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Infrared photodissociation spectroscopy
of mass-selected [TaO3(CO2)n]+ (n = 2–5)
complexes in the gas phase†

Jia Han,‡a Yang Yang,‡b Binglin Qiu,‡a Pengcheng Liu,a Xiangkun Wu,c

Guanjun Wang, *b Shilin Liu a and Xiaoguo Zhou *a

We report a joint experimental and theoretical study on the structures of gas-phase [TaO3(CO2)n]+ (n =

2–5) ion–molecule complexes. Infrared photodissociation spectra of mass-selected [TaO3(CO2)n]+

complexes were recorded in the frequency region from 2200 to 2450 cm�1 and assigned through

comparing with the simulated infrared spectra of energetically low-lying structures derived from

quantum chemical calculations. With the increasing number of attached CO2 molecules, the larger

clusters show significantly enhanced fragmentation efficiency and a strong band appears at around

2350 cm�1 near the free CO2 antisymmetric stretching vibration band, indicating only a small

perturbation of CO2 molecules on the secondary solvation sphere while higher frequency bands

corresponding to the core structure remain largely unaffected. A core structure [TaO3(CO2)3]+ is identified to

which subsequent CO2 ligands are weakly attached and the most favorable cluster growth path is verified to

proceed on the triplet potential energy surface higher in energy than that of ground states. Theoretical

exploration reveals a two-state reactivity (TSR) scenario in which the energetically favored triplet transition state

crosses over the singlet ground state to form a TaO3
+ core ion, providing new information on the cluster

formation correlated with the reactivity of tantalum metal oxides towards CO2.

1. Introduction

Increases in emissions of anthropogenic carbon dioxide (CO2)
arising from fossil fuel use and tropical deforestation are
responsible for global warming and worsening climatic
situation.1–3 Apart from natural sink and biological carbon
pump counteracting the rapid growth of atmospheric CO2

concentrations, achievement of industrial utilization of CO2

as a renewable carbon source has been a subject of widespread
public interest.4,5 However, the biggest obstacle for speeding up

the exploitation of chemical industry based on CO2 as a raw
material is its low energy level as well as chemical inertness,
resulting from the highest oxidation state of carbon. Much empha-
sis has been placed on investigating CO2 transformations and the
related reaction mechanisms over the past two decades.6–8

The first crucial step in the conversion of CO2 for further
industrial applications refers to its activation by catalysts.9 A
promising approach to activate CO2 is offered by its coordina-
tion to transition metal systems and detailed investigations of
the fundamental interactions involved have been major sub-
jects of extensive studies.10–15 In this regard, gas-phase research
in the absence of complicating effects, i.e. solvation, aggrega-
tion or surface inhomogeneities, is essential to elucidate bind-
ing motifs and activation process at a molecular level.16

Infrared spectroscopy of mass-selected cluster ions where CO2

ligates with a metal atom or metal oxide coupled with compu-
tational quantum chemistry plays a key role in unravelling
intrinsic reaction mechanisms, energetics and kinetics.

Various binding modes of cationic metal–CO2 complexes
have been structurally summarized in the series of works
reported by Duncan and coworkers, in which different clusters
were formed during the complexation processes and could be
characterized as follows: Z1-C, Z1-O, Z2-C,O and Z2-O,O coor-
dination motifs.17–21 Generally, a linear end-on M+OCO
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structure would be expected from electrostatic considerations
as the charge–quadrupole interaction typically dominates in
the fundamental aspects of metal–CO2 bonding. Moreover,
Zhou and coworkers provided experimental evidence for the
insertion reaction of metal cations into one CQO bond of
carbon dioxide in Ti+(CO2)n metal–ion complexes.22 A
solvation-induced intracluster electron transfer reaction from
metal to ligands has been observed in V(CO2)n

+ (n Z 7) cluster
ions, demonstrating the formation of an oxalate-type C2O4

anion species in large vanadium–CO2 clusters.23 In contrast
to cationic species, notable CO2 activations substantiated by
significant red-shifts of CO2 stretching vibrational frequency
have been reported in the context of negatively charged
[M(CO2)n]� cluster ions.24–28

Other promising candidates for catalytic applications such
as transition metal oxides have been proposed recently, yet
their reactions with CO2 molecules are rarely explored com-
pared to metal ions.29–33 Observations of Fermi resonance of
CO2 in the inspection of interactions between free manganese
oxide and CO2 molecules indicated no evident contribution to
CO2 activation.34 Studies on metal monoxide cations (ScO+,
YO+, LaO+ and HoO+) with CO2 using infrared photodissocia-
tion spectroscopy revealed that the conversion from solvated
structures into carbonate motifs can be achieved by ScO+, YO+

and HoO+ except for LaO+.32,35,36 Infrared spectra of gas-phase
NbO2(CO2)n

+ and TaO2(CO2)n
+ complexes with rare-gas tagging

showed leading solvation structures with the signature of a
possible carbonate moiety in larger complexes.37,38 In particu-
lar, TaO2

+ has been proven to be more reactive in C–H bond
activation of methane than the lighter congeners of VO2

+ and
NbO2

+ in high-level theoretical calculations combined with
mass spectrometric studies, resulting from the formation of a
strong Ta–C bond.39 Furthermore, thermal reactions investi-
gated with mass spectrometry in conjunction with quantum
chemical calculations conducted by the same group provided
valuable insight into the role of TaO3

+ in the activation of
methane, which produced methanol and formaldehyde with
concomitant release of methylene.40 However, the large-scale
reactivities of TaO3

+ cations remain to be assessed.
Herein, we perform infrared photodissociation spectroscopy

combined with quantum chemistry theoretical studies on
[TaO3(CO2)n]+ (n = 2–5) ion–molecule complexes in the gas
phase. The structures of complexes together with the salient
features of intermolecular interactions between TaO3

+ and CO2

molecules are revealed based on the comparisons between the
experimental spectra and simulated ones. This is the first investiga-
tion about CO2 solvation around a transition metal trioxide cation
to the best of our knowledge, shedding new light on the establish-
ment of a suitable starting point to modify catalysts.

2. Experimental and
computational methods

The infrared photodissociation spectra of mass-selected [TaO3(-
CO2)n]+ (n = 2–5) complexes were obtained using a collinear

tandem time-of-flight (TOF) mass spectrometer coupled with a
laser vaporization supersonic cluster source. The experimental
instrument has been described in detail previously.41,42 The
1064 nm fundamental of an Nd:YAG laser (Continuum, Minilite
II; 10 Hz repetition rate and 6 ns pulse width) was used to vaporize
a rotating tantalum metal target. The cation complexes were
produced in the laser vaporization and expansion process of
helium gas seeded with 2% CO2 using a pulse valve (General Valve,
Series 9) at the backing pressure of 1.0–1.2 � 106 Pa. After free
expansion, the cations were skimmed and analyzed using a Wiley–
McLaren TOF mass spectrometer. The ions of interest were mass-
selected and decelerated into the extraction region of a second
collinear TOF mass spectrometer where they were dissociated by a
tunable IR laser. The fragment and parent ions were reaccelerated
and mass-analyzed by the second TOF mass spectrometer. The ions
were detected with a dual micro-channel plate (MCP) detector.

Infrared photodissociation spectra were recorded via mon-
itoring the yield of the fragment ions as a function of dissocia-
tion IR laser wavelength and then normalizing to the parent ion
signal. Typical spectra were recorded by scanning the dissocia-
tion laser in steps of 2 cm�1 and averaging over 300 laser shots
at each wavelength. The tunable IR laser source was a KTP/KTA
optical parametric oscillator/amplifier system (OPO/OPA, Laser
Vision) pumped using a Continuum Powerlite 8000 Nd:YAG
laser, and the output IR energy ranged from 1.0 to 2.0 mJ per
pulse in the region of 2000–2500 cm�1. The wavelength of
the OPO laser was calibrated with a commercial wavemeter
(Coherent, Wave-Master) using well-known CO absorptions.
The IR beam path was purged with nitrogen to minimize air
absorptions.

Quantum chemical calculations were performed to deter-
mine molecular structures and to validate vibrational assign-
ments of the studied species. Considering that there might be
various isomers at a specific mass-to-charge ratio, a large
number of initial complex geometries were generated randomly
by Genmer.43,44 Preliminary screening was performed with the
semiempirical quantum mechanical method GFN2-xTB,45

using the xtb46 program through Moclus.43 The pre-optimized
configurations were classified and sorted in energy. After
extensive exploration, the resulting isomer ensembles (within
10 kcal mol�1) were screened out for further optimization. The
geometries of all minima and transition states were optimized
using the PBE0-D3(BJ) functional in combination with the def2-
TZVP basis set.47,48 Harmonic vibrational frequencies were
calculated at the same density functional level to verify that
all of the minima have no imaginary frequencies, while the
obtained transition states have one proper imaginary fre-
quency. Intrinsic reaction coordinate (IRC) calculations were
also performed to confirm that all of the reported transition
states link the corresponding reactants and products.49–52

Notably, Ta+, TaO+ and TaO2
+ cations have different spin

ground electronic states,37,53 e.g. quintet for Ta+, triplet for
TaO+ and singlet for TaO2

+, respectively. Likewise, the singlet,
triplet and quintet spin states all probably exist for the TaO3

+

cation, and hence all three spin states are necessary to be
considered in vibrational assignments together with their

Paper PCCP

Pu
bl

is
he

d 
on

 1
2 

A
pr

il 
20

23
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
5/

12
/2

02
3 

6:
50

:5
7 

A
M

. 
View Article Online

https://doi.org/10.1039/d3cp01384g


13200 |  Phys. Chem. Chem. Phys., 2023, 25, 13198–13208 This journal is © the Owner Societies 2023

energetics. Based on computational results, all quintet [TaO3-
(CO2)n]+ complexes are significantly higher in energy than the
singlet or triplet species and therefore excluded from further
discussions (energetics are available in the ESI†). To theoreti-
cally predict IR spectra, harmonic vibrational frequencies were
scaled by a factor of 0.957 and further convoluted with Lor-
entzian functions using 8 cm�1 full width at half-maximum
(FWHM). This scaling factor was determined by comparing the
experimental and calculated values of free CO2 asymmetric
stretching vibrational frequencies. All the DFT calculations
were performed using the Gaussian 16 software package.54

3. Results and discussion
3.1 Mass spectrum and infrared photodissociation spectra of
[TaO3(CO2)n]+ complexes

A typical TOF mass spectrum of cationic complexes produced
by pulsed laser vaporization of a tantalum metal target in the
expansion of CO2/He mixture is shown in Fig. 1. Three progres-
sions of mass peaks in the m/z range of 150–550 are clearly
observed and identified to be CO2 complexes of cationic
tantalum oxides, i.e., [TaOm(CO2)n]+ (m = 1–3) ion–molecule
complexes. The dominant [TaO2(CO2)n]+ (n = 1–7) species were
previously reported by Iskra and Mackenzie,37 which is consis-
tent with the high oxygen affinities of Ta+ and TaO+.55 One
noticeable difference between previous and our results is the
formation of tantalum trioxide cation complexes [TaO3(CO2)n]+,
albeit only a relatively small amount was detected. The tanta-
lum trioxide cationic complexes [TaO3(CO2)n]+ had a maximum
intensity at n = 2 in the mass spectrum while larger complexes
with n 4 5 were barely observed. Since [TaO2(CO2)n]+ (n = 1–7)
species have been investigated previously,37 in this work we
paid more attention to larger ones, i.e. [TaO3(CO2)n]+ (n = 2–5),
aiming to provide useful information for unravelling intermo-
lecular interactions between TaO3

+ and CO2 ligands.
Given that the binding energy between TaO3

+ and CO2 for a
small [TaO3(CO2)n]+ (n = 1) complex is greater than the infrared

photon energy in the range of the CO2 asymmetric stretching
frequency, it is reasonable that we did not observe the photo-
dissociation of [TaO3(CO2)]+. For larger [TaO3(CO2)n]+ com-
plexes with n Z 2, their dissociation by losing one or more
intact CO2 ligands can occur under the action of IR laser (at
2360 cm�1), as shown in Fig. 2. Apparently, only a small percentage
of [TaO3(CO2)n]+ complexes for n = 2 and 3 dissociate, yet fragmen-
tations of the larger clusters (n = 4 and 5) are more efficient. In
particular, the loss of two CO2 ligands was observed for the infrared
dissociation of the [TaO3(CO2)5]+ complex.

By scanning infrared photon energy, the resulting infrared
photodissociation spectra of [TaO3(CO2)n]+ (n = 2–5) complexes
are shown in Fig. 3. The spectra for [TaO3(CO2)n]+ (n = 2 and 3)
complexes have relatively poor signal-to-noise ratios, largely
due to their inefficient dissociations. The cationic complexes

Fig. 1 Typical TOF mass spectrum produced by pulsed laser vaporization
of a tantalum metal target in expansion of helium seeded with carbon
dioxide.

Fig. 2 The photodissociation action TOF mass spectra of [TaO3(CO2)n]+

(n = 2–5) ion–molecule complexes.

Fig. 3 Infrared photodissociation spectra of [TaO3(CO2)n]+ (n = 2–5) ion–
molecule complexes in the photon energy range of 2200–2450 cm�1,
where the spectral intensities of [TaO3(CO2)2]+ and [TaO3(CO2)3]+ com-
plexes are both amplified by a factor of 5 for comparison. The dashed line
at 2349 cm�1 corresponds to the frequency of free CO2 asymmetric
stretching vibrational mode.
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dissociate more efficiently with increasing cluster size.56 All the
evidence strongly implies that up to three CO2 ligands can be
tightly bound to the central TaO3

+ core, analogous to the fully
coordination number of 6 for the [TaO2(CO2)4]+ complex.37 In
other words, the fourth CO2 molecule starts to form the second
solvent shell, as the binding energy between the cationic core
and the ligands on the second solvent shell is significantly
lower in nature. In addition, only vibrational bands blue-shifted
relative to that in isolated CO2 are observed and no carbonyl
stretching (2200–2250 cm�1) is observed in Fig. 3, indicating
that no insertion reaction occurs when TaO3

+ interacts with
CO2 molecules, which is undoubtedly reasonable considering
that the highest valence state of tantalum atom is +5.

3.2 Isomer identification and vibrational assignments of
[TaO3(CO2)2]+

Among all [TaO3(CO2)n]+ (n = 2–5) complexes, [TaO3(CO2)2]+ is
the most abundant species in the mass spectrum. Fig. 4 shows
its experimental infrared spectrum in the frequency region of

CO2 antisymmetric stretching and the simulated IR spectra of
two lowest-lying isomers each of singlet and triplet states, as
well as their corresponding optimized geometries, spin states
and relative energies (structural details are available in the
ESI†). Two dominant absorptions consisting of a sharp peak at
2351 cm�1 and a wide band at around 2386 cm�1 are observed
in the experimental spectrum. Nevertheless, all isomers of
[TaO3(CO2)2]+ are found to exhibit two adjacent vibrational
peaks in the CO2 asymmetric stretching frequency range as
shown in the simulated spectra. Therefore, more than one
isomer should be formed in the current conditions according
to complicated spectral features displayed in experiments.

The most stable isomer of [TaO3(CO2)2]+ complex I2c is in
the singlet state with Cs planar symmetry. Due to the almost
identical coordination modes between two CO2 ligands and
tantalum atoms, only one intense feature is predicted at
2378 cm�1 (panel of I2c in Fig. 4), consisting of the out-of-
phase combination of asymmetric stretches of two CO2

ligands. The second singlet isomer, I2d, higher in energy by
0.3 kcal mol�1 than I2c, involves a similar end-on coordination
mode between the oxygen atom of the CO2 ligand and the
tantalum atom with a less symmetric bent structure. Both the
in-phase and out-of-phase combinations of CO2 asymmetric
stretching motions are IR-active, giving rise to a two-peak
structure covering the range of 2370–2395 cm�1 (panel of I2d
in Fig. 4). On the triplet energy surface, the asymmetric
energetically lowest-lying isomer, I2a, is higher in energy than
the singlet minimum I2c by 14.5 kcal mol�1. Two well-
separated vibrations centered at 2372 and 2390 cm�1, respec-
tively, are clearly observed in the panel for the I2a isomer. In
comparison to I2d, the relative intensities of these two peaks of
I2a are closer. The second triplet isomer I2b lies 4.4 kcal mol�1

above I2a, featuring a main peak at 2383 cm�1 with a shoulder
at 2397 cm�1 in the CO2 antisymmetric stretching frequency
region. Notably, only end-on coordination modes between
tantalum atoms and CO2 ligands are calculated in all these
isomers, revealing the leading role of charge–quadrupole inter-
actions in governing complex structures.

In view of direct spectral comparison, it is hard to conclu-
sively assign the experimental spectrum of the [TaO3(CO2)2]+

complex to the absence of the theoretically predicted peak at
2351 cm�1 in all simulated spectra. However, all species
discussed above still can be regarded as potential candidates
in consideration of the overlap between the experimentally
unresolved wide band on the higher-energy side and the
spectral signatures of isomers in singlet or triplet states. From
an energetic perspective, the wide band ranging from 2365
to 2406 cm�1 in the experimental spectrum should be attrib-
uted to the contribution of isomer I2d higher in energy by
0.3 kcal mol�1 than the global minimum I2c. Accordingly, I2c
cannot be ruled out since the IR absorption calculated for I2c
resides at nearly the same position with the main peak of I2d.
In particular, the strong absorption of isomer I2b on the triplet
surface provides the best match with the experimental feature
of 2383 cm�1, which is absent from the combined contribution
of isomer I2d and I2c, clearly demonstrating the existence of

Fig. 4 Experimental and simulated vibrational spectra of the
[TaO3(CO2)2]+ ion–molecule complex in the region of 2200–2450 cm�1.
The simulated spectra of isomers (I2a–I2d) were obtained from scaled
theoretical harmonic frequencies and intensities for four low-lying struc-
tures in the singlet and triplet spin states at the PBE0-D3(BJ)/def2-TZVP
level of theory. The corresponding spin states (S for singlet and T for triplet)
and relative energies (in kcal mol�1) of these isomers are noted as well.
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I2b under the present conditions. Moreover, it is reasonable
that isomer I2a was populated in experiments as well
considering that its energy is lower by 4.4 kcal mol�1 than
I2b together with a similar band profile to the experimentally
recorded spectrum. The spectral contribution of energeti-
cally high-lying triplet species may originate from their
lower TaO3(CO2)+–CO2 binding energies compared to singlet
isomers (see the ESI† for details). Additionally, the sharp peak
at 2351 cm�1 in the experiment is very close to the vibrational
frequency of free CO2 asymmetric stretching (2349 cm�1). Such
a small frequency shift usually indicates that there is at least
one CO2 ligand bound by the weak interaction, yet isomers with
characteristics of a weakly-bound CO2 ligand have much higher
energies regardless of singlet or triplet states in our calcula-
tions (not shown in Fig. 4). A probable explanation is that a few
metastable states of [TaO3(CO2)2]+ with the TaO3(CO2)+� � �CO2

structure may survive to be detected owing to the rapid free
expansion. In fact, similar phenomena are not uncommon, for
instance, Iskra et al.11 observed the existence of a C2v structure
at around 0.21 eV above the global minimum for Rh+(CO2)2–Ar
complexes; and Thompson et al.57 also found the main con-
tribution from isomers with much higher energy in their
discussion for small cluster sizes. Nevertheless, these meta-
stable states naturally disappear with increasing cluster size
during collisions with successive CO2 molecules.

3.3 Isomer identification and vibrational assignments of
[TaO3(CO2)3]+

The [TaO3(CO2)3]+ cation is the second abundant species
among [TaO3(CO2)n]+ series in the mass spectrum. Its ineffi-
cient fragmentation as shown in Fig. 2 strongly implies that all
three CO2 ligands strongly bind to the core cation. Based on the
optimized structures of three lowest-lying isomers of
[TaO3(CO2)3]+ in singlet and triplet states, their simulated IR
spectra are directly compared with the experimental results
presented in Fig. 5. The experimental spectrum of the n = 3
complex exhibits a strong main feature together with a broader
and weaker vibrational band close to the vibrational frequency
of the free CO2 asymmetric stretch. According to previously
reported results,35,37 the stronger one in the range of 2375–
2410 cm�1 is attributed to the asymmetric stretching vibrations
of monodentate coordinated CO2 ligands. On the other hand,
an unresolved wide band extending from 2345 to 2365 cm�1

reflects the formation of a weakly bound CO2 ligand.
The most stable isomer I3c is located on the singlet state

surface, and has Cs symmetry with three terminally bonded
CO2 ligands. Two peaks consist of three characteristic vibra-
tions of I3c in the CO2 asymmetrical stretching frequency
region of 2360–2375 cm�1 (panel of I3c in Fig. 5). The lowest
energy isomer in the triplet state (I3a) is calculated to be
20.3 kcal mol�1 higher than I3c, yet possessing almost the
same structural motif as that the tantalum atom of TaO3

+

center is coordinated by three terminal CO2 units. Taking the
analogous bonding patterns into consideration, it is not sur-
prising that the calculated spectra of I3a and I3c are nearly
identical to each other, each consisting of a main peak centered

at 2368 cm�1 and a weak band at around 2393 cm�1. However,
these calculated peak positions and relative intensities are far
from the experimental observations. Therefore, these two iso-
mers are disqualified as potential candidates for the experi-
mental contributors. In addition, a third isomer I3b in the
triplet state lies above I3a by 13.6 kcal mol�1. Its structure
involves two CO2 ligands directly connected to the tantalum
atom together with an exterior CO2 molecule, which weakly
binds to one of CO2 ligand in the first coordination sphere
(panel of I3b in Fig. 5). This structure can be viewed as derived
from isomer I2b upon attaching a surface CO2 molecule. The
interpretation of two ‘‘inner’’ ligands and a weakly bound third
ligand is borne out by calculated Ta–O bond lengths for the two
‘‘inner’’ ones of 2.17 Å, 2.21 Å and 3.32 Å for the third CO2.
The calculated spectrum of I3b exhibits a dominant peak at
2382 cm�1 with a shoulder at 2395 cm�1, along with a relatively
low-intensity peak centered at 2354 cm�1 arising from the
weakly bound CO2 molecule in the second solvation sphere.
Notably, the strongest peak and its shoulder originated from
the core ion [TaO3(CO2)2]+ coincide with the spectral signatures
of isomer I2b.

Based on the best match with the experimental spectrum,
the triplet isomer I3b can be regarded as the dominant con-
tributor. However, it is unlikely that other low-lying isomers

Fig. 5 Experimental and simulated vibrational spectra of the
[TaO3(CO2)3]+ ion–molecule complex in the region of 2200–2450 cm�1.
The simulated spectra of isomers (I3a–I3c) were obtained from scaled
theoretical harmonic frequencies and intensities for three low-lying struc-
tures in the singlet and triplet spin states at the PBE0-D3(BJ)/def2-TZVP
level of theory. The corresponding spin states (S for singlet and T for triplet)
and relative energies (in kcal mol�1) of these isomers are noted as well.
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like I3a are not populated in experiments. There are several
clues for the presence of I3a. First, a weak peak at 2363 cm�1 is
dimly visible in the low-frequency vibrational band (2345–
2365 cm�1) of the experimental spectrum, which is greatly
consistent with the most prominent absorption in the calcu-
lated spectrum for I3a. Furthermore, considering that the
binding energies between CO2 ligands and the core structure
in I3a are obviously greater than that in I3b, it is reasonable
that IR photodissociation efficiency by monitoring the loss of
one CO2 molecule from I3a is naturally much smaller than that
of I3b, leading to the observed vibrational features in experi-
ments largely reproduced by isomer I3b. From an energy point
of view, energetically high-lying isomer I3b is expected to be
populated in a relatively small portion, in line with the overall
low dissociation yield.

3.4 Isomer identification and vibrational assignments of
[TaO3(CO2)4]+

As mentioned above, dissociation of [TaO3(CO2)4]+ via the loss
of one CO2 ligand is far more efficient than smaller complexes,
implying a significantly lower binding energy for the fourth CO2

molecule bound by weak electrostatic interactions. Fig. 6 shows
the recorded IR photodissociation spectrum and the simulated
vibrational spectra of five low-energy isomers predicted by DFT
calculations. In the experimental spectrum, the most intense
absorption featuring a doublet peak profile is located in a
relatively low-frequency range of 2340–2370 cm�1, while a
weaker broad band is observed further to blue with a center
at 2385 cm�1. In particular, the existence of the shoulder at
2352 cm�1 strongly indicates that at least one CO2 ligand is
located on the second solvent shell.

The global minimum on the singlet spin surface, I4d, has Cs

symmetry with four terminal bonded CO2 ligands. Notably, it is
an unconventional structure because the coordination number
of the central tantalum atom exceeds its common maximal
value of 6. As shown in the panel I4d in Fig. 6, all CO2 ligands
are directly bound to the core TaO3

+ ion (Ta–O bond lengths of
2.26 and 2.31 Å, while the fourth CO2 ligand is located some-
what further away with a Ta–O bond length of 2.47 Å), resulting
in the deviation of all calculated vibrational frequencies of CO2

antisymmetric stretch from that of isolated CO2 molecule at
2349 cm�1. In contrast to I4d, one CO2 ligand in the second
singlet isomer I4e starts to form the second solvent shell (Ta–O
bond length of 3.69 Å), as shown in the panel of I4e. Although
the binding interaction between this external CO2 molecule and
the cationic core is weaker than those of monodentate coordi-
nated CO2 ligands, the corresponding vibrational frequency is
computed to be 2356 cm�1 and still higher to some extent than
2352 cm�1. Therefore, both singlet isomers are excluded from
dominant contributors to the experimental spectrum.

In contrast, no minimum for a four-coordinated [TaO3(CO2)4]+

complex could be found on the triplet potential energy surface.
Instead, all starting four-coordinated structures converge into a
central [TaO3(CO2)3]+ complex with a surface CO2 molecule, where
three CO2 molecules complete the first coordination sphere around
the TaO3

+ core as isomer I3a. This coordination motif is consistent

with the significantly enhanced dissociation yields of [TaO3(CO2)n]+

complexes for n 4 3. Therefore, we can expect that when one more
CO2 molecule is connected to the [TaO3(CO2)3]+ complex, the larger
complex tends to preferentially saturate the inner shell layer
regardless of whether the precursor is I3b or I3a. In other words,
the three-coordinated structure of [TaO3(CO2)3]+ ion is essentially
the core of larger complex ions. Consistently, all calculated low-
lying structures of the [TaO3(CO2)4]+ complex comprise a three-
coordinated core (a Ta–O bond length of B2.3 Å) and an external
CO2 molecule with the Ta–O bond length larger than 3.0 Å.
The binding energy of the fourth CO2 ligand determined to be
5.8 kcal mol�1 is significantly lower than that of the third CO2

(15.1 kcal mol�1), reflecting the core structure as well. Due to weak
perturbations, the addition of an extra CO2 molecule has a
negligible effect on the core structure and accordingly does not
induce noticeable changes in the vibrational frequencies of tightly
coordinated CO2 ligands. Thus, it is plausible that the vibrational
spectra of three triplet isomers, I4a, I4b and I4c, are nearly identical

Fig. 6 Experimental and simulated vibrational spectra of the
[TaO3(CO2)4]+ ion–molecule complex in the region of 2200–2450 cm�1.
The simulated spectra of isomers (I4a–I4e) were obtained from scaled
theoretical harmonic frequencies and intensities for five low-lying struc-
tures in the singlet and triplet spin states at the PBE0-D3(BJ)/def2-TZVP
level of theory. The corresponding spin states (S for singlet and T for triplet)
and relative energies (in kcal mol�1) of these isomers are noted as well.
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to the calculated spectrum of I3a in the frequency range higher
than 2360 cm�1. Furthermore, their relative energies are also very
close since the external CO2 molecule is weakly attached to the
oxygen atom of different inner CO2 ligands. Apparently, this weak
interaction accounts for the low-frequency vibrational frequency
further to red. As shown in Fig. 6, newly arisen bands of these three
isomers reside in virtually the same region at around 2352 cm�1 in
the observed features.

Despite the fact that we failed to resolve the splitting of the
first band ranging from 2340 to 2370 cm�1 under the condi-
tions of our experiment, the positions and relative intensities of
the simulated spectra for three lowest triplet isomers are all in
good agreement with the experimental spectrum (Fig. 6). On
the basis of the above analysis, we thus assign the experimental
spectral features to the combined contributions from three low-
lying triplet [TaO3(CO2)3–CO2]+ structures.

3.5 Isomer identification and vibrational assignments of
[TaO3(CO2)5]+

The [TaO3(CO2)5]+ cation shows low intensity in the mass
spectrum yet is particularly susceptible to photodissociation
in the energy region of CO2 antisymmetric stretching vibra-
tions. The larger complex is inclined to eliminate multiple CO2

ligands, eventually terminating at the n = 3 species. Compared
with other complex cations, the experimental spectrum of
[TaO3(CO2)5]+ displays richer and clearer spectral features
which is less challenging to interpret. Fig. 7 shows the experi-
mental and simulated spectra of [TaO3(CO2)5]+ involving eight
low-lying isomers in singlet or triplet states. In the experi-
mental spectrum, three well-resolved bands are observed at
2352, 2367 and 2389 cm�1, respectively, showing a decreasing
trend of intensity with the increase of their frequencies. As the
number of CO2 ligands increases, the lowest-frequency vibra-
tional band near the free CO2 asymmetric stretching frequency
(2349 cm�1) shows stronger intensity, representing a conspic-
uous evolution of the spectra with cluster size.

For the [TaO3(CO2)5]+ complex on the singlet surface, a
structure composed of a [TaO3(CO2)4]+ core ion and a fifth
CO2 loosely bound to the plane of symmetry (with the Ta–O
bond length larger than 4.0 Å) is determined to be the global
minimum (I5e). This isomer is likely to be formed by attaching
one CO2 molecule to the lowest-lying singlet [TaO3(CO2)4]+

complex, I4d. Although additional CO2 molecule in the second
coordination sphere contributes to the vibrational peak near
2349 cm�1, the corresponding spectral intensity is relatively
weak in comparison to the experimental data. Similar incon-
sistencies are also observed in the simulated spectra for other
two low-lying singlet isomers, I5f and I5g, featuring an outer
CO2 weakly bound to the four-coordinated [TaO3(CO2)4]+ core.
Therefore, these singlet isomers are all excluded from potential
contributors to the experimental spectrum. Another low-lying
singlet isomer I5h with Cs symmetry is higher in energy than
I5e by 4.6 kcal mol�1, offering an unusual coordination number
of 5 for the TaO3

+ core structure. However, the absence of any
weakly-perturbed ligands rules out the presence of isomer I5h
in this experiment.

For the [TaO3(CO2)5]+ complex on the triplet potential energy
surface, the coordination geometry of the core ion identified for
all stable structures remains to be [TaO3(CO2)3]+ without excep-
tion. This arrangement can be thought of as evolving by
successively attaching two more CO2 ligands to the three-
coordinated central metal oxide (with Ta–O bond lengths being

Fig. 7 Experimental and simulated vibrational spectra of the
[TaO3(CO2)5]+ ion–molecule complex in the region of 2200–2450 cm�1.
The simulated spectra of isomers (I5a–I5h) were obtained from scaled
theoretical harmonic frequencies and intensities for eight low-lying struc-
tures in the singlet and triplet spin states at the PBE0-D3(BJ)/def2-TZVP
level of theory. The corresponding spin states (S for singlet and T for triplet)
and relative energies (in kcal mol�1) of these isomers are noted as well.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

A
pr

il 
20

23
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
5/

12
/2

02
3 

6:
50

:5
7 

A
M

. 
View Article Online

https://doi.org/10.1039/d3cp01384g


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 13198–13208 |  13205

around 3.6 Å for outer ligands). While the variation of the
location of weakly bound CO2 molecules solvating the core ion
has insignificant effects on the energetics, the simulated spec-
tra show clear deviations with random solvation positions in
spite of sharing a characteristic signature between 2340 and
2350 cm�1 which corresponds to the antisymmetric stretching
vibrations of solvent CO2 molecules. Exploratory computations
reveal that the lowest energy site for the first external CO2

molecule is near the CO2 ligands bound in an end-on coordina-
tion fashion, whereas additional solvent molecules are deter-
mined to find their favorable solvation sites close to the oxygen
atom of the metal oxide center. The distinct substructures of
vibrational features appearing in the frequency region of 2340–
2350 cm�1 can therefore be attributed to the differences in the
configuration of the second solvation sphere. Moreover, there
is little change in the spectral range correlated with three
tightly bound CO2 units, in accordance with the substantially
identical core ion structures predicted by DFT calculations.

The simulated spectral patterns of isomer I5c together with I5d,
which are higher in energy by 0.7 and 0.9 kcal mol�1 than the most
stable isomer I5a in the triplet state, provide the best matches to
the overall experimental spectra, demonstrating the presence of
these geometries with a significant abundance in our experiment.
Although there is insufficient information to confirm the existence
of other triplet isomers, these structures are still likely to be
populated in minority given the small energy window.

3.6 Implications of cluster growth

It is worth noting that the best matches for the experimental
spectra consistently remain as clusters with triplet spin states
instead of energetically lowest-lying singlet species. This is an
unusual result from an energy perspective. Similar findings
have been reported for the VO3(CO)4

+ cation with the high-lying
triplet state accounting for experimental signatures.58 In order
to rationalize this intriguing reactivity promoted by the high-
spin state, the key mechanistic aspects of core ion formation
have been explored by means of theoretical calculations. Fig. 8
demonstrates the reaction profiles controlled by a two-state
reactivity scenario involving both singlet and triplet spin states.
On the potential energy surfaces of both states, the generation
of the TaO3

+ cation begins with the collision of TaO2
+ and CO2,

forming an encounter complex with one oxygen atom of CO2

approaching tantalum atom. Then an oxygen atom transfer
reaction as the O atom shifts from the CO2 molecule to the
metal atom, leading to the TaO3

+� � �CO transition state. This
process involves the cleavage of a CQO bond and the formation
of a new Ta–O bond. Since the ground electronic state of TaO2

+

is singlet,37,53 the entrance channel should locate on the singlet
ground state which is lower in energy by 35.7 kcal mol�1 than
the triplet state. However, it is impractical to overcome the
extremely high energy barrier of 112.9 kcal mol�1 along the
singlet pathway under current conditions. Notably, a spin
crossover from the singlet to triplet via a cross point is much
more favorable considering the significantly lower energy bar-
rier through surmounting the triplet transition state as indi-
cated in Fig. 8. Therefore, the triplet core ion TaO3

+ could be

produced preferentially along the triplet reaction pathway as a
result of a spin inversion from low to high spin state. This
computationally determined reaction mechanism engaging a
reaction surface that traverses two spin states perfectly explains
the exclusive presence of triplet complexes in the experiments.
Additionally, the formation of TaO3

+ is endothermic either
proceeding along singlet or triplet pathways, providing a rea-
sonable explanation for relatively weak abundance of [TaO3(-
CO2)n]+ complexes in the mass spectrum (Fig. 1).

Based on the above analysis, an unconventional cluster
growth of [TaO3(CO2)n]+ in the laser vaporization source is
revealed to occur on the triplet energy landscape. Fig. 9 sche-
matically presents two possible growth pathways by attaching
successive CO2 molecules to the TaO3

+ cation starting with
different initial isomers as I2a and I2b, respectively. With the
addition of CO2 molecules to the most stable isomer I2a in the
triplet state, small clusters tend to stabilize through saturating
the first coordination sphere, yielding a fully coordinated
pattern with three tightly bound CO2 units. Once the coordina-
tion of the core ion is completed, the subsequently preferable
binding sites for successive ligands which experience weaker
perturbation are in the proximity of the oxygen atoms of
interior CO2 units and central metal oxide. The geometry of
the core ion somewhat distorts upon the attachment of further
ligands with the Ta–O bond lengths for inner ligands remain-
ing significantly shorter than those for the last two CO2

molecules. In addition, the findings for the existence of high-
lying isomer I3b with a relatively small population unveil an
alternative way to grow, that is, the third CO2 ligand is attached
to the previously identified candidate structure I2b. This reac-
tion pathway higher in energy accounts for a small percentage
of cluster formation and terminates at n = 3, consistent with the
signature of low fragmentation for experimental dissociation
spectra for clusters of n = 2 and 3.

The differences between the fully coordinated core ion sizes
for isomers I2b and I3a are associated with the geometric
structures of the central metal oxide cation. For I3a with

Fig. 8 Reaction pathways along potential energy surfaces for the for-
mation of tantalum trioxide ion in the singlet and triplet spin states
calculated at the PBE0-D3(BJ)/def2-TZVP level of theory, with relative
energies in kcal mol�1.
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pyramid oxide motifs, the compact core structure has three CO2

ligands while I3b includes a solvent CO2 molecule in the
second coordination sphere around the core ion containing
two CO2 units. The change in the minimum core ion size
corresponding to distinct metal oxide structures is a conse-
quence of oxo ligands arranged in a planar configuration
blocking coordination sites, therefore lowering the number of
CO2 ligands directly interacting with the metal atom.

4. Conclusions

Infrared photodissociation spectroscopy in conjunction
with theoretical calculations is employed to investigate the

structures of [TaO3(CO2)n]+ (n = 2–5) ion–molecule complexes
in the gas phase. This work provides crucial insights into the
cluster growth of CO2 complexed around the tantalum trioxide
cation as a model for CO2 activation with metal oxide catalysts.
Comparison of the experimental data with simulated spectra of
low-lying isomers combined with photodissociation mass spec-
tra allows for the identification of an energetically high-lying
triplet [TaO3(CO2)3]+ core structure. A significant increase in the
dissociation efficiency accompanied by observations of a strong
vibrational band at wavenumbers close to the antisymmetric
stretching frequency of the isolated CO2 molecule for n Z 4
complexes corroborates the presence of weakly bound CO2

molecules in the second coordination sphere. The most intri-
guing finding in this structural study is the favorable cluster
growth pathways along the triplet state rather than the see-
mingly accessible ground electronic state. A two-state reactivity
involving spin crossing from the singlet to the triplet potential
energy surface is revealed to be responsible for the experi-
mental observation of the clusters in the triplet spin states
which are less stable than corresponding singlet species. The
reactivity of tantalum oxides and their interactions with CO2

molecules remain an interesting topic to be investigated in
future studies.
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