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Reactions of U* with H,, D,, and HD Studied by Guided Ion Beam Tandem Mass Spectrometry
and Theory

Wen-Jing Zhang,' Maria Demireva”’ JungSoo Kim,' Wibe. A. de Jong,” and P. B. Armentrout”*
"Department of Chemistry, University of Utah, Salt Lake City, Utah 84112-0850, USA
“Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, California 94720,
USA

ABSTRACT

The kinetic energy dependent reactions of the atomic actinide uranium cation (U*) with
H,, D,, and HD were examined by guided ion beam tandem mass spectrometry. An average 0 K
bond dissociation energy of Dy(U*-H) = 248 = 0.06 eV is obtained by analysis of the
endothermic product ion cross sections. Quantum chemistry calculations were performed for
comparison with experimental thermochemistry, including high-level CASSCF-CASPT2-RASSI
calculations of the spin-orbit corrections. CCSD(T) and the CASSCF levels show excellent
agreement with experiment, whereas, B3LYP and PBEO slightly overestimate and the M06
approach badly underestimates the bond energy for UH*. Theory was also used to investigate the
electronic structures of the reaction intermediates and potential energy surfaces. The
experimental product branching ratio for reaction of U* with HD indicates that these reactions
occur primarily via a direct reaction mechanism, despite the presence of a deep-well for UH,*
formation according to theory. The reactivity and hydride bond energy for U* are compared with
those for transition metal, lanthanide, and actinide cations, and periodic trends are discussed.
These comparisons suggest that the 5f electrons on uranium are largely core and uninvolved in
the reactive chemistry.
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Introduction

The thermochemistry and reactivity of actinide (An) containing species are of significant
interest because of their inherent importance in the nuclear fuel cycle: recovery of fissile
materials from seawater, reprocessing of nuclear fuel, safe storage of nuclear waste, the
mitigation of groundwater contamination using advanced separations technologies,' and because
f-orbitals make them fundamentally intriguing. Despite such interest, the radioactivity of most
actinides (except Th and U) has limited their study to dedicated laboratories. Theoretical studies
of actinides are attractive because safety concerns are mitigated; however, the actinides require
comprehensive treatments of both relativistic and electron correlation effects. Thus, the accurate
description of the experimental properties of actinides by ab initio methods is difficult and can
require extensive multireference methods because of the large number of low-lying molecular
electronic states resulting from occupation of low-energy 5f and 6d shells. To date, gas-phase
experimental work has dealt primarily with reactions of early actinide elements Th-Cm including
hydrocarbon activation reactions*'® and oxidation.""" The challenge of heavy-element studies
results in several examples of discrepancies (real or apparent) between experimental and
theoretical thermochemistry in the literature.*®* Some errors result from experimental work,*
whereas others seem to be related to the theoretical methods.?** Some of these discrepancies
may be avoided in the future if high quality benchmark experimental data were available for
comparison to results from high levels of theory.

Experimentally, uranium metal and H, react to form UHj;, which can release H, at high
temperature.* In matrix isolation experiments using an argon matrix, UH, (n = 1 — 4) and U,H,,
(m = 2 and 4) have been observed and their vibrational frequencies reported.” Addition of more
H, leads to a UH4(H,)s structure, which computations show is a central tetrahedral UH, molecule
with six dihydrogen molecules bonding parallel to each edge of the tetrahedron.® Other
calculations have indicated that UH4 spontaneously decomposes by loss of H,*’ In the gas-phase,
among the simplest reaction systems that can be studied in detail both experimentally and

theoretically is the reaction of atomic ions with H, and its isotopologues. Previously, Moreland,



Rokop, and Stevens® observed the formation of UH* (UD") in the reactions of atomic uranium
cations with H,, H,O, and H,S (and their perdeuterated variants), and estimated that the bond
dissociation energy (BDE) of UD* was 3.3 £ 0.5 eV. Armentrout, Hodges, and Beauchamp
examined the kinetic energy dependence of the endothermic reactions of U* with D, and CD,
using an ion beam apparatus.”> From analysis of the thresholds for production of UD*, they
assigned the experimental BDE of UH" as 2.9 + 0.2 eV. Marcalo and Gibson used ion cyclotron
resonance mass spectrometry (ICR-MS) to study the reactions of An** (including U?**) with
alkanes and alkenes.’ They observed that UH* + C;H;* was formed in reaction with propane,
which leads to a lower limit for Dy(U*-H) of > 0.97 £ 0.2 eV presuming IE(U*) = 10.6 eV,* or
of Dy(U*-H) > -0.13 £ 0.2 eV if IE(U*) = 11.7 £ 0.3 eV is used.” Using B3LYP/SDD-VDZ-
MWB/6-311+G(p) and PW91/ZORA theoretical approaches, Di Santo et al. reported UH* BDEs
of 2.35 and 2.94 eV, respectively,”® where the latter value is in good agreement with the
experimental values. However, this same work calculated the BDE of ThH* as 2.98 and 3.49 eV,
respectively, i.e., considerably stronger than Do(UH*) at both levels of theory. Both of these
theoretical values are much higher than an experimental value for Do(ThH") of 2.45 + 0.07 eV
recently measured by examination of the reactions of Th* with CH,* and H,, HD, and D,,*' using
a guided ion beam tandem mass spectrometer (GIBMS). In the latter work, BDEs of other
actinide hydride cations (AnH*) were estimated on the basis of Dy(Th*-H) and the promotion
energy (Ep) associated with excitation from the ground level to a state having the appropriate
electronic configuration for forming a strong single covalent bond (ignoring the energy
associated with spin decoupling the bonding electron from other unpaired electrons on the
metal)."” Because the promotion energies of Th* and U* are similar (0.0 and 0.04 eV), this
analysis suggested that the UH* BDE (estimated to be 2.41 + 0.07 eV) should be similar to that
of ThH*. Indeed, the analogous prediction works well for ThF* and UF* BDEs (also single
covalent bonds with extensive ionic character), which are measured as 6.63 + 0.10 and 6.57 +

29,31-34

0.10 eV, respectively.



Here, we report the absolute cross sections as a function of kinetic energy for the
reactions of atomic uranium cations with H,, D,, and HD as measured using a GIBMS. Analysis
of the kinetic energy dependence of these cross sections permits direct determination of Dy(U*-
H). Theoretical calculations of UH* and UH," were also performed to assign electronic states,
compare to the experimental bond energy, and to explore possible reaction mechanisms. As our

group has previously examined the analogous reactions with atomic metal cations of first-row,*

40,42-44 40,50-51

42 second-row, and third-row* transition metals, several lanthanides, and the actinide
Th**' the present study allows an evaluation of the periodic trends in this simplest of all

exchange reactions.

Experimental and Theoretical Methods

Instrument. The GIBMS used in these experiments and the general experimental
procedures have been described in detail previously.”> Briefly, uranium cation precursor ions
were created using a direct current discharge/flow tube source (DC/FT),** described in more
detail below. After exiting the source, U cations were focused and ?**U* ions were mass selected
using a magnetic momentum analyzer. These ions were decelerated to a well-defined kinetic
energy and injected into a radio frequency (rf) octopole ion guide that trapped the ions radially.>
* The octopole passed through a static pressure reaction cell containing the neutral reaction
partner (H,, HD, or D,) at sufficiently low pressures (0.1 - 0.4 mTorr) that single collision
conditions prevailed. All cross sections were measured at several pressures to ensure that
rigorous single-collision conditions were used in the data analysis. Product and remaining
precursor ions drifted to the end of the octopole, where they were extracted, separated with a
quadrupole mass filter, and detected using a secondary electron scintillation (Daly) detector.”’
Reaction cross sections at each relative kinetic energy were converted 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, as described previously.™

Uncertainties in these absolute product ion cross sections are estimated to be +20%, with relative



cross sections accurate to about £5%. Laboratory (lab) ion energies were converted to the center-
of-mass (CM) frame using the relationship Ecy = Ej, 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 kinetic energy distribution of the reactant ions and the thermal (300 K) motion of the

t.% The absolute zero of energy and the full width at half-maximum (fwhm) of

neutral reactan
the ion beam were determined by using the octopole guide as a retarding potential analyzer.
Typical fwhms of the energy distribution for these experiments were 0.3 — 0.5 eV (lab) and the
uncertainty in the energy scale was +0.1 eV (lab). All energies reported below are in the CM
frame.

Ton source. The DC/FT source has been described in detail previously.” Briefly, a
uranium metal sample (**U, 99.79% abundance, New Brunswick Laboratory) was held at
about -1.0 kV. The resultant electric field ionized Ar gas that flowed over the cathode in a 9:1
He/Ar mixture. The ionized Ar collided with the cathode and U* ions were sputtered and swept
into the flow tube by the He/Ar flow at typical pressures of 0.5-0.7 Torr. In the flow tube, ions
were thermalized by ~10° collisions with carrier gases. Previous experiments utilizing the
DC/FT source with transition metal cations have indicated that the internal energies of the atomic
cations generated can be characterized by effective temperatures of 300 — 1100 K.*% An
equilibrium population analysis at 300 K indicates that 76.2% of U" is in its ground level (‘Io,5f
¥7s?) and 22.8% of U™ is in its first excited level (°L;,,,5f°6d7s) at 289.0 cm™ (0.036 eV).?*% At
1100 K, these populations change to 42.7% and 35.1% with additional contributions of 12.9%,
6.1%, and 2.5% in excited levels (°Ko,,5f6d7s), (°Li3,,5f°6d7s), and (°K,,,,5f6d7s) at 914.8,
1749.1, and 2294.7 cm™ (0.113, 0.217, and 0.285 eV), respectively. Conservatively, we estimate
the internal temperature to be 700 + 400 K, where U* has an average electronic energy of E =
240 £ 172 cm™ (0.03 £ 0.02 eV).

Data analysis. The kinetic energy dependence of endothermic reactions was modeled
using eq 1,%%

o(E)=00L gi(E+ Ey+ E - Ey)'/E (D



where 0y 1s an energy independent scaling factor, E is the relative kinetic energy of the reactants,
E, is defined above, E; is the internal energy of the reactant neutral (vibrational and rotational for
H,, D,, and HD) having populations g; (X¥g; = 1), n is an adjustable parameter, 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. Uncertainties in
E, were calculated from the threshold values from several independent data sets (minimum of
five for each system) and combined with the absolute uncertainties in the kinetic energy scale
(<0.001 eV) and electronic energies of reactant ions (0.02 eV). The E, thresholds were used to
determine the bond dissociation energy (BDE), Dy(U*—H), using eq 2 and its isotopic analogues.
Dy(U*-H) = Dy(H-H) - E, (2)
Equation 2 assumes that there are no barriers in excess of the endothermicity of the reaction.”
No experimental or theoretical evidence was found to suggest that such a barrier is present.
Above the neutral reactant BDE, product ions can have enough internal energy to
dissociate. To account for this effect, eq 1 is multiplied by the probability for dissociation of the
products, Pp, using a simple model detailed elsewhere.”' Py, is controlled by two parameters: Ep,
the energy where dissociation begins, and p, similar to n but limited to integral values, that
controls how rapidly the cross section declines. The p and E}, parameters were optimized to best
reproduce the high-energy cross sections without affecting the threshold energy determinations.
Theoretical calculations. All quantum chemical calculations were performed using the
Gaussianl6 suite of programs.’”” For most calculations, a correlation consistent polarized core
valence, including core-valence correlation corrections, quadruple-C basis set, cc-pwCVQZ-MDF
(20s17p12d11f7g4hli)/[9s9p8d8f7g4hli]) developed by Peterson™ that utilizes the
Stuttgart/Koeln fully relativistic small core (60 electron) effective core potential (ECP60MDF

pseudopotential),” was used for U* along with the aug-cc-pVQZ basis set”

for H. For calculating
BDE:s, several additional basis sets were used. For U*, 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, and correlation consistent cc-pVTZ-MDF, cc-
pVQZ-MDF, and cc-pwCVTZ-MDF (which include core—valence correlation) basis sets” with
the MDF ECP. Pople 6-311+G(3pd), cc-pVTZ, cc-pVQZ, aug-cc-pVTZ, and aug-cc-pVQZ basis
sets” were used for H. Additionally, BDEs were calculated 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-MDF/aug-cc-pVQZ optimized structures. These latter calculations
were performed using the second order Douglas—Kroll-Hess Hamiltonian (DK2).”* 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 Gaussian16. Use
of DK2 may lead to errors, which are anticipated to be small.* Extrapolation to the complete
basis set limit (CBS) was performed using the Karton—Martin method,”*® eq 3, proposed for the
HF energies with the TZ (X = 3) and QZ (X = 4) energies.
Ex = Ecgs + A(X + 1)e 57X 3)
For CCSD(T) calculations, eq 4 was used to extrapolate the correlation energy.’**7*
Ex = Ecgs+ BX + ¥2)* 4

Calculations also utilized density functional theory (DFT) methods, B3LYP,¥*° M06,”
and PBEO (PBEIPBE).”>** Of these functionals, B3LYP and M06 have been shown to perform
well for actinide—oxygen bond energies and for ionization energies of actinide oxides and their
cations.” PBEQ has previously yielded similar geometrical structures as B3LYP in previous Th*
studies.”?' Additionally, CCSD(T),”* a coupled cluster method that mixes single and double
excitations with perturbative triple excitations, was used for single point calculations using the
B3LYP optimized structures. For CCSD(T) electron correlation calculations, the 5s and 5p
electrons were usually frozen. All calculations were open-shell and unrestricted, and all energies
discussed below were corrected by the zero-point energy using the frequencies generated for

their respective optimized structure after scaling by 0.989.°"* No significant spin contamination



was observed in these calculations for any species studied. Natural bond orbital (NBO)

analyses'*'"!

of states were also conducted to determine the orbital occupations of most states.
Spin-orbit energy correction estimates were obtained using complete active space SCF
(CASSCF)'** followed by second order multiconfigurational perturbation theory (CASPT2)'® to
estimate dynamical correlation effects and subsequent restricted active space state interaction
(RASSD)'™ to compute the spin-orbit eigenstates. This approach is similar the one used by Bross
and Peterson, Antonov and Heaven, and Dolg and Cao for estimating the role of spin-orbit on the
spectra of UF', UCI*, and the spectra and BDE of UH.*5'%'% The relativistic Atomic Natural
Orbital (ANO-RCC-VXZP with X =D, T, Q) basis sets available in OpenMolcas were used. The
relativistic DK2 Hamiltonian was used to compute the scalar relativistic and spin-orbit coupling
effects. Following Bross and Peterson, state-averaged CASSCF and CASPT2 were used to
generate 5I, SL, and I states for UH* and U?* and ®L and *I states for U™ in each irrep of the C,
point group (yielding symmetries a and b), using an active space consisting of the 5f, 6d, and 7s
orbitals for U*. For UH", the same active space was used and doubly occupied H™ orbital was
included in the inactive space. In the subsequent CASPT2 calculations, the U(6s), U(6p), and the
doubly-occupied H(/s) orbitals were also correlated. The default OpenMolcas IPEA shift of 0.25
and imaginary shift of 0.1 were used in the CASPT2 calculations, with the multi-state
optimization turned off. All generated states were included in the RASSI calculations to generate

the spin-free and spin-orbit states. The ground state was used for the calculation of the BDE.

Experimental Results
U* + H; and D,. The reactions of U* with H, and D, yield products according to reactions
5 and 6.
U*+H, - UH"+H (5)
U*+D, - UD*+D (6)
The kinetic energy dependent cross section for reaction 5 can be found in Figure 1 with the

analogous deuterium cross section in Figure 2. Reactions 5 and 6 have apparent thresholds near
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1.5 eV with the cross sections peaking near Dy(H,) = 4.478 eV and Dy(D,) = 4.556 V.01
Above these energies, the cross sections decrease because the internal energies of the UH* and
UD* products increase, leading to dissociation to U* + H (D), which has an onset equal to Dy(H,)
or Dy(D,). The magnitude at the maximum UH* and UD* cross sections are similar at 5.12 and
5.15 A?), respectively, well within the estimated absolute cross section uncertainty (£20%).

Figure 2 also includes a reproduction of the data from the previous ion beam experiment
of Armentrout, Hodges, and Beauchamp (AHB).” It can be seen that the absolute cross section
measurements obtained here agree with these previous measurements in the threshold region up
to about 3 eV, where the previous data plateaus rather than continuing to increase. Because this
instrument did not incorporate an rf octopole ion guide, its ability to measure accurate cross
sections over a wide range of energies was compromised. In particular, complete collection of
product ions at higher collision energies was unlikely because of increasingly large transverse
energies. Differences in the cross sections in the threshold region can be attributed to differences
in the source of the uranium cations and the collision cell temperature (400 K versus the 300 K
used here). AHB generated their ions using a surface ionization source operated at an estimated
temperature of 2300 K, such that many excited electronic states are occupied. The average
electronic energy at this temperature is 0.19 eV with states up to 0.69 eV having populations
exceeding 1%. The effects of this are evaluated further below.

U* + HD. Reaction of U* with HD yields products according to reactions 7 and 8,

U*+HD - UH"+D (7)
- UD*+H 8)

as shown in Figure 3. Reactions 7 and 8 have similar apparent thresholds as reactions 5 and 6
and their cross sections peak near Dy(HD) = 4.514 eV.""'% At energies somewhat above the
apparent thresholds, UH* is found to be the dominant product by about a 2:1 ratio. The
magnitude of the total cross section at its peak (6.2 A?) is 1.2 times the magnitude of the peak
cross sections for reactions 5 and 6, within the 20% absolute experimental uncertainty.

Thermochemical Results. The fitting parameters of eq 1 augmented by the model for
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dissociation (Pp) that were used to model the cross sections of reactions 5 — 8 can be found in
Table 1. The models including the effects of dissociation are shown in Figures 1 — 3 and can be
seen to reproduce the data throughout the entire energy range examined. Because the model of eq
1 explicitly accounts for the internal energy of all reactants, the E, values reported in Table 1 are
thresholds at 0 K. It can be seen that the thresholds for all four reactions are similar. Given
literature values for the BDEs of H,, D,, and HD (noted above), the thresholds measured for
reactions 5 — 8 can be converted using eq 2 (or its isotopic analogues) to Dy(U*-H), as listed in
Table 1 after correcting the values obtained for UD™* products for a zero-point energy difference
of 0.029 eV (calculated using a vibrational frequency for UH* of 1593 cm’, see below). The
weighted average of these four measurements is Do(U*-H) = 2.48 + 0.06 eV, where the
uncertainty is one standard deviation.

The present result is consistent with the lower limits for Do(U*-H) obtained in the ICR
study of the reactions of U** with alkanes and alkenes,” and in good agreement with the BDE of
2.41 + 0.07 eV estimated on the basis of Dy(Th*-H) and Ep(U*) = 0.04 eV (see above).”>%° Our
present Do(U*—H) value is much lower than the value of 2.9 + 0.2 eV,? measured by AHB in
early ion beam studies of the reactions of U* with D, and CD,. These data were analyzed using a
linear function that accounted for the thermal motion of the D, gas, but not the internal energies
of either reactant. Indeed, if the present data are reanalyzed assuming a D, gas temperature of
400 K and an electronic distribution for U* at 2300 K, one obtains a threshold that differs from
the present analysis by 0.5 eV, such that this amount of the discrepancy is immediately
attributable to the different experimental conditions. This correction would change the 1.7 + 0.1
eV threshold for reaction 6 reported by AHB to a 0 K value of 2.2 + 0.1 eV, within experimental
uncertainty of the threshold determined here, 2.08 + 0.08 eV. Differences in the two results
should also result from the use of a linear function to interpret the more limited data set
(approximately eight data points) in the older experiment.

Reaction Mechanism. The product branching ratio in the endothermic reaction M* + HD

is sensitive to the reaction mechanism, as shown in previous work with transition metals. %
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Three possible reaction mechanisms were established for strictly diabatic behavior where the M*
electronic configuration remains static through the course of the reaction. (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 exhibit statistical
behavior associated with a long-lived HMH* intermediate and have branching ratios (Owu/Oro)
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 a short-lived
interaction between M* + HD such that conservation of angular momentum favors MH* over
MD* by factors of 2—4, leading to omu/Or, between 0.66 and 0.80. (3) If M* has an electronic
configuration with 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 inefficiently by an impulsive
mechanism. Here, the metal cation interacts strong with only one of the atoms (H or D), such that
the effective kinetic energy is different for each interaction. Such processes favor MD* + H by a
large factor and thresholds shifted from thermodynamic values by large amounts.

The cross section branching ratio, [Oyn/Oro], Obtained in the present work lies near 0.7
from threshold until 4.5 eV, where it gradually increases to 0.86 at 7.0 eV. The latter increase has

been explained previously,*'*-"?

and results from the fact that the heavier D atom can take away
a larger amount of translational energy than the lighter H atom. The branching ratio below 4.5
eV indicates that the uranium cation system exhibits behavior in class 2, a direct reaction.
Ignoring the 5f orbitals (which may be reasonable as previous studies indicate minimal
participation of 5f orbitals in the bonding of the diatomics UF, UF*, UO and UO"),* the expected
diabatic reactivity of the ground level of U* (*“lyp, 5f77s%), which should have an experimental
population of 76 — 43%, is inefficient and impulsive (class 3 above) because the fully occupied
7s orbital should interact repulsively with H,. In contrast, the experimentally occupied °L;;,

(5f76d7s), 23 — 35% population, and °Ky, (5/°6d7s), 1 — 13% population, levels should evolve

along surfaces that are more attractive and should react via direct processes (class 2 behavior).
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Some indication of whether the ground level is reactive or not can be obtained from a
comparison of the absolute cross sections for reactions 5 — 8, peak magnitudes of 5 — 6 A2, with
those for other metal cations in the analogous reactions. The other actinide we have studied, Th*,
exhibited peak magnitudes of 3 — 4 A23" while the lanthanide, Gd* ("°D, 4f75d6s), was 1.0 — 1.3
A2 Group 3 transition metal cations exhibited peak magnitudes of about 0.7, 1.1, 1.5, and 0.8
A? for Sc* (D, 3d4s), Y* (mainly °D, 4d5s), La* (mainly °F, 54°), and Lu* ('S, 6s°).* Thus, the
relative magnitudes of the cross sections measured here suggest that there is no component of the
experimental ion population that is unreactive. As a consequence, the experimental result
indicates that the surface evolving from the Iy, level probably undergoes an avoided crossing
with a Q = 9/2 surface evolving from the °Ky, (576d7s) level, only 0.113 eV above the ground

level. % Crossings with other surfaces (e.g., °L;;» at 0.036 eV)**®

might also occur but only if
the € quantum number need not be conserved during reaction. These conclusions can be tested

further by examination of the theoretical results.

Theoretical Results

Energy Levels of U*. One way to gauge the accuracy of a theoretical method is to
compare predicted low-lying states of the atomic metal cation to those observed experimentally,
as previously done for U* by Di Santo et al.* Here, we compare low-lying states calculated using
the cc-pwCVQZ-MDF basis set and several levels of theory to experimental excitation energies
in Table 2, with additional levels included in Table S1 of the Supporting Information. The
experimental energies listed are weighted averages over all spin—orbit levels of each state,*®
which is problematic for several states of U*, as experimental levels for °L,,, Ko, "My, and
®M,;, have not been identified spectroscopically. These energy levels were estimated by
extrapolation from the other J levels in the same term.

All levels of theory correctly predict a ‘I ground state (although a sextet state that is

mainly 5f*7s character mixed with 5f ’6d7s lies 0.03 eV lower at PBEO levels of theory, see also

Table S1). Furthermore, B3ALYP, M06, and CCSD(T) with the cc-pwCVQZ-MDF basis set
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correctly predict the ordering of *I (5f°7s?), °I (5f*7s), and M (5f°64°) states, Table 2. When the
electron configuration is 5f°6d7s, °H, °K, and °L states result and have an experimental energy
range between 0.42 — 0.50 eV. B3LYP, M06, PBEO, and CCSD(T) levels of theory locate
multiple 5f76d7s states, and these were assigned to match the experimental order. Notably,
freezing the 55 and 5p electrons leads to better results for the CCSD(T) calculations, an effect
that has been discussed by Bross and Peterson, who find that these orbitals stabilize the I state.'®

Spin-Orbit Energy Corrections. Unless explicit spin-orbit (SO) calculations are
conducted, theoretical energies correspond to a value that has been averaged over all SO states
whereas experimental 0 K energies correspond to the lowest levels of the species. Therefore,
valid comparisons between experimental and theoretical values must include SO effects, which
are large for U*. For the BDE of UH*, SO corrections require that the U* + H asymptote be
lowered by the empirical difference between the U* (‘Io,) ground level and the ground state
energy averaged over all SO levels, a difference of 0.849 eV. In addition, the BDE should be
corrected for the SO splitting of UH*, which is unknown. In the absence of better information,
we could assume that the calculated SO splitting value of UH™ is the same as that for ground
state UF* (°I). Here, a value of 0.568 eV is determined from the average energy of the Q =4, 5,
6, 7, 8 levels of the °I state equally weighted by their two-fold degeneracy as calculated by Bross
and Peterson at 0, 1061, 3784, 7101, and 10978 cm’, respectively.'” According to this
assumption, theoretically calculated BDEs for UH* should be decreased by 0.849 — 0.568 =
0.281 eV. Alternatively, because these states are very atomic like, one could weight them by 2Q
+ 1, in which case the SO correction is 0.675 eV for UH*, leading to a decrease in the BDE of
0.174 eV. Fortunately, these assumptions are not needed in the present work as explicit
calculations of the SO corrections for UH* are provided in the following section.

Energy Corrections from CASSCF-CASPT2-RASSI Calculations. The SO was
calculated for the UH* and U* atom with the relativistic DK2 Hamiltonian using the CASSCEF-
CASPT2-RASSI level of theory. The calculated bond lengths and binding energies, plus the

spin-orbit corrections for U*, UH*, and the BDE are listed in Table 3. Note that some additional
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calculations were performed with the relativistic DK3 and X2C Hamiltonian,'"" which yielded
similar results. As can be seen in the last column of Table 3, the SO correction of 0.852 eV
obtained with the DK2-CASSCF-CASPT2-RASSI approach for U* is in good agreement with
the experimental result of 0.849 eV. For the molecule, the Q =4, 5, 6, 7, 8 levels in UH* show a
similar behavior compared to those of Bross and Peterson for UF*.'” Overall, the results in Table
3 show that the UH* BDEs should be decreased by 0.074 eV.

The magnitude of the calculated SO correction for the UH* BDE is attributed to the
difference in atomic spin-orbit corrections for U* and U*. For a DKH calculation using an all-
electron basis set, Cao, Moritz, and Dolg calculated a SO correction for the ground state (mainly
‘I) of neutral UH of 0.08 and 0.12 eV depending on the method used.''? Balasubramanian
calculated an effect of 0.09 eV for UH,.""* In a subsequent paper, Dolg and Cao improved their
results and found a larger SO correction for UH of 0.2 €V.'® Their SO correction of 0.2 eV for
UH is closely matches the change in SO corrections based on the experimental atomic energy
levels of U (1.041 eV) and U* (0.849 eV). For U*, the largest J-values have not been resolved
experimentally for the °I (5f*7s) and °L (5f°6d) levels relevant for the UH* molecular structure.
Using CASSCF-CASPT2-RASSI calculations for U*, the J=8 level of the °I (5f*7s) is estimated
to be ~12,300 cm™”. Combining this with the known experimental atomic levels for J=5-7,
properly weighted by atomic degeneracies, the SO effect on °I, (5f°7s) is estimated to be 0.771
eV. Using this estimate, the net effect on the BDE based on atomic SO corrections for U* and U**
(0.849 and 0.771 eV, respectively) is estimated to be 0.078 eV, which is very similar to the
result obtained for the UH* molecule.

The energy of the SO interaction can also be given by E3° = A A Mg, where A is the SO
splitting constant for uranium and A and Mg are the orbital and spin angular momentum quantum
numbers for a particular Q = A + Mg level.'"* Given E° (°l,) =-0.779 eV where A = 6 and Mg = -
2, this formula provides A = 0.065 eV. (Alternatively, if E3° (°I,) from the UF* calculations,

-0.568 eV, is used, then A = 0.047 eV.) Presuming this value of A can be utilized for other states
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of UH"*, which should be a good approximation presuming the occupied orbitals have similar
character, SO corrections can be evaluated for any other state.

Electronic States of UH*. CASSCEF calculations correlating six electrons in the U(5f, 6d,
7s) and H(/s) orbitals indicate that the ground state is largely a single reference state near the
equilibrium geometry. Hence, the present calculations should provide a reasonable description of
UH". The present results for calculations of ground and excited states of UH" are listed in Table
4. As noted above, CCSD(T) and B3LYP results provide the most accurate atomic excitation
energies and therefore our theoretical results for UH* will focus on these results (with others
provided in the supporting information Table S2). Here, the ground state of UH* has a *®
(10%20[m@]) valence electron configuration, where orbitals in square brackets indicate largely
nonbonding 5f orbitals of U. The 1o bonding molecular orbital (MO) couples the H Is-orbital
with a mainly 6do orbital of U* and the nonbonding 20 MO comprises mostly the U* 7s-orbital
with some 6d-character. The next five excited states located all have quintet spin and differ only
in the 5f orbital populations. Consequently, these states lie below 0.15 eV in excitation energy
and have similar bond lengths (1.98 + 0.01 A) and vibrational frequencies (~1590 cm™). These
results agree with previous calculations where a >A ground state with a bond length of 2.07 A
was found by the SCF treatment of Krauss and Stevens.'"”> Di Santo et al. located a A ground
state in B3LYP/SDD-VDZ-MWB/6-311+G(p) calculations.''® Balasubramanian'® found a °A
ground state using MP2 and CCSD(T) levels, with a °I state lying 0.23 and 0.27 eV higher,
respectively, whereas his B3LYP calculations predicted a °I ground state, 0.09 eV lower in
energy than the quintet state. Further, bond lengths calculated in the present work are consistent
with the previous MP2 results of 1.97 A for the °A state, however, a shorter bond length of 1.863
A was reported for the I state.'” Slightly higher vibrational frequencies than current work were
reported previously by Balasubramanian, 1652 and 1817 cm™, respectively,'”® whereas Krauss
and Stevens got 1515 cm™ for their °A ground state.'"”

We also located several states of UH* with triplet and singlet spin that result from spin

pairing the 5f electrons of the quintet states while retaining the 10?20 valence electrons. Again,
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this leads to similar bond lengths and vibrational frequencies, Table 4. The triplet states lie
between 0.23 and 0.84 eV higher than the ground state, in agreement with the MP2 and
CCSD(T) calculations of Balasubramanian.'® We also located singlet states lying 0.88 — 1.15 eV
above the ground state and a A state having a 10710 valence occupation in which the 19 orbital
is a pure 6d on U. This change increases the energy of this state appreciably, increases the bond
length, and decreases the vibrational frequency compared to the other states, Table 4.

After including SO corrections using A = 0.065 eV, the order of the different states
changes, with the most significant change being the ground state switching to a °I (10220[md¢])
electron configuration at both B3LYP and CCSD(T) levels. (The same ground state is obtained
using A = 0.047 eV.) This result is consistent with previous work showing that °I is the ground
state for UF* (which agrees with the assumption made above).'” It can also be seen that the
excitation energy of the triplet and singlet states increases, with the lowest of these lying 0.623
and 1.653 eV above the °I state, Table 4. For the *A (106°18[00*0¢?]) state, there is also an
additional SO correction associated with the 18 electron. For this, we utilize the T, parameter
calculated for the 5f°6d° configuration by Meftah et al. of 1410 cm™ (0.175 eV).""

Importantly, all states having a 10*20[5f”] configuration diabatically correlate with the
low-lying excited U* (°L,,, 5/76d7s) + H (*S) and U* (°Kop, 5f76d7s) + H (*S) asymptotes, lying
only 0.036 and 0.113 eV above ground level U*(‘ly,, 5f77s*) + H (®S). The excited °A
(10%18[06*/0¢?)) state of UH* correlates with the excited U* (*M 35, 5f°6d4°) + H (°S) asymptote,
0.569 eV above U*(“ly,) + H. None of the low-lying UH* states diabatically correlate with the
U*(*Iop, 5775 + H (°S) ground level.

Potential Energy Surfaces for UH". Table 5 lists the theoretical BDEs of ground level
UH" for various levels of theory and basis set combinations (with Supporting Information Table
S3 listing additional theoretical results). The SO correction determined above from UF" indicates
that the theoretical BDEs should be reduced by 0.281 eV, whereas the CASSCF-CASPT2-
RASSI calculations indicate a reduction of only 0.074 eV. The ground state is °I after accounting

for SO energy for all levels of theory and either SO correction. The CCSD(T) BDEs at the
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complete basis set (CBS) limit using a SO correction of -0.074 eV (2.36 — 2.45 eV) are in
excellent agreement with the experimental value of 2.48 + 0.06 eV, whereas the SO correction
taken from UF* leads to much lower BDEs (2.15 — 2.24 eV). This result makes it clear that the
SO correction calculated here is reliable, and that the UH* and UF* systems are not directly
analogous, as discussed above. The SO corrected BDE obtained from the CASSCF-CASPT2-
RASSI calculations of 2.34 eV (see Table 3) is in close agreement with the CCSD(T) results.
BDEs predicted by B3LYP (2.52 — 2.55 eV) lie somewhat above the experimental value,
whereas the PBEQ results are even higher (by another 0.15 eV). M06 level calculations grossly
underestimate the experimental BDE (both with and without SO corrections) by at least 0.5 eV
(see Table S3).

In the previous theoretical work of Balasubramanian,'” no BDEs for UH* were reported,
whereas Krauss and Stevens'' report D, = 2.1 eV with w, = 1515 cm’, such that D, = 2.0 eV,
substantially weaker than the present theoretical values. Di Santo et al. report a UH* BDE of 2.35
eV calculated at their BALYP/SDD level and a much larger 2.94 eV for PW91/ZORA
calculations;* however, the latter level of theory has been found to overestimate BDE values in
other systems.” Further, in the case of U*, PW91/ZORA calculations incorrectly predict the
ground state of U*, whereas the B3LYP/SDD approach was successful in this regard.™

Electronic States of UH,". To explore the mechanism of the reaction of U* with H,, we
have also examined computationally the UH," intermediates that might be formed.
Representative ground and excited states calculated for UH," are listed in Table 6 with a full
listing provided in Table S4 of the Supporting Information. This compilation is undoubtedly not
comprehensive as different occupations of the 5f orbitals lead to multiple states having the same
symmetry. In the following discussion, CCSD(T) energies will be used but B3LYP values are
generally within 0.3 eV.

The ground state (GS) of UH," is a dihydride species in a *A, state with a
(1a,)*(1b,)*[1a,'1b,'2b,'] electron configuration where the three unpaired electrons are found in

U* (5f°) orbitals, again designated in square brackets. The 1a, bonding MO is a 6d.,7s hybridized
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orbital on U interacting with the H (/s) orbitals, and the 1b, MO is a bonding interaction of the
6d,. and the H (Is) orbitals (where the z-axis is defined as the C, symmetry axis and the molecule
lies in the yz-plane). It can be noted that this intermediate lies 0.538 eV below the U*(*l) + H,
asymptote and has a HU*-H BDE calculated as 2.57 eV (no SO corrections), similar to the 2.51
eV BDE for U*-H calculated at the same level of theory (again no SO correction). There are two
other *A, states close in energy (0.065 and 0.142 eV above the GS, Table S4). These “A, states
have the same bonding orbitals as the *A; GS with variations in the occupied 5f MOs. These
variations also lead to series of three *A,, two ‘B;, and three ‘B, states having similar bond
lengths (1.991 —2.000 A) and bond angles (94° — 102°), and excitation energies of 0.004 — 0.369
eV, Table S4. Other excited *A; and ‘B, states of the dihydrides lying ~1.76 eV above the GS
were found in which one 5f electron is moved into a 6d,, (2a,) orbital. This leads to shorter bond
lengths (near 1.93 A) but similar bond angles. There is also a series of low-lying doublet states
(three B,, one *A,, and one °B,) that have the same bonding MO population, (1a;)*(1b,)% but the
three 5f electrons are low-spin coupled. Thus, the bond angles and bond lengths are similar to
those found for the quartet states, but they have higher energies (0.72 — 0.83 eV), consistent with
Hund's rules.

We also located a series of linear HUH* molecules having both quartet and sextet spin.
The valence MOs of these states are 10° and 26", which correspond to a bonding combination of
the 6do and H,(0,) orbitals and the 7s orbital, respectively. They also occupy the 5fo orbital,
which also has some bonding character as it mixes with the empty H,(o,*). Both high-spin sextet
and low-spin quartet species can be formed by altering the coupling between the singly occupied
20 and the four 5f electrons. Two of the quartet states doubly occupy the 5fc orbital and
therefore have bond lengths of 1.97 and 1.96 A and lie 1.75 and 1.93 eV above the *A, ground
state. All other states singly occupy the 5fo orbital such that they have longer U*-H bonds, 2.11 —
2.16 A, and lie at higher energies, 2.49 — 3.0 eV above the *A; ground state. (Other higher lying
states were also located but are not included in Table 6.) In some cases, these linear molecules

prefer to distort by bending, leading to molecules with large angles, ZHUH between 137° —
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167°, and longer U*—H bond lengths, 2.12 — 2.17 A. These states also lie high in energy, 2.57 —
3.04 eV.

In addition to these large angle species, minima are also observed at small ZHUH angles,
Table 6, corresponding to U*(H,) association complexes. Many of these intermediates are
characterized by #HUH near 20° with r(H-H) of approximately 0.8 A, similar to r(H-H) =
0.742 A calculated for free H,. Additionally, these species have r(U*-H) = 2.21 — 2.41 A,
significantly longer than the bond lengths of the large angle HUH species. Excitation energies of
these adducts are 0.73 — 1.45 eV. Here the valence orbitals are generally (1a,)*(1b,)'(3a;)' where
the la, is mainly the H,(o,) orbital with some 6d,, character, the 1b, remains the 6d,, coupling
with the H,(0,), and 3a; is mainly the 7s orbital on U with some 6d,, hybridization. Sextet states
(two °A;, one °A,, two °B,, three °B,) having (1a,)*(1b,)'(3a,)'[5f °] configurations have bond
angles of 19° — 20°, UH bond lengths of 2.31 — 2.36 A, and lie 0.73 — 1.06 eV above the GS.
Doublet (two 2A,, one °B)) and quartet (one *A;, two *A,, three ‘B,, two ‘B,) states having the
same electronic configuration have bond angles of 19° — 22°, bond lengths of 2.21 — 2.41 A, and
excitation energies of 1.07 — 1.45 eV. Higher lying states, one sextet (°A,) having a
(1a))*(1by)'(3b))'[5f *] configuration and one sextet (°A;) and one quartet (*A,) having
(1a,)*(1b,)'(2a,)'[5f *] configurations, were also found. We also located four quartet states with
even smaller HUH bond angles (near 11°) and longer UH bond lengths (near 4 A), which lie
only ~0.5 eV above the A, ground state. These states have (1a,;)*(3a,)*[5f°] configurations where
neither the 1a; nor the 3a; MOs have any appreciable 6d,, character, consistent with only ion-
induced dipole interactions with the U* (*I, 5f77s%) ground state. Other variants with similar bond
angles lie at higher energy as well and include both doublet and quartet states.

Potential Energy Surfaces for UH,". In order to explore the potential energy surfaces of
reaction 5, we performed relaxed potential energy surface scans along the ZHUH coordinate
using the optimized UH," structures as starting geometries. As noted above, DFT methods
yielded similar results regardless of the basis set used for UH* and this parallels results obtained

in our studies of Th* + H, and Th* + CH, reactions.”*' Consequently, to avoid excessive



21

computational cost, PES scans were performed using the B3LYP/Seg. SDD-VQZ-MWB/6-
311+G(3dp) level of theory. The results for C,, symmetry orientations separated into those
having the same C; symmetry (the symmetry of the experimental collisions) are presented in
Figures 5 (with A’ symmetry) and S1 (with A" symmetry). As discussed below, these surfaces
differ primarily in the particular 5f orbitals occupied, hence the character of both A" and A"
surfaces are very similar. Notably, neither zero-point energies nor SO effects are included in this
diagram. Finally, a comparison of these surfaces with those of Balasubramanian for the neutral
reaction of U + H, shows very parallel results,'” lending confidence to the present work.

As U" in its various electronic states approaches H,, attractive wells leading to the U*(H,)
adducts discussed above are formed. Correlation between these surfaces and the asymptotic
energies of the U* + H, reactants is imperfect, probably because the calculations do not
encompass the multireference character of these surfaces. As ground state U* (‘I) and H,
approach perpendicularly (side-on), the two H,(0,) electrons combine with the two 7s electrons
on U* to form doubly occupied 1a, bonding and 3a, antibonding orbitals. Not surprisingly, the
7s? configuration of U*(*I) leads to a very shallow well and relatively repulsive surface. These
wells correspond to the adducts identified above as having bond angles near 10°. In contrast, the
6d7s configuration of the low-lying sextet states of U* put only one electron in the antibonding
3a; MO and a 6d,, electron can interact with the empty H, (0,*) orbital to form the bonding 1b,
MO. This leads to the U*(H,) adducts in °A,, °A,, °B;, and °B, states at ZHUH angles near 20°,
which have deeper wells compared to the 10° adducts. Adducts at higher energies also evolve
from higher energy reactant asymptotes and include those having doublet and quartet spin,

Figures 5 and S1.

As the ZHUH angle increases from the adducts, the potential energy surfaces all increase
in energy as the H, bond begins to break. These surfaces eventually reach maxima near 90° as U*
inserts into the H, bond. These maxima lie at energies near or above the UH* + H product
asymptote. Near 30°, these surfaces cross those leading to the stable large-angle UH,*
intermediates having quartet and doublet spin states. As formation of these intermediates

requires two singlet-coupled electrons in the in-plane 6d,, orbital of U* (leading to the doubly-
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occupied 1b, bonding MO), these surfaces correlate diabatically with highly excited U* (5f°6d°)
states. The approximate energies of these surface crossings are well below the energy of the UH*
+ H products and therefore should not limit the observed reactivity. From the large angle UH,*
quartet state intermediates, spin-conserving loss of an H ligand can lead to high-spin coupled
UH* CL°®, °A, °%, °T, °H) + H (*S) or low-spin coupled UH* (®, *I, *A,°E") + H (°S) products
with no barrier in excess of the asymptotic energies. Likewise, formation of doublet-spin
insertion intermediates could lead to low-lying triplet or singlet states of UH* in spin-conserving
reactions. Overall, these surfaces show that the reaction of the experimentally formed U* (“Iop,
Ly, possibly °Ky,) cations with H, can occur via the formation of stable dihydride
intermediates, although this requires coupling to surfaces evolving from excited state reactant
asymptotes such that there is a barrier to formation of the inserted UH,* intermediates. Reaction
of the U* (*I) ground and U* (°L, °K) states are spin-conserving throughout the reaction to form
UH* (°I) + H (*S). Both quartet and sextet reactant states could react by passing over the barriers
at 90° or by coupling to quartet dihydride surfaces, which seems feasible given the large

spin—orbit interactions in this heavy metal system.

DISCUSSION

UH* Electronic Ground State. As noted above, the present calculations as well as most
of those in the literature find a quintet spin state as the ground state for UH*, although coupling
of different states and variations in the occupation of the 5f orbitals lead to different assignments
of the A quantum number. It seems reasonable that the ground state assignment parallels that for
UF* and UCI*, which have been calculated including spin-orbit interactions at the CASPT2/CBS
level by Bross and Peterson.'” These authors comment that the order of the low-lying Q states
(and their AS compositions) of neutral UH is similar to that of neutral UF and UCI, where all
three molecules can be considered as ionic U*X". Once ionized, the additional charge on these

100-101

molecules is localized on uranium such that a natural bond orbital (NBO) analysis indicates

that the natural charge on U increases from +0.85 for UF to +1.81 for UF*, and from +0.76 for
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UCl to +1.65 for UCI*.'™ For UH*, both °I and “® states, NBO analyses indicate that the natural
charge on U is +1.51 (calculated at the B3LYP/cc-pwCVQZ-MDF level) or +1.62 (at the
CCSD(T)/cc-pwCVQZ-MDF level), thus showing a similar but slightly less ionic bond in UH*
compared to UF* and UCI". Finally, Bross and Peterson found that the dominant configurations
of the U center in UF* and UCI* were 5f°7s and 5f°6d,'” as also found here for UH", Table 5,

> neither of these

with the former dominating. As previously noted by Antonov and Heaven,®
configurations is that of ground state U** (°I,, 5f), but because the 7s electron can more easily
polarize away from the X~ ligand, the 5f77s state is stabilized relative to 5f* and 5f76d. Overall,
we conclude that the true ground state of UH* probably matches that of UF* and UCI*, which
Bross and Peterson assign as a Q = 4 state derived from °I (78% UF*; 66% UCI"), *H (18% UF";
26% UCI"), and °T" (3% UF*; 7% UCI") states. The ground states of UH*, UF*,*-'% and UCI*'* all
have a single bonding MO, the 10 here, and occupy the 7s, the 20 here. Although Bross and
Peterson'® note that donation from the halogen atom psr orbitals into empty 6ds orbitals can also
contribute to the bonding, this effect cannot occur for UH* because the H ligand has no occupied
p-orbitals. This conclusion seems evident from a comparison of the bond energies, 2.48 + 0.06
eV for UH" versus 6.57 + 0.10 eV for UF".

Presuming the three 5f electrons in ground state U* are largely inert and core-like, the
electronic structure of UH" can be compared to the hydrides of the group 3 metal cations and
analogous lanthanides: Sc*(°D, 3d'4s"), Y*('S, 55%), Gd*("°D, 4f75d'6s"), La*C’F, 5d°) and Lu*('S,
4f"*6s?). Predicted ground states for these metal hydride cations are ScH*(*A, 0%0"),'"® YH*(*L*,
0%0"),1"120 LaH*(’A, 0%"),"”! GdH*(Y,, o?0'[4f7]),” and UH*CIL, o’c'[5f°]). No theoretical
calculations have been performed for LuH*, but we have previously pointed out that the Lu* 65’
ground state configuration should lead to a 2X* (0%0'[4f"?]) ground state.* This is in analogy with
both Y* and U*, where the ns* ground state atomic configurations lead to o’c' valence
configurations in the hydride. For Y*, because the bonding orbital on the metal is largely 5s, the
ground state configuration naturally leads to the nonbonding MO being o in character with no

promotion to a different state needed. For Lu* and U*, the metal bonding orbital is largely the do,
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such that promotion to a d's’ state is needed for efficient bonding to H, while still retaining the
nonbonding 0 MO having ns character. The same bonding character obtains for Gd*, where the
atomic ground state is already 5d’6s’. In contrast, for La*, the ground state 5d4° configuration
leads naturally to bonding with the do and occupation of a nonbonding 6 MO in LaH*. For the
d's" configuration of Sc*, the 4s orbital is the metal bonding orbital,* which also leads to a
nonbonding 6 MO in ScH*.

MH* Thermochemistry. The BDEs (in eV) of these various ions can also be compared:
Dy(Sc*—H) = 2.44 + 0.09,” Dy(Y*-H) = 2.66 + 0.06,” Dy(La*—H) = 2.48 + 0.09 eV, Dy(Gd*-H)
= 2.18 £ 0.07, and Dy(Lu*=H) = 2.11 + 0.16,* as measured in guided ion beam experiments
analogous to the present Do(U*—H) = 2.48 + 0.06. Thus, BDEs for ScH*, YH*, LaH*, and UH" are
similar, with those for GdH* and LuH* being smaller. Treating these bonds as largely covalent,
variations in these BDEs can be qualitatively understood by appreciating that different orbitals
are used as one moves down the periodic table (as noted above), coupled with promotion energy
(E,) arguments.** E, is defined as the energy associated with promoting the ground level of M*
to a state having an electronic configuration appropriate for bonding, which should involve
formation of a directional and sterically unhindered metal orbital having a single electron that is
spin decoupled from other electrons. As discussed previously for Sc*, Y*, La*, and Lu*,** which
have E, values of 0.16, 0.28, 0.26, and 1.89 eV, respectively, if one presumes that the intrinsic
metal hydride BDEs are similar, the promotion energy argument helps explain why LuH" has a
relatively weak bond compared to the other three metal hydride cations, which are more similar.
Thus, with E, = 0.036 eV for promotion of ground state U* (5f°7s?) to U* (5°6d7s) (which does
not include spin decoupling), the BDE for UH* of 2.48 + 0.06 eV is also similar to the
thermochemistry for ScH*, YH*, and LaH*. For Gd*, we have previously assigned E, as 0.0 eV
because the ground state is 4f75d'6s’,”° however, including the spin decoupling criterion
increases E, to 0.30 eV (average energy of the ground '’D and excited *D states, which are 0.123
and 0.481 eV after averaging over spin-orbit levels).'* This E, value is similar to those of Y* and

La*, yet the BDE for GdH" is closer to that of LuH*. We have previously suggested that the
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lower BDE for GdH* compared to LaH* could be a consequence of repulsive interactions
between the bonding 0 MO and the nonbonding 0 MO for GdH* (largely the metal 6s), whereas
LaH* has a & nonbonding MO (a pure metal 5d). However, a similar agument does not appear to
hold for either YH* nor UH*, which also have ¢ nonbonding MOs. This observation could
suggest that repulsive interactions with the 4f” orbitals of Gd (and also Lu), which must occupy
the 4f 0, may also be influential. It can also be realized that the nature of the bonding in LaH",
GdH*, LuH*, and UH" may vary because the bonding MO can involve differing amounts of sd-
hybridization, which has been shown to vary significantly across the periodic table.'” Such
variations are consistent with lanthanide contraction effects and the relative energies of the 5d
and 6s orbitals across the lanthanide series. As is evident from the different ground state
configurations of La* (5d*) and Lu* (4f“6s°), the stability of the 6s orbital increases with
increasing number of 4f electrons.

As noted by a reviewer (and pointed out above for UHT), these molecules can
alternatively be viewed as ionic, i.e., M*H". In this case, the relative BDEs should be inversely
related to the second IE of M, which is much higher for Lu (14.13 eV) than the other metals
considered here, consistent with the lower LuH* BDE. La and U have the lowest second IEs,
11.18 and 11.59 eV, respectively, consistent with their strong BDEs; but those for Sc, Y, and Gd
are comparable: 12.80, 12.22, and 12.08 eV.'? Thus, variations in the orbital overlaps and
occupations of the nonbonding orbitals would again become influential in understanding the
periodic trends.

It is also worth comparing the BDE for UH* determined here with those for other
actinides, although few values exist. Other than the 2.45 + 0.07 eV BDE for ThH* measured
using GIBMS techniques,’’ only a lower limit of 0.37 + 0.10 eV is available for PuH*".
Promotion energy arguments and comparisons to thermochemistry for the fluorides was used to
predict that Do(UH") should be 2.41 £ 0.07 eV, given E, = 0.036 eV for U*.*! This prediction is
within experimental uncertainty of the 2.48 + 0.06 eV determined here, giving credence to the

promotion energy arguments. It also suggests that the three 5f electrons do not exert an



26

appreciable effect on the thermochemical BDE. Notably, neither the °I nor °® states of UH*
occupy the 5fo orbital.

The SO energy correction calculated at the DK2-CASSCF-MS-CASPT2-RASSI level of
theory from the difference in SO effects for UH* and U* is found to be an order of magnitude
smaller compared to the estimated value obtained using calculated spectroscopic data for UF*.
Indeed, the calculated SO energy correction for UH* is closer to the value estimated for ThH*
(~0.1 eV),*" although smaller. One should expect the o-bonding interactions with the hydrogen
Is in UH" to be considerably different from those in UF*, where the fluorine 2p orbitals interact
through st orbitals in addition to o orbitals, thereby leading to the much larger bond energy.

Reaction Mechanism. As noted above, the experimental branching ratio observed in the
reaction of U* + HD indicates that the reaction occurs via category 2 (direct) behavior and short-
lived intermediates. In contrast, the PESs of Figure 4 find strongly bound quartet UH,*
intermediates that conceivably could lead to category 1 (statistical) behavior typical of long-lived
intermediates. This contrast suggests that the coupling between the surfaces in the entrance
channel (characterized by the weakly bound U*(H,) adducts) and those leading to the strongly
bound UH," intermediates influences the observed reactivity. Clearly, there are apparent barriers
of 0.7 — 1.2 eV where these surfaces are likely to interact (and the energies are probably higher
as Figure 4 does not account for the fact that the UH bond distances can differ on the various
surfaces). These barriers are similar to that calculated by Di Santo et al. for insertion of U* (‘I)
into the C-H bond of methane, 0.59 eV.*° Thus, the observation of category 2 (direct) behavior
probably indicates that these barriers between the U*(H,) adducts and the inserted species lead to
short-lived intermediates (i.e., when there is enough energy to form the UH* + H products,
because the strongly bound UH," intermediates cannot be formed without passing over a barrier,
the lifetime of the transient U*(H,) intermediates will be short). Alternatively, it is possible that
reactions of U tend to remain on the diabatic surfaces that have a barrier nearly equal to the

product energy asymptote.
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The reactivity of U* with HD can be compared with those of the transition metal and
lanthanide cations that have two valence electrons: Sc*(’D, 3d’4s"), Y*(°D, 4d'5s"), La*(’F, 5d°),
Gd*("D, 4f75d'6s"), and Lu*('S, 4f'*6s?). The HD branching ratios for each of these metals are
compared in Figure 5. The branching ratio of o(MH")/0, for Sc* and Gd* are similar to that
observed here for U* near threshold. This is consistent with Sc* and Gd* having (n-1)d'ns’
valence configurations and suggests that the reactive U* state is the low-lying U* (5f76d7s), as
indicated above by the potential energy surfaces. As the energy increases, both the Sc* and Gd*
branching ratios decrease, indicating a more statistical mechanism. This can occur by coupling to
low-lying (n-1)d* states, as discussed elsewhere.*® In contrast, the 6d° state of U* is much
higher in energy (Table 1), such that it maintains the same branching ratio up until the bond
energy of H, is reached. In contrast to Sc*, Gd*, and U*, the branching ratio for La*C’F, 54°) is
very close to 0.5 (indicating statistical behavior) throughout the low-energy region below Dy(H.,),
consistent with its ground state configuration. Y* falls in between these two limits, also
consistent with its *D(4d’5s’) state mixing with its *F(4d”) state.”’ Lu* shows impulsive behavior
at threshold (consistent with the expected behavior for a filled 6s orbital) but then switches to
direct behavior (6(MH*)/G . ~ 0.8), presumably because the 'S(6s?) state mixes with 'D(5d"6s").
Likewise, Th* starts out with impulsive characteristics, consistent with its 2D(6d'7s*) ground state
but then switches to reactivity like that of Sc* and Gd*, which presumably involves its low-lying
‘F(6d°7s") state. The situation for Th* is complicated by the fact that most low-lying levels
(including the @ = 3/2 ground level) are mixtures of these two electronic configurations. The
similar reaction behavior of U* + HD to those of group 3 transition and lanthanide metal cations
are consistent with the assumption that the reactivity of U* primarily depends on the 6d and 7s

electrons, with the 5f electrons having little direct influence on the chemistry observed.

CONCLUSION
The kinetic energy dependent endothermic reactions of U* with H,, D,, and HD were

studied using GIBMS. Analyses of the kinetic energy dependences of the cross sections in
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Figures 1-3 allows the determination of Dyo(U*-H) = 2.48 + 0.06 eV. This value is considerably
below other values in the literature**® (although the discrepancy with previous ion beam results
can be explained), but is similar to that for ThH*, as predicted in that work.”' In general,
theoretical values of the UH* BDE calculated at the CCSD(T)/CBS and CASSCF-CASPT2-
RASSI level are in excellent agreement with experiment, whereas B3LYP and PBEO yield values
being somewhat too high, and the MO06 level of theory appreciably underestimates the BDE,
Tables 3 and 5. The use of larger cc-pwCVQZ-MDF and cc-pVQZ-MDF basis sets does improve
theoretical results compared to the smaller SDD-VDZ and Seg. SDD-VQZ basis sets. Branching
ratios from reactions 7 and 8 indicate that the reaction proceeds via a direct mechanism, even
though theory indicates there are strongly bound UH," intermediates. This is thought to result
from the dynamics associated with barriers between the initially formed U*(H,) adducts and
these intermediates as shown in Figure 4. Although the methods employed here restrict this work
to the determination of the thermochemistry of the uranium hydride cation, it can be realized that
combining this information with the ionization energies of U and UH (the latter of which is

presently undetermined) would permit evaluation of the UH neutral BDE as well.
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Table 1. Fitting parameters of eq 1 for the indicated reaction cross section.

Reaction 0y n E, (eV) Dy(U* -H)
U*+H,— UH*+ H 58+1.7 1.5£0.2 205+0.13  243+0.13
Ut +RU-UDEAD 6D WOH) (eV)1-5 £ 0.2 Spin-arhi ecdrogtion @43 + 0.08*

NG*SOHD — WthBO  No SB.7 + 1With SO 10 £ 02 y+ 2 o1 0.10, (U*2H)5 + 0.10

1YWas HD — YbhsorH 5 511 1.3 + 044437 (2.%3%?£ 02,852 1.8300.19 074 2.57 £ 0.10°

* Values derived from reactions forming UD* include a zero-point energy correction of -0.029
eVvV.

Table 2. Comparison of theoretically computed excited state energies (eV) of U* to experimental
values.*

U+ Experimental® CCSD(T) B3LYP MO6 PBEO
T(5f775%) 0.00 0.00 (0.00)  0.00 0.00 0.00
H (5f76d7s) 0.42 0.49 (0.23) 048 1.27 0.14
ST (5(*7s) 0.46 0.74 (1.14) 0.31 1.15 0.02
K (5f°6d7s) 0.47 0.55(0.26) 0.51 1.45 0.17
L (5f°6d7s) 0.50 0.61 (0.34) 0.55 1.59 0.21
M (5f6d°) 2.23 1.550.91) 1.62 2.24 1.16

¢ Calculated using cc-pwCVQZ-MDF basis set. Values in parentheses were calculated without

the 5s and 5p electrons frozen.

® Experimental energies are averaged over all spin-orbit levels and are taken from Refs. %,

Table 3. Calculated spin-orbit correction for U*, UH*, and Dy(U*-H) (eV) at the CASSCF+
CASPT+RASSI level of theory using the DK2 Hamiltonian. The results in the last row are the
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estimated bond energies at the optimized bond length for both the spin-free and spin-orbit
calculations.

¢ Calculated values in parentheses includes a zero-point energy correction of 0.099 eV.
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Table 4. Molecular parameters and calculated relative energies (eV) for ground and excited states

of UH*.*
Energy (eV)

state configuration r(U-H) (A) v (cm™) B3LYP CCSD(T)®

P 1o*20[ o] 1.972 1595 0.000 (0.381) 0.000 (0.384)
| 10%20[md¢] 1.974 1593 0.009 (0.000) 0.006 (0.000)
) 1020[06%0¢*°  1.990 1588 0.077 (0.848) 0.034 (0.808)
A 1o?20[m*0/6¢*]° 1.971 1600 0.041 (0.552) 0.069 (0.583)
I lo20[md¢/one]®  1.977 1591 0.086 (0.077) 0.086 (0.080)
‘H 10%20[06¢] 1.989 1588 0.146 (0.267) 0.112 (0.236)
X0 lo20[@/d%p]°  1.972 1588 0.289 (0.865) 0.236 (0.815)
| 10%20[md¢] 1.973 1588 0.293 (0.674) 0.239 (0.623)
) 1020[06*/0¢*]°  1.981 1580 0.336 (1.107) 0.263 (1.037)
A 10%20[m*8/0¢*]° 1.971 1591 0.322 (0.963) 0.286 (0.930)
X0 1o20[m ] 1.968 1603 0.835(1.411) 0.824 (1.403)
D l1o020[06%/0¢*° 1978 1601 0.979 (1.750) 0.879 (1.653)
T 10%20[md¢] 1.969 1600 0.927 (1.698) 0.910 (1.684)
'O 1o20[m ] 1.967 1597 0.947 (1.718) 0.916 (1.690)
T 10°20[md¢] 1.970 1603 1.145 (1.916) 1.119 (1.893)
A 10°18[0d%0¢*]°  2.021 1512 1.255 (1.851)*  1.176 (1.775)¢

¢ Structures optimized at B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ. Frequencies scaled by 0.989.
Energies are relative to the ground state (level) and include zero-point corrections. Values
including spin-orbit corrections to the lowest level of each state using A = 0.065 eV are given in

parentheses.

®Single point energy using B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures.
¢Configurations of mixed character according to an NBO analysis are indicated by / with the
leading configuration listed first.

4Includes a spin-orbit correction for the 18 orbital of 0.175 eV.



Table 5. Theoretical results for ground state UH* (°T).?
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Dy(U™-H) (eV)

Basis set r(U*-H) v CCSD(T)* B3LYP PBEO
A (cm")

SDD-VDZ-MWB/6-311+G(3pd) 1.962 1609 232 (2.11) 2.54(2.33) 2.65(2.44)
Seg. SDD-VQZ-MWB/6-311+G(3pd) 1.960 1612 2.30(2.09) 2.52(2.35) 2.67(2.46)
ANO-VQZ-MWB/6-311+G(3pd) 1.960 1608 2.29 (2.08) 2.54(2.33) 2.65(2.44)
ANO-VQZ-MDF/6-311+G(3pd) 1.970 1602 2.30(2.09) 2.54(2.33) 2.66(2.45)
CBS-cc-pwCVXZ-MDF/aug-cc-pVXZ? 1.974 1594 240 (2.19) 2.53(2.32) 2.66(2.45)
CBS-cc-pwCVXZ-MDF/cc-pVXZ! 1.974 1593 239 (2.18) 2.522.31) 2.66(2.45)
CBS-cc-pVXZ-MDF/aug-cc-pVXZ? 1.974 1593 236 (2.15) 2.522.31) 2.65(2.44)
CBS-cc-pVXZ-DK3% 245 (2.24) 2.552.34) 2.70(2.49)
CBS-cc-pwCVXZ-DK34¢ 243 (2.22) 2.552.34) 2.70(2.49)

¢ Calculated from structures optimized using the indicated basis sets (U* basis set — ECP/H basis

set) at the respective level of theory (except for CCSD(T) and all-electron calculations) relative

to U* + H. BDE values include a spin-orbit correction of either -0.074 (roman) or -0.281 (italics)

eV.

®From B3LYP optimized structures.

¢ Single point energy using B3LYP optimized structures and zero-point corrections.
gle p gy g p p

¢ Complete basis set limit extrapolated using Egs. 4 and 5. Bond lengths and vibrational

frequencies from results obtained using the associated VQZ basis sets.

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



Table 6. Calculated molecular parameters and relative energies for ground and excited states of UH,*.*

Relative energies (eV)

State® Configuration r(U*-H) (A ZHUH (°F CCSD(T) B3LYP
1 *A, (1a))*(1by)*[1a,'1b,'2b,'] 1.997 97.4 0.00 (-0.538)*  0.00 (-0.617)¢
4B, (1a,)*(3a,)* [1b,'2b,'2b,'] 4.010 10.6 0.517 0.615
1°B, (1a,)*(1b,)* [1b,'2b,'2Db,'] 1.993 97.3 0.720 0.728

1 °B, (1a,)*(1b,)'(3a;)' [1b,'2a,'2b,'] 2.322 19.7 0.729 0.699
5B, (1a,)*(1b,)'(3a;)' [1a,'1b,'2b,'] 2.329 19.6 1.074 1.101
12A, (1a,)*(3a,)*[1b,'2b,'2b,'] 3.988(3)° 10.7 1.306 1.381

2 A, (1a,)*(1b,)'(3a;)' [1b,'2b,'3b,'] 2.255(9)° 20.9 1.316 1.364

6 ‘A, (1a,)*(2a,)'(3a;)' [1a,'1b,'2b,"] 3.698 11.6 1.455 1.609

3 %A, (1a,)*(1b,)'(3by)! [1a,'1b,'2b,'] 2.230 21.0 f 1.627
4°A, (1a,)*(1b,)'(2a,)' [1b,'2b,'3b,'] 2.282 20.5 1.684 1.827
1T 1o0%20' [o*'e'] 1.970 180.0 1.752 1.607

6 ‘A, (1a))*(1b,)*(2a,)" [1a,'2a,"] 1.929 99.2 1.759 2.041

7 “B, (1a,)*(1by)*(2a,)" [1a,'1b,'] 1.926 93.8 1.769 2.052

8 ‘A, (1a,)*(1b,)'(2a,)! [1a,'1b,'2a,"] 2.233 22.0 2.161 2.254

1 %D 10%20" [o'Pe'] 2.124 180.0 2.488 2.207

5 %A, (1a,)*(3a;)' [1b,'2b,'2b,'3b,'] 2.126 155.5 2.574 2.327
14D 10%20' [0'T@'] 2.139 180.0 2.640 2.366

8 ‘B, (la,)* (3a))' [1a,'1b,'2b,'2b,'] 2.160 166.7 2.875 2.640
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¢ Single point energies of B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures. Values in italics distinguish minima found at
small ZHUH angles. Only states with B3LYP energies below 3 eV are included here.

bStates are named on the basis of all states included in Table S4, such that some lower numbers are not included here.

¢From B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ optimized structures.

4Values in parentheses are relative to U* (‘) + H,.

¢ The two bond lengths differ slightly in the final decimal place as indicated by the number in parentheses, but orbitals are still
assigned according to C,, symmetry.

fCollapses to a lower energy state.



Figure Captions

Figure 1. Cross sections for the reaction between U* 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 1 with parameters
from the Table 1 is shown as a dashed line and the solid line shows the model convoluted over

the kinetic energy and internal energy distributions of reactants. The arrow indicates Dy(H,) at

4.478 eV.

Figure 2. Cross sections for the reaction between U* and D, as a function of energy in the center-
of-mass (lower x-axis) and laboratory (upper x-axis) frames. Results from the present work are
shown by red symbols, whereas black circles provide results from Armentrout, Hodges, and
Beauchamp, ref. 2. The model of eq 1 with parameters from the Table 1 is shown as a dashed line
and the solid line shows the model convoluted over the kinetic energy and internal energy

distributions of reactants. The arrow indicates Dy(D,) at 4.556 eV.

Figure 3. Cross sections for the reaction between U* and HD as a function of energy in the
center-of-mass (lower x-axis) and laboratory (upper x-axis) frames. The model of eq 1 with
parameters from the Table 1 is shown as a dashed line and the solid line shows the model
convoluted over the kinetic energy and internal energy distributions of reactants. The arrow

indicates Dy(HD) at 4.514 eV.
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Figure 4. B3LYP/Seg. SDD-VQZ-MWB/6-311+(3pd) relaxed potential energy surface scan
calculations of the U* + H, reaction surfaces having A’ symmetry as a function of the ZHU*H
bond angle in degrees. The energies are relative to U* (*I, 5f *7s?) + H,. Doublet, quartet, and
sextet surfaces are represented by red, black, and blue lines, respectively, with solid lines for A
surfaces and dashed lines for B, surfaces. See Figure S1 for similar A" surfaces. Horizontal thick
lines at 0 and 180 degrees indicate the calculated relative energies of ground and excited state
reactants and products. At the top, structures of UH," intermediates at 10.6, 97.4, and 180° are

shown.

Figure 5. Product branching fractions (Oyu./Orow) for reactions of Sc* (cyan diamonds), Y*

(purple triangles), La* (yellow circles), Gd* (red squares), Lu* (black solid circles), Th* (blue

circles), U* (green circles) with HD as a function of kinetic energy in the CM frame.
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