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ABSTRACT: Spectroscopic characterization of highly excited neutral transition-metal
complexes is important for understanding the multifaceted reaction mechanisms between
metals and ligands. In this work, the reactions of neutral chromium atoms with carbon
monoxide were probed by size-specific infrared spectroscopy. Interestingly, Cr(CO)3 was
found to have an unprecedented 7A2″ septet excited state rather than the singlet ground state.
A combination of experiment and theory shows that the gas-phase formation of this highly
excited Cr(CO)3 is facile both thermodynamically and kinetically. Electronic structure and
bonding analyses indicate that the valence electrons of Cr atoms in the septet Cr(CO)3 are in
a relatively stable configuration, which facilitate the highly excited structure and the planar
geometric shape (D3h symmetry). The observed septet Cr(CO)3 affords a paradigm for
exploring the structure, properties, and formation mechanism of a large variety of excited
neutral compounds.

1. INTRODUCTION
Transition-metal complexes (TMCs) are a very rich class of
compounds with a wide range of application prospects.1−6

Electronically excited TMCs are usually more reactive and are
vital intermediates in photoinduced reactions, such as solar
energy conversion,7,8 photocatalytic hydrogen production,9,10

selective carbon−hydrogen bond activation,11,12 etc. There-
fore, the investigation of excited intermediates in the
complicated processes at the molecular level is crucial to
understanding the fundamental reaction mechanisms. The
electronic structures, excited-state lifetime, and electron
excitation dynamics of excited TMCs have been explored by
X-ray spectroscopy [i.e., time-resolved resonance inelastic X-
ray spectroscopy13,14 and X-ray absorption spectroscopy
(XAS)15,16]. For instance, the orbital-resolved XAS spectros-
copy of CpRh(CO)2(octane) reveals that the Rh → C−H
backdonation in the octane group is enhanced by X-ray
excitation of the 2p electron to the 4d orbital in the Rh atom,
resulting in the efficient C−H activation.12 The bonding
scheme of TM carbonyls is generally regarded as a synergy of
the CO → TM σ donation and CO ← TM π backdonation
and the vibration frequency of the CO ligand is sensitive to the
electronic structure of the metal atom.17−19 The excited TM
carbonyls have been inspected by time-resolved vibration
spectroscopy.20−24 For example, the excited-state photo-
product 3Fe(CO)4 exhibits a higher reactivity than the
ground-state photoproduct 1Fe(CO)4 toward the reaction
with the solvent ligands.24

The chromium carbonyl complexes Cr(CO)n are one of the
fundamental metal carbonyl species, which are widely used in
aromatic activation,25−27 asymmetric catalysis,28−30 olefin
polymerization,31 and other processes. For instance, the
Cr(CO)3 unit could tune the chemical properties of arene in
(η6-arene)Cr(CO)3 via the electron-withdrawing effect,
resulting in the activation of arene.25−27,32 Experimental [i.e.,
matrix isolation infrared (IR) spectroscopy and time-resolved
transient IR spectroscopy] and theoretical studies have
identified a series of ground-state neutral chromium carbonyls
Cr(CO)n (n = 1−6).18,33−38 The charged chromium carbonyls
with ground states have also been extensively investigated by
IR photodissociation spectroscopy, electron spin resonance
spectroscopy, and photoelectron spectroscopy.39,40 Much
efforts have been made to study the structure of Cr(CO)3 as
a fundamental simple metal carbonyl species. The methane-
matrix IR spectrum of Mo(CO)3 was shown to include a
symmetric (1981 cm−1) and an antisymmetric (1862 cm−1)
CO stretching mode, indicative of a C3v structure verified by
partial substitution with 13CO.34 Cr(CO)3 and Mo(CO)3 were
shown to have an analogous pattern of symmetric and
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antisymmetric CO stretching modes in the methane matrix and
were concluded to have the same structure.34 Methane-matrix
IR spectroscopy of Cr(CO)3 yields the symmetric and
antisymmetric CO vibration frequencies at 1979 and 1859
cm−1, respectively.34 The antisymmetric CO stretch of gas-
phase Cr(CO)3 was measured at 1880 cm−1 by transient IR
absorption spectroscopy.33 Along with theoretical calcula-
tions,36,38 the ground state of Cr(CO)3 was characterized to
have a C3v pyramidal structure with an 1A1 electronic state.
Thus far, spectroscopic characterization of chromium

carbonyls with an excited state remains elusive. Here, neutral
chromium carbonyls were prepared in a laser-vaporization
cluster source in the gas phase and characterized by using IR-
vacuum ultraviolet (IR-VUV) spectroscopy, which could
provide the spectral characteristics of size-specific clusters
without interference from other species. Experimental spectra
in conjunction with quantum chemical calculations reveal that
Cr(CO)3 has an intriguing 7A2″ septet highly excited state
rather than the singlet ground state, evidencing a special
electronic structure and unique reaction kinetics during the
formation of serial chromium carbonyl complexes.

2. EXPERIMENTAL AND THEORETICAL METHODS
The IR-VUV apparatus41−43 was utilized for the present
experiments. The ablated chromium atoms reacted with pulsed
CO (99.99%). The IR-VUV depletion scheme was used to
measure the IR spectra of neutral chromium carbonyls, for
which the vibrational excitation was attained by a tunable IR
laser (LaserVision) and ionization detection was accomplished
by a 193 nm VUV laser (EX5A/500, Gamlaser) with a delay of
approximately 50 ns. The OPO/OPA system was operated in
the mid-IR region of 1500−2300 cm−1, with a line width of 1
cm−1 and a pulse energy of 2 mJ. The calibration of IR
wavelength was done by using a wavelength meter (High-
Finesse GmbH, WS6-200 VIS IR). While the repetition rates
of the pulse valve, 532 nm laser, and 193 nm laser were 20 Hz,
that of the IR laser was 10 Hz. A difference spectrum (IR laser
OFF minus IR laser ON) was thus acquired, which was
typically done with 1800 laser shots and 2 cm−1 steps at every
IR wavelength.
Theoretical calculations of the present systems were fulfilled

at the B2PLYP-D3/def2-TZVPP level of theory by using
Gaussian 16.44 The calculated IR frequencies were scaled by a
factor of 0.991 that was determined by the calculated/
experimental (2143 cm−1) ratio of the stretching mode of a
free CO molecule (2002/2143 cm−1 = 0.991) and were
convoluted with a Gaussian function (fwhm = 10 cm−1). The
bonding nature in Cr(CO)3 was analyzed with energy
decomposition analysis with natural orbitals for the chemical
valence (EDA-NOCV) method at the B3LYP-D3(BJ)/TZ2P
level by using the ADF 2023.104 program package.45,46 In
EDA-NOCV analysis, the intrinsic interaction energy (ΔEint)
between two fragments was decomposed into an electrostatic
interaction term (ΔEelstat), Pauli repulsion interaction term
(ΔEPauli), orbital interaction term (ΔEorb), and dispersion
energy correction term (ΔEdisp).

47 The electron localization
function (ELF) was calculated at the B2PLYP-D3/def2-
TZVPP level with Multiwfn software.48−50

3. RESULTS AND DISCUSSION
The experimental IR spectrum of Cr(CO)3 is shown in Figure
1a. A single peak was observed at 1995 cm−1, with a maximum

depletion ratio of 43.4%. The observation of only one band in
the present C−O stretching spectrum of Cr(CO)3 indicates
that the structure of this complex has a very high symmetry. In
order to understand the experimental spectrum and identify its
molecular structure, we performed quantum chemical calcu-
lations at the B2PLYP-D3/def2-TZVPP level. The molecular
structures, relative energies, and IR spectra of Cr(CO)3 with
different electronic states are shown in Figure S1. The
corresponding calculated peak positions, intensities, and
vibration modes are listed in Table S1.
Cr(CO)3 has an 1A1 ground electronic state with a C3v

symmetry, which is consistent with previous investiga-
tions.33,35−38 Two CO stretching absorption peaks attributed
to E and A1 vibration modes are predicted at 1875 and 1970
cm−1, respectively. The calculated peaks of ground-state
Cr(CO)3 are in good agreement with previous experimental
ones at 1859 and 1979 cm−1 observed in the methane matrix,34

which confirms our strategy of the present computational
method. However, the calculated IR spectrum of singlet
Cr(CO)3 (Figure S1b) is very different from the present
experimental spectrum (Figure S1a), implying the presence of
a new electronic state.
The Cr(CO)3 complex with an electronically excited state of

3B1 is predicted to have C2v symmetry, which lies higher in
energy by 25.8 kcal/mol than that of the ground state. The
calculated C−O stretching vibrational spectrum of this triplet
Cr(CO)3 consists of two intense peaks at 1997 and 2051 cm−1

(Figure S1c), which do not agree with the experimental
spectrum (Figure S1a). The Cr(CO)3 complex with a 5B2 state
lies higher in energy by 19.3 kcal/mol than the ground state.
Three C−O stretching absorption peaks of this quintet
Cr(CO)3 are predicted at 1950, 2000, and 2081 cm−1,
corresponding to the B2, A1, and A1 stretching vibration
modes, respectively. The 5B2 electronic state of Cr(CO)3 can
be ruled out by the discrepancy of its calculated positions and
the number of absorption peaks (Figure S1d) from the
experimental spectrum (Figure S1a). The Cr(CO)3 complex
with an 7A2″ electronic state is predicted to have D3h
symmetry, which lies 24.6 kcal/mol above the ground state.
The calculated C−O stretching vibrational spectrum of this
septet Cr(CO)3 consists of a single peak at 1984 cm−1, which
is attributed to the doubly degenerate antisymmetric stretching
vibration mode and matches the observed spectral feature
(1995 cm−1). The concert between the simulated IR spectrum

Figure 1. IR-VUV spectrum of the neutral Cr(CO)3 complex (a) and
calculated IR spectrum of Cr(CO)3 with the 7A2″ electronic state (b).
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of septet Cr(CO)3 and the experimental one (Figure 1) is
rational to reinforce that the observed Cr(CO)3 has an
electronically excited state. As shown in Figure 2, the increase

of bond length and the decrease of bond order of the CO
group in Cr(CO)3 as compared to the free CO support the red
shift of the C−O stretching vibration frequency, indicative of
CO activation by the chromium atom.
The observation of highly excited chromium tricarbonyl is

quite surprising because the ground-state complex is generally
identified in the laser-vaporization supersonic expansion
source.40,51 Since the reactions under the laser-vaporization
plasma conditions are too complicated to be clearly
characterized, the possible formation mechanisms of septet
Cr(CO)3 were explored by quantum chemical calculations.
The formation energies of Cr(CO)n (n = 1−3) initialed from
the ground-state chromium atom are listed in Table S2. Our

calculations indicate that Cr(CO) has an 7A′ ground electronic
state, which is consistent with previous theoretical and
experimental results.35,36,52 The Cr (7S) + CO (1Σ+) →
Cr(CO) (7A′) reaction is exothermic with a predicted value of
3.9 kcal/mol at the B2PLYP-D3/def2-TZVPP level of theory
(Table S2). Cr(CO)2 is calculated to have a 7Πu ground state,
consistent with the single-reference ab initio MP2 and
CCSD(T) calculations.36 The multireference ab initio (MS-
)CASPT2 calculations of Cr(CO)2 indicated that the 5Πg and
7Πu states were nearly degenerate, in which the absorption
peak of 1914 cm−1 in the matrix-isolation and transient
absorption spectra was attributed to the 7Πu electronic state.

38

Thus, it is reasonable to confirm the presence of Cr(CO)2
(7Πu) in the reaction products. The Cr(CO) (7A′) + CO (1Σ+)
→ Cr(CO)2 (7Πu) process is exothermic with a predicted
value of 15.5 kcal/mol (Table S2). Cr(CO)2 (7Πu) reacts with
CO to produce Cr(CO)3 (7A2″), which is exothermic by 21.2
kcal/mol without spin change and is thermodynamically and
kinetically feasible.
There is one possibility that low states of Cr(CO)3, which

could exist in the experiment, are too stable to dissociate under
the present condition. For instance, the dissociation energy of
the singlet Cr(CO)3 to a singlet Cr(CO)2 and a singlet CO is
calculated to be 59.3 kcal/mol. The dissociation of internally
cold singlet Cr(CO)3 needs at least ten IR photons at ∼2000
cm−1. The low-energy IR laser beam delivered from the
tabletop LaserVision system is thus not sufficient to dissociate
singlet Cr(CO)3.
While both experimental and theoretical studies indicate that

Cr(CO)3 has an 1A1 electronic ground state, the de-excitation
process of electronically excited Cr(CO)3 would happen via
nonradiative or radiative transition.53−55 Considering that the
molecules travel in a high vacuum (<10−5 Pa) after leaving the
laser-vaporization cluster source, the de-excitation efficiency

Figure 2. Optimized structures of CO and 7A2″ Cr(CO)3. Bond
lengths (Å) and Mayer bond orders are given in regular font and in
parentheses, respectively. The isosurface value of spin density of
Cr(CO)3 is set to 0.01. The spin populations of each atom in
Cr(CO)3 are also given.

Figure 3. B2PLYP-D3/def2-TZVPP bonding scheme of septet Cr(CO)3.
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caused by nonradiative transitions in this system may be very
weak. The radiative de-excitation transition between different
electron multiplicities is a spin-forbidden process owing to the
spin−orbit coupling with small transition probability and a
time scale ranging from microseconds to several seconds.56−58

In our experiments, the neutral clusters stay in a high vacuum
for at least 200 μs before ionization,41 and the electronically
excited Cr(CO)3 cannot be fully de-excited to the ground state
in this time range and can therefore be detected. It can also be
inferred that the lifetime of the septet Cr(CO)3 complex may
be longer than 200 μs in the gas phase. The determination of
the precise lifetime of septet Cr(CO)3 needs further
experimental and theoretical studies of excited dynamics.
A series of bonding analyses were performed to comprehend

the electronic structure of the Cr(CO)3 (7A2″) complex.
Natural bond orbital analysis shows that the coefficient of the
Cr atom in the Cr−C bond is 17.66% with a contribution of
s(32.05%) p(63.47%) d(4.47%), indicating that the Cr atom
undergoes a sp2 hybridization with benefit for the D3h
symmetry. Energy levels and 3D isosurfaces of the most
important bonding orbitals of the Cr(CO)3 (7A2″) complex are
shown in Figure 3, and the contributions of atomic orbitals
(AOs) to molecular orbitals (MOs) are given in Table S3. The
3d, 4s, and 4p AOs of the Cr atom and the 5σ and 2π*MOs of
(CO)3 together construct the valence MOs of Cr(CO)3. The
two lowest unoccupied MOs (LUMOs, 5e″ and 6e″) are
doubly degenerate π-type antibonding orbitals formed between
the 3d AOs and the 2π* MOs of (CO)3. The highest single
occupied MO (SOMO+5, 4a2″) is a π-type bonding orbital
between the 4pz AO of the Cr atom and 2a2″ MOs of (CO)3.
SOMO to SOMO+4 mainly consists of Cr d orbitals. The
SOMO+3 (18e′) and SOMO+4 (19e′) are doubly degenerate
orbitals, including the backdonation of Cr 3d AOs to the π*⊥
MOs of CO groups. The SOMO+2 (9a1′) orbital is a
nonbonding orbital, mainly the 3dz2 orbitals of the Cr atom,
and also contains a small part of the 4s orbital component. The
SOMO (3e″) and SOMO+1 (4e″) are also doubly degenerate
orbitals containing the backdonation of Cr 3d AOs to the π*∥
MOs of CO groups. The two highest occupied MOs
(HOMOs, 15e′ and 16e′) are doubly degenerate σ-bonding
orbitals, with the main contribution from the donation of CO
5σ orbitals to the Cr 4p orbitals. The HOMO−8 (8a1′) is also
a σ-bonding orbital, coming from the interaction between the
CO 5σ orbital and the Cr 4s orbital. According to the orbital
analysis, the single electrons are mainly located at the Cr atom,
which agrees well with the spin population of ρCrα = 5.196, ρCα

= 0.099, and ρOα = 0.169. It can be seen that a π-type orbital
(4a2″) hosts a single electron, resulting in the distribution of
electron spins on the C and O atoms, which is consistent with
the shape of spin density as shown in Figure 2.
To visualize the electron distributions and bonding features,

we calculated the ELF of Cr, (CO)3, and Cr(CO)3 (7A2″)
(Figure 4). For the Cr atoms, the K-shell and L-shell (principal
quantum number = 1 and 2) electrons remain spherical when
forming the Cr(CO)3 complex, showing the inertia of the
inner-shell electrons. The M-shell (principal quantum number
= 3) electrons have slight deformation in the D3h field, showing
few bonding interactions with the CO groups. The N-shell
(principal quantum number = 4) electrons of the ground-state
Cr atom are located in the region of 2.0 Å away from the
nucleus, but it is not clearly shown in the ELF map of
Cr(CO)3, because the N-shell electrons of the Cr atom are
mainly localized between Cr and C due to bonding. The
localization regions of the CO lone-pair electrons shrink after
the formation of Cr(CO)3. The attractors between Cr and C
indicate that the Cr−C bonds feature obvious covalent-bond
characteristics.
The EDA-NOCV results of the Cr(CO)3 (7A2″) complex

are given in Table 1. The contribution of the electrostatic
interaction (ΔEelstat, 49.7%) is almost equal to that of the
orbital interaction (ΔEorb, 49.4%). The contribution of the
dispersion energy correction (ΔEdisp, 0.9%) is negligible. There
are eight major components to the total orbital interaction,
which can be identified by relevant deformation density (Δρ).
While the plots of alpha-orbital deformation densities Δρ(1)−(8)
of Cr(CO)3 and the shape of dominant interacting MOs are
shown in Figure 5, those of beta-orbital deformation densities
Δρ(6)−(8) are shown in Figure S4. The most important
contribution to the orbital interaction comes from ΔEorb(1)
(55.1%), which is attributed to Cr(s) → (CO)3 π donation.
For Δρ(1), the LUMO of (CO)3 and the Cr 4pz AO receives
the Cr 4s electron during the interaction, which can be
described as a total interaction between the 2π* orbitals of
(CO)3 and the Cr 4pz AO. The ΔEorb(n) (n = 2−5) terms
represent the backdonation of the Cr d electrons to the (CO)3
2π* orbitals, with a total contribution of 31.8%. The ΔEorb(n)
(n = 6−8) terms represent the σ-bonding interaction between
the (CO)3 5σ orbital and the Cr 4s/4p AOs, accounting for
11.9%.
The above bonding analyses show a strong π-type bonding

interaction between the Cr 4pz AO and the (CO)3 LUMO,
which significantly contributes to keep the D3h planar shape of

Figure 4. B2PLYP-D3/def2-TZVPP ELF maps of the Cr atom, (CO)3 group, and septet Cr(CO)3.
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Cr(CO)3 (7A2″). The 3d orbitals of the Cr atom are split into
three groups in the D3h field, a1′, e″, and e′. The splitting
energy Δ = E(e′) − E(e″) is small (1.0 eV) and the electron
pairing energy of d5 configuration tends to be large, resulting in
the high spin distribution of the half-full Cr 3d AOs according
to the Hund rule.40

4. CONCLUSIONS

The present IR-VUV experimental spectra and theoretical
simulations provide evidence for the formation of Cr(CO)3
with an 7A2″ highly excited state and a D3h symmetry. The
generation of this septet Cr(CO)3 in a high-spin product
channel is feasible both thermodynamically and kinetically.
Electronic structure and bonding analyses show that the D3h
planar configuration of this highly excited Cr(CO)3 is
stabilized by a strong π-type bonding interaction between
the Cr 4pz AO and the LUMO of (CO)3 and the high spin
distribution of half-full Cr 3d AOs has special stability. This
work stimulates further size-specific IR-VUV spectroscopic
discoveries of various compounds with unconventional
structures and properties.
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Table 1. EDA-NOCV Results for Cr(CO)3 (7A2″), Taking
Cr and (CO)3 as Interacting Fragments

energy term assignment
energy

(kcal/mol)

ΔEint
a −54.5

ΔEPauli 400.0
ΔEelstat

b −225.8 (49.7%)
ΔEorb

b −224.5 (49.4%)
ΔEdisp

b −4.3 (0.9%)
spin alpha beta
ΔEorb(1)

c Cr(s) → (CO)3 π
donation

−123.8 (55.1%)

ΔEorb(2)
c Cr(d) → (CO)3 π

donation
−25.9 (11.5%)

ΔEorb(3)
c −25.9 (11.5%)

ΔEorb(4)
c −9.9 (4.4%)

ΔEorb(5)
c −9.9 (4.4%)

ΔEorb(6)
c Cr(s) ← (CO)3 σ

donation
−3.0 (1.3%) −4.9 (2.2%)

ΔEorb(7)
c Cr(p) ← (CO)3 σ

donation
−2.8 (1.2%) −6.7 (3.0%)

ΔEorb(8)
c −2.8 (1.2%) −6.7 (3.0%)

ΔEorb(rest)
c 0.0 (0.0%) −2.2 (1.0%)

aΔEint = ΔEPauli + ΔEelstat + ΔEorb + ΔEdisp.
bThe values in

parentheses denote the contribution to the total attractive interactions
ΔEelstat + ΔEorb + ΔEdisp.

cThe values in the parentheses denote the
percentage contribution to the total orbital interaction ΔEorb.

Figure 5. Deformation densities Δρ(1)−(8) in the alpha orbitals of Cr(CO)3 using Cr and (CO)3 as interacting fragments and the shape of dominant
interacting MOs of fragments. The isosurface values are set to 0.0015 for Δρ(1)−(3) and 0.0005 for Δρ(4)−(8). The charge flows from olive to cyan.
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