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The reduction of carbon dioxide (CO,) by transition-metal oxides in the gas phase serves as a unique
model system for understanding transition metal-based catalytic systems in CO, utilization. In this
work, thermochemistry and reaction mechanisms attributed to the two-state reactivity scenario of CO,
reduction by group 5 transition metal monoxide cations are extensively investigated using quantum
chemical calculations. The interaction between the VO™ cation with CO, exhibits an endothermic
feature, whereas the reaction involving the TaO" cation showcases a more pronounced exothermic
behavior than the NbO* cation, in accordance with previously reported reaction rates. Based on
in-depth examinations of potential energy surfaces and spin—orbit couplings, it has been revealed that
the reaction kinetics of CO, reduction to CO by the VO™ cation is restricted not only by a significant
energy barrier related to the singlet transition state, but also by the limited probability of intersystem
crossing. For NbO™ and TaO" cations, the spin inversion from triplet to singlet pathways becomes the
rate-limiting step. The reaction with the TaO* cation represents a different case from typical two-state
reactivity patterns, where the minimum energy crossing point submerged relative to the reactants level
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for the reaction of the TaO™ cation with CO,, elucidating the basis for the substantial increase in the rate
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1. Introduction

The progressive increase of CO, concentration in the atmo-
sphere and the harmful environmental impacts of this green-
house gas have prompted tremendous efforts to reduce CO,
emissions.' In this context, the catalytic conversion of CO,
into value-added chemicals and feedstocks has emerged as a
promising strategy to mitigate the global warming pheno-
menon and meet global energy demands. CO, utilization based
on photochemical, biochemical and electrochemical processes
has been innovatively developed and applied as a broad strategy
to balance out the atmospheric carbon levels from the last several
decades.* ™ In general, photochemical transformation of CO,
utilizes light irradiation to drive the thermodynamic reactions,
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constant compared to that of the NbO* cation.

while biochemical conversion involves enzymatic processes and
electrochemical reduction of CO, requires electric energy for the
generation of carbon-based chemical products.’® Compared to
those technologies, chemical conversion of CO, into its reduced
forms presents more challenges due to the significant energy
required for the C—O bond cleavage in the absence of any
external potential.'*'® Therefore, one of the main research goals
in achieving the efficient transformation of this stable molecule is
its activation and reduction by suitable catalysts.

Two distinct directions have emerged in the development of
catalysts that are capable of facilitating the reduction of CO,.
One major project focuses on the conversion of CO, into formic
acid, formaldehyde and methanol through hydrogenation.®
Nevertheless, precisely controlling the extent of reduction upon
H, addition in the reactions has proven to be intricate, which
hinders selective production. Moreover, it is essential to sus-
tainably produce the reducing reagents on a large scale.’”*®
Another attractive strategy is the catalytic conversion of CO,
into CO, which can be used as a feedstock for downstream
methanol production and Fischer-Tropsch synthesis.'®*°

Transition metal-based species have been the focus of
extensive research due to their crucial role in converting CO,
molecules to CO, in which these interactions serve as well-
defined models of coordinately unsaturated active sites on
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21,22 The reactions of

catalyst surfaces upon CO, adsorption.
transition metals as well as oxides and CO, have been exten-
sively studied in the past. For example, Matrix isolation FTIR
spectroscopic studies in cryogenic gas matrices indicated that
early transition metal atoms (Sc, Ti, V, Cr, Y and Zr) are able to
spontaneously insert into the C—0 bond, yielding oxocarbonyl
species.”*™ Considering the charge transfer processes at the
catalyst-support interface, the role of transition metal atoms
with different charge states has also been comprehensively
investigated in the gas phase, aiming to improve mechanistic
understandings of catalytic reactions on the surface. In a thorough
experimental survey, the thermodynamic and kinetic information
of the reactions between CO, and 46 metal cations at room
temperature have been revealed by Koyanagi and Bohme.?®
Nine early transition metal cations (Sc', Y, La*, Ti", Zr*, Hf,
Nb', Ta" and W'), possessing oxygen affinities (OAs) greater
than OA(CO) = 526 k] mol ", were reported to be able to reduce
CO, molecules through oxygen atom abstraction in an exo-
thermic fashion (Reaction (1)).>’ In particular, no detection of
the formation of VO' and VO," cations via oxygen atom
abstraction has been made, despite the shared exothermic
nature of the ion-molecule reactions between CO, molecules
and the group 5 transition metal cations.”®*® Earlier collision-
induced dissociation (CID) by the Armentrout group has inves-
tigated the kinetic behaviors of spin-forbidden reactions
between transition metal oxide cations and CO,, demonstrating
that these reactions are only thermodynamically feasible when
the bond dissociation energies of the newly formed metal
oxides exceed those of the C=0 bonds in C0,.*°*? Similarly,
Beauchamp studied guided ion beam activation of transition
metal cations to activate C-H bonds and found a correlation
between the activation capacity and the spin state of the
transition metal cation.>*”*” Therefore, both thermodynamics
and spin jumps play significant roles in the reduction of CO,
molecules, particularly in the conversion from high-spin M"
cation to lower-spin MO™ cation.*® Although the spin-controlled
reactions involving transition metals have been extensively
explored, recent machine learning studies by Liu and collea-
gues have created full-dimensional potential energy surfaces
for the Ta® and CO, two-state reactions.* This advancement
provides deeper insights into the dynamics of these non-
adiabatic reactions, revealing that intersystem crossover pri-
marily drives the kinetic behavior, rather than potential energy
control. Thus, we can infer that the limited reactivity of the V*
cation suggests a kinetic barrier that probably arises from an
inefficient surface crossing between different ground electronic
states of the reactants and products.

M'+ CO, - MO" + CO (1)

MO" + CO, —» MO," + CO (2)
Based on the previous results of Koyanagi and Bohme, of
these nine cations only four, i.e. Hf', Nb', Ta" and W', were
observed to form dioxide cations via sequential oxygen atom

abstraction (Reaction (2)).”° This reaction experienced an
exceptionally slow process with the HfO" cation. On the other
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hand, NbO", TaO" and WO" cations were found to reduce
CO, molecules at markedly different reaction rates of about 2
orders of magnitude, despite having similar bond dissociation
energies Dy(O-MO"). However, the mechanisms and the rate-
determining factors of CO, reduction by transition metal oxide
cations remain largely unknown.

In this study, we present detailed and comprehensive theore-
tical investigations on the mechanisms of gas-phase reactions
of CO, molecules with the group 5 transition metal monoxide
cations, with the objective of evaluating their periodic variations
in reaction kinetics from both thermodynamic and spin change
perspectives. Understanding the underlying mechanisms and
uncovering the controlling factors of reaction rates and efficien-
cies provide valuable insights into the fundamental processes
involved in CO, reduction by transition metal-based catalytic
systems, which further contributes to the optimization and
development of efficient catalysts for CO, conversion.

2. Computational method

Quantum chemical calculations were performed to investigate
the mechanisms governing the reactions of MO* (M =V, Nb, Ta)
cations with CO, molecules. First, a large number of different
isomers for the [OM. - -CO,]" complex were randomly generated
by Genmer.® The geometries were initially pre-optimized using
the semi-empirical quantum mechanical method GFN2-xTB
with the xtb program.’®*' Further optimization of the low-
lying structures was carried out using the PBEO functional
augmented with dispersion correcting PBE0-D3(BJ) with the
def2-TZVP basis set for all the elements.**** Vibrational fre-
quencies were calculated at the same density functional level to
ensure that all found minima have no imaginary frequencies
and transition states exhibit only one imaginary frequency.
Intrinsic reaction coordinate (IRC) calculations were conducted
to confirm that each reported transition state connects two
appropriate minima.**™*” All the density functional calculations
were carried out with the Gaussian 16 software package.*® For
each optimized geometry, higher level single-point energies
were evaluated at the U/UCCSD(T)/def2-QZVPP level of theory
using the ORCA suite of program.**>?

The minimum energy crossing points (MECPs) between
potential energy surfaces corresponding to different spin states
were located by the sobMECP method, a modified version
of Harvey’s MECP program.’®> At the MECPs the transition
probability between the singlet and triplet spin states is com-
puted by using Landau-Zener formula®®”

—41‘C2 HSOC2
PSC=1—exp(— o 3
o g

where Hgoc is the spin-orbit coupling (SOC) constant and
|Ag| is the norm of the difference of the gradients on the two
surfaces at the MECP and v is the velocity of the system also the
MECP. The velocity v can be approximated by the average
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Tablel Bond dissociation energies, Do(OM*~0) at 0 K (in kJ mol™Y), for ground-state MO,* (M =V, Nb, Ta) cations calculated at the PBE0-D3(BJ)/def2-
TZVP and U/UCCSD(T)/def2-QZVPP levels of theory and some literature data given for comparison

Present Previous
Dy(OM*-0) PBEO U/UCCSD(T) Exp.(method) Theo.(method)
ov'-0 496 421 295 + 39(CID)" 357(B3LYP/TZV)"
339 + 35(CID) 377(B3LYP/BSII)?
ONb*-0 546 580 551 4+ 16(CID)* 530(B3LYP/BSIT)*
572(CCSD(T)/QZVPPDY
OTa'-0 568 594 587 + 12(CID) 596(CCSD(T)/QZVPPDY

@ Ref. 29. ” Ref. 71. ¢ Ref. 72. @ Ref. 73. ¢ Ref. 30./ Ref. 74. ¢ Ref. 68.

velocity obtained from the unidimensional Maxwell-Boltzmann
distribution:
3kpT\’
v = ( 3 ) (4)
u

where kg is the Boltzmann constant 7T is the temperature and p is
the reduced mass.

The spin-orbit coupling constants of the MECPs were cal-
culated by using the complete active space self-consistent field
(CASSCF) method with second-order N-electron valence state
perturbation theory (NEVPT2).**%®" The Scalar relativistic
effects utilize the Douglas-Kroll-Hess approximation, we use
the all-electronic SARC-DKH-TZVP basis set for Nb and Ta
atoms, and the DKH-adapted version of the def2-TZVP basis
set for O, C, and V atoms.®*"** An active space of CAS (10e, 120)
is used, which includes 3d and 4s shells for the V atom, 4d and
5s shells for the Nb atom, 5d and 6s shells for the Ta atom, as
well as 2p shells for the C and O atoms. This active space is
selected based on the composition of the highest singly occu-
pied molecular orbital (SOMO) and SOMO-1 orbitals involved in
the spin-flip processes, as calculated within the framework of
the restricted open-shell Hartree-Fock (ROHF) theory. All SOC
calculations were performed with the ORCA program.*>*® The
frontier molecular orbital analysis the natural atomic orbital
(NAO) analysis was carried out using Multiwfn program.®>~°’

3. Results and discussion

3.1. Thermochemistry of CO, reduction to CO by MO*
(M =V, Nb, Ta) cations

In accordance with previous studies, the ground electronic
states of MO" and MO," (M = V, Nb, Ta) cations were theore-
tically determined to be the triplet state and the singlet state,
respectively (Fig. S1, ESIt).2>*"%® Therefore, a two-state reactivity
scenario can be expected.®®”° The activation of the C=0 bond by
VO', NbO" and TaO" cations may follow a similar pattern as CO,
reduction by atomic metal cations, where the reaction kinetics are
controlled by the exothermicity along with the effect of spin
changes. Here, the thermochemistry of the reactions of CO,
molecules with MO" (M = V, NDb, Ta) cations is first discussed.
The calculated values of the bond dissociation energy (BDE) of
ground-state dioxide cations MO," (M =V, Nb, Ta), i.e. Do(OM '~
0), at the PBE0-D3(B]J)/def2-TZVP and U/UCCSD(T)/def2-QZVPP

This journal is © the Owner Societies 2024

levels of theory are summarized in Table 1. Previous thermo-
dynamic information on the Dy(OM'-0O) (M =V, Nb, Ta) from
both experimental and theoretical sources are also included for
comparison.

Both the PBEO and U/UCCSD(T) values are consistent with
previous measurements and available quantum chemical cal-
culations. Here we adopt the U/UCCSD(T) values of D,(OM"-0)
with higher accuracy. Combined with the literature thermo-
chemistry of D,(OC-0) = 526.1 k] mol™ ", reaction (2) is pre-
dicted to be exothermic for NbO" and TaO" cations, while the
formation of CO and VO," dioxide cation from the reaction
between the VO’ cation and CO, molecules is considered
inefficient, as mentioned earlier. The greater value of Do(OTa'-O)
than Dy(ONb'-0) is in reasonable agreement with the rate
constants reported by Koyanagi and Bohme that show an
increasing trend from NbO" to TaO" cation. Nevertheless, the
discrepancy in reaction kinetics should also be rationalized in
terms of the required changes in spin multiplicities.*®

3.2. Potential energy surface analysis

To further shed light on the difference in reactivity of MO"
(M =V, Nb, Ta) cations in such spin-nonconserving reactions,
potential energy surfaces for the interactions between CO,
molecules with MO" cations at both singlet and triplet spin
states are displayed in Fig. 1. The optimized structures
of reactants, intermediates, transition states, and products at
the PBEO0-D3(BJ)/def2-TZVP level are shown in Fig. 2. Using
unrestricted methods to calculate multiplet states might intro-
duce spin contamination, potentially reducing the reliability of
computed energies and properties. Spin contamination can be
quantified by the expectation value of (§%), where (S*) = §(S + 1),
with S representing the total electron spin quantum number.
For an ideal, uncontaminated triplet state, (S*) should theore-
tically be 2.0. Deviations from this value indicate admixture
with other spin states, which can lead to errors in the descrip-
tion of electronic correlation and impact the accuracy of the
calculated state energies and properties. The (S*) values for
the triplet species listed in Table S1 (ESIT) indicates that spin
contamination is minimal and can be reliably neglected in this
case. For all three triplet cations, a similar end-on binding
situation applies to the triplet reactant complexes (RCs),
30M™-0CO, formed by dominant electrostatic and orbital
interactions.”” Based on the simplified potential energy curves
of different states in Fig. 1, it is expected that all the entrance
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Fig. 1 Reaction pathways for the oxygen atom abstraction by MO* (M =
V, Nb, Ta) cations on the singlet and triplet energy surfaces calculated at
the U/UCCSD(T)/def2-QZVPP level of theory. The relevant complexes are
denoted as "RC (reactant complexes), "TS (transition states), "IM (inter-
mediates) and "PC (product complexes), where n stands for multiplicity.
Relative energies are in kJ mol™.
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’RC 3TS 3pc
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Fig. 2 Optimized structures of reactant complexes, transition states,
intermediates, product complexes and minimum energy crossing points
for all oxygen atom abstraction reactions on the singlet and triplet energy
surfaces calculated at the PBEO-D3(BJ)/def2-TZVP level of theory. Bond
lengths are noted in A.

channels on the ground-state surfaces will evolve onto the
singlet surfaces originating from the excited ‘'OM"~-OCO com-
plexes via spin crossing points, ie. the minimum energy
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crossing points (MECPs).”®”” After spin inversion at these
points, the oxygen atom abstraction from CO, molecules by
MO" cations proceeds along the singlet pathway, ultimately
leading to the product channels. Such spin-forbidden reaction
routes not only present thermodynamic advantages but also
circumvent significantly higher energy barriers associated with
triplet surfaces.

From the kinetic consideration expected for a typical two-state
reactivity scenario, the rate coefficients of these spin-forbidden
reactions are dictated by two electronic factors, i.e. the location of
the MECP points and the strength of spin-orbit coupling between
the singlet and triplet surfaces at MECPs. The positions of MECPs
are discussed in the following with emphasis on the height of
the crossing regions along with the activation energy barriers. The
schematic potential energy curves for the VO' cation show that
the singlet transition state 'TS, featuring an activated C-O bond
distance of 1.58 A, is located well above the entrance channel by
131.9 k] mol™?, indicating a high possibility of spin hopping
occurring above the reactants level. The corresponding MECP(V)
geometry determined between the triplet and singlet surfaces is
displayed in Fig. 2(D), with a C-O bond distance (1.29 A) shorter
than that in 'TS. In this regard, the spin crossover through
MECP(V) takes place before reaching the singlet transition state
TS, and subsequently the C-O bond elongates by surmounting
the three-member ring 'TS, leading to the generation of the
inserted oxocarbonyl product complex (PC) '0,V*-CO. A substan-
tial kinetic barrier is therefore expected to impede CO, reduction
by the VO cation at room temperature, regardless of the surface
crossing efficiency. This theoretical finding is in agreement with
the absence of observed VO, cation in gas-phase reactions.>®

Upon closer inspection of Fig. 1 it is noticed that the NbO"
cation exhibits a different reaction profile on the singlet sur-
face, characterized by one minimum energy structure ('IM)
and two saddle point structures (*TS1 and 'TS2). The two
singlet transition states lie above the reactants by 28.5 and
11.4 kJ mol ', respectively, suggesting that a change in spin
multiplicities may occur at an energy level slightly higher than
that of the reactants. The structure of MECP(Nb) is located
between the first transition state 'TS1 and the intermediate
"M, as the C-O bond length increasing and the Ta-O bond
gradually forming during the oxygen atom abstraction reaction.
Accordingly, the singlet transition state 'TS2 with an energy
barrier of 11.4 k] mol " is accessed after the surface hopping at
the MECP(Nb) geometry, followed by the C-O bond cleavage
and the formation of *0,Nb*~CO complex. The spin crossover
at low energy implies that this reaction may proceed without a
considerable kinetic barrier and the reaction rate could instead
be governed by the spin-forbidden surface crossing process.

In the potential energy diagram for the TaO" cation, the
singlet transition state 'TS located below the reactants level by
—12.3 kJ mol~* presents a greater possibility of experiencing
surface crossing with a negligible kinetic barrier. Based on the
geometric parameters of the transition states and MECP(Ta),
the spin crossover from the triplet to singlet is identified to
occur at a region after the singlet transition state 'TS is
reached. The corresponding reaction profile reveals a

This journal is © the Owner Societies 2024
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“barrierless” route submerged below the reactants level to
produce '0,Ta*~-CO complex, with the only barrier originating
from the spin crossover step. Therefore, the reaction rate of CO,
molecules with the TaO' cation strongly depends on the
efficiency of spin inversion at the MECP(Ta) point. However,
the activation energy barrier height of this reaction can be only
estimated since the MECP is not a stationary point on the
potential energy surfaces. This conclusion based on above
analysis is in a similar manner to previous assessment of the
oxygen atom abstraction reaction of CO, with the Ta" cation,
where the spin-state change, instead of barrier surpassing, is
the rate-limiting factor at low reaction energies.’® The similarity
between the two cases lies in the positioning of the crossing
seam, which occurs after the saddle points in both instances.

3.3. Analysis of spin-orbit coupling at MECPs

At low kinetic energies with low MECPs, the variations in the
rates of the spin crossover steps can be attributed to different
spin conversion efficiencies, which is quantitatively described
by the magnitude of the root-mean-square spin-orbit coupling
matrix element Hgoc between the singlet and triplet states at
MECPs. As shown in Table 2, the values of Hgoc are computed
to be 39 em ' for MECP(V), 160 cm ' for MECP(Nb) and
418 cm ™' for MECP(Ta), respectively. The values of the inter-
system crossing probabilities are computed to be 0.054 for
MECP(V), 0.599 for MECP(Nb) and 0.994 for MECP(Ta), respec-
tively. The significantly large Hsoc and P®¢ for the spin-
forbidden reaction of CO, molecules with the TaO" cation is
indicative of an efficient intersystem crossing, which qualita-
tively agrees with the experimentally observed increase in rate
constant by nearly one order of magnitude than that for the
NbO" cation. On the other hand, the small Hgoc and P5Cin the
OV'-0CO system does not effectively facilitate the crossing of
the two potential energy surfaces, which is also consistent with
experiment findings.>®

To further understand the mechanism of intersystem cross-
ing in the present study, an examination on the frontier
molecular orbitals of the MECPs at different spin states is
conducted. As shown in Fig. 3, the SOMO of the triplet MECPs
mainly consists of nonbonding d orbital of metal atoms, which
is also the lowest unoccupied molecular orbital (LUMO) of the
singlet MECPs. The SOMO-1 of the triplet MECPs reflects the
bonding interactions between MO" cations and CO, parts, which
corresponds to the highest occupied molecular orbital (HOMO) of
the singlet MECPs. During the transition processes from the
triplet state to the singlet state at these MECPs, the spin inversion
of the o electron in the SOMO of the triplet MECPs occurs, pairing

Table 2 SOMO and SOMO-1 orbital energy gaps AE, spin—orbit coupled
coupling constants Hsoc and intersystem crossing probabilities P (300
K) for MECP structures

AE (Hartree) Hsoc (em™) p's©
MECP(V) 0.011 39 0.054
MECP(ND) 0.019 160 0.599
MECP(Ta) 0.026 418 0.994

Phys. Chem. Chem. Phys., 2024, 26, 29887-29894 | 29891
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Fig. 3 Diagrams of the frontier molecular orbitals of the MECPs at the singlet and triplet spin states calculated at the ROHF/def2-TZVP level of theory.
Orbital energies are shown in Hartree.

Table 3 Contributions from atoms to SOMO and SOMO-1 of the triplet MECPs using natural atomic orbital (NAO) analysis

Orbitals Orbital contributions of metal atoms Shell contributions (>5%) of atoms
MECP(V) SOMO 90.3%(V) 87.5% 3d(V)

SOMO-1 51.7%(V) 45.4% 3d(V) + 12.2% 2p(C) + 21.4% 2p(0)
MECP(Nb) SOMO 94.8%(Nb) 94.8% 4d(Nb) + 6.8% 5s(Nb)

SOMO-1 58.2%(Nb) 49.9% 4d(Nb) + 6.0% 5s(Nb) + 14.6% 2p(C) + 13.9% 2p(O)
MECP(Ta) SOMO 98.1%(Ta) 85.6% 5d(Ta) + 11.2% 65(Ta)

SOMO-1 59.0%(Ta) 38.3% 5d(Ta) + 17.4% 6s(Ta) + 15.2% 2p(C) + 12.2% 2p(0)

up with B electrons in the SOMO-1. The relative probabilities of further be expressed in terms of atomic orbitals. Based on the
spin flipping can be interpreted by evaluating the matrix elements atomic orbital coefficients of metals atoms in the SOMO and
involving molecular orbital angular momentums, which can SOMO-1 of the triplet MECPs listed in Table 3, the SOC at
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MECPs is likely to increase with higher atomic number of metal
atoms. In addition to the shape of molecular orbitals, the
energy gap between the orbitals is also responsible for the
occurrence of spin flipping at MECPs. As displayed in Table 2, it
is evident that the energy gap between the SOMO and SOMO-1
of triplet MECPs rises as the atomic number of metal atoms
increases, implying a larger extent of stabilization when o elec-
trons undergoes inversion at triplet MECPs. Overall, the shape
along with the energy difference of frontier molecular orbitals
play a significant role in determining the intersystem crossing
efficiencies between the triplet and singlet reaction pathways at
MECPs (Fig. 3).

4. Conclusion

In this study, we presented a thorough theoretical investigation
on the gas-phase reaction mechanisms for the reduction of
CO, to CO by group 5 transition metal monoxide cations from
both perspectives of thermodynamics and spin conversion. The
exothermic nature of the oxygen atom abstraction from CO,
molecules was predicted for NbO" and TaO" cations, whereas
endothermic for the VO' cation, which is in qualitative agree-
ment with Koyanagi and Bohme’s experimental observations.>®
On the basis of potential energy surface analysis, all the
reaction mechanisms were revealed to align with the general
framework involving two-state reactivity. The reaction between
the VO' cation and CO, molecules is impeded by inefficient
intersystem crossing between the triplet and singlet states, as
well as the transition state on the singlet-state surface located
well above the reactant channel. As the atomic number of the
metal atom increases, the efficiency of intersystem crossing
becomes the dominant factor influencing the kinetic bottle-
neck in both cases for NbO* and TaO" cations, rather than the
interplay with energy barriers of transition states. The notably
higher values of the spin-orbit coupling matrix element Hgoc
and the intersystem crossing probability P at the crossing
point between the triplet and singlet pathways are calculated
for the CO, reduction by the TaO" cation, providing mecha-
nistic insights into previous experimental findings of a nearly
tenfold increase in the rate constant compared to that of the
NbO" cation.
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