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It is demonstrated for the case of photo-excited ferrocyanide how time-resolved soft X-ray absorption
spectroscopy in transmission geometry at the ligand K-edge and metal L3 -edge provides quantitatively
equivalent valence electronic structure information, where signatures of photo-oxidation are assessed
locally at the metal as well as the ligand. This allows for a direct and independent quantification of the
number of photo-oxidized molecules at two soft X-ray absorption edges highlighting the sensitivity
of X-ray absorption spectroscopy to the valence orbital occupation of 3d transition metal complexes
throughout the soft X-ray range.

1. Introduction
Changes in oxidation state are common steps during
photo-chemical reactions involving transition metal complexes. For an unambiguous characterization of the involved
transient species, it is therefore crucial to spectroscopically follow the underlying changes in orbital population.
The photo-oxidation of aqueous ferrocyanide ([Fe(CN)6 ]4− )
constitutes an ideal model process that allows to test the capabilities of different spectroscopies in that regard. After
an optical excitation in the ultraviolet regime, a Fe 3d electron is ejected into the solvent [1]. Thereby, the Fe(II) complex [Fe(CN)6 ]4− is oxidized resulting in the formation of the
Fe(III) species ferricyanide ([Fe(CN)6 ]3− ). Timescales and
yield of the photo-oxidation have been initially established
by time-resolved optical spectroscopies [1, 2, 3, 4]. However, in order to acquire information on the electronic structure and in particular valence orbital occupation core-level
spectroscopies provide enhanced sensitivity.
With respect to the photo-oxidation of aqueous
[Fe(CN)6 ]4− , time-resolved X-ray absorption spectroscopy
at the Fe K-edge was used by Reinhard et al. to investigate
the formation of [Fe(CN)6 ]3− from the metal perspective on
a picosecond time-scale. Due to their quadrupole character,
the analyzed pre-edge features are sensitive to the Fe 3d
orbital occupation. This allowed Reinhard et al. to study
the yield of photo-oxidation in the ultraviolet regime as well
as competing relaxation pathways [5]. Complementary information from the ligand perspective can be acquired using
time-resolved valence-to-core X-ray emission spectroscopy.
March et al. used the technique to follow changes of the
overlap between ligand and metal-centered orbitals for the
case of the photo-oxidation of [Fe(CN)6 ]4− [6].
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In this work, we demonstrate how time-resolved X-ray
absorption spectroscopy in the soft X-ray regime combines
the capabilities of different spectroscopies in the hard X-ray
regime by providing equivalent information regarding valence orbital occupation as seen from the metal as well as
the ligand perspective. A liquid flatjet setup (see Materials and methods) is employed allowing for combined transmission experiments in the range of 3d metal L-edges [7]
as well as K-edges of light elements [8]. This approach
gives unique access to the unoccupied density of states locally at the Fe center through the Fe 2p → 3d excitation of
L-edge spectroscopy [9, 10, 11, 12, 13]. At the same time,
information from the CN− ligand perspective is given by the
N 1s → 2p excitation [14, 11, 15, 12, 16]. This allows to
access equivalent valence orbitals using ligand- as well as
metal-centered core-excitations, which provides experimental flexibility when targeting more complex systems. Furthermore, due to the transmission scheme of the experiment,
quantitative absorption cross sections are recorded that allow to directly infer the number of photo-oxidized species
as seen from the metal as well as the ligand perspective.

2. Results and discussion
In order to rationalize the soft X-ray signatures
of the photo-induced interconversion of [Fe(CN)6 ]4− into
its oxidized counterpart [Fe(CN)6 ]3− , we first introduce
the steady-state features of the two species that have
been analyzed previously [14, 17, 11].
Fig. 1 shows
the X-ray absorption spectra of aqueous [Fe(CN)6 ]4− and
[Fe(CN)6 ]3− measured at the N K-edge. The spectra are displayed as the measured absorbance 𝐴, which is retrieved by
comparing the transmitted intensity 𝐼 to the direct beam 𝐼0
following Beer-Lambert’s law:
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Absorption from the solvent is subtracted assuming a
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Figure 1: (a) N K-edge absorption spectrum of [Fe(CN)6 ]4− and
(b) [Fe(CN)6 ]3− .

Figure 2:
(a) Fe L3 -edge absorption
[Fe(CN)6 ]4− and (b) [Fe(CN)6 ]3− .

linear background determined from the slope before the absorption onset. For the N K-edge this amounts to ∼65% of
the incident intensity, while ∼4% are absorbed by the solute (estimated from the absorbance at 405 eV). The spectrum of [Fe(CN)6 ]4− is displayed in Fig. 1a. The single intense absorption line can be attributed to the elevation of a
N 1s electron into the unoccupied anti-bonding 𝜋 ∗ system
of the CN− ligands [14, 11]. In the case of [Fe(CN)6 ]3− ,
its N K-edge absorption spectrum shown in Fig. 1b exhibits
additional features. Due to the strong 𝜋-back-donation in
these octahedral complexes, unoccupied ligand 𝜋 ∗ -orbitals
of t2𝑔 symmetry can adapt some Fe 3d character. As the
Fe(III) oxidation state of [Fe(CN)6 ]3− results in a t2𝑔 hole,
its spectrum exhibits a pre-edge resonance at 396 eV. This
feature can consequently be attributed to a N 1s → Fe 3d(t2𝑔 )
transition [14, 11]. Similarly, the shoulder at 398.5 eV has
previously been attributed to a N 1s → Fe 3d(e𝑔 ) excitation.
This transition is expected to be present also in the case of
[Fe(CN)6 ]4− , but, in this case, is argued to be obscured by
the intense 𝜋 ∗ resonance [11].
Similar orbital-specific assignments are applicable to the
L3 -edge features of [Fe(CN)6 ]4− and [Fe(CN)6 ]3− , which
are displayed in Fig. 2. Analogously to the N K-edge, the
spectra are corrected for solvent absorption by subtracting a linear background. Here, ∼80% of the incident intensity is absorbed by the solvent, while less than 1% is
absorbed by the solute (estimated from the absorbance at
714 eV). The spectrum of [Fe(CN)6 ]4− shown in Fig. 2a exhibits two intense resonances that have been assigned to be
of Fe 2p → 3d(e𝑔 ) (709 eV) and Fe 2p → CN− 𝜋 ∗ (t2𝑔 ) character (710.8 eV) [17, 11]. For the case of [Fe(CN)6 ]3− shown
in Fig. 2b, the two resonances at higher energies can be
attributed to probe the same e𝑔 (709.7 eV) and CN− 𝜋 ∗

(712 eV) orbitals as in the case of [Fe(CN)6 ]4− . Due to the
hole in the t2𝑔 orbital and the subsequent open-shell character of the species, multiplet-effects cause a broadening of the
e𝑔 resonance compared to [Fe(CN)6 ]4− in Fig. 2a [17, 11].
The reduced t2𝑔 occupation also results in a lower intensity
of the CN− 𝜋 ∗ resonance. The feature directly probes 𝜋back-donation, an effect that has been shown to scale with t2𝑔
occupation [17, 18, 19]. Lastly, and most importantly, an additional pre-edge feature arises at 705.6 eV due to the hole in
the t2𝑔 orbitals corresponding to a Fe 2p → 3d(t2𝑔 ) transition.
The resonance therefore probes the same half-filled orbital
as the pre-edge observed for the N K-edge of [Fe(CN)6 ]3− .
This provides two independent fingerprints of the openshell character of [Fe(CN)6 ]3− in the soft X-ray regime. It
should be emphasized that, while the individual spectral
features of [Fe(CN)6 ]3− and [Fe(CN)6 ]4− in the soft X-ray
regime have been thoroughly investigated and assigned previously [14, 17, 11], the spectra presented here constitute,
to the best of our knowledge, the first transmission measurements, which allow for the extraction of quantitative
absorption cross sections of solution-phase [Fe(CN)6 ]3− and
[Fe(CN)6 ]4− in the soft X-ray regime.
Having established the steady-state signatures of aqueous [Fe(CN)6 ]3− and [Fe(CN)6 ]4− , we move on to study
their photo-induced interconversion. Fig. 3a and b show
the N K-edge and Fe L3 -edge difference spectra between
[Fe(CN)6 ]3− and [Fe(CN)6 ]4− from Fig. 1 and 2. While before, the spectra were displayed directly as the measured absorbance 𝐴, the difference spectra in Fig. 3a and b are displayed as changes of the extinction coefficient 𝜖. This quantity can be calculated from the absorbance 𝐴 by normalizing
to the molar concentration 𝑐 and thickness 𝑑 of the sample
(see Materials and Methods):
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𝜖 = 𝐴∕𝑐𝑑

(2)

Thereby, the extinction coefficient 𝜖 is retrieved as a
quantity independent of experimental parameters allowing for a direct comparison of the steady-state spectra of
[Fe(CN)6 ]3− and [Fe(CN)6 ]4− . Furthermore, the respective
extinction coefficients compare well with transmission measurements on other Fe and N-containing transition metal
complexes [10, 20].
We can therefore proceed to evaluate the transient difference spectra of [Fe(CN)6 ]4− measured at the N K-edge and
Fe L3 -edge displayed in Fig. 3c and d, respectively. The
transient spectra are retrieved by recording consecutive Xray pulses transmitted through photo-excited and unexcited
sample, respectively. The data is collected at a pump-probe
delay of 80 ps with respect to the 257 nm laser excitation,
where thermal effects are not anymore expected to influence the shape of the spectra [21, 22, 23]. Both spectra
are normalized to the respective sample thickness 𝑑 (see
Materials and methods). The time-resolution of the experiment was (53 ± 8) ps as determined from the delay trace
shown in the inset in Fig. 3c, which was recorded at 399.2 eV.
The dynamics can be modeled by a step function which is
broadened by the instrument response function. On the picosecond timescale investigated in this study and within the
time-resolution of the experiment, the sample has therefore
reached a meta-stable configuration. The general shape of
the transient spectra on both edges resemble the steady-state
difference spectra displayed in Fig. 3a and b. This can be expected from the photo-excitation of [Fe(CN)6 ]4− in the ultraviolet, where an electron is ejected into the solvent, thereby
producing the oxidized [Fe(CN)6 ]3− .
Minor differences can, however, be observed due to competing photochemical channels. It has been shown that in
the ultraviolet regime, a photo-aquation process can be triggered additionally, where a CN− ligand is detached and
replaced by a water molecule [24, 5, 25]. At the N Kedge shown in Fig. 3c, the free CN− ligand as well as the
photo-aquated complex [Fe(CN)5 (H2 O)]3− can therefore be
expected to cause the higher intensities at 398.6 eV and
399.7 eV relative to the t2𝑔 intensity at 396 eV when compared to the steady-state difference in Fig. 3a. To substantiate this assignment, we performed spectrum simulations (see
Materials and methods) based on time-dependent density
functional theory (TD-DFT) for [Fe(CN)6 ]4− , [Fe(CN)6 ]3− ,
[Fe(CN)5 (H2 O)]3− as well as the CN− group. The results for
the N K-edge are displayed in Fig. 3e. It can be clearly seen
that both, the photo-aquated complex as well as the CN−
group, can be expected to contribute to the enhanced intensity at 398.6 eV with respect to the steady-state difference.
Furthermore, the main resonance of [Fe(CN)5 (H2 O)]3− exhibits a slight shift to higher energies, therefore also providing an explanation for the higher intensity at 399.7 eV.
Similarly, at the L3 -edge, additional intensity can be
observed at 708.4 eV in the transient spectrum (compare
Fig. 3d) which is absent in the steady-state difference specRM Jay et al.: Preprint submitted to Elsevier

trum in Fig. 3c. Assuming again the presence of the photoaquated species, this intensity could be caused by the reduced symmetry of the species, where the resulting JahnTeller distortion would be expected to split the e𝑔 levels. As
for the N K-edge, this is verified by our TD-DFT calculations displayed in Fig. 3e. [Fe(CN)5 (H2 O)]3− indeed shows
intensity below the absorption onset of [Fe(CN)6 ]4− , thereby
giving a reasonable explanation for the feature at 708.4 eV.
It should be noted that Reinhard et al. [5] suggested that
the additional spectral features not arising from the photooxidation channel were also caused by a re-excitation of the
already oxidized product due to their long laser pump pulses.
The laser pulse lengths applied in this work are much closer
to the previously reported femtosecond timescale of photooxidation [3] (see Materials and methods), which can be expected to reduce the likeliness of a consecutive laser excitation. In conjunction with the good agreement with the
spectrum simulations, a re-excitation of the photo-oxidized
species is therefore tentatively ruled out in our case.
Despite the detection of the photo-aquated species, the
opening of the t2𝑔 resonance in both absorption edges as
the result of the photo-excitation could be established as
clear signatures of changes in valence orbital occupation
and thus, the creation of [Fe(CN)6 ]3− . We can therefore
move on to quantitatively determine the fraction of photooxidized molecules detected in the experiment. As outlined
previously, the pre-edge resonances due to core-to-t2𝑔 excitation arising at both edges in the case of the open-shell
[Fe(CN)6 ]3− can serve as unambiguous fingerprints of oxidation recorded in background-free regions of the spectra.
The two pre-edge regions at the N K-edge and Fe L3 -edge
are also not expected to exhibit contributions from precursors to the oxidized species since the photo-oxidation has
been shown to be complete on a femtosecond timescale [3].
Similarly, contributions by precursors of the competing photochemical pathway can be excluded, as the photo-aquation
process involves only closed-shell species on the picosecond
timescale studied here [25].
It is important to note that the steady-state difference
spectra in Fig. 3a and b constitute the absolute difference of
the respective extinction coefficients 𝜖, while the transient
spectra in Fig. 3c and d on the other hand are normalized
only to the sample thickness 𝑑. The concentration of transient molecules 𝑐 can therefore be used to retrieve the absolute number of photo-oxidized species in the transient difference spectrum. This is done by modeling the pre-edge features at 396 eV and 705.6 eV in the steady-state as well as
time-resolved difference spectra by gaussian functions. The
deduced peak intensities from the steady-state differences
are then used to scale the time-resolved difference spectra
by the concentration 𝑐, which yields the number of photooxidized molecules. This results in (3.1 ± 0.6) mM photooxidized species at the N K-edge and (3.7 ± 0.9) mM at the
Fe L3 -edge. The corresponding errors are due to uncertainties in the sample thickness as well as the statistical error
resulting from the fitting procedure. Absolute errors in the
measurement of the diode current as a measure of the abPage 3 of 6
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Figure 3: (a) X-ray absorption difference spectrum between the steady-state spectra of [Fe(CN)6 ]3− and [Fe(CN)6 ]4− for the
N K-edge from Fig. 1 and (b) Fe L3 -edge from Fig. 2. (c) Transient absorption difference spectrum of [Fe(CN)6 ]4− after photoexcitation for the N K-edge. The inset shows a delay trace measured at 399.2 eV. (d) Transient absorption difference spectrum
of [Fe(CN)6 ]4− measured at the Fe L3 -edge.(e) Spectrum simulations based on TD-DFT for the N K-edge and (f) Fe L3 -edge.

sorption signal (see Materials and methods) are on the order
of 10−4 and are therefore neglected. It should be emphasized that the good agreement between the two independent
measurements demonstrates the robustness of the underlying core-excitations as two independent measures of the Fe
3d occupation not only on a qualitative but also quantitative level. This provides experimental flexibility to measurements in the soft X-ray regime that can be beneficial
when following the photochemistry of 3d transition metal
complexes.

3. Conclusion
In summary, we have presented first quantitative
solution-phase soft X-ray transmission data on aqueous
[Fe(CN)6 ]4− and [Fe(CN)6 ]3− . The photochemistry of
[Fe(CN)6 ]4− following a 257 nm photo-excitation was investigated using time-resolved X-ray absorption spectroscopy
at the N K-edge as well as Fe L3 -edge. Thereby, signatures
of photo-oxidation of [Fe(CN)6 ]4− were detected and used
to independently evaluate the number of oxidized molecules
from the ligand as well as metal perspective. Our study thus
exemplifies the selectivity of time-resolved soft X-ray absorption spectroscopy to the valence orbital occupation of
photo-excited 3d transition metal complexes. In particular,
it was shown how the technique provides unique flexibility
RM Jay et al.: Preprint submitted to Elsevier

since equivalent information can be extracted from ligandas well as metal-centric absorption measurements which are
both accessible in the soft X-ray range.

4. Materials and methods
K4 Fe(CN)6 ⋅(H2 O)3 and K3 Fe(CN)6 were purchased
from Sigma-Aldrich and used without further purification.
Samples were prepared as 150 mM solutions in deionized
water for the case of [Fe(CN)6 ]4− , while for the measurements of [Fe(CN)6 ]3− , 100 mM solutions were used.
The experimental data was measured at the UE52-SGM
beamline [26] of the BESSY II synchrotron using a setup
dedicated to soft X-ray absorption measurements in transmission mode. Details of the experimental setup can be
found elsewhere [27]. Preparatory and complementary measurements were conducted at EDAX@UE49-SGM. The employed liquid flatjet system provided liquid sample sheets of
(5.6 ± 0.6) 𝜇m thickness at the N K-edge and (1.8 ± 0.3) 𝜇m
at the Fe L3 -edge as determined from the solvent absorption before the absorption onset in comparison to tabulated
values [28]. The associated error is estimated from deviations between individual scans measured at the respective
absorption edges. The flow speed of the sample was between 1.8 ml/min and 1.9 ml/min throughout all measurements. The resulting rate of sample replenishment has been
Page 4 of 6
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shown to be sufficient to avoid X-ray-induced sample damage [29]. The X-ray intensity transmitted through the sample
is detected by an GaAs photodiode for the steady-state measurements. An avalanche photodiode is used for the timeresolved measurements. The full X-ray fluence of the beamline was 5 × 1010 photons/s at both absorption edges at a spot
size of 60 × 120 𝜇m2 . The bandwidth of the incoming radiation was 0.13 eV at 390 eV and 0.2 eV at 700 eV. The sample was excited using laser pulses at a central wavelength
of 257 nm and roughly 300 fs pulse length. At a laser spot
size of 50 × 50 𝜇m2 , an excitation density of 100 mJ/cm2
is provided. Estimated from the extinction coefficient of
[Fe(CN)6 ]4− at 257 nm [5] and the presented experimental
parameters, 38% of the incoming laser intensity is absorbed
in the measurements at the N K-edge and 14% at the Fe Ledge. The laser was operated at a repetition rate of 208 kHz
allowing the sample to be fully replenished (within >2 𝜇s)
between individual pump pulses as well as before the unpumped reference measurement. About 1% of the comparably high laser excitation density is estimated to contribute to
the two-photon ionization of water [30]. This results in additional solvated electrons at a ratio of about 1:104 compared
to the number of bulk water molecules. Since electrons generated by water photolysis have additionally been shown to
recombine on timescales below the time-resolution [31], a
contamination of the spectra can be safely excluded.
DFT calculations were performed on the B3LYP
level [32, 33] using the Orca quantum chemistry package [34]. The def2-TZVP(-f) basis set [35] as well as the
RIJCOSX method [34] with the def2-TZV/J auxiliary basis set [36] were employed throughout all calculations. The
water solvent was modeled using the COSMO method [37].
The Becke-Johnson damping scheme was utilized for dispersion correction [38, 39]. All spectra were calculated using TD-DFT. To match the experimental data, a Lorentzian
broadening of 0.13 eV [40] and a Gaussian broadening of
0.65 eV was applied to the calculated transitions of the N Kedge. The spectra were then shifted by 12 eV. Similarly, for
the Fe L3 -edge, a Lorentzian broadening of 0.4 eV [40] and
a Gaussian broadening of 0.7 eV was applied. The spectra
were then shifted by 9 eV for agreement with the experiment.
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