include polarization g-functions and the KAP basis set that
includes g-, h-, and i-functions were utilized. The results for the DFT calculations for the
SDD, ANO and Seg. SDD were similar for both the BDEs and PES calculated here,
Tables A.5 and A.7, suggesting that there is little advantage in using the large basis set.
For CCSD(T) calculations, the MADs found in Table A.5 suggest that the SDD basis set
performs the worst for BDEs, but that there is little difference between the three larger
basis sets. There is some indication that the larger basis sets perform better than SDD for

the multiply bound species and worse than SDD for singly and electrostatically bound
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species for both DFT and CCSD(T) calculations.

In contrast to the DFT results, significant differences with basis set were observed
in CCSD(T) calculations for the PES. A comparison of the energies from the CCSD(T)
calculations using SDD, ANO, Seg. SDD, and KAP basis sets to the thresholds measured
in reactions 4.3 and 4.7 can be found in Table 4.6. BDEs and full PESs with estimated
spin-orbit corrections from the SDD, ANO, and Seg. SDD basis sets can be found in
Tables A.5 and A.7 in the Supporting Information. As seen in Table 4.6, CCSD(T)/SDD
calculations identify the *D (6d7s°) (after averaging over all spin-orbit states) as the
ground-state in agreement with the experimentally determined ground-state, but
overestimate the difference between the D and *F (64°7s) states by 23 kJ/mol. When
spin-orbit corrections are applied, this level of theory incorrectly predicts the ground-
level as “Ds,. The use of the larger basis sets improves the agreement between theory and
experiment, where deviations between theoretical and experimental spacing between the
D and “F states are 11, 12, and 6 kJ/mol for the ANO, Seg. SDD, and KAP basis sets,
respectively. Furthermore, when spin-orbit effects are included, all three extended basis
sets predict a 4F3/2 ground-level.

For the first intermediate, 1, the CCSD(T) result when using the SDD basis set is
within experimental uncertainty after including spin-orbit corrections. When the larger
basis sets are used, ANO overestimates the well depth by 13 kJ/mol and the Seg. SDD
and KAP are also within experimental uncertainty. However, although the SDD basis set
performs reasonably well for 1, it overestimates the barrier height at TS1/2 by 49 kJ/mol.
When using the larger basis sets, agreement with the threshold from reaction 3 improves

to deviations of 10, 28, and 1 for ANO, Seg. SDD, and KAP, respectively. SDD also
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indicates that reaction 4.3 is endothermic by 16 kJ/mol, whereas ANO, Seg. SDD, and
KAP indicate that the reaction is exothermic by 30, 13, and 25 kJ/mol, respectively.
Table 4.6 lists MADs for the CCSD(T) results using each basis set. These demonstrate
that correcting for spin-orbit interactions generally improves agreement with the
experimental results. This is most notable for the results obtained using the SDD and
KAP basis sets. There is also significant improvement in agreement with the
experimental results as the larger basis sets get larger, with MADs improving from 18
kJ/mol (SDD) to 8 and 11 kJ/mol for ANO and Seg. SDD, respectively, and the KAP
basis set is in excellent agreement with all experimental values. As previously noted for
Hf', the lack of polarization functions in CCSD(T) calculations leads to improper
electron correlation calculations.”” Thus, the inclusion of the polarization g-functions in
the Seg. SDD and ANO basis sets and of additional polarizing g-, h-, and i-functions in

the KAP basis set significantly improves accuracy compared to experiment.

High Energy Mechanisms

The cross section for ThCH, " in Figure 4.1 peaks at 2 eV and begins to fall off as
the cross sections for ThCH;  and ThH' rise. Above 4 eV, ThH' dominates all other
products. This is consistent with a common intermediate between the three species, which
the calculations indicate is >22, HThCH;". At high energies, it is kinetically more favorable
to simply cleave a bond (loose transition state) as opposed to following the pathway
through 2TS2/3 (tight transition state). Although ThCH;" formation is slightly more
favorable thermodynamically, the ThH™ product dominates because angular momentum

constraints necessitate that small impact parameters are required for ThCH;  + H
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formation, whereas much larger impact parameters permit ThH" + CHj formation.” This
constraint has been observed previously and explained thoroughly elsewhere.' %!
As noted above, reaction 4.6 occurs as the subsequent dehydrogenation of

ThCH;" produced from reaction 4.5. Other possible mechanisms are reactions 4.9 and

4.10.

Th"+CH; — ThCH +3H 4.9)

— ThCH," + H, —» ThCH + H + H, (4.10)

Of these possible mechanisms, reaction 4.9 cannot occur until much higher energies, and
reaction 4.10 is unlikely because reaction 4.4 is kinetically more favorable (see Figure
4.1) at energies near the reaction 4.6 threshold. The mechanism for the dehydrogenation
of ThCH;", reaction 4.6, is expected to be similar to the mechanism for reaction 4.3
observed in Figure 4.4, where H atoms from the CHj ligand are sequentially transferred
to the metal to form an electrostatically bound (H,)ThCH' complex that subsequently
dissociates to products. According to this model, the first intermediate would be
HThCH," ('A’), which is only 1.0 kJ/mol higher in energy than the ThCH;" (’E) ground-
state (Table A.4) according to B3LYP/SDD/6-311++G(d,p). This also necessitates a
crossing seam between the triplet and singlet reaction surfaces in order to form ground-
state ThCH"™ ('Z"), although it seems unlikely that this would be restrictive given the
extensive spin-orbit coupling in Th". Also according to CCSD(T) theory, the ground-state
of ThCH;" is actually 'A,, which could dehydrogenate in a spin-allowed process. Note

that both states of ThCH;" can be formed in spin-allowed processes from the HThCH;"
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(2A') intermediate, Figure 4.4.

Conclusion

The reaction of methane with thorium cation produces several products over a
wide energy range. The dominant product at low energies is the thorium carbene cation;
however, the energy dependence of this product is inconsistent with that of a barrierless
exothermic reaction. Theory coupled with careful examination of spin-orbit interactions
suggests that the threshold of this reaction corresponds to a barrier found in the first
transition state associated with C-H bond activation. This is further substantiated by the
CID reaction of the thorium-methane adduct, which dissociates exclusively to form the
atomic Th™ ion and methane. The barrier likely exists because the ground J = 3/2 level
has mixed electronic character in which the closed 7s shell character of the *D (6d7s°)
hinders bond activation. Importantly, the barrier disappears at most levels of theory when
spin-orbit interactions are not included, such that spin-orbit effects are critical to
understanding the observed experimental behavior.

At higher energies, the thorium hydride cation product dominates, although the
thorium methyl product has a similar threshold. These products are kinetically favored
once the endothermicity is overcome, because they require a simple bond cleavage of the
hydrido-methyl thorium cation as opposed to the molecular rearrangement needed for
dehydrogenation. Meanwhile, the ThH"™ channel is favored over the ThCH;" channel
because of angular momentum constraints,'***!!

Thorium’s electronic structure is unique among the actinides because the f-

orbitals are unoccupied for the neutral and singly charged cation. By all accounts, Th" is
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more comparable to Ti', Zr", and Hf ", which also have three valence electrons. Th" BDEs
are typically stronger than the BDEs of its congeners, consistent with the assumption that
BDEs increase moving down the periodic table because of a lanthanide contraction
effect.”>>>*2"% This indicates that although the mixed character ground-level of the Th*
plays a significant role in the Th™ + CH, reaction surface (i.e., the barrier at TS1/2), it
hampers Th" bonding only slightly.

Supporting Information Available: Ion electronic population analysis, neutral
BDEs of CH4 and CDy, reaction cross section as a function of kinetic energy of Th™ +
CH,, evaluation of {sq(Th), comparison of Th" theoretical energies with several additional
basis sets, theoretical energies of all calculated structures, ThCH," BDEs with several
additional basis sets. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Table 4.1. Fitting parameters of Eq. 4.1 for the indicated reaction cross section.

Reaction® 60 n Ey(eV)

Th" + CH; — ThH™ + CH; 11+3 1.2+0.1 2.38+0.16
(7.0£0.8) (1.4+0.2) (2.25+0.08)
Th*+CHy; —» ThCH +H, +H 2.1+0.1 0.8+0.2 3.08+0.17
(2.3+0.2) (1.8 +0.1) (2.98 + 0.06)
Th" + CH; — ThCH," + H, 6.6+0.3 1.5+0.1 0.17 £0.02
(6.6+0.1) (1.4 +0.1) (0.28 +0.03)
Th™+ CH; — ThCH; + H 0.9+0.3 1.6+£0.4 2.11+0.15
(12+0.4) 2.0+ 0.4) (2.13+0.11)
ThCH, +Xe — Th"+CH" 3.0+0.3 1.8+0.2 0.46 +0.05
[3.1+0.4] [1.7 +0.2] [0.47 + 0.05]

* Values in parentheses are for the analogous reaction with CD4. Uncertainties are one
standard deviation of the mean.

® Values in brackets include lifetime effects by incorporating RRKM theory.”"*?
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Table 4.2. Comparison of theoretically computed excited-state energies (eV) to spin-orbit
averaged experimental values.

State Experimental® CCSD(T)"  B3LYP" B3PW91° BHLYP®
D (6d7s°)  0.00 0.00 (0.00) 0.20 0.004 0.00
‘F(6d°7s)  0.06 0.19 (0.12) 0.38 0.02 0.18
°F (5£7s) 043 0.58 0.00 0.00 0.19
*H (5/6d7s) 0.67 1.26 0.46 0.15 0.60
*F (6d°) 0.81 1.08 1.12 0.66 0.88

>*>> The choice of levels used for each state is explained in

* Spin-orbit averaged values.
the Supporting Information.

® Calculated using (14s13p10d8f6g)/[10s9p5d4f3g] segmented basis set with SDD ECP.
Values in parentheses calculated using (20s17p12d11t5g3h1i)/[7s7p6d5f5g3hli] basis

with Stuttgart-Cologne ECP (KAP).
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Table 4.3 Continued

? Values are relative to Th™ (°D, 6d7s°). Values in parentheses are relative to Th”
(*F32,64°7s) and include estimated spin-orbit corrections. Structures optimized (except
CCSD(T)) at the indicated level of theory using seg. SDD for Th® and a 6-
311++G(3df,3p) for C and H See text. For ThH" and ThCH;", the calculated ground-
state is in bold.
b CCSD(T)/KAP/cc-pVTZ single-point calculations using PBEO/KAP/cc-pVTZ
optimized structures..

¢ CCSD(T)/Seg. SDD/6-311++G(3d,3p) single-point calculations using B3LYP/Seg.
SDD/6-311++G(3df,3p) optimized structures.
4 Spin-orbit correction of -0.40 eV, the empirical difference between the °D state
averaged over all spin-orbit levels and the ground *Fs level.
: Spin-orbit correction of 0.18 eV for stabilization of 3A1 state. See text.

Ref. 87.
¢ Result based on FT-ICR results.*>*° Utilizes updated Do(H,C-H;) =4.74 + 0.02 A
?Includes correction for competition. See text.
" Value in parentheses corresponds to the *A” ground-state after including spin-orbit
effects. See text and Figure 4.4.
) Mean absolute deviation of ground-state theoretical BDEs from the experimental values
excluding ThCH,". Values in parentheses correspond to MADs after inclusion of spin-
orbit estimates.
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Table 4.4 Continued

* Structures optimized and vibrational frequencies calculated using B3LYP/SDD/6-
311++G(d,p). Single-point energies calculated at the respective level of theory with Seg.
SDD/6-311++G(3df,3p) and zero point corrected (scaled by 0.989). Values in
parentheses are relative to Th* (4F3/2) + CHy4 and corrected by the empirical difference
between the °D state averaged over all spin-orbit levels and the 4F3/2 level, 38.6 kJ/mol
except for 1 where the well depth remains constant relative to its asymptote, see text.
Note that the spin-orbit corrected reactant asymptotes are fixed at their empirical energy
difference.

® Ref. 41.

 Ref. 42.
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Table 4.5. Comparison of BDEs (eV) for Th™ and transition metal congeners.

Metal ~ Slope®  Do(M'-CHj) Do(M"-H) Do(M"-CHy) Dy(M"-CH)
Ti® 0.54 2.49+0.12 231+0.11 4.05+0.15 5.25+0.17
Zr 0.60 2.30 £ 0.24° 2.26 +0.08¢ 4.62 +0.07° 5.96 + 0.22°
Hf 0.53 2.12+0.27° 2.11+0.08"  437+0.07° 5.10+0.15°
Th 0.62 2.60 + 0.30 2.46+£0.07°  >4.54+0.09 6.19+0.16

U 2.9+0.1"

* Slope of linear least square trend line of Do(M -L) versus Dy(L-L), Figure 4.6, forced to
ass through the origin.

Ref. 6.

¢ Ref. 15.
4 Ref. 53.
° Ref. 25.
fRef. 69.
£ Ref. 87.
hRef. 34.
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Table 4.6. Comparison of CCSD(T) theoretical results using several basis sets for Th” to
experimentally measured values (kJ/mol) along the potential energy surface for reaction

43°
Experimental ~ SDD° ANO®  Seg. SDD* KAP®
Th* (*F35) + CH,' 0.0 0.0 0.0 0.0 0.0
Th* (*F) + CH,® (5.8) (28.9) (16.4) (18.3) (11.6)
Th" (°Dsp) + CH4' 222 0.9 11.6 9.7 16.4
Th* (D) + CH4® (0.0) (0.0) (0.0) (0.0) (0.0)
1(°A™M 453+ 4.8 -46.9 -57.6 -47.5 -49 .4
1 (*A) (-26.0)  (-53.6) (-35.2) (-39.6)
*TS1/2 CA) 164+1.9 65.7 26.4 44.8 17.4
(27.1)  (-122) (6.2) (-15.4)
ThCH," (A') + H, 15.9 -30.2 -13.0 -24.9
(-22.7)  (-68.8) (-51.6) (-63.5)
MAD 19 8 11 3
(22) (12) (11) (11)
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Table 4.6 Continued

* Structures optimized using B3LYP/SDD/6-311++G(d,p). Energies include estimated
spin-orbit corrections and are relative to Th* (*Fsp, 6d27S) + CHg4. See text. Values in
parentheses are relative to Th' (*D, 6d7s%) + CH,4 and do not include estimated spin-orbit
corrections.

® Single-point energy using SDD/6-311++G(3df,3p).

¢ Single-point energy using (14s13p10d8f6g)/[6s6p5d4f3g] /6-311++G(3df,3p).

d Single-point energies using (14s13p10d8f6g)/[ 10s9p5d4f3g]/6-311++G(3df,3p).

¢ Structures optimized at PBEO0/(20s17p12d11£5g3h1i)/[7s7p6d5f5g3hli]/cc-pVTZ.
Single-point energies performed with CCSD(T) utilizing the same basis sets.

" Theoretical prediction of the lowest level in each state. Corrected from theoretical
energy of each state by the empirical average excitation energy of that state, -44.4 kJ/mol
for *F and -16.4 kJ/mol for *D.

£ Values in parentheses are averaged over all spin-orbit levels.
" Corrected by the empirical difference between “D averaged over all spin-orbit states and
the *F35, level, 38.6 kJ/mol.

54,55
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Figure 4.1. Cross sections for the reaction between Th™ and CDy as a function of
energy in the CM (lower x-axis) and Lab (upper x-axis) frames.
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Figure 4.2. Reaction rate for Th” + CD4 (CH4) — ThCD," (ThCH,") + D, (H,) plotted
as a function of kinetic energy. Present work in red (ThCD,") and green (ThCHy").
Average rates at 700 = 300 K for ThCD," (red diamond) and 500 + 150 K for ThCH,"
(green diamond). FT-ICR results from Gibson et al.*® (blue circle) and Marcalo et
al.* (purple triangle). Lab frame shown corresponds to the CD, reaction.
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Figure 4.3. Cross section for the collision-induced dissociation reaction of ThCH,"
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and internal energy distributions of reactants at 300 K.
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Figure 4.4. The potential energy surface for the reaction of methane with thorium
cation calculated at the CCSD(T)/Seg. SDD/6-311++G(3df,3p)//B3LYP/SDD/6-
311++G(d,p) level of theory. The full lines show spin-orbit corrected surfaces
relative to Th™ (*F3,) + CH, and indicated by the axis on the right. Dotted lines and
full line past TS1/2 show uncorrected surfaces relative to Th™ (D) + CH, and
indicated by the axis on the left. Doublet surface in red and quartet in blue.
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Figure 4.5. Geometrical structures of each doublet spin intermediate and transition
state in Figure 4.4. All structures optimized using the B3LYP/SDD/6-311++G(d,p)
approach.
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Figure 4.6. Bond energy-bond order comparison of M"-L for M = Th" (green), Zr"
(blue), Hf" (red), Ti" (purple), U" (black) by plotting Dy(M -L) versus Do(L-L).
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Abstract
Kinetic energy dependent reactions of Th™ with H,, D,, 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 Do(Th'-H) = 2.45 + 0.07 eV. This

value is in good agreement with a previous result obtained from analysis of the Th* +
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CH, reaction. Do(Th'-H) is observed to be larger than its transition metal congeners,
TiH', ZrtH", and HfH", believed to be a result of lanthanide contraction. The reactions
with H, 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 *A; ground-level with a
low-lying 'S" 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 oxidation'”’

and hydrocarbon activation
reactions.'®"® The dearth of experimental work has led to increased theoretical studies of
actinides in the gas phase.'” '** 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.***%*° Some of these discrepancies can be traced to errors in the
experimental work,?® others appear to be method- or basis set- related.”*>*°

In order to provide experimental benchmarks for comparison to theoretical work,

Heaven and collaborators have recently studied several simple Th and U molecules
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spectroscopically, as summarized in Ref. 31. In our group, we have used guided ion beam
tandem mass spectrometry to study the reaction of Th® + CH,, which leads to
thermodynamic bond dissociation energies (BDEs) for several species.® A simple
actinide system that can be studied in detail both experimentally and theoretically is the
reaction with H; 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" + H, reaction has been extensively

32-39 42-46

41 .
36,3941 and third-row

studied for first-row, second-row, transition metals.

Because all the lanthanides (Ln) can be studied without radioactivity concerns,
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" + Hp, and U" + D, have
been studied experimentally.'” *> *"*® LnH" formation has also been observed in
reactions of many Ln®" with alkanes and alkenes, as studied using ion cyclotron
resonance (ICR) mass spectrometry.” Additionally, LaH" and LuH" have been observed
as products in reactions of La" and Lu” with methane and ethane in guided ion beam
experiments.”’ * For the actinides, AnH" (An = U, Np, Pu, Am, Cm) has been observed
as a product of An”" reacting with alkanes and alkenes in ICR experiments, but ThH" was
not observed in analogous experiments.''® Recently, we have observed ThH' in a
guided ion beam study of the Th™ + CHy reaction.’® Here we report the absolute cross
sections as a function of kinetic energy for the reactions of Hy, D,, and HD with Th".

Analysis of these cross sections allows determination of Dy(Th'-H). Theoretical

calculations of ThH™ and ThH," are also performed to assign electronic states and explore
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possible reaction mechanisms.

Experimental and Theoretical Methods

Instrument

The guided ion beam tandem mass spectrometer used in this study has been
described in detail previously.”® Briefly, thorium ions are created using a direct current
discharge/flow tube source (DC/FT)’! described in further detail below. Ions are
extracted and focused through a magnetic momentum analyzer, where the **Th" 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.’*>* 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.”* 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.”> 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 Ecy = Ejy, X 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
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kinetic energy distribution of the reactant ions and the thermal (300 K) motion of the
neutral reactant.® 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.” 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.’! 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 ~10> 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” + CH,4.*° Previous experiments
have indicated that atomic ions generated in the DC/FT may have internal electronic
temperatures between 300 and 1100 K.*"*°"*" A population analysis at 300 K indicates
that 99.89% of Th™ is in its ground-level (*F3,, 64°7s), whereas at 1100 K, 76 % is in the
ground-level.*® 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.
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Data Analysis
The kinetic energy dependence of endothermic reactions is modeled using eq

5.1 61-63

6(E) = 60 X i (E + E; — Eo)/E (5.1)

where oy is an energy-independent scaling factor, E is the relative kinetic energy of the
reactants, E; is the internal energy of the reactant states (electronic for Th™ and rotational
for H,, D,, and HD) having populations g; (Xg; = 1), n is an adjustable parameter, and E,
is the 0 K reaction threshold. Before comparison to the data, eq 5.1 is convoluted over the
kinetic energy distributions of the reactants, and the oy, n, and E, parameters are
optimized using a nonlinear least-squares method to best reproduce the experimental
cross section. Uncertainties in £y 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),

Dy(Th"-H), using eq 5.2 and its isotopic analogues.

Dy(Th"-H) = Dy(H-H) — E, (5.2)

Equation 5.2 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.
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Theoretical Approaches

Most quantum chemical calculations are performed using the Gaussian 09 suite of
programs.®* Unless otherwise noted, a correlation consistent polarized core
(20s17p12d11£7g4h11)/[9s9p8d8f7g4hli] basis set (cc-pwCVQZ-PP-MDF) developed by
K.A. Peterson ® that utilizes the Stuttgart-Cologne (MDF) fully relativistic small core (60
electron) ECP® is used for Th along with the aug-cc-pVQZ®’ 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,”® a segmented basis set (Seg. SDD-VQZ-MWB) that utilizes the MWB
ECP,” atomic natural orbital basis sets designed for use with the MWB (ANO-VQZ-
MWB)" and MDF (ANO-VQZ-MDF)® ECPs, correlation consistent cc-pVTZ-PP-MDF,
cc-pVQZ-PP-MDF, and cc-pwCVTZ-PP-MDF (which includes core-valence correlation)
basis sets® with the MDF ECP. Pople 6-311+G(3p), cc-pVTZ, and cc-pVQZ basis sets®”’
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 sets® (where X = T or Q) and B3LYP/cc-pwCVQZ-PP-MDF/aug-
cc-pVQZ optimized structures. These latter calculations are performed using the second-
order Douglas-Kroll-Hess Hamiltonian (DK2).”'”7® 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.”’

Extrapolation to the complete basis set limit (CBS) is performed using the Karton-Martin
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method,”> ™ eq 5.3, proposed for the HF energies with the TZ (X = 3) and QZ (X = 4)

energies:

Ex = Ecps + A(X + 1)e 57X (5.3)

For CCSD(T) calculations, eq 5.4°> 7 is used to extrapolate the correlation energy:

Ex = Ecps + B(X + 14)™* (5.4)

The calculations utilize the density functional theory (DFT) methods B3LYP,
B3PW91, BHandHLYP (BHLYP), M06, and PBEO. Of these functionals, B3LYP has
been shown to perform well in similar systems.?® *° B3PW91 has been shown by us’ and
others®* to perform reasonably well in other actinide systems. BHLYP has been shown to

perform well in singly bound metal ligand systems.***>*'

MO6 recently performed well
in a theoretical evaluation of several DFT methods by comparison to the experimental
Dy(OTh"™-0).® PBEO has previously yielded similar geometrical structures to B3LYP in
our previous Th™ study.’® 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 energies discussed below

are corrected by the zero-point energy using the frequencies generated for their respective

optimized structure after scaling by 0.989.%
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Experimental Results

Th" + H, and D,
The reactions of Th" with H, and D, yield products according to reactions 5.5 and

5.6.

Th' + H, —- ThH +H (5.5

Th'+ D, —- ThD"+D (5.6)

The kinetic energy dependent cross section for reaction 5.5 can be found in Figure 5.1,
with the analogous deuterium cross section in Figure 5.2. Reactions 5.5 and 5.6 have
apparent thresholds near 2 eV, with the cross sections peaking near Do(H-H) = 4.478 eV
and Do(D-D) = 4.556 eV.* Above these energies, the cross sections decrease because the
ThH" and ThD" products can dissociate, leading to Th” + 2 H (2 D).

The mass resolution settings in the quadrupole for both the H, and D, (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 H, data is
somewhat noisier. In the present case, the magnitude at the maximum ThH" cross section,
Figure 5.1, is 1.2 times that for ThD", Figure 5.2. This is within the estimated absolute
cross section uncertainty (£20%), indicating that the resolution settings are adequate for

accurately measuring the product ion intensities.



157

Th" + HD

Reaction of Th” with HD yields products according to reactions 5.7 and 5.8.

Th"+HD —»  ThH +D (5.7

— ThD'+H (5.8)

The cross sections measured for these reactions are shown in Figure 5.3. Reactions 5.7
and 5.8 have similar apparent thresholds as reactions 5.5 and 5.6 and peak near Dy(H-D)
=4.514 eV.» 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 5.3,
is 0.8 times the magnitude of the cross section for reaction 5.6, Figure 5.2, also within

experimental uncertainty.

Thermochemical Results
The fitting parameters from eq 5.1 used to model the cross sections in reactions
5.5 — 5.8 can be found in Table 5.1. The models for reactions 5.5 and 5.6 are included in
Figures 5.1 and 5.2 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 5.1 is augmented with a simple model

. .. . 4
for dissociation, detailed elsewhere. %> 8

Because the model of eq 5.1 explicitly accounts
for the internal energy of all reactants, the E¢ values reported in Table 5.1 are 0 K

thresholds. It can be seen that the thresholds for all four reactions are similar. Given

Do(H-H) = 4.478 + 0.001 eV and Do(D-D) = 4.556 + 0.001 eV* in eq 5.2, the thresholds
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measured for reactions 5.5 and 5.6 indicate that Do(Th"-H) = 2.30 + 0.12 eV and Dy(Th'-
D) =2.54 + 0.05 eV. Using eq 5.2 and Do(H-D) = 4.514 + 0.001 eV** leads to Do(Th"-H)
=2.36 % 0.06 ¢V and Do(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 Do(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, Do(Th™-H) > 2.25 + 0.20 eV,
measured in the reaction of Th* with CH,.%° The present value is considered more reliable
because there are no competing products, unlike in the methane reaction where the ThH"
+ CHj; channel competes with the thermodynamically more favored dehydrogenation
channel, ThCH," + H,. In that study, a phase space theory (PST) model of the cross
sections of products that share a common intermediate (ThCHf, ThCH;", 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 E, = 2.05 eV indicating

Do(Th'™-H) = 2.45 eV, 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.***"*** Three guidelines have been established
to predict the reaction mechanism: (1) If M" has an electronic configuration with empty s
and do orbitals, such as a d" configuration where n < 5, the reaction proceeds efficiently

by an insertion mechanism. These processes are consistent with the statistical behavior of
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a long-lived intermediate and have branching ratios (omy '/ O1or) near 0.5. (2) If M" has an
electronic configuration with occupied valence s or do orbitals and is low-spin, such as
for d" where n > 5 or low-spin coupled d"’s’ configurations, the reaction proceeds
efficiently via a direct mechanism. These processes are consistent with arguments that
conserve angular momentum and favor MH" by factors of two — four, such that oy '/ G7ot

0.3% 4% 8687 (3) If M" has an electronic configuration with

is typically between 0.66 and 0.8
occupied valence s or do orbitals and has the highest possible spin state, such as a high-
spin coupled d" s’ configuration, the reaction proceeds by an impulsive mechanism and
is not efficient. 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 5.4 compares the branching ratio, omu/ O1o, for Th™ with the group 4
transition metal cations. Given that both Ti" and Zr" have “F (d°s) ground-states, an
impulsive mechanism according to category 3 is expected. However, Figure 5.4 clearly
indicates a statistical (category 1) reaction for Ti'. This can be explained by coupling
with the low-lying “F (44°) 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" (*F,
4d°5s) + H, with the low-spin surfaces that lead to the intermediates and products.*’ For
Hf", the ground-state is “D (5d6s°), 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 *A; surface that leads to a long-lived

HHfH" intermediate, which can evolve directly to products.** This is substantiated by the
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results in Figure 5.4.

Interestingly, for Th', the omp / 1ot ratio is between that of Hf" and Zr", Figure
5.4. The Th" ground-state is enigmatic because the ground-level is a mixture of the *Fsp
(6d°7s) and *Ds (6d7s%). Like Zr™ and Hf', it appears that the Th™ + H, 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 ThH" + D formation at
energies above Do(H-D) = 4.57 eV. This trend has been explained previously,’” and is a
consequence of the heavier D atom’s ability to carry away more energy than the lighter H

atom.

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

. + . 20-2124
atomic Th' cation>*2!?+30

using several basis sets at various levels of theory. A
comparison of the theoretically predicted low-lying states calculated using the cc-
pwCVQZ-PP-MDF basis set to those experimentally observed is listed in Table 5.2. For
comparison to the theoretical values, the experimental levels were averaged over all spin-
orbit levels of each state.*®** For Th', this is not straightforward because of considerable

interaction between the *‘F (64°7s) and °D (6d7s°) states. A detailed explanation of the

choice of each level has been given previously in the Supporting Information section of
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Ref. 30.

With the exception of M06 and B3LYP, which prefer the °F state, all levels of
theory correctly predict a D ground-state. Furthermore, BHLYP, B3PW91, and PBEO
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 ‘H (5/6d7s) higher in energy than the F (6d°),
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 “H. Additionally, the relative energies of the *D and ‘F states were
calculated using the all-electron cc-pwCVQZ-DK3 basis set for Th™ and are also listed in
Table 5.2. (M06 calculations did not converge and are not included here.) These results

are similar to cc-pwCVQZ-PP-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.’” **** These corrections require that the Th™ + H asymptote be

lowered by the empirical difference between the ground-level of Th™ and the ground-state
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energy averaged over all spin-orbit levels. A nuance of the Th' system is that the
experimental ground-state is ’D (6d7s”), whereas the ground-level is *Fs (64°75).>° 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 ‘Fs, ground-level and the average energy of the
respective state, 0.46 ¢V for *F and 0.40 eV for °D. The second approach corrects directly
from the “D ground-state to the *Fs, 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.*

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.’” **** To do so, we

assume that the spin-orbit splitting energy is given by eq 5.9:

ES°=AMsA (5.9)

where A is the spin-orbit splitting constant, A is the orbital angular momentum quantum
number, and Mg is the spin quantum number associated with a particular level Q = A +
Ms.94 ESO is also equal to the summation X a; ; * s;, where {; * s; is the dot product of the
orbital angular momentum and the spin of electron i and a; is the spin-orbit parameter,
which can be represented by the atomic spin-orbit parameter for the 6d electrons of

thorium {eq(Th). We have previously estimated {gq(Th) as 1458 cm™ (0.18 eV).*
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Spin-Orbit Energy Corrections for ThH"

Previously di Santo et al. have reported a *A ground-state with a 'S state 0.02 eV
higher in energy in B3LYP/SDD-VDZ-MWB/6-311+G(p) calculations.?’ We also
reported similar results using B3LYP/Seg. SDD-VQZ-MWB/6-311+G(3p), where we
observed a A ground-state with excited-states at 0.18 (‘II) and 0.30 eV ('z").*°
CCSD(T)/Seg. SDD-VQZ-MWB/6-311+G(3p) results reverse the order placing the '=*
0.07 eV below the *A, and CCSD(T)/cc-pVQZ-PP-MDF/cc-pVTZ calculations place the
'S* only 0.04 eV below the *A.** These results do not include corrections for spin-orbit
energy. When spin-orbit effects were included, the ground-level was A, at all levels of
theory studied.™

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 5.9. These results are summarized in Table 5.3. The 'S* and *Y" states have no
first-order spin-orbit corrections, whereas the A splits into Q =1, 2, 3, yi splits into Q =
0,1,2,and X0 splits into Q = 2, 3, 4. For 3A, where A =2 and Mg =-1, 0, and +1, eq 5.9
shows that A = 729 cm™ and E>° = -0.18, 0, and 0.18 eV for 3A1, 3A2, 3A3, respectively.
For *II (A = 1 and Mg = -1, 0, 1), E®® = -0.09, 0, and 0.09 eV for °II,, °IT;, and °II,,
respectively. For *®, (A =3 and Mg = -1, 0, 1), E°® = -0.27, 0, 0.27 eV for *®,, *®;, >y,
respectively. Once these spin-orbit corrections have been applied, the ground-level is
predicted to be *A; (by 0.13 — 0.69 eV) for all levels of theory except M06, which
predicts that the 'S" is 0.10 eV lower in energy. This trend is also reflected in the
calculations using additional basis sets, Table B.1 in the Supporting Information.

The *A state has a 16°2618 electron configuration. A natural bond orbital analysis
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(NBO) performed using CCSD(T) indicates that the 16 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 2c-orbital comprises mostly the Th” 7s-orbital (75%) with
some 6d-character (20%). The nonbonding 13-orbital is composed entirely of the Th"
6dd-orbital. The 'S" state has a 16°26> electron configuration. These orbitals are similar
to those for the *A with an NBO analysis using CCSD(T), indicating that the 16 bonding
interaction occurs between the H 1s and an orbital on Th* having 75% 6d, 15% 7s, and
10% 5f character, whereas the nonbonding 2c-orbital has 85% 7s and 15% 6d. For the
higher energy states, the *IT state has a 16°2c1m electron configuration, where the 13-
electron in the A state is moved to a m-orbital that is the Th* 6dz-orbital, and the *® has a
16°1817 electron configuration. For the two % states, the two nonbonding electrons are
placed in either the Th" 6d or 6dz-orbitals.

The *A and °I1 states can originate from the Th™ (F, 6d27s) +H (*S) and possibly
the *D (6d752) +H (*S) asymptotes, whereas the 'E" can originate only from the Th* (*D,
6d7s%) + H (*S) asymptote, and the 3 and *Y states likely come from the Th" ('F, 64°) +
H (°S) 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 *Fs,» and *Dj), levels
indicating that all states of ThH' presumably can be formed directly from the Th"
ground-level. The *Y” states can also form from the ground-level or from the Th* (*F, 6d°)
state. In this regard, it can be noted that the excitation energies of the *T states are
similar to the difference (0.83 eV) between the ground *F3 (6d27s) and *Fs, (6d3) levels
of Th'.

Bond lengths, r(Th"-H), and vibrational frequencies (scaled by 0.989)* calculated
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for the various states of ThH'™ using B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ are
listed in Table 5.3. 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 ('£") — 2.032 (*®) A with r(Th*-H) = 1.996 A for the *A. Vibrational
frequencies range from 1491 C®D) — 1653 (CA) with v = 1592 cm™ for 'E". Parameters
calculated at other levels of theory are listed in Tables B2 and B3 in the Supporting
Information section.

Table 5.4 lists the theoretical BDEs of ground-level ThH' at various levels of
theory and basis set combinations. The ground-state is *A, after accounting for spin-orbit
energy for all levels of theory except M06, which find a 'S" ground-state. However,
because of the close proximity in energy of the 'S" and °A; states, a definitive
determination of the true ground-state is difficult. Consequently, the calculated BDEs of
both states can be found in Table B.4 in the Supporting Information. (Table B.4 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-PP-MDF/aug-cc-pVQZ
basis sets. Notably, spin-orbit corrections yield better results in all cases, Table B.4.

The DFT cc-pwCVQZ-PP-MDF/aug-cc-pVQZ results listed in Table 5.4 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 Dy(Th'-H)  within

experimental uncertainty, and the larger CCSD(T)/Seg. SDD-VQZ-MWB/6-311+G(3p)
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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-PP-MDF (X= T, Q)
basis sets leads to CCSD(T)/CBS-cc-pwCVXZ-PP-MDF results similar to CCSD(T)/cc-
pwCVQZ-PP-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
A, and IZ+, 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 code” using an uncontracted Dyall basis set for thorium”
and an uncontracted Dunning basis set for hydrogen.®” The standard finite nucleus model
of the DIRACI14 code is used and all two-electron integrals including the Gaunt
interaction’” responsible for the spin-other-orbit interaction are included in the
calculations. Two different orbital configuration spaces are utilized, 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 *A, 'S, °II, and *®. The
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calculated *A 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 3A1, 3A2, and > Az 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 A, is defined as zero to allow for
a direct comparison with the results obtained from eq 5.9. 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 *A; state is the ground-state with the 'Z" state 0.03 and
0.10 eV higher in energy for the large and small space, respectively. The relative energy
differences between the *A; and 'T" states obtained in the fully relativistic calculations
are similar, although somewhat smaller, as compared to the CCSD(T) calculations
combined with eq 5.9, suggesting the model is a reasonable approach to estimate the

effect of spin-orbit splitting in these systems.

HThH"

Calculated ground and excited-states of HThH' are listed in Table 5.5. The
ground-state, 2A1, has bond distances, r(Th+-H), of 1.995 A and a bond angle, ZHThH, of
102.3° (B3LYP/cc-pwcVQZ-PP-MDF/aug-cc-pVQZ). The ’B,, %A,, and B, 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 ZHThH 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 ThNHH " variants. Theory predicts
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that the 2A1 state has a BDE, DO(Th+-H2), relative to Th+(4F3/2) + H of 1.07 — 1.32 eV
with Do(HTh™-H) = 2.73 — 2.96 eV. Note that the second hydride bond energy is
comparable to the first, consistent with covalent coupling of H to one of the unpaired
electrons in ThH' CA).

The A, state has a (la;)’(1b,)*(2a;)" electron configuration where the lone
electron is found in an orbital (2a;) composed primarily of the Th' (7s). The 1a; bonding
orbital is a sd hybridized orbital interacting with the H (1s) orbitals, and the 1b, orbital is
a bonding interaction of the 6dy, (where the z axis is defined as the C, symmetry axis and
the molecule lies in the yz-plane) and the H (1S) orbitals. For the ’B, state, the lone
electron is moved into the 6dy, orbital, and for the 2A2 state, the electron is moved into the
6dyy orbital. The 2B2 state places the lone electron in the antibonding 2b, 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 ZHThH near 170°, this also leads to slightly
longer Th'-H bond lengths, ~2.1 A. For each of these states, minima are also observed at
small ZHThH angles, Table 5.5, corresponding to Th'(H,) association complexes. In
general, the geometries of these intermediates are characterized by ZHThH of ~20° with
r(H-H) of approximately 0.8 A, similar to r(H-H) = 0.739 — 0.744 A calculated for free
H,. Additionally, r(Th"-H) = 2.30 — 2.35 A are observed, which are significantly longer
than the bond lengths of the large angle HThH" species (2.0 — 2.1 A).

In order to further explore the potential energy surface of reaction 5.5, we

performed relaxed potential energy scans along the ZHThH coordinate using the
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optimized HThH" structures as a starting geometry. In our theoretical study of the Th" +
CH, reaction,*® 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 5.5. Notably, neither zero-point energies nor spin-orbit effects are
included in this diagram. Additionally, for the cc-pwCVQZ-PP-MDF/aug-cc-pVQZ
calculations, a *A| intermediate is found at small angles; however, at larger angles the ‘A
intermediate has 1 imaginary frequency along the asymmetric Th'-H stretch, suggesting
that it is the inversion transition state to a *A’ intermediate. Indeed, optimization of a
geometry displaced along the imaginary frequency using the *A; wavefunction leads to a
A’ state with r(Th*-H) = 2.1599 and 2.1601 A. An analysis of the orbitals indicates that
the symmetry of the orbitals is similar to the *A; [(1a;)*(1b,)'(2a;)'(2b,)'] found using the
Seg. SDD-VQZ-MWB/6-311+G(3p) basis set. The break from C,, symmetry using the
larger basis sets is possibly caused by the degeneracy of the A, and ‘B, states at
linearity. Neither the *A; nor B, surfaces are expected to play a prominent role in
reaction 5.5.

Initially, all doublet surfaces are repulsive, so approach of Th" with H, in reaction
5.5 evolves along a quartet surface where the 4A2, 4B1, and “B, surfaces are similar in
energy (see also Table 5.5). Qualitatively, this can be understood on the basis of the
doubly occupied 7s frontier orbital of Th™ (*D), versus its single occupation in the *F
state. Note that the quartet surfaces for the HThH" species evolve at small angles to
energies that match that calculated for Th™ (*D) + H,. This disparity appears to be a result

of the spin-contamination of the calculated D asymptote, as none of the surfaces shown
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in Figure 5.5 exhibit any appreciable spin-contamination. At larger angles, these quartet
surfaces cross that of the 2A; 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 2a;(7s) orbital. Loss
of a H ligand from these doublet spin intermediates can potentially lead to high spin-
coupled ThH' (A, *IL *®) + H (*S) or low spin-coupled ThH" ('=") + H (*S) products
with no barrier in excess of the asymptotic energies. Overall, these surfaces show that the
reaction of Th™ (J = 3/2) with H, 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 give 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 5.7 and 5.8, Figure 5.4.

Discussion
Basis Set Comparison
Table 5.4 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 quasi-relativistic 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-PP-

MDF). For DFT, BDEs calculated using the all-electron cc-pwCVXZ-PP-DK3 and cc-
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pVXZ-PP-DK3 basis sets are 0 — 0.13 eV smaller than their ECP counterparts (except
B3LYP/cc-pwCVQZ-PP-DK3 which is 0.01 eV larger), cc-pwCVXZ-PP-MDF and cc-
pVXZ-PP-MDF, respectively (see also Table B.4). For CCSD(T) calculations, the all-
electron and ECP cc-pxCVXZ-PP basis sets yield identical results, whereas the cc-
pVXZ-PP-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 5.4) for the largest basis set
combination CCSD(T)/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ. This is also shown by the
small difference in the cc-pwCVQZ-PP and CBS values. Similarly, errors resulting from
the use of the MDF ECP appear to be minimal, as the difference between CBS-cc-
pwCVXZ-PP-MDF and CBS-cc-pwCVXZ-DK3 results are small, Table 5.4.

In a previous study, CCSD(T)/cc-pVQZ-PP-MDF/cc-pVTZ calculations over-
predicted the BDE of singly bound ThH™ (*A;) and ThCH;" (‘A)) by 0.22 and 0.62 eV,
respectively, but performed much better than the smaller basis sets for the triply bound
ThCH" ('2"), underpredicting the experimental value by 0.21 ¢V.*® Similarly, CBS limit
extrapolations using correlation-consistent basis sets are also lower than the experimental

1-92 .
9192 Por calculations

value by 0.2 eV for several transition metal oxide cation BDEs.
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 experimental 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.>" 7’
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This was attributed to accurate recovery of correlation energy.’’ Therefore, it may be
necessary to resort to very high levels of theory to reproduce experimental results, but

these methods are not attempted here.

ThH' Electronic State

Previous theoretical work on ThH' by di Santo et al.*! identified a *A ground-state
with a low-lying (0.01 eV) '=" excited-state (B3LYP/SDD-VDZ-MWB/6-311+G(p)). In
the present work, all levels of theory except CCSD(T) and MO06 identify the *A as the
ground-state before accounting for spin-orbit interaction. After including spin-orbit
corrections, all levels of theory except MO06 indicate that the ground-level is °A,.
Nevertheless, the close proximity of the *A and 'S’ 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 '=" or *A ground-
state,** **%? where the 'S" (16°267) can only be formed from the Hf" (*D, 5d6s%) + H (%S,
1s) asymptote and the *A (16°2018) state is formed from the Hf ™ (*F, 5d263) + H
asymptote (possibly the Hf™ (°D, 5d6$2) + H (*S, 1s) asymptote). Because the 2o
molecular orbital (MO) is essentially the Hf” 6s-orbital, the 16 bonding orbital in the 'Z"
cannot be sd-hybridized, resulting in poor orbital overlap and a weaker BDE than the A,
where sd-hybridization of the Hf” bonding orbital is allowed.** Because the Hf ground-
state is 2D (with a 2D3/2 ground-level),89 the ground-state of HfH ™ is 'S if the
stabilization resulting from an sd-s MO over a d-s MO is less than the promotion energy,

E, =045 eV,89 from the ground-level 2D3/2 to the 4F3/2 level. Unlike Hf", Th" has a J =
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3/2 ground-level with 43% 4F3/2 and 27% 2D3/2 mixed character,88 so that both the !X and
3A 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 *A. 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,'” 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)

3177 may be expected to have similar characteristics as ThH', because both

experiments,
ligands have one unpaired electron and form a single covalent bond with Th™. PFI-ZEKE
experiments indicate that either the 3 Ay or Is* is the ground-level of ThE* 2" 77 Later LIF
results confirmed a '=" ground-level, with the *A; level only 316 cm™ (0.04 eV) higher in
energy.’’ These results are consistent with high-level quantum chemical calculations that
include spin-orbit coupling, which place both the *A or 'E” states as low-lying, similar to
ThH'. Bonding occurs by an interaction of the F 2p,-orbital with an appropriate Th"
orbital (most likely a sd-hybridized orbital). The 18-orbital in the *A state was found to be
a Th™ 6d8-orbital, and the filled 2c-orbital in the 'E” state is primarily the Th* 7s-
orbital.’' Heaven et al.>! also note a slight antibonding interaction between the Th™ 6dn-
orbitals and the F 2pm-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 m-orbitals in ThH" and ThE"
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suggests that the 1T state of ThH" should be lower in energy than the analogous ThF" *II
state. This is confirmed by experimental and theoretical results. Experimentally, the *IT,
level is found 0.42 eV above the 'S ground-state in ThF" (the *II; was not observed in
the range of 0 — 4000 cm™),”” whereas theoretical calculations indicate that the *ITy and
T, lie 0.61 and 0.65 eV above the ground-state, respectively.’’ In ThH', theoretical
calculations (CCSD(T)/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ) combined with empirical
spin-orbit effects estimated using eq 5.9 indicate that the *ITy and “II, lie 0.39 and 0.48 eV
above the *A; ground-level (0.28 and 0.37 eV above the 'Z"), respectively.

The energy of the *IT levels has implications for the second-order interaction of
the 'S and A, levels with the *II, and °IT; levels, respectively. Because theoretical
calculations in the present work indicate that the '=" and °TI, 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 *A; and °II, levels in ThH" will also be stronger than the corresponding
levels in ThF". For ThF', theoretical calculations that explicitly treat spin-orbit
interaction place the °IT and °TI; levels only 0.04 eV apart compared to a 0.09 eV
difference expected using eq 5.9, suggesting that the second-order interaction of the Q) =
0 levels stabilizes the 'S" state by 0.05 eV. Interestingly, the difference in energy of the
'S* (ground) and *A, states is only 0.02 eV calculated at the same level of theory (0.04
eV experimentally).’' Thus, the second-order interaction with the °IT, level is influential
in making the 'S state of ThF" the ground-level. Given that °II state is likely closer in
energy to the 'S and *A states in ThH' than in ThE", estimated spin-orbit effects from eq

5.9 suggest that the states are probably very close in energy, such that the true ThH"
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ground-state remains ambiguous. As noted above, explicit fully relativistic calculations of
the spin-orbit interactions continue to confirm this close spacing, with the 3A, state being
the ground-state and the 'E" 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 Sf-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 Dy(Ti’-H) = 2.31 + 0.11,%® Do(Zr"-H) =
226 + 0.08,"" and Do(Hf-H) = 2.11 + 0.08 eV,* 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 *D (5d6s°) ground-state of Hf".** The
other transition metal congeners have *F (d°s) 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 *F and D states, which does not appear to inhibit the bond strength as Do(Th'-
H) is 0.2 — 0.3 eV stronger than Dy(Ti"-H) and Do(Zr'-H). This trend is similar to that
reported for BDEs of the same metals with other ligands and can be attributed to
lanthanide contraction.>® *'01-1%

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-hybridization is typically not important for first row transition metals. Consequently,

TiH" has a *® ground-state'®® that can form directly from the Ti" *F (3d24s) ground-state

via M(s)-H(s) bonding. sd-hybridization becomes more important in ZrH", as suggested
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by the close proximity of the *A and *® states. Both states have been reported as the

#119 and both states can be formed directly from the Zr"

ground-state in different studies,
‘F (4d258) 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.”® For HfH", the ground-state is most likely *A, which can
be formed from the low-lying *F (5d%6s) state.** Likewise, the present work indicates that
the bonding interaction between Th” and H occurs between an orbital primarily 6dc in
character and the H 1s orbital for the likely ground-state, A (presumably because the 7s
orbital is now too large to overlap well with the /s orbital of H, unlike the smaller
transition metal congeners).

The BDE trend can be explained more quantitatively with promotion energy (E,)
arguments where E, is defined as the difference in energy between the M" ground-level
and the first level with an appropriate electronic configuration (d”s) for bonding. This
definition ignores any spin decoupling effects'®” but should be qualitatively correct. Both
Ti" and Zr" have *Fs, (d°s) ground-levels, so £, = 0.0 eV. Hf" has a *Ds (5d652) ground-
level, and the first level with the appropriate configuration is *F3) (5d%6s), Ep,=0.45eV.
Likewise, ThH" most likely has a *A ground-state, and the Th™ J = 3/2 ground-level has
primarily an appropriate configuration (6d°7s). This yields intrinsic BDEs (= Dy + 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 “Ds,

(6d7s%) character mixed into the J = 3/2 ground-level, such that the promotion energy is
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better described as corresponding to a more pure ‘F level, e.g., the *Fs; (65% “F, 17%
D), 0.19 eV above the ground-level,*® 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 E,(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 An®" with alkanes and alkenes using ICR, several AnH™ species were
observed in reactions at thermal temperatures.'® For the purposes of determining lower

limits to the AnH™ BDE, the most discriminating process is reaction 5.10.

An”"+CiHy —  AnH +C3H, (5.10)
Reaction 5.10 was observed at thermal energies yielding UH", NpH+, PuH', AmH", and
CmH" with product branching percentages of 10, 5, 70, 90, and 10 %, respectively.'®
Thus, the ICR results suggest that a lower limit to the AnH™ BDE can be obtained using
eqS.11:

Do(An"-H) > Dy(H,C3-H) — IE(An") + IE(C;H>) (5.11)

where Do(H7C3-H) = 4.20 + 0.02 eV** %1% and IE(C3H;) = 7.37 + 0.02 eV.** '"° Only
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IE(U") = 10.6 eV'"" and IE(Pu’) = 11.2 eV''? are listed in a review of atomic energy
levels,* values that yield lower limits of Do(U*-H) > 0.97 + 0.2 ¢V and Dy(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 Marcalo and Gibson,” IE(U") = 11.7 + 0.3 ¢V and IE(Pu’) =
11.8 £ 0.3 eV are given, values that indicate reaction 5.10 is exothermic no matter how
weak the AnH' bond may be.

Other than our recent work on ThH',* the only previous experimental report of
an AnH'" BDE is that of Do(U™-D) = 2.9 £ 0.1 eV measured in early (notably not guided)
ion beam studies of the reactions of U" with CD, and D,.'" 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 eV and 2.94 eV, respectively.”’ 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.”"*° The difference in energy of the ThH" and UH" BDE:s 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.

As discussed above, AnF™ are potentially similar to the AnH™ systems.
Thermochemistry for the fluorides is more readily available with reports of Dy(Th-F) =
6.72 + 0.10 eV,'” Dy(U-F) = 6.72 + 0.10 eV,"* and Do(Pu-F) = 5.58 + 0.30 eV.'"
Ionization energies for these metals are IE(Th) = 6.3067 eV, IE(U) = 6.1941 eV, and
IE(Pu) = 6.026 ¢V.* Additionally, IE(ThF) = 6.3953 = 0.0004 ¢V and IE(UF) = 6.34159

+ 0.00006 eV are reported in the literature.”’ Although IE(PuF) is not available in the
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literature, because the ionization of AnF corresponds to the removal of a 7s-electron for
these three An, linear correlation of IE(AnF) versus IE(An) yields an estimate of IE(PuF)
=~ 6.26 eV. Alternatively, if the difference IE(AnF) — IE(An) is presumed to remain
relatively constant, then IE(PuF) = 6.15 eV. A conservative estimate is the average of
both values, IE(PuF) = 6.2 £ 0.15 eV, where the uncertainty is two standard deviations of
the mean. Eq 5.12 can be used to determine Do(Th"-F) = 6.63 = 0.10 eV, Do(U"-F) = 6.57

+0.10 eV, and Dy(Pu'-F) =5.40 + 0.34 eV.

Do(An'-F) = Do(An-F) — IE(AnF) + IE(An) (5.12)

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', which may indicate bonds that are significantly more ionic than the AnH" bonds
or contributions from donation of F(2pn) electrons into empty An" (6dr) orbitals.

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™).” For AnL" with a bond order of 1, the required electron configuration could be
51175, 51"26d7s, 5f26d°, or 564’ 7s. 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 eV® from the

ground-level Ton (5]3 75%) to °Li1, (5]‘3 6d7s) for U". Likewise, the difference between the
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ThF" and PuF" BDEs is comparable to E, = 1.08 eV*’ from the ground-level *Fy/, (5/°7s)
to *K,, (5 6d7s) for Pu’ (a result that confirms that a 6d electron is needed for bonding).
Previously, Margalo and Gibson have shown that the BDEs for AnO™ (n = 0 — 2) are
correlated to the promotion energy of An"™ to the first state with a 6d4° electron
configuration because two valence electrons on the metal are needed to form a strong
bond with O.° Because the typical configuration of early An" is 5/"27s°,* this correlation
indicates that non-f electrons are required for strong bonding. The diabatic (or intrinsic)
BDE, Do(An™"-L)*, for that configuration should also be similar across the AnO"" series.

For n = 1, a reasonable estimate for this intrinsic BDE is Do(Th+-L) because Th' has a

ground configuration of 64°7s. This allows for the simple model shown in eq 5.13,

Do(An"-L)* = Do(Th"-L) = Dy(An"-L) + Ep (An") (5.13)

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).” Eq 5.13 allows for the
estimate of Do(An'-L) from established Do(Th'-L). Consequently, we estimate the BDEs
of AnF', AnH', and AnCH;3" for Ac — Cm in Table 5.6, where Do(Th'-CH3) was

determined previously from the reaction Th™ + CH,.*

Conclusion.
Analysis of the kinetic energy dependence of the cross sections in Figures 5.1 —

5.3 indicate that Do(Th'-H) = 2.45 + 0.07 eV. This value is in agreement with the
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previously reported Do(Th™-H) > 2.25 + 0.20 eV measured in the reaction Th” + CH,, as
well as the PST model of the same system, which indicates a BDE of 2.45 eV.*
Branching ratios from reactions 5.7 and 5.8 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
ThH," 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-PP and cc-pVQZ-PP 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), M06,
and BHLYP results are in reasonable agreement with the experimental value obtained

here.

Associated Content

Relative energies and molecular parameters for ThH' ground and excited-states
calculated at additional levels of theory. ThH" BDEs calculated at additional levels of

theory.
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Table 5.1. Fitting parameters for the indicated cross section using Eq. (5.1).

Reaction n oo Eo (eV) Do(Th"-H)*

Th"+H, » ThH + H 1.3+0.3 7.6+ 1.3 2.18+0.12 2.30+0.12
Th"+D, - ThD" +D 1.4+0.1 4.6+0.6 2.02 +0.05 2.51+0.05
Th"+HD - ThH +D  1.440.1 22402 2.15+0.06 2.36 +0.06
Th"+HD - ThD"+H  1.240.1 1.3+0.2 2.13+0.19 2.35+0.19

* Values derived from reactions forming ThD" include a zero-point energy correction of
-0.03 eV.
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Table 5.4 Continued

* Calculated 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 *D state averaged over all spin-orbit states and the *Fs, ground-level (-0.40
eV).

b Single-point energy using B3LYP optimized structures.

“ThH' CA)). Include spin-orbit stabilization energy of the *A, level (0.18 eV).

IThH" ('Zh.

¢ Complete basis set limit extrapolated from correlation consistent basis sets using the
extrapolation technique described in the text.

" Single-point energy from B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  optimized
structure.
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Table 5.5 Continued

Single-point energies of B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ optimized
structures. Values in parentheses are relative to Th' (D) + H,. Values in italics
distinguish minima found at small ZHThH angles along the indicated diabatic potential

energy surface.
® From B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ optimized structures.
%A, state collapses to *A’ at large angles. See text.
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Table 5.6 Continued

* Estimate of AnL"™ BDEs using ThL" BDEs as an estimate of the intrinsic AnL"™ BDE,
i.e., Do(An"-L) = Do(Th'-L) — Ep(An"). See text.

Promotion 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 §9.
¢ Calculated from Do(Th-F) = 6.72 + 0.10 eV,'" IE(Th) = 6.3067 ¢V,* and IE(ThF) =
6.3953 +0.0004 V.’
¢ Ref. 30.
¢ Lower limits derived from results of ICR reaction An*" + C3Hg from Ref. 18 using Eq.
5.11 (or analogous equation). Hydrocarbon BDEs and IEs from Ref. 83. IEs for U" and
Pu’ from Ref. 89. Other IE(An>") from Ref. 9.

" Calculated from Do(U-F) = 6.72 + 0.10 eV, IE(U) = 6.1941 eV.* and IE(UF) =
6.34159 £ 0.00006 eV.’!

£Ref. 10.

" Calculated from Dg(Pu-F) = 5.35 = 0.30 eV'"® and IE(Pu) = 6.026 eV.* Ionization
energy of PuF estimated as IE(PuF) = 6.26 eV. See text.
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Figure 5.1. Cross sections for the reaction between Th" and H, as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames.
The model of Eq. (5.1) with parameters from Table 5.1 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 Do(H-H) = 4.478 eV.
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Figure 5.2. Cross sections for the reaction between Th™ and D, as a function of
energy in the center-of-mass (lower x-axis) and laboratory (upper x-axis) frames.
The model of Eq. (5.1) with parameters from Table 5.1 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 Do(D-D) = 4.556 eV.
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Figure 5.3. 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 Do(H-D) =4.514 eV.
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Figure 5.4. Product branching fractions (owmp+/01ota) for reactions of Ti" (open purple
diamonds), Zr" (open blue triangles), Hf" (open red squares), and Th" (solid green
circles) with HD as a function of kinetic energy in the CM frame.
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Figure 5.5. B3LYP/Seg. SDD-VQZ-MWB/6-311+(3p) relaxed potential energy
surface scan calculations of the Th™ + H, reaction in C,, symmetry as a function of
ZHTh'H in degrees. The energies are relative to Th™ (°D, 6d7s%) + H,. Doublet
surfaces are represented by solid lines and quartet surfaces by dashed lines.



CHAPTER 6

BOND ENERGIES OF ThO" AND ThC": A GUIDED ION BEAM
AND QUANTUM CHEMICAL INVESTIGATION
OF THE REACTIONS OF THORIUM

CATION WITH O, AND CO

Richard M Cox, Murat Citir, P. B. Armentrout,

Samuel R. Battey, Kirk A. Peterson

Abstract

Kinetic energy dependent reactions of Th™ with O, and CO are studied using a
guided ion beam tandem mass spectrometer. The formation of ThO" in the reaction of
Th" with O, is observed to be exothermic and barrierless with a reaction efficiency at low
energies of k/keo = 1.12 £ 0.22, similar to the efficiency observed in ion cyclotron
resonance experiments. Formation of ThO" and ThC" in the reaction of Th” with CO is
endothermic in both cases. The kinetic energy dependent cross sections for formation of
these product ions were evaluated to determine 0 K bond dissociation energies (BDEs) of
Do(Th™-0) = 8.51 + 0.16 eV and Do(Th'-C) = 4.82 + 0.29 eV. The present value of

Do(Th"™-0) is within experimental uncertainty of previously reported experimental values,
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whereas this is the first report of Do(Th'-C). Both BDEs are observed to be larger than
those of their transition metal congeners, TiL®, ZrL", and HfL" (L = O and C), believed to
be a result of lanthanide contraction. Additionally, the reactions were explored by
quantum chemical calculations where a semiempirical model was used to estimate spin-
orbit energy contributions. In general, spin-orbit effects improve the agreement of
theoretical results compared to experiment. Finally, the ThO" BDE is compared to other
actinide (An) oxide cation BDEs and a simple model utilizing An" promotion energies to
the reactive state is used to estimate AnO" and AnC" BDEs. For AnO", this model yields
predictions that are typically within experimental uncertainty and performs better than

density functional theory calculations presented previously.

Introduction

Actinides (An) are of interest because of their use in nuclear power and because
of national security concerns; however, research is hampered because of the radioactive
nature of most members of the actinide series (except Th and U), which make them
difficult and potentially dangerous to investigate. For this reason, it is highly desirable to
employ theoretical methods to study these systems. In order to evaluate potential basis
sets and theoretical methods, key fundamental experimental benchmarks are necessary.
Gas-phase studies that are absent solvent effects can provide these benchmarks, and an
increasing number of gas-phase studies of actinide systems have been reported.'”'” These
have been accompanied by an increasing number of theoretical reports.'*?® Several

14, 23-24

examples of discrepancies between experimental and theoretical results exist, such

that this field remains in infancy.
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Of these studies, oxidation reactions are probably the best studied system.
Previously, Marcalo and Gibson" have determined that there is a correlation between
AnO”" (p = 0 — 2) bond dissociation energies (BDEs) and the promotion energy (E,) to
the lowest level having a 64° configuration. (Usual ground-state configurations for An are
5/"%6d7s’, and 5275’ and for An" are 5/"*7s” and 5/"'7s.) Th and Th* are unique among
the actinides because they do not populate the Sf-orbitals in the ground-state, having
6d°7s* and 6d4°7s ground-level configurations, respectively. One interesting aspect of
these configurations is that they compare directly to transition metal systems that are
better understood.

Because of its 64° ground-state configuration, Th” is the most reactive of the
actinide series and has been described as oxophilic. Because of this reactivity, it is
difficult to make a direct measurement of DO(Th+-O) with thermal methods such as ion
cyclotron resonance (ICR) mass spectrometry. Currently, only a lower limit can be
established as Do(Th"-0) > Do(H,C-0O) = 7.85 eV by direct measurement on the basis of
ICR results.” Indirectly, Do(Th™-O) can be established using the thermochemical cycle in

Eq. 6.1:

Do(Th*-0) = D(Th-O) + IE(Th) — IE(ThO) (6.1)

where the ionization energies IE(Th) = 6.3067 eV>"?* and IE(ThO) = 6.60242 + 0.0002
eV’ are well established. Evaluations of previous thermochemical data by Pedley and
Marshall®® from high-temperature methods such as Knudsen effusion experiments

provide Do(Th-0),>°** but such data is dependent on the free-energy functions (and
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molecular parameters used) to scale energies to 0 K values. Choice of parameters can

have a large impact on the reported BDE,*” *

a thorough discussion of which is
presented below.

A unique aspect of guided ion beam tandem mass spectrometry (GIBMS) is the
ability to control reactant energies over a large range of kinetic energies, which allows
the study of the energy dependences of endothermic reactions to establish direct
measurements of key thermodynamic information. Furthermore, no knowledge of
product molecular parameters is needed. Accurate experimental determination of such
BDEs is critical for establishing reliable benchmarks to which theoretical methods can be
evaluated. Previously, MO" BDEs have successfully been measured using this technique
for first,>® second,*®*° and third*'™** row transition metals. Here we present the absolute
kinetic energy dependent cross sections of the reactions of Th” with O, and CO measured
using GIBMS and analyze these to determine Do(Th™-O) and Dy(Th'-C). We also

compare theoretically derived BDEs to these experimental benchmarks and discuss what

implications knowledge of Th" thermochemical values has for the An" series.

Literature Thermochemistry Review
The thermochemistry of ThO™ (n = 0, 1) is seemingly well established. Pedley
and Marshall®® reevaluated data primarily from Ackermann and Rau,’**' Hildenbrand
and Murad,’” and Murad and Hildenbrand® and established Do(Th-O) = 9.06 + 0.125 V.
(Pedley and Marshall cite values of 9.08 + 0.11 eV, 9.04 + 0.03 eV and 9.09 £ 0.15 eV,**
9.09 + 0.17 eV and 9.06 + 0.17 eV,” 8.97 £ 0.20 eV and 9.08 + 0.20 eV,>* and 9.06 +

0.11 eV.*®) Originally, Ackermmann and Rau reported Do(Th-O) < 8.3 ¢V*" in weight



210

loss experiments and Do(Th-O) = 9.0 + 0.1 ¢V in Knudsen cell effusion experiments,*'
and Hildenbrand and Murad reported Do(Th-O) = 8.79 + 0.13 eV.*? Because all data were
extrapolated from high-temperature regimes, both Pedley and Marshall and Hildenbrand
and Murad caution that significant errors can occur in the use of free-energy functions

because of poorly established molecular parameters.”” >

In this case, errors are plausible
because the parameters used by Pedley and Marshall list a *A first excited-state with all
spin-orbit levels at ~5000 cm™ above the ground-state (presumably on the basis of work
by Edvinsson®). In earlier work, Huber and Herzberg®® identify the same state as '®. A
more recent compilation®” of experimental data identifies the state as A but with levels
found at 5317, 6128, and 8600 cm™ above the ground-level. This compilation agrees with
theoretical work by Paulovic et al.*” and Kiichle et al.**

The Gas-phase Ion and Neutral Thermochemistry (GIANT) compilation®
references Pedley and Marshall but extrapolates to 0 K differently so that Do(Th-O) =
9.04 + 0.11 eV. Marcalo and Gibson later adopt the value of Pedley and Marshall, but list
the uncertainty as two standard deviations of the mean, Do(Th-O) = 9.06 + 0.25 e¢V."
Most recently, Konings et al.’® evaluated the previously reported values of the ThO BDE
and concluded Dy(Th-O) = 9.00 = 0.10 eV (we report the uncertainty as 2 standard
deviations of the mean), where the Ackermann and Rau® values are excluded for reasons
unstated and an additional value of Dy(Th-O) = 8.89 + 0.17 eV reported by Neubert and
Zmbov* is used. A weighted average of the values originally reported by their respective
authors (9.0 £ 0.1 eV,*' 8.79 + 0.13 eV,** and 8.89 + 0.17 V> excluding the upper limit

(< 8.3 eV*?) yields Dy(Th-O) = 8.92 + 0.14 ¢V, where the uncertainty is two standard

deviations of the mean.
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In general, reports of ThO™ BDEs have been derived using Eq. 6.1. Data found in
the GIANT compilation lead to a BDE of Dy(Th™-O) = 9.03 + 0.14 ¢V,*’ but these data
utilize older values of IE(Th) = 6.08 eV°>' and IE(ThO) = 6.1 + 0.1 eV*? (electron impact).
More recent spectroscopic determinations of these values are IE(Th) = 6.3067 eV>"* and
IE(ThO) = 6.60242 + 0.0002 eV.'® Using the updated IEs, a value of 8.74 + 0.14 ¢V can
be established from the GIANT tables Do(Th-O) and Eq. 6.1. Marcalo and Gibson'
report Do(Th™-O) = 8.74 + 0.25 eV on the basis of the Pedley and Marshall neutral BDE
and the spectroscopic IEs. A value of Do(Th™-0) = 8.70 + 0.10 eV can be derived using
Eq. 6.1 with the neutral BDE value reported by Konings et al.’® Finally, a value of
Do(Th™-0) = 8.62 £ 0.14 eV can be derived from the weighted average of the original
reports of Do(Th-O). All values are consistent with the lower limit established in ICR
studies, Do(Th"-0) > Dy(H,C-O) = 7.85 ¢V.’

Unlike ThO, the thermochemistry of ThC®™ (p = 0, 1) is much less well
established. The only report of the ThC BDE is D,9g(Th-C) = 4.70 £ 0.18 eV determined
in Knudsen cell effusion experiments.” An electron impact ionization energy of IE(ThC)
=7.9 £ 1.0 eV was reported in the same study and is similar to a prior value of 8.0 = 0.1
eV.>* Neglecting the difference between the 298 and 0 K BDEs, Do(Th™-C) = 3.1 + 1.0
eV can be determined using Eq. 6.1 and the lower IE value. This value is probably best

expressed as a lower limit for reasons discussed below.
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Experimental and Theoretical Methods

Instrument

The GIBMS used in these experiments has been described in detail previously.>
Briefly, ions are created in a direct current discharge/flow tube source (DC/FT) described
in more detail below.’® After creation, ions are focused through a magnetic momentum
analyzer where the reactant Th” ion beam is mass selected. These ions are decelerated to
a well-defined kinetic energy and passed into a radio frequency (rf) octopole ion guide®”
>¥ that constrains the ions radially. The octopole passes through a static pressure reaction
cell that contains the neutral reaction partner (O, or CO). To ensure that the probability of
multiple collisions between Th” and the neutral gas is sufficiently small, the pressure in
the reaction cell is maintained at typical pressures of 0.10 — 0.40 mTorr. Independent
measurements at several pressures are performed to ensure that cross sections are
independent of neutral reactant pressures. Reaction cross sections are calculated from
product ion intensities relative to reactant ion intensities after correcting for background
ion intensities measured when the neutral gas is no longer directed into the gas cell.”
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 Ecy = Epp X m/(m + M), where m and M are the masses of the
neutral reactant and ion, respectively. At very low energies, the conversion includes a
correction for the truncation of the ion kinetic energy distribution, as described
previously.”” 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.®® The absolute
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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.” Typical
fwhms of the energy distribution for these experiments were 0.4 - 0.6 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 has been described in detail previously.’® Briefly, a cathode
containing the thorium powder sample (**>Th, 100% abundance) is held at ~2.5 kV. The
resultant electric field ionizes Ar gas, which flows over the cathode in a 9:1 He/Ar
mixture. The ionized Ar collides with the cathode and Th" ions are sputtered off and
swept into the flow tube by the He/Ar flow at typical pressures of 0.3 — 0.4 Torr. In the
flow tube, ions thermalize by ~10° collisions with carrier gas. In this work and previous

work 617

with Th”, there is no evidence of excited-state species. Previous experiments®"
% utilizing the DC/FT source with transition metal ions have indicated that the internal
temperature of ions generated is 300 — 1100 K. A population analysis at 300 K indicates
that 99.89% of Th™ is in its ground-level (*Fs,, 64°7s), whereas at 1100 K, 76 % is in the
ground-level.”® ® Conservatively, we estimate the internal temperature to be 700 + 400

K, where Th" has an average electronic energy of Eq = 0.02 + 0.03 eV. This energy is

incorporated into all threshold and bond dissociation energies reported here.
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Data Analysis

The kinetic energy dependence of endothermic reactions is modeled using Eq.

-68
6.2,58’ 67-6

6(E) = 60X gi (E + Eq + E; — Eg)VE (6.2)

where oy is an energy-independent scaling factor, E is the relative kinetic energy of the
reactants, E; is the internal energy of the neutral reactants having populations g; (Zg; = 1),
n is an adjustable parameter, and Ej is the 0 K reaction threshold. Before comparison to
the data, Eq. 6.2 is convoluted over the kinetic energy distributions of the reactants, and
the oy, 1, and Ey parameters are optimized using a nonlinear least-squares method to best
reproduce the experimental cross section.”” ® Uncertainties in Ey are calculated from the
threshold values from several independent data sets over a range of acceptable n values
and combined with the absolute uncertainties in the kinetic energy scale and internal
energies of reactant ions (0.02 £ 0.03 eV). At high energies, cross sections decline
because of product dissociation, so Eq. 6.2 is modified to include a statistical model of
the dissociation probability. This model has been discussed in detail elsewhere.”® Briefly,
the probability is controlled by two adjustable parameters: p, which is similar to n, can
hold only integer values and Ej;, the energy at which product cross sections begin to
decline. Inclusion of this model does not significantly alter the analysis of Ej.

Ey obtained from Eq. 6.2 is used to determine the bond dissociation energy

(BDE), Dy(Th"-L), using Eq. 6.3.
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Do(Th™-L) = Do(L-R) — E (6.3)

Eq. 6.3 assumes that there are no barriers in excess of the endothermicity of the reaction.
No experimental evidence was found to suggest that such a barrier is present in either
system studied here, and potential energy surfaces presented below confirm that no

barriers are present.

Theoretical Calculations

Most quantum chemical calculations were performed using the Gaussian 09 suite
of programs.”' For Th', a polarized core correlation consistent quadruple-C
(20s17p12d11£7g4h11)/[9s9p8d8f7g4hli] basis set’” is used with the Stuttgart-Cologne
(MDF) small core (60 electron) relativistic effective core potential (ECP), cc-pwCVQZ-
PP-MDF.” The cc-pwCVTZ-PP-MDF’* and atomic natural orbital ANO-VQZ-MDEF"
basis sets are also used in combination with the MDF ECP. Additionally, Stuttgart-
Dresden (SDD-VDZ-MWB), segmented quadruple-C (Seg. SDD-VQZ-MWB), and
atomic natural orbital (ANO-VQZ-MWB) basis sets*™ ’* are used in combination with the
Stuttgart-Dresden small core quasi relativistic ECP (MWB). The aug-cc-pwCVQZ,” cc-
pwCXZ (X = T, Q),”® and Pople”’ 6-311+G(3df) basis set are used for C and O.
Extrapolation to the complete basis set limit (CBS) for the cc-pwCVXZ (X =T, Q) is
performed using the Karton-Martin method,”® Eq. 6.4, proposed for HF energies (where

Y =3forTand Y =4 for Q):

Ex = Ecps + A(Y + 1)e®5WY (6.4)
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For CCSD(T) calculations, Eq. 6.5 is used to extrapolate the correlation energy:

Ex = Ecps + B(Y + %4)* (6.5)

The use of these basis sets has previously yielded reasonable results for other Th"
systems.“"17

Structures were optimized using density functional theory functionals, B3LYP,*”
1 B3PW91,** BHandHLYP (BHLYP),*” M06,** and PBE0.* B3LYP and B3PW91 have
proven reliable in actinide theoretical calculations by us and others.'®'” 2 ** PBE( and
MO06 have also yielded reasonable results and M06 was indicated as a promising
functional in studies of the ThO,” bond dissociation energy (BDE).'” ** BHLYP has
previously performed well in actinide systems when the molecule is singly bound,'®"” but
performs poorly in systems with higher bond orders.'® *® Nevertheless, it is included here
because it appears to perform well in energy spacing between electronic states in
previous studies of Th™.'®'” Additionally, single-point energies using the coupled cluster
method that mixes in single and double excitations and perturbative triple excitations,
CCSD(T),*”™ are performed using the B3LYP optimized structures. For electron
correlation calculations using CCSD(T), the Th” 5s and 5p and the C/O 1s electrons are
frozen. All energies discussed below are corrected by the zero-point energy using the
frequencies generated by their respective optimized structure after scaling by 0.989.°'
Potential energy surfaces are generated by performing relaxed potential scans along the

Z/LThO" coordinate (L = C or O).

For most theoretically calculated BDEs, a semiempirical approach that corrects
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for spin-orbit splitting is employed. This model is described in detail
elsewhere.'® #*** 23 Briefly, the theoretical BDE is a value averaged over all spin-orbit
states of the molecule and the dissociation asymptote. To correct for the spin-orbit
splitting of the asymptote, the contributions of L are considered negligible, and
contributions of Th" are corrected by the difference in energy of the ground-level and the
energy of the ground-state averaged over all spin-orbit levels. For Th', the ground-state is
D and the J = 3/2 ground-level is a mixture of the “F;,, and *Ds), levels. For the purpose
of comparing experimental energies to theoretical energies, we have previously assigned
the ground-level as 4F;0.16 Experimentally, the “Fip ground-level lies 0.40 eV below the
spin-orbit averaged D ground-state, which lies 0.06 ¢V below the spin-orbit averaged *F
state. The spin-orbit energy of ThL® can be corrected using a model described
elsewhere;'® ¥4 929 however, for the present systems, this model is not necessary
because the ThL" ground-states are X states (as discussed below) that do not exhibit first-
order spin-orbit splitting. This model for spin-orbit energy corrections ignores all second-
order effects from interacting states, which may lead to significant error in some cases.
For the present systems, potential interacting states are separated sufficiently in energy

that second-order effects are not believed to be significant.

Explicit Spin-Orbit Calculations
Explicit spin-orbit calculations, unless otherwise stated, were carried out at the

CCSD(T) level of theory where only valence electrons were correlated. The calculations

were carried out with the third order Douglas-Kroll-Hess (DKH3) Hamiltonian’**

76, 96-97

utilizing aug-cc-pVXZ-DK basis sets on the O and C atoms and the all-electron cc-
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pVXZ-DK3 basis set on Th (X =D, T, Q).” This combination is denoted cc-pVXZ-DK3
below. Core-valence correlation (1s on C and O with 5s5p5d on Th) was also considered,
and in these cases, the aug-cc-pwCVXZ-DK (O, C) and cc-pwCVXZ-DK3 (Th) basis
sets were used. Geometries were optimized at the CCSD(T)/cc-pVQZ-DK3 level of
theory and were consistently used as the reference geometry for all single-point
calculations, except in the case of the zero-point energy (ZPE) described below.
Composite thermochemistry, as outlined in the Feller-Peterson-Dixon method
(FPD),” was used to describe numerous contributions to the atomization energies at 298

K. The total energy breakdown is given as:

Etot= Evoz-ok + AEcgs + AEcvices + AEso + AEqep + AEgsc + AEzpe + AH(o.298) (6.6)

Evoz-pk 1s the energy at the frozen-core CCSD(T)/cc-pVQZ-DK3 level of theory. The HF
energies were extrapolated to the CBS limit using the Eq. 6.4 with cc-pVTZ-DK3 and cc-
pVQZ-DK3 basis sets. The correlation energies were extrapolated to the CBS limit using
Eq. 6.5. These two extrapolations were combined to yield the total CBS limit, with the
difference in energy between Evqz.pk and the CBS limit yielding AEcgs. AEcvices 1s the
core correlation contribution, Ecy — Eyajence, both in the same pwCVXZ basis sets (X =T
and Q), extrapolated to the CBS limit using Eq. 6.4. Harmonic frequencies at the frozen-
core CCSD(T)/cc-pVDZ-DK3 level of theory were used to define the zero point
vibrational energy (ZPE) of each molecule, denoted AEzpe. Spin-orbit (AEso) effects
were carefully considered using the DIRAC program.”

SO contributions were calculated using the exact two-component (X2C)
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Hamiltonian'®'®" and uncontracted VDZ basis sets. The ThC', ThO', and ThO,"
molecules were calculated using 2-component open-shell coupled cluster approach,
CCSD(T). The CThO" ground-state *A" presented unique challenges for this method;
hence this contribution was calculated at the average-of-configuration Hartree-Fock level
of theory (3 electrons in 6 open-shell spinors). All SO calculations involving CCSD(T)
were carried out using a virtual orbital cutoff of 12.0 au.

AEqep is a contribution for quantum electrodynamic effects (QED), namely the
Lamb shift, that are often overlooked; however, when considering molecules that contain

192 In this

large atoms such as actinides, this contribution can begin to become significant.
work, the local potential approach of Pyykké has been used.'” Thermal corrections,
AH(.208) , were calculated using standard ideal gas partition functions to correct the
atomization enthalpies to 298 K.

Because of the highly multi-reference character of the 4F3/2 ground-state of Th*
when spin-orbit is included, all calculations were carried out relative to the excited 5f7s?
(2F5/2) electronic state of Th'. The Ago term is relative to this latter atomic asymptote. The
experimental excitation energy from the ground-state (4F3/2) to this excited-state (2F5/2) 1S
well known (4490.262 cm™),°® and this is accounted for by the term AEgsc. These

calculations, excluding the SO contributions, were carried out using the MOLPRO

quantum chemistry package. 104
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Experimental Results

Th" + O,
The cross sections as a function of kinetic energy for the reaction of thorium
cation with molecular oxygen at a pressure of 0.3 mTorr are presented in Figure 6.1. The

following reactions were observed:

Th"+0,— ThO ' +0O (6.7)

ThO™ + O, — ThO," + O (6.8)

The energy dependence of the cross section for reaction 6.7 declines with increasing
energy, consistent with an exothermic, barrierless reaction. At low energies, the reaction
efficiency is k/ke,o = 1.21 £ 0.24, where the collision limit, k.o, is defined as the
Langevin-Gioumousis-Stevenson (LGS) rate.'” This is consistent with the results of two
separate FT-ICR studies where the reaction efficiency was observed as k/keo = 1.12 £

0.22° and k/keo= 0.86 + 0.43.° The cross section declines with an energy dependence of

-0.40 £ 0.1 172
Eoo 0 /

, consistent with the energy dependence (E™ ') of the LGS cross section (Gigs)
until approximately 0.6 eV, where the cross section levels until 2 eV. At 2 eV, the cross
section begins to decline more rapidly until dropping off even faster beginning near 6 eV.
The rapid decline starting near 6 eV can be attributed to there being sufficient energy
present to dissociate the ThO" product, a process that can begin at Dy(O-O) = 5.117
ey 106

The energy dependence of reaction 6.7 from 0.6 — 2 eV is unusual because the

cross section deviates from orgs and has a shallower energy dependence. This cannot be
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a transition to the hard sphere collision limit, which we estimate as 16 Az, calculated
using the atomic radii reported by Waber and Cromer'”’ (Th = 1.186 A and O = 0.450 A)
and r(0-0O) = 1.208 A reported by Huber and Herzberg.'® (Note that the atomic radius is
used as an estimate of the Th" ionic radius, but the expected error will be minimal.) A
similar energy has been observed previously in the reactions of Zr™ and Nb" with 0,.* A
possible explanation, explored and previously presented in detail,* is that these reactions
couple with the M*" + O, (V; o r'') asymptote, thus creating a Coulombic interaction
that is more attractive than the ion—induced dipole interaction (V4 o r'*). In the Zr™ and
Nb" cases, the M*" + O,  asymptotes are too high in energy to influence the reaction
dynamics.40 By contrast, the deviation from oy gs occurs at higher energies for Th" and
IE(Th") =11.65+0.35 eV" is significantly smaller than IE(Zr") = 13.1 eV and IE(Nb") =
14.0 eV.*® Thus, the Coulombic interaction may be significant in the Th' case.
Calculations of the V; and V4 surfaces following the procedure in Ref. 40 are explained
in detail in the Supporting Information. The results indicate that near 0.5 eV the bond
distance at the V; = V4 crossing point exceeds the V4 maximum so that the reaction may
crossover and proceed along the more attractive V; potential.

The ThO," cross section in Figure 6.1 is dependent on the O, neutral reactant gas
pressure, indicating that ThO," forms in a sequential process, reaction 6.8. The cross

1+ ().2’ consistent with that

section for reaction 6.8 has an energy dependence of E
expected for product formation in sequential reactions occurring at the LGS rate. The
observation of reaction 6.8 is interesting because direct measures of the reaction ThO" +

O, yield no products in FT-ICR experiments at thermal energies.3’ '2 Consistent with

these ICR observations, GIBMS studies of the ThO" + O, reaction in our lab yield an
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energy dependence inconsistent with a simple exothermic reaction. Because of unusual
reaction dynamics, a more complete analysis of this reaction is beyond the scope of the
present text and will be published elsewhere.'” Ultimately, the explanation for this
dichotomy is that reaction 6.8 is observed because the ThO" products from reaction 6.7

are not thermalized.

Th" + CO
The cross sections of the reaction of Th™ with CO as a function of kinetic energy

are presented in Figure 6.2. Both reactions 6.9 and 6.10 are observed.

Th*+CO — ThO" +C (6.9)

— ThC +0 (6.10)

Reaction 6.9 has an apparent threshold of 2.5 eV, with a cross section that increases with
increasing energy until it peaks near 8 eV. Reaction 6.10 has an apparent threshold near
7.5 eV that corresponds with the initial decline of the ThO™ cross section. The ThC" cross
section peaks near Do(C-O) = 11.109 + 0.005 eV.'” Although not apparent on the
logarithmic scale on Figure 6.2, the total Th™ + CO reaction cross section peaks near
Do(C-0), where sufficient energy is available to allow both ThO" and ThC" product to

dissociate, equivalent to atomizing CO according to reaction 6.11.

Th"+CO— Th"+0+C (6.11)
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Thermochemical and Theoretical Results

ThO"
The barrierless cross section for reaction 6.7 indicates that Do(Th™-O) > Do(O-O)
= 5.117 £ 0.001 eV, consistent with previous ICR results™ > and reported literature

13-30 Modelling the ThO™ cross section of reaction 6.9 reproduces the experimental

values.
cross section over the entire energy range, Figure 6.2. The measured threshold is £y =
2.60 £ 0.16 eV, with other modelling parameters used in Eq. 6.2 listed in Table 6.1. This
yields Do(Th™-O) = 8.51 + 0.16 eV from Eq. 6.3. The present value is lower than (but
within experimental uncertainty of) the BDE adopted by Marcalo and Gibson, 8.74 +
0.25 eV," and is within combined experimental uncertainties of the value derived from
Konings et al., 8.70 + 0.10 eV.”° Interestingly, when combined with IE(Th) and IE(ThO)
in Eq. 6.1, the present value leads to Do(Th-O) = 8.81 = 0.16 eV. This agrees very well
with Do(Th-O) = 8.79 + 0.13 eV, originally reported by Hildenbrand and Murad,* and
with Dy(Th-0) = 8.89 + 0.17 eV, originally reported by Neubert and Zmbov.>* Thus, the
present work suggests that the lower values of Dy(Th-O) in the literature are probably
more accurate.

The ground and excited-states of ThO" calculated with the cc-pwCVQZ-PP-MDF
basis sets are listed in Table 6.2. Values obtained using additional basis sets are listed in
Table C.1 in the Supporting Information section. The calculated ground-state of ThO" is
" with a (16)*(26)*(17)*(36)' molecular orbital occupation. The 1c-orbital is the O 2s-
orbital, the 2o-bonding orbital is formed as two O 2p;-electrons are donated into an
empty Th' 6d,p-orbital, and the 1n-bonding orbitals are formed as the remaining O 2p-

electrons pair with the two Th" 6dz-electrons. Note that this configuration corresponds to
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a triple bond, consistent with the very strong bond. The radical electron is found in the
3c-orbital, which is largely composed of the Th™ 7s-orbital, indicating that the X" state
forms from the atomic asymptote, Th" (‘F, 6d°7s) + O (°P), the ground-level
configuration. Previous theoretical reports also find a X" ground-state with the singly
occupied o-orbital having 93% 7s-character. *® A low-lying ?A state is also found 0.35 —
0.58 eV higher in energy than the ground-state where the lone electron moves to a 6do-
orbital (108). A relaxed potential scan of the diabatic potential energy surface for
dissociation of ThO" (*A), Figure C.2, suggests that this state correlates with the Th™ (*F,
6d3) + 0 CP) asymptote. A third doublet state (IT) where an electron from the 1w,
bonding orbital is moved to the Th" 7s-orbital, a (16)*(26)*(17)*(30)?, is also found 0.73
— 1.22 eV higher in energy. This state is most likely formed from Th* (°D, 6d7s%) + O
(SP). Because the J = 3/2 level has 4F3/2 and 2D3/2 mixed character, the 1 state
presumably can form directly from the Th™ ground-level. Additional states were also
found but were at least 4 eV higher in energy, Table 6.2.

Experiments performed using pulsed field ionization-zero kinetic energy (PFI-
ZEKE) photoelectron spectroscopy have determined a *£" ground-state for ThO".” Low-
lying levels of 2A3/2, 2A5/2, and 2H1/2 at 0.36, 0.72, and 0.92 eV higher in energy than the
ground-state, respectively, were also found. For reference to the theoretical values, which
are an average energy of all spin-orbit levels, the experimental average of the *A levels
weighted over the spin-orbit degeneracies is 0.58 eV. Table 6.2 indicates that the present
calculations are in very good agreement with the experimental electronic state energies.
Bond lengths and vibrational frequencies calculated using B3LYP/cc-pwCVQZ-PP-

MDF/aug-cc-pwCVQZ are listed in Table 6.2. Molecular parameters calculated using
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additional levels of theory are listed in Tables C2 and C3 in the Supporting Information
section. In general, the B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pwCVQZ values agree
very well with the experimental values. This is particularly true for the 3" ground-state,
where theory is in very good agreement with the experimental bond length, 1.808 A, and
the calculated frequency differs from experiment by only 5 cm™.

Theoretical BDEs calculated in this work are presented in Table 6.3. After
inclusion of spin-orbit effects, theoretical BDEs are 8.61 — 8.76 eV, 8.55 — 8.89 eV, 8.70
—8.80 eV, and 8.89 — 8.94 ¢V for the SDD-VDZ-MWB, Seg. SDD-VQZ-MWB, and cc-
pwCVQZ-PP-MDF/aug-cc-pwCVQZ basis sets and CBS limit, respectively. Likewise
the FPD composite thermochemistry approach yields a BDE of 8.81 eV. BDEs calculated
with additional basis sets and methods are listed in Table C.4 in the Supporting
Information. In general, B3LYP and CCSD(T) values (except CCSD(T)/CBS) are in
good agreement with the experimental BDE reported here. Previous work by Pereira et
al.'* has calculated theoretical BDEs for ThO" using the Seg. SDD-VQZ-MWB basis set
for Th" and a 10s6p basis contracted to 5s3p by Dunning for O in conjunction with
B3LYP and MPW1PWO91 DFT functionals. They find Do(Th™-O) of 9.02 and 9.29 eV for
B3LYP and MPW91PWOI1, respectively, with no consideration for spin-orbit energy.
Applying the spin-orbit correction used here yields values of 8.62 and 8.89 eV,
respectively, where the B3LYP value is also in very good agreement with the present

experimental work.
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ThC"

Modelling of the cross section from reaction 6.10 indicates that Ey = 6.29 + 0.29
eV, leading to Do(Th™-C) = 4.82 + 0.29 eV. To the best of our knowledge, no
determination of this BDE has been reported in the literature, although the value, Do(Th'-
C) = 3.1 = 1.0 eV, can be calculated from Eq. 6.1 using data from Knudsen cell
experiments. For reasons discussed below, this latter value is almost certainly too low
because the IE(ThC) = 7.9 £ 1.0 eV is inaccurate. A better estimate of IE(ThC) can be
established as 6.19 £ 0.34 eV using our value of Do(Th'-C) along with Do(Th-C) = 4.70 +
0.18 eV with Eq. 6.1 (neglecting the difference between the 0 K and 298 K BDE).

Theoretical calculations establish *L” (16°1n*20) as the ground-state of ThC"
where the 1o is primarily the C 2s-orbital, the 17 orbitals are an interaction of the C 2pz
and Th" 6dm-orbitals, and the 2o is a bonding interaction between C 2po and a sd-
hybridized Th" orbitals. Thus, ThC" has a bond order of 2.5, explaining its weaker bond
compared to ThO". A “II excited-state is found 0.52 — 0.94 ¢V higher in energy where
one 7-electron is moved to the 3c-orbital (Th" 7s). A second excited-state (*IT) is found
0.55 — 0.86 eV higher than the ground-state where one m-electron is moved to the 2c-
orbital. Other states found were at least 0.96 eV higher in energy than the ground-state
and are listed in Table 6.2. Energies calculated using additional basis sets are listed in
Table C.1 in the Supporting Information. B3LYP bond lengths for ThC" ground and
excited-states are listed in Table 6.2 and additional levels of theory are listed in Table
C.2. The calculated bond length is r(Th'-C) = 1.903 A, which is shorter than that
calculated for ThCH,", r(Th"-C) = 2.05 A (B3LYP/SDD-VDZ-MWB), but similar to that

for ThCH', 1.92 A (B3LYP/SDD-VDZ-MWB).'® These calculations also show that
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ThCH' has a triple bond, whereas ThCH," has a double bond, compared to the bond
order for ThC" found here of 2.5. In our previous work, we also determined bond
strengths of Do(Th™-CH,) > 4.54 + 0.09 eV and Do(Th"™-CH) = 6.19 + 0.16 eV. On the
basis of the bond orders, one expects that Do(Th™-CH) should lie between these values,
which is consistent with our 4.82 + 0.29 eV BDE but inconsistent with the much lower
3.1+1.0eV.

Theoretical BDEs for ThC" are listed in Table 6.3. When including spin-orbit
energy corrections, the BDEs are 4.84 — 5.21 ¢V (SDD-VDZ-MWB), 4.72 — 5.33 eV
(Seg. SDD-VDZ-MWB), 4.81 — 5.20 eV (cc-pwCVQZ-PP-MDF), 4.99 — 5.38 eV (CBS-
MDF), and 5.00 eV (FPD). BDEs calculated with additional basis sets and methods are
listed in Table C.4 in the Supporting Information. In general, all levels of theory are in
reasonable agreement with the experimental BDE. In particular, CCSD(T) (except
CCSD(T)/CBS) values are within experimental uncertainty and B3LYP values are in
excellent agreement with the experimental value. These values are similar to those
calculated for ThCH,", 4.44 — 5.04 eV (Seg. SDD-VQZ-MWB), and much smaller than
those reported for ThCH', 5.57 — 6.21 eV (Seg. SDD-VQZ-MWB). This is again
consistent with a bond order in between that of ThCH," (2) and ThCH" (3).

In order to calculate IE(ThC), additional calculations were performed for ThC
using the B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pwCVQZ approach. Additional single-
point energies were calculated using CCSD(T)/cc-pwCVQZ-PP-MDF/aug-cc-pwCVQZ
with the B3LYP optimized structures. Results are listed in Table C.4 in the Supporting
Information section. We find that the ThC ground-state is “%" (1o”1n*2630), where

orbital compositions are similar to those of ThC" discussed above. Thus, the electron
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removed upon ionization of ThC is from the nonbonding 3¢ (largely Th 7s) orbital, so
that it is likely that IE (ThC) ~ IE(Th) and that Dy(Th™-C) ~ Dy(Th-C). Calculated
ionization energies of ThC are 6.40 (B3LYP) and 6.33 (CCSD(T)) eV within
experimental uncertainty of the 6.19 + 0.34 eV value determined here and well below the

electron impact values previously reported.

Potential Energy Surfaces

Th™+ 0O,

Relaxed potential energy scans of the electronic surfaces for reaction 6.7, Th' +
0O,, were calculated at the B3LYP/SDD-VDZ-MWB/6-311+G(3df) level and are
presented in Figure 6.3. Notably, these surfaces (as well as those for Th™ + CO) do not
include consideration of spin-orbit effects. Initially, the reaction originates on a A’
surface where the minimum at very small angles ° can be understood as a linear Th™-O-O
intermediate that lies 3 eV below the reactants. A" and *A’ surfaces lie slightly higher in
energy. This *A’ (") intermediate has r(Th"™-0) = 1.9 A, 0.1 A longer than the 1.8 A
bond length in ThO" (*="). The r(0-0) bond length of 1.3 A is elongated from 1.2 A in
unbound O,. The stability of these intermediates appears to come from a covalent
interaction of the Th" 6d-electrons with the O, n* antibonding orbitals. At slightly larger
angles, there is a slight barrier relative to the intermediate along both doublet surfaces as
Th" begins to insert into the O-O bond. At ~35°, there is an apparent crossing with the
2A1, 2A2, and 2B1 surfaces that lead to potential wells near an angle of 45°. These are all
still adducts of Th™ with O, which pass over barriers as the ZOThO angle increases, until

dropping slightly as a linear thorium dioxide cation is approached. This leads to several
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excited-states of linear ThO,". The 2A1 surface crosses that for the 2B2 surface (avoided in
Cs symmetry) that leads to a linear global minimum that is at least 3 eV lower in energy
than all other surfaces and 8.5 eV below ground-state reactants. This 2B2 surface leads to
the linear 2%, ground-state of ThO,", which has been previously characterized.”* This
intermediate should readily dissociate to the ThO* (*£%) + O (°P) product asymptote, 4.8
eV higher in energy than ThO," (°%,"). Clearly, these surfaces show that reaction 6.7 can
occur with no barrier above the reactants, consistent with experiment. Further, the
attractive nature of the surfaces is consistent with the efficiency of the reaction observed.

A number of quartet surfaces were also explored and are shown in Figure 6.3.
These could also lead to the ThO" (*£%) + O (°P) products with no barriers but are clearly
higher-energy pathways.

If spin-orbit effects are considered, the main change to the surface is the ground-
level of the reactants (and the principally occupied level) becomes Th™ (*F35) + O, (3Zg*),
which lies 0.40 eV lower than the *D state shown in Figure 6.3. These reactants can
combine to form doublet, quartet, and sextet surfaces (where the latter should be
repulsive as they include no covalent interactions). Thus, evolution from reactants to

products along the doublet (or quartet) surfaces remains barrierless and efficient.

Th" +CO

Surfaces from relaxed potential surface scans calculated using B3LYP/SDD-
VDZ-MWB/6-311+G(3df) for reactions 6.9 and 6.10, Th™ + CO, are presented in Figure
6.4. At small angles, the lowest-energy reaction pathway evolves along the *A” surface

where the initial intermediate is linear Th™-C-O lying 1.4 eV below the reactants. A *A”
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state is also observed 1.2 eV below the reactants. Notably, at small angles near the
reactant asymptote, s(s+1) values of this doublet are typically ~1.76, suggesting that there
is considerable spin-contamination for this doublet surface. At slightly larger angles, a
barrier to Th” insertion into the C-O bond is observed. In this vicinity, a second *A”
surface becomes the lowest-energy surface and leads to an intermediate at 115°. This
intermediate has r(Th™-O) = 1.82 A, similar to the bond length of ThO", and r(Th"-C) =
2.34 A, which is significantly longer than the bond length of ThC'. Thus, this
intermediate can be viewed as an adduct between ThO™ (") and C (°P), where the
quartet spin indicates no covalent coupling between the two. This intermediate can
readily dissociate to the ThO™ (") + C (°P) asymptote 2.1 ¢V higher in energy than the
reactant asymptote with no barrier above the product asymptote. Additionally, no barrier
beyond the endothermicity of reaction 6.9 exists such that the global minimum can
readily dissociate to the ThC™ (*£7) + O (°P) product asymptote that is ~6 eV higher in
energy than the reactants. Overall, the potential energy surface (PES) in Figure 6.4 is
very similar to the analogous Hf" + CO reaction PES.** Like Th” + CO, Hf" has low-
lying *A" and *A" surfaces that approach linear at small angles, and a *A” intermediate is
found near 115°.

If spin-orbit effects are considered, the Th™ (*F35) reacts with CO ('=7) along a
quartet spin surface; however, because the J = 3/2 ground-level is actually a mixture of
*F352 and “Dsp, both doublet and quartet surfaces should be accessible in the reaction.
Furthermore, this presumably permits switching between surfaces of different spin with

some facility.
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Discussion
Comparison of Theoretical Methods

Previously ThH" and ThCH;" BDEs calculated utilizing CCSD(T)/cc-pVQZ-PP-
MDF/cc-pVTZ yielded results that overestimated the experimental values by 0.2 — 0.6
eV, whereas the calculated BDE for ThCH™ reproduced the experimental value
reasonably well.'® Here, CCSD(T)/cc-pwCVQZ-PP-MDF/aug-cc-pwCVQZ calculations
overestimate the experimental BDE of ThO™ and ThC™ by 0.52 and 0.26 eV, respectively.
Meanwhile, CCSD(T)/Seg. SDD-VQZ-MWB calculations reproduce the experimental
value for both ThO" and ThC" within experimental uncertainty, and CCSD(T)/SDD-
VDZ-MWB calculations reproduce the experimental ThC™ BDE within uncertainty and
overestimate the ThO" BDE by 0.25 eV. MADs for CCSD(T)/ cc-pwCVQZ-PP-MDF,
CCSD(T)/Seg. SDD-VQZ-MWB, and CCSD(T)/SDD-VDZ-MWB are 0.39, 0.07, and
0.17, respectively, indicating that at least for calculating BDEs there is no advantage in
using the larger cc-pwCVQZ-PP-MDF basis set compared to the smaller Seg. SDD-
VQZ-MWB basis set for these systems. Similarly, MADs for CCSD(T)/cc-pwCVQZ-PP-
MDF, CCSD(T)/Seg. SDD-VQZ-MWB, and CCSD(T)/SDD-VDZ-MWB are 0.28, 0.27,
and 0.37, respectively, when comparing ThH', ThCH", ThCH;" and ThCH," theoretical
BDE:s to experimental values. (Only a lower limit can be established for ThCH,".)"

For DFT methods, there is little difference between calculations using the cc-
pwCVQZ-PP-MDF and Seg. SDD-VQZ-MWB basis sets for all methods. In general,
these calculations overestimate the experimental BDE, with the exception of BHLYP
calculations. BHLYP has previously been shown to perform poorly for multiply bound

species.®® Calculations utilizing the SDD basis set also tend to overestimate the
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experimental BDE, but with the exception of BHLYP calculations, perform better
compared to the other basis sets. MADs listed in Table 6.4 indicate that there is little
advantage to using the larger KAP and Seg. SDD basis sets in DFT calculations for these
systems.

In general, B3PW91, and PBEO methods yield similar BDEs to each other
regardless of the basis set used and tend to overestimate the experimental BDE with
MADs of 0.34, and 0.32 eV, respectively (cc-pwCVQZ-PP-MDF). However, B3LYP
calculations perform reasonably well with MADs of 0.10, 0.17, and 0.06 eV for the cc-
pwCVQZ-PP-MDF, Seg. SDD-VQZ-MWB, and SDD-VDZ-MWB basis sets,
respectively. CCSD(T) calculations, with the exception of CCSD(T)/CBS (MAD = 0.40
eV), also reproduce the experimental value well with MADs of 0.07, 0.17, and 0.14 eV
for the Seg. SDD-VQZ-MWB, SDD-VDZ-MWRB, and cc-pwCVQZ-PP-MDF basis sets,
respectively. In all calculations, the inclusion of spin-orbit effects improves accuracy
compared to the experimental values.

In the present work, BHLYP/cc-pwCVQZ-PP-MDF calculations successfully
predict order and magnitude of the ThO" excited-states. B3LYP/cc-pwCVQZ-PP-MDF
and CCSD(T)/cc-pwCVQZ-PP-MDF perform similarly, whereas the other methods
predict the correct ordering but underestimate the energy gaps between excited-states. In
previous work,'®!"” BHLYP calculations reproduced the experimental order of Th”
ground- and excited-states with a high degree of accuracy in the energy spacing, while all
other methods, including B3LYP and CCSD(T), either ordered the states incorrectly or
spaced the states too closely. Although BHLYP performs poorly in predicting the

absolute BDEs for higher bond order species, it appears to perform reasonably well at
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predicting relative energies of excited-states.

Comparison to Transition Metal Oxide and Carbide Cations

One interesting aspect of Th' is that its ground-level does not populate the 5f
orbitals in the ground-state, unlike the other members of the actinide series. Its ground-
state configuration, a mixture of *F (6d°7s) and *D (6d 7s2), can be directly compared with
those for the group 4 transition metal cations, Ti* (*F, 3d°4s), Zr" (*F, 4d°5s), and Hf"
(*D, 5d6s°), which also have three valence electrons. Such a comparison has profitably
been included in our analysis of the Th" + CH,4'® and Th” + H,'7 systems, and others have
noted the similarities in the electronic structures of Th™ and Hf" species.” ' Here, we also
include a comparison to the lanthanide Ce™ (*H, 4/54°), which also has three valence
electrons. With the exception of CeO”, all thermochemical values in this discussion are
measured in guided ion beam experiments.’® ** ** A brief description of the
thermochemical values used to evaluate Do(Ce™-O) can be found in the Supporting
Information section.

MO" BDEs for the group 4 transition metals and Ce are Dy(Ti'-O) = 6.88 =+
0.07,%® Dy(Zr™-0) = 7.76 + 0.11 eV, Dy(Ce"™-0) = 8.82 + 0.21 eV.,''? and Dy(Hf"-0) =
6.91 + 0.11 eV* compared to Dy(Th™-0) = 8.51 + 0.16 eV. For TiO" - CeO", the BDEs
increase moving down the periodic table consistent with the trend expected for the
lanthanide contraction.®® '"""''3 The lower-than-expected BDE for Hf" can be explained
as a result of the Hf ground-state (°D, 5d6s°) and its doubly occupied 65 orbital. Because
formation of an M'-O triple bond requires the metal cation to have two unpaired

electrons that can adopt m-symmetry,''* Hf” must be promoted to a higher state, thereby
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reducing the BDE. The first level with the correct symmetry (4F3/2, 5d26s) is 0.45 eV
higher in energy than the ground-level. Similarly, it might have been expected that
Do(Th™-0) > Dy(Ce'-0); however, this discrepancy can potentially be explained by the
considerable “D (6d7s%) character mixed into the J = 3/2 ground-level.*®

Additionally, the binding between CeO" and the group 4 MO including ThO"
molecules is slightly different. In all cases, the bonding interaction occurs as the O 2pc-
electrons are donated into the M" do-orbital and the M" dn-electrons m-bond with the O
2pn-electrons, forming a strong triple bond. For these M", there is one remaining electron
that is found in a nominally nonbonding orbital. For Ce’, the nonbonding electron
originates from the 4f-orbital. Because the 4f orbitals do not extend far enough spatially
to participate in bonding,® this electron can be understood as a true nonbonding orbital
electron. Indeed, theoretical studies indicate that CeO" has a “® ground-state.'"> For the
transition metal cations and Th', the unpaired electron originates from the nd or (n+1)s
orbital and can be placed in either the 18 or 3o orbital to form *A or T states,
respectively. Of the two orbitals, the 6-orbital does not have the correct symmetry to
interact with the bonding orbitals, but the c-orbital can potentially interact with the 2o
and 4c* orbitals and can be pushed up in energy through configuration interaction.''*
Because the o-orbital is a true nonbonding orbital (whereas the 36 may not be), the
comparison of CeO" BDE is more applicable to the MO™ *A diabatic BDE; however, the
?A state appears to be formed by the M~ (*F, nd3) +0 (°P, 2p4) asymptote for at least Th"
(see Figure C.2 in the Supporting Information), whereas the *X" can be formed from the
sd? ground-state M" (or first excited-state for Hf"). Assuming a (slightly) repulsive

interaction of the 3c-orbital, then the A BDE is expected to be stronger, but the *A state
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is the ground-state if and only if the stabilization energy (*A BDE - *£" BDE) exceeds the
promotion energy from the ground-level to the first level with nd® configuration. Only
TiO" appears to meets this criterion,™ '"*'!7 but the diabatic (intrinsic) BDE along the
M" (*F, nd®) + O (°P, 2p”) asymptote can be calculated from existing experimental data

using Eq. 6.12:

Do(M"-0)* = Dy(M"-0) + Ep(nd’) — Ey(*As) (6.12)

For Th", Ep(6d3 ) = 0.87 eV and the promotion energy from the X" ground-state to the
*Asp level for ThO™ is E,(*Asn) = 0.36 eV, so that Do(Th™-O)* = 9.02 + 0.16 eV.
Unfortunately, there is insufficient experimental data (Ep(zAg/z) is unknown) to extend the
analysis to ZrO" and HfO", but E,(*As») = 0.0 eV for TiO" and E,(64°) = 0.11 eV*> '
for Ti" so that Do(Ti"-O)* = 6.99 + 0.07 eV. This yields Dy(Ti-O)* < Dy(Ce™-0) <
Do(Th™-O)* consistent with the expected trend associated with lanthanide
contraction.> ''!-13

Additionally, the above analysis indicating that the *A state is more strongly
bound than the X" suggests that configuration interaction between the c-orbitals does
indeed push the 3o nonbonding orbital up in energy. This indicates that while the 3o
orbital is mostly nonbonding in character, it does possess slight antibonding character as
well. The character of the 3c-orbital may be important when comparing the ThO" BDE to
AnO" BDEs discussed in more depth below.

The periodic trends for MC" for the group 4 transition metal cations and ThC"

arallel the trends for MO with Dy(Ti™-C) = 4.05 + 0.24 eV,* Dy(Zr™-C) = 4.72 + 0.11
p
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eV, " Dy(Hf-C) = 3.19 + 0.03 eV** and Do(Th"-C) = 4.82 + 0.29 eV, where all values are
from guided ion beam experiments. Dy(Ce'-C) can be calculated using Eq. 6.1 from
Dy(Ce-C) = 4.57 + 0.12 eV, IE(CeC) = 6.0 £ 0.8 ¢V,"® and IE(Ce) = 5.5387 eV as
Do(Ce™-C) = 4.11 £ 0.81 eV; however, the large uncertainty makes comparison to the
other metal cations inexact. Comparison with the oxide values suggests that the true CeC"
BDE is close to the upper limit in this range.

With the exception of HfC", all BDEs increase moving down the periodic table,
consistent with the trend expected for the lanthanide contraction.*® '''"'"® Like HfO", the
lower-than-expected BDE for HfC" can be explained as a result of the Hf" ground-state
configuration (*D, 5d6s?) that is not conducive to bonding.** This is largely supported by
quantum chemical calculations that indicate that HfC" has a *X" (16°1n*20) ground-state
that cannot be formed directly from the ground-state Hf" (°D, 6d7s%) + C (P, 25°2p%)

asymptote.

Comparison to Actinide Oxide and Carbide Cations

Another interesting aspect of the present results is the potential insight into the
thermochemistry of other actinides that are more dangerous to work with experimentally.
Ostensibly, all An" (except Ac") should be able to form the requisite ¢ and © bonds in
AnO" from their respective ground-state configurations, because population of the f-
orbitals allows an empty 6d-orbital for donation from the O 2po-electrons, and the 5f-
orbitals (unlike the 4forbitals in the Ln) may be large enough to participate in bonding.'*
" However, experimental work indicates that An* reactivity and AnO" BDEs are

correlated to the promotion energy of the An" from its ground-level to the first level with
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a 6d° configuration, Ep(6a’2).13 Thus, an AnO" intrinsic BDE can be defined using Eq.

6.13.5

Do(An"-0)* = Dy(An"-O) + E,(64°) (6.13)

Because E,(6d°) = 0.00 eV for Th”, Dy(An"-O)* should equal Dy(Th*-O), which allows
for the determination of AnO" BDEs across the actinide series. This has previously been
done by Gibson® with previously accepted thermochemical values; however, the ThO™
BDE determined here is lower than the previously reported value, so AnO" BDEs are
redetermined here using the present value with Eq. 6.13 and presented in Table 6.4.
Uncertainties are derived from the uncertainty in the present value of Do(Th'-O) and,
when applicable, the uncertainty in the estimated Ep(6d2).

For comparison of the estimates in Table 6.4 to experimental values, we adopt the
values determined by Marcalo and Gibson'? using Eq. 6.1 with previous thermochemical
values; however, we also note some potential problems in these reported values. 1) The
experimental IE(Pa0) = 5.9 + 0.2 eV" determined in electron impact experiments is
probably too low, as evidenced by theoretical studies that systematically place IE(PaO) =
6.2 — 6.5 eV."* % In particular, one study using CCSD(T) (that calculates IE(AnO) for all
other AnO studied at -0.16 — 0.06 eV within experimental values) indicates that IE(PaO)
= 6.31;* therefore, Do(Pa™-0) is probably lower than reported by Marcalo and Gibson by
0.3 — 0.6 eV. 2) In the FT-ICR studies of the reaction of Am" + CO,, the AmO" product
was observed but only at the detection limit (k/keo = 0.001).7 Unless this reaction

inefficiency is the result of spin-restrictions or a thermal barrier, a small population of
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reactants at the nominal temperature (300 K) would be expected to have sufficient energy
to react if Do(Am -O) = Do(OC-0) = 5.453 + 0.002 eV so that Do(Am'-O) may actually
be lower than that reported. 3) Negative results in the reaction of Cm* + OCS" studied
using FT-ICR may indicate that Do(Cm™-O) < Dy(SC-O) = 6.86 + 0.03 eV, which is 0.08
eV lower than the mean value reported by Marcalo and Gibson. We note that the FT-ICR
experiment result is within experimental uncertainty of the reported value and that the
FT-ICR results may be influenced by the formation of CmS’, which is
thermodynamically more favored.

In general, the empirical model deviates from the experimental BDE by ~0.3 eV.
The largest deviation from the experimental value is the predicted AmO™ BDE that
underestimates the reported bond energy by 0.8 eV, but this may be due to reason 2 in the
previous paragraph or an error in the estimated promotion energy. Additionally, the
reactive configuration of Th™ (n = 3) 5/6d°7s differs from the typical reactive
configuration of An", 5/"26d°, with the exception of Pa’ (n = 4) that is also 5/"76d4°7s. As
mentioned above, the 7s-orbital that is the primary contributor to the ¢ nonbonding
orbital may have some antibonding character resulting from configuration interaction;
therefore, a better comparison would use the ThO™ (*A) BDE = 9.02 + 0.16 ¢V in Eq.
6.11. These results are also included in Table 6.4. In general, using the Th* (*A) BDE
decreases the MAD from the experimental literature value from 0.37 to 0.26, which is
comparable to the MADs of several methods from theoretical calculations, Table 6.3, and
within experimental uncertainty in most cases. This is of particular note because
previously reported theoretical BDEs calculated using DFT functionals underestimated

several AnO" (Np, Pu, Am, and Cm) BDEs in some cases by a considerable amount for
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reasons that are currently unclear."

Presumably the model presented in Eq. 6.13 is useful for estimating any AnL"
BDE that correlates with any promotion energy, such as is likely true for all AnL" if f-
electrons do not participate in bonding. However, because C has fewer valence electrons
available for bonding than O, the binding model may be different than O, which requires
2 electrons that can adopt m-symmetry. This indicates that the applicable E, for AnC"
may be the energy required to promote to the first configuration with two non-f electrons
that can adopt 6 or m symmetry, Ep(6d2) or E,(6d7s). Therefore, estimates of all AnC"
BDEs are also calculated using Eq. 6.13 with Do(An"-C)* = Do(Th"-C) = 4.82 + 0.29 eV
and Ep(6d2) or E,(6d7s), respectively, with results listed in Table 6.4. Uncertainties are
derived from the uncertainty in Do(Th'-C) and, when applicable, the uncertainty in the
estimated promotion energy.

Unlike AnO" BDEs, the AnC" BDEs are unknown, with the exception of ThC"
reported here, but Do(U"-C) = 4.8 + 0.5 eV can be derived from Do(U-C) = 4.72 £ 0.16
eV'"? and IE(UC) = 6.1 + 0.5 ¢V,'** and IE(U) = 6.1914 eV*® utilizing Eq. 6.1. Here, the
Eq. 6.13 estimate using Ep(6d2) underestimates the experimental UC" BDE but lies within
the combined uncertainties. The estimate utilizing E,(6d7s) reproduces the experimental
BDE with high fidelity, but additional information is necessary to determine which

model, Ep(6d2) or E,(6d7s), yields better results overall.

Conclusion
Analysis of the kinetic energy dependence of the cross section from reaction 6.9,

Figure 6.2, indicates that Do(Th™-O) = 8.51 £0.16 eV. This value indicates that the BDE
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is ~0.2 eV lower than previously accepted literature values, but closely matches the
Do(Th™-0) = 8.49 £ 0.13 and 8.59 + 0.17 eV derived from Eq. 6.1 using the values
originally reported by Hildenbrand and Murad*® and Neubert and Zmbov,** respectively,

and the updated IEs.” **

This discrepancy likely arises from the choice of parameters used
to extrapolate data from high temperatures to 0 K for Dy(Th-O). As noted by Murad and
Hildenbrand, the choice of parameters can be a significant source of error.””** Dy(Th"-O)
is larger than its transition metal cation congeners, Ti", Zr", and Hf", consistent with the
result expected because of lanthanide contraction; however, Do(Th™-O) is weaker than its
lanthanide counterpart, Do(Ce'-O), which can be explained in part by the mixed character
of the Th" J = 3/2 ground-level and by the apparent, slightly antibonding character of the
30 (largely 7s) orbital (a result of configuration interaction) compared to the 4f
nonbonding orbital in CeO".

Analysis of the cross section in reaction 6.10, Figure 6.2, provides the first
experimental report of Do(Th™-C) = 4.82 + 0.29 eV. IE(ThC) = 6.19 + 0.34 ¢V can also
be calculated using Eq. 6.1 and the neutral ThC BDE reported by Gupta and Gingerich.”
This value agrees well with theoretical calculations and is a significant improvement on
the previous value reported on the basis of appearance energies in Knudsen effusion cell
studies.”® Like ThO™, Do(Th*-C) is larger than its transition metal cation congeners,
consistent with that expected because of lanthanide contraction.

Finally, ThL" BDEs are used to estimate AnL" BDEs using the simple model in
Eq. 6.13. Subsequent evaluation using the Marcalo and Gibson' evaluation of

experimental AnO" BDEs indicates that this model generally provides estimates within

experimental uncertainty of literature values. Because current DFT calculations tend to



241

underestimate AnO" BDEs (in some cases severely),'* Eq. 6.13 may prove to be a simple
and useful tool to estimate AnL"™ BDEs where experimental work would otherwise be

difficult.

Associated Content

Analysis of the coupling between V4 and V; potential energy surfaces. Brief
evaluation of CeO" literature values. ThL™ (L=C,0) BDEs and molecular parameters of
the ground and excited-states evaluated at additional levels of theory. Quantum chemical

calculations of ThC.
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Table 6.1. Fitting parameters from Eq. 6.2 for the indicated reaction cross section.

Reaction n 00 Eo (eV) Do(Th™-L)

Th"+CO — ThO" +C 14+0.2 3.5+1.0 2.60+£0.16 8.51+0.16
Th"+CO — ThC'+ 0O 1.6+0.2 0.8+0.3 6.29 +£0.29 4.82 £0.29
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Table 6.3 Continued

* From structures optimized at the respective level of theory (except CCSD(T)) with the
indicated basis set. Energies include estimated spin-orbit correction of -0.40 eV. See text
and Ref. 16.

® Energies from single-point calculations using B3LYP optimized structures with the
indicated basis set for Th'.

“Ref. 13.

4 Calculated from Dy(Th-O) from Ref. 50 utilizing I[E(ThO) from Ref. 9 and IE(Th) from
Ref. 28. See text.

°Ref. 5.

f cc-pwCVQZ-PP-MDF/aug-cc-pwcVQZ basis sets.

£ Complete basis set limit extrapolated from pwCVXZ-PP-MDF/cc-pwCVXZ (X =T, Q)
basis sets using Eq. 6.4 and 6.5, see text.

" Feller-Peterson-Dixon model for composite thermochemistry. See text and Eq. 6.6.
Parameters found in Table C.5. in the Supporting Information.

"Ref. 53.

) Mean absolute deviation from experimental value.
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Table 6.4 Continued

* Model BDEs calculated using Eq. 6.11 for the specified E,. See text. Uncertainty
estimated from uncertainty in Do(An'-L)* and estimated E, when applicable.

® Unless noted otherwise, from Ref. 28.

“Unless noted otherwise, from Ref. 13.

4 Model BDE calculated using Eq. 6.11 with ThO" (A) BDE. See text.

¢ This work.

f Calculated with Eq. 6.1 with values from Refs. 28, 116, and 117.

£ Estimated E,, from Ref. 13.

" Mean absolute deviation of designated model BDE from the experimental mean. Value
excludes ThL"
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Figure 6.1. The absolute cross section of the reaction of Th” + O, as a function of
kinetic energy in the laboratory (upper x-axis) and center-of-mass (lower x-axis)
frames. The solid line represents the Langevin-Gioumousis-Stevenson collision
limit. The arrow shows Dy(O-O) =5.117 £0.001 eV.
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Figure 6.2. The absolute cross section of the reaction of Th™ + CO as a function of
kinetic energy in the laboratory (upper x-axis) and center-of-mass (lower x-axis)
frames with model cross sections, Eq. 6.2, convoluted over the reactant internal
energies (solid lines) and unconvoluted (dashed lines). The arrow shows Dy(C-O)
=11.109 + 0.005 eV.
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Figure 6.3. B3LYP/SDD-VDZ-MWB/6-311+G(3df) relaxed energy calculations
of the potential energy surface of the Th™ + O, reaction as a function of ZOTh"O
in degrees. The energies are relative to Th* (°D, 6d7s%) + O,. Doublet surfaces are
represented by solid lines and quartet surfaces by dashed lines. Surfaces with Cq
symmetry are represented by dotted lines.
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Figure 6.4. B3LYP/SDD-VDZ-MWB/6-311+G(3df) relaxed potential energy
surface calculations of the Th” + CO reaction in C; symmetry as a function of
ZCTh'O in degrees. Energies are relative to Th* (°D, 6d7s%) + CO. Doublet
surfaces are represented by solid lines and quartet surfaces by dashed lines.



APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 4

Assignment of Th' levels

In Th*, the D3 and *Ds); (6d75%) levels mix extensively with the *Fs, and *Fs)
(6d°7s) levels' such that the choice of levels representative of each state for comparison
to theoretical calculations is difficult. Three levels at 0, 1860, and 4113 cm™ are
identified with ~ 30 % “D character (Table A.1)."' The level at 4113 cm™ has *Dsy, as its
primary component. Of the two remaining levels, the level at 1860 cm™ has more *Ds),
(36%) character than the ground-level (27%). Because it has more 2D(6d752) character,
the level at 1860 cm™ is assigned as “D, and the ground-level is assigned as “F. The *F
spin-orbit levels are chosen as identified in Table A.l so that after averaging the D and
*F states over all spin-orbit levels, the D state lies 517.97 cm™ below the *F state. As a
reference, the “Fs, lies 3729.96 cm™ (0.46 ¢V) below the *F energy averaged over all
spin-orbit levels, and the *Dj; lies 1352.05 cm™ (0.17 eV) below the averaged °D energy.
All other spin-orbit components of each state are relatively unambiguous, Table A.1.

Alternatively, the ground-level could have been chosen as the J = 3/2 spin-orbit
component of the *D state instead of the level at 1860 cm™. Then, the °D state would lie

1527.65 cm™ below the *F state, the 2D3/2 level would lie 2468.02 ¢cm’ (0.31 eV) below
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the average D energy, and the 4F5/2 level would be the lowest level in the *F state and
would lie 2473.77 cm™ (0.31 eV) below the average “F energy. Further discussion below
indicates the choice in the preceding paragraph (and listed in Table A.1) is the better

assignment.

Calculating Lgq (Th)

The ground-state for the neutral Th atom is a °F (6d*7s?) configuration.'” Given
ES = (1/2)¢ (c,L,S)[J(J+1) — L(L+1) — S(S+1)] = (1/2)¢ for a °F term,’ the °F, level
should be stabilized by 2{sq from the unperturbed ground-state. The °F, level then is
destabilized by (3/2)(eq. Assuming that second-order perturbations from other states are
minimal, then the difference between the ground-level °F, (0.000 cm™) and the °F,
(4961.659 cm™) level is (7/2)lsq, such that (eq (Th) = 1417.617 cm™ (0.176 V). This is
similar to the theoretically derived value of (sq(Th) = 0.2 eV.*

In contrast to the neutral Th atom, the Th' cation has significant mixing in its
ground-state such that it is difficult to obtain (gq from spectral data. Because the charge
on a cation contracts the orbitals, it is expected that {sq for Th™ should be larger than that
of the neutral Th. The {54 and (44 parameters for Hf" and Zr" increase by a ratio of 1.030
and 1.027, respectively, over their neutral counterparts. As a congener, it is expected that
Th" will increase by a similar factor. Therefore, {sq for Th is multiplied by the average of
the ratios for Hf and Zr", 1.028, to obtain {gq = 1457.740 cm™ (0.181 eV) for Th'.

For a ‘F (sldz) configuration, ES° = (1/2)C (c,L,S)[JJ+1) — L(L+1) — S(S+1)] =
(1/3)C6G|,3 so that the estimated difference between the 4F7/2 and 4F9/2 levels of Th', which

are nearly pure “F in character (Table A.1),' is 3/2 (= 2186.610 cm™. This prediction
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agrees nicely with the experimental difference between the 4F7/2 (4146.476 cm'l) and 4F9/2
(6213.490 cm™) of 2066.914 cm™. (Note this also predicts that the *Fs;, and *Fs), levels
should lie near 2000 and 0 cm’, helping to validate the assignments made above.)
Furthermore, the difference between the 2A3/2 (2933.7 cm'l) and 2A5/2 (5814.4 cm'l) levels
of ThO" observed using PFI-ZEKE is 2880.7 cm™.> Given that for a molecule ESC =
AAMg for a given level specified by 2 = A+ Ms,> each level deviates from the
unperturbed state by A = (¢q(Th) = 1457.740 cm” such that the estimated difference is 2
Cea (Th) = 2915.5 cm’! between the 2A3/2 and 2A5/2 levels. This prediction compares well
to the experimental work® and better than the theoretically derived value for (sq(Th) (0.2

eV),* which would result in a difference of 3226.2 cm™ between the two levels.

Phase Space Theory Competitive Model

The energy dependences of the cross sections in Figures 4.1 and A.1 indicate that
the ThCH," + H,, ThH™ + CH3, and ThCH;" + H products share a common intermediate,
HThCH;". As discussed in the text, because ThCH, + Hj, is thermodynamically more
favorable than the latter products, competition is expected to shift the thresholds for
formation of ThH™ and ThCH;" to higher energies. A simple estimation of this shift is to
compare the Do(Th'-H) measured here to the Do(Th'-H) measured in the reaction Th" +
H,, which has no competitive shift in threshold. Doing so indicates that the threshold for
ThH' + CHj; is shifted 0.21 + 0.19 eV higher in energy. Because ThCH;  + H has a
similar threshold as ThH™ + CHs, the kinetic shift should be comparable; therefore,
correcting the Do(ThCH;3") by 0.21 + 0.19 eV should give a good estimate of the true

BDE.
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To assess the validity of this estimated shift, we performed phase space theory
(PST) calculations in which angular momentum is explicitly conserved using molecular
parameters (vibrational and rotational constants) calculated here for all three product
channels and the return to reactants. In these calculations, the absolute magnitude of the
cross sections is set by the LGS collision limit, such that the main adjustable parameter is
the reaction threshold, Eg. The results of this calculation are found in Figure A.2. The
comparison of the PST model to experiment is consistent with a reaction occurring with
an efficiency of at least 50%, which could be an electronic surface effect. Also the shape
of the PST cross sections for ThCH," and ThH" products are nicely reproduced over the
entire energy range, and the shape of the combined ThCH;" and ThCH' cross section is
nicely reproduced in the threshold region. (Deviations at higher energy probably result
from dissociation of ThCH;" to ThCH,  + H, a decomposition that is not included in the
model.) The relative magnitudes of the ThH™ + CHj, and ThCH;3" + H cross sections are
also reproduced, which is consistent with their very different angular momentum
constraints mentioned in the text. The PST threshold for the ThCH," cross section is
Eo(ThCHf) =0.15 eV consistent with the threshold determined using Eq. 4.1, Table 4.1.
Similarly, the PST thresholds of Eo(ThH") = 2.05 eV and Eo(ThCH3") = 1.78 eV are
shifted by 0.33 eV from the values listed in Table 4.1, consistent with a shift of 0.21 +
0.19 eV estimated above. Notably, the difference in threshold energies between these

channels remains the same in both analyses.
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Table A.2. Thermochemical Data at 0 K

Species®  AHo® (kJ/mol)  Species®  AfHy° (kJ/mol)

H 216.035 + 0.006 D 219.807 + 0.004

CH 592.5+0.6 CD 5922 +1.7
CH, 390.7+ 1.6 CD, 385.0+2.5
CH; 150.0+0.3 CD; 141.4 £0.04
CH4 -66.6 = 0.3 CDy4 -80.3+0.4
"Ref. 6.

See Ref. 7 and references therein.
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Table A.3. Comparison of theoretically computed excited-state energies (eV) to spin-orbit
averaged experimental values.

State Experimental® Basis Set  CCSD(T) B3LYP B3PW91 BHLYP

D (6d7s°)  0.00 SDD" 0.00 0.12 0.02 0.00
ANO* 0.00 0.17 0.00 0.00
Seg. SDD?  0.00 0.20 0.004 0.00
KAP® 0.00

*E(64°7s)  0.06 SDD" 0.30 0.31 0.05 0.19
ANO® 0.17 0.34 0.01 0.17
Seg. SDD?  0.19 0.38 0.02 0.18
KAP® 0.12

°F (5F7s) 043 SDD" 1.47 0.00 0.10 0.27
ANO* 0.63 0.00 0.03 0.22
Seg. SDD?  0.58 0.00 0.00 0.19

*H (5/6d7s) 0.67 SDD" 2.19 0.49 0.00 0.69
ANO® 1.31 0.44 0.16 0.62
Seg. SDD?  1.26 0.46 0.15 0.60

*F (64°) 0.81 SDD" 1.34 1.07 0.72 0.91
ANO® 1.06 1.07 0.64 0.86

Seg. SDD* 1.08 1.12 0.66 0.88
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Table A.3 Continued

* Spin-orbit averaged values from Refs. 1 and 2. The choice of levels used for each state is
explained in the Supporting Information.

® Calculated using SDD basis set with ECP.

¢ Calculated using (14s13p10d8f6g)/[6s6p5d4f3g] atomic natural orbital basis set with SDD
ECP.

4 Calculated using (14s13p10d8f6g)/[10s9pS5d4f3g] segmented basis set with SDD ECP.

¢ Calculated using (20s17p12d11f5g3h1i)/[7s7p6d5f5g3h1i] basis with Stuttgart-Cologne
ECP and NWChem.
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Table A.4. Electronic state, zero-point energy, and relative energy of all optimized structures.”

Species State s(s+1) E (En) ZPE (Epn) Erl (€V)

H ’S 0.75 -0.502257

H, s 0.00 -1.179572 0.010065

CH I 0.75 -38.495898 0.006450

CH, ’B, 2.01 -39.167949 0.017157

CH; -\ 0.75 -39.857665 0.029666

CHy4 'A 0.00 -40.533963 0.044558

Th* ’F 0.75 -407.331466 0.00
D 1.50 -407.326882 0.12
‘F 3.75 -407.319847 0.32
‘G 3.75 -407.313189 0.50
‘F 3.75 -407.292002 1.07

ThH" A 2.00 -407.947040  0.003825 0.00
4 2.00 -407.939906  0.003712 0.19
Iy 0.00 -407.936791 0.003840 0.28
X0 2.01 -407.920405  0.003446 0.71
3y 2.01 -407.909205  0.003494 1.02

ThCH" 'y 0.00 -446.053389  0.012287 0.00
3y 2.00 -445.940256  0.011512 3.06

HThC" A 2.01 -445.964430  0.006301 2.26
'y 0.00 -445.945406  0.005238 2.75
I 2.01 -445.938823  0.004886 2.92
A’ 0.00 -445.938813  0.006558 2.96

ThCH," A’ 0.75 -446.691022  0.021034 0.00
A 0.75 -446.687995  0.019956 0.05
A" 0.75 -446.668039  0.0209228 0.62
‘A" 3.75 -446.642738  0.020473 1.30

HThCH" A 0.75 -446.639667  0.016258 1.27

3 0.76 -446.574250 0.021462 3.19
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Species State s(st1) E (En) ZPE (Ey) E (eV)
HThCH' 3.76 -446.537257  0.014732 4.01
‘A 3.75 -446.532716  0.011683 4.05
H,ThC" ‘A 3.75 -446.544338  0.011362 3.73
A 1.75 -446.523767  0.011281 4.29
ThCH;" ‘B 2.00 -447.307161 0.032081 0.00
'A 0.00 447304280  0.031604 0.07
HThCH," A 0.00 -447.301371 0.026605 0.01
A 2.01 447210107  0.038357 2.81
H,ThCH" A 2.01 447218553  0.020842 2.11
'A 0.00 -447.188040  0.021513 2.95
1, Th'(CHy4)® ’A 1.35 -447.877592  0.045006 -0.44
A/ 1.35 -447.877580  0.045516 -0.43
‘A7 3.75 -447.870913  0.044795 -0.27
TS1/2° A 0.79 -447.855920 0.036859 -0.08
‘A 3.76 -447.812311 0.035497 1.07
2, HThCH; ™ A’ 0.75 -447.921819  0.036934 -1.87
v\ 0.75 -447.906628  0.036874 -1.45
‘A’ 3.76 -447.825921 0.036047 0.72
TS2/3° A 0.75 -447.876331 0.035358 -0.67
‘A 3.76 -447.804724  0.033565 1.23
3, (H,)ThCH,™ ’A 0.75 -447.879288 0.036581 -0.72
‘A 3.75 -447.831208  0.033885 0.52
TS2/4° ’A 0.76 -447.867974  0.030655 -0.57
4, H,ThCH, ™ A’ 0.75 -447.875672 0.030812 -0.78
TS4/3° A 0.77 -447.838417  0.029124 0.19

* Optimized at B3LYP/SDD/6-311++G(d,p) level of theory.
® Labels refer to species found in Figures 4.5 and S3. Energies are referenced to Th'(*D) + CH,
without spin-orbit corrections.
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Table A.5 Continued

* All values are relative to Th' (*D, 6d7s%). Values in parentheses are relative to Th* (*F3/,,6d7s)
and include estimated spin-orbit corrections. Optimized at the indicated level of theory using the
respective basis set for Th™ and a 6-311++G(3df,3p) for C and H See text. For ThH  and
ThCH;", the calculated ground-state is in bold.

® CCSD(T) single-point calculations using B3LYP/Seg. SDD/6-311++G(3df,3p) optimized
structures.

¢ Spin-orbit correction of -0.40 eV, the empirical difference between the “D averaged over all
spin-orbit states and the 4F3/2.

d Spin-orbit correction of 0.18 ¢V for stabilization of A, state. See text.

°Ref. 8.

f Optimized at the indicated level of theory using an SDD basis set with ECP (60 ¢") for Th" and
a 6-311++G(3df,3p) for C and H.

£ Optimized at the indicated level of theory using (14s13p10d8f6g)/[6s6p5d4f3g] atomic natural
orbital set with SDD ECP for Th" and a 6-311++G(3df,3p) for C and H.

h Optimized at the indicated level of theory using (14s13p10d8f6g)/[10s9p5d4f3g] segmented
basis set with SDD ECP for Th" and a 6-311++G(3df,3p) for C and H.

' Calculated using (20s17p12d11£5g3h1i)/[7s7p6d5f5g3h1i] basis with Stuttgart-Cologne ECP.

) Result based on FT-ICR results reported in Refs. 9 and 10. Utilizes updated Do(H,C-H,) = 4.74
+0.02 eV. See Table A.2 and Ref. 6.

“Value in parentheses corresponds to the *A” ground-state after including spin-orbit effects. See
text and Figure 4.4.

! Mean absolute deviation of ground-state theoretical BDEs from the experimental value.
Calculation excludes ThCH, . Values in parentheses correspond to MADs after inclusion of
spin-orbit estimates.
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Table A.6 Continued

“Bond lengths in A and bond angles in degrees. Values in parentheses are degeneracies.
®Labels refer to species found in F igures 4.5 and A.3.

¢ Values in brackets optimized using PBEQO/KAP/cc-pVTZ.

4 Angle is ZHThH.

¢ Angle is ZThCH.
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Table A.7. Spin-orbit corrected single-point energies (in kJ/mol) relative to the Th* (*F3,,) + CH,

reactants.?

Species State CCSD(T) B3LYP B3PWO1 BHLYP
Th +CHy  ‘Dsp+ 222,222,222 222,222, 222,222,222 222,222,
'Alg 222 222
‘Fsp+ 0.0,00,00 0.0, 0.0, 0.0 0.0, 0.0, 0.0 0.0, 0.0, 0.0
Ay
Th'(CHy) (1) A" -3.9,-31.4,-  -229,-32.5,-  -31.1,-40.5,-  -2.3,-10.6, -
13.0 31.5 39.5 9.3
A" -46.5,-58.0,-  -49.9,-488,-  -554,-54.9,-  -39.7,-41.5, -
47.5 49.4 55.4 41.8
TS1/2 A 657,264,448  30.8,22.9, 13.5,5.3,3.6 73.8, 66.5,
21.5 65.0
‘A 156.7,128.0,  140.5,111.7,  126.9,984,  130.3,124.7,
139.8 110.8 97.4 123.8
HThCH;" (2)  *A’  -1028,-1412,- -141.7,-148.4, -1542,-161.6, -116.6,-123.0,
123.2 -150.1 -163.7 -125.1
A 151.9,117.3,  104.1,100.6, 91.9,88.7,87.5 127.3, 121.0,
135.8 99.7 119.8
TS2/3 A 12.6,-35.6,-  -27.1,-353,-  -52.1,-60.8,-  22.8,14.7,
16.9 36.7 62.6 13.0
‘A 2009, 160.5,  156.3,149.2,  129.7,122.5,  189.6, 183.3,
178.7 148.1 121.1 181.9
TS2/4 A 406,-6.0,12.4 -159,-23.7,-  -30.2,-38.7,-  21.5,13.8,
25.4 40.8 11.6
H,ThCH," (4)  *A’  18.7,-25.5,-74 -357,-44.1,-  -45.0,-54.1,-  -12.5,-20.9, -
45.8 56.2 23.1
TS4/3 A 131.2, 80.2, 57.3,49.2, 357,275,258 109.5,101.3,
99.4 48.0 99.6
(H2)ThCH," A 1.8,-454,-268 -314,-393,-  -50.1,-584,-  12.2,4.6,3.1
3) 40.4 59.8
‘A 129.0, 89.3, 87.8,97.2,  70.2,62.4,60.4 112.0,105.5,
107.1 79.8 103.6
ThCH, +H, °A’+  159,-30.2,- -16.4,-23.7,-  -289,-36.6,-  24.8,184,
'y, 13.0 25.3 38.6 16.4
‘A"+  139.8,104.4,  102.9,97.2,  90.0,84.2,77.8 123.7,118.7,
'y, 117.2 92.0 112.6




278

Table A.7 Continued

* Structures optimized and vibrational frequencies calculated using B3LYP/SDD/6-311++G(d,p).
Single-point energies calculated at the respective level of theory with SDD, ANO, and Seg.
SDD/6-311++G(3df,3p) and are zero-point corrected (scaled by 0.989). Energies for all
intermediates (except 1), transition states, and products are corrected by the difference in energy
of the average D state and *Fs3, level Th' (38.4 klJ/mol) except for 1 where the well depth
remains constant relative to its asymptote, see text. Note that the spin-orbit corrected reactant
asymptotes are fixed at their empirical energy difference.
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Figure A.1. Cross sections for the reactions between Th™ and CH, as a
function of energy in the CM (lower x-axis) and Lab (upper x-axis) frames.
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Figure A.2. Phase space theory model of the cross sections of the reaction of
Th" + CHy using molecular parameters obtained from B3LYP/SDD/6-
311++G(d,p) calculations. Full and dashed lines are the models with and without
experimental energy broadening, respectively.
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Figure A.3. Geometrical structures of each quartet spin intermediate and transition state in
Figure 4.4. All structures optimized using the B3LYP/SDD/6-311++G(d,p) approach.
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Table B.1 Continued

* Structures optimized using indicated basis sets (Th"-ECP/H) 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,s where
applicable. Values in parentheses do not include spin-orbit corrections.

® Structures optimized using B3LYP with the indicated basis sets.

¢ Spin-orbit correction of -0.18 eV.

4 Spin-orbit correction of -0.09 eV.

¢ Spin-orbit correction of -0.27 eV.



Table B.2. Calculated bond distances, r(Th"-H) for ThH" ground and excited-states
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(in A).*
ThH" Basis Set B3LYP B3PW91 BHLYP M06 PBEO
3A (6%08) SDD-VDZ-MWB/6-311+G(3p) 1.991 1.983 1.981  1.986 1.981
Seg. SDD-VQZ-MWB/6-311+G(3p)  1.989 1.982 1979 1984 1.979
ANO-VQZ-MWB/6-311+G(3p) 1.989 1.981 1978 1985 1.979
ANO-VQZ-MDF/6-311+G(3p) 1.994 1.988 1.985 1990 1.985
cc-pVQZ-PP-MDF/cc-pVQZ 1.996 1.989 1.987 1994 1.987
cc-pwCVQZ-PP-MDF/cc-pVQZ 1.996 1.990 1.988  1.993 1.987
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  1.996 1.990 1.988  1.992 1.987
'T" (6%6%) SDD-VDZ-MWB/6-311+G(3p) 1.933 1.948 1.938 1915 1.943
Seg. SDD-VQZ-MWB/6-311+G(3p)  1.925 1.946 1933 1911 1.942
ANO-VQZ-MWB/6-311+G(3p) 1.927 1.947 1.934 1913  1.943
ANO-VQZ-MDF/6-311+G(3p) 1.949 1.954 1.942 1919 1.949
cc-pVQZ-PP-MDF/cc-pVQZ 1.945 1.954 1.945 1922  1.950
cc-pwCVQZ-PP-MDF/cc-pVQZ 1.946 1.955 1.945 1922 1.951
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  1.946 1.955 1.945 1.921 1951
T (o%om) SDD-VDZ-MWB/6-311+G(3p) 1.997 1.987 1981 1.989 1.983
Seg. SDD-VQZ-MWB/6-311+G(3p)  1.996 1.988 1.982 1983 1.984
ANO-VQZ-MWB/6-311+G(3p) 1.995 1.986 1.980 1983  1.982
ANO-VQZ-MDF/6-311+G(3p) 1.999 1.991 1.986 1981 1.987
cc-pVQZ-PP-MDF/cc-pVQZ 2.000 1.992 1.988 1984 1.989
cc-pwCVQZ-PP-MDF/cc-pVQZ 2.001 1.993 1.988  1.984  1.990
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  2.001 1.993 1.988 1.982  1.990



Table B.2 (continued)
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ThH" Basis Set B3LYP B3PW91 BHLYP MO06 PBEO
3O (6°8m) SDD-VDZ-MWB/6-311+G(3p) 2.027 2.013 2.009 2.015 2.007
Seg. SDD-VQZ-MWB/6-311+G(3p)  2.029 2.015 2011 2017 2.010
ANO-VQZ-MWB/6-311+G(3p) 2.026 2.012 2.009 2.016 2.007
ANO-VQZ-MDF/6-311+G(3p) 2.030 2.016 2.014 2018 2011
cc-pVQZ-PP-MDF/cc-pVQZ 2.031 2.018 2015 2022 2013
cc-pwCVQZ-PP-MDF/cc-pVQZ 2.033 2.019 2.016  2.021 2.012
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  2.032 2.018 2.016  2.019 2.013

% (6°87) SDD-VDZ-MWB/6-311+G(3p) 2.029 2.014 2015  2.019 2012
Seg. SDD-VQZ-MWB/6-311+G(3p)  2.024  2.015 2014 2012 2012
ANO-VQZ-MWB/6-311+G(3p) 2022 2016 2013 2012 2013
ANO-VQZ-MDF/6-311+G(3p) 2.027 2018 2018 2016 2016
cc-pVQZ-PP-MDF/cc-pVQZ 2.028  2.019 2019 2021 2017
cc-pwCVQZ-PP-MDF/cc-pVQZ 2.029  2.020 2.020  2.020 2.018
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ ~ 2.029  2.020 2.020 2.018 2.018

% (o) SDD-VDZ-MWB/6-311+G(3p) 2.009 1.994 1.995  1.987  1.990
Seg. SDD-VQZ-MWB/6-311+G(3p)  2.003 1.991 1.996  1.988 1.988
ANO-VQZ-MWB/6-311+G(3p) 2.000 1.989 1.994 1987 1.986
ANO-VQZ-MDF/6-311+G(3p) 2.013 1.996 2.001 1991  1.993
cc-pVQZ-PP-MDF/cc-pVQZ 2.013 1.996 2.001  1.993 1.993
cc-pwCVQZ-PP-MDF/cc-pVQZ 2.014 1.997 2.002 1992  1.994
cc-pwCVQZ-PP-MDF/aug-cc-pVQZ  2.014 1.997 2.002 1.990  1.994

* Structures optimized using indicated basis sets with the respective level of theory.
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Table B.3. Vibrational Frequencies of ThH" ground and excited-states (in cm™).?

ThH' B3LYP B3PW91 BHLYP MO06 PBEO
3A (6%°68) 1671 1697 1722 1624 1708
5" (6% 1609 1760 1792 1886 1760
I (o’om) 1622 1651 1680 1646 1661
O (6%6m) 1508 1549 1606 1471 1560
Y (6%8Y) 1564 1595 1634 1537 1608
Y (o'n?) 1525 1605 1613 1566 1615

* Calculated at the indicated level of theory with cc-pwCVQZ-PP-MDF/aug-cc-pVQZ
basis sets. Frequencies unscaled.
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Table B.4 Continued

* Calculated from structures optimized using the indicated basis sets (Th™-ECP/H) at the
respective level of theory (except CCSD(T) and all-electron DK3 calculations). Values
include spin-orbit correction of the difference between the “D state averaged over all
spin-orbit states and the *Fs; ground-level (-0.40 eV). Values in parentheses do not
include spin-orbit corrections, i.e., are relative to Th™ (*D) + H(*S). Ground-state in bold.
b Single-point energy from B3LYP optimized structure.
¢ Include spin-orbit stabilization energy of *A; (0.18 eV).
4 Value includes a BSSE correction of -0.11 eV.
¢ Results poorly understood. See text.
"Value includes a BSSE correction of -0.78 eV.
£ Complete basis set limit extrapolated from indicated basis sets.

Single-point energy from B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pVQZ optimized
structure.



APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 6

Coupling of Th*" + O,
A quantitative analysis of the coupling of the Th*" + O, with the Th™ + O,
reaction is shown in Figure C.1 according to the procedure set forth by Sievers et al.' The

solid line represents the ion-induced dipole potential including the centrifugal potential,

Eq. C.1:

Va(r) = -0e’/8megr” + (bmax/r)°E (C.1)

where o = 1.57 A? is the polarizability volume of O,,” e is the charge of an electron, & is
the permittivity of free space, r is the Th” - O, bond distance, E is the relative kinetic
energy of the reactants, and Dy« is the maximum impact parameter leading to a reaction.
Pmax 18 equivalent to (GLGs/TE)l/ ? where the Langevin-Gioumousis-Stevenson cross section,

oLas,” is defined according to Eq. C.2:

oLas = me(0/27eoE) (C.2)
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The dashed line represents the Coulombic potential and centrifugal potential being

displaced by the asymptotic energy E(CT), Eq. C.3:

Vi(r) = -2e*/4megr + (bmax/r)°E + E(CT) (C.3)

where E£(CT) is defined according to Eq. C.4:

E(CT)=IE(Th") + EA(O,) (C.4)

The ionization energy of Th”, IE(Th") = 11.65 £ 0.35 eV,* from Marcalo and Gibson’s
evaluation of actinide thermochemical values is adopted. The electron affinity of Oy,
EA(O,) = 0.448 ¢V, is taken from Ervin et al.’

Figure C.1a represents the calculation of the V4 and V,; surfaces forr=0 - 15 A at
E =0.03 eV. Figure C.1b shows the region near the crossing for E = 0.03 eV, where the
surface crossing is inside I'max so that the reaction is limited by the V4 potential. At E =
0.50 eV, the crossing between the V4 and V, surfaces is near 'y, so that the V; potential
may begin to be influential. At the collision energy where the experimental reaction cross
section begins to deviate from orgs, E = 0.60 eV, the crossing occurs at bond distance
greater than the Iy, of V4 so that at larger impact parameters, the Th™ + O, reaction can
occur by coupling with the Th*" + O, surface, which is overall more attractive than the V,

surface.
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CeO" Thermochemistry

Existing reports of Do(Ce'-O) have been derived from Eq. C.5.

Dy(Ce™-0) = Dy(Ce-0) + IE(Ce) — IE(CeO) (C.5)

Of these values, IE(Ce) = 5.5387 eV° is the most reliably established. In their review of
metal oxide bond dissociation energies (BDEs), Pedley and Marshall report Dy(Ce-O) =
8.30 £ 0.13 eV’ derived from 8.31 +0.13 eV,* 8.31 +£0.16 eV,’ 8.28 + 0.13 eV, and 8.30
+0.13 eV." This is similar to the value determined by Konings et al., Do(Ce-O) = 8.23 +
0.08 eV,"" who in addition to the above work cite an additional obscure source. The
weighted average of the reported ionization energies of CeO is IE = 5.0 + 0.1 eV, derived
from values of 5.2+ 0.5¢eV,'* 5.2+ 0.2¢eV,'? 6.0+ 0.5eV,” 53+ 0.5¢eV," and 4.9+ 0.1
eV" all from electron impact experiments. Using Eq. 1, we determine a value of Do(Ce -
0) = 8.82 + 0.21 eV using the Pedley and Marshall neutral BDE and Do(Ce"-O) = 8.75 +
0.19 eV from the Konings et al. value. We adopt the more conservative Pedley and
Marshall value, which is similar to the value Gibson cites, Do(Ce™-O) = 8.80 £ 0.16 eV.'
These values are also consistent with the experimental lower limits of Dy(Ce™-O) >
Dy(OC-0) = 5.45 eV'” determined in ion cyclotron experiments and Do(Ce™-0) > Do(N-

0) = 6.50 eV'® determined in flow tube mass spectrometry experiments.
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Table C.1 Continued

* Structures optimized using indicated basis sets (Th"-ECP/C,0) at the respective level of theory
(except CCSD(T)) relative to the ground state with the ground state bolded.

® Orbitals are ordered as 16, 20, 17, 15, and 36 and described in the main text.

¢ Structures optimized using B3LYP with the indicated basis sets.
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Table C.3. Vibrational Frequencies of ThL" ground and excited-states (in em™).?

ThO* B3LYP  B3PW91 BHLYP MO06 PBEO
" (16%26%171*30) 960 979 1003 1023 990
’A (6°6°1*8) 912 934 959 952 946
1 (6’0’n’c?) 894 915 939 936 927
*A (6°1*680) 680 692 696 649 696
1 (6’on’*om) 673 685 681 638 688
%" (6%on’o0) 676 687 682 648 690
%" (6%on*s?) 661 673 673 627 677

ThC* B3LYP B3PW91 BHLYP MO06 PBEO
3" (o’n'o) 913 934 937 961 944
I (6’n’60) 774 786 802 804 796
I (6°n’c”) 675 701 755 763 716
‘O (6°1°68) 746 761 776 767 770
% (6’n’6%0) 704 710 733 716 719
’A (6°1*8) 837 865 867 849 875
I (o’n'n) 823 852 851 836 862

* Calculated from optimized structures at indicated level of theory with cc-pwCVQZ-PP-
MDF/aug-pwCVQZ basis sets. Frequencies unscaled.
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Table C.4. Theoretical BDEs for ThO™ and ThC" in eV.?

ThL' Basis Set CCSD(T)® B3LYP B3PW91 BHLYP MO06 PBEO
ThO*  SDD-VDZ-MWB/6- 8.76 8.61 8.73 772 8.69
311+G(3df)
Seg. SDD-VQZ-MWB/6-  8.55 8.75 8.88 789 889 882
311+G(3df)°
ANO-VQZ-MWB/6- 8.80 8.73 8.85 786 886 879
311+G(3df)
ANO-VQZ-MDF/6- 9.33 8.76 8.87 790 889 881
311+G(3df)
cc-pVQZ-PP-MDF/6- 9.03 8.72 8.84 788 886 878
311+G(3df)
cc-pwCVQZ-PP- 8.70 8.70 8.80 785 881 875

MDF/aug-cc-pwCVQZ

cc-pwCVTZ-PP-MDF/cc- 8.47 8.74 8.83 7.87 8.84  8.79
pwCVTZ

cc-pwCVQZ-PP-MDF/cc- 8.65 8.71 8.81 7.86 879  8.77
pwCVQZ

CBS® 8.94 8.89 8.99 8.04 895 8.9%4

FPD¢ 8.80




Table C.4. (continued)

318

ThL" Basis Set CCSD(T)" B3LYP B3PW91 BHLYP MO06 PBEO
ThC” SDD-VDZ-MWB/6- 4.90 4.84 5.21 4.19 5.25
311+G(3df)
Seg. SDD-VQZ-MWB/6- 4.72 4.92 5.30 4.27 537 533
311+G(3df)°
ANO-VQZ-MWB/6- 4.89 491 5.29 4.26 536 531
311+G(3df)
ANO-VQZ-MDF/6- 5.55 4.89 5.26 4.25 536  5.29
311+G(3df)
cc-pVQZ-PP-MDF/6- 5.08 4.81 5.17 4.18 524 520
311+G(3df)
cc-pwCVQZ-PP- 4.92 4.81 5.16 4.17 525  5.20
MDF/aug-cc-pwCVQZ
cc-pwCVTZ-PP-MDF/cc- 4.68 4.81 5.17 4.18 524 521
pwCVTZ
cc-pwCVQZ-PP-MDF/cc- 4.88 4.81 5.16 4.18 523 5.20
pwCVQZ
CBS® 5.18 4.99 5.34 4.35 541 538
FPD! 5.00
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Table C.4 Continued

* From structures optimized using the indicated basis sets at the respective level of theory (except
CCSD(T)). BDEs are corrected by -0.40 eV, the difference in energy between the “D ground-
state averaged over all spin-orbit states and the 4F3/2 ground-level and are relative to
Th* (*Fsp) + L.

Single-point energies from B3LYP optimized structures.
¢ Complete basis set limit for the cc-pwCVXZ-PP-MDF/cc-pwCVXZ (X = T, Q) basis sets
extrapolated as described in the main text.
4 Feller-Peterson-Dixon method for composite thermochemistry. See description in main text.
Parameters in Table C.5.
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Table C.5. Calculated DK3-CCSD(T) atomization energies (in eV). See Eq.6.6 in main text for
details.

Molecule  Evozpk AEcss AEcy AEgep AEs, AEgsc AEgpry  ZDo Azg)@'
ThC' >z 616  0.08 -038 0.03 -0.29 -0.05 5.00 0.04
ThO'(Z")  9.82 007 -028 0.01 -0.21 -0.06  8.80 0.04
ThO," (CZ,) 1447 014 -025 0.03 -0.17 e -0.08 13.61  0.06

CThO"(*A") 12,79  0.10 -029 0.03 -0.17 -0.10 11.80 0.08




Table C.6. Calculated ground and excited-states of ThC (in eV).
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ThC Configuration ~ r(Th-C) vt CCSD(T)" B3LYP?
o 16’ 172630 1.937 880 0.00 0.00
e 16*1n"26° 1.878 945 0.30 0.67
I l6*17°26°36 2.077 613 0.67 0.60
A l6* 172615 1.959 814 1.18 1.07

* Parameters from B3LYP/cc-pwCVQZ-PP-MDF/aug-cc-pwCVQZ optimized structures. Bond

lengths in A and vibrational frequencies in cm™ (unscaled).

® Single-point energies from B3LYP optimized structures
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Figure C.2. B3LYP/SDD/6-311+G(3df) relaxed energy calculations of the potential
energy surface of the diabatic bond dissociation energy of ThO™ low-lying states as a
function of r(Th"-O). Energies relative to Th™ (*D, 6d7s%) + O (P).





