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Oxidation states are integer in number but d” configurations of transition metal centers vary
continuously in polar bonds. We quantify the shifts of the iron Lz excitation energy, within the same
formal oxidation state, in a systematic L-edge X-ray absorption spectroscopy study of diatomic gas-
phase iron(i) halide cations, [FeX]*,where X = F, Cl, Br, |. These shifts correlate with the electronegativity
of the halogen, and are attributed exclusively to a fractional increase in population of 3d-derived orbitals
along the series as supported by charge transfer multiplet simulations and density functional theory
calculations. We extract an excitation energy shift of 420 meV + 60 meV spanning the full range of
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Introduction

X-ray absorption spectroscopy at the L, ; edges of 3d transition
metals is a widely adapted method to identify oxidation states
in battery, catalysis, and materials research.' ® This is, because
excitation energies as well as spectral signatures depend on 3d
valence occupation numbers, which determine oxidation
states. In addition, crystal structure, bond distance, crystal
field, or spin state also contribute to a considerable spread of
excitation energies within one formal oxidation state.”*°

Our aim is to isolate, and quantify, the variations in excita-
tion energies as well as changes in spectral signature that are
caused by modifying the 3d occupation only, without changing
the formal oxidation state itself. Hence, we study diatomic iron
halide cations [Fe"X]" (X = F, Cl, Br, )'*""* where coordination
number, charge state, symmetry and multiplicity remain
unchanged, while the electronegativity (EN) of the halides
decreases along the series. The variation of the EN system-
atically tunes the covalency of the bond and, therefore, the 3d
occupation of the iron center. This enables us to effectively
sample the full range of 3d occupations within the same formal
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possible 3d occupations between the most ionic bond in [FeF]* and covalently bonded [Fel]™.

oxidation state, since fluorine is the most electronegative
element in the periodic table of elements, while iodine has
an EN comparable to that of iron.

From a combined lifetime-broadening limited X-ray absorption
spectroscopy, charge transfer multiplet (CTM), and density
functional theory (DFT) study we find a spread in L-edge
excitation energies within one oxidation state of 420 meV,
caused by variations in the metal center 3d occupation only.
This range is comparable in magnitude to the excitation energy
variations observed in bulk samples”'® where the energy
spread is subject to additional effects.

Experimental set up and methods

All experiments were performed at the ion-trap endstation of
the UE52-PGM beamline at the BESSY II synchrotron radiation
facility.”® To produce molecular cations, two different techni-
ques, electrospray ionization with an ion funnel interface'®"”
and magnetron sputtering in combination with a hexapole
collision cell,'® are used. The obtained spectra are identical
for both ion sources as verified for the [FeCl]" ion.

Using the electrospray ionization source, the samples are
produced from solutions of commercially available iron(u)
halides in ultra pure water or methanol (see ESLT Section 1.1) at
typical concentrations of 1 mmol 1~* and at flow rates of 0.25 ml h™ ™.
For sample preparation by magnetron sputtering, iron cations are
produced by argon sputtering of an iron target, and are exposed to
the corresponding halomethane in a hexapole collision cell.
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In both cases, [FeX]" cations are mass selected by a quadru-
pole mass filter and are guided by radio frequency quadrupole and
hexapole ion guides into a linear Paul trap for accumulation.'®
Cryogenic helium buffer gas cooling is used to thermalize the ions
in the trap to a temperature of ~ 10 K." After X-ray absorption
induced fragmentation of the parent molecular cations, the pro-
duct ions are extracted into a time-of-flight mass spectrometer by a
pulsed aperture. Mass spectra are recorded to detect the partial ion
yield that is taken as a measure of the X-ray absorption cross
section of the parent ion.>

The photon energy is scanned in steps of 30 meV, at a
bandwidth of 80 meV, to measure the X-ray absorption spectra.
This bandwidth is well below the iron 2p core hole lifetime
broadening of approximately 400 meV>*»?*?> and therefore
enables us to resolve the multiplet structure at the L; edge. In
addition to the absolute photon energy calibration, for which
the neon 1s excitation is used, a reference sample procedure is
applied to reduce the error in relative energy of each spectra to
below 45 meV (for details see ESIL,} Sections 2.1 and 2.2). We
can thus resolve relative shifts of L; excitation energy with high
accuracy of 0.06 eV from our energy-calibrated data.

For comparison with the experimental data and to extract
local 3d occupations, charge transfer multiplet calculations are
performed with the CTM4XAS code,?® taking electron-electron
and spin-orbit coupling into account. The charge transfer
parameter 4 and hopping terms T are used to simulate spectral
changes along the series, see ESI,{ Section 4.

To further support the results of the charge transfer multi-
plet calculations, 3d orbital occupation derived from DFT
calculations and natural population analysis were obtained
using turbomole version 7.5.1>* employing the B3LYP
functional®® and the def2-TZVP basis set.>®

Results and discussion

Experimental L; X-ray absorption spectra of [FeX]" (X = F, Cl, Br,
I) in their °A ground states'' ™™ and, as reference, of the iron
cation Fe' in its 3d° 4s" °D ground state are shown in Fig. 1. The
latter was previously available in the literature only with lower
resolution®” or as a mixture of relaxed and metastable Fe®
ions.>” Lower resolution spectra of the whole Fe L,; energy
region can be found in the ESI.f While it appears possible to
trace back the shape of the [FeF]" spectrum to the one of Fe®,
this does not apply anymore in the case of [FeI]".

The Fe Lz-edge intensity distribution in the X-ray absorption
spectra of [FeX]" shifts towards lower excitation energies, as
indicated by the median, from [FeF]" through [Fel]", see black
lines in Fig. 1. Although the intensity maximum of the L;
transitions is commonly used as a simple measure of excitation
energy shifts,” here we use instead the median®>® as a robust
measure of the final state energy distribution that can also be
applied in cases where there is no distinct maximum, as for the
L; spectrum of [FeX]'. Significant shifts of the median are
observed between all neighbors in the series except for [FeCl]"
and [FeBr]', as can be seen in Fig. 1. Absolute energy calibration
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Fig. 1 Experimental iron Lz excitation of Fe™ and of [FeX]*, X = F, CL, Br, |
(solid lines) and results from charge transfer multiplet calculations (dotted
lines). Black vertical lines indicate the median of the experimental Ls
intensity distribution that shifts by 420 + 60 meV towards lower energy
from [FeF]™ through [Fell* as the covalency of the bond increases, and
goes along with an increase in population of 3d derived orbitals, from
6.1 to 6.6 electrons, over the series. The results of our multiplet calcula-
tions are shifted to fit the energy positions of the experimental spectra.
Spectra of the full L, 3-edge are provided in the ESI, ¥ Fig. S1.

and a thorough procedure to minimize uncertainty in relative
energies, along with a high signal-to-noise ratio, enables us to
extract quantitative shifts with an error in energy of less then
0.06 eV. Numerical values of the excitation energy shifts are
given in Table 1. Across the [FeX]™ series this shift has a
magnitude of 420 & 60 meV while the iron atom is in the same
formal oxidation state of +2 in all iron halide samples.*® These
median L; excitation energies of [FeX]" are plotted against the

Table 1 Experimental values of the median Lz excitation energy of the
[FeX]* series. Energy differences to the Lz median of [FeF]*, and iron 3d
derived orbital populations n from charge transfer multiplet calculations
and DFT calculations for comparison

Iron 3d

population n

L; median in eV Shift relative to [FeF]' in eV CTM  DFT

[FeF]" 707.91 £ 0.04 6.1 6.34

[FeCl]Jr 707.65 £ 0.04 —0.26 + 0.05 6.3 6.53
[FeBr]" 707.64 £ 0.04  —0.27 + 0.06 6.3 6.57

|:FeI]+ 707.49 £ 0.05 —0.42 £ 0.06 6.6 6.73
Phys. Chem. Chem. Phys., 2022, 24,19890-19894 | 19891
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Fig. 2 (a) Median excitation energies of [FeX]* as function of halogen electronegativity in the Mulliken scale®°~33

as also given in Table 1. The dashed line

is a guide to the eye. The electronegativity scale is inverted to stress the connection with local 3d occupation as shown in panel b. (b) Median Lz excitation
energies of [FeX]* as function of the local 3d population at the iron center, as extracted from charge transfer multiplet simulations. A shift in excitation
energy of 420 meV + 60 meV between [FeF]*, with the most ionic bond, and [Fell*, with an almost purely covalent bond, can be seen. The

characterization of the bond as ionic and covalent is substantiated by the 3d occupations as extracted from charge transfer multiplet simulations.

Mulliken EN*° of the halogen®'~? in Fig. 2(a). As expected, the
excitation energy shifts towards lower energies with decreasing
EN of the halogen.

Furthermore, the photon energy bandwidth used to record
the X-ray absorption spectra, well below the natural width of a
single multiplet transition,>"?* allows us to simulate with good
agreement the resolved multiplet spectral signature, using a
parametrized CTM model®® as shown in Fig. 1. Since the
absolute excitation energies obtained from parametrized CTM
calculations are known to be unreliable** the simulated spectra
have been shifted to fit the experimental data (see ESIt for
further details). Nevertheless, the CTM simulations permit us,
because of characteristic spectral shapes, to deduce 3d occupa-
tions of the iron center along the [FeX]" series. It is worth
pointing out here that the experimental core excited spectra can
be well reproduced even without invoking any crystal field
splitting, indicating that these effects can be neglected for
[FeX]" series, which is also expected since halogens are weak
ligands in the spectrochemical series. This, in turn, provides
further evidence that only the 3d occupation of the metal center
is changed. The values for the iron 3d occupation along the
series show qualitatively the same monotonous trend as a
function of EN as 3d occupations extracted from population
analysis of DFT calculations of [FeX]", shown in Table 1. Therefore
the L; excitation energy can also be plotted against the 3d
occupation as shown in Fig. 2(b) in an approach that has been

19892 | Phys. Chem. Chem. Phys., 2022, 24,19890-19894

foreshadowed in ref. 14 and 35. Moreover, the determined 3d
occupations indicate that we probe the whole range of possible 3d
occupations within a single formal oxidation state: From the most
ionic bond in [FeF]", with fluorine being the most electronegative
element of the periodic table, to a covalent bond in [Fel]" as
substantiated by the extracted 3d occupation number indicating
equal sharing of an electron. The variation in 3d occupation
across the [FeX]" series results in an energy spread of the excita-
tion energy at the iron L, ; edges of 420 meV + 60 meV.

Conclusion

We have quantified the energy variation of excitation energies
at the L; edge of diatomic iron halide cations that is solely
determined by the change in 3d occupation within the same
formal oxidation state. Interestingly, the extracted energy
spread across the whole span of possible 3d occupations of
420 meV £ 60 meV has the same order of magnitude as energy
spreads determined in bulk samples within the same oxidation
state.”*® In the latter cases, the variation cannot be traced back
to a single origin, as many other effects can obscure the shifts
induced by changes in 3d occupation alone.”*® Furthermore,
the variation of excitation energies within one formal oxidation
state is also sizable compared to the shifts between different
formal oxidation states that are of the order of 1—2 eV per
oxidation state,>”*?°° again highlighting that the excitation

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02448a

Open Access Article. Published on 03 August 2022. Downloaded on 1/15/2026 1:47:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

energy shift must be complemented by additional data in order
to reliably extract information on the oxidation state.””®

With the rich multiplet structure resolved, which is very
sensitive to the iron 3d occupation, the energy-calibrated high-
resolution spectra of ground state Fe' and [FeX]" ions can serve
as benchmarks for high level quantum theory approaches to
further improve on simultaneously reproducing both, spectral
signatures and total excitation energies of open shell systems.*’
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