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Abstract

Fe L-edge x-ray absorption spectra of gas-phase iron pentacarbonyl and ferrocene measured
in total-ion yield mode are reported. Comparison to previously published spectra of free iron
atoms and gaseous iron chloride demonstrates how the interplay of local atomic multiplet
effects and orbital interactions in the metal-ligand bonds varies for the different systems. We
find changes in the degree of metal-ligand covalency to be reflected in the measured 2p
absorption onset. Orbital- or state-specific fragmentation is furthermore investigated in iron
pentacarbonyl and ferrocene by analyzing the partial-ion-yield spectra at the Fe L-edge. Strong
dependence of the yields of different fragments is observed in ferrocene in contrast to iron
pentacarbonyl. This difference is attributed to the different degrees to which the 2p core hole
is screened in the two systems. We provide experimental benchmark spectra for new ab initio
approaches for calculating metal L-edge absorption spectra of metal complexes.



Introduction

Iron pentacarbonyl (Fe(CO)s) and ferrocene (bis(n5-cyclopentadienyl)iron(ll), denoted Fe(Cp)2
hereafter) have always attracted great interest for fundamental investigations of the
electronic structure in coordination complexes due to the prototypical character of their
metal-ligand bonds. They have also served as benchmark systems for new methods aiming at
correlating chemical properties with new experimental observables. X-ray spectroscopy is well
suited to study the electronic structure of 3d transition-metal complexes due to its elemental
and site specificity that enables addressing the bonds separately from the perspective of the
metal center or the ligand [1-6]. X-ray absorption spectroscopy (XAS) in particular gives access
to the unoccupied part of the valence electronic structure and hence is an established
technique for the investigation of bonding in metal complexes. In the soft x-ray range, the
most common method for addressing bonding at the metal site is XAS at the L-edge of 3d
transition-metals as it involves comparably strong dipole-allowed transitions of the metal 2p
electrons into the unoccupied orbitals thereby probing their 3d character [3, 7-13]. The
spectra can furthermore be strongly influenced by local atomic multiplet effects in the core-
excited states [14]. Accounting for both the local atomic multiplets and the molecular valence-
orbital interactions represents a challenge for current theories [7, 8, 11, 15-24]. Despite the
general interest, Fe L-edge XAS of gas-phase Fe(CO)s and Fe(CP)2 has not been reported yet to
the best of our knowledge and it is the aim of the present investigation to fill this gap.

Wen, Rihl and Hitchcock reported in a seminal investigation the Fe L-edge inner-shell
excitation spectra by electron energy loss (ISEELS) of Fe(CO)s and Fe(Cp)2 in the gas phase [25].
As the spectra were measured in dipole scattering conditions, they should be comparable to
the Fe L-edge absorption spectra from XAS. It is our aim here to complement the ISEELS data
with Fe L-edge XAS.

lon-yield XAS is an established method for determining the x-ray absorption spectrum of a
gaseous sample. Total-ion-yield XAS displays the integrated intensities of all ions versus
photon energy and directly corresponds to the absorption cross section if decay of the core-
excited states via fluorescence is negligible and if emission of neutral fragments can be
omitted [2, 26]. Both conditions are fulfilled for the investigations here, as the fluorescence
yield is known to be very small in the range of L-edge absorption of 3d transition-metals (<0.1
%, [13]). Furthermore, core-excited state decay in Fe(CO)s and Fe(Cp), is dominated by Auger
decay leading to ionic fragments. This is evident from the investigations of Tamenori et al. who
reported ion-yield XAS at the Fe M-edge of Fe(CO)s and Fe(Cp); and of Heck et al. and Sistrunk
et al. for ion-yield Fe M-edge XAS of Fe(CO)s [27-30]. By resolving the nature of the various
ionic fragments emitted upon x-ray irradiation, so-called partial-ion-yield spectra can be
extracted. They contain information on orbital- or state-specific fragmentation of the probed
sample [2, 26, 31-35].

Here we present total- and partial-ion yield XAS at the Fe L-edge of Fe(CO)s and Fe(Cp)2 in the
gas phase. Extending earlier studies of Fe atoms and ionic Fe compounds in the gas phase [11]
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we now turn to systems with strong covalent interactions. By systematically investigating the
partial-ion-yield spectra measured at the Fe L-edge of the two compounds we address the
question in particular, whether the differences in metal-ligand bonding are expressed in the
orbital-specific fragmentation patterns. This provides missing experimental information that
as a benchmark for recently developed ab initio calculations treating both local atomic
multiplet effects and valence-orbital interactions [12, 36-41]. Orbital-specific fragmentation
measured for different x-ray resonances gives insight in particular into the nature of the
corresponding core-excited states. The reported Fe L-edge absorption spectra of gas-phase
Fe(CO)s finally complement recent steady-state [12] and time-resolved [42, 43] investigations
of Fe(CO)s in solution with resonant inelastic x-ray scattering and hard x-ray spectroscopy
investigations of Fe(CO)s and Fe(Cp); at the Fe K-edge [1, 4-6].

Experimental

The Fe compounds were purchased from Sigma-Aldrich and used without further purification.
They were introduced into the interaction region via a small gas nozzle. In the case of Fe(Cp)2
the whole gas inlet system, containing the solid sample was heated to about 40°C in order to
reach a sufficient gas pressure. Special care was taken to keep the Fe(CO)s sample in complete
darkness to prevent the sample from decomposition by photochemical reactions. Since the
measurements have been repeated over several days without any sign of change in the
spectral features, we are certain that our spectra reflect pure Fe(CO)s.

The measurements were carried out at the UE52-SGM beamline at the electron storage ring
BESSY Il in Berlin. The photon energy bandwidth amounted to 0.2-0.3 eV for the reported
spectra. The measured linewidth for all spectra is on the order of 0.8 eV and is mainly given
by the natural linewidth of the 2p core-excited XAS final states as determined by the 2p core-
hole lifetime and by inhomogeneous broadening. A time of flight ion spectrometer (TOF) was
used for recording the ion-yield spectra and the TOF was operated in pulsed mode. The
acquisition time for the displayed data typically amounted to 3 hours.

We are not giving absolute numbers on the branching ratios into the different fragmentation
channels since the TOF measurements are always affected by the different detection
probabilities for ions of different masses.

The photon energy calibration is based on measurements of Xe noble gas samples with well-
known resonance energies [44]. This procedure resulted in an uncertainty of the absolute
values of the photon energies in the reported spectra of 0.1 eV. The uncertainty when
comparing photon energies in the Fe(CO)s and Fe(Cp). spectra is even below that.

Results and discussion



The total-ion-yield Fe L-edge absorption spectra of gaseous Fe(CO)s and Fe(Cp), are compared
to the previously published spectra of gaseous FeCl, and free Fe atoms [11] in Figure 1. The
spectra of Fe(CO)s and Fe(Cp), are qualitatively very similar to the Fe L-edge inner-shell
excitation spectra taken with ISEELS by Wen et al. [25] underlining the close correspondence
of ISEELS in dipole scattering conditions and XAS. Comparison of our Fe(CO)s and Fe(Cp)2 x-
ray absorption spectra with FeCl; and Fe atoms with our accurately calibrated photon-energy
axis and the partial-ion yield absorption spectra (following figures) reveal new information
compared to the state of the art defined by the ISEELS spectra. The spectra in Figure 1 reflect
the varying contributions of local atomic multiplet effects and orbital interactions arising from
metal-ligand bonding. Trends of general interest are readily visible. The spectra apparently
change from exhibiting numerous comparably sharp lines in free Fe atoms to broad peaks in
Fe(CO)s and Fe(Cp)2. The spectrum of free Fe atoms is solely determined by the local atomic
multiplet effects and the corresponding spectral features are largely preserved in FeCl; albeit
somewhat broadened [11]. This reflects the ionic bonding in FeCl, with the multiplet
components of the ionic Fe center [9, 11]. The comparably strong covalent interactions in
Fe(CO)s and Fe(Cp)2 in contrast explain the considerable broadening of the peaks. This
increase of covalent interactions is also visible in the onset of the x-ray absorption spectra.
The L-edge absorption onset corresponds to the lowest 2p—>3d excitation energy in the
spectrum and it apparently increases from approximately 705 eV in free Fe atoms to 706 eV
in FeCl; and to 707.5 eV in Fe(Cp)2 and Fe(CO)s with no notable difference between Fe(Cp):
and Fe(CO)s (Figure 1). The shift of this onset results from changes in screening of the 2p core
hole in the final (core-excited) states in the systems. In a qualitative and approximate picture
the shift to higher energies can be interpreted to reflect an increase of the local (positive)
charge at the Fe center with a concomitant decrease of the ability to screen the core hole.
This has been analyzed before in numerous investigations such as in 3d transitions metals
clusters as a function of cluster size [22] and it is related to the chemical concept of increasing
nominal oxidation state of the metal center in coordination compounds and the
correspondingly increasing L-edge absorption onset [45]. With increasing covalent
interactions when going from free Fe atoms to the covalently bonded Fe(Cp); and Fe(CO)s the
local charge at Fe decreases as it delocalizes to the ligands. This reduces the screening ability
at the Fe center as the effective nuclear charge on Fe increases. In turn, the L-edge absorption
onset shifts to higher photon energy.

Our measured photon energies for the four main resonances in the L-edge absorption spectra
of Fe(Cp)z and Fe(CO)s (two resonance at each the L3 and the L, edge) are summarized in Table
1. It has to be noted that our resonance energies differ from the values reported by Wen et
al. by up to 1.5 eV. We note that the values for absolute photon energies in our spectra have
an uncertainty of 0.1 eV. The Fe L-edge absorption spectra of Fe(CO)s and Fe(Cp), were
calculated before by Fronzoni et al. [16] and a qualitative match with the measured spectra
from Wen et al. [25] was achieved. Based on this and the former study by Wen et al. [25] we
also summarize the assignments of the resonances to orbital excitations in Table 1. In both
Fe(Cp)2 and in Fe(CO)s the first resonance at each the Ls and the L, edge corresponds to
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excitations of the Fe 2p electrons into Fe-centered molecular orbitals of mainly 3d character.
The second resonances, in contrast, correspond to excitations of the Fe 2p electrons into
ligand-centered molecular orbitals of mainly m* character. The question occurs, whether this
difference in the nature of the orbital excitations is reflected in the partial-ion-yield absorption
spectra. Based on a simple notion one could expect that x-ray absorption in the second
resonance with 2p excitation into ligand orbitals leads to more efficient fragmentation of the
molecule into the metal and ligand fragments or into fragmented ligands. It is the purpose of
the following discussion to test this notion with the partial-ion yield absorption spectra.

We show time-of-flight spectra of Fe(CO)s in Figure 2. Peaks assigned to N*, CO%*, Ne* and CO,*
are attributed to ionization of rest gas in the chamber. The comparison of time-of-flight
spectra taken with photon energies above and below the Fe L-absorption edge allows
identifying which fragment peak stems from element- or Fe-site specific x-ray induced
fragmentation. It also allows determining how strongly these peaks are resonantly enhanced
(Figure 2, top panel). Fragments are assigned to peaks in the difference spectrum displayed in
the bottom panel of Figure 2 (intensities above minus intensities below the resonance).
Strikingly, we do not observe any un-fragmented charged (singly ionized, e.g.) Fe(CO)s
molecules as we have no evidence for intensity in the region around TOF channel 1260 where
we would expect peaks assigned to Fe(CO)s*. In fact, we do not observe any large fragments.
The largest fragment we detect is Fe(CO),* (we indicated the alternative assignment of the
Fe(CO).* peak as Fe(CO)4?*, two fragments we cannot distinguish, but note that the former
assignment to a singly charged ion is more likely to be correct). We observe a strong signal
assigned to Fe* and see some contribution of intact ionized CO* fragments, but no C or O ions
are detected. Hence in the photo-excitation of Fe(CO)s above the Fe L-edge, fragmentation
apparently dominates over ionization and the fragmentation seems to be very effective.

The partial-ion yield absorption spectra of Fe(CO)s in Figure 3 show how the various
fragmentation channels couple to the various resonances in the spectrum. Notably, the six
partial-ion yield spectra of the six strongest fragments in the time-of-flight spectrum are very
similar demonstrating that the coupling of all fragmentation channels to the x-ray resonances
is equally efficient. This lack of state-specific fragmentation shows that no matter in which
molecular orbital the Fe 2p electrons are excited into, the molecular fragmentation is equally
probable and leads to similar distributions of fragments. There are a number of possible
explanations for this observation. It could indicate that the assignments of Table 1 are
incomplete or too approximate in the sense that the core-excited states are strongly mixed
and all have strong Fe 3d and ligand rt* character. The ab initio calculations reported in [12]
and [43] confirm this notion. It could furthermore indicate that all core-excited states are
highly dissociative no matter in which orbital the excitation proceeds. Future calculations of
the nature of the core-excited states of Fe(CO)s could give more insight into this. For the
moment while such calculations are not available, investigation of Fe(Cp). and the
comparative discussion further below will yield more insight into these arguments.



The time-of-flight spectra of Fe(Cp). for excitation above and below the Fe L-absorption
resonance are displayed in Figure 4. The Xe peaks (Figure 4, top panel) again stem from
ionization of Xe rest gas in the chamber used for photon-energy calibration. Assignments of
the peaks to Fe(Cp). fragments is assisted by resonant enhancement with the difference
spectrum in the bottom panel of Figure 4. We first note that we detect a strong peak
associated with the singly charged un-fragmented molecule Fe(Cp).* showing that ionization
with respect to fragmentation is much stronger in Fe(Cp), compared to Fe(CO)s. Furthermore,
we also detect strong signals from large fragments and the largest fragment is Fe(Cp)* where
one Cp ring is missing. We indeed also observe the corresponding signal from singly charged
Cp rings (Cp*). As for Fe(CO)s we see a strong Fe* signal. In contrast to Fe(CO)s we do observe
signal from fragmented ligands in the case of Fe(Cp). (fragmented rings such as ChHm* (n=1,
2), CsHm*). Apparently, fragmentation of the molecule into Fe and intact ligands is less efficient
in Fe(Cp), compared to Fe(CO)s while fragmentation of the ligands themselves is more
efficient in Fe(Cp)2 compared to Fe(CO)s.

The partial-ion yield absorption spectra of Fe(Cp). in Figure 5 now exhibit a remarkable
dependence of the fragment yield on the x-ray resonances. This fragment-specificity clearly
reflects orbital-specific fragmentation of Fe(Cp); at the Fe L-edge. Note that the normalized
spectra in Figure 5 allow interpretation of relative intensities only as the spectra are not
weighted with the x-ray absorption cross section and the relative intensities of the different
fragmentation channels cannot be deduced from our spectra. The first resonance at 709 eV is
more intense than the second resonance at 712.1 eV in the partial-ion yield spectra of Fe(Cp),*
and Fe(Cp)2%*. This indicates that Fe 2p excitation in Fe(Cp), into the Fe-centered molecular
orbitals of predominantly 3d character leads to more efficient ionization of the molecule
without fragmentation compared to excitation at the second resonance. This could be related
to a stronger bonding character of the orbitals excited to in the first resonance compared to
the second resonance and compared to Fe(CO)s. The second resonance is more intense than
the first for completely fragmented ions with or without Fe (ChHm*, C3Hm*, FeCoHm*, FeCsHm?*)
indicating that Fe 2p excitation into the ligand-centered n* orbitals that is delocalized over
the whole Cp ring leads to more efficient fragmentation than excitation at the first resonance.
This could be related to a stronger anti-bonding character of the orbitals excited to in the
second resonance compared to the first. First and second resonances are approximately
equally strong for Fe*, Cp*, and FeCp* demonstrating that both resonances equally efficient
couple to abstraction of one or both of the Cp rings from Fe(Cp).. We also note that in the
spectra in Figure 5 the two resonances at the L, edge are approximately equally intense for all
fragments. It is known that the core-excited states at the L, absorption edge of 3d transition-
metal atoms are often more strongly mixed [14, 19, 21]. Here, this lack of fragment- or orbital-
specificity could thus be explained by strong mixing of Fe 3d and ligand n* character of the
core-excited states at the L, edge.

Combining all experimental observations and discussions allows some general statements to
be made. For both Fe(CO)s and Fe(Cp)2 anti-bonding orbitals are populated at the Fe L-edges

but the extent to which this excitation leads to ionization of the intact molecule versus
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fragmentation varies with the x-ray excitation energy. That we do not observe any charged
but intact Fe(CO)s molecules in contrast to Fe(Cp). and that fragmentation is strongly orbital-
specific in Fe(Cp)2 in contrast to Fe(CO)s indicates fundamental differences in the
fragmentation pathways and efficiencies of the two molecules. Although the first resonance
in Fe(CO)s can be assigned to Fe-centered orbitals with Fe 3d character as in Fe(Cp), we do
not observe any charged intact Fe(CO)s. This indicates that the core-hole in Fe(CO)s even for
this comparably local excitation is not well screened making the core-excited state dissociative
and leading to fragmentation instead of ionization. In Fe(Cp). in contrast screening of the core-
hole in the comparably local excitation into Fe-centered orbitals with 3d character by the
delocalized electron density in the two Cp rings does not destabilize the molecule hence
favoring ionization over fragmentation. This picture fits into how strong fragmentation is
compared to ionization in the two systems for other photon energies. At the Fe M-absorption
edge Tamenori et al. found signals from charged intact molecules for both Fe(CO)s and Fe(Cp)2
but the Fe(Cp)* signal was considerably stronger than the Fe(CO)s* signal compared to the
fragment signals of the respective systems [29, 30] indicating as well less efficient core-hole
screening in Fe(CO)s compared to Fe(Cp); at the M-edge. Finally, Fe(CO)s in contrast to Fe(Cp):
is very sensitive to visible light and temperature and comparably easily decomposes upon
optical or thermal excitation. Excitation of Fe(Cp); at the second resonance leads to a very
strong CoHm* (n =1, 2) signal of a completely fragmented ligand. With our approach we cannot
determine whether the Fe(Cp)* signal also observed stems from the same fragmentation
channel. Assuming it does, it could indicate that promotion of an Fe 2p electron into the
ligand-centered anti-bonding m* orbitals in Fe(Cp). at the second resonance destabilizes one
of the Cp rings leading to its dissociation (and subsequent fragmentation) while leaving FeCp
behind. This could indicate that ligands in Fe(Cp). can be selectively excited. In Fe(CO)s in
contrast and in terms of Fe 2p photo-excitation the CO ligands seem to be more equivalent
and hence seem to be coupled in a sense that Fe 2p excitation always and no matter which
resonance is chosen leads to small fragments with at most one CO remaining on the Fe.

Summary and conclusions

We report Fe L-edge x-ray absorption spectra of gas-phase iron pentacarbonyl (Fe(CO)s) and
ferrocene (Fe(CP),). The spectra were measured by detecting the total ion-yield versus photon
energy and complement the state of the art Fe L-edge spectra taken with inner-shell excitation
by electron energy loss from more than 20 years ago. With our accurately calibrated photon
energy and the comparison of our x-ray absorption spectra of Fe(CO)s and Fe(Cp). with the
previously reported spectra of free Fe atoms and gaseous FeCl; we correlate experimental
observables in the L-edge absorption spectra with metal-ligand bonding. We address in
particular how the interplay of local atomic multiplet effects and orbital interactions in the
metal-ligand bonds varies for the different systems. Confirming established notions we find
changes in the degree of metal-ligand covalency and the related changes in the local charge
at the Fe center or, in other words, of the nominal oxidation state, to be reflected in the
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measured 2p absorption onset. We furthermore report orbital- or state-specific
fragmentation partial-ion-yield x-ray absorption spectra of Fe(CO)s and Fe(Cp).. Our
measurements at the Fe L-edge complement and extend earlier partial-ion yield x-ray
absorption investigations at the Fe M-edge. We test the notion whether differences in the
metal-ligand bonds are expressed in the partial ion yields and find strong state- or orbital-
specific fragmentation in Fe(Cp)a. In Fe(CO)s, in contrast, this strong dependence is not found.
This is attributed to the different degrees to which the 2p core hole can be screened in the
two systems. The electron-rich Cp-ring ligands are found to more efficiently screen the 2p hole
for excitations into local Fe-centered molecular orbitals with strong 3d character. We provide
experimental benchmark spectra for new ab initio approaches for calculating metal L-edge
absorption spectra of metal complexes. Our experimental data demonstrate that besides the
nature of the metal-ligand bonds the nature of the 2p core-excited states has to be correctly
described to adequately reproduce the observed orbital-specific fragmentation yields at the
Fe L-absorption edge.
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Table and Figures

Table 1: Experimentally determined photon energies as determined here for the main
resonances in the total-ion-yield Fe L-edge absorption spectra of Fe(CO)s and Fe(Cp); and
assignments to the final molecular orbitals for the respective 2p excitations (from ref. 25).

Fe(CO)s Fe(Cp):
Photon energy (eV) Assignment Photon energy (eV) Assignment
L3 L3
708.5 Fe 3d 709.5 4e14(-like), Fe 3d
710.5 *(CO) 712.1 3eau(-like), Cp *
L, L2
720.8 Fe 3d 721.9 4e14(-like), Fe 3d

723.1 *(CO) 724.7 3eau(-like), Cp 1*




Intensity

Fe(Cp),

FeCI2

Fe (atom)

700

T
705

T T T
710 715 720 725
Photon energy (eV)

—
730 735

Figure 1: Total-ion-yield Fe L-edge x-ray absorption spectra of ironpentacarbonyl (Fe(CO)s),
ferrocene (Fe(Cp)2), iron chloride (FeCl,), and atomic Fe in the gas phase (the spectra of FeCl;

and Fe taken from ref. 11).
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Figure 2: Time-of-flight spectra of iron pentacarbonyl (FeCOs). Top panel: Sum of spectra taken
over the whole Fe L-edge (photon energies between 700 eV and 735 e, black) and sum of
spectra taken over the L3 edge only (red). Intensities are normalized to one at maximum in the
spectrum taken over the whole photon energy range. Bottom panel: Difference of the spectra
in the top panel with assignments to fragmentations products. (Multible products are given
where the assignment is ambiguous).
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Figure 3: Partial-ion-yield Fe L-edge x-ray absorption spectra of ironpentacarbonyl (Fe(CO)s)
displaying the photon-energy dependence of the intensity of the main fragmentations

products (see Figure 2). All spectra are normalized to one at their maximum.
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Figure 4: Time-of-flight-spectra of iron ferrocene (Fe(Cp)z). Top panel: Sum of spectra taken
over the whole Fe L-edge (photon energies between 700 eV and 735 e, black) and sum of
spectra taken over the Ls; edge only (red). Intensities are normalized to one at the Fe* peak in
the spectrum taken over the whole photon energy range. Bottom panel: Difference of the
spectra in the top panel with assignments to fragmentations products (multiple products are

given where the assignment is ambiguous).
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Figure 5: Partial-ion-yield Fe L-edge x-ray absorption spectra of ferrocene (Fe(Cp);) displaying
the photon-energy dependence of the intensity of the main fragmentations products (see
Figure 4). All spectra are normalized to one at their first (low-energy) peak.
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