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ABSTRACT
In this study, we investigated the structure and bonding of Au(CO2)n

− (n = 2, 3) using photoelectron spectroscopy analysis, quantum chemical
calculations, and weak interaction analysis. Quantum chemical calculations revealed that the geometries of the physisorbed structures closely
aligned with experimental data, suggesting that these configurations were the most stable under the experimental conditions. Conversely,
while chemisorbed structures exhibit stronger interactions and considerable CO2 activation, they show less agreement with the observed
spectroscopic data. Using the interaction region indicator method, our weak interaction analysis confirmed that van der Waals forces were
the dominant interaction in the physisorbed structures. Our experimental results indicate that these physically adsorbed structures are more
stable under the conditions of this study. These findings shed light on the interaction mechanisms of Au(CO2)n

− (n = 2, 3) at the molecular
level and provide new insights into the potential for transition metals to catalytically activate CO2.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0265399

INTRODUCTION

The increasing concentration of atmospheric CO2 is driving
global warming and sea level rise, presenting considerable environ-
mental challenges.1,2 Sequestration and conversion of CO2 are con-
sidered crucial strategies for mitigating these issues. Furthermore,
CO2’s inherent carbon content makes it a valuable source of car-
bon. However, the thermodynamic stability and chemical inertness
of CO2 molecules hinder its conversion into valuable chemicals.3–8

One promising approach for activating and reducing CO2 into
desired energy products involves the formation of a bent, metastable

CO2
− species upon electron acceptance. Most CO2 conversion pro-

cesses rely on metal-based catalysts.9,10 Transition metals stand out
as promising candidates for CO2 reduction reactions owing to their
abundance of surface active sites and unique electronic structure
and catalytic properties.11 Transition metal atoms and clusters can
form coordination compounds with CO2 molecules, which changes
the electronic distribution in CO2 and lowers its reduction poten-
tial, facilitating activation.4,8,12–16 Understanding the binding motifs
and molecular interactions of these active sites provides a sim-
plified framework for elucidating the fundamental mechanisms of
catalytic CO2 activation.17,18 By investigating microscopic models
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of metal–CO2 composite clusters in a vacuum gas phase environ-
ment, we can effectively circumvent the complexities associated with
the inherent heterogeneity of condensed phases. Research studies
on transition metal cluster structures and reactivity offer detailed
insights into their architecture. Spectroscopic techniques and quan-
tum chemical calculations have been widely used to investigate
interactions between carbon dioxide and metal atoms in the gas
phase.8,19–23

The interaction between bare metal atomic cations and
CO2 has been extensively studied over the past decades. Previous
research using ion beam and infrared photodissociation techniques
has consistently observed the formation of the M+–OCO struc-
ture during interactions between metal cations and carbon diox-
ide. These studies, encompassing cations such as V+, Ni+, Mg+,
Fe+, Al+, Ca+, Co+, Rh+, and Ir+10,20,24–34 consistently demon-
strate an M+–OCO arrangement. In this configuration, CO2 acts
as a weakly bound solvation molecule with a slightly positive
charge. The metal cations form an end-on bond with the oxygen
atom in CO2, through a charge–quadrupole electrostatic interaction.
This interaction results in a shortened C–O bond while maintain-
ing a linear CO2 subunit. In contrast to cations, anions bind to
CO2 through the carbon atom. This interaction induces deforma-
tion of the CO2 molecule owing to electrostatic effects and charge
transfer.35 Weber and colleagues have reported monodentate coor-
dination [M(η1–CO2)]− for CO2 interactions with M = Bi−, Cu−,
Ag−, and Au−.15,36–38 They also observed a bidentate configuration
[M(η2–CO2)]− for Co−,39 Ni−,40 and Mn−.41 Miller’s group further
identified a bidentate complex [ClMg(η2–O2C)]−.42

Photoelectron spectroscopy studies by Bowen et al. have
revealed distinct binding behaviors in transition metal–CO2 anionic
complexes, depending on the specific metal involved. Complexes
featuring Cu−, Ni−, Pd−, and Pt− anions demonstrate covalent
bonding between the metal and CO2 ligand, indicating a chemisorp-
tion mode.9,14 In these cases, a partial negative charge is transferred
from the metal anion to the CO2 moiety of the (M–CO2)− complex,
resulting in considerable bending of the CO2 molecule. This bend-
ing suggests that CO2 is activated by the negative charge transfer. In
contrast, Ag− forms electrostatically bonded (physisorbed) anionic
complexes with CO2, where the CO2 molecule exhibits only slight
bending, indicating minimal CO2 activation. Interestingly, both
physisorption and chemisorption isomers exist for Au−, denoted
as Au−(CO2) and Au(CO2)−, respectively. These isomers exhibit
very similar energies, which may explain their coexistence in experi-
mental observations. However, compared to Cu−, the chemisorption
interaction between Au− and CO2 is relatively weaker.14 The Zeng
group reported that the main characteristic peaks in the photo-
electron spectra of Au− exhibit significant shifts after interacting
with different gas molecules, indicating that the gas molecules influ-
ence the electronic state of Au− through weak interactions.43 The
Bowen group, through analysis of the photoelectron spectra of Au−

interacting with one or two water molecules, found that the posi-
tions and intensities of the spectral peaks exhibit a clear trend
with the increasing number of water molecules.44 While Weber’s
group has investigated the interactions of multiple CO2 molecules
with transition metal anions using infrared spectroscopy, only
the Au(CO2)n

− isomers with chemisorption characteristics were
detected.36

Photoelectron spectroscopy (PES) studies investigating the
electronic structure and interactions in CO2–transition metal anion
systems are scarce. Understanding these interactions is critical for
advancing research in areas such as catalysis and CO2 activation.
In our previous work, the reaction of Au− with CO2 has been
investigated by photoelectron velocity-map imaging,45 and we found
both physisorbed and chemisorbed structures on the spectra. In this
study, we continue to investigate the photoelectron spectra of the
anionic metal complexes Au(CO2)n

− (n = 2, 3) in the gas phase.
Theoretical calculations were performed to provide further insights
into the coordination bonding between transition metal anions and
CO2 molecules. These calculations aim to analyze the reaction mech-
anism of anionic metal ions with CO2 and explore the catalytic
properties of the metal clusters.

EXPERIMENTAL METHODS

The experiments were performed using a custom-built laser
vaporization source coupled with a dual-channel time-of-flight mass
spectrometer. Detailed descriptions of this apparatus have been pub-
lished elsewhere.46 A small amount of CO2 (5%) was introduced into
the helium carrier gas in the laser sputtering source, which was used
to vaporize the gold target and generate Au(CO2)n

− (n = 2, 3). The
carrier gas stagnation pressure was typically maintained at 2–5 atm.
After cooling and expansion into the source chamber, the anions of
interest were mass-selected using a Wiley–McLaren time-of-flight
mass spectrometer and subsequently introduced into the photode-
tachment region, where they interacted with 355 nm (3.496 eV)
laser beams. Photoelectrons were detected using a microchannel
plate and phosphor screen assembly. The two-dimensional images
produced on the phosphor screen were captured using a charge-
coupled device camera. Each image was generated by accumulating
10 000–50 000 laser shots at a 10 Hz repetition rate. All raw images
were reconstructed using the basis set expansion (BASEX) inverse
Abel transform method. The experimental photoelectron spectra are
mainly discussed in the article. The photoelectron spectra were cal-
ibrated against the known spectrum of Au−. The energy resolution
achieved was better than 5%, corresponding to 50 meV at an electron
kinetic energy of 1 eV.

COMPUTATIONAL DETAILS

To elucidate the geometrical and electronic structures of
Au(CO2)n

− (n = 2, 3), theoretical calculations were performed using
Gaussian 09 program.47 We conducted calculations on the target
system using multiple functionals and basis sets to determine the
relative energies of the isomers (see Table S1 of the supplementary
material) and the VDE values (supplementary material). As shown
in Tables S1 and S2, the relative energy differences calculated with
different functionals are small; in particular, the M06-2X functional
demonstrated the highest consistency with the experimental data
and effectively characterized the physisorbed structures present in
the system.

Therefore, structures were optimized using the M06-2X48 func-
tional, with the 6–311G+(3df)49 basis set for C and O atoms and the
LANL2DZ50–52 effective core potential for Au. Wave function sta-
bility was confirmed. We investigated the possible electronic states
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of both the anionic and neutral structures. The spin multiplicity of
Au(CO2)n

− (n = 2, 3) was analyzed, calculating energies for multi-
plicities of 1, 3, 5, and 7. Comparative analysis of these calculated
energy results indicated that the lowest energy state for Au(CO2)n

−

(n = 2, 3) corresponded to a singlet ground state (see Table S3 of
the supplementary material). Harmonic frequency analysis was per-
formed to confirm that the identified structures represented true
minima on the potential energy surfaces and to obtain zero point
energy (ZPE) corrections.

The vertical detachment energy (VDE) was theoretically cal-
culated as the energy difference between the neutral and anionic
species using the optimized geometry of the anion. The adiabatic
detachment energy (ADE) was determined as the energy differ-
ence between the neutral and anion at their respective optimized
geometries incorporating ZPE corrections. Based on Koopman’s
theorem,53 the photoelectron spectra of the investigated cluster
anions have been simulated at the same level of theory using the
Multiwfn program.54 In addition, the IRI55 method, in conjunc-
tion with VMD56 and Gnuplot57 software, was used to visualize
weak interactions. Natural population analysis (NPA) was used to
examine electronic distributions in the structures.58

RESULTS AND DISCUSSION
Photoelectron spectroscopy

Figure 1 shows the experimental photoelectron imaging spectra
of Au− and Au(CO2)n

− (n = 2, 3) recorded at 355 nm (3.496 eV). The
electron binding energy of the maximum of each dominant band
(labeled with X) corresponds to the VDE of the ground state, which
was directly measured to be 2.308 ± 0.06 for Au− and 2.34 ± 0.06 and
2.31 ± 0.06 eV for Au(CO2)2

− and Au(CO2)3
−, respectively. Owing

to the lack of vibrational information and the indistinguishable
0–0 bands, direct measurement of the ground-state ADEs was not
possible. However, these energies were estimated by determining the
intersection point of a straight line along the ascending edge of the
X band, considering the instrumental resolution. The ADE values
for the X bands of Au(CO2)n

− (n = 2, 3) were estimated to be
2.15 ± 0.06 and 2.21 ± 0.06 eV, respectively.

Comparison between experimental
and theoretical results

Compared to Au−, the spectral peaks of Au(CO2)2
− exhibit a

blue shift, with a slightly higher VDE of 40 meV, indicating the influ-
ence of CO2 coordination. Interestingly, the VDE for Au(CO2)3

−

decreases slightly relative to Au(CO2)2
−, potentially due to struc-

tural rearrangements or electronic redistribution as the number of
CO2 molecules increases. To interpret the experimental observa-
tions, theoretical calculations were performed at the M06–2X level
of theory. Figure 2 presents the ground state structures and selected
low-lying isomers of Au(CO2)n

− (n = 2, 3). The isomers are labeled
as ABCD in Fig. 2 and arranged in order of increasing energy.
The neutral structures corresponding to 2A and 3A are 2N-A and
3N-A. These anionic isomers are categorized into chemisorbed and
physisorbed types. Previous studies on Au(CO2)n

− have shown that
both types coexist in AuCO2

−, with chemisorbed isomers being
more stable.14,45 Furthermore, only Au(CO2)n

− (n = 2, 3) isomers

FIG. 1. Photoelectron spectra of Au− and Au(CO2)n
− (n = 2, 3) at 355 nm

(3.496 eV).

exhibiting chemisorption characteristics were detected.36 Interest-
ingly, our study not only identified isomers of the physisorbed
structure of Au(CO2)n

− (n = 2, 3) but also determined this struc-
ture to be the lowest in energy. There are differences between our
experimental methods and those employed by Weber. In particu-
lar, Weber utilized an electron gun as the laser source,59 whereas we
used an Nd:YAG laser. This distinction in the experimental setup
may account for the differing observations.

The Au(CO2)2
− isomers 2A, 2B, and 2C (Fig. 2) exhibit dis-

tinct interaction characteristics between the CO2 molecules and
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FIG. 2. Structures of the low lying iso-
mers of Au(CO2)n

− (n = 2, 3) and
the neutral 2N-A and 3N-A, calcu-
lated at the M06–2X/C, O/6-311G+(3df)
/Au/LANL2DZ level of theory (Au, yel-
low; carbon, gray; and oxygen, red).
The symmetry, electronic state, relative
energy (eV), bond length (Å), and bond
angle (in degrees) are provided.

the Au atom. In structure 2A, no considerable bonding interac-
tion exists between the Au atom and the CO2 molecules. The two
CO2 molecules remain independent, displaying characteristics of
physical adsorption primarily driven by weak van der Waals forces.
In contrast, both 2B and 2C structures show a coordination bond
forming between one CO2 molecule and the Au atom through
its carbon atom. This bond results in a noticeable bending of
the O–C–O angle, signifying considerable geometric distortion
and indicating features of chemical adsorption. The bond length
between Au and C in chemisorption is shorter than in physisorp-
tion. However, in structures 2B and 2C, the second CO2 molecule

TABLE I. Comparison of the O–C–O bond angles and Au–C bond lengths in
Au(CO2)n

−/0 (n = 2, 3).

Isomer O–C–O angle (○) Au–C bond length (Å)

2A 173.59 3.26
2B 143.71 2.24
2C 140.17 2.18

3A 174.00 3.28
3B 142.33 2.21
3C 139.40 2.16
3D 141.56 2.20
2N-A 179.67 3.33
3N-A 179.63 3.32

retains an approximately linear geometry, stabilizing it through
physisorption.

In the 3A isomer (Fig. 2), the Au atom forms a trigonal pyra-
mid structure with the three carbon atoms, with the Au atom at
the apex and the three CO2 molecules distributed below. No con-
siderable bonding interaction exists between the Au atom and the
CO2 molecules. The three CO2 molecules remain independent and
well separated, with relatively large intermolecular distances and
no considerable bending in the O–C–O angles, similar to the 2A
structure. Conversely, in the remaining three isomers, the Au atom
forms a coordination bond with one CO2 molecule, resulting in

TABLE II. Comparison of experimental and calculated VDE and ADE values of the
three lowest-energy isomers for Au(CO2)n

− (n = 2, 3).

VDE ADE

Cluster Isomer ΔE Expt. Calc. Expt. Calc.

n = 2
2A 0

2.34(6)
2.17

2.15(6) 2.102B 0.02 3.10
2C 0.05 3.23

n = 3

3A 0

2.31(6)

2.33

2.21(6) 2.253B 0.065 3.37
3C 0.077 3.47
3D 0.083 3.34
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FIG. 3. Comparison of experimental 355 nm photoelectron spectra (bottom rows)
of Au(CO2)2

− to the simulated spectra of the low-lying isomers (top rows).
Structures are embedded on the side.

a pronounced bending of the O–C–O angle of the CO2. In these
cases, the Au–C distance is relatively short, while the remaining two
CO2 molecules, positioned on different planes or sites, do not form
coordination bonds with the Au atom. The O–C–O angles remain

FIG. 4. Comparison of experimental 355 nm photoelectron spectra (bottom rows)
of Au(CO2)3

− to the simulated spectra of the low-lying isomers (top rows).
Structures are embedded on the side.
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nearly linear, and the Au–C distances are comparatively longer,
resembling the characteristics of structures 2B and 2C.

A key characteristic of CO2 activation and reduction by transi-
tion metals is the bending of the O–C–O angle and the variation in
bond length between the transition metal and the carbon atom.60 In
the calculated structures presented in Fig. 2 and Table I, the O–C–O
bond angles in the physisorption structures are considerably larger
than those in the chemisorption structures. Furthermore, the bond
lengths between the Au and C atoms in the physisorbed structure
are noticeably longer than those in the chemisorbed structure. In
the physisorbed anion structure of Au(CO2)2

−, the O–C–O angles
of both CO2 molecules are 173.59○, and the Au–C bond lengths
are each 3.26 Å. The O–C–O angles of the other two chemisorbed
anionic structures are 143.71○ and 140.17○, with the correspond-
ing bond lengths of 2.18 and 2.24 Å. Similarly, in the physisorbed
anionic structure of Au(CO2)3

−, all three O–C–O angles are 174○,
and the bond lengths between Au and the three carbon atoms are
all 3.28 Å. In the three isomers of the chemisorbed anions, the
O–C–O angles range from 139.4○ to 142.33○, and the Au–C bond
lengths range from 2.16 to 2.21 Å. These findings indicate that
CO2 is activated during chemisorption, while it remains unactivated

in physisorption. The experimental Au(CO2)2
− spectra show a sig-

nificantly wider feature, probably caused by the structural change
from anionic to neutral, as shown in Fig. 2, where the neutral struc-
ture has an Au–C bond length of 2.33 A, which is an increase of 0.07a
over the anionic structure.

For Au(CO2)2
−, the lowest-lying isomer is 2A, followed by

2B and 2C, with energies higher by 0.02 and 0.05 eV, respectively.
As shown in Table II, the calculated VDE and ADE for isomer
2A (2.17 and 2.10 eV) agree well with the experimental results
(2.34 and 2.15 eV), suggesting that 2A is the primary contributor
to the experimental spectrum. In contrast, isomers 2B and 2C have
VDE values of 3.1 and 3.23 eV, which fall outside the observed exper-
imental range (the experimental spectrum does not exhibit any peak
beyond 3.0 eV). As shown in Fig. 3, the simulated spectrum of iso-
mer 2A aligns well with the experimental spectrum, supporting 2A
as the dominant isomer. Although the simulated spectra of 2B and
2C do not match the experimental data, minor contributions from
these isomers under varying conditions cannot be entirely ruled
out.

For Au(CO2)3
−, the most stable isomer is 3A. Isomer 3B

is 0.065 eV higher in energy than 3A. Isomers 3C and 3D are

FIG. 5. Weak interaction analysis of Au(CO2)n
− (n = 2, 3) anions.
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0.077 and 0.083 eV higher in energy than 3A, respectively. The cal-
culated VDE and ADE values for the most stable isomer 3A are 2.33
and 2.25 eV, which closely match the experimental values of 2.31 and
2.21 eV. In contrast, the VDE values for isomers 3B, 3C, and 3D are
3.37, 3.47, and 3.34 eV, respectively—considerably higher than the
experimental peak. Thus, 3A appears to be the primary contributor
to the experimental spectrum. The absence of peaks above 3.0 eV
corresponding to 3B, 3C, and 3D in the experimental spectrum may
result from experimental conditions that prevented the detection of
these isomers (Fig. 4). The absence of these isomers in the exper-
imental data may be attributed to the measurement range, signal
intensity of the photoelectron spectroscopy, and the resolution of the
experimental setup. These factors could have contributed to the
inability to clearly resolve the signals of the isomers.

Transitioning from the 2A to the 3A system, the addition of an
extra ligand resulted in minimal changes to the CO2 structure, the
distance between the Au and C atoms, and the adsorption dynamics
of CO2 onto the Au atoms. However, a notable change is observed
in the spatial arrangement of CO2 in the system, likely attributed to
the increased number of ligands.

The IRI55 method, developed by Lu et al., offers a unique
capability to visualize atomic interactions. It effectively differenti-
ates between chemical bond regions and weak interaction regions
through isosurfaces. By analyzing the IRI isosurface and scatter
maps, the nature of the interactions can be readily discerned. As
shown in Fig. 5, the isosurface for structures 2A and 3A revealed a
distinct green area between Au and CO2, indicating a weak interac-
tion zone. The van der Waals interaction is evident in the scatter
map as green spikes ranging from −0.010 to 0.008 a.u. For other
structures, the blue regions indicate the formation of a stronger
interaction, likely a coordination bond between one CO2 molecule
and the Au atom. These stronger interactions, indicative of chemical
adsorption, are represented by blue spikes in the scatter map rang-
ing from −0.100 to −0.080 a.u. This analysis aligns with the results
obtained from other methods, reinforcing the conclusion that the
Au(CO2)n

− (n = 2, 3) systems are primarily stabilized by weak van
der Waals forces, or physical adsorption, rather than strong chemical
bonding.

NPA was used to visualize the charge distribution changes
in structures 2A and 3A. The natural charge data presented in
Table III reveal that the Au atom in 2A and 3A has charges of
0.9449 and 0.9431, respectively, indicating that electron density

TABLE III. Natural population analysis (NPA) charges of the Au(CO2)n
− (n = 2, 3)

species calculated at the M06–2X/C, O/6-311G+(3df)/Au/LANL2DZ level.

Species Atom Charge Valence

2A

Au −0.944 94 11.943
C 1.075 66 2.876
O −0.541 96 6.508
O −0.561 23 6.527

3A

Au −0.943 06 11.941
C 1.088 40 2.870
O −0.541 15 6.507
O −0.566 35 6.530

primarily accumulates on the Au atom. The slight differences in
the valence electron count (11.943 and 11.941) suggest that the Au
atom participates in similar electronic interactions in both systems.
From 2A to 3A, the overall changes in electron distribution are
minimal, with only slight variations in the charges of all atoms, par-
ticularly Au, C, and O. The interaction between the Au atom and the
adsorbed molecules appears weak because the valence electron count
of Au remains nearly unchanged. These findings further support the
conclusion that the interaction between Au and CO2 is dominated
by van der Waals forces, consistent with physical adsorption.

CONCLUSION

This study presents a comprehensive investigation of
Au(CO2)n

− (n = 2, 3) using photoelectron spectroscopy and quan-
tum chemical calculations to elucidate the electronic and geometric
structures of these complexes. The simulated photoelectron spectra
of the physisorption anions 2A and 3A show good agreement
with experimental results. Furthermore, the IRI method and NPA
were applied to investigate the weak interactions and electronic
distributions of Au(CO2)n

− (n = 2, 3). The results indicate that
the ground-state structures of 2A and 3A are primarily stabilized
by weak van der Waals forces, or physical adsorption, rather than
strong chemical bonding. This research not only deepens our
understanding of the physical and chemical adsorption processes in
the Au(CO2)n

− (n = 2, 3) system but also lays the foundation for
future investigations into the adsorption mechanisms of various
molecules on metal surfaces. These findings provide theoretical
support for optimizing related catalyst designs and applications.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses relative energy dif-
ferences of Au(CO2)n

− (n = 2, 3) calculated using various functionals
and basis sets (Table S1), comparison of calculated and experimen-
tal VDE values for Au(CO2)n

− (n = 2, 3) using various functionals
and basis sets (Table S2), and spin multiplicities and corresponding
energies for Au(CO2)2

− (Table S3).
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