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A B S T R A C T

Metal carbonyl complexes provide unique platforms for probing metal–ligand bonding, electronic structures, and 
catalytic mechanisms. This review focusses on recent advances in a series of novel homometallic and hetero
bimetallic carbonyl complexes studied by infrared–vacuum ultraviolet spectroscopy, photoelectron spectroscopy, 
and quantum chemical calculations. This combined approach enables accurate determination of vibrational 
characteristics, electron detachment energies, and bonding motifs, allowing clear differentiation between 
σ-donation, π-back-donation, and metal–metal interactions. Investigations of group-3 homoleptic carbonyls 
identified the first neutral confinement-free species: Sc(CO)7 and M(CO)8 (M = Y, La). Spectroscopic observation 
of neutral OTiCCO(CO)ₙ (n = 2–5) served as the fresh evidence for efficient C–O cleavages and concomitant 
C–C formations. Studies of heterobimetallic carbonyl complexes MFe(CO)4

− (M = Ti, V, Cr, Si, Ge, Sn) and MNi 
(CO)n

− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5) indicated coordination preferences dictated by both cluster size and 
metal identity, along with associated charge redistribution and CO-activation pathways, all of which bear direct 
relevance to surface catalysis. Collectively, these studies established the well-defined clusters as functional 
molecular analogues of catalytically active sites, effectively bridging fundamental bonding concepts with ap
plications in CO/CO2 utilization, syngas chemistry, and energy-conversion processes.

1. Introduction

Metal carbonyl complexes have constituted a foundational frame
work for the development of inorganic and physical chemistry since 
their discovery in the late 19th century [1–3]. As the first well-defined 
metal–ligand coordination compounds [4,5], metal carbonyl com
plexes have served as indispensable model systems for developing 
foundational concepts such as electron-counting schemes, the 18-elec
tron rule [6,7], the ligand field theory [8,9], and the bonding model 
of Dewar–Chatt–Duncanson [10–12]. Unique electronic characters of 
carbon monoxide (CO) [13–15], which act as both a strong σ-donor via 
its 5σ orbital and as an excellent π-acceptor through its 2π* orbital, 
makes metal carbonyl complexes ideal platforms for examining the 
intricate interplay between donation and back-donation in coordination 
bonding [16–20]. Beyond their pedagogical importance, metal car
bonyls are essential in catalysis and energy science [21–24]. They serve 
as molecular analogues for CO adsorption and activation on heteroge
neous catalytic surfaces [25,26], processes central to industrially 
important reactions such as Fischer–Tropsch synthesis, hydro
formylation, syngas conversion, and enzymatic CO/CO2 fixation 

[27–38]. In addition, their structural diversity, spanning simple mono
nuclear carbonyls to complex polynuclear clusters, enables detailed in
vestigations of metal–metal interactions and ligand dynamics [39–46]. 
Therefore, it is essential to decipher the geometric structures, electronic 
properties and reactive behaviors of metal carbonyl complexes in order 
to advance fundamental coordination chemistry, inform the rational 
design of catalysts and develop strategies for the sustainable utilization 
of carbon resources.

Scheme 1 shows a brief timeline of the development of metal 
carbonyl complexes. Over the past decade, major advances have been 
made in both spectroscopic techniques [47–62] and computational 
frameworks [63–72] for probing metal carbonyl clusters. Experimen
tally, photoelectron spectroscopy (PES) has become a significant tool to 
determine electron detachment energies, spin states, and electronic 
configurations of mass-selected ionic species [73–84]. Vibrational 
methods (i.e., infrared photodissociation (IRPD) spectroscopy [85–93]
and infrared–vacuum ultraviolet (IR–VUV) double-resonance spectros
copy [94–102]) allow accurate measurement of CO stretching fre
quencies, enabling unambiguous identification of coordination motifs 
such as bridging, terminal, and side-on-bonded modes. These high- 
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resolution gas-phase techniques provide essential benchmarks for vali
dating theoretical models and for assigning isomeric structures that are 
challenging to resolve in condensed phases. On the theoretical front, the 
adoption of dispersion-corrected density functional theory (DFT) (e.g., 
B2PLYP-D3, PBE–D3) and double-hybrid functionals [103,104], 
together with relativistic treatments like the zero-order regular 
approximation (ZORA), has considerably improved the predictive ac
curacy of geometric parameters and energetics, especially for clusters 
containing heavier metals [105–107]. At the same time, energy 
decomposition analysis in conjunction with natural orbitals for chemical 
valence (EDA-NOCV) has become an essential tool for quantifying the 
respective bonding contributions in metal carbonyls [108]. These ad
vances in experimental and computational methodologies have estab
lished a tightly integrated platform for the comprehensive 
characterization of reactive, electronic, and structural properties of 
metal carbonyl complexes.

In this context, both homometallic and heterobimetallic carbonyl 
complexes have revealed a wealth of bonding motifs and reactivity 
patterns. The systems summarized in this work include neutral group-3 
homoleptic carbonyls, OTiCCO(CO)n (n = 2–5), MFe(CO)4

− (M = Ti, V, 
Cr, Si, Ge, Sn), and MNi(CO)n

− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5), which 
demonstrate how metal identity and ligand coordination govern struc
tural preferences, thermodynamic stability, and spectroscopic signa
tures [109–115]. These representative cases highlight the value of size- 
selected metal carbonyl complexes as model platforms for elucidating 
fundamental metal–ligand interactions. Beyond these systems, 
numerous classical carbonyl complexes also broadened and deepened 
our understanding [59,116–129]. Dimers such as Co2(CO)8 and 
Mn2(CO)10 represent archetypal systems featuring metal–metal bonding 
mediated by bridging carbonyl ligands [118], while trinuclear clusters 
including Fe3(CO)12, and Os3(CO)12 demonstrate how electron delo
calization in triangular metal frameworks imparts distinctive stability 
and reactivity [121]. Mononuclear hexacarbonyls such as W(CO)6 and 
Mo(CO)6 serve as benchmark octahedral complexes, highlighting group- 
dependent trends in orbital overlap, vibrational signatures, and photo
chemical behavior [125]. In bioinorganic chemistry, Ni–Fe and Fe–Fe 
carbonyl complexes serve as structural and functional mimics of hy
drogenase active sites, where CO ligation plays a key role in modulating 
enzymatic activity [130–132].

This review summarizes recent advances in metal carbonyl chemis
try, with particular emphasis on homometallic and heterobimetallic 
carbonyl complexes. The present systems encompass a wide range of 

bonding architectures, ranging from conventional terminal and bridging 
CO coordination to non-canonical motifs such as OTiCCO-based isomers 
that challenge classical bonding paradigms [110]. A key strength of this 
body of work lies in its integrated methodological approaches: IR–VUV 
spectroscopy enables isomer-specific vibrational characterization of 
neutral metal carbonyl complexes, PES provides direct information of 
electronic structures, detachment energies of anionic complexes, and 
advanced DFT calculations provide reliable structural assignments and 
bonding analyses. Beyond advancing fundamental mechanistic under
standing, these findings offer molecular-scale analogues of heteroge
neous catalytic interfaces, bridging the gap between bonding theory and 
applied catalysis. By contextualizing these results in the broader context 
of metal carbonyl chemistry, this review underscores their value as 
benchmarks for theoretical validation, as structural and functional 
models of catalytically active sites, and as innovative platforms for the 
development of sustainable strategies in carbon science, syngas pro
cessing, and energy-relevant transformations [133].

2. Methodological advances in metal carbonyl studies

2.1. Experimental methods

2.1.1. Infrared–vacuum ultraviolet (IR–VUV) spectroscopy
The experimental configuration for IR–VUV methods has been 

thoroughly documented in previous works [134]. Briefly, Sc(CO)7 and 
M(CO)8 neutral complexes (M = Y, La) were produced using laser 
vaporization of 100% CO in a supersonic expansion. Neutral Ti carbonyl 
complexes were obtained in 10% CO/He via a pulse valve of Even–Lavie 
(EL-7-2011-HT-HRR). An Nd:YAG laser operating at its second harmonic 
(532 nm) was used to vaporize the Sc, Y, La and Ti metals, with a 
backing pressure of approximately 50 atm. The metal products were 
successively collimated by a skimmer. Charged species were then 
deflected and entered into a mass spectrometry system. Size-selected Sc 
(CO)7, M(CO)8 (M = Y, La), and OTiCCO(CO)n (n = 2–5) complexes were 
probed by carefully optimizing the experimental conditions.

Resonant IR photon absorption induced vibrational pre-excitation of 
the complexes, thereby enhancing ionization efficiency for species with 
ionization potentials marginally exceeding the VUV photon energy. 
Size-selected neutral complexes were spectroscopically characterized by 
recording IR wavelength-dependent signal enhancement in the mass- 
resolved ion yield. Infrared spectra were derived from its relative 
enhancement of ion signals under IR irradiation, I(ν)/I0, converted into 

Scheme 1. Timeline of important milestones in the development of metal carbonyl complexes.
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relative absorption cross sections σ(ν) via the relation σ(ν) = − ln[I 
(ν)/I0]/P(ν). Normalization by the infrared laser energy P(ν) corrected 
for fluctuations in pulse energy across its tuning range. The spectra were 
generally acquired using scanning the infrared laser in 2 cm− 1 in
crements. The IR spectra of Sc(CO)7 and M(CO)8 (M = Y, La) complexes 
were measured at 193.00 nm. The IR spectra of neutral OTiCCO(CO)n (n 
= 2–5) species were recorded at 140.00 nm for n = 2 and 3, at 153.00 nm 
for n = 4, and at 158.50 nm for n = 5. Insufficient particle densities for 
species with n ≤ 1 and n ≥ 6 precluded acquisitions of well-resolved 
spectra. Consequently, spectral characterization of individual VUV 
pulses was performed via an on-line vacuum ultraviolet spectrometer to 
ensure pulse-to-pulse spectral fidelity.

2.1.2. Photoelectron spectroscopy (PES)
Experimental PES measurements were detailed elsewhere [135]; the 

present work offers a concise summary of its principal features. The 
target heterobinuclear carbonyls, including MFe(CO)4

− (M = Ti, V, Cr, Si, 
Ge, Sn) and MNi(CO)n

− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5) were syn
thesized in a supersonic cluster source based on laser vaporization. The 
nascent metal clusters, produced via laser ablation, were entrained in a 
helium carrier gas containing 5% CO at pressures of 1–5 atm, promoting 
efficient carbonyl coordination and stabilization of the resulting com
plexes. The ensuing beam of anions underwent skimming within a 
differentially pumped region before a mass spectrometer of the McLar
en–Wiley design [136]. The mass-selected anions were then directed 
into its photodetachment interaction region and irradiated with photon 
beams at either 355 nm (3.496 eV) or 266 nm (4.661 eV), produced by 
an Nd:YAG laser system. Photoelectrons ejected from the anions were 
velocity-mapped onto a two-dimensional detection assembly comprising 
a phosphor screen with a microchannel plate. The experimental images 
were revealed with a CCD camera, with 10,000–50,000 pulse laser shots 
from each accumulated image. Reconstruction of the experimental im
ages was performed using the Basis Set Expansion inverse Abel trans
form algorithm [137], as detailed in the following sections. The 
photoelectron spectra were calibrated using the reference-standard Au−

photoelectron spectrum, yielding an energy kinetic energy resolution 
better than 5%. This corresponds to an absolute resolution of approxi
mately 50 meV at 1 eV [82]. The experimental vertical detachment 
energy (VDE) was directly measured from the band maximum of PES 
spectrum. The experimental adiabatic detachment energy (ADE) was 
derived by extending a line from the leading edge of the VDE peak and 
adding the instrumental resolution at the point where the line intersects 
with the horizontal axis. The experimental VDE and ADE error bars were 
determined by the energy resolution at the corresponding electron ki
netic energy.

2.2. Theoretical methods

Theoretical computations were fulfilled by Gaussian 09 software 
package [138]. The possible electronic states of anionic and neutral 
structures have been calculated. The VDE was computed by the differ
ence in energy between the neutral and anionic species at the optimized 
geometry of the anion. The ADE was determined as the difference in 
energy between the fully optimized structures of the anionic and the 
neutral cluster. Zero-point energy corrections were included in ADEs 
and relative energies. Additional electronic structure analyses were 
applied by using the Multiwfn soft [139], including evaluation of un
paired spin density distributions through isosurface mapping, calcula
tion of electrostatic potential surfaces, natural atomic orbital population 
analyses, and Wiberg bond orders [140,141]. Visualization of spin 
density isosurfaces and electrostatic potential maps was further 
enhanced by using the Visual Molecular Dynamics software [142]. To 
elucidate the bonding nature of the metal–CO interactions, EDA-NOCV 
analyses were performed and complemented by wavefunction-based 
methods [108]. Relative electronic energies and reaction barriers were 
obtained for structures optimized at 0 K, and zero-point vibrational 

energy corrections were included.

3. Results and analysis

3.1. M(CO)n (M = Sc, Y, La; n = 7, 8)

3.1.1. Experimental infrared spectra
The IR–VUV spectroscopy approach enabled the generation and 

characterization of neutral carbonyl complexes M(CO)ₙ (M = Sc, Y, La). 
The complete experimental procedure was described in the Experi
mental Section [134]. Fig. 1 presents experimental and simulated IR 
spectra in the ν(CO) region (1900–2100 cm− 1) alongside DFT-optimized 
equilibrium geometries for Sc(CO)7 and M(CO)8 (M = Y, La) [109]. The 
experimental result of Sc(CO)7 displays a prominent peak at 1970 cm− 1, 
and it has distinct shoulders at 1978/1992 cm− 1, along with a weaker 
feature of 2082 cm− 1. In contrast, Y(CO)8 and La(CO)8 exhibit a single 
peak, symmetric peak at 2000 and 2010 cm− 1. All complexes exhibit 
considerable red-shift phenomenon in C–O stretching frequencies (free 
CO: 2143 cm− 1). This frequency lowering is attributed to back-donation 
from metal d orbitals into the antibonding 2π* orbitals of CO, a key 
bonding interaction often termed π back-donation. The red shift follows 
the trend Sc < Y < La, indicating decreasing back-donation strength 
across the group 3 metals. This trend arises from the progressive radial 
expansion of d-orbitals and the increasing effective nuclear charge, 
which collectively influence orbital overlap and the π-back/σ donation 
balance [109].

Furthermore, the presence of a single IR-active C–O band in the 
spectra of Y(CO)8 and La(CO)8 indicates highly symmetric molecular 
structures. These findings are consistent with octacarbonyl complexes 
adopting nearly ideal Oh or D4h symmetry, in which all carbonyl ligands 
are equivalent from a spectroscopic perspective. In contrast, the multi
ple bands observed in the Sc(CO)7 spectrum suggest a lower-symmetry 
structure, likely reflecting inequivalent CO binding sites. The weak, 
high-frequency peak of 2082 cm− 1 is probably related to a terminal CO 
ligand that experiences minimal back-donation, as indicated by its 
closeness to the stretching frequency of free CO [109].

3.1.2. Comparison between experimental and theoretical results
DFT theory calculations of the PBE functional [143] were applied to 

obtain equilibrium geometries and harmonic vibrational frequencies of 
the complexes M(CO)n (M = Sc, Y, La). All calculations were executed by 
the ADF 2021 software suite [144]. Explicit consideration of scalar 
relativistic effects was achieved via the ZORA formalism [105–107]. 
Two additional polarization functions (TZ2P) with the basis sets of tri
ple-ζ quality Slater-type orbital were employed for all atoms to guar
antee balanced precision [145]. The frozen-core approximation was 
applied to the [1s2] shell of C and O, the [1s2–2p6] shells of Sc, the 
[1s2–3d10] shells of Y, and the [1s2–5p6] shells of La [146].

The experimental carbonyl stretching frequency of free CO is 2143 
cm− 1, and the calculated value is 2124 cm− 1. By the ratio of the 
experimental and calculated results, we can obtain a scaling factor of the 
calculated harmonic vibrational frequencies is 1.009. This scaling im
proves the accuracy of comparisons between theoretical and experi
mental spectroscopic data. For Sc(CO)7, the simulated spectrum features 
a single band centered at 1985 cm− 1, which is from two nearly degen
erate vibrational modes of 1984 cm− 1. This shows good agreement with 
the experimental spectrum, which exhibits an absorption band at 1970 
cm− 1. Similarly, the nearly degenerate modes calculated at 1994/1999 
cm− 1 combine into a single peak at 1994 cm− 1, matching the experi
mental shoulder at 1978 cm− 1. Additionally, two weaker calculated 
bands at 2022/2091 cm− 1 correspond to the experimental absorptions 
at 1992/2082 cm− 1. These agreements indicate that the theoretical 
spectrum accurately reproduces both the dominant and minor spectral 
features of Sc(CO)7. The simulated spectrum of Y(CO)8 predicts three 
C–O stretching vibrations with almost nearly degenerate that merge to 
yield a single, intense absorption peak at 2001 cm− 1, which is in 

H. Xie et al.                                                                                                                                                                                                                                      Coordination Chemistry Reviews 556 (2026) 217718 

3 



excellent accord with 2000 cm− 1. A comparable level of accord is found 
for La(CO)8, where the calculated spectrum produces a single prominent 
feature that closely matches the experimental absorption at 2010 cm− 1 

[109].
The remarkable congruence between scaled DFT-computed fre

quencies and experimental IR absorption bands provides unequivocal 
validation for the structural assignments of the global-minimum isomers 
of the current three neutral species. The computational models suc
cessfully reproduce both the fine spectral features of the lower- 
symmetry Sc complex and the single-band patterns characteristic of 
the highly symmetric Y and La octacarbonyls, further confirming the 
reliability of the computational approach used.

3.2. OTiCCO(CO)n (n = 2–5)

3.2.1. Experimental infrared spectra
Neutral titanium carbonyls were generated and subsequent analysis 

was performed by IR-VUV methods [134]. Mass spectra of these OTiCCO 
(CO)n

+ cations obtained from the ionization at different VUV-FEL 
wavelengths are found in Fig. 2, and the experimental and simulated 
infrared spectra were indicated in carbonyl-stretching region for 
OTiCCO(CO)n (n = 2–5) complexes in Fig. 3 [110].

All detected complexes show two more distinct absorption bands 
above 2070 cm− 1, with wavenumbers spanning 2071 to 2167 cm− 1 

[110]. The measured frequencies of Ti(CO)n (n = 4–7) were significantly 
reported about 1800–1991 cm− 1 [147]. This pronounced blue-shift in
dicates that the gas-phase species adopt distinct structural motifs in 
which the Ti center exhibits a more pronounced electropositive char
acter compared with their matrix-isolated counterparts. This effect is 
attributed to reduced metal–CO back-donation under gas-phase condi
tions, which lowers the electron occupancy in the CO π* orbitals, 
thereby increasing the C–O bond order is elevated with an increase in 
the observed vibrational frequencies. Furthermore, for every gas-phase 
complex, the band at the lowest energy is situated just above the re
ported carbonyl stretching frequency reported for the previously char
acterized OTiCCO molecule, which is 2047.7 cm− 1 in an argon matrix 
[148]. This consistent spectral alignment suggests that the gas-phase 
species are more likely structural isomers of OTiCCO(CO)n rather than 
conventional homoleptic carbonyl complexes. These results highlight 
the considerable influence of coordination environment and oxidation 
state on the vibrational properties of metal carbonyl species, and 
demonstrate the effectiveness of gas-phase spectroscopy for identifying 

reactive intermediates that are difficult to study in condensed phases.

3.2.2. Comparison between experimental and theoretical results
Theoretical calculations for OTiCCO(CO)n (n = 2–5) complexes were 

executed with the Gaussian 09 suite [138]. Initial geometry optimiza
tions were performed at the B2PLYP-D3/def2-TZVPP level of theory to 

Fig. 1. Experimental and simulated IR spectra and optimized equilibrium geometries of neutral Sc(CO)7, Y(CO)8, and La(CO)8 carbonyl complexes. Reproduced with 
permission [109].

Fig. 2. Time-of-flight mass spectra of the OTiCCO(CO)n
+ cations produced from 

the ionization at different VUV-FEL wavelengths. Reproduced with permis
sion [110].
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account for dispersion interactions and provide reliable structural pa
rameters [149]. Relative electronic energies and reaction barriers were 

computed at the optimized 0 K geometries. Harmonic frequencies were 
calculated and scaled by a factor of 0.991 to mitigate systematic 

Fig. 3. Experimental and simulated IR spectra and optimized equilibrium geometries of neutral OTiCCO(CO)n (n = 2–5) complexes. Reproduced with permis
sion [110].

Fig. 4. Optimized structures and relative energies (kcal/mol) of neutral OTiCCO(CO)n and Ti(CO)n+2 (n = 0–5) clusters. Reproduced with permission [110].
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overestimation typical for this method. The theoretical IR stick spectra 
were generated and subsequently broadened using a Gaussian function 
with a full width at half maximum (FWHM) of 8 cm− 1, enabling direct 
comparison with the experimental IR spectra.

For each complex, two distinct structural types were identified in 
Fig. 4. One contains an OTiCCO core, formulated as OTiCCO(CO)ₙ; the 
other is the conventional homoleptic titanium carbonyl Ti(CO)ₙ₊₂. A 
close match to its IR experimental spectrum is provided by the simula
tion of the OTiCCO(CO)5 isomer, supporting the observation of n = 5 
species. This structural identification is particularly important because 
OTiCCO(CO)5 is computationally 38.7 kcal⋅mol− 1, which is less stable 
than the homoleptic Ti(CO)7 isomer. The energetic preference for Ti 
(CO)7 highlights the important role of kinetic and spectroscopic factors 
in determining which species are observed under experimental condi
tions [110]. Consistent support for the OTiCCO(CO)n structural assign
ment over the conventional Ti(CO)n+2 isomer is provided by a thorough 
spectral comparison for the n = 2–4 complexes [110].

3.3. MFe(CO)4
− (M = Ti, V, Cr, Si, Ge, Sn)

3.3.1. Photoelectron spectra
The experimental observed photoelectron results of MFe(CO)4

− an
ions (M = Ti, V, Cr) were measured at a photon wavelength of 266 nm 
(Fig. 5), alongside the spectra of MFe(CO)4

− (M = Si, Ge, Sn) recorded at 
355 nm [111,112]. In all cases, the first spectral features correspond to 
ground-state electronic transitions of the respective anions. Notably, the 
spectra for MFe(CO)4

− with M = Ti, V, Cr display broadly featureless 
profiles. This spectral broadening is likely attributed to the population of 
vibrationally and electronically excited states in the anions, which are 
generated under the high-temperature conditions. In addition to the 
effects of the hot cluster source, other factors may also contribute to the 
observed spectral broadening. Factors contributing to this broadening 
include considerable geometric reorganization following photodetach
ment, the possible coexistence of multiple energetically degenerate 
isomers, and the presence of densely spaced stable electronic states. 
Notably, the spectrum of TiFe(CO)4

− is considerably broader than those 
of VFe(CO)4

− and CrFe(CO)4
− , which may reflect either the presence of 

multiple isomeric forms or substantial structural rearrangements upon 
electron detachment.

Furthermore, the spectrum of SiFe(CO)4
− shows additional broad

ening at higher electron binding energies (eBEs), suggesting the possible 
involvement of a two-photon detachment process or contributions from 
excited electronic states. The VDEs of these MFe(CO)4

− series, deter
mined from the respective band maxima, are 2.49 ± 0.11, 2.75 ± 0.10, 
2.97 ± 0.08, 2.06 ± 0.07, 1.96 ± 0.08, and 1.88 ± 0.08 eV, while the 
corresponding ADEs are 2.20 ± 0.12, 2.32 ± 0.12, 2.58 ± 0.10, 2.06 ±
0.07, 1.96 ± 0.08, and 1.88 ± 0.08 eV [111,112].

3.3.2. Comparison between experimental and theoretical results
Geometry optimizations and electronic structure analyses of MFe 

(CO)4
− (M = Ti, V, Cr) were conducted using the BP86 generalized 

gradient approximation (GGA) functional. In contrast, calculations for 
the main-group series (M = Si, Ge, Sn) employed the B3LYP hybrid 
functional. Within the transition metal set, carbon and oxygen atoms 
have been calculated with the 6–311 + G(d) basis set [150], while the 
SDD basis set was utilized for the metal centers [151]. For the group 14 
analogues, a consistent theoretical treatment was achieved by applying 
the all-electron def2-TZVPP to all atoms in these systems [149]. The 
globally optimized, lowest-energy geometries determined for all MFe 
(CO)4

− anions (M = Ti, V, Cr, Si, Ge, Sn) are indicated in Fig. 6 [111,112].
For MFe(CO)4

− (M = Ti, V, Cr), the global minimum-energy structures 
(denoted 4 A, 4B, and 4C, respectively) adopt trigonal–bipyramidal 
geometries with C3v symmetry, in which the heterometal atom M oc
cupies an axial position coordinated to the iron center [152–154]. 
Electronic structure calculations reveal high-spin ground states for the 
MFe(CO)4

− anions: a quartet state (4A1) for TiFe(CO)4
− , a quintet state 

(5A1) for VFe(CO)4
− , and a sextet state (6A1) for CrFe(CO)4

− [111]. 
Conversely, the lowest-energy isomers of the group 14 anions MFe(CO)4

−

(M = Si, Ge, Sn) (designated 4a, 4b, and 4c) share a common structural 
motif with C2v symmetry [112]. In these species, both the M atom and 
the four CO ligands form terminal bonds with the iron atom. These 
anions exhibit doublet ground states of 2B2 multiplicity.

The calculated VDEs and ADEs for these lowest-energy isomers show 
excellent consistence with the corresponding experimental results. The 
theoretically determined VDE/ADE values for MFe(CO)4

− (M = Ti, V, Cr, 
Si, Ge, Sn) anions are as follows: 2.41/2.13, 2.67/2.27, 3.04/2.49, 2.54/ 
1.98, 2.23/1.95, and 2.14/1.95 eV, respectively [111,112]. The close 
correspondence between the computational and experimental results 
strongly supports the proposed geometric and electronic structural 
assignments.

Fig. 5. Photoelectron spectra of MFe(CO)4
− (M = Ti, V, Cr) recorded at 266 nm 

(4.661 eV) and MFe(CO)4
− (M = Si, Ge, Sn) at 355 nm (3.496 eV). Reproduced 

with permission [111,112].
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3.4. MNi(CO)n
− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5)

3.4.1. Photoelectron spectra
The photoelectron results of MNi(CO)n

− clusters (M = Sc, Y, Ti, Zr, Hf, 

V; n = 3–5) (Figs. 7–9) were recorded using 355 nm (3.496 eV). Each 
spectrum shows a dominant, intense band, labeled as the X band. The 
VDEs for MNi(CO)3

− (M = Sc, Y, Ti, Zr, Hf, V) were determined from the 
maxima of these bands and were measured to be 1.83 ± 0.08, 1.89 ±
0.08, 1.93 ± 0.08, 2.04 ± 0.07, 2.09 ± 0.07, and 1.95 ± 0.08 eV, 
respectively [113–115]. Because the spectral bands lack vibrationally 
resolved fine structure, the ADEs could not be directly measured. 
Therefore, the ADEs were estimated by extrapolating the leading edge of 
the dominant photoelectron band to the baseline along the eBE axis. The 
resulting ADE values for MNi(CO)3

− (M = Sc, Y, Ti, Zr, Hf, V) are 1.68 ±
0.09, 1.69 ± 0.09, 1.83 ± 0.09, 1.86 ± 0.08, 1.91 ± 0.08, and 1.66 ±
0.09 eV, respectively [113–115].

The experimental photoelectron spectra of MNi(CO)4
− and MNi(CO)5

−

(M = Sc, Y, Ti, Zr, Hf, V) display spectral characteristics similar to those 
of their tricarbonyl counterparts (Figs. 8–9). The VDE and ADE results 
for MNi(CO)4

− (M = Sc, Y, Ti, Zr, Hf, V) were determined to be 1.86 ±
0.08/1.70 ± 0.09, 1.96 ± 0.08/1.72 ± 0.09, 2.56 ± 0.05/2.26 ± 0.06, 
2.62 ± 0.04/2.31 ± 0.06, 2.68 ± 0.04/2.40 ± 0.05, and 2.48 ± 0.05/ 
2.22 ± 0.06 eV, respectively [113–115]. Similarly, for MNi(CO)5

− (M =
Sc, Y, Ti, Zr, Hf, V), the measured VDE/ADE values are 1.94 ± 0.08/1.73 
± 0.09, 2.12 ± 0.07/1.73 ± 0.09, 2.98 ± 0.03/2.61 ± 0.04, 3.01 ±
0.02/2.62 ± 0.04, 3.11 ± 0.02/2.67 ± 0.04, and 2.89 ± 0.03/2.70 ±
0.04 eV, respectively [113–115]. A consistent trend is observed for all 
the studied MNi(CO)n

− anions, and the VDE increases systematically as 
the cluster size (n) grows. This behavior indicates enhanced electronic 
stabilization with each additional CO ligand, which can be attributed to 
greater delocalization of the negative charge and stronger metal–ligand 
interactions in the larger carbonyl complexes.

3.4.2. Comparison between experimental and theoretical results
For density functional theory calculations, the MNi(CO)n

− (M = Sc, Y) 
systems have been optimized by B3LYP hybrid functional, whereas the 
BP86 generalized gradient approximation (GGA) functional was 
employed for MNi(CO)n

− (M = Ti, Zr, Hf, V) systems. The C and O atoms 
were described with aug-cc-pVTZ basis set [155], while all metal atoms 

Fig. 6. The most stable structures for MFe(CO)4
− (M = Ti, V, Cr, Si, Ge, Sn) (Fe, purple). Reproduced with permission [111,112]. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Photoelectron spectra of MNi(CO)3
− (M = Sc, Y, Ti, Zr, Hf, V) recorded at 

355 nm (3.496 eV) [113–115].
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(Sc, Y, Ti, Zr, Hf, V, Ni) were treated with the Stuttgart–Dresden effective 
core potential (SDD ECP) and its corresponding basis set. The optimized 
ground-state geometry of MNi(CO)n

− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5) 
are displayed in Fig. 10 [113–115].

For MNi(CO)3
− (M = Sc, Y, Ti, Zr, Hf), the coordination motifs in the 

lowest-energy structures include side-on bonding, bridging, and termi
nal, with terminal CO ligands located exclusively at the Ni center. Their 
computational VDEs/ADEs for these species are 1.65/1.55, 1.62/1.50, 
2.18/2.13, 2.32/2.11, and 2.24/2.02 eV, respectively, consistent with 
their experiments. Distinctively, the global minimum of VNi(CO)3

− ex
hibits a structure with three bridging carbonyl ligands. These theoretical 
VDE and ADE for this anion are 1.80 and 1.59 eV, respectively, which 
closely match the corresponding experimental observations [113–115].

For the tetra‑carbonyl complexes (n = 4), the most stable isomers of 
MNi(CO)4

− (M = Sc, Y) have structures featuring two terminal carbonyl 
ligands, one bridging carbonyl, and one side-on-bonded CO. In these 
configurations, the terminal CO ligands are coordinated to the Sc and Y 
centers, respectively. These anions can be considered as derivatives of 
the corresponding MNi(CO)3

− species, formed by the terminal addition of 
a fourth CO connected to the Sc or Y atom. The calculated VDEs/ADEs of 
MNi(CO)4

− (M = Sc, Y) are 1.76/1.60 and 1.72/1.57 eV, respectively, 
confirming the experimental data. For the metals Ti, Zr, Hf, and V, the 
predominant MNi(CO)4

− isomer features a single terminal carbonyl 
bound to Ni alongside three bridging CO ligands. Specifically, the VNi 
(CO)4

− cluster is formed by the terminal coordination of an additional CO 
molecule to the Ni center in VNi(CO)3

− . The theoretical VDE/ADE values 
for MNi(CO)4

− (M = Ti, Zr, Hf, V) are 2.58/2.23, 2.51/2.15, 2.69/2.44, 

and 2.59/2.37 eV, respectively, all of which closely match the corre
sponding experimental results [113–115].

For the penta‑carbonyl complexes MNi(CO)5
− (M = Sc, Y, Ti, Zr, Hf), 

their most stable isomers feature a coordination pattern consisting of 
one side-on-bonded carbonyl, one bridging carbonyl, and three terminal 
carbonyl ligands. Among the terminal ligands, one CO is attached to the 
Ni atom, and the additional two COs are bound to the respective M 
centers (Sc, Y, Ti, Zr, Hf). The complexes with M = Sc and Y are struc
turally derived from their MNi(CO)4

− analogues through the terminal 
coordination of an additional CO molecule to the Sc or Y atom. The 
computed VDE/ADE values for these systems are 2.06/1.87, 2.00/1.79, 
3.10/2.84, 3.21/2.67, and 3.37/2.69 eV, each in well consistent with 
experiment. The global minimum of VNi(CO)5

− contains two terminal 
carbonyl ligands and three bridging carbonyls, with one terminal CO 
bound to Ni and the other to V. This structure is derived from VNi(CO)4

−

by the terminal attachment of a CO ligand to the V metal atom, and the 
theoretical VDE (3.13 eV) and ADE (2.89 eV) of VNi(CO)5

− closely match 
the experimental values [113–115].

4. Discussion

4.1. M(CO)n (M = Sc, Y, La)

4.1.1. Geometric and electronic structures
To interpret the experimental IR spectra and elucidate the geometric, 

electronic, and bonding characteristics of these three neutral complexes, 
we performed high-level quantum chemical calculations [109]. All 
computations were conducted within the DFT method, employing the 

Fig. 8. Photoelectron spectra of MNi(CO)4
− (M = Sc, Y, Ti, Zr, Hf, V) recorded at 

355 nm (3.496 eV) [113–115].

Fig. 9. Photoelectron spectra of MNi(CO)5
− (M = Sc, Y, Ti, Zr, Hf, V) recorded at 

355 nm (3.496 eV) [113–115].
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PBE GGA functional and TZ2P basis set. For the lowest-energy isomers 
for each complex (Fig. 1), the ground-state of Sc(CO)7 is a doublet (2B2) 
with C2v symmetry, and the structure features seven terminal CO ligands 
coordinated around the central scandium atom in a geometry that 
maximizes metal–ligand interactions while minimizing steric repulsion. 
The optimized geometry exhibits distinct Sc–C bond lengths and 
C–Sc–C bond angles, reflecting an asymmetric distribution of carbonyl 
ligands around the metal center. This asymmetry accounts for the 
experimentally observed multiplicity of IR bands. In contrast, the 
neutral Y(CO)8 and La(CO)8 complexes exhibit eightfold coordination. 
Initial optimizations suggested structures with ideal Oh symmetry; 
however, the open-shell doublet electronic configuration, featuring a 
SOMO, introduces electronic instability and triggers the Jahn–Teller 
effect [156]. This effect causes a dynamic distortion from the ideal 
octahedral geometry, leading to energetically stabilized structures of 
lower symmetry. In consequence, the refined ground-state configura
tions of both Y(CO)8 and La(CO)8 exhibit D4h symmetry, in which such 
distortion eliminates the degeneracy of the frontier orbitals and imparts 
energetic stabilization to the complexes.

Calculated vibrational frequencies of the optimized geometries 
closely match the experimental IR spectra, verifying that the identified 
isomers represent their potential energy surfaces of the global minima. 
Natural bond and molecular orbital analyses reveal significant π back- 
donation of occupied metal d orbitals to the π* orbitals, thus account
ing for the observed red shifts. Furthermore, the calculated M–C bond 
lengths and stretching force constants show systematic trends across the 
three neutral species, mirroring the evolving equilibrium between 
π-back-donation and σ-donation. This modulation results from the 
increasing radial extent and decreasing energy of the metal valence 
orbitals, and key factors that dictate the efficiency metal–ligand bonding 
interactions [157].

4.1.2. Orbital and bonding analysis
The metal–CO bonding schemes for the three neutral complexes are 

shown in Fig. 11 and the corresponding three-dimensional isosurfaces of 
their molecular orbitals (MOs) in Fig. 12, respectively [109]. For Sc 
(CO)7 (Fig. 11A), bonding primarily stems from interactions between the 
scandium atomic orbitals (4 s, 3d, 4p) and the 5σ orbitals of the seven 
carbonyl ligands. These interactions form the valence molecular or
bitals, including nine occupied MOs that mediate bonding between Sc 
and the CO ligands. Analysis of the frontier MOs, which are key to the 
bonding and electronic structure of the complex, unveils that the LUMO 
(11b1), SOMO (8b2), and HOMO (13a1) are all of predominant 
π-bonding character. These orbitals arise from interactions between the 
Sc 3d orbitals (approximately 33%) and the 2π* orbitals of the CO li
gands. This π-bonding nature underscores that metal–ligand bonding in 
this complex is largely governed by back-donation from the Sc 3d or
bitals into the CO 2π* orbitals. The energy separation between the 
SOMO and LUMO is approximately 1.4 eV, reflecting a relatively stable 
electronic structure [158]. The magnitude of the SOMO–LUMO gap is a 
key indicator of the complex's electronic stability: a larger gap typically 
means higher vertical excitation energy and greater ground state sta
bility. Orbitals labeled HOMO-1 (10b1), HOMO-2 (6a2), HOMO-3 (12a1) 
possess σ bonding MOs, formed from interactions between Sc 3d orbitals 
(10–14% contribution) and the ligand 5σ orbitals, providing supple
mentary stabilization. The remaining MOs (9b1, 11a1, 7b2, and 8a1) are 
localized on the ligand framework (>92% CO contribution) and show 
weak σ-bonding character involving Sc 4 s/4p and ligand 5σ orbitals. 
Overall, the bonding analysis indicates that the primary stabilization of 
the Sc(CO)7 complex arises from interactions involving the Sc 3d orbitals 
and the ligand MOs, with π back-donation from Sc to CO playing a 
particularly important role.

The neutral Y(CO)8 has a higher coordination number [109], 
resulting in a more complex electronic structure with ten occupied MOs 
(Fig. 11B). The bonding between metal and ligands can be thoroughly 

Fig. 10. The most stable structures for MNi(CO)n
− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5) (Ni, blue) [113–115]. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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examined through orbital interactions. Arising from 2π* orbitals of the 
ligand (CO)8, the frontier empty MOs are largely nonbonding in char
acter. Additionally, the SOMO and HOMO (2b1g, 5a1g) exhibit sub
stantial contributions from both the 4d atomic orbitals (AOs) of Y, and 
the 2π* MOs of the (CO)8 ligands. HOMO-1 (4b1u) is a purely ligand- 
based orbital, highlighting its strong ligand-only nature. The HOMO-2 
and HOMO-4 (5e1g, 4b2g) orbitals are σ-bonding MOs formed by effec
tive overlap between Y 4d and ligand 5σ orbitals. These σ-type in
teractions contribute substantially to overall stability. The Y 5p AOs 
participate only minimally (~3%) in the formation of HOMO-3 and 
HOMO-5 (4a2u, 5e1u), owing to their relatively high energy and poor 
overlap with ligand orbitals. In contrast, the Y 5 s atomic orbital plays a 
more considerable role in bonding, contributing approximately 14% to 

HOMO-11 (4a1g) orbital composition. This increased involvement arises 
from more effective spatial overlap and better energy alignment in the 
D4h point group symmetry adopted by the (CO)8 ligand field. This 
detailed orbital analysis not only clarifies the bonding characteristics of 
Y(CO)8 but also emphasizes how the central metal's identity and coor
dination geometry collectively shape their electronic structures of these 
complexes.

The bonding configuration in La(CO)8 (Fig. 11C) closely resembles 
that of Y(CO)8, mainly owing to their identical coordination numbers 
[109]. However, subtle differences appear in the MO energy ordering. In 
La(CO)8, the HOMO-7 (4a1g) orbital lies below the 5e1g orbital, a slight 
inversion compared to Y(CO)8. This shift results from the distinct elec
tronic properties of La versus Y. Additionally, the gap of SOMO–LUMO 

Fig. 11. The bonding schemes of (A) Sc(CO)7, (B) Y(CO)8, and (C) La(CO)8. Reproduced with permission [109].

Fig. 12. The 3D isosurfaces (isovalue = 0.03) of the occupied orbitals related to metal-CO bonding of Sc(CO)7, Y(CO)8, and La(CO)8 [109].
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in La(CO)8 is approximately 1.0 eV, slightly smaller than the 1.4 eV gap 
in Y(CO)8. This reduced gap reflects a more complex MO manifold in La 
(CO)8, indicating increased complexity in metal–ligand interactions. 
Notably, the relative energetic ordering of the HOMO and SOMO is 
inverted between Y and La complexes, and a feature explainable by 
variations in the metal d-orbital contributions to these frontier MOs.

4.1.3. Energy and stability analysis
The metal–carbonyl bonding interactions in these three neutral 

species were probed via EDA-NOCV method [109]. This sophisticated 
technique allows for a detailed quantitative breakdown of how fragment 
molecular orbitals to the overall bond. Specifically, the total interaction 
energy (ΔEint) separating metal fragment and (CO)n ligands set is par
titioned into three principal terms: Pauli repulsion (ΔEPauli), electro
static attraction (ΔEelstat), and orbital interaction (ΔEorbital).

EDA-NOCV analysis indicates that the bonding in these group 3 
carbonyls is primarily covalent in character. Specifically, the orbital 
interaction term ΔEorbital contributes approximately 62% of these total 
attractive interactions, while the electrostatic component ΔEelstat ac
counts for the remaining 38%. This highlights the importance of cova
lent bonding, driven by synergistic π-back-donation and σ-donation, in 
stabilizing these complexes. A distinct trend is evident in the ΔEorbital 
values, decreasing in the order Sc > Y > La, indicating that covalent 
bonding is strongest in the scandium complex. This trend stems from the 
relative energies of the d orbitals, and the Sc 3d orbitals lie lower than Y 
4d and La 5d orbitals, allowing better energetic alignment with the CO 
frontier molecular orbitals, which enhances orbital overlap and 
strengthens the covalent interactions.

Complementary Mayer bond order calculations for the metal
–carbonyl bonds support the EDA-NOCV analysis [109]. The bond or
ders follow a consistent trend: Sc–C > Y–C > La–C, which directly 
correlates with the observed decrease in ΔEorbital. This gradual decline in 
bond order down the group reflects a weakening of the crucial back- 
donation (M → CO), an essential aspect of metal–CO bonding. 
Together, these electronic structure insights provide a unified mecha
nistic explanation for the spectroscopic trends: the reduction in covalent 
bond strength, especially in π-back-donation yields a less pronounced 
red shift relative to free CO across the series Sc > Y > La compared to 
free CO. This clear correlation firmly establishes that the electronic 
structure dictates the vibrational properties of metal–carbonyl 
complexes.

Theoretical thermodynamic calculations for the dissociation re
actions M(CO)8 → M(CO)7 + CO (M = Sc-La) support the electronic 
structure analyses (Table 1) [109]. Both ΔH and ΔG show a clear 
monotonic increase along the series Sc → Y → La, indicating a gradual 
thermodynamic destabilization of the carbonyl complexes as the metal 
atomic number increases. Importantly, ΔG for Sc(CO)8 dissociation be
comes negative near 200 K, revealing spontaneous decomposition to Sc 
(CO)7 and CO at cryogenic temperatures. This suggests that under higher 
temperatures, the formation of Sc(CO)8 from Sc(CO)7 and CO is not 
spontaneous. Conversely, the ΔG values for the corresponding dissoci
ation reactions of Y(CO)8 and La(CO)8 remain positive across the rele
vant temperature range, confirming that these octacarbonyl complexes 

are thermodynamically more stable than the Sc analogue. Notably, the 
low temperatures (~200 K) are sufficient for the potential formation of 
Sc(CO)7. Furthermore, the thermodynamic instability of Sc(CO)8 under 
the experimental conditions offers a plausible reason for its absence in 
the spectra. In contrast, the detected spectral signals of Y(CO)8 and La 
(CO)8 reflect their excellent thermodynamic stability. These findings 
highlight the importance of simultaneously considering electronic 
structure and thermodynamic stability when predicting the viability and 
experimental detectability of metal carbonyl species.

4.2. OTiCC(CO)n

4.2.1. Geometric and electronic structures
For these different isomers (Fig. 4), the Ti coordination shell is 

effectively saturated at n = 4, whereas in the n = 5 complex, the addi
tional CO is physiosorbed at a secondary coordination site [110]. This 
behavior suggests that the OTiCCO(CO)n motif imposes both steric and 
electronic constraints that limit the primary coordination number to six. 
The second structural type consists of conventional homoleptic com
plexes, Ti(CO)n+2, in which the titanium atom is coordinated exclusively 
by terminal CO ligands.

Analysis of the relative energies shows that for smaller complexes (n 
= 2 and 3), greater stability is found for the OTiCCO(CO)ₙ isomers as 
compared to the homoleptic Ti(CO)ₙ₊₂ structures [110]. In contrast, for 
larger complexes (n = 4 and 5), the homoleptic isomers become ener
getically favored. This shift in stability with increasing ligand number 
highlights the delicate balance between steric effects, electronic stabi
lization, and the degree of metal-to-ligand back-donation in determining 
the preferred bonding configuration. To further validate the structural 
assignments, the infrared spectra of both isomeric forms of the n = 5 
complex were simulated and rigorously compared with the experimen
tally measured IR spectrum. The results show an excellent match be
tween the predicted and experimental spectrum of OTiCCO(CO)5, both 
in band positions and relative intensities, unambiguously confirming it 
as the predominant species under the experimental conditions.

4.2.2. Orbital and bonding analysis
The OTiCCO geometry is computed to possess its ground state with a 

closed-shell singlet (1 A′) [110]. Structurally, it adopts a planar but bent 
geometry, featuring an acute O–Ti–C bond angle of 111.8◦. The theo
retical Ti–C bond distance of 1.889 Å closely corresponds to the ex
pected value for a formal Ti––C double bond based on covalent radii, 
indicating substantial multiple-bond character [159]. Further insights 
into the electronic structure were obtained through analysis of the 
valence MOs. The HOMO can be described as a π orbital that is localized 
on the CCO unit and possesses in-plane symmetry, analogous to the 
SOMO of the triplet ground state (3Π) of the free CCO radical. These 
orbital exhibits bonding character between the C–C atoms and anti
bonding character between the C–O atoms.

The HOMO-1 possesses an out-of-plane π orbital formed by dδ/CCO-π 
hybridization (denoted as SOMO’) [110]. This orbital displays consid
erable Ti–C bonding character and serves as the primary electronic 
factor responsible for the bent molecular geometry (O–Ti–C angle 
111.8◦). The HOMO-2 and HOMO-3 are assigned as π-bonding orbitals 
between Ti and O in and vertical to molecular plane, respectively, while 
the HOMO-4 corresponds to σ-bonding orbital of Ti–O. while HOMO-5 
is essentially a σ-type lone pair orbital localized on the CCO fragment, 
which participates in weak donor–acceptor interactions with the TiO 
unit. Based on these bonding features, the ground state of OTiCCO has 
been described as a bonding interaction between doublet TiO+ (2Δ) and 
doublet CCO− (2Π). This interaction generates a delocalized electron- 
sharing π bond, providing a consistent explanation for both the bent 
geometry and the stabilization of the closed-shell singlet ground state.

4.2.3. Reaction process and stability analysis
The reaction energetics for Ti + CO association and subsequent 

Table 1 
The changes of enthalpy (ΔH, kcal/mol) and Gibbs free energy (ΔG, kcal/mol) of 
the M(CO)8 → M(CO)7 + CO (M = Sc, Y, La) reactions calculated at the PBE/ 
TZ2P level of theory. Reproduced with permission [109].

T (K) Sc(CO)8 → Sc(CO)7 +

CO
Y(CO)8 → Y(CO)7 +

CO
La(CO)8 → La(CO)7 +

CO

ΔH ΔG ΔH ΔG ΔH ΔG

0 5.15 5.15 12.57 12.57 13.43 13.43
100 5.72 1.75 13.04 8.94 13.51 10.53
200 5.87 − 2.28 13.05 4.8 13.16 7.68
298.15 5.88 -6.31 12.9 0.79 12.71 5.1
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complex growth were evaluated at the B2PLYP-D3/def2-TZVPP level of 
theory [110]. The initial step, The ΔH of Ti + CO → TiCO is predicted to 
be +2.6 kcal⋅mol− 1, which indicates slightly endothermic. The ΔH of 
TiCO + CO → Ti(CO)2 is − 39.2 kcal⋅mol− 1, which is strongly 
exothermic. Analysis of the potential energy surface for Ti + 2CO → 
OTiCCO (Fig. 13) reveals a highly exothermic overall process with only a 
small kinetic barrier of approximately 1.0 kcal⋅mol− 1 above the re
actants. The triplet-state of Ti(CO)2 isomer is less stable by 37.0 
kcal⋅mol− 1 relative to the OTiCCO isomer, clearly confirming the ther
modynamic preference for OTiCCO formation. These results demon
strate that the pathway Ti + 2CO → OTiCCO is shown to be both 
thermodynamically favored and kinetically accessible in the gas phase.

Importantly, collisional cooling in the molecular beam fails to sta
bilize the TiCO/Ti(CO)₂ intermediates, thus allowing Ti(CO)₂ to readily 
isomerize to OTiCCO under the current experimental conditions. Larger 
complexes, OTiCCO(CO)n, form via sequential exothermic CO additions 
to smaller precursors, with reaction enthalpies of − 21.4, − 18.8, − 14.8, 
− 3.6, and − 1.5 kcal⋅mol− 1 for n = 1–5. Experimentally, the bare Ti 
(CO)ₙ₊₂

+ ions (n = 4, 5) are absent despite their predicted thermodynamic 
stability over OTiCCO(CO)ₙ isomers, which is due to the unavailability 
of gas-phase Ti(CO)ₙ₊₂ precursors with adequate stability. Overall, the 
computational results strongly support OTiCCO formation as the 
dominant pathway in Ti + CO reactivity.

4.3. MFe(CO)4
− (M = Ti, V, Cr, Si, Ge, Sn)

4.3.1. Geometric and electronic structures
The structures of the MFe(CO)4

− complexes (M = Ti, V, Cr, Si, Ge, Sn) 
have been clearly determined, showing excellent agreement between 
experimental and theoretical spectra [111,112]. These anions adopt a 
geometry with all four CO bound terminally to iron, and the metal atom 
directly coordinated with the iron center. A clear structural dichotomy 
emerges: group 14 elements (M = Si, Ge, Sn) preferentially adopt C2v 
symmetric structures, whereas early transition metals (M = Ti, V, Cr) 
favor C3v symmetry. This difference reflects fundamental variations in 
the electronic properties and bonding characteristics of the M atoms.

Previous studies on related systems, including ZnFe(CO)4
− , PbFe 

(CO)4
− , CdFe(CO)4

− , and HgFe(CO)4
− , have consistently shown that these 

complexes maintain a structural framework based on the iron tetra
carbonyl unit [126–128]. This indicates that the MFe(CO)4

− configura
tion, with an intact Fe(CO)4 unit, represents a particularly stable 
structural motif. As summarized in Table 2 [111,112], the natural 
charge reveals that M atom is the primary locus for both positive charge 
and unpaired electron density. For these metals Ti, V, Cr, the spin 

density is almost exclusively localized on M, while the Fe(CO)4 fragment 
carries a natural charge of approximately − 2e. This is further supported 
by Mulliken spin density calculations (Table 3), which give values of 
3.11, 4.23, and 5.33 for Ti, V, and Cr, respectively, highlighting the 
considerable radical character of the M atom. These electronic structure 
characteristics implies substantial M → Fe(CO)4 electron transfer, giving 
a formal oxidation state of M(I) and Fe(− II). The MFe(CO)4

− complexes 
(M = Ti, V, Cr) have been described as M+ interacting with [Fe(CO)4]2− . 
In contrast, the natural charges on the Fe(CO)4 fragment of the group 14 
elements (M = Si, Ge, Sn) are calculated as − 1.43, − 1.34, and − 1.31, 
respectively, while the iron atom maintains a charge near − 2.30 across 
the series. This distribution supports an alternative description in which 
these complexes are best represented as containing a [M]0[Fe(CO)4]−

ion core. In this configuration, the iron atom achieves a stable 18-elec
tron configuration, which greatly enhances the thermodynamic stabil
ity of these complexes [160].

4.3.2. Orbital analysis
Fig. 14 presents the frontier molecular orbital profiles for the most 

stable isomers of the anionic heterobimetallic carbonyl complexes MFe 
(CO)4

− (M = Ti, V, Cr, Si, Ge, Sn) [111,112]. Specifically for the TiFe 
(CO)4

− complex, analysis shows that both the HOMO and HOMO-1 
possess singly occupied orbitals with predominant localization on the 
titanium center. These orbitals are essentially nonbonding, with 
approximately 90% contribution from Ti 3d AOs. The HOMO-2 is also a 
singly occupied orbital, consisting of a hybrid nonbonding orbital with 
contributions from Ti 3d (35%), 4 s (47%), and 4p (12%) orbitals. Nearly 
degenerate and doubly occupied orbitals have been found in HOMO-3 
and HOMO-4. These orbitals are primarily derived from Fe 3d orbitals 
and exhibit considerable back-donation interactions with CO ligands. 
The HOMO-5 is a doubly occupied Ti–Fe σ-bonding orbital, arising 
from the overlap of hybrid orbitals on both metals: Fe 3d and 4p (13% 
and 30%, respectively) and Ti 3d and 4 s (8% and 18%, respectively). In 
VFe(CO)4

− , the four highest orbitals (HOMO through HOMO-3) are all 
singly occupied and nonbonding, with primary localization on the va
nadium atom, with V 3d contributions of 83%, 72%, 95%, and 65%, 
respectively. Doubly occupied and nearly degenerate orbitals have been 
also found in HOMO-4 and HOMO-5. These orbitals are mainly of Fe 3d 
character and facilitate back-donation to the CO π* system. In CrFe 
(CO)4

− anion, five singly occupied orbitals are present from HOMO to 
HOMO-4, all exhibiting nonbonding character with considerable 

Fig. 13. Potential energy profiles of the Ti + 2CO → OTiCCO reaction calcu
lated at the B2PLYP-D3/def2-TZVPP level of theory [110].

Table 2 
M − Fe bond lengths, Wiberg bond orders and natural charges of MFe(CO)4

− (M 
= Ti, V, Cr, Si, Ge, Sn) species. Reproduced with permission [111,112].

Species M − Fe bond length M − Fe Wiberg bond order Natural 
charge

M Fe

TiFe(CO)4
− 2.42 0.67 0.42 − 2.05

VFe(CO)4
− 2.39 0.64 0.37 − 2.05

CrFe(CO)4
− 2.44 0.52 0.38 − 2.08

SiFe(CO)4
− 2.26 0.91 0.43 − 2.29

GeFe 
(CO)4

− 2.37 0.89 0.34 − 2.34

SnFe(CO)4
− 2.58 0.83 0.31 − 2.35

Table 3 
Contributions of the unpaired spin density distributions in the MFe(CO)4

− (M =
Ti, V, Cr, Si, Ge, Sn) species. Reproduced with permission [111,112].

Species Spin density of M ns np nd

TiFe(CO)4
− 3.11 21% 4% 75%

VFe(CO)4
− 4.23 13% 5% 82%

CrFe(CO)4
− 5.33 10% 3% 87%

SiFe(CO)4
− 0.63 2% 98% 0%

GeFe(CO)4
− 0.85 5% 95% 0%

SnFe(CO)4
− 0.97 0% 100% 0%
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localization on the chromium center. The Cr 3d contributions to these 
orbitals are 70%, 70%, 96%, 96%, and 65%, respectively, and Fe → CO 
π-back-donation is revealed in degenerate HOMO-5 and HOMO-6 
orbitals.

The HOMO of MFe(CO)4
− (M = Si, Ge, Sn) is primarily localized on 

the metal atom, with considerable contributions from the np orbitals, 
increasing from 50% for Si 3p to 68% for Ge 4p and 81% for Sn 5p, 
reflecting greater orbital localization down the group. The doubly 
occupied HOMO-1 exhibits σ-bonding character between the metal 
centers, resulting from the overlap of hybrid orbitals comprising the ns 
and np orbitals of M and the 3d and 4p orbitals of Fe. Notably, the 
HOMO-3 orbitals in these complexes represent typical π back-donation 
motifs, with electrons from the filled 3d and 4p orbitals of Fe donated 
into the vacant np orbitals of M. This interaction strengthens the met
al–metal bond, thereby stabilizing the complex. The remaining MOs 
(HOMO-4 to HOMO-5) primarily arise from interactions between Fe and 
the CO ligands. Therefore, the M–Fe bond comprises a σ-bond by elec
tron sharing and a dative π-bond (Fe → M).

4.3.3. Bonding and charge analysis
A systematic comparison of M–Fe Wiberg bond indices, bond dis

tances, and natural charges reveals a strong dependence on the nature of 
the ancillary metal M [111,112]. The calculated M–Fe bond lengths 
cover a wide range, from 2.26 Å in SiFe(CO)4

− to 2.58 Å in SnFe(CO)4
− . In 

the M = Ti, V, Cr series, the bond lengths are relatively uniform, varying 
only between 2.39 and 2.44 Å, with the shortest bond found in VFe 
(CO)4

− . In contrast, complexes containing group 14 elements display 
considerably greater variability, with M–Fe bond lengths increasing 

markedly down the group from Si to Sn. This trend parallels the increase 
in atomic radii down group 14. Notably, the Si–Fe bond is the shortest 
among all complexes studied, indicating an especially strong bonding 
interaction [4,161,162]. The Wiberg bond orders, which quantify bond 
multiplicity and covalent character, are considerably higher for these 
complexes, ranging from 0.83 to 0.91, compared with the transition 
metal (TM) analogues, which lie between 0.52 and 0.67. The maximum 
value of Wiberg bond order is 0.91 in SiFe(CO)4

− , reflecting by its short 
bond length and signaling a highly covalent M–Fe interaction 
[163–165]. Among these TM anions, the bond orders diminish in the 
sequence Ti > V > Cr, indicating a gradual reduction in bond strength. 
These computational findings unravel a fundamental difference in 
bonding character between transition metal and group 14-based heter
obimetallic carbonyl complexes, stemming from variations in electronic 
structure, orbital overlap, and charge distribution in the M–Fe bond.

Natural population analysis (NPA) reveals considerable charge sep
aration in these heterobimetallic carbonyl anions [111,112]. The iron 
center consistently carries a large negative charge, ranging from − 2.00 
to − 2.30, indicating substantial accumulation of electron density. At the 
same time, the ancillary metal atom M exhibits positive charges, varying 
from +0.31 (Sn) to +0.43 (Si). Notably, the more electronegative group 
14 elements (Si and Ge) possess higher positive charges than their TM 
counterparts, reflecting differences in electronic structure and charge- 
transfer behavior. The data reveal two distinct bonding regimes be
tween TM and main-group derivatives. Group 14 elements, particularly 
silicon, form shorter bonds with higher Wiberg bond orders toward iron, 
indicative of bonding interactions dominated by covalent character. In 
contrast, complexes with a TM at the metal site exhibit longer bond 

Fig. 14. Molecular orbital pictures of the most stable isomers for MFe(CO)4
− (M = Ti, V, Cr, Si, Ge, Sn), showing the highest occupied molecular orbitals down to the 

fifth valence molecular orbital from the HOMO [111,112].
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lengths and lower bond orders, indicative of more polarized in
teractions. The unpaired spin density in MFe(CO)4

− (M = Ti, V, Cr, Si, Ge, 
Sn) resides primarily on the M atom (Fig. 15). In summary, this work 
provides fundamental understanding the electronic structure and sta
bility of these anions, thereby establishing the identity of the ancillary 
metal as a key determinant of bonding and charge distribution in 
bimetallic carbonyl complexes.

4.3.4. CO activation
The structural parameters of the anionic heterobimetallic carbonyl 

complexes MFe(CO)4
− (M = Ti, V, Cr) were derived from calculations 

performed at the BP86/6–311 + G(d)-SDD level of theory. The 
computed C–O bond distances average around 1.18 Å, reflecting a 
considerable elongation relative to free CO (1.13 Å at the same level). 
Consistent with this structural change, the calculated C–O stretching 
frequencies (1810–1920 cm− 1) show a pronounced red shift in contrast 
to free CO (2121 cm− 1). These results collectively indicate a consider
able weak C–O bond upon coordination to the bimetallic core. The 
Group 14 analogues MFe(CO)4

− (M = Si, Ge, Sn) exhibit similar behavior. 
As the central atom M descends from Si to Sn, the ∠C1–Fe–C2 bond angle 
increases from 139◦ to 150◦, while the opposite ∠C3–Fe–C4 angle shows 
a smaller increase from 101◦ to 105◦. At the same time, the C1–O bond 
length decreases from 1.181 to 1.163 Å, although it remains consider
ably longer than in free CO. This structural evolution indicates a gradual 
loosening of the complex geometry as the atomic radius of M increases, 
accompanied by weaker M–Fe interactions. The degree of CO activation 
is reflected by C–O bond elongation and vibrational red shifts. The 
systematic elongation of C–O bonds and the corresponding decrease in 
stretching frequencies across both TM and main-group MFe(CO)4

−

complexes highlight a general weakening of the CO bond upon coordi
nation. This behavior parallels CO chemisorption on TM surfaces [27], 
where comparable red shifts (ca. 1100–2000 cm− 1) arise from the same 
physical origin: significant π-back-donation to the CO ligand. These 
findings deepen the molecular-level understanding of CO activation in 
heterometallic carbonyl systems. These insights are relevant to catalytic 
processes involving CO, such as Fischer–Tropsch synthesis and CO2 
reduction, and underscore the value of integrating theoretical and 
experimental approaches to elucidate metal–ligand interactions and 
their catalytic implications.

4.4. MNi(CO)n
− (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5)

4.4.1. Geometric and electronic structures
The congruence between experimental data and computational 

predictions affords a reliable physical property of the MNi(CO)n
− clusters 

(M = Sc, Y, Ti, Zr, Hf, V; n = 3–5). In each element group, the bonding of 
carbonyl ligands to the Ni atom is remarkably consistent. Comparisons 
across different transition metal–nickel (M–Ni) carbonyl complexes 
reveal both similarities and differences in their bonding behavior and 
growth patterns. Structurally, the group 3 and 4 M–Ni tricarbonyl anions 
feature three distinct types of carbonyl coordination: side-on-bonded, 
bridging, and terminal ligands [113,114]. These systems represent the 
smallest metal carbonyl clusters known to incorporate all major modes 
of metal–carbonyl coordination. Notably, the VNi(CO)3

− cluster shows a 
strong tendency to form three bridging carbonyl ligands [115].

For Group 3 M–Ni carbonyls (M = Sc, Y), the governing structural 
evolution involves the stepwise addition of terminal CO ligands to the 
ancillary metal (M) of the key MNi(CO)3

− motif. This reflects the pro
nounced stability of the MNi(CO)3

− structure, with subsequent CO 
binding preferentially taking place at the Sc/Y sites [113]. In contrast, 
group 4 M–Ni systems (M = Ti, Zr, Hf) follow a different growth pattern. 
While the MNi(CO)3

− and MNi(CO)5
− anions are similar to their group 3 

counterparts, the tetra‑carbonyl species MNi(CO)4
− shows a distinct 

structural preference, featuring μ-CO ligands and one terminal carbonyl 
coordinated to the Ni atom [114]. Similarly, the structural evolution of 
VNi(CO)n

− (n = 3–5) begins with the VNi(CO)3
− core, which contains only 

bridging carbonyls. Because the Ni atom initially lacks a terminal 
carbonyl ligand, subsequent CO adsorption first occurs at the Ni site to 
form a terminal carbonyl, followed by adsorption at the V atom [115]. 
These mechanistic insights into structural diversification guide our un
derstanding of CO chemisorption on bimetallic surfaces and enable the 
rational design of catalysts via targeted transition metal selection for CO 
activation.

4.4.2. Orbital analysis
The frontier molecular orbitals were systematically characterized for 

the anionic MNi(CO)5
− complexes with M = Sc, Y, Ti, Zr, Hf, V (Fig. 16) 

[113–115]. For the Sc and Y systems in their global minimum structures, 
the HOMO, HOMO-1, and HOMO-2 are π-symmetry orbitals delocalized 
across the metal–carbon framework and thus exhibit bonding in
teractions between the CO and M atoms. In contrast, the HOMO-3 and 

Fig. 15. Isosurface map of unpaired spin density distributions for the most stable isomers of MFe(CO)4
− (M = Ti, V, Cr, Si, Ge, Sn) [111,112].
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HOMO-4 are primarily derived from the Ni 3d AOs. A similar orbital 
pattern is observed in the Ti, Zr, and Hf analogues. Specifically, their 
HOMO orbitals feature significant π-donation of the metal (Ti, Zr, Hf) to 
the carbonyl ligands. The HOMO-1 and HOMO-2 are π orbitals delo
calized across the bimetallic core, while the HOMO-3 and HOMO-4 
remain largely confined on the Ni 3d orbitals. However, for the VNi 
(CO)5

− cluster, the electronic structure is different. The HOMO and 
HOMO-2 are primarily localized between the V and Ni atoms, indicating 
substantial overlap of V and Ni d orbitals, consistent with direct met
al–metal bonding. The HOMO-1 orbital is formed through interaction 
between d orbitals of Ni and the π* antibonding orbitals of CO, forming a 

feedback π bond that strengthens the Ni–CO coordination. The HOMO-3 
comprises a nonbonding V-centered d orbital. The HOMO-4 features an 
admixture of Ni d orbital character with the σ-donor orbitals from CO. 
Similar bonding features are consistently observed across the full series 
of MNi(CO)n

− clusters (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5). These bonding 
motifs, persistent throughout the series, lead to notable weakening of 
the C–O bonds. This relationship indicates that the stabilization of these 
clusters is largely due to localized π-interactions involving the CO li
gands and the bimetallic M–Ni core.

Fig. 16. Molecular orbital pictures of the most stable isomers for MNi(CO)5
− (M = Sc, Y, Ti, Zr, Hf, V), showing the highest occupied molecular orbitals down to the 

fourth valence molecular orbital from the HOMO [113–115].

Fig. 17. Isosurface map of unpaired spin density distributions for the most stable isomers of MNi(CO)5
− (M = Sc, Y, Ti, Zr, Hf, V) (isosurface value = 0.005 a.u.).
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4.4.3. Bonding and charge analysis
The distribution of unpaired spin density has been examined for the 

lowest-energy isomers of the anionic carbonyl complexes MNi(CO)n
− (M 

= Sc, Y, Ti, Zr, Hf, V; n = 3–5) (Fig. 17). While the unpaired electron is 
mainly on the metal centers, it also delocalizes toward the Ni atom and 
carbonyl ligands, pointing to substantial M–Ni interaction and signifi
cant π-back-donation into the CO π* orbitals. For these the anionic 
carbonyl complexes, the spin density is strongly concentrated on these 
early metal atoms. Importantly, the topology of the spin density iso
surfaces corresponds well with the predicted asymmetries in the M–Ni–C 
bonding framework. The pronounced spin delocalization onto the 
carbonyl ligands highlights considerable metal-to-ligand charge trans
fer. This transfer directly contributes to weakening the C–O bonds, 
which is a key step in carbonyl activation and functionalization. These 
computational visualizations emphasize the key role of the metal in 
modulating the electronic structure of bimetallic carbonyl complexes. 
The observed variations in spin density distribution reveal differences in 
orbital hybridization, bond covalency, and potential catalytic activity 
across different periods and groups of metals [166,167]. These results 
elucidate the mechanism for key reactions in these bimetallic systems, 
such as CO reduction and C–O bond cleavage.

Table 4 summarizes the structural and electronic parameters, 
including M–Ni Wiberg bond orders, bond lengths, and NPA charges for 
the series of heterobimetallic carbonyl anions MNi(CO)5

− (M = Sc, Y, Ti, 
Zr, Hf, V). The M–Ni bond lengths vary considerably across the series, 
ranging from 2.30 Å in VNi(CO)5

− to 2.88 Å in YNi(CO)5
− . A clear trend of 

shorter bond lengths is observed for the early TMs Ti, Zr, Hf, and 
especially V, indicating stronger bonding in these species. The Wiberg 
bond orders, which quantify bond multiplicity and strength, are highest 
for VNi(CO)5

− (0.44), followed by HfNi(CO)5
− (0.42) and ZrNi(CO)5

−

(0.41). In contrast, considerably lower values are obtained for ScNi 
(CO)5

− (0.32) and YNi(CO)5
− (0.30), consistent with their elongated bond 

lengths and indicating comparatively weaker bonding interactions. NPA 
charges further reveal considerable charge redistribution in these com
plexes. The nickel center consistently carries negative NPA charges, 
ranging from − 0.18 to − 0.49, indicating considerable electron-density 
accumulation. In contrast, the heterometal M exhibits substantial vari
ation across the series: V attains a strongly negative charge (− 0.98), 
whereas Y bears a positive charge (+0.58). This pronounced variation 
highlights major differences in the electronic structures and ionicity of 
the M–Ni bonds, which likely influence the chemical behavior, ther
modynamic stability, and reactivity of these bimetallic species. Overall, 
the data show that boding motifs of the M–Ni strongly depend on the 
identity of the ancillary metal M. V stands out as particularly distinctive, 
forming the shortest bond, having the highest bond order, and partici
pating in extensive charge transfer.

5. Conclusion and perspective

5.1. Conclusion

This review provides a systematic investigation of homometallic and 

heterobimetallic carbonyl complexes using an integrated approach that 
combines IR–VUV spectroscopy, photoelectron spectroscopy, and 
quantum chemical calculations. This multifaceted methodology enables 
a thorough elucidation of structural geometries, electronic properties, 
and reactivity patterns of well-defined metal species. The coordinated 
use of experimental and theoretical tools facilitates robust structural 
identification and the development of coherent bonding descriptions, 
particularly for transient species that are difficult to isolate or charac
terize under conventional condensed-phase conditions.

The highly-coordinated Sc(CO)7, Y(CO)8, and La(CO)8 complexes 
exhibit systematic changes in vibrational properties that correspond to 
variations in π-back-donation strength among group 3 metals. The 
observed red-shifts in CO stretching frequencies decrease in the order Sc 
> Y > La, owing to a progressive reduction in metal d–CO π* orbital 
overlap down the group. Energy decomposition analysis indicates that 
covalent orbital interactions primarily stabilize these complexes, with 
back-donation contributions diminishing as the metal radius increases. 
The thermodynamic instability of Sc(CO)8, contrasted with the robust 
stability of Y(CO)8 and La(CO)8, verifies its experimental absence and 
highlights the critical balance between kinetic accessibility and ther
modynamic stability in the gas-phase carbonyl chemistry.

Investigations of neutral titanium carbonyls via IR–VUV spectros
copy, which revealed that OTiCCO-based isomers are the predominant 
species under the experimental conditions, despite predictions that 
homoleptic Ti(CO)n complexes are more thermodynamically stable at 
higher n. High-level quantum chemical calculations confirm that the 
reaction Ti + 2CO → OTiCCO is highly exothermic and proceeds readily, 
rationalizing the preference for OTiCCO formation in the gas phase. 
Bonding analysis shows that OTiCCO consists of a cooperative interac
tion between TiO+ and CCO− fragments, stabilized by delocalized π 
bonding. This system exemplifies how subtle orbital interactions dictate 
the emergence of unconventional bonding structures in transient mo
lecular species.

For the MFe(CO)4
− anions (M = Ti, V, Cr, Si, Ge, Sn), a clear structural 

dichotomy emerges. Early TMs (Ti–Cr) favor C3v symmetric trigonal 
bipyramidal geometries, while group 14 elements (Si, Ge, and Sn) adopt 
C2v symmetric structures. These geometries are strongly confirmed by 
the excellent match between experimental VDEs and theoretical pre
dictions. Bonding and charge analyses indicate that the MFe(CO)4

− (M =
Ti, V, Cr) species are best described as M+ interacting with [Fe(CO)4]2−

fragments, whereas the MFe(CO)4
− (M = Si, Ge, Sn) species are more 

accurately represented as neutral M atoms coupled with [Fe(CO)4]−

units, benefiting from a closed-shell 18-electron Fe center. The observed 
vibrational red shifts and C–O bond elongations across the series pro
vide detailed molecular-level insight into CO activation mechanisms, 
analogous to effects seen in surface-bound CO chemistry.

Finally, the MNi(CO)n
− clusters (M = Sc, Y, Ti, Zr, Hf, V; n = 3–5), PES 

spectra combined with DFT reveal the coexistence of three different CO 
ligation, making these among the smallest carbonyl systems to incor
porate all major coordination modes. A systematic increase in VDEs with 
cluster size indicates enhanced electronic stabilization from successive 
CO coordination, reflecting stronger metal–ligand interactions and 
greater charge delocalization. Orbital and spin density analyses show 
that the ancillary metal makes a great contribution to regulate Ni–CO 
back-donation, effectively modulating CO activation. Notably, V-doped 
metal carbonyls exhibit considerable metal–metal bonding and pro
nounced charge redistribution, underscoring their potential as molecu
lar mimics of bimetallic active sites in catalytic CO reduction.

5.2. Perspective

The findings of this study emphasize the powerful synergy between 
gas-phase spectroscopy and advanced quantum chemical calculations in 
revealing bonding patterns and reaction mechanisms in metal carbonyl 
complexes. With these advances, several unresolved questions and 
promising research directions deserve further exploration.

Table 4 
M − Ni bond lengths, Wiberg bond orders and natural charges of MNi(CO)5

− (M 
= Sc, Y, Ti, Zr, Hf, V) species.

Species M − Ni bond length M − Ni Wiberg bond order Natural charge

M Ni

ScNi(CO)5
− 2.73 0.32 0.06 − 0.45

YNi(CO)5
− 2.88 0.30 0.58 − 0.49

TiNi(CO)5
− 2.58 0.38 − 0.35 − 0.33

ZrNi(CO)5
− 2.69 0.41 0.11 − 0.38

HfNi 
(CO)5

− 2.66 0.42 0.32 − 0.39

VNi(CO)5
− 2.30 0.44 − 0.98 − 0.18
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First, while this work has focused on early TMs and main-group 
dopants, the application of similar methodologies to late TMs and 
polynuclear metal systems could bridge the gap between discrete mo
lecular species and extended catalytic interfaces. In particular, hetero
bimetallic clusters containing coinage metals or 4d/5d elements may 
exhibit new bonding regimes and synergistic effects in CO activation 
that are unattainable in single-metal systems.

Second, while current experimental methods primarily characterize 
equilibrium structures and thermodynamic properties, real catalytic 
cycles often involve transient intermediates and dynamic structural 
changes. The use of time-resolved pump–probe spectroscopy, with 
femtosecond to picosecond resolution, would enable direct observation 
of critical processes such as bond cleavage, isomerization, and ligand 
substitution. These studies could uncover how energy flow and elec
tronic excitation influence reactivity in carbonyl complexes.

Third, although the current theoretical framework depends on DFT 
and double-hybrid functionals, greater predictive accuracy could be 
achieved by incorporating multireference wavefunction methods. These 
advanced approaches better account for near-degeneracies and strongly 
correlated electronic states, especially in open-shell species such as MFe 
(CO)4

− and OTiCCO derivatives. Additionally, machine learning poten
tials trained on high-level ab initio reference data present a promising 
strategy to efficiently explore complex potential energy surfaces, 
enabling faster screening of a wider variety of metal–ligand composi
tions and structural motifs.

Finally, the present results emphasize the crucial role of under
standing CO activation at the molecular level as a model for wider cat
alytic processes such as CO2 reduction, Fischer–Tropsch synthesis, 
syngas conversion, and carbonylation reactions. By systematically 
examining how metals and ligands influence bond activation, well- 
define spectroscopic studies provide a fundamental mechanistic frame
work that supports the rational design of both heterogeneous and ho
mogeneous catalysts. Moreover, combining molecular spectroscopic 
data with concepts from materials science and nanocatalysis can help 
bridge gaps between molecular clusters and extended interfacial sys
tems, enabling more accurate prediction and control of catalytic activity 
and selectivity.

In summary, this work deepens the understanding of bonding in 
metal carbonyl species and lays a strategic foundation for future studies 
that combine molecular spectroscopy with applied catalysis. Continuous 
research in this direction will promote the application of metal carbonyl 
complexes in sustainable energy conversion, carbon resource valoriza
tion, and environmentally friendly synthetic methods, thereby rein
forcing the connection between molecular discoveries and practical 
technological applications.
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[40] L. Chen, A.J. Poë, Associative reactions of metal carbonyl clusters: systematic 
kinetic studies of some ruthenium and other clusters, Coord. Chem. Rev. 143 
(1995) 265–295.

[41] C.S.-W. Lau, W.-T. Wong, Synthesis, structural characterisation and 
electrochemistry of ruthenium carbonyl clusters derived from ferrocenyl (formyl) 
acetylene, J. Organomet. Chem. 588 (1999) 113–124.

[42] C.E. Juda, R.C. Handford, A.K. Bartholomew, T.M. Powers, N.X. Gu, E. Meyer, 
N. Roth, Y.-S. Chen, S.-L. Zheng, T.A. Betley, Cluster dynamics of heterometallic 
trinuclear clusters during ligand substitution, redox chemistry, and group transfer 
processes, Chem. Sci. 15 (2024) 8242–8248.

[43] T. Bruckhoff, V.J. Kohler, F. Braun, J. Ballmann, L.H. Gade, Dynamics of 
metal–metal bond dissociation in Pd–Pd and Ni–Ni complexes: reorganization 
and redistribution reactions of the metalloradicals, Angew. Chem. Int. Ed. 64 
(2025) e202514965.

[44] E.G. Mednikov, M.C. Jewell, L.F. Dahl, Nanosized (μ12-Pt) 
Pd164-xPtx(CO)72(PPh3)20 (x ≈ 7) containing Pt-centered four-shell 165-atom 
Pd− Pt core with unprecedented intershell bridging carbonyl ligands: comparative 
analysis of icosahedral shell-growth patterns with geometrically related 
Pd145(CO)x(PEt3)30 (x ≈ 60) containing capped three-shell Pd145 core, J. Am. 
Chem. Soc. 129 (2007) 11619–11630.

[45] J.D. Erickson, E.G. Mednikov, S.A. Ivanov, L.F. Dahl, Isolation and structural 
characterization of a Mackay 55-metal-atom two-shell icosahedron of pseudo-Ih 
symmetry, Pd55L12(μ3-CO)20 (L = PR3, R = isopropyl): comparative analysis with 
interior two-shell icosahedral geometries in capped three-shell Pd145, Pt-centered 
four-shell Pd–Pt M165, and four-shell Au133 nanoclusters, J. Am. Chem. Soc. 138 
(2016) 1502–1505.

[46] G. Bussoli, C. Cesari, C. Femoni, M.C. Iapalucci, S. Ruggieri, S. Zacchini, 
Atomically precise heterometallic rhodium nanoclusters stabilized by carbonyl 
ligands. In Atomically Precise Nanochemistry, John Wiley & Sons Ltd., Hoboken, 
NJ, USA, 2023, pp. 309–330.

[47] P.C. Ford, S. Massick, Time resolved spectroscopic studies relevant to reactive 
intermediates in homogeneous catalysis. The migratory insertion reaction, Coord. 
Chem. Rev. 226 (2002) 39–49.
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M. Ortega, A. Vessières, A. Dazzi, Subcellular IR imaging of a metal–carbonyl 
moiety using photothermally induced resonance, Angew. Chem. Int. Ed. 50 
(2011) 860–864.

[56] B. Rudolf, M. Salmain, J. Grobelny, G. Celichowski, E. Tomaszewska, Synthesis 
and characterization of metallocarbonyl functionalized gold nanoparticles, 
Colloids Surf. A Physicochem. Eng. Asp. 385 (2011) 241–248.

[57] M. Salmain, A. Vessières, S. Top, G. Jaouen, I.S. Butler, Analytical potential of 
near-infrared fourier transform raman spectra in the detection of solid transition 
metal carbonyl steroid hormones, J. Raman Spectrosc. 26 (1995) 31–38.

[58] F. Yang, P.Y. Yu, J.P. Shi, J. Zhao, X.M. He, J.P. Wang, Two-dimensional infrared 
spectroscopy of the photoproduct of π-cyclopentadienyliron dicarbonyl dimer, 
Chin. J. Chem. Phys. 26 (2013) 721–728.

[59] B.J. Aucott, A.-K. Duhme-Klair, B.E. Moulton, I.P. Clark, I.V. Sazanovich, 
M. Towrie, L.A. Hammarback, I.J.S. Fairlamb, J.M. Lynam, Manganese carbonyl 
compounds reveal ultrafast metal–solvent interactions, Organometallics 38 
(2019) 2391–2401.

[60] V. Singh, Y.J. Zhang, L.P. Yang, P.T. Ma, D.D. Zhang, C. Zhang, L. Yu, J.Y. Niu, J. 
P. Wang, Two new tetravacant organometallic keggin-type 
heteropolyoxomolybdates-supported manganese carbonyl derivatives, Molecules 
22 (2017) 1351.

[61] M.F. Zhou, L. Andrews, Infrared spectra of CNbO, CMO− , OMCCO, (C2)MO2, and 
M(CO)x (x = 1-6) (M = Nb, ta) in solid neon, J. Phys. Chem. A 103 (1999) 
7785–7794.

[62] M.F. Zhou, L. Andrews, J. Li, B.E. Bursten, Reactions of Th atoms with CO: the 
first thorium carbonyl complex and an unprecedented bent triplet insertion 
product, J. Am. Chem. Soc. 121 (1999) 12188–12189.

[63] C.Y. Zhao, R.K. Wu, S.Q. Zhang, X. Hong, Benchmark study of density functional 
theory methods in geometry optimization of transition metal–dinitrogen 
complexes, J. Phys. Chem. A 127 (2023) 6791–6803.

[64] A. Diefenbach, F.M. Bickelhaupt, G. Frenking, The nature of the transition 
metal− carbonyl bond and the question about the valence orbitals of transition 
metals. A bond-energy decomposition analysis of TM(CO)6

q (TMq = Hf2− , Ta–, W, 
Re+, Os2+, Ir3+), J. Am. Chem. Soc. 122 (2000) 6449–6458.

[65] J.T. Han, A. Grofe, J.L. Gao, Variational energy decomposition analysis of charge- 
transfer interactions between metals and ligands in carbonyl complexes, Inorg. 
Chem. 60 (2021) 14060–14071.

[66] S.G. Patra, C. Paul, N. Dutta, P.K. Chattaraj, Rationalizing the DCD model in 
transition metal carbonyls: a conceptual density functional theory analysis, 
J. Comput. Chem. 46 (2025) e70242.

[67] V. Glitz, V.C. Port, E. Nordlander, R.A. Peralta, G.F. Caramori, Choose your level 
wisely: assessing density functionals and dispersion corrections for metal 
carbonyl compounds, J. Comput. Chem. 46 (2025) e70245.

[68] G.X. Wang, Decoding the red and blue shift of C− O stretch vibrations in cationic 
transition metal carbonyl complexes, J. Coord. Chem. 78 (2025) 1645–1658.

[69] J. Pilme, B. Silvi, M.E. Alikhani, Structure and stability of M− CO, M = first- 
transition-row metal: an application of density functional theory and topological 
approaches, J. Phys. Chem. A 107 (2003) 4506–4514.

[70] J. Li, G. Schreckenbach, T. Ziegler, A reassessment of the first metal-carbonyl 
dissociation energy in M(CO)4 (M = Ni, Pd, Pt), M(CO)5 (M = Fe, Ru, Os), and M 
(CO)6 (M = Cr, Mo, W) by a quasirelativistic density functional method, J. Am. 
Chem. Soc. 117 (1995) 486–494.

[71] N. Roig, R. Van Lommel, M. Alonso, A.B. Chaplin, Deconvoluting the role of 
electrostatics in metal carbonyl bonding: dipole moments and energy 
decomposition analysis of late transition metal pincer complexes, 
Organometallics 43 (2024) 2787–2796.

[72] M.F. Zhou, L. Andrews, Matrix infrared spectra and density functional 
calculations of Ni(CO)x

− , x = 1-3, J. Am. Chem. Soc. 120 (1998) 11499–11503.
[73] B. Brehm, M.A. Gusinow, J.L. Hall, Electron affinity of helium via laser 

photodetachment of its negative ion, Phys. Rev. Lett. 19 (1967) 737–741.
[74] Y. Negishi, H. Kawamata, T. Hayase, M. Gomei, R. Kishi, F. Hayakawa, 

A. Nakajima, K. Kaya, Photoelectron spectroscopy of germanium-fluorine binary 
cluster anions: the HOMO-LUMO gap estimation of gen clusters, Chem. Phys. Lett. 
269 (1997) 199–207.

[75] A.I. Boldyrev, J. Simons, X. Li, L.-S. Wang, π- and σ-coordinated Al in AlC2
– and 

AlCSi–. A combined photoelectron spectroscopy and ab initio study, J. Am. Chem. 
Soc. 121 (1999) 10193–10197.

[76] X.-B. Wang, J.B. Nicholas, L.-S. Wang, Photoelectron spectroscopy and theoretical 
calculations of SO4

− and HSO4
− : confirmation of high electron affinities of SO4 and 

HSO4, J. Phys. Chem. A 104 (2000) 504–508.
[77] E. Surber, A. Sanov, Photoelectron imaging spectroscopy of molecular and cluster 

anions: CS2
− and OCS− (H2O)1,2, J. Chem. Phys. 116 (2002) 5921–5924.

[78] X.-B. Wang, J.E. Dacres, X. Yang, K.M. Broadus, L. Lis, L.-S. Wang, S.R. Kass, 
Photodetachment of zwitterions: probing intramolecular coulomb repulsion and 
attraction in the gas phase using pyridinium dicarboxylate anions, J. Am. Chem. 
Soc. 125 (2003) 296–304.

[79] X. Yang, X.-B. Wang, E.R. Vorpagel, L.-S. Wang, Direct experimental observation 
of the low ionization potentials of guanine in free oligonucleotides by using 
photoelectron spectroscopy, Proc. Natl. Acad. Sci. USA 101 (2004) 17588–17592.

[80] H.-J. Zhai, B. Kiran, B. Dai, J. Li, L.-S. Wang, Unique CO chemisorption properties 
gold hexamer: Au6(CO)n

− (n = 0-3), J. Am. Chem. Soc. 127 (2005) 12098–12106.

H. Xie et al.                                                                                                                                                                                                                                      Coordination Chemistry Reviews 556 (2026) 217718 

18 

http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0145
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0145
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0145
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0150
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0150
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0155
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0155
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0160
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0160
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0160
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0165
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0165
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0170
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0170
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0170
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0175
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0175
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0175
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0175
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0180
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0180
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0180
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0185
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0185
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0190
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0190
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0190
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0195
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0195
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0195
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0200
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0200
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0200
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0205
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0205
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0205
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0210
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0210
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0210
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0210
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0215
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0215
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0215
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0215
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0220
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0225
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0230
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0230
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0230
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0230
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0235
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0235
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0235
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0240
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0240
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0240
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0245
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0245
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0245
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0245
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0245
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0250
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0250
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0250
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0255
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0255
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0255
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0255
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0260
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0260
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0265
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0265
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0265
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0265
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0270
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0270
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0270
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0275
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0275
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0275
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0275
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0280
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0280
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0280
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0285
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0285
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0285
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0290
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0290
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0290
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0295
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0295
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0295
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0295
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0300
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0300
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0300
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0300
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0305
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0305
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0305
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0310
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0310
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0310
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0315
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0315
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0315
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0320
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0320
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0320
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0320
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0325
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0325
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0325
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0330
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0330
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0330
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0335
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0335
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0335
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0340
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0340
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0345
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0345
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0345
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0350
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0350
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0350
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0350
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0355
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0355
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0355
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0355
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0360
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0360
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0365
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0365
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0370
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0370
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0370
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0370
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0375
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0375
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0375
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0380
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0380
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0380
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0385
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0385
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0390
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0390
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0390
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0390
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0395
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0395
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0395
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0400
http://refhub.elsevier.com/S0010-8545(26)00154-2/rf0400


[81] H. Xie, Z.B. Qin, X. Wu, Z.C. Tang, L. Jiang, Photoelectron velocity-map imaging 
signature of structural evolution of silver-doped lead Zintl anions, J. Chem. Phys. 
137 (2012) 064318.

[82] Z.B. Qin, R. Cong, X. Wu, Z.L. Liu, H. Xie, Z.C. Tang, L. Jiang, H.J. Fan, 
Photoelectron velocity-map imaging spectroscopic and theoretical study on the 
reactivity of the gold atom toward CH3SH, CH3OH, and H2O, J. Chem. Phys. 139 
(2013) 034315.

[83] Z.B. Qin, R. Cong, H. Xie, Z.L. Liu, X. Wu, Z.C. Tang, L. Jiang, H.J. Fan, 
Photoelectron imaging and theoretical study on nascent hydrogen bond network 
in microsolvated clusters of au− (CH3OH)n (n = 1-5), J. Phys. Chem. A 118 (2014) 
3402–3409.

[84] J.H. Zou, H. Xie, D.X. Dai, Z.C. Tang, L. Jiang, Sequential bonding of CO 
molecules to a titanium dimer: a photoelectron velocity-map imaging 
spectroscopic and theoretical study of Ti2(CO)n

− (n = 1-9), J. Chem. Phys. 145 
(2016) 184302.

[85] T. Ebata, A. Fujii, N. Mikami, Vibrational spectroscopy of small-sized hydrogen- 
bonded clusters and their ions, Int. Rev. Phys. Chem. 17 (1998) 331–361.

[86] B.S. Ault, Matrix isolation infrared spectroscopic and density functional study of 
the mechanism of the oxidation of CH3OH by CrCl2O2, J. Am. Chem. Soc. 120 
(1998) 6105–6112.

[87] G.J. Wang, M.F. Zhou, Matrix isolation infrared spectroscopic and theoretical 
study of the BNNO and AlNNO molecules, Chem. Phys. 342 (2007) 90–94.

[88] Y. Gong, M.F. Zhou, Matrix infrared spectra and density functional calculations of 
TiO3 and TiO5 in solid argon, J. Phys. Chem. A 112 (2008) 9758–9762.

[89] Y. Gong, M.F. Zhou, Infrared spectra of zinc and cadmium dioxide anions in solid 
neon, Chem. Phys. Lett. 489 (2010) 181–186.

[90] L. Jiang, Q. Xu, Reactions of gold atoms and small clusters with CO: infrared 
spectroscopic and theoretical characterization of AunCO (n = 1-5) and Aun(CO)2 
(n = 1, 2) in solid argon, J. Phys. Chem. A 109 (2005) 1026–1032.

[91] L. Jiang, Q. Xu, Infrared spectra of the (AgCO)2 and AgnCO (n = 2-4) molecules in 
rare-gas matrices, J. Phys. Chem. A 110 (2006) 11488–11493.

[92] Z.-H. Lu, L. Jiang, Q. Xu, Infrared spectra and density functional theory 
calculations of the tantalum and niobium carbonyl dinitrogen complexes, 
J. Chem. Phys. 131 (2009) 034512.

[93] D.J. Goebbert, T. Wende, L. Jiang, G. Meijer, A. Sanov, K.R. Asmis, IR 
spectroscopic characterization of the thermally induced isomerization in carbon 
disulfide dimer anions, J. Phys. Chem. Lett. 1 (2010) 2465–2469.

[94] Y. Matsuda, M. Mori, M. Hachiya, A. Fujii, N. Mikami, Infrared spectroscopy of 
size-selected neutral clusters combined with vacuum-ultraviolet-photoionization 
mass spectrometry, Chem. Phys. Lett. 422 (2006) 378–381.

[95] H.K. Woo, P. Wang, K.C. Lau, X. Xing, C. Chang, C.Y. Ng, State-selected and state- 
to-state photoionization study of trichloroethene using the two-color infrared- 
vacuum ultraviolet scheme, J. Chem. Phys. 119 (2003) 9333–9336.

[96] K. Kaizu, M. Kohno, S. Suzuki, H. Shiromaru, T. Moriwaki, Y. Achiba, Neutral 
carbon cluster distribution upon laser vaporization, J. Chem. Phys. 106 (1997) 
9954–9956.

[97] T. Wakabayashi, T. Momose, T. Shida, Mass spectroscopic studies of laser ablated 
carbon clusters as studied by photoionization with 10.5 eV photons under high 
vacuum, J. Chem. Phys. 111 (1999) 6260–6263.

[98] Y.J. Shi, S. Consta, A.K. Das, B. Mallik, D. Lacey, R.H. Lipson, A 118 nm vacuum 
ultraviolet laser/time-of-flight mass spectroscopic study of methanol and ethanol 
clusters in the vapor phase, J. Chem. Phys. 116 (2002) 6990–6999.

[99] Y. Matsuda, D.N. Shin, E.R. Bernstein, On the zirconium oxide neutral cluster 
distribution in the gas phase: detection through 118 nm single photon, and 193 
and 355 nm multiphoton, ionization, J. Chem. Phys. 120 (2004) 4142–4149.

[100] B.-B. Zhang, X.-T. Kong, S.-K. Jiang, Z. Zhao, H. Xie, C. Hao, D.-X. Dai, X.- 
M. Yang, L. Jiang, Infrared-vacuum ultraviolet spectroscopic and theoretical 
study of neutral trimethylamine dimer, Chin. J. Chem. Phys. 30 (2017) 691–695.

[101] B.B. Zhang, X.T. Kong, S.K. Jiang, Z. Zhao, D. Yang, H. Xie, C. Hao, D.X. Dai, X. 
M. Yang, Z.-F. Liu, L. Jiang, Infrared-vacuum ultraviolet spectroscopic and 
theoretical study of neutral methylamine dimer, J. Phys. Chem. A 121 (2017) 
7176–7182.

[102] B.B. Zhang, Q.-R. Huang, S.K. Jiang, L.-W. Chen, P.-J. Hsu, C. Wang, C. Hao, X. 
T. Kong, D.X. Dai, X.M. Yang, J.-L. Kuo, L. Jiang, Infrared spectra of neutral 
dimethylamine clusters: an infrared-vacuum ultraviolet spectroscopic and 
anharmonic vibrational calculation study, J. Chem. Phys. 150 (2019) 064317.

[103] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio 
parametrization of density functional dispersion correction (DFT-D) for the 94 
elements H-Pu, J. Chem. Phys. 132 (2010) 154104.

[104] S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion 
corrected density functional theory, J. Comput. Chem. 32 (2011) 1456–1465.

[105] E. van Lenthe, E.J. Baerends, J.G. Snijders, Relativistic regular two-component 
Hamiltonians, J. Chem. Phys. 99 (1993) 4597–4610.

[106] E. van Lenthe, E.J. Baerends, J.G. Snijders, Relativistic total energy using regular 
approximations, J. Chem. Phys. 101 (1994) 9783–9792.

[107] E. van Lenthe, A. Ehlers, E.-J. Baerends, Geometry optimizations in the zero order 
regular approximation for relativistic effects, J. Chem. Phys. 110 (1999) 
8943–8953.

[108] M.P. Mitoraj, A. Michalak, T. Ziegler, A combined charge and energy 
decomposition ccheme for bond analysis, J. Chem. Theory Comput. 5 (2009) 
962–975.

[109] C. Wang, C.-Y. Tian, Y. Zhao, S. Jiang, T.T. Wang, H.J. Zheng, W.H. Yan, G. Li, 
H. Xie, J. Li, H.-S. Hu, X.M. Yang, L. Jiang, Observation of confinement-free 
neutral group three transition metal carbonyls Sc(CO)7 and TM(CO)8 (TM = Y, 
La), Angew. Chem. Int. Ed. 62 (2023) e202305490.

[110] C. Wang, Q.M. Li, X.T. Kong, H.J. Zheng, T.T. Wang, Y. Zhao, G. Li, H. Xie, J. 
Y. Yang, G.R. Wu, W.Q. Zhang, D.X. Dai, M.F. Zhou, X.M. Yang, L. Jiang, 
Observation of carbon–carbon coupling reaction in neutral transition-metal 
carbonyls, J. Phys. Chem. Lett. 12 (2021) 1012–1017.

[111] J.M. Zhang, Z.L. Liu, G. Li, H.J. Fan, L. Jiang, H. Xie, CO activation by the 
heterobinuclear transition metal-iron clusters: a photoelectron spectroscopic and 
theoretical study, J. Energy Chem. 63 (2021) 344–350.

[112] B.M. Ju, Z.H. Zhang, X.T. Kong, J.H. Zou, G. Li, H. Xie, L. Jiang, Photoelectron 
velocity map imaging spectroscopy of group 14 elements and iron tetracarbonyl 
anionic clusters MFe(CO)4

− (M = Si, Ge, Sn), J. Chem. Phys. 160 (2024) 044307.
[113] H. Xie, J.H. Zou, Q.Q. Yuan, J.M. Zhang, H.J. Fan, L. Jiang, Photoelectron velocity 

map imaging spectroscopy of heteronuclear metal–nickel carbonyls MNi(CO)n−
(M=Sc, Y; n=2–6), Top. Catal. 61 (2018) 71–80.

[114] J.H. Zou, H. Xie, Q.Q. Yuan, J.M. Zhang, D.X. Dai, H.J. Fan, Z.C. Tang, L. Jiang, 
Probing the bonding of CO to heteronuclear group 4 metal–nickel clusters by 
photoelectron spectroscopy, Phys. Chem. Chem. Phys. 19 (2017) 9790–9797.

[115] Q.Q. Yuan, J.M. Zhang, J.H. Zou, H.J. Fan, L. Jiang, H. Xie, Photoelectron velocity 
map imaging spectroscopic and theoretical study of heteronuclear vanadium- 
nickel carbonyl anions VNi(CO)n

− (n = 2-6), J. Chem. Phys. 149 (2018) 144305.
[116] C.X. Chi, H. Qu, L.Y. Meng, F.C. Kong, M.B. Luo, M.F. Zhou, CO oxidation by 

group 3 metal monoxide cations supported on [Fe(CO)4]2− , Angew. Chem. Int. 
Ed. 56 (2017) 14096–14101.

[117] C.X. Chi, J.-Q. Wang, H. Qu, W.-L. Li, L.Y. Meng, M.B. Luo, J. Li, M.F. Zhou, 
Preparation and characterization of uranium–iron triple-bonded UFe(CO)3

− and 
OUFe(CO)3

− complexes, Angew. Chem. Int. Ed. 56 (2017) 6932–6936.
[118] E. Folga, T. Ziegler, A density functional study on the strength of the metal bonds 

in Co2(CO)8 and Mn2(CO)10 and the metal-hydrogen and metal-carbon bonds in 
R-Mn(CO)5 and R-CO(CO)4, J. Am. Chem. Soc. 115 (1993) 5169–5176.

[119] J.-Q. Wang, C.X. Chi, H.-S. Hu, L.Y. Meng, M.B. Luo, J. Li, M.F. Zhou, Triple bonds 
between iron and heavier group 15 elements in AFe(CO)3

− (a = as, Sb, bi) 
complexes, Angew. Chem. Int. Ed. 57 (2018) 542–546.

[120] J.Y. Jin, T. Yang, K. Xin, G.J. Wang, X.Y. Jin, M.F. Zhou, G. Frenking, 
Octacarbonyl anion complexes of group three transition metals [TM(CO)8]− (TM 
= Sc, Y, La) and the 18-electron rule, Angew. Chem. Int. Ed. 57 (2018) 
6236–6241.

[121] J.J. Venter, M.A. Vannice, Carbon-supported Fe3(CO)12, Ru3(CO)12 and 
Os3(CO)12: decomposition rates, CO adsorption properties and CO hydrogenation 
behavior, J. Mol. Catal. A-Chem. 56 (1989) 117–132.

[122] C.X. Chi, S. Pan, L.Y. Meng, M.B. Luo, L.L. Zhao, M.F. Zhou, G. Frenking, Alkali 
metal covalent bonding in nickel carbonyl complexes ENi(CO)3

− , Angew. Chem. 
Int. Ed. 58 (2019) 1732–1738.

[123] J.Y. Jin, S. Pan, X.Y. Jin, S.J. Lei, L.L. Zhao, G. Frenking, M.F. Zhou, Octacarbonyl 
anion complexes of the late lanthanides ln(CO)8

− (ln = tm, Yb, Lu) and the 32- 
electron rule, Chem. Eur. J. 25 (2019) 3229–3234.

[124] J.-Q. Wang, C.X. Chi, J.-B. Lu, L.Y. Meng, M.B. Luo, H.-S. Hu, M.F. Zhou, J. Li, 
Triple bonds between iron and heavier group-14 elements in the AFe(CO)3

−

complexes (a = Ge, Sn, and Pb), Chem. Commun. 55 (2019) 5685–5688.
[125] J. Rolke, Y. Zheng, C.E. Brion, S.J. Chakravorty, E.R. Davidson, I.E. McCarthy, 

Imaging of the HOMO electron density in Cr(CO)6, Mo(CO)6 and W(CO)6 by 
electron momentum spectroscopy: a comparison with Hartree-Fock and DFT 
calculations, Chem. Phys. 215 (1997) 191–205.

[126] Z.L. Liu, J.H. Zou, Z.B. Qin, H. Xie, H.J. Fan, Z.C. Tang, Photoelectron velocity 
map imaging spectroscopy of lead tetracarbonyl-iron anion PbFe(CO)4

− , J. Phys. 
Chem. A 120 (2016) 3533–3538.

[127] R.D. Ernst, T.J. Marks, J.A. Ibers, Metal-metal bond-cleavage reactions- 
crystallization and solid-state structural characterization of cadmium 
tetracarbonyliron, CdFe(CO)4, J. Am. Chem. Soc. 99 (1977) 2090–2098.

[128] R.D. Ernst, T.J. Marks, Chemical and structural relationships among oligomeric 
compounds MFe(CO)4 (M = Zn, cd, hg), PbFe(CO)4, AgCo(CO)4, and their base 
adducts, Inorg. Chem. 17 (1978) 1477–1484.

[129] J.M. Zhang, Y. Li, Y. Bai, G. Li, D. Yang, H.J. Zheng, J.H. Zou, X.T. Kong, H.J. Fan, 
Z.L. Liu, L. Jiang, H. Xie, CO oxidation on the heterodinuclear tantalum–nickel 
monoxide carbonyl complex anions, Chin. Chem. Lett. 32 (2021) 854–860.

[130] C. Tard, C.J. Pickett, Structural and functional analogues of the active sites of the 
[Fe]− , [NiFe]− , and [FeFe]− hydrogenases, Chem. Rev. 109 (2009) 2245–2274.

[131] S. Kaur-Ghumaan, M. Stein, [NiFe] hydrogenases: how close do structural and 
functional mimics approach the active site? Dalton Trans. 43 (2014) 9392–9405.
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