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Ultrafast dynamics of photoinduced charge transfer processes in light-harvesting systems
based on Earth-abundant transition metal complexes are of current interest for the
development of molecular devices for solar energy conversion applications. A
combination of ultrafast spectroscopy and first principles quantum chemical
calculations of a recently synthesized iron carbene complex is used to elucidate the
ultrafast excited state evolution processes in these systems with particular emphasis on
investigating the underlying reasons why these complexes show promise in terms of
significantly extended lifetimes of charge transfer excited states. Together, our results
challenge the traditional excited state landscape for iron-based light harvesting
transition metal complexes through radically different ground and excited state
properties in alternative oxidation states. This includes intriguing indications of rich
band-selective excited state dynamics on ultrafast timescales that are interpreted in
terms of excitation energy dependence for excitations into a manifold of charge-
transfer states. Some implications of the observed excited state properties and
photoinduced dynamics for the utilization of iron carbene complexes for solar energy
conversion applications are finally discussed.

Introduction

Characterization of ultrafast excited-state dynamics is crucial for understanding
and rationally improving the performance of a wide range of emerging solar
energy conversion technologies, including molecular systems for both photovol-
taic and solar fuels applications." Many molecular-based approaches utilize the
favourable photoelectrochemical properties of transition metal complexes
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(TMCs) that have been developed both for light-harvesting and photocatalytic
functions.? TMCs can, in particular, utilize charge-transfer (CT) excited states as
a first step towards generating high-energy CT states. The intrinsic capabilities of
many transition metal complexes to sustain a range of oxidation states also make
them suitable as central components for electrochemical and photo-
electrochemical oxidation and reduction reactions as a key part of many photo-
catalytic reaction schemes.?

Octahedral second and third row transition metal complexes sporting nd®
(with n = 4 or 5) electronic configurations on the metal have maintained a central
role for many light-harvesting and molecular photochemistry applications for
several decades, owing in large part to the large ligand field splitting (LFS) in
which the low-spin nd® electronic ground state configuration is stabilized. This
has yielded many complexes with long-lived high-energy metal-to-ligand charge
transfer (MLCT) excited states that have been widely used for photophysical and
photochemical applications.? This particularly includes the famous family of Ru"
polypyridyl complexes such as Ru(bpy); derivatives used extensively as photo-
sensitizers, e.g. in molecular photovoltaics.*® Other prominent examples of
photoactive d® complexes are based on the third-row species Re', Os", and Pt™
which are also interesting for light-emitting applications.®

It has, however, increasingly been recognized that it is desirable for environ-
mentally friendly and sustainable large-scale solar energy applications to replace
rare and expensive second and third row transition metal complexes with more
Earth-abundant alternatives.”* This has prompted significant interest in devel-
oping first row transition metal complexes with good photophysical and photo-
chemical properties to ideally rival and replace those from the more well-
established second and third row transition metals. This has led to the emer-
gence in recent years of several interesting photoactive first row transition metal
complexes of, for example, copper, chromium, and iron."**® As the lighter and
abundant congener of ruthenium and osmium, iron looks prima facie to be an
obvious candidate to develop photofunctional first row transition metal
complexes. Progress in this direction has, however, until very recently been largely
hampered by poor excited state properties, including a preponderance for
substantial and ultrafast excited state energy losses,'”** with high-energy metal-
to-ligand charge-transfer excited states in iron polypyridyl complexes typically
decaying on a few picoseconds or faster timescale.'>*® This has remained rather
discouraging compared to the abundance of ruthenium polypyridyl complexes
maintaining high excited state energies for hundreds of nanoseconds or longer.”

The photophysics and photochemistry of many first-row transition metal
complexes, including traditional octahedral Fe'" polypyridyl complexes, suffer
severely from an intrinsically weaker ligand field splitting for 3d complexes
compared to their 4d and 5d counter-parts.** Even the favourable 3d° configura-
tion in octahedral Fe" complexes is typically not sufficient to avoid serious
problems with ultrafast deactivation of high energy excited singlet and triplet ~/
*MLCT states to low-energy high-spin (quintet) metal centred (*MC) scavenger
states.”” Complexes with low-energy high-spin MC states are of some considerable
interest in themselves as spin cross-over (SCO) complexes, and they are investi-
gated in the particular context of photoinduced formation as light-induced
excited state spin transition (LIESST) systems.”® This has prompted several
investigations to elucidate the ultrafast dynamics and excited state cascade of
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photoexcited iron complexes.” Recently, this has also been complemented by
ultrafast X-ray spectroscopic investigations capable of probing local structure and
spin dynamics involving the iron centre.**® Experimental progress together with
increasingly advanced quantum chemical calculations and dynamics simulations
have yielded a wealth of valuable insight into the ultrafast early deactivation
dynamics in such complexes.>”"**

In the last five years, a new ligand motif featuring strongly sigma-donating N-
heterocyclic carbenes (NHCs) has been realized synthetically and demonstrated
through a combination of time-resolved optical characterization and calculations
to achieve dramatically improved excited state properties of iron complexes.****
This has provided a promising path for development also of iron-based photo-
sensitizers for a variety of photoinduced electron transfer applications. Initial
synthesis and characterization of octahedral Fe"" complexes with up to four car-
bene ligands yielded excited charge-transfer state lifetimes of up to a few tens of
picoseconds;**¢ significantly longer than the typical ultrafast decay of Fe-
polypyridyl LIESST complexes on a few ps or faster timescale, though still quite
short compared to e.g. many champion Ru'"" photosensitizers. This excited state
lifetime improvement to a few tens of ps excited state lifetimes was sufficient for
a recent proof-of-principle demonstration of efficient photoinduced interfacial
electron injection from an anchored iron carbene photosensitizer to a semi-
conducting TiO,.*”

Another step towards more broadly useful iron-based photosensitizers was
recently achieved through a synthetic design that involved full octahedral coor-
dination using a hexa-carbene motif in a Fe(btz); complex with the chemical
structure shown in Fig. 1. Interestingly, this complex was found to be sufficiently
stable in both oxidation states II and III to allow both ground state absorption
(Fig. 1b) as well as excited state dynamics characterization. Fe"" and Fe™ corre-
spond to 3d® and 3d” electronic configurations or the iron centre, respectively.>®*
The Fe™(btz); complex was first reported in 2017 as a quite rare case of a 3d°
complex exhibiting interesting photophysics, with a record ~100 ps charge-
transfer excited state lifetime involving a >LMCT state as illustrated in Fig. 2.3
Spin-allowed decay to the doublet ground state (*GS) also showed the first
persistent room temperature photoluminescence (PL) in the visible part of the

——[Fe(btz), "

304 [Fe(btz),]*
| Calculated excitations for [Fe(btz)Z]Q'

25  445nm

510 nm

Abs. (norm.)

690 nm

825 nm

nh ‘ ] f

T T
400 500 600 700 800 900
Wavelength (nm)

b

Fig. 1 (a) Chemical structure of the Fe''(btz)s complex, and (b) steady state spectra of
Fe'l(btz)s and Fe"(btz)s in acetonitrile. The red arrows indicate the excitation wavelengths
for transient absorption experiments.
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Fig. 2 Simplified Jablonski-type diagram for low-spin Fe'' 3d° and Fe'' 3d® complexes
(left), together with a schematic illustration of key electronic levels and photoexcitation
processes involved in the photophysics (right). Curved arrows indicate opportunities to
drive subsequent bimolecular or interfacial electron transfer processes (far right).

electromagnetic spectrum from such an iron complex, albeit with a rather low PL
quantum yield (®p;, ~ 10~ %).3® The corresponding Fe" species Fe'(btz); was
subsequently also shown to have a long room-temperature excited state lifetime of
several hundred picoseconds (t ~500 ps), following a more conventional MLCT
excitation scheme for a 3d°® complex (Fig. 2).** A new hexa-carbene Fe™ complex
was furthermore recently shown to feature enhanced photoluminescence from an
excited CT state with a nanosecond lifetime, as well as being capable of reductive
and oxidative bimolecular electron transfer reactions from the photoexcited
LMCT state.* The extension of the excited state lifetimes of the MLCT and LMCT
charge transfer states for iron complexes into the hundreds of picosecond range
and longer thus open up a range of photophysical and photochemical applica-
tions for iron carbene complexes.

It is, in this context, quite remarkable that the same strategy of increasing the
o-donation of the ligand surrounding the iron centre was effective for both Fe''
and Fe'™ as shown in the case of Fe(btz),. It is therefore interesting to develop
a more comprehensive comparison of the excited state dynamics of these two
types of excited state cascades. In order to achieve this, we here report new results,
in particular pertaining to dynamics of Fe"(btz), following excitations at different
excitation energies, together with some computational results detailing electronic
structure properties in these photosensitizers. Together with recent time-resolved
and computational results that we have reported for these complexes, this allows
us to present a more comprehensive discussion focused on the ultrafast excited
state dynamics of this novel type of promising photosensitizer.

Methods

Experimental

The experimental setup for recording broadband transient absorption spectra
was based on a Ti:Sapphire amplified laser system (Spitfire XP Pro, Spectra
Physics) operating at a 1 kHz repetition rate, producing ~80 fs pulses centered at
796 nm. The pump beam was tuned by an optical parametric amplifier (TOPAS C,
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Light Conversion) to excite the sample at various wavelengths (445 nm, 510 nm,
690 nm, and 825 nm) with typical fluency ~3 x 10"® photons per pulse per cm*
and maximum fluency not exceeding 1 x 10'® photons per pulse per cm® which is
well below absorption saturation density ~5 x 10'” photons per cm?®. A power
dependency check was also performed by varying the excitation intensity by
a factor of 25 (100 to 2500 pW) with no deviation of the observed A4 signal from
linear behaviour. A super-continuum white-light was used as probe, generated by
focusing the NIR signal from a TOPAS C into a 5 mm sapphire plate. The desired
timing between excitation and probe pulses was achieved using a computer-
controlled delay line (Aerotech, 10 ns). The pump and the probe beams were
overlapped on the sample with their relative polarization set to the magic-angle
(54.7°) by a Berek polarization compensator placed in the pump beam path.
The sample was placed in a quartz 1 mm path length cuvette with an automated
sample mover to avoid sample photodamage, which was also checked by
measuring the absorption spectra of the sample before and after each experiment.
The probe and reference beams were collimated on the entrance aperture of
a prism-based, double-beam spectrograph, and detected by a double diode-array
detection system (Pascher Instruments). Correction of the data as well as fitting of
the transient absorption datasets was carried out using both an in-house written
Python routine and the analysis software DAFit (Pascher Instruments) and the
individual kinetics were fitted using the Origin software.

Computational

First principles quantum chemical calculations have been performed at the
Density Functional Theory (DFT) and time-dependent DFT (TD-DFT) levels of
theory for ground- and excited-state properties, respectively. The presented
computational results were obtained using the B3LYP* modification** of the
standard B3LYP hybrid density functional*” and employing standard 6-311G basis
sets with polarization functions,* as well as a polarizable continuum solvation
model for acetonitrile.** All calculations were performed using the Gaussian 09
program package.*’

Results

In this results section, we first consider the linear absorption spectra of both
Fe"(btz); and Fe™(btz); as a basis for the subsequent discussions. Next, new time-
resolved optical spectroscopy results for the excited state dynamics of Fe(btz); are
presented. In particular, we present new transient absorption (TA) results for the
Fe''(btz); complex in acetonitrile following excitations at different energies.
Finally, absorption spectra are complemented by a presentation of selected
results from quantum chemical calculations of both Fe" and Fe™ oxidation states
of this complex. Together, this forms a basis for a comparative analysis of the
excited state dynamics of this complex in the complementary Fe"" (3d°) and Fe™
(3d°) oxidation states presented in the subsequent discussion below.

Linear absorption

The linear absorption spectra of Fe"(btz); and Fe'(btz);, shown in Fig. 1b, clearly
demonstrate that, in contrast to many other TMCs, this new class of Fe-carbene
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TMCs exhibit two distinct CT absorption bands on the red side of the strong
ligand-based absorption below ~350 nm. There are, furthermore, indications of
several sub-band features of vibrational or electronic nature that appear as
shoulders or double peaks in the CT regions of the absorption spectra. Addi-
tionally, the blue CT band in Fe"(btz); has at least twice as strong maximum
absorption strength compared to the red band for both oxidation states. The
measured CT absorption bands agree qualitatively with the calculated singlet-
singlet TD-DFT spectrum for Fe"'(btz); presented as sticks for comparison.

Transient absorption

Transient absorption data has been recorded for the Fe"(btz); complex as shown
in Fig. 3. In particular, this includes transient data following excitations at
445 nm, 510 nm, 690 nm, and 825 nm, complementing the published data for
excitation at 800 nm at key points in the Fe(u) absorption spectrum (Fig. 1).** The
excitations into different parts of the visible absorption spectrum probe the
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Fig. 3 Transient absorption spectra of Fe''(btz)s as measured, after correction for GVD
(chirp) and background subtraction. Spectra were recorded following excitations at (a)
445 nm, (b) 510 nm, (c) 690 nm and (d) 825 nm, with excitation densities of 2.4 x 10, 3.7
x 10%°, 3.3 x 10™® and 1.1 x 10*® photons per pulse per cm?, respectively. Excitation scatter
region is omitted for clarity. For all panels the x-axis (wavelength) is in reciprocal values
(linear steps in energy).
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dynamics following excitations into CT states of different electronic nature and
with different initial excess energies compared to the absorption threshold.

Several main features are recognizable throughout as relatively persistent
features that survive the full dynamics, also for the different excitation energies.
TA dynamics are brought out further in the analysis shown in Fig. 4, which
compares the spectral shape of the TA at 1 and 20 ps for all excitation energies
after accounting for the excitation densities.

The main spectral features for all the four excitation energies are similar to
what was recently outlined for 800 nm excitation in our paper introducing this
complex.* Briefly, this covers broad ground state bleach (GSB) features similar to
an inverted absorption spectrum in the ca 450-800 nm region of the spectrum,
together with strong excited state absorption (ESA) in the blue part of the spec-
trum giving a positive signal above ca 425 nm as well as some ESA in the red part
of the spectrum that turns positive beyond the GSB region for wavelengths longer
than ca 800 nm. The blue ESA band is apparently relatively strong, as the positive
TA signal is observed in the spectral range where one would expect a pronounced
bleach signal based on the linear absorption spectrum. Clearly, the overlapping
ESA band must have a sharp rise towards the blue to overshoot the expected
bleach shoulder, and instead give rise to a strong net positive TA signal.

A closer look at the spectral features in Fig. 3 and 4 reveals some noticeable
similarities and differences in terms of the detailed shape and evolution of these
TA spectra. The 510 nm and 690 nm mid-CT band spectra are, in particular, very
similar throughout. The TA results for all the excitations furthermore show
a qualitatively similar GSB to the TA for the recently reported energy excitation at
800 nm. There is a noticeable reduction in the intensity of the ESA feature at
~408 nm at early timescales for the higher energy excitations compared to the
corresponding features for the lowest excitation energy at 825 nm. There is,
however, little further spectral evolution after the first 20 ps, as evident for exci-
tations at all four excitation energies. Thus, this behaviour is very similar for the
higher energy excitations compared to what has already been established for
excitation at 800 nm.* It is interesting to note that although similar, the main
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Fig.4 Transient absorption spectra of Fe'(btz)z at (a) 1 ps, and (b) 20 ps normalized by the
number of absorbed photons per cm? at each respective excitation wavelength. The x-axis
(wavelength) is in reciprocal values (linear steps in energy).
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features of the differential spectra appear to have excitation energy dependent
amplitudes.

As a final step in the analysis of the excitation energy dependent dynamics, we
have investigated different aspects of the multi-exponential kinetics for different
combinations of pump and probe wavelengths in further detail as shown in Fig. 5,
together with an associated summary of selected key kinetics components listed
in Table 1. The single kinetic analysis is focused on identifying specific decay
component in the TA data. As some of the decay components only contribute
significantly at some probe wavelengths it is not always possible to fit all the time
regions in one kinetic with current S/N ratio in order to receive satisfactory fits.
Thus only selected unambiguous components are listed in Table 1. It can be
generally noted that the dynamics in several places show signs of an ultrafast
component on a sub-ps timescale that is potentially interesting in terms of ISC
etc, but in all transient spectra and kinetics discussed in this study, we do not
discuss further the very early dynamics that occur during the first few 100s of fs
due to rather strong contribution of the coherent and solvent related experi-
mental artefacts. For excitation energies into both main charge-transfer bands,
the major part of the decay originates from a long-term component with 7 ~540
ps, as e.g. clearly evident for the 1000 nm kinetics for all excitation energies, and
overall in good agreement with what we recently reported for excitation at 800 nm.
There is also clear evidence for a ~3 ps component at selected spectral regions in
the more comprehensive TA obtained here, as seen e.g. for the 420 nm probes
with different excitation energies presented in panels Fig. 5c and d; again in broad
agreement with the results in our initial study based on 800 nm excitation. We
also identify an additional new kinetic component with t ~50 ps as part of the
early dynamics. This component is most clearly pronounced in the displayed TA
data for the 408 nm kinetics following 825 nm excitation while appearing grad-
ually less pronounced for higher energy excitations. Overall, the kinetics
measured at different excitations thus look qualitatively similar, but the contri-
bution of the different decay components is quantitatively distinct. For example,
all kinetics look very similar as probed at 1000 nm, while there are clear differ-
ences in the kinetics probed at 408 nm for the different excitation energies. Some
implications of the rich dynamics observed here is further considered in the
discussion below.

Electronic structure

Quantum chemical calculations performed at the DFT and TD-DFT level of theory
provide information about the electronic states involved in the excited state
cascade. Some key results were presented for both Fe™(btz), and Fe'(btz); already
as part of the initial characterization of the respective species and their excited
state properties.*®* Selected computational results, including some new infor-
mation, are presented here, to put results from both species on common ground
to facilitate a common discussion about the similarities and differences in
fundamental electronic structure properties pertinent for understanding the
excited state dynamics.

First, it can be noted that the change in oxidation state from Fe" to Fe™ has
a profound influence both on the ground state electronic structure and the
excited state manifold. The Fe" carbene complexes are characterized as a regular

II1
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Fig.5 Comparison of Fe'l(btz)s kinetics following excitations at different wavelengths. Results
are shown for kinetics recorded at (a and b) 408 nm, (c and d) 420 nm, (e) 520 nm, (f) 650 nm,
and (g and h) 1000 nm following excitations at 445 nm, 510 nm, 690 nm, and 825 nm. Solid
lines represent multi-exponential fits. Note that graphs in panels (a), (c), (e), (f) and (g) are
plotted in AA(lin)/time (log) scale while graphs in panels (b), (d), and (h) are shown in AA(ln)/
time (lin) scale. All kinetics except for panels (a) and (c) have been normalised for visual clarity.

low-spin 3d° species, i.e. with an electronic configuration of (t,,)® that is similar
e.g. to many well-known Ru" polypyridyl complexes.> This features a singlet
ground state and *MLCT excited states. For traditional Fe" complexes with

This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 216, 191-210 | 199
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Table 1 Key kinetic components from multiexponential fits of TA data for different
excitation and probe wavelengths

Aexcitation (M) Aprobe (NM) 7, (ps) 7, (ps) 73 (ps)
445, 510, 690, 825 1000 540 =+ 35
445, 510, 690, 825 420 3.2 £ 0.10

445, 510, 690 408 3.8 +£0.81 540 =+ 35
825 408 3.5+ 0.36 54.0 + 5.67 540 =+ 35

weaker LFS, initial excitation into MLCT excited states have been extensively
discussed to decay to low-energy metal centred triplet and quintet states (*MC and
>MC) on ultrafast timescales.'”?2>274¢ This is typically followed by slower ground
state recovery from meta-stable MC states on the timescale of hundreds of pico-
second or slower.”” Dramatically different excited state dynamics has instead been
observed for Fe' carbene complexes, including assignment of extended excited
state lifetimes of MLCT states of ~10 ps or longer, and followed by fast ground
state recovery on similar timescales. The changes in excited state dynamics are
largely attributed to a strong destabilization of the metal centred states in the iron
carbene complexes due to the strong sigma-donating nature of the carbenes.™
This altered photophysics also allowed a recent demonstration of efficient elec-
tron injection into a TiO, substrate.”” The electronic structure for Fe'(btz),
features a characteristic >MLCT-like spin density for the photofunctional charge-
transfer state (Fig. 6a).

The electronic structure properties of Fe"(btz); can be understood in simple
terms as originating from a one-electron oxidation of the Fe"(btz); complex in
which one electron is removed from the iron center so that it takes on what could
recently been characterized as a low-spin 3d°® electronic configuration, i.e. with
a (tze)° population on iron in quasi-octahedral symmetry notation (Fig. 2). From
this follows that the ground state is a doublet (Fig. 6b), and that the excited state
manifold will consist of doublet, quartet, and hextet excited states (limiting the
number of unpaired electrons to five for simplicity). With a hole in the (t,z) levels,
the lowest Fe'(btz); excitation was characterized as a doublet ligand-to-metal
charge transfer state.®® Metal centered quartet and hextet states could also be
identified computationally, and involve population of es-levels on the iron center.
Such intermediate- and high-spin MC states are naturally stabilized by elongated
metal-ligand bonds, similar to the MC states for d°® complexes.* Calculated spin
density plots of such *“MC and °MC states for Fe"(btz); are shown in Fig. 6c and
d panels, respectively.

It is thus clear that the Fe'' and Fe™ forms of iron carbene complexes like
Fe(btz), differ fundamentally in their basic electronic properties, excitations, and
excited state manifolds. In particular, the altered electronic structure effectively
yields a reversal of the fundamental direction of the lowest charge-transfer exci-
tations, and while there are metal centered scavenger states that facilitate excited
state deactivation for both oxidation states, there are fundamental differences in
the spin properties of the states and state crossings involved in the excited state
cascade. It is therefore interesting to compare the excited state dynamics for the
same complex in the two different oxidation states.
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Fig. 6 Spin density plots (isovalue 0.0004) of selected Fe'(btz)s and Fe''(btz)s states from
B3LYP*/6-311G(d)IMeCN calculations. Specific oxidation and electronic state assign-
ments: (a) Fe">MLCT, (b) Fe"":?GS, (c) Fe":*MC, (d) Fe"":*MC.

One potentially promising aspect of the photophysics of the Fe™(btz); complex

for photosensitizer applications is that the excited state lifetime of the >LMCT state
was characterized experimentally to be largely unaffected by the excitation energy
over a significant part of the visible absorption band (probed between ca 400 and
550 nm).* This facilitates for the complex to perform well as a photosensitizer for
a broad range of solar illumination. Here, the dynamics of the Fe"(btz); complex is
also further explored experimentally via TA to enable a comparative discussion of
the photophysics of the two oxidation states. It is in this context relevant to
consider the excited state manifold that can be accessed at different excitation
energies also for this Fe"" complex. Fig. 7 provides a graphical illustration of singlet
and triplet excited states in the accessible energy region obtained from singlet-
singlet and singlet-triplet TD-DFT calculations, respectively.

Discussion

Conventionally, the main electronic states considered for excited state evolution
in d® TMCs include the singlet ground state (*GS), "MLCT, *MLCT, *MC and, for
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Fig. 7 TD-DFT excited state calculations for Fe''(btz)s. Shown excitations include singlet
excitations at SO geometry (left, green), and triplet excitations from the SO state at the
SMLCT geometry (right, red). Energies and assignments from Chabera et al.3®

complexes with weak LFS, MC, and in many cases modelling excited state
dynamics as an interplay of these states has provided a satisfactory picture of the
overall spectral changes associated with the excited state evolution including
depopulation of the initial charge transfer state (loss of ESA) and ground state
recovery (loss of GSB).

Our results for Fe(btz); provide evidence that a more sophisticated description
may generally be needed for a comprehensive understanding of the photoinduced
dynamics of iron carbenes. A strong indication of the rather special features of
Fe(btz); is apparent already from analysis of the absorption spectra. In contrast to
MLCT absorption of many typical TMCs, we record two well-resolved CT transi-
tions centered at 450 and 700 nm, assigned to population of two different CT
bands in Fe"(btz);. For Fe", one can furthermore identify two high-energy
shoulders at ~520 and ~825 nm for the two *MLCT absorption bands, respec-
tively. We can attribute this rich CT absorption appearance as an effect of the
strong o-donating effect of the carbene ligands which causes an up-shift in the
energy of the highest occupied metal-based t,, levels of the ground state (corre-
lated also to a shift towards more negative ground state reduction potentials).*
This shifts the CT transition energies towards red to the extent that more of the
CT manifold appears clearly below the more intense intra-ligand transitions. This
observation is in very good agreement with the predictions of our TD-DFT
calculations which, as outlined above, indicate that there is a broad range of
charge-transfer excitations that cover the visible spectral region in the experi-
mental linear absorption spectrum.

Having clearly distinct CT bands that are well separated in energy and
furthermore have very different transition strength, provides an opportunity to
investigate to what extent the dynamics following excitation to different CT states
are similar or different. In the following discussion, we will first consider
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separately Fe" and Fe'" cases before our final conclusions relating to the emer-

gence of a more comprehensive view of the photoinduced dynamics of the iron
carbenes.

As described in the results section, we observe differences in the excited state
dynamics in Fe"(btz); after excitation into the two "MLCT bands. In particular, we
observe some clear changes of the TA spectral shapes for different excitations, as
exemplified by the more pronounced ~408 band in the ESA from excitations at
low excitation energy at early timescales. Following the established picture of
early Fe™ excited state evolution, we assume very efficient depopulation of the
'"MLCT due to fast ISC on a sub-picosecond timescale (not resolved in this
study).*® Our observations suggest that excitation into different parts of the
'MLCT bands leads to different population dynamics and branching ratio
between the ®MLCT and *MC excited states. Initially hot conversion of *MLCT into
*MC probably does not occur for delay times longer than ~1 ps. In agreement with
our previous assignments for excitation at ~800 nm, we tentatively associate
some changes to the blue part of the ESA at early times (see Fig. 3-5) mainly with
intramolecular vibration relaxation (IVR).** Hot population of the energetically
accessible *MC is likely to be limited to the early times prior to such IVR. It is
tempting to conclude that population of the *MC occurs from "MLCT or “hot”
*MLCT whereas the relaxed MLCT has a lower probability of converting into *MC.
This interpretation of the very fast excited state processes is visualized schemat-
ically in Fig. 8. This suggests that the efficiency of the *MC population is very
sensitive to the exact crossings of the "MLCT and *MLCT with the *MC state in

E/eV

SMC

/ MLCT,
Aexc = 445 nm
Aexc =510 nm MLCT;
[ Hezesomm  y—{

MLCT,

abs 1GS

R(M-L)/ A

Fig.8 Excited state manifold in the charge-transfer excitation energy region for Fe'(btz)s,
indicating the different excitation energies/wavelengths employed experimentally to
probe the excited state dynamics (red, green, light blue and blue arrows), as well as
selected potential decay paths (black arrows). Singlet and triplet forms of representative
MLCT states in the charge-transfer manifold energy region are distinguished as solid and
dashed lines, respectively.
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terms of the activation energy and structural rearrangement associated with such
a transition.

Finally, irrespective of the rate and amplitude of this few tens of ps compo-
nent, the overall relaxation of the excited complexes to the ground state occurs
with the same rate within our signal-to-noise (S/N). These observations agree with
dynamics on a manifold of *MLCT excited states, including energy relaxation
within this manifold that occurs on timescales up to a few tens of ps. Based on the
combined information from ground state absorption, first principles calcula-
tions, and time-resolved excited state dynamics, we infer that a consistent and
complete interpretation of the results require a manifold of "MLCT and *MLCT
excited states to be considered.

Taken together, the simultaneous excitation and probing of different parts of
the CT manifold presented in this investigation provides a first glimpse of rich,
and in some aspects band-selective, dynamics in these iron carbene complexes
with remarkably long-lived (>100 ps) excited states. From the current under-
standing of the excited state manifold of these unconventional iron complexes the
full dynamics potentially involves a combination of several excited state processes
including ultrafast electronic processes such as IVR, IC, ISC within the manifold
of excited states, together with molecular and solvent structural dynamics. The
current evidence from the TA dynamics suggests that it will be important to carry
out further work to fully elucidate key aspects of the ultrafast mechanisms
responsible for the dynamics observations, including unambiguous assignments
of the ultrafast dynamics and detailed interplay between initial singlet-triplet ISC
as well as the deactivation cascade from CT to MC states for a full comparison
with the ultrafast LIESST dynamics in conventional Fe complexes typically char-
acterized by ultrafast ISC and CT — MC conversion. A range of further experi-
mental and computational investigative steps appear promising to facilitate
a better understanding, including complementary optical characterization e.g.
including low-temperature characterization, time-resolved optical measurements
with better time-resolution in the ultrafast domain, and studies of dynamics in
different solvent environments, as well as complimentary experimental tech-
niques in different energy regimes including e.g. time-resolved X-ray dynamics, as
well as more sophisticated theoretical treatments such as high-level quantum
dynamics simulations.

It is finally interesting to also compare these new results for Fe"" to those
recently reported for the Fe™ form of the Fe(btz); complex. Similar to Fe", two
clearly separated transitions to CT states in the ground state absorption spectrum
can be identified: a high energy band centered at ~400 and a low energy band
with two peaks at 525 and 560 nm. No significant excitation wavelength depen-
dency in the TA spectra and kinetics was, however, noticed. It is important to note
here that the excited state energy evolution does not exhibit fast and efficient ISC
from the >LMCT state. On the contrary, after optical excitation from the doublet
ground state (>GS) to the >LMCT state, the primary energy relaxation occurs within
the same excited state. This is evident as the excited state is emissive and exhibits
a rather small Stokes shift. After reaching the bottom of the >LMCT manifold, the
excited state population undergoes either radiative or non-radiative transition to
the ground state in competition with activated ISC transition to *“MC scavenger
states. The relative efficiencies of the above listed transitions determine the
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excited state lifetime (identical to the ground state recovery time), as well as the
yield of the photoluminescence.

Conclusions

Efforts to develop iron carbene photosensitizer complexes have recently yielded
very significant improvements in excited state lifetimes for both conventional 3d®
Fe' carbene complexes, and more unconventional low-spin 3d> Fe'™ complexes.
These results were obtained in rapid succession for structurally similar Fe and
Fe™" complexes and appear to rely on the same ligand design strategy to maximize
the strong c-donation by hexa-carbene environments around the metal in the two
different formal oxidation states of the iron center. Our results on the excited state
properties and dynamics of the Fe(btz); molecule with iron in both oxidation state
II and III provide an excellent opportunity to compare promising photophysics
and photochemistry of iron carbene photosensitizers in the two different elec-
tronic configurations 3d> and 3d°. Until recently, only a relatively limited number
of d° >LMCT complexes, e.g. Re(n) and Te(u), had received significant attention as
potentially interesting for driving photocatalytic processes.***" Our combined
results for the Fe(btz); complex suggest that the photophysics and photochem-
istry of these complexes provide interesting information regarding ultrafast
dynamics following excitations into a manifold of charge-transfer excited states
that may be relevant more broadly.

One key finding for the time-resolved TA dynamics of Fe"(btz); following higher
energy excitations (from 825 nm to 445 nm excitation wavelengths) is that there
remains a long-lived ground state recovery with a time constant of ca 500 ps
independent of excitation wavelength accounting for a major part of the decay
dynamics. This photophysical consistency in terms of a stable long-term excited
state feature following excitation into the charge-transfer manifold of excited states/
bands is similar to what was recently shown in our investigation of the Fe'"(btz),
form (in the range of 550-400 nm excitation wavelengths) where there was a ca 100
ps long component dominating the deactivation and ground state recovery
regardless of excitation energy. This common feature of the two oxidation states is
potentially quite important for the photofunctionality of the iron carbenes e.g. for
light-harvesting in solar energy conversion applications profiting from exposure to
the full solar spectrum, and not just limited to absorption in a small spectral region.

The detailed investigation of the ultrafast dynamics of the Fe''(btz); complex
through multi-exponential fitting of selected TA kinetics, however, also reveals
some interesting additional, smaller but clear, contributions to the dynamics on
timescales of a few tens of ps that was not previously discussed. The quantum
chemical calculations provide general support for the presence of a manifold of
low excited-state energy metal-to-ligand charge transfer states, e.g. involving
electronic rearrangements either among the (t,,)” electrons or low-energy reduced
(1'th2)1 ligand orbitals in the MLCT configuration, at energies that become
accessible for the higher energy excitations. It is therefore in itself not surprising
that the complex excited state landscape leads to some additional fast dynamics,
e.g. involving internal conversion or intersystem crossing. With the present TA
and computational results, a detailed interpretation of the short-lived interme-
diate dynamics was not attempted. Instead, we note that given the current interest
in hot dynamics in transition metal complexes in general, coupled with the
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current high interest in developing Earth-abundant photosensitizers based on
iron, our new findings point to the importance of further investigations to
characterize the ultrafast dynamics in this type of iron complexes with rich
dynamics and extended excited state lifetimes in greater detail.

A comparison of the ultrafast charge-transfer dynamics and excited state cascade
of Fe"" and Fe'™ species finally provides a rare opportunity to compare largely
complementary excited state dynamics including issues, e.g. about how internal de-
excitation differ in charge-transfer excited manifolds that differ in the fundamental
charge-transfer direction (MLCT versus LMCT in Fe' and Fe™ species, respectively).
The comparative analysis also points to fundamental differences in energy relaxa-
tion paths and state-crossings for species with fundamentally different sets of spin
states (even versus odd electronic state multiplicities) that has significant impact on
light-harvesting and light-emitting photofunctionality. Further studies of ultrafast
dynamics of iron complexes with long-lived charge transfer excited states thus look
important for providing further in-depth understanding relevant to the continued
development of photofunctional iron complexes. More generally, it remains inter-
esting to conduct investigations of the ultrafast photoinduced dynamics also for
other transition metal complexes with unconventional excited state properties and
novel ultrafast dynamics.
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