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Introduction

Perovskite solar cells (PSC) have been extensively studied in the recent years due to their versatility, high electron transport properties, high absorption coefficient and easy processability [START_REF] Gao | Organohalide Lead Perovskites for Photovoltaic Applications[END_REF][START_REF] Sum | Advancements in Perovskite Solar Cells: Photophysics behind the Photovoltaics[END_REF] , resulting in power conversion efficiencies (PCE) which have increased from 3.8% [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF] to more than 25% during the last decade [START_REF]Best Research-Cell Efficiency Chart[END_REF] . The use of metal halide perovskites as light-harvesting component in such cells indeed enables to finely tune their optoelectronic properties, allowing for example to shift the optical response of tandem solar cells [START_REF] Mcmeekin | A Mixed-Cation Lead Mixed-Halide Perovskite Absorber for Tandem Solar Cells[END_REF] or the emission wavelengths of LEDs [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut[END_REF] . Such perovskites have a general formula AMX3, where A are monovalent cations such as Cs + , Rb + , K + or the small organic methylammonium CH3NH3 + (MA + ) cation, M are metal cations such as Pb 2+ or Sn 2+ and X are halide anions such as Cl -, Br -or I -arranged in a rigid three-dimensional network of corner-sharing MX6 octahedra. Although the pioneering methylammonium lead iodide hybrid perovskite (MAPbI3, referred to as MAPI) remains largely considered for PSC applications nowadays [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF][START_REF] Kim | Lead Iodide Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency Exceeding 9%[END_REF][START_REF] Im | 6.5% Efficient Perovskite Quantum-Dot-Sensitized Solar Cell[END_REF] , a certain degree of compositional engineering is possible by combining different A, M and X to finely tune the band gap and the stability of AMX3 materials [START_REF] Mosconi | Electronic and Optical Properties of MAPbX3 Perovskites (X = I, Br, Cl): A Unified DFT and GW Theoretical Analysis[END_REF] . Consequently, understanding the subtle equilibrium existing between the various geometric and electronic effects implied by different A, M and X species existing in AMX3 materials has recently been a challenging step towards the rational design of materials for the development of efficient perovskite-based optoelectronic devices (See Ref. 10 for instance). In a PSC for example, the perovskite layer ensures light absorption and generates electronhole charge carrier pairs which then dissociate [START_REF] Green | The Emergence of Perovskite Solar Cells[END_REF] before diffusing within electron and hole transport layers (ETL and HTL) and being collected by corresponding electrodes [START_REF] Gao | Organohalide Lead Perovskites for Photovoltaic Applications[END_REF] . An adequate matching and design of the different interfaces is therefore of primary importance to achieve high PCE, by minimizing charge recombination losses and maximizing open circuit voltage. In particular, the interface between the perovskite sensitizer and the ETL such as TiO2 is crucial since it is responsible for electron injection after photoexcitation, requiring suitable band alignment with the energy level of the photoexcited active layer. To this end various surface and interface engineering experimental strategies are actively pursued and implemented [START_REF] Gao | Organohalide Lead Perovskites for Photovoltaic Applications[END_REF][START_REF] Li | Interfacial Engineering by Using Self-Assembled Monolayer in Mesoporous Perovskite Solar Cell[END_REF] . Consequently, understanding and rationalizing the photophysical properties of AMX3 perovskites, either isolated or at the interface with the ETL, is crucial to be able to rationally design optimal PSC components. Due to the complexity of such systems however, a direct experimental characterization of the interface is often difficult, rendering a modeling approach extremely appealing.

The simulation of the photophysical properties of crystalline compounds remains challenging today.

Several implementations of time-dependent density functional theory (TD-DFT) and similar approaches using either Gaussian Type Orbitals (GTO) [START_REF] Bernasconi | First-Principles Optical Response of Semiconductors and Oxide Materials[END_REF][START_REF] Ferrero | The Calculation of Static Polarizabilities of 1-3D Periodic Compounds. the Implementation in the Crystal Code[END_REF][START_REF] Ferrari | Ab Initio Calculation of the Ultraviolet-Visible (UV-Vis) Absorption Spectrum, Electron-Loss Function, and Reflectivity of Solids[END_REF][START_REF] Hanasaki | Implementation of Real-Time TDDFT for Periodic Systems in the Open-Source PySCF Software Package[END_REF] , plane waves (PW) [START_REF] Walter | Time-Dependent Density-Functional Theory in the Projector Augmented-Wave Method[END_REF][START_REF] Malcıoğlu | TurboTDDFT -A Code for the Simulation of Molecular Spectra Using the Liouville-Lanczos Approach to Time-Dependent Density-Functional Perturbation Theory[END_REF][START_REF] Zhang | Subspace Formulation of Time-Dependent Density Functional Theory for Large-Scale Calculations[END_REF][START_REF] Arhangelskis | Time-Dependent Density-Functional Theory for Modeling Solid-State Fluorescence Emission of Organic Multicomponent Crystals[END_REF][START_REF] Marini | An Ab Initio Tool for Excited State Calculations[END_REF] , mixed GTO/PW [START_REF] Kühne | An Electronic Structure and Molecular Dynamics Software Package -Quickstep: Efficient and Accurate Electronic Structure Calculations[END_REF] or wavelets [START_REF] Natarajan | Wavelet-Based Linear-Response Time-Dependent Density-Functional Theory[END_REF] basis sets, as well as more efficient techniques for GW-BSE calculations [START_REF] Marini | An Ab Initio Tool for Excited State Calculations[END_REF][START_REF] Gao | Speeding up GW Calculations to Meet the Challenge of Large Scale Quasiparticle Predictions[END_REF][START_REF] Marsili | Large-Scale GW-BSE Calculations with N 3 Scaling: Excitonic Effects in Dye-Sensitized Solar Cells[END_REF] , have been reported for periodic systems, and applied mainly to bulk perovskites [START_REF] Mosconi | Electronic and Optical Properties of MAPbX3 Perovskites (X = I, Br, Cl): A Unified DFT and GW Theoretical Analysis[END_REF][START_REF] Jong | Revealing the Stability and Efficiency Enhancement in Mixed Halide Perovskites MAPb(I1-xClx)3 with Ab Initio Calculations[END_REF][START_REF] Song | First-Principles Study on the Electric Structure and Ferroelectricity in Epitaxial CsSnI3 Films[END_REF][START_REF] He | Halide Composition Controls Electron-Hole Recombination in Cesium-Lead Halide Perovskite Quantum Dots: A Time Domain Ab Initio Study[END_REF][START_REF] Feng | Effective Masses and Electronic and Optical Properties of Nontoxic MASnX3 (X = Cl, Br, and I) Perovskite Structures as Solar Cell Absorber: A Theoretical Study Using HSE06[END_REF][START_REF] Kumar | Crystal Structure, Stability, and Optoelectronic Properties of the Organic-Inorganic Wide-Band-Gap Perovskite CH3NH3BaI3: Candidate for Transparent Conductor Applications[END_REF][START_REF] Slavney | Small-Band-Gap Halide Double Perovskites[END_REF][START_REF] Umari | Infrared Dielectric Screening Determines the Low Exciton Binding Energy of Metal-Halide Perovskites[END_REF][START_REF] Umari | Relativistic GW Calculations on CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell Applications[END_REF] . Applications to large size PSC-based interface models with low-symmetry remain however largely unexplored.

An alternative approach to such methods consists in considering finite-sized molecular clusters extracted from the periodic structure of the crystal and treat them at the TD-DFT level, due to the favorable accuracy/computational cost ratio of this method when compared to more advanced multi reference and correlated methods [START_REF] Gomes | Quantum-Chemical Embedding Methods for Treating Local Electronic Excitations in Complex Chemical Systems[END_REF] . This approach can be further refined by employing larger molecular aggregates separated in different layers that are treated at different levels of theory, resulting in a multilayer approach [START_REF] Morokuma | ONIOM and Its Applications to Material Chemistry and Catalyses[END_REF] . However, these methodologies are often not well suited to investigate extended periodic systems such as crystals, surfaces, or interfaces, even when large clusters are considered since they do not fully recover long-range effects generated by the crystalline environment which should in principle be considered to correctly reproduce the photophysical properties of extended periodic systems.

In this general context, our group has recently developed a self-consistent electrostatic embedding (EE) approach based on the Ewald method [START_REF] Derenzo | Determining Point Charge Arrays That Produce Accurate Ionic Crystal Fields for Atomic Cluster Calculations[END_REF] , originally proposed to study point defects in solids, which enables to compute the excited state properties of crystalline materials by embedding a suitable cluster model in an array of point charges (PC) fit to reproduce the electrostatic crystalline environment. This approach has already been successfully applied to model excited-state intramolecular proton transfer [START_REF] Wilbraham | Electrostatic Embedding To Model the Impact of Environment on Photophysical Properties of Molecular Crystals: A Self-Consistent Charge Adjustment Procedure[END_REF] , aggregation induced emission [START_REF] Presti | Understanding Aggregation-Induced Emission in Molecular Crystals: Insights from Theory[END_REF] and mechanochromism 39 in molecular crystals. This strategy has also been recently generalized to systems with reduced onedimensional (1D) and two-dimensional (2D) periodicity and applied successfully to investigate photoactive CdSe found in sensitized solar cells (SSC) in different shapes, ranging from zerodimensional (0D) quantum dots (QD) to 2D nanoplatelets [START_REF] Luise | Modeling UV-Vis Spectra of Low Dimensional Materials Using Electrostatic Embedding: The Case of CdSe[END_REF] .

In this paper, as a further example of the general applicability of this approach, we investigate the UV-Vis. absorption of two key components found in PSC: (i) photoactive perovskite bulk materials belonging to different phases and (ii) a model of the heterointerface between a photoactive perovskite component and a TiO2 ETL.

Although several previous studies have already investigated the electronic and structural properties of model interfaces found in PSC [START_REF] Su | Improving the Heterointerface in Hybrid Organic-Inorganic Perovskite Solar Cells by Surface Engineering: Insights from Periodic Hybrid Density Functional Theory Calculations[END_REF][START_REF] Haruyama | Surface Properties of CH3NH3PbI3 for Perovskite Solar Cells[END_REF][START_REF] Haruyama | Termination Dependence of Tetragonal CH3NH3PbI3 Surfaces for Perovskite Solar Cells[END_REF][START_REF] Sultana | Unveiling the Structures and Electronic Properties of CH3NH3PbI3 Interfaces with TiO2, ZnO, and SnO2: A First-Principles Study[END_REF] , to our knowledge, none have investigated their photophysical properties so far. The interface model considered here is particularly complex since it consists of MAPI adsorbed on TiO2 by means of para benzoic acid derivatives (XBA, X=Cl, NO3, CH3O) acting as bifunctional linker between the perovskite and the wide band gap semiconductor. Para benzoic acid derivatives have been experimentally suggested to improve the matching of the perovskite and TiO2 surface lattices that are relatively different. This large lattice mismatch is indeed causing large geometrical distortions at the interface when the two materials are directly put in contact. This, in turns, generates surface traps and hampers the electron transfer at the interface due to charge recombination losses [START_REF] Zhu | Interfacial Engineering through Chloride-Functionalized Self-Assembled Monolayers for High-Performance Perovskite Solar Cells[END_REF] . Due to their bifunctional nature, XBA ligands form a thin layer connecting the perovskite structure to the TiO2 substrate through Ti-O and Pb-Cl interactions, improving stability and band alignment at the interface. Previous experimental and theoretical findings [START_REF] Su | Improving the Heterointerface in Hybrid Organic-Inorganic Perovskite Solar Cells by Surface Engineering: Insights from Periodic Hybrid Density Functional Theory Calculations[END_REF][START_REF] Zhu | Response Enhancement of Self-Powered Visible-Blind UV Photodetectors by Nanostructured Heterointerface Engineering[END_REF] have shown that the use of CBA (XBA where X=Cl,) molecules at the MAPI/TiO2 interface allows to achieve an enhanced PCE of 21.3% when compared to the bare cells (20.3%).

The SC-Ewald approach has thus been applied to both various parent perovskite MAPbX (X=Cl, Br and I) bulk systems in tetragonal and cubic phases and to a MAPI/CBA/TiO2 interface model, In Section 2, we first present computational details of the approaches considered for both ground state and excited state calculations. Then, in Section 3, results are presented for the geometric, electronic, and optical properties of various bulk perovskite systems and of different heterointerface models built between a perovskite and TiO2, linked by bifunctional para benzoic acid derivative linkers. Finally, in Section 4, general conclusions are drawn.

Computational Details

Ground State calculations

All periodic ground state calculations have been performed with the Crystal17 code [START_REF] Dovesi | Quantum-Mechanical Condensed Matter Simulations with CRYSTAL[END_REF] , which allows to self-consistently solve both Kohn Sham and Hartree-Fock (HF) equations by using linear combinations of atom-centered Gaussian basis functions [START_REF] Dovesi | Quantum-Mechanical Condensed Matter Simulations with CRYSTAL[END_REF][START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF][START_REF] Erba | Large-Scale Condensed Matter DFT Simulations: Performance and Capabilities of the CRYSTAL Code[END_REF] . Based on previous works carried out both on bulk MAPI [START_REF] Melissen | Electronic Properties of PbX3CH3NH3 (X = Cl, Br, I) Compounds for Photovoltaic and Photocatalytic Applications[END_REF] and TiO2 51 , the PBE0 global hybrid functional [START_REF] Adamo | Toward Reliable Density Functional Methods without Adjustable Parameters: The PBE0 Model[END_REF] with 25% of HF exchange has been selected and augmented with an empirical D3 correction [START_REF] Grimme | Semiempirical GGA-Type Density Functional Constructed with a Long-Range Dispersion Correction[END_REF] to properly include dispersion effects. All-electron basis sets have been employed to describe the MA and CBA moieties with the following contraction schemes: (31/1) and (631/31/1) for the H, C and N atoms of MA, and (511/1), (621/21/1), (7,311/311/1), (8/411/411/1), and (86/311/6311) for the H, C, N, O and Cl atoms of the CBA moieties, respectively. For the Cl and Br atoms of the MAPbCl and MAPbBr perovskites (referred to as MAPCl and MAPBr in the following), (842111/64111/5111) and (73211/5111/1) contraction schemes have been adopted, respectively. To lower computational cost, for TiO2, Durand and Barthelat large-core pseudopotentials [START_REF] Barthelat | Non-Empirical Pseudopotentials for Molecular Calculations[END_REF] have been combined to (1/1/41) and (31/31) contractions corresponding to 4 and 6 explicit electrons for Ti and O, respectively. On the other hand, small-core fully relativistic pseudopotentials developed at the Stuttgart University have been selected, with 22 electrons explicitly described and a (8/811/1/188/611/1) contraction scheme for Pb [START_REF] Metz | Small-Core Multiconfiguration-Dirac-Hartree-Fock-Adjusted Pseudopotentials for Post-d Main Group Elements: Application to PbH and PbO[END_REF] , and 25 explicit electrons and a (8/811/661/61) contraction scheme for I [START_REF] Peterson | On the Spectroscopic and Thermochemical Properties of ClO, BrO, IO, and Their Anions[END_REF] .

Sampling of the Brillouin zones (BZ) of the reciprocal space has been performed with a Monkhorst-Pack 9x9x6 grid for all tetragonal bulk phases of MAPI, MAPBr and MAPCl, corresponding to 244 k points in their irreducible BZ (IBZ). Similarly, for the cubic bulk phases of MAPBr and MAPCl, shrinking factors of 12 and 10 have been considered, resulting in 868 and 504 k points in their IBZ, respectively. In the following, we refer to all tetragonal and cubic phases as t-MAPX and c-MAPX (X= Cl, Br and I). Due to the large size of the MAPI/CBA/TiO2 interface model in direct space (see Section 3.1.2), a smaller shrinking factor of 2, corresponding to only 4 k points in the IBZ has been considered throughout. Band structure paths have been derived from SeeK-path [START_REF] Hinuma | Band Structure Diagram Paths Based on Crystallography[END_REF][START_REF] Togo | Spglib: A Software Library for Crystal Symmetry Search[END_REF] .

For all systems investigated, a numerical DFT integration grid corresponding to 75 radial points and 1454 angular points was employed, ensuring an error on the integrated electron density lower than 10 -6 |𝑒 -| per unit cell in all cases. The Coulomb and exchange series were truncated with threshold values 48 of 10 -7 , 10 -7 , 10 -7 , 10 -9 and 10 -27 au. A threshold value of 10 -8 au has been considered for the convergence of the self-consistent field procedure. For all geometry optimizations, both cell parameters and atomic positions have been fully relaxed. For the bulk calculations, constraints have however been imposed to maintain cubic or tetragonal symmetries with the Pb and I atoms remaining at their Wyckoff positions (Pb:1a and I:3d for the cubic Pm-3m space group, and Pb: 4c, I:4a and I:8h for the tetragonal I4/mcm space group) [START_REF] Melissen | Electronic Properties of PbX3CH3NH3 (X = Cl, Br, I) Compounds for Photovoltaic and Photocatalytic Applications[END_REF] . For interface calculations, the lattice has been fully relaxed, while the positions of some atoms of the TiO2 substrate have been frozen to lower computational costs (see Section 3.1.2). Convergence was determined from the root-mean-square and absolute value of the largest component of the forces and displacements, considering default values [START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF] .

Excited State calculations

To simulate the UV-Vis. absorption spectra of the perovskite bulk compounds as well as of the interface model, we performed TD-DFT calculations combined to the SC-Ewald electrostatic embedding (EE) approach [START_REF] Wilbraham | Electrostatic Embedding To Model the Impact of Environment on Photophysical Properties of Molecular Crystals: A Self-Consistent Charge Adjustment Procedure[END_REF][START_REF] Luise | Modeling UV-Vis Spectra of Low Dimensional Materials Using Electrostatic Embedding: The Case of CdSe[END_REF] developed by some of us. This approach allows to simulate the UV-Vis. absorption and emission spectra of 1D, 2D or 3D periodic objects, by performing TD-DFT calculations on a finite cluster extracted from the periodic structure, embedded in an array of point charges (PC) reproducing the Ewald potential of the periodic system considered.

An appropriate quantum mechanical cluster (QC) is first extracted from the periodic structure, whose size can vary from tens to hundreds of atoms depending on the complexity of the system under investigation. A total charge array obtained by replicating (2Nx x 2Ny x 2Nz) crystallographic unit cells in the positive and negative directions about the origin of the crystallographic axis system is built around the QC with PC at the positions of the crystallographic atoms. The resulting system is divided into three zones: (i) an inner first zone (Z1) containing the QC to be treated explicitly at the QM level with N1 atoms; (ii) an intermediate second spherical zone (Z2) with N2 sites (N2 > N1), containing PC held constant at values obtained at quantum level by performing a Mulliken population analysis for instance of the periodic unit cell, and surrounding the QC in order to avoid artificial overpolarization of the electron density in Z1; (iii) an outer third zone (Z3) with N3 sites (N3 >> N2) between the boundary of Z2 and the entire array formed by the (2Nx x 2Ny x 2Nz) unit cells, containing the array of variable PC that will undergo a fitting procedure.

The charge fitting procedure consists in computing the electrostatic potential of the infinite periodic lattice at all sites of Z1 and Z2 by employing the Ewald lattice formula which splits the electrostatic contributions into a short-range sum evaluated in real space and a long-range sum in Fourier space modulated by an error function. For example, for a 3D periodic lattice, the electrostatic potential at position 𝒙 𝑚 is given by:

𝑉 𝐸 3𝐷 (𝐱 𝑚 ) = ∑ ∑ 𝑞 𝑛 erfc(𝜉|𝐱 𝑚 -𝐱 𝑛 + 𝐓|) |𝐱 𝑚 -𝐱 𝑛 + 𝐓| 𝑁 ′ 𝑛=1 𝑻 + + 4𝜋 𝑉 ∑ 𝑒 - 𝑘 2 4𝜉 2 𝑘 2 ∑ 𝑞 𝑛 𝑒 -𝑖𝐤⋅(𝐱 𝑚 -𝐱 𝑛 ) 𝑁 𝑛=1 𝒌≠𝟎 - 2𝜉 √𝜋 𝑞 𝑚 (1) 
where 𝑞 𝑛 (𝑛 ∈ [1; 𝑁]) are the charges of the 𝑁 atoms in the unit cell, 𝑻 defines a set of direct lattice vectors, 𝜉 is the error function (erfc) parameter controlling the relative convergence rates for the real and reciprocal sums and 𝒌 identifies a discrete set of vectors in the reciprocal space.

Subsequently, a system of N3 linear simultaneous homogeneous equations is solved to find the values of the PC in Z3 that make direct sum Coulomb potentials in Z1 and Z2 equal to their corresponding Ewald values and the total charge and dipole moments equal to zero:

∑ 𝑞 𝑖 + ∆𝑞 𝑖 |𝒓 𝒌 -𝒓 𝒊 | 𝑁 𝑇 𝑖≠𝑘 = 𝑉 𝐸 (𝒓 𝒌 ) (2) 
where 𝑘 ∈ [1; 𝑁 1 + 𝑁 2 ] and 𝑁 𝑇 = 𝑁 1 + 𝑁 2 + 𝑁 3 is the total number of PC in the three zones.

The resulting equations are solved by finding the minimum variation (∆𝑞 𝑖 ) of the values of the charges in Z3. The quality of the charge-fitting is finally checked by calculating the root-mean square (RMS) deviations between the direct Coulomb sum potential and the exact Ewald potential for 1000 sites randomly chosen in Z1 and Z2.

All excited-state calculations have been performed using TD-DFT at the PBE0 level with Gaussian16 59 , considering the embedding potentials generated by the PC obtained by the procedure described above. A 6-31G(d) basis set was used for the Ti, O, Cl, H, N, Br and C atoms, while LANL2DZ basis set along with associated effective core potentials were employed for the Pb and I atoms. The UV-Vis. "stick" spectra obtained, consisting of vertical excitation energies with associated oscillator strengths, have been compared to experimental absorption spectra, when available. The choice of the PBE0, a global hybrid with 25% of exact HF exchange, is based on previous works [START_REF] Han | Unraveling Luminescence Mechanisms in Zero-Dimensional Halide Perovskites[END_REF][START_REF] Zhou | A Zero-Dimensional Organic Seesaw-Shaped Tin Bromide with Highly Efficient Strongly Stokes-Shifted Deep-Red Emission[END_REF][START_REF] Biswas | Energy Transport and Scintillation of Cerium-Doped Elpasolite Cs2LiYCl6: Hybrid Density Functional Calculations[END_REF] highlighting the good performances of this functional for the prediction of absorption and emission energies in hybrid organic-inorganic halide perovskites. In some cases, to avoid the wrong prediction of long-range charge-transfer excitations, we also performed additional TD-DFT calculations with the CAM-B3LYP functional [START_REF] Yanai | A New Hybrid Exchange-Correlation Functional Using the Coulomb-Attenuating Method (CAM-B3LYP)[END_REF] , a range-separated hybrid functional including a variable percentage of HF exact exchange as a function of the interelectronic distance, thus recovering the correct asymptotic behavior of the exchange-correlation potential.

Finally, to more quantitatively evaluate the spatial extent of the charge transfer characterizing the electronic transitions analyzed in the present work, we employed the DCT index [START_REF] Bahers | A Qualitative Index of Spatial Extent in Charge-Transfer Excitations[END_REF] which measures the distance between the barycenters of the density increment 𝑅 + and depletion regions 𝑅 -upon excitation:

𝐷 𝐶𝑇 = |𝑅 + -𝑅 -| 3 Results

Geometric properties

MAPX bulk systems

MAPX3 perovskites undergo temperature-induced phase transitions. We performed our calculation of the most stable form at room temperature. According to the experimental evidence [START_REF] Baikie | Synthesis and Crystal Chemistry of the Hybrid Perovskite (CH3NH3)PbI3 for Solid-State Sensitised Solar Cell Applications[END_REF][START_REF] Baikie | A Combined Single Crystal Neutron/X-Ray Diffraction and Solid-State Nuclear Magnetic Resonance Study of the Hybrid Perovskites CH3NH3PbX3 (X = I, Br and Cl)[END_REF][START_REF] Poglitsch | Dynamic Disorder in Methylammoniumtrihalogenoplumbates (II) Observed by Millimeter-wave Spectroscopy[END_REF][START_REF] Liu | Two-Inch-Sized Perovskite CH3NH3PbX3 (X = Cl, Br, I) Crystals: Growth and Characterization[END_REF] , the MAPI crystalline system at ambient temperature belongs to the tetragonal 𝐼4/𝑚𝑐𝑚 space group while for MAPCl and MAPBr the most stable phase at room temperature is the cubic 𝑃𝑚3 ̅ 𝑚 one. However, for these latter two cases, to evaluate the effect of the phase transition on their optical properties, we also performed calculations of the corresponding tetragonal phases.

As already pointed out in Ref. [START_REF] Melissen | Electronic Properties of PbX3CH3NH3 (X = Cl, Br, I) Compounds for Photovoltaic and Photocatalytic Applications[END_REF][START_REF] Geng | First-Principles Study of Lead Iodide Perovskite Tetragonal and Orthorhombic Phases for Photovoltaics[END_REF][START_REF] Even | Importance of Spin-Orbit Coupling in Hybrid Organic/Inorganic Perovskites for Photovoltaic Applications[END_REF] , the inclusion of both dispersion forces and spin-orbit coupling (SOC) effects are in principle crucial when modeling the MAPX compounds to quantitatively reproduce the experimental geometric and electronic properties of these systems. Indeed, while van der Waals forces dominate the interactions between the organic (namely the MA + cations) and inorganic moieties composing the perovskites, SOC significantly affects the electronic structure of such compounds, leading in particular to a band gap decrease of about 1 eV [START_REF] Melissen | Electronic Properties of PbX3CH3NH3 (X = Cl, Br, I) Compounds for Photovoltaic and Photocatalytic Applications[END_REF][START_REF] Geng | First-Principles Study of Lead Iodide Perovskite Tetragonal and Orthorhombic Phases for Photovoltaics[END_REF][START_REF] Even | Importance of Spin-Orbit Coupling in Hybrid Organic/Inorganic Perovskites for Photovoltaic Applications[END_REF] .

Computed lattice parameters and band gaps of all tetragonal and cubic bulk systems investigated are reported in Table 1. For lattice parameters description, it is clear that the computed data is generally in quantitative agreement with the experimental one, although the a lattice parameter of the tetragonal phases shows larger errors. This might be related to the staggered orientation along the c axis of the PbI6 octahedra in all tetragonal (t-MAPX) compounds, with the C-N bonds of the MA + cations showing a tilted configuration along the same axis to alleviate the steric hindrance, as already pointed out by Geng et al. [START_REF] Geng | First-Principles Study of Lead Iodide Perovskite Tetragonal and Orthorhombic Phases for Photovoltaics[END_REF] , while the cubic phases of MAPCl and MAPBr show perfectly stacked PbI6 octahedra along the same axis and MA + organic cations aligned in parallel (see Figure 1).

Regarding bandgap values, as could be expected, computed values largely overestimate the experimental ones. As discussed above, this is essentially due to the neglection of SOC effects in the present calculations. When such effects are included, a band gap decrease of about 1.1 eV has been reported for this type of systems [START_REF] Umari | Relativistic GW Calculations on CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell Applications[END_REF][START_REF] Melissen | Electronic Properties of PbX3CH3NH3 (X = Cl, Br, I) Compounds for Photovoltaic and Photocatalytic Applications[END_REF] . When such a shift is applied to the reported values of Table [START_REF] Swainson | Phase Transitions in the Perovskite Methylammonium Lead Bromide, CH3ND3PbBr3[END_REF] . b from Ref. [START_REF] Mannino | Temperature-Dependent Optical Band Gap in CsPbBr3, MAPbBr3, and FAPbBr3 Single Crystals[END_REF] . c from Ref. [START_REF] Liu | Two-Inch-Sized Perovskite CH3NH3PbX3 (X = Cl, Br, I) Crystals: Growth and Characterization[END_REF] . d from Ref. [START_REF] Cui | Color-Tuned Perovskite Films Prepared for Efficient Solar Cell Applications[END_REF] . e from Ref. [START_REF] Noh | Chemical Management for Colorful, Efficient, and Stable Inorganic-Organic Hybrid Nanostructured Solar Cells[END_REF] .

Table 1: Calculated PBE0-D3 lattice parameters (a and c, in Å) and bandgaps (Egap, in eV) for MAPX (X=I, Cl, Br) compounds with tetragonal (t-) and cubic (c-) phases. The corresponding experimental data is also reported, when available. 

MAPI/CBA/TiO2 interface model

Next a MAPI/CBA/TiO2 interface model was considered to describe its UV-Vis absorption properties since its ground state properties were already computed by some of us [START_REF] Su | Improving the Heterointerface in Hybrid Organic-Inorganic Perovskite Solar Cells by Surface Engineering: Insights from Periodic Hybrid Density Functional Theory Calculations[END_REF] . Here we will briefly recall the main characteristics computed for this complex system.

This interface was built by assembling the MAPI (110) surface and the TiO2 anatase (101) one. A PbI2 termination was chosen for MAPI (110) due to better lattice matching with TiO2 [START_REF] De Angelis | Modeling Materials and Processes in Hybrid/Organic Photovoltaics: From Dye-Sensitized to Perovskite Solar Cells[END_REF] . The anatase polymorph of TiO2 was considered due to its relevance in the photovoltaic devices [START_REF] Vittadini | Structure and Energetics of Water Adsorbed at TiO2 Anatase (101) and (001) Surfaces[END_REF][START_REF] De Angelis | Theoretical Studies on Anatase and Less Common TiO2 Phases: Bulk, Surfaces, and Nanomaterials[END_REF] , with the (101)

surface orientation being the most stable one [START_REF] Labat | Density Functional Theory Analysis of the Structural and Electronic Properties of TiO2 Rutile and Anatase Polytypes: Performances of Different Exchange-Correlation Functionals[END_REF][START_REF] Vittadini | Chemistry of and on TiO2-Anatase Surfaces by DFT Calculations: A Partial Review[END_REF] . To perform lattice matching of the two building blocks while keeping the size of the resulting interface reasonable, a (2x2 In addition, the H + ions belonging to interfacial MA molecules dissociate and adsorb on the oxygen atoms of the TiO2 surface, thereby forming deprotonated CH3NH2 + (MA + ) cations.

)

Electronic structure analysis

To get insights on the electronic structure of the systems investigated, band structures, total and projected densities of states (TDOS and PDOS) as well as selected crystalline orbitals at key k points of the five MAPX bulk systems investigated are presented in Figure 3.

All tetragonal bulk perovskites investigated present a direct gap at Γ, while cubic structures have an almost direct gap at R, where all crystalline orbitals (CO) are real. In all cases, the top of the valence band (VB) is mainly dominated by halide p orbitals with some mixing with Pb s and d orbitals, whereas the bottom of the conduction band (CB) is mainly composed of Pb p orbitals with a small contribution of halide s or d orbitals, in line with a recent investigation of a series of AMX3 perovskites [START_REF] Tao | Absolute Energy Level Positions in Tin-and Lead-Based Halide Perovskites[END_REF] . This is further demonstrated by the plots of the highest-occupied and lowestunoccupied CO (HOCO and LUCO, respectively) obtained at Γ or R which all appear qualitatively similar, as shown in Figure 3. This result indicates that upon potential light absorption, the electron and the hole are expected to be spatially well separated, as expected for a good sensitizer for SSC, since this favors electron injection into the TiO2 CB due to a potential decrease of the charge recombination rate. In addition, the main contributions of the MA cations to the DOS are in the CB, with only flat, molecular-like contributions in the VB at about ~ 6 and ~ 8.5 eV below the Fermi level, independently of the halide and of the symmetry of the crystal. This suggests that MA cations only weakly interact with the inorganic matrix and are not directly involved in the UV-Vis. spectrum of MAPX bulk materials, which is dominated by electronic transitions between halide and Pb, as already pointed out in Ref. [START_REF] Umari | Relativistic GW Calculations on CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell Applications[END_REF] for instance. For band structure calculations, the chosen k points have coordinates: Γ(0.0,0.0,0.0), X(0.5,0.0,0.0), Y(0.0,0.5,0.0), Z(0.0,0.0,0.5), R(0.5,0.5,0.5), T(0.0,0.5,0.5), U(0.5,0.0,0.5) and V(0.5,0.5,0.0). The Fermi level energy (Ef) of each system has been set to 0 eV in all plots. For HOCO and LUCO plots, an isovalue of 0.01 and either the Γ or the R k points have been chosen. The periodic images of the orbitals are not shown for clarity. Unit cells shown as thin black lines.

Γ-HOCO Γ-LUCO

Figure 4: Band structures, total and projected DOS and HOCO and LUCO of the interface model of MAPI/CBA/TiO2. For band structure calculations, the chosen k points have coordinates: Γ(0.0,0.0,0.0), X(0.5,0.0,0.0), Y(0.0,0.5,0.0), Z(0.0,0.0,0.5), R(0.5,0.5,0.5), T'(0.0,0.5,0.5), U'(0.5,0.0,0.5) and V'(0.5,0.5,0.0). The same conventions as in Figure 3 have been used.

A similar analysis can also be carried out for the MAPI/CBA/TiO2 interface model and is presented in Figure 4. A significant band gap reduction is obtained upon interface creation, going from an indirect gap of 5.17 eV between X and Γ for the bare TiO2 anatase (101) slab model to a direct gap at Γ of 2.16 eV for the interface. This is related to a significant contribution of MAPI at the top of the VB, with an energy range of about 2.5 eV free of TiO2 contribution. Similar to the analysis previously carried out for bulk MAPI, this can be related to s and d orbitals of Pb mainly mixing with p orbitals of I. We note that the first MAPI sensitizer contribution to the CB is at about 2.0 eV above the CB edge, providing in principle a very favorable driving force for charge separation in SSC [START_REF] Nayak | Assessing Possibilities and Limits for Solar Cells[END_REF] . The bottom of the CB indeed derives exclusively from TiO2 states, which is compatible with an electron injection from the MAPI to the semiconductor CB, in line with the typical SSC electron injection mechanism.

In addition, the Γ-HOCO and Γ-LUCO presented in Figure 4 show a significant spatial separation, a feature that improves electronic injection and decreases recombination between holes and electrons, thus globally helping cell operation.

3.2 UV-Vis. spectra simulation

MAPX bulk perovskites

In this section, we first present results obtained on the different MAPX bulk perovskites using a 3D EE approach, and then discuss the UV-Vis. spectra obtained on the MAPI/CBA/TiO2 interface model with a 2D Electrostatic Embedding approach (2D EE). In most cases, when simulating the photophysical properties of solid-state compounds using the SC-Ewald approach, it is generally sufficient to consider the primitive unit cell of the periodic system as QC. Indeed, the unit cell content is used to capture short range effects while long-range ones are included by the EE performed with the PC belonging to the Z2 and Z3 regions. Accordingly, for each of the bulk MAPX perovskites investigated, primitive unit cells shown in Figure 5 have then been considered as QC. The corresponding number of sites in each of the three zones, along with the resulting RMS error between the direct sum Coulomb potentials and the Ewald ones obtained according to the procedure detailed in Section 2.2 are reported in From the data reported in Table 2, for the five bulk systems using a primitive unit cell as QC, a mean RMS value of 5.3 μV has been obtained. When considering larger (2x2x2) supercells as QC, although the number of PC belonging to Z3 more than doubles compared to the previous case, RMS values obtained remain in the same range, thus outlining the robustness of the fitting procedure. The experimental UV-Vis. spectra of MAPX perovskites were taken as reference to evaluate the performance of our methodology in reproducing the optical properties of such complex systems. In Figures 6 and7, a comparison between the experimental UV-Vis. spectra and the computed stick spectra is reported. All experimental spectra [START_REF] Kato | Universal Rules for Visible-Light Absorption in Hybrid Perovskite Materials[END_REF] present rather sharp excitonic lines located at 3.10, 2.26, 1.63, 2.90 and 2.25 eV for the t-MAPCl, t-MAPBr, t-MAPI, c-MAPCl and c-MAPBr structures, respectively. These values are close to the available experimental band gap values [START_REF] Kato | Universal Rules for Visible-Light Absorption in Hybrid Perovskite Materials[END_REF] reported in Table 1. The excitonic peak becomes sharper when going from I to Br and then to Cl, indicating increasingly stronger excitonic interactions when going to the lightest halogen. Furthermore, the absorption onset shifts towards higher energies as we go from I to Cl in accordance with the increase of the bandgap.

This hypsocromic shift is also qualitatively reproduced by our calculated discrete stick. In addition, the reduced light harvesting efficiency observed experimentally in the low-energy range compared to the one at higher energies is qualitatively reproduced by the computed oscillator strengths in all cases.

The computed MAPBr and MAPCl spectra also indicate a clear influence of the crystalline phase on the optical properties of the investigated compounds. Indeed, while the spectra of the most-stable cubic phase are in quantitative agreement with the experimental data (see Figure 7), the ones obtained for the tetragonal phases are redshifted of about 1 eV, as shown in Figure 6, except for the MAPI one.

The character of the brightest electronic transitions responsible for the absorption onset observed in the MAPX series was qualitatively investigated by looking at the difference in electronic density between the excited state of interest involved in the electronic transition and the ground state. The associated charge transfer extent was quantified by the DCT index (see Section 2). As a result, the analyzed transitions (see Figure 8) present the same main features for all the three MAPX compounds in line with the CO analysis previously carried out in Section 3.2: they are all composed of electronic excitations from the halogenide p orbitals to the Pb p orbitals showing a strong charge-transfer character, thus suggesting that the electron and the hole are spatially separated, as already indicated by the DOS and band structure analysis presented in Section 3.2. In particular, the DCT values associated to the electronic transitions analyzed in Figure 8 for t-MAPCl, t-MAPBr, t-MAPI, c-MAPCl and c-MAPBr are of 6.05, 5.89, 7.84, 7.17 (a) (b) Figure 7: Experimental UV-Vis. Absorption spectrum (solid lines) of (a) c-MAPCl and (b) c-MAPBr along with the underlying stick spectrum computed by means of the SC-Ewald approach using as QC a (2x2x2) supercell. Electronic transitions contributing to the absorption bands are reported as sticks whose heights correspond to the computed oscillator strengths. The brightest low-lying electronic transitions are indicated with a red arrow. All data obtained at the PBE0 level. It is important to stress that the MA cation is not involved in any of such electronic transitions, therefore it does not influence electronically the position of the absorption onset and hence the bandgap of the perovskite in accordance with the electronic structure discussion presented in Section 3.2. Therefore, as already stated in Ref. [START_REF] Gao | Quasiparticle Band Gap of Organic-Inorganic Hybrid Perovskites: Crystal Structure, Spin-Orbit Coupling, and Self-Energy Effects[END_REF] , its influence on the optical properties of the crystal is induced by geometrical factors. Indeed, replacing a small metal cation with a bulky organic one into the perovskite lattice causes structural rearrangements which modifies its opto-electronic characteristics.

Finally, from a methodological viewpoint, we note two points:

(1) although the low RMS values reported in Table 2 indicate that the fitting process of the SC-Ewald procedure is satisfactory from a numerical viewpoint, it is unfortunately not sufficient to guarantee an adequate modeling of the UV-Vis. spectra of these materials. Indeed, as evidenced from Figure S1, when considering the primitive unit cells of the c-MAPX materials, a lot of electronic transitions are missing in their spectra, thus resulting in significant errors on the absorption onset when compared to the corresponding experimental band gaps (see Table 1). However, by expanding the QC to (2x2x2) supercells of the primitive unit cells, a good agreement with the experimental onsets could be obtained, as discussed above (2) from Figure 9, we note that the computed spectra of the tetragonal phases of MAPCl, MAPBr and MAPI present some low-intensity electronic transitions which can be evidenced in the low-energy 0-1 eV range. They correspond to spurious low-energy charge-transfer transitions (known as "ghost states") which are due to the well-known overpolarization problem affecting TD-DFT. To further clarify this point, we performed TD-DFT calculations on the embedded t-MAPBr system by employing the CAM-B3LYP [START_REF] Yanai | A New Hybrid Exchange-Correlation Functional Using the Coulomb-Attenuating Method (CAM-B3LYP)[END_REF] In conclusion, the study of the photophysical properties of MAPX perovskite bulk compounds provided interesting insights into their optoelectronic behavior. An analysis of their electronic structures obtained from periodic calculations, combined to an investigation of the electronic transitions involved in the UV-Vis. spectra of embedded non-periodic cluster models confirmed that the electron is excited from the orbitals of halide to Pb and that the organic MA cation is not electronically involved in such excitations. Moreover, the SC-Ewald approach could reproduce at least qualitatively the experimental trends observed for the different compounds investigated at lowcomputational cost.

MAPI/CBA/TiO2 interface models

Based on the encouraging performances of the EE approach obtained on bulk perovskite materials, application has then been made to the simulation of the UV-Vis. spectra of the MAPI/CBA/TiO2 interface model presented in Section 3.1. As already mentioned above, we stress that this is a 2D

periodic system for which we perform a 2D EE. With 328 atoms and 3124 atomic orbitals per unit cell however, this interface model requires to consider simplified models to be able to perform TD-DFT calculations. To do so, we adopted three additional interface models derived from the main one (see Table 3) with a varying number of TiO2 and MAPI layers: The corresponding unit cells extracted from each of the three simplified MAPI/CBA/TiO2 interface models were then chosen as QC to apply the SC-Ewald approach. From the data reported in Table 3 regarding the embedding procedure, it is clear that the fitting procedure also performs correctly in the 2D periodic case.

As the size of the interface model increases, the number of ghost states in a TD-DFT calculation using the PBE0 functional also increases thereby making such calculations too computationally demanding due to the huge number of excited states that must be taken into consideration to compute the spectrum. Consequently, the spectra of the three abovementioned models have been computed at the CAM-B3LYP level and convergence of the optical properties with the system size has been quantified by considering the optical shift of the absorption onset. Only the smallest interface model has been considered for PBE0 calculations.

All spectra obtained at the CAM-B3LYP level for the three simplified models are presented in Figure 10. By increasing the size of the model, a redshift of the absorption spectra is obtained. More The character of the low-lying brightest transition in the PBE0 spectrum (S210, see Figure 10) was then analyzed in terms of electron density difference between the excited state of interest (S210) and the ground state (see Figure 11). As a result, in accordance with the electronic structure presented above (see Section 3.2), the electron density is delocalized over both the MAPI and TiO2 components.

In particular, the DCT index associated to the transition is equal to 5.49 Å thereby indicating a favorable electron transfer between the two interface components, in line with the cell operation principles. In general, we should indeed point out that the numerical agreement obtained between experimental and theoretical data may partially be related to a kind of error compensation between the neglection of SOC and the underestimation of electronic energy transition of CT character at TD-DFT level using non asymptotically corrected functionals.

Conclusions

In this work, we have investigated the geometric, electronic, and optical properties of various bulk MAPbX3 (X=Cl, Br and I) perovskite systems in different phases and of different heterointerface models built between the MAPI perovskite and TiO2, linked by bifunctional para benzoic acid derivative linkers, in view of their importance as key components in PSC. We combined periodic hybrid DFT to model the geometric and electronic properties of these systems to TD-DFT calculations carried out on non-periodic clusters extracted from the periodic structures embedded in an array of PC reproducing the periodic electrostatic environment to model their optical properties.

Since calculations did not take into account SOC effects, a ~1 eV overestimation of the band gap of the bulk materials has been obtained, although trends between band gaps obtained experimentally for the five MAPbX3 perovskites could be reproduced by the present calculations. Analysis of the density of states and band structures revealed favorable electronic structures in all cases for PV applications, with the top of the VB mainly dominated by halide p orbitals with some mixing with Pb s and d orbitals, the bottom of the mainly composed of Pb p orbitals with a small contribution of halide s or d orbitals and MA cations weakly interacting with the inorganic matrix with contributions far from the Fermi level, independently of the halide and of the symmetry of the crystal. In addition, analysis of selected k-point CO revealed that that upon potential light absorption, the electron and the hole are spatially well separated, a feature that improves electronic injection and decreases recombination between holes and electrons, thus globally helping cell operation.

Similar conclusions have been drawn for the MAPI/CBA/TiO2 interface model, with a significant band gap reduction obtained upon interface creation resulting in direct gap at Γ of 2.16 eV. This could be related to the significant contribution of MAPI at the top of the VB due to s and d orbitals of Pb mainly mixing with p orbitals of I, with an energy range of about 2.5 eV free of TiO2 contribution.

The bottom of the CB indeed derived exclusively from TiO2 states, the first MAPI sensitizer contribution to the CB was found at about 2.0 eV above the CB edge, and the Γ-HOCO and Γ-LUCO showed a significant spatial separation, three features compatible with an electron injection from the MAPI to the semiconductor CB.

The results obtained for the modeling of the photophysical properties of MAPX materials with the 3D EE chosen revealed encouraging, with at least a qualitative reproduction of the experimental trends observed for the different compounds investigated at low-computational cost. Application of a 2D EE scheme to the modeling of the photophysical properties of various MAPI/CBA/TiO2 interface models confirmed this conclusion, resulting in a quantitative agreement with the experimental absorption onset. This improved agreement is certainly partially due to error compensation related to the neglection of SOC effects and the use of non-asymptotically corrected functionals for the prediction of transition energies at TD-DFT level.

Overall, the use of the proposed computational strategy, combining periodic DFT calculations to TD-DFT performed with an EE devised to reproduce the periodic electrostatic environment thus appears encouraging to model the electronic and optical properties of key components of a broad range of

Figure 1 :

 1 Figure 1: Top view of the polyhedral representation of (a) t-MAPCl, (b) t-MAPBr, (c) t-MAPI, (d) c-MAPCl and (e) c-MAPBr. Unit cells drawn as solid black line. Cl, Br and I atoms represented as green, brown and violet spheres, respectively.

  slab model with four O-Ti-O trilayers was adopted to simulate the TiO2-(101) anatase surface with lattice parameters 𝑎 = 14.981 Å, 𝑏 = 11.088 Å and 𝛾 = 109.7°. For MAPI, a (110) slab composed of 3 PbI2 layers was obtained from the tetragonal bulk system, with lattice parameters 𝑎 = 12.343 Å, 𝑏 = 12.555 Å and 𝛾 = 90.0°. Using this strategy, the resulting lattice mismatch between these two bare surfaces is still substantial: 18% and 13% on the 𝑎 and 𝑏 lattice parameter, respectively. To ensure binding of the two building blocks of the interface, a layer of CBA ligand molecules was introduced between the two surfaces, with adsorption to the MAPI surface through the formation of Pb-Cl bonds and anchoring to the TiO2 surface through Ti-O bonds due to the adsorption of the carboxylic moieties in a bridging bidentate mode. Coincidence of the two lattices has then been obtained by forcing the lattice parameters of the MAPI building block to be equal to the TiO2 ones. To minimize the strain experienced by both parts upon interface formation, the interface lattice has then been fully relaxed, with all atoms let free to relax except for the two bottom TiO2 layers which were keep frozen to retain a bulk-like arrangement in the inner TiO2 layers. The resulting interface model is shown in Figure2.

Figure 2 :

 2 Figure 2: MAPI/CBA/TiO2 interface model composed of a (2x2) TiO2 anatase (101) slab and a (1x1) MAPI (110) slab with 3 PbI2 layers connected by a layer of CBA molecules. Unit cell shown as thin black lines.

Figure 3 :

 3 Figure3: Band structures, total and projected DOS and HOCO and LUCO of bulk (a) t-MAPCl, (b) t-MAPBr, (c) t-MAPI, (d) c-MAPCl, and (e) c-MAPBr. For band structure calculations, the chosen k points have coordinates: Γ(0.0,0.0,0.0), X(0.5,0.0,0.0), Y(0.0,0.5,0.0), Z(0.0,0.0,0.5), R(0.5,0.5,0.5), T(0.0,0.5,0.5), U(0.5,0.0,0.5) and V(0.5,0.5,0.0). The Fermi level energy (Ef) of each system has been set to 0 eV in all plots. For HOCO and LUCO plots, an isovalue of 0.01 and either the Γ or the R k points have been chosen. The periodic images of the orbitals are not shown for clarity. Unit cells shown as thin black lines.

Figure 5 :

 5 Figure 5: (left) Schematic representation of the SC-Ewald embedding scheme representation, with QC represented as colored balls and sticks model, Z2 spherical zone as black wireframe and Z3 PC in light gray; (right) QC models of: (1) t-MAPI, (2a) t-MAPBr, (2b) c-MAPBr, (3a) t-MAPCl and (3b) c-MAPCl using the primitive unit cells as QC. The QC constructed from (2x2x2) supercells of c-MAPBr and c-MAPCl are also reported as (2c) and (3c), respectively.

Figure 6 :

 6 Figure 6: Experimental UV-Vis. Absorption spectrum (solid lines) of (a) t-MAPCl, (b) t-MAPBr and (c) t-MAPI along with the underlying stick spectrum computed by means of the SC-Ewald approach using as QC the MAPX (X=Cl, Br and I) primitive unit cells. The sticks' height corresponds to the oscillator strength. The brightest low-lying electronic transitions are indicated with a red arrow. All data obtained at the PBE0 level.

Figure 8 :

 8 Electronic density difference plots between a given excited state (Sx) and S0 at ground state geometries for (a) t-MAPCl (x=51), (b) t-MAPBr (x=51), (c) t-MAPI (x=52), (d) c-MAPCl (x=12) and (e) c-MAPBr (x=2). Pb and I atoms are depicted as yellow and pink balls respectively. Yellow lobes represent depletion zones and blue lobes indicate accumulation of electron density. The isocontour value was set at 0.0003 unit for all plots.

Figure 9 :

 9 Figure 9:Experimental UV-Vis. Absorption spectrum of t-MAPBr (solid lines) with the underlying stick spectrum computed at the (a) PBE0 and (b) CAM-B3LYP levels with the SC-Ewald approach using as QC the primitive unit cell. The sticks' height corresponds to the oscillator strength. The red rectangles highlight the low-energy ghost transitions.

a) 1 -Table 3 :

 13 MAPI/CBA/1-TiO2: this first model is composed of one layer of PbI5 octahedra coordinating 8 MA molecules belonging to the MAPI attached by means of 4 CBA molecules to 1 layer of TiO2 b) 1-MAPI/CBA/2-TiO2: this second model is composed of one layer of PbI5 octahedra coordinating 8 MA molecules belonging to the MAPI attached by means of 4 CBA molecules to 2 layers of TiO2 c) 2-MAPI/CBA/2-TiO2: this third model is composed of two layers of PbI5 octahedra coordinating 12 MA molecules belonging to the MAPI attached by means of 4 Three MAPI/CBA/TiO2 interface models considered for UV-Vis. spectra simulation, along with details about the EE procedure. Unit cells shown as thin black lines.

  precisely, a 0.51 eV shift is computed when going from the 1-MAPI/CBA/1-TiO2 model to the 1-MAPI/CBA/2-TiO2 one, whereas a 0.01 eV shift has been obtained between the 1-MAPI/CBA/2-TiO2 and 2-MAPI/CBA/2-TiO2 spectra, indicating convergence of the absorption onset with the intermediate 1-MAPI/CBA/2-TiO2 model.

Figure 10 :

 10 Figure 10: (a) Comparison between the simulated UV-Vis. absorption spectra of the 1-MAPI/CBA/1-TiO2 (black line), 1-MAPI/CBA/2-TiO2 (red line) and 2-MAPI/CBA/2-TiO2 (green line) interface models obtained at the CAM-B3LYP level; (b) Comparison between experimental (red lines) and computed (black sticks) absorption spectra of the 1-MAPI/CBA/1-TiO2 simplified interface model obtained at the PBE0 level. The brightest low-lying electronic transitions are indicated with a red arrow.

Figure 11 :

 11 Figure 11: Electronic density difference between S210 and S0 of 1-MAPI/CBA/1-TiO2 model represented as balls and sticks. Yellow lobes represent depletion zones and blue lobes indicate accumulation of electron density. The isocontour value was set at 0.0003. Pink balls refer to the iodide anions, green to chloride, brown to Ti atoms, red to oxygens while yellow balls represent Pb atoms.

Table 2 .

 2 

		QC	Supercell expansion	N1	N2	N3	RMS
			matrix				(μV)
	t-MAPCl (1x1x1)	(8x8x6)	48 952 146472	3.5
	t-MAPBr (1x1x1)	(8x8x8)	48 955 195621	6.8
	t-MAPI	(1x1x1)	(7x7x5)	48 1453 92595	3.5
	c-MAPCl (1x1x1)	(6x6x6)	12 488	20242	4.7
		(2x2x2)	(8x8x8)	96 1405 47675	7.2
	c-MAPBr (1x1x1)	(6x6x6)	12 489	20235	8.2
		(2x2x2)	(8x8x8)	96 1404 47652	1.1

Table 2 :

 2 Supercell expansion matrices used to generate PC array, number of sites in the Z1, Z2 and Z3 zones (N1, N2 and N3, respectively) and corresponding RMS errors between the direct sum Coulomb potentials and the corresponding Ewald data for 1000 sites randomly chosen in the Z1 and Z2 zones for five different perovskite bulk systems considered for excited-state calculations. The

QC column indicates whether the primitive unit cells have been chosen for calculations (indicated by (1x1x1)), or if a (2x2x2) supercell has been required (see Section 2.2 for more details) as QC.
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materials related to PV applications at low computational cost, and in particular to emerging 2D metal halide perovskites.
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