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Abstract

X-ray absorption spectroscopy at the L-edge of 3d transition metals is widely used for probing the
valence electronic structure at the metal site via 2p-3d transitions. Assessing the information
contained in L-edge absorption spectra requires systematic comparison of experiment and theory.
We here investigate the Cr L-edge absorption spectrum of high-spin chromium acetylacetonate
Cr'"(acac); in solution. Using a transmission flatjet enables determining absolute absorption cross
sections and spectra free from x-ray induced sample damage. We address the challenges of
measuring Cr L absorption edges spectrally close to the O K absorption edge of the solvent. We
critically assess how experimental absorption cross sections can be used to extract information on

111

the electronic structure of the studied system by comparing our results of this Cr'" (3d*) complex
to our previous work on L-edge absorption cross sections of Mn'l(acac); (3d*) and Mn''(acac),
(3d°). Considering our experimental uncertainties, the most insightful experimental observable for
this d*(Cr'™)-d*(Mn'™)-d>(Mn") series is the L-edge branching ratio and we discuss it in comparison
to semi-empirical multiplet theory and ab-initio restricted active space calculations. We further

discuss and analyze trends in integrated absorption cross sections and correlate the spectral shapes

with the local electronic structure at the metal sites.



L Introduction

X-ray absorption spectroscopy (XAS) at the L-edge of 3d transition metals is widely used for
studying the local valence electronic structure at the metal center. As L-edge XAS probes the
metal-centered 2p—>3d transitions from the metal L (2p) shell to the unoccupied metal 3d-derived
molecular orbitals,' the L-edge absorption spectra are sensitive to the spin state and the oxidation
state of the metal center and to the local metal-ligand environment.*® However, the absorption
energies and transition intensities are shaped by a multitude of interactions, which makes it
demanding to systematically correlate spectra and local electronic structure of the complex. Still,
there are general trends that are highly useful. For example, it is an accepted notion that for high-
spin complexes the metal oxidation-state is expressed as a spectral shift in L-edge XAS.! % 8 10-11
Further, the integrated absorption cross section is proportional to the number of 3d holes and the
metal-character of the 3d orbitals and the relative intensity of the L3 and L edges, split by 2p spin-
orbit coupling, is sensitive to the spin state.'? Finally, spectral shape can be used to get further

details about metal-ligand interactions with the use of advanced theoretical methods.’

High-spin ionic acetylacetonato complexes are ideally suited systems to assess these
observables in a systematic study. These complexes are composed as M*(acac)y where M* denotes
the metal ion with the formal oxidation state X and y denotes the number of (acac)™! ligands. 3d
transition metal acetylacetonates are available for M = V, Cr, Mn, Fe, Co, Ni, Cu with metal
oxidation states X = II, III, and they reflect important classes of metal-ligand symmetries, from
tetrahedral (y = 2) to (Jahn-Teller distorted) octahedral (y = 3) metal-oxygen symmetry. Recent
experimental and theoretical advances now enable new approaches to an unambiguous
interpretation of L-edge XAS spectra of transition metal complexes. Liquid-jet sample delivery

systems allow probing the sample in solution® '3 thereby avoiding the influence of x-ray induced



sample damage of the high-valent systems by continuously replenishing the sample.® 16 Novel

17-20

ab initio restricted active space (RAS) calculations combine descriptions of local atomic

24,6,21-22 with treatment of orbital

multiplet and ligand-field effects in the core-excited final states
interactions thereby enabling to correlate L-edge XAS spectra with charge and spin densities at

the metal site.

Here we use a fast-flowing liquid flat-jet system'# 2*** to measure the Cr L-edge transmission
XAS spectrum of Cr'!(acac)s; in solution free of x-ray induced sample damage. Cr'!(acac); has
formally three Cr 3d electrons and a near octahedral CrQg core as found from crystallographic?>-2
and UV-vis investigations,?’’ see Fig. 1A. As shown in Fig. 1B, the octahedral ligand field splits
the metal 3d-orbitals into three singly occupied t2, and two empty e, orbitals. We compare the
results from L-edge XAS of Cr(acac); to our previous results on Mn'"(acac); and Mn''(acac)>
(refs.! 1%) with four (Mn") and five (Mn"") 3d electrons. With data from this series, we analyze
how the nominal number of metal 3d electrons, as well as the metal-ligand environment, can be
correlated to the L-edge XAS spectra. The transmission mode makes it possible to analyze both
integrated absorption cross sections, as well the L-edge branching ratios I(L3)/I(L3+Ls),"
unaffected by state-dependent fluorescence yield.!* 3%3! Further information on electronic
structure is obtained by a combination of semi-empirical crystal-field multiplet (CFM) and charge-

transfer multiplet (CTM) calculations®>- 2!+ 32

with RAS calculations. With these comparisons we
provide new insights into the information content of L-edge XAS of these high-spin

acetylacetonato M*(acac)y complexes.



II. Materials and Methods

Sample Preparation.  Cr'(acac); (Chromium(3+) tris[(2Z)-4-0x0-2-penten-2-olate]) was
purchased as a crystalline powder (97% purity, ‘ACROS organics’) and was used without further
purification. It was dissolved in ethanol abs. (>99.8% purity, ‘Sigma-Aldrich’) with a
concentration of 20 mM. The sample was filtered with ‘RC 0.45 um’ filters (‘Carl Roth’) before
injection into vacuum. During sample preparation and sample injection, care was taken to
minimize exposure to oxygen and ambient light. We note that for concentrations of Cr''(acac)s
larger than 20 mM the transmission flatjet could not be sufficiently stabilized for measurements in

the transmission flatjet.

Experimental Setup and Data Analysis. We used a recently reported transmission
flatjet setup® at the undulator beamline UE52-SGM?*? of the BESSY II synchrotron radiation
facility with similar experimental parameters as described before.'* Two colliding liquid jets were
injected into vacuum using two nozzles with 48 um inner diameter and at a sample flow rate
between 3.0 and 3.2 ml/min, using a HPLC pump (Jasco PU-2085-Plus). The successively formed
primary liquid sheet of the transmission flatjet was centered for normal incidence in the x-ray beam
and was probed at effective thicknesses around 3 um. The probed thickness was approximately
constant in the range of the x-ray spot diameter of approximately 60 pm.** The liquid sample was
trapped at liquid nitrogen temperature after probing. We used a monochromator slit size of 145
um, corresponding to a spectral bandwidth of 300 meV at the Cr L-edge with a typical beamline
flux on the order of 2x10'? photons/s (current of ~30 pA on a Hamamatsu G1127-04 2K
photodiode, read out with a Keithley Electrometer model 6514B). For a spectrum scan of the Cr
L-edge, the monochromator was scanned from 565 eV to 595 eV in steps of 0.1 eV with an

integration time of 1 s per energy step. The duration of a single-scan was on the order of 10 min.



Spectra of the O K-edge were taken to determine the sample thickness (500 eV to 700 eV in steps
of 2 eV). Transmission spectra were obtained from the ratio T(hv)=Ir(hv)/Io(hv) of flux transmitted
through the sample It(hv) with respect to the flux Io(hv), measured without the sample in the beam.
The spectra were processed as discussed with Figs. S1-S5 of the Supporting Information (S.1.).
The axis of incident photon energy is based on the calibration of the undulator beamline and agrees
with the one in ref.!®, as can be seen in the agreement of the L; -edge absorption maximum of

Cr'"(acac); with that of [Cr"™(H20)6]*" in solution within less than 50 meV.

The employed sample thicknesses between 3.1 pm and 3.2 um were determined separately for
each Cr spectrum scan. These values are close to the thicknesses of around 3 pum used in our
previous investigation'* and they are close to the theoretical optimum of 2.2 um (estimated here

for hv=580 eV in the same way as in ref.!4).

The sample thicknesses were obtained from least-squares fits of the experimental transmission
curves of ethanol with transmission data calculated using Beer-Lambert’s law T(hv)=exp(-
L/A(hv)), where L is the sample thickness and A(hv) is the experimental attenuation length of
ethanol as detailed in Figs. S2-S4 in the S.I.. We note that reference spectra (Ip) were taken at the
beginning and at the end of each experimental 12 hour shift here to guarantee accurate
determination of Ip and elimination of any experimental differences that may alter Io from day to
day (from shift to shift). Fits of the measured T(hv) with tabulated values were applied to data
points in non-resonant spectral regions, namely between 500 and 530 eV, between 560 and 573
eV and between 591 and 700 eV for the O K-edge and between 560 and 573 eV for spectra at the
Cr L-edge. We note that we fitted only the spectral region below the absorption onset of the Cr L-

edge. In contrast to our preceding work in ref.!* this conceptually allows us to keep the information



on the absorption edge-jump on the high-energy side of the Cr L-edge as is discussed in the section

I1I.

Sources for Experimental Uncertainties. The experimental spectra are affected by a
number of sources of experimental noise and uncertainties. We here briefly outline how these
uncertainties affect the average spectrum discussed in the following sections. First, source and
readout noise: As discussed in our preceding publication,'* single-scan spectra are affected by a
relative noise of minimally 0.1% in transmission due to the readout noise of our photodiode and
potential instabilities of the x-ray source. Second, jet fluctuations on short time scales: Temporal
fluctuations of the jet thickness, occurring on time scales on the order of 1 second and less, increase
the noise of the diode current measured between two consecutive data points in a single-scan to
the order of 0.2%-0.3% in transmission. These first and second noise contributions appear also in
the averaged spectrum, with amplitudes decreasing for increasing numbers of averaged spectra.
Both noise sources affect the statistical uncertainty of the absorption cross section determined for
each data point in the averaged spectrum. Third, jet fluctuations on long time scales: Slow drifts
of the jet thickness on time scales of around 1 min are observed during the acquisition time of a
single-scan. For the way in which for Cr L-edge XAS we derive absorption spectra from the
transmission spectra (including the edge-jump), these drifts show up as systematic errors in the
absorption background of single-scan spectra. However, upon averaging over a number of spectra
with different absorption backgrounds, we use their statistical variation to estimate the statistical
uncertainty of absorption cross sections in the average spectrum. This uncertainty affects directly
that of the absorption edge-jump, of integrated absorption cross sections and of the L3:Lo branching

ratio. It can be reduced by improving the operation stability of the transmission flatjet.



CFM and CTM Multiplet Theory.  Semi-empirical crystal field multiplet (CFM)** and
charge transfer multiplet (CTM)*? calculations of ionic Cr** were performed in octahedral (On)
symmetry for a ligand field splitting (10 Dq) of 2.1 eV, using the CTM4XAS interface (software
release 5.5).3° In CTM, a charge-transfer configuration 2p®3d™"'L was added to the 2p®3d® ground
state from CFM (where L denotes a ligand hole) and charge transfer (CT) configurations 2p°3d™*2L
were added to the 2p°3d™! core-excited final states. These additional configurations are known to
produce satellite features on the high-energy sides of the L and L, edges, respectively.® Here the
CTM spectrum of Cr*" in On symmetry was calculated for 10 Dg=2.1 eV, A=1 eV, Q-U=1 eV and
mixing parameters Teg=0.5, T2g=0.25. The choice of CFM and CTM parameters is based on the
qualitative agreement of calculated and measured spectra (see discussion in the results section and
Figs. S6 and S7 in the S.I. for comparison). All CFM and CTM spectra were shifted by the same
offset in energy in order to best match with experiment in the L3-edge maximum positions, unless
further noticed. For all CFM and CTM calculations the Slater integrals were reduced to 80% of
their Hartree-Fock atomic values (input values ‘1.0’ in the CTM4XAS interface). Recent findings
by Hunault et al. show that non-equal scaling of F4q and F*44 Slater integrals can lead to improved
spectrum fits for the CFM model,*® however, such investigations are beyond the scope of our
conceptual study. All CFM and CTM spectra were calculated for T=300 K with Lorentzian life-

time broadenings of 0.2 eV and 0.6 eV (FWHM) for the L3 and L, edges, respectively,’’ and a

Gaussian broadening of 0.3 eV (FWHM), reflecting the incident energy bandwidth.

Restricted Active Space (RAS) Calculations. Ab initio restricted active space (RAS)

calculations!” 38-3

were used to simulate L-edge XAS spectra of Cr'l(acac)s. As in our preceding
work we reduced the computational cost by performing the RAS calculations on a truncated

molecular structure where six terminal methyl groups were replaced by hydrogen atoms with



negligible effects on the spectrum.!!>'* The Cr-O bond lengths obtained from DFT/B3LYP solvent
optimization are between 1.977 and 1.978 A for the full complex and between 1.972 and 1.973 A
for the truncated complex used for the RAS calculation. This is consistent with crystallographic
investigations that report bond lengths between 1.95 and 1.97 A.252° Spectrum calculations were
performed with MOLCAS 7.9 at the RASPT2/ANO-RCC-VDZP level,*! using the polarized
continuum model (PCM) for the ethanol solvent. The use of the computationally less demanding
VDZP-level basis set is supported by the nearly identical L-edge XAS spectra obtained with VDZP
and VTZP-level calculations for manganese acetylacetonates.'’> !4 In the RAS calculations, a
minimal active space consisting of the five metal-3d dominated orbitals were placed in the RAS2
space. The Cr 2p orbitals were placed in the RAS3 space, allowing a maximum of five electrons
(at least one hole) in the core excited states. All possible configurations that represent single core
excitations were included. To ensure that the hole stays in the Cr 2p orbitals (instead of moving to
orbitals with higher energy), these orbitals were frozen in the RASSCF optimizations. RASPT2
calculations were performed using the default ionization potential electron affinity (IPEA) shift of
0.25 Hartree and an imaginary shift of 0.1 Hartree. The sensitivity of the RAS results to different
model choices is shown in detail in ref.*?. The oscillator strengths (absorption strengths) were
calculated between orthogonal states formed from a RAS state-interaction approach that also
includes spin-orbit coupling.* The spectra were calculated for T=300 K with Lorentzian life-time
broadenings of 0.2 eV and 0.6 eV (FWHM) for the L3 and L edges, respectively,’” and a Gaussian
broadening of 0.3 eV (FWHM), reflecting the incident energy bandwidth. All spectra calculated
with RAS were shifted by -2.54 eV to match the calculated with the experimental Ls-edge

absorption maximum.



1I1. Results and Discussion

L-edge Transmission XAS of Cr'"'(acac)s in Solution. We show in Fig. 2A
superimposed single-scan transmission spectra of ethanol and of a dilute Cr"'(acac); solution in
ethanol (20 mM) including the spectral ranges of the O K-edge and the Cr L-edge. The figure
illustrates that the Cr L-edge around 580 eV is very close to the near-edge absorption resonances
of the O K-edge at 540 eV merging at higher energies with the O K-edge extended x-ray absorption
fine structure (EXAFS) at 580 eV and beyond***® . Therefore, even more than for Mn L-edge
XAS'" or Fe L-edge XAS?* careful treatment of the absorption background due to the solvent and
its changes due to possible instabilities of the flatjet thickness is necessary for Cr L-edge XAS (see

methods section and Figs. S2-S4 in the S.I. for a more detailed discussion of this aspect).

Fig. 2B is a zoom into the Cr L-edge region of Fig. 2A and shows a typical single-scan
transmission spectrum of the Cr'(acac); solution sample. We observe two sets of resonant
absorption dips in the transmission signal at the Cr L3- and L>-edges at around 578 eV and 586 eV,
respectively (their splitting of 8.5 eV is due to spin-orbit interaction in the final core-excited states
in the presence of the 2p core hole*). This is consistent with our preceding Mn L-edge XAS study
with the transmission flatjet where we have shown that despite the strong O K-edge absorption of
the solvent the method allows for detecting L-edge XAS of dilute metal solutes with concentrations

ranging from 100s to 10s of mM. '

Absolute Absorption Cross Sections at the L-edge of Cr'"!(acac)s. In Fig. 3 we show the L-
edge absorption spectrum of Cr'i(acac); in solution, measured in absolute units of Mb (1 Mb=10
22.m?). . This spectrum was obtained from averaging six single-scan spectra (total integration time

of 1 hour) where the fitted solvent absorption (see methods section) was subtracted from each of
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the scans separately (for the full spectrum range, see Fig. S5A in the S.1.). In Fig. 3A we maintain
information on the absorption edge-jump on the high-energy side of the Cr L,-edge at 590 eV and
above due to the 2p ionization continuum. In electron yield-detected L-edge XAS this edge-jump
is used, for example, for spectrum normalization®. In our data the amplitude of this edge-jump is

affected by a large uncertainty on the order of 100% (1o statistical uncertainty).

For comparison, we overlay our spectrum with the experimental L-edge XAS spectrum of solid
Cr'"(acac); published by Carlotto et al.*’ (for easier comparison this spectrum was shifted by +6.4
eV and normalized to an absorption maximum of 8.9 Mb to align the reference spectrum with our
spectrum). While the magnitudes of the absorption edge-jumps are comparable in the two spectra
we note differences below and above the Ls- and L;-edges. Using the energy alignment of the two
spectra as in Fig. 3, in the solid-state spectrum intensities seem to be redistributed from below to
above the edge maxima. This could be an indication of dose-dependent x-ray induced sample
damage characteristic for x-ray absorption studies of high-valent transition metal complexes with
synchrotron radiation, occurring at absorbed doses on the order of 10° Gy (1 Gy=1 J/kg).!>1®
Within our approach, using a fast flowing liquid flatjet, we measure x-ray absorption spectra with
average doses around 60 Gy, which guarantees spectrum measurements free from sample-damage.

We found no indications for the x-ray dose absorbed by the sample in ref.?’.

As current theoretical approaches do not take into account the absorption edge-jump we omit
this information in the following and keep the spectrum in Fig. 3A for potential discussions in the
future. For the spectrum shown in Fig. 3B, we subtracted a fitted linear background from each
single-scan before averaging (see Fig. S5B in the S.I.). The Ls-edge of Cr'''(acac); in Fig. 3B has
a relatively sharp absorption peak at 578.2 eV. The absorption cross section peaks at 8.9+1.4 Mb

(1o statistical uncertainty). This cross section is on the same order of magnitude as the L-edge
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absorption cross sections of 12.4 Mb and 8.8 Mb for Mn{(acac), and Mn"(acac)s, respectively.'*
We observe a clear “pre-edge” peak around 1.5 eV below the main peak and a weak shoulder
around 2.5 eV below the main peak. The high-energy side of the Ls-edge appears with a smooth
slope. The L,-edge features are less distinct, which is consistent with the larger lifetime broadening

in the L, than the Ls-edge.’’

Our L-edge XAS spectrum of Cr'l(acac); is similar to the spectrum of [Cr'(H20)e]*" in
aqueous solution.!® Both complexes have octahedral coordination environments with similar
ligand field splittings 10 Dq on the order of 2.2 eV?"?° for Cr'l(acac); and 2 eV!® for
[Cr(H20)6]*".27"* This is consistent with the closely situated H>O and (acac)” ligand species in
the spectrochemical series.*® Similar ligand-field splittings and L-edge XAS spectra have also been

1T

reported for Cr'! oxides.” These similarities may be explained by the ionic character of the

Cr'(acac); complex and the predominance of atomic multiplet effects in the L-edge spectra.

CFM and CTM Calculations. In Fig. 4 we now compare the experimental spectrum of
Cr'(acac); to simulated spectra from the CFM approach, using 10 Dg=2.1 eV (cf. Fig. S6 in the
S.I.), and to spectra calculated with the CTM and RAS approaches. The ligand-field splitting of
2.1 eV is a reasonable choice, close to the ligand-field splittings of 2.21-2.24 eV from UV-vis

2729 while at the same time giving a decent match to experiment. (For Mn''(acac);

spectroscopy,
we found a smaller 10 Dq in the CFM model (1.5 V) than reported from UV-vis spectroscopy
(around 2.2 eV) and tentatively assigned this to a reduction of 10 Dq due to core-hole effects.)!
The CTM spectrum (middle row in Fig. 4) is based on the same parameters as the CFM spectrum
but, in addition, includes charge transfer (CT) states in the initial ground state (2p®3d™*'L added to

2p®3d", where L denotes a ligand hole) and the final core-excited states (2p°3d™™L added to

2p°3d™"). For a detailed list of CFM and CTM parameters see the methods section, variations of
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CTM parameters are shown in Fig. S7 in the S.I.. Comparison of CTM and CFM spectra in Fig. 4
reveals that the distinct pre-edge peak in the Ls-edge, overpronounced in CFM, is weaker (and
more broadly distributed) in the CTM calculation and the high-energy side of the L3 and L»-edges
in CTM have smoother slopes, in better agreement with experiment. The latter is consistent with
observations made for Fe L-edge XAS, where CT states show spectral signatures in particular in

the high-energy sides of the L3 >-edges.

RAS Calculations. RAS modeling of ground and valence excited states of Cr''(acac)s
gives a ligand-field splitting of 2.2 eV, the same value as in the UV/Vis experiments.>’?° The Cr
L-edge XAS spectrum using the RAS approach is shown in Fig. 4 and there is good overall
agreement with experiment. Similar to the CTM calculation the smooth slope on the high-energy
side of the Ls-edge is better described by RAS than by the CFM calculation. Similar to the CFM
calculation the RAS spectrum, however, deviates from experiment in terms of the overpronounced
pre-edge feature in the L3-edge and in the too strong main peak in the L>-edge. In contrast to the
CTM spectrum and similar to the CFM spectrum, features appear to be too sharp in the RAS
spectrum and this may point to limitations of the RAS calculations when using only five metal 3d-

derived orbitals in the active space.!!> 1417

RAS allows for the decomposition of x-ray absorption spectra for the properties of the core-

11,1720 and we use this in Fig. 5A to analyze the Cr'l(acac); L-edge XAS

excited final states
spectrum for the differential orbital occupation numbers of t2¢ and e, orbitals in the core-excited
final states as compared to the tyg’e,’ ground state. For low incident energies, the final states
roughly correspond to a 2p°tzg’es’ (yellow e; component in Fig. 5A): Upon 2p-3d core-excitation

an electron is added to one of the unoccupied eg-type orbitals resulting in the lowest electron

configurations of a high-spin 3d* system. At higher incident energies, the different configurations
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mix strongly as indicated by the deviation of the e, component in Fig. SA from the cross section
(black sum in Fig. 5A). In the limit of complete mixing, there is equal occupation of all five metal
3d-derived orbitals in the core-excited states, giving average population numbers of 0.8. This
translates to negative contributions for the t2¢ orbitals (green t2; component in Fig. SA) and larger
than unity ey contributions. This picture of strong mixing in the L-edge XAS spectrum of 3d
transition metal systems with weak ligand fields aligns with previous observations for the Mn-acac
complexes.'? Here the mixed configurations only matter at absorption energies higher than 577 eV
and thus about 2 eV above the absorption onset of the spectrum, similar to the ligand field splitting
of Cr'(acac)s. In the present analysis, the orbital contributions for the low-energy sides of L, and
L3 edges differ. This is possibly an artifact from the perturbative treatment of spin-orbit coupling
that overestimates the contribution from high-energy states with Ls-type spin-orbit coupling in the

Lo-edge.

In Fig. 5B we show a decomposition of the RAS spectrum from Fig. 4 into contributions of
different spin multiplicities in the core-excited final states. While the high-spin Cr'!'(acac)s
complex in the ground state has three unpaired 3d-electrons with a total spin of S=3/2 and hence
a spin multiplicity (2S+1) of 4 (quartet), the core-excited final states are mixed from spin
multiplicities of 2 (doublet), 4 (quartet) and 6 (sextet). The predominant intensity in the L3-edge
maximum originates from quartet final states, consistent with the dominant AS=0 components in
the Mn L-edge XAS spectra of Mn'/(acac), and Mn'"(acac)s.!! The spectrally weighted absorption
energies of the different multiplicity components increase with decreasing spin multiplicity as
found for Mn'(acac), and Mn'"(acac); and this is consistent with a loss of favorable exchange
interactions for lower spin multiplicities.!! Similar decomposition analyses can also be performed

within the DFT/ROCIS?? approach, as done by Carlotto et al. for Cr'l(acac)s.!” *’ In agreement
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with our results from RAS, Carlotto et al. identified a predominant AS=0 quartet component with
DFT/ROCIS. However, the order of the spectral weight of sextet, quartet and doublet final states
along the axis of incident photon energy differs from our RAS results. This different ordering of
multiplicity components in the DFT/ROCIS calculations further highlights the differences between

the DFT/ROCIS and RAS calculations.

L-edge Branching Ratios. The statistical branching ratio I(L3)/I(Lo+L3) is 2/3,
calculated from the number of degenerate states in the L3 (j=3/2, 4 states) and L (j=1/2, 2 states)
edges. However, this ratio only holds in the absence of both spin orbit coupling in the initial-state
and electrostatic interactions between core-hole and valence electrons in the final states. In real
complexes, spin-orbit coupling and electrostatic interactions lead to significant changes in the
branching ratios, which can be used to get signatures of the d-electron counts and the spin

2 We determine for the Cr''(acac); spectrum a branching ratio of

multiplicities.
I(L3)/I(L2+L3)=0.47+0.10 (1o statistical uncertainty), where we used an arbitrary cutoff energy of
582 eV to distinguish Ls- and the L,-edges (variation of this cutoff energy within reasonable limits
of +1 eV does not change the branching ratio to beyond the experimental uncertainty limits). We
checked that linear background subtraction (as applied here) as compared to subtraction of L3 -
edge edge-jumps as applied, for example, in ref.* does not alter the branching ratio beyond the
experimental uncertainty limits. We note that the branching ratio of Cr'(acac); (3d%, S=3/2) is
around 30% smaller than the branching ratio of 0.66+0.02 reported earlier for Mn''(acac); (3d*,
S=2) and around 35% smaller than the branching ratio of 0.72+0.02 reported for of Mn'/(acac),
(3d®, S=5/2) as shown in Fig. 6 (the larger uncertainty for Cr''!(acac); as compared to the Mn

complexes is due to the lower concentration and a less stable operation of the flatjet for this

sample)'* This demonstrates that the L-edge XAS branching ratio is potentially useful to
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distinguish between two neighboring oxidation states, or alternatively, two different spin states of

the same complex.

A stronger connection between branching ratios and the 3d spin configuration can be made
through the use of a theoretical model. The calculated spectra from CFM and CTM (as shown in
Fig. 4) have branching ratios between 0.55 and 0.56, which are within the error bars of the
experiment. They are consistent with the branching ratio of 0.58 calculated by Thole et al. for ionic
Cr** (where a typical reduction factor 0.75 was applied to all Slater integrals).!? For Cr'!!(acac);
RAS gives a similar branching ratio of 0.56, again within the error bars as shown in Fig. 6. Good
agreement was found earlier for Mn'"(acac)s;, while for Mn''(acac), the branching ratio was
overestimated in the RAS calculations.'* The trend of increasing branching ratio as a function of
increasing nominal 3d occupation and spin multiplicity is reproduced in the RAS calculations
(from 0.56 to 0.65 to 0.78). This trend is also expected from multiplet calculations for ionic
systems.!? However, the deviations between RAS and experimental results are larger than the
uncertainties in the experiment. This suggests that the calculations of the branching ratio in the
RAS calculations can be improved. We have previously speculated that the deviations are due to
perturbative treatment of the strong spin-orbit coupling,'* and it is possible that improved results

would require at least a 2-component relativistic approach.*->!

Integrated Absolute Absorption Cross Sections. In our preceding study we have
outlined how the integrated absolute absorption cross sections, here named absorption integrals,
of metal L-edge XAS spectra can be used to extract information on the occupation number or,
alternatively, the number of “holes” in the metal 3d shell.'* Previous studies at the Fe L-edge have
shown that comparison of integrated absorption spectra not only can provide information on the

number of electrons in the metal 3d-derived orbitals but also on a more detailed level on their
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covalent or, inversely, their metal ionic character. %7 However, while comparing absorption
integrals for electron yield-detected XAS requires sensitive normalization schemes,’ transmission-
detected XAS holds the promise to allow for directly determining absolute absorption cross
sections.!* The absorption integral of the experimental Cr'l(acac); spectrum (Fig. 3B) amounts to
45+12 Mb-eV, as integrated over the full L-edge between 573 and 590 eV. That of the Ls-edge
region is 21.7£8.7 Mb-eV, as integrated between 573 and 582 eV (1o statistical uncertainties).
The experimental error bars are significantly larger than the systematic uncertainties due to
different background subtraction scheme (linear background as applied here vs. edge-jump

background as applied, for example, in ref.?).

In Fig. 7 we combine these values with our earlier results from Mn'(acac), and Mn'(acac)s.
We compare the absorption integrals of Cr'!i(acac)s (3d°, 7 holes) with Mn{(acac); (3d*, 6 holes)
and Mn''(acac), (3d°, 5 holes) for the entire L-edge region (Fig. 7A) and for the Ls-edge only (Fig.
7B) as a function of the nominal number of holes in the metal 3d orbitals or, alternatively, the
nominal 3d occupation number. Assuming that the degree of covalency of the metal 3d-derived
molecular orbitals is equal for these three predominantly ionic systems, one would expect a linear
increase of absorption integrals where the integrated absorption cross section is proportional to the
nominal number of 3d holes (proportional to 10 minus the nominal 3d occupation). Reflecting this
simple expectation we included in Figs. 7A and 8B fits to the data using uncertainty-weighted
least-squares fits where the lines cross the origins in the plots (“no absorption without 3d holes”).
This linear fit may approximate the experimental absorption integrals of the entire L-edge
reasonably well within the error bars (Fig. 7A) although it has to be noted that an improved signal
to noise ratio will be necessary in future experiments to conclusively claim this. The linear fit

certainly, and this can be stated with the experimental error bars given here, fails to describe the

17



integrals of the Ls3-edges only (Fig. 7B). This deviation is consistent with the trend observed in the
branching ratios which decrease from Mn''(acac), to Mn'"(acac); and to Cr'"(acac); and thereby
decrease the relative intensities of the L3-edges with respect to the full L-edges along this series.
Correlating only L3-edge absorption integrals of different systems with their electronic structure
and in particular their covalent character, therefore, does not seem favorable due to the effects

affecting L3 and L, intensities differently (spin-orbit coupling and electrostatic interactions).

In general, we note that the experimental error bars of absorption integrals in our data are
comparably large due to statistical variations in the single-scan spectra. For the absorption
integrals, the error bars (£12 Mb-eV for Cr'!) are larger than the difference expected for two
complexes differing by one 3d hole (<3.8 Mb-eV, i.c. half of 7.6 Mb-eV, as estimated from the
linear fit of our experimental data). To correlate absorption integrals with the number of 3d-holes
and the covalent character of the metal 3d-derived orbitals would therefore require the error bars
to be decreased by an order of magnitude. Future measurements with better knowledge of the
flatjet thickness, e.g. by online monitoring, could allow for a more detailed comparison of
absorption integrals between different complexes. Comparison of absorption integrals over the full
L-edges could then be used for assessments of the ionic or covalent characters of the metal-ligand
bonds. We note that determination of the branching ratio is less affected by fluctuations in the
flatjet thickness because changes in the background partly cancel when comparing the intensities

of the two edges.

As a further test of our calculations we compare in Figs. 7A and 8B the measured and
calculated absorption integrals from RAS where the RAS data are given in units of oscillator
strengths (‘0.s.”). The axes of calculated and experimental absorption integrals in Fig. 7 are scaled

such that the linear fits of the experimental and the RAS data coincide. This comparison shows
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that the relative absorption integrals from RAS qualitatively reproduce an approximately linearly
increasing absorption integral for the whole L-edge. For Mn'! the RAS estimate is slightly outside
the experimental error bars. It is possible that this deviation is due to the use of only the metal 3d-
dominated orbitals in the active space. Consistently with the correct description of the increasing
branching ratio the RAS calculation also correctly describes the non-linear variation of the L3

absorption integral with the number of 3d holes (Fig. 7B).

IV. Conclusion

We present the first Cr L-edge absorption spectrum of Cr'i(acac); in solution, measured in
transmission and free from x-ray induced sample damage with a transmission flatjet. We provide
absolute absorption cross sections with a peak value at the L3-edge of 8.9+1.4 Mb and an integral
value (integrated over the whole L-edge) of 45+12 Mb-eV. In contrast to partial-fluorescence yield
detected absorption, transmission spectra give spectral shapes and branching ratios unaffected by
state-dependent fluorescence yield, which enables straightforward comparison to theoretical
predictions of absorption intensities. With a combination of semi-empirical multiplet and restricted
active space (RAS) calculations we assess the information content of the L-edge absorption
spectrum with respect to the local electronic structure of the Cr'l(acac); complex. Similar to our
findings for the Mn'l(acac); complex, we discuss the pre-edge peak in the Ls-edge in relation to
the presence of an octahedral ligand field splitting and find that a value of around 2 eV is consistent
with results from UV-vis investigations. Charge transfer states are reflected in a smooth slope at
the high-energy side of the Li-edge. Orbital and spin analyses of core-excited final states with
RAS show that the L-edge absorption spectrum of Cr'l(acac); is affected by strong mixing of

configurations in the final core-excited states.
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We find that the branching ratio of Cr''(acac); with a nominal 3d-occupation of 3 is significantly
smaller than that of Mn''(acac), and Mn{(acac); with 3d-occupations of 5 and 4, respectively. This
experimental observation is consistent with the results from multiplet and RAS calculations. The
uncertainties in experimental branching ratios are smaller than the difference between the
complexes, making this a reliable fingerprint of spin multiplicity in this Cr'{(d*)-Mn"(d*)-Mn'{(d*)
series. Deviations between experiment and calculations point to possible improvements in the RAS
perturbative description of spin-orbit coupling. The absorption cross sections integrated over the
whole L-edge are consistent with a linear increase of absorption integrals with decreasing 3d
occupation (increasing number of nominal 3d holes). This trend is reproduced by the RAS
calculations. The integrated absorption cross sections of only the L3-edge, however, markedly
deviate from this linear relationship which is consistent with differences in the respective L-edge
branching ratios. From our data we estimate that for being able to assess details of this relationship
and the covalent character of the metal-ligand bonds in particular, a decrease in experimental

uncertainties by an order of magnitude would be required.
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Figure 1. Molecular (A) and valence electronic structure (B) of Cr''!(acac)s. The cartoon
shown in (A) is based on the structure optimized with density functional theory. Terminal
methyl groups marked with * in (A) were replaced by hydrogen atoms for the restricted active
space (RAS) calculations. (B) Cr 3d orbitals with nominal 3d® occupation, split into three tz,
and two e, orbitals.
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Figure 2. (A) Raw transmission spectrum of 20 mM Cr'"(acac)s; solution in ethanol

(purple, single-scan) and spectrum of the ethanol solvent (orange), as measured with the
transmission flatjet in a spectral region relevant to Cr L-edge x-ray absorption spectroscopy
in solution The Cr L-edge region overlaps with O K-edge near-edge and extended x-ray
absorption fine structure (EXAFS) features of the solvent. Inset: probing scheme for
transmission-detected x-ray absorption spectroscopy. (B) Magnification of the Cr L-edge
region from (A). For better inspection, the Cr L-edge data as measured with a flatjet thickness
of 3.19 um was rescaled to the O K-edge data measured at a thickness of 3.15 um.
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Figure 3. Experimental Cr L-edge x-ray absorption spectrum of Cr'(acac)s; in solution
where absolute absorption cross sections are determined from the transmission measurements
and are shown in units of Mb (1 Mb=10"2® m?). The average spectrum is shown (A) without
and (B) with subtraction of a fitted linear background from each individual scan before
averaging six single-scans. The spectrum in (A) is overlaid with the spectrum of solid
Cr'"(acac)s, published in ref. 47, shifted by +6.4 eV and normalized to the maximum intensity

of our experimental spectrum.
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Figure 4. Comparison of the experimental Cr L-edge absorption spectrum of Crm(acac)3

(gray circles, taken from Fig. 3B) to calculated spectra of Cr** (3d*) in octahedral coordination
symmetry with 10 Dg=2.1 eV (sticks are single transitions and solid lines are convoluted
spectra). Top: Best-fitting spectrum from CFM (red, a more detailed analysis with CFM
spectra can be found in the Supporting Information). Middle: Best-fitting spectrum from a
CTM calculation (blue). Bottom: Calculated spectrum from ab-initio restricted active space
(RAS) theory, based on the optimized molecular structure shown in Fig. 1A. The energy axes
of all calculated spectra are shifted by individual energy offsets in order to match the calculated
and experimental peak position in the Cr L3-edge.
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Cr'(acac); reported here is compared to the data of Mn'(acac), and Mn"(acac)s, on the basis
of spectra reported in ref. 14. The error bars reflect the statistical uncertainty from scan to
scan.
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Figure 7. Comparison of measured absorption integrals (absorption cross sections
integrated over respective energy ranges, see text, circles) and calculated sums of oscillator
strengths from RAS (squares) for the full L-edge (A) and for the Ls-edge only (B) as a
function of increasing number of nominal 3d-holes (decreasing nominal 3d occupation). Data
points for Mn'"" and Mn'" are used as reported in ref. 14. The dashed lines are weighted linear
fits to the experimental data (forced to include the origin). A linear fit to the RAS data was
used to scale the respective plot ranges of experiment and theory for coinciding fit lines.
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