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Engineering new materials with novel catalytic properties is
a subject of strong technological relevance, while under-
standing the reaction dynamics, that is, breaking and making
chemical bonds as well as the ligand-exchange dynamics, is
a subject of scientific investigation. In this context multi-
dimensional spectroscopic studies of the electronic and
geometric structure of catalysts are emerging as challenging
state-of-the-art methods for the fundamental understanding
of reaction mechanisms in catalysis. In this framework, X-ray
spectroscopy is an important area of synchrotron-based
research that probesfundamental properties of matter, while
addressing issues related to modern technology.

The combination of X-ray absorption (XA) and resonant
inelastic X-ray scattering (RIXS) techniques at the ligand and
metal sites can give an atom-specific, chemical-state-selective,
crystal-field-symmetry- and orbital-symmetry-resolved des-
cription of the electronic structure of catalysts. In the present
work, we apply these techniques to study molecular orbital
mixing and donation/backdonation in the [Fe(CO)5] complex
in solution.

Transition-metal carbonyls play an important role in
organometallic photochemistry,[1] catalysis,[2] and biological
processes. Iron–carbonyl complexes, in particular, are used as
catalysts in a wide range of chemical reactions and industrial
applications,[3] such as light-driven hydrogen generation,[4]

Fischer–Tropsch synthesis,[2, 5] and catalytic removal of
COfrom exhaust gases.[6] At the core of the functionality of
these systems lies the fast electron dynamics and efficient
energy transfer between the transition-metal atom and the
ligands mediated by the chemical bond, which lead to the fast
photodissociation of carbonyl ligands and the high catalytic
activity of the fragmented molecules.[7] Therefore, a quantita-
tive understanding of the chemical bond in carbonyl com-
plexes is needed in order to design new catalysts with
improved activity.

The ligand–metal bonding is usually described in a frontier
orbital approach, the so-called s-donor/p-acceptor mecha-
nism.[8] In [Fe(CO)5] the frontier orbitals involved in bonding
are the highest occupied molecular orbital (MO), 5 s, and the
lowest unoccupied molecular orbital, 2p*, of the CO mole-
cule, and the Fe 3d orbitals. A covalent bond between the CO
5s and metal states of s symmetry is formed, leading to
a charge donation to the metal, which is compensated by
a backdonation to the CO 2p* orbitals. The charge donation/
backdonation mechanism for the iron pentacarbonyl complex

Figure 1. Covalency and donation/backdonation in an [Fe(CO)5] mole-
cule: simplified molecular orbital scheme of the frontier orbitals.
Charge is donated from a 5s orbital of CO to unoccupied iron 3d
orbitals, and backdonated from occupied iron 3d orbitals to the empty
p* CO orbitals. The resulting molecular orbitals have both ligand and
metal symmetry contribution. The color code throughout this commu-
nication: brown corresponds to iron contributions and blue to CO
contributions to MOs.
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is schematically illustrated in Figure 1. It is desirable to
directly measure the strength of donation and backdonation
in carbonyl complexes, with a direct probe of the MO
composition at different atoms in the complex.[9] This
element-specific information can be provided by applying
resonant X-ray spectroscopy.[10] In the X-ray absorption
process a spatially localized iron 2p core electron is reso-
nantly excited into an unoccupied valence orbital. The core-
excited state is far from energy equilibrium and the core hole
will be filled by an electron from an occupied valence orbital.
The energy released in this process can be carried by a photon
which is emitted, leaving the system in an electron-hole
valence-excited state. The process is called resonant X-ray
emission or resonant inelastic X-ray scattering (RIXS). Since
the transition is governed by the dipole operator, only atom-
specific symmetry-allowed valence orbitals are measured,
namely the occupied Fe 3d orbitals. Due to hybridization, an
empty Fe 2p core hole can be filled by an electron coming
from the mixed ligand–metal orbital levels.[11] If the excited
electron is primarily localized at the Fe site and the hole is
primarily localized at the CO oxygen, the RIXS process leads
to a “charge-transfer” (CT) excitation.[12] The intensity of
such a transition directly probes the strength of molecular
orbital mixing in the covalent bond. This method has been
successfully applied to probe the molecular hybridization in
gas molecules adsorbed on different metal surfaces.[13] Due to
the strong contribution coming from the bulk metal these
studies have been restricted to investigate the adsorbed
ligands only.

In this study, we apply
RIXS on both the metal and
the ligands to directly probe
the strength of orbital mixing
at each atom. The experimen-
tal XAS and RIXS findings
are augmented by ab initio
multiconfigurational calcula-
tions based on the multirefer-
ence first-principles restricted
active space self-consistent-
field (RASSCF) method
combined with state iterac-
tion (RASSI) treatment of
spin-orbit effects. The details
of the experimental and the-
oretical calculations are given
in the Supporting Informa-
tion. The RASSCF calcula-
tions of [Fe(CO)5] reveal
a complex multiconfigura-
tional electronic structure of
ground and excited valence
and core states, but the results
can be analyzed in a straight-
forward fashion with the
MOs presented in Table S1
and schematically depicted in
Figure 1. The CO 5s orbital
makes bonding (a

0

1) and anti-

bonding (a
0*
1 ) combinations with the Fe 3d orbitals. The first

one is occupied and has mainly CO 5s character, while the
second one has notable Fe 3 d character (Table S1). The CO
2p* orbital makes bonding (e’,e’’) and antibonding (e’*,e’’*)
combinations with the Fe 3d orbitals of s (e’(ds),e’*) and
(e’’(dp),e’’*)) symmetry. The bonding orbitals are occupied
and have primarily Fe 3d character, whereas the antibonding
orbitals are unoccupied and are dominated by CO 2p*
character (Table S1. Based on these results the spectral
features at the iron L2,3-edge XAS, (Figure 2a) are assigned
to excitation of the 2p electron into the antibonding orbitals.
The pre-peak located at 708.6 eV is due to excitation to two
states: 1) to a

0*
1 and 2) to a

0*
1 with a small contribution of e’’*,

while the main peak located at 710.6 eV consists of several
states but the strongest one are 3) almost equal contributions
of a

0*
1 , e’*, and e’’* states, and 4) e’* with admixture of e’’*. A

broadened replica of these features is found at higher energies
at the L2-edge due to the shorter core-hole lifetime caused by
the fast Coster–Kroenig decay process. The theoretical and
experimental X-ray absorption spectra in Figure 2a agree
very well. Tuning the excitation across the L3-edge we observe
several RIXS features (Figure 2b) that are satisfactorily
reproduced by ab initio calculations (Figure 2c). The feature
coinciding with the excitation energy (highlighted in yellow)
is assigned to Thomson scattering and resonant elastic X-ray
scattering (participator channel), where the excited electron
recombines with the core hole, leaving the system in the
ground state. The emission band highlighted in brown and

Figure 2. Experimental and theoretical XAS and RIXS spectra of the Fe L2,3-edge. a) Experimental (blue
dots) and calculated (black solid line and bars) L2,3-edge XAS spectra of iron. The dominating character of
the probed orbitals is assigned for the spectral features at the L3-edge. A series of RIXS experimental (b)
and theoretical (c) spectra measured across the Fe L3- and L2-edges. The dominating characters of the RIXS
final states are assigned. Scattering to the same final states is highlighted with the same color. In the
theoretical spectra the elastic peak is excluded.
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located at around 705 eV is
due to the filling of the 2p3/2

core hole with an electron
coming from the e’(ds), and
e’’(dp) occupied states. Since
these states have mainly Fe 3d
character, the second step of
the RIXS process is primarily
a local atomic transition due to
e’,e’’!a

0*
1 final state excita-

tions, corresponding to local
d!d excitations. The lack of
dispersion of the 705 eV peak
suggests that the excited elec-
tron couples little at the iron
site, making the second step of
the RIXS process fairly inde-
pendent of the excitation
energy. This supports strong
ligand–metal orbital mixing
and a large spatial delocaliza-
tion of the MOs. The blue-
highlighted RIXS band in Fig-
ure 2b is due to the filling of
the 2p3/2 core hole by an elec-
tron coming from the a

0

1 valence orbital. The agreement
between experiment and theory for this transition is not
perfect, which can be traced to the fact that the RASSCF
method includes only part of the electron correlation. The a

0

1

state has 81% CO 5s character and is only weakly mixed with
Fe 3d character; therefore the second step of the RIXS
process transfers electrons from the ligand to the metal. The
intensity of this transition is proportional to the ligand-to-
metal charge donation. The relative strong intensity observed
in the experimental spectra is indicative of a strong MO
mixing and a strong s covalent bond, as predicted by theory
(Table S1). Tuning the excitation at the L2-edge we observe
two additional RIXS bands located between 710 eV and
722 eV. Theoretical calculations show that the character of
these two bands is more complex in nature. Similar to L3-edge
excitation, the two bands are due to e’,e’’!a

0*
1 (local d!d)

and a
0

1!a
0*
1 (charge-transfer) excitations additionally mixed

with shake-up and shake-off excitations. The measured
intensity of these two transitions in the experimental spectra
is smaller than in the calculated ones, addressing a strong
(nonradiative) Coster–Kronig decay process at the L2-edge.

In order to probe the backdonation in the metal–ligand
bond we performed XAS and RIXS experiments at the
oxygen K-edge of the carbonyl ligands. The experimental
results and theoretical spectra are shown in Figure 3a–c. The
XAS spectrum is dominated by one strong resonance located
at 534.4 eV which is assigned to excitations from the O 1s
orbital to the a

0*
1 MO, for the pre-edge region, and to CO 2p*-

dominated e’* and e’’* orbitals, for the main-edge region
(Figure 1a). The XAS peak position is very close to the
corresponding resonance energy in free CO (534.2 eV). The
RIXS spectra together with the radiative processes following
the resonant excitation are shown in Figure 3b,c. The main
contributions to the spectra are given by the occupied 4s and

1p CO valence orbitals, located at around 518 eV and 522 eV,
respectively (highlighted in blue in Figure 3b,c). Again, for
the reason mentioned above, the agreement between experi-
ment and theory is not exceptional for the 4s transition. At
the high-energy end of the spectra (highlighted in yellow) the
elastic peak, associated with the recombination of the excited
electron and the core hole, is located. The structure of this
band in the experimental spectrum is due to vibrational
excitations[14] in the electronic ground state, and the intensity
distribution reflects the nuclear dynamics in the intermediate
state as well as the ground-state potential energy surface. The
similarity with the gas-phase spectra[14] suggests that it is
primarily the CO stretch which is excited in the electronic
ground state. The present theoretical model does not include
vibrational effects and therefore cannot reproduce a possible
vibronic structure of RIXS peaks. In between the participator
and CO 1p band, the charge-transfer transitions are observed
(highlighted in brown in Figure 1b,c). According to theory,
they are assigned to transitions where the O 1s hole is filled by
electrons from the Fe 3 d-dominated e’(ds) and e’’(dp) orbitals,
thus populating e’,e’’!e’*,e’’* final states, corresponding to
metal-to-ligand charge transfer. As the excitation energy is
tuned over the resonance, the maximum of the charge-
transfer band disperses toward low emission energies, con-
verging to the CO a

0

1 molecular state (highlighted in Fig-
ure 3b). The local energy conservation in the RIXS process
predicts Raman dispersion of the band to higher emission
energies (Figure 1c). Most probably the energy losses of this
band are due to the nuclear dynamics in the intermediate
state. It is well-known that detuning below the resonance
leads to shortened effective RIXS duration time,[10a] so that
the influence of the nuclear dynamics in the intermediate
state becomes smaller. This is in line with the observation of
the sharpest features at energies just before the XAS

Figure 3. Experimental and theoretical XAS and RIXS spectra of the oxygen K-edge. a) Experimental (blue
dots) and calculated (black solid line and bars) K-edge XAS spectra of oxygen. A series of RIXS
experimental (b) and theoretical (c) spectra across the oxygen K-edge. The dominating characters of the
final states are assigned. Scattering to the same final states is highlighted with the same color.
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resonance. Tuning the excitation to the resonance, the RIXS
duration time becomes longer and therefore the vibrational
dynamics in the intermediate state has a larger influence on
the spectral shapes. Indeed, the energy losses in the charge-
transfer process are due to excitation of the Fe 3d-dominated
e’(ds) and e’’(dp) electrons to the antibonding CO-dominated
e’* and e’’* orbitals. Therefore the metal–ligand bond is
elongated and weakened in the intermediate state, and the
complex may even move towards dissociation and release of
free CO molecules. This could be the reason why the charge-
transfer band in the experimental spectra converges towards
the a

0

1 molecular state, which consists mainly of CO character.
Time-of-flight[7a] and electron-diffraction experiments[7b] have
indeed reported the ultrafast (ca. 100 fs) dissociation of
[Fe(CO)5] molecule to {Fe(CO)4} and {Fe(CO)3} fragments
upon photo-excitation of the catalyst. The observation of high
energy losses in the metal-to-ligand charge-transfer band
clearly indicates a dissociative final state corresponding to
dissociation prior to the core-hole decay. This is evidence that
the early dynamics of [Fe(CO)5] photodissociation starts at
much shorter times than already reported.[7]

In conclusion, we employed a multidisciplinary approach
involving chemistry, physics, and computational modeling to
challenge the fundamental understanding of the electronic
structure of the ironpentacarbonyl complex under catalyti-
cally relevant in situ conditions. These studies showed that the
RIXS method combined with elaborated ab initio multi-
configurational theory facilitates the probing of the orbital
mixing and the strength of charge donation/backdonation in
complex organometallic systems at the atomic level under
realistic conditions. Therefore, the RIXS method can be
a very useful tool for application to “bond-selective chemis-
try”, the ultimate challenge in chemical reactions and
catalysis. The present work can contribute to a better under-
standing of reaction dynamics at ultrafast timescales related
to metal–ligand–solvent interactions. These insights may lead
to improved control of catalytic properties and may have
a significant impact on the engineering of new advanced
catalytic materials.
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