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We apply high-energy-resolution fluorescence-detected (HERFD) X-ray absorption near-edge spectroscopy

(XANES) to study iron carbonyl complexes. Mono-, bi-, and tri-nuclear carbonyl complexes and pure

carbonyl complexes as well as carbonyl complexes containing hydrocarbon ligands are considered. The
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HERFD-XANES spectra reveal multiple pre-edge peaks with individual signatures for each complex, which
could not be detected previously with conventional XANES spectroscopy. These peaks are assigned and
analysed with the help of TD-DFT calculations. We demonstrate that the pre-edge peaks can be used to

distinguish the different types of iron—iron interactions in carbonyl complexes. This opens up new possibilities
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1 Introduction

Iron carbonyl complexes are the text-book example of coordi-
nation compounds following the 18 electron rule. The metal
centre(s) coordinates to a set of ligands which will provide
enough electrons to fill the valence shell. Here, the necessary
18 electrons can also be reached by forming a (formal) metal-
metal bond in multinuclear carbonyls. Additionally, carbonyls
are the prototypical example for synergetic effects by c-donation
and n-backdonation from the CO ligand to the metal centre(s)
and vice versa. The ability to spectroscopically probe the changes
in the electronic structure caused by the binding of CO ligands
as well as by the formation of metal-metal bonds is key for
understanding catalytic reactions featuring iron carbonyls or
other types of iron clusters as active species.

Examples of such reactions are the Fischer-Tropsch process* ™’
or the CO oxidation reaction."™'*> Moreover, iron carbonyl com-
plexes are of interest as model complexes to understand the
working principles of catalysts.”>™** Finally, iron carbonyls have
also been identified as potential substitutes to replace expensive
catalysts based on rare elements such as ruthenium or platinum.'®

The catalytic activity of iron carbonyls is usually attributed
to two factors: First, the ease of the (photo-)dissociation of a
carbonyl ligand in the iron carbonyl complexes,'>'”*® and second,
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for applying HERFD-XANES spectroscopy to probe the electronic structure of iron catalysts.

the weak bonding character of the Fe-Fe contact that is easily
broken.'® Both pathways lead to coordinatively unsaturated
species which undergo fast interactions with reactants. However,
it is often difficult—if not impossible—to study the bonding of
CO and the iron-iron bond in the course of chemical reactions.
Although several spectroscopic studies on iron carbonyls exist
(see, e.g., ref. 18, 20 and 21), these spectroscopic methods can
hardly be used under real reaction conditions (high pressure and
temperatures) due to vacuum requirements for X-ray and ultra-
violet photoelectron spectroscopy (XPS and UPS),**** due to low
penetration depth or the interference of solvents for infrared (IR)
spectroscopy, or simply the fact that window materials might not
be transparent for the radiation used.

Hard X-ray absorption spectroscopy offers a unique opportu-
nity to overcome these limitations by using high-energy radiation
in an element specific manner.>* Previously, it was shown that
valence-to-core X-ray emission spectroscopy (V2C-XES) can be
used to identify details of the ligand coordination as well as the
substitution of CO by hydrocarbons.>® However, since V2C-XES
spectra are dominated by the ligand levels, details of the metal-
metal interaction can barely be accessed.

X-ray absorption near edge structure (XANES) spectroscopy
can provide information on the qualitative or comparative oxida-
tion states in a fingerprinting way by comparing the absorption
edge position of the sample with well-defined references. However,
with respect to probing the electronic structure of iron carbonyls
during catalytic reactions, much of the information on the geo-
metric and electronic structure is contained in the pre-edge signal.
In the case of iron K-edge spectra, pre-edge peaks are caused by
1s — 3d transitions,*® which thus probe the lowest unoccupied
molecular orbitals (LUMOs) of metal catalysts. These unoccupied
states reflect the geometric (coordination symmetry) and electronic
(oxidation state) structure. However, extracting this information
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Fig. 1 Lewis structures of the five iron carbonyl complexes considered in

this work. (a) Fe(CO)s,
(e) Feg(CO)4(Cp)2

(b) Feo(CO)sg, (c) Fe3(CO)yp, (d) Fe(CO)3(CgHy2), and

from conventional transition metal K-edge XANES spectra is
complicated by the core-hole lifetime broadening of the 1s
electron hole, which smears out features in the pre-edge region.

Eisenberger et al.>® showed that the lifetime broadening in
the XANES region could be reduced by detecting the X-ray
absorption spectrum using the intensity of the emitted X-ray
fluorescence in a narrow energy bandwidth. This technique was
called high-energy-resolution fluorescence detected XANES (HERFD-
XANES).*** Previously we have shown that HERFD-XANES can
reveal subtle changes in the electronic structure of iron complexes
that are not detectable with V2C-XES spectroscopy.*** In this work,
we want to establish the benefits of HERFD-XANES spectroscopy for
the investigation of multinuclear metal complexes in general and
iron carbonyls in particular.

To this end, we investigate the HERFD-XANES spectra of
iron carbonyl with a special focus on the identification of
signatures characteristic of CO-bonding and different types of
Fe-Fe-bonds as well as their change due to ligand exchange. We
use a test set of five iron carbonyl complexes consisting of (a)
iron-pentacarbonyl Fe(CO)s, (b) di-iron-nonacarbonyl Fe,(CO)g,
(c) tri-iron-dodecacarbonyl Fe;(CO);,, (d) iron-tricarbonyl-cyclo-
octadiene Fe(CO);(CgH;,), and (e) di-iron-tetracarbonyl-dicyclo-
pentadiene Fe,(CO),(Cp),. The corresponding Lewis structures
are shown in Fig. 1.

This work is organised as follows. In Section 2, we introduce
the experimental and computational methodology used for
recording and calculating the pre-edge region of the HERFD-
XANES spectra. This is followed by a discussion of the electro-
nic structure and spectra of Fe(CO)s in Section 3. In Sections 4
and 5, the multinuclear iron carbonyls as well as substituted
iron carbonyls are discussed, respectively. Finally, the results
are summarised and conclusions are drawn in Section 6.

2 Methodology

2.1 Experimental

The samples were purchased from Sigma Aldrich in high purity
and used without further purification. The solid samples (b)-(e)
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were diluted with BN in a ratio of approximately 1:4. For the
liquid Fe(CO)s, BN was impregnated with a corresponding
amount. All sample preparation was carried out under an inert
atmosphere in a glove box.

All spectra were recorded using a scanning Johann type
spectrometer as available at the ESRF Grenoble, beamline
ID26.%” Data acquisition was carried out in a horizontal plane,
where the sample, crystal analysers and photon detector (avalanche
photodiode) were arranged in a vertical Rowland geometry. An
incident flux of ~2 x 10" photons per s is estimated at this
experimental station. The incident energy was selected using
the (311) reflection from a Si double crystal monochromator. To
record HERFD-XANES spectra, the intensity of a single fluorescence
channel, selected with the analyser crystals, is monitored with a
resolution smaller than the lifetime broadening. Meanwhile, the
incident energy of the double crystal monochromator is swept over
the edge. Here, the emission energy of 7.056 keV was selected using
the (620) reflection of five spherically bent Ge crystal analysers
(with R =1 m). The total fluorescence yield (TFY) was monitored
by a photodiode. Measurements were carried out at 15 K using
a He cryostat under vacuum conditions. To exclude radiation
damage, fast measurements over the energy region 7110-7146 eV
with a scan-time of four seconds were carried out before and after
the HERFD-XANES acquisition. No radiation damage was detected
in this procedure. Energy calibration of the monochromator was
performed using Fe foil. The emission spectrometer was calibrated
using the elastic scattering line. Selected RIXS planes were
recorded to exclude off-diagonal signals that could lead to mis-
interpretations of the HERFD-XANES spectra.

Fig. 2 compares the conventional and HERFD-XANES spectra.
The significant increase in resolution and the tremendously
sharpened signals in the pre-edge region are obvious. Comparing
the conventional spectra it is clear that here the pre-edge peaks
look very similar. Only for the more ionic complex Fe,(CO),(Cp)s (e),

35,36

3.0 A

254

(e)

2.0

(d)

norm. abs. / a.u.

(c)

(b)
0.5

(a)

0.0 == . . .
7110 7120 7130 7140
E/eVv
Fig. 2 HERFD-XANES spectra (black solid line) of the compounds (a) Fe(CO)s,
(b) Fex(CO)g, (c) Fez(CO)p, (d) Fe(CO)3(CgH1), and (e) Fex(CO)4(Cp)z in
comparison to the according conventional XANES spectra (blue solid line).
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with iron in the oxidation state +I, a more intense pre-edge peak
is observed compared to all other complexes with a formal
oxidation state of Fe(0). Nonetheless differences with respect to the
electronic structure are hard to deduce from the experimental
spectra alone, because, first, the pre-edge peak cannot be extracted
in a reliable manner due to its strong overlap with the main edge,
and, second, because the resolution of the experimental data is too
low for a direct comparison with calculations.

The differences in the pre-edge peaks of the carbonyl com-
plexes (a)-(e) drastically increase in the HERFD-XANES data
compared to the conventional XANES data. The spectra of all
five compounds are now characterised by individual signatures
that differ to a large extent. Beside the need for a quantitative
understanding of the observed manifold of signals, they could
also be used on a more simple basis in a fingerprint approach.
However, in order to arrive at a clear assignment and to extract
information on the unoccupied electronic states, quantum-
chemical calculations need to be applied.

Deconvolution of the pre-edge region was carried out by a
least square fit of the spectra using asymmetric Gaussian peak
profiles in order to account for asymmetries in the RIXS plane
from which the HERFD-XANES spectra are extracted. In the first
iteration, an arctan step function representing the transition of
the ejected photoelectron to the continuum was subtracted
from the spectra. In the second step, the remaining pre-edge
peaks as identified by inspection of the first two derivatives, were
fitted. In Fig. 4, 7 and 9, the isolated and deconvoluted experi-
mental pre-edge peaks are shown.

2.2 Computational

Geometry optimisations of the molecular complexes were per-
formed with the ADF program package®®*° using the BP86
exchange-correlation functional*®*' in combination with the
TZP Slater-type basis set from ADF’s basis set library.*? For all
considered compounds, the ground state is the closed-shell
singlet spin state.

The XANES spectra for the iron carbonyl complexes were
then calculated using time-dependent density functional theory
(TD-DFT). To selectively target core excitations, the TD-DFT
calculations were restricted to excitations originating from the
Fe 1s orbitals.*»** Such restricted-channel TD-DFT calculations
have been applied extensively for K-edge XANES spectra of transi-
tion metal complexes.**>° The effect of the exchange-correlation
functional was judged by performing the calculations with both
the non-hybrid functional BP86'*"" and the hybrid functional
B3LYP.***'% The QZz4P Slater-type basis set*” was applied in
all TD-DFT calculations. The intensities include second-order
contributions due to the magnetic-dipole and electric-quadrupole
transition moments, which are calculated using the origin-
independent methodology described in ref. 54. Spin-orbit coupling,
which could give rise to non-zero intensities of singlet-triplet
transitions, has not been considered here.

The BP86 spectra were shifted by 180.62 eV and the B3LYP
spectra by 150.08 eV for comparison to experiment. These shifts
are chosen such that the energy of the first peak in the
calculated spectrum of iron-pentacarbonyl agrees with the first

This journal is © the Owner Societies 2015
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peak in the experimental spectrum. While these shifts are rather
large, they do not affect the relative position of the peaks. For Fe
K-edge X-ray absorption spectroscopy, it has been demonstrated
previously that despite the large absolute errors, the selective
TD-DFT approach used here can provide relative excitation energies
and intensities with an accuracy that allows for a direct comparison
with experiment.>® The intensity of the calculated spectra of
complexes containing more than one core excitation centre
were divided by the number of iron atoms to normalise the
spectra. For all the calculated spectra, the ionisation threshold
is indicated by a blue vertical line in Fig. 4, 7 and 9. Excitations
above this threshold, which is determined as the negative of the
energy of the 1s core orbital, cannot be calculated reliably in
conventional TDDFT calculations.>®

It has previously been argued,”® that for molecules with
equivalent core orbitals it is necessary to localise the core hole
before performing the TD-DFT calculation. We note that in the
present study, all calculations were run without considering the
molecular symmetry, which results in localised core orbitals for
the bi- and trimetallic complexes.

All orbital isosurface plots in Fig. 3, 5 and 8 were prepared
with Molekel®” and use an isosurface value of +0.025 e bohr >,
With the B3LYP hybrid functionals, some excitations are com-
binations of several orbital transitions. Fig. 5 and 8 shows the
corresponding linear combination of unoccupied orbitals.*® This
is possible because the excitations originate from the same
localised Fe 1s core orbitals.

3 Reuvisiting the electronic structure of
Fe(CO)s

First, we consider the simplest iron carbonyl complex Fe(CO)s,
which has a trigonal bipyramidal structure with D3}, symmetry.
As a starting point for the discussion of Fe(CO)s, we will consider
a schematic representation of its molecular orbital (MO) diagram,
which is shown in Fig. 3. For earlier computational investigations
of the electronic structure of Fe(CO)s, see, e.g., ref. 58-61. In the
D3, point group the d-orbitals of the iron atom belong to three
irreducible representations (irreps). The iron d,-orbital belongs
to the totally symmetric 4," irrep, whereas the d,, and d,._,» as
well as d,, and d,, pairs belong to the two degenerate irreps
E’ and E’, respectively. These combine with the carbonyl ligand
orbitals of the same symmetry. The carbonyl c-orbitals form
two combinations that belong to the irrep 4,’, one combination
that belongs to 4,”, and two combinations belonging to E”.
These carbonyl c-orbitals are composed of the p-orbitals pointing
along the carbonyl bond axes, and thus form the iron-carbonyl
c-bonds. The carbonyl n*-orbitals form two combinations that
belong to the irreps A,” and A,", respectively, four combinations
belonging to the E’ irrep, and four combinations belonging to
the E” irrep. These carbonyl n*-orbitals are responsible for the
iron-CO n-backbonding.

The five iron d-orbitals combine with the carbonyl o- and
n*-orbital combinations with the matching symmetry. The five
highest occupied and the five lowest unoccupied orbitals each

Phys. Chem. Chem. Phys., 2015, 17, 13937-13948 | 13939
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Fig. 3 A schematic molecular orbital diagram of Fe(CO)s constructed from density-functional theory calculations. The isosurface plots of the occupied and
unoccupied orbitals have been obtained with BP86. The orbitals are arranged in the energetical order in which they appear within the B3LYP calculations.

contain the five iron d-orbitals. These molecular orbitals are
shown in the MO diagram of Fig. 3. The unoccupied orbitals are
those that give rise to the pre-edge peaks in the HERFD-XANES
spectra. The iron d.-orbital interacts with the 4," o-carbonyl
orbitals to form an anti-bonding combination with A;" symmetry.
The d,,- and dy,-orbitals interact only with the E” n-orbitals of
the carbonyls, whereas the d,,- and d,._.-orbitals can interact
with both o and =n carbonyl orbitals. This can be seen in the
unoccupied orbitals of the E’ symmetry in Fig. 3 where there is
some minor inclusion of a ¢ carbonyl orbital on the carbonyl
ligand with no 7 contributions, whereas all other carbonyl ligand
orbitals are pure m-orbitals.

Using the character table of point group D3}, we can determine
whether an X-ray transition from the iron 1s to these unoccupied
orbitals will have dipole or quadrupole intensity. Transitions to
the A, and E” MOs are only quadrupole-allowed, whereas those
to E' MOs are both quadrupole- and dipole-allowed.

Fig. 4a contains both the calculated and experimental spectra
of Fe(CO)s. Therein, the experimental spectrum has three

13940 | Phys. Chem. Chem. Phys., 2015, 17, 13937-13948

distinct peaks, labeled A, B, and C. Previous experimental
X-ray absorption spectra of Fe(CO)s at the K-edge of iron show
only one peak in the pre-edge spectra.®>® This clearly demon-
strates the power of HERFD-XANES to reveal the detailed
structure of the pre-edge region for transition metal complexes.
In the experimental spectrum, peaks A and B clearly belong to
the pre-edge. However, peak C, with a significant increase in
intensity compared to peaks A and B, is most likely due to
dipole-allowed transitions to (Rydberg-like) states close to the
absorption edge, which cannot be described with conventional
exchange-correlation functionals.®>®> Moreover, the region
close to and above the ionization threshold will be obscured
by quasi-continuum states that cannot be described with finite
atom-centered basis sets.>® Therefore, we will focus our discus-
sion on peaks A and B in the following.

In the calculated spectra, BP86 shows one intense peak,
whereas B3LYP provides a spectrum with three distinct features
with lower intensities. Therefore, (qualitatively) we can conclude
that the B3LYP exchange-correlation functional provides results

This journal is © the Owner Societies 2015
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Fig. 4 X-ray absorption spectra of Fe(CO)s, Fe,(CO)g and Fes(CO);, calculated with the BP86 and B3LYP exchange-correlation functionals and the

experimental results.

that are in better agreement with the experimental spectrum.
To further understand the differences between BP86 and B3LYP
we must consider the transitions that make up the spectra. The
single peak in the BP86 spectrum contains twelve contributing
transitions lying very close together. Here, the lowest unoccupied
orbital is the E”, but the energy difference to the unoccupied 4,’
orbital is only 0.1 eV. All twelve unoccupied orbitals contributing
to the pre-edge transitions lie within 2.3 eV. Therefore, once the
broadening of the transitions is taken into account, only one
pre-edge peak remains. Clearly, such a picture of the electronic
structure is contradicted by the experimental spectrum.

On the other hand, in the B3LYP spectrum two well-separated
peaks appear. The lowest energy transition is to the A4," orbitals
(which can be assigned to peak A in the experimental spectrum),
followed by transitions to the two degenerate representations
E" and E' (which can be assigned to peak B in the experimental
spectrum). Here, the energy separation between A," and E” is
1.7 eV, and the difference between the first and last transition in
the pre-edge is 5.4 eV. The isosurface plots of the (combinations of)
unoccupied orbitals observed in these peaks are shown in Fig. 5a.
These agree with the unoccupied orbitals obtained with BP86
(shown in the MO diagram in Fig. 3). However, as the spectrum
obtained with B3LYP points to an electronic structure that
is in better agreement with experiment, the orbital ordering
extracted from the B3LYP spectrum has been used in the MO
diagram of Fig. 3.

This journal is © the Owner Societies 2015

Table 1 shows the dipole and quadrupole contributions to
the intensities of the transitions, separated into the transitions
that contribute to each of the peaks. We can see that the contri-
butions for Fe(CO)s; follow what is expected from symmetry
considerations: Peak A (4,’) is composed entirely of quadrupole
intensity and peak B (E” and E’) has a small dipole contribution
due to the transition into the E’ orbitals. We note that earlier
calculations®® of the Fe K-edge XAS spectra of Fe(CO); did not
include quadrupole contributions to the intensities, and thus only
showed a single pre-edge peak due to transitions to the E’ orbitals.

4 Bi- and trinuclear iron carbonyls

We now turn to the bi- and trinuclear iron carbonyl complexes
Fe,(CO), and Fe3(CO);,, which have a molecular structures with
Dsp, and C,, symmetry, respectively.'®®”®® In Fe,(CO)s, both iron
centres have a pseudo-octahedral environment (consisting of five
CO ligands and the other iron atom), and three bridging CO
ligands connect the two iron centres, while each iron centre
features three terminal CO ligands. The molecular structure of
Fe;(CO), can be derived from Fe,(CO), by replacing one bridging
CO ligand by an Fe(CO), moiety. Thus, all three iron centres are
still in a pseudo-octahedral environment. However, the bonds
between the iron atom of the Fe(CO), moiety and those of the
Fe,(CO)g backbone are not bridged by CO ligands anymore.

Phys. Chem. Chem. Phys., 2015, 17, 13937-13948 | 13941
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Isosurface plots of the unoccupied orbitals probed by the pre-edge transitions as obtained from TD-DFT calculations with B3LYP/QZ4P, for the
. Shown below the unoccupied orbitals are the isolated iron orbital contributions to

them. The coloured dots indicate the iron atom (1s orbital) from which the transition originates.

Table 1 The percentage of dipole and quadrupole contributions to the
transition intensity for the most intense transitions in the calculated
B3LYP spectra

Complex Peak Dipole (%) Quadrupole (%)
(a) Fe(CO)s A 0.0 100.0
B-1 0.0 100.0
B-2 25.2 74.8
(b) Fe,(CO), A 96.3 3.7
B 100.0 0.0
() Fe3(CO)y, A-1 92.7 7.3
A-2 78.0 22.0
B-1 95.4 4.6
B-2 88.8 11.2
(d) Fe(CO)3(CsH1z) A 87.1 12.9
(e) Fe,(CO)4(Cp), A1l 82.6 17.4
A-2 96.0 4.0
B-1 97.6 2.4
B-2 91.5 8.5

Numerous computational studies of both the geometrical and
the electronic structures of these bi- and trinuclear carbonyls
have been performed,”®”> and the presence of direct metal-
metal bonds has been discussed extensively. While applying the
18-electron rules clearly points towards Fe-Fe bonds, their
presence is questioned by most theoretical studies for Fe-Fe
bonds bridged by carbonyl ligands. For Fe,(CO)y, most computa-
tional studies rule out a direct Fe-Fe bond and attribute the
stabilising interactions to the bridging carbonyl ligands®®7%"?
or only point to a very weak direct metal-metal interaction.
On the other hand, two of the three Fe-Fe bonds in Fe;(CO),, are

74
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not bridged by carbonyl ligands and must thus be due to a direct
metal-metal bonding interaction.”"”> Below, we will discuss to
what extent our HERFD-XANES spectra can provide indications
for these different kinds of metal-metal interactions.

For Fe,(CO)o, the experimental and calculated spectra are
shown in Fig. 4b. There are three observable features in the
experimental spectrum labelled A, B, and C. The conventional
K-edge spectrum of Fe,(CO)y shows only one distinct peak,
again demonstrating the capability of HERFD-XANES. Within
the experimental spectra we can assign both peaks A and B to the
pre-edge whereas peak C is once again most likely due to transi-
tions to Rydberg states or other states close to the absorption
edge. Therefore, we will focus on peaks A and B in the following.
If we compare the spectrum to the one of Fe(CO)s, we immediately
notice that the pre-edge features have a much higher intensity and
that all three peaks are shifted to higher energies.

First, we compare the spectra calculated with both the BP86
and B3LYP exchange-correlation functionals. BP86 calculates a
spectrum with only two distinct features below the ionisation
threshold, whereas B3LYP shows three distinct features. The
latter appears to agree better with the experimental observations.
Therefore, we will only discuss the B3LYP results in the following.
The isosurface plots of the (combination of) unoccupied orbitals
that are probed with a significant intensity contribution are plotted
in the upper part of Fig. 5b. To highlight the contributions of the
iron orbitals, the lower part of Fig. 5b shows isosurface plots that
only cover a radius of 1 A around the iron atoms.

These orbital plots show that peak A is comprised of transi-
tions to an anti-bonding combination of the iron d,.-orbitals,
which further combines with carbonyl n*-orbitals. The two contri-
buting excitations originate from each of the two core orbitals to

This journal is © the Owner Societies 2015
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a combination of unoccupied orbitals. Both Fe(CO)s and Fe,(CO)o
have the same point group and the major transitions in peak A
are to orbitals containing the iron d,.-orbitals. The main reason
for the large increase of peak A in intensity is that even though
the molecular point group is the same, the symmetry of the iron
centres has been reduced. In Fe,(CO), neither lie in the horizontal
mirror plane and the lowest energy d..-combination now belongs
to the A,” irrep, whereas it belongs to the 4;’ irrep in Fe(CO)s.
Therefore, the corresponding transition becomes dipole-allowed,
which can be seen in Table 1. The shift of peak A to higher
energy can be rationalised by a combination of three factors: In
Fe,(CO)o, the d-orbitals now interact with the n* ligand orbitals,
which pushes it to higher energies. At the same time, the change
in the ligand field of the iron centre from a pentagonal bipyr-
amidal to a pseudo-octahedral ligand field (where the d,.-orbital
is not involved in the bonding of the ligands) lowers the energy.
Finally, the interaction of the d,.-orbitals of the two iron centres
to form an anti-bonding combination increased the energy of the
transition. The latter effect can be seen as an indication of direct
metal-metal bonding, but is difficult to isolate from the other
two (indirect) contributions.

Peak B has a more complicated assignment. From the iso-
surface plots in Fig. 5 we can see that one of the iron atom
orbitals is d,>-like, while the other one belongs to the degenerate
pair of iron d,- and d,-orbitals. The second transition is a mirror
image of the first one, with the phase of the d.-like orbitals
reversed. The two transitions each originate from the iron atom
upon which the d,,like orbital resides. Therefore, this can be
considered a linear combination of transitions which occur from
both the A and B peaks of Fe(CO)s.

Finally, we consider Fe;(CO),, where the experimental and
calculated spectra are shown in Fig. 4c. The experimental spec-
trum once more has three observable features, which we have
labelled A, B, and C, and we focus on the pre-edge peaks A and B.
If we compare the spectrum to the one of Fe,(CO),, we can see that
the features shift to lower energy and that the intensity of peak A is
reduced, while peak B has a larger intensity. For the calculated
spectra we will only discuss the B3LYP spectrum, which shows the
better agreement with experiment.

The isosurface plots of the (combination of) unoccupied
orbitals that are probed with a significant intensity contribution
are plotted in Fig. 6, along with the corresponding iron orbital
contribution. Peak A has four main contributing transitions. The
first two transitions are from the two Fe,(CO)g core orbitals to
metal-metal anti-bonding o*-orbitals between the Fe,(CO)g
backbone and the Fe(CO), moiety. The next transition originates
from the 1s orbital of the Fe(CO), group to a completely anti-
bonding orbital, in which all three possible metal-metal inter-
actions are out of phase. These three transitions (labelled “1” in
Fig. 6) all have a similar character, but originate from the three
different iron core orbitals. The final transition (labelled “2”)
also originates from the 1s of the Fe(CO), group, but goes to an
orbital which resembles an antibonding combination of the iron
d-orbital of the Fe(CO), group and of those of the Fe,(CO)s
backbone, while the d-orbitals of the iron centres of the Fe,(CO)sg
backbone combine in a bonding fashion.

This journal is © the Owner Societies 2015
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Peak B contains three main transitions, in which orbitals
from the Fe,(CO)g backbone are the main contributor. The first
two transitions (labelled “1”) are to o* anti-bonding metal-
metal bonding orbitals of the backbone, with only a small
orbital inclusion from the third iron centre. The third and final
major contributing transition (labelled ““2”’) is to an orbital with
a possible bonding interaction between the iron centres of the
Fe,(CO)g backbone.

To understand the changes in spectral intensity compared
to Fe(CO)s and Fe,(CO)y, we must note that symmetry of the
molecule is reduced from Dsj, to Cy,. This reduction in symmetry
provides more possibilities for dipole-allowed transitions. Hence,
the increase in intensity of peak B can be expected. However, the
slight decrease in intensity of peak A compared to peak A of
Fe,(CO)s, is not so easy to rationalise. If we look at the contribu-
tions of the transition intensities to the peak shown in Table 1 we
can see that the main intensity contribution for all transitions is
dipole. On the other hand, the amount of quadrupole intensity
contribution to the peak has also increased relative to Fe,(CO)o.

The peaks also shift to lower energies than in Fe,(CO), and
the reason is clear when we consider the molecular orbitals.
On the introduction of the Fe(CO), group to the Fe,(CO)g
backbone, a third set of d-orbitals are introduced, which can
interact with the o/c*-orbitals of the Fe,(CO)g backbone. When
these d-orbitals interact, they split into three orbitals, shifting
the first available unoccupied orbitals to lower energies. This
shift to lower energies is then reflected in the pre-edge peaks.

From all the observations discussed it becomes clear how
the introduction of a second iron centre affects the electronic
structure. A large part of the differences can be explained through
a reduction of the symmetry of the individual iron centres and
hence, their individual electronic structures. Moreover, we can
see a correspondence between peak A of Fe(CO)s and Fe,(CO), in
that they both consist of iron d,.-orbitals. A subsequent corre-
spondence can be made to peak A of Fe;(CO),, in that this peak
consists only of c*-orbitals, the same as for peak A of Fe,(CO)o.
All these features can be related to the unoccupied, anti-bonding
(and partly bonding) combinations of the iron d-orbitals, even
though it is difficult to isolate the contributions of a direct metal-
metal interaction from indirect ones.

5 Substituted iron carbonyl complexes

In addition to the pure iron carbonyl complexes, we also consider
the effect of substitution of one or more carbonyl groups on the
pre-edge X-ray absorption spectra and thus, also the electronic
structure. It was previously shown that the substitution of
carbonyl ligands by hydrocarbons leads to clear changes in the
V2C-XES spectra. Here, we want to investigate whether HERFD-
XANES can provide complementary information.

First, Fe(CO)3(CgH;,) is a mononuclear iron complex, in
which two of the CO groups in Fe(CO);s have been replaced by
an n*-coordinated cyclooctadiene ligand. In Fig. 7 we show the
experimental and B3LYP-calculated spectra of Fe(CO)3(CgHy,)
in comparison to Fe(CO)s. In the experimental spectrum of
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Fig. 6 Isosurface plots of the unoccupied orbitals probed by the pre-edge transitions as obtained from TD-DFT calculations with B3LYP/QZA4P, for
the major contributions to the pre-edge peaks of Fes(CO);,. Shown below the unoccupied orbitals are the isolated iron orbital contributions to them.
The coloured dots indicate the iron atom (1s orbital) from which the transition originates.
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Fig. 7 X-ray absorption spectra for Fe(CO)s and Fe(CO)z(CgHsp). Top: experimental spectra; bottom: B3LYP calculated spectra.
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Fig. 8 lIsosurface plots of the unoccupied orbitals probed by the pre-edge transitions as obtained from TD-DFT calculations with B3LYP/QZA4P, for the

major contributions to the pre-edge peaks of Fe(CO)3z(CgH1,) and Fe,(CO)4(Cp),

. Shown below the unoccupied orbitals are the isolated iron orbital

contributions to them. The coloured dots indicate the iron atom (1s orbital) from which the transition originates.

Fe(CO);(CgH;,), we observe one pre-edge feature which has a
large intensity increase as well as a shift to higher energies
compared to Fe(CO)s. The calculated BP86 spectrum (see ESIt)
shows one peak with a large intensity, while B3LYP leads to two
distinct features. In comparison to the experiment, both provide
the correct picture with one high-intensity peak. We note that
neither exchange-correlation functional reproduces the shift to
higher pre-edge peak energies.

To understand what changes occur on substitution of the
two carbonyl groups for the CgH;,, we consider the isosurface
plots of the unoccupied orbitals that are probed with a signi-
ficant intensity contribution. These are plotted in Fig. 8 along
with the corresponding isolated iron contribution. Peak A of
Fe(CO);(CgH;,) contains a dy,,-like orbital, which is an anti-
bonding combination of this iron orbital and n*-orbitals of the
CgH,, ligand. For Fe(CO)s, the transition to the corresponding
d,pz-orbitals were contained in the second pre-edge peak (peak B).

This journal is © the Owner Societies 2015

This can be used to rationalise the shift to a higher energy, even
though this shift is not reproduced correctly by the calcula-
tions. The loss of the degeneracy of the d.,,-orbitals can be
explained through its interaction with the CgH,, ligand,
because only one of the two d,,-orbitals will be in the correct
orientation to interact with the n*-orbitals of the CgH;, ligand.
The large increase in intensity can be attributed to the reduction
of the symmetry at the iron centre. We can see that in Table 1
that the primary intensity contribution is now due to electric-
dipole contributions.

We also considered a bimetallic substituted iron carbonyl
system, Fe,(CO),(Cp),, where five of the CO groups in Fe,(CO),
have been replaced by two cyclopentadiene groups (one on each
iron centre). Fig. 9 shows the experimental and B3LYP-calculated
spectra of Fe,(CO),(Cp), and of Fe,(CO), for comparison. In the
experimental spectrum, we observe two distinguishable pre-edge
features, labelled A and B. Compared to the spectrum of Fe,(CO)o
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Fig. 9 X-ray absorption spectra for Fe,(CO)g and Fe,(CO)4(Cp),. Top: experimental spectra; bottom: B3LYP calculated spectra.

no significant shift in the peak positions is observed, but there is
a significant increase in the intensity of both features. Again,
the spectra calculated with B3LYP are more accurate compared
to the experimental spectrum than the ones obtained with BP86
(see ESIT).

The isosurface plots of the unoccupied orbitals that are probed
with a significant intensity contribution are plotted in Fig. 8 along
with the corresponding isolated iron orbital contribution. Peak A
is comprised of four transitions, two from each core orbital.
The first two transitions (labelled “1”) are to orbitals which are
antibonding combinations of d,.-like orbitals on the two iron
centres interacting in an anti-bonding fashion with n*-orbitals of
the Cp-ligand at one of the iron atoms. The other two transitions
(labelled “2”) are once again to d,,,-like iron orbitals interacting
in an anti-bonding fashion with other Cp m*-orbitals, which are
rotated by approximately 90 degrees around the Cp ring. Peak B of
Fe,(CO),Cp, also contains four main transitions, two from each
core orbital. The first two transitions (labelled “1”) are to orbitals
with anti-bonding characteristics between a d,,.-like orbital and
the Cp m*-orbitals on one of the irons. However, unlike in peak A,
the other iron atom now has a d,.-like appearance. The final
two transitions (labelled “2”) are die_ye-like for the iron
orbitals and from Fig. 8 appear to be anti-bonding orbitals
for the metal-CO bonds.

The large increase in the intensity of both pre-edge peaks in
relation to the pre-edge peaks of Fe,(CO), can be explained
through the decrease in the symmetry of the complex. The same
as was observed for Fe(CO);(CgH;,). We can see in Table 1 that
the intensity is mainly due to dipole contributions. However, as
the Fe,(CO), peaks were also primarily composed of dipole
transitions, only the loss of symmetry and thus, relaxation of
the selection rules for the dipole mechanism can account for
the increase in the intensity.

13946 | Phys. Chem. Chem. Phys., 2015, 17, 13937-13948

In conclusion, we can see that substitution of carbonyl
groups for a group containing n-orbitals reduces the symmetry
and thus, the intensity of the spectra increases. In addition, the
inclusion of m-orbital containing substituents increases the
intensity of transitions to the d,,like iron orbitals, which can
combine with the ligand m*-orbitals, compared to the d,.-like
iron orbital(s) that dominated for the pure iron carbonyl com-
plex spectra.

6 Conclusions

The HERFD-XANES spectra of iron carbonyl model complexes
reported here demonstrate the unique sensitivity of the experi-
mental method to changes both in the geometric and in the
electronic structure at the iron centre(s). By comparison with
quantum-chemical calculations, the pre-edge region of the
spectra can be analysed in detail, which provides a clear assign-
ment of the observed spectral features and allows us to relate
changes in the pre-edge peaks to changes in the electronic structure
of the complexes.

We note here that the two exchange-correlation functionals
considered, BP86 and B3LYP, lead to XANES spectra that differ
significantly. Similar observations have been made before by us
and others.**>7° For the example at hand, we found that B3LYP
was sufficiently accurate to allow for a qualitative assignment and
analysis of the experimental spectra. However, significant devia-
tions between the spectra calculated with B3LYP and the experi-
mental spectra remain, both for relative energies and relative
intensities when comparing different complexes. Therefore, we
have not performed a quantitative comparison of the experimental
and calculated spectra. This situation is clearly not satisfactory,
and calls for a more detailed assessment of various (TD-)DFT
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approaches and of different exchange-correlation functionals
for the calculation of X-ray absorption spectra. Moreover, the
development of accurate wave-function based methods for X-ray
spectroscopy that are still applicable to multi-nuclear transition
metal complexes appears promising.””””®

Nevertheless, the combination of the experimental HERFD-
XANES spectra and our TD-DFT calculations using the B3LYP
exchange-correlation functional demonstrates the advantages of
HERFD-XANES for spectroscopic studies on multinuclear iron
complexes. First, it is possible to distinguish the different types
of iron-iron bonding interactions. For the pure iron carbonyl
complexes, we have shown that the pre-edge region shows differ-
ent signatures for the mono-, bi-, and trimetallic iron carbonyls.
Interestingly, the V2C-XES spectra of these compounds show only
subtle differences.”® Our assignment shows that the first pre-edge
peak A is in all cases due to d,-like orbitals, while the second peak B
is due to d,yy.-like orbitals. For the bi- and trinuclear complexes, the
d-orbitals of the different iron centres form bonding and anti-
bonding combinations (which are also mediated by the interaction
with the ligand n*-orbitals), which modify their orbital energies
and the corresponding intensities. Therefore, these peaks both
reflect the change in the coordination environment of the iron
centres and the change in the iron-iron interactions. An isolated
iron centre in Fe(CO)s, a CO-bridged iron-iron bond in Fe,(CO),
and the direct iron-iron bonds in Fe;(CO);, can be clearly
distinguished, even though the iron has the same oxidation
state in all three complexes.

Such a distinction remains possible if some of the carbonyl
ligands are replaced by hydrocarbons (cyclopentadienyl and
cyclooctadienyl). In this case, the intensities of the pre-edge
peaks increase, but they are largely unmodified with respect to
the underlying pure carbonyl complexes. In contrast, in the
V2C-XES spectra® such an exchange of carbonyl ligands leads to
the appearance of new peaks, i.e., it can clearly detect the identity
of the ligands. Thus, HERFD-XANES and V2C-XES provide
complementary information that, in combination, will make it
possible to detect the coordination environment, different types of
iron—iron interactions, and the identity of the ligands. Therefore,
these methods offer a unique potential for in situ studies following
both the ligand environment and the electronic structure of iron
carbonyls during catalytic processes.
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