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The activation of methane (CH,4) by transition-metal cations in the gas phase provides a model for
understanding the impact of electronic spin on reactivity, with implications in single atom catalysis. In
this work, we present a mixed quantum-classical trajectory surface hopping study on the nominally spin-
forbidden reaction Ta* + CH; — TaCH," + H,. To facilitate the dynamics calculations, full twelve-
dimensional PESs for three low-lying spin (quintet, triplet, and singlet) states are constructed using
a machine learning method from density functional theory data. Furthermore, we report the temperature
dependence of the rate coefficients for the Ta* + CH; — TaCH," + H, reaction measured using the
selected ion flow tube (SIFT) technique. The measured rate coefficient has a near zero temperature
dependence and is approximately 50% of the capture limit at room temperature. Our theoretical results
with a Gaussian-binning treatment of the product zero-point energy reproduced the experimental rate
coefficient and the temperature dependence. Satisfactory agreement is also obtained between theory
and differential cross sections measured recently using molecular beams combined with velocity map
imaging. Specifically, our multi-state calculations confirm the indirect mechanism of this reaction with

Received 15th December 2024 long-lived reaction intermediate after passing through the initial barrier and reveal that the kinetic
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bottleneck in this reaction is intersystem crossing between the quintet and triplet states. Furthermore,

DOI: 10.1039/d4sc08457h the energy disposal in the TaCH," (both singlet and triplet) and H» products is found to be largely
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Introduction

Methane (CH,), the primary component of natural gas and
methane clathrates, is a crucial hydrocarbon feedstock for fuel
and chemical production. However, its low volumetric energy
density results in high transportation and storage costs,
limiting its use as a chemical energy source. The conversion of
methane into value-added chemicals and fuels is critical not
only for economic reasons but also for addressing environ-
mental concerns related to greenhouse gas emissions. Conse-
quently, significant research efforts have focused on converting
methane into more energy-dense fuels or higher-value
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statistical due to the long lifetime of the exit-channel complex.

chemicals.™* All these conversions begin with the activation of
methane, which involves the weakening or breaking one of its
four carbon-hydrogen bonds.> However, CH, is quite inert due
to its strong C-H bonds, with a bond dissociation energy (BDE)
of 4.5 eV.* In addition, methane has zero dipole moment and
quadrupole moment, low polarizability (2.593 A%), and a high
ionization energy of 12.6 e€V.” These factors contribute to its low
reactivity in chemical reactions, making catalysts essential for
efficient chemical conversions. Common catalysts for methane
activation are transition metals dispersed on oxide supports.®™®
A major challenge in catalyst design is that nearly all newly
formed bonds are weaker than the original C-H bond in
methane. Therefore, highly active catalysts often lack selectivity.
Recently, an increasing number of reports have suggested effi-
cient methane activation with atomically dispersed transition
metals.®™ These studies indicated that such single atom
catalysis (SAC) sensitively depends on the immediate environ-
ment of the metal ion, which controls its partial charge and
presumably spin.

A unique approach to understand the SAC is to investigate
the activation of small molecules by transition metal ions in the
gas phase.””™* For methane activation, it is known that many
third-row transition metal cations (M') can readily
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dehydrogenate methane at room temperature to produce
MCH,",***! which can then, e.g., serve as an intermediate in the
conversion of CH, to CH,O. From a thermochemical perspec-
tive, the exothermic formation of M=CH," is viable only if the
metal-methylidene bond strength Dy(M=CH,) is greater than
the heat of dehydrogenation of methane, which is 4.743 +
0.001 eV determined by the Active Thermochemical Tables
(ATcT) approach.?*>3 Irikura and Beauchamp observed reac-
tions between methane and Hf", Ta", W, Re", Os", Ir", Pt", and
Au’ and found that Ta*, W*, Os™, Ir", and Pt" reacted at room
temperature.'® Later, Shayesteh et al. investigated the reactions
of methane with 59 atomic metal cations at room temperature
and found that the H, elimination channel occurred with As*,
Nb*, Ta*, W', Os*, Ir", and Pt" ions.? In this work, we focus on
the reaction of CH, activation by the open-shell transition-metal
Ta' ions:
Ta+ + CH4 - TaCH2+ + H2 (Rl)
This reaction is highly efficient, with thermal rates compa-
rable to gas kinetic.>*** However, as shown in Fig. 1, the reaction
has a significant barrier and high endoergicity on the lowest
quintet state (°F). The facile reactivity can only be explained by
efficient spin-orbit-mediated transitions from the high-spin
quintet state to the low-spin triplet (and possibly singlet)
excited state of the entrance channel, both of which have
a submerged barrier. This so-called multi-state or two-state
reactivity (TSR)**¢ is a characteristic feature of many
transition-metal-mediated processes where low-lying excited
states play a crucial role.
Parke et al.?® investigated (R1) using guided ion beam tech-
niques. The observed decrease in the reaction cross section with
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increasing kinetic energy suggests that the reaction proceeds
through an intermediate, offering valuable dynamic insights.
Furthermore, supported by theoretical calculations, they
concluded that the relatively low reaction efficiency (18-44%) is
attributed to the spin-forbidden nature of the reaction. Very
recently, Meta et al. investigated the dynamics of (R1) using
crossed-beam velocity map imaging, providing detailed chem-
ical dynamic information about (R1) for the first time.*” The
measured differential cross sections (DCSs) show that the
product ions are dominated by isotropic scattering around the
center-of-mass, indicating that the reaction is dominated by
a complex-forming mechanism even at collision energies up to
1.3 eV. However, information about the identity of the long-
lived complex and/or intermediate that governs this indirect
mechanism is lacking. Little is known about the origin of the
associated bottleneck that leads to this long lifetime. As shown
in Fig. 1, the reaction begins on the quintet surface, forming
a prereaction well (’INT1) before the quintet saddle point
(°sP1). The formation of tantalum carbene (Ta=CH,") in both
the singlet and triplet product channels involves breaking two
C-H bonds, forming two new bonds, and releasing molecular
hydrogen. After crossing the triplet saddle point (*SP1), the
system undergoes a series of complex transformations to reach
the product asymptotes. This mechanism is akin to a classic
two-step process. First, oxidative addition occurs as the
tantalum ion inserts into a C-H bond, followed by the migration
of a second hydrogen atom to the metal center to form INT3.
Then, reductive elimination of molecular hydrogen occurs from
the metal center. Alternatively, the system can bypass INT3 via
a four-centered transition state, SP4, to form INT5 and subse-
quently reach the products. The post-transition state well (INT2)
following the first H-atom transfer may have a long lifetime
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Fig.1 Schematic of the Ta* + CH4 — TaCH," + H, reaction on the quintet, triplet, and singlet state surfaces (black, red, and blue, respectively).
The energies with ZPE correction are calculated at the B3LYP/DZ level. The ZPE correction induces the energy of some saddle points to fall

below the local minima.
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because it must overcome a relatively large barrier (SP2 or SP4)
associated with significant molecular rearrangement to other
wells (INT3, INT4 and INT5), before forming the products. Since
the collision energy in the crossed beam experiment allow the
access to these wells, energy partition in the products sheds
light on the molecular rearrangements in these reaction inter-
mediates. To understand the microscopic mechanism and
dynamics of such a complex reactive system, dynamical simu-
lations are essential to determine whether the indirect mecha-
nism is associated with the reactant complex [Ta(CH,)]" (INT1),
one of the intermediate complexes [HTaCH;]" (INT2) and
[H,TaCH,]" (INT3), or the product complex [(H,)TaCH,]" (INT4
and INTS5).

The molecular beam experiment also measured the product
kinetic energy distributions, revealing low kinetic energy for the
products, which indicates that the products’ internal degrees of
freedom (DOFs) are highly excited. However, it remains unclear
which product(s) (TaCH," and/or H,) and which DOF(s) (vibra-
tion and/or rotation) are excited. It is also uncertain whether the
reactivity of the reaction is governed by intersystem crossing
(ISC) between the quintet and triplet states or by °SP1.
Furthermore, the contribution of the singlet state to the reac-
tion is unknown and cannot be easily determined experimen-
tally due to instrumental limitations.

To address these mechanistic questions, we present here
a comprehensive kinetic and dynamic study of this reaction,
which is made possible by full-dimensional potential energy
surfaces (PESs) of the quintet, triplet, and singlet states, based
on approximately 64 300 density functional theory (DFT) points.
The particular density functional used in these calculations has
been benchmarked with high-level ab initio methods. The
dynamic calculations were performed using the mixed
quantum-classical trajectory surface hopping method, along
with ab initio spin-orbit couplings determined from multi-
reference configuration interaction (MRCI) calculations. This
strategy has been used by us previously to study Ta" + CO, and
Nb" + CO, reactions with much success.**?** A similar dynamical
study has also been reported for the FeO" + H, reaction, which
also proceeds through a TSR mechanism.*” In addition, we
remeasured thermal rate coefficients using a selected ion flow
tube (SIFT) across a much wider temperature range than re-
ported to date.

Results and discussion
Electronic structure calculations

The reaction pathways for the quintet, triplet, and singlet states
are shown in Fig. 1, and the corresponding zero-point energy
(ZPE)-corrected energies and frequencies of all stationary points
calculated at the B3LYP/DZ level listed in Table S1.T The recent
higher-level calculations at the CCSD(T)//B3LYP level* and
available experimental values® are also included for compar-
ison. The optimized geometries for the quintet, triplet, and
singlet states are presented in Fig. S1-S3,f respectively. The
B3LYP/DZ method provides very similar predictions to the
CCSD(T)//B3LYP calculations, showing reasonable agreement
within about 0.3 €V, except for the energy of the singlet Ta" +

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CH, asymptote. At the B3LYP/DZ level, the energy (0.584 €V) is
significantly lower than the value calculated at the CCSD(T)//
B3LYP level (1.328 eV)* and the experimental measurement
(1.216 eV).® The underestimate for the singlet Ta" + CH,
asymptote might be from the mis-convergence in the DFT
calculations due to the multireference character. However, we
believe this discrepancy has very limited impacts on our
dynamic results due to the high energy of this channel, similar
to the Ta'/Nb" + CO, systems.***°

As depicted in Fig. 1, the reaction between quintet Ta' ion
(°Ta*) and CH, proceeds through a pre-reaction well (°INT1,
—0.611 eV) and must circumvent a very high barrier (>SP1, 0.732
eV). INT1 is a complex formed due largely to electrostatic
interaction, as evidenced by the comparable well depth in
different spin states. The barrier features the insertion of the
metal into a C-H bond. The product asymptotes are also very
high, making the reaction an endoergic process. Hence, this
adiabatic pathway is expected to be viable only at very high
temperatures.

Alternatively, the reaction can also advance nonadiabatically
via efficient ISC from the quintet to the triplet state, where *SP1
is submerged. After crossing *SP1, the reaction enters a very
deep well (*INT2, —1.802 eV), which is formed by an oxidative
addition reaction in which the tantalum ion inserts into a C-H
bond, causing the hydrogen atom to migrate from the carbon to
the tantalum atom. Starting from *INT2, there are two ways to
reach the products: one is *INT2 — *SpP2 — °INT3— *SP3 —
*INT4 — products, and the other is ’INT2 — 3SP4 — *INT5 —
products. In both reaction paths, the formation of the products
is up-hill. Similar reaction paths can also be found on the
singlet state surface.

The adiabatic reaction channel in the quintet state is endo-
thermic, with a reaction energy of 0.773 eV at the B3LYP/DZ
level. In contrast, the nonadiabatic reaction channel is slightly
exothermic in the triplet and singlet states, with reaction
energies of —0.177 eV and —0.162 eV, respectively, at the B3LYP/
DZ level, they are close to the values at the CCSD(T)//B3LYP level
(—0.297 and —0.302 eV).*” The reaction energy of the triplet state
at the B3LYP/DZ level also agrees reasonably well with the
experimental measurement of —0.10 £ 0.02 eV by Armentrout
and coworkers.?® Independently, the TaCH," photodissociation
experiment of Metz and coworkers*® sets a lower bound on the
exothermicity of the reaction at —0.23 eV, which is consistent
with our values.

We further note that all PESs leads also to the HTaCH" + H,
products, as shown in Fig. 1. Due to the high energies, however,
the H, + HTaCH" asymptote represents only a minor channel,
and will not be discussed further.

Potential energy surfaces

About 64 300 quintet, triplet, and singlet energies were calcu-
lated at the level of B3LYP/DZ level and represented using the
permutation-invariant-polynomial neural-network (PIP-NN)
method to generate the corresponding spin-specific twelve-
dimensional PESs. For the quintet, triplet, and singlet PESs,
the final root mean square errors (RMSEs) are 33.8, 41.5, and
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40.4 meV, respectively, and the maximum errors are 573.0,
737.9, and 501.1 meV. A graphical representation of the errors
throughout the entire energy range up to 7 eV is shown in
Fig. S4a and S4b.T The majority of points have a fitting error
under 20 meV. The energies, geometries, and harmonic
frequencies of the stationary points obtained on the PESs can be
found in Table S1 and Fig. S1-S3.1 These static properties were
well reproduced on the newly constructed PESs, except for the
energy of *INT2, which differs by 0.213 eV between B3LYP/DZ
and the PES. However, due to the high barrier associated with
the quintet state, this channel is negligible and thus it will not
affect the dynamic results. Fig. S5-S71 depict the potential
energies along the minimum energy paths (MEPs) from SP1 to
SP4 on the quintet, triplet, and singlet PESs, respectively.

Kinetics and mechanism

Fig. 2 illustrates the comparison of calculated rate coefficients
with previous experimental data at room temperature*>** and
the new ones measured using SIFT. The newly measured rate
coefficient at room temperature (300 K) is in good agreement
with previous results,”*?*" as shown in Fig. 2. The temperature
dependence over this range is very mild, and the rate coeffi-
cients are at about 40% of the Langevin-Gioumousis-Stevenson
capture limit. This weak temperature dependence is consistent
with the energy dependence reported from a prior guided ion
beam measurement*® showing cross sections at low collision
energies (E.) at a constant fraction of the Langevin-Giou-
mousis-Stevenson value. Importantly, the facile reactivity is
consistent with an exothermic reaction lacking an activation
energy. However, the features of the PES responsible for
reducing reactivity below the capture limit are not clear from
experiment alone. The theoretical results (FSSH in the figure)
are larger than the experiment, which is due to the fact that
there are many trajectories with vibrational energy below the

1.0x10° F™
9.0x10°1¢ a
8.0x1010p T
7.0x10°10 \u\
£~6.0x1071 o
‘o -10
= 5.0x10
2 | ' I I
= 4.0x107"°f)
5 ¢
S 3.0x10"° .
=} —o— Theo. FSSH, this work
”E —o— Theo. FSSH+1GB, this work
& 2.0x101° —v— Expt. this work
< * Capture limit
—o— Expt. Shayesteh et al.
Expt. Eckhard et al.
—o— Expt. Parke et al.
—v— Expt. Irikura and Beauchamp
1.0x10710 L - . -
300 400 500 600

T (K)

Fig. 2 Comparison of the calculated and experimentally measured
rate coefficients'¢28-3° for the Ta* + CH, — TaCH,* + H, reaction. The
error bars on the newly measured experimental rates indicate
systematic uncertainties, while the shaded gray region denotes
uncertainties for comparisons across different temperatures. The
experimental rates from the literature, originally measured at 300 K,
are slightly shifted to enhance clarity in the comparisons.
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ZPE level of the H, product. Given the fact that the nonadiabatic
reaction pathway is nearly thermoneutral and H, has a large
vibrational frequency, it is not surprising that ZPE violation is
quite acute in this system. To mitigate this problem, the one-
dimensional Gaussian binning (1GB) method, an approach to
address the ZPE leakage issue (see Methods for detail), was
used. As shown in Fig. 2, the 1GB corrected rate coefficients
(FSSH + 1GB) are in much better agreement with the
experiment.

While the thermal rate coefficient of the Ta" + CH, —
TaCH," + H, reaction constitutes a large percentage of the
capture limit, the differences indicate a kinetic bottleneck for
the reaction, in agreement with the results from recent
dynamics experiments. To determine whether the ISC from
quintet to triplet states or the saddle points on the triplet state
(*SP1) is the controlling factor for this reaction, a critical point
in any TSR system, we analysed the trajectories calculated at E.
= 0.7, 1.0, and 1.3 eV. The energies were chosen to allow for
direct comparison with experiment. Fig. 3 show the distribu-
tions of the number of the transitions from quintet to triplet
and from triplet to singlet for the three pathways: nonreactive
(black), °Ta* + CH, — >TaCH," + H, (red), and °Ta" + CH, —
'TaCH," + H, (blue). For nonreactive trajectories, only a tiny
minority of trajectories, 1.7, 1.6, and 1.5% at E. = 0.7, 1.0, and
1.3 eV, respectively, underwent a quintet — triplet — quintet
transition. For most reactive trajectories, only a single transi-
tion from quintet to triplet is needed for the reaction to happen.
In a small subset of trajectories, 2 to 10 transitions are required.
The distribution of these transitions declined rapidly as the
number of transitions increased. Consequently, from the above
analysis, we can safely conclude that the ISC is the rate-limiting

E,=0.7¢eV|

Qeeoss uesss Quises

E,=1.0eV|

= 0.
=}
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Fig. 3 Distributions of the number of ISC transitions from the quintet
to triplet (solid line) and from the triplet to singlet (dotted line) for the
nonreactive (black), °Ta™ + CH4 — *TaCH,™ + H, (blue), and °Ta* +
CH4 — TaCH,* + H, (red) reactions at three collision energies,
respectively. Note that the reverse transitions from triplet to quintet (3
— 5) and from singlet to triplet (1 — 3) are necessary for the nonre-
active channel (black lines).
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step in this reaction. This reinforces the conclusion of Parke et
al.”® that the relatively low efficiency of the reaction is a result of
its spin-forbidden nature, as discussed above. Fig. S8 shows
a comparison of the geometries of *SP1 and the minimum
energy crossing point (MECP) between the quintet and triplet
states. As seen, the MECP is located before *SP1 but they have
very similar structures. Furthermore, the energy of the MECP is
—0.274 eV at the B3LYP/DZ level, which is slightly lower than
that of *SP1 (—0.191 eV, without ZPE correction). This indicates
that overcoming *SP1 is relatively easy for this reaction once the
crossing occurs, suggesting that the energy barrier on the triplet
state is not the kinetic bottleneck. In contrast, in the prototyp-
ical FeO" + H, reaction, the energy of MECP is 0.351 eV lower
than that of the saddle point, resulting in that the saddle point
is the rate-limiting step rather than the spin-state change at low
reaction energy.

Cross sections and product energy disposal

The velocity distributions of the product ion TaCH," are dis-
played in Fig. 4(a)—(c) for experimental data®” and Fig. 4(d)-(f)
for calculated data, at three collision energies. The super-
imposed circles represent the maximum possible energy parti-
tioned into the product kinetic energy, starting from the quintet
(green) and triplet (orange) reactants.”” It is apparent that some

TaCH,*
0
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of the experimental events fall outside the velocity space defined
by the kinematic cut-off, indicating an overestimation of the
kinetic energy of the product ion TaCH,".

The calculated energy distributions of the internal energy
align well with experimental measurements at the position of
the peak and the right side of the peak. Nonetheless, the
experimental distributions are broader than the theoretical
ones. On the left side of the peak, and surprisingly, the exper-
iments show some negative internal energy distributions which
is due to Ej,¢ being calculated with respect to the kinematic cut-
off. The experimental and theoretical internal energies of the
products are obtained using the formula:

/

Ein = Erel + Eexo — E,

rel?

where E. ¢, Ecxo, and E}el represent the relative collision energy,
reaction exothermicity, and the product relative translational
energy, respectively. The negative contribution to E;,, may result
from missing contributions to the energy balance, such as
electronically excited states of Ta" or the internal energy of CH,,
as discussed in ref. 37, which includes a detailed analysis on the
experimental energy spread. The experimental and theoretical
velocity distributions of the product ion TaCH," show
predominantly isotropic scattering around the center of mass,
but discrepancies exist between the two. The calculated and
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Fig. 4 (a)-(c) The experimental®” velocity distributions of the TaCH," production at E. = 0.7, 1.0, and 1.3 eV, respectively. (d—f) Similar to (a)—(c)
but for the theoretical data. Histograms are normalized with the bin of highest intensity set to one. (g—i) The corresponding integrated angular
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at the kinematic cut-off for better comparison.
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measured DCSs at E. = 0.7, 1.0, and 1.3 eV are given in
Fig. 4(g)-(i) as a function of cos(d). The calculated velocity
distributions are forward-backward symmetric at all three
collision energies and agree well with the experimental at E, =
0.7 eV. However, at E. = 1.0 and 1.3 eV, the experimental DCSs
have a forward bias. The differences in the DCS at high collision
energies are also present in the Ta’/Nb" + CO, systems,’®*®
possible explanations include the presence of additional elec-
tronic states at high collision energies and the underestimation
of DFT calculations for the singlet state reactant asymptote. The
calculated energy distributions of the internal energy, shown in
Fig. 4(j)-(1), agree well with the experimental measurements at
the position of the peak, but the experimental distributions are
broader than the theoretical ones on the left side of the peak.

The nearly isotropically scattered product ion TaCH," indicates
that the reaction is dominated by a complex-forming mechanism,
suggesting a relatively long lifetime of a reaction complex. To
identify the long-lived complex/intermediate of this reaction, we
calculated the lifetimes of the pre-reaction well and post-reaction
well, based on the same criteria as in the Ta" + CO, system.* For
INT1, the time is measured between when the Ta-C distance
becomes less than 4.5 A and when the system crosses SP1, defined
as the Ta—C distance less than 2.4 A. This indicates that the system
enters the post-transition state well. The lifetime of the post-
transition state wells ends when the center of mass (COM)
distance between the products exceeds 4.5 A. We define the system
as entering INT2 when only one of the C-H distances becomes
longer than 1.4 A. Similarly, the system is considered to enter INT3
when two of the C-H distances exceed 1.4 A, provided that the
distance between two hydrogen atoms farthest from the carbon
atom exceeds 1.1 A. Finally, if the distance between the two
hydrogen atoms decreases to less than 1.1 A, the system is
assumed to reach INT4 or INT5 (the two structures are indistin-
guishable in this work). The average lifetimes of pre-reaction well
are 0.63, 0.27, and 0.13 ps at E. = 0.7, 1.0 and 1.3 €V, respectively,
while for post-reaction well, we found INT2 and INT3 both have
much longer lifetimes. They are 8.21, 7.47, and 9.41 ps for INT2
and 6.37, 4.98, and 5.46 ps for INT3 at the three collision energies,
respectively. The lifetime of INT4 (or/and INT5) is 0.32, 0.25, 0.23
ps at the three collision energies, respectively. This is quite
different from those observed in the Ta'/Nb" + CO, systems in
which the prereaction well has the longer lifetimes.*** The
complex-forming mechanism can also be demonstrated by ana-
lysing the relationship between the scattering angle and the
impact parameter, as shown in Fig. S9,T which reveals no corre-
lation between these variables, indicating the presence of a long-
lived intermediate. This intermediate contributes to the forward-
backward symmetric scattering patterns observed in our theoret-
ical results.

The calculated average energy partitioning of the two prod-
ucts as a function of collision energy is shown in Fig. 5(a). The
highly excited product internal energy is consistent with the
experimentally observed low kinetic energy. The results indicate
that both the vibrational and rotational modes of TaCH," are
highly excited, while that of the molecular hydrogen H, product
is quite moderate. However, this picture is somewhat deceiving
as the former has six vibrational modes and three rotational
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Fig. 5 (a) Product (>'TaCH," + H,) energy partitioning to different
product motion as a function of the collision energy. (b) The average
energy partitioning per degree-of-freedom, namely, the average
energy in each mode for the two products.

modes, rather than the single vibrational and two rotational
modes for H,. As illustrated in Fig. 5(b), the average amount of
energy partitioned into the different types of motion divided by
the number of associated degrees-of-freedom (DOFs) are quite
comparable, suggesting equipartitioning of the available energy
in product energy disposal. This is apparently a consequence of
the long lifetime of the post-reaction well, where energy
randomization must have taken place. The energy disposal in
the title reaction is very different from that in the Ta* + CO, and
Nb" + CO, reactions, where the energy disposal into the internal
DOFs of MO" is dominant.*®** The long lifetime also results in
a larger distribution of singlet state products for the reaction
compared to the Ta"/Nb" + CO, reactions because it increases
the chance of crossing from triplet to singlet. Unlike the tran-
sitions from quintet to triplet, the distributions of transition
numbers from the triplet to singlet state do not show a sharp
peak but instead display a uniform distribution across the
transition numbers, see Fig. 3. This is different from what we
observed in the Ta'/Nb" + CO, systems. The product branching
is approximately 0.7/0.3 for *TaCH,"/'TaCH," at the three
collision energies, whereas in the Ta"/Nb" + CO, reactions, it is
only about 0.9/0.1 for *Ta0"/'Ta0" and *NbO'/'NbO" 32

Fig. S10(a) and (b)} show the experimental®” and theoretical
velocity distribution of TaCD,", respectively, at the E. = 1.2 eV
and the corresponding integrated angular distributions are
given in Fig. S10(c) and (d).t As seen, the similar scattering
signatures to TaCH," are observed for TaCD,’, suggesting that
the Ta" + CD, reaction is also controlled by the indirect mech-
anism. The distribution of the internal energy, as shown in
Fig. S10(e) and (f),T in the Ta" + CD, reaction is also very similar
to the one in the Ta" + CH, reaction.

Conclusions

To summarize, the first set of full-dimensional PESs for the
quintet, triplet, and singlet states of the Ta" + CH; — TaCH," +
H, reaction were developed at the B3LYP/DZ level based on PIP-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NN fits of 64 300 points. Multi-state nonadiabatic dynamical
calculations were performed on these PESs using the FSSH
method, with spin-orbital couplings (SOCs) determined from
MRCI calculations. The calculated thermal rate coefficients are
found to be in good agreement with the newly acquired exper-
imental data in the temperature range between 300 and 600 K.
However, this good agreement was only achieved after ZPE
correction based on the 1GB scheme. The significant ZPE
violation can be attributed to the near thermoneutrality of the
reaction, and the large vibrational frequency of the H, product.
Additionally, the intersystem crossing between the quintet and
triplet states, rather than the triplet saddle point, is the kinetic
bottleneck of this reaction because of the very close proximity of
the crossing point to the triplet saddle point.

The dynamical calculations predict product angular distri-
butions consistent with the molecular beam measurements,
although minor differences exist at relatively high collision
energies. Our calculations support the experimental finding
that the title reaction is predominantly governed by an indirect
mechanism, even at higher collision energies. Additional
evidence supporting this conclusion is that we found that there
is no correlation between the scattering angle and the impact
parameter as discussed above. More importantly, our analysis
attributes the indirect mechanism to two long-lived reaction
intermediates in the exit channel. Also consistent with the slow
relative recoil velocity observed in the experiment, the internal
DOFs of the TaCH," product are found to be excited. However,
the energy disposal into the products was found to be equally
partitioned into each individual degree-of-freedom, represent-
ing a statistical distribution, thanks to the long lifetime of the
reaction intermediate, which allows efficient and complete
energy randomization. The long lifetime also leads to the
nonnegligible contribution of the singlet state to the reaction.

We emphasize that the DFT treatment of the electronic
structure is an approximation, which ignores many important
details such as spin-orbit coupling and multi-reference char-
acteristics. Nevertheless, the reasonably good agreement with
available experimental data supports the validity of the theo-
retical model used to describe the kinetics and dynamics of
this prototypical model reaction for the activation of methane.
It is clearly shown that the reaction is facilitated by a “spin-
forbidden” mechanism, in which a barrierless pathway is in-
turn facilitated by ISC from the quintet state to the triplet
state, followed by mixing between the triplet and singlet states.
This two-state reactivity mechanism is expected to be instruc-
tive in understanding the catalytic capacity of transition
metals in more complex environments such as single atom
catalysis.

Methods

Electronic structure calculations

The geometries, energies, and harmonic frequencies of all
stationary points are calculated at the B3LYP/DZ level,*** using
the aug-cc-pvVDZ basis set for C and H and the ECP60MD-
F_AVDZ basis set for Ta.** This level of theory is also used to
construct the quintet, triplet, and singlet PESs for the Ta" + CH,
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system. To prevent the B3LYP/DZ calculations from converging
to electronically excited states, which can occur due to the
numerous low-lying excited states in the Ta" + CH, system, the
wave function stability analysis was performed before each
calculation. This ensured that the ground electronic state for
the relevant spin multiplicity was correctly retrieved. All DFT
calculations were performed with the Gaussian quantum
chemical program.**

The SOC calculations were performed at the multi-reference
configurational interaction with the same basis set as in DFT
(MRCI/DZ).*>* The complete active space self-consistent field
(CASSCF) method*”** was used to provide the wave functions and
reference states for subsequent MRCI calculations. The CASSCF
calculations employed an active space of 6 electrons in 7 orbitals
(6e, 70), considering two singlet, two triplet, and two quintet
molecular terms (18 states in total). We selected seven geometries
near the quintet/triplet MECP from the minimum energy path
(MEP) on the triplet state and performed the SOC calculations.
For each point, the root-mean-square of the sum of the MRCI
SOC matrix elements was used to provide an averaged value.* As
shown in Fig. S11,T the SOC values of the seven points show no
significant variation. The average value of these points was used
for our dynamical calculations. MRCI calculations were per-
formed using Molpro software,® and the MECP search was
conducted with the EasyMECP program,*> modified to allow for
wave function stabilization prior to each DFT calculation.

Potential energy surfaces

To cover all relevant configuration spaces for the Ta* + CH, —
TaCH,"' + H, reaction, about 64 300 points were sampled and
calculated the quintet, triplet, and singlet state energies at the
B3LYP/DZ level. The PIP-NN method®*** was employed to fit
these energy points in the full twelve dimensions. The NN input
layer employs permutation-invariant polynomials (PIPs) to
enforce the symmetry of the four identical hydrogen atoms. For
the Ta* + CH, system, 1052 PIPs up to fifth order were employed

in the NN input layer. The Morse-like variables p;; = exp (%)

were used to construct the PIPs,** where r; represents the
internuclear distance and 1 is an adjustable constant set to 1.8 A
in this work. After several tests, a neural network structure of
1052-5-100 was chosen, which results in 5966 fitting parameters
for each spin-specific PES. To prevent overfitting, the “early
stopping” method was employed, which involved randomly
splitting the dataset into 90% for training and 5% each for
validation and testing. This strategy ensures that the model
remains generalizable and effective across various data subsets.
The fittings are accepted only when the RMSEs for the training,
validation, and test sets were comparable, effectively preventing
false extrapolation. The Levenberg-Marquardt algorithm was
utilized for NN training.>

Since both H, and CH,4 have no dipole, very small quadru-
poles, and small polarizability. No special treatment of the
electrostatic interaction was applied in the long range. However,
we have carefully checked the PIP-NN PESs near the asymptote
and found them to be smooth and possess no artificial features
as depicted in Fig. S12.t
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Trajectory surface hopping

The dynamical calculations were performed using Tully's fewest
switches surface hopping (FSSH) method.*® This semiclassical
treatment of nonadiabatic dynamics involves using classical
mechanics to describe the nuclear motion on each electronic
state PES, with the electronic motion governed by quantum
mechanics. The FSSH algorithm determines the transition
probability from one electronic state to another at each timestep,
utilizing the electronic wavefunctions and nonadiabatic coupling
elements. Then, a random number, drawn uniformly between
0 and 1, is used to compare against this probability to decide if
a hop should take place. When a hop happens, the nuclear
momenta are altered to ensure total energy conservation. In the
FSSH calculations, the SOC values between the quintet and
triplet, the quintet and singlet, and the triplet and singlet are
280.7, 0.0, and 192.6 cm™ ', respectively. The 2023 version of the
ANT program®” was employed to perform the FSSH calculations.

A trajectory is initiated with the reactants at an initial sepa-
ration of 12 A and terminated when the reactants or products
reached the same separation distance. All trajectories start on
the quintet reactant asymptote. The maximum impact param-
eter (bmax) is set to match the initial separation between the
collision partners, ensuring it is large enough for convergence
of the results. The impact parameter (b) is calculated using the
equation b = by, £, with £ being a random number uniformly
distributed between 0 and 1. For trajectory integration, the
Bulirsch-Stoer method with adaptive step size was employed.

The thermal rate coefficients are calculated at the tempera-
tures of 300, 400, 500, and 600 K. The translational, vibrational,
and rotational degrees of freedom of the reactants were
sampled using the Boltzmann distribution at the specified
temperature. The dynamic calculations were performed at the
experimental collision energies (E.) of 0.7, 1.0, and 1.3 eV, with
CH, in its ground ro-vibrational state. To keep the statistical
error under 5.0%, 1.0 x 10" trajectories for thermal rate calcu-
lations and 2.0 x 10° trajectories were initiated for dynamical
calculations. Almost all trajectories maintain energy conserva-
tion within a 1072 eV criterion.

The following equation was used to calculate the reactive
integral cross section (ICS) for the product channel TaCH," + Hy:

o'r(Ec) = Trbmaxzpr(Ec)- (1)

Here, the reaction probability P,(E.) is expressed as the ratio of
reactive trajectories (N;) to the total number of trajectories
(Ntotar) for a specified collision energy E.. The statistical error
was calculated by 4 = v/(Notat — Ni)/ (NeotalNr)-

The differential cross section (DCS) is calculated using the
following formula:

do, a.P.(0) @)

dQ  2msin(h)’

where ¢ is the scattering angle, and @ is the scattering solid
angle.

The following experimental definition of the scattering
angle®” was used:
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0 = 180° — cos™ (%), (3)
1% |

where v; represents the initial velocity vector of Ta* ion and v¢
represents the final velocity vector of TaCH,". Therefore, in this
definition, forward scattering (6 = 0°) means a direct rebound of
the TaCH, " product, whereas backward scatter (f = 180°) means
the TaCH," product moves in the same direction as the original
Ta' reactant.

The following formula was used to calculate the thermal rate
coefficient:

8k T
TUR

2 MV

ke News’
ota

Thimax (4)
where kg represents the Boltzmann constant, ur denotes the
reactant reduced mass, and g.(7) is the electronic degeneracy
factor of the quintet state:

QTaCH !
&(T) = 5———
¢ QTaJr QCH4
_ 5
T 3 5¢ M839K/T | 7o 3801 5K/T | Qg63532K/T { | | $9014K/T

(5)

where the energies in the determinator correspond to the exper-
imental energy levels of spin-orbit states of the Ta" (°F) cation.?

In quasi-classical trajectory simulations, molecular vibrations
are not quantized, and the vibrational energy is allowed to fall
below ZPE. To address the ZPE leakage issue, trajectories that
violate ZPE can be removed, a technique known as hard-ZPE
correction. A more reasonable approach is the Gaussian binning
(GB) method,*® which incorporates quantum effects into the quasi-
classical results by assigning a weight to each reactive trajectory.
However, as the number of vibrational modes increases, the
computational cost of GB grows exponentially, making it unsuit-
able for polyatomic products. To address this problem, Czaké and
Bowman proposed the 1GB method,* in which the following
Gaussian weight is attached to each trajectory:

E() — E0)\* /g
| (“3 )/
VB |

where E(n') is the exact classical vibrational energy obtained by
using the final Cartesian coordinates and velocities and E(n) is
the harmonic vibrational energy at state n. E(0) is the harmonic
ZPE. 8 = 6/(2V/In 2 ), where ¢ is the full width at half maximum,
set to 0.5 in this work after the testing. The weight for the cor-
responding vibrational states of the two products (TaCH," and
H,) is calculated as the product of two Gaussians, G(n) =
G(11,112,113,114,115,116) X G(n7).

The reaction probability is calculated using the following
formula, as suggested by Bonnet and Espinosa-Garcia:*

G(n) =

(6)

N,

; Gi(n)

Pigp = A Nr ) (7)
2 Gilm + 3 Gy (m)

i
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where N, and Nr are the number of reactive and total trajecto-
ries, respectively. m represent the vibrational states of CH, in
the nonreactive trajectories. In eqn (7), the denominator
encompasses the sum of all computed trajectories, reactive and
non-reactive.

SIFT

Thermal rate constants were measured using a selected-ion
flow tube apparatus, similar to described elsewhere.®
Briefly, Ta" ions were formed using a laser vaporization source
via impinging the second harmonic of an Nd:YAG laser
operating at 100 Hz onto a rotating, translating tantalum rod
(ESPI metals, 99.9%). Ions were entrained into an expansion
of argon (99.999%, Matheson) through a pulsed valve (Iota
One) with an 0.2 mm aperture also operating at 100 Hz. Ions
were mass-selected using a quadrupole mass filter and
transported via a series of quadrupole ion guides to the
entrance of a 7 cm diameter, 1 m long, stainless steel flow tube
and injected against a pressure gradient via a Venturi inlet
into a 10> m s~ ' flow of helium (99.999%, Matheson). 59 cm
prior to the terminus of the flow tube, reactant gas (methane,
AirGas 99.99%) was added using a mass flow controller (MKS)
via a 1/8" diameter finger inlet. At the terminus of the flow
tube, the core of the flow was sampled via a 3 mm aperture in
a rounded, carbon-coated nosecone. Ions entered a higher
vacuum region and were transported using a quadrupole ion
guide to the entrance of an orthogonally-accelerated reflec-
tron time-of-flight mass spectrometer. Relative reactant and
product ion concentrations were monitored as a function of
methane concentration in the flow tube. Rate constants were
derived in the standard manner assuming pseudo-first order
kinetics.

Only the rate constants for decay of the primary Ta" ion are
reported here, with discussion of the significant sequential
chemistry reserved for a later publication.
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