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Chapter 9
First principles modeling of dye-sensitized solar cells: from the optical properties of
standalone dyes to the charge separation at dye/TiO: interfaces
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[NON PRINT ITEMS]

Abstract: In this chapter we present an exhaustive overview of the recent theoretical
models and computational strategies developed to afford a realistic description of the
different device components integrating dye sensitized solar cells (DSSCs), and the
complex physical-chemical phenomena taking place at their interfaces. Here we discuss
first-principles modelling of transition metal complex (TMC) dye sensitizers and their
interaction with the TiO2 semiconductor models, with the aim of showing how theory can
effectively lead toward the successful exploitation of the rich photophysics of these

materials in the DSSCs field. Overall, we show how these calculations, combined with the



appropriate experimental measurements and data-driven analysis, can be opportunely used
to set up useful design rules for the optimization of the properties of the different device
components, as for instance, extension into the Vis-nIR (visible-near infrared) absorption
window and lifetimes of the dye sensitizers, or optimization of the charge separation at the

dye/semiconductor interface.

Key Words: Dye sensitized Solar Cells (DSSCs); transition metal complex dyes; hybrid
inorganic/organo-metallic interfaces; DFT/TD-DFT; relativistic effects; excited state

decays.
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1. 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.[1] 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.[2] 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 so-
called "third generation solar cells", characterized by lower costs, high flexibility, and
integration of earth abundant materials.[4] 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).[5] 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.[6,7]

Although evidence of charge injection from an organic dye into a semiconductor in an
electrochemical cell was reported at the late 1960s,[8] only in 1991 O’Regan and Gritzel
achieved the first practical use of dye sensitizers grafted onto mesoporous semiconductor
films to generate an electric current,[9] paving the way to massive research efforts and
industrial interest in the DSSC technology.[10] The main components and the basic device
operation for a typical n-type DSSC (Grétzel's solar cell) are represented in Figure 1. The
functioning mechanism involves the following steps: (1) 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.[11,12]
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Figure 1. Scheme of the device operation of a prototypical n-type DSSC presenting the
diagram for the energetic levels of the cell components. Continuous green/orange arrows
are used to indicate the desired flow of electrons and redox shuttle reactions, whereas
dashed red lines depict the undesired recombination processes. The numbering with all the

steps involved in the process of current generation appears on the right side of the image.

As it is schematized in the energy diagram of Figure 1, the difference between the quasi-
Fermi level (Ey) 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:

Voc * FF * Js¢
n=—H—

P (1)



Where FF (Fill Factor) is a dimensionless parameter which reflects the internal and
external cell resistances, Js is the photocurrent density at short circuit, and Pris the intensity
of the incident light. In this context, Js 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 * ¢inj * ¢coll (2)
Table 1. 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 n  Year Ref

ALEKA-1/LEG1 sily/COOH [Co(phen)s]*">* GNP/Au 14.3 2015 [13]
D-n-A  XYIb/Y123  CN-COOH [Cu(tmby):]*”* PEDOT 13.1 2018 [14]

organic ZL003 COOH  [Co(bpy)s™* Pt 13.6 2019 [15]
MS5/XY1b  CN-COOH [Cu(tmby):]*”* PEDOT 13.5 2021 [16]
GY50 COOH  [Co(bpy)s]?"?" Pt 12.8 2014 [17]

Zn(IT) SM315 COOH  [Co(bpy)s*>* GNP 13.0 2014 [18]
Porphyrin  SM342/Y 123 COOH  [Co(bpy)s]*">* GNP 12.7 2017 [19]
SGT-021/SGT-149 COOH  [Co(bpy)s]"2* Pt 142 2020 [20]

CYC-Bl11 COOH 7960 Pt 11.5 2009 [21]

Ru(II) C106 COOH EL02 Pt  12.1 2010 [22]
complex C101 COOH /13 Pt 11.7 2011 [23]
N719 COOH /13 PtCoFe 12.3 2017 [24]

Cl COOH /15 PEDOT 0.9 2020 [25]

Fe(II) ARM13 COOH  el3(Mglo/TBAI) PEDOT 1.4 2021 [26]
complex ARM130 COOH  el3(Mgl/TBAI) Pt 1.8 2021 [27]
FeCD COOH  [Co(bpy):]*"* Pt 1.3 2021 [28]

GNP=graphene nanoplatelet; FeCD=[Fe(cpbmi)(dtapbmi)]?>"; CE=counter electrode; phen=phenanthroline;
tmbpy= 4,4',6,6'-tetramethyl-2,2'-bipyridine; TBAI=tetrabutylammonium iodide salt.



Being LHE the light harvesting efficiency of the photoelectrode; ¢ir; the quantum yield of
electron injection; and ¢@cor 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%,[9] and after three decades of active research in the field, the efficiency
for these technologies has been pushed until reaching 14.3% [13] (see Table 1) under
standard solar light irradiation,[29] and above 34% when employing artificial light
sources.[16,30] 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.[31]

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 TiO: 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.[32,33] Other type of nanomaterial morphologies employed in DSSCs
photoanodes include nanosheets, nanowires, nanorods, nanofibers.[34] Alternatively, other
materials such as ZnO[35,36] and SnO2[37,38] 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%[39] and 6.4%][40] for ZnO and SnO2 photoanodes,
respectively). It is noteworthy to mention that, in the classical Gritzel'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),[41] 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.[42] 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%.[43]
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.[44]

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.[45,46] The most widely
employed redox couple is /137, 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(I1I/IT)
based electrolyte, in view of their improved stability and their excellent electrochemical

behavior.[47,48] 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).[49,50]

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.[51,52] 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.[53,54] 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.[55] 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.[56,57]



Push-pull organic dyes possess an electron donating groups (D) connected to an electron
withdrawing moiety (A) via t-conjugated bridges (also known as D-n-A architecture).[58]
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.[20,59,60] Thanks to their long excited state lifetimes and their strong absorption
in the Vis region, [61,62] Zn(II) porphyrins combined with D-A groups have emerged as
highly performant sensitizers, with record efficiencies of about 13%.[18] 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%,[20] by using them in combination with other types of dye (i.e.
organic D-m-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 Gritzel and O’Regan,[9]
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(Il)-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.[63—65]

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.[66] 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,[67] such as
Cu[68,69] and Fe[70]. Notably, [Cu(bpy)2]” exhibit similar photophysics as the
[Ru(bpy)s]** complexes[71] (vide infra) but their lower absorption coefficients in the Vis
region and their facile ligand redistribution have hampered their use as sensitizers.[66]
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%.[72]

In case of Fe, even if displaying the same d° electronic configuration as Ru, its
photophysics is completely different,[70] 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.[73] The first attempt to employ Fe complex
dyes as sensitizers was reported in the late 1990s by Ferrere and coworkers[74,75] who
synthetized Fe(Il) polypyridine complexes displaying similar chemical structure as the
prototypical Ru(Il) 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,[76] 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).[79] The



strong o-donor character of these ligands is able to effectively destabilize the low-lying
MC states,[77,78] 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) [79-81] endowed with the
carboxylic functionalities required to be grafted to the TiO: electrode. A further
improvement of the excited state lifetimes can be reached via modification of the NHC
ligands,[82,83] by increasing, for instance, the ligand aromaticity, [81] or by employing
diazene central cores.[84] Remarkably, nowadays ligand engineering has allowed Fe-

carbene complexes to reach MLCT state lifetimes in the ns scale.[85]
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Figure 2. Chemical structures of the most performant Ru(Il) (left) and Fe(Il) (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),[27]
being still about 6-7 times lower with respect to those of Ru(Il)-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,[86-91] effectively contributing to boost the device
efficiencies.[92,93] The rationalization of the main physical processes underlying the
device operation via theoretical modeling has driven, indeed, the development of DSSCs
technologies.[6] 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,[6,7,10] and of the modeling of other dye

families.[90,91,94]

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(Il) dye sensitizers,



focusing on the development of panchromatic dyes via the enhancement of their singlet-
triplet 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.

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

2.1 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: 1) 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.[95] 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[96,97] 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@TiO: 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.[98-100]

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.[101-105] 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.[106—108] 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.[109,110] 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.[11,111] Many alternative anchoring
groups have been proposed and tested, such as hydroxyl,[112] silanes,[113]
silatranes,[114] and hydroxamate[115] 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)[116] and the COnductor-like Screening
Model (COSMO)[117] 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)[108,118,119] or classical[120-122] 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.[123—125] 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/co-

absorbent interfaces.[94]

2.2 Electronic Structure and optical properties of dyes in solution

DFT[126] and TD-DFT[127,128] 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.
PWO91[129], PBE,[130] or BLYP[131]) usually fail in the description of the electronic
structure and optical properties of dye sensitizers.[132,133] 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 ©
systems.[134—137] While this error dramatically affects organic push-pull dyes and their
interfaces with the semiconductor, [88,118,138,139] 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.[133,140—
142] Other popular approaches are based on introducing an increasing fraction of HF

exchange as the interelectronic separation increases; the long-range corrected (LC)



functionals,[143—-146] the CAM-B3LYP[147] and ®B97XD[148] 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,[149—154] whose
tunability seems to be favorable for the description of hybrid DSSC interfaces.[139] 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 second-
order Mgller-Plesset Perturbation Theory (MP2),[155] Coupled Cluster (CC)[156] or the
Random Phase Approximation (RPA).[157] However, various correction schemes have
been proposed to properly recover the dispersion interactions at the DFT level at a
moderate computational cost.[158] These approaches are based on nonlocal density-based
functionals, such as van der Waals (vdW-DF, vdW-DF2, vdW-DF3) [159] or Vydrov and
Van Voorhis functionals (VV10)[160]; semiclassical Cs-based potentials, such as the
Grimme’s corrections (D2, D3),[161] Thatchenko-Scheffer (TS) models,[162] or Becke
Johnson (BJ) damping functions[163]; and effective one-electron potentials, such as the
semilocal meta-GGA Minnesota set of functionals (M06, M06-2X).[164]

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),[165] although it still may result in largely underestimated triplet

excitation energies.[166] In the particular case of TMCs, where intersystem crossings (ISC)



involving several multiplicities often take place during the excited state dynamics,[167]
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*),[171] is one of the most popular strategies employed to model TMCs,
as Fe(Il) and Co(IT) complexes.[172—175] In a similar way, the reparameterization of the
short-range exact exchange in RSH functionals also provided accurate high and low spin
state energy (Eus/s) values.[176] 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.[177] Furthermore, the so-called “double hybrid” functionals[178]
have also shown to accurately estimate the relative Ens/senergies.[179,180] Very recently,
a cheaper computational alternative to these methods has been proposed by employing the
Hubbard correction (DFT+U)[181] with a U-corrected density, which yielded to similar
Ens/s energies as the most accurate hybrid DFT approaches.[182] 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.[183] In this context, more
sophisticated computational approaches as, for instance, multiconfiguration pair DFT (MP-
DFT)[184] or wavefunction methods such as CASPT2,[185] NEVPT2,[186], combined
CASPT2/CC[187] or multireference CI[188], should be employed instead,[186,189]

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.[190,191]

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.[187,254] 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(Il) 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),[192,193]
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 (fs7) can be expressed as:

(¥r)

ﬁfs ©)

fsr =

Where Ys/¥r are the singlet/triplet wavefunctions, Hsoc is the spin-orbit coupling
Hamiltonian, Es/Er are the singlet/triplet state energies, and fs is the singlet oscillator

strength. The matrix element at the numerator «¥s| Hsoc | P> represents the strength of the



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.[194] 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(Il) 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(Il) complexes

are expected to be very low in view of the low mass of its metal center.

2.3 Electronic Structure and optical properties of semiconductor materials and dye-

sensitized 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[195], WO3[196] or NiO.[197] This error can be corrected by
adding a tuned fraction (10%-20%) of HF exact exchange in form of hybrid
functionals.[198-201] As a matter of fact, however, hybrid functionals become an
expensive method when modeling systems with large dimensions within a plane wave basis
set. [202] In this regard, some computationally less expensive methods such as
DFT+U[181] or DFT-1/2[203] 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,[204] which has recently
become a prominent tool to investigate the interfacial energetics in DSSCs.[118,205,206]
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.[207] As a result, hybrid DFT functionals in combination with cluster
models remain the most common tool to access to the dye@TiO2 optical properties.[88]
Nonetheless, the rapid development of MBPT approaches based on the combination of GW
and the resolution of the Bethe Salpeter Equation[208,209] (GW/BSE) has recently allowed
their implementation in the study of the excited state of these type of interfaces. [210,211]
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),[212] is the most employed one. Indeed, the parametrization of Ti atoms
to treat both bulk and molecular systems in DFTB[213] has allowed application of this
approach to extended dye@TiO: interfaces, by providing realistic structures via
geometrical relaxations[214,215] and AIMD simulations,[216—220] or by calculations of
their excited state properties via its time-dependent implementation (TD-DFTB).[221]

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,[222,223] 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 non-
adiabatic 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 p(E). Thus, by assuming a weak coupling, and resorting to the in the Fermi’s
Golden rule, as it has been proposed by Thoss and co-workers,[224] these rates can be

estimated by employing the formula:
21 )
Kinj = TZIdeI p(Ey) @

Here kinj represents the sum over the manifold of k& acceptor states of interest and the
product |Va>p(Ex) defines the so-called probability distribution I'(Ex). 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 laser-
driven electronic wave packets are treated by means of the time-dependent many-body

configuration interaction (TDCI) method.[225] Very interestingly, this approach has



allowed to evaluate the influence of the many-body interactions,[226] and to reach a real-
time spatial representation[229] 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@TiO: electron
transport phenomena in extended systems, one can resort to Non-Equilibrium Green
Function (NEGF) Theory applied with the adequate boundary conditions.[227,228] More
reliable information about the kinetics of the electron transfer phenomena occurring at the
dye@TiO: interface can be obtained by means of quantum or non-adiabatic dynamics,
[229,230] based on the time-dependent propagation of the electronic wavefunction, as
obtained from semi-empirical Hamiltonians[231-233] or from the DFT orbitals,[234-236],
combined with mixed-classical[237] or full quantum dynamics[238] 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.[239,240]

2.4 Machine learning and semi-empirical methods applied to DSSCs

Finally, it is 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 ef 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.[241] 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.[242] 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(Il) complexes.[243] 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 ef al. used ML
to predict the best synthetic conditions to achieve ZnO electrodes with enhanced
performances,[244] while Venkatraman ef al. applied similar methods to identify which
dye sensitizers are prone to undergo a larger red-shift when adsorbed on TiO: films.[245]
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.

3. Design rules for Ru(Il) 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(Il) 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(Il) sensitizers (N3 and the related salt N719)
based on TD-DFT calculations appeared in the literature.[247,248] Standard hybrid
functionals such as PBEO 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 ClI- groups (see Figure 3 right).[249] 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.[247] The following studies on Ru based complexes have
confirmed the importance of taking into account the surrounding effects.[250-253] 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/CI to bipyridine—n* transitions, whereas the
band in the UV region was attributed to local bipyridine m—n* 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/CI 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.
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Figure 3. Comparison of the TD-DFT simulated (blue) and experimental (red lines) spectra
for the cis-[Ru(4,4’-CO0-2,2"-bpy)2(X)2]*, X = NCS (left) and CI (right) dyes in water
solution. The chemical structures for both dyes are represented inset. Figure adapted with

permission from ref. [249] Copyright 2005 Elsevier.

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.[254] The good agreement between the simulated properties and the
experimental data has allowed the use of DFT and TD-DFT calculations to screen new Ru-
polypyridyl 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.[255] With the objective of red-shifting the
absorption of Ru(Il) 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.[255] 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(Il) dye bands, attributed to singlet to triplet
transitions.[256] 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)[257] and (DX4-DX6)[258] 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.[257,258] In view of these experimental



evidences, the treatment of relativistic effects became a major issue for the modelling of

panchromatic dyes.[259]
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Figure 4. Chemical structures of the panchromatic Ru(Il) dye complexes based on tpy

ligands.

The first work tackling the impact of SOC in the opto-electronic response of Ru(Il) dye
sensitizers was conducted by Daul ef al, which analyzed the nature of MLCT states of the
prototypical [Ru(bpy)3]** complexes, and pointed to the mixing of their singlet and triplet
states as the origin of the degeneracy the MLCT absorption bands.[260] However, this
degeneracy was further measured experimentally by quantifying the HOMOs splitting of
the [M(bpy)3]** (M=Fe, Ru, Os) dyes, which indeed, was found only significant for M=Os,
whereas M=Ru, Fe dyes showed a low energy splitting below 0.3 eV.[261] This low
influence of the relativistic effects in the [Ru(bpy)3]** 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.[262] 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 red-
shift 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)s]*>" and N3, pointed to the possibility of enhancing the singlet-triplet coupling
via ligand modification.[262] 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),[256,263] some of us proceeded to
evaluate the impact of relativistic effects in the photovoltaic behavior of BD and DX1.[264]
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 dv and di-
character in DX1) are switched in BD and displayed a reduced amount of metal character.
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 light-
harvesting efficiency, and it consequently contributes additional photocurrent (~2.3
mA/cm?, 32% of increase) in DX1-sensitized DSSCs (Figure 5-d).[264] 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 ef al showed that the substitution of the -
CNS and -CI 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.[265] 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.[255]
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.[257] 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.[258] Overall, despite DX3 represents the upper limit for the red-shifted
absorption in panchromatic Ru(Il) complexes, relativistic effects can be significantly
boosted by employing heavier atoms as metal centers as for instance Os.[259,266,267] 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.
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Figure 5. Simulated absorption spectra calculated at the SR (blue) and SOC (red) levels of
theory, together with their respective experimental spectra (black lines) for the a) N3, b)
BD and ¢) DX1 dyes; and d) maximum Jsc (mA/cm?, 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. [262] and [264]

Copyright 2014 American Chemical Society.

4. 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 SMLCT states, up to microsecond timescales.



As already mentioned, polypyridyl Fe(Il) complexes, having their six valence electrons
paired in the lowest energy metal centered d orbitals, experience ultrafast (ca. 50 f5s)
deactivation to low-lying metal-centered (MC) states, via the triplet *MC and ultimately
the quintuplet 5T> states,[268,269] 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(I) 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.[268]
The absence of a radial nodal plane at a large distance from the nucleus for n=3 and 1=2
(3d) wavefunctions causes a reduced screening of the nuclear charge and thus a
“contraction” of the 3d orbitals.[70] 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(Il) 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(Il) 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).[270] Many
different strategies have been pursued to increase the lifetime of the Fe(Il) complexes
MLCT states featuring the destabilization of the MC states by increasing the ligand
strengths via chemical functionalization with strong c-donating, [77,78,83] combined o-

and n-donating,[271,272] o-donating and m-accepting groups;[273,274] or the population



of the SMLCT state as obtained by further decreasing the ligand field to achieve a high-

spin ground state (*MC) in highly strained complex structures.[275,276]
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Figure 6. a) Schematic representation of the MLCT states decays of [Ru(bpy)s]** and
[Fe(bpy)3]*" complexes, where solid/dashed black arrows are used to indicate light
absorption/emission (Aabs/Aem) mechanisms, and red curly arrows depict vibrational
relaxation and non-adiabatic population processes. Note that MLCT and MC surfaces have
been represented with continuous and dotted lines, respectively. Image adapted with
permission from ref. [277] Copyright 2019 Wiley-VHC; b) energy diagram representation
of the distinct models for MLCT—>MC(°T) relaxation pathways proposed in the
literature. Image adapted with permission from ref. [271] Copyright 2015 American

Chemical Society.

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(Il) complex for dye-sensitized

technologies.[277] 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.[272] 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.[278,279] This
technique was employed by Warnmark and co-workers to shed light on the origin of the
long-lived *MLCT states (528 ps) observed for an homoleptic Fe(Il) 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 *MC state, whose minimum lies lower in energy with
respect to the *MLCT minimum (see Figure 7-a).[280] 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.[281] 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,[282] due to the antibonding character of the orbitals
populating the *MC and 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]*" cannot be
described by using a single configuration coordinate.[283] 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 '*MLCT and 3*MC states of a terpyridine ligand
complex [Fe(tpy)2]*" ISCs. This work pointed to the relative rock motion of one of the
ligands ® as the main geometrical coordinate dictating the crossing points between the

studied states (see Figure 7-b).[271]
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Figure 7. a) Scheme of the parabolic energy surfaces for the main states of the [Fe(btz)3]**
depicted on the left part of the image, as a function of its M-L distances; and b) PESs for

the 'A, *MLCT, and **MC for the [Fe(tpy)2]*>" complex as a function of the Rux and @



coordinates, while keeping fixed the value of Re; = 2.01 A; as they are represented in the
image on the right part. All energies are relative to the interpolated minimum of the 'A
state. Images adapted with permission from refs. [280] and [271] 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.[275] 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(Il)
complex.[285,286] We reported the full DFT PES landscape for both isomers by
computing the MEPs from the *MLCT to *MC minima adopting the IRC algorithm (Figure
8). Transient absorption spectroscopy (TAS) measurements suggested that the 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 %.
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In both isomers, based on the calculated PESs, the fast component was ascribed to the
decay of the T2 state (T2/So crossing points), whereas the slow component was assigned to
the deactivation of the T state (T1/So 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(Il) 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[287] 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.[287] This methodology accounted for 0.2 eV the energy barrier
between the MLCT and *MC states in [Fe(tpy)2]>" complexes bearing cyclometallating
ligands with degenerate triplet states. Such a high energy barrier may trap the system in the
initially populated *MLCT state. Indeed, the authors suggested a MLCT=3MC

equilibrium process highly influenced by the deactivation of the MC state via its crossing



with the ground state, requiring a barrier of 0.18 eV, also depending on the SOC magnitude
between the MC and the So states. [272]

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.[73] 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.[288] This work elucidated the excited state relaxation process in a
[Fe(bmip)2]** (bmip=2,6-bis(3-methyl-imidazole-1-ylidene-pyridine) complex:
'MLCT—*MLCT relaxation occurs within 100 fs, followed by population of the *MC
states. The MLCT-*MC deactivation is slower than in [Fe(bpy)3]*" 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.[289] The same approach showed that the
substitution of the methyl moieties of this complex by tert-butyl groups promotes the
stabilization of the 'MC states, thus enabling their population from the '*MLCT states
close to the Frank-Condon geometry.[172] 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,[290] 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.[291] Although no direct comparison
with experiments is provided in this work, it nicely shows the potentiality of the non-

adiabatic dynamics approach to shed light on the photophysics of TMC:s.

5. Interfacial properties of Fe-NHC sensitized TiO:

The first photovoltaic characterization of the Fe(Il)-NHC complex C1 (Figure 2) was
reported by Gros end co-workers in 2015 with the first realization of iron-based
DSSCs.[79] 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%).[79] It is important to highlight here that besides a
sufficiently long '*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 Warnmark and co-
workers[80] claimed a record injection efficiency, almost unitary, for the same Cl1
complex, attributing the low photovoltaic performances reported in Ref.[79] 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[26-28,279,292,293], and the optimization of the

electrolyte composition.[25,26,294,295]



Before analyzing the interfacial dye@TiO2 properties of Ru(Il) 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 m—n* 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 TiO: surface. Interestingly, the insertion of m-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 m-m 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 n-conjugated anchoring ligand

analogues).[26] 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.
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Figure 9. Simulated absorption spectra (left) and Natural Transition Orbitals (NTOs)[277]
for the most prominent lowest energy states (right) for C1, ARM13 and ARM130, as
calculated at the TD-B3LYP*/6-311G** level of theory with the CPCM to treat the
methanol solvent environment. The absorption wavelengths and oscillator strengths for
each state represented in the NTOs are also reported. The isovalue used to represent the

isodensity plots was set to 0.02 a.u.



The first work dealing with the interface of Ru(Il) complex with TiO2 was reported in 2005
by Person and co-workers, which studied the absorption of N3 attached to a (TiO2)ss cluster
at the TD-DFT level, and predicted a MLCT injection time which amounted to 10 fs.[296]
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.[86,297,298] In one of these works, some of us
reported a TD-DFT study of the N3 dye adsorbed on a (TiO2)s2 cluster with three
carboxylic moieties attached to the semiconductor (one bidentate and two monodentate
binding modes).[88] 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 Sis state (555
nm). By looking at the charge density difference plot between So and Sis 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@TiO: 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
TiOz2 states yields to a strong coupling with the semiconductor.[88] It is noteworthy to
highlight that in this paragraph we focused only on the electronic and absorption properties

of the N3@TiO: interface as a illustrative way to discern the main differences with respect



to the Fe(Il) dye@TiO2 systems, whereas many other works have been dedicated to the
interfaces of another types of Ru(Il) dyes with TiO2 (such as BD)[299-301] and resulted

in similar results as the ones observed with N3.
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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]*" complexes was
reported by Jakubikova and co-workers.[302] They found that despite the use of carbene
ligands assists the stabilization of the '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.[302] This work represented the first evidence of the suitability of employing NHC
ligand Fe(Il) complexes for photovoltaic applications. In this regard, Fredin and co-
workers studied the electronic structure of the heteroleptic NHC complex interface
(ARM13@Ti02) 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.[279] 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.[303] In this
context, some of us investigated the interface with TiO2 for the prototype homoleptic and
heteroleptic NHC Fe(IT) complex dyes (C1 and ARM13).[292] Figure 11 presents the
PDOS along with the molecular and semiconductor parts of the dye@TiO: interface. All
considered complexes remained tilted on the semiconductor surface, forming an angle with
respect to the surface plane of approximately 45°, which was consistent with the previous
studies.[279] 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(Il) complex dyes.[292]
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With the objective of evaluating the impact of the inclusion Mgl2 additives in the electrolyte
composition, that allowed to reach record efficiencies in Fe-NHC DSSCs,[25] we followed
the same computational approach used by some of us to model the effect of Li* cations at
the indoline D102@TiO2 interfaces,[304] consisting of the addition of a Mg?* cation lying
on the top of the TiO2 surface.[26] 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?" cation strongly interacts with the dye’s anchoring group, lying very
close to oxygen atoms of the carboxylic moiety (~2.3A). 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[292] 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?" 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 TiO: surfaces, both for ARM13 and C1.[26] 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]>* complex dye
sensitized based interfaces.[231] Overall, it has been demonstrated the change of the nature
of the dye LUMO in Cl1, 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.[26]
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Figure 12. Normalized PDOS over the dye (purple/green for C1/ARM13), TiO2 surface
(orange) and Mg?" cation (magenta) for the C1@TiO2, C1@Mg-TiO2, ARM13@TiO2 and
ARMI13@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. [26] 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@Ti0: interface, comparing these results with the
ones from the unsubstituted dye ARM13.[27] The similar anchoring geometries, injection
and recombination rates with respect to the reference ARM13@TiO: 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]

6. 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(Il) and Fe(Il) complexes. After providing a small review of the device operation
and the main components integrating the cells, we have focused our discussion on the state-
of-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
TMCs dye sensitizers based cells: (i) the red-shift and intensification of the lowest energy
absorption for Ru(Il) 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 (i11) improvement of the CT occurring at the Fe(Il) dye@TiO:2 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.
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