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Observation of inserted oxocarbonyl species in the
tantalum cation-mediated activation of carbon
dioxide dictated by two-state reactivity†

Jia Han,a Pengcheng Liu,b,c Binglin Qiu,a Guanjun Wang, *d Shilin Liu a and
Xiaoguo Zhou *a

Reductive activation of carbon dioxide (CO2) has drawn increasing attention as an effective and con-

venient method to unlock this stable molecule, especially via transition metal-catalyzed reactions. Taking

the [TaC4O8]
+ ion–molecule complex formed in the laser ablation source as a representative, the reactiv-

ity of the tantalum metal cation towards CO2 molecules is explored using infrared photodissociation

spectroscopy combined with quantum chemical calculations. The strong absorption in the carbonyl

stretching region provides solid evidence for the insertion reactions into CvO bonds by the tantalum

cation. Two inserted oxocarbonyl products are identified based on the great agreement between the

experimental results and simulated infrared spectra of energetically low-lying structures in the singlet and

triplet states. The pivotal role of two-state reactivity in driving CO2 activation among three different spin

states is rationalized by potential energy surface analysis. Our conclusion provides valuable insight into

the intrinsic mechanisms of CO2 activation by the tantalum metal cation, highlighting the affinity of tanta-

lum for CvO bond insertion in addition to typical “end-on” binding configurations.

Introduction

The ubiquitous simple triatomic molecule carbon dioxide
(CO2) serves as a potent building block with huge potential for
use in the chemical industry, despite being consistently
blamed for global warming. Nevertheless, its intrinsic thermo-
dynamic stability and kinetic inertness make it very difficult
and challenging to convert CO2 into more valuable products.
Not surprisingly, sheer endless endeavors have been made to
explore the catalytic conversion of CO2 molecules into active
species through fixation and at least partially bond-weakening
to further enable practical applications.1–6

Inspired by heterogeneous catalysis involving incompletely
coordinated metal centers on supported surfaces or frame-
works, studies on transition metal atoms and ions as well as

associated metal oxides with CO2 have received wide attention
as prototypical model systems.1,7–11 The related ion–molecule
reactions in the gas phase are perceived as an outstanding
model for investigating the elementary steps of catalytic reac-
tions, free from perturbing effects in the surroundings such as
solvents and counterions.12,13 Infrared photodissociation spec-
troscopy has been widely applied to gain detailed insights into
the binding behavior and mutual interactions between metal
catalysts and CO2 molecules, providing a sensitive probe for
geometric characteristics as any structural rearrangements will
be encoded in the vibrational spectra.14–18 Apart from experi-
mental investigations, there are also a considerable amount of
theoretical studies focusing on transition metal-mediated reac-
tions with CO2 in an effort to elucidate salient features of
mechanisms and kinetics.19–23

Taking the electronic structure of CO2 into consideration,
the most commonly adopted method of effective activation
concerns electron density donation to the antibonding π*
orbital, leading to a negatively charged CO2 moiety and further
enabling overall reduction of bond strength along with
bending distortion from its initial linear geometry.2 The
changes in the charge distribution and geometric structures
give rise to vibrational frequency shifts regarding the asym-
metric stretching mode of the CO2 molecule. Weber and co-
workers probed significantly red-shifted vibrational frequen-
cies marked by several hundred wavenumbers relative to the
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free CO2 asymmetric stretch in the case of anionic [M(CO2)n]
−

clusters (M = Ti, Au, Ag, etc.), offering detailed exploration of
the function of electron-rich CO2 reduction catalysts.24–30

In contrast to anionic analogues, spectroscopic investi-
gations on cationic metal–CO2 complexes have found little evi-
dence for direct activation, while a similar pattern specified by
weak blue shifts of the CO2 asymmetric stretching mode has
been observed.31–36 The charge–quadrupole interaction has
been revealed to play a leading role in determining the
binding motifs between the metal center and CO2 ligands,
which brings about almost exclusively monodentate coordi-
nation to the metal ion via one of the oxygen atoms from CO2.
As the number of ligands increases, weakly bound CO2 mole-
cules start to form the second solvent shell and the corres-
ponding asymmetric stretching frequencies appear in the spec-
tral region close to that of isolated CO2. In a thorough survey
of the chemistry between 46 metal cations and CO2 at room
temperature, nine early transition metals were found to be
capable of activating CO2 through oxygen-atom abstraction in
a bimolecular fashion.8 The formation of metal–carbonyl com-
plexes involving insertion reactions has been detected in the
infrared studies of Ti+, V+ and Ni+ cations interacting with
different numbers of CO2 molecules.34,35,37 This reduction
constitutes a critical step in the catalytic hydrogenation of CO2

and the resulting CO is an important feedstock in the indus-
trial synthesis of chemical fuels. In addition to the dissociative
reduction, a novel M[η2-(C,O)O] binding motif with the for-
mation of a bent CO2

− moiety was determined in the [V
(CO2)7]

+ complex, indicative of the ligand-induced activation
by the vanadium cation.10

Here, we describe the reactivity of the cationic tantalum
transition metal atom towards CO2 molecules in the gas phase
using infrared photodissociation spectroscopy combined with
quantum chemical calculations. In the cationic complex
[TaC4O8]

+, intracluster reactions are expected in light of the
ability of early transition metals to adopt different spin and
oxidation states. The comparison of the experimental spec-
trum with computational results allows for complementary
determination of various structural motifs, including CvO
bond insertion products and end-on configurations.
Microscopic reaction mechanisms for the activation of the CO2

molecule by the tantalum cation are also discussed at the
molecular level. This result provides instructive clues to design
novel catalysts involving transition metal complexes for the
chemical conversion of CO2.

Methods
Infrared photodissociation spectroscopy

The infrared photodissociation spectrum of the tantalum
cation complexed with CO2 molecules was measured using a
collinear tandem time-of-flight mass spectrometer coupled
with a laser vaporization supersonic cluster source. The experi-
mental instrument has been described in detail previously.38,39

The 1064 nm fundamental of a Nd:YAG laser (Continuum,

Minilite II; 10 Hz repetition rate and 6 ns pulse width) was used
to vaporize a rotating tantalum metal target. Cation complexes
were produced by laser ablation in expansion of helium gas
seeded with 2% CO2 using a pulse valve (General Valve, Series 9)
at a stagnation pressure of 1.0–1.2 × 106 Pa. After free expansion,
the produced cation complexes were skimmed and analyzed
using a typical Wiley-McLaren time-of-flight mass spectrometer.
The ions of interest were mass-selected and decelerated into the
extraction region of a second collinear time-of-flight mass
spectrometer, where they were intersected by a tunable IR laser.
The fragment and parent ions were reaccelerated and mass-ana-
lyzed using a second time-of-flight mass spectrometer equipped
with a dual micro-channel plate (MCP) detector.

The infrared photodissociation spectrum was obtained by
monitoring the fragmentation yield as a function of the dis-
sociation IR laser wavelength and then normalizing to the
parent ion signal. Typical spectra were recorded by scanning the
infrared laser in steps of 2 cm−1 and averaging over 300 laser
shots at each wavelength. The tunable IR laser source used in
this study was generated using a KTP/KTA optical parametric
oscillator/amplifier system (OPO/OPA, Laser Vision) pumped
with a Nd:YAG laser (Continuum, Powerlite 8000). The laser
photon energy was 1.0–2.0 mJ per pulse in the region of
2000–2500 cm−1. The infrared laser wavenumber was calibrated
with a commercial wavemeter (Coherent, Wave-Master) using
the well-known absorptions of CO. The IR beam propagation
path was purged with nitrogen to minimize air absorption.

DFT calculations

Quantum chemical calculations were performed to determine
molecular structures and to validate vibrational assignments.
Considering there might be various isomers at the same mass-to-
charge ratio, a large number of initial complex geometries were
generated randomly using Genmer.40 Preliminary screening was
performed with the semiempirical quantum mechanical method
GFN2-xTB,41 using the xtb42 program through Moclus.40,43 The
pre-optimized configurations were classified and sorted in
energy. Further optimization and harmonic vibrational frequency
calculation of low-lying structures were carried out with the PBE0-
D3(BJ) functional in combination with the def2-TZVP basis
set.44–46 Harmonic vibrational frequencies were scaled and
further convoluted with Lorentzian functions using 8 cm−1 full
width at half-maximum (FWHM) to simulate the infrared spectra
of energetically low-lying complexes. Intrinsic reaction coordinate
(IRC) calculations were performed to confirm that all of the
reported transition states link the corresponding reactants and
products.47–50 All the DFT calculations were carried out with the
Gaussian 16 software package.51

Results and discussion
Determination of the cationic core in the [TaC4O8]

+ cation
complex

The oxygen-atom abstraction reaction (R1) between the highly
reactive Ta+ metal cation and CO2 was reported to occur
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efficiently at the collision rate by Wesendrup and Schwarz.52 In
addition, the subsequent reaction (R2) to form the dioxo-
cation TaO2

+ from TaO+ was examined at the PBE0-D3(BJ)/
def2-TZVP level of theory. The enthalpy changes of these two
exothermic reactions were calculated to be −31.9 kcal mol−1

for (R1) and −3.1 kcal mol−1 for (R2), respectively. As a result,
TaO+ and TaO2

+ as the oxygen transfer reaction products could
be cation cores to bind successive CO2 ligands, as well as the
Ta+ cation itself under real experimental conditions. In order
to evaluate the contribution of each possible isomeric con-
figuration from a thermodynamics view, it is necessary to
conduct a global screening of stable candidates for the
[TaC4O8]

+ cation complex, commencing with the examination
of tantalum metal oxides coordinated with CO and CO2

ligands.

Taþ þ CO2 ! TaOþ þ CO ðR1Þ

TaOþ þ CO2 ! TaO2
þ þ CO ðR2Þ

The ground electronic states of the Ta+, TaO+ and TaO2
+

cations have been found to be different, i.e. quintet for Ta+,
triplet for TaO+ and singlet for TaO2

+.53,54 Accordingly, instead
of complying with the spin conservation scenario where the
reactants, transition states and products remain on a uniform
spin surface, the oxygen abstraction reaction may proceed on
potential energy surfaces with different spin multiplicities,
suggesting that a spin conversion process occurs in the laser
ablation source. After extensive exploration, the most favorable
reaction pathways for the oxygen-atom abstraction on the
singlet, triplet and quintet energy surfaces, together with rele-
vant intermediate structures, are illustrated in Fig. 1.

Previous studies have shown that products in a laser vapori-
zation source are dominantly populated in the ground state
probably due to sufficient collisions in the molecular beam,
albeit with a high-temperature environment resulting from

laser ablation.55–58 Thus, the Ta+ cation in the quintet state
(the ground state) is certainly the most predominant reagent
under experimental conditions. Starting from the stable
encounter complex (5[Ta]+⋯OCO), Ta+ cation insertion into the
CvO bond initially proceeds along the quintet pathway
(Fig. 1a). Although the thermal energy of this complex formed
in the laser ablation source may be sufficient to overcome the
transition state in the quintet spin state which lies 19.8 kcal
mol−1 above the reactants, a spin crossover from the quintet to
triplet state via a crossing point is preferred due to the corres-
ponding rather low energy barrier (24.4 kcal mol−1 for the
triplet state versus 41.6 kcal mol−1 for the quintet state). In this
manner, reaction (R1) is more likely to take place by surmount-
ing the triplet transition state which is higher in energy by
only 2.6 kcal mol−1 relative to the initial reactants 5[Ta]+ and
CO2. The newly formed CO ligand tends to remain bound to
the metal center and subsequently produces the inserted oxo-
carbonyl species 3[OTa+CO] along reaction coordinates.

An examination of the reaction surfaces for the next bond
activation step is depicted in Fig. 1b. The second oxygen-atom
abstraction (R2) either remains on the triplet spin state surface
the same as products in (R1), or occurs via spin inversion from
the triplet to the singlet surface as the low-spin encounter
complex lies below the triplet counterpart by 7.1 kcal mol−1.
The latter route is not only energetically favored, but also
avoids the significantly less stable triplet transition state, while
the singlet one pulls down 38.9 kcal mol−1 in energy and can
directly convert to oxocarbonyl products without any substan-
tial energy barrier. For the quintet spin surface, however, this
process is hindered by the high entrance channel, which is
located well above the triplet and singlet states and is therefore
cannot be accessed under ambient conditions.

From a mechanistic point of view, the computationally
determined reaction scenario for the sequential activation of
CO2 requires explanations involving a reaction surface that tra-

Fig. 1 Reaction pathways for the oxygen-atom abstraction on the singlet, triplet and quintet energy surfaces of reaction R1(a) and R2(b) calculated
at the PBE0-D3(BJ)/def2-TZVP level of theory, where the relative energies are in kcal mol−1. The dominant cation complexes are marked with boxes.
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verses three different spin states. This type of spin-crossing
phenomenon is termed two-state reactivity (TSR) and has been
employed to help understand complex reactions on different
landscapes brought about by the accessibility of multiple spin
states in organometallic chemistry.59–64 In particular, the TSR
scenario has been proposed as a fundamental theory to inter-
pret reaction mechanisms involving transition-metal
compounds.21,65–69 Our calculation confirms that spin cross-
over plays a critical role in facilitating the CvO bond cleavage
of CO2 molecules by the tantalum cation. Based on the above
analysis, the inserted products [TaO2(CO)2(CO2)2]

+ and [TaO
(CO)(CO2)3]

+, together with the end-on complex [Ta(CO2)4]
+, all

could be isomeric forms of the [TaC4O8]
+ cation complex

observed in experiments.

Structures and simulated infrared spectra of isomers for the
[TaC4O8]

+ cation complex

When taking [TaO2] as the center, only the singlet electronic
state was taken into account, given its consistently lower
energy than the triplet and quintet analogues. Four low-lying
isomers of the [TaO2(CO)2(CO2)2]

+ cation complex and the
corresponding simulated infrared spectra are shown in Fig. 2,
with detailed geometric parameters listed in Fig. S1.† In the
most stable isomer IDa, two CO and CO2 ligands are alter-
nately distributed on either side of the central ion. The coordi-
nation bond lengths are calculated to be 2.29 and 2.63 Å for
Ta⋯CO, while 2.23 and 2.47 Å for Ta⋯OCO, respectively. Such
large distances imply noncovalent interactions between the
metal ion and ligands, which is substantiated by the predicted
stretching vibrational frequencies of two CO moieties at 2325
and 2335 cm−1 close to that of the free CO stretching vibration
at 2241 cm−1 derived from calculations. This blue shift can be
explained by negligible M → CO π back-donation originating
from the high-valence oxidation state of the metal as demon-
strated in “non-classical” transition metal carbonyls.70–75

Moreover, the out-of-phase combination of asymmetric stretch-
ing motions of two CO2 ligands is calculated to be 2466 cm−1,
while the in-phase asymmetric stretching combination has a
vibrational frequency of 2489 cm−1 with weaker intensity.

The second lowest-energy isomer IDb, which is higher in
energy than IDa by 4.2 kcal mol−1 (Table 1), exhibits a nearly
linear binding mode with the Ta⋯CO distances of 2.33 and
2.35 Å, respectively. Two CO stretching modes present a
primary peak at 2344 cm−1 and a shoulder at 2353 cm−1. In
the CO2 asymmetric stretching frequency range, two peaks are
predicted at 2457 and 2488 cm−1, while their relative intensi-
ties exhibit an opposite trend to that of IDa. The third candi-
date, IDc, has the C2v symmetry and lies above the global
minimum IDa by 5.6 kcal mol−1. The bond lengths of Ta⋯CO
and Ta⋯OCO are calculated to be 2.47 Å and 2.22 Å, respect-
ively. Accordingly, a virtually degenerate peak at 2321 cm−1 in
the CO stretching frequency range and two CO2 asymmetric
stretching absorptions (2479 and 2491 cm−1) with a small
band gap are predicted. In the fourth isomer with a Cs sym-
metry, IDd, CO and CO2 ligands are separately distributed on
either side of the TaO2 center. The bonding distances between

the Ta atom and two CO2 ligands are 2.22 and 2.35 Å, while
only one CO binds closely to the center (2.31 Å). The last carbo-
nyl group attaches to the Ta atom with a significantly larger
distance of 3.78 Å, leading to two well-separated carbonyl
stretching peaks at 2267 and 2345 cm−1.

With [TaO] as the center core, a large number of [TaO(CO)
(CO2)3]

+ structures at the singlet and triplet states were scruti-

Fig. 2 Simulated vibrational spectra of low-lying isomers for the
[TaO2(CO)2(CO2)2]

+ cation complex in the region of 2250–2550 cm−1

derived from calculated harmonic frequencies and intensities at the
PBE0-D3(BJ)/def2-TZVP theory level. Relative energies are given in kcal
mol−1.

Table 1 Calculated relative energies (kcal mol−1) of low-lying isomers
in different spin states for the [TaC4O8]

+ cation complex at the PBE0-D3
(BJ)/def2-TZVP level of theory

Formula Spin state Isomer
Relative energy
(kcal mol−1)

[TaO2(CO)2(CO2)2]
+ Singlet IDa 0.0

Singlet IDb 4.2
Singlet IDc 5.6
Singlet IDd 8.4

[TaO(CO)(CO2)3]
+ Singlet IMa 0.0

Triplet IMb 8.9
Triplet IMc 9.1

[Ta(CO2)4]
+ Quintet INa 0.0
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nized for viable candidates. It is worth noting that the global
minimum is still in the singlet state rather than being consist-
ent with the triplet ground electronic term of TaO+. Below the
energy limit of 10 kcal mol−1, three isomers are included in
the following discussion, i.e. IMa (singlet), IMb (triplet) and
IMc (triplet) and their detailed geometric parameters are avail-
able in the ESI (Fig. S2†). The geometric structures and the
corresponding simulated infrared spectra are shown in Fig. 3.
In isomer IMa with a Cs symmetry, three CO2 ligands directly
connect to the Ta atom in an η1-O mode. The Ta⋯CO distance
of 2.04 Å is shorter than that in isomer IDa with the CO
stretching frequency red-shifted to 2087 cm−1. It is evident
from the comparison between the [TaO] and [TaO2] cases that
a lower degree of oxidation of the metal center leads to an
enhanced π back-donation effect from filled d orbitals of the
metal. Due to its symmetric geometry, IMa exhibits coupled
CO2 oscillators, i.e., the out-of-phase combination of asym-
metric stretching modes of two equivalent CO2 ligands at
2475 cm−1 and the out-of-phase combination of three CO2

stretching modes at 2478 cm−1. These frequencies are too
close to be discerned, producing a prominent peak centered at
2476 cm−1 after broadening. A weak peak at 2501 cm−1 is also
predicted for IMa, which originates from the in-phase combi-
nation of three CO2 asymmetric stretching modes. The second
low-lying singlet isomer lies 12.3 kcal mol−1 above IMa where
one CO2 ligand binds to Ta in a bidentate η2-(C,O) fashion (see

details in the ESI†) and is therefore not taken into consider-
ation given its significantly higher energy.

The two isomers IMb and IMc in the triplet state are higher
in energy than IMa by 8.9 and 9.1 kcal mol−1, respectively.
Both of them have three monodentate CO2 ligands and an
inserted OTaCO unit with a Cs symmetry, in which the σ plane
is located on the O–Ta–CO plane. Similar to IMa, shorter
Ta⋯CO distances of 2.11 Å in IMb and 2.16 Å in IMc are pre-
dicted, as well as substantially red-shifted CO stretching fre-
quencies, e.g. 2062 cm−1 for IMb and 2197 cm−1 for IMc (out
of the frequency range in Fig. 3). The calculated infrared spec-
trum of IMb in the CO2 asymmetric stretch region is nearly
identical to that of IMa, albeit with a much weaker peak at
2496 cm−1. Isomer IMc shows a prominent band at 2466 cm−1

and a small feature at 2490 cm−1. Additionally, isomers in the
quintet state have too higher energy and are excluded from
spectral assignments, even though including a special struc-
ture with a carbonato moiety (Fig. S2e†). Based on the calcu-
lated reaction pathway for the second oxygen atom abstraction
on the singlet energy surface shown in Fig. 1b, the formed
singlet [TaO] core will easily convert to the singlet [TaO2] with
no energy barrier, resulting in a population of the [TaO(CO)
(CO2)3]

+ complex dominated by the triplet species.
Consequently, IMb in the triplet state instead of the singlet
IMa is the most probable cation core for the [TaO(CO)(CO2)3]

+

complex in experiments.
CO2 ligands in metal–CO2 cationic complexes are usually

categorized as part of the core structure or external solvent.9

The former is characterized by covalent binding motifs with
the metal ion, while the latter acts as a solvent weakly bound
to the cation core. Following this viewpoint, the pure solvation
of Ta+ by CO2 molecules may also come into play in the
[TaC4O8]

+ complex. In order to examine this possibility, all
three spin states were checked in the course of locating
minima for the [Ta(CO2)4]

+ complex and the corresponding
geometric parameters are listed in Fig. S3.† Notably, four-co-
ordinated structures turn out to be the lowest-energy ones
among all obtained geometries for different spin multiplici-
ties. When the energy limit of 10 kcal mol−1 was applied, only
the most stable isomer INa in the quintet state stands out and
the simulated infrared spectrum is plotted in Fig. 4. INa is a
highly symmetric structure with a planar D4h symmetry where
the Ta⋯OCO distance is 2.23 Å, leading to only one IR-active
vibrational mode at 2476 cm−1 derived from the out-of-phase
combinations of the CO2 asymmetric stretch. The strong
charge–quadrupole electrostatic interaction between Ta+ and
CO2 molecules causes its apparently blue-shifted feature rela-
tive to the free CO2 asymmetric stretch.

Vibrational assignment of the experimental infrared
photodissociation spectrum of the [TaC4O8]

+ cation complex

The infrared photodissociation spectrum of the [TaC4O8]
+

cation shown in Fig. 5 was recorded in the range of
2200–2400 cm−1, containing a spectral band centered at
2233 cm−1 and multiple absorptions covering a wide energy
range with the most intense one at 2346 cm−1. The band at

Fig. 3 Simulated vibrational spectra of low-lying isomers for the [TaO
(CO)(CO2)3]

+ cation complex in the region of 2250–2550 cm−1 derived
from calculated harmonic frequencies and intensities at the PBE0-D3
(BJ)/def2-TZVP theory level. Relative energies are given in kcal mol−1.
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2233 cm−1 denoted as peak A can be easily assigned to the
contribution of carbonyl stretching vibration, which is blue-
shifted by 90 cm−1 with respect to the experimental free CO
stretching frequency at 2143 cm−1.76 The existence of this peak
provides solid evidence for the insertion reaction into the
CvO bond of CO2 by the Ta+ cation and the formation of an
oxocarbonyl core structure.

In the wide band ranging from 2330 to 2387 cm−1, a series
of peaks at 2346 (peak B), 2360 (peak C) and 2374 (peak D)
cm−1 are marked in Fig. 5. In comparison to peak A, all these
peaks are undoubtedly attributed to the asymmetric stretching
vibration of CO2 molecules in different chemical environ-
ments. As demonstrated in previous studies of the reactions
between CO2 and atomic transition metals,9,35,55,78 the sys-
tematic blue-shift of the CO2 asymmetric stretching frequency
usually indicates an “end-on” binding configuration which

largely arises from charge–quadrupole electrostatic inter-
actions between the metal atoms and CO2 molecules. The
slightly red-shifted peak at 2346 cm−1 in this work is unusual
in the infrared studies of cationic metal–CO2 complexes;
however, such a small shift is insufficient to define a new
coordination mode between the cation core and CO2 ligands
given the uncertainty of current measurement (>1 cm−1).
Nonetheless, the complicated pattern in Fig. 5 clearly implies
the presence of more than one isomeric configuration for the
[TaC4O8]

+ cation complex in current experiments.
Based on our calculations, low-energy products with bond-

inserted binding motifs, IDa and IMb, as well as the terminally
bound configuration INa are considered to be representative of
each core structure coexisting in the experimental obser-
vations. Fig. 6 shows the comparison of their simulated infra-
red spectra with the experimental spectrum to identify poss-
ible contributors to the spectral features. Considering the
approximations in electronic structure calculations with less
than a relativistic full configuration interaction and the
employed harmonic potential energy surfaces, a scaling factor
is usually used for calculated vibrational frequencies to better
match the experimental spectrum. In this case, this scaling

Fig. 4 Simulated vibrational spectrum of the lowest-energy isomer for
the [Ta(CO2)4]

+ cation complex in the region of 2250–2550 cm−1

derived from calculated harmonic frequencies and intensities at the
PBE0-D3(BJ)/def2-TZVP theory level.

Fig. 5 Infrared photodissociation spectrum of the [TaC4O8]
+ cation

complex in the spectral range of 2200–2400 cm−1. Main vibrational
peaks, A–D, are noted and the dashed line at 2349 cm−1 corresponds to
the asymmetric stretching vibrational frequency of a free CO2

molecule.77

Fig. 6 Experimental and simulated vibrational spectra of the [TaC4O8]
+

cation complex in the spectral region of 2200–2400 cm−1. The spectra
(a–c) were simulated for the singlet IDa, the triplet IMb, and the quintet
INa, with the calculated harmonic frequencies scaled by a factor of
0.952 and intensities at the PBE0-D3(BJ)/def2-TZVP level of theory.
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factor was determined to be 0.957 or 0.956, respectively, by
directly comparing the experimental and theoretical values of
the free CO2 asymmetric stretching vibrational frequencies77

or the free CO stretching frequency.76 However, the obtained
vibrational frequencies are still higher than the experimental
values, especially in the CO2 asymmetric stretching vibrational
frequency range. Therefore, a new scaling factor of 0.952 was
artificially applied to achieve the best agreement between the
experimental and simulated spectra.

In the CO stretching frequency range, only IDa among the
three candidates has a broad vibrational band ranging from
2209 to 2230 cm−1 which matches well with peak A. Moreover,
the relatively low frequency of CO stretch than the experi-
mental value after scaling probably originates from the small
scaling factor adopted here. Apart from peak A, two vibrational
absorptions predicted at 2347 and 2370 cm−1 are in excellent
agreement with peak B and D, in terms of both relative intensi-
ties and frequency values. According to the excellent agree-
ment of both CO and CO2 stretching frequency ranges, IDa is
undoubtedly a competitive candidate for the observed
[TaC4O8]

+ complex. This vibrational assignment corroborates
the occurrence of oxygen-atom abstraction reactions between
Ta+ and CO2 molecules, highlighting the critical role of spin
crossover in the bond-insertion activation of CO2 molecules.
Noting that IDb also has two peaks with a similar spacing in
the CO2 asymmetric stretching frequency range as shown in
Fig. 2b, its population can still be excluded from the main con-
tributors based on the opposite order of the predicted spectral
intensity to the experimental results.

For IMb with the [TaO(CO)(CO2)3]
+ structure, the carbonyl

stretch locates out of the present experimental spectral range,
making it difficult to conclusively confirm its existence.
Encouragingly, the predominant band at 2356 cm−1 in the
simulated IR spectrum of IMb perfectly reproduces peak C in
Fig. 5 and a weak band at 2376 cm−1 can be faintly observed as
well. Therefore, the contribution of IMb cannot be entirely
ruled out to explain the complexity of this recorded spectrum.
Furthermore, the predicted vibrational signatures of IMb and
INa almost completely overlap in the CO2 asymmetric stretch-
ing frequency range, providing no convincing evidence for the
presence of isomer INa.

In summary, the overall spectral profile in the frequency
range of 2200–2400 cm−1 can be well interpreted from the cal-
culated infrared spectra of low-energy oxocarbonyl complexes,
i.e. IDa and IMb, after vibrational frequency scaling. This
finding reveals that starting from the initial encounter
complex 5[Ta⋯OCO]+, the activation of CO2 molecules by the
Ta+ cation occurs through insertion reactions into CvO bonds
where two-state reactivity takes charge of this process.

Conclusion

In this work, the infrared photodissociation spectrum of the
mass-selected cationic [TaC4O8]

+ complex in the
2200–2400 cm−1 region was measured and interpreted by com-

parison with DFT calculations. The appearance of an absorp-
tion at 2233 cm−1 in the carbonyl stretching frequency region
indicates the occurrence of insertion reactions of the tantalum
cation into the CvO bonds of CO2. Vibrational assignment of
the experimentally observed spectrum reveals the presence of
two distinct inserted oxocarbonyl products in different spin
states, i.e. the singlet [TaO2(CO)2(CO2)2]

+ and the triplet [TaO
(CO)(CO2)3]

+ complex ions. Two-state reactivity plays a dictat-
ing role in driving successive insertion reactions and sub-
sequent formation of metal–carbonyl complexes. The funda-
mental understanding of CO2 activation by the tantalum
cation provides a new perspective on the rational design of
efficient catalysts for CO2 reduction taking advantage of
oxygen abstraction reactions.
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