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Towards panchromatic Fe(II) NHC sensitizers via HOMO inversion †

A combined experimental and theoretical study of iron(II) complexes with pyridyl N-heterocyclic carbene ligands is presented, with a new focus on the effect of extending the ligands with thiophenes of variable number. In agreement with recent theoretical predictions by the Jakubikova group, these ligands induce a substantial mixture of the occupied t 2g and π HOMO orbitals, as manifested by a near 80 nm red-shift of the 1 MLCT transition and a 2-3 fold increase of the molar extinction coefficient. The thiophene moieties permit delocalisation of the MLCT state on the ligands, which results in excited state lifetimes in the 13-18 ps range, almost twice as much as for the reference compound lacking the thienyl substituents.

Relaxation into 3 MC states remains the main 3 MLCT quenching mechanism, and the effect of the number of thiophenes in lengthening the 3 MLCT lifetime is qualitatively consistent with a reduction in the 3 MLCT-3 MC energy gap.

Introduction

The replacement of noble metals by earth-abundant substitutes is at the forefront of current research [START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF][START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF][START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF][START_REF] Dierks | Photoactive iron complexes: more sustainable, but still a challenge[END_REF] aimed at developing sustainable photoactive materials required for solar energy conversion or photocatalysis. Iron is by far the most abundant metal in Earth's crust and appears a promising candidate to replace the ruthenium gold standard that is in the same column of the periodic table.

Ruthenium polypyridine complexes have been applied extensively for sensitization in Dye-sensitized solar cells (DSSCs). [START_REF] O'regan | A Low-Cost, High-Efficiency Solar Cell Based on Dye-Sensitized Colloidal TiO 2 Films[END_REF][START_REF] Nazeeruddin | Conversion of light to electricity by cis-X2bis(2,2′-bipyridyl-4,4′-dicarboxylate)ruthenium(II) charge-transfer sensitizers (X=Cl-, Br-, I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes[END_REF][START_REF] Md | Stepwise assembly of amphiphilic ruthenium sensitizers and their applications in dye-sensitized solar cell[END_REF][START_REF] Robson | Cycloruthenated sensitizers: improving the dye-sensitized solar cell with classical inorganic chemistry principles[END_REF][START_REF] Lobello | Engineering of Ru(II) dyes for interfacial and light-harvesting optimization[END_REF][START_REF] Mathew | Dyesensitized solar cells with 13% efficiency achieved through the molecular engineering of porphyrin sensitizers[END_REF] Their photophysical and redox properties facilitate efficient light harvesting through long-lived Metal-to-Ligand Charge Transfer (MLCT) states which are responsible for electron transfer into semiconductors and efficient ground state regeneration after excitation. [START_REF] Ardo | Photodriven heterogeneous charge transfer with transition-metal compounds anchored to TiO 2 semiconductor surfaces[END_REF][START_REF] Listorti | The mechanism behind the beneficial effect of light soaking on injection efficiency and photocurrent in dye sensitized solar cells[END_REF][START_REF] Listorti | Electron Transfer Dynamics in Dye-Sensitized Solar Cells[END_REF] In contrast Fe(II)-polypyridines have short-lived MLCT states due to an ultrafast intersystem crossing populating their lowlying metal centred (MC) states. [START_REF] Monat | Femtosecond Excited-State Dynamics of an Iron(II) Polypyridyl Solar Cell Sensitizer Model[END_REF][START_REF] Auböck | Sub-50 fs photoinduced spin crossover in [Fe(bpy) 3 ] 2+[END_REF][START_REF] Smeigh | Femtosecond Time-Resolved Optical and Raman Spectroscopy of Photoinduced Spin Crossover: Temporal Resolution of Low-to-High Spin Optical Switching[END_REF][START_REF] Cammarata | Sequential Activation of Molecular Breathing and Bending during Spin-Crossover Photoswitching Revealed by Femtosecond Optical and X-Ray Absorption Spectroscopy[END_REF] To date increasing the ligand field strength has been the strategy of choice to increase the energy of the unreactive low-lying ligand field states. Ligands based on σ-donating NHC (N-heterocyclic carbenes). The MLCT lifetime has reached tens of picoseconds for complexes with tridentate C^N^C [START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Liu | A new record excited state 3 MLCT lifetime for metalorganic iron(II) complexes[END_REF][START_REF] Darari | Iron(II) complexes with diazinyl-NHC ligands: impact of π-deficiency of the azine core on photophysical properties[END_REF] and bidentate C^N ligands, [START_REF] Francés-Monerris | Synthesis and Computational Study of a Pyridylcarbene Fe(II) Complex: Unexpected Effects of fac/mer Isomerism in Metal-to-Ligand Triplet Potential Energy Surfaces[END_REF][START_REF] Magra | Impact of the fac/mer Isomerism on the Excited-State Dynamics of Pyridylcarbene Fe(II) Complexes[END_REF][START_REF] Magra | Photophysical Investigation of Iron(II) Complexes Bearing Bidentate Annulated Isomeric Pyridine-NHC Ligands[END_REF][START_REF] Magra | Bidentate Pyridyl-NHC Ligands: Synthesis, Ground and Excited State Properties of Their Iron(II) Complexes and the Role of the fac/mer Isomerism[END_REF] and nanoseconds for compounds bearing tridentate C^C^C ligands, [START_REF] Bauer | Janus-type dual emission of a Cyclometalated Iron(III) complex[END_REF] making it possible for iron to be used in photochemical applications such as iron-sensitized DSSCs. [START_REF] Marchini | Recombination and regeneration dynamics in FeNHC (II)-sensitized solar cells[END_REF][START_REF] Reddy Marri | Record power conversion efficiencies for iron(II)-NHC-sensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF][START_REF] Becker | Electrolyte Tuning in Iron(II)-Based Dye-Sensitized Solar Cells: Different Ionic Liquids and I2 Concentrations[END_REF][START_REF] Becker | The influence of alkyl chains on the performance of DSCs employing iron(II) N-heterocyclic carbene sensitizers[END_REF][START_REF] Lindh | Dye-sensitized solar cells based on Fe N-heterocyclic carbene photosensitizers with improved rodlike push-pull functionality[END_REF][START_REF] Marri | A Series of Iron(II)-NHC Sensitizers with Remarkable Power Conversion Efficiency in Photoelectrochemical Cells[END_REF] However, apart from the recently published Fe(II) complex with phenN,N′^C ligands, [START_REF] Leis | A Photoreactive Iron(II) Complex Luminophore[END_REF] this improvement in lifetime was obtained at the sacrifice of achieving the panchromatic absorption required for solar energy conversion applications. Recently, "HOMO inversion" has emerged as a promising concept in the field. [START_REF] Mukherjee | HOMO inversion as a strategy for improving the light-absorption properties of Fe(II) chromophores[END_REF][START_REF] Braun | Iron(II) coordination complexes with panchromatic absorption and nanosecond charge-transfer excited state lifetimes[END_REF][START_REF] Braun | In Pursuit of Panchromatic Absorption in Metal Coordination Complexes: Experimental Delineation of the HOMO Inversion Model Using Pseudo-Octahedral Complexes of Diarylamido Ligands[END_REF] This approach aims to adjust the filled orbital energetic levels in order to mix metal t 2g and ligand molecular orbitals thus switching the HOMO localization from the metal to the ligand (Fig. 1). This approach was demonstrated experimentally by the Herbert group [START_REF] Braun | In Pursuit of Panchromatic Absorption in Metal Coordination Complexes: Experimental Delineation of the HOMO Inversion Model Using Pseudo-Octahedral Complexes of Diarylamido Ligands[END_REF] to design new panchromatic iron(II) complexes using ligands combining amido donors with benzannulated phenanthridine and quinoline. The covalent amido-Fe bond deeply strengthened the The group of E. Jakubikova 33 has reported a computational work on a series of iron(II) polypyridine complexes and predicted that the ligand π-delocalization should promote notable changes in absorption features and suggested that the same effect could be expected with pyridylNHC Fe(II) complexes. To our knowledge besides this exclusively computational work, the effect of π-delocalization and the impact of HOMO inversion on the photophysical and electronic properties of pyridylNHC Fe(II) complexes has not been investigated yet.

Herein we report the synthesis of complexes CTh, CTh2 and CTh3 designed with thiophene and fused polythiophenes conjugated with the central pyridine ring of the pyridylNHC ligand (Fig. 2) and the investigation of their photophysical properties by means of ultra-fast transient absorption. Complex C0 is the proto-typical [Fe(bmip) 2 ] 2+ , where bmip = 2,6-bis(3methyl-imidazole-1-ylidine)-pyridine, published by the group of Wärnmark. [START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Kunnus | Vibrational wavepacket dynamics in Fe carbene photosensitizer determined with femtosecond X-ray emission and scattering[END_REF] We demonstrate that, as compared to C0, extending the delocalization promotes an important red-shift of the pyridine-MLCT absorption band and an impressive increase of the molar extinction coefficients. The excited state lifetimes were also increased substantially by comparison with the unsubstituted complexes while they were slightly impacted by the conjugation extent.

Results and discussion

Synthesis of ligands and complexes

The imidazolium salts L1, L2 and L3, that are the required precursors of the pyridyl-NHC ligands to be coordinated to iron, were first synthesized (Scheme 1, see ESI † for experimental details). L1 was obtained following our reported procedure. [START_REF] Reddy Marri | Record power conversion efficiencies for iron(II)-NHC-sensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] L2 and L3 were obtained in good yields respectively by quaternization of pyridylimidazoles 3 and 4 resulting from a Suzuki coupling of the bromo derivative 1 27 with the appropriate preformed thienyl boron pinacol esters that were obtained by a lithiation-borylation sequence on the parent thienyl compounds (see ESI †). [START_REF] Alesi | Microwave-assisted synthesis of oligothiophene semiconductors in aqueous media using silica and chitosan supported Pd catalysts[END_REF][START_REF] Lee | Synthesis of organic dye containing an alkylenesulfanyl-bridged bithienyl π-linker and its use in dye-sensitized solar cells[END_REF] The target complexes were finally obtained in good to moderate yield applying an in situ coordination protocol. FeCl 2 was first reacted with the appropriate ligand precursor, then t-BuOK was added to generate the carbene moiety. The coordination yield was found dependent on the number of thiophenes attached to the central pyridine. This agrees with the weakening of the pyridine nitrogen coordination ability by conjugation with the extended π-system.

Electronic properties of complexes

The UV-Vis absorption spectra of the three complexes in deaerated acetonitrile solution are shown in Fig. 3 and the data concerning the lowest energy bands are collected in Table 1. The complexes display three distinct absorption bands. The band at higher energy (250-350 nm) is assigned to ligand-centered π-π* transitions, while the two other bands at lower energy, correspond to Fe-NHC transitions (340-420 nm) and Fe-pyri-Scheme 1 Synthesis of ligand precursors and thienyl substituted complexes.

Fig. 3 UV-Vis spectra of complexes in acetonitrile. Inset: normalized absorbance for the lowest energy band. dine MLCT transitions (410-650 nm). In CTh3, the very broad π-π* absorption band of the dithienothiophene moiety masks the Fe-NHC MLCT band.

As a general trend, the substitution of complex C0 with thiophenes promoted a notable bathochromic effect on both the π-π* and Fe-pyridine MLCT bands and the amplitude of the red-shift was directly related to the number of thiophene units (Δλ = 78 nm going from C0 to CTh3). In contrast, the thiophenes had no impact on the Fe-carbene MLCT band the transition energy of which remained constant.

Focusing on the lowest-energy portion of the spectrum, the MLCT Fe-pyridine band, CTh, CTh2 and CTh3 present a broad and intense absorption, ranging from 450 to 620 nm. Among all, CTh3 showed the broadest and most red shifted absorption (535 nm, ε = 30 240 M -1 cm -1 ) and CTh2 the highest extinction coefficient (526 nm, ε = 44 300 M -1 cm -1 ).

The cyclic voltammetry data (Table 1) globally confirm the UV-Vis absorption spectroscopy results. The electrochemical gap markedly decreased when comparing CTh to C0 in agreement with the 59 nm redshift of the MLCT band upon addition of one thiophene unit on the central pyridine. Also corroborating the absorption spectra, a decrease of the gap was observed albeit in a lesser extent going from CTh to CTh3.

Table 2 gathers the computed energy and oscillator strengths for the lowest singlet excited states of C0, CTh, CTh2 and CTh3 that are associated with the lowest band in the absorption spectrum. Consistent with the experimental observations, a red shift of the lowest transitions of CTh, CTh2 and CTh3 compared to C0 is observed and this increases with the delocalization of the MLCT state. The HOMO-LUMO gap is slightly larger than experimentally measured, but exhibits the same trend as the cyclic voltammetry data in Table 1.

The HOMO and LUMO have been plotted for all the complexes (Fig. 4 and ESI †). Fig. 4 clearly evidenced a significant enhancement of the mixing between the ligand and metal orbitals in the HOMO as the thiophene units are included. The Fe 3d orbitals contribution to the HOMO decreased with the increase of the number of thienyl units in the substituent.

Excited state dynamics and relaxation

Temporal evolution of the fs-TAS signal of the CTh series of molecules bears a number of common features and therefore will be illustrated on the example of CTh3 (Fig. 5, see the ESI † for data on the other molecules). In particular, upon optical excitation of the Fe-pyridine MLCT transition by the pump pulse the differential transient spectra in the 360-680 nm spectral range reveal two negative and two positive features. The former ones (<390 nm, 500-580 nm) come from the depletion of the population of the initial state (ground state bleaching, GSB) and peak around the absorption maxima of the Fe-pyridine and Fe-NHC MLCT transitions (Fig. 5B). In turn, the positive features originate from the excited state absorption (ESA) of the states populated by the pump pulse. Notably, the high-energy ESA (400-470 nm) shows twice the intensity of the low energy ESA feature (>580 nm).

The initially observed spectral features exhibit an ultrafast evolution on the sub-200 fs time scale. Namely, the highenergy ESA undergoes a pronounced blue-shift, which is most evident by the zero-crossing point moving from 500 nm at 0 ps to ∼475 nm at 200 fs (Fig. 5B and 480 nm trace in Fig. 5C). The low-energy ESA shows similar development. Also, a somewhat delayed rise of the low-energy GSB band suggests that it overlaps with the ultrafast evolving ESA. Further temporal evol- ution shows little spectral variation and rather reflects intensity decay on the ∼15 ps time scale. The ESA and GSB features decay concomitantly thereby evidencing complete relaxation of the excited state population back to the ground state.
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To provide a quantitative framework to the observed fs-TAS results and given the concerted nature of temporal evolution of different transient spectral features, we performed a global analysis [START_REF] Van Stokkum | Global and target analysis of time-resolved spectra[END_REF] using GloTarAn software [START_REF] Snellenburg | Glotaran: A Java-Based Graphical User Interface for the R Package TIMP[END_REF] assuming a sequential decay model convoluted with a Gaussian instrument response function (IRF). The data could be satisfactorily described by a sum of 4 exponential functions (see the ESI † for the discussion on the relevance of the 4 th exponential function). The corresponding decay time constants are reported in Table 3 and the evolution associated difference spectra (EADS) for CTh3 are shown in Fig. 6.

In accordance with the qualitative analysis of the experimental data, the first sub-100 fs component revealed by the global analysis accounts for the initial blue-shift of both high and low-energy ESA bands. The corresponding spectral profile of EADS also suggests that the high-energy part of the ESA feature is very intense as it largely compensates the GSB signal around the pump wavelength. The other sub-ps component bears some residual features of this transient blue-shift of the high energy ESA and corresponds to a significant part of the intensity decay of the low energy ESA on a sub-picosecond time scale (Fig. 5B). The two slower components mostly reveal the complete intensity decay back to the ground state with very little changes in band shape.

The physical picture of the photodynamics of these molecules upon MLCT optical excitation that emerges from these results resembles previous results from us [START_REF] Liu | A new record excited state 3 MLCT lifetime for metalorganic iron(II) complexes[END_REF][START_REF] Darari | Iron(II) complexes with diazinyl-NHC ligands: impact of π-deficiency of the azine core on photophysical properties[END_REF][START_REF] Duchanois | An Iron-Based Photosensitizer with Extended Excited-State Lifetime: Photophysical and Photovoltaic Properties[END_REF][START_REF] Cebrián | Ultrafast Spectroscopy of Fe(II) Complexes Designed for Solar-Energy Conversion: Current Status and Open Questions[END_REF][START_REF] Hainer | Vibrational Coherence Spectroscopy Identifies Ultrafast Branching in an Iron(II) Sensitizer[END_REF] and others [START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Zimmer | The Connection between NHC Ligand Count and Photophysical Properties in Fe(II) Photosensitizers: An Experimental Study[END_REF] on similar tridentate complexes with 4 NHC ligands. Namely, the initially created 1 MLCT state is converted through an ultrafast (<100 fs) spin-crossover to a hot non-emissive (no noticeable stimulated emission observed) [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MLCT state which then undergoes a sub-ps vibrational relaxation. This thermalized triplet state then returns to the ground state on the ps time-scale. In particular the last, τ 4 ∼ 18 ps, step corresponds to the return to the ground state, involving ultrafast relaxation through lower energy [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MC states, in accordance with the relaxation cascade observed for the parent pyridylNHC Fe (II) complexes. [START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Liu | A new record excited state 3 MLCT lifetime for metalorganic iron(II) complexes[END_REF][START_REF] Duchanois | An Iron-Based Photosensitizer with Extended Excited-State Lifetime: Photophysical and Photovoltaic Properties[END_REF][START_REF] Cebrián | Ultrafast Spectroscopy of Fe(II) Complexes Designed for Solar-Energy Conversion: Current Status and Open Questions[END_REF][START_REF] Hainer | Vibrational Coherence Spectroscopy Identifies Ultrafast Branching in an Iron(II) Sensitizer[END_REF] In particular the reference complex C0 was studied in detail, [START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Kunnus | Vibrational wavepacket dynamics in Fe carbene photosensitizer determined with femtosecond X-ray emission and scattering[END_REF] demonstrating a 9.0 ps lifetime of the [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MLCT state (corresponding to τ 4 ).

The τ 3 = 5.2 ps is a relevant time constant since it is needed for an improved quality of the fits, in particular in the low energy bleach part (see Fig. S18 †). However, unlike the 0.43 ps component, its EADS does not show a significant difference in spectral shape with the 17.9 ps EADS, unlike similar time components we found in previous work with diazinyl-NHC ligands. [START_REF] Darari | Iron(II) complexes with diazinyl-NHC ligands: impact of π-deficiency of the azine core on photophysical properties[END_REF] This suggests two alternatives for its assignment. It could be due to a residual slower thermalization process which involves vibrational modes that are less strongly coupled to the optical transitions and which therefore leads to little spectral variation. Alternatively, τ 3 and τ 4 may correspond to two different 3 MLCT-3 MC relaxation pathways in the multidimensional excited state landscape. As a side remark, a parallel population of both 3 MLCT and 3 MC on the sub-picosecond time scale [START_REF] Kunnus | Vibrational wavepacket dynamics in Fe carbene photosensitizer determined with femtosecond X-ray emission and scattering[END_REF][START_REF] Hainer | Vibrational Coherence Spectroscopy Identifies Ultrafast Branching in an Iron(II) Sensitizer[END_REF][START_REF] Tatsuno | Hot Branching Dynamics in a Light-Harvesting Iron Carbene Complex Revealed by Ultrafast X-ray Emission Spectroscopy[END_REF] cannot be excluded, since population of the latter states go commonly un-noticed in UV-VIS transient absorption experiments. [START_REF] Cebrián | Ultrafast Spectroscopy of Fe(II) Complexes Designed for Solar-Energy Conversion: Current Status and Open Questions[END_REF] Concerning the influence of the number of fused thiophene rings in the CTh series of molecules on the excited state dynamics one can see from the results of the global analysis (Table 3) as well from the bleach recovery kinetics (Fig. 7) that increasing the number of fused thiophene rings and thereby promoting the electron delocalization in the MLCT state leads to a moderate slow-down of all the steps of the excited state relaxation. Nonetheless, this delocalization effect is apparently not enough to alter the overall relaxation cascade mechanism observed for related Fe-NHC complexes.

A Jablonski diagram showing the computed energetics of the key states for the series of complexes is shown in 8. While the MLCT states a distinct red shift, the [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MC states, which mix very little with the fused thiophene units (see spin density in Fig. S20 †) remain largely unchanged among the CTh, CTh2 and CTh3 series compared to C0. The geometry of all the important structures are provided in the ESI. † Given the significant structural reorganization between the 3 MLCT and 3 MC states, the decreasing energy gap (ΔE) between the two states as the number of thiophene units is increased may introduce a small barrier to the transformation between the two states, responsible for the increase in τ 3 and τ 4 observed experimentally. This counterintuitive effect is highlighted in Fig. 9. Indeed, and as in Marcus theory for electron transfer, [START_REF] Marcus | On the Theory of Oxidation-Reduction Reactions Involving Electron Transfer. I[END_REF] the energy barrier between the states decreases, and reaches zero only when ΔE is equal to the structural reorganization energy. A similar behavior was recently also put forward in a study on solvent effects of Fe complexes. [START_REF] Kjaer | Solvent control of charge transfer excited state relaxation pathways in [Fe(2,2′-bipyridine)(CN) 4[END_REF] 

Conclusions

In conclusion, we present here a combined experimental and theoretical study of iron(II) complexes with pyridyl NHC ligands conjugated with thiophene and fused polythiophenes. As predicted theoretically, [START_REF] Mukherjee | HOMO inversion as a strategy for improving the light-absorption properties of Fe(II) chromophores[END_REF] these ligands induce a substantial mixture of the occupied t 2g and π HOMO orbitals, as manifested by a near 80 nm red-shift of the 1 MLCT transition and a 2-3-fold increase of the extinction coefficient. The thiophene moieties allow for a delocalisation of the MLCT state on the ligands, which results in excited state lifetimes in the 13-18 ps range, almost twice as much as for the reference compound lacking the thiophene side groups. Relaxation into [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MC states remains the main [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MLCT quenching mechanism, and the MLCT states were computed at the 3 MLCT optimized geometry and the energies of the [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MC was computed at the 3 MC optimized geometry ( 1 MLCT and 3 MLCT states have similar geometries). Both geometries were computed using UKS and the relevant geometries are in the ESI. † effect of the number of thiophenes in lengthening the [START_REF] Kaufhold | Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes[END_REF] MLCT lifetime is qualitatively consistent with a stabilisation of the 3 MLCT energy due to increased charge delocalisation. As a result, the 3 MLCT-3 MC energy gap is reduced (Fig. 8), which leads to an increased barrier for the excited state structural relaxation involved in the 3 MLCT-3 MC transition (Fig. 9). Works are in progress to further amplify the mixing between metal and ligand orbitals via a wider π-extended delocalization in various parts of the ligands.

Experimental

General

Solvents and commercially available reagents were used as received. Thin layer chromatography (TLC) was performed by using silica gel 60 F-254 (Merck) plates and visualized under UV light. Chromatographic purification was performed by using silica gel 60 (0.063-0.2 mm per 70-230 mesh). 1 H (400 MHz) and [START_REF] Listorti | Electron Transfer Dynamics in Dye-Sensitized Solar Cells[END_REF] C NMR (100 MHz) spectra were taken on a DRX400 Bruker spectrometer at ambient temperature. The chemical shifts (δ), were calibrated by using either tetramethylsilane (TMS) or signals from the residual protons of the deuterated solvents and are reported in parts per million ( ppm) from low to high field, NMR signal assignments for L2, L3, CTh, CTh2 and CTh3 are detailed in the ESI. † High-resolution mass spectrometry (HRMS) data was obtained by using Bruker micrOTOF-Q spectrometer. UV-vis spectra were recorded in a 1 cm path length quartz cell on a LAMBDA 1050 (PerkinElmer), spectrophotometer. Cyclic voltammetry was performed on a Radiometer PST006 potentiostat using a conventional three-electrode cell. The saturated calomel electrode (SCE) was separated from the test compartment using a bridge tube. The solutions of studied complexes (0.2 mM) were purged with argon before each measurement. The test solution was acetonitrile containing 0.1 M Bu 4 NPF 6 as supporting electrolyte. The working electrode was a vitreous carbon rod (1 cm 2 ) wire and the counter-electrode was a 1 cm 2 Pt disc. After the measurement, ferrocene was added as the internal reference for calibration. All potentials were quoted versus SCE. In these conditions the redox potential of the couple Fc + /Fc was found at 0.39 V. In all the experiments the scan rate was 100 mV s -1 .

Synthesis of complexes

CTh. To an Ar degassed solution of L1 27 (88 mg, 0.126 mmol) in 2 mL of anhydrous DMF was added anhydrous FeCl 2 (8 mg, 0.063 mmol). Then t-BuOK (0.071 g, 0.630 mmol) was added to the above mixture and stirred at room temperature for 20 min. A saturated aqueous solution of NH 4 PF 6 was added (10 ml) and the precipitate was collected by filtration. The crude product was further purified by silica gel column chromatography eluting with an acetone/H 2 O/KNO 3 (sat) = 10/ 3/0.5 mixture. The reddish fraction was collected and after evaporation of acetone, the left solution was treated with a saturated solution of NH 4 PF 6 . The desired complex precipitate was then filtered, washed with distilled water followed by ether, and dried under vacuum. CTh was obtained as a reddish solid (50 mg, 68% yield). [START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF] CTh3. The same procedure was repeated using L3 (57 mg, 0.079 mmol), FeCl 2 (5 mg, 0.039 mmol) and t-BuOK (44 mg, 0.392 mmol). CTh3 was obtained as a purple solid (13 mg, 27% yield). [START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF] H NMR (400 MHz, CD 3 CN, δ ppm): 8.30 (s, 1H), 8.17 

Computational details

All complexes were optimized in the ground state and 3 MC and 3 MLCT states using DFT within the approximation of the B3LYP* exchange and correlation functional [START_REF] Reiher | Reparameterization of hybrid functionals based on energy differences of states of different multiplicity[END_REF] and a def2-SVP basis set [START_REF] Weigend | Accurate Coulomb-fitting basis sets for H to Rn[END_REF] as implemented within the ORCA quantum chemistry package. [START_REF] Neese | Software update: The ORCA program system-Version 5.0[END_REF] While this is only valid for the lowest state of each multiplicity, both the 3 MC and 3 MLCT are the lowest triplets at their respective optimized geometries. Numerical frequencies calculations were carried out on the geometries optimized to ensure no negative frequencies. TDDFT calculations, used to calculate the excited state energies of each complex used the Tamm-Dancoff approximation [START_REF] Hirata | Time-dependent density functional theory within the Tamm-Dancoff approximation[END_REF] and were also performed using B3LYP*. All simulations were performed using a polarisable continuum model with the parameters of acetonitrile.

Fs-TAS measurements

The home-built transient absorption spectrometer has been described in detail elsewhere [START_REF] Roland | Sub-100 fs charge transfer in a novel donor-acceptor-donor triad organized in a smectic film[END_REF][START_REF] Liu | Controlling charge separation and recombination by chemical design in donor-acceptor dyads[END_REF] and only substantial parameters will be given here. The pump pulses were tuned to be in resonance with the absorption maxima of the studied compounds (510 nm for CTh, 525 nm for CTh2 and 535 nm for CTh3). The probe light covering 360-700 nm range was generated by focusing 40 fs 800 nm pulses of the primary laser source in a 2 mm thick CaF 2 plate mounted on a motorized linear stage to reduce thermal effects. Sample solutions (1 mM in dry acetonitrile) were circulated in a flow cell with 200 μm optical pathlength (Starna). The probe beam was focused to ca. 60 µm Gaussian spot diameter (1/e 2 ). The pump spot size was ca. 150 µm in diameter (1/e 2 ) and typical maximal energy densities were 0.25 mJ cm -2 (in the center of the Gaussian beam profile) to keep the fraction of excited molecules below 5%. Solvent subtraction and correction for wavelength-dependent time-zero were performed using previously established protocols [START_REF] Roland | Sub-100 fs charge transfer in a novel donor-acceptor-donor triad organized in a smectic film[END_REF][START_REF] Liu | Controlling charge separation and recombination by chemical design in donor-acceptor dyads[END_REF] using the neat solvent data acquired under identical conditions.
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 1 Fig. 1 Energetic diagrams illustrating the HOMO inversion concept.
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 2 Fig. 2 Complexes studied in this work. The counterion is PF 6 -
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 4 Fig.4HOMO-LUMO plots for all the complexes including the contribution of Fe 3d orbitals in HOMO.

Fig. 6

 6 Fig. 6 Evolution associated difference spectra (EADS) obtained from global analysis of CTh3 fs-TAS data. The corresponding decay time constants are indicated in the legend.

Fig. 5

 5 Fig. 5 Fs-TAS data for CTh3. (A) Two-dimensional color-plot as a function of pump-probe delay and probe wavelength. Positive signals (induced absorption) are in shades of red, whereas negative ones (bleach) are in shades of blue. Contour lines are drawn at 10% intervals of the absolute maximum value. The data around 535 ± 10 nm were omitted due to large noise of scattered pump light overlaying the TAS signal. The time axis is logarithmic above 1 ps delay. (B) Transient spectra at selected delays. Inverse-signed steady-state UV-vis absorption spectrum is shown for comparison (dashed line). (C) Kinetic traces at selected probe wavelengths.

Fig. 7

 7 Fig. 7 Semi-log plot of normalized kinetics of the bleach recovery of CTh, CTh2 and CTh3. Dots are measured datapoints whereas lines are results of the global fit (see text).

Fig. 9

 9 Fig. 9 Schematic representation of the 3 MLCT and the 3 MC states approximated as harmonic potentials along an effective structural coordinate Q. When the energy gap ΔE decreases (left to right), the barrier V b between 3 MLCT and 3 MC increases, leading to a longer 3 MLCT lifetime.

Fig. 8

 8 Fig. 8 Computed Jablonski diagrams of the important excited states in (a) C0, (b) CTh, (c) CTh2 and (d) CTh3. Using TDDFT, the energies of the 1,3

  (d, J = 2.12 Hz, 2H), 8.06 (s, 2H), 7.71 (d, J = 5.29 Hz, 1H), 7.53 (d, J = 5.30 Hz, 1H), 7.06 (d, J = 2.09 Hz, 2H), 2.65 (s, 6H). 13 C NMR (100 MHz, CD 3 CN, δ ppm): 200.8, 154.6, 144.5, 144.2, 143.3, 140.8, 133.1, 131.2, 129.7, 127.2, 122.4, 122.0, 117.1, 101.8, 35.3. ESI-HRMS calcd for C 42 H 30 FeN 10 S 6 m/z = 461.0159. Found: 461.0175 [M -2PF 6 ].

Table 1

 1 Spectroscopic and electrochemical properties of complexes

	Complex

Table 2

 2 Computed energies of the HOMO and LUMO energies and lowest singlet excited states of C0, CTh, CTh2 and CTh3 calculated at the ground state optimized geometry using TDDFT(B3LYP*)

	Complex	λ (nm) ( f )	ε HOMO /eV	ε LUMO /eV	ΔE/eV
	C0	518 (0.00163)	-5.33	-2.02	3.31
		518 (0.00162)			
	CTh	615 (0.00340)	-5.29	-2.41	2.88
		614 (0.00370)			
	CTh2	628 (0.00290)	-5.32	-2.56	2.76
		627 (0.00260)			
	CTh3	637 (0.00430)	-5.33	-2.62	2.71
		637 (0.00340)			

Table 3

 3 Time constants derived from the analysis of the TAS data a

		CTh	CTh2	CTh3
	τ 1 (ps)	<0.01	0.030	0.045
	τ 2 (ps)	0.17	0.21	0.43
	τ 3 (ps)	3.0	4.7	5.2
	τ 4 (ps)	13.2	15.5	17.9

a For the reference complex C0, τ 4 is 9 ps.

[START_REF] Liu | Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: an N-heterocyclic carbene approach[END_REF][START_REF] Kunnus | Vibrational wavepacket dynamics in Fe carbene photosensitizer determined with femtosecond X-ray emission and scattering[END_REF] 

  H NMR (400 MHz, CD 3 CN, δ ppm): 8.12 (d, J = 2.19 Hz, 2H), 7.95 (s, 2H), 7.84 (d, J = 3.72 Hz, 1H), 7.06 (s, J = 3.72 Hz, 1H), 7.04 (d, J = 2.19 Hz, 2H), 2.99 (t, J = 7.51 Hz, 2H), 2.62 (s, 6H), 1.79 (q, 2H), 148-1.35 (m, 6H), 0.95 (t, J = 7.09 Hz, 3H).[START_REF] Listorti | Electron Transfer Dynamics in Dye-Sensitized Solar Cells[END_REF] C NMR (100 MHz, CD 3 CN, δ ppm): 201.1, 154.5, 151.4, 144.5, 138.0, 128.7, 127.2, 127.0, 116.1, 101.6, 35.3, 32.0, 31.8, 30.5, 29.0, 22.9, 14.0. ESI-HRMS calcd for C 46 H 54 FeN 10 S 2 m/z = 433.1656. Found: 433.1653 [M -2PF 6 ].CTh2. The same procedure was repeated using L2 (80 mg, 0.119 mmol), FeCl 2 (8 mg, 0.06 mmol) and t-BuOK (68 mg, 0.597 mmol). CTh2 was obtained as a purple solid (50 mg, 38% yield).[START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF] H NMR (400 MHz, CD 3 CN, δ ppm): 8.26 (s, 1H), 8.17(d, J = 2.10 Hz, 2H), 8.05(s, 2H), 7.76(d, J = 5.30 Hz, 1H), 7.52(d, J = 5.28 Hz, 1H), 7.05(d, J = 2.10 Hz, 2H), 2.64(s, 6H). 13 C NMR (100 MHz, CD 3 CN, δ ppm): 200.8, 154.6, 144.6, 142.2, 141.7, 141.0, 131.7, 127.1, 120.9, 120.7, 117.1, 101.9, 35.3. ESI-HRMS calcd for C 38 H 30 FeN 10 S 4 m/z = 405.0438. Found: 405.0493 [M -2PF 6 ].

This journal is © the Partner Organisations 2022Inorg. Chem. Front.
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