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ABSTRACT: Carbon dioxide (CO,) adsorption is a critical step to curbing
carbon emissions from fossil fuel combustion. Among various options, transition
metal oxides have received extensive attention as promising CO, adsorbents due
to their affordability and sustainability for large-scale use. Here, the nature of
binding interactions between CO, molecules and cationic scandium oxides of
different sizes, i.e., ScO*, Sc,0,", and Sc;0,", is investigated by mass-selective
infrared photodissociation spectroscopy combined with quantum chemical
calculations. The well-accepted electrostatic considerations failed to provide
explanations for the trend in the binding strengths and variations in the binding
orientations between CO, and metal sites of cationic scandium oxides. The
importance of orbital interactions in the driving forces for CO, adsorption on
cationic scandium oxides was revealed by energy decomposition analyses. A
molecular surface property, known as the local electron attachment energy, is
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introduced to elucidate the binding affinity and orientation-specific reactivity of cationic scandium oxides upon the CO, attachment.
This study not only reveals the governing factor in the binding behaviors of CO, adsorption on cationic scandium oxides but also
serves as an archetype for predicting and rationalizing favorable binding sites and orientations in extended surface—adsorbate

systems.

1. INTRODUCTION

The ever-rising level of carbon dioxide (CO,) in the
atmosphere and resulting global warming have become one
of the most pressing environmental concerns of our age. CO,
capture and sequestration (CCS) and CO, capture and
utilization (CCU) hold great promise not only for mitigating
anthropogenic greenhouse gas emissions but also for providin

a bridging strategy to achieve carbon-free energy systems."

Recent years have witnessed the rapid development of energy-
efficient, cost-effective, and sustainable materials for CO,
capture and subsequent sequestration or utilization. In the
past decades, both liquid and solid-phase CO, capturing
materials have been reported for their potential implementa-
tions in effective reduction of CO, emissions, among which
transition metal oxides have received increasing attention due
to high adsorption performance and low regeneration energy
consumption.3_6 Hence, it is of great scientific importance to
develop a comprehensive understanding of the nature of
binding interactions in adsorption processes between transition

metal oxide adsorbents and CO, molecules, aiming to facilitate Re“f’i"ed‘ March 10, 2024
the rational design and improvement of transition metal oxide Revised:  March 22, 2024
Accepted: March 25, 2024

materials with a high CO, adsorption capacity.

In many cases, active centers that are responsible for the
CO, uptake usually amount to the uppermost atomic layers on
the surface of sorbent materials.” However, one of the
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stumbling blocks in the way is the complexity of the “real”
surface conditions that impairs the efforts to unravel the
underlying adsorption mechanisms. Gas-phase studies on
metal ion—molecules complexes in an unperturbed environ-
ment can serve as an ideal approach to reveal the intrinsic
interactions between active components at the molecular
level.*” Experimental and theoretical investigations have been
carried out to explore the adsorption behaviors of CO,
molecules on transition metal oxides under different charge
states. Chemisorption of CO, with the formation of carbonate
or oxalate structures was normally identified for negatively
charged transition metal oxides due to efficient charge transfer
processes.'~'> On the other hand, both physisorption and
chemisorption were predicted to be thermodynamically
feasible for neutral transition metal oxides, where the
preference for specific binding motifs depends on the
composition and size of the corresponding clusters.”>~'> In
the studies of cationic transition metal oxides, weakly
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physisorbed CO, with a linear geometry was found to be the
dominant adsorption mode at small complex sizes, while the
conversion from molecularly bound forms to carbonate-
containing structures occurs upon successive addition of CO,
molecules.'*™>° The general trend of CO, molecule adsorption
onto positively charged metal oxides is relatively straightfor-
ward, which is, however, more practical in the CCS and CCU
applications from the perspective of long-term regenerability.

Among the transition metal oxides employed in capturing
and conversion processes, scandium oxides have proven to be
valuable materials due to their potential applications in
hetero$eneous reactions as efficient promoters and sup-
ports.” ~*> Structures and interactions of small cationic
scandium oxides (e.g,, ScO* and Sc,0,") with CO, CO,, and
H,0O molecules have been experimentally and theoretically
investigated, providing crucial information on elementary
reaction processes.'¥*"?°"** However, fundamental studies
on cationic scandium oxides at medium and large sizes remain
scarce,”””" in which of particular interest is the Sc;0, structure
that has been determined to be the surface termination in Sc-
enriched bulk materials.”’ The gas-phase reactions of the
Sc;0," cation with CO, molecules can serve as a well-defined
model system for the adsorption of CO, to cluster-like active
centers on Sc-based adsorbent surfaces. Furthermore, a
systematic examination of the interactions between the CO,
molecule and cationic scandium oxides of varying sizes allows
for uncovering the mechanistic details in the CO, adsorption
behaviors on scandium oxides.

In the current study, we first perform infrared photo-
dissociation spectroscopy combined with density functional
theory (DFT) calculations on the ion—molecule complex
composed of the Sc;0," cation and the CO, molecule, in order
to provide insights into the binding motifs and crucial
intermolecular interactions. After structural characterization
for the [Sc;0,(CO,)]* complex ion, the trend in binding
interactions between CO, and cationic scandium oxides of
difference sizes, i.e., ScO?, Sc,0,%, and Sc;0,7, is thoroughly
investigated, aiming to elucidate binding mechanisms and
reactivity patterns of cationic scandium oxides toward CO,
adsorption at the molecular level.

2. METHODS

2.1. Experimental Methods. The infrared photodissoci-
ation spectrum of [Sc;0,(CO,)]* complex ion was measured
using a collinear tandem time-of-flight (TOF) mass
spectrometer equipped with a laser vaporization ion source
as described previously.”” In brief, a Nd:YAG laser operating at
532 nm was used to vaporize the simultaneously rotating and
translating scandium metal target. The ion—molecule com-
plexes were generated by the reactions of the vaporized species
with CO, molecules in the presence of helium carrier gas
seeded with 10% CO,. Backing pressure of the reaction gas was
adjusted in the range of 4.0—6.0 X 10° Pa to obtain desired ion
intensities and size distributions. After free expansion, the ions
of interest were mass-selected, decelerated into the extraction
region of a second-stage TOF mass spectrometer, and then
intersected by a tunable IR laser. Typical infrared photo-
dissociation spectra were recorded by monitoring the fragment
ions as a function of the IR photon energy and normalized to
the parent ion signal and IR laser energy. Tunable IR radiation
was scanned in steps of 2 cm™' while narrowing down to 1
cm™! from 2250 to 2450 cm ™" for extracting detailed spectral
substructures.
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2.2. Theoretical Methods. Quantum chemical calcula-
tions were performed to identify energetically lowest-lying
structures of target ion—molecule complexes. Genmer’>** was
used to extensively and randomly generate initial guess
structures of the studied species. The semiempirical quantum
mechanical method GFN2—xTB** was employed to preop-
timize complex geometries using the xtb®> program. Further
geometry optimization was performed using density functional
theory (DFT) at the PBEO—D3(BJ)/def2—TZVP level of
theory.’®*’ Vibrational frequency analyses at the same density
functional level were conducted to ensure that all found
minima have zero imaginary frequency and to compute zero-
point energies (ZPEs). All the DFT calculations were
performed with the Gaussian 16 software package.”® More
accurate single point energies were computed at the CCSD-
(T)/def2-TZVPP level of theory using the ORCA suite of
program.””*’ Simulated IR spectra were derived from the
calculated harmonic vibrational frequencies scaled by a factor
of 0.957 and further convoluted with Lorentzian functions
using 15 cm™' full width at half-maximum (fwhm) to
reproduce spectral features. The scaling factor was determined
by comparing the experimental and calculated values of the
antisymmetric stretching vibrational frequency of free CO,
molecule. Energy decomposition analysis (EDA) was con-
ducted using the sobEDA method based on Gaussian 16 and
the Multiwfn program.”>*!

3. RESULTS AND DISCUSSION

The target cationic ion—molecule complex, [Sc;0,(CO,)]", is
prepared by the pulsed laser vaporization of a scandium metal
target in the expansion of helium seeded with CO,. Figure S1
provides the resulting mass spectrum dominated by the Sc;0,"
cation, indicating a large population and high thermodynamic
stability of this core structure. Consistent with previous
studies,"”*’ the most stable isomer of Sc;O," cation is
predicted to be a cage-like structure with C;, symmetry as
shown in Figure S2, where a central O atom triply coordinates
to three Sc atoms. This structure was taken as a starting point
in the subsequent computational search for possible candidates
for the [Sc;0,(CO,)]* ion—molecule complex. Similar to the
findings in our previous report on Sc,0," cation complexed
with CO, molecules,” both end-on and carbonate-containing
configurations were theoretically identified for the
[Sc;0,(CO,)]* complex ion with small energy differences
(Figure S3). The corresponding infrared photodissociation
spectrum was obtained via monitoring of the CO, loss upon
tunable IR laser irradiation in the spectral range related to CO,
antisymmetric stretching vibrations. Carbonate-containing
structures are therefore not taken into consideration due to
the lack of absorptions in the relevant frequency range, albeit
with lower energies. For the molecularly bound form, only one
isomer has been identified, given the three equivalent Sc
binding sites on the Sc;0," cation.

Figure 1 shows the mass-selected experimental spectrum
recorded in the region of 2100—2500 cm™!, which consists of
two partially resolved peaks at 2355 and 2369 cm™!,
respectively. By comparison with the simulated IR spectrum
of the end-on isomer, the feature at 2369 cm™! at the higher
energy side is attributed to the antisymmetric stretching mode
of CO, in the end-on isomer predicted at 2381 cm™". The red
shift in the experimental spectrum with respect to the
theoretical value may arise from the anharmonicity effect,
which is commonly involved in multiphoton absorption
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Figure 1. Experimental infrared photodissociation spectrum of fnst':; ( (‘_-‘
[Sc;0,(CO,)]* complex ion in the spectral range of 2100—2500 Surfaces é\, ;
cm™! together with the simulated IR spectrum of the end-on isomer 9781 oV 3 1047 eV
obtained at the PBE0-D3(BJ)/def2-TZVP level of theory.
Figure 2. Low-lying structures of the [ScO(CO,)]*, [Sc,0,(CO,)],

processes that are required to detach the CO, ligand.
Moreover, note that the CO, antisymmetric stretching of
this isomeric structure is insufficient to further explain the
lower-frequency band centered at 2355 cm™'. Such a small
blue shift of 6 cm™' relative to the antisymmetric stretching
vibrational frequency of free CO, (2349 cm™) indicates a
considerably weaker interaction between attached CO, and the
metal atom. Theoretically, this band can be interpreted as a
combination band of various oscillators in this end-on isomer,
or it may originate from the anharmonic coupling of a
fundamental mode and overtones in a Fermi resonance. In
addition, the presence and dissociation of an energetically
high-lying isomer may contribute to this (a tentative
assignment is included in the Supporting Information).
However, it is hard to draw an unambiguous conclusion here
due to the limited spectral resolution.

It is well-accepted that the weak interaction between
positively charged metal atoms and CO, molecules in the
aforementioned end-on binding motifs is dominated by the
char§ ﬂuadrupole interaction with an electrostatic na-
ture.”*™* Therefore, in transition metal oxides with a
significant ionic component in the M—O bond, the higher
atomic charge placed on the metal atom 1s accordingly
expected to bind CO, molecule more strongly."® To validate
the hypothesis of the correlation between the atomic charge
distribution and binding strength, the binding energies
between the CO, molecule and different cationic scandium
oxides, i.e., ScO*, Sc,0,", and Sc;0,", along with the calculated
natural population analysis (NPA) atomic charges on Sc atoms
are compared in Figure 2. A decreasing trend in binding
energies between CO, and cationic scandium oxides was
observed along the series ScO* > S¢,0," > S¢;04%, in
agreement with the pattern of increasing bonding lengths. The
situation that CO, molecule binds to Sc,0," cation more
strongly than to Sc;O," is also demonstrated by the greater
blue-shift in the CO, antisymmetric vibrational frequency of
2376 cm™' observed for [Sc,0,(CO,)]* complex ion’
compared to the measurement in this work for
[Sc;04(CO,)]* (2369 cm™). The Sc atom of ScO* cation
carries the highest positive charge of 1.81e, reflecting the
significant ionic character Sc**O~ of the bare ScO* cation,*®
and exhibits the strongest ability to terminally bmd C02
molecule. For the Sc,0," cation with C,, symmetry,”® the
atomic charges positioned on two Sc atoms are calculated to be
1.67e and 1.46e, respectively. The optimization for CO,
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and [Sc;04(CO,)]" ion—molecule complexes in end-on binding
motifs calculated at the PBEQ-D3(BJ)/def2-TZVP level of theory,
together with the binding energies between cationic scandium metal
oxides and the CO, molecule obtained using the zero-point corrected
energies at the CCSD(T)/def2-TZVPP // PBE0-D3(BJ)/def2-TZVP
level. Bond lengths are noted in A. (Top panel) Atomic charges of the
ScO¥, Sc,0,%, and Sc;O4" cations derived from natural population
analysis (NPA) at the PBE0-D3(BJ)/def2-TZVP level of theory.
(Middle panel) Electrostatic potential on the molecular surfaces of
the ScO", Sc,0,", and Sc;0," cations, computed on the 0.001 e/bohr®
contour of electron density. Yellow dots indicate the location of the
corresponding local maxima on the surfaces. Red regions indicate
electron-deficient positive molecular electrostatic potentials, while
blue regions correspond to less positive electrostatic potentials
(Bottom panel).

initially adhering to the less positively charged Sc atom
converged to essentially the same configuration where CO,
attaches to the Sc atom with a higher net charge. The three Sc
atoms of Sc;O," cation possess identical positive charges of
1.73e, greater than the corresponding value in Sc,0," cation,
and are expected to bind the CO, molecule more tightly.
However, it turns out that this is not the case, as the binding
energy between Sc;O," cation and the CO, molecule is 3.3 kJ-
mol ™" lower than the analogue calculated for Sc,0," cation. In
other words, there is no direct correspondence between the
atomic charges residing on the Sc atoms and their binding
affinities toward the CO, molecule.

In dealing with noncovalent interactions that are primarily
electrostatic in nature, it is more reasonable to quantitively
examine electrostatic potentials on the three-dimensional
molecular surface, Vg, as it is by way of these, reactant
molecules or ions are able to “see” and “perceive” the
approaching species.*” ™" Surface areas of positive electrostatic
potentials can promote nucleophilic interactions, whereas
negative regions favor electrophilic attacks. In cationic
scandium oxide systems, positive electrostatic potentials prevail
over the entire molecular surface due to the overwhelming
effect of nuclear charges. The magnitude of the most positive
value of Vg, designated as Vg ,,,, would indicate and rank the
energetically most favored interactive site with the CO,
molecule. The electrostatic potentials on the surfaces of
ScO7, Sc,0,%, and Sc;0," cations, as well as the position and
value of corresponding Vg, are depicted in the bottom
panel of Figure 2. The Vg, values, however, show a linear
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Figure 3. Energy decomposition analysis of the [ScO(CO,)]* (a), [Sc,0,(CO,)]* (b), and [Sc;0,(CO,)]* (c) ion—molecule complexes projected
onto the forming Sc--*OCO bond distances r. Computations were conducted at the PBE0-D3(B])/def2-TZVP level of theory.

relationship with the atomic charge distributions on Sc atoms,
implying the limited effectiveness of electrostatic potentials in
predicting the binding strengths between cationic scandium
oxides and CO, molecules.

Apart from the binding strengths, the orientational
selectivity of surface—adsorbate interactions are also regarded
as a crucial factor for rationalizing the adsorption behaviors in
CO, heterogeneous catalysis.”>>>* Hence, in addition to the
varying adsorption capacities of three cationic scandium
oxides, the discrepancies in the orientation of the CO,
molecule relative to each oxide warrant further exploration as
well. As illustrated in Figure 2, the [ScO(CO,)]* complex ion
adopts a bent structure rather than the imaginary linear
configuration; while in the [Sc,0,(CO,)]* complex, the CO,
molecule resides on top of the Sc,0," plane with a tilted angle;
on the other hand, the [Sc;0,(CO,)]* complex displays a
seemingly less “unusual” coordination mode where the CO,
molecule is bound in the plane defined by three Sc atoms.

Despite being unable to rigorously reproduce the trend of
binding strengths in this case, electrostatic potentials have
shown excellent abilities to interpret the site-specific reactivity
of molecules from the viewpoint of electrostatic attraction.”*
Accordingly, we turn to pay careful attention to the locations
of surface maxima Vg ,,,s for the three oxides, which suggest
the most feasible sites for interactions with the negative
portion of the CO, molecules. For the ScO" cation, instead of
achieving the most positive value at the head region of Sc
atom, multiple Vg, ..s with nearly identical values (ca. 12.28
eV) on the side surface are found to surround the Sc atom (see
the bottom panel of Figure 2). This circular distribution
scenario of electrostatic potentials is in accordance with the
optimized binding geometry of the [ScO(CO,)]* complex ion.
On the contrary, Vg ,,.s are located at the head regions of the
positively charged Sc atoms of Sc,0," and Sc;O," cations. This
situation correlates well with the structural arrangement of the
[Sc;0,(CO,)]* complex ion, but the peculiar orientation of
CO, attached to the Sc,0," cation has not been recovered. To
provide a more intuitive picture of how the electrostatic
potential works, the Vg mapped on the respective molecular
surfaces of scandium oxide cations and the CO, molecule
within the framework of optimized complex geometries are
displayed in Figure SS. The mismatching overlap between the
electron-deficient region on the Sc,0," cation and the
electron-rich area on the CO, molecule apparently warrants
further discussion.

3010

Overall, neither atomic charge distributions nor molecular
electrostatic potentials can correctly predict and rank reaction
sites for adsorption of CO, on cationic scandium oxides. The
inconsistent situation exemplifies a warning against the use of
electrostatic arguments as a dictating factor regarding the
binding interactions between cationic metal oxides and CO,
molecules. It is evident that a detailed study is necessary to
reconstruct the widely accepted understanding of this binding
character.

In attempts to elaborate on the nature of binding
interactions between scandium oxide cations and CO,
molecules, energy decomposition analysis (EDA) was con-
ducted to obtain quantitative descriptions.””*® The instanta-
neous interaction energy (AE,,) between two fragments (i.e.,
the cations and CO, molecule at the complex geometry) is
partitioned into four components with the sobEDA meth-
od,***! namely, the electrostatic interaction energy term
(AE,), the exchange-repulsion energy term (AE,,), the
orbital interaction energy term (AE,), and the Coulomb
correlation term (AE,) that consists of correlation energy and
dispersion correction. Figure 3 presents the results of EDA
investigation of the [ScO(CO,)]*, [Sc,0,(CO,)]*, and
[Sc;04(CO,)]* complexes along the newly forming Sc--
OCO bond distances, with the numerical results calculated at
respective equilibrium bond lengths listed in Table 1. The
EDA calculations demonstrate that the three complexes share
remarkably similar bonding picture. Specifically, the total

Table 1. Energy Decomposition Analysis Results of the
Optimized [ScO(CO,)]*, [Sc,0,(C0O,)]*, and
[Sc;0,(CO,)]* Ion—Molecule Complexes at the PBEO-
D3(BJ)/def2-TZVP Level of Theory”

energy [Sco(CO0,)]* [Sc,0,(C0,)]* [Sc;0,(CO,)]*
AE,’ —24.70 —19.61 —18.11
AE,, 17.98 2021 13.49
AE,* —18.19 (42.6%) —18.12 (45.5%) —14.28 (45.2%)
AE ;¢ —21.13 (49.5%) —18.02 (45.3%) —14.36 (45.4%)
AES —3.36 (7.9%) —3.68 (9.2%) —2.97 (9.4%)

“All energy values are given in kcal'mol™. The absolute value of
AE,, is the expression for the intrinsic bond strength, while binding
energies additionally account for the preparation energies required to
distort the fragments from the relaxed ground states to the geometries
of optimized complexes.”” “The values in parentheses give the
percentage contribution to the total attractive interactions AE, +
AE ., + AE..
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attractive interactions majorly comprise electrostatic and
orbital interactions with negligible contribution from correla-
tion terms and are compensated by positive exchange (Pauli)
repulsion interactions. A closer inspection of individual
attraction terms further reveals an intriguing situation that,
instead of being dominated by the electrostatic interactions as
expected, the AE,, is equally stabilized by electrostatic and
orbital interactions as indicated by the nearly coinciding AE;
and AE_,, curves at all Sc--*OCO bond distances shown. Both
terms become more stabilizing with decreasing bonding
distances, and the orbital interaction in the [ScO(CO,)]*
complex is even of a higher magnitude than the electrostatic
stabilization when the bond begins to form. Consequently, it is
conceivable that the bonding situations between cationic
scandium oxides and CO, molecules cannot be fully explained
by solely relying on electrostatic explanations. Orbital
interactions, acting as the other main contributor to the
attractive terms, must be taken into consideration to
comprehensively rationalize the bonding behaviors.

The total electron and orbital deformation density maps
upon complexation shown in Figure S6 offer a powerful
illustration of the bonding interactions. It clearly indicates the
electron density depletion from the C atom and the unbound
O atom of the CO, molecule as well as the accumulation of
electron density in the bonding region. Hence, the bonding
patterns between cationic scandium oxide and the CO,
molecule can be better described as the donor—acceptor
interaction, where the positively charged Sc atoms act as Lewis
acids accepting electron density from the nucleophilic O atom
of CO, molecules as Lewis bases. Molecular electrostatic
potential is less suitable for predicting such donor—acceptor
interactions that involve substantial charge density redistrib-
utions as the interacting species approach each other.

Hereby, to clarify the binding strengths and orientational
selectivity of CO, adsorption on cationic scandium oxides, a
surface property on the molecular surface known as the local
electron attachment ener§y, Eq, is introduced to take orbital
interactions into account.” ~*’ Analogous to the average local
ionization energy that is well documented to characterize the
susceptibility to electrophilic attacks,’"®* the Eg has been
proven to show the applicability to analyze the propensity for
interactions with nucleophiles. The positions where Eg has its
lowest value, i.e,, the local surface minima Eg ,,, represent the
sites prone to accept electron density. Figure 4 displays the
graphical visualization of Eg together with the positions and
magnitudes of Eg.;,s on the molecular surface of ScO*
Sc,0,%, and Sc;O," cations. For the ScO* cation, the lowest
Eg mins (—84.21 €V) values are located at nearly the same
positions found for the Vg,,,.s. The two surface descriptors
suggest that the side sites around the Sc atom are the most
susceptible to interactions with nucleophiles based on
electrostatic and charge transfer arguments, which matches
well with the binding orientation of CO, in the [ScO(CO,)]*
complex ion. For the Sc,0," cation, in contrast to the Vg .,
which is located along the Sc—Sc bond on the molecular
surface, two Eg ;s were identified to symmetrically reside on
either sides of the Sc,0," plane near the Sc atom with the
highest positive charge, which present identical Eg values of
—56.62 eV. This result provides an excellent illustration of how
the CO, molecule orientates itself around Sc atom upon
complexation. Specifically, the negatively charged O atom of
CO, molecule initially approaches the Sc,0," cation following
the guidance of the strongest positive electrostatic potential as

3011

a)

. 0.0

ScOo* EsleV

Sc,0,*

EsleV

c)

-50.76 1

. 0.0

-50.76

. -51.0

EsleV

7
-50.76

Sc;0,*

Figure 4. Local electron attachment energy Eg on the molecular
surfaces of the ScO* (a), Sc,0," (b), and Sc;0," (c) cations
computed on the 0.004 e/bohr’ contour of electron density. Cyan
dots designate the locations of the corresponding local minima on the
surfaces.

indicated by the Vg ., then it tilts toward the upper or lower
side of the molecular Sc,0," plane where exhibiting the highest
electron accepting tendency as indicated by the two Eg s,
and eventually accesses the most favorable bent configuration.
The Eg,;,s on the molecular surface of the Sc;O," cation
appear near the head regions of three Sc atoms and coincide
with the sites of Vg,,s, giving a picture of reactive sites
consistent with the optimized structure of the [Sc;0,(CO,)]*
complex ion. In addition, the value of Eg s of the Sc;0,"
cation (—50.76 eV) is significantly higher than that of the
S¢,0," cation, indicative of a considerably lower nucleophilic
reactivity than that of Sc,0,". The exceptional agreements
between the binding strengths in terms of CO, adsorption on
cationic scandium oxides and the magnitudes of the Eg,;,s on
the corresponding oxide surfaces, in conjunction with the
binding orientations and the positions of the Eg s, highlight
the pivotal role of orbital interactions in governing the CO,
binding abilities and motifs of positively charged scandium
oxides.

The decreasing adsorption capabilities along the series of
ScO* > Sc,0," > Sc;0,4" cation prompt us to reflect on the
correlation between the Eg and the different reactivity patterns
over the inequivalent surface of bulk materials. The major
difference among the chemical environments of Sc atoms in
the three oxides is the coordination number (CN) of the metal
atoms, which varies from CN = 1 in ScO”" to 3 in the Sc;0,"
cation. The increasing degree of the coordinative saturation of
the metal atoms leads to the weakened capability to accept
electron transfer from donor molecules, as represented by the
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reduced absolute values of Eg ;s on the corresponding oxide
surfaces. When it comes to real catalytic systems, the CO,
adsorption behaviors of heterogeneous metal oxide catalysts
are significantly affected by the structural defects present on
the surfaces. Coordinatively unsaturated sites where the local
minima Eg.;,s are expected to be situated, such as metal
centers adjacent to oxygen vacancies and those located at
corner and edge sites, have been observed to enhance the
binding of CO, molecules to the surface.~% Hence, the
surface property Eg can be applied as a complementary way to
predict coordination sites susceptible to electron-donating
molecules and assess relative interaction tendencies for
different sites over transition metal oxide surfaces.

It should be emphasized that the electrostatic potential Vg
identifies both sites susceptible to electrophilic and nucleo-
philic attacks from the long-range electrostatic attraction
perspective, whereas the local electron attachment energy Eg
can be used only to characterize the site-resolved susceptibil-
ities for nucleophilic attacks based on short-range orbital
interactions. Therefore, the combination of these two
theoretical descriptors can provide a complete reactivity
picture in surface—adsorbate systems composed of transition
metal oxides and nucleophilic molecules.

4. CONCLUSIONS

In summary, we characterized the binding configuration of the
Sc;0," cation and the CO, molecule using integrated infrared
photodissociation spectroscopy and theoretical study. By
comparison with the [ScO(CO,)]* and [Sc,0,(CO,)]* ion—
molecule complexes, a decreasing trend in the interaction
strengths and notable variations in binding orientations
between cationic scandium oxides and CO, molecules were
noticed. NPA atomic charges and electrostatic potentials on
the molecular surfaces were first employed to analyze the
propensity of cationic scandium oxides for CO, adsorption
based on widely accepted electrostatic considerations.
However, no strict correlation between electrostatic inter-
actions and the binding strengths as well as preferred
orientations has been established due to the discrepant results,
which raises the question of whether the electrostatic
attractions dominate the adsorption behaviors of cationic
scandium oxides upon exposure to CO, molecules. Quantita-
tive EDA calculations reveal the critical role of orbital
interactions in governing the binding processes during the
adsorption of CO, on cationic scandium oxides. The local
electron attachment energy was introduced thereby to account
for orbital interactions, which satisfactorily rationalized the
affinities and orientational preferences of cationic scandium
oxides toward interactions with CO, molecules. Overall, the
combination of two surface properties, including electrostatic
potential and local electron attachment energy, is expected to
be an effective tool for predicting and analyzing orientational
selectivity and quantitatively ranking local surface afhinities for
the adsorption of CO, on transition metal oxide surfaces.
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Typical TOF mass spectrum produced by pulsed laser
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lying, PBE0-D3(BJ)/def2-TZVP optimized isomer
structures of Sc;O," cation in the singlet state with
their relative zero-point corrected energies (Figure S2);
low-lying, PBE0-D3(BJ)/def2-TZVP optimized isomers
of the [Sc;0,(CO,)]* ion—molecule complex with their
relative zero-point corrected energies (Figure S3);
possible explanations for the low-frequency band in
the experimental spectrum of the [Sc;0,(CO,)]*
complex ion (Figure S4); electrostatic potentials on
the respective molecular surfaces of the ScO*, Sc,0,"
and Sc;0," cations and CO, molecule computed on the
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complexation processes for the [ScO(CO,)]*,
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