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Abstract: Covalency is found to even out charge separation
after photo-oxidation of the metal center in the metal-to-ligand
charge-transfer state of an iron photosensitizer. The o-donation
ability of the ligands compensates for the loss of iron 3d
electronic charge, thereby upholding the initial metal charge
density and preserving the local noble-gas configuration. These
findings are enabled through element-specific and orbital-
selective time-resolved X-ray absorption spectroscopy at the
iron L-edge. Thus, valence orbital populations around the
central metal are directly accessible. In conjunction with
density functional theory we conclude that the picture of
a localized charge-separation is inadequate. However, the
unpaired spin density provides a suitable representation of the
electron—hole pair associated with the electron-transfer process.

Creating electron-hole pairs via the absorption of visible
light is the basic principle underlying all photo-voltaic
applications. In dye-sensitized solar cells, charge carriers are
often generated by transition-metal complexes, where the
absorption of visible light populates metal-to-ligand charge-
transfer (MLCT) states. As a result of their superior MLCT
lifetimes, Ru" complexes have been implemented in the most
prominent realization, the Gritzel cell.™ For widespread
commercial application however, complexes based on more
abundant metals are needed. Tremendous efforts are thus
being directed towards improving the photochemical proper-
ties of Fe" complexes whose low-lying metal-centered (MC)
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states usually facilitate femtosecond relaxation of the initially
populated MLCT states.”™ Employing strong o-donating
ligands to sufficiently destabilize MC states has proven
a successful approach to inhibit ultrafast relaxation channels
and push Fe' MLCT lifetimes into the picosecond domain.[*!

While the excited-state potential energy landscape of Fe'
complexes can now be routinely tailored, we still lack
a fundamental understanding of the valence electronic
structure of charge-transfer states as the starting point of
interfacial charge injection. They are commonly described by
a locally oxidized/reduced metal site,” !l but the quantitative
implications on charge and spin distributions are rather
elusive. This is in particular the case in the light of quantum
chemical simulations suggesting that oxidizing the transition
metal center, that is, reducing the 3d electron count, does not
strongly influence its local electronic charge.'">'*l Reconciling
these observations with the demonstrated interfacial charge
injection from MLCT states of Fe-based dyes!'"*'%is therefore
not only important in terms of a fundamental chemical
understanding but also for the further development of low-
cost and high-efficiency light-harvesting applications.

Herein, we show that the formation of a MLCT state in
a Fe"' complex is only accompanied by a minor separation of
electronic charge, as the depopulation of metal-centered
orbitals can be efficiently compensated for by the strong
metal-ligand covalency. We establish this general mechanism
by studying the valence electronic structure of the *MLCT
state of the complex [Fe(bpy)(CN),]*" using time-resolved X-
ray absorption spectroscopy (XAS) at the Fe L-edge. The
underlying 2p—3d excitation locally probes the density of
unoccupied states around the metal center and is thereby
sensitive to metal-ligand covalency,"”"! the metal oxidation
state!™! and local charge distribution.*??! Applied within an
optical-pump X-ray-probe scheme, the method extends its
sensitivity to valence-excited states by directly monitoring
optically induced changes in the occupation of 3d-derived
orbitals.”®! By combining time-resolved L-edge XAS with
density functional theory (DFT) we can therefore provide
a detailed analysis of the *MLCT valence electronic structure
and relate the photo-induced spectral changes to variations in
local charge and spin densities.

Figure 1a shows the nuclear geometry of [Fe(bpy)-
(CN),J*~ with its four cyanide (CN~) and one 2-2'-bipyridine
(bpy) ligand, thereby constituting a Fe"" closed-shell singlet
within pseudo-octahedral symmetry. A strong solvatochrom-
ism is associated with the complex (see Figure 1b), that
changes Fe(t,,)—bpy(w*) MLCT excitation energies as
a function of the solvent environment. The high Lewis acidity
of water withdraws electron density from the CN™ ligands
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Figure 1. a) Nuclear geometry and b) optical absorption spectra of
[Fe(bpy) (CN),J*~ in water and DMSO. c) Transient L;-edge absorption
spectrum of [Fe(bpy) (CN),]*~ in DMSO compared to the ground state
spectrum. d) Delay traces measured at the energies marked in the
transient spectrum yielding a *MLCT lifetime of (17 42) ps.

which is compensated for by a concomitant increase in -
back-donation. This has a stabilizing effect on the electronic
ground state and therefore increases MLCT excitation
energies.”! Gaffney and co-workers determined the lowest
MLCT state of [Fe(bpy)(CN),]*” in water to be energetically
above metal-centered states.” Spin crossover from the
initially photo-excited '"MLCT to the *MLCT state therefore
mediates femtosecond relaxation to a *MC state. In DMSO on
the other hand, the stabilization of MLCT excitation energies
results in the *MLCT state being the lowest valence-excited
state exhibiting an extended lifetime of 19 ps.®

Figure 1c shows the transient L;-edge absorption differ-
ence spectrum of [Fe(bpy)(CN),]*~ in DMSO compared to its
steady-state ground state spectrum (see Supporting Informa-
tion for experimental details and measurements in water).
The ground state is characterized by two major features
corresponding to Fe 2p—3d (e,) (708.7 ¢V) and Fe 2p—CN"
(2m*) (711.3 eV) excitations.’!! The small intensity at about
705.5 eV is most likely due to minor impurities resulting from
the sample preparation. The transient difference spectrum
exhibits two depletion features (negative intensities) that
result from a reduced absorption of the depopulated elec-
tronic ground state. Additionally, a new resonance can be
observed at energies below the first depletion as well as a shift
of the main edge to higher energies (see positive intensity at
about 710eV). These features are similar to previously
observed transient L-edge absorption signatures of [Ru-
(bpy)s]*"®! and, on the picosecond timescales probed within
this study, can therefore be expected to correspond to the
occurrence of the *MLCT state.”! This assignment can be
further substantiated by studying the relaxation dynamics
presented in Figure 1d. The delay traces are acquired at
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energies roughly corresponding to the spectral minimum and
maximum. The decay of excited-state intensity as well as the
ground-state recovery can be modeled with a single-expo-
nential function. The fit yields a lifetime of (17 4-2) ps, which
is in excellent agreement with the previously reported 19 ps
lifetime of the *MLCT state.*!

As the *MLCT state of [Fe(bpy)(CN),]*” in DMSO is the
lowest state in energy within the triplet manifold, its
electronic structure can be accessed with ground-state
theories, such as DFT. This allows the ground and excited-
state L-edge absorption to be modelled using the restricted
open-shell configuration interaction singles (ROCIS)
method®” (see Supporting Information). DFT/ROCIS
employs a slightly parametrized formulation of the config-
uration interaction problem based on a DFT reference, thus
being able to explicitly treat multiplet effects while also
implicitly accounting for dynamic electron correlation. The
simulated difference spectrum is shown in Figure 2a. It is
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Figure 2. a) Transient L;-edge absorption spectrum of the *MLCT state
of [Fe(bpy) (CN).J*~ and spectrum simulations based on DFT/ROCIS.
b) Simulated transitions and convoluted spectra of the ground state
(GS), the *MLCT state as well as the fully oxidized [Fe(bpy) (CN),]'~
(denoted as Fe').

generated as the difference between the unnormalized
MLCT and ground-state spectra. The difference is then
normalized to the maximum depletion of the experimental
spectrum from Figure 1 c, which is shown for comparison. The
simulation exhibits good agreement with the experiment and
reproduces all experimentally detected features. The individ-
ual spectra of the ground and *MLCT state are shown in
Figure 2b. For comparison, the spectrum of the fully oxidized
[Fe"(bpy)(CN),]'" is additionally displayed. The ground state
spectrum is normalized to its maximum. The *MLCT and Fe™
spectra are scaled accordingly. When analyzing the individual
transitions, the additional pre-edge feature at 706.3 eV
appearing for the *MLCT state and the Fe™ species can be
assigned to be of Fe 2p—t,, character. Within the orbital
approximation, the arising pre-edge in the experimental
difference spectrum therefore directly probes the depopula-
tion of the formerly fully filled t,, orbitals. The calculation
further confirms the experimentally observed shift of the
main edge (denoted as e,) to higher energies for the "MLCT
state. The shift is accompanied by a broadening caused by an
increase in multiplet features due to the loss of a t,, electron
and thus an increase of unpaired 3d spins in the core-excited
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state. Again, an almost identical behavior can be observed for
the Fe'" species. The shift of 2.7 eV in both species is however
slightly bigger than what is typically observed when compar-
ing Fe'' and Fe™" complexes.""*2%! We suspect this is due to
the incomplete description of the multiplet structure by the
DFT/ROCIS method resulting in an overestimation of the
energy of the main edge maximum, as has previously been
observed for the similar case of [Fe(tacn),]*".”” Lastly,
a reduced Fe 2p—CN~ (27*) excitation can be observed for
the *MLCT state. As a result of the character of the involved
orbitals, the excitation has previously been identified as
a probe of m-back-donation.!"®!! The decrease of the feature
in the *MLCT state therefore also reflects the reduced thy
occupation and thus provides more evidence for the local Fe™
character of the MLCT state. The calculation, however,
consistently overestimates the energy of the excitations (see
Supplementary Information). Such difficulties of correctly
reproducing the energy of L-edge transitions involving ligand-
centered orbitals have also been observed in ab initio
restricted active space simulations of Fe'' and Fe" hexacya-
nides.”%%]

Having identified the photo-induced local oxidation of the
metal center in the "MLCT state, its quantitative relation to
the charge and spin density distributions can be investigated.
They are displayed as differences between *MLCT and
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Figure 3. a) Charge and b) spin density differences between the *MLCT

and ground state of [Fe(bpy) (CN),]*~ plotted at an isovalue of 0.005.
c) Ground-state charge density of [Fe(bpy) (CN),]*" as a function of the
radius around the Fe center. d) Spin density difference, as well as

e) the integrated spin density difference showing the occurrence of

a single spin in the M shell and another single spin distributed over
the ligands. f) Charge density difference showing the loss and gain of
electronic charge distributed over the whole molecule. g) Integrated
charge density difference yielding a loss of 10% of an electronic
charge e at the Fe center.
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ground state in Figure 3a,b for the Franck-Condon (FC)
region to analyze variations of spin and charge densities
independent of structural influences. The validity of this
approach can be motivated by the insubstantial structural
changes in the *MLCT state, which are also reflected in the
similarity of the calculated spectra for the FC region and the
optimized *MLCT structure (see Supporting Information).
Such small structural responses have also been observed for
SMLCT states in other Fe''”! as well as Ru'" photosensitiz-
ers.[2l

At first sight, the charge and spin density differences in
Figure 3a,b confirm an intuitive perception of a charge-
transfer state. As expected from the nominal Fe(t,,)—
bpy (;t*) MLCT excitation character and in agreement with
the L-edge XAS measurements, charge density decreases at
the metal center in the shape of a t,,-like orbital, while it is
increased as delocalized 7 density on the bpy ligand (compare
Figure 3a). Similarly, spin density appears at the metal center
as well as spread out over the ligand corresponding to the two
unpaired spins of the *MLCT state (compare Figure 3b).
However, in particular the charge density difference in
Figure 3a exhibits additional features that require a more
detailed analysis of quantitative charge and spin density
changes resulting from the optical excitation.

For that purpose, we turn to Figure 3¢, where the ground
state charge density is plotted as a radial distribution around
the Fe center in analogy to work by Johansson et al.'? and
Kubin et al.'¥ The charge density is calculated as the sum of
spin-up and spin-down electronic charges e within a radial
interval. For small radii below 1 A, the plot shows the Fe K, L,
and M shell, while charge density beyond 1 A can be assigned
to the different ligands. The vertical line at about 1 A marks
half the average distance between the Fe center and its
nearest neighbors and can be used to distinguish metal from
ligand charge density in agreement with the valley in electron
density between the metal M shell and the ligands.

With the ground state charge density in Figure 3¢
providing spatial orientation, we turn to the spin density
difference between *MLCT and ground state shown in
Figure 3d. In the closed-shell singlet ground state, no
unpaired spins are present and the spin density is zero at all
points in space. The spin density difference between the
*MLCT and the ground state is therefore calculated as the
difference between spin-up and spin-down electrons of the
*MLCT state. If compared to Figure 3¢, spin density can be
identified to appear in the Fe M shell as well as distributed
over the ligands. When radially integrated as displayed in
Figure 3 e, this amounts to one spin at the metal and another
spin at up to around 6 A. The MLCT state therefore creates
two spatially separated spins in agreement with the traditional
way of charge-transfer state identification”-® based on for
example, Mulliken spin analysis.®”

The charge density difference between *MLCT and
ground state is displayed in Figure 3 f. The charge density
indeed decreases in the Fe M shell and increases on the ligand
at 21 A and 5A, as expected for a charge-transfer state.
However, significant loss of charge can also be seen at around
1.6 A and 3.2 A. When integrated along the radius until 1 A
(compare Figure 3g), only an effective charge loss of 10 % of
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a full electronic charge e can be observed at the Fe center.
This small change can be rationalized by compensating effects
resulting from changes in metal-ligand covalency concomitant
to the changes in orbital population. When comparing Fe"
and Fe™ complexes within the same high-field ligand cage, the
removal of a metal electron reduces Coulomb repulsion
between metal and ligand. This facilitates an increase in o-
donation as has been indicated by different spectroscopies
across a wide energy range.'®'%2 A similar effect can be
observed in our case. In Figure 3 a, it can be seen how the loss
of mt-shaped charge density from the Fe t,, orbital is counter-
balanced by an increase in o-donation from the N atoms of
the bpy as well as the to a smaller extend from the C atoms of
the CN™ ligands. At the N sites of the bpy ligand, this results in
a charge decrease with o character that explains the loss of
charge density at 1.6 A and 3.2 A (see Figure 3 f).

With an effective loss of only 10% of a metal electronic
charge as a result of the formation of the *MLCT state, the
observed redistribution of electron density compensates for
a large fraction of the charge of the transferred Fe 3d
electron. This is similar to observations by Johansson et al.
for the case of Fe'' and Fe'" haem a.'"” It indicates that the
metal center strives to uphold its noble-gas-like configuration
in terms of absolute electronic charge density, even if a metal-
derived t,, orbital is depopulated. The small loss of metal
charge is in contrast to the character nominally associated
with MLCT states. Yet it appears to be characteristic for
transition-metal dyes employing strong o-donors, such as N-
heterocyclic carbenes, cyanide, and polypyridyl ligands. The
separation of electronic charge in "MLCT states can therefore
not be considered a criterion with which feasibility or even
efficiency of interfacial charge-injection from transition-
metal dyes can be described, as the absence of charge
separation in [Fe(bpy)(CN),]*~ does not inhibit its use for
semiconductor sensitization."*'”! The unpaired spin density
residing at the ligand on the other hand provides a suitable
picture of electron localization at peripheral parts of the dye
necessary for interfacial charge injection. When following
intra-molecular and interfacial transfer processes, the spin can
therefore be considered the more appropriate quantity for
spatially describing the electron.

Similar studies employing time-resolved L-edge XAS at
the transition-metal center could be envisioned that shed light
on the origin of the poor performance of Fe'' photosensitizers
in terms of electron-hole recombination’® in comparison to
Ru" complexes. Owing to the spatial extent of their 4d shell
Ru" complexes are generally more covalent than their Fe™
counterparts.” The compensating effects following an
MLCT excitation revealed herein can therefore be expected
to be even more efficient, as indicated by previous Ru L-edge
measurements.”® This has possible consequences for the
recombination probability of the system. Investigations under
in operando conditions®*! could aim at following the full
oxidation and recombination cycle at a dye-semiconductor
interface. With L-edge spectroscopy providing local orbital
selectivity, these types of studies will provide a better
mechanistic understanding of how charge and spin densities
mediate electron transfer in molecular electronic devices.
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