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Introduction

While the interest of chemists for nanotechnologies never stops growing, the modeling of their chemical and physical properties remains a computational challenge. It is particularly the case for devices relying on noble metal nanostructures. Their size, complexity and heterogeneous organic/inorganic composition are as much discriminating factors that make difficult the choice of a suitable computational approach to model the targeted properties.

Yet noble metal nanoclusters and other nanoparticles are nowadays extensively studied at experimental level for fostering numerous applications in line with high-performance colorimetric sensing, [START_REF] Lin | Light Up" Fluorescence Visual Sensitive Detection of Organophosphorus with a Smartphone-Based Platform Utilizing a Composite Rhodamine B-Ag@Au Nanoprobe[END_REF][START_REF] Zhou | Gold Nanoparticles for In Vitro Diagnostics[END_REF][START_REF] Saha | Gold Nanoparticles in Chemical and Biological Sensing[END_REF] or heterogeneous catalysis, [START_REF] Ishida | Importance of Size and Contact Structure of Gold Nanoparticles for the Genesis of Unique Catalytic Processes[END_REF] just to cite some of them. This enthusiasm for noble metal nanostructures is in part related to their localized surface plasmon resonance (LSPR) activity. [START_REF] Willets | Localized Surface Plasmon Resonance Spectroscopy and Sensing[END_REF] The collective and coherent oscillations of their conduction electrons (plasmons) in response to an external magnetic field target impressive optical properties. Well tuned in terms of size, shape and surrounding environment, noble metal nanostructures exhibit a strong and enhanced absorption band in the UV/visible region. [START_REF] Kelly | The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment[END_REF] Pioneeringly studied in extended nanoparticles (e.g., 50 to 100 nm), the research around LSPR has been developing rapidly for much smaller systems. This increasing interest is concomitant to the recent success in synthesizing highly stable small nanostructures, [START_REF] Qian | Ambient Synthesis of Au 144 (SR) 60 Nanoclusters in Methanol[END_REF][START_REF] Jin | Size Focusing: A Methodology for Synthesizing Atomically Precise Gold Nanoclusters[END_REF][START_REF] Xia | Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex Physics?[END_REF] and the willing to address the miniaturization issue in plasmonics. [START_REF] Du | Atomically Precise Noble Metal Nanoclusters as Efficient Catalysts: A Bridge between Structure and Properties[END_REF][START_REF] Chakraborty | Atomically Precise Clusters of Noble Metals: Emerging Link between Atoms and Nanoparticles[END_REF][START_REF] Jin | Atomically Precise Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and Opportunities[END_REF][START_REF] Scholl | Quantum plasmon resonances of individual metallic nanoparticles[END_REF] Beyond a size threshold of about 10 nm, the plasmon excitations in noble metal nanoparticles are typically considered as a continuum. They are well described by more or less sophisticated classical electrodynamics models. [START_REF] Draine | Discrete-Dipole Approximation For Scattering Calculations[END_REF][START_REF] Yang | Discrete dipole approximation for calculating extinction and Raman intensities for small particles with arbitrary shapes[END_REF][START_REF] Taflove | The Electrical Engineering Handbook[END_REF] Below this threshold, the continuum description starts to fail in light of the strong size dependence of the dielectric constant. An accurate description of the plasmon excitations makes use of empirically-tuned dielectric constants [START_REF] Coronado | Surface plasmon broadening for arbitrary shape nanoparticles: A geometrical probability approach[END_REF] or nonlocal dielectric models. [START_REF] Mcmahon | Nonlocal Optical Response of Metal Nanostructures with Arbitrary Shape[END_REF] The failure becomes even more dramatic when the size of the noble metal nanoparticle reaches 2 nm. It is then common usage to talk about noble metal nanoclusters. For this range of size, the system becomes 'finite' and behaves as a molecule. The discretization of its orbital energy levels imposes a quantum description of its electronic structure, replacing thus the so-called plasmon bands by discrete electronic transitions. [START_REF] Qian | Quantum Sized Gold Nanoclusters with Atomic Precision[END_REF][START_REF] Morton | Theoretical Studies of Plasmonics using Electronic Structure Methods[END_REF] Within the latter regime, numerous efforts were dedicated to the modeling of optical properties of noble metal nanoclusters with the time-dependent variant of density-functional theory [START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF][START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF] (DFT) in its linear-response formalism (LR-TDDFT). [START_REF] Casida | In Recent Advances in Density-Functional Methods[END_REF] In the 2010s, pioneered investigations were dedicated to methodological developments and started by focusing on rather small silver and gold clusters in gas phase. [START_REF] Stener | Optical Excitations of Gold Nanoparticles: A Quantum Chemical Scalar Relativistic Time Dependent Density Functional Study[END_REF][START_REF] Aikens | From Discrete Electronic States to Plasmons: TDDFT Optical Absorption Properties of Ag n[END_REF][START_REF] Koppen | Optical absorption spectra of gold clusters Aun (n = 4, 6, 8,12, 20) from long-range corrected functionals with optimal tuning[END_REF][START_REF] Rabilloud | Assessment of the Performance of Long-Range-Corrected Density Functionals for Calculating the Absorption Spectra of Silver Clusters[END_REF][START_REF] Rabilloud | Description of plasmon-like band in silver clusters: The importance of the long-range Hartree-Fock exchange in time-dependent density-functional theory simulations[END_REF][START_REF] Jamshidi | Comparing the nature of quantum plasmonic excitations for closely spaced silver and gold dimers[END_REF] In time, they fast evolved to the nanometric size (i.e, clusters containing more than ∼50 atoms), [START_REF] Weissker | Surface plasmons in quantum-sized noble-metal clusters: TDDFT quantum calculations and the classical picture of charge oscillations[END_REF][START_REF] Kuisma | Localized surface plasmon resonance in silver nanoparticles: Atomistic first-principles time-dependent density-functional theory calculations[END_REF][START_REF] Baseggio | Photoabsorption of Icosahedral Noble Metal Clusters: An Efficient TDDFT Approach to Large-Scale Systems[END_REF][START_REF] Yu | Optical properties of size selected neutral Ag clusters: electronic shell structures and the surface plasmon resonance[END_REF][START_REF] Guidez | Quantum mechanical origin of the plasmon: from molecular systems to nanoparticles[END_REF][START_REF] Schira | Localized Surface Plasmon Resonance in Free Silver Nanoclusters Agn[END_REF] and went even beyond the gas phase by taking into account the colloidal environment of the nanocluster. [START_REF] Lopez-Acevedo | Structure and Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Au 144 (SR) 60[END_REF][START_REF] Malola | Birth of the Localized Surface Plasmon Resonance in Monolayer-Protected Gold Nanoclusters[END_REF][START_REF] Weissker | Information on quantum states pervades the visible spectrum of the ubiquitous Au 144 (SR) 60 gold nanocluster[END_REF][START_REF] Sinha-Roy | Crucial Role of Conjugation in Monolayer-Protected Metal Clusters with Aromatic Ligands: Insights from the Archetypal Au 144 L 60 Cluster Compounds[END_REF] In the race for computing optical properties of larger and larger noble metal nanoclusters, LR-TDDFT fast shows its limits. Its prohibitive cost comes not only from the system size but also from the huge number of excitations to include within the linear-response equations.

In order to get the photo-absorption spectrum over the full UV/vis region, viable alternatives are thus developing around semiempirical approaches. The pristine tight-binding variant to LR-TDDFT (TD-DFTB) is one of them. [START_REF] Niehaus | Tight-binding approach to time-dependent density-functional response theory[END_REF][START_REF] Frauenheim | Atomistic simulations of complex materials: ground-state and excited-state properties[END_REF] Efforts are currently dedicated to its application to standard and more complex architectures such as dimer assemblies of noble metal nanorods. [START_REF] Ilawe | Real-Time Quantum Dynamics of Long-Range Electronic Excitation Transfer in Plasmonic Nanoantennas[END_REF][START_REF] Alkan | TD-DFT and TD-DFTB Investigation of the Optical Properties and Electronic Structure of Silver Nanorods and Nanorod Dimers[END_REF][START_REF] D'agostino | Density Functional Tight Binding for Quantum Plasmonics[END_REF][START_REF] Liu | TD-DFTB study of optical properties of silver nanoparticle homodimers and heterodimers[END_REF][START_REF] Domínguez-Castro | Photoinduced charge-transfer in chromophore-labeled gold nanoclusters: quantum evidence of the critical role of ligands and vibronic couplings[END_REF] However, being prone to self-interaction and delocalization errors (SIE and DE, respectively) just like DFT in its semilocal exchange-correlation approximation, [START_REF] Cohen | Insights into Current Limitations of Density Functional Theory[END_REF][START_REF] Bao | Self-Interaction Error in Density Functional Theory: An Appraisal[END_REF] the approach strongly underestimates charge-transfer-like excitations. Since the latters definitively govern the absorption spectra of such extended and electronically delocalized system, 'ghost excitations' have to be carefully identified prior interpretations. [START_REF] Dreuw | Failure of Time-Dependent Density Functional Theory for Long-Range Charge-Transfer Excited States: The Zincbateriochlorin-Bacteriochlorin and Bacteriochlorophyll-Spheroidene Complexes[END_REF] The Visscher's alternative to TD-DFTB, is TD-DFT+TB. [START_REF] Rüger | Tight-binding approximations to time-dependent density functional theory -A fast approach for the calculation of electronically excited states[END_REF] In short, the approach goes a step further by first fully solving the Kohn-Sham DFT equations and then treating the resulting guess with the linear-response formalism as implemented for TD-DFTB. By construction, TD-DFT+TB loses of course the computational efficiency of the pristine TD-DFTB.

However, it cumulates the advantage to skip the atom-dependent empirical parameterization specific to tight-binding-based methods, and (partially) free the Kohn-Sham guess from SIE by using hybrid exchange-correlation approximations. Since tight-binding linear-response equations derive from a nonhybrid exchange-correlation approximation, the risk of finding 'ghost excitations' persists, especially when the charge-transfer length increases. Nevertheless, Visscher and cowokers recently demonstrated that TD-DFT+TB could be successfully applied to compute plasmonic excitations in complex noble metal architectures. [START_REF] Asadi-Aghbolaghi | An Efficient and Fast Approach for Quantum Plasmonic Excitations[END_REF][START_REF] Asadi-Aghbolaghi | Effects of ligands on (de-)enhancement of plasmonic excitations of silver, gold and bimetallic nanoclusters: TD-DFT+TB calculations[END_REF][START_REF] Jamshidi | Comparing the nature of quantum plasmonic excitations for closely spaced silver and gold dimers[END_REF] Another step further, that can still be view as a complement to TDDFT approximations, is the simplified variant of TDDFT. Dubbed sTD-DFT [START_REF] Bannwarth | A simplified time-dependent density functional theory approach for electronic ultraviolet and circular dichroism spectra of very large molecules[END_REF] (or sTDA [START_REF] Grimme | A simplified Tamm-Dancoff density functional approach for the electronic excitation spectra of very large molecules[END_REF] in its original Tamm-Dancoff version [START_REF] Hirata | Time-dependent density functional theory within the Tamm-Dancoff approximation[END_REF] ), the approach introduces 3 main approximations strongly alleviating the TDDFT computational effort while conserving the use of global-or range-separated hybriddensity functional approximations. [START_REF] Bannwarth | A simplified time-dependent density functional theory approach for electronic ultraviolet and circular dichroism spectra of very large molecules[END_REF][START_REF] Grimme | A simplified Tamm-Dancoff density functional approach for the electronic excitation spectra of very large molecules[END_REF][START_REF] Risthaus | Excited states using the simplified Tamm-Dancoff-Approach for range-separated hybrid density functionals: development and application[END_REF] Some benchmark investigations already revealed the excellent efficiency/accuracy trade-off of sTDA and sTD-DFT in modeling the photoabsorption spectra of large organic and organometallic systems. [START_REF] Masnyk | Synthesis and Comprehensive Structural and Chiroptical Characterization of Enones Derived from (-)-α-Santonin by Experiment and Theory[END_REF][START_REF] Martynov | Methodological Survey of Simplified TD-DFT Methods for Fast and Accurate Interpretation of UV-Vis-NIR Spectra of Phthalocyanines[END_REF][START_REF] Batra | Benchmark of Simplified Time-Dependent Density Func-tional Theory for UV-Vis Spectral Properties of Porphyrinoids[END_REF] They are thus expected to be of high potential to investigate the excited properties of nanomaterials.

Up to now, sTD-DFT has indeed been mainly applied to main-group chemistry. In this work, we want to go further by evaluating its accuracy and showing its limits in computing the full photo-absorption spectra of noble metal nanoclusters. By coupling it with indexes characterizing plasmonic excitations, we will especially show that the careful choice of the density-functional approximation is of very high importance to treat the problem. More precisely, we will demonstrate that nonhybrid exchange-correlation approximations can lead to a wrong interpretation of the plasmon band, and that as stressed with the full TDDFT framework, [START_REF] Rabilloud | Assessment of the Performance of Long-Range-Corrected Density Functionals for Calculating the Absorption Spectra of Silver Clusters[END_REF][START_REF] Rabilloud | Description of plasmon-like band in silver clusters: The importance of the long-range Hartree-Fock exchange in time-dependent density-functional theory simulations[END_REF][START_REF] Schira | Localized Surface Plasmon Resonance in Free Silver Nanoclusters Agn[END_REF] hybrid and range-separated hybrid density functionals are strongly recommended while tackling the modeling of the electronic excitations in extended noble metal nanoclusters.

Theoretical Methods

Global-and Range-Separated-Hybrid Approximations

Popularized by Becke at the beginning of the nineties, [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF][START_REF] Becke | A new mixing of Hartree-Fock and local density-functional theories[END_REF] the global-hybrid (GH) approximation has largely contributed to the wide enthusiasm of chemists for DFT and later for TDDFT. By partially canceling the one-electron SIE and its extension of many-electron systems, [START_REF] Cohen | Insights into Current Limitations of Density Functional Theory[END_REF][START_REF] Bao | Self-Interaction Error in Density Functional Theory: An Appraisal[END_REF] it systematically improves the performance of semilocal approximations in modeling ground-state energy-and density-based properties. [START_REF] Brémond | Systematic Improvement of Density Functionals through Parameter-Free Hybridization Schemes[END_REF][START_REF] Brémond | Electronic Energy and Local Property Errors at QTAIM Critical Points while Climbing Perdew's Ladder of Density-Functional Approximations[END_REF][START_REF] Brémond | Free Energy Profiles of Proton Transfer Reactions: Density Functional Benchmark from Biased Ab Initio Dynamics[END_REF] Its excellent performance are also recognized at excited state. For instance, it is considered as part of the state-of-the-art when applied to the modeling of 'local' valence exitation of organic chromophores. [START_REF] Adamo | The calculations of excited-state properties with Time-Dependent Density Functional Theory[END_REF] The GH exchange-correlation energy derives directly from the adiabatic-connection formalism in DFT. [START_REF] Harris | Adiabatic-connection approach to Kohn-Sham theory[END_REF] It mixes a fraction a x of nonlocal exact-like exchange (EXX) E EXX 

E GH xc = a x E EXX x + (1 -a x )E DFA x + E DFA c ( 1 
)
where E DFA c is the semilocal correlation energy term. The parameter a x is usually determined empirically by fitting to training reference energy databases. However alternatives exist, notably by determining it with respect to theoretical constraints. The most representative GHs of the two parameterization processes are undoubtedly B3LYP [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF][START_REF] Barone | Proton transfer in model hydrogen-bonded systems by a density functional approach[END_REF][START_REF] Stephens | Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields[END_REF] and PBE0, [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF][START_REF] Ernzerhof | Assessment of the Perdew-Burke-Ernzerhof exchangecorrelation functional[END_REF] respectively.

Despite their popularity, GHs still fail to model long-range interactions like those implied in charge-transfer excitations due to the wrong asymptotic behavior of their Coulomb operator. Instead of behaving in -r -1 12 , r 12 being the electron-electron distance, it lies in -a x r - and actually leads to a spurious low estimation of this type of energy properties. In this specific case, RSHs become a possible alternative. By splitting the Coulomb operator into a short-and long-range term (SR and LR, respectively) such as 72-74

1 r 12 = 1 -[α + β erf(µr 12 )] r 12 SR + α + β erf(µr 12 ) r 12 LR , (2) 
it recovers an asymptote in -r -1 12 on condition that α+β = 1. Then, by setting the fraction of EXX in SR to α = a x , and by choosing a suitable value for the range-separation parameter µ, RSHs become definitively an excellent answer to properties driven by long-range interactions such as intra-or inter-molecular charge-transfer excitations. [START_REF] Peach | Excitation energies in density functional theory: An evaluation and a diagnostic test[END_REF][START_REF] Savarese | Metrics for Molecular Electronic Excitations: A Comparison between Orbital-and Density-Based Descriptors[END_REF][START_REF] Brémond | Assessing challenging intra-and intermolecular charge-transfer excitations energies with double-hybrid density functionals[END_REF] Here again, µ is usually set by fitting to training reference energy databases. [START_REF] Tawada | A long-range-corrected time-dependent density functional theory[END_REF][START_REF] Iikura | A long-range correction scheme for generalized-gradient-approximation exchange functionals[END_REF] However, some of us recently showed that µ can be determined nonempirically by enforcing to reproduce the total energy of the hydrogen atom. [START_REF] Brémond | Range-separated hybrid density functionals made simple[END_REF][START_REF] Brémond | Range-separated hybrid and double-hybrid density functionals: A quest for the determination of the range-separation parameter[END_REF] In this investigation, we will specifically focus on this family of RSHs and we will specifically adapt them to the sTDA framework.

Parameterization of GHs and RSHs for sTDA

Originally developed by Grimme, the sTDA framework was introduced with the ambition to tackle the modeling of the electronic spectroscopic properties of very large (up to 1000 atoms) molecular systems. [START_REF] Grimme | A simplified Tamm-Dancoff density functional approach for the electronic excitation spectra of very large molecules[END_REF] In brief, it consists in solving the Casida's equation [START_REF] Casida | In Recent Advances in Density-Functional Methods[END_REF] within the so-called Tamm-Dancoff approximation to TDDFT (TDA) [START_REF] Hirata | Time-dependent density functional theory within the Tamm-Dancoff approximation[END_REF][START_REF] Dreuw | Single-Reference ab Initio Methods for the Calculation of Excited States of Large Molecules[END_REF] AX = ωX,

where ω and X contain the eigenvalues and eigenvectors of the TDA problem, respectively.

To alleviate the computational effort, the sTDA framework starts by restricting the size of the excitation matrix A to a user-defined windows of excitations. [START_REF] Grimme | A simplified Tamm-Dancoff density functional approach for the electronic excitation spectra of very large molecules[END_REF] Then, it approximates its elements in order to avoid time-consuming numerical integrations on grids such as

A sTDA ia,jb = δ ij δ ab (ε a -ε i ) + 2(ia|jb) K -(ij|ab) J , (4) 
with indexes i, j and a, b running respectively over the occupied and virtual Kohn-Sham sets of orbitals ϕ and eigenvalues ε computed a priori with a given exchange-correlation densityfunctional approximation. 

(pq|rs) Ω = atoms A,B q A pq q B rs γ Ω (A, B), (5) 
where q A pq and q B rs are the Löwdin-type population analysis of atoms A and B, respectively.

The exchange-type two-electron integral uses then

γ K (A, B) = 1 (R AB ) α + η -α AB 1 α , (6) 
while the Coulomb-type variant employs

γ J (A, B) = 1 (R AB ) β + (a sTDA x η AB ) -β 1 β , (7) 
where R AB and η AB are the distance and arithmetic mean of the chemical hardness between atoms A and B, respectively.

The remaining α, β and a sTDA x parameters in Eq. 6 and 7 are density-functionaldependent parameters that have to be empirically fitted to reference collections of excitation energies. For semilocal (a x = 0) and GH (a x ∈]0, 1[) approximations, [START_REF] Grimme | A simplified Tamm-Dancoff density functional approach for the electronic excitation spectra of very large molecules[END_REF] the parameterization is organized such as a sTDA

x is set to the originally-defined fraction a x of EXX (a sTDA x = a x ), and uses

α = α 1 + α 2 × a x (8) 
β = β 1 + β 2 × a x (9) 
with α 1 , α 2 , β 1 and β 2 , four empirical parameters universally optimized for all semilocal and GH approximations. Table 1 reports the 3 nonempirical PBE-based semilocal and GH approximations used herein, i.e. PBE, PBE0 and PBE0-1/3, and lists their main ingredients.

Regarding their performance, Tables S1 to S3 in Supporting Information display them when computing a total of 38 π → π ⋆ and n → π ⋆ excitation energies over a selection of 31 organic and organometallic molecules mainly derived from the EXC26 81 and DYE12 82 datasets, and compare them to the SCS-CC2 reference. They show that for each density functional, the sTDA or full TDDFT approaches provide close absolute deviations, the latter being more accurate by less than 0.1 eV.

For RSHs, [START_REF] Risthaus | Excited states using the simplified Tamm-Dancoff-Approach for range-separated hybrid density functionals: development and application[END_REF] the sTDA parameterization process is slightly different. Here, α 2 and β 2 are set to 0, and a sTDA excitations mentioned above. The list of the optimized parameters is reported in Table 1. The computed and reference energies are displayed in Tables S4 to S6 in Supporting Informations. Like above, they show that for each density functional, the sTDA approach is less accurate by less than 0.1 eV in comparison to full TDDFT.

Plasmon Identification Indexes

In classical electrodynamics, a plasmon is defined as a collective and coherent oscillation of the delocalized conduction electrons of the noble metal nanostructure in response to an applied electromagnetic field. A way of translating this definition in the quantum mechanical framework consists in identifying electronic excitations (i ) involving conduction band electrons, and displaying a (ii ) collective and (iii ) coherent character. On this line, Gieseking and coworkers recently developed a series of 3 analytical indexes to systematically identify plasmon-like excitations computed at TDDFT level in noble metal nanoclusters. [START_REF] Gieseking | Analytical Approaches To Identify Plasmon-like Excited States in Bare and Ligand-Protected Metal Nanoclusters[END_REF][START_REF] Dillon | Evolution of plasmon-like excited states in silver nanowires and nanorods[END_REF] With the aim of quantifying the plasmon-like excitations in the noble metal nanoclusters investigated here, we adapted the implementation of the first two of these indexes to the sTDA framework, i.e., the superatomic character and collectivity indexes. Their implementation is available in Ref. 85. Since we presently don't have easily access to the transition dipole moment, we left the dipole additivity index.

The first one probes for the superatomic character of the excitation. More precisely, it evaluates the involvement of molecular orbitals (MOs) with a large contribution into atomic orbitals belonging to the conduction band, i.e., the so-called superatomic orbitals. For a given singlet-singlet excitation, the normalized superatomic character index σ 0→n reads

σ 0→n = i,a (C a i ) 2 γ i i,a (C a i ) 2 (10) 
where C a i are the expansion coefficients of the excited-state wavefunction involving the ith and ath occupied and virtual Kohn-Sham MOs, respectively, and γ i evaluates the normalized contribution of the atomic orbitals belonging to the conduction band in OM i such as

γ i = j (c ij ) 2 δ jk j (c ij ) 2 (11) 
with c ij the coefficients of OM i, and δ jk , the Kronecker symbol which is equal to 1 if the jth atomic orbital belongs to the conduction band (i.e., k ∈ {5s, 5p} for Ag, or k ∈ {6s, 6p}

for Au), and to 0 otherwise.

The second index analyzes the collective character of the excitation. It counts the number of single-particle excitations that contribute to that state. If all of them exhibit the same contribution, the index is equal to 1. Otherwise, it is lower than 1. For a given singlet-singlet excitation, the normalized collectivity index Γ 0→n reads

Γ 0→n = i,a (C a i ) 2 N max (C a i ) 2 (12) 
where C a i are again the expansion coefficients of the excited-state wavefunction, and N their number.

Due to the very large number of electronic transitions computed for each system, the representation of the σ 0→n and Γ 0→n indexes over the 2 to 6 eV region is depicted as Gaussian convolutions. More precisely, the center of each Gaussian function is the energy of the electronic transition while its area is proportional to the index value in the limit of a used defined imposed threshold. In the following, only σ 0→n and Γ 0→n values above 40 and 90% will be retained, respectively. Both thresholds are chosen to minimize the noise and better identify the nature of the band.

The interpretation of both of these indexes allows for the characterization of the computed transitions. In short, a large value of σ 0→n and Γ 0→n rules a plasmon-like or collective state. Since our current implementation does not give access to the dipole additivity of the transition, we cannot state between both of them. [START_REF] Gieseking | Analytical Approaches To Identify Plasmon-like Excited States in Bare and Ligand-Protected Metal Nanoclusters[END_REF][START_REF] Dillon | Evolution of plasmon-like excited states in silver nanowires and nanorods[END_REF] However, for bare noble metal nanoclusters, the probability remains high to find a plasmon-like instead of a collective state character, the latter being much more present in thiolated ligand-protected nanostructures than in bare ones. In the following, we will thus characterize a plasmon-like state as a state with a large value of σ 0→n and Γ 0→n . Then, a large value of σ 0→n and low value of Γ 0→n designates a single-particle state character for the transition. It corresponds to a resonant-less excitation of electrons of the conduction band. Finally, a low value of σ 0→n , independently of the value of Γ 0→n , characterizes an interband state. Such a transition is a valence excitation which involve valence occupied orbitals, typically (n -1)d shells, and conduction unoccupied orbitals.

Computational Details

The photo-absorption spectra of the silver, gold and silver-gold alloy nanoclusters in tetrahedral (T d ) and icosahedral (I h ) symmetry group are computed with the release 1. 1, and setting the perturbation threshold to 10 -4 Hartree, and the spectral range up to 6 eV. Finally, the photo-absorption spectra are broadened by a Gaussian convolution with a full width at half maximum (FWHM) of 0.1 eV.

For each singlet-singlet excitation of each noble metal nanocluster, the superatomic char- and DYE12 82 datasets. For each system, a preliminary DFT computation is done with the corresponding density-functional approximation at def2-TZVPP level. [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] It is followed by the computation of the vertical excitations using 10 -4 Hartee as standard perturbation threshold and 8 eV for the spectral range.

Results and Discussion

Our investigation starts here with the evaluation of the impact of the density-functional approximation in computing the UV/vis photo-absorption spectrum of a relatively large silver nanocluster in tetrahedral symmetry (Figure 1). Composed by 120 atoms (Ag 120 ), its size reaches 1.93 nm.

We can yet consider it as a nanocluster. Since its spectroscopic signature is mainly characterized by an intense and narrow plasmon-like absorption band in the 2 to 6 eV region, it is particularly well adapted to judge about the accuracy of a computational approach since it localizes the plasmon excitation. [START_REF] Tabatabaei | Optical Properties of Silver and Gold Tetrahedral Nanopyramid Arrays Prepared by Nanosphere Lithography[END_REF] This singularity comes from its highly symmetric structure which induces a three-time degeneracy of the electronic transition. It is however worth to note that such a highly symmetric nanocluster is not representative of experimental observations. [START_REF] Yu | Optical properties of size selected neutral Ag clusters: electronic shell structures and the surface plasmon resonance[END_REF] At first glance, we observe that the shape of the spectrum is strongly influenced by the rank of the exchange-correlation approximation. The PBE semilocal density functional provides indeed a multiband absorption spectrum with an absorbance which continuously increases with the excitation energy. Along the 2 to 6 eV region, the superatomic character and collectivity indexes remain nevertheless very low. This diagnostic proves that the contribution of the 5s and 5p shells into the excitations is rather small in comparison to the more inner ones. They can be thus categorized as interband excitations, i.e., excitations taking place from the valence to the conduction band of the noble metal. [START_REF] Gieseking | Analytical Approaches To Identify Plasmon-like Excited States in Bare and Ligand-Protected Metal Nanoclusters[END_REF] It results that the PBE semilocal approximation overexpresses the contribution of the valence orbitals into excitations just as it is used to overdelocalize the density over the whole system due to the delocalization error.

Switching now to the PBE0 and PBE0-1/3 global hybrids provides a different picture of the spectrum. Here, a narrow and intense band absorbing at 3.93 and 3.96 eV, respectively, dominates the whole spectrum. The analysis of the superatomic character and collectivity

shows that the corresponding degenerated transitions are governed by high values of these indexes. They are thus assimilated to plasmon-like states. We notice however that the collectivity index value associated to the band decreases when the fraction of EXX into the global-hybrid approximation increases. It means that the addition of EXX in the global range tends to relocalize the excitation on a specific configuration of the excitation wavefunction, so increase the single-particle character of the transition. At larger energies, the superatomic character and collectivity indexes is less pronounced. The excitations belong thus to interband states.

A possible explanation for the spectral differences obtained between semilocal and globalhybrid approximations can be found in Table 2. It reports the energy levels of the valence orbitals of silver derived from a natural bond orbital (NBO) analysis. 90 We observe that by increasing the fraction of EXX from 0 to 25% (33%), the 4d-5s energy gap increases from For this nanocluster size, experiments locate it at 3.73 eV. [START_REF] Yu | Optical properties of size selected neutral Ag clusters: electronic shell structures and the surface plasmon resonance[END_REF] The PBE0 and PBE0-1/3 global-hybrid approximations provide the best estimate of this reference with a deviation of about 0.2 eV (3.93 and 3.96 eV, respectively), while range-separated hybrids overshoots it by 1.0 eV. It is worth to note that for global hybrids, an error of 0.2 eV is in line with their usual performance, especially when they are applied to compute the UV/vis properties of organic chromophores (see for instance Table S2 and S3 in Supporting Information or

Ref. 91 for more comprehensive investigations). However, an error of 1.9 eV as found with range-separated hybrids remains large but justified by the too large excess of EXX.

The position of the plasmon band is experimentally known to be strongly influenced by the size and structural geometry of the noble metal nanocluster. Figure 3 starts by exploring the so-called size effect. More precisely, it depicts how the different exchangecorrelation approximations succeed to reproduce the experimental shift of the plasmon band when the size of the system increases. For that, it compares the UV/vis photo-absorption spectrum of two other silver clusters in tetrahedral symmetry (i.e., Ag 20 and Ag 4+ 56 ) to the one of Ag 120 . Ag 20 cannot be considered as a nanoarchitecture since its size reaches only 0.85 nm. However, with a size of 1.38 nm, Ag 4+ 56 can be. Their maximum of absorption are experimentally measured at 3.83 and 3.9 eV, respectively, while it is of about 3.73 eV for Ag 120 . [START_REF] Yu | Optical properties of size selected neutral Ag clusters: electronic shell structures and the surface plasmon resonance[END_REF] When the size of the cluster increases, a blueshift followed by a redshift of the plasmon band is thus observed.

At PBE level (Figure 3), the first intense absorption band of Ag Their absolute position remains however again blueshifted by 1.0 eV.

Apart from silver, gold is also largely employed in the field of plasmonics especially because of its ability to absorb in the visible region. Figure 4 compares the plasmonic activity of this noble metal with respect to silver by depicting the UV/vis photo-absorption spectra of four silver/gold tetrahedral alloys of 120 atoms, i.e. Ag 120 , Ag 100 Au 20 , Ag 20 Au 100 and Au 120 . From a full tetrahedral silver structure, they are constructed such as the number of gold atoms increases along the altitude. [START_REF] Asadi-Aghbolaghi | An Efficient and Fast Approach for Quantum Plasmonic Excitations[END_REF] Due to the similar behaviors analyzed for the global (range-separated) hybrids investigated herein, in the following, we will only discuss the spectral features computed by their PBE0 (RSX-PBE0) representative.

At PBE0 level (Figure 4), we first observe a slight blueshift followed by an intensity decrease of the silver plasmon band while going from Ag 120 to Ag 100 Au 20 (3.93 and 3.97 eV, respectively). By increasing the gold/silver ratio (Ag 20 Au 100 ), the intensity of the silver plasmon band decreases again and is this time slightly redshifted by 0.03 eV (3.94 eV). If this intensity decrease is fully explained by the decreasing number of silver atoms within the nanocluster and is characterized by a decrease of the superatomic character (σ 0→n ) and collectivity (Γ 0→n ) of the band, the energy variation of the plasmon band as well as its width enlargement remains more complex to rationalize. It was however recently explained by a reduction of the d-contribution in the collective excitations. [START_REF] Asadi-Aghbolaghi | An Efficient and Fast Approach for Quantum Plasmonic Excitations[END_REF][START_REF] Khodabandeh | Influence of Scalar-Relativistic and Spin-Orbit Terms on the Plasmonic Properties of Pure and Silver-Doped Gold Chains[END_REF] When finally going to Au 120 , the silver plasmon band fully vanishes. At this level of theory, we notice the absence of an intense gold plasmon band while pure gold nanoclusters of this size should absorb in the 3.7 to 4.0 eV range. Indeed, in this energy range, the excitations are ruled by very low values of superatomic character and collectivity indexes (see Figure S20 within Supporting Information).

Going now to RSX-PBE0 provides a different picture of the spectra. While decreasing the silver/gold ratio from 120/0 to 20/100, the silver plasmon band at 4.54 eV of the pure nanostructure first redshifts to 4.58-4.69 eV (multi-picks) and then to 4.37 eV. In terms of shape, the band width enlarges and splits. Its intensity strongly decreases. On the other hand, a small intensity band at 3.89 eV starts to raise for Ag 20 Au 100 . This band is characterized by a well marked superatomic character but a negligible collectivity. We assign it to the raising of the gold plasmon band (with a low collectivity) since it also lies within the expected 3.7 to 4.0 eV energy range. When the silver/gold ratio reaches 0/120, the position of gold plasmon band redshifts to 3.87 eV and its intensity increases, remaining however much less intense with respect to the silver one but characterized by a larger collectivity. We thus conclude that even if the range-separated hybrid approximation tends to overestimate the energy of the silver plasmon band, it is the only approximation able to localize the emergence of the gold resonance.

A possible explanation for that can be found by analysing the absolute energy of the valence orbitals of gold (Table 2). We remark that by going from PBE0 to RSX-PBE0, the 5d-6s energy gap increases from 1.83 to 2.84 eV. On the one hand, the very low energy The UV/vis photo-absorption spectrum of a noble metal nanocluster is not only influenced by the size of the system but also by its shape. Figure 5 measures the influence of the latter parameter by investigating the spectroscopic properties of gold nanoclusters in icosahedral (I h ) symmetry. More precisely, it focuses on Au 5+ 13 , Au 5+ 55 and Au - 147 for which the size is evaluated as 0.55, 1.10 and 1.64 nm, respectively. At first look, the spectral signature of this type of structure is more difficult to analyze. Here, the plasmon resonance is indeed much more delocalized and leads to a breaking of the excitation degeneracy. However, for structures sufficiently large enough like Au - 147 , the emergence of isolated plasmon bands starts to be more easily detected, notably at RSX-PBE0 level. The nanoclusters in icosahedral symmetry investigated herein remains too small to draw clear conclusions.

As depicted by Figure S4 in Supporting Information, the superatomic character of the excitations in Au 5+ 13 is indeed very low. They are thus characterized as interband excitations.

The structure is too small to exhibit a plasmonic activity. A similar comment can be done for Au 5+ 55 (see Figure S12 in Supporting Information). With Au - 147 , bands starts to gather both high values of superatomic character and collectivity indexes from 3.5 and 4.0 eV for PBE0 and RSX-PBE0, respectively (see Figure S22 in Supporting Information). The plasmonic character of the bands remains more marked at RSX-PBE0 level, pushing us to conclude that a range-separated density-functional approximation is more adequate to model such kind of properties.

Conclusion

Over the last ten years, the accurate modeling of UV/vis photo-absorption properties of noble metal nanoclusters has become an active field of research. Being composed by 100 to 300 noble metal atoms, the systems under interest are positioned on a frontier. They are indeed too small to be assessed in neglecting quantum mechanical effects but too large to be easily investigated (in terms of computational resources) with electronic structure methods. Here, we approach the problem by using the sTDA method, a recently developed simplified variant of TDDFT which starts by the computation of a Kohn-Sham guess in localized orbitals at full DFT level, and is followed by a semiempirical fashion estimation of the singlet-singlet excitations using the linear-response theory. In such a way, sTDA becomes memory-less demanding and allows for the computations of thousands excited states on a large energy range (up to 6 eV for the systems investigated herein). With respect to previous investigations on the topic, the sTDA variant to TDDFT makes possible the use of globaland range-separated hybrids. Its added value is thus to (partly) cure the self-interaction error in DFT which is known to introduce misinterpretations of the photo-absorption spectra when the size of the system increases and is governed by long charge-transfer excitations.

Owing to our implementation of a close variant of the Gieseking's indexes, we show that a semilocal exchange-correlation approximation such as PBE can create the illusion of modeling the emergence plasmon bands in noble metal nanoclusters while the given absorption bands are dispossessed of any plasmon-like character. In other words, such an approximation is prone to give the correct answer for the wrong reasons. We attribute this error to the low The noble metal nanoclusters investigated herein are still small to well observe the emergence of the plasmon resonance. Akin to our present results, we are however convinced that the sTDA approach coupled with a global or range-separated hybrid approximation is a viable solution to safely model this property, especially when larger systems are tareted. 
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  (ia|jb) K and (ij|ab) J represents the response of the Coulomb and exchange operators expressed in Mulliken notation like an exchange-and Coulomb-type two electron integral, respectively. It is worth to note that within the sTDA framework, the response of the exchange-correlation density functional (ia|f xc |jb) is fully neglected. The exchange-and Coulomb-type two-electron integrals (Ω = J and K, respectively) are finally expressed in a semiempirical fashion using a generalized Mataga-Nishimoto-Ohno-Klopman damped Coulomb law
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 1 and β 1 are specifically fitted to reference energy databases for each density functional. In this work, we parameterize the nonempirical range-separated exchange (RSX) variant of PBE, PBE0 and PBE0-1/3 (i.e., RSX-PBE, RSX-PBE0 and RSX-PBE0-1/3) by following the procedure detailed in Ref. 57. It consists in optimizing the 3 parameters to minimize the error in computing the energy of 38 π → π ⋆ and n → π ⋆

  acter and collectivity indexes are calculated by taking into account the 3 most important expansion coefficients of the excited-state wavefunction. The representation of each index along the spectral range is then obtained by a Gaussian broadening over each index value in the limit of a user-defined threshold and taking 0.1 eV as FWHM.As defined by the protocol of Ref. 57, the sTDA parameterization of the RSX-PBE, RSX-PBE0 and RSX-PBE0-1/3 range-separated exchange hybrids is performed by minimizing the mean absolute deviation (MAD) with respect to a training set composed by 38 SCS-CC2 reference singlet-singlet excitation energies via the Nelder-Mead method. The training set is composed by 31 organic and organometallic molecules mainly derived from the EXC26[START_REF] Zahariev | Functional derivatives of meta-generalized gradient approximation (meta-GGA) type exchange-correlation density functionals[END_REF] 

Figure 2

 2 compares its absorption spectrum computed with a semilocal (PBE) and two global-hybrid approximations (PBE0 and PBE0-1/3) gathering 25 and 33% of EXX, respectively. It provides also its absorption spectrum modeled with their range-separated exchange variant, i.e., RSX-PBE, RSX-PBE0 and RSX-PBE0-1/3, and analyzes the character of each band with the plasmon identification indexes defined above.

  gap obtained at PBE0 level induces a larger contribution of the d valence orbitals into the expansion of the excited-state wavefunction. It thus results into excitations with a low superatomic character, i.e. interband excitations with low values of oscillator strength. On the other hand, by increasing the 5d-6s energy gap, RSX-PBE0 restricts the spin-orbital excitations to the conduction band, improving thus the plasmon-like character of the transition. This conclusion is supported by analyzing the UV/vis photo-absorption spectra of larger gold nanoclusters in tetrahedral symmetry. Figure5compares the spectra of Au 120 and Au + 165 computed at PBE0 and RSX-PBE0 level. With the global-hybrid approximation, no characteristic plasmonic feature is observed. However, with RSX-PBE0, the gold plasmon band characterized by high values of the superatomic character and collectivity (see Figure S23 in Supporting Information) becomes more intense when the size of the nanocluster increases, splits and enlarges. For Au + 165 , the band splitting leads to a blueshifted maximum of absorption (3.96 eV) with respect to Au 120 (3.87 eV) and a redshifted shoulder at (3.81 eV).

  energy gap between the (n -1)d and ns valence orbitals predicted by the approximation which induces a d-contamination of the excitations. We demonstrate however that turning to a global or range-separated hybrid exchange-correlation approximations such as PBE0 or RSX-PBE0 is a viable remedy to this ill-behavior. More precisely, we show that in comparison with experiments, PBE0 safely model the emergence of the plasmon resonance in silver nanoclusters both in terms of energy and intensity. The global hybrid approximation provides indeed an energy error of about 0.2 eV with respect to the experimental reference. It is however unable to locate the emergence of the plasmon resonance in gold nanoclusters for the same reason as mentioned above for the semilocal approximation, i.e., the d-contamination of the expansion of the excited-state wavefunction. With a range-separated hybrid approximation, the (n -1)d-ns energy gap increases and the plasmon bands are fully characterized both for silver and gold nanoclusters. In terms of position, the plasmon band of silver nanoclusters is roughly blueshifted by 1.0 eV, an error pretty large but justified by the large fraction of EXX gathered in the density-functional approximation. The approximation, and notably RSX-PBE0, succeeds however to safely model the existence of strongly absorbing plasmon-like states in gold nanoclusters in between the 3.7-4.0 eV.
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 1234 Figure 1: Views of the 7 silver (M = Ag) and gold (M = Au) noble metal clusters belonging to the tetrahedral (T d ) and icosahedral (I h ) symmetry group considered in this investigation.

Figure 5 :

 5 Figure 5: UV/vis absorption spectra of four tetrahedral (Au 20 , Au 4+ 56 , Au 120 and Au + 165 ) and three icosahedral (Au 5+ 13 , Au 5+ 55 and Au - 147 ) gold clusters computed at sTDA level with the PBE0 global-and RSX-PBE0 range-separated hybrid density functional approximations. The broadening of each spectrum is performed by a Gaussian convolution of each sTDA vertical transitions with FWHM = 0.1 eV.

  6.1 of the sTDA standalone program. 55 For that, preliminary DFT computations are first done with the release C.01 of the Gaussian'16 program package 86 using standard grid and energy

convergence criteria. They are performed on nanocluster geometries directly extracted from Ref. 51 with the 6 density-functional approximations reported in Table

1

, using the def2-SVP double-ζ basis set 87 and def2-ECP effective-core potentials

[START_REF] Andrae | Energy-adjusted ab initio pseudopotentials for the second and third row transition elements[END_REF] 

in cartesian basis function (keywords: 6D, 10F). Then, the corresponding Kohn-Sham eigenvectors and eigenvalues are input in the standalone sTDA program using the corresponding density-functional parameterization reported in Table

  All the range-separated exchange hybrids considered in this work exhibit really similar spectroscopic features. Here, the plasmon band is localized at larger energies than with global hybrids. It lies at 4.55, 4.54 and 4.55 eV for RSX-PBE, RSX-PBE0 and RSX-PBE0-1/3, respectively. It is both characterized by high values of superatomic character and collectivity indexes. We notice that the superatomic character is very strong over the whole range of the spectrum. The collectivity index helps however to localize the plasmon-like states. As observed for global hybrids, the collectivity of the maximum of absorption decreases with addition of EXX in the global range of the density-functional approximation.Even if a strict comparison with experiments remains difficult since computations are performed in gas phase on a tetrahedral symmetry structure, it is important to get a flavor on how a density functional is accurate in predicting the energy of the Ag 120 plasmon band.

	2.61 to 3.84 (4.26) eV. With PBE (0% of EXX), the close proximity of the 4d and 5s energy
	levels results into a contamination of the expansion of the excited-state wavefunction by 4d

orbitals, which thus reinforces the interband character of the excitation, and decreases its plasmon-like character.

Table 1 :

 1 List of the exchange-correlation density-functional approximations and corresponding range-separated sTDA-optimized parameters considered herein.

	name	type a	a x µ (bohr -1 )	Ref. a sTDA x	α sTDA β sTDA
	PBE	GGA	0	-	93	0.00	-	-
	PBE0	GH 1/4	-70,71	0.25	-	-
	PBE0-1/3	GH 1/3	-	94	0.33	-	-	a GGA:
	RSX-PBE	RSX-H	0	0.45 78,95	0.62	8.00	8.02
	RSX-PBE0	RSX-H 1/4	0.39 78,95	0.66	8.00	5.75
	RSX-PBE0-1/3 RSX-H 1/3	0.37 78,95	0.67	8.00	4.49
	generalized gradient approximation; GH: global hybrid; RSX-H: range-separated exchange hybrid.

Table 2 :

 2 Absolute energy (eV) of the valence orbitals of a Ag and Au atom obtained from a natural bond orbital analysis.

		Ag(4d) Ag(5s) Ag(5p) Au(5d) Au(6s) Au(6p)
	PBE	-7.33	-4.72	1.51	-6.92	-5.98	4.78
	PBE0	-9.15	-5.31	4.98	-8.50	-6.67	12.61
	PBE0-1/3	-9.77	-5.51	3.41	-9.04	-6.90	11.65
	RSX-PBE	-12.32	-7.52	6.61 -11.55	-9.05	11.03
	RSX-PBE0	-12.64	-7.40	7.03 -11.77	-8.93	11.68
	RSX-PBE0-1/3 -12.78	-7.35	7.19 -11.87	-8.89	11.92
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