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ABSTRACT: The catalytic transformation of CO2 into valuable products has
garnered wide interest owing to both economic and environmental benefits, in
which the chemical fixation of CO2 into carbonate structures represents a crucial
step that occurs on the adsorbed catalyst surfaces. Transition metal oxides with
acidic and basic active sites have exhibited potential in promoting the carbonation of
weakly bound CO2 molecules. Here, the interactions between CO2 molecules and
the Sc3O4

+ cation in the gas phase are investigated by using infrared
photodissociation spectroscopy in conjunction with quantum chemical calculations.
Both end-on and various carbonate-containing configurations, including center and
bridge carbonate structures, have been theoretically identified for the CO2-
coordinated ion−molecule complexes. Based on the comparison between the
experimental spectra and simulated spectra of low-lying isomers in the CO2 antisymmetric stretching vibrational frequency region,
isomers characterized by a bridge carbonate core structure are demonstrated to be the major contributors to the observed spectra.
Examination of potential energy surfaces reveals lower energy barriers and simpler reaction routes for the conversion of molecularly
bound CO2 into a bridge carbonate moiety, providing reasonable explanations for their prevalence in the experiments.

1. INTRODUCTION
The large anthropogenic CO2 emissions into the atmosphere
pose a growing threat to the global environment. Moreover,
the limited availability of fossil fuels drives the search for
alternative carbon sources to establish a sustainable society.
Catalytic conversion of CO2 into valuable fuels and chemicals
not only offers a way to address the challenges presented by
the ever-increasing energy demand but also aids in mitigating
the negative impact on the environment that resulted from a
fossil fuel-based economy.1,2 In particular, the exceptional
thermodynamic and kinetic stability of CO2 makes its
adsorption and activation on the active sites of catalysts a
crucial stage of enormous significance.3

Metal oxides with both acidic and basic active sites,
especially transition-metal-based oxides, have been extensively
explored as highly stable and efficient adsorbents and catalysts
in the transformation of CO2.

4−6 The interactions between
metal oxides and CO2 molecules are therefore of great interest
and importance in gaining insights into the associated catalytic
mechanisms. State-of-the-art spectroscopic and theoretical
methods have been utilized to explore the nature of the CO2
adsorption products on metal oxide surfaces, with infrared
spectroscopy being a widely employed technique in this in situ
research.7,8 However, because of the complexity of surface
structure and the presence of coadsorbates, the exact binding
modes and associated mechanisms of CO2 adsorption on metal
oxides are still under debate. Different species, including linear

and bent CO2, monodentate and polydentate carbonate, as
well as carboxylate species, have been identified upon CO2
adsorption on the surface of various metal oxides.9,10

The matrix isolation spectroscopic technique has been
predominantly employed to investigate the thermodynamics
and mechanisms of reactions between neutral metal oxides and
CO2 molecules by trapping and identifying the reactive
intermediates.11 For instance, researchers studied the reaction
products of NbO and NbO2 molecules with CO2 using matrix
isolation infrared spectroscopy.12 It was reported that the NbO
molecule is able to spontaneously reduce CO2 to form the
carbonyl complex NbO2(η1−CO) on annealing in solid neon,
whereas the NbO2 molecule reacts with CO2 to form
complexes with three different coordination modes. The
interactions of TiO and TiO2 molecules with CO2 have also
been studied using a similar method, in which the insertion
reaction of TiO molecule into the C�O bond of CO2 under
visible light excitation was confirmed, as well as the formation
of an OTiCO3 complex upon CO2 attachment to TiO2
molecule.13 The oxo-carbonate complex has also been
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observed in the reactions between the ground-state ScO
molecule and CO2 on annealing.14

More recently, the gas-phase study of CO2 molecules with
metal oxides as model adsorbents/catalysts has become an
effective approach to obtaining molecular-level details of the
surface chemistry at the metal oxide−CO2 interface, as well as
to exploring the potential impacts of metals, oxidation states,
and charge states on the adsorption and activation processes.
Mass spectrometric analysis in tandem with laser spectroscopy
has proven to be a powerful method for characterizing the
structure of key species in the reactions of CO2 with charged
metal oxides. Previous studies have determined the activation
of CO2 to CO and the production of oxocarbonyl complex
through oxygen atom transfer reactions when a CO2 molecule
attaches to NbO+, HfO+, TaO+, and WO+ monoxide
cations.15,16 Upon further coordination of CO2 ligands,
scandium oxides, including ScO+ and Sc2O2

+, along with
YO+ and HoO+ cations have shown the capability to facilitate
CO2 fixation into carbonate groups.17−20 In contrast, there has
been significantly less research on the reactivity of highly
oxygenated metal oxide cations toward the carbonation of CO2

molecules. No significant CO2 activation has been observed in
the reactions of NiO2

+, NbO2
+, TaO2

+, and TaO3
+ cations with

multiple CO2 molecules.21−24

In the present study, the interaction between the Sc3O4
+

cation and CO2 molecules in the gas phase is investigated by
the combination of infrared photodissociation spectroscopy
and density functional theory (DFT) calculations as a step
toward a better understanding of the activity of scandium
oxides with regard to CO2 adsorption and carbonation.
Theoretical explorations reveal the coordination of CO2 in
an end-on fashion, as well as bridge and center carbonate
structures in [Sc3O4(CO2)n]+ cationic complexes. Subsequent
analyses of the recorded infrared photodissociation spectra,
along with potential energy surface studies, suggest the favored
formation of bridge carbonate structures under the current
experimental conditions, providing mechanistic insights into
the adsorption and carbonation of CO2 molecules by scandium
oxide cations.

Figure 1. Low-lying structures of [Sc3O4(CO2)n]+ (n = 2−3) ion−molecule complexes calculated at the PBE0-D3(BJ)/def2-TZVP level of theory.
The numbers within parentheses denote the relative Gibbs free energies at 298 K (in kcal mol−1). Bond lengths are noted in Å.
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2. METHODS
2.1. Experimental Methods. The cationic ion−molecule

complexes were generated using a laser vaporization ion source
and were subjected to infrared photodissociation as described
previously.19 Briefly, a 532 nm laser (second harmonic of an
Nd:YAG laser, Beamtech, Dawa-100) was employed to
vaporize a scandium disk target in both translational and
rotational motion. The cationic complexes were produced by
the reactions of the vaporized species with CO2 molecules in
the presence of a He carrier gas seeded with 10% CO2 (Figure
S1). Backing pressure of the reaction gas was adjusted in the
range of 4.0−6.0 × 105 Pa to obtain desired ion intensities and
size distributions. After free expansion, the ions of interest were
skimmed, mass-selected, and decelerated into the extraction
region of a second-stage time-of-flight (TOF) mass spec-
trometer and then intersected by a tunable IR laser. The
fragment ions and the undissociated parent ions were both
reaccelerated and collected by a second-stage TOF mass
spectrometer. The tunable IR laser was generated by a tabletop
optical parametric oscillator/amplification (OPO/A) laser
system (Laser Vision) pumped by an Nd:YAG laser
(Continuum, Surelite EX). Typical infrared photodissociation
spectra were recorded by monitoring the relative yield of
fragment ions as a function of IR photon energy and were
normalized to the IR laser energy. Tunable IR radiation was
scanned in steps of 2 cm−1 while narrowing down to 1 cm−1

from 2250 to 2450 cm−1 for extracting detailed spectral
substructures.
2.2. Theoretical Methods. Quantum chemical calcula-

tions were performed to determine the energetically low-lying
structures of the target cationic complexes. Initial guess
structures of the studied species were extensively generated
by Genmer.25,26 The semiempirical quantum mechanical
method GFN2-xTB27 was employed to preoptimize complex
geometries using the xtb28 program. The resulting low-energy
isomers were reoptimized at the PBE0-D3(BJ)/def2-TZVP
level of theory.29,30 Vibrational frequency analyses at the same
density functional level were performed to ensure that all
found minima have zero imaginary frequencies, and transition
states exhibit only one imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations were carried out to confirm that
each reported transition state appropriately links the
corresponding reactant and product.31−34 All the DFT
calculations were conducted with the Gaussian 16 software
package.35 The calculated harmonic vibrational frequencies
were scaled by a factor of 0.957, which was determined by
comparing the experimental and calculated values of the free
CO2 antisymmetric stretching vibrational frequency. Simulated
IR spectra were then derived by convoluting the line spectra
with Lorentzian functions with a full width at half-maximum
(fwhm) of 8 cm−1 to reproduce spectral features.

3. RESULTS AND DISCUSSION
The [Sc3O4(CO2)n]+ cationic complexes were produced by the
pulsed laser vaporization of a scandium metal target in the
expansion of He seeded with CO2. The most intensive signal in
the mass spectrum corresponds to the Sc3O4

+ cation, with its
most stable isomer exhibiting a cage-like structure charac-
terized by C3v symmetry, as discussed in the previous study.36

In the subsequent computational search for potential
candidates for [Sc3O4(CO2)n]+ ion complexes, we treated
this bare ion structure as a starting point. Figure 1 shows the

energetically low-lying structures found for the Sc3O4
+ core

cation complexed with two or three CO2 molecules. The
relative Gibbs free energies of different isomers with respect to
the corresponding global minima are also listed in Figure 1.
Similar to the findings in the previous report on
[Sc2O2(CO2)n]+ complexes,19 both end-on and carbonate-
containing configurations were identified for each cluster size.
These stable structures are classified into four subgroups, N, S,
D and T, based on the amount of carbonate moieties adhering
to the core structure, representing no, single, double, and triple
carbonates in the complex structures, respectively. Moreover,
there are two different binding motifs regarding the
chemisorbed tridentate carbonate moiety, namely, the bridge
carbonate where the carbon atom of CO2 binds to a bridging
oxygen of the Sc3O4

+ cation (grouped as 1) and the center
carbonate binding in the center of the core structure (grouped
as 2). Structures within the same subgroup that share similar
binding motifs are further ordered by relative energies from
low to high and are labeled as a, b, c, etc.
3.1. Structure and IRPD spectrum of the

[Sc3O4(CO2)2]+ Ion−Molecule Complex. Figure 2 shows
the experimental IRPD spectrum of the [Sc3O4(CO2)2]+ ion−
molecule complex complemented by the simulated IR spectra
of five isomers (IINa−b, IIS1a−b, and IIS2a). The broad
spectral band spanning from 2325 to 2407 cm−1 displays a
prominent peak at 2371 cm−1 accompanied by a less intense
peak at around 2359 cm−1 that can be resolved to some extent.
The doublet spectral feature suggests the complexation of two

Figure 2. Experimental IRPD spectrum of the [Sc3O4(CO2)2]+ ion−
molecule complex in the spectral range of 2100−2500 cm−1 together
with the simulated IR spectra of five isomers (IINa−b, IIS1a−b, and
IIS2a) obtained at the PBE0-D3(BJ)/def2-TZVP level of theory.
Relative Gibbs free energies (298 K) are given in kcal mol−1.
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CO2 molecules in different end-on binding situations or the
coexistence of multiple isomers under experimental conditions.
Starting from the N configuration, two low-lying isomers
labeled as IINa and IINb were identified for the n = 2 complex,
with an energy difference of 4.9 kcal mol−1. Isomer IINa with
Cs symmetry is characteristic of two CO2 molecules
molecularly bound to two equivalent Sc atoms. The vibrational
frequency of the out-of-phase combination of antisymmetric
stretching motions of two CO2 molecules in isomer IINa is
predicted to be 2379 cm−1, with a markedly weaker absorption
at 2384 cm−1 corresponding to the in-phase antisymmetric
stretching combination, which yields a prominent band
centered at 2379 cm−1. In isomer IINb, two CO2 molecules
adsorbed on the same Sc atom differ in their binding
orientations and distances (two Sc···OCO distances of 2.31
and 2.35 Å), giving rise to two well-separated vibrational peaks
at 2358 and 2383 cm−1. For the S configuration with the
bridge-carbonate core structure, the CO2 molecule is predicted
to be located at the para- or ortho-position with respect to the
carbonate moiety, with an energy difference of 0.6 kcal mol−1.
The coordination of CO2 at the para-site in isomer IIS1a with
an Sc···OCO distance of 2.27 Å gives a vibrational band at

2383 cm−1 associated with the CO2 antisymmetric stretch,
whereas the CO2 attachment to the ortho-site (isomer IIS1b)
with a similar Sc···OCO distance results in a less blue-shifted
CO2 antisymmetric stretch at 2372 cm−1. The center-
carbonate core structure offers a single site for CO2 adsorption,
which is designated as IIS2a and is determined to be the most
stable isomer. The frequency of the antisymmetric stretching
vibration of the CO2 molecule in isomer IIS2a is calculated to
be 2384 cm−1, blue-shifted by 13 cm−1 to the experimental
peak. In addition, two D-group isomers with double-carbonate
structural motif were located, with isomer IID1a featuring two
symmetrical bridge carbonates and IID2a having one bridge
and one center carbonate. Both isomers lack IR signatures in
the experimentally relevant frequency ranges.
Based on the comparison between the simulated IR spectra

and the observed spectrum shown in Figure 2, the vibrational
frequency of the CO2 antisymmetric stretch in isomer IIS1b
aligns with the prominent peak at 2371 cm−1 in the
experimental spectrum, indicating its significant contribution
to the spectral signals. Moreover, the experimental peak at
2359 cm−1 can be reproduced by the antisymmetric stretching
vibration of the weakly bound CO2 molecule in isomer IINb,
implying a high possibility of the presence of multiple isomeric
configurations. Despite the significantly higher energy of
isomer IINb, a more substantial dissociation yield can be
expected due to the reduced number of photons required for
dissociating the loosely attached CO2 molecule (Table S1),
thereby contributing to the lower-energy side of the observed
IR spectrum. For the remaining three isomers (IINa, IIS1a,
and IIS2a), the absence of clear spectral evidence does not rule
out the possibility of their existence, considering their lower
energy compared to that of isomer IINb on the potential
energy profiles and the overlap between their absorption
features and the high-energy region of experimental observa-
tions.
The formation of the most probable candidate IIS1b

involves two main reaction pathways, including the addition
of a CO2 molecule to the [Sc3O4(CO2)]+ core structure
featuring a bridge carbonate36 and the conversion of N isomers
with two linearly bound CO2 molecules to structures with S
configuration. In the first landscape, two of the three binding
sites in the [Sc3O4(CO2)]+ core structure allow the generation
of isomer IIS1b (ortho-position), whereas the remaining site is
associated with isomer IIS1a (para-position). In the latter case,
possible conversion routes starting from isomers IINa and
IINb are illustrated in Figure 3. As shown in the top and
middle panels, there are two plausible reaction pathways for
the transformation of isomer IINa to S structures. Both
pathways involve typical two-step processes where CO2
activation proceeds via the formation of a bidentate carbonate
intermediate structure by surmounting a substantial energy
barrier associated with CO2 distortion, ultimately resulting in a
tridentate carbonate group.19 The difference in the relative
orientations of the “carbonating” CO2 molecule with respect to
the other, which remains nearly unchanged, leads to the
formation of two different “S1” structures. Notably, the energy
barrier heights along the potential energy curve calculated for
the conversion of isomer IINa to IIS1b are lower than those
calculated for the conversion to IIS1a, i.e., 0.5 kcal mol−1 lower
for the first step and 1.0 kcal mol−1 lower for the second step.
Isomer IINb, on the other hand, is restricted to forming isomer
IIS1b due to the shared coordination site for two CO2
molecules. Based on all the analyses supporting the formation

Figure 3. Reaction pathways for the transformation from isomer IINa
to IIS1a (a) and IIS1b (b) and isomer IINb to IIS1b (c) calculated at
the PBE0-D3(BJ)/def2-TZVP level of theory. Relative Gibbs free
energies at 298 K are given in kcal mol−1.
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of isomer IIS1b, it is reasonable to consider isomer IIS1b as
one of the dominant contributors in the experiment.
In a previous experimental and theoretical study of

[Ti3O6(CO2)n]− (n = 1, 2) anion complexes,37,38 the
coexistence of a tridentate center carbonate structure as the
most stable isomer and a bidentate bridge carbonate structure
lying ca. 4.6 kcal mol−1 above the center one for n = 1 species
was identified. For n = 2, the structure consisting of two
carbonate moieties in the form of a bidentate bridge and a
tridentate center carbonate was determined to be the major
contributor. The reasons that we did not probe the spectral
evidence of center carbonate structures in the present study,
despite their energetic preference, are manifold. In the first
place, positively charged metal oxide ions generally exhibit
distinct behaviors in terms of binding patterns with CO2
molecules compared to negatively charged species. Second,
the reaction pathway for the transformation from the
molecular adduct to the tridentate center carbonate structure
might be more complex than that for generating the bridge
carbonate structure. To validate our assumption, we conducted
calculations on the reaction pathways leading from the end-on
isomer to the core structures with different carbonate groups.
As illustrated in Figure 4, we have identified plausible

transition states as well as intermediate structures connecting
the molecularly bound form (labeled as INa) to different
carbonate core structures (labeled as IS1a and IS2a). In the
top panel, the CO2 molecule attached to an Sc atom in INa
first rotates around the metal atom and bends to form the TS1
structure with an energy barrier of 13.3 kcal mol−1. The
intermediate structure IM1, featuring a newly formed C−O
bond between the bridging O atom of the Sc3O4

+ cation and
the C atom of CO2, is then accessed by passing over TS1 along
the reaction coordinates. A second transition state TS2

involving the C−O bending vibration of the bidentate bound
CO2 part is required to be overcome to produce bridge
carbonate core structure IS1a, which is associated with a
considerably lower energy barrier of 2.3 kcal mol−1. This two-
step conversion process is nearly identical to the trans-
formation from noncarbonate to carbonate-containing isomers
of [Sc2O2(CO2)n]+ complexes as described previously.19

Alternatively, the CO2 molecule in the end-on isomer INa
rotates to locate on top of the Sc3O4

+ core structure to form
TS3, as depicted in the bottom panel of Figure 4. The energy
barrier height for this step is determined to be 16.0 kcal mol−1,
which is 2.7 kcal mol−1 higher than the energy barrier in the
first stage of IS1a formation. In intermediate IM3, the
formation of the C−O bond between the central O atom of
the Sc3O4

+ cation and the C atom of CO2 results in a bidentate
carbonate moiety perpendicular to the plane defined by the
three Sc atoms. By subsequent crossing of transition state TS4
with a low barrier of 1.7 kcal mol−1, the perpendicularly
arranged carbonate moiety overturns to form the third Sc−O
bond in intermediate IM4. The resulting top carbonate parallel
to the Sc plane twists over the submerged transition state TS5,
eventually leading to the generation of the center carbonate
core structure IS2a. In consideration of larger complexes, the
transformation process from the end-on isomer IINa to the
center carbonate structure IIS2a was investigated as illustrated
in Figure S2, demonstrating a similar three-step conversion
route with a higher energy barrier compared to the pathways
leading to bridge carbonate isomers IIS1a and IIS1b, by 2.4
and 2.9 kcal mol−1, respectively. Accordingly, the conversion of
the molecular adducts to the tridentate center carbonate
structures is likely to encounter higher energy barriers and
substantially more intricate reaction pathways, which could

Figure 4. Reaction pathways for the transformation from the end-on isomer INa to the bridge-carbonate core ion IS1a (a) and center-carbonate
core ion IS2a (b) calculated at the PBE0-D3(BJ)/def2-TZVP level of theory. Relative Gibbs free energies at 298 K are given in kcal mol−1.
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hinder the formation of energetically low-lying complexes with
a center carbonate structural motif.
3.2. Structure and IRPD Spectrum of the

[Sc3O4(CO2)3]+ Ion−Molecule Complex. For complexes
with three CO2 molecules, the experimental spectrum (red
curve in Figure 5) exhibits a broad feature ranging from 2322
to 2410 cm−1 with a maximum at 2369 cm−1. Simulated IR
spectra of six representative low-lying isomers from N, S1, and
D1 groups are also displayed in Figure 5. For the N structural
motif, the low-lying isomer IIINa with C3v symmetry consists
of the Sc3O4

+ core ion with three CO2 molecules bound to
three equivalent Sc atoms via charge-quadrupole interactions.
Due to its symmetric geometry, IIINa is characteristic of
coupled CO2 oscillators, including the out-of-phase combina-
tion of antisymmetric stretching modes of three equivalent
CO2 ligands and the out-of-phase combination of antisym-
metric stretching vibrations of two CO2 molecules. Both IR
absorptions are predicted to be at 2378 cm−1, producing a
prominent peak after broadening. Among the S1 category,
isomers IIIS1a and IIIS1b can be viewed as IIS1b solvated by
an additional CO2 molecule. Isomer IIIS1a shows a strong
peak at 2370 cm−1 associated with the CO2 molecule at the
para-site, along with a relatively weak peak at 2383 cm−1

attributed to the CO2 molecule at the ortho-site. In the isomer

IIIS1b with Cs symmetry where both CO2 ligands coordinate
to the para-sites, the out-of-phase and in-phase combinations
of CO2 antisymmetric stretching modes are predicted to be at
2368 and 2373 cm−1, respectively. These frequencies are too
close to be discerned, yielding a prominent band centered at
2372 cm−1. For the D1 group with a double-bridge carbonate
core structure, the addition of a third CO2 molecule results in a
single peak in the CO2 antisymmetric stretching region. The
CO2 antisymmetric stretching vibrational frequencies of
isomers IIID1a−c are calculated to be at 2374, 2383, and
2370 cm−1, respectively. It should be noted that the spectral
band in the 2330−2400 cm−1 range is actually of limited use in
distinguishing between isomeric structures, especially for larger
complexes. This is because there are usually multiple isomers
close in energy coexisting in experiments, and all probed
isomeric forms contain one or more CO2 molecules terminally
bound to metal atoms. The overlapping of numerous
absorptions causes congestion in the experimental spectra,
making it challenging to clearly conduct the vibrational
assignment. In this work, we tentatively attribute the observed
peak at 2369 cm−1 to the major contributions of isomers
IIIS1a and IIID1c, with the potential existence of other
conformers shown in Figure 5 in the ion beam.

Figure 5. Experimental IRPD spectrum of the [Sc3O4(CO2)3]+ ion−
molecule complex in the spectral range of 2100−2500 cm−1 together
with the simulated IR spectra of six isomers (IIINa, IIIS1a−b, and
IIID1a−c) obtained at the PBE0-D3(BJ)/def2-TZVP level of theory.
Relative Gibbs free energies (298 K) are given in kcal mol−1.

Figure 6. Experimental IRPD spectrum of the [Sc3O4(CO2)3]+ ion−
molecule complex in the spectral range of 2100−2500 cm−1 together
with the simulated IR spectra of six isomers (IIIS2a−b and IIID2a−
d) obtained at the PBE0-D3(BJ)/def2-TZVP level of theory. Relative
Gibbs free energies (298 K) are given in kcal mol−1.
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Next, the possible contribution of isomers containing a
center carbonate core structure was analyzed. The correspond-
ing simulated spectra of isomers IIIS2a−b and IIID2a−d are
provided and compared with the experimental spectrum, as
shown in Figure 6. Among the S2 structural motif, isomer
IIIS2a with Cs symmetry is formed by two CO2 molecules
attached to two Sc atoms of isomer IS2a in an end-on
configuration. Because of the symmetry of its geometric
arrangement, the oscillator in the frequency range of the CO2
antisymmetric stretching vibration originates from the coupling
of two CO2 molecules. The out-of-phase and in-phase
combinations correspond to two IR absorptions at 2381 and
2386 cm−1, which merge into a main band at 2381 cm−1 in the
simulated IR spectrum. For isomer IIIS2b, two CO2 molecules
are bound to the same Sc atom in isomer IS2a, with their
antisymmetric stretching vibration frequencies predicted to be
2362 and 2379 cm−1, respectively.
In the D2 category, isomers IIID2a and IIID2b share an

identical core structure, as do isomers IIID2c and IIID2d. The
main difference between the two core structures is the relative
orientation of the bridge carbonate moiety relative to the
center carbonate moiety. The antisymmetric stretching vibra-
tional frequencies of CO2 molecules in isomers IIID2a−d are

calculated to be 2385, 2378, 2385, and 2385 cm−1, respectively,
with the IR absorption features of three structures notably
coinciding at the same position. Overall, isomers with a center
carbonate structural motif show a more pronounced blue-shift
in their IR signatures compared with isomers featuring only
bridge carbonate structures. Therefore, the contribution of the
“2” isomers plays a minor role in the experimental spectrum,
where the underlying reason might be consistent with the
analysis conducted on the [Sc3O4(CO2)2]+ ion−molecule
complex.
Potential energy surfaces describing the conversion

processes from low-lying end-on isomer IIINa to carbonate
structures IIIS1a and IIIS2a are presented in Figure 7. Both
pathways follow similar structural rearrangement patterns as
discussed for the transition of the core ion and the n = 2
complex. The energy barrier for the first step in the
transformation of isomer IIINa to IIIS2a is calculated to be
12.2 kcal mol−1, which is 2.5 kcal mol−1 higher than that for
the transformation to isomer IIIS1a. In comparison with the
cases examined above, no significant reduction in the
differences between the energy barriers for the transformation
from end-on isomers to center and bridge carbonate structures
has been observed. The distortion energies of [Sc3O4] and

Figure 7. Reaction pathways for the transformation from isomer IIINa to IIIS1a (a) and IIIS2a (b) calculated at the PBE0-D3(BJ)/def2-TZVP
level of theory. Relative Gibbs free energies at 298 K are given in kcal mol−1.
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[CO2] parts that are required to distort their initial geometries
into the TS structures are summarized in Table S2, as well as
the corresponding instantaneous interaction energies. Upon
close examination of the calculated distortion energies, a
consistently higher energy cost associated with both [Sc3O4]
and [CO2] components is evident for the conversion processes
leading to center carbonate structures. Consequently, the
greater energy barriers for the formation of center carbonate
structures can be attributed to the higher energy expenses for
structural distortion.

4. CONCLUSIONS
In this study, we use mass-selected infrared photodissociation
spectroscopy coupled with quantum chemical calculations to
elucidate the adsorption patterns of CO2 molecules on the
Sc3O4

+ cation. The theoretical results show that there are
weakly bound species along with bridge and center carbonate-
containing configurations for the [Sc3O4(CO2)n]+ (n = 2, 3)
ion−molecule complexes. The energetic preference for
structures featuring carbonate groups indicates the capability
of the Sc3O4

+ cation in facilitating the carbonation of adsorbed
CO2 molecules. Spectral assignments suggest that isomers with
a bridge carbonate core structure are predominantly present in
the experiment, as supported by the comparison with
simulated infrared spectra of different low-lying complexes.
Potential energy profiles reveal lower energy barriers and a
simpler reaction pathway for the formation of a bridge
carbonate moiety via the reaction of an end-on coordinated
CO2 molecule with the Sc3O4

+ cation, presenting plausible
interpretations for the experimental observations. Our findings
provide valuable insights into the mechanisms involved in the
adsorption and carbonation of CO2 molecules on scandium
oxide cations.
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