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The chemical sensitivity of X-ray spectroscopy: high
energy resolution XANES versus X-ray emission
spectroscopy of substituted ferrocenest
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X-ray spectroscopy at the metal K-edge is an important tool for understanding catalytic processes and
provides insight into the geometric and electronic structures of transition metal complexes. In particular,
X-ray emission-based methods such as high-energy resolution fluorescence detection (HERFD), X-ray
absorption near-edge spectroscopy (XANES) and valence-to-core X-ray emission spectroscopy (V2C-XES)
hold the promise of providing increased chemical sensitivity compared to conventional X-ray absorption
spectroscopy. Here, we explore the ability of HERFD-XANES and V2C-XES spectroscopy to distinguish
substitutions beyond the directly coordinated atoms for the example of ferrocene and selected
ferrocene derivatives. The experimental spectra are assigned and interpreted through the use of density
functional theory (DFT) calculations. We find that while the pre-edge peaks in the HERFD-XANES
spectra are affected by substituents at the cyclopentadienyl ring containing n-bonds [A. J. Atkins,
Ch. R. Jacob and M. Bauer, Chem.—Eur. J., 2012, 18, 7021], the V2C-XES spectra are virtually unchanged.
The pre-edge in HERFD-XANES probes the weak transition to unoccupied metal d-orbitals, while the
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1 Introduction

X-ray spectroscopy at synchrotrons, mainly X-ray absorption
spectroscopy (XAS), is nowadays a powerful tool to study
chemical processes,"™® such as catalysis by transition metal
complexes.” ™ To be specific to a catalytic center of interest,
such studies are typically performed at the metal edge, i.e., core
electrons of a central metal atom are excited. However, the
information content of XAS is mainly limited to type, number,
and distances of coordinating atoms as well as qualitative
oxidation states of the central metal atom (for examples,
see ref. 14-18). The details of the electronic structure related
to the d-electrons of transition metal complexes can usually
not be resolved with conventional XAS. Moreover, the sensitiv-
ity to light atoms is generally limited to the nearest neighbor
shell, while XAS is “blind” to changes beyond the directly
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core hole. The latter turn out to be less sensitive to changes beyond the first coordination shell.

coordinating atoms.’®*° Changes in the electronic structure

caused by structural modifications in this second coordination
shell can hardly be detected. Since XAS investigations enable
in situ studies under nearly any experimental condition without
adopting the system parameters to the experiment,*"*” it would
be highly desirable to overcome these limitations. This would
greatly increase the applicability of X-ray spectroscopy for
studying chemical processes in catalysis.

X-ray emission-based methods open new opportunities for
chemical research at synchrotron sources in this direction.
They are based on the high energy resolution detection of the
fluorescence radiation emitted by a sample after irradiation
with X-rays.>® To achieve an appropriate resolution, a dedicated
experimental setup consisting of a high flux, high brilliance
synchrotron X-ray source and a Rowland-type spectrometer
equipped with analyzer crystals as shown in Fig. 1 is usually
employed.>® The usage of analyzer crystals in combination with
a double crystal monochromator (DCM) either allows for the
recording of X-ray absorption near edge structure (XANES)
spectra by monitoring the intensity of a selected fluorescence
decay channel while sweeping the incident energy of the
DCM or the measurement of X-ray emission spectra (XES)
by keeping the incident energy constant, at a value above the
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Fig. 1 Schematic representation of the experimental setup required for X-ray
emission-based spectroscopic methods. This setup can be employed both for
recording HERFD-XANES and V2C-XES spectra.

edge, and sweeping the analyzer crystals over a selected range
of emission energies.

As long as non-local effects are absent, the described mode
of recording XANES spectra is formally equivalent to conven-
tional XANES experiments,* in which all fluorescence channels
are summed up to yield the total absorption cross section
Gabs = »; 0;. However, by selecting a single fluorescence channel,
an energy resolution smaller than the life-time of the final state
of the absorption process can be reached.**** This final state in
the case of K-edge XANES spectra is characterized by a 1s
core hole and an additional electron in an empty electronic
state. Experiments using a setup as shown in Fig. 1 are
called high energy resolution fluorescence detection XANES
(HERFD-XANES).>*?” They can be used to probe unoccupied
electronic states with a resolution not available in conventional XAS.

Alternatively, in a so-called valence-to-core (V2C) XES experi-
ment, the 1s electron is non-resonantly excited into the
continuum far above the ionization threshold, and the following
radiative relaxation of a valence electron into the core hole is
detected. This valence electron originates from an occupied
electronic state. While sweeping the emission energy, the
different occupied states are thus probed in a KpB,s (V2C)
emission experiment. The K, s emission process is reduced
by a factor of 500 and around 60 in intensity compared to the
Ko and KB, ; emission where the core hole is filled with low-
lying 2p and 3p electrons, respectively, but it is the only
transition with sufficient sensitivity to ligand effects.”® As the
occupied valence states are strongly determined by the
chemical environment of the central metal atom, this method
is also sensitive to the identity of the ligands as well as the
geometry of the immediate ligand environment in catalytically
active metal complexes.>®>° Fig. 2 summarizes the transitions
of the two described methods.

Note that these two techniques provide complementary
information:'> By means of V2C-XES and HERFD-XANES,
details about both occupied and unoccupied electronic states,
respectively, are available under almost any experimental con-
dition. For the interpretation of such X-ray spectra, and for
relating the observed transitions to the electronic structure,
quantum chemical calculations are essential (for reviews, see,
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Fig. 2 Qualitative representation of the processes observed in HERFD-XANES
(left) and V2C-XES (right) within a molecular orbital picture. In HERFD-XANES, a
core electron is excited to unoccupied molecular orbitals and the intensity of the
KPB13 emission is measured, whereas in V2C-XES, the relaxation of an electron
from an occupied molecular orbital following the creation of a core hole is
probed.

e.g., ref. 31 and 32). In many cases, already rather simple
approaches based on (time-dependent) density functional
theory (DFT)**~® can guide the assighment and interpretation
of X-ray spectra.’>®™*"

Recently, we have demonstrated that HERFD-XANES at the
Fe K-edge is able to detect subtle differences in the electronic
structure induced by structural changes beyond the directly
coordinating atoms.*® This was shown for substituted ferro-
cenes, where the cyclopentadienyl rings constitute the first
coordination shell, whereas substituents at these cyclopenta-
dienyl rings can be considered as a second coordination shell.
Such ferrocene-derived compounds play an important role in
catalysis,”> in particular in bimetallic catalytic systems.'®
Consequently, ferrocene and its derivatives*®**™*>
other metallocenes®**®*” have been studied extensively using
X-ray spectroscopic methods. The ability to extend the sensi-
tivity of hard X-ray spectroscopy beyond the direct coordination
environment provides an important new tool for such studies.
Here, we want to explore whether V2C-XES is able to distinguish
ferrocenes bearing different substituents at the cyclopenta-
dienyl rings as well. To this end, we utilize the same model
complexes considered earlier for HERFD-XANES, and analyze
the experimental spectra with the help of quantum chemical
calculations.

as well as

This work is organized as follows. Section 2 outlines the
methodology used for the experimental measurements and for
the quantum-chemical calculations. In Section 3 we discuss the
HERFD-XANES and V2C-XES spectra and explore the chemical
sensitivity of V2C-XES. Finally our conclusions are presented in
Section 4.

2 Methodology
2.1 Experimental

All compounds were purchased from commercial providers
with high purity (>98%) and used as received. Sample handling
in the case of air sensitive complexes was carried out under an
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argon atmosphere in a glove box. The samples were diluted with
BN in a ratio of approximately 1: 4 to avoid self-absorption effects.

The HERFD-XANES and XES experiments were performed at
beamline ID26 at the European Synchrotron Radiation Facil-
ity.*® The electron energy was 6.0 GeV, and the ring current
varied between 180 and 200 mA. The measurements were
carried out using two u35 undulators. The incident energy
was selected using the (311) reflection from a double Si crystal
monochromator. The energy calibration was performed using
an iron foil. The incident X-ray beam had a flux of approxi-
mately 2 x 10" photons per second at the sample position. All
spectra were measured using an X-ray emission spectrometer
with a sample and a crystal analyzer in the horizontal plane
with respect to the storage ring.?**° However, the sample, the
analyzer crystal, and the photon detector (avalanche photo-
diode) were arranged in a vertical Rowland geometry.>

The HERFD-XANES spectra as well as the experimental
procedure used to obtain them have been described previously.>
Valence-to-core KB XES spectra were recorded off resonance at
an excitation energy of 7300 eV. Emission was recorded in the
range of 7020-7130 eV, with a step width of 0.3 eV over the Kf, 5
emission line (7080-7130 eV). The emission energy was selected
using the (662) reflection of five spherically bent Ge crystal
analyzers. The total fluorescence yield (TFY) was monitored by a
photodiode installed at about 90° scattering angle and at 45° to
the sample surface. The intensity of the fluorescence radiation
was normalized to the incident flux measured using an ioniza-
tion chamber. The spectrometer energy was calibrated using
the elastic line.

Samples were positioned at 45° to the beam and maintained at
15 K using a closed-cycle Helium cryostat. A helium-filled bag was
used to reduce absorption of the fluorescence radiation between
the cryostat and the spectrometer. All samples were checked for
radiation damages, and no radiation damages could be detected
within the acquisition time for the different spectra. Moreover,
measurements were carried out on multiple spots on the samples.

Normalization and alignment of the spectra relative to each
other was carried out according to Glatzel and Bergmann®’
using the Kf main line (see also ref. 50). After subtraction of the
tail of the KB main line with a spline, the spectra were
deconvoluted by adjustment of pseudo-Voigt lines in a least-
square fit. In these fits, all parameters (i.e., intensity, full width
at half maximum, and energy) were allowed to vary.

2.2 Computation of X-ray spectra

All calculations have been performed using (time-dependent)
DFT within the ADF program package.” > The molecular
structures of the substituted ferrocene complexes have been
optimized employing the BP86 exchange-correlation func-
tional®>*®> and the TZP basis set, and are identical to those
used in our earlier work.”® For all considered compounds, the
ground-state is the low-spin state (S = 0).

The XANES spectra have been 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 orbital (restricted-channel
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approximation).>®>” Such restricted-channel TD-DFT calcula-
tions have been applied extensively for K-edge XAS spectra
of transition metal complexes.>*3%°57%! The QZ4P Slater-type
orbital basis set was applied in all TD-DFT calculations. To
judge the sensitivity of our results to the exchange-correlation
functional, we employed both the non-hybrid functional BP86
and the hybrid functional B3LYP.*>%

In our XAS calculations, the BP86 spectra were shifted by
183.39 eV and the B3LYP spectra by 152.62 eV for comparison
with experiment. These shifts are chosen such that the energy
of the pre-edge peak in ferrocene agrees with experiment. While
these shifts are rather large, they do not affect the relative
position of the peaks significantly. For Fe K-edge XAS, it has
been demonstrated previously that despite the large absolute
errors, the TD-DFT approach used here can provide relative
excitation energies and intensities with an accuracy that allows
for a direct comparison with experiment.?* The relative excita-
tion energies are determined by the valence orbitals and,
therefore, not affected significantly by errors in the description
of the core orbital. The largest part of the shift in the absolute
excitation energies is due to the neglect of relativistic effects for
the 1s core orbital. Including scalar relativistic effects with the
zeroth-order regular approximation (ZORA)**®® reduces the
shifts to 58.84 eV for BP86 and to 27.51 eV for B3LYP, but does
not change the overall spectra (see Fig. 1 in the ESI}). The
remaining absolute errors are caused by the neglect of core-
hole relaxation, insufficiencies of the exchange-correlation
functionals, the use of a finite basis set, and the neglect of
environmental effects. Core-hole relaxation could be included
within the static-exchange approximation (STEX),*®® the transi-
tion potential method,**”* ASCF(-DFT) approaches,”>”* or by
combining TD-DFT with a complex polarization propagator.”*”>
However, these methods are computationally more demanding
than restricted-channel TD-DFT and less robust when applied to
transition metal complexes. Moreover, so far they have mainly
been applied in the soft X-ray regime and their reliability for
X-ray spectroscopy at the Fe K-edge (i.e., in the hard X-ray
regime) will have to be assessed in future work (for a comparison
of ASCF-DFT and TD-DFT at the Cu K-edge, see ref. 73, and for
ASCF-DFT calculations at the Mn K-edge, see ref. 76).

Within the dipole approximation, the intensities of the
XANES transitions from the initial state i to the final state f
are proportional to the electric-dipole oscillator strengths,

2

1) = 2 B, )
where m, and e are the mass and charge of the electron,
respectively, Ejr is the transition energy between the initial
and final states, and j is the electric dipole operator. However,
for metal K-edge XAS, one has to go beyond the dipole approxi-
mation and include higher order contributions.>*?* Most
important are the electric-quadrupole oscillator strength,

2
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where c is the speed of light, and Q,; is the electric-quadrupole
operator with o and § being x, y or z, and the magnetic-dipole
oscillator strengths,

(m?) 2m,
fe = 321

E(Im(ilsi|f))?, (3)

where m is the magnetic-dipole operator. However, as was
pointed out by Neese and co-workers,*® including these two
additional contributions renders the intensities origin-dependent.
This can be addressed by consistently including all contribu-
tions that are of the same order in the wave vector,”” which
leads to two additional interference terms, an electric-dipole—-
electric-octupole contribution,

~(10) Me 3 N A
woy _ e g E 1| f15|£) (i O |f), 4
Ji 45027 2 if - (iltg]£) (1| Opf) (4)

where OW, is the electric-octupole operator, and an electric-
dipole-magnetic-quadrupole contribution,

M me
R = s B 3 ey il O ImGilAl), (5)
afy
where .#,, is the magnetic-quadrupole operator. In the present

work, all XAS and XES intensities have been calculated using
the full, origin-independent expressions [eqn (1)—(5)]. For the
XAS spectra, these results are consistent with our previous
work®’, in which we did not include these additional interfer-
ence terms but instead placed the origin at the absorbing iron
atom. With this choice of the origin, the additional interference
terms, £” and "), become negligible.

For the calculatlon of XES spectra, we follow the work of Lee
et al.®® (see also ref. 78-80 and references therein for earlier
work). This is a frozen orbital, one-electron ADFT approach
which uses orbital energy differences between occupied
orbitals, &5 — &, to model the X-ray emission energies. Even
though it is the simplest possible approximation for the calcu-
lation of XES spectra, it has been shown to work reliably for
V2C-XES spectra of transition metal complexes.?3%36-3840,80
We employed the QZ4P basis set and used both the nonhybrid
exchange-correlation functional BP86 and the hybrid
functional B3LYP.

The calculated V2C-XES spectra were shifted by 182.86 eV
and 148.82 eV for BP86 and B3LYP, respectively, where these
shifts are chosen such that the energy of the highest energy
V2C-XES peak in ferrocene agrees with experiment. As dis-
cussed above for the XAS spectra, the largest contributions to
these shifts originate from the neglect of relativistic effects, the
neglect of core-hole relaxation, and the errors in the exchange-
correlation functional. If scalar-relativistic corrections are
included via the ZORA approximation, the shifts are reduced
to 58.36 eV for BP86 and 23.79 eV for B3LYP, but the overall
V2C-XES spectra do not change (see Fig. 2 and Table SI in the
ESIT). These shifts could be further reduced by accounting for
core-hole relaxation, for instance by applying ASCF-DFT or
transition potential DFT to XES spectroscopy (for reviews, see
ref. 31 and 79). However, it has been demonstrated that for
metal K-edge V2C-XES of transition metal complexes, the
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absolute errors corrected by these shifts do not affect the
relative excitation energies and the calculated intensity patterns
significantly.>**® For calculating XES intensities, we employed
the origin-independent approach described above, where the
initial and final states in the transition moments are now
calculated between the Fe 1s core orbital and other occupied
orbitals.

The calculated XAS spectra are plotted using Gaussian peaks
with a full-width at half maximum (FWHM) of 0.7 eV, whereas
for the XES spectra a FWHM of 1.5 eV is used.

3 Results

To compare the chemical sensitivity of HERFD-XANES and
V2C-XES, in particular their ability to detect changes in the
electronic structure induced by substitutions in the second
coordination shell, we consider ferrocene and complexes derived
from it. Our test set, shown in Fig. 3, consists of ferrocene
(FeCp,) and ferrocene derivatives containing substituents on
the cyclopentadienyl (Cp ™) rings. In acetylferrocene (Fe(Cp)(CpAc))
and in vinylferrocene (Fe(Cp)(CpVinyl)) this substituent
contains a n-bond that is conjugated with the cyclopentadienyl
ring, whereas in 1,1’-bis-diphenylphosphinoferrocene (Fe(CpPPhy,),)
and in 1,1"-bis-diisopropylphosphinoferrocene (Fe(CpP'Pr,),)
there are phosphine substituents at both cyclopentadienyl rings.
In addition, ferrocenium ([FeCp,]") is included within the test
set. Note that in all these six complexes, the first coordination
shell around the iron atom is identical, whereas the different
substituents are part of the second coordination sphere.

Fig. 4 shows the experimental HERFD-XANES spectra (left)
and V2C-XES spectra (right) for this set of molecules. The
HERFD-XANES spectra have been discussed earlier in ref. 20.
Of particular interest are the pre-edge peaks, highlighted in

o)
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@i PP
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PhaP— Q (iPr)P— Q @
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Fig. 3 Lewis structures for the test set of molecules considered in this work.
(a) Ferrocene (FeCp,), (b) acetylferrocene (Fe(Cp)(CpAc)), (c) vinylferrocene
(Fe(Cp)(CpVinyl)), (d) 1,1'-bis-diphenylphosphinoferrocene (Fe(CpPPhs),), (e)
1,1"-bis-diisopropylphosphinoferrocene (Fe(CpP'Pr5),), and (f) ferrocenium ([FeCp,]*).
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Fig. 4 Experimental HERFD-XANES spectra (left) and V2C-XES spectra recorded at an excitation energy of 7300 eV (right). The labels (a)-(f) refer to the ferrocene

derivatives as listed in Fig. 3.

Fig. 4, which are due to transitions to the lowest unoccupied
electronic states, since they are very sensitive to subtle changes
in the electronic structure at the iron center. In acetyl- and
vinylferrocene, the single pre-edge peak present in ferrocene is
split into two separate peaks. In contrast, the V2C-XES spectra
of ferrocene, acetylferrocene, and vinylferrocene are virtually
identical. For the ferrocene derivatives bearing phosphine
substituents, Fe(CpPPh,), and Fe(CpP'Pr,),, there are no differ-
ences in the single HERFD-XANES pre-edge peak, but obvious
changes are found in the higher energy XANES region, in
particular between 7117 and 7125 eV. On the other hand, the
V2C-XES spectra appear identical to those of ferrocene. Finally,
in ferrocenium the increased oxidation state of the iron center
leads to significant changes in the pre-edge region and shifts
the ionization edge to higher energies. Even in this case, the
V2C-XES spectrum is shifted to higher energies, but remains
qualitatively unchanged. For a detailed comparison of the V2C-XES
spectra of ferrocene and ferrocenium, which differ in the oxidation
state of the iron atom, we refer to ref. 40. In the following, we will
focus on the Fe(u) complexes (a)—(e).

In our earlier work,® the differences in the pre-edge peaks
in the HERFD-XANES spectra have been related to changes in
the underlying electronic structure with the help of TD-DFT
calculations. As a starting point for the further discussion of the
V2C-XES spectra, we will briefly recall these results here.
A qualitative molecular orbital (MO) diagram for ferrocene is
shown in Fig. 5, in which the orbitals - shown as isosurface
plots — as well as their ordering have been extracted from a
DFT/BP86 calculation. Even though all calculations have been
performed for the staggered Ds;, conformation of ferrocene, we
will follow the common convention of using the symmetry
labels referring to the eclipsed Dsq conformation.®' For ferro-
cene, the pre-edge peak corresponds to a transition from the Fe
1s core orbital to the lowest unoccupied molecular orbital
(LUMO). This LUMO is the degenerate e;,-orbital, and is the
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Fig. 5 Molecular orbital (MO) diagram of ferrocene focusing on the occupied
valence orbitals. The ordering of the orbitals as well as the isosurface plots of the
MOs have been obtained from a DFT calculation using the BP86 exchange—
correlation functional.

anti-bonding combination of the iron d,, and d,, orbitals with
cyclopentadienyl © orbitals. Such a 1s — 3d transition is dipole
forbidden, but has quadrupole intensity.”>**”” The differences
observed in the HERFD-XANES spectra of the other complexes
arise from perturbations of this e;, orbital due to the presence
of the substituent group. In acetyl- and vinylferrocene, the anti-
bonding n*-orbital of the substituents interacts with one of the
degenerate e, orbitals and splits it into two orbitals appearing
at different energies. Consequently, two distinct peaks are
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observed in the pre-edge region. This assignment of the
HERD-XANES pre-edge peaks is shown in the upper part of
Fig. 6 for ferrocene and vinylferrocene. Note that in the TD-DFT
calculations, the splitting between the two pre-edge peaks
depends sensitively on the choice of the functional. While
BP86 underestimates this splitting with 0.84 eV, B3LYP
overestimates it with 3.61 eV, compared to an experimental
splitting of 1.8 eV.

With these results in mind, it can be expected that such
substituents on the cyclopentadienyl rings will lead to signifi-
cant perturbations to the occupied MOs as well. First, we
consider the occupied molecular orbitals of ferrocene, shown
in Fig. 5 (see also the discussion in ref. 40). The highest
occupied molecular orbital (HOMO), e,z, and the HOMO — 1,
ag, are combinations of the remaining iron d-orbitals, namely
of the d,2_,» and d,,, orbitals, and of the d,. orbital, respectively,
with the cyclopentadienyl n-orbitals. The MOs at lower energies
are composed primarily of the cyclopentadienyl n-orbitals

View Article Online

PCCP

followed by cyclopentadienyl c-orbitals at even lower orbital
energies. For the occupied orbitals with e;, or a,, symmetry
(i.e., those with the same symmetry as the Fe p-orbitals and the
electric-dipole operator) there are also small contributions from
the iron p-orbitals.*’ The occupied e, orbital is the only one of
the occupied orbitals within the relevant energy range shown
here that has large d-orbital contributions. In fact, this e
orbital is the bonding combination of the iron d,, and d,,
orbitals with cyclopentadienyl n-orbitals, whereas the unoccupied
e, orbitals discussed above is the corresponding anti-bonding
combination.

The background-corrected experimental (left) and calculated
V2C-XES spectra (right) of ferrocene (a) and the substituted
ferrocenes (b)-(e) are compared in Fig. 7a. For the experimental
spectra, the deconvolution of the spectra is included in
the figure. There are five peaks in the deconvolution of
the experimental spectra, with those at higher energies (ie.,
between ca. 7105 and 7108 eV) having the largest intensities.
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Fig. 6 Calculated pre-edge HERFD-XANES (top) and V2C-XES (bottom) spectra for ferrocene (left) and vinylferrocene (right). The calculated spectra are shown for
both BP86 (black solid line) and for B3LYP (blue dashed line). For the BP86 calculation, the individual transitions are included as red sticks. Alongside the calculated
spectra, the corresponding MO diagrams, as obtained from a DFT calculation with the BP86 exchange—correlation functional, are shown. In the MO diagram of
ferrocene, the orbitals belonging to the same irreducible representations as the dipole operators (e;, and ay,) are highlighted in blue, whereas the e;4 orbitals are
highlighted in red. All other orbitals do not contribute significantly to the spectra and are shown in grey. The same colors are used for the corresponding orbitals in

vinylferrocene.
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Fig. 7 Experimental (left) and calculated (right) V2C-XES spectra for the (substituted) ferrocenes (a)—(e). For the experimental spectra, the tail of the KB main line
has been subtracted, and the deconvolution of the experimental spectrum is also included. The V2C-XES spectra calculated with DFT are shown both for the BP86
(black solid lines) and the B3LYP (blue dashed lines) exchange—correlation functionals.

The positions, intensities, and widths of the peaks as extracted
from this deconvolution are listed in Table 1. We note that for
ferrocene our results are consistent with those of ref. 40, with some
deviations for the peaks at lower energies, which can be attributed
to the different procedures used for subtracting the tail of the K
main line. The two intense peaks at higher energy can be fitted
with a FWHM of about 3 eV, while the peaks at lower energies are
significantly broader and show a FWHM of up to 6 eV.

Comparing the experimental spectra in Fig. 7, there is no
observable difference between the experimental spectra of
ferrocene and the differently substituted ferrocenes. This is
confirmed when inspecting the positions and intensities
extracted from the deconvolution given in Table 1. For the
two peaks at ca. 7105 and 7108 eV the differences in the peak
position are in all cases below 0.2 eV, which is within the
experimental uncertainty. Slightly larger shifts occur for the
lower energy peaks in some cases, especially for the third peak.
However, this peak is rather weak and the shifts might be
artifacts of the deconvolution. The intensities are very similar
for all (substituted) ferrocenes as well. For the substituted
ferrocenes the intensity of the highest-energy peak is decreased
by up to ca. 15%, while the intensity differences are even
smaller for all other peaks. Finally, difference spectra compar-
ing the substituted ferrocenes (b)-(e) to ferrocene are shown in
Fig. 3 in the ESLT In all cases, these difference spectra only
show a negative feature at ca. 7108 eV, corresponding to the
decrease of the intensity of this peak. However, the difference
spectra show no indication for shifts of peaks or for a signifi-
cant broadening of individual peaks.

The calculated V2C-XES spectra are included in Fig. 7 and
show a good agreement with experiment. In particular, the

This journal is © the Owner Societies 2013

intensity patterns are reproduced satisfactorily. This holds both
for the calculations with the BP86 and with the B3LYP
exchange-correlation functional. The only difference between
the two functionals is a shift of the lower energy peaks.
Comparing the calculated energies and intensities to those
extracted by deconvoluting the experimental spectra (see Table 1),
this good agreement between theory and experiment is con-
firmed. For the positions of the peaks at lower energies, B3LYP
provides a better agreement with errors below 0.3 eV, whereas
BP86 overestimates the energies of these peaks by up to 1.5 eV.
Nevertheless, both functionals agree for the relative intensities
of all peaks, and for both functionals the calculated intensities
match those extracted from the experimental spectra with
errors below 10-15%. The only exceptions are the inten-
sities of the third peak at ca. 7101 eV, which are calculated
significantly smaller than those extracted from the deconvolu-
tion of the spectra. This good agreement of the experimental
and calculated spectra shows that, even though a rather large
absolute shift had to be applied to the calculated spectra,
the rather simple computational methodology applied here
(see Section 2.2) is adequate for an assignment of the V2C-
XES spectra.

To answer the question why the changes in the electronic
structure due to substitution at the cyclopentadienyl ring are
observable in HERFD-XANES but not in V2C-XES, we have to
assign the V2C-XES spectra and relate the observed transitions
to the underlying electronic structure. As a starting point, we
consider the calculated spectrum of ferrocene, shown in Fig. 6
alongside the corresponding MO diagram. The two peaks at
ca. 7108 eV and at ca. 7105 eV can be assigned to transitions
from the occupied e;, and a,, orbitals, respectively, to the
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Table 1 Energies (Eo, in eV), intensities (Rel. int.), and full width at half
maximum (FWHM, in eV) extracted from the deconvolution of the experimental
spectra compared to the energies and intensities predicted with DFT calculations
using the BP86 and B3LYP exchange—correlation functionals. All energies are
given as shifts relative to the highest energy peak in ferrocene at 7107.94 eV, and
intensities are normalized to the one of this peak

Experimental DFT/BP86  DFT/B3LYP

Rel. Rel. Rel.

Complex Epq int. FWHM E, int. E. int.
(a) Fe(Cp), 0.00 1.00 2.87 0.00 1.00  0.00 1.00
—3.05 0.63 3.45 —2.66 0.65 —2.91 0.63

—7.44 0.29 4.83 —-6.63 0.10 -7.34 0.10

—12.54 0.34 4.60 —11.31 0.28 —12.44 0.27

—16.96 0.51 5.90 —15.46 0.40 —16.78 0.38

(b) Fe(Cp)(CpAc) 0.20 0.91 2.78 0.12 0.96  0.11 0.97
—2.86 0.58 3.42 —2.57 0.66 —2.84 0.64

—7.25 0.22 4.56 —6.55 0.10 —7.29 0.09

—12.42 0.28 4.52 —11.21 0.27 —12.35 0.26

—16.91 0.44 5.91 —-15.39 0.39 —-16.73 0.37

(c) Fe(Cp)(CpVinyl)  0.17 0.84 3.02 0.10 1.02  0.11 1.02
—2.99 0.57 3.62 -2.71 0.62 —3.00 0.59

—7.22 0.25 5.01 —6.59 0.10 —7.31 0.09

—12.51 0.35 5.19 —11.24 0.26 —12.37 0.25

—16.95 0.42 5.55 —15.48 0.39 —16.82 0.37

(d) Fe(CpPPhy,), —0.01 1.03 2.96 —0.03 0.98 —0.03 0.98
—2.88 0.55 3.11 —2.56 0.63 —2.83 0.61

—6.48 0.30 5.76 —6.46 0.10 —7.19 0.10

—12.76 0.41 5.70 —11.29 0.26 —12.43 0.25

—17.35 0.46 6.01 —15.41 0.39 —-16.74 0.37

(e) Fe(CpP'Pr,), 0.09 0.94 3.08 —0.07 0.99 —0.08 0.99
—2.90 0.61 3.48 —2.62 0.61 —2.90 0.59

—7.27 0.27 5.14 —6.63 0.11 —-7.37 0.11

—12.55 0.33 4.74 —11.35 0.25 —12.48 0.24

—16.96 0.40 5.31 —15.43 0.38 —16.75 0.36

Fe 1s core orbital. These occupied e;, and a,, orbitals have the
same symmetry as the dipole operator (i.e., they belong to the
same irreducible representation) and the corresponding transi-
tions are, therefore, dipole-allowed. They gain intensity through
the admixture of Fe p orbitals to the occupied ey, and a,,
orbitals. For the second occupied e,,-orbital, corresponding to
a transition at 7104.4 eV, the Fe p-orbital contribution is
negligible and the corresponding intensity almost vanishes.
The occupied e;, and a,, orbitals, which correspond to these
dipole-allowed transitions, are highlighted in blue in Fig. 6.
As discussed above, the occupied e, orbital is the only
orbital in the considered energy range that has significant
d orbital contributions. However, the transition from the
occupied e, orbital to the 1s core orbital is dipole-forbidden
and thus only has quadrupole intensity. Consequently, it is
orders of magnitude weaker than the dipole-allowed transitions
from the occupied e,, and a,, orbitals. Nevertheless, by analogy
with the corresponding unoccupied e, orbital probed in the
HERFD-XANES spectra, the occupied ey, orbital might also be
sensitive to substitutions at the cyclopentadienyl ligands.
Therefore, it is highlighted in red in Fig. 6. For all other occupied
orbitals in this energy range the transitions to the Fe 1s core
orbital are dipole forbidden and their intensities are negligible.
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These orbitals are shown in gray in Fig. 6. Note that the two
peaks at lower energies (i.e., at ca. 7092.5 eV and at ca. 7096.5 eV)
are due to transitions from cyclopentadienyl c-orbtials and are
not included in Fig. 6.

For the ferrocene derivatives featuring n-substituents at the
cyclopentadienyl ring (i.e. acetyl- and vinylferrocene), we expect
significant changes to the occupied MOs. First, we consider
vinylferrocene (c), for which the HERFD-XANES (top) and
V2C-XES (bottom) spectra included shown in Fig. 6, alongside
the corresponding MO diagram. In this MO diagram, we
indicate the connection to the corresponding orbitals in ferro-
cene and use the same colors introduced above (i.e., orbitals
corresponding to dipole-allowed transitions in ferrocene are
shown in blue, whereas orbitals corresponding to quadrupole
transitions in ferrocene are shown in red). The substitution at
the cyclopentadienyl ring makes a large impact on all of the
occupied orbitals and compared to ferrocene, all relevant
orbitals are perturbed. First, the degeneracy of the e;, orbitals
is lost due to mixing with the substituent © orbitals, and it is
split into two orbitals separated by ca. 0.6 eV. Therefore, there
are now two distinct transitions contributing to the highest
energy peak in the V2C-XES spectrum, resulting in a slight
broadening of the calculated peak. Second, the occupied a,,
orbital interacts with orbitals of the substituent and is split into
two orbitals. However, the splitting is significantly smaller in
this case, but none of these changes are observable in the
spectrum because the occurring splitting of less than 1 eV is
smaller than the resolution of the spectra.

In the HERFD-XANES spectra, the sensitivity to the © sub-
stituents is due to their effect on the unoccupied ey orbital. For
the V2C-XES spectra, a similar splitting of the corresponding
occupied e;, orbital is found in the calculations. Indeed, the
occupied e, orbital splits into two occupied orbitals in vinyl-
ferrocene and the resulting e, -like orbitals both have significant
dipole intensity. These become observable as a contribution to
the calculated spectra, but their intensity is still four times
smaller than the one of the unperturbed e,,-like orbital. There-
fore, the e;, peak dominates in this region and hides this
splitting of the occupied e, orbital. The only change to the
calculated spectrum is a slight broadening of the peak, which
cannot be resolved in experiment.

Finally, we note that while for the calculation of the HERFD-
XANES spectra we found that the splitting between the two
unoccupied e,z like orbitals is extremely dependent on the
choice of the functional,®® this is not the case of the corres-
ponding occupied orbitals. Here, the splitting between the
occupied eqg-like orbitals calculated with BP86 and with
B3LYP only differ by approximately 0.1 eV.

For acetylferrocene (b), the second example of a ferrocene
bearing a m substituent at the cyclopentadienyl ring, a similar
picture is obtained. The assignment of the calculated spectra to
MOs is shown in Fig. 10 in the ESL.T Here, the occupied orbitals
introduced by the m substituent appear at a lower energy and
interact with the occupied a,, orbital. This leads to a splitting
of ca. 0.7 eV for the transition corresponding to the second peak
(i.e., the one at ca. 7105 €V) in the V2C-XES spectrum, resulting
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in a slight broadening of this peak. However, as for vinylferro-
cene, this broadening is not resolved in the experimental spectrum.
The occupied ey, orbitals are only slightly affected (with a
splitting smaller than 0.1 eV) and the quadrupole transition
from the occupied e, orbital to the 1s core orbital does not
gain dipole intensity by mixing with substituent n orbitals.

For Fe(CpPPh,), and Fe(CpP'Pr,),, in which phosphine
substituents have been introduced at the cyclopentadienyl
rings, the pre-edge peaks in HERFD-XANES spectra are
unchanged®® (ie., the substituent orbitals do not alter the
unoccupied e, orbital significantly). The same observation
can be made for the occupied orbitals probed in the V2C-XES
spectra. For Fe(CpP'Pr,),, the assignment of the calculated
spectra is shown in Fig. 11 in the ESLT Here, the occupied
orbitals corresponding to intense transitions in the V2C-XES
spectra appear at almost the same energies as in ferrocene.
However, there are many additional occupied orbitals originating
from the substituents. Some of these gain a small intensity by
mixing with occupied orbitals with contributions at the iron atom,
but these are small compared to the intense transitions from the
occupied e;,- and a,,-like orbitals. For Fe(CpPPh,),, there is an
even larger number of occupied orbitals within the relevant energy
range, but the overall picture is very similar and none of the
additional occupied orbitals affects the V2C-XES spectra.

In summary, while for the examples considered here the
substituents at the cyclopentadienyl ring(s) do affect the occu-
pied orbitals, these differences cannot be resolved in the experi-
mental V2C-XES spectra. In some cases, occupied orbitals that
are degenerate in ferrocene are split, but the splitting is smaller
than 0.6 eV. In other cases, in particular for the occupied e,
orbital in vinylferrocene (corresponding to a quadrupole transi-
tion in ferrocene), the splitting is larger, but is hidden by more
intense dipole-allowed transitions at a similar energy.

To estimate the experimental resolution required to detect
these differences, the calculated spectra plotted using different
broadenings for the individual transitions are shown in Fig. 4-9
in the ESIf together with the corresponding difference spectra.
With a FWHM of 3.0 eV, corresponding to the experimental
spectra reported here, only a very small broadening of the most
intense peak can be observed in the difference spectra. This
becomes more pronounced when decreasing the FWHM, but
only for a FWHM of 1.0 eV indications for the splitting of some
transitions appear in the difference spectra. Finally, for a
FWHM of 0.5 eV these additional transitions can be identified
as separate peaks in the calculated spectra.

4 Conclusions

In order to investigate the chemical sensitivity of V2C-XES and
HERFD-XANES to substitutions beyond the first coordination
shell we have considered ferrocene and four ferrocene deriva-
tives in which substituents have been introduced at the cyclo-
pentadienyl rings. While for HERFD-XANES, we have previously
shown that the pre-edge peaks are sensitive to such changes,
this is not the case for V2C-XES. In the former case, substitu-
ents at the cyclopentadienyl ring containing n-bonds lead to a
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splitting of one of the e, orbitals, but such changes are not
observable in the V2C-XES spectra. In contrast, there are no
visible changes in the experimental spectrum due to the change
in the second coordination shell.

To understand this different chemical sensitivity, the experi-
ments have been complemented with DFT calculations, which
allow for an assignment of the transitions to molecular orbitals.
For the calculation of V2C-XES spectra, the simple ADFT
approach of ref. 36 already provides a good agreement with
experiment. In contrast to the calculation of HERFD-XANES,
these calculations are less sensitive to the choice of the
exchange-correlation functional and the calculations are in
quantitative agreement with experiment.

The pre-edge peaks in HERFD-XANES probe dipole-forbidden
transitions to unoccupied d-orbitals. In particular, for the
LUMO in ferrocene, one of the degenerate e;, orbital splits
into two e,g-like orbitals in acetyl- and vinylferrocene because
of mixing with the substituent’s n-orbitals. On the other hand,
the V2C-XES spectra are dominated by dipole-allowed transi-
tions originating from occupied ligand orbitals, with small Fe
p-orbital contributions. These orbitals are less affected by
substituents beyond the first coordination shell. Even though
a splitting of the occupied e,4 orbital occurs due to substitution
with an acetyl or vinyl group, it is not observable in the V2C-XES
spectra. The increased intensity of the split e;4-like orbitals are
still significantly smaller than the dipole allowed transition
corresponding to the unperturbed e, ,-like orbital.

For resolving the differences in the occupied orbitals caused
by substitutions beyond the first coordination shell, it would be
necessary to increase the resolution of experimental V2C-XES
spectra. In principle, this would be possible by using analyzer
crystals with a higher intrinsic resolution due to applied Bragg
reflection, but at the price of reduced flux. However, even in
this case, the lifetime broadening of the 1s core hole would still
limit the experimental resolution. Since in HERFD-XANES the
lifetime broadening of the 1s core hole is removed to a large
extent, the resolution of V2C-XES would always be less than in
HERFD-XANES.

While the specific results discussed here apply only to the
considered example of substituted ferrocenes, we expect some
observations to be more general. First, the pre-edge region in
K-edge XAS spectra of transition metal complexes contains in
most cases only the dipole-forbidden transitions to metal d
orbitals. These will in general be very sensitive to substitution,
both for directly coordinated ligands and possibly also beyond
the first coordination shell. Therefore, with the possibility to
resolve such subtle changes in these orbitals with HERFD-
XANES measurements provides a very sensitive analytical tool.
On the other hand, the V2C-XES spectra are dominated by
dipole-allowed transitions originating from orbitals with con-
tributions from metal p orbitals. Thus, changes in occupied
metal d orbitals will hardly be detectable because the corre-
sponding transitions are much weaker. We note that a smaller
sensitivity of XES compared to XAS to structural changes has
also been observed for the nitrogen K-edge of alanine peptides
in solution.®
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To conclude, we have shown that, in contrast to HERFD-
XANES, the V2C region of XES cannot distinguish changes in
the electronic structure due to substitution in the second
coordination shell, at least for the substituted ferrocenes
considered here. Thus, the sensitivity of the pre-edge in
HERFD-XANES provides unique opportunities for studying
the electronic structure of transition metal complexes and
for overcoming the current limitations of XAS. Even though
V2C-XES is less sensitive to changes in the second coordination
shell, it provides information on the occupied electronic
states. In this respect it is, therefore, complementary to
HERFD-XANES. Moreover, V2C-XES can still be a useful tool
for distinguishing different oxidation states of transition metal
centers, as shown here for ferrocene and ferrocenium, and for
determining the identity and geometrical arrangement of the
ligands in the first coordination shell.
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