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Abstract. The reaction of atomic thorium cations
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with deuterated water as a function of kinetic
energy from thermal to 10 eV was studied using
guided ion beam tandem mass spectrometry. At
thermal energies, both ThO* + D, and DThO* + D
are formed in barrierless exothermic processes

1 and reproduce results in the literature obtained

using ion cyclotron resonance mass spectrome-

Energy (eV)

try. As the energy is increased, the branching
ratio between these two channels changes such

that the dominant product changes from ThO* to DThO" and back to ThO*, until ThD* + OD is energetically
available and is the dominant product channel. To help understand these experimental results, a variety of
theoretical approaches were tried and used to establish a potential energy surface, which compares well with
previous theoretical studies. Utilizing the theoretical results, the kinetic energy dependent branching ratio
between the ThO* + D, and DThO™* + D channels was calculated using both RRKM and phase space theory
(PST). The results indicate that consideration of angular momentum conservation (as in PST) and spin-orbit
corrected energies are needed to reproduce experimental results quantitatively. The PST modeling also provides
relative energies for the two competing transition states that lead to the primary products, for which theory

provides reasonable agreement.
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Introduction

Actinide chemistry is of interest for multiple reasons, in-
cluding its applicability to nuclear power generation where
members of the actinide series are either used as a fuel or are a
byproduct from the nuclear process. Although nuclear power
remains a viable and efficient source of energy, the risk of a
breach or other incident during use or storage of materials remains
significant. Consequently, a thorough understanding of actinide
reactivity is warranted to help identify, assess, and model potential
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contamination dispersion in the event of a nuclear incident. The
actinide-water reaction is of particular interest because water is a
common coolant and neutron moderator in many reactor designs
so that nuclear fuels and water are in close proximity.

Despite this interest, actinide chemistry remains difficult to
study experimentally because of the extreme radioactivity of all
members except Th and U, which are only mildly radioactive.
Theoretical studies are a potentially promising alternative that
mitigates any safety concerns regarding the handling of acti-
nides in experimental studies. To validate such theoretical
approaches, it is critical to have experimental work available
for comparison. Several groups, including our own and that of
Helmut Schwarz, have endeavored to establish accurate exper-
imental benchmarks for gas-phase actinide compounds to
which theoretical values can be directly and easily compared
[1-26]. This experimental information includes bond lengths,
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energy levels, and thermodynamic values such as bond ener-
gies and ionization energies. Another potential experimental
benchmark to which theory can be compared is the rates and
branching ratios of chemical reactions.

One particular reaction for which experimental and theoret-
ical results have already been compared is the activation of water
by atomic thorium cations. This reaction has been studied pre-
viously in two Fourier-transform ion cyclotron resonance (FT-
ICR) mass spectrometry experiments at thermal energies, first
by Schwarz and coworkers [9] and later by Santos et al. [16]. In
both studies, a branching ratio of 65% ThO" +H, to 35%
[Th,0,H]" +H was observed. A subsequent potential energy
surface (PES) presented by Mazzone et al. [27] indicates that
the hydrido thorium oxide, HThO", is energetically preferred
compared to the thorium hydroxide, ThOH", and that the ThO"
and HThO" products share a common intermediate, HThOH".
Furthermore, barriers relative to the shared intermediate for
ThO" and HThO" for the rate-limiting steps of each reaction
were determined to be 0.86—1.26 and 2.00-2.32 eV, respectively
(2.83-3.94 and 1.78-2.80 ¢V below ground state reactants,
respectively). In this study, no spin-orbit effects were consid-
ered, which could alter the conclusions as these corrections are
typically large for Th™. A second theoretical study by Zhou and
Schlegel [28] essentially duplicates the PES presented by
Mazzone et al. and also includes a theoretical determination of
the ThO"/HThO" branching ratio by calculating the Rice—
Ramsperger—Kassel-Marcus (RRKM) theory [29, 30] rate con-
stant for each product channel restricted by their respective rate-
limiting step. Despite the clear thermodynamic preference for
the ThO" + H, products, Zhou and Schlegel found that RRKM
rate constants calculated using their derived PES predict that the
HThO" +H channel should dominate, giving a 11:89 ThO'/
HThO" branching ratio in clear contradiction to the experimen-
tally observed branching pattern. Their conclusion was that the
energy available may be large enough that the reaction
proceeded more rapidly than energy redistribution so that a
statistical treatment was not valid. In contrast, a semi-empirical
trajectory study presented in the same paper observed an ~ 80:20
ThO"/HThO" branching ratio in better agreement with the ex-
perimental results, but still not quantitative. Notably, Zhou and
Schlegel indicate that a majority of their trajectories failed to
dissociate to product in the simulation timeframe so that addi-
tional time was added to the simulation of several (16) trajecto-
ries to obtain the reported branching ratio for these simulations.
Such an observation suggests that the intermediate common to
the products is sufficiently long lived that statistical energy
redistribution throughout the modes is likely. Here, spin-orbit
effects were considered (using a zero-order regular approxima-
tion with spin-orbit, ZORA-SO, approach), but the Th" + H,O
asymptote was not included (meaning that the return to reactants
was not considered). Rather the trajectories were started at the
transition state for insertion of Th* into the OH bond of water.
This approximation should adversely affect the distribution of
angular momentum available in the trajectories and also means
the efficiency of the reaction is not correctly considered, poten-
tially biasing the branching ratio results.
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In recent studies of Th" reactions [24—-26], we have
employed a first-order, semi-empirical spin-orbit energy cor-
rection that employs the experimentally determined Th™ {(6d)
parameter and the experimental Th* levels to correct molecular
energies. For ThH" and ThO", these estimated spin-orbit cor-
rections were within 0.01 eV of theoretically calculated spin-
orbit corrections [25, 26]. In our study of the activation of CHy
by Th" [24], it was concluded that the inclusion of the spin-
orbit parameter was essential to reproduce the energy of the
experimentally observed barrier for C—H bond activation.

Here, we present absolute cross-sections as a function of
reactant kinetic energy for the reaction of Th™ +D,O observed
using guided ion beam tandem mass spectrometry (GIBMS). An
analysis of these data allows the determination of the experi-
mental energies of the rate-limiting steps relative to the reactants
by modeling the kinetic energy dependences of the ThO" + D,
and DThO" + D reaction cross-sections using phase space theo-
ry (PST), which explicitly conserves angular momentum during
the reactions. The kinetic energy dependence of the branching
ratio (and related cross-sections) acts as a much more stringent
test of the theoretical energies than the lone thermal energy
branching ratio available in the literature. We also present quan-
tum chemical calculations of the Th” + H,O reaction coordinate
using various levels of theory and basis sets. From these ener-
gies, we calculate the RRKM and PST ThO'/HThO" branching
ratios at thermal energies before and after explicitly including
spin-orbit energy corrections. For the present reaction of Th* +
H,O0, the accuracy of the calculated energy of each respective
rate-limiting transition state relative to each other and the reac-
tants is shown to be critical to successfully reproducing the
experimentally observed branching ratio. Both spin-orbit correc-
tions and consideration of angular momentum conservation are
required for quantitative agreement.

Experimental and Theoretical Methods
Instrument

The GIBMS used in these experiments has been described in
detail previously [31]. Briefly, ions were created in a direct
current discharge/flow tube source (DC/FT) [32] where a cath-
ode holding the thorium powder sample was held at ~2.5 kV.
The resulting electric field ionized Ar in a 9:1 He/Ar mixture
flowing over the electrode. Ar ions created in the discharge
collided with the cathode, sputtering Th" ions. The Th" ions
were swept along the flow tube by the He/Ar carrier gas
mixture at a total pressure of 0.3-0.4 Torr where the Th" is
thermalized by ~ 10> collisions with the carrier gas. Previous
experiments [33—37] have indicated that the electronic state
distribution of the metal ions produced by the DC/FT source
can be characterized by a temperature between 300 and
1100 K. Conservatively, we estimate an internal energy of
700+400 K, such that 91.9% of ions are found in the ground
level (*Fsp, 6d°7s) with an average electronic energy (E) of
0.02+0.03 eV. In the present and previous experiments with
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thorium cations [24-26], no evidence of excited electronic
states was observed.

After exiting the source, ions were focused through a mag-
netic momentum analyzer where the reactant >**Th* ion beam
was mass selected. These ions were decelerated to a well-defined
kinetic energy and passed into a radio frequency (rf) octopole ion
guide [38, 39] that constrained the ions radially. The octopole
passes through a static pressure reaction cell that contained the
neutral reaction partner D,O. Prior to use, nitrogen was bubbled
through the D,O for ~20 min in order to remove oxygen, and
the D,O was subsequently held under low vacuum for ~1 h.
D,0 was introduced into the reaction cell by mild heating of the
liquid’s container with a room temperature water bath. To ensure
that the probability of multiple collisions between Th* and the
neutral gas were sufficiently small, the pressure in the reaction
cell was maintained at typical pressures of 0.05-0.20 mTorr.
Independent measurements at several pressures were performed
to determine the reaction cross-section dependence on the neu-
tral reactant pressures. Reaction cross-sections were calculated
from product ion intensities relative to reactant ion intensities
after correcting for background ion intensities measured when
the neutral gas was no longer directed into the gas cell [40].
Cross-sections were extrapolated to rigorous single collision
conditions (zero pressure conditions) using the determined
cross-section dependence on reactant gas pressures. Uncer-
tainties in the calculated absolute cross-sections are estimated
to be +20%, with relative uncertainties of + 5%.

Laboratory ion energies (lab) were converted to the center-
of-mass frame (CM) using the relationship E = Ej,, X m/
(m + M) where m and M are the masses of the reactant neutral
and ion, respectively. At very low energies, the conversion
includes a correction for the truncation of the ion kinetic energy
distribution, as described previously [40]. 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 [41]. The absolute zero of energy and the full width at
half-maximum (fwhm) of the ion beam were determined by
using the octopole guide as a retarding potential analyzer, as
described previously [40]. Typical fwhms of the ion kinetic
energy distribution for these experiments were 0.04+0.01 eV
(CM). Uncertainties in the absolute energy scale are + 0.008 eV
(CM). All energies reported below are in the CM frame.

Data Analysis

Phase Space Theory Phase space theory (PST), originally
developed by Light and Nikitin [42—44], is a statistical model
for describing reactive collisions that assumes there is a strong
interaction region from which the system decomposes statisti-
cally into all energetically possible reactant and product states.
Here, we perform the PST calculation using modified versions
of programs originally developed by Chesnavich and Bowers
[45]. These calculations assumed that the potential interaction
for the bimolecular reactants and products are ion-dipole and
ion-induced dipole attractions, using the locked dipole cross-
section [46—48] or trajectory collision model [49], and then
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explicitly conserves both energy and angular momentum. The
approach used here is described in greater detail in previous
works [50].

Modified Line-of-Centers Model Endothermic reaction cross-
sections were modeled using Eq. 1 [39, 51, 52],

o(E)=002g, (E+Eq+E~Ey)"/E (1)

where o, is an energy-independent scaling factor, £ is the
relative kinetic energy of the reactants, £ is the electronic
energy of the reactant ion (as defined above), E; is the internal
energy of the neutral reactants having populations g; (£g; = 1), n
is an adjustable parameter that controls the shape of the cross-
section, and Ej is the 0 K reaction threshold. Before comparison
to the data, Eq. 1 was convoluted over the kinetic energy
distributions of the reactants. The oy, n, and E,, parameters were
then optimized using a nonlinear least-squares method to best
reproduce the experimental cross-section [40, 53]. Uncertainties
in Ey were calculated from the threshold values from several
independent data sets over an acceptable range of n values and
were combined with the absolute uncertainties in the kinetic
energy scale and electronic energies of reactant ions (£ =
0.02 +0.03 eV). Athigh energies, cross-sections decline because
enough energy is available for products to dissociate. To repro-
duce experimental cross-sections in this energy region, Eq. 1 is
modified to include a statistical model of the dissociation prob-
ability [54], which is controlled by two adjustable parameters: p,
which is similar to n, but can hold only integer values; and E,,
the energy at which product cross-sections begin to decline. The
inclusion of the high-energy model in the present work does not
significantly alter the threshold analyses of £,.

In the limit that the threshold for the reaction Th* + LR —
ThL" + R corresponds to the thermodynamic onset for forma-
tion of the products, the £, obtained from Eq. 1 can be used to
determine the bond dissociation energy (BDE), Dy(Th'-L),
using Eq. 2.

Dy(Th* L) = Dy(L-R)-Eo 2)

This limit often holds for ion-molecule reactions because of
the long-range attractive forces. Its validity can be tested by
comparison with theoretical potential energy surfaces, as
discussed further below.

Theoretical Calculations

Quantum chemical calculations were performed using the
Gaussian 09 suite of programs [55]. In most calculations,
polarized correlation consistent core-valence quadruple-{
(20s17p12d11£7g4h11)/[9s9p8d8f7g4hli] and triple-{
(17s16p11d10f4g1h)/[8s8p7d6faglh] basis sets for Th [56]
were used in combination with the Stuttgart-Cologne (MDF)
small core (60 electron) relativistic effective core potential
(ECP) [57]. For O and H atoms, polarized correlation consis-
tent basis sets of the same quality were used, cc-pwCVXZ



1838

(X =T, Q) [58]. Extrapolation to the complete basis set limit
(CBS) for the cc-pwCVXZ (X =T, Q) basis sets [56, 59] was
performed using the Karton—-Martin method [60], Eq. 3, for HF
energies (where x =3 for T and x =4 for Q).

Ey = Ecps + A(x + 1)e 5% (3)

For CCSD(T)/cc-pwCVXZ calculations, Eq. 4 [61] is used
to extrapolate the correlation energy.

E.=Ecss +B(x+'/,)" 4)

For correlation to previous results [24-26], calculations
were also performed using the cc-pwCVQZ basis set for Th*
with an augmented aug-cc-pwCVQZ basis set for O and H as
well as the Stuttgart-Dresden (SDD) basis set and a similar
segmented Stuttgart-Dresden (Seg. SDD) basis set for Th' [62,
63]. The latter two basis sets both employ a small core quasi-
relativistic ECP (MWB) and are double-{ and quadruple-C in
quality, respectively. These basis sets were used with a Pople
6-311++G(3df,3p) basis set [64] for O and H.

For calculations utilizing the MWB ECP, structures were
optimized using B3LYP in combination with the SDD basis
set for Th™ and the 6-311++G(3df,3p) basis set for O and H,
B3LYP/SDD/6-311++G(3df,3p). For calculations utilizing the
MDF ECP, structures were optimized using PBEO/cc-pVQZ/cc-
pVTZ. This latter approach was successfully used in the previ-
ous theoretical treatment of the Th" + CH, reaction [24]. Single
point energies of the optimized structures were calculated using
the B3LYP [65, 66], B3PWI1 [67], BH and HLYP (BHLYP)
[66], MO6 [68], and PBEO [69] functionals. Additional single
point calculations were performed using a coupled cluster meth-
od that includes single, double, and perturbative triple excita-
tions, CCSD(T) [70-72]. For calculation of the correlation en-
ergy, the Th" 55 and 5p electrons and O s electrons were frozen.
All reported energies are zero-point energy corrected using the
frequencies from the respective optimized structure after scaling
the frequencies by 0.989 [73, 74].

Spin-Orbit Corrections

Additionally, all calculations were corrected for spin-orbit ef-
fects using a semi-empirical model that has been described in
detail previously [24, 75, 76]. Briefly, the theoretical calcula-
tions described above yield energies that are the average over
all spin-orbit states. For Th", the J=3/2 ground level is a
mixture of the *Fs, (64°7s) and *Ds, (6d7s7) levels [77, 78],
with the *F5,, comprising the primary contribution (see Ref.
[24] and its supplementary material for more detail). A nuance
of the Th" system is that although the experimental ground
level is best described as “Fs», the ground state is D (6d7s%),
0.06 eV lower in energy than the “F state (64°7s) when aver-
aged over all spin-orbit levels. The 4F3/2 ground level lies
0.46 eV lower in energy than the average *F state and the
D, level lies 0.18 eV lower in energy than the average D
state. For the Th" +H,O reactants, spin-orbit effects were
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included by correcting the calculated energies by the empirical
difference between the 2D ground state and the “Fip ground
level, —0.40 e¢V. With the exception of the first intermediate
along the potential energy surface, discussed below, all other
species along the potential energy surface are A states or
otherwise singly degenerate so that no explicit first-order
spin-orbit corrections according to this model are needed. The
net effect is that all calculated energies shift up by 0.40 eV
relative to the experimental Th” (*F5) + H,O reactant asymp-
tote compared to the Th" (*D) + H,O asymptote.

The first intermediate, Th'(H,0), is best characterized as a
non-covalent interaction between the charged Th* and polar
H,0. Previously [24], for the comparable Th*(CH,) intermedi-
ate, we hypothesized that because the interaction between Th*
and the ligand is minimal, the spin-orbit splitting of this inter-
mediate could be estimated as similar to that of the unperturbed
metal, an approximation that led to consistency with the exper-
imental measurement of Do(Th"-CH,). Therefore, this same
approximation is used here for Th'(H,0). Overall, this approach
may be simplistic because a much stronger interaction between
Th'(H,0) is anticipated compared to Th'(CHg); however, a
more exact treatment of the spin-orbit splitting of this interme-
diate is beyond the scope of this work and furthermore would not
change any conclusions made from the results reported therein.

Theoretical Branching Ratios

Theoretical rate constants were calculated using RRKM theory
[29, 30] and PST [42-45, 51]. Frequencies and rotational con-
stants used in these calculations were taken from the optimized
structures of the appropriate transition states and their preceding
intermediate after scaling the vibrational frequencies by 0.989.
The number of states available in the transition states and the
density of states in the intermediate were calculated using the
Beyer—Swinehart-Stein—Rabinovitch algorithm [79-81].

Results
Experimental Results

Kinetic energy dependent cross-sections for the reaction of Th"
with D,O are presented in Fig. 1. Products are formed accord-
ing to the following reactions:

Th" + D,0—ThO" + D, (5)
—[Th,0,D]" +D (6)
—ThD" + OD (7)
Th* +2 D,0—ThO," +2 D, (8)
—ThO,D" + D, + D 9)

Clearly, products formed at low energy containing two oxy-
gen atoms must be formed in sequential reactions of the primary
ThO" and [Th,0,D]" products. This is confirmed by the fact that
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the cross-sections for ThO," and ThO,D" products increase
linearly with D,0O pressure. These sequential reactions are easily
eliminated by extrapolating the cross sections to zero-pressure
conditions, which affects only the lowest energy points shown in
Fig. 1 for ThO" and [Th,0,D]". The remaining description here
refers to such zero-pressure extrapolated results.

Compared with the collision cross-section, oy, calculated
according to the trajectory model of Su and Chesnavich [49], the
total reaction (i.e., the sum of reactions 5-9) proceeds with
Oiotal/Oiraj = 0.68 £ 0.14 efficiency at 0.05 eV, equivalent to ther-
mal energies. This value is similar to the reaction efficiency
observed by Cornehl et al. [9] in FT-ICR experiments (0.57 =
0.23), which are somewhat higher than those of Santos et al. [16]
(0.20 £ 0.10). Neither of these studies reported absolute rates, but
only efficiencies relative to a collision limit calculated using
average dipole orientation (ADO) theory [48], which we calcu-
late as equivalent to having a 300 K (0.039 eV) cross-section of
214 x 107" cm?, whereas gy (0.039 €V)=340x 107'% cm’.
When this ADO cross-section is combined with their reaction
efficiencies, the effective cross-sections measured in these stud-
ies are shown in Fig. 1. The efficiency of the total reaction
declines with increasing kinetic energy reaching a minimum of
0.26£0.05 at 0.76 eV. This result could explain the differences
in the previous FT-ICR efficiencies if those of Santos et al. were
at elevated energies. Different distributions of electronic levels of
the Th" reactant might also explain such differences. It is clear
from Fig. 1 that reactions 5 and 6 are dominant at all but the
highest energies with a 68:32 ThO"/DThO" product branching
ratio at 0.05 eV, nearly identical to the branching ratios observed
at thermal energies in the FT-ICR experiments, 65:35 [9, 16].
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Above thermal energies, the ThO" and [Th,0,D]" cross-
sections behave differently with energy such that the branching
ratio shifts to increasingly favor reaction 6 as energy increases,
Fig. 2. The cross-section for formation of ThO" in reaction 5
steadily declines until it reaches ~ 1 eV where it levels out near
6 A% Similarly, the cross-section for formation of [Th,0,D]" in
reaction 6 declines with increasing energy until ~ 0.9 eV before
increasing slightly and leveling out at ~8 A% The two cross-
sections cross near 0.6 eV and the branching ratio nears 40:60
ThO"/[Th,0,D]" from about 1-1.5 eV. Also apparent is an
endothermic feature in the ThO" cross-section that begins to
rise between 1 and 2 eV. The onset of this feature corresponds to
the decline in intensity of the [Th,0,D]" cross-section, suggest-
ing that this feature could result from decomposition of
[Th,0,D]" into ThO" + D according to the overall reaction 10.

Th* +D,0 — ThO™ +2D (10)

This hypothesis is supported by the thermochemistry
discussed below. The ThO" cross-section begins to de-
cline sharply above about 5 eV, consistent with the
threshold for Th®+ O+ D, formation at Dy(O-D,)=
5.110 £0.001 eV [82].

Reaction 7 is endothermic with an apparent threshold near
3 eV. Although this product could begin to dissociate begin-
ning at Do(D-OD)=5.212 +£0.002 eV [82], the fact that its
cross-section does not peak until about 7 eV indicates that the
OD product of reaction 7 carries away considerable energy.
The rise in the ThD" cross-section occurs at an energy where
the [Th,0,D]" cross-section for reaction 6 declines; however,
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Figure 1. Product cross-sections for the reaction of Th* with D,O at a pressure of 0.1 mTorr as a function of kinetic energy in the
laboratory (upper x-axis) and center-of-mass (lower x-axis) frames. The total cross-section is shown by the black line and the Su—
Chesnavich variational trajectory cross-section is shown by the black dashed line. Solid symbols show the results of Cornehl et al. [9]
(to the right) and Santos et al. [16] (to the left) converted to effective cross-sections at 0.039 eV
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Figure 2. Experimental branching ratios of reactions 57 as a function of kinetic energy in the laboratory (upper x-axis) and center-
of-mass (lower x-axis) frames. The lines show the PST predicted results using optimized energies of °TS2/3 and 2°TS2/4 as discussed
in the text

decomposition of [Th,0,D]" according to reaction 11 cannot
occur until higher energies, 7.14+0.05 eV.

Th* +D,O0 — [Th,0,D]" — ThD"+0+4+D (11)

Therefore, any coupling between the ThD'+ OD and
[Th,0,D]" channels would be the result of the two products
sharing a common intermediate.

Thermochemical and Theoretical Results

ThO' The energy dependence of reaction 5 below 1 eV,
Fig. 1, is consistent with a barrierless, exothermic reaction
indicating that Do(Th"-0) >Dy(0-D,)=5.110 eV. This result
is in good agreement with recent GIBMS work [26] that
determined Dy(Th™-0)=8.57+0.14 eV, as well as previous
estimates of Dy(Th"-0)=8.74+0.26 eV [21] and 8.70 +
0.10 eV [83] derived from Do(ThO), IE(ThO), and IE(Th).

At higher energies, a second feature with an energy depen-
dence consistent with an endothermic reaction is observed,
suggested to be reaction 10 above. The enthalpy of this reaction
can be calculated according to Eq. 12.

AH(10) = Dy(O-D5) + Dy(D-D)-Dy(Th*~0) (12)

Given Dy(0O-D,)=5.110£0.001 eV and Dy(D-D)=
4.55622+0.00001 eV [84], Do(Th"-0)=8.57+0.14 eV [26]
indicates the threshold for this reaction should occur at Ey=
1.10+0.14 eV consistent with the apparent threshold. This
feature can be modeled using the modified line-of-centers model
(LOC), Eq. 1, after accounting for the exothermic pathway using

a PST model, as described further below. This LOC model is
shown in Fig. 3 with parameters listed in Table 1, and results in a
threshold of £y, =0.94+0.30 eV, which has a large uncertainty
because of the complications of accounting for the exothermic
feature in the ThO" cross-section. The threshold obtained is in
reasonable agreement with that expected from the literature
thermochemistry.

A full theoretical exploration of the ThO" species can be
found elsewhere [26]. Briefly, ThO" has a X" ground state
with a triple bond and the unpaired electron located in a
molecular orbital largely composed of the Th 7s-orbital.
Shifting the unpaired electron to a Th 6d-orbital leads to the
lowest energy excited state, 0.58 eV higher in energy [18].

[Th,0,D]" The energy dependence of the [Th,0,D]"
cross-section at low energies shows that reaction 6 is also
a barrierless, exothermic reaction, which means that
Do(Th"™-OD)>D(D-OD)=5.212+0.002 eV [82] (although
this bond energy does not necessarily imply that the [Th,0,D]"
species is a hydroxide). The same observation made in previous
reports for reaction with H,O by Cornehl et al. [9] and Santos
et al. [16] led them to report that Do(Th"-OH)>5.10+0.01 eV =
Do(H-OH) [84]. The [Th,0,D]" cross-section increases slightly
starting near 1 eV. Identification of this feature in the cross-
section requires additional information from theory and is
discussed below.

Theoretical calculations indicate that the lowest energy
structure of [Th,0,H]" is a hydrido thorium oxide, HThO",
with a ' A’ ground state rather than the ThOH" hydroxide. (Note
that we will refer to [Th,0,H]" as HThO" for the remainder of
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Figure 3. Model line-of-centers (LOC) cross-sections of endothermic features convoluted over the distributions of internal and
translational reactant energies (solid lines) and in the absence of these distributions (dashed lines). The PST model for ThO* is shown

by the solid red line

the manuscript.) A '" thorium hydroxide is found 0.3-1.3 eV
higher in energy and a *A state of ThHOH" is found 0.7-1.4 eV
above the HThO" ground state. These and additional structures
of [Th,0,H]" located theoretically are listed in Tables S1 and
S2. These results are consistent with the structures calculated
by Mazzone et al. [27] and Zhou and Schlegel [28], who also
found a HThO" (*A’) ground state at various levels of theory
using SDD/6-3114++G(d,p) basis sets. Additionally, Zhou and
Schlegel report a triplet ThOH" (specific state not provided)
lying 1.1 eV higher in energy than the 'A’ ground state using
PW91/SDD/6-311++G(d,p). Theoretical BDEs indicate that
Do(Th"™-OH)=5.5-7.2 eV (Table S3) indicating that reaction
6 is exothermic by 0.3-2.0 eV, consistent with observation.

ThD'  Given Dy(Th"-D)=2.48+0.07 eV determined in a
previous GIBMS experiment of the reactions of Th” + H, and
D, [25] and Do(DO-D)=5.212+0.002 eV [82], reaction 7
should be endothermic by 2.73 +£0.07 eV, roughly consistent
with observation, Fig. 1. As shown in Fig. 3, the cross-section
for reaction 7 was modeled using Eq. 1, with parameters in
Table 1. The threshold obtained, £,=3.40+0.31 ¢V, is some-
what above that predicted using the literature thermochemistry.
The discrepancy is likely caused by competition of reaction 7
with the thermodynamically more favorable reactions 5 and 6,

Table 1. Fitting parameters from Eq. 1 for the indicated reaction cross-section

whereas the reaction with D, has no competing channels. A
similar shift in thermodynamic threshold was observed in the
reaction of Th" + CH,4 forming ThH" + CH; where a shift of
0.21+0.21 eV was observed compared to the threshold ex-
pected on the basis of the reactions of Th* +H, and D,. This
shift was subsequently verified by a PST modeling of the
competing products in the Th*+ CH, reaction, formation of
ThCH,", ThH', and ThCH; " [24]. This possibility is discussed
further in the section below where the competing reactions 5—7
are modeled using PST.

Potential Energy Surfaces

The potential energy surface (PES) calculated using CCSD(T)/
CBS//PBE0/cc-pVQZ/cc-pVTZ for the reaction of Th* + H,O
is presented in Fig. 4, with the related structures presented in
Fig. 5. Energies for all intermediates and transition states at this
and additional levels of theory are tabulated in Table 2. After
correcting for spin-orbit energy as described above, reported
energies in Table 2 are relative to Th" (*F3p, 6d°7s)+H,0.
(Uncorrected values are also listed in parentheses relative to
Th* (®D, 6d7s?)+H,0 for reference.) Energies calculated
using several levels of theory and additional basis sets are listed
in Table S4 in the Supplementary Material. Before correcting

Reaction n Ey (eV) Do(Th*-L) (eV)
Th"+ D,0—ThO" +2 D 12+£02 9.0£2.6 0.94 £ 0.30 8.73 £0.30
Th"+D,0 — ThD" + OD 21+04 19+1.6 3.40 £0.31 >1.80 = 0.31




1842

R. M. Cox, P. B. Armentrout: Activation of Water by Thorium Cation

1 4Th" +H,0 —
14F
% ]
=0
8‘7 :4':3/2
G -
S
- -1
B
5
g B
3 -2 1
r-R
Q ]
c
£ -3 -
w -
-4 - HThOH"

ThO*(s*)y +2H [
-- /7—--““ - 0
[ \%,/
[ >
r >
r (0]
- c
_— L
a c
L .0
| ©
©
B (0]
- -3
o'z | 4
Hytho M2 ]

Figure 4. Potential energy surfaces for the two major products of the Th* + H,O reaction. Single point energies calculated using
CCSD(T)/CBS from PBEO/cc-pVQZ/cc-pVTZ optimized structures. Quartet spin surface in blue and doublet spin surface in red.
Dotted lines represent the surfaces uncorrected for spin-orbit interactions (right-hand axis) whereas solid lines denote the spin-orbit

corrected surface (left-hand axis)

for spin-orbit energy, the energies for all intermediates and
transition states are similar to those reported previously by
Mazzone et al. [27] and Zhou and Schlegel [28]. Without the
spin-orbit correction, the doublet surface lies below the quartet
surface throughout the entire reaction, whereas the introduction
of the semi-empirical spin-orbit correction shifts the starting
asymptote to the quartet surface suggesting a crossing between
the doublet and quartet surfaces, a feature not suggested previ-
ously. However, the mixed state nature of the Th" J=3/2
ground level (4F3/2, 2D3/2) indicates that this crossing may be
an artifact introduced by the need to designate a spin state in the

computations, as we have argued previously for a similar
crossing in the Th" + CH4 PESs [24]. In reality, spin is likely
a poor quantum number to describe ground level Th™ and its
weakly bound adducts, and both doublet and quartet spin
surfaces can evolve from the J=3/2 ground level adduct.

Doublet Surface The first intermediate on the doublet sur-
face, Th"(H,0) 21, has a *B, ground electronic state (A, for
MO06) and lies 1.34 eV below the Th' (*Fs5, 64°7s)+H,0
asymptote. The «HOH and r(O-H) of *1, Fig. 5, are largely

J).759
J 1.111 2.713
Pl 2.650
0.970 2.228 ,J 2.000 2137, J :
o 2" 41200 98  176° / ) 1.226 81
2.390 108 “32° 66° ; 70°
J 458 9 o 1.918 H
1.993 T 0.964 ’ 1.802
Th*(H,0) (21
H.01 (1) 2751/2 HThOH" (22) 2752/3 (HThO* (23)
2.027 2.029
- 1.792
z 1.572 1.805 ThoO* (22+)
21s2/4 HThO* (*A?)
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Q@ g, 9 -9 QO @
) 2.158 H=H 1.995 0.062 1.994 0.964
Th*(H,0) (°1) 4T51/2 HThOH* (*2) ThOH* (3A)

Figure 5. Structures of intermediates and transition states along the Th* + H,O potential energy surfaces shown in Fig. 4 as

o

optimized at the PBEO/cc-pVQZ/cc-pVTZ level of theory. Select bond lengths (A) and bond angles (°) are also provided
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CCSD(T)° B3LYP B3PW91 BHLYP MO06 PBEO
Th* (*F3) + H,O 0.00 (0.15) 0.00 0.00 0.00 0.00 0.00
Th* *Dsp) + H,0 0.22 (0.00) 0.22 0.22 0.22 0.22 0.22
21 (°B,) —1.34 (— 1.56) 141 -142 -127 -1.70 -147
“1(*B,) —1.55 (- 1.40) -1.59 -1.60 -1.51 -1.80 -1.66
2TS1/2 (A" —0.68 (— 1.08) -0.89 -1.58 - 046 -1.06 -091
“TS1/2 (*A”) —0.24 (— 0.64) —-0.44 -138 -0.11 -0.10 -0.70
22 (A) —3.87(-4.27) -3.98 - 4.06 -3.75 -3.84 —-4.07
42 (*A") —0.95 (— 1.35) -1.05 -122 -0.85 -253 -1.28
2TS2/3 (A —2.70 (- 3.10) -2.78 -297 -226 -2.67 -297
23 (A —3.81(-421) -383 -393 -339 -3.90 -3.90
2TS2/4 (A’ - 1.29 (- 1.69) -1.59 -1.68 -0.96 -1.52 -1.65
ThO" (2 +H, ('Z,) —3.74 (- 4.14) -3.80 -385 -335 -3.78 -3.77
HThO' (‘A +H (3S,5) - 1.95 (— 2.35) -197 -2.18 -1.56 -2.20 -2.18
ThOH" CA) +H (3S1)) - 0.89 (- 1.29) -1.00 -1.18 -0.81 -0.80 -1.22
ThH'(A,)+OH (*IT) 236 (2.14) 2.07 2.04 2.00 2.41 2.06

Single point energies at indicated level of theory using the complete basis set extrapolation from Method/cc-pwCVXZ/cc-pwCVXZ/PBEO/cc-pVQZ/ce-pVTZ
calculations where X =T, Q. Spin-orbit corrections applied as indicated in the text. See also Fig. 4 for potential energy surface and Fig. 5 for structures

Values in parentheses do not include spin-orbit corrections

unperturbed from those of free water, «/HOH =104° and
r(0-H)=0.96 A, which suggests that *1 is an association
complex between Th™ and H,O. From 21, OH bond activation
occurs through 2TS1/2 (A’). One O-H bond elongates to 1(O-
H)=1.20 A and rotates from ~ThOH = 126° in *1 to 78° while
the r(Th"-O) bond length shortens to 2.15 A. This process forms
%2, a hydrido thorium hydroxide cation, which is the global
minimum lying 3.87 eV below the reactant asymptote. It has a
A’ ground state with r(Th"-H) and r(Th*-0), Fig. 5, being
nearly identical to the Th'-H bond length in the diatomic ThH"
(A) ground state calculated previously, r((Th*-H)=2.00 A [25],
and the ThOH" (°A) bond length calculated here, r(Th"-OH) =
1.99 A. These comparisons indicate that there are covalent bonds
between the metal center and both ligands in HThOH" (*A").
%2 is also a common intermediate between all three primary
reaction channels, reactions 5-7. 2 is connected to the lowest
energy products, ThO" + H,, through >TS2/3 (A’). In >TS2/3,
both hydrogens rotate toward each other forming a four-
centered ring structure, Fig. 5. *TS2/3 lies 1.17 eV above 2
and leads to 23, (H,)ThO". In 23, r(Th"-O) shortens to 1.80 A,
similar to r(Th*-0)=1.79 A in ground state ThO" (*Z"), with
r(H-H)=0.76 A, similar to r(H-H) = 0.75 A in H, ('Z,"). Thus,
%3 can be understood as a weakly bound association complex
between ThO" (°") and H». 23 lies 3.81 eV below the reactant
asymptote and readily dissociates to the ThO" (°Z") + H, (! E;)
product asymptote, only 0.07 eV higher in energy. Given
Dy(O-H,)=5.01 eV at CCSD(T)/CBS (compared to the exper-
imental BDE, 5.0348+0.0003 eV [84]), the ThO" BDE is
predicted to be Do(Th"-0)=8.75 eV, in reasonable agreement
with the experimental value of 8.57+0.14 eV [26].
Alternatively, the reaction can proceed from 22 through
2TS2/4. In >TS2/4, ~HThO opens to 110° from 98° in 22 and
1(Th*-O) contracts to 1.84 A while r(O-H) increases from
0.96 A in 22 to 1.57 A. The transition state, >TS2/4, lies
2.58 eV above the global minimum (1.41 eV higher in energy
than 2TS2/3) and leads directly to the HThO" (‘A’)+H s)
products that lie 1.95 eV below the reactants (1.92 eV above

the global minimum). Given Do(HO-H)=5.08 eV for CCSD(T)/
CBS (compared to the experimental BDE, 5.1014 +0.0004 eV
[84]), dissociation of HThO" to Th" + OH is predicted to require
Do(Th™-OH) =6.96 eV. Intermediate 22 can also dissociate
by breaking the H-ThOH" bond, forming ThOH" PA)+H
(®S), calculated to lie 0.40 eV above >TS2/4. Finally, at
higher energies, 22 can dissociate directly to ThH™ (CA;) +
OH (°II), which is calculated to lie 2.36 eV above the
reactants, in reasonable agreement with the experimental
asymptote of 2.65+0.07 eV (given Do(Th'-D)=2.48 +
0.07 eV [25]).

Quartet Surface  Along the quartet spin reaction surface, the
first intermediate, *1, has a B, ground state that lies 0.21 eV
lower in energy than 1. *A, and “B; states were also found
within 0.5 eV of 21 for all methods except M06, as listed in
Table S4 in the Supplementary Material. The reaction along
this surface evolves through *TS1/2 to form 2. “TS1/2 (*A")
lies 0.44 ¢V higher in energy than *TS1/2. Geometrical param-
eters for “TS1/2 are similar to those found for TS1/2, Fig. 5. “2
(*A”) lies 2.92 eV higher in energy than %2 (*A’). Unlike *2
where r(Th-H)=2.00 A, r(Th-H) in 2 is 3.14 A, indicating that
the bond order here is only 1/2, a consequence of the high spin
state. This intermediate readily dissociates to TNOH™ (°A)+H
(*S) with the addition of only 0.06 eV. Overall, this reaction is
calculated to be exothermic by 0.89 eV. Once past the first
intermediate, exploratory calculations indicate that the quartet
surface is significantly higher in energy than the doublet sur-
face (by 2.8-4.5 eV). Further, because the H atom is lost so
easily from *2, channels like *TS2/3 and *TS2/4 cannot plau-
sibly occur. Thus, it is unlikely that the quartet surface plays a
significant role in the overall reaction at thermal energies
except in the entrance channel.

Comparison to Experimental Behavior The PESs of Fig. 4
now permit an analysis of the experimental observations in
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Fig. 1. Clearly, the exothermic formation of ThO"+ D, and
DThO" +D can be explained by evolution along the doublet
surface leading to the common intermediate 22, DThOD". At
low kinetic energies, products are formed by passing over
2TS2/3 and *TS2/4, respectively. Competition between these
two channels is explored more thoroughly in the next section. As
the energy is increased, a new channel for reaction 6 becomes
available, leading to a small increase in the [Th,0,D]" cross-
section. According to the PES shown in Fig. 4, this new channel
could be associated with evolution along the quartet surface over
4TS1/2, leading to formation of ThOD™ (*A)+D. Although
calculations indicate that “TS1/2 lies 0.1-1.4 eV below the
reactants, this entropically disfavored tight TS could lead to the
appearance of an “endothermic” feature in the cross-sections, as
discussed further below. Other possibilities include formation of
excited states of either HThO" or ThOH " (as listed in Tables S1
and S2) although these were not explored fully.

Starting at about 1 eV, both the DThO" and ThOD" prod-
ucts can begin to dissociate by losing a D atom to form ThO™,
resulting in the increase observed in the ThO™ cross-section and
concomitant decrease in the DThO" cross-section. This con-
version is also evident in the branching ratio starting at 1 eV,
Fig. 2. Atstill higher energies, above Do(O-D,) and Do(DO-D),
both the ThO" and DThO" cross-sections decrease even more
rapidly as these products can dissociate to form Th” + O and
Th" + OD, respectively.

Theoretical Branching Ratios

Having characterized the potential energy surface for the com-
peting reactions 5—7, it is now possible to model the experimen-
tal ThO"/HThO" branching ratio. Previously, Zhou and Schlegel
[28] calculated the ThO'/HThO" branching ratio using RRKM
theory and energies and molecular parameters calculated at
various levels of theory. Despite ThO" being more thermody-
namically favorable, RRKM calculations favor HThO™ heavily,
with a branching ratio of 11:89, in strong disagreement with the
experimentally observed ratio of ThO /HThO" = 65:35 [9, 16].
While somewhat surprising, the result can be understood be-
cause RRKM favors reactions where the transition state has low
frequencies compared to transition states with higher frequen-
cies. As pointed out previously by Zhou and Schlegel, *TS2/4 is
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much “looser” than the corresponding >TS2/3 as observed by
the vibrational frequencies of these TSs in Table 3. Figure 5
shows that this is a result of the constrained geometry of *TS2/3
compared to the much more open structure of *TS2/4.

Here, we calculate branching ratios according to RRKM
and PST rate constants using energies calculated at multiple
levels of theory. The results presented in Table 4 assume that
2TS2/3 and >TS2/4 represent the rate-determining step (rds) to
reactions 5 and 6 from 22, respectively. Energies available for
reaction are taken from the energies of these transition states
relative to the reactant asymptote before and after spin-orbit
corrections. Molecular parameters used for 22, 2TS2/3, and
2TS2/4 were taken from the structures optimized at the
B3LYP/SDD/6-311++G(3df,3p) level of theory for the small-
er basis sets (SDD and Seg. SDD) and the PBE0/cc-pVQZ/cc-
pVTZ level of theory for the correlation consistent basis sets.
These frequencies are listed in Table 3.

Table 4 shows that RRKM ThO'/HThO" branching ratios
predict that the HThO" product is favored in every case for
energies uncorrected for spin-orbit interactions. Correcting for
spin-orbit energies moves the predictions closer to experiment
but still favors the HThO" product in every case except
CCSD(T)/SDD. These RRKM results are similar to those of
Zhou and Schlegel, 11:89 [28]. Zhou and Schlegel explained
this discrepancy as likely being a result of the large energies
involved so that the competition was no longer statistical [28].

Zhou and Schlegel [28] overcame this limitation by explor-
ing a semi-classical trajectory simulation that found a
branching ratio of ThO'/HThO" ~ 80:20, much closer to ex-
periment, but still not quantitative. We believe that the main
weakness in the RRKM analysis is that it begins at *2 so that no
history of the reactants is considered. In reality, angular mo-
mentum constraints limit the number of successful trajectories
for the protiated and deuterated versions of both reactions 5 and
6. More specifically, the reduced mass (u) of the ThO" + H,
products is 1.999 amu, whereas the HThO" +H products are
half that, 1.004 amu. In both cases, the reduced mass of the
products is much smaller than that of the reactants, p=
16.713 amu, such that both channels can only conserve angular
momentum for smaller impact parameters. (Similar relation-
ships constrain reactions 5 and 6, where the reduced masses are
3.96, 1.99, and 18.41 amu, respectively.) This tendency is
overcome to some extent by the large exothermicity of both

Table 3. Frequencies (cm ') of 22, *TS2/3, and *TS2/4 from structures optimized using the indicated level of theory (frequencies scaled by 0.989)

] 2182/3 2TS2/4

B3LYP? PBEO® B3LYP? PBEQ® B3LYP? PBE(®
330 326 1519 1398i 1651i 2099i
416 467 815 851 221 239
425 473 1023 1065 276 297
700 726 1192 1201 330 299
1627 1641 1531 1567 820 851
3777 3803 1865 1892 1574 1588

Structures optimized using B3LYP/SDD/6-311++G(3df,3p)
®Structures optimized using PBE0/cc-pVQZ/cc-pVTZ
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Table 4. Branching ratios (ThO'/HThO™) at 0 eV/K calculated using Rice-Ramsperger—Kassel-Marcus (RRKM) and phase space theory (PST) with energies

calculated at several levels of theory®

Method SDD" Seg. SDD® cc-pwCvVQZ4 CBS*
ccsD(T)f RRKM 57:43 (31:69) 23:77 (14:86) 21:79 (13:87) 22:78 (14:86)
PST 94:6 (87:13) 83:17 (75:25) 82:18 (75:25) 83:17 (76:24)
B3LYP RRKM 14:86 (9:91) 12:88 (8:92) 12:88 (8:92) 11:89 (8:92)
PST 75:25 (68:32) 71:29 (65:35) 72:28 (65:35) 72:28 (66:34)
B3PW91 RRKM 14:86 (9:91) 11:89 (8:92) 12:88 (8:92) 12:88 (8:92)
PST 75:25 (68:32) 72:28 (65:35) 74:26 (67:33) 73:27 (67:33)
BHLYP RRKM 42:58:(22:78) 30:70 (17:83) 34:66 (18:82) 32:68 (18:82)
PST 91:9 (82:18) 86:14 (78:22) 88:12 (80:20) 88:12 (80:20)
MO06 RRKM 14:86 (9:91) 12:88 (7:93) 11:89 (7:93) 12:88 (8:92)
PST 74:26 (67:33) 69:31 (63:37) 71:29 (65:35) 73:27 (66:34)
PBEO RRKM 15:85 (10:90) 12:88 (9:91) 13:87 (9:91) 13:87 (9:91)
PST 76:24 (69:31) 73:27 (67:33) 75:25 (69:31) 75:25 (68:32)

“Energies used in calculating branching ratios are taken from Table 2 or Table S4 in Supplementary Material after (before) correcting for spin-orbit energy. Values in

bold are within 10% of the experimental ratio of 65:35 at thermal energies
"Method/SDD/6-311++G(3df,3p)/B3LYP/SDD/6-311++G(3df,3p)
°Method/Seg. SDD/6-311++G(3df;3p)/B3LYP/SDD/6-311++G(3df,3p)
9Method/cc-pwCVQZ/aug-cc-pwCVQZ/PBE0/ce-pVQZ/cc-pVTZ

“Complete basis set extrapolation using Eqgs. 3 and 4, Method/cc-pwCVXZ/cc-pwCVXZ/PBE0/cc-pVQZ/cc-PVTZ where X =T, Q
"Molecular constants used in these calculations are taken from B3LYP/SDD/(6-311++G(3df,3p). For SDD and Seg. SDD calculations and PBE0/cc-pVQZ/cc-pVTZ

for cc-pwCVQZ and CBS calculations, see Table 3

channels (even considering their rds transition states). Never-
theless, angular momentum conservation clearly favors reac-
tion 5 and its protiated variant, in agreement with the observed
behavior. Although the reduced mass argument is only semi-
quantitative in nature, it definitely indicates that properly ac-
counting for angular momentum conservation is needed to
correctly predict the branching ratio.

Here, we account for this quantitatively by utilizing PST,
which explicitly requires conservation of angular momentum
from the reactants. Unlike the RRKM calculations, the PST
branching ratios heavily favor ThO" before correcting for spin-
orbit effects. Accounting for spin-orbit energy, the PST
branching ratios shift more in favor of ThO". Now, accurately
predicting the experimental branching ratio depends on the
details of the energies used for the two competing transition
states. PST branching ratios calculated from B3LYP, B3PWO1,
MO06, and PBEO energies (with all basis sets) are all within +
11% of the observed experimental branching ratio of 65/35.
These ratios result from available energies of 2.48-2.97 eV for
2TS2/3 and 1.29-1.70 eV for *TS2/4 after including spin-orbit
effects, Tables 2 and S4, with Etgy/4 — E1gp3=1.08-1.29. By
contrast, both CCSD(T) and BHLYP calculations are skewed
heavily toward formation of ThO". Here, the CCSD(T) calcu-
lations yield energies of 2.15-2.75 eV for *TS2/3 and 0.72—
1.33 eV for 2TSZ/4 with ET52/4_ ET52/3: 1.31-1.43. This
suggests that an energy difference between the transition states
towards the lower end of ~ 1.1 ¢V is needed to correctly predict
the observed branching ratio.

Phase Space Theory Modeling of Cross-Sections

A much more stringent test of the theory is to model the kinetic
energy dependence of reactions 5 and 6. Clearly, PST is needed
and we considered two approaches, both of which use the trajec-
tory model for the total collision probability. These models ignore

any potential spin changes in the reaction; however, the mixed
spin nature of the Th" J = 3/2 ground level argues that any effects
resulting from a change in spin should be minimal. In the first
approach, each channel is modeled as above, using the rds for the
competing reactions (i.e., “TS2/3 and *TS2/4, respectively). This
approach is justifiable because reactions 5 and 6 pass through a
common intermediate, 22, so that the only difference in reaction
rates of each channel comes from their rds. Here, molecular
parameters (vibrational frequencies and rotational constants) tak-
en from B3LYP/SDD/6-311++G(3df, 3p) optimized structures
of deuterated >TS2/3 and *TS2/4 are used in the modeling. These
PST model cross-sections can be found in Fig. 6 and Fig. 2 shows
the prediction of the branching ratios. In both cases, the PST
model replicates the experimental results well at low energies for
reactions 5 and 6 and the threshold region for reaction 7, discussed
further below. Above 1 eV, the PST model fails primarily because
these calculations do not account for the decomposition of
DThO" into ThO" + D, starting at 1.10+0.14 eV. This is partic-
ularly evident in Fig. 2. In addition, the minor contribution from
the additional pathway forming [Th,0,D]", postulated to proceed
over *TS1/2 above, is not included in this model. A PST
model that did include competition between 2182/3, 2TS2/4,
and *TS1/2 was attempted and demonstrates that apparent
“endothermic behavior” as observed experimentally can occur
for the “TS1/2 channel even with its energy as much as
0.5 eV below reactants, comparable to the calculations
(Table 2). This model is not quantitative, however, requiring
significant scaling of this channel to reproduce the data,
which then interferes with the low energy behavior of the
two major channels. Given the loosely bound nature of the D
atom to ThOD" along the quartet surface, this scaling could
easily be a consequence of inaccurate vibrational frequencies
associated with this weak interaction. As such scaling makes
this interpretation even more speculative, it was not pursued
further.
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Figure 6. Product cross-sections for the reaction of Th* with D,O (points) compared to the phase space theory model discussed in
the text convoluted over the distributions of internal and translational reactant energies (solid lines) and excluding these distributions
(dashed lines). The black line shows the predicted cross-section for returning to reactants

The only adjustable parameters for the PST model are the
threshold energies for each channel, which correspond to the rds
for each process. The models shown in Figs. 2 and 6 utilize
thresholds of E£y(5)=-2.0£0.2 eV and Ey(6)=—1.0+0.1 eV in
order to reproduce the experimental data. Importantly, the ener-
gy difference between these two values needs to be 0.9-1.0 eV
in order to reproduce experiment. Note that this difference is in
agreement with the value of about 1.1 eV obtained above from
modeling the thermal branching ratio alone. Further, we can
compare these energies with those calculated theoretically for
*TS2/3 and *TS2/4 in Table 2 (ignoring the small zero-point
energy differences). Values for *TS2/3 range from —2.26 to —
297 eV, 0.26-0.97+0.2 eV lower than the PST modeling,
whereas values for *TS2/4 lie at —0.96 to — 1.68 eV compared
to the PST value of — 1.0+ 0.1 eV. BHLYP values are nearly in
agreement with the PST modeling. Theoretical energy differ-
ences between the two TSs range from 1.15 to 1.41 eV, slightly
larger than the preferred value of ~1+0.1 eV.

The second modeling approach tried assumes that *TS1/2 is
the rds in both reactions 5 and 6. The PST model is adapted to
calculate the rate through this “tight” transition state and uti-
lizes the molecular parameters calculated in the B3LYP/SDD/
6-311++G(3df, 3p) optimized structure of deuterated *TS1/2.
Because *TS1/2 leads to both sets of products from reactions 5
and 6, the total cross-section was modeled and led to an energy
for *TS1/2 of —2.0+0.2 V. This value can be compared with
the theoretical values in Table 2, which range from — 0.46 to —
1.58 eV, with the CCSD(T) value at —0.68 eV. The discrep-
ancies of 1.5-0.4+0.2 eV suggest that this is not a useful
means of reproducing the data.

Regardless of the approach used to model reactions 5 and 6,
the PST model yields Eo(7)=3.55+0.10 eV for formation of

ThD" + OD, similar to the threshold obtained by modeling with
Eq. 1, Table 1. This value is much higher than the expected
threshold of 2.73 +0.07 eV suggested by the Do(Th™-D) value
determined previously [25]. The discrepancy is probably be-
cause the PST model does not account for the decomposition of
DThO" into ThO" + D, nor for the higher energy pathway
forming ThOD' + D, such that the competition among reac-
tions 57 is not accurately portrayed at energies above about
1eV.

Discussion

A major motivation for our recent work with thorium is to
provide experimental benchmarks to which theoretical values
can be compared. Previous studies of the reactions of thorium
with carbon monoxide [26] and hydrogen [25] indicate en-
thalpies of reaction for the perprotiated analogues of reactions
5 and 7 are AH(5)=-3.54+0.14 eV and AH(7)=2.65=+
0.07 eV relative to the reactants, respectively. PST modeling
in this work indicates that *TS2/3 and *TS2/4 lie 2.0+ 0.2 and
1.0£0.1 eV below the reactants, respectively. Table 5 com-
pares these experimental values to CCSD(T) calculated values,
two other select levels of theory, and values from the literature
[28]. Although Zhou and Schlegel reported results from several
approaches, they considered the most reliable results to be
PW91/ZORA-SO (which includes spin-orbit corrections) and
CCSD(T)/SDD+ (a composite approach using a larger basis
set). These two approaches give similar energy values except
for >TS2/3 (differing by 0.68 eV), hence, only the CCSD(T)/
SDD+ values are listed in Table 5 as these results agree better
with the present experiments. Comparison with the present
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Table 5. Comparison of experimentally derived energies (¢V) and branching ratios to theoretically derived values calculated at the indicated level of theory and basis
set

CCSD(T) BHLYP MO06 CCSD(T)

Exp.? SDDP Seg. SDD° ce-pwCvVQZ4 CBS® CBS* CBS® SDD+
AH(5), ThO" +H, —3.54(0.14)¢ -3.23 -372 -3.77 —-3.74 -3.35 -3.78 -3.39
AH(7), ThH" + OH 2.65 (0.07) 1.80 1.65 2.35 236 2.00 241
2TS2/3 -2.0(0.2) -2.15 -2.50 -2.73 -2.70 -226 -2.67 -220
*TS2/4 -1.0(0.1)! -0.72 -1.19 -1.33 -1.29 -0.96 -1.52 —-1.56
MAD 0.40 (0.31) 0.47 (0.39) 0.40 (0.23) 0.37 (0.22) 0.29 (0.26) 0.42 (0.21) 0.30 (0.22)
ThO*/HThO'* 65:35 94:6 83:17 82:18 83:17 88:12 73:27 ~80:20
Deviation' +£29 +18 +18 +18 +23 +8 +15

*Experimental values with uncertainties in parentheses. "CCSD(T)/SDD/6-311++G(3df,3p)//B3LYP/SDD/6-311++G(3df,3p). “CCSD(T)/Seg. SDD/6—
311++G(3df,3p)//B3LYP/SDD/6-31 1++G(3df,3p). ‘CCSD(T)/cc-pwCVQZ/aug-cc-pwCVQZ/PBE0/cc-pVQZ/cc-pVTZ. “Complete basis set extrapolation using
Egs. 3 and 4, Method/cc-pVXZ/cc-pVXZ/PBEO/cc-pVQZ/cc-pVTZ where X =T, Q. Results from Ref. [28] assuming intermediate 21 lies 0.87 ¢V below ground
state reactants. Energies are similar to the B3LYP/SDD results of Ref. [27]. Here, the branching ratio is derived from trajectory results, see text. ®Calculated using
Do(Th"-0)=8.57+0.14 eV from Ref. [26] and D, (O-H,) =5.0348 eV from Ref. [84]. "Calculated using Dy(Th'-H)=2.45+0.07 eV from Ref. [25] and Do(HO-
H)=5.101 eV from Ref. [84]. 'PST fit of reactions 5 and 6. See Figs. 2 and 6 and text. 'Mean absolute deviation (1 standard deviation). “Experimental branching ratio
from Refs. [9, 16]. Theoretical branching ratios are calculated using the indicated method and basis set with PST after correcting for spin-orbit energies. See text and

Table 4. 'Deviation of theoretical branching ratio from the experimentally observed ratio

calculations is hindered by the fact that Zhou and Schlegel do
not report an energy for the Th” +H,O reactants, but rather
refer to the results of Mazzone et al. [27] citing a relative energy
for *1 of —0.87 eV.

A couple of trends can be observed from Table 5. The
reaction forming the ThO" + H, products, the analogue of
reaction 5, has an exothermicity that is reasonably well predict-
ed by theory, with deviations between — 0.24 and +0.31 ¢V. In
contrast, the endothermicity in the formation of ThH" + OH in
the analogue of reaction 7 is systematically too low, by 0.2—
0.9 eV. This latter deviation agrees with the more extensive
theoretical exploration in our study of the Th* + H,/D, reac-
tions [25]. Likewise, all calculations predict that *TS2/3 is
lower than found by the PST modeling, although CCSD(T)/
SDD and CCSD(T)/SDD+ results are within and BHLYP/CBS
results are just outside the experimental uncertainty. For 2182/
4, the CCSD(T)/SDD and BHLYP/CBS approaches predict a
higher energy than the PST model result (with the BHLYP/
CBS value within experimental uncertainty, which is why this
result is singled out here), whereas all other approaches listed
predict lower energies (by 0.2-0.6 eV), with the CCSD(T)/
SDD+ results showing the largest deviation.

The mean absolute deviations (MADs) listed in Table 5
between these four experimental energies and theoretical
values indicate similar abilities to reproduce the experimental
values, with BHLYP/CBS and CCSD(T)/SDD+ (which is
favored because it does not include the problematic comparison
with A;H(7)) being slightly better and CCSD(T)/Seg. SDD
slightly worse than the other approaches. Although CCSD(T)/
SDD and BHLYP/CBS have two values above and two values
below experiment, all other levels of theory are systematically
low. It should be realized that without the spin-orbit corrections
(included in all the present theoretical values in Table 5), the
results would be considerably worse for all levels of theory.
Such deviations for actinide thermochemistry are not unprece-
dented with most levels of theory systematically
overestimating bond energies for ThH" (by 0.0-0.5 eV),
ThC" (by 0.0-0.6 V), and ThO" (by 0.0-0.4 eV) (which leads

to low values on the PES for these two asymptotes) [25, 26]. In
these works, more advanced theoretical approaches [85, 86]
provided more accurate results, but are beyond the scope of an
entire PES.

In analyzing the performance of theory, it is also instructive
to examine the predicted branching ratio at thermal energies
calculated using PST and the energies of >TS2/3 and *TS2/4
for each level of theory. This comparison is also listed in
Table 5. Such an analysis indicates that although the
CCSD(T)/SDD calculations yield comparable results to the
correlation consistent basis sets for the thermochemical values,
it deviates by +29% from the experimental branching ratio
compared to + 18% for the CCSD(T) using correlation consis-
tent basis sets and + 23% for BHLYP/CBS. M06/CBS gives the
best result with a deviation of only +8% (and the reason this
particular level of theory is included in this comparison). Note
that this level has the smallest difference in energies between
2TS2/3 and TS2/4, 1.15 ¢V and similar to the experimental
value of about 1.0 £ 0.1 eV, compared with 1.30-1.43 eV for the
other methods in Table 5. Consistent with these observations is
the fact that for the trajectory results of Zhou and Schlegel [28],
the energies used were those calculated at the PW91/SDD level
where the energy difference between TS2/3 and *TS2/4 was
1.18 eV. Although the resulting ~80:20 branching ratio is in
reasonable agreement with experiment, the result was obtained
with only 16 trajectories that were initiated from *TS1/2. Thus,
the return to reactants, which limits the overall efficiency of the
reaction and also competes with reactions 5 and 6, was not
considered nor was the distribution of angular momentum avail-
able to the species likely to be accurate.

It is important to also realize that these theoretical branching
ratios represent relative rates rather than absolute rates, so that a
particular method can reproduce the experimental branching
ratio while simultaneously incorrectly predicting the absolute
rates. Therefore, a comparison of theoretical branching ratios to
the experimentally observed ratios may be a valuable metric to
evaluate theoretical methods and basis sets; however, without
absolute rates they may be misleading. Further, the snapshot of
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predicting only the thermal branching ratio is clearly not as
demanding as reproducing the interesting kinetic energy de-
pendence over an extended range, such as that shown in Figs. 2
and 6.
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