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Introduction

The application of the fundamental principles and computational methodologies described in the previous chapters is at the heart of the understanding of the photophysical processes driving the operation of many light-driven technologies. One prototypical example of these technologies is based on the exploitation of solar light to produce clean energy. As a matter of fact, the sun is supplying an unlimited amount of energy in form of irradiation to the Earth surface, which can be converted into electricity by means of photovoltaics (PV) devices. [START_REF] Singh | Fundamentals and Innovations in Solar Energy[END_REF] In this viewpoint, PV technologies appear as one of the most attractive strategies to shift towards more sustainable sources of energy, which will potentially enable, or at least contribute to, the reduction of the pollution generated by the human activities, and the supply of energy for a continuously growing population. [START_REF] Ahmad | A critical review of comparative global historical energy consumption and future demand: The story told so far[END_REF] Nowadays, most of commercial solar cell technologies are built by the integration of amorphous Si (a-Si) based materials as photoactive semiconductors, [3] which indeed present several drawbacks such as high economic and environmental cost of production, large mechanical rigidity or low device performances for low intensity light sources. Alternatively, during the last decades intensive research efforts have been devoted to the development of the socalled "third generation solar cells", characterized by lower costs, high flexibility, and integration of earth abundant materials. [START_REF] Yan | Third-generation solar cells: A review and comparison of polymer:fullerene, hybrid polymer and perovskite solar cells[END_REF] Nonetheless, their commercial exploitation has been hampered by their relatively low device efficiencies in comparison with the ones achieved by crystalline (but high cost manufacturing) materials (GaAs, InP). [START_REF] Nayak | Photovoltaic solar cell technologies: analysing the state of the art[END_REF] Currently, the most promising technologies of this generation are the dye sensitized solar cells (DSSCs), the organic photovoltaics (OPVs) and the perovskite solar cells (PSCs). In this chapter we will focus on the first type of solar cells, whereas the other two technologies will be discussed in detail in the subsequent two chapters of this book. Notably, DSSCs present the advantages of requiring simple preparation methods, having an excellent flexibility, good stability and being exploitable for indoor applications, since they can work under diffuse-light conditions. [START_REF] Muñoz-García | Dyesensitized solar cells strike back[END_REF][START_REF] Kokkonen | Advanced research trends in dye-sensitized solar cells[END_REF] Although evidence of charge injection from an organic dye into a semiconductor in an electrochemical cell was reported at the late 1960s, [START_REF] Gerischer | Sensitization of charge injection into semiconductors with large band gap[END_REF] only in 1991 O'Regan and Grätzel achieved the first practical use of dye sensitizers grafted onto mesoporous semiconductor films to generate an electric current, [START_REF] Brian | A low-cost, high-efficiency solar cell based on dyesensitized colloidal TiO2 films[END_REF] paving the way to massive research efforts and industrial interest in the DSSC technology. [START_REF] Sharma | Dye-Sensitized Solar Cells: Fundamentals and Current Status[END_REF] The main components and the basic device operation for a typical n-type DSSC (Grätzel's solar cell) are represented in Figure 1. The functioning mechanism involves the following steps: [START_REF] Singh | Fundamentals and Innovations in Solar Energy[END_REF] the dye sensitizer absorbs the solar light and is promoted to a charge-separated electronically excited state (D * ); (2) the photogenerated electron is injected into the conduction band (CB) of the semiconductor, where the dye sensitizers are grafted; (3) the dye recovers its neutral state (D) by transferring the photogenerated hole to the electrolyte redox mediator, (4) which is then regenerated by the reduction prompted by the metallic counter-electron acting as catalyst, thus closing the circuit which is sealed by means of a transparent conductive oxide (TCO) layer, and finally generating the electric current. [START_REF] Hagfeldt | Dye-Sensitized Solar Cells[END_REF][START_REF] Grätzel | Dye-sensitized solar cells[END_REF] As it is schematized in the energy diagram of Figure 1, the difference between the quasi-Fermi level (Ef) of the photoanode under illumination and the redox mediator potential (R + /R) will determine the potential generated by the cell (the so-called open circuit voltage VOC). Then the corresponding overall efficiency is calculated as follows:

𝜂 = 𝑉 𝑂𝐶 * 𝐹𝐹 * 𝐽 𝑆𝐶 𝑃 𝐼 (1) 
Where FF (Fill Factor) is a dimensionless parameter which reflects the internal and external cell resistances, Jsc is the photocurrent density at short circuit, and PI is the intensity of the incident light. In this context, Jsc is estimated as the integral over the solar spectrum of the monochromatic incident photon to current conversion efficiency (IPCE) at short circuit, which can be quantified by following this equation: (

IPCE = LHE * ϕinj *
) 2 
Being LHE the light harvesting efficiency of the photoelectrode; ϕinj the quantum yield of electron injection; and ϕcoll the electron collection efficiency at the TCO. Overall, we can thus conclude that cell efficiency will be governed by the competition between the desired operation processes, involving generation, transport, and collection of charges (steps 1-4 indicated by green arrows in Figure 1), and the charge recombination losses (steps 5-6 marked with red-dashed arrows). The first reported efficiency for DSSCs in 1991 amounted to 7.1%, [START_REF] Brian | A low-cost, high-efficiency solar cell based on dyesensitized colloidal TiO2 films[END_REF] and after three decades of active research in the field, the efficiency for these technologies has been pushed until reaching 14.3% [START_REF] Kakiage | Highlyefficient dye-sensitized solar cells with collaborative sensitization by silyl-anchor and carboxy-anchor dyes[END_REF] (see Table 1) under standard solar light irradiation, [START_REF] Alhorani | Review of latest efficient sensitizer in dye-sensitized solar cells[END_REF] and above 34% when employing artificial light sources. [START_REF] Zhang | A molecular photosensitizer achieves a V oc of 1.24 V enabling highly efficient and stable dye-sensitized solar cells with copper(II/I)-based electrolyte[END_REF][START_REF] Michaels | Dye-sensitized solar cells under ambient light powering machine learning: Towards autonomous smart sensors for the internet of things[END_REF] Such an improvement in the device efficiencies has been realized by a careful optimization of the working conditions and the device components integrating the cell. [START_REF] Ye | Recent advances in dye-sensitized solar cells: From photoanodes, sensitizers and electrolytes to counter electrodes[END_REF] The most common semiconductor materials employed as photoanodes in DSSCs are mesoporous films of TiO2 nanocrystals due to their enhanced surface contact area where the dyes are grafted, thus significantly boosting the light harvesting. The most recent advances achieved in the TiO2 film optimization concern the control of the characteristics (porosity, chemical composition) of the material in order to tune the interface with the electrolyte and the conductive glass, or to modify its intrinsic properties via doping or light scattering. [START_REF] Fan | Improving photoanodes to obtain highly efficient dyesensitized solar cells: A brief review[END_REF][START_REF] Yeoh | Recent advances in photo-anode for dye-sensitized solar cells: a review[END_REF] Other type of nanomaterial morphologies employed in DSSCs photoanodes include nanosheets, nanowires, nanorods, nanofibers. [START_REF] Liu | Progress in nanostructured photoanodes for dyesensitized solar cells[END_REF] Alternatively, other materials such as ZnO [START_REF] Tyona | A review of zinc oxide photoanode films for dye-sensitized solar cells based on zinc oxide nanostructures[END_REF][START_REF] Vittal | Zinc oxide based dye-sensitized solar cells: A review[END_REF] and SnO2 [START_REF] Li | Nanostructured SnO2 photoanode-based dye-sensitized solar cells[END_REF][START_REF] Wali | Tin oxide as a photoanode for dye-sensitised solar cells: Current progress and future challenges[END_REF] nanostructures, have been used as photoanodes in DSSCs as well but, unfortunately, their lower chemical stability under illumination and their deeper CB edge energies, respectively, have somehow lowered their device efficiencies (no more than 7.5% [START_REF] Memarian | Hierarchically Assembled ZnO Nanocrystallites for High-Efficiency Dye-Sensitized Solar Cells[END_REF] and 6.4% [START_REF] Wang | Fabrication of a double layered photoanode consisting of SnO2 nanofibers and nanoparticles for efficient dye-sensitized solar cells[END_REF] for ZnO and SnO2 photoanodes, respectively). It is noteworthy to mention that, in the classical Grätzel's solar cell, the working electrode consists of a n-type semiconductor where the photogenerated electrons are injected. However, the flow of electrons in the cell can be reversed by using the dye sensitizer to transfer holes into the valence band (VB) of a p-type semiconductor, which is acting as photocathode (normally NiO), [START_REF] Benazzi | Developing photocathode materials for p-type dye-sensitized solar cells[END_REF] forming the so-called p-type DSSC. Despite this idea was firstly introduced in 1999 by Lindquist et al., the device efficiencies achieved by p-type devices were negligible. [START_REF] He | Dye-Sensitized Nanostructured p-Type Nickel Oxide Film as a Photocathode for a Solar Cell[END_REF] A promising avenue consists in combining a photoanode and a photocathode in a tandem device which enables to collect efficiently a larger amount of solar light, thus pushing the theoretical maximum performance which can be achieved by a single-junction device up to a Shockley-Queisser limit of 43%. [START_REF] He | Dye-sensitized nanostructured tandem cell-first demonstrated cell with a dye-sensitized photocathode[END_REF] Nonetheless, the rapid recombination taking place at the photocathode resulted in rather limited overall efficiencies, being 4.1% the largest one reported to date for tandem DSSCs devices. [START_REF] Farré | A Blue Diketopyrrolopyrrole Sensitizer with High Efficiency in Nickel-Oxide-based Dye-Sensitized Solar Cells[END_REF] Regarding the materials employed for the transport of the photogenerated holes and electrons, the most common family is the one represented by liquid electrolytes made of organic, inorganic or ionic solvent coupled with a redox mediator. [START_REF] Iftikhar | Progress on electrolytes development in dye-sensitized solar cells[END_REF][START_REF] Wu | Electrolytes in dyesensitized solar cells[END_REF] The most widely employed redox couple is I -/I3 -, due to its suitable potentials for many dyes, good solubility and high conductivity. In spite of this, nowadays the most efficient DSSCs are systemically fabricated by employing transition metal complexes (TMC), such as Cu(II/I) or Co(III/II) based electrolyte, in view of their improved stability and their excellent electrochemical behavior. [START_REF] Talip | Ionic liquids roles and perspectives in electrolyte for dye-sensitized solar cells[END_REF][START_REF] Yu | Liquid electrolytes for dyesensitized solar cells[END_REF] Nevertheless, for the commercial exploitation of DSSC technologies it would be highly desirable to avoid the use of liquid components, by replacing traditional electrolytes with quasi-solid and solid hole transport materials (HTM) such as small organic molecules, polymers, inorganic or metal complex materials, forming the so-called solid-state DSSCs (ssDSSCs). [START_REF] Li | Review of recent progress in solidstate dye-sensitized solar cells[END_REF][START_REF] Benesperi | The researcher's guide to solid-state dyesensitized solar cells[END_REF] On the other hand, Pt based materials have dominated the role of counter electrodes in DSSCs technologies during several decades due to their excellent conductivity and catalytic activity. [START_REF] Thomas | A review on counter electrode materials in dye-sensitized solar cells[END_REF][START_REF] Wu | Counter electrodes in dye-sensitized solar cells[END_REF] However, during the last years some increasing efforts have been devoted to use catalysts displaying a better energetic alignment with the typical TMCs used as redox couples, and based on Earth abundant materials. [START_REF] Theerthagiri | Recent Progress in Non-Platinum Counter Electrode Materials for Dye-Sensitized Solar Cells[END_REF][START_REF] Wang | Review on Low-Cost Counter Electrode Materials for Dye-Sensitized Solar Cells: Effective Strategy to Improve Photovoltaic Performance[END_REF] Among them, carbon materials such as graphene or polymers (i.e. PEDOT:PSS) alone or combined in the form of hybrid junctions have shown the best device performances (see Table 1).

Finally, as one can expect, the dye sensitizer is one of the principal ingredients of a DSSC and, its chemical versatility offers a huge space to boost the device efficiency by modulating the optical and redox properties. [START_REF] Clifford | Sensitizer molecular structure-device efficiency relationship in dye sensitized solar cells[END_REF] An highly-efficient dye should possess, indeed, a wide and intense optical absorption in the Vis and nIR regions associated to a long-lived charge transfer (CT) excited state, possibly electronically coupled to the oxide CB states, and ground and excited state oxidation potentials which properly match the redox potential of the mediator and the semiconductor CB, respectively, as it is shown in Figure 1. We can mention here three main families of dye sensitizers due to their historical relevance and their higher power conversion efficiencies when employed in DSSCs: the push-pull organic sensitizers, the porphyrin-based, and the TMC dyes. [START_REF] Shalini | Status and outlook of sensitizers/dyes used in dye sensitized solar cells (DSSC): a review[END_REF][START_REF] Carella | Research progress on photosensitizers for DSSC[END_REF] Push-pull organic dyes possess an electron donating groups (D) connected to an electron withdrawing moiety (A) via π-conjugated bridges (also known as D-π-A architecture). [START_REF] Bureš | Fundamental aspects of property tuning in push-pull molecules[END_REF] In addition to their high tunability and good absorption in the red portion of the solar spectrum, organic dyes also present the advantage of being metal-free materials, allowing for simple synthesis procedures, low production costs and reduced environmental impact. [START_REF] Lee | Recent progress in organic sensitizers for dye-sensitized solar cells[END_REF][START_REF] Mishra | Metal-Free organic dyes for dye-Sensitized solar cells: From structure: Property relationships to design rules[END_REF][START_REF] Devadiga | Recent developments in metal-free organic sensitizers derived from carbazole, triphenylamine, and phenothiazine for dye-sensitized solar cells[END_REF] Thanks to their long excited state lifetimes and their strong absorption in the Vis region, [START_REF] Birel | Porphyrin-Based Dye-Sensitized Solar Cells (DSSCs): a Review[END_REF][START_REF] Lu | Push-pull zinc porphyrins as light-harvesters for efficient dye-sensitized solar cells[END_REF] Zn(II) porphyrins combined with D-A groups have emerged as highly performant sensitizers, with record efficiencies of about 13%. [START_REF] Mathew | Dyesensitized solar cells with 13% efficiency achieved through the molecular engineering of porphyrin sensitizers[END_REF] Furthermore, their main disadvantage, represented by their tendency to aggregate at the liquid/solid semiconductor interface, can be effectively mitigated, as shown by the record reported efficiencies of 14.2%, [START_REF] Lee | Recent progress in organic sensitizers for dye-sensitized solar cells[END_REF] by using them in combination with other types of dye (i.e. organic D-π-A ones) in co-sensitized devices. Undoubtedly, TMCs, with Ru(II) polypyridyl complexes holding the place of honor, are historically the most studied and employed sensitizers in DSSCs applications. As a matter of fact, these dyes were the first ones to be integrated in DSSCs devices in the pioneer work of Grätzel and O'Regan, [START_REF] Brian | A low-cost, high-efficiency solar cell based on dyesensitized colloidal TiO2 films[END_REF] and the ones displaying the largest efficiencies till the last decade (see Table 1). TMCs possess many desirable properties such as a favorable photoelectrochemical behavior, high stability of their oxidized states, and a wide absorption range from the Vis to the nIR regime. However, the main reasons behind the success of Ru(II)-based sensitizers are the long lifetime and the excellent directionality of their metal-ligand charge transfer (MLCT)

states, as we will explain in more detail in the last three sections of this chapter. [START_REF] Qin | Ruthenium sensitizers and their applications in dye-sensitized solar cells[END_REF][START_REF] Aghazada | Ruthenium Complexes as Sensitizers in Dye-Sensitized Solar Cells[END_REF][START_REF] Tomar | Ruthenium complexes based dye sensitized solar cells: Fundamentals and research trends[END_REF] Unfortunately, these dyes present important drawbacks, which have significantly limited their commercial application, such as low extinction coefficients and, more importantly, the scarcity and potential toxicity of ruthenium. [START_REF] Housecroft | Solar energy conversion using first row d-block metal coordination compound sensitizers and redox mediators[END_REF] Thus, during the last years the field of TMC sensitizers is moving towards the development and the use of compounds owing earth-abundant and ecologically friendly first row d-block metal centers, [START_REF] Bozic-Weber | Light harvesting with Earth abundant d-block metals: Development of sensitizers in dye-sensitized solar cells (DSCs)[END_REF] such as Cu [START_REF] Conradie | Polypyridyl copper complexes as dye sensitizer and redox mediator for dye-sensitized solar cells[END_REF][START_REF] Housecroft | The emergence of copper(I)-based dye sensitized solar cells[END_REF] and Fe [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF]. Notably, [Cu(bpy)2] + exhibit similar photophysics as the [Ru(bpy)3] 2+ complexes [START_REF] Förster | Photophysics and photochemistry with Earth-abundant metals-fundamentals and concepts[END_REF] (vide infra) but their lower absorption coefficients in the Vis region and their facile ligand redistribution have hampered their use as sensitizers. [START_REF] Housecroft | Solar energy conversion using first row d-block metal coordination compound sensitizers and redox mediators[END_REF] Despite these issues can be partially solved by means of ligand functionalization, the efficiencies achieved by Cu(I) complex sensitizers have not exceeded 4.7%. [START_REF] Sandroni | Heteroleptic copper(i)polypyridine complexes as efficient sensitizers for dye sensitized solar cells[END_REF] In case of Fe, even if displaying the same d 6 electronic configuration as Ru, its photophysics is completely different, [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF] as we will further develop below, thus resulting in relatively low device efficiencies (Table 1). Nonetheless, due to their high technological relevance (iron is the fourth most common element in the Earth's crust), there is a growing interest in exploiting its peculiar photophysics. [START_REF] Cebrían | Ultrafast Spectroscopy of Fe(II) Complexes Designed for Solar Energy Conversion: Current Status and Open Questions[END_REF] The first attempt to employ Fe complex dyes as sensitizers was reported in the late 1990s by Ferrere and coworkers [START_REF] Ferrere | Photosensitization of TiO2 by [Fe(II)(2,2'-bipyridine-4,4'dicarboxylic acid)2(CN)2]: Band selective electron injection from ultra-short-lived excited states[END_REF][START_REF] Ferrere | New Photosensitizers Based upon[END_REF] who synthetized Fe(II) polypyridine complexes displaying similar chemical structure as the prototypical Ru(II) complexes used in DSSCs devices (N3 and N719 in Figure 2 left).

However, as we will better explain in section 4, the populated metal to ligand CT (MLCT) excited states of these dyes undergo an ultrafast deactivation into metal centered (MC)

states, [START_REF] Monat | Femtosecond excited-state dynamics of an iron(II) polypyridyl solar cell sensitizer model[END_REF] thus impeding the electron injection into the electrode and their practical application in photovoltaics. Notably, the biggest breakthrough for the development of Fe sensitizers came only in 2013 with the use of N-heterocyclic carbene (NHC) ligands to replace the traditional polypyridyl metal binding groups (see Figure 2 right). [START_REF] Duchanois | An iron-based photosensitizer with extended excited-state lifetime: Photophysical and photovoltaic properties[END_REF] The strong σ-donor character of these ligands is able to effectively destabilize the low-lying MC states, [START_REF] Liu | Fe N-Heterocyclic Carbene Complexes as Promising Photosensitizers[END_REF][START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF] thus impeding the ultrafast MLCT deactivation and allowing to reach excited states lifetimes in the ps scale. For example, MCLT lifetimes of 16-18 ps were reported for the homoleptic Fe(II)-NHC complex (C1) [START_REF] Duchanois | An iron-based photosensitizer with extended excited-state lifetime: Photophysical and photovoltaic properties[END_REF][START_REF] Harlang | Iron sensitizer converts light to electrons with 92% yield[END_REF][START_REF] Liu | A new record excited state 3MLCT lifetime for metalorganic iron(II) complexes[END_REF] endowed with the carboxylic functionalities required to be grafted to the TiO2 electrode. A further improvement of the excited state lifetimes can be reached via modification of the NHC ligands, [START_REF] Kaufhold | Design and synthesis of photoactive iron nheterocyclic carbene complexes[END_REF][START_REF] Lindh | Photophysics and photochemistry of iron carbene complexes for solar energy conversion and photocatalysis[END_REF] by increasing, for instance, the ligand aromaticity, [START_REF] Liu | A new record excited state 3MLCT lifetime for metalorganic iron(II) complexes[END_REF] or by employing diazene central cores. [START_REF] Darari | Iron(ii) complexes with diazinyl-NHC ligands: Impact of π-deficiency of the azine core on photophysical properties[END_REF] Remarkably, nowadays ligand engineering has allowed Fecarbene complexes to reach MLCT state lifetimes in the ns scale. [START_REF] Braun | Iron(ii) coordination complexes with panchromatic absorption and nanosecond charge-transfer excited state lifetimes[END_REF] Figure 2. Chemical structures of the most performant Ru(II) (left) and Fe(II) (right) complex dye sensitizers according to Table 1.

Despite the overall improved lifetimes, efficient utilization of Fe-dyes in DSSCs is still limited, with the highest device efficiencies amounting to 1.83% (ARM130 in Table 1), [START_REF] Reddy-Marri | A Series of Iron(II)-NHC Sensitizers with Remarkable Power Conversion Efficiency in Photoelectrochemical Cells[END_REF] being still about 6-7 times lower with respect to those of Ru(II)-based solar cells. However, this field is still at its infancy (note that in the last two years the device efficiencies reported for Fe-DSSCs have been boosted by one order of magnitude) and there is still plenty of room to improve the interfacial charge separation, for instance, via the incorporation of electron accepting moieties close to the anchoring groups, or further tuning the redox shuttles or the electrodes.

As attested by the huge number of theoretical and computational studies published in the last decades, frequently carried out in close collaboration with experiments, first principles calculations have been proved to be extremely useful to shed light on the optoelectronic properties of both the individual dyes and their interface with the electrodes and the electrolyte environment, [START_REF] Labat | Insights into working principles of ruthenium polypyridyl dye-sensitized solar cells from first principles modeling[END_REF][START_REF] Labat | First-principles modeling of dyesensitized solar cells: Challenges and perspectives[END_REF][START_REF] Pastore | Modeling excited states and alignment of energy levels in dye-sensitized solar cells: Successes, failures, and challenges[END_REF][START_REF] Bahers | Modeling dye-sensitized solar cells: From theory to experiment[END_REF][START_REF] Pastore | Electronic and Optical Properties of Dye-Sensitized TiO2 Interfaces[END_REF][START_REF] Pastore | First principle modelling of materials and processes in dye-sensitized photoanodes for solar energy and solar fuels[END_REF] effectively contributing to boost the device efficiencies. [START_REF] Bahers | Theoretical procedure for optimizing dye-sensitized solar cells: From electronic structure to photovoltaic efficiency[END_REF][START_REF] Al-Qurashi | Prediction of Power Conversion Efficiencies of Diphenylthienylamine-Based Dyes Adsorbed on the Titanium Dioxide Nanotube[END_REF] The rationalization of the main physical processes underlying the device operation via theoretical modeling has driven, indeed, the development of DSSCs technologies. [START_REF] Muñoz-García | Dyesensitized solar cells strike back[END_REF] In this viewpoint, here we will discuss the application of the state-of-art first principle calculations to the field of DSSCs, focusing our attention on the TMC dyes.

We refer the reader to some recent reviews to get a deeper knowledge of the recent advances of DSSCs technologies, [START_REF] Muñoz-García | Dyesensitized solar cells strike back[END_REF][START_REF] Kokkonen | Advanced research trends in dye-sensitized solar cells[END_REF][START_REF] Sharma | Dye-Sensitized Solar Cells: Fundamentals and Current Status[END_REF] and of the modeling of other dye families. [START_REF] Pastore | Electronic and Optical Properties of Dye-Sensitized TiO2 Interfaces[END_REF][START_REF] Pastore | First principle modelling of materials and processes in dye-sensitized photoanodes for solar energy and solar fuels[END_REF][START_REF] Pastore | Structural and electronic properties of dyesensitized TiO2 for solar cell applications: From single molecules to selfassembled monolayers[END_REF] We will start by a short overview of the methodologies and models which have been employed in the DSSCs field in order to simulate the properties of the dye sensitizers and their interface with the TiO2 semiconductor. Afterwards, we will illustrate how these methods can be suitably employed for describing the optoelectronic properties of TMC sensitizers. Firstly, we will discuss the last advances in modelling Ru(II) dye sensitizers, focusing on the development of panchromatic dyes via the enhancement of their singlettriplet states coupling. Afterwards, we will show how modelling of the dye's photophysics can be used to rationalize and optimize the MLCT state lifetimes in Fe(II) complexes. To conclude, we will illustrate how appropriate modeling of the electrode/dye/electrolyte interfaces can be used to get a better understanding of the different injection/recombination processes responsible of the photocurrent generation, and how these calculations can guide in the design of complexes leading to improved interfacial charge separation characteristics.

Computational Modeling of DSSCs: methods, limitations, and practical strategies

Generalities

As it is exemplified in Figure 1, DSSCs are rather complex systems involving components and processes of different nature and this makes their theoretical investigation an extremely challenging task. From a computational point of view, it is compulsory to develop realistic models and accurate methodologies to reliably describe the main properties of the cell components (dye sensitizers, semiconductor, and electrolyte) and the interactions between them. The fundamental information that one can get from atomistic simulations is: i) the dye's ground and excited state equilibrium structures, ground state oxidation potential (GSOP), optical absorption spectra and excited state oxidation potential (ESOP); ii) the semiconductor band gap and conduction and valence band density of states; and iii) the electrolyte/hole conductor redox properties.

The models employed to reproduce the TiO2, or more in general, semiconductor surfaces can be periodic 2D slabs or finite clusters (nanoparticles) systems. [START_REF] De Angelis | Theoretical studies on anatase and less common TiO2 phases: Bulk, surfaces, and nanomaterials[END_REF] The choice will depend on the targeted properties and on the appropriateness of the finite models in reliably reproducing the electronic structure of the solid material. For instance, TiO2 nanoparticles [START_REF] Lundqvist | DFT Study of Bare and Dye-Sensitized TiO2 Clusters and Nanocrystals[END_REF][START_REF] Nunzi | Inherent electronic trap states in TiO2 nanocrystals: Effect of saturation and sintering[END_REF] have been shown to deliver electronic properties similar to those of periodic systems, opening the way to their systematic use, in a Time-Dependent Density Functional Theory (TD-DFT) framework in combination with localized atomic orbital (LAO) basis sets and hybrid exchange and correlation functionals, for the calculation of the optical properties of the dye@TiO2 interfaces. This is, however, a peculiarity of the material, which yields size-independent electronic properties above a size of ca. 1-2 nm.

The situation is completely different, for example, for ZnO and for related ZnX materials (with X= S, Se and Te), as well as for WO3, which all exhibit strong quantum confinement effects. [START_REF] Watanabe | Band-gap expansion of tungsten oxide quantum dots synthesized in sub-nano porous silica[END_REF][START_REF] Kahn | Optical properties of zinc oxide nanoparticles and nanorods synthesized using an organometallic method[END_REF][START_REF] Diez-Cabanes | Understanding the Structural and Electronic Properties of Photoactive Tungsten Oxide Nanoparticles from Density Functional Theory and GW Approaches[END_REF] For the simulation of the dye-sensitized interface, the first step is to determine the adsorption mechanism of the dye onto the semiconductor, the nature and topology of the dye@semiconductor excited states, and the lining up of ground and excited state energy levels at the heterointerface. These properties, along with an estimate of the electronic coupling, constitute the fundamental parameters determining the electron injection and dye regeneration processes. [START_REF] Galoppini | Linkers for anchoring sensitizers to semiconductor nanoparticles[END_REF][START_REF] Pastore | Computational modelling of TiO2 surfaces sensitized by organic dyes with different anchoring groups: Adsorption modes, electronic structure and implication for electron injection/recombination[END_REF][START_REF] Zhang | Anchoring groups for dye-sensitized solar cells[END_REF][START_REF] Ambrosio | What is the best anchoring group for a dye in a dye-sensitized solar cell?[END_REF][START_REF] Arbouch | Influence of the nature of the anchoring group on electron injection processes at dye-titania interfaces[END_REF] As it illustrated in Table 1, among the different types of anchoring functionalities, the ones employed in the most performant devices are the carboxylic groups, which can be grafted to the semiconductor surface by following a mono-or bi-dentate fashion. [START_REF] Ben | First-Principles Modeling of Dye Anchoring on (001) γ-Monoclinic WO 3 Surfaces: The Role of Oxygen Vacancies[END_REF][START_REF] Dimple | Dye Anchoring on CuCrO2Surfaces for p-Type Dye-Sensitized Solar Cell Applications: An Ab Initio Study[END_REF][START_REF] Piccinin | Role of Solvent in the Energy Level Alignment of Dye-Sensitized NiO Interfaces[END_REF] The main drawback of cyanoacrylic and carboxylic groups is their poor stability in water environments that has, for example, limited their utilization in dye-sensitized photoelectrocatalytic cells for water splitting. [START_REF] Bae | Effects of Surface Anchoring Groups (Carboxylate vs Phosphonate) in Ruthenium-Complex-Sensitized TiO2 on Visible Light Reactivity in Aqueous Suspensions[END_REF][START_REF] Zhang | Recent advances in dye-sensitized semiconductor systems for photocatalytic hydrogen production[END_REF] On the other hand, phosphonic acid provides excellent anchoring stability, with an adsorption strength estimated to be approximately 80 times higher than that of the carboxylic acid, and negligible desorption in the presence of water. [START_REF] Hagfeldt | Dye-Sensitized Solar Cells[END_REF][START_REF] Pechy | Preparation of Phosphonated Polypyridyl Ligands to anchor Transition-metal Complexes on Oxide Surfaces: Application for the Conversion of Light to Electricity with Nanocrystalline TO2 Films Peter[END_REF] Many alternative anchoring groups have been proposed and tested, such as hydroxyl, [START_REF] Akin | Investigation of the photoinduced electron injection processes for natural dye-sensitized solar cells: The impact of anchoring groups[END_REF] silanes, [START_REF] Li | Stable Molecular Photocathode for Solar-Driven CO 2 Reduction in Aqueous Solutions[END_REF] silatranes, [START_REF] Materna | Silatrane Anchors for Metal Oxide Surfaces: Optimization for Potential Photocatalytic and Electrocatalytic Applications[END_REF] and hydroxamate [START_REF] Li | What makes hydroxamate a promising anchoring group in dye-sensitized solar cells? Insights from theoretical investigation[END_REF] groups.

Dealing with solid/liquid interfaces, the inclusion of the solvent environment in the simulations is essential to reliably describe the photophysical behavior of the various cell components, especially if one wants to directly compare with experiments. The most common approach to take solvent effects into account at a low computational cost is to use implicit polarizable models, where the solvent is treated as continuum dielectric medium, being the Polarizable Continuum Models (PCM) [START_REF] Tomasi | Quantum mechanical continuum solvation models[END_REF] and the COnductor-like Screening Model (COSMO) [START_REF] Klamt | COSMO: A new approach to dielectric screening in solvents with explicit expressions for the screening energy and its gradient[END_REF] the most common implementations available in commercial quantum chemistry and solid state codes. Unfortunately, these approaches can only capture bulk solvation effects, while when specific solute-solvent interactions are supposed to take place at the interface, one needs to explicitly include the solvent in the simulations. A realistic description of explicit solvent effects and of its dynamics requires sufficiently long ab-initio Molecular Dynamics (AIMD) [START_REF] Piccinin | Role of Solvent in the Energy Level Alignment of Dye-Sensitized NiO Interfaces[END_REF][START_REF] Segalina | Structure and Energetics of Dye-Sensitized NiO Interfaces in Water from Ab Initio MD and Large-Scale GW Calculations[END_REF][START_REF] Tateyama | Acetonitrile solution effect on Ru N749 dye adsorption and excitation at TiO2 anatase interface[END_REF] or classical [START_REF] Prampolini | Short-and Long-Range Solvation Effects on the Transient UV-Vis Absorption Spectra of a Ru(II)-Polypyridine Complex Disentangled by Nonequilibrium Molecular Dynamics[END_REF][START_REF] Prampolini | Dynamical and Environmental Effects on the Optical Properties of an Heteroleptic Ru(II)-Polypyridine Complex: A Multilevel Approach Combining Accurate Ground and Excited State QM-Derived Force Fields, MD and TD-DFT[END_REF][START_REF] Diez-Cabanes | Iron's Wake: The Performance of Quantum Mechanical-Derived Versus General-Purpose Force Fields Tested on a Luminescent Iron Complex[END_REF] MD simulations; hybrid Quantum/Molecular Mechanics (QM/MM) schemes, where the most relevant parts of the system (usually the solute and the first solvent layers) are described at the QM level, whereas the rest (the outer solvent layers) is treated classically, have been also largely applied. [START_REF] Tavernelli | Nonadiabatic molecular dynamics with solvent effects: A LR-TDDFT QM/MM study of ruthenium (II) tris (bipyridine) in water[END_REF][START_REF] Moret | Combined QM/MM and classical molecular dynamics study of [Ru(bpy) 3]2+ in water[END_REF][START_REF] Fazio | Curved TiO2 Nanoparticles in Water: Short (Chemical) and Long (Physical) Range Interfacial Effects[END_REF] Finally, concerning the dye/semiconductor/electrolyte system interdependence, one should consider many important phenomena taking place at the dye/semiconductor, semiconductor/electrolyte, dye/electrolyte, dye/dye and dye/coabsorbent interfaces.

[94]

Electronic Structure and optical properties of dyes in solution

DFT [START_REF] Kohn | Nobel Lecture: Electronic structure of matter-wave functions and density functionals[END_REF] and TD-DFT [START_REF] Adamo | The calculations of excited-state properties with time-dependent density functional theory[END_REF][START_REF] Laurent | Dye chemistry with time-dependent density functional theory[END_REF] are the most popular computational tools employed for the ground and excited state properties of DSSCs materials due to their excellent compromise between accuracy and computational cost. However, standard DFT functionals such as the ones based on the General Gradient Approximation (GGA) (i.e.

PW91 [START_REF] Perdew | Atoms, molecules, solids, and surfaces: Applications of the generalized gradient approximation for exchange and correlation[END_REF], PBE, [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] or BLYP [START_REF] Lee | Development of the Colic Salvetti correlation-energy into a functional of the electron density formula Chengteh[END_REF]) usually fail in the description of the electronic structure and optical properties of dye sensitizers. [START_REF] Peach | Excitation energies in density functional theory: An evaluation and a diagnostic test[END_REF][START_REF] Dev | Determining the appropriate exchangecorrelation functional for time-dependent density functional theory studies of charge-transfer excitations in organic dyes[END_REF] Pure DFT methodologies, indeed, present problems to recover the correct 1/R asymptotic behavior of the potential energy, yielding large underestimations for semiconductor band gaps, excited states with a significant long-range CT character and in the case of molecules with spatially-extended π systems. [START_REF] Dreuw | Long-range charge-transfer excited states in time-dependent density functional theory require non-local exchange[END_REF][START_REF] Tozer | Relationship between long-range charge-transfer excitation energy error and integer discontinuity in Kohn-Sham theory[END_REF][START_REF] Jacquemin | TD-DFT performance for the visible absorption spectra of organic dyes: Conventional versus long-range hybrids[END_REF][START_REF] Dreuw | Single-reference ab initio methods for the calculation of excited states of large molecules[END_REF] While this error dramatically affects organic push-pull dyes and their interfaces with the semiconductor, [START_REF] Pastore | Modeling excited states and alignment of energy levels in dye-sensitized solar cells: Successes, failures, and challenges[END_REF][START_REF] Segalina | Structure and Energetics of Dye-Sensitized NiO Interfaces in Water from Ab Initio MD and Large-Scale GW Calculations[END_REF][START_REF] Migani | Quasiparticle level alignment for photocatalytic interfaces[END_REF][START_REF] Gemeri | Electronic structure, optical properties, and electron dynamics in organic dye-sensitized TiO2 interfaces by local hybrid density functionals[END_REF] for TMCs the CT problem is limited to some extent by the substantial overlap of metal and ligand states characterizing the starting and arriving orbitals in MLCT excitations typical of these complexes. The use of opportunely tuned hybrid functionals, incorporating a variable amount of non-local Hartree-Fock (HF) exchange, partially corrects the wrong asymptotic behavior. [START_REF] Dev | Determining the appropriate exchangecorrelation functional for time-dependent density functional theory studies of charge-transfer excitations in organic dyes[END_REF][START_REF] Chen | Nonempirical dielectricdependent hybrid functional with range separation for semiconductors and insulators[END_REF][START_REF] Brawand | Generalization of dielectric-Dependent hybrid functionals to finite systems[END_REF][START_REF] Pastore | Computational Investigations on Organic Sensitizers for Dye-Sensitized Solar Cell[END_REF] Other popular approaches are based on introducing an increasing fraction of HF exchange as the interelectronic separation increases; the long-range corrected (LC) functionals, [START_REF] Iikura | A long-range correction scheme for generalized-gradient-approximation exchange functionals[END_REF][START_REF] Tawada | A long-rangecorrected time-dependent density functional theory[END_REF][START_REF] Kamiya | Nonlinear optical property calculations by the long-range-corrected coupled-perturbed Kohn-Sham method[END_REF][START_REF] Chai | Systematic optimization of long-range corrected hybrid density functionals[END_REF] the CAM-B3LYP [START_REF] Yanai | A new hybrid exchange-correlation functional using the Coulomb-attenuating method (CAM-B3LYP)[END_REF] and ωB97XD [START_REF] Chai | Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections[END_REF] methods belong to this family of range-separated functionals. Finally it is worth mentioning a recent and promising new family of DFT functionals, namely the local hybrids, [START_REF] Jaramillo | Local hybrid functionals[END_REF][START_REF] Perdew | Density functional with full exact exchange, balanced nonlocality of correlation, and constraint satisfaction[END_REF][START_REF] Bahmann | A thermochemically competitive local hybrid functional without gradient corrections[END_REF][START_REF] Kraisler | Effect of ensemble generalization on the highest-occupied Kohn-Sham eigenvalue[END_REF][START_REF] Silva | Local hybrid functionals with orbital-free mixing functions and balanced elimination of self-interaction error[END_REF][START_REF] Maier | Local hybrid functionals: Theory, implementation, and performance of an emerging new tool in quantum chemistry and beyond[END_REF] whose tunability seems to be favorable for the description of hybrid DSSC interfaces. [START_REF] Gemeri | Electronic structure, optical properties, and electron dynamics in organic dye-sensitized TiO2 interfaces by local hybrid density functionals[END_REF] In this approach different amounts of exact exchange are used at each point in space, thus allowing much more flexibility with respect to global hybrid and long-range corrected functionals.

Standard DFT methods also lack accuracy in treating long-range polarization effects that give rise to the van der Waals dispersion interactions, which, on the other hand, are properly taken into account by more expensive correlated ab-initio methodologies, such as secondorder Møller-Plesset Perturbation Theory (MP2), [START_REF] Møller | MP2 notes[END_REF] Coupled Cluster (CC) [START_REF] Bartlett | Coupled-cluster theory in quantum chemistry[END_REF] or the Random Phase Approximation (RPA). [START_REF] Chen | Random-Phase Approximation Methods[END_REF] However, various correction schemes have been proposed to properly recover the dispersion interactions at the DFT level at a moderate computational cost. [START_REF] Grimme | Dispersion-Corrected Mean-Field Electronic Structure Methods[END_REF] These approaches are based on nonlocal density-based functionals, such as van der Waals (vdW-DF, vdW-DF2, vdW-DF3) [START_REF] Chakraborty | Next-Generation Nonlocal van der Waals Density Functional[END_REF] or Vydrov and

Van Voorhis functionals (VV10) [START_REF] Vydrov | Nonlocal van der Waals density functional: The simpler the better[END_REF]; semiclassical C6-based potentials, such as the Grimme's corrections (D2, D3), [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] Thatchenko-Scheffer (TS) models, [START_REF] Tkatchenko | Accurate molecular van der Waals interactions from ground-state electron density and free-atom reference data[END_REF] or Becke Johnson (BJ) damping functions [START_REF] Becke | A density-functional model of the dispersion interaction[END_REF]; and effective one-electron potentials, such as the semilocal meta-GGA Minnesota set of functionals (M06, M06-2X). [START_REF] Peverati | Quest for a universal density functional: The accuracy of density functionals across a broad spectrum of databases in chemistry and physics[END_REF] Finally, another major drawback of TD-DFT methods is the well-known triplet (and multiplet) instability, which can be partially mitigated by resorting in the Tamm-Dancoff Approximation (TDA), [START_REF] Dancoff | Non-Adiabatic Meson Theory of Nuclear Forces[END_REF] although it still may result in largely underestimated triplet excitation energies. [START_REF] Peach | Influence of triplet instabilities in TDDFT[END_REF] In the particular case of TMCs, where intersystem crossings (ISC) involving several multiplicities often take place during the excited state dynamics, [START_REF] Chergui | Ultrafast Photophysics of Transition Metal Complexes[END_REF] the accurate estimation of such energies becomes crucial. It is well-known that pure exchange and correlation (xc) functionals tend to stabilize low-spin states, whereas the inclusion of HF exchange favors the high spin configurations.[168-170] Therefore, the reparameterization of standard hybrid DFT functionals with a slightly reduced amounts of HF exchange, as for instance, the modified B3LYP functional with a 15% of exchange (the so-called B3LYP*), [START_REF] Reiher | Theoretical study of the Fe(phen)2(NCS)2 spin-crossover complex with reparametrized density functionals[END_REF] is one of the most popular strategies employed to model TMCs, as Fe(II) and Co(II) complexes. [START_REF] Pápai | Effect of tert-Butyl Functionalization on the Photoexcited Decay of a Fe(II)-N-Heterocyclic Carbene Complex[END_REF][START_REF] Lord | Spin crossover-coupled electron transfer of [M(tacn) 2] 3+/2+ complexes (tacn) 1,4,7-triazacyclononane; M = Cr Mn Fe Co Ni)[END_REF][START_REF] Kepp | Theoretical Study of Spin Crossover in 30 Iron Complexes[END_REF][START_REF] Cirera | Benchmarking Density Functional Methods for Calculation of State Energies of First Row Spin-Crossover Molecules[END_REF] In a similar way, the reparameterization of the short-range exact exchange in RSH functionals also provided accurate high and low spin state energy (EHS/LS) values. [START_REF] Prokopiou | Spin-State Energetics of Fe Complexes from an Optimally Tuned Range-Separated Hybrid Functional[END_REF] In the case of meta-GGA functionals, they have shown a good performance in the description of the optical properties of Fe complexes bearing strong ligand fields. [START_REF] Ioannidis | Ligand-field-dependent behavior of meta-GGA exchange in transition-metal complex spin-state ordering[END_REF] Furthermore, the so-called "double hybrid" functionals [START_REF] Grimme | Semiempirical hybrid density functional with perturbative secondorder correlation[END_REF] have also shown to accurately estimate the relative EHS/LS energies. [START_REF] Ye | Accurate modeling of spin-state energetics in spin-crossover systems with modern density functional theory[END_REF][START_REF] Wilbraham | Communication: Evaluating non-empirical double hybrid functionals for spin-state energetics in transition-metal complexes[END_REF] Very recently, a cheaper computational alternative to these methods has been proposed by employing the Hubbard correction (DFT+U) [START_REF] Himmetoglu | Hubbard-corrected DFT energy functionals: The LDA+U description of correlated systems[END_REF] with a U-corrected density, which yielded to similar EHS/LS energies as the most accurate hybrid DFT approaches. [START_REF] Mariano | Improved Spin-State Energy Differences of Fe(II) Molecular and Crystalline Complexes via the Hubbard U-Corrected Density[END_REF] Finally it is worth to mention that the performance of TD-DFT to properly describe a large number of low energy quasi-degenerated states having a strong multiconfigurational nature and distinct CT characters, has revealed very system dependent. [START_REF] Petit | Predictions of optical excitations in transitionmetal complexes with time dependent-Density Functional Theory: Influence of basis sets[END_REF] In this context, more sophisticated computational approaches as, for instance, multiconfiguration pair DFT (MP-DFT) [START_REF] Wilbraham | Multiconfiguration Pair-Density Functional Theory Predicts Spin-State Ordering in Iron Complexes with the Same Accuracy as Complete Active Space Second-Order Perturbation Theory at a Significantly Reduced Computational Cost[END_REF] or wavefunction methods such as CASPT2, [START_REF] Domingo | Spin Crossover in Fe(II) Complexes: An Ab Initio Study of Ligand σ-Donation[END_REF] NEVPT2, [START_REF] Pierloot | Spin State Energetics in First-Row Transition Metal Complexes: Contribution of (3s3p) Correlation and Its Description by Second-Order Perturbation Theory[END_REF], combined CASPT2/CC [START_REF] Phung | Toward Highly Accurate Spin State Energetics in First-Row Transition Metal Complexes: A Combined CASPT2/CC Approach[END_REF] or multireference CI [START_REF] Radoń | Benchmarking quantum chemistry methods for spin-state energetics of iron complexes against quantitative experimental data[END_REF], should be employed instead, [START_REF] Pierloot | Spin State Energetics in First-Row Transition Metal Complexes: Contribution of (3s3p) Correlation and Its Description by Second-Order Perturbation Theory[END_REF][START_REF] Neese | Advanced aspects of ab initio theoretical optical spectroscopy of transition metal complexes: Multiplets, spinorbit coupling and resonance Raman intensities[END_REF] especially in those complexes with a more marked metal-ligand bond covalent character which exhibit a huge dependence of the HF x-c fraction of the DFT functional chosen. [START_REF] Radoń | Revisiting the role of exact exchange in DFT spin-state energetics of transition metal complexes[END_REF][START_REF] Ioannidis | Towards quantifying the role of exact exchange in predictions of transition metal complex properties[END_REF] The presence of heavy atoms used as metal centers in TMCs usually results in the appearance of relativistic effects affecting their electronic structure at different extent. [START_REF] Phung | Toward Highly Accurate Spin State Energetics in First-Row Transition Metal Complexes: A Combined CASPT2/CC Approach[END_REF][START_REF] Nazeeruddin | Combined Experimental and DFT-TDDFT Computational Study of Photoelectrochemical Cell Ruthenium Sensitizers[END_REF] The splitting of the dye's energy levels and the population of certain forbidden triplet states originated by the coupling between the singlet and triplet states, spin orbit coupling (SOC), can heavily impact their opto-electronic response, especially in the lowest energy absorption region of the spectra. The full resolution of the Dirac Kohn Sham (DKS) equations is not computationally affordable for medium size systems as Ru(II) dyes and due to this, many different approximations to these equations have been developed during the last years. Among them, the most common approach to treat relativistic effects is the 2-component zero-order regular approximation (ZORA), [START_REF] Chang | Regular two-component pauli-like effective hamiltonians in dirac theory[END_REF][START_REF] Van Lenthe | Relativistic regular two-component Hamiltonians[END_REF] which is able to disentangle the scalar relativistic effects (SR) from the corrections associated to the inclusion of the spin-orbit coupling (SOC) operator. To understand the influence of the SOC between the lowest energy triplet and singlet states for a given molecular system, one can resort to a simple mono-electronic SOC model, where the oscillator strength of the lowest singlet-triplet excitations (fST) can be expressed as:

𝑓 𝑆𝑇 = ⟨𝛹 𝑇 ⟩ 𝐸 𝑇 -𝐸 𝑆 𝑓 𝑠
Where ΨS/ΨT are the singlet/triplet wavefunctions, HSOC is the spin-orbit coupling Hamiltonian, Es/ET are the singlet/triplet state energies, and fS is the singlet oscillator strength. The matrix element at the numerator ‹ΨS| HSOC |ΨT› represents the strength of the

(3)
coupling between the spin-free singlet and triplet states and it can be approximated by the amount of metal character in the metal-based Highest-Occupied Molecular orbital (HOMO) of the complex. [START_REF] Baková | Relativistic effects in spectroscopy and photophysics of heavy-metal complexes illustrated by spin-orbit calculations of [Re(imidazole)(CO)3(phen)]+[END_REF] In this regard, with the aim of illustrating the implementation of these techniques in the modelling of TMCs, section 3 will provide a resume of the main theoretical studies dedicated to elucidate the influence of SOC in the properties of the Ru(II) complex dyes. Note that at this point, we will stick the discussion to the works done on Ru(II) and Os(II) dyes, since relativistic effects in Fe(II) complexes are expected to be very low in view of the low mass of its metal center.

Electronic Structure and optical properties of semiconductor materials and dyesensitized interfaces

As discussed for the dyes, pure DFT functionals such as the ones based on the Local Density Approximation (LDA) usually lead to an underestimation of the experimental gaps of semiconductors as TiO2 [START_REF] Mo | Electronic and optical properties of three phases of titanium dioxide: Rutile, anatase, and brookite[END_REF], WO3 [START_REF] Stepanyuk | Electronic structure and optical properties of MgS[END_REF] or NiO. [START_REF] Shen | Electronic structure of NiO: Correlation and band effects[END_REF] This error can be corrected by adding a tuned fraction (10%-20%) of HF exact exchange in form of hybrid functionals. [START_REF] Zhang | A theoretical study on the electronic structures of TiO2: Effect of Hartree -Fock exchange[END_REF][START_REF] Patterson | Comparison of Hybrid Density Functional, Hartree-Fock, and GW Calculations on NiO[END_REF][START_REF] Wang | Electronic and structural properties of WO3: A systematic hybrid DFT study[END_REF][START_REF] Ko | Performance of a modified hybrid functional in the simultaneous description of stoichiometric and reduced TiO2 polymorphs[END_REF] As a matter of fact, however, hybrid functionals become an expensive method when modeling systems with large dimensions within a plane wave basis set. [START_REF] Broqvist | Hybrid-functional calculations with plane-wave basis sets: Effect of singularity correction on total energies, energy eigenvalues, and defect energy levels[END_REF] In this regard, some computationally less expensive methods such as DFT+U [START_REF] Himmetoglu | Hubbard-corrected DFT energy functionals: The LDA+U description of correlated systems[END_REF] or DFT-1/2 [START_REF] Ferreira | Approximation to density functional theory for the calculation of band gaps of semiconductors[END_REF] have emerged during the last years as affordable solutions to overcome the DFT band gap issue in semiconductors as TiO2. However, the need for an unbiased and accurate method enabling to fairly reproduce the electronic structure of both TiO2 and the dye sensitizer has turned the attention to some many-body perturbation theory (MBPT) methods such the ones based on the GW formalism, [START_REF] Reining | The GW approximation: content, successes and limitations[END_REF] which has recently become a prominent tool to investigate the interfacial energetics in DSSCs. [START_REF] Segalina | Structure and Energetics of Dye-Sensitized NiO Interfaces in Water from Ab Initio MD and Large-Scale GW Calculations[END_REF][START_REF] Umari | Energy-level alignment in organic dye-sensitized TiO2 from GW calculations[END_REF][START_REF] Verdi | Alignment of energy levels in dye/semiconductor interfaces by GW calculations: Effects due to coadsorption of solvent molecules[END_REF] Concerning the dye@TiO2 excited state properties, the large size of these systems clearly makes multiconfigurational correlated wavefunction methods, such as CASSCF, CC or CI, computationally prohibitive, and the reported calculations are limited to the interface with small TiO2 clusters. [START_REF] Martirez | Metal-to-Ligand Charge-Transfer Spectrum of a Ru-Bipyridine-Sensitized TiO2Cluster from Embedded Multiconfigurational Excited-State Theory[END_REF] As a result, hybrid DFT functionals in combination with cluster models remain the most common tool to access to the dye@TiO2 optical properties. [START_REF] Pastore | Modeling excited states and alignment of energy levels in dye-sensitized solar cells: Successes, failures, and challenges[END_REF] Nonetheless, the rapid development of MBPT approaches based on the combination of GW and the resolution of the Bethe Salpeter Equation [START_REF] Blase | The Bethe-Salpeter equation in chemistry: Relations with TD-DFT, applications and challenges[END_REF][START_REF] Blase | The Bethe-Salpeter Equation Formalism: From Physics to Chemistry[END_REF] (GW/BSE) has recently allowed their implementation in the study of the excited state of these type of interfaces. [START_REF] Marsili | Large-scale GW -BSE calculations with N3 scaling: Excitonic effects in dye-sensitized solar cells[END_REF][START_REF] Escudero | Modeling the Photochrome-TiO2 Interface with Bethe-Salpeter and Time-Dependent Density Functional Theory Methods[END_REF] Still, the computational load needed to study realistic dye@TiO2 models (owing hundreds or thousands of atoms) at the DFT level is still considerable, thus opening the door to the search of less expensive approaches such as Tight Binding (TB) models. Among these techniques, the TB method, whose parametrization is based on the second-order expansion of the DFT energies with respect to the charge density fluctuations (the so-called SCC-DFTB method), [START_REF] Elstner | Self-consistent-charge density-functional tight-binding method for simulations of complex materials properties[END_REF] is the most employed one. Indeed, the parametrization of Ti atoms to treat both bulk and molecular systems in DFTB [START_REF] Dolgonos | An improved selfconsistent-charge density-functional tight-binding (SCC-DFTB) set of parameters for simulation of bulk and molecular systems involving titanium[END_REF] has allowed application of this approach to extended dye@TiO2 interfaces, by providing realistic structures via geometrical relaxations [START_REF] Fan | A theoretical study of fused thiophene modified anthracene-based organic dyes for dyesensitized solar cell applications[END_REF][START_REF] Estrella | The Effect of Donor Group Rigidification on the Electronic and Optical Properties of Arylamine-Based Metal-Free Dyes for Dye-Sensitized Solar Cells: A Computational Study[END_REF] and AIMD simulations, [START_REF] Zhang | Rational Design of High-Efficiency Organic Dyes in Dye-Sensitized Solar Cells by Multiscale Simulations[END_REF][START_REF] Feng | Dynamic Characteristics of Aggregation Effects of Organic Dyes in Dye-Sensitized Solar Cells[END_REF][START_REF] Yang | Understanding the effects of the co-sensitizing ratio on the surface potential, electron injection efficiency, and Förster resonance energy transfer[END_REF][START_REF] Menzel | Photoinduced electron injection in a fully solvated dye-sensitized photoanode: A dynamical semiempirical study[END_REF][START_REF] Mukherjee | Comparison of interfacial electron transfer efficiency in [Fe(ctpy)2]2+-TiO2 and [Fe(cCNC)2]2+-TiO2 Assemblies: Importance of conformational sampling[END_REF] or by calculations of their excited state properties via its time-dependent implementation (TD-DFTB). [START_REF] Marquez | Quantum efficiency of the photo-induced electronic transfer in dye-TiO2 complexes[END_REF] The electronic structure of the dye@semiconductor interfaces can provide indications on the magnitude of the coupling between the states of the dye and the semiconductor, which determine the injection/recombination properties. The simplest method to estimate the injection rates is based on the Newns-Anderson model, [START_REF] Muscat | Chemisorption on Metals[END_REF][START_REF] Persson | Quantum chemical calculations of the influence of anchor-cum-spacer groups on femtosecond electron transfer times in dye-sensitized semiconductor nanocrystals[END_REF] Golden rule, as it has been proposed by Thoss and co-workers, [START_REF] Kondov | Quantum dynamics of photoinduced electron-transfer reactions in dye-semiconductor systems: Firstprinciples description and application to coumarin 343-TiO2[END_REF] these rates can be estimated by employing the formula:
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Here kinj represents the sum over the manifold of k acceptor states of interest and the product |Vdk| 2 ρ(Ek) defines the so-called probability distribution Γ(Ek). A more refined method to investigate the interfacial dye@semiconductor ultrafast charge dynamics is based on the simulation of the laser-induced electron migration processes, where the laserdriven electronic wave packets are treated by means of the time-dependent many-body configuration interaction (TDCI) method. [START_REF] Tremblay | Time-dependent configurationinteraction calculations of laser-driven dynamics in presence of dissipation[END_REF] Very interestingly, this approach has (4) allowed to evaluate the influence of the many-body interactions, [START_REF] Hermann | Ultrafast photoelectron migration in dye-sensitized solar cells: Influence of the binding mode and many-body interactions[END_REF] and to reach a realtime spatial representation [START_REF] Duncan | Theoretical studies of photoinduced electron transfer in dye-sensitized TiO2[END_REF] of the interfacial CT phenomena in dye@TiO2 systems.

Most of the methods commented above are applied to cluster models with a relatively medium size. For that reason, with the aim of evaluating the interfacial dye@TiO2 electron transport phenomena in extended systems, one can resort to Non-Equilibrium Green Function (NEGF) Theory applied with the adequate boundary conditions. [START_REF] Sulzer | Resonance State Method for Electron Injection in Dye Sensitized Solar Cells[END_REF][START_REF] Sulzer | A new method to evaluate excited states lifetimes based on green's function: Application to dye-sensitized solar cells[END_REF] More reliable information about the kinetics of the electron transfer phenomena occurring at the dye@TiO2 interface can be obtained by means of quantum or non-adiabatic dynamics, [START_REF] Duncan | Theoretical studies of photoinduced electron transfer in dye-sensitized TiO2[END_REF][START_REF] Akimov | Theoretical insights into photoinduced charge transfer and catalysis at oxide interfaces[END_REF] based on the time-dependent propagation of the electronic wavefunction, as obtained from semi-empirical Hamiltonians [START_REF] Tichnell | Influence of Electrolyte Composition on Ultrafast Interfacial Electron Transfer in Fe-Sensitized TiO2-Based Solar Cells[END_REF][START_REF] Rego | Quantum dynamics simulations of interfacial electron transfer in sensitized TiO2 semiconductors[END_REF][START_REF] Jakubikova | Interfacial electron transfer in TiO2 surfaces sensitized with Ru(II)-polypyridine complexes[END_REF] or from the DFT orbitals, [START_REF] Stier | Non-adiabatic molecular dynamics simulation of ultrafast solar cell electron transfer[END_REF][START_REF] Duncan | Ab Initio Nonadiabatic Molecular Dynamics of the Ultrafast Electron Injection across the Alizarin-TiO2 Interface[END_REF][START_REF] Li | Photoinduced electron transfer processes in dye-semiconductor systems with different spacer groups[END_REF],

combined with mixed-classical [START_REF] Stier | Nonadiabatic Molecular Dynamics Simulation of Light-Induced Electron Transfer from an Anchored Molecular Electron Donor to a Semiconductor Acceptor[END_REF] or full quantum dynamics [START_REF] Monti | Crucial role of nuclear dynamics for electron injection in a dye-semiconductor complex[END_REF] simulations. On the same foot, much more expensive real-time propagation TD-DFT has been also emerged as a useful technique to access to the photoinduced electron transfer processes when combined with mixed classical quantum dynamics. [START_REF] Meng | Electron and hole dynamics in dye-sensitized solar cells: Influencing factors and systematic trends[END_REF][START_REF] Ma | Predicting energy conversion efficiency of dye solar cells from first principles[END_REF] based on TD-DFT calculations appeared in the literature. [START_REF] Fantacci | Absorption Spectrum and Solvatochromism of the [Ru(4,4′-COOH-2,2′ bpy)2(NCS)2] Molecular Dye by Time Dependent Density Functional Theory[END_REF][START_REF] Monat | Ground-and excited-state electronic structures of the solar cell sensitizer bis(4,4′-dicarboxylato-2,2′bipyridine)bis(isothiocyanato)ruthenium( II)[END_REF] Standard hybrid functionals such as PBE0 and B3LYP gave accurate results in the description of the three main bands, centered at 2.6, 3.4 and 4.2 eV, dominating the absorption spectrum of the N3 dye (see Figure 3 left). The inclusion of solvent effects, even only by an implicit solvation model, was proved to be mandatory to describe the optoelectronic properties of this class of Ru based dyes, and the adopted methodology was able to reproduce the 0.2 eV red-shift and the appearance of a low energy absorption shoulder experimented by the N3 spectrum when substituting the -CNS ligands by Cl-groups (see Figure 3 right). [START_REF] De Angelis | Time dependent density functional theory study of the absorption spectrum of the[END_REF] Moreover, the experimental solvatochromism shown by the N3 sensitizer going from ethanol to water was accurately predicted and related to a decreased dipole moment in the excited state with respect to the ground state, which translates into a higher stabilization of the ground state in solvents of increasing polarity. [START_REF] Fantacci | Absorption Spectrum and Solvatochromism of the [Ru(4,4′-COOH-2,2′ bpy)2(NCS)2] Molecular Dye by Time Dependent Density Functional Theory[END_REF] The following studies on Ru based complexes have confirmed the importance of taking into account the surrounding effects. [START_REF] Chantzis | Improved treatment of surrounding effects: UV/vis absorption properties of a solvated Ru(II) complex[END_REF][START_REF] Charlot | Highlighting the role of the medium in DFT analysis of the photophysical properties of ruthenium(II) polypyridine-type complexes[END_REF][START_REF] Stoyanov | The charge transfer band solvent-dependence of [Ru(bpy)2(CN x)Cl]+, CNx=2,6-dimethylphenylisocyanide: A polarizable continuum model/time-dependent density functional theory study[END_REF][START_REF] Fantacci | A TDDFT study of the ruthenium(II) polyazaaromatic complex [Ru(dppz)(phen) 2] 2+ in solution[END_REF] From the analysis of the TD-DFT calculations shown in Figure 3, the two bands appearing in the Vis region were assigned to mixed Ru-NCS/Cl to bipyridine-π* transitions, whereas the band in the UV region was attributed to local bipyridine π→π* transitions. Very interestingly, the electron withdrawing nature of the -NCS/-Cl moieties localizes the photogenerated holes around this groups and, due to this, the lowest absorption bands of these complexes can be considered as NCS/Cl ligand-to-bipyridine transitions rather than typical MLCT states. This feature is at the origin of the efficient intramolecular charge separation and the correct flow of charge towards the ligands bearing the carboxylic anchoring groups, thus making the N3 the system of reference to reach performant DSSCs devices. The computational strategy set up for N3 was extended to its salt N719 and to the amphiphilic heteroleptic [Ru(dcbpyH2)(tdbpy)(NCS)2], N621 dye (dcbpyH2 = 4,4'dicarboxy-2,2'-bipyridine, tdbpy = 4,4'-tridecyl-2,2'-bipyridine) to evaluate the effect of protonation and counterions on the electronic structure, redox and optical properties of the investigated dyes. [START_REF] Nazeeruddin | Combined Experimental and DFT-TDDFT Computational Study of Photoelectrochemical Cell Ruthenium Sensitizers[END_REF] The good agreement between the simulated properties and the experimental data has allowed the use of DFT and TD-DFT calculations to screen new Rupolypyridyl dyes before moving on to synthesis. Moreover, through computational modelling, structure-electronic/optical properties relationships have been established thus providing design rules to extend the solar light absorption towards the nIR. As it is illustrated in Figure 3, the absorption features of standard Ru(II) complexes such as N719 or N3 are reproduced by computing their singlet states at the TD-DFT level. These dyes display their lowest energy absorption at 450 and 530 nm for their -CNS and -Cl ligand equivalents respectively, what in a certain manner limits their capability to absorb red photons in the nIR region from solar light. [START_REF] Nazeeruddin | Efficient panchromatic sensitization of nanocrystalline TiO2 films by a black dye based on a trithiocyanato-ruthenium complex[END_REF] With the objective of red-shifting the absorption of Ru(II) complex, new dyes showing a panchromatic absorption in the nIR-Vis region appeared in the literature. In this respect, the first one of these compounds was the so called black dye (BD), which was synthetized by employing one single terpyridine (tpy) and three -CNS ligands (see Figure 4), and it showed a red-shifted absorption centered at 610 nm. [START_REF] Nazeeruddin | Efficient panchromatic sensitization of nanocrystalline TiO2 films by a black dye based on a trithiocyanato-ruthenium complex[END_REF] Later on, Segawa and coworkers developed a new panchromatic dye (DX1) by substituting one of the -CNS ligand of BD by a phosphine coordinated group (see Figure 4). As a result, this complex presents a lower energy absorption band up to ca. 800 nm contrary to the previously reported Ru(II) dye bands, attributed to singlet to triplet transitions. [START_REF] Kinoshita | Wideband dye-sensitized solar cells employing a phosphine-coordinated ruthenium sensitizer[END_REF] It is well known SOC has a small impact in determining the absorption spectra of the investigated ruthenium complexes, indeed, SOC is generally considered an atomic property related to heaviest elements, nevertheless as a general trend the SOC induces in this class of compounds a slightly red-shifted absorption tail, corresponding to the contribution of singlet-triplet excitations, with a concomitant slight reduction of the more intense singlet-singlet transitions giving rise to the absorption maximum region, in line with expectations. With the aim of favoring the direct singlet-to-triplet transitions, similar dyes to DX1 owing modified phosphine groups bearing weaker ligand fields (DX2 and DX3) [START_REF] Kinoshita | Spectral splitting photovoltaics using perovskite and wideband dye-sensitized solar cells[END_REF] and (DX4-DX6) [START_REF] Kinoshita | Enhancement of Near-Infrared Singlet-Triplet Absorption of Ru(II) Sensitizers for Improving Conversion Efficiency of Solar Cells[END_REF] were synthetized and characterized (Figure 4). Due to their enhanced spin-orbit coupling interaction, the lowest absorption features of this class of TMC sensitizers were shifted up to 1000 nm. [START_REF] Kinoshita | Spectral splitting photovoltaics using perovskite and wideband dye-sensitized solar cells[END_REF][START_REF] Kinoshita | Enhancement of Near-Infrared Singlet-Triplet Absorption of Ru(II) Sensitizers for Improving Conversion Efficiency of Solar Cells[END_REF] In view of these experimental evidences, the treatment of relativistic effects became a major issue for the modelling of panchromatic dyes. whereas M=Ru, Fe dyes showed a low energy splitting below 0.3 eV. [START_REF] Johansson | Spin-orbit coupling and metala-ligand interactions in Fe(II), Ru(II), and Os(II) complexes[END_REF] This low influence of the relativistic effects in the [Ru(bpy)3] 2+ electronic structure was confirmed by some of us and extrapolated to N3 by comparing the opto-electronic properties of both dyes calculated at the SR and SOC levels of theory. [START_REF] Ronca | Time-dependent density functional theory modeling of spin-orbit coupling in ruthenium and osmium solar cell sensitizers[END_REF] Regarding their electronic properties, only a small destabilization of 0.1 eV was found for the HOMOs without implying a modification in the orbitals delocalization upon including SOC. In the case of the absorption features, SOC inclusion induced only a small intensity decrease and a redshift in the lower-energy region of the calculated spectrum (see Figure 5-a). In spite of this, the small but sizable differences in the relative position of the singlet and triplet states of [Ru(bpy)3] 2+ and N3, pointed to the possibility of enhancing the singlet-triplet coupling via ligand modification. [START_REF] Ronca | Time-dependent density functional theory modeling of spin-orbit coupling in ruthenium and osmium solar cell sensitizers[END_REF] In this regard, in view of the remarkable singlet-triplet interactions reported for the panchromatic dyes BD and DX1, which enabled to build high performant DSSCs devices (⁓11.4% for both dyes), [START_REF] Kinoshita | Wideband dye-sensitized solar cells employing a phosphine-coordinated ruthenium sensitizer[END_REF][START_REF] Han | High-efficiency dye-sensitized solar cell with a novel co-adsorbent[END_REF] some of us proceeded to evaluate the impact of relativistic effects in the photovoltaic behavior of BD and DX1. [START_REF] Fantacci | Impact of spin-orbit coupling on photocurrent generation in ruthenium dye-sensitized solar cells[END_REF] The larger HOMO energy splitting observed in DX1 when compared with BD, is attributed to their different electronic structure where the HOMO and HOMO-1 (of dxy and dxz character in DX1) are switched in BD and displayed a reduced amount of metal character.

Machine learning and semi-empirical methods applied to DSSCs

Due to this, the calculated spectrum of BD was not modified upon inclusion of SOC (Figure 5-b), whereas for DX1 it promoted a small shift absorption maximum (∼0.05 eV), and more importantly, a broadening of the MLCT band prompted by this energy splitting (see Figure 5-c). As a result, the SOC-induced spectral broadening slightly enhances the lightharvesting efficiency, and it consequently contributes additional photocurrent (∼2.3 mA/cm 2 , 32% of increase) in DX1-sensitized DSSCs (Figure 5-d). [START_REF] Fantacci | Impact of spin-orbit coupling on photocurrent generation in ruthenium dye-sensitized solar cells[END_REF] In view of the positive impact of singlet-triplet couplings in the device performance, further theoretical studies were carried out with the aim of boosting relativistic effects via chemical engineering of the ligands. For instance, Kanno et al showed that the substitution of the -CNS and -Cl ligands in N3 and DX1 by iodine groups can be employed to increase the strength of SOC due to the heavier mass of this atom. [START_REF] Kanno | Design of spin-forbidden transitions for polypyridyl metal complexes by time-dependent density functional theory including spin-orbit interaction[END_REF] On the same vain, Mishima et al found very small modifications of the absorption features of DX1 by changing the substituents of the phosphine ligand, and confirmed that relativistic effects are higher for these dyes with respect BD due to the higher covalent character of these ligands. [START_REF] Nazeeruddin | Efficient panchromatic sensitization of nanocrystalline TiO2 films by a black dye based on a trithiocyanato-ruthenium complex[END_REF] Notably, TD-DFT SOC calculations showed that the large red-shifted absorption observed in DX3 is originated by the reduced energy difference between the two lowest energy triplet states, resulting in a higher coupling with the singlet states with respect to DX1 and DX2. [START_REF] Kinoshita | Spectral splitting photovoltaics using perovskite and wideband dye-sensitized solar cells[END_REF] Finally, the introduction of a conjugated thiophene group coupled to the tpy ligand for DX4 and DX5 yielded to enhanced oscillator strengths for singlet-singlet and singlet-triplet transition, whereas the extent of singlet-triplet couplings remained unaltered. [START_REF] Kinoshita | Enhancement of Near-Infrared Singlet-Triplet Absorption of Ru(II) Sensitizers for Improving Conversion Efficiency of Solar Cells[END_REF] Overall, despite DX3 represents the upper limit for the red-shifted absorption in panchromatic Ru(II) complexes, relativistic effects can be significantly boosted by employing heavier atoms as metal centers as for instance Os. [START_REF] Fantacci | Ab Initio Modeling of Solar Cell Dye Sensitizers: The Hunt for Red Photons Continues[END_REF][START_REF] Imamura | Two-component relativistic timedependent density functional theory study on spin-forbidden transitions for metal polypyridyl complexes[END_REF][START_REF] Imamura | Theoretical study on spin-forbidden transitions of osmium complexes by two-component relativistic time-dependent density functional theory[END_REF] In spite of their promising red-shifted absorption, the use of such as heavy atoms should be somehow limited due to the toxicity and scarcity issues commented above. BD and c) DX1 dyes; and d) maximum JSC (mA/cm 2 , dotted lines) and IPCE curve (%, full lines) for DX1, as computed at the SR (blue) and SOC (red) levels, against the ASTMG173 solar spectrum (black line). Images adapted with permission from ref. [START_REF] Ronca | Time-dependent density functional theory modeling of spin-orbit coupling in ruthenium and osmium solar cell sensitizers[END_REF] and [START_REF] Fantacci | Impact of spin-orbit coupling on photocurrent generation in ruthenium dye-sensitized solar cells[END_REF] Copyright 2014 American Chemical Society.

Modeling the photophysics of Fe(II) metal complexes: tools and findings

As discussed above, the success of Ru-based complexes in DSSCs and other applications is essentially due to their long-lived triplet 3 MLCT states, up to microsecond timescales.

As already mentioned, polypyridyl Fe(II) complexes, having their six valence electrons paired in the lowest energy metal centered d orbitals, experience ultrafast (ca. 50 fs) deactivation to low-lying metal-centered (MC) states, via the triplet 3 MC and ultimately the quintuplet 5 T2 states, [START_REF] Auböck | Sub-50-fs photoinduced spin crossover in [Fe(bpy)3]2+[END_REF][START_REF] Consani | Vibrational coherences and relaxation in the high-spin state of aqueous [FeIIbpy3]2[END_REF] thus impeding any efficient utilization of photoinduced electron transfer reactions.

As it is exemplified in Figure 6-a, the main difference in the photophysics of the Ru(II) vs Fe(II) complexes lies in the inversion of the MLCT and MC states energetics, that originates from the fundamental electronic structure features of the first-row metals. [START_REF] Auböck | Sub-50-fs photoinduced spin crossover in [Fe(bpy)3]2+[END_REF] The absence of a radial nodal plane at a large distance from the nucleus for n=3 and l=2 (3d) wavefunctions causes a reduced screening of the nuclear charge and thus a "contraction" of the 3d orbitals. [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF] This, in turn, results in a decreased orbital overlap between the metal and the ligands and, thus, in a lowered ligand-field strength. This intrinsic weaker ligand-field splitting in Fe(II)-polypyridyl octahedral complexes, compared to the Ru(II) analogous, yields a stabilization of the MC states in the formers, whereas the MLCT states, whose energy is related to the metal oxidation potential, remains essentially unchanged. Due to the distinct relaxation pathways that Fe(II) complexes can follow from the MLCT to the MC states, their photophysics is quite intricate and usually involves many possible cascade intersystem crossings (ISCs) (see Figure 6-b). [START_REF] Ashley | Ironing out the photochemical and spin-crossover behavior of Fe(II) coordination compounds with computational chemistry[END_REF] Many different strategies have been pursued to increase the lifetime of the Fe(II) complexes MLCT states featuring the destabilization of the MC states by increasing the ligand strengths via chemical functionalization with strong σ-donating, [START_REF] Liu | Fe N-Heterocyclic Carbene Complexes as Promising Photosensitizers[END_REF][START_REF] Duchanois | NHC-Based Iron Sensitizers for DSSCs[END_REF][START_REF] Lindh | Photophysics and photochemistry of iron carbene complexes for solar energy conversion and photocatalysis[END_REF] combined σand π-donating, [START_REF] Nance | Insights into the Spin-State Transitions in [Fe(tpy)2]2+: Importance of the Terpyridine Rocking Motion[END_REF][START_REF] Dixon | Reversing the relative 3MLCT-3MC order in Fe(II) complexes using cyclometallating ligands: a computational study aiming at luminescent Fe(II) complexes[END_REF] σ-donating and π-accepting groups; [START_REF] Chábera | A low-spin Fe(III) complex with 100-ps ligand-to-metal charge transfer photoluminescence[END_REF][START_REF] Liu | A heteroleptic ferrous complex with mesoionic bis(1,2,3-triazol-5-ylidene) ligands: Taming the MLCT excited state of iron(II)[END_REF] or the population of the 5 MLCT state as obtained by further decreasing the ligand field to achieve a highspin ground state ( 5 MC) in highly strained complex structures. [START_REF] Shepard | Highly Strained Iron(II) Polypyridines: Exploiting the Quintet Manifold to Extend the Lifetime of MLCT Excited States[END_REF][START_REF] Fatur | A Synthetically Tunable System to Control MLCT Excited-State Lifetimes and Spin States in Iron(II) Polypyridines[END_REF] In this context, a computational set up able to track accurately the relative energies and relaxation decays of the MLCT and MC states via potential energy surface (PES) curves has been at heart of the recent developments of Fe(II) complex for dye-sensitized technologies. [START_REF] Francés-Monerris | Toward Luminescent Iron Complexes: Unravelling the Photophysics by Computing Potential Energy Surfaces[END_REF] Nonetheless, this is not a trivial task, since one needs to track the different electronic, structural and environmental effects governing the excited states relaxation pathways. The simplest computational approach employed to this purpose is based on the computation of the equilibrium (adiabatic) energies for the MLCT and MC states in their triplet and quintuplet geometries. [START_REF] Dixon | Reversing the relative 3MLCT-3MC order in Fe(II) complexes using cyclometallating ligands: a computational study aiming at luminescent Fe(II) complexes[END_REF] Calculations of adiabatic energy levels, however, does not give information concerning the crossing points between the involved excited states and the associated energy barriers; this requires the characterization of the corresponding PESs in order to identify the different non-adiabatic events that lead the decay pathways. A computationally affordable and conceptually simple approximation to the PESs can be obtained by fitting the energies and the most relevant vibrational frequencies of the optimized excited states with harmonic functions. [START_REF] Zhang | Manipulating charge transfer excited state relaxation and spin crossover in iron coordination complexes with ligand substitution[END_REF][START_REF] Fredin | Molecular and Interfacial Calculations of Iron(II) Light Harvesters[END_REF] This technique was employed by Warnmark and co-workers to shed light on the origin of the long-lived 3 MLCT states (528 ps) observed for an homoleptic Fe(II) complex bearing bidentate NHC ligands. The authors attributed this exceptionally long lifetime to the presence of a relatively high energetic barrier (0.12 eV) that should be overcome to access to the conical intersection with the 3 MC state, whose minimum lies lower in energy with respect to the 3 MLCT minimum (see Figure 7-a). [START_REF] Chábera | FeII Hexa N-Heterocyclic Carbene Complex with a 528 ps Metal-To-Ligand Charge-Transfer Excited-State Lifetime[END_REF] Unfortunately, for certain cases the PESs estimated by this method are not realistic, especially for those structures lying far from the Frank-Condon region or in those systems where the relaxation decays are not following a harmonic shape. Alternatively, PESs can be explicitly calculated by linearly interpolating one or several coordinates relevant for the photoprocess. [START_REF] Sousa | Ultrafast deactivation mechanism of the excited singlet in the lightinduced spin crossover of [Fe(2,2-bipyridine)3]2+[END_REF] This approach can deliver accurate enough energy profiles of the states of interest, rough (upper bound) estimate of crossing points and reliable insights into the operative decay mechanisms and their specific competition. In the particular case of Fe complexes, the metal-ligand distances and ligand-metal-ligand angles represent the main geometrical parameters governing their excited state energies, [START_REF] Hauser | Low-temperature lifetimes of metastable high-spin states in spin-crossover and in low-spin iron(II) compounds: The rule and exceptions to the rule[END_REF] due to the antibonding character of the orbitals populating the 3 MC and 5 MC states. The energy scans for these two coordinates has allowed to study the relaxation pathways of some Fe(II) complexes via the construction of their respective 2D PES curves, demonstrating that ISCs in [Fe(terpy)2] 2+ cannot be described by using a single configuration coordinate. [START_REF] Pápai | Theoretical Investigation of the Electronic Structure of Fe(II) Complexes at Spin-State Transitions[END_REF] For getting more accurate PES curves including a larger number of molecular motions, one can implement certain interpolation algorithms to elucidate the energy paths between two given optimized structures, as for instance, the high and low spin geometries. In this regard, Jakubikova and co-workers employed a sparse grid interpolation algorithm to get an approximation of the energy paths between the ground and the 1,3 MLCT and 3,5 MC states of a terpyridine ligand state. Images adapted with permission from refs. [START_REF] Chábera | FeII Hexa N-Heterocyclic Carbene Complex with a 528 ps Metal-To-Ligand Charge-Transfer Excited-State Lifetime[END_REF] and [START_REF] Nance | Insights into the Spin-State Transitions in [Fe(tpy)2]2+: Importance of the Terpyridine Rocking Motion[END_REF] Copyright 2015 and 2018 American Chemical Society; for panels a) and b) respectively, However, when reconstructing PESs by interpolations between different minima, each point is not necessarily an energy minimum and thus the calculated pathway is not the lowest energy route. A more refined, and computationally onerous, approach consists in the calculation of minimum energy paths (MEPs), where any point represents a minimum in all directions perpendicular to the path. [START_REF] Shepard | Highly Strained Iron(II) Polypyridines: Exploiting the Quintet Manifold to Extend the Lifetime of MLCT Excited States[END_REF] In this context, different computational schemes have been implemented. One of these techniques consists in considering the intrinsic reaction coordinate (IRC) which estimates the transition states (TSs) between two local minima (even with different multiplicity) by resorting for instance to analytic nuclear gradients. [269,[284] Some of us also employed this approach to elucidate the effect of the fac/mer isomerism on the photophysics of a bidentate pyridyl-carbene Fe(II)

complex. [START_REF] Magra | Impact of the fac/ mer Isomerism on the Excited-State Dynamics of Pyridyl-carbene Fe(II) Complexes[END_REF][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] We reported the full DFT PES landscape for both isomers by computing the MEPs from the 3 MLCT to 3 MC minima adopting the IRC algorithm (Figure 8). Transient absorption spectroscopy (TAS) measurements suggested that the 3 MLCT decay for both fac and mer isomers proceeds with a parallel two-state mechanism: a fast component (2-3 ps and 3-4 for ps mer and fac, respectively) and a slow one (15-20 ps).

In addition to this small difference in the fast component, the two isomers also showed different branching ratio, and hence the probability, of the two decay pathways. Indeed, while for the fac arrangement the fast/slow branching ratio is of 57 %, for the mer isomer it accounts for 87 %. In both isomers, based on the calculated PESs, the fast component was ascribed to the decay of the T2 state (T2/S0 crossing points), whereas the slow component was assigned to the deactivation of the T1 state (T1/S0 crossing point). On the other hand, the differences in the branching ratio of the two components was interpreted based on the steeper MEP computed for the mer isomer (see Figure 8-b) with respect to that of the fac arrangement (see Figure 8-a).

However, IRC algorithms still present some limitations due to the fact that optimizing TSs in the excited state can be rather problematic since, in Fe(II) complexes as in many other systems, the reaction coordinate is often complex and involves coupled variations in bond lengths, angles and dihedrals and the accuracy is highly dependent on the initial guess used as starting geometry. To overcome this problem, the Nudged Elastic Band (NEB) method [START_REF] Henkelman | Climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF] optimizes a number of intermediate images along the reaction path between the reactant and the product. Each image finds the lowest energy possible while maintaining equal spacing to neighboring images by adding spring forces along the band between images and by projecting out the component of the force due to the potential perpendicular to the band. [START_REF] Henkelman | Climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF] This methodology accounted for 0.2 eV the energy barrier between the 3 MLCT and 3 MC states in [Fe(tpy)2] 2+ complexes bearing cyclometallating ligands with degenerate triplet states. Such a high energy barrier may trap the system in the initially populated 3 MLCT state. Indeed, the authors suggested a 3 MLCT⇌ 3 MC equilibrium process highly influenced by the deactivation of the 3 MC state via its crossing with the ground state, requiring a barrier of 0.18 eV, also depending on the SOC magnitude between the 3 MC and the S0 states. [START_REF] Dixon | Reversing the relative 3MLCT-3MC order in Fe(II) complexes using cyclometallating ligands: a computational study aiming at luminescent Fe(II) complexes[END_REF] Before closing this section it is noteworthy to mention the attempts made to extract direct information on the excited state lifetime by theoretically investigating the excited relaxation pathways, through excited state quantum dynamics simulations. [START_REF] Cebrían | Ultrafast Spectroscopy of Fe(II) Complexes Designed for Solar Energy Conversion: Current Status and Open Questions[END_REF] In this direction, Papai and coworkers performed quantum wavepacket dynamics simulations on top of PESs built as solutions of a spin-vibronic Hamiltonian describing the non-adiabatic vibronic coupling. [START_REF] Köuppel | Multimode Molecular Dynamics Beyond the Born-Oppenheimer Approximation[END_REF] This work elucidated the excited state relaxation process in a [Fe(bmip)2] 2+ (bmip=2,6-bis(3-methyl-imidazole-1-ylidene-pyridine) complex:

1 MLCT→ 3 MLCT relaxation occurs within 100 fs, followed by population of the 3 MC states. The 3 MLCT-3 MC deactivation is slower than in [Fe(bpy)3] 2+ due to a high excited state barrier and modest spin-orbit coupling along two dominant Fe-L breathing modes modulating the Fe-N and Fe-C bond distances. [START_REF] Pápai | How to Excite Nuclear Wavepackets into Electronically Degenerate States in Spin-Vibronic Quantum Dynamics Simulations[END_REF] The same approach showed that the substitution of the methyl moieties of this complex by tert-butyl groups promotes the stabilization of the 1 MC states, thus enabling their population from the 1,3 MLCT states close to the Frank-Condon geometry. [START_REF] Pápai | Effect of tert-Butyl Functionalization on the Photoexcited Decay of a Fe(II)-N-Heterocyclic Carbene Complex[END_REF] The use of on-the-fly non-adiabatic dynamics is computationally prohibitive when dealing with TMCs, characterized by a high density of quasi-degenerate and strongly coupled states that could be populated. Moreover, one needs to propagate a large number of trajectories to achieve a statistically significant representation of the process. Recently the Gonzalez's group reported state-hopping dynamics simulations with a linear vibronic coupling model to understand the first steps of the excited state relaxation in a Fe-NHC complex, [START_REF] Plasser | Highly efficient surface hopping dynamics using a linear vibronic coupling model[END_REF] and it evidenced the ultrafast population (50 fs) of its triplet states upon irradiation with a small component of MC character which lead to non-radiative recombination. [START_REF] Zobel | Intersystem Crossing and Triplet Dynamics in an Iron(II) N-Heterocyclic Carbene Photosensitizer[END_REF] Although no direct comparison with experiments is provided in this work, it nicely shows the potentiality of the nonadiabatic dynamics approach to shed light on the photophysics of TMCs.

Interfacial properties of Fe-NHC sensitized TiO2

The first photovoltaic characterization of the Fe(II)-NHC complex C1 (Figure 2) was reported by Gros end co-workers in 2015 with the first realization of iron-based

DSSCs. [START_REF] Duchanois | An iron-based photosensitizer with extended excited-state lifetime: Photophysical and photovoltaic properties[END_REF] Despite their relatively long lifetimes and suitable energetic alignments with both the TiO2 CB edge and the I -/I3 -oxidation potential, the homoleptic Fe(II)-NHC complex yielded extremely low photocurrent and photovoltage, resulting in weak power conversion efficiencies (0.13%). [START_REF] Duchanois | An iron-based photosensitizer with extended excited-state lifetime: Photophysical and photovoltaic properties[END_REF] It is important to highlight here that besides a sufficiently long 1,3 MLCT lifetime, being mandatory for injecting electrons into the TiO2 CB, the measured overall cell efficiency finally depends on the specific properties of the dye-sensitized interface (adsorption configuration, electronic coupling, charge generation, charge recombination etc.). On the other hand, a subsequent work by Wärnmark and coworkers [START_REF] Harlang | Iron sensitizer converts light to electrons with 92% yield[END_REF] claimed a record injection efficiency, almost unitary, for the same C1 complex, attributing the low photovoltaic performances reported in Ref. [START_REF] Duchanois | An iron-based photosensitizer with extended excited-state lifetime: Photophysical and photovoltaic properties[END_REF] to a fast recombination of the injected electron with the oxidized dye. In view of this, after the first proof of the practical use of Fe sensitizers in solar energy technologies, the main strategies followed to boost their device efficiencies have followed two different directions: the chemical engineering of the dye structure [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF][START_REF] Reddy-Marri | A Series of Iron(II)-NHC Sensitizers with Remarkable Power Conversion Efficiency in Photoelectrochemical Cells[END_REF][START_REF] Lindh | Dye-sensitized solar cells based on Fe N-heterocyclic carbene photosensitizers with improved rod-like push-pull functionality[END_REF][START_REF] Fredin | Molecular and Interfacial Calculations of Iron(II) Light Harvesters[END_REF][START_REF] Pastore | Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene sensitized solar cells[END_REF][START_REF] Becker | The influence of alkyl chains on the performance of DSCs employing iron(ii) N-heterocyclic carbene sensitizers[END_REF], and the optimization of the electrolyte composition. [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)-NHCsensitized 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] Karpacheva | Electrolyte tuning in dyesensitized solar cells with N-heterocyclic carbene (NHC) iron(II) sensitizers[END_REF] Before analyzing the interfacial dye@TiO2 properties of Ru(II) vs Fe(II) complexes we will briefly discuss the nature of their lowest energy absorption features. Regarding the Fe(II)-NHC complexes, the heteroleptic dye, ARM13, displays two absorptions bands in the Vis region centered at 461 nm and 385 nm, originated from MLCT transitions toward the anchoring ligand; and a local π→π* transitions of the unanchored ligand, respectively.

Unfortunately, due to the low donor character of the Fe(II) metal center, holes start to delocalize around the unanchored ligand, thus making the charge separation less efficient due to its local character and facilitating electron recombination. The inclusion of a second carboxylic group in the homoleptic dye C1 induces in a small red-shift of the absorption bands and an increase in the absorption intensity (see Figure 9 left). Due to their symmetry the hole/electron contributions of the two ligands to the MLCT state are equal (Figure 9).

Nonetheless, this symmetry will be broken upon the deprotonation of the ligand which is attached to the surface. Notably, for the deprotonated C1 (called C1(D) in the following) its lowest energy MLCT transition is pointing towards the protonated ligand and therefore, in the case of being populated, this will yield to a CT moving in the opposite direction to the charge injection into the TiO2 surface. Interestingly, the insertion of π-conjugated bridges (i.e. a phenylene or thiophene moieties) between the carboxylic group and its correspondent NHC ligand in the heteroleptic dyes makes the MLCT states acquiring a local π-π character around these moieties, resulting thus detrimental for the charge separation due to the lower extent of electron delocalization around the carboxylic anchoring groups (16% vs 7-8% for ARM13 and their π-conjugated anchoring ligand analogues). [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] Finally, the functionalization of ARM13 with an electron donor moiety (as in ARM130 or FeCD) resulted in a considerable enhancement of the absorption band harvesting, while on the other hand, the nature of the MLCT transition remained unaltered (Figure 9).

Overall, the different natures of the lowest energy MLCT bands of the Fe (II) vs Ru(II) dyes in terms of charge separation and directionality already provides some important hints to explain the superior performance reached by the latter complexes, but let's consider now their interface with TiO2 and some possible strategies to have been proposed to mitigate these drawbacks. The first work dealing with the interface of Ru(II) complex with TiO2 was reported in 2005 by Person and co-workers, which studied the absorption of N3 attached to a (TiO2)38 cluster at the TD-DFT level, and predicted a MLCT injection time which amounted to 10 fs. [START_REF] Persson | Calculated structural and electronic interactions of the ruthenium dye N3 with a titanium dioxide nanocrystal[END_REF] During the following years, many works appeared in the literature with the aim of discerning which are the most stable anchoring binding modes for that dye and their relation with the injection rates, and reported injection lifetimes which ranged from few to 100 fs depending on the anchoring mode. [START_REF] Labat | Insights into working principles of ruthenium polypyridyl dye-sensitized solar cells from first principles modeling[END_REF][START_REF] Martsinovich | Adsorption and electron injection of the N3 metal-organic dye on the TiO2 rutile (110) surface[END_REF][START_REF] Labat | Revisiting the importance of dye binding mode in dye-sensitized solar cells: A periodic viewpoint[END_REF] In one of these works, some of us reported a TD-DFT study of the N3 dye adsorbed on a (TiO2)82 cluster with three carboxylic moieties attached to the semiconductor (one bidentate and two monodentate binding modes). [START_REF] Pastore | Modeling excited states and alignment of energy levels in dye-sensitized solar cells: Successes, failures, and challenges[END_REF] The computed absorption spectrum in the lowest energy region was nicely reproducing the experimental one (see Figure 10-a), with the most prominent transition (the one with the largest oscillator strength) corresponding to the S18 state (555 nm). By looking at the charge density difference plot between S0 and S18 depicted in Figure 10-b it is possible to appreciate how, apart from the adequate CT directionality and separation, the excited electrons are largely delocalized along the TiO2 surface, what is a clear fingerprint for a direct ultrafast injection process. Focusing now on the interfacial energetic alignment represented in Figure 10-c, the HOMO of the dye in the N3@TiO2 lies far from the CB/VB of TiO2, thus avoiding undesired recombination processes, whereas its LUMO lies about 0.3 eV above the CB edge of TiO2, assuring the correct thermodynamics of the electron injection and its position in a densely populated region of TiO2 states yields to a strong coupling with the semiconductor. [START_REF] Pastore | Modeling excited states and alignment of energy levels in dye-sensitized solar cells: Successes, failures, and challenges[END_REF] It is noteworthy to highlight that in this paragraph we focused only on the electronic and absorption properties of the N3@TiO2 interface as a illustrative way to discern the main differences with respect to the Fe(II) dye@TiO2 systems, whereas many other works have been dedicated to the interfaces of another types of Ru(II) dyes with TiO2 (such as BD) [START_REF] Fantacci | Everything you always wanted to know about black dye (but were afraid to ask): A DFT/TDDFT investigation[END_REF][START_REF] Sodeyama | Protonated carboxyl anchor for stable adsorption of Ru N749 dye (black dye) on a TiO 2 anatase (101) surface[END_REF][START_REF] Liu | Theoretical study of N749 dyes anchoring on the (TiO 2) 28 surface in DSSCs and their electronic absorption Properties[END_REF] and resulted in similar results as the ones observed with N3. The first theoretical work investigating the impact of the cyclometallation of the pyridine ligands in the MLCT lifetimes and injection rates of the [Fe(tpy)2] 2+ complexes was reported by Jakubikova and co-workers. [START_REF] Mukherjee | Cyclometalated Fe(II) complexes as sensitizers in dye-sensitized solar cells[END_REF] They found that despite the use of carbene ligands assists the stabilization of the 1 MLCT states, they can be detrimental for the injection due to the localization of the electron density around the carbene groups instead of the carboxylic anchoring moieties, resulting in injection times in the order of 100

fs. [START_REF] Mukherjee | Cyclometalated Fe(II) complexes as sensitizers in dye-sensitized solar cells[END_REF] This work represented the first evidence of the suitability of employing NHC ligand Fe(II) complexes for photovoltaic applications. In this regard, Fredin and coworkers studied the electronic structure of the heteroleptic NHC complex interface (ARM13@TiO2) showing that NHC complexes exhibit a suitable energy level alignment and LUMO couplings with respect to the TiO2 CB, yielding electron injection rates of about 100 fs, as estimated on the basis of a Newns-Anderson model. [START_REF] Fredin | Molecular and Interfacial Calculations of Iron(II) Light Harvesters[END_REF] Nonetheless, these calculations were not able to fully rationalize the low device efficiencies firstly reported when employing this dye as sensitizer, and the main question related with the fast recombination occurring at the semiconductor interface were still unclear. [START_REF] Galoppini | Strike while the iron is cold[END_REF] In this context, some of us investigated the interface with TiO2 for the prototype homoleptic and heteroleptic NHC Fe(II) complex dyes (C1 and ARM13). [START_REF] Pastore | Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene sensitized solar cells[END_REF] Figure 11 presents the PDOS along with the molecular and semiconductor parts of the dye@TiO2 interface. All considered complexes remained tilted on the semiconductor surface, forming an angle with respect to the surface plane of approximately 45º, which was consistent with the previous studies. [START_REF] Fredin | Molecular and Interfacial Calculations of Iron(II) Light Harvesters[END_REF] The energetic alignment for the three complexes resembled to the one schematized in Figure 10-c, with the dye HOMOs lying above the VB and the LUMO above the TiO2 CB edge. In the case of the HOMOs, despite these levels are mainly delocalized over the molecular backbone, they also exhibit a considerable mixing with the TiO2 VB states (⁓30-50%), as it is evidenced by the tail of the TiO2 VB extending through the dye's HOMOs PDOS, which can be originated by the close contact between the tilted dyes and the surface. This high HOMO coupling with both CB and VB states leads to high recombination rates (in the ns or ps timescale) and thus to an inefficient charge injection/recombination at the interface. On the other hand, the energetics and spatial distribution of the unoccupied molecular states differ as a function of the dye. In the case of C1, the dye's LUMO is essentially not coupled with the TiO2 CB states (with 93% localized on the dye backbone), whereas the LUMO+1 exhibits a strong coupling with the semiconductor (2% dye's contribution). As a result, the primary charge transfer channel from the lowest MLCT state appears to point towards the opposite direction to the charge injection into the semiconductor. Similar PDOS features were also observed for ARM13, thus demonstrating that the use of heteroleptic dyes permits to obtain the correct CT directionality. The calculated injection times for the strongly coupled LUMO levels were in the few fs timescale, thus showing an ultrafast injection process, in analogous way as the one reported in Ru(II) complex dyes. [START_REF] Pastore | Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene sensitized solar cells[END_REF] Figure 11. PDOS over the dyes (black/red colors for C1/ARM13) and TiO2 surface (blue),

and main dye's Mos isodensity plots for the C1@TiO2 and ARM13@TiO2 systems. The corresponding percentage of dye's delocalization and energies in eV are reported for each MO plot. Vertical bars intensities represent the percentage of the dye's contribution to the total system as calculated by Mulliken population analysis. Image adapted with permission ref. [START_REF] Pastore | Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene sensitized solar cells[END_REF] Copyright 2016 Royal Society of Chemistry.

With the objective of evaluating the impact of the inclusion MgI2 additives in the electrolyte composition, that allowed to reach record efficiencies in Fe-NHC DSSCs, [START_REF] Marchini | Recombination and regeneration dynamics in FeNHC(ii)sensitized solar cells[END_REF] we followed the same computational approach used by some of us to model the effect of Li + cations at the indoline D102@TiO2 interfaces, [START_REF] Agrawal | Modeling the effect of ionic additives on the optical and electronic properties of a dyesensitized TiO2 heterointerface: Absorption, charge injection and aggregation[END_REF] consisting of the addition of a Mg 2+ cation lying on the top of the TiO2 surface. [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] The comparison of the PDOS among the molecular backbone and the semiconductor corresponding to the dye-Mg@TiO2 and dye@TiO2 surfaces for the homoleptic C1 and heteroleptic ARM13 complexes is presented in Figure 12. Notably, the Mg 2+ cation strongly interacts with the dye's anchoring group, lying very close to oxygen atoms of the carboxylic moiety (⁓2.3Å). Therefore, one may expect a more pronounced impact of the cation in those molecular levels localized on the anchoring NHC ligands. The main effect prompted by the presence of the cation in the PDOS features of the pristine surfaces is a negative energy shift which is especially prominent for the unoccupied orbitals of both dyes. In the case of C1, the pristine surface PDOS presents the same characteristics as the ones described above [START_REF] Pastore | Interfacial charge separation and photovoltaic efficiency in Fe(II)-carbene sensitized solar cells[END_REF] in terms of the nature of the non-/strongly-coupled LUMO/LUMO+1 levels. Nonetheless, since the unoccupied orbitals localized on the anchoring ligand are more affected by the electrostatic effect of the cation, this level becomes the LUMO when Mg 2+ is adsorbed at the interface, thus contributing to the desired reversal of the interfacial charge separation direction. Regarding ARM13, the incorporation of the cation induces a shift of its LUMO levels, thus falling in the same energy region as the stabilized TiO2 CB edge. Since the CB edge possess lower density of states, one may expect that the injection rates will decrease upon the shift prompted by the cation. Nonetheless, the larger coupling magnitudes between the LUMO and the CB edge states lead to an increase of about 20% in the injection rates with respect to the values reported with the pristine TiO2 surfaces, both for ARM13 and C1. [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] Similar stabilization effects induced by the presence of lithium (Li + ) and tetrabutylammonium (TBA + ) additives in the electrolyte composition were found in [Fe(bpy-dca)2(CNS)2] 2+ complex dye sensitized based interfaces. [START_REF] Tichnell | Influence of Electrolyte Composition on Ultrafast Interfacial Electron Transfer in Fe-Sensitized TiO2-Based Solar Cells[END_REF] Overall, it has been demonstrated the change of the nature of the dye LUMO in C1, the decrease in the injection driving forces, and the largest injection rates, derived from a more efficient coupling with the CB edge, were at the origin of the enhancement of the device performances. [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] Figure 12. Normalized PDOS over the dye (purple/green for C1/ARM13), TiO2 surface (orange) and Mg 2+ cation (magenta) for the C1@TiO2, C1@Mg-TiO2, ARM13@TiO2 and ARM13@Mg-TiO2 (from the top to the bottom) systems, as obtained from Mulliken population analysis. Vertical bars are used to represent the dye's states conforming the PDOS. The isodensity plots (isovalue 0.02 a.u.) displayed in the onsets of the PDOS plots correspond to the two lowest unoccupied MOs of the dye. Image adapted with permission from ref. [START_REF] Reddy-Marri | Record power conversion efficiencies for Iron (II)-NHCsensitized DSSCs from rational molecular engineering and electrolyte optimization[END_REF] Copyright 2021 Royal Society of Chemistry.

Recently, we tackled the modelling of the ARM130-based DSSCs, for which record power conversion efficiencies were recorded. We investigated the electronic structure and charge generation properties of the ARM130@TiO2 interface, comparing these results with the ones from the unsubstituted dye ARM13. [START_REF] Reddy-Marri | A Series of Iron(II)-NHC Sensitizers with Remarkable Power Conversion Efficiency in Photoelectrochemical Cells[END_REF] The similar anchoring geometries, injection and recombination rates with respect to the reference ARM13@TiO2 system, demonstrated that donor substitution is not significantly affecting the interfacial charge generation processes. As a result, the higher efficiencies achieved with ARM130 can be only ascribed to the enhancement of the light harvesting of the MLCT band, as it is showed in Figure 9 left.[27]

Conclusions

In this chapter we have presented an extensive overview of the recent advances achieved in modelling DSSCs devices, taking as reference two of the most representative and relevant TMC dye sensitizers used in these technologies, due to their rich photophysics:

the Ru(II) and Fe(II) complexes. After providing a small review of the device operation and the main components integrating the cells, we have focused our discussion on the stateof-start theoretical tools used nowadays to model these components and their interfaces, emphasizing the current challenges and limitations, and finishing by illustrating the main trends in the field aimed to couple these models with experimental data and artificial intelligence in order to carry out a data-driven device design. In a subsequent step, we have evidenced how these methodologies can be applied to tackle the main strategies to optimize 
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 1 Figure 1. Scheme of the device operation of a prototypical n-type DSSC presenting the

  which assumes that the coupling between the dye and semiconductor states is directly connected with the broadening of the Projected Density of States (PDOS) relative to the Lowest-Unoccupied Molecular Orbital (LUMO) of the sensitizer. An alternative still simple approach to estimate the recombination/injection ET reactions describes these phenomena as a nonadiabatic radiative process. Then the recombination/injection rates can be calculated as a function of two factors: the squared electronic coupling matrix element between the donor (dye's HOMO or LUMO) and the acceptor (semiconductor valence (VB) or conductance bands (CB)) and the Franck-Condon weighted Density of States (FCDS) which defines the probability of reaching a nuclear configuration where the donor-acceptor electronic states have the same energy, which in the case of semiconductors, reduces to a pure density of states ρ(E). Thus, by assuming a weak coupling, and resorting to the in the Fermi's

Finally, it is 3 .

 3 worthwhile to mention the recent attempts of integrating artificial intelligence (AI) and machine learning (ML) based approaches to the high-throughput screening of materials used as device components in DSSCs. This can be done by establishing reliable structure-property relationships obtained by the combination of accurate theoretical calculations and available experimental data. For instance, Ma et al. combined a database of 233 organic dyes with ML screening to discern eight potential organic dyes displaying PCEs larger than 9% among 10000 possible candidates.[START_REF] Wen | Accelerated Discovery of Potential Organic Dyes for Dye-Sensitized Solar Cells by Interpretable Machine Learning Models and Virtual Screening[END_REF] Ramanujam and co-workers designed a new ML route capable to predict novel high performant dye sensitizers, where 75% of them showed an improvement in PCE when compared to the reference dyes used to build the model.[START_REF] Kandregula | Data-driven Approach Towards Identifying Dye-Sensitizer Molecules for Higher Power Conversion Efficiency in Solar Cells[END_REF] One step further, Cooper et al. applied high-throughput screening to identify new materials displaying panchromatic optical absorption by selecting 6 combinations of co-absorbers (among 9431 dye candidates) which exhibited performances in the same order of magnitude as Ru(II) complexes.[START_REF] Cooper | Design-to-Device Approach Affords Panchromatic Co-Sensitized Solar Cells[END_REF] On the same vain, these methodologies can also be employed to predict a given property that can be used as a descriptor of the device efficiency, thus allowing to identify which are the most important properties driving the cell performance. For the sake of illustration, Sutar et al. used ML to predict the best synthetic conditions to achieve ZnO electrodes with enhanced performances,[START_REF] Sutar | Analysis and Prediction of Hydrothermally Synthesized ZnO-Based Dye-Sensitized Solar Cell Properties Using Statistical and Machine-Learning Techniques[END_REF] while Venkatraman et al. applied similar methods to identify which dye sensitizers are prone to undergo a larger red-shift when adsorbed on TiO2 films.[START_REF] Venkatraman | Prediction of Absorption Spectrum Shifts in Dyes Adsorbed on Titania[END_REF] All these results are a clear fingerprint of the huge potential of combining ML with large databases and high accurate calculations to assist the experimentalist to design and optimize of highly efficient DSSCs architectures. Design rules for Ru(II) sensitizers: the role of spin-orbit coupling (SOC) Due to their unsurpassed success, most of the theoretical works have been dedicated to the study of Ru(II) dyes (mainly N3 ([Ru(dcbpyH2)2(NCS)2], with dcbpyH2=4,4'-dicarboxy-2,2'-bipyridine) and its salt N719. The first computational work was carried out in 1997 by Restmo et al., who employed semi-empirical calculations to access to the electronic structure of the best-performing N3 dye.[246] Only in the early 2000's the pioneering works on the excited state properties of Ru(II) sensitizers (N3 and the related salt N719)
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 3 Figure 3. Comparison of the TD-DFT simulated (blue) and experimental (red lines) spectra
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 2594 Figure 4. Chemical structures of the panchromatic Ru(II) dye complexes based on tpy
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 5 Figure 5. Simulated absorption spectra calculated at the SR (blue) and SOC (red) levels of
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 6 Figure 6. a) Schematic representation of the MLCT states decays of [Ru(bpy)3] 2+ and

  complex [Fe(tpy)2] 2+ ISCs. This work pointed to the relative rock motion of one of the ligands Θ as the main geometrical coordinate dictating the crossing points between the studied states (see Figure7-b).[START_REF] Nance | Insights into the Spin-State Transitions in [Fe(tpy)2]2+: Importance of the Terpyridine Rocking Motion[END_REF] 
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 7 Figure 7. a) Scheme of the parabolic energy surfaces for the main states of the [Fe(btz)3] 2+
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 8 Figure 8. Lowest-lying singlet, triplet and quintet PESs of a) fac-Fe-NHC and b) mer-Fe-
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 9 Figure 9. Simulated absorption spectra (left) and Natural Transition Orbitals (NTOs)[START_REF] Francés-Monerris | Toward Luminescent Iron Complexes: Unravelling the Photophysics by Computing Potential Energy Surfaces[END_REF] 

Figure 10 .

 10 Figure 10. a) Normalized simulated (blue) and experimental (red) absorption spectra of

  TMCs dye sensitizers based cells: (i) the red-shift and intensification of the lowest energy absorption for Ru(II) dyes via enhancement of the SOC effects; (ii) extension of the MLCT lifetimes in Fe(II) complexes by investigation of their minimum energy relaxation paths; and (iii) improvement of the CT occurring at the Fe(II) dye@TiO2 interface by analyzing the underlying injection/recombination processes and the nature of the dye MLCT bands. These examples clearly evidenced the active role played by the computational chemistry community in the last progress reached in the DSSCs field and corroborated the idea that the development of accurate and still affordable methods to treat complex systems (i.e. solvent/electrolyte environments) and phenomena (i.e. interfacial ET processes or ISCs of the dye states), coupled with experimental measurements dedicated to the fundamental understanding of the physical processes taking place during the device operation, may have a central role in the development of future generation, higher efficient, DSSCs devices.

  

  

Table 1 .

 1 ϕcoll Solar cell device characteristics for the four most performant DSSCs devices reported in the literature for each dye sensitizer family mentioned in the text. For all devices reported here, mesoporous TiO2 was used as photoelectrode.

	Family	Dye	anchoring	Redox	CE	η	Year Ref
		ALEKA-1/LEG1 silyl/COOH [Co(phen)3] 3+/2+ GNP/Au 14.3 [13]
	D-π-A	XY1b/Y123	CN-COOH [Cu(tmby)2] 2+/+ PEDOT 13.1 [14]
	organic	ZL003	COOH	[Co(bpy)3] 3+/2+	Pt	13.6 [15]
		MS5/XY1b	CN-COOH [Cu(tmby)2] 2+/+ PEDOT 13.5 [16]
		GY50	COOH	[Co(bpy)3] 3+/2+	Pt	12.8 [17]
	Zn(II)	SM315	COOH	[Co(bpy)3] 3+/2+	GNP 13.0 [18]
	Porphyrin	SM342/Y123	COOH	[Co(bpy)3] 3+/2+	GNP 12.7 [19]
		SGT-021/SGT-149 COOH	[Co(bpy)3] 3+/2+	Pt	14.2 [20]
		CYC-B11	COOH	Z960	Pt	11.5 [21]
	Ru(II)	C106	COOH	EL02	Pt	12.1 [22]
	complex	C101	COOH	I -/I3 -	Pt	11.7 [23]
		N719	COOH	I -/I3 -	PtCoFe 12.3 [24]
		C1	COOH	I -/I3 -	PEDOT 0.9 [25]
	Fe(II)	ARM13	COOH	el3(MgI2/TBAI) PEDOT 1.4 [26]
	complex	ARM130	COOH	el3(MgI2/TBAI)	Pt	1.8 [27]
		FeCD	COOH	[Co(bpy)3] 3+/2+	Pt	1.3 [28]
	GNP=graphene nanoplatelet; FeCD=[Fe(cpbmi)(dtapbmi)] 2+ ; CE=counter electrode; phen=phenanthroline;
	tmbpy= 4,4',6,6'-tetramethyl-2,2'-bipyridine; TBAI=tetrabutylammonium iodide salt.