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ABSTRACT: A combination of high-level ab initio calculations
and anion photoelectron detachment (PD) measurements is
reported for the UC, UC™, and UC" molecules. To better compare
the theoretical values with the experimental photoelectron
spectrum (PES), a value of 1.493 eV for the adiabatic electron
affinity (AEA) of UC was calculated at the Feller—Peterson—Dixon
(FPD) level. The lowest vertical detachment energy (VDE) is
predicted to be 1.500 eV compared to the experimental value of
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1.487 + 0.035 eV. A shoulder to lower energy in the experimental PD spectrum with the 355 nm laser can be assigned to a
combination of low-lying excited states of UC™ and excited vibrational states. The VDEs calculated for the low-lying excited
electronic states of UC at the SO-CASPT?2 level are consistent with the observed additional electron binding energies at 1.990,
2.112, 2.316, and 3.760 eV. Potential energy curves for the Q states and the associated spectroscopic properties are also reported.
Compared to UN and UN, the bond dissociation energy (BDE) of UC (411.3 kJ/mol) is predicted to be considerably lower. The

natural bond orbitals (NBO) calculations show that the UCY*/~

molecules have a bond order of 2.5 with their ground-state

configuration arising from changes in the oxidation state of the U atom in terms of the 7s orbital occupation: UC (5£7s'), UC~
(5£7s%), and UC* (5£75°). The behavior of the UN and UC sequence of molecules and anions differs from the corresponding

sequences for UO and UF.

B INTRODUCTION

The properties of diatomic actinides provide unique insights
into their chemistry and bonding. There is considerable
interest in uranium carbides (Uny) and uranium nitrides
(UxNy) due to their potential to serve as components of
alternative nuclear fuels in contrast to the traditional oxide
fuels, such as UO,."” The nitrides and carbides offer several
advantages for the operation of generation IV reactors,
especially for gas-cooled fast reactors, due to their enhanced
thermophysical properties.””™> Since some fuels may involve
mixing of uranium and plutonium carbides, it is important to
obtain additional information about their chemistry to improve
performance and safety.

The description of the role of 5f electrons on different
actinide—ligand interactions is important to understanding
their chemistry, and computational approaches can provide
useful information. Although computational studies of uranium
monocarbide UC have been reported,”™"" the properties of its
excited states and ions have not been explored extensively.
Wang et al.'™>B collected laser-evaporated carbon-rich U/C
alloys in solid argon and neon matrices at 8 K to form U=C,
U=CH, C=U=C, and U(CC),. The vibrational frequencies
were measured, and the fundamental vibration for UC was
found at 871.7 cm™ in Ne and at 827.8 cm™ in Ar. Their
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CASPT?2 calculations with spin—orbit coupling predicted a
quintet ground state (Q = 3) with r, = 1.863 A and @, = 945
cm™. Pogany et al.'* performed SO-CASPT2 relativistic
calculations with a valence triple-{ basis set on UC as well for
the monocarbides ThC, PuC, and AmC; they predicted the
excited states of UC up to ~13,000 cm™l. A dissociation
energy of 402 kJ/mol was predicted for UC (UC — U + C)
with ThC (562 kJ/mol) being the most stable molecule of the
group and AmC the least stable (221 kJ/mol); the values for
NpC (332 kJ/mol) and PuC (365 kJ/mol) were intermediate
between the extremes.

In our prior work on U we showed that the ground
states of UN (5*7s'), UN™ (5f27s%), and UN* (5f*7s°) arise
from changes in the oxidation state of U in terms of the 7s
orbital occupations, and the nature of the ligand is not
significantly affected. The U=N triple bond was found to have
mostly f and d characters, so the 7s orbital where the oxidation
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is occurring acts like a spectator orbital. To a first
approximation, as UC is isoelectronic to UNY, we might
predict that they have the same ground-state electronic
configuration. In contrast, Heaven, Peterson, and co-workers*®
reported a *H, ground state for UN" from hi%h-level electronic
structure calculations, whereas Pogany et al.'* predicted a *H
ground state for UC. To better understand the properties of
UC and its electronic structure in relation to UN, the current
work investigates U-C in more detail based on high-level ab
initio calculations on UC, UC~, and UC" and photoelectron
spectroscopy (PES) of UC™. Electron affinities (AEA) and
vertical detachment energies (VDE) were calculated to aid in
the interpretation of the experimental photoelectron spectrum
(PES) of UC™. Comparison with the prior work'>'® on the
isoelectronic U=N/U=N" molecules is made to provide
insights into how the electronic structure varies with the

ligand.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Section. UC™ anions were generated by
ablating a depleted uranium rod. The ion source and the
photoelectron spectrometer have been described in detail
previously.'” The uranium rod was ablated by the 2nd
harmonic of a Nd:YAG laser (532 nm) while rotating and
translating. The generated cations, anions, and neutrals were
crossed with 20 psi of a 5% C,Hy (in He) gas mixture, coming
out of a pulsed valve. The particles were then guided through a
skimmer into a Wiley—McLaren-type time-of-flight mass
spectrometer.

The ions were then mass gated (to only let UC™ anions
pass) and crossed with the third or fourth harmonic of a
Nd:YAG laser (355 nm, 3.49 eV and 266 nm, 4.66 V). The
kinetic energy of the electrons was then measured with a
magnetic bottle energy analyzer (resolution of ~ 35 meV at 1
eV EKE). The binding energy is calculated with the well-
known relation hv = EBE + EKE, where ho is the energy of the
photon, EKE is the measured kinetic energy, and EBE is the
binding energy of the electron. The spectra were calibrated
with the known Cu~ spectrum.'®

Computational Methods. To obtain the potential energy
curves for the Q states, first the complete active space self-
consistent field (CASSCF)"**® approach was used to represent
each lowest spin-free state, AS, followed by second-order
perturbation theory (CASPT2).*"** The atomic basis sets used
were the aug-cc-pVnZ (n = D, T, Q) basis sets”>** for C and
the cc-pVnZ-PP basis sets,””*® including a 60-electron small
effective core potential optimized in multiconfigurational
Dirac—Hartree—Fock calculations, for U. These combined
basis sets are denoted as an-PP. These calculations were
carried out in the highest Abelian point group available, C,,, for
both molecules. Expectation values of L,* were calculated to
ensure that both degenerate components of each A state were
correctly accounted for.

The active space of UC includes four electrons in nine
orbitals (4 X a;, 2 X b}, 2 X by, 1 X a, in C,, symmetry) which
have dominant 2p, of carbon and 5f, 7s of uranium. For the
ions UC™ and UC, the same orbitals in the active space were
used but now including five and three electrons, respectively.
The choice of the (4e/90) active space used in this work is
consistent with the 3 electrons in 8 orbitals used previously for
UN, which had also dominant U 5f and 7s characters and
yielded results in very good agreement with the photoelectron

9393

spectroscopy.'>'® The state-averaged CASSCF included a total
of 11 AS quintet states and 18 AS triplet states for UC. For
UCT, 46 AS states were accounted for, namely, 10 sextets, 17
quartets, and 19 doublets. In the case of UC’, the AS manifold
had 19 *A and 13 A states. The previous work of Pogany et
al."* on UC used an active space containing 10 electrons in 16
orbitals where the orbitals up to Sd (U) and 1s (C) were
frozen in the CASPT?2 calculation. Although their calculations
included a lower number of states and larger active space than
this work, we performed additional tests including the Ss-6d
orbitals of uranium and the 2s of carbon to show that the
inclusion of these orbitals in the active space does not have a
large impact on the low-lying electronic states. Differences in
the energetic order of the low-lying states depending on the
active space are discussed in the following section.

On top of the CASSCF zeroth-order wavefunction, second-
order multiconfigurational perturbation theory (CASPT2)
calculations were carried out using the same active space of
the CASSCE. In this step, multiple states are calculated using a
Fock operator constructed from a state-averaged density matrix
and the zeroth-order Hamiltonians for all states are
constructed from the same operator. The frozen-core
definition in the CASPT2 included Ss,5p, and 5d orbitals of
U and the 1s of C. The lowest possible IPEA*’ shift was used,
i.e., a value of 0.28 for all states.

The molecular Q states arising from the spin—orbit coupling
were calculated by applying the state interacting method, as
implemented in the MOLPRO (SO-CASPT2)**™° suite of
programs. In this method, the spin—orbit eigenstates are
obtained by diagonalizing H,; + Hgo in a basis of H
eigenstates. The matrix elements of Hgy were constructed
using the spin—orbit operator from the U PP. Here, the spin—
orbit matrix elements have been calculated throughout at the
CASSCE level of the theory using the same basis set as used
for the diagonal terms, and the diagonal terms of H, + Hgo
have been replaced with CASPT?2 energies. The latter energies
for the 2 components of each molecular state with A # 0 were
manually averaged when needed to ensure exact degeneracies.
After diagonalization of H + Hg, the values of Q for each
molecule were assigned by converting from a Cartesian
eigenfunction basis to a spherical basis, and then adding the
projection of the spin angular momentum S on the diatomic
axis, I, to A to obtain Q.**

The initial geometry of the multireference calculations was
obtained through open-shell calculations for the ground state
of UCY*/~ performed with the R/UCCSD(T) approach. In
this method, a restricted open-shell Hartree—Fock calculation
is carried out followed by a relaxation of the spin constraint at
the coupled cluster level.””™*> These calculations used the
third-order Douglas-Kroll-Hess Hamiltonian (DKH3)**%
with the aug-cc-pVnZ-DK basis set””*” for C and the cc-
pwCVnZ-DK3 basis set for U.”>*® The potential energy curves
for the diatomics were obtained at the SO-CASPT2/aQ-PP
level by computing seven single-point energies distributed
around the equilibrium bond length of the ground state (r—r,
= —0.3, —0.2, —0.1, 0.0, +0.1, +0.3, +0.5 Bohr) optimized at
the CCSD(T)/awQ-DK level.**~*

The electron detachment properties (AEA and VDE) and
bond dissociation energies (BDEs) were predicted using the
Feller—Peterson—Dixon (FPD)**™*® composite thermochem-
istry method. The contributions included in these calculations
are defined by

https://doi.org/10.1021/acs.jpca.2c06978
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AE, = AEcps + AEcy + AEgq + AEg, + AEqpp

+ AEp + AEq + AE,p

The AEcgs is the CCSD(T) energy value at the CBS limit
using awn-DK basis set for n = D, T, and Q, AE_y represents
the contribution of the additional correlation due to the
valence and outer core electrons, and AE,py are the zero-point
energies calculated as 0.5 @, — 0.25 wx, with frequencies
obtained from fitting the CCSD(T)/awQ-DK curve (not
included for the VDE calculations).”” The spin—orbit (AEgq)
contributions were taken from the SO-CASPT2 energy
corrections using the aQ-DK basis set. The Gaunt term
(AEgaqnt), which accounts for spin—other—orbit coupling, was
obtained by the energy difference between Dirac—Hartree—
Fock calculations with the four-component Dirac—Coulomb
(DC) and the Dirac—Coulomb—Gaunt (DCG) Hamiltonians
using fully uncontracted basis sets, cc-pVDZ-DK3 on U and
aug-cc-pVDZ on C. These calculations were carried out using
the DIRAC program.*® Effects due to the leading term of
quantum electrodynamics (AEQED), the Lamb shift, were
obtained from the local model potential approach proposed by
Pyykko and Zhao* for the self-energy term, as well as a fit to
the Uehling potential for the vacuum polarization.”® These
calculations were done at the frozen-core DK3-CCSD(T) level
with the awD-DK basis sets. Higher-order correlation effects
were calculated using the DKH3 Hamiltonian with the
MRCC*>" package connected to MOLPRO, where AE; =
CCSDT — CCSD(T) with the aT-DK basis sets’>”* and AEq
= CCSDT(Q) — CSSDT with the aD-DK basis sets.”*

A bonding analysis of the UC”*/~ species was made through
the natural population analysis (NPA) results based on the
natural bond orbitals (NBOs)*¥*° using NBO7°°% with the
MOLPRO program package at the aD-DK level.

B RESULTS AND DISCUSSION

The observed photoelectron spectrum (PES) of UC™ obtained
using the 3rd and 4th harmonic is presented in Figure I.
Numerous peaks are present in the spectra. Specific EBEs were
assigned to peaks located at 1.487 + 0.035, 1.990, 2.112, 2.316,
and 3.760 eV. The lowest energy, intense transition (the first
large EBE peak) corresponds to the vertical detachment energy
(VDE) from the UC™ ground state to the ground state of its
neutral counterpart where the Franck-Condon overlap
between the wavefunction of the ground state of the anion
and that of the neutral is maximal. Transitions from excited
electronic and excited vibrational states of the anion will occur
at energies below the VDE from the ground state anion and
the shoulder from 1.1 to 1.3 eV in the 355 nm (3.49 eV)
spectrum can be accounted for by such transitions as discussed
below.

Electronic Structure of UC™. From the SO-CASPT2
calculations, the equilibrium excitation energies for the low-
lying states of UC™ are given together with their corresponding
AS compositions in Table 1. The spectroscopic constants
calculated for the potential energy curves (Figure 2) of the
states with energies lower than ~1.0 eV are collected in Table
2. A total of 83 states was obtained within ~2.6 eV, with 61
states below ~2.0 eV. This number is slightly larger than the
50 states obtained for UN within ~2.0 eV."® The ground state
of UC™, Q = 2.5, is well described by the *T" state with small
contributions from the *® and *® states. At the SO-CASPT2
level, the values of r, = 1.886 A and w, = 957.3 cm™" for UC™
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Figure 1. Photoelectron spectra of UC™ obtained using the third (355
nm, 3.49 eV) (top) and fourth harmonic (266 nm, 4.66 eV) (bottom)
of a Nd:YAG laser.

are in reasonable agreement with the values of r, = 1.891 A and
®, = 934.6 cm™ calculated at the CCSD(T)/awQ-DK level.
Note that the higher-energy states (Figure 2) have more
anharmonic character due in part to mixing with other states.
Most of the excited spin—orbit states of UC™ have high
multireference character, with compositions involving several
AS states. The first excited state, Q = 3.5, also with a dominant
*T state character, is only 0.079 eV (637 cm™) higher than the
ground state. The isoelectronic UN molecule (*H),) has all of
its unpaired electrons on the U in a 5f7s' configuration. In
contrast, the UC™ electronic configuration has two unpaired
electrons in a Sf® configuration on the U and the other
unpaired electron in a U-C ¢ bond with approximately equal
contributions from the 2p, on C and a mix of 5f and 6d on the
U. This leads to a different ground state for the molecular
anion and to a different type of character on the U. An ionic
model of U*N>~ provides a reasonable description of UN."
Applying such an ionic model U>*C*" to predict the low-lying
states of UC™ would result in a 5f (U) ground-state
configuration, which was not predicted by our calculations.
Inclusion of spin—orbit effects lowers the energy of the ground
state relative to the AS state by 5019 cm™ (0.622 eV).
Electronic Structure of UC. For neutral UC, the low-lying
quintet and triplet states are displayed in Table 3 with the
corresponding spectroscopic constants shown in Table 4 for
states up to ~1.0 eV. UC has an © = 3 ground state that is
reasonably well described by the pure-spin *H state. In
addition to the two unpaired Sf (fg f5) electrons on U and the
singly occupied U-C o bond found for UC™, the 7s (U) orbital
is now singly occupied. The electronic configuration of the U
in UC is the same as that of the U in UN with an atomic 5f*7s
electronic configuration. Calculations performed on UCH (o
£ fp) at the SO-CASPT2/aQ-PP level (adding one electron
on the ligand but keeping the U configuration unchanged)
confirmed that the resulting electronic states are the same as

https://doi.org/10.1021/acs.jpca.2c06978
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Table 1. Low-Lying States of UC™ at the CASPT2/aQ-PP + SO Level

state
¥
Ts

Q

2.5
3.5
2.5
1S
4.5
3.5
3.5
2.5
1S
2.5
3.5
2.5
0.5
2.5
4.5
1.5
5.5
LS
2.5
3.5
4.5
2.5
4.5
5.5
0.5
3.5
4.5
4.5
1S
15
3.5
0.5
6.5
2.5
5.5
0.5
0.5
5.5
2.5
1S
1S
2.5
3.5
2.5
0.5
4.5
2.5
7.5
1S
0.5
3.5
3.5
4.5
0.5
6.5
4.5
6.5

AE (eV)
0.000
0.079
0.164
0.240
0.560
0.564
0.594
0.743
0.764
0.785
0.804
0.914
0.942
0.976
0.982
1.024
1.048
1.068
1.073
1.108
1.119
1.137
1.192
1218
1.217
1.232
1.252
1.385
1.390
1.442
1.456
1.461
1.468
1.516
1.524
1.532
1.565
1.592
1.610
1.635
1.649
1.684
1.714
1.741
1.750
1.756
1.764
1.772
1.779
1.814
1.823
1.825
1.829
1.832
1.881
1.897
1.901
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AS composition
81% “T" + 10% *“® + 7% ®
40% T + 32% T + 13% *® + 9% *® + 6% *®
42% *® + 18% *A + 17% *® + 16% A + 5% *A
57% ‘@ + 27% *A + 16% A
72% ‘T + 17% T + 10% ‘@
50% ‘T + 28% *® + 20% T’
100% “A
38% 2@ + 29% *A + 18% ‘@ + 9% ‘T + 3% *A
52% *A + 26% *A + 20% ‘®
43% *A + 31% *® + 19% T + 5% *®
86% °I + 8% °H + 6% *H
45% *® + 21% *A + 19% 2A + 5% ‘T + 4% *® + 3% *A
78% “T7 + 12% “TI + 8% 2I1 + 2% *X~
35% *A + 22% *® + 22% T + 12% *® + 8% *®
53% ST + 27% *I + 10% °H + 5% *H + 3% *H
84% “T™ + 10% TI + 5% *“TI
100% ‘T’
43% A + 29% 2A + 22% ‘@ + 4% *A
45% 2A + 38% *® + 9% *A + 4% ‘T + 3% *®
35% 2@ + 31% *® + 20% T + 7% ‘T’ + 3% T + 3% *®
72% “® + 21% T + 4% T + 3% ‘T
87% °H + 12% T’
75% T + 23% ‘T’
60% ST + 16% °H + 17% “I + 5% *‘H
63% 2T + 25% T + 7% *Z~ + 4% “T1
57% °H + 14% °T" + 15% *H + 9% *H + 4% °I
50% 1 + 28% °I + 7% °H + 7% 2H + 6% “H
45% °H + 18% °T" + 15% “H + 10% °I + 10% “H
100% °T"
40% A + 31% 2A + 15% *A + 11% *T1 + 3% *I1
76% “H + 11% *H + 7% T’
63% T1 + 21% *X~ + 13% *I1
66% °T + 20% °H + 10% “I + 3% “H
57% A + 20% *A + 13% 2® + 5% ‘T + 2% 2@
46% 1+ 20% °1 + 17% *H + 11% I + 3% °H
74% SA + 24% °T1
54% SA + 39% °TI + 2% “T1
41% °H + 26% T + 15% *H + 11% °I + 3% *H
87% T + 13% °H
39% CA + 38% °TT +12% 2IT + 5% *IT + 3% “I1
67% “T1 + 8% *X™ + 7% °TI + 6% °A + 6% A + 4% A
66% *® + 19% *A + 11% *®
69% “H + 8% °I + 6% °T" + 6% °H + 5% T" + 4% *H
36% 2D + 21% A + 18% 2A + 8% *‘® + 5% *II + 5% *®
33% 1 + 25% °T1 + 14% A + 11% “T1 + 7% 22~ + 7% *=~
56% “H + 15% *H + 15% *I + 11% T’
43% SA + 42% °T1 + 6% *I1 + 3% A + 3% *I1
80% °T + 16% °H + 4% *I
100% °I1
41% “T1 + 22% °T1 + 13% *“TT + 13% °A + 6%
74% T + 8% *® + 5% *H + 5% *® + 3% ‘T + 3% T’
73% °T" + 24% °H + 2% “H
31% 2H + 24% *H + 11% *H + 11% T + 7% °H + 7% T
33% 1 + 21% °A + 19% °I1 + 18% *IT + 5% *X~
24% T + 24% I + 23% °H + 11% *“H + 12% “H + 3% “I1
67% T + 13% *® + 6% *H + 5% *H + 3% T
49% “1 + 18% *H + 12% °H + 11% T’ + 6% I
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Table 1. continued

state Q AE (eV) AS composition
), LS 1.906 67% *TI + 20% °A + 4% *Z” + 4% I
1, 0.5 1913 53% “T1 + 16% *IT + 15% °TI + 9% SA + 7% *X~
A/ 3.5 1918 62% °A + 38% °T1
iy 5.5 1.995 80% 21 + 5% “™ + 3% *H + 3% °I
), 2.5 2.003 809% “TT + 11% SA + 7% 2A
L), LS 2.020 29% *T1 + 27% °A + 21% °TI + 21% “TI
Ty, 4.5 2.029 58% T" + 28% °H + 9% *H
Ty S.5 2.038 319 “H + 29% T + 15% *I + 12% °H + 12% “H
A/ 2.5 2.097 37% CA + 33% T + 23% °TI + 7% *I1
L7 8.5 2.120 100% °1
Ay)y 4.5 2.146 100% °A
*Hyip 5.5 2.149 32% “H + 31% *H + 18% °H + 6% I + 6% *H + 5% °I
*H,,, 45 2.159 50% ZH + 40% *H + 5% “I + 2% T + 2% °I
T 6.5 2.197 42% T" + 32% °H + 8% *H + 7% *H + 7% SA + 3% °I
*Hs), 7.5 2237 72% SH + 15% °I + 12% °H
Ty 5.5 2.244 42% T + 25% *“H + 11% *H + 10% °H + 6% *H + 5% 1
I, , 3.5 2257 62% °T1 + 38% A
I, 0.5 2.306 72% 1 + 23% °TT + 5% °A
‘Hysp 6.5 2.356 37% *H + 30% *I + 11% °H + 11% 2 + 6% “H + 5% °I
s 7.5 2.399 95% “1 + 5% °1
1, 0.5 2.409 64% “TI + 30% °T1 + 6% °A
), 2.5 2434 60% *TI + 33% °TI + 7% °A
1, , L5 2.443 60% *TI + 33% °IT + 7% °A
*Hisp 6.5 2.517 64% “H + 20% T + 9% *H + 5% I
132 6.5 2.617 78% 1 + 12% *H + 9% *H
*Hyip 5.5 2.644 81% *H + 15% *H + 2% *I
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Figure 2. SO-CASPT2/aQ-PP potential energy curves for the low-lying € states of UC™.
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Table 2. SO-CASPT2/aQ-PP Spectroscopic Parameters for
Selected Low-Lying  States of UC™

Qstate T, (em™) r,(A) o, (m™) ox (cm™) B, (cm™)
Tsp 0 1.886 957.3 11.0 0.41S
‘T 637 1.895 927.2 8.9 0411
@), 1323 1.871 937.9 14.7 0.421
D, 1936 1.888 936.4 8.8 0.414
Lo/, 4517 1.882 857.5 8.5 0.417
Ty 4549 1.887 926.5 1.3 0415
A 4791 1.885 904.6 12 0.415
0, 5993 1.880 819.3 8.9 0.417
Ay 6162 1.892 879.4 3.6 0.412
A 6331 1.885 9774 11.5 0415
Ly, 6485 1.888 969.0 6.3 0.414
o), 7372 1.900 763.1 2.3 0.409
I 7598 1.887 875.7 10.7 0.414
*As) 7872 1.878 988.4 14.6 0418
Tz 7920 1.885 949.5 23.6 0.41S

obtained previously for UN."> The energetic order of the Q
states of UCH and UN can be seen in Table S2.

The first excited state of UC, *H,, is a spin—orbit
component of the ground state that is only 0.050 eV (430
cm™") higher than the ground state. The *H, state is 0.143 eV
lower than the °T, state. In contrast, Pogany et al."* predicted
the first excited state to be °I",, located 0.234 eV (1888 cm™!)
above the ground state and the *H, state to be at 0.262 eV
(2114 cm™"). Their calculation used a larger active space (10
electrons/16 orbitals) but included fewer states than the
current work. As discussed above, the inclusion of more active
orbitals did not have a large impact in the low-lying structure
of states. We carried out calculations correlating all of the Ss-7s
electrons of U and the 2s-2p of C at the SO-CASPT2 level but
the energetic ordering of the first two excited states remained
the same (Table S3). At the SO-CASPT2/CBS level, the
correlation of core electrons increases the excitation energy of
the T, state to 2110 cm™ (Table S4) compared to the
valence-only calculation (1606 cm™) at the same level, both in
agreement with the value obtained at the CCSD(T)/CBS level
(1733 cm™'); these energies for the °I, state are consistent
with the prior work for this state.'* Thus, we do not know
exactly what causes the difference in state orderings for the first
two excited states but it could be due to the inclusion of a
larger number of electronic states which might place the “H,
lower in energy than the °T, state.

The values of r, = 1.854 A and w, = 949.6 cm™! obtained for
UC at the SO-CASPT2/aug-pwCVQZ level are similar to
those obtained in the current work at the CCSD(T)/aug-
pwCVQZ level (r, =1.8699 A, w, = 922.0 cm™, wx, = 3.5
cm™") and those reported by Wang et al."” (r, = 1.863 A and
@, = 945 cm™") at the SO-CASPT? level using a 10 electron/
12 orbital active space with a valence triple-{ basis set and by
Pogany et al.'* at the SO-CASPT2 level (10e/160) with a
valence triple-{ basis set (r, = 1.870 A and w, = 928 cm™).
The r, of UC is longer than that obtained for UN (r, = 1.768
A) and UN* (r, = 1.731 A) at the SO-CASPT2 level."” Basis
set convergence of the spectroscopic properties of the *H and
ST states at the CCSD(T) level are shown in Table S5. The
value of @w.x, is small for all states, on the order of or less than
10 cm™!, so this will not dramatically affect the frequencies.
The experimental value for the fundamental vibrational

9397

transition in UC is 871.7 cm™' in a Ne matrix and 827.8
cm™ in an Ar matrix. These values show that there is a large
matrix shift in UC. The difference between the gas phase value
of v = 920 cm™" at the CCSD(T) level and the Ne value of 872
cm™! suggests that the Ne matrix is strongly interacting with
UC. The argument'’ presented for the large matrix shift
between Ne and Ar being due to changing electronic states
from the quintet to a triplet is not consistent with our SO-
CASPT? value of @, = 968 cm™" for the *H, which is 0.27 eV
above the ground state. Although the °I'; state has @, = 854
cm™), it is 0.63 eV above the ground state. There is a second
3Ty state with w, = 811 cm™, but it is 0.94 eV higher in energy.
Most of the remaining excited states below ~1.6 eV have
predicted vibrational transitions above 900 cm™" except for the
ST1, with @, = 890 cm™ and the SH; with @, = 872 cm™; these
states are 0.24 and 0.76 eV above the ground state,
respectively. Adding one electron to UC to form the anion
decreases the bond length by 0.032 A and increases w, by 7.7
cm™,

We predicted 59 states with energies below ~1.65 eV for
UC. Compared to UN" (5f*) where 16 states were reported
within 1.22 eV, UC has a considerably denser manifold of
states in this range with 39 states predicted. Similar to UC”,
the excited states of UC are strongly mixed although the low-
lying states have dominant quintet character. The first triplet
state is predicted to be 0.634 eV higher than the ground state.
A global picture of the Q states is shown in Figure 3. Note that
above ~8000 cm™' there are some interactions between the
states, leading to slightly distorted potential curves. For UC,
the inclusion of the spin—orbit coupling lowers the ground
state energy by 0.639 eV (5151 cm™).

Electron Detachment Energies. We now discuss the
electron detachment energies of UC™. To interpret the PES
spectrum, an accurate adiabatic electron affinity (AEA) is
needed. The Feller—Peterson—Dixon (FPD) approach was
used to calculate the AEA. Table 5 collects the FPD
components obtained with DK basis sets at the CCSD(T)
level. The T, diagnostics of the three molecules ranged from
0.03 to 0.05 for the ground states. Considering the small
doubles amplitudes, high-quality coupled cluster results should
be expected for these states. The AEA was obtained as the
relative energy of the ground states of UC and UC™. The final
AEA (UC (°H;) + e~ — UC™ (I'y),)) was calculated to be
1.493 eV (144.1 kJ/mol) which is slightly higher than the EA
of UN (1.402 eV, 135.3 kJ/mol) at the same level."> Most of
the FPD contributions beyond CCSD(T) are quite small. The
difference between the EA(CBS) and the final FPD value is
0.018 eV, because of the similar contributions of different
signs. The spin—orbit effects decrease the EA by 0.016 eV,
whereas the Gaunt term increases it by only 0.005 eV. The
higher-correlation contributions, CCSDT and CCSDT(Q),
lead to a decrease of —0.02 eV. The vertical detachment energy
(VDE) was calculated at the UC™ (*Ts;,) equilibrium
geometry and includes all of the FPD components with
exception of the AEpg. The final VDE is 1.500 eV, which is
0.007 eV (0.68 kJ/mol) higher than the EA.

The predicted EA and VDE are consistent with the peaks
observed in the experimental PES (Figure 1). The first large
maximum, located at 1.487 eV, is broad and ranges from ~1.0
to ~1.7 eV. There are three states in this interval including the
ground state Hy as shown in Table 6. Following that, we note
numerous peaks with lower intensity than the first one. Thus,
in this region, the specific assignments of the excited UC states
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Table 3. Low-Lying States of UC at the CASPT2/aQ-PP + SO Level

state Q AE (eV) AS composition
SH, 3 0.000 80% “H + 16% °T" + 2% ®
H, 4 0.050 50% “H + 23% °H + 17% T
T, 2 0.193 58% T + 26% ® + 11% SA + 4% °T1
I, 1 0.236 35% °TI + 30% SA + 16% ® + 18% ST~
S, 3 0.238 25% @ + 19% °T + 15% A + 14% °T + 10% *H + 8% *®
T, 0 0.248 48% STI + 32% T + 15% SA
°TI, 2 0.270 23% STL + 22% °T + 22% A + 11% 3® + 10% A + 9% "X~
*H, 4 0.271 86% A + 5% T + 4% *H + 4% °T
SH, 5 0278 46% H + 27% *H + 18% T’
Sd, 1 0.349 33% S + 18% "X + 19% STI +10% °T1 + 5% 3T~ + 5% 3A
SA, 0 0.358 52% SA + 30% STI + 10% T~ + 8% °I1
o, 4 0.459 26% “® + 19% H + 17% T + 13% °T + 9% A + 9% 3®
ST 3 0.465 31% T + 18% °A + 17% S® + 13% 3A + 9% 3® + 6% “H
ST, 2 0.536 29% ST + 23% S® + 13% °TI + 10% °T1 + 9% 3® +8% T
*TI, 1 0.560 449% STI + 27% ® + 11% 3T + 9% A + 6% °A
SA, 0 0.579 60% SA + 18% "X + 20% °I1
T, 3 0.634 47% 3T + 40% °T + 3% 3® + 3% T + 3% SA
Hg 6 0.639 57% “H + 28% °H + 15% T’
3A, 1 0.713 38% 3A +25% 3T + 11% *A + 11% °I1 + 10% ®
°H, 4 0.722 61% *H + 21% *H + 6% °T" + 5% °I’
SH, 5 0.765 26% SH + 25% T + 23% ® + 20% T + 5% °T°
1, 0 0.780 449% 3TT + 29% STI + 18% T~ + 9% T~
T, 4 0.802 33% °T + 30% A + 23% *® + 5% “H + 4% @
3P, 2 0.830 25% 3® + 19% 3A + 18% °T1 + 13% A + 11% °TI + 8% @
S, 3 0.832 28% S® + 27% T + 14% T + 11% 3A + 11% ® + 5% A
SH; 5 0.862 85% 3H + 8% T
3A, 2 0.868 36% 3A + 26% ST + 19% ® + 9% 3 + 8% T’
SA, 1 0.869 25% SA + 24% ST + 19% 3A + 15% 3T + 12% @
SA, 0 0.873 41% SA + 40% 3T + 16% STI
T, 3 0.941 39% 3T + 20% 3@ + 15% T + 10% ® + 7% SA + 7% 3A
3A, 1 0.968 48% 3A + 17% °T1 + 16% 3T~ + 13% X + 4% °TI
SH; 5 1.050 58% *H + 19% “H + 11% °T" + 4% T + 3% @
3A, 2 1.112 54% 3A + 21% ® + 11% ST~ + 7% A
°r, 4 1112 49% 3T + 14% T + 10% A + 10% 3® + 7% ® + 4% *H
3% 1 1.194 56% 3T + 16% 3A + 9% 3A + 7% A + 4% *H
3A, 3 1.206 30% 3A + 22% °T + 14% 3® + 9% T + 9% T + 9% °I1
*H, 7 1.209 100% H
3%, 0 1.218 80% 3T + 13% STI + 4% °T1
3, 0 1.219 79% 3T + 12% A + 9% %~
T, 4 1.237 69% T + 11% 3® + 5% O + 4% *H + 4% T
31, 2 1.264 34% 3T + 25% 3A + 16% 3@ + 8% ST + 7% @ + 6% 3A
3%, 1 1.267 28% 3T + 23% 3A + 22% T + 20% °TI
A, 3 1275 88% 3A + 12% °T1
T 6 1.301 60% °T" + 33% H + 7% *H
P, 5 1.384 54% S® + 40% T + 4% H
H, 6 1.396 63% *H + 26% T + 19% *H
°TI, 0 1.400 50% °TI + 41% ST~ + 8% SA
I, 1 1.415 48% STI + 35% ST~ + 14% °A
ST, 2 1416 43% STI + 32% SA + 16% X~ + 7% S®
@, 4 1.438 50% @ + 40% A + 9% T
SA, 3 1.444 50% SA + 22% + 21% ‘@
3T 5 1473 47% °T + 17% @ + 15% °T + 10% *H + 6% °T" + 5% *H
SHy 6 1.477 98% H + 2% *H
‘o, 4 1.532 47% 3@ + 24% °T + 12% T + 8% °A
A, 3 1.561 37% 3A + 33% 3® + 13% “H + 5% °T + 5% °TL
3A, 2 1.565 40% 3A + 28% 31 + 9% 3@ + 9% D + 8% SA + 4% 5L~
I, 1 1.573 43% 3T + 20% °Z~ + 17% 3A + 9% A + 4% *H
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Table 3. continued

state Q AE (eV)
31, 0 1.577
3T 5 1.637

AS composition
41% 3T + 39% 3T~ + 12% STI + 6% SA
67% T + 22% T + 10% *H

Table 4. SO-CASPT2/aQ-PP Spectroscopic Parameters for
Selected Low-Lying  States of UC

Qstate T,(cm™) r.(A) o, (m™") wx (cm™) B, (ecm™)
*H, 0 1.854 949.6 0.1 0.429
*H, 403 1.855 952.9 2.7 0.429
T, 1557 1.860 965.6 9.6 0.426
ST, 1903 1.855 890.2 5.3 0.429
S, 1920 1.863 950.4 115 0.425
ST, 2000 1.854 953.3 7.1 0.429
ST, 2178 1.864 924.2 3.0 0.425
*H, 2186 1.857 967.8 6.8 0.428
H; 2242 1.869 1007.4 3.6 0.422
Sd, 2815 1.858 962.2 2.6 0.428
SA, 2887 1.858 951.9 10.1 0.427
D, 3702 1.860 916.5 5.8 0.426
Ty 3750 1.860 988.0 5.3 0.427
%, 4323 1.854 951.7 6.4 0.429
ST, 4517 1.856 1011.7 10.0 0.428
SA, 4670 1.859 970.4 6.2 0.427
T, 5114 1.865 853.7 8.4 0.424
SHg 5154 1.858 965.5 4.7 0.428
3A, 5751 1.854 923.5 14.9 0.429
SH, 5823 1.855 967.2 14.6 0.429
H; 6170 1.866 872.3 10.0 0.424
°, 6291 1.860 920.9 32 0.427
T, 6469 1.863 919.2 3.9 0.425
0, 6694 1.856 903.0 12 0.428
S, 6711 1.857 934.7 4.5 0.428
*Hy 6952 1.857 946.1 9.3 0.428
A, 7001 1.858 947.1 6.7 0.428
SA, 7009 1.856 964.1 43 0.429
SA, 7041 1.855 990.0 9.5 0.429
Ty 7590 1.866 811.4 9.7 0.424
A, 7807 1.857 982.3 143 0.428

corresponding to these peaks are difficult without a higher
resolution spectrum.

Using the ground state of UC™, eight states are predicted to
fall between ~1.70 and 1.90 eV, where there is still intensity in
the spectrum in the high valley before the peak at ~2.0 eV.
The next assigned EBE at 1.990 eV has three states as potential
candidates, all of them quintets. There are four states (°II,,
Ay, ’T3, SHy) that are consistent with the EBE of 2.112 eV.
The experimental peak at 2.316 eV could be attributed to two
states, one triplet and one quintet. Our calculations predicted
eight states between ~2.34 and ~2.5 eV. Lower-intensity
peaks, compared to the previous, in the region of 2.5 and 3.0
eV can be accounted for by 27 states. An additional state is
predicted at ~3.15 eV.

To account for transitions below the first VDE, there are two
possibilities. It is possible that there are transitions from
excited vibrational states of the ground state of the anion.
These vibrational states are at 0.12, 0.24, and 0.35 eV above
the ground state leading to first VDE values of 1.38, 1.26, and
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1.15 eV, which can readily account for the observed shoulder
at 1.1-1.3 eV as well as the width of the VDE peak. In
addition, the first excited state of UC™ (*I’;,) is only 0.079 eV
(637 cm™') higher than the ground state so it can also
contribute to the lower energies in the PES spectrum with a
VDE value of 1.42 eV. The vibrational states, v =1, 2, and 3, of
the first electronic excited state of UC™ may also be populated.
These vibrational states have respective VDEs of 1.30, 1.19,
and 1.07 eV and could contribute to the intensity of the
shoulder at low energy. If we consider detachment from the
second excited electronic state of UC™ (*®s),), located 0.164
eV (1323 cm™") higher than the ground state, a VDE of 1.34
eV is predicted with corresponding VDEs of 1.22 and 1.11 eV
from the vibrationally excited v = 1 and 2 states of this second
electronically excited state, respectively. Clearly, if these
electronic and vibrational states are populated as seems likely
based on the observed shoulder to lower energy from the VDE,
they could also contribute to the higher energy transitions in
the PES spectra further complicating the assignments.

Calculated Properties of UC*. The ijonization energy
(IE) of UC (UC (°H;) — UC* (*H,),) + e7) at the FPD level
is predicted to be 6.343 eV (612.0 kJ/mol) (Table 5). This
value is very similar to the IE of UN (6.301 eV) and sli%htly
higher than the IE of the uranium atom (6.1939 eV).”” As
found for the AEA, the additional FPD components beyond
CCSD(T) make small contributions to the CBS value, with the
AE_y being the largest one. In this case, the difference between
IE(CBS) and the final FPD value is 0.009 eV.

The potential energy curves calculated for the doublet and
quartet low-lying states of UC* are shown in Figure 4 and the
assigned states are shown in Table 7 with the spectroscopic
constants in Table 8. The ground state is predicted at the SO-
CASPT?2 level to be *H,,. The first excited state (*Hy),) lies
higher in energy by 0.130 eV (1049 cm™). Note that for the
three molecules UC”*/~, the two lowest-lying states arise from
the spin—orbit splitting of the same AS state. Although the
ground states of UC, UC™ and UC" are almost a pure spin
state (see Tables 1, 3, and 7), the first excited state of each is a
mixture of states including those with different multiplicities.
This suggests a contribution from second-order spin—orbit
effects and strong coupling of off-diagonal terms in the spin—
orbit matrix which shifts this state to lower energies in all three.
The CCSD(T) calculation predicts r, = 1.837 A and w, =
965.7 cm™" which are consistent with the SO-CASPT?2 values
of r, = 1.825 A and @, = 963.8 cm™". The value of r, for UC" is
0.029 A shorter than r,(UC) and the corresponding @, for
UC" is 14 cm™" higher than for UC. The spin—orbit correction
for UC" is 0.633 eV (5102 cm™"). Note that the ground states
of all of the UC®*/~ molecules have similar SO corrections of
~5§100 cm™". The electronic configuration of the ground state
of UC" resembles that of UC™ with three unpaired electrons,
two in the Sf orbitals (fg, £5), and a singly occupied U-C &
bond. The difference is in the 7s orbital on the U where UC™
has two additional electrons in the 7s and in the 5f orbitals that
are occupied, fp and f6 in UC", and, fg and fz in UC™. The
only change in the UC ground-state configuration compared to
UC" is that it has a single unpaired 7s electron.
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Figure 3. SO-CASPT2/aQ-PP potential energy curves for the low-lying Q states of UC.

Table 5. FPD Components for EA and Ionization Energy

(IE) of UC at 0 K with DK Basis Sets in eV

property AEA VDE" 1IE

awD-DK 1316 1.325 6.310
awT-DK 1.332 1.336 6.318
awQ-DK 1.440 1.447 6.328
AEcps” 1511 1.521 6.334
AEq” 0.020 0.047
AE " 0.003 —0.004
N —0.016 —0.006
AEGan” 0.005 0.008
AEqgp —-0.010 —-0.017
AE/ —0.012 —0.015
AEE —0.008 —0.004
total 1.493 1.500 6.343

“CCSD(T) value extrapolated to the CBS limit using awn-DK basis
sets for n = D, T, Q. °CCSD(T)/awQ-DK. “SO-CASPT2 values: UC
=0.639 eV (5151 cm™), UC™ = 0.622 eV (5019 cm™), UC* = 0.633
eV (5102 em™). dFully uncontracted cc-pVDZ-DK3. “Correction for
the Lamb shift. /AE; = CCSDT — CCSD(T). $AEq = CCSDT(Q) —
CCSDT. "UC (°H,) at UC™ (*Ty /) geometry for each level of
theory. The CCSD(T)/CBS value is added to the AEA. “Value does
not include a ZPE correction but includes the same other corrections
as calculated for the AEA.
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Thermochemistry. The dissociation energies of the UC
and UC" species were calculated at the FPD level. The results
are summarized in Table 9. The UC dissociation energy is
calculated relative to the U* + C asymptote due to the
difficulty in calculating the energy of U with CCSD(T) and
then corrected to the U + C asymptote using the experimental
IE(U).> The BDE for UC" is for the channel U* + C as IE(U)
is less than that of IE(C). The BDE(UC™) is obtained from the
electron affinity of UC and is for the channel U + C™ as the
electron affinity of C is 1.262114 + 0.000044°° and that for U
is 0.309 + 0.025 eV."” The BDEs of UC, UC*, and UC™ are
calculated to be 411.3 kJ/mol (4.26 eV), 396.0 kJ/mol (4.10
eV), and 433.6 kJ/mol (4.49 eV), respectively. A direct
calculation of the UC bond energy with respect to the U + C
asymptote gives a value of 419.0 kJ/mol, which differs from the
value given above by ~8 kJ/mol, most likely due to the
difficulty of calculating the energy of U at the CCSD(T) level.
Our results for BDE(UC) at the FPD level are higher by about
0.1 eV compared to the calculated value of 402 kJ/mol
obtained by Pogany et al.'* at the SO-CASPT?2 level. Note that
the SO-CASPT2 calculations in the current work give a lower
value of 390.0 kJ/mol (4.04 eV).

The SO correction to the BDE of —18.9 kJ/mol for UC
includes —61.6 kJ/mol (—5151 em™) for UC, —80.2 kJ/mol
(—6704 cm™) for U* and —0.35 kJ/mol (29.6 cm™) for C.

https://doi.org/10.1021/acs.jpca.2c06978
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Table 6. Calculated VDEs at the SO-CASPT2/aQ-PP Level
of Theory

state VDE (eV) state VDE (eV) state VDE (eV)
H, 1.500 Hy 2265 31, 2.764
H, 1.550 I, 2.280 32T 2.767
T, 1.693 T, 2.302 A, 2.775
I, 1.736 3P, 2.330 ST 2.801
S, 1.738 S, 2332 S 2.884
*TI, 1.748 3H; 2362 3Hg 2.896
°Tl, 1.770 3A, 2.368 I, 2.900
°H, 1.771 SA, 2.369 ST, 2915
SH, 1.778 SA, 2.373 I, 2916
SO, 1.849 T, 2.441 P, 2.938
SA, 1.858 A, 2468 SA, 2.944
S, 1.959 °Hy 2.550 3T 2.973
Ty 1.965 A, 2.612 *Hg 2.977
5%,” 2.036 °r, 2.612 0, 3.032
I, 2.060 3%, 2.694 A, 3.061
SA, 2.079 3A, 2.706 3A, 3.065
T, 2.134 °H, 2.709 M, 3.073
SHe 2.139 3%y 2718 M, 3.077
3A, 2213 1, 2.719 3T 3.137
°H, 2222 T, 2.737

The SO correction of —19.5 kJ/mol for UC" includes —61.03
kJ/mol (—=5102 cm™) and the above values for U* and C. The

atomic corrections are consistent with the values obtained
from the expression X;(2] + 1)E(J)/Z)(2] + 1) using the
ground state values for E(J) which gives 29.6 cm™" for C and
6851 cm™' for U*°" Compared to UN and UNY, the
BDE(UC) is considerably lower, by around 150 kJ/mol.
Using the experimental BDE of ThC (5.060(3) eV) reported
by Sevy et al,®” the UC bond is ~15% weaker than the ThC
bond.

The heats of formation of UC and UC" were obtained from
the expression AH?°(0 K) UC”* = AH?(0 K) U”* + AH?(0
K) C — BDE(UCY*). These results are shown in Table 10. We
used the known experimental atomic energies of AH;°(0 K) of
U (AHP (0 K) = 533.0 + 8 kJ/mol), and C (AHP (0 K) =
711.4 kJ/mol) from the active thermochemical tables
(ATCT).>*™% The AHP (0 K) (UC™) was computed to be
689.0 kJ/mol using the AEA and AH; (0 K) of UC. We
calculated heats of formation at 298 K using the apgroach for
the thermal corrections described by Curtiss et al. ¢ and the
6.36 and 0.25 kJ/mol thermal corrections of U and C,
respectively.’’

Electronic Structure Analysis. Natural bond orbital
calculations were carried out for the UC®*/~ molecules. The
natural population analysis (NPA) charges (q) and popula-
tions for the 5f, 6d, and 7s orbitals of U and 2s and 2p orbitals
of C are shown in Table 11. The NBO analysis (Table 12)
reveals that each of the UC molecules studied contains
significant covalent interactions. As noted above, the ground
state for UC has three unpaired electrons on the U (Sfg, 5f5,
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Figure 4. SO-CASPT2/aQ-PP potential energy curves for the low-lying Q states of UC".
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Table 7. Low-Lying States of UC" at the CASPT2/aQ-PP + SO Level

state Q AE (eV)
*H,), 35 0.000
*Hy), 4.5 0.130
Ty 2.5 0.275
I, , 0.5 0.297
1, 1.5 0.313
2@, 2.5 0.324
Ty 3.5 0.367
‘o, ), 1.5 0.491
‘A1) 0.5 0.512
*Hyy 5.5 0.731
KON 1.5 0.782
*Hy), 45 0.783
‘Top 3.5 0.817
0, 2.5 0.841
T LS 0.857
Ty 4.5 0.863
I, , 0.5 0.896
4, 2.5 0.908
Ty 3.5 0.964
‘o, 1.5 0.970
‘@), 2.5 0.992
2% 0.5 1.004
‘D, 3.5 1.097
Ty 4.5 1.114
*A1 s 0.5 1.183
*Hip 6.5 1.301
PP 0.5 1.327
P LS 1.330
‘A5 1.5 1.371
Ty 5.5 1.398
115, 2.5 1.435
I, ,, 0.5 1.444
1, LS 1.466
Ty 3.5 1.483
*Nsy 3.5 1.493
4, 4.5 1.520
2As) 2.5 1.548
*H,, ), 5.5 1.549
*As) 2.5 1.578
‘D, , 3.5 1.593
My, 1.5 1.632
Ty, 4.5 1.665
2% 0.5 1.675
‘A, 3.5 1.74S
‘D, 4.5 1.875
‘A, 3.5 2.164
*As), 2.5 2314
P 0.5 2.349
P LS 2.349
Ay, LS 2.463
Ay 0.5 2.613

AS composition
82% *H + 9% ‘T + 8% T’
42% *H + 33% *H + 10% ‘T + 9% T + 4% T’
67% ‘T + 23% *® + 7% *A
49% T + 38% *Z~ + 12% *A
34% ‘1 + 28% *A + 17% *Z™ + 10% *® + 7% 2A
40% *® + 18% A + 16% *A + 13% ‘T + 9% *TI
31% ‘T + 30% T + 20% *® + 10% *® + 5% *A
51% *® + 15% 2A + 12% *T1 +11% *Z~ + 9% *A
37% *A + 34% *TT + 12% 2Z~ + 11% 21 + 5% *X~
72% *H + 15% *H + 13% ‘T’
90% *“® + 7% *A
53% *H + 29% *H + 13% T’
43% T + 31% *® + 11% *A + 7% *H + 4% T
38% @ + 38% “TI + 20% *A
46% Y7 + 33% A + 14% *A
53% ‘T + 21% *H + 20% *® + 5% T
52% “T1 + 26% *A + 11% T + 7% *Z~
44% ‘D + 26% A + 13% ‘T + 12% *TI + 4% *A
42% T + 28% *A + 24% ‘@
30% “® + 29% T + 16% “IT + 13% 2A + 10% “A
86% ‘@ + 12% ‘A
39% T + 33% T + 13% *A + 8% *Z™ + 5% *I1
62% *® + 25% T + 6% *A + 3% *H
41% T + 40% *® + 11% *H + 6% *®
96% *A
100% *H
71% YT + 13% ‘7 + 12% *T1
65% *T7 + 11% *A + 8% ‘TI + 7% *Z™ + 4% *A
70% *A + 21% ‘7 + 6% ‘@
78% ‘T + 20% *H
34% 1 + 25% *A + 18% 2A + 13% *A + 7% *®
38% “T1 + 28% *Z™ + 28% *Z™ + 6% *A
36% ‘TI + 19% *A + 15% *Z™ + 11% *Z~ + 10% *A
29% T + 25% *® + 14% “® + 11% *® + 8% *A + 5% ‘T
44% *A + 19% 2@ + 14% *A + 12% “® + 11% T
53% *® + 34% ‘T + 7% T
35% 2A + 22% ‘A + 14% D + 13% *® + 10% ‘A
83% *H + 9% ‘T + 8% *H
52% *A + 18% *A + 14% *® + 7% “® + 5% *II
30% ‘@ + 23% T + 14% *A + 10% ‘T + 8% *A + 7% *®
51% T + 27% A + 13% *A + 4% ‘@
70% T + 16% *® + 5% *H + 4% ‘@
43% 2L + 43% 211 + 5% *T1
58% *A + 20% ‘@ + 11% T + 6% *®
50% *® + 46% T
100% *A
83% *A + 17% *A
100% *X~
100% “~
100% “A
100% *A

7s) and a singly occupied U-C ¢ bond. For UC™, the U has a
Sfm, Ste configuration and there is a singly occupied U-C o
bond, whereas for UCY, the U has a 5fp, 5f5, configuration and
there is a singly occupied U-C ¢ bond. The UC *H molecular
state has a 5f*7s' configuration on the U corresponding to a
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U(III) in the *H state. This electronic configuration on the U
is the same as that for UN but now there is a singly occupied
U-C 6 bond instead of a doubly occupied U-N & bond."* The
unpaired electron on the C couples with the quartet state on

the U in UC to give a diatomic quintet state instead of the lone

https://doi.org/10.1021/acs.jpca.2c06978
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Table 8. SO-CASPT2/aQ-PP Spectroscopic Parameters for
Selected Low-Lying Q States of UC*

Qstate T, (em™) r,(A) @, (m™') ox (cm™) B, (cm™)
*H;,, 0 1.825 963.8 5.7 0.443
*Hy /s 1049 1.829 963.6 7.0 0.441
Tsp 2218 1.829 912.0 7.0 0.441
T, ), 2395 1.840 918.0 29 0.436
L, 2525 1.821 964.9 2.9 0.44S
D), 2613 1.823 1000.7 24 0.444
Ty 2960 1.836 995.5 2.8 0.438
D, 3960 1.837 9389 14 0.437
‘AL 4130 1.824 909.6 10.7 0.443
*Hyip 5896 1.825 1000.1 4.7 0.443
‘D, 6307 1.821 957.5 133 0.445
*Hy 6315 1.836 960.3 1.0 0.438
T, 6590 1.819 968.5 6.9 0.446
g, 6783 1.813 992.0 3.5 0.449
RV 6912 1.817 995.4 2.8 0.447
Top 6961 1.826 1014.3 3.7 0.442
1, 7227 1.825 1045.6 5.8 0.443
s, 7324 1.825 955.7 2.1 0.443
T, 7778 1.824 930.8 6.3 0.445
;) 7824 1.823 944.1 33 0.444
;) 8001 1.828 962.1 5.7 0.442
T 8098 1.824 1036.0 5.8 0.443

Table 9. FPD Components for the BDE of UC and UC*
(UC* - U* + C) in kJ/mol

component uc” uct
awd-DK 976.5 367.7
awt-DK 982.0 3724
awq-DK 987.4 376.8
AEcps” 990.8 379.6
AEqy 20.1 24.7
AEsq —-18.9 -19.5
ABg e 53 0.9
AEqgp, 0.3 12
ABcespr 12.5 14.0
AEccsprq 43 11
AEp° 5.5 -5.8
IE(U)4 —597.6

D, (0 K) 4113 396.0

“The dissociation of UC was calculated to the U* + C asymptote and
then corrected with the experimental IE(U). bCCSD(T) value
extrapolated to the CBS limit using awn-DK basis sets for n =D, T, Q.
°CCSD(T)/awQ-DK. dExperimental ionization energy of U

Table 10. Heats of Formation (AH;°) and BDEs (D,) of
uc”’*in kJ/mol

diatomic AHP(0 K) AH?(298 K) D,
ucC 833.1 830.9 411.3
uc” 689.0 686.8 433.6"
uc* 1448.3 1446.1 396.0"

“To U + C~. ¥To U* + C.

pair on N in UN that results in a quartet state. Thus, the
oxidation state of U in UC is like that of U in UN. The UN,
UNT, and UN" ground states have predominantly *H AS state
character. Whereas this same H ground state is predicted for
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Table 11. Natural Population Analysis (NPA) from the
Natural Bond Orbitals (NBOs) for the Charges (q) and
Total Atomic Orbital Populations for UC”~* at the HF/

aD-DK Level
property UC (°H;) UC™ (Ts)) UC* (*H;),)
q(U) 0.761 0.039 1.600
q(C) —0.761 —1.039 —0.600
SE (Sfa/SE8) 299 (2.57/042)  2.81 (2.40/0.41)  3.18 (2.73/0.44)

6d
(6da/6dp)

7s (7sa/7sp)
C2s

1.36 (0.85/0.51)

0.98 (0.92/0.06)
1.75 (0.91/0.84)

1.47 (0.92/0.56)

1.85 (0.93/0.92)
1.76 (0.91/0.85)

1.28 (0.75/0.53)

0.06 (0.03/0.03)
1.76 (0.91/0.85)

(2sa/2sf)
C2p
(2pa/2pp)

297 (1.73/1.24)  3.10 (1.81/1.28)  2.82 (1.61/1.21)

UC and UC*, UC™ has a ‘T’ ground state. Even though,
comparing isoelectronic molecules to predict their ground state
works in many cases, for the actinide diatomics in the current
study, this concept only applies to the actinide metal
configuration. Thus, UN* will be isoelectronic with UC* as
shown by the comparable H ground states, but this does not
hold for comparing UN™ and UC”, although the metal has the
same configuration.

The concept of isoelectronic metal structure cannot be
extended from UC with a 5f7s' U configuration and a ‘H
atomic U state and UN with a 5f7s' U configuration and *H
atomic U state to UO and UF. For UQO, the metal oxidation
state changes to give UO with a 5£7s' U configuration and a °I
atomic U state®”®” with the addition of a 5f electron. The U
oxidation state further changes in going to UF, where the U
electrons are configured as 5£7s? with a *I atomic U state,”"~">
having added a 7s electron to the configuration found for UO.
In comparing the U configuration in UF to the ground
configuration in the uranium atom, it is clear that the oxidation
to U has resulted in the loss of the 6d electron. Thus, UO has
the same electronic configuration on U as found for UF" with
the same ground state. Note that the UF configuration is
essentially the same as that of UH (5f7s* U configuration and
a *I atomic U state).”” In none of these molecules does the
uranium configuration in the ground state contain an unpaired
6d electron. Our NBO calculations'® on UNY*/~ predicted
one electron (spin paired) in the 6d orbital due to
backbonding from N to U and some d contribution to the
bonding orbital.

The NPA charges (Table 11) predicted a U**C™%% charge
distribution between the two atoms for UC which shows
substantial ionic character. For UC”, the negative charge on C
changes somewhat from that in UC so that there is ca. —1
charge on the C and the additional electron goes mostly onto
the U which now has a charge of ~0. When an electron is
removed from UC, it is removed from the uranium giving a
Urlecos charge distribution. Again, the charge on the C
undergoes only a small change.

The NPA (Table 11) shows that there is about one electron
backbonding in the 5f and one electron backbonding in the 6d
for UC. There are about 0.35 unpaired electrons in the 6d.
There is one spin in the 7s on U. There are three electrons in
the C 2p orbitals with 0.49 unpaired electrons in the 2p and a
0.07 unpaired spin in the C 2s. The electron added to UC to
form UC™ predominantly goes into the 7s on U leading to a
7s* occupancy. Only small changes are predicted for the
remaining U and C orbitals. Removal of an electron from UC

https://doi.org/10.1021/acs.jpca.2c06978
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Table 12. Natural Bond Orbitals (NBOs) for UC”~/* at the HF/aD-DK Level

8] C

molecule NBO occ %q %s %p %d %f %q %s %p
UC (°H,) Ouc @ 1.000 50.3 6.7 7.5 311 54.6 49.7 137 86.0
Ty.c & 1.000 40.0 0.0 0.8 55.4 43.7 60.3 0.0 99.9

Tuc B 1.000 40.1 0.0 0.8 503 489 59.9 0.0 99.9

fyc & 1.000 40.1 0.0 0.8 49.8 49.3 59.9 0.0 99.9

Tuc B 1.000 40.1 0.0 0.8 49.8 493 59.9 0.0 99.9

UC™ (*Ts)y) Ouc @ 1.000 486 5.8 7.5 363 50.5 S14 172 82.6
Ty.c @ 1.000 34.8 0.0 0.8 81.6 17.6 65.2 0.0 99.9

muc B 1.000 36.3 0.0 0.8 59.5 39.7 63.7 0.0 99.9

Ty.c & 1.000 39.7 0.0 0.8 46.3 52.9 60.3 0.0 99.9

Toc B 1.000 39.7 0.0 0.8 463 529 60.3 0.0 99.9

UC* (*H,) Ouc a 1.000 532 0.7 7.1 5.1 87.0 46.8 2.3 97.3
Ty.c @ 1.000 422 0.0 1.0 47.4 51.6 57.8 0.0 99.9

Tuc B 1.000 422 0.0 1.0 47.4 516 57.8 0.0 99.9

Ty.c & 1.000 40.7 0.0 0.9 54.7 44.3 59.3 0.0 99.9

Tuc B 1.000 409 0.0 0.9 523 46.8 59.1 0.0 99.9

is from the U 7s orbital with again only small changes in the
remaining orbitals. The basic electron configuration of UC
(7s'), UC™ (7s*) and UC* (7s°) molecules varies in terms of
the occugation of the 7s orbital as found for UN, UN", and
UN~.">'® This shows that the C ligand is not affected by
electron attachment or detachment processes as the 7s is a
nonbonding orbital.

The bonding orbitals (Table 12) suggest a bond order of 2.5
for the UC bond with two doubly occupied U-C 7 bonds and a
singly occupied U-C ¢ bond. There is a polarized 2s” orbital on
the C that delocalizes onto the U. The U-C x bonds have
populations evenly split between the U and the C with mostly
6d and 5f characters on U and 2p character on the C. Similar
results for the description of the bonding were reported by
Wang et al.'>"* and Pogany et al.'* with effective bond orders
between 2.0 and 3.0. The calculated bond distances for
UCY*/~ are in the range of 1.8—1.9 A falling between the value
computed using the triple bond radii of C and U by Pyykks”*
of 1.78 A and the value of 2.01 A computed with the double
bond radii as would be expected for a molecule with a bond
order of 2.5.

The two singly occupied 5f lone pairs on U for UC and UC*
with one and zero electrons in the 7s orbital on U, respectively,
are in the 5f@ and 5f0 orbitals where the two singly occupied Sf
orbitals will minimize their interaction with the two U-C
bonding orbitals. When an additional electron is added to the
7s in UC to give the 7s* configuration in UC™, the energy of
the 5f6 orbital is significantly raised so that the two singly
occupied 5f electrons on the U are now in the Sfp and Sfz
orbitals. Apparently, the repulsion between the 7s* orbital and
the 5f6 is larger than the interaction of the 5fz with the U-C #
bonds.

B CONCLUSIONS

A detailed characterization of the UC, UC~, and UC*
molecules has been made using high-level electronic structure
methods in combination with experimental PES spectra of
UC™. The ground and low-lying excited states of these species
were elucidated and the spectroscopic constants were
calculated. Due to the presence of occupied 5f electrons in
U, the inclusion of SO effects resulted in a dense manifold of
states with very small energetic separations. For UC, 59 states
were found within ~1.65 eV. A Hj ground state is predicted
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for UC with an excited *H, state only 0.050 eV higher in
energy. The UC ground state configuration has unpaired
electrons in the 5f* and 7s' orbitals on U and in a U-C ¢ bond
with approximately equal contributions from the 2p, on C and
a mix of 5f and 6d on the U. Addition of an electron to UC to
give UC™ (*T'5/,) generates the 5f7s configuration on U and
removal of an electron to give UC* (*H,,,) generates the Sf*
configuration on U. The bond order of the U-C bonds remains
at 2.5 for the three oxidation states. Compared to the
isoelectronic molecules UN (*H,/,) and UN* (°*H,), UC and
UC™ show different ground states. In the case of UC,
isoelectronic to UNY, the quintet state is lower by 0.271 eV
than the triplet *H, state.

The adiabatic electron affinity (AEA) of UC is 1.493 eV at
the FPD level and the ionization energy (IE) is 6.343 eV, both
containing only small contributions from SO effects, —0.016
and —0.006 eV, respectively. The vertical detachment energies
(VDE) for UC™ were calculated to better interpret the PES
spectrum and are consistent with the assigned EBEs. The
lowest VDE is predicted to be 1.500 eV. Considering electron
detachments from the first excited state of UC™ (*I';/,), which
is higher by only 0.079 eV (637 cm™"), a VDE of 1.421 €V is
obtained. The IE(UC) is very close energetically to the
IE(UN) of 6.301 eV and slightly higher than the IE(U) of
6.1939 eV, suggesting that the ligand makes only a small
contribution to this property.

The BDE of UC is estimated to be 411.3 kJ/mol, ~15%
weaker than the experimental BDE(ThC), and is significantly
lower than those of UN (560.5 kJ/mol) and UN* (550.2 kJ/
mol). The BDE of UC™ and UC" bracket BDE(UC). As
predicted for the UNY~/* diatomics, the anion (UC~) has a
BDE higher than the neutral and cation. The electronic
structure analysis is consistent with a triple U=C bond which
varies between 1.8 and 1.9 A for the UC molecules.

The NBOs show that the bonding on U is dominated by the
5f and 6d orbitals. A comparison of the behavior of UN and
UC in three different oxidation states shows that the redox is
all occurring in the 7s as the electronic structure of the U in
both sets of molecules is the same, and there is effectively a
triple bond to the ligand. Thus, C and N are behaving in a
similar manner with the U-C having a bond order of 2.5 and
U-N having a bond order of 3. For UO, only a double bond
can be formed between U and O, and an additional electron is

https://doi.org/10.1021/acs.jpca.2c06978
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added to the U compared to UC and UN. This additional
electron goes into the 5f to give a 57s' electron configuration
on the U so that the U(IL) is formed by loss of the 6d and a 7s
electron. As only a single bond can be formed for UF, the U(I)
has a 5f7s* electron configuration with loss of the 6d.
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