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Abstract: We report high-valent iron complexes, supported by N-
heterocyclic carbene (NHC)-anchored, bis-phenolate pincer ligands
that undergo ligand-to-metal charge transfer (LMCT) upon
photoexcitation. The resulting excited states — with a lifetime in the
pico-second range — feature a ligand-based mixed-valence system
and intense intervalence charge transfer bands in the near-infrared
(NIR) region. Upon oxidation of the complex, corresponding
intervalence charge transfer (IVCT) absorptions are also observed in
the ground state. We suggest that the spectroscopic hallmarks of
such LMCT states provide useful tools to decipher excited state decay
mechanisms in high-valent NHC complexes. Our observations further
indicate that NHC-anchored, bis-phenolate pincer ligands are not
sufficiently strong donors to prevent the population of excited metal-
centered (MC) states in high-valent iron complexes.

Introduction

The discovery of energy conversion schemes that are not only
efficient and robust, but also cheap, environmentally friendly, and
sustainable, is a main target of molecular chemical research. The
current state-of-the-art to convert sunlight into electricity or fuels
largely makes use of the 4d and 5d transition metals, which are
typically more toxic, expensive, and scarce than their first-row
congeners.  Apart from the well-established use of the
lanthanides, this resulted in the exploration of V123 Cr =61 Mn 7]
Fe 12 Co,1*% Cult4-18l and zr'™l as well as s-block complexes
118.19] for the application as emitters?>24 or components in solar
cells.?24 Amongst the 3d metals mentioned above, iron is

particularly attractive due to its abundance, environmental
friendliness and low toxicity. Recently, significant progress
regarding the prolongation of excited state lifetimes allowed some
iron chromophores to compete with model ruthenium or osmium
chromophores.[?>-28l

One of the leading strategies for the design of iron-based
chromophores is the use of strong donor ligands.?® The resulting
large ligand-field splitting destabilizes metal-centered (MC)
excited states, whose population is generally detrimental due to
their short lifetimes.[*? Further, strongly donating ligands, such as
N-heterocyclic carbenes (NHCs), are particularly relevant in
stabilizing high-valent metal oxidation states, such as iron in
oxidation states +IV,1-33 +V 34 and +VI,® including air- and
moisture stable Fe(V) complexes.®® In consequence, long-lived
ligand-to-metal charge transfer (LMCT) states can be obtained in
iron-NHC complexes. In fact, many of the most appealing
chromophores are based on earth-abundant transition metal
complexes and involve high-valent metal ions and LMCT excited
states, and some examples of LMCT emitters have been
documented.[*3371 This contrasts with traditional ruthenium and
osmium chromophores, combining metal(ll) ions with r-acceptor
ligands, leading typically to MLCT excited states. While MLCT
excited states have extensively been reported, information on
LMCT excited state dynamics and reactivity remains relatively
scarce. It is important to note that the reversal of the charge
transfer direction implies a spin-allowed 2LMCT - 2GS decay in
iron()  LMCT  chromophores,®?  while typical MLCT
chromophores are characterized by a spin-forbidden
SMLCT - !GS decay. Nevertheless, this scheme may change
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depending on ligand and oxidation state and, evidently, the ion’s
spin state.

Consequently, we sought to study the excited state dynamics of
a carbene-phenolate iron complex, which we had reported in 2020
(Figure 1).B8 We had isolated this [Fe(\"°OCO)2] complex in
three isostructural redox states, namely [Fe"(OCO).]- (1)
[FeV(OCO)2] (2) and [FeV(OCO)2]" (3), which thus serves as an
ideal example to study the effect of the metal’s redox state as well
as ligand-non-innocence.
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Figure 1. Left: Drawing of the NHC-anchored, dianionic OCO pincer ligand (top)
and schematic representation of the iron NHC/bis-phenolate complexes
discussed herein (bottom). Right: Solid-state molecular representation of 1 in

crystals of [K(18¢6)(THF)2][Fe(N\"COCO)2)]-1.5 THF.8 H atoms, the counter ion,

and co-crystallized solvent molecules are omitted for clarity; thermal ellipsoids
are shown at the 50% probability level.

Results and Discussion

None of the iron complexes showed room temperature
luminescence in toluene or dichloromethane solutions under 300—
700 nm light excitation. This is indicative for a fast deactivation of
the excited states, thus requiring ultrafast, time-resolved methods
to understand their photophysical properties.

Femto-Second Transient Absorption Spectrosco fsTAS
of 1. We started with fsTAS experiments of 1 using 20000 cm™
(500 nm) excitation at room temperature in toluene (Figures 2 and
S1, and Table S1; see Figures S2-S6 for excitation at 26800
cm™). Figure S1 shows the differential spectra at selected time
delays, and the inverted ground state absorption as a reference.
Ground state bleachings around 20000 cm™ dominate the
differential spectra at short time delays, which are accompanied
by an NIR photoinduced absorption that peaks below 7000 cm™.
Target analysis reveals two exponential processes, with lifetimes
of 0.2 and 7.0 ps (Figure 2). The first excited state includes a
minimum at 20000 cm™ and positive signals in the NIR with a
maximum below 8000 cm™. In the second excited state,
photoinduced absorptions are centered at 15000 cm™ and the
NIR range of the spectrum is silent.

Band Assignment in Transient Spectra of 1. Time absorption
changes in the NIR region during the first picosecond (Figure 2,

top right panel) indicate a drastic change in the electronic
configuration. We ascribe the NIR photoinduced absorptions in
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the first excited state to photo-induced intervalence charge
transfer (PIIVCT) bands,*#9 involving the {(OCO~)(OCO%*)}
mixed valence core. This band in 1* originates from a
{Fe"(OCO~)(OCO?)} electronic configuration, and is the excited
state equivalent to the ground state IVCT band“**? (GSIVCT)
observed at 8900 cm~ in 3 with a {Fe'V(OCO~)(OCO%)} electronic
configuration (vide infra).*® In these systems, ligand-centered
IVCT interactions between (OCO-) and (OCO?) are probably
supported by a superexchange mechanism. Thus, the iron ion
can be understood as a bridge that promotes electronic coupling
between the redox-active ligands.* This is consistent with slight
energy differences between PIIVCT (< 8000 cm) and GSIVCT
(8900 cm!), both mediated by iron ions, yet in different oxidation
states. Furthermore, since the formation of a {(OCO~)(OCO?)}
mixed valence core requires a LMCT transition in 1, the PIIVCT
band is a spectroscopic hallmark of the 2LMCT state.

The absence of any NIR photoinduced absorptions in the second
excited state suggests the absence of mixed valency. Therefore,
LMCT character seems unlikely for this excited state, which must
be rather MC. Indeed, quartet and sextet MC excited states were
calculated to lie 0.3—0.4 eV above the ground state in 1 (vide infra),
supporting our assignment as a “MC state.®®  These
observations imply that the (OCO) ligand framework is, on the
contrary to borate-anchored all-carbene ligands, as in
[Fe"(PhB(ImM®)3)2]*, 1281 not a sufficiently strong donor to prevent
the population of excited MC states in the +lll redox state of iron.
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Figure 2. Differential absorption 3D map obtained from fsTAS with 20000 cm™*
(500 nm) excitation of 1 in toluene at room temperature (top left). Species
associated differential spectra of 2LMCT and “®MC (bottom left). Differential
absorption kinetic traces at 21100, 18300 and 7100 cm™ (top right), and relative
populations of 2LMCT and #®MC (bottom right). IRF: Instrument Response
Function.

Eemto-Second Transient Absorption Spectroscopy of 2.
Next, we studied the fsTAS of 2, using 26800 cm™ (387 nm)
excitation in toluene at room temperature (Figures 3 and S7; see
Figures S8-S12 and Table S1 for the 20000 or 14400 cm™
excitations, which afforded consistent results). Figure S7 shows
the differential spectra at selected time delays, and the inverted
ground state absorption as a reference. Upon photon absorption,
positive signals at 18000 cm™ and below 10000 cm™ appear,
together with ground state bleachings at 20000 and 14900 cm™.
In the first ten picoseconds, the NIR signal shifts to higher
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energies, while the rest of the differential spectrum decays without
significant changes. Differential spectra at long time delays are
governed by solvent related signals (Figure S6 and S13). The
kinetic traces at 21100, 18300 and 7100 cm™ (Figure 3, top right
panel) suggest that two exponential processes and an infinite
offset are required to fit the data. Indeed, target analysis reveals
two exponential processes with lifetimes of 1.0 and 11.8 ps (Fig.
3, bottom left; Table S1). The applied fiting model considers two
parallel pathways: First, the infinite component corresponding to
the background signal of the solvent, and, second, two excited
states of 2 that decay sequentially (Figure 3, bottom right panel).

Band Assignment in Transient Spectra of 2. The differential
spectrum associated with the first excited state shows positive
signals between 17000 and 19000 cm™ as well as in the NIR
region at 8000 cm™, together with ground state bleachings at
20000 and 14900 cm™. The intense NIR signals are ascribed to
PIIVCT transitions within a {{OCO~)(OCO?%)} mixed valent ligand
system. Moreover, the differential spectral profile of 2* from
fsTAS is remarkably similar to the combination of the differential
reductive (Fe(lV) - Fe(lll)) and differential oxidative
(OCO?* - OCO") spectra (Figure 4). These are obtained by
subtracting the ground state absorptions of 1 minus the
absorptions of 2 to mimic reduction, and subtracting absorptions
of 3 minus absorptions of 2 to mimic oxidation (Figure 4). In detalil,
a positive signal around 18000 cm™ is expected for a transition
relating to an Fe(lV) — Fe(lll) reduction, whereas a positive signal
around 8600 cm™ appears due to OCO?* — OCO~ oxidation.
Consequently, we understand this state as a vibrationally hot
{Fe"(OCO")(0OCO%)} ligand-to-metal charge transfer (hot-3LMCT
state; Figure 3).
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Figure 3. Differential absorption 3D map obtained from fsTAS with 26800 cm™
(387 nm) excitation of 2 in toluene at room temperature (top left). Species
associated differential spectra of hot-*LMCT, SLMCT and the solvent
component (bottom left). Differential absorption kinetic traces at 21100, 18300
and 7100 cm™ (top right), and relative populations of hot-*LMCT, 3LMCT and
the solvent component (bottom right).

hot-*LMCT decays within 1.0 ps to a second excited state, whose
differential spectrum is similar, yet with the NIR band shifted to
higher energy around 11000 cm™ and with reduced intensity.
Thus, it is also assigned as a {Fe'"(OCO")(OCO?%)} 3LMCT state
(Figure 3). The energy shift of the PIIVCT band in the excited
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decay cascade of 2* is larger than 3000 cm™, which is too large
to be due only to vibrational cooling within a single potential
energy surface minimum. Accordingly, we believe that this
process represents a vibrational relaxation with a concomitant
change in the electronic configuration within the SLMCT manifold,
where the excited electron occupies different orbitals of the
transient Fe(lll) ion. Decay to the ground state occurs within 11.8
ps, which is consistent with the absence of room temperature
luminescence. Arguably, this is a consequence of intersystem
crossing to MC excited states associated with the octahedral T>
or °E states, whose lifetimes are shorter than their feeding
processes; thus, preventing enough population to be detectable.
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Figure 4. Left: Differential spectra upon metal-centered reduction (black) and
ligand-based oxidation (red), and their additive combination (blue). Right:
Reconstructed differential spectrum of the LMCT state (blue) and differential
spectrum of 2* from fsTAS (black).

Femto-Second Transient Absorption Spectroscopy of 3.
Finally, we turned our attention to the fsTAS of 3, using 26800
cm™ excitation at room temperature (Fig. 5, top left; Fig. S14).
Due to the low solubility of the cationic complex in toluene, we
chose THF as a solvent. Besides ground state bleachings at
15000 and 9000 cm™, a photoinduced absorption at 18000 cm™
is observed. The signals decay to zero within tens of picoseconds.
The kinetic traces at 21000, 18300 and 7100 cm™ suggest the
evolution of two exponential processes (Figure 5, top right panel).
Similar to 2, target analysis of the data of 3 reveals the presence
of two excited states, with lifetimes of 0.7 and 10.2 ps,
respectively.

Band Assignment in Transient Spectra of 3. The associated
differential spectra, which are remarkably similar one to the other,
are shown at the bottom, left, in Figure 5. Intriguingly, they also
are very similar in the visible range to the differential spectra
recorded for 2, whereas differences in the NIR are discernible.
These observations are interpreted by population of ‘LMCT states
for 3*, where the remaining OCO?" ligand has also transferred an
electron to the iron(IV). Hence, these excited states can be
understood as an {Fe"(OCO")z} electronic configuration, and are
the one electron oxidized analogs of {Fe"(OCO~)(OCO*)} in 2*.
This is supported by a positive signal at 18000 cm™, indicating a
transient Fe(lll) population. Since the (OCO") ligand moieties in
the “LMCT state do not share a mixed valence redox state, the
ground state IVCT absorption of 3 bleaches in the NIR differential
spectrum of the *LMCT state. Independent fSTAS experiments
on 3, using 20000 or 14400 cm™ excitation, afford similar results
(Figures S15-S19, Table S1). Notably, although the oxidation
state of the iron ion in the ground state of 3 is challenging to
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assess — intrinsically linked to a high degree of covalency — fSTAS
reveals that, in the excited state, it unambiguously behaves as an
iron(IV) complex with populated, transient iron(lll) LMCT states.
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Figure 5. Differential absorption 3D map obtained from fsTAS with 26800 cm™
(387 nm) excitation of 3 in THF at room temperature (top left). Species
associated differential spectra of hot-“LMCT and “LMCT. Differential
absorption kinetic traces at 21100, 18300 and 7100 cm™ (top right), and relative
populations of hot-*LMCT and “LMCT.

Discussion of Jablonski Diagrams

The Jablonski diagram in Figure 6 summarizes our observations
(see the Supporting Information for further details). The excited
state dynamics of both iron(IV) species 2 and 3 are not
significantly influenced by ligand-centered oxidation. In both
cases, LMCT lifetimes are similar to those found in the only
documented iron(IV) complex to the best of our knowledge
hitherto studied in this context, which refers to the strong tris-
carbene donor chelate, namely phenyl[tris(3-methylimidazol-1-
ylidene)]borate (PhB(ImM®)3)~[*4 This illustrates the difficulties in
destabilizing MC states in iron(IV) complexes.

Noteworthy, classic MLCT chromophores do not exhibit
particularly active NIR regions in transient absorption
spectroscopy. This is related to the very weak ground-state IVCT
absorptions of their reduced forms. For example, in
[Ru(bpy)z(bpy)]*, the reduced form of [Ru(bpy)s]**, the IVCT
extinction coefficient is around 100 M~ cm™,“5 and therefore the
MLCT excited states of [Ru(bpy)s]?>* are NIR silent. Exceptions
include intra-ligand transitions in complexes of 4,4’-dicarboxy-
functionalized bpy ligands,*®"1 or bimetallic compounds with
significant electronic communication.B%4-50  As far as we are
aware of, there is only one report concerning a weak inter-ligand
PIIVCT within the MLCT manifold of [Os(phen)s]?*.BY In stark
contrast, 3 displays an intense IVCT band in the ground state with
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an extinction coefficient of 8600 M~ cm™2,8 which translates to a
high NIR activity in the LMCT excited states of 1 and 2. We
believe that these differences are rooted in the degree of metal-
ligand covalency. The Fe-O bonds in these high-valent iron
complexes display substantial covalency (cf. Fig. S20-22), which
favors iron-mediated ligand-ligand electronic coupling.®@ This
leads to mixing of ligand-based orbitals and intense IVCT bands.
On the contrary, the covalent character of the Ru-N bonds in
[Ru(bpy)s]?* is low, which results in poor mixing of bpy-based
orbitals and hence weak IVCT bands.

Calculations

In order to further substantiate the complexes’ intricate electronic
structure and excited energy landscape, state averaged
CASSCF/NEVPT2 calculations were performed. In sight of the
size of the molecules as well as the arguably required active
space, these calculations turned out to be challenging. Also,
results from various active spaces, such as CASSCF(12,9) vs.
CASSCF(12,13) vs. CASSCF(12,15), in case of 2, did not afford
consistent results regarding the energetic ordering of the ligand-
and MC states. That said, the computational results are in
agreement with the spectroscopic findings reported herein and in
the previous work: According to CASSCF(13,13)/NEVPT2,
compound 1 is predicted to have a doublet ground state with low-
lying sextet (DES®! = 0.24 eV), quartet- (DE?* = 0.35 eV; DE®? =
0.36 eV) and doublet (DEP! = 0.26 eV; DEP? = 0.27 eV) excited
states. These excited states relate to metal-centered d-d
transitions (Figure S20, Tables S2-S6). Excitation at 500 nm
(2.48 eV) is likely to give either DEP® = 2.16 eV or DEP4P5 =219
eV, which are also MC states without mixed-valency of the ligand.
The triplet ground state in 2 is heavily multiconfigurational
according to CASSCF(12,9) calculations, yet features a strong
weight (c = 0.22) of the configuration relating to a d “-configured
metal center (Figure S21, Tables S7-S8). Many low-energy
LMCT states are found on the singlet, triplet and quintet potential
energy surfaces. These include the T20 excited state calculated
at1100 cm™ (899 nm, 1.10 eV), which is accessible via an intense
transition (f°¢ = 0.29) from the TO ground state. Eventually, 3 is
predicted to clearly feature oxidized, mixed-valent ligands (Figure
S22, Tables S9-S11). According to CASSCF(9,9)/NEVPT2, the
doublet and quartet ground states are close in energy (DE = 0.1
eV). Again, a plethora of low-energy excited states (e.g., DEP! =
+0.10 eV; DE® = +0.16 eV) is found, which renders the
assignment of transitions challenging. However, excitation at 695
nm may populate the Q3 state (DE?® = +0.30 eV), where the lead
configuration (c = 0.15) is associated with two oxidized ligands,
i.e. an LMCT. The same is true for the Q1 state (DE®? = +0.26
eV; ¢ =0.20).
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Figure 6. Jablonski diagrams and schematic electronic configurations of 1, 2 and 3 with their corresponding LMCT excited states. Designation of MC states and
electronic configurations of iron ions are approximated in octahedral symmetry. Excited states with intervalence charge transfer activity, and orbitals of ligand
centered mixed valency, are highlighted in red. See the Supporting Information for details regarding the designation of the excited states and electronic configurations.

Conclusion

LMCT excited states in an iron complex in three oxidation states
with a mixed phenolate/N-heterocyclic carbene ligand have been
studied using femto-second transient absorption spectroscopy
(fsTAS). All complexes display intense ground state LMCT
absorptions. The iron(lll) complex’ LMCT lifetime is in the sub-
picosecond time scale due to efficient population of low-energy
MC excited states. LMCT lifetimes of iron(IV) species are longer,
thus emphasizing the importance of covalency, yet still too short
for bimolecular or long-range photoinduced reactivity. These
observations indicate that carbene-anchored bis-phenolate pincer
ligand scaffolds are not sufficiently strong donors to prevent the
population of MC states in high-valent iron complexes, which are
responsible for fast non-radiative deactivation. Whereas
CASSCF/NEVPT2 calculations struggle to accurately reproduce

the spectroscopic findings, they are in general agreement with the
previous experimentsi®® and the spectroscopic results reported
herein. We thus propose PIIVCT bands, which occur in an energy
range that is usually silent, as a general and convenient fingerprint
in inorganic photochemistry with LMCT chromophores.

Experimental Section

1, 2 and 3 were prepared following a reported procedure.l* UV-visible
spectra were recorded with an AvaSpec 2048 spectrometer. Emission
spectroscopy was performed on a Fluoromax 3 spectrometer from Horiba
Yovin Yvon. Ultrafast transient absorption experiments were conducted
using an amplified Ti:sapphire fs laser system (Clark MXR CPA2101 and
2110, 1kHz, FWHM = 150 fs, A®*¢ =387, 500 and 695 nm, 300-700 nJ per
pulse) with TA pump / probe Helios detection system from Ultrafast
Systems. White light was generated focusing a fraction of the fundamental
775 nm output onto a 2 mm sapphire disk (~430-760 nm) or a 1 cm
sapphire disk (~800-1600 nm). A magic angle configuration between the
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pump and the probe beams was employed to avoid rotational dynamics.
Excitation pulses were generated by frequency doubling or a NOPA.
Bandpass filters with £ 5 or + 10 nm were used to ensure low spectral width
and to exclude 775 nm photons. Typical excitation spot areas are around
500 mm and ensured to be larger than those of the probe beam. All
measurements were conducted in a 2 mm quartz cuvette under argon
atmosphere and continuous magnetic stirring, using solutions with
absorbances of 0.5-0.7. Omitted regions of the experimental spectra are
due to scattering of residual 775 nm and pump wavelength photons. To
analyze transient absorption data, we used a suggested procedure.[53 We
start with SVD and global analysis, using an all-sequential decay model
that provides evolution associated spectra of potentially intervening
species, to determine the number of decaying species that participate in
the decay cascade. However, this doesn’t necessary yield differential
spectra with genuine physicochemical meaning. Afterwards, a target
analysis is applied, using specific target models that result in species
associated spectra with true physicochemical meaning. Obtained data
were treated by SVD, global and target analyses using the R- package
TIMP and GloTarAn.[53-5
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