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Marcus Lundberg,△,∇ Philippe Wernet,§ Kelly Gaﬀney,# Michael Odelius,*,‡
and Alexander Föhlisch*,†,§
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‡

S Supporting Information
*

ABSTRACT: Soft X-ray spectroscopies are ideal probes of the local valence electronic
structure of photocatalytically active metal sites. Here, we apply the selectivity of timeresolved resonant inelastic X-ray scattering at the iron L-edge to the transient charge
distribution of an optically excited charge-transfer state in aqueous ferricyanide. Through
comparison to steady-state spectra and quantum chemical calculations, the coupled eﬀects of
valence-shell closing and ligand-hole creation are experimentally and theoretically
disentangled and described in terms of orbital occupancy, metal−ligand covalency, and
ligand ﬁeld splitting, thereby extending established steady-state concepts to the excited-state
domain. π-Back-donation is found to be mainly determined by the metal site occupation,
whereas the ligand hole instead inﬂuences σ-donation. Our results demonstrate how ultrafast
resonant inelastic X-ray scattering can help characterize local charge distributions around
catalytic metal centers in short-lived charge-transfer excited states, as a step toward future
rationalization and tailoring of photocatalytic capabilities of transition-metal complexes.

T

metal−ligand covalency has to be characterized and rationalized. Yet, disentangling these properties in real time during
photochemical reactions has proven to be spectroscopically
challenging.
In recent years, resonant inelastic X-ray scattering (RIXS4)
at metal L-edges has been established as a powerful probe of
the local valence electronic structure in 3d TM compounds.5−8
With the underlying 2p → 3d core-excitation of the inelastic
scattering process, occupied as well as unoccupied valence

ransition-metal (TM) complexes play a crucial role in
photocatalytic processes relevant for a fundamental
chemical understanding as well as research on solar fuels.1 In
the latter, catalysts based on the widely abundant and nontoxic
iron (Fe) are of particular value.2 Especially charge-transfer
excited states of Fe complexes have attracted considerable
scientiﬁc interest, as the optically induced redistribution of
valence charge density can be exploited in light-harvesting
applications.3 For that purpose, an understanding of how
transient charge densities around the metal center govern the
ability of TM complexes to facilitate chemical reactions is
critical. Speciﬁcally, the localization of an electronic charge
deﬁciency or surplus described through orbital occupancy and
© 2018 American Chemical Society

Received: May 4, 2018
Accepted: June 11, 2018
Published: June 11, 2018
3538

DOI: 10.1021/acs.jpclett.8b01429
J. Phys. Chem. Lett. 2018, 9, 3538−3543

Letter

The Journal of Physical Chemistry Letters
orbitals around the central metal are locally accessed, thereby
probing both orbital occupancy and metal−ligand covalency.
Particularly in conjunction with advanced quantum chemical
simulations, the coupled eﬀects of σ-donation and π-backdonation have been disentangled and quantiﬁed under steadystate conditions.6 With the high brilliance and time-resolution
of free electron lasers (FELs), the selectivity of RIXS can also
be applied to complexes in transient conﬁgurations.9−12
Femtosecond (fs) RIXS at metal L-edges can thus probe the
relevant molecular properties to describe transient changes of
charge density following an optical excitation and characterize
in novel detail the excited-state electronic structure.
In this work, we demonstrate how time-resolved RIXS is
able to retrieve previously inaccessible details of a chargetransfer excited state of the prototypical TM complex
ferricyanide [Fe(III)(CN)6]3− in aqueous solution. As prime
examples of octahedral back-donating complexes, ferricyanide
and its reduced counterpart ferrocyanide [Fe(II)(CN)6]4−
have been targets of various steady-state6,13−20 and timeresolved21−25 studies. Here, we investigate the 400 nm ligandto-metal charge-transfer (LMCT) excitation in ferricyanide.14
Previous time-resolved studies have used infrared (IR)
spectroscopy21,25 and valence photoemission24,25 to primarily
investigate the relaxation mechanism of the LMCT state,
where the ligand-centric character of IR spectroscopy and the
restriction of photoemission to occupied orbitals provide an
incomplete characterization of the valence electronic structure
of the LMCT excited state. In an approximative one-electron
picture, the LMCT state can be described as a dipole-allowed
excitation that increases the ground state (GS) t52g occupation
of ferricyanide (Figure 1a) to t62g (Figure 1b). Locally at the Fe
site, the LMCT state therefore exhibits the same formal 3d
closed-shell conﬁguration (t62g) as ferrocyanide (Figure 1c). In
diﬀerence to ferrocyanide, however, the excitation also opens a
ligand-hole in the t1u manifold of ligand-derived orbitals14
(Lt1u, see Figure 1b). The in-total six Lt1u orbitals comprise
three σ- and three π-derived ligand orbitals that may mix.
Thus, the relative σ- and π-character contributions of the
ligand-hole and their inﬂuence on σ-donation and π-backdonation cannot be predicted a priori. To observe both
changes in valence occupancy as well as the implications of the
ligand-hole on the transient electronic structure, we therefore
compare the Fe L-edge RIXS spectrum of the LMCT state,
detected at fs delays of our optical-pump X-ray-probe
measurement, to steady-state RIXS spectra of both ferri- and
ferrocyanide in their electronic GSs.
The general layout of the experimental station and details of
the soft X-ray beamline have been described in previous
publications.26,27 Details on the experimental parameters can
be found in the Supporting Information. The time-resolved
RIXS data of ferricyanide shown in Figure 1a,b are recorded by
scanning the incident X-ray energy and pump−probe delay,
while collecting the scattered X-rays. The ferricyanide GS
RIXS spectrum in panel a is acquired by integrating over the
negative delays up to −70 fs. The main RIXS features in the
measured range have previously been assigned and analyzed by
Kunnus et al.6 and Norell et al.28 Within this study, we
therefore focus on spectral features that have been previously
identiﬁed as ﬁngerprints of the LMCT state28 and thus are of
particular value for its characterization. The corresponding
RIXS features of GS ferricyanide are marked in Figure 1a and
denoted according to the electronic occupations of frontier
orbitals in the RIXS ﬁnal states. Despite the highly multi-

Figure 1. (a) Valence electronic occupation and schematic RIXS
process together with the RIXS map of ferricyanide acquired by
integrating up to −70 fs delay. Characteristic RIXS features are
encircled and denoted according to the assigned ﬁnal state
occupations. (b) Valence electronic occupation of the LMCT state
and diﬀerence map in the range of −70 to 110 fs. (c) Valence
electronic occupation of ferrocyanide and static diﬀerence map
between ferro- and ferricyanide (data taken from Kunnus et al.6),
qualitatively reproducing the transients detected in the time-resolved
measurements.

conﬁgurational nature of the involved states, they can be
nominally assigned within a single-electron picture.6,28 The
three features result from core-excitation into the three
diﬀerent (partially) unoccupied valence orbitals (t2g, eg, and
Lt*2g), with varying energy transfers due to (in)elastic scattering
from the t2g orbitals. First, Fe 2p → t2g excitation (705.6 eV
incidence energy) causes multiple scattering features indicative
of the open-shell t52g conﬁguration of GS ferricyanide, with the
elastic peak (0 eV energy transfer) carrying the most intensity.
Second, the Fe 2p → eg excitation (710 eV incidence energy)
exhibits signiﬁcant decay into the t42ge1g ﬁnal state (4 eV energy
transfer). Because of its metal-centered dd-character, it is of
particular interest as a measure of the ligand ﬁeld splitting
(10Dq) between the t2g and eg levels.5 This excitation is dipoleforbidden through direct optical spectroscopy yet uniquely
accessible through RIXS. Third, Fe 2p → Lt*2g excitation
(signal beyond 712 eV incidence energy) shows decay into the
t42gLt2g
*1 ﬁnal state (7 eV energy transfer). Because of its metalto-ligand charge-transfer (MLCT) character, it directly probes
the relative strength of back-donation into the ligand π*system.6
Following the optical excitation, the early transient spectrum
(integrated between −70 and 110 fs) corresponding to the
3539

DOI: 10.1021/acs.jpclett.8b01429
J. Phys. Chem. Lett. 2018, 9, 3538−3543

Letter

The Journal of Physical Chemistry Letters

ﬂuorescence yield (PFY) X-ray absorption spectra of the
LMCT state and ferrocyanide, taken as diﬀerences with respect
to ferricyanide. The PFY spectra are generated from the RIXS
diﬀerence maps (Figure 1b,c) by integration over energy
transfers in the range of 2−7.5 eV, thereby isolating the t52ge1g
and t52gLt*2g1 ﬁnal states discussed above. To enable a qualitative
comparison, the PFY diﬀerence intensities are normalized to
the respective depletion of the ferricyanide t52g ﬁnal state
(integrated in the range of 704.9−706.7 eV incidence energy,
−1.2−1.2 eV energy transfer). In the diﬀerence PFY of the
LMCT state, the onset of the t52ge1g ﬁnal state is at lower
incident energy than in ferrocyanide. Such a shift can be
interpreted to reﬂect stabilizing interactions between an
increased electron density at the metal site and the corehole, leading to smaller core-excitation energies. This can result
from varying metal−ligand covalency, which has previously
been observed when comparing Fe complexes with diﬀerent
ligands.29 Of particular interest here is therefore the t52gLt*2g1
ﬁnal state intensity in Figure 2a, as it directly probes the
strength of π-back-donation. The feature exhibits similar
intensity in the LMCT state and ferrocyanide, which indicates
comparable back-donation of Fe 3d electron density to the Lt*2g
orbitals for the two species. This is consistent with previous
studies, where the t2g occupation (same for LMCT state and
ferrocyanide) was found to mainly govern π-back-donation.6
With comparable π-back-donation in both species, the overall
increase of charge density at the Fe site in the LMCT state
relative to ferrocyanide (as deduced from the shift of the PFY
onset) can therefore be expected to result from increased σdonation, caused by the ligand-hole in the LMCT state.
Enhanced electron donation with constant back-donation
would strengthen the overall bond between metal and ligand,
likely to be reﬂected in 10Dq. Figure 2b shows the intensity of
the t52ge1g ﬁnal state integrated in the incidence energy range of
707.6−709.4 eV and displayed as a function of the energy
transfer. The peak positions of the t52ge1g ﬁnal state on the
energy-transfer axis are ﬁtted with Gaussian functions and
indeed indicate a rougly 10% increase of 10Dq (ΔE = (0.3 ±
0.1) eV) in the LMCT state as compared to ferrocyanide. We
emphasize that these trends in both excited-state covalencies
and ligand ﬁeld parameters are directly inferred from timeresolved L-edge RIXS, making it a powerful probe of transient
charge distributions of photoexcited metal sites.
To corroborate the interpretations of the observed spectral
trends and further characterize the electronic structure of the
LMCT state, calculations at the complete active space level
(CASSCF) 30 with second-order perturbation theory
(CASPT2)31 were carried out for ferricyanide, its LMCT
state, and ferrocyanide with the Molcas 8.0 program.32 Details
on the calculations can be found in the Supporting
Information. While our previously published restricted active
space simulations6,28 reproduce the overall RIXS spectral
trends of all species, positions and intensities of features which
involve Fe 2p → Lt2g
* excitation have been found to depend
particularly strongly on the computational parameters.33 For
the most accurate state characterization we therefore resort to
single-state calculations that include 13 of the valence orbitals
illustrated in Figure 1 in an unbiased complete active space.
Because of the severe computational cost scaling of such
calculations it is not possible to simultaneously include all six
of the Lt1u orbitals as an addition to our previously
established28,33 valence active space of 10 gerade orbitals.
While only three of the Lt1u orbitals are thus directly included

LMCT state is shown in Figure 1b. Negative delays are
included to account for the time-resolution of ∼180 fs. The
short integration range is chosen to avoid spectral overlap with
potential secondary species.24 The data is displayed as a
diﬀerence taken with respect to the map in Figure 1a after
normalizing to the number of FEL shots included in the
respective integrated delay ranges. In terms of ﬁnal state
energies, the LMCT spectrum shows strong similarity to the
static diﬀerence spectrum between ferro- and ferricyanide
shown in Figure 1c. The static diﬀerence is generated from the
steady-state spectra of Kunnus et al.6 after normalizing each
map to its respective edge-jump (diﬀerence of post-edge
intensity at 729 eV and below any pre-edge features at 704
eV). The striking similarity between the LMCT state and
ferrocyanide has previously been observed with time-resolved
photoemission spectroscopy in terms of binding energies of Fe
3d-derived orbitals.24,25 The ferrocyanide closed-shell conﬁguration therefore constitutes a good ﬁrst-order approximation
of the valence electronic structure of the LMCT state from an
iron-centric perspective. The static diﬀerence veriﬁes how the
valence-shell-closing of the t2g orbitals in the LMCT state
quenches the Fe 2p → t2g core-excitation, seen as a bleach of
the ferricyanide t52g ﬁnal state in the transient map of the
LMCT state (Figure 1b) and previously predicted as a
spectroscopic ﬁngerprint of the LMCT state.28 By comparison
to ferrocyanide6 or computational predictions of the LMCT
spectrum,28 the remaining marked transient RIXS features of
the LMCT state can now be assigned to t52ge1g dd character
(709 eV incidence energy, 4 eV energy transfer) and t52gLt*2g1
MLCT character (711.5 eV incidence energy, 5 eV energy
transfer).
Despite the similarities between the LMCT state and
ferrocyanide, diﬀerences in terms of width and position of the
t52ge1g ﬁnal state can be observed, which can be assumed to
result from the ligand-hole. Figure 2a shows the partial

Figure 2. (a) Diﬀerence PFYs of the LMCT state and ferrocyanide
with respect to ferricyanide generated by integration of the RIXS
maps in Figure 1b,c over energy transfers in the range of 2−7.5 eV.
(b) Diﬀerence emission spectra of the LMCT state and ferrocyanide
with respect to ferricyanide at the eg resonance (integrated from 707.6
to 709.4 eV and normalized to the maximum intensity).
3540

DOI: 10.1021/acs.jpclett.8b01429
J. Phys. Chem. Lett. 2018, 9, 3538−3543

Letter

The Journal of Physical Chemistry Letters
in the active space, they are allowed to mix with the remaining
three through the self-consistent orbital optimization, and all
six are correlated through the subsequent multiconﬁgurational
perturbation theory.
To visualize the results of the calculations in a many-electron
description, we turn to the charge density diﬀerence (CDD)
plots displayed in Figure 3a. The orbitals representing the hole

Table 1. Metal−Ligand Covalency as Expressed through the
Summed Fe 3d Atomic Orbital Contents of the σ-Donating
Leg and π-Accepting Lt*2g Molecular Orbitalsa
Leg
mean
Lt*2g

mean

ferricyanide

LMCT state

ferrocyanide

22.4
24.8
23.6
3.8
5.9
5.9
5.2

15.9
19.4
17.7
10.7
11.1
10.7
10.8

14.1
14.7
14.4
10.6
11.0
11.0
10.9

a

The values are presented as percentages normalized to the total
contributions of all atomic orbitals to the respective molecular orbital.

they are generally used to measure the strength of σ-donation
and π-back-donation, respectively. The orbital contents
conﬁrm the general trend of reduced σ-donation and increased
π-back-donation as a result of increased t2g occupation in both
ferrocyanide and the LMCT state.
Similar to the experimental ﬁndings, the diﬀerences
regarding the electronic structure of the LMCT state and
ferrocyanide as compared to ferricyanide therefore appear to
be mainly determined by the t2g occupation. Still, smaller
diﬀerences can also be observed as an eﬀect of the reduced
electron density at the ligands in the LMCT state. This can be
seen in the CDD of the LMCT state with respect to
ferrocyanide (Figure 3a, right), where a charge decrease is
present on the ligand x-axis, which can be interpreted as the
ligand-hole created by the optical excitation. In accordance
with previous denotation,6,28 the ferricyanide and ferrocyanide
Lt1u orbitals included in the active space (i.e., the three out of
six most correlated) are of predominantly π character (Figure
3b, left and right). However, the excitation in the LMCT state
appears to be from a σ-dominated Lt1u orbital (Figure 3b,
middle). Consequently, upon optical excitation, the electron−
hole appears to be localized to the σ- rather than to the πsystem, as a result of orbital relaxation within the Lt1u
manifold.
The creation of a hole in a Lt1u orbital, which is of strong σcharacter and essentially nonbonding with respect to the Fe−C
bond, decreases electron density between the Fe site and the
ligand (Figure 3a, right) while not signiﬁcantly aﬀecting the
bond. It instead allows for better overlap between Fe 3d and
Leg orbitals. The improved overlap counteracts the eﬀect of
lowering the ligand orbital energies, which should make the
ligand a poorer σ-donor.34 The result is a net increase in σdonation with respect to ferrocyanide (compare Table 1) and
thus higher electron density on the metal, which is indeed
visible on the CDD between the LMCT state and ferrocyanide
(Figure 3a, right). This picture is also consistent with the
reduced Fe−C bond length in the LMCT state compared to
ferrocyanide seen in previous calculations.6,28 With constant πback-donation, this indicates an overall stronger bonding
interaction between metal and the ligands in the LMCT state
than in ferrocyanide. We emphasize that this fully conﬁrms the
experimental observations of the PFY onset shift to lower
energies as well as an increase of 10Dq in the LMCT state.
Notably, our results are also fully compatible with previous
interpretations of steady-state and time-resolved IR-spectroscopy. Shifts of the intraligand IR-stretch frequencies have been
shown to typically accompany changes in covalency. This
correlation has been established by steady-state IR and

Figure 3. (a) Charge density diﬀerences (CDDs) of the LMCT state
and ferrocyanide taken with respect to ferricyanide. To isolate ligandhole eﬀects, the CDD of the LMCT state with respect to ferrocyanide
is additionally shown. All diﬀerences are calculated at the CASPT2
level within the optimized geometry of ferricyanide. (b) Orbitals
containing the hole are shown for ferricyanide and the LMCT state.
The corresponding active (fully ﬁlled) orbitals of ferrocyanide are
displayed in addition. (c) Literature values of the CN-stretch
frequencies13,25 as a function of the calculated average C−N bond
order.

in ferricyanide (t2g) and the LMCT state (Lt1u) are displayed
in Figure 3b along with the corresponding (fully ﬁlled) orbitals
of ferrocyanide. The CDDs are calculated for the optimized
structure of ferricyanide, which exhibits a small Jahn−Teller
distortion due to the open t2g-shell24,28 that leads to the
symmetry-reduced (D4h) behavior of the individual orbitals.
The CDDs clearly conﬁrm the local similarities between
ferrocyanide and the LMCT state as experimentally observed
from Fe L-edge RIXS. With ferricyanide as a reference (Figure
3a, left and middle), ferrocyanide and the LMCT state both
exhibit a distinct increase in charge at the metal center in a
shape that resembles the t2g orbital, hence directly resulting
from its increased occupation (Figure 3b). Both species
additionally exhibit a decrease in charge even closer to the
metal center, which in an indirect manner also results from the
increased t2g occupation. The reduced electron repulsion
between metal 3d and ligand electron density in ferricyanide
allows for stronger electron donation than in ferrocyanide.6,15
The same appears to hold in the LMCT state. A quantiﬁcation
of the metal−ligand covalencies is found in Table 1, where the
Fe 3d contents of the Leg and Lt2g
* orbitals are presented as
3541
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conﬁrmed by X-ray absorption and RIXS measurements upon
comparison of metal cyanides in diﬀerent oxidation
states.6,13,15 Figure 3c shows literature values of the IR-stretch
frequencies of ferricyanide, the LMCT state, and ferrocyanide13,25 as a function of the C−N bond order obtained from
our CASPT2 calculations. The bond orders averaged over all
ligands scale linearly with the IR-stretch frequencies, thereby
accurately reproducing the continuous blue-shift in the order
ferrocyanide, LMCT state, and ferricyanide. This agreement
therefore conﬁrms the accuracy with which our electronic
structure calculations describe the bonding within all three
species. While the IR blue-shift of ferricyanide with respect to
both other species is then well-explained by the smaller π-backdonation into the C−N antibonding Lt2g
* orbitals, the
diﬀerence between ferrocyanide and the LMCT state must,
because of their similar π-back-donation, instead result from
the ligand-hole. However, it is diﬃcult to break down and
attribute the diﬀerence to changes in single orbitals with
respect to their character and occupation. Further rationalization of the C−N bonding is therefore better left for studies
with a ligand- rather than metal-centric probe.
In summary, the current work demonstrates that fs RIXS can
be applied to derive a detailed metal-centric characterization of
transient charge distributions in photoexcited TM complexes
in terms of orbital occupation and metal−ligand covalency.
Speciﬁcally, by studying the LMCT state of ferricyanide we
ﬁnd that π-back-donation is primarily determined by the metal
site occupation, whereas σ-donation is inﬂuenced by the
presence of the ligand-hole, a conclusion that underscores the
value of steady-state concepts for interpreting the properties of
electronic-excited states. The two eﬀects are experimentally
disentangled by comparison to steady-state measurements of
ferrocyanide but are also fully corroborated by comparison to
quantum chemical calculations. We therefore believe that the
access to the transient charge distribution provided by timeresolved L-edge RIXS will be generally applicable to a wide
range of chemical reactions involving TM complexes. As
electronic charge and its deﬁciency are drivers of chemical
reactivity, detailed insight into the transient electronic
structure of the catalytic center can aid in understanding and
tailoring chemical properties of photoactivated TM complexes.
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Fingerprints of Electronic, Spin and Structural Dynamics from
Resonant Inelastic Soft X-ray Scattering in Transient Photo-Chemical
Species. Phys. Chem. Chem. Phys. 2018, 20, 7243−7253.
(29) Godehusen, K.; Richter, T.; Zimmermann, P.; Wernet, P. Iron
L-Edge Absorption Spectroscopy of Iron Pentacarbonyl and
Ferrocene in the Gas Phase. J. Phys. Chem. A 2017, 121, 66−72.
(30) Roos, B. O.; Taylor, P. R.; Sigbahn, P. E. A Complete Active
Space SCF Method (CASSCF) Using a Density Matrix Formulated
Super-CI Approach. Chem. Phys. 1980, 48, 157−173.
(31) Andersson, K.; Malmqvist, P.-Å.; Roos, B. O. Second-Order
Perturbation Theory with a Complete Active Space Self-Consistent
Field Reference Function. J. Chem. Phys. 1992, 96, 1218−1226.
(32) Aquilante, F.; Autschbach, J.; Carlson, R. K.; Chibotaru, L. F.;
Delcey, M. G.; De Vico, L.; Fdez. Galván, I.; Ferré, N.; Frutos, L. M.;
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