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Activation of methane by the tantalum trioxide
anion, TaO3

�
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To better utilize abundant supplies of methane, a catalyst is needed that can selectively activate it.

Studies of the reactivity of methane with ions in the gas phase can provide insight into reaction

mechanisms at specific catalytic sites. Recently, He et al. found, through mass spectrometric

observations, that out of the 27 [TaxOy]
� species investigated, only [TaO3]� formed an anion–methane

complex, [TaO3CH4]� (Q. Li, Q.-Y. Liu, A. Zhao, and S.-G. He, Reactions between TaxOy
� (x = 1–5,

y = 0–7) cluster anions and C1–C3 alkanes, J. Chem. Phys., 2025, 163, 054303). In the present study,

where we employed a synergistic combination of anion photoelectron spectroscopy and DFT calcula-

tions, the [TaO3]� isomer with a structure of O-Ta-O2, in which the Ta atom is bonded to a terminal O

atom and an Z1-superoxo [O2
�] ligand, was found to form two activation complexes with methane. The

geometrical structures of these two activation complexes, in which one and two C–H bonds are cleaved

respectively, were determined by comparing the experimental and computational spectra. This reports

the first spectroscopic confirmation of C–H bond activation by tantalum oxide anions.

1. Introduction

While methane, which is the dominant component of natural
gas, is an abundant C1 resource, it has been underutilized due
to its strong C–H bond (438.990 � 0.026 kJ mol�1)1 and the cost
of transporting gaseous methane. The unused methane at the
oil extraction sites has been burned to CO2 (the so-called
flaring), partly because methane has a greenhouse effect that
is 25 times greater than CO2 on a mole basis.2 The development
of catalysts that enable on-site conversion of methane to
valuable chemicals such as methanol and larger hydrocarbons
would bring enormous economic and environmental benefits.
These products are useful starting material for chemical indus-
try and easy to transport.3–6 However, since the C–H bonds of
the desired products (402.44 � 0.27 kJ mol�1 for methanol,1

for example) are weaker than that of methane, the use of harsh
conditions or highly reactive catalysts leads to a loss of selec-
tivity. Due to its economic/environmental impact and the

scientific challenges involved, the selective functionalization
of methane has been called the ‘‘Holy Grail’’ of chemistry.7

Much research on the catalytic activities of bulk phase
transition metal oxides towards methane has been carried
out, this work usually having been motivated by industrial
applications.8 At the microscopic/atomistic level, however,
the fundamental understanding of reaction mechanisms that
might guide the design of catalysts has often come from gas-
phase experiments, these involving studies where metal
oxide ions were allowed to interact with methane molecules.
The first two metal oxide ions shown to activate methane in
the gas phase are OsOn

+ (n = 0,1,2,4) by Beauchamp et al.
in 19899 and FeO+ by Schwarz et al. in 1990.3 In both cases,
the product cations were observed by Fourier transform ion
cyclotron resonance (FT-ICR) spectrometry. In addition, cata-
lytic activities of tantalum atomic/cluster cations10–23 and
tantalum-containing clusters23–34 have also incited significant
interest. These include the reactivities of TaxOy

+ towards
methane19,23,27–30 as well as various hydrocarbons.31–34 For
example, among the metal dioxide cations of the Group V metals
(MO2

+, M = V, Nb, Ta), only TaO2
+ activated methane to form

[Ta(O)(OH)(CH3)]+, due to the strong Ta–C bond.27 TaO3
+ was

also revealed to dehydrogenate methane and to release methy-
lene, as well as to oxidize methane and to release methanol and
formaldehyde.28

Comparing the reactivities of transition metal oxide cations
and anions with a particular molecule provides deeper insights
into the relevance of charge states in catalytic systems.
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However, despite extensive investigations of cation reactions,
the corresponding study of anion reactions has been limited.
Castleman et al. examined the reactivities of NbxOy

� and
TaxOy

�, and showed that they are unreactive toward
n-butane.34 The first example of metal oxide cluster anions
activating methane was La6O10

�, shown by He, Zheng, and co-
workers in 2014.35 Mass spectrometric observation of the reac-
tion product anions, and determination of the La6O10

� struc-
ture by anion photoelectron spectroscopy (aPES) combined
with density functional theory (DFT) calculations showed that
methane was activated at an oxygen-centered radical site.35

He et al. showed in 2022 that (MoO3)5O� activates methane
by the same mechanism.36 In 2019, He, Zheng and co-workers
showed that RhVO3

� activates methane and subsequently
reacts with CO2 to produce methanol, formaldehyde, and
carbon monoxide at elevated reaction temperatures; this estab-
lished the catalytic cycle of CH4 + CO2 - CH3OH + CO.37

Using aPES and DFT calculations, they determined the
geometrical structures of RhVO3

� and [RhVO3CH4]� anion
complex as well as its reaction pathway. In 2025, He et al.
examined the reactivities of 27 TaxOy

� (x = 1–5, y = 0–7)
species with methane.38 Out of these anions, they
found, through mass spectrometric observations, that only
TaO3

� formed the anion–methane complex. The reaction
rate of [TaO3CH4]� complex formation was determined to be
k = 3.2 � 10�11 cm3 s�1 molecule�1. In their study of the
isoelectronic anion, TaS3

�, the high kinetic isotope effect, i.e.,
4.4, observed during the addition reaction of CH4 vs. CD4,
indicated that TaS3

� cleaves the C–H bond of methane.39 Their
DFT calculations predicted that TaS3

� has a trigonal pyramidal
structure and activates the C–H bond of methane through
Lewis acid–base pairs (LABP) of Tad+–Sd�.39 Based on this
result, they predicted TaO3

� to activate methane by the same
mechanism.38 While they also calculated the reaction pathway
of the trigonal pyramidal TaO3

� activating a methane, experi-
mental confirmations of the geometrical structures of
[TaO3CH4]� have not yet been achieved.

In this study, we produced [TaO3]� by laser vaporization and
allowed it to react with deuterated methane to form the
[TaO3CD4]� anion complex, with the goal to provide experi-
mental evidence for the C–H bond activation of methane by
this compound. The anion photoelectron spectra of [TaO3]�

and [TaO3CD4]� revealed that [TaO3]� activated methane.
Combining these experimental spectra with DFT calculations
identified a particular isomer of [TaO3]�, and showed that it
formed two types of activation complexes with methane. Their
geometrical structures, in which one and two C–H bonds of
methane were cleaved respectively, were determined [see
Fig. 6(d) and 7]. While there have been aPES studies of tantalum
oxide cluster anions, such as Ta3O3

�,40 TaOn
� (n = 1–3),41 and

Ta3On
� (n = 1–8),42 that provided information about their electro-

nic structures, the present work provides the first example in
which an anion complex, comprising a tantalum oxide anion and
a reactant molecule, was investigated via the combination of
aPES and theory. It showed the C–H bond activation by tantalum
oxide anions for the first time by experiment.

2. Methods
2.1. Experimental methods

The experiments were conducted using an apparatus consisting
of a laser vaporization ion source, a time-of-flight mass spectro-
meter, and an anion photoelectron spectrometer. The details of
the apparatus are described elsewhere.43 [TaO3]� anion was
produced by ablating a translating and rotating tantalum foil
wrapped onto an aluminum rod with a second harmonic out-
put of a Nd:YAG laser (532 nm, Continuum, Surelite II-10).
Laser vaporization of the tantalum foil, that had an oxide layer
on the metal surface, produced tantalum oxide anions without
the need for an external source of oxygen. Subsequently, a gas
mixture of CD4/He (5%/95%, total pressure 40 psig (B380 kPa))
was pulsed from a pulse valve (Parker-Hannifin) over the laser-
ablated tantalum foil, to make [TaO3]� encounter the CD4

molecule. The resultant anions were extracted to a Wiley-
McLaren type time-of-flight mass spectrometer (TOF-MS).
To record the anion photoelectron spectra (aPES), the anions
of interest were mass-gated, decelerated, and photodetached by
the second and third harmonic outputs of a Nd:YAG laser
(532 nm and 355 nm, Continuum, Surelite I-20). The kinetic
energy of the photodetached electrons (EKE) was recorded by a
magnetic bottle electron energy analyzer. The electron binding
energy (EBE) was obtained from EKE by the energy conservation
relationship: hn = EBE + EKE, where hn is the photon energy
of the laser. The photoelectron spectra were calibrated by the
well-known transitions of Pb� for the 532 nm aPES,44,45 and
Cu� for the 355 nm aPES.46 In this experiment, CD4 was used
instead of CH4, to achieve an improved mass selectivity of aPES.

2.2. Computational methods

The global minima search of [TaO3]� anion and related
complexes are conducted using the Artificial Bee Colony
(ABC) algorithm as implemented in ABCluster47,48 package in
combination with Gaussian1649 for geometry optimization and
energy evaluation. Two different density functional and basis
set combinations, namely B3LYP/def2-SVP and PBE0/SDD, are
employed in the minima searching process that encompassed
more than 400 initial geometries generated by isomer module
of ABCluster. Both approaches showed consistent results in
identifying three isomers. For accurate evaluation of relative
energy ordering and structure, the geometries of these three
isomers are further optimized using B3LYP/def2-QZVPD level of
theory. Spin multiplicity range of 1–5 is also examined during
the optimization. All possible [TaO3(CH4)]� geometries were
generated utilizing the geom module of ABCluster47,48 in
combination with Gaussian16.49 For computational conveni-
ence, the deuterium atoms (D) were replaced with hydrogen
atoms (H). During the search for the optimized geometries of
[TaO3(CH4)]�, the [TaO3]� isomer geometry was kept fixed at
the center, whereas the approach directions of CH4 were varied
as per ABC algorithm to obtain a substantial number of initial
geometries. Subsequently, the same procedure as employed for
[TaO3]� was followed. Vibrational frequencies of optimized
geometries are calculated to ensure that all the obtained
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isomers are true minima without any imaginary frequencies.
The simulated photoelectron spectra were obtained using gen-
eralized Koopmans approximation using Multiwfn50,51 pack-
age, whereas a shift value of EHOMO + VDE was utilized for each
spectrum. A Gaussian broadening function with FWHM value
of 0.4 eV was used to simulate the experimental aPES.

3. Results and discussion
3.1. Experimental results

Fig. 1 shows the recorded mass spectra. Laser vaporization of a
tantalum foil with an oxide layer on the metal surface produced
[TaOn]� (n = 1–3) without backing gas. It also formed TaCn

�

(n = 1, 2) and TaCD�, due to the carbon and deuterium atoms
remaining on the metal surface after the previous repeated
laser ablation with CD4 gas. Pulsing CD4/He gas mixture over
the laser-ablated tantalum foil produced the [TaO3CD4]� anion
complex as well as the dehydrogenated anions, [TaO3CDn]�

(n = 0–3). Fig. 2 shows the anion photoelectron spectra of
[TaO3]� and [TaO3CDn]� (n = 0, 2, 4) recorded with 532 nm
photons (hn = 2.331 eV) and 355 nm photons (hn = 3.493 eV).
In the 532 nm spectrum of [TaO3]�, the photoelectron intensity
rapidly decreased at the high electron binding energy end
(41.95 eV). Since such a decrease around 1.95 eV was not
observed in the 355 nm spectrum, this decrease in the 532 nm
spectrum was attributed to the limited transmission of the low

kinetic energy electrons (EKE o 0.38 eV) through the magnetic
bottle electron energy analyzer. The same behavior was
observed in the 532 nm spectra of [TaO3CDn]� (n = 0, 2, 4) as
well. On the other hand, the photoelectron intensity in the
355 nm spectrum of [TaO3]� starts decreasing at EBE = 3.04 eV.
The corresponding electron kinetic energy (0.46 eV) is higher
than EKE = 0.38 eV, where the electron transmission efficiency
started to drop in the 532 nm spectrum. Therefore, the 3.04 eV
feature in the 355 nm spectrum of [TaO3]� is a real photo-
electron peak, not an artificial feature originating from the
characteristic of the electron energy analyzer. The broad feature
with a peak around 3.0 eV is consistent with the 355 nm aPES in
a previous publication.41

The aPES of the methane adduct, [TaO3CD4]�, showed a
peak similar to [TaO3]� at 3.06 eV (EKE = 0.44 eV). In addition,
it showed new peaks around 1.30 eV and 1.85 eV in both
532 nm and 355 nm spectrum, and a broad feature around
2.6 eV in the 355 nm spectrum. These aPES tell whether
[TaO3CD4]� is a physisorption complex [TaO3]�(CD4), where
[TaO3]� is solvated by intact CD4, or a chemisorption complex,
where the C–D bond of CD4 is activated by [TaO3]�. In the case
of a physisorption complex, it is well-known that the solvated
anion remains the chromophore and the overall spectral profile
does not change.52 While the solvation effect could shift the
entire electron binding energy, the shift amount is small in case
of physisorption by the nonpolar and weakly polarizable
methane molecule.43 On the other hand, in the case of a
chemisorption complex, the anion causes a chemical reaction
with the molecule, and the resultant complex has a different

Fig. 1 Mass spectra obtained by laser vaporization of a tantalum foil with
the pulse valve (CD4/He gas mixture) off (a) and on (b).

Fig. 2 Anion photoelectron spectra (aPES) of [TaO3]� and [TaO3CDn]�

(n = 0, 2, 4) recorded with 532 nm photons (a) and 355 nm photons (b). The
stick spectra show the calculated electron binding energies. For [TaO3]�,
the red sticks correspond to Fig. 4(c). For [TaO3CD4]�, the red, blue, and
green sticks correspond to the one C–H bond-cleaved chemisorption
complex in Fig. 6(d), the two C–H bonds-cleaved chemisorption complex
in Fig. 7, and the physisorption complex in Fig. 5(d), respectively. For
[TaO3CD2]�, the red, blue, green, and purple sticks correspond to isomers
(a), (b), (c), and (d) in Fig. S1, respectively. For [TaO3C]�, the red and blue
sticks correspond to isomers (a) and (b) in Fig. S2, respectively.
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electronic structure from the original anion. Therefore, the
aPES of the chemisorption complex shows different features
from the original anion.43,53,54 Based on this knowledge, the
3.06 eV peak of [TaO3CD4]� was attributed to the physisorption
complex, [TaO3]�(CD4), and the new features around 1.30 eV,
1.85 eV, and 2.6 eV were attributed to the chemisorption
complex(es). The geometrical structure of each complex is
identified by comparison to the DFT calculation results in the
following section.

The 355 nm aPES of all the [TaO3CDn]� (n = 0, 2, 4) and
[TaO3]� anions showed a peak around 3.0 eV. It indicates that
this feature originates from the [TaO3]� core common to these
anions.

3.2. Computational results

As outlined in Section 2.2, the global and local minima struc-
tures of [TaO3]� cluster were predicted by integrating the
ABCluster47,48 package with Gaussian16,49 which was utilized
for geometry optimization and energy evaluation. To account
for the dependence of the optimization results on the choice of
DFT functional and basis set, the minima searches were carried
out at two different levels of theory, namely, B3LYP/def2-SVP
and PBE0/SDD. Interestingly, our calculations in both levels of
theory showed consistent results and revealed three possible
[TaO3]� minima as shown in Fig. 3. To further increase the
accuracy of the energy and geometry calculations, these three
isomers (A, B, and C) were further optimized using B3LYP/def2-
QZVPD level. A reasonable range of spin multiplicity (S) of 1 to 5
was also investigated during the optimization to ensure proper
inclusion of spin polarization on the calculated geometries and
energies. It is noted that the energies of the three isomers with
S = 5 are higher compared to S = 1 or 3 geometries. Moreover,
for all three isomers, significant convergence difficulties and/or
cluster dissociation are observed at S Z 5. Consequently, only
singlet and triplet spin states are considered in the present
study. DFT calculation reveals that the ground states of all three
local minima are singlet and the global minimum (B3LYP/def2-
QZVPD) for [TaO3]� is identified as a trigonal pyramidal

structure (iso-A in Fig. 3) of C3v symmetry. This is consistent
with the computational results by He et al.38 The triplet state of
iso-A is B1.5 eV higher compared to the singlet ground state.
The relative energy ordering of the three isomers in both singlet
and triplet states is provided in Table S1 in the SI. Energetically,
iso-B (singlet, point group Cs) is observed to be 4.0 eV higher in
energy compared to the global minimum (i.e., iso-A). In iso-B,
the core Ta atom is coordinated to one terminal oxygen and to
an Z2-peroxo [O2

2�] ligand (Fig. 3). The triplet isomer of iso-B is
0.19 eV higher compared to the singlet ground state. As shown
in Fig. 3, the third calculated isomer, iso-C, exhibits Cs sym-
metry. In this structure, the central Ta atom is bonded to a
terminal oxygen atom and coordinated to an Z1-superoxo [O2

�]
ligand in an end-on configuration. Notably, the singlet geome-
try of iso-C is nearly 5.1 eV higher compared to the global
minimum, i.e., the singlet geometry of iso-A. The triplet state of
iso-C is 0.7 eV higher in energy compared to the singlet state.

Fig. 4 shows the simulated anion photoelectron spectra
(aPES) for the singlet states of all three isomers of [TaO3]�.
As shown in Fig. 4(a), the calculated vertical detachment energy
(VDE) of iso-A, which is the most stable structure, is 4.46 eV.
This is beyond our experimental energy range of hn = 3.49 eV

Fig. 3 Top and side views of the optimized geometries for three pre-
dicted isomers of [TaO3]� (iso-A, iso-B, and iso-C) obtained by B3LYP/
def2-QZVPD level of theory. Bond lengths are shown in Å. The point group
symmetries, HOMO–LUMO gaps, and relative energies (w.r.t. iso-A) are
also indicated. Ta atoms are shown in blue, and O atoms are shown in red.

Fig. 4 Simulated anion photoelectron spectra (aPES) of the three isomers
of [TaO3]�. For each isomer, the vertical detachment energy (VDE) from
the anionic ground state to the neutral ground state is shown in eV and
presented by the red stick. The black sticks represent the transitions from
the ground state anion to the electronic excited states of the neutral. The
geometrical structure of each isomer optimized by B3LYP/def2-QZVPD
level of theory is shown.
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(355 nm). Therefore, even if iso-A exists in our [TaO3]� ion
beam, it will not appear in our experimental spectrum. The
other two isomers correspond to structures with the O–O bond
intact. While the calculated VDE of iso-B is 2.13 eV, no peak was
observed around this energy in the experimental spectrum
(Fig. 2(b)). On the other hand, the calculated VDE of iso-C is
2.69 eV, and the predicted photoelectron feature obtained by
convolving the broadened stick spectra starts from B2.0 eV and
peaks around 3.0 eV. This is consistent with the experimentally
observed spectral feature of [TaO3]�. Further evidence for the
existence of iso-C will be provided by comparison of the
experimental and computational results of [TaO3CD4]� physi-
sorption and chemisorption complexes. The existence of less
stable iso-C, whose O–O bond is intact, under the present
experimental conditions is related to the high bond dissocia-
tion energy of D0(O2) = 493.69 kJ mol�1.1

The calculated geometries and the simulated aPES of the
[TaO3(CH4)]� complex are shown in Fig. 5. Similar to [TaO3]�,
the lowest energy structures obtained for all [TaO3(CH4)]�

isomers are singlet. The relative energy ordering is provided
in Table S2 in the SI. For all three isomers, the methane
molecule showed physisorption with the [TaO3]� cluster anion.
It can be seen by comparing Fig. 5 to Fig. 4 that physisorption
of CH4 onto [TaO3]� causes shifts of the computed VDEs, while
the predicted spectral profiles are preserved. In case of iso-A, we
have included two different configurations, i.e., iso-A(i) and iso-
A(ii). Iso-A(i) is the global minimum and iso-A(ii) is nearly
0.25 eV higher compared to iso-A(i). Iso-A(i) and (ii) showed
VDEs of 4.20 eV and 4.56 eV, and they are out of our experi-
mental spectral energy range. The VDEs of iso-B and iso-C are
shifted to 2.20 eV and 2.74 eV, respectively. The peak at 3.06 eV
in the experimental aPES of [TaO3CD4]� (Fig. 2(b)) is attributed
to the physisorption complex of iso-C (Fig. 5(d)).

To assign the experimental aPES features around 1.30 eV,
1.85 eV, and 2.6 eV (Fig. 2), we have performed geometry
optimizations of [TaO3CH4]� chemisorption complexes in

which one and two C–H bonds of methane are dissociated.
For one C–H bond-cleaved complex, calculations were per-
formed for the ground state (singlet) of all four isomer geome-
tries as predicted in Fig. 5(a)–(d). The resulting lowest energy
structures along with the simulated aPES are depicted in Fig. 6.
For iso-A(i) and (ii), the computed VDEs are out of our experi-
mental energy range and will not appear in our experimental
aPES. While iso-B has a calculated VDE of 1.50 eV, this feature
was not observed in the experimental aPES. On the other hand,
the simulated aPES of iso-C has a VDE peak at 1.90 eV and a
convolved peak around 2.7 eV (Fig. 6(d)). The 1.85 eV and 2.6 eV
features in the experimental aPES agree with these simulated
peaks, thus they were assigned to iso-C chemisorption complex.
Next, consider the optimized structure and the simulated aPES
of two C–H bonds-cleaved complex presented in Fig. 7. In this
structure, one H atom of iso-C in Fig. 6 has migrated from the
carbon atom to the O2 ligand. The two predicted peaks of
1.27 eV and 2.70 eV agree well with the 1.30 eV and 2.6 eV
features in the experimental aPES in Fig. 2. Therefore, the
structures of the [TaO3CH4]� chemisorption complexes
observed in the experimental aPES were determined to be one
C–H bond-cleaved isomer (iso-C in Fig. 6) and two C–H bonds-
cleaved isomer (Fig. 7).

Geometry optimizations were performed for [TaO3CH2]�

and [TaO3C]� clusters too, and their simulated aPES are pre-
sented in Fig. S1 and S2 in the SI, respectively. The computed
spectra of both clusters reveal that the experimental aPES
features most likely originated from multiple isomeric contri-
butions. For [TaO3CH2]�, four isomers were identified (Fig. S1).
Isomer (a), characterized by a dissociated H atom and a brid-
ging CH group bonded to the O and Ta atoms, exhibits a VDE of
1.46 eV, which is close to the 1.24 eV feature in the experimental
aPES. Isomer (b), in which a bridging CH2 group is bonded to the
O and Ta atoms, yields a VDE of 1.89 eV, in excellent agreement with
the 1.91 eV feature in the experimental aPES. Isomers (c) and (d),

Fig. 5 Simulated anion photoelectron spectra (aPES) of the [TaO3(CH4)]�

physisorption complexes in four geometries, (a)–(d). For each isomer, the
vertical detachment energy (VDE) from the anionic ground state to the
neutral ground state is shown in eV and presented by the red stick.
The black sticks represent the transitions from the ground state anion to
the electronic excited states of the neutral. The geometrical structure of
each isomer optimized by B3LYP/def2-QZVPD level of theory is shown,
with the bond length in Å.

Fig. 6 Simulated anion photoelectron spectra (aPES) of the [TaO3CH4]�

chemisorption complexes in four geometries, (a)–(d), in which one C–H
bond of methane was cleaved. For each isomer, the vertical detachment
energy (VDE) from the anionic ground state to the neutral ground state is
shown in eV and presented by the red stick. The black sticks represent the
transitions from the ground state anion to the electronic excited states of
the neutral. The geometrical structure of each isomer optimized by B3LYP/
def2-QZVPD level of theory is shown. Compare the simulated spectrum of
iso-C to the experimental spectrum of [TaO3CD4]� in Fig. 2.
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where the CH2 group is directly attached to the central Ta atom,
display transitions that correspond to the experimental aPES
feature around 3 eV. Collectively, these results demonstrate that
the experimental aPES of [TaO3CD2]� is a cumulative manifesta-
tion of multiple isomeric contributions, rather than originating
from a single cluster structure. Similarly, the simulated aPES
of two structurally distinct [TaO3C]� isomers are presented
in Fig. S2. The first isomer (a), where the carbon atom is
bonded exclusively to one of the oxygen atoms, shows a VDE
of 1.69 eV, accompanied by the second feature appearing around
2.7–3.2 eV. These resemble the 1.60 eV and B3 eV features in the
experimental aPES. The second isomer (b) is characterized by
the carbon atom coordinated to both O and Ta atoms. The
simulated aPES of this structure yields a VDE of 1.94 eV,
corresponding to the experimental feature observed at 1.93 eV.

The experimental aPES of the bare [TaO3]� and its methane
adduct, [TaO3CD4]�, consistently showed features originating
from the [TaO3]� in the iso-C structure and its physisorption/
chemisorption complexes. While the more stable iso-A species
of all the bare [TaO3]� and the physisorption/chemisorption
complexes could not be observed by the experimental spectra
due to the photon energy limit, their most stable geometrical
structures obtained by DFT calculations in the present study
(iso-A(i) for physisorption/chemisorption complexes) were
consistent with those obtained by He et al.’s calculations.38

4. Conclusions

In summary, the reactivity of [TaO3]� toward a methane mole-
cule was investigated by anion photoelectron spectroscopy and
DFT calculations. While the computational results of the most
stable trigonal pyramidal isomer of [TaO3]� and its physisorp-
tion/chemisorption complexes with methane were consistent
with the previous publication,38 their existence could not be
experimentally confirmed due to the predicted high electron

binding energies of these anions beyond our experimental
energy range. A particular isomer of [TaO3]�, where the Ta
atom is bonded to a terminal O atom and an Z1-superoxo [O2

�]
ligand, was identified computationally and observed in the
experimental spectrum. Combination of anion photoelectron
spectroscopy and DFT calculations showed that this isomer
forms two types of activation complexes with methane by
cleaving one and two C–H bonds, as well as a physisorption
complex, and their geometrical structures were determined.
The results obtained in the present study on the unique
reactivity of [TaO3]� toward methane are complementary to
the previous works by He et al., and provide the first direct
spectroscopic evidence of the C–H bond activation by tantalum
oxide anions, which had only been predicted theoretically prior
to this work.
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