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Insight into the Stability, Electronic and Optical Properties of N-Heterocyclic Carbene Analogues of Halogen/Phosphine Protected Au 13 Superatomic Clusters

Atomically-precise gold nanoclusters (AuNCs) belong to a relevant area offering useful templates with tunable properties towards functional nanostructures. In this work, we explored the feasible incorporation of N-heterocyclic carbenes (NHCs), as part of the protecting-ligand shell in AuNCs. Our results based on the substitution of phosphine ligands in experimentally characterized AuNCs by NHCs in various 8-electron superatoms Au 13 and M 4 Au 9 (M = Cu, Ag) indicate similar electronic structure and stability, but somewhat different optical properties. These findings support the feasible obtention of novel targets for explorative synthetic efforts featuring NHC-ligands on medium-sized species based on the recurrent Au 13 icosahedral core. The hypothetical species appear to be interesting templates for building blocks in nanostructured materials with tuned properties, which encourage experimental exploration of ligand-versatility in homo and heterometallic superatomic clusters.

Introduction

Atomically precise gold nanoclusters (AuNCs) have been the subject of intense research over the past decade [START_REF] Jin | Atomically Precise Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and Opportunities[END_REF][START_REF] Du | Atomically Precise Noble Metal Nanoclusters as Efficient Catalysts: A Bridge between Structure and Properties[END_REF][START_REF] Du | Atomically Precise Metal Nanoclusters for Catalysis[END_REF][START_REF] Jin | Atomically Precise Metal Nanoclusters: Stable Sizes and Optical Properties[END_REF][START_REF] Kang | Atomically Precise Alloy Nanoclusters: Syntheses, Structures, and Properties[END_REF][START_REF] Mingos | Electron Counting Rules for Gold Clusters Which Are Stereochemically Non-Rigid and Exhibit Skeletal Isomerism[END_REF] owing to their potential use in emerging technological applications. [START_REF] Hirai | Ligand-Protected Gold/Silver Superatoms: Current Status and Emerging Trends[END_REF][START_REF] Reber | Superatoms: Electronic and Geometric Effects on Reactivity[END_REF][START_REF] Hirata | Characterization of Chemically Modified Gold and Silver Clusters in Gas Phase[END_REF][START_REF] Hasegawa | Prominent Hydrogenation Catalysis of a PVP-Stabilized Au 34 Superatom Provided by Doping a Single Rh Atom[END_REF][START_REF] Sharma | Tuning the Electronic Structure of Thiolate-Protected 25-Atom Clusters by Co-Substitution with Metals Having Different Preferential Sites[END_REF][START_REF] Negishi | Toward the Creation of Stable, Functionalized Metal Clusters[END_REF][START_REF] Yamazoe | Metal Clusters in Catalysis[END_REF][START_REF] Yuan | Novel Synthetic Strategies for Thiolate-Protected Au and Ag Nanoclusters: Towards Atomic Precision and Strong Luminescence[END_REF][START_REF] Kawawaki | Creation of Active Water-Splitting Photocatalysts by Controlling Cocatalysts Using Atomically Precise Metal Nanoclusters[END_REF] Their unique molecule-like and size-dependent properties, as well as their rich structural diversity, [START_REF] Jin | Atomically Precise Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and Opportunities[END_REF][START_REF] Rao | The Chemistry of Nanomaterials[END_REF][START_REF] Sun | Shape-Controlled Synthesis of Gold and Silver Nanoparticles[END_REF][START_REF] Yin | The Chemistry of Functional Nanomaterials[END_REF][START_REF] Kurashige | Precise Synthesis, Functionalization and Application of Thiolate-Protected Gold Clusters[END_REF][START_REF] Fernando | Quantum Mechanical Studies of Large Metal, Metal Oxide, and Metal Chalcogenide Nanoparticles and Clusters[END_REF][START_REF] Stoll | Superatom State-Resolved Dynamics of the Au25(SC8H9)18-Cluster from Two-Dimensional Electronic Spectroscopy[END_REF][START_REF] Costi | Colloidal Hybrid Nanostructures: A New Type of Functional Materials[END_REF][START_REF] Cowan | Correlating Structural Rules with Electronic Properties of Ligand-Protected Alloy Nanoclusters[END_REF] provide the opportunity to design new species, opening new opportunities for tailorable applications. [START_REF] Reber | Superatoms: Electronic and Geometric Effects on Reactivity[END_REF][START_REF] Qian | Size-Focusing Synthesis, Optical and Electrochemical Properties of Monodisperse Au 38 (SC 2 H 4 Ph) 24 Nanoclusters[END_REF][START_REF] Galloway | Biotemplated Magnetic Nanoparticle Arrays[END_REF][START_REF] Zeng | Transformation Chemistry of Gold Nanoclusters: From One Stable Size to Another[END_REF][START_REF] Gao | A Global Search of Highly Stable Gold-Covered Bimetallic Clusters M@Au n (n=8-17): Endohedral Gold Clusters[END_REF][START_REF] Pembere | Small Gold Clusters Catalyzing Oxidant-Free Dehydrogenation of Glycerol Initiated by Methene Hydrogen Atom Transfer[END_REF][START_REF] Ding | Water-Soluble Au13 Clusters Protected by Binary Thiolates: Structural Accommodation and the Use for Chemosensing[END_REF][START_REF] Whetten | Nanocrystal Gold Molecules[END_REF][START_REF] Oro | Metal Clusters in Chemistry[END_REF][START_REF] Daniel | Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and Applications toward Biology, Catalysis, and Nanotechnology[END_REF][START_REF] Heaven | Crystal Structure of the Gold Nanoparticle [N(C 8 H 17 ) 4[END_REF][START_REF] Walter | A Unified View of Ligand-Protected Gold Clusters as Superatom Complexes[END_REF][START_REF] Jena | Beyond the Periodic Table of Elements: The Role of Superatoms[END_REF][START_REF] Knoppe | Racemization of a Chiral Nanoparticle Evidences the Flexibility of the Gold-Thiolate Interface[END_REF][START_REF] Levi-Kalisman | Synthesis and Characterization of Au102 (p-MBA) 44 Nanoparticles[END_REF] The AuNC structures are generally composed of a central metallic core, protected (passivated) by various ligands. [START_REF] Walter | A Unified View of Ligand-Protected Gold Clusters as Superatom Complexes[END_REF][START_REF] Castleman | Clusters, Superatoms, and Building Blocks of New Materials[END_REF][START_REF] Jadzinsky | Structure of a Thiol Monolayer-Protected Gold Nanoparticle at 1.1 Å Resolution[END_REF][START_REF] Claridge | Cluster-Assembled Materials[END_REF][START_REF] Bürgi | Properties of the Gold-Sulphur Interface: From Self-Assembled Monolayers to Clusters[END_REF] The Au 13 -centered icosahedron is one of the most recurrent core motifs. It was first characterized in [Au 13 (PPhMe 2 ) 10 Cl 2 ] 3+ by Mingos and coworkers, [START_REF] Briant | Synthesis and X-Ray Structural Characterization of the Centred Icosahedral Gold Cluster Compound [Au 13 (PMe 2 Ph) 10 Cl 2 ](PF 6 ) 3 ; the Realization of a Theoretical Prediction[END_REF] and later in the extensive research on [Au 25 (SR) 18 ] -species. 37,43- 46 The central metallic core exhibits particular electronic and structural features accounting for the stability of the overall cluster, [START_REF] Gam | Coinage Metal Superatomic Cores: Insights into Their Intrinsic Stability and Optical Properties from Relativistic DFT Calculations[END_REF][START_REF] Tsukuda | Protected Metal Clusters: From Fundamentals to Applications[END_REF][START_REF] Saillard | Structure and Bonding Patterns in Large Molecular Ligated Metal Clusters[END_REF][START_REF] Fehlner | Molecular Clusters. A Bridge to Solid State Chemistry[END_REF][START_REF] Häkkinen | Atomic and Electronic Structure of Gold Clusters: Understanding Flakes, Cages and Superatoms from Simple Concepts[END_REF][START_REF] Mäkinen | Modeling Thiolate-Protected Gold Clusters with Density-Functional Tight-Binding[END_REF] with a specific number of bonding cluster electrons (ce), i.e., electrons provided by the 6s(Au) orbitals. For example, the Au 13 5+ core of [Au 13 (PPhMe 2 ) 10 Cl 2 ] 3+ is an 8-ce species with a 1S 2 1P 6 electronic structure according to the superatom model. [START_REF] Walter | A Unified View of Ligand-Protected Gold Clusters as Superatom Complexes[END_REF][START_REF] Häkkinen | Electronic Structure: Shell Structure and the Superatom Concept[END_REF][START_REF] Lopez-Acevedo | Structure and Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Au 144 (SR) 60[END_REF] The highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) correspond to the 1P [START_REF] Mingos | Electron Counting Rules for Gold Clusters Which Are Stereochemically Non-Rigid and Exhibit Skeletal Isomerism[END_REF] and 1D 0 shells, respectively. [START_REF] Walter | A Unified View of Ligand-Protected Gold Clusters as Superatom Complexes[END_REF][START_REF] Häkkinen | Electronic Structure: Shell Structure and the Superatom Concept[END_REF][START_REF] Lopez-Acevedo | Structure and Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Au 144 (SR) 60[END_REF] Furthermore, different synthetic strategies allow further exploration of the versatility of the cluster stability and properties by varying the number and nature of its attached ligands. For example, the classical [Au 13 (dppe) 5 Cl 2 ] 3+ (dppe = 1,2-bis(diphenylphosphino)ethane) possesses enhanced optical, luminescent, and singlet-oxygen sensitization capabilities, as reported by Konishi and Li. [START_REF] Zhang | Diphosphine-Induced Chiral Propeller Arrangement of Gold Nanoclusters for Singlet Oxygen Photogeneration[END_REF][START_REF] Shichibu | HCl-Induced Nuclearity Convergence in Diphosphine-Protected Ultrasmall Gold Clusters: A Novel Synthetic Route to "Magic-Number" Au 13 Clusters[END_REF] Whereas this cluster is decorated with two Cl atoms, the number of chlorides can be increased to three or four. [START_REF] Shichibu | HCl-Induced Nuclearity Convergence in Diphosphine-Protected Ultrasmall Gold Clusters: A Novel Synthetic Route to "Magic-Number" Au 13 Clusters[END_REF] In addition, the Au 13 Cl 4 species has been shown to have related Au 13 Br 4 and Au 13 I 4 counterparts. [START_REF] Hall | Homo-and Heteronuclear Cluster Compounds of Gold[END_REF] Moreover, the recent incorporation of N-heterocyclic carbenes (NHC) as neutral ligands of gold AuNCs, [START_REF] Ube | A Carbon-Centered Hexagold(I) Cluster Supported by N-Heterocyclic Carbene Ligands[END_REF] as reported for the related [Au 13 (NHC) 9 Cl 3 ] 2+ cluster by Crudden and coworkers, [START_REF] Narouz | Highly Luminescent Au 13 Superatoms Protected by N-Heterocyclic Carbenes[END_REF] and which displays a high emission quantum yield, allows further development of more versatile ligands owing to the central role of NHC ligands in organometallic chemistry. [START_REF] Munz | Pushing Electrons-Which Carbene Ligand for Which Application?[END_REF][START_REF] Liske | Determining the π-Acceptor Properties of N-Heterocyclic Carbenes by Measuring the 77 Se NMR Chemical Shifts of Their Selenium Adducts[END_REF][START_REF] Huynh | 13 C NMR Spectroscopic Determination of Ligand Donor Strengths Using N-Heterocyclic Carbene Complexes of Palladium(II)[END_REF][START_REF] Gusev | The Tolman Electronic Parameter (TEP) and the Metal-Metal Electronic Communication in Ditopic NHC Complexes[END_REF][START_REF] Arduengo | Carbenes Introduction[END_REF][START_REF] Nelson | Quantifying and Understanding the Electronic Properties of N-Heterocyclic Carbenes[END_REF][START_REF] Muñoz-Castro | Potential of N-Heterocyclic Carbene Derivatives from Au 13 (Dppe) 5 Cl 2 Gold Superatoms. Evaluation of Electronic, Optical and Chiroptical Properties from Relativistic DFT[END_REF] Hence, their evaluation and comparison to phosphines may encourage further ligand engineering efforts and synthetic exploration of such species, [START_REF] Li | Tailoring the Electronic and Catalytic Properties of Au 25 Nanoclusters via Ligand Engineering[END_REF][START_REF] Yang | Ligand-Stabilized Au 13 Cu x ( x = 2, 4, 8) Bimetallic Nanoclusters: Ligand Engineering to Control the Exposure of Metal Sites[END_REF][START_REF] Hirano | Ligand Effects on the Structures of [Au 23 L 6 (C≡CPh) 9 ] 2+ (L = N-Heterocyclic Carbene vs Phosphine) with Au 17 Superatomic Cores[END_REF][START_REF] Qi | Self-Assembled Monolayers of N-Heterocyclic Carbene on Gold: Stability under Ultrasonic Circumstance and Computational Study[END_REF][START_REF] Sun | The Ligand Effect on the Interface Structures and Electrocatalytic Applications of Atomically Precise Metal Nanoclusters[END_REF][START_REF] Deng | Theoretical Investigation on the Adsorption and Interface Bonding between N-Heterocyclic Carbenes and Metal Surfaces[END_REF][START_REF] Yuan | Enhancing Stability through Ligand-Shell Engineering: A Case Study with Au 25 (SR) 18 Nanoclusters[END_REF][START_REF] Wan | Ligand Effects in Catalysis by Atomically Precise Gold Nanoclusters[END_REF][START_REF] Karimova | Chiroptical Activity in BINAP-and DIOP-Stabilized Octa-and Undecagold Clusters[END_REF][START_REF] Yang | Hydrogen Production via Efficient Formic Acid Decomposition: Engineering the Surface Structure of Pd-Based Alloy Catalysts by Design[END_REF][START_REF] Xu | Assessment of Catalytic Activities of Gold Nanoclusters with Simple Structure Descriptors[END_REF][START_REF] Danopoulos | N-Heterocyclic Carbene Complexes of Copper, Nickel, and Cobalt[END_REF][START_REF] Ai | Luminescence, Metallophilicity in Linear Au 3 and Au 2 Ag Chains Stabilized by Rigid Diphosphanyl NHC Ligands[END_REF][START_REF] Ai | Aurophilicity-Triggered Assembly of Novel Cyclic Penta-and Hexanuclear Gold(I) Complexes with Rigid Anionic NHC-Type Ligands[END_REF] offering the opportunity of tuning nanocluster properties.

We have recently shown from density functional theory (DFT) calculations that NHCs are at least as efficient as phosphines for stabilizing AuNCs of small size and that they should exhibit somewhat related optical properties. [START_REF] Wei | Toward the Formation of N-Heterocyclic-Carbene-Protected Gold Clusters of Various Nuclearities. A Comparison with Their Phosphine-Protected Analogues from Density Functional Theory Calculations[END_REF] In this work, we extend our investigations to the substitution of phosphine ligands by NHCs in a wide series of experimentally characterized halogen/phosphine-protected 8-ce superatomic Au 13 and M n Au 13-n clusters (M = Cu, Ag, Pd).

This work mainly focuses on the substitution-induced change of the stability, electronic structure, and optical (including emissive) properties. Meanwhile, the influence of changing of the type and number of halogen ligands is also investigated for both the phosphine-and NHC-protected analogues. [START_REF] Hall | Homo-and Heteronuclear Cluster Compounds of Gold[END_REF] To better understand the role of the halogen ligands, the homoleptic non-halogenated [Au 13 (dppm) 6 ] 5+

(Au 13 -P'm) (dppm = 1,1-bis(diphenylphosphino)methane) [START_REF] Van Der Velden | Gold Clusters Containing Bidentate Phosphine Ligands. Preparation and X-Ray Structure Investigation of[END_REF][START_REF] Zhang | Diphosphine-Protected Ultrasmall Gold Nanoclusters: Opened Icosahedral Au 13 and Heart-Shaped Au 8 Clusters[END_REF] clusters was also included for comparison. All the investigated compounds are 8-ce superatoms. Some of them contain diphosphines (P'm, P'e, P'p), whereas others have simple phosphines (P'). Nevertheless, the X-ray and optical data are available for most of them. The hypothetical NHC homologues were designed by replacing the mono-phosphines by the mono-carbene N,Ndiisopropylimidazolidene ligands (denoted as NHC' in the following), taken from the literature. [START_REF] Ube | A Carbon-Centered Hexagold(I) Cluster Supported by N-Heterocyclic Carbene Ligands[END_REF][START_REF] Lei | Reconstituting C-Centered Hexagold(I) Clusters with N -Heterocyclic Carbene Ligands[END_REF] The dppm, dppe, and dppp ligands were substituted by NHC counterparts, namely S1 (Supplementary Materials) for the full formula list of the investigated compounds and their corresponding abbreviations.

Scheme 1.

The NHC ligands considered in this paper.

Computational Details

Geometry optimizations were performed at the DFT level using the Gaussian 16 package. [START_REF] Frisch | Gaussian 16 Revision A[END_REF] The Becke-Perdew exchange-correlation functional (BP86), [START_REF] Becke | Density-Functional Exchange-Energy Approximation with Correct Asymptotic Behavior[END_REF][START_REF] Perdew | Density-Functional Approximation for the Correlation Energy of the Inhomogeneous Electron Gas[END_REF] together with the Def2-SVP basis set, [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] which includes effective core potentials accounting for scalar relativistic effects, were used. Grimme's D3 empirical corrections [START_REF] Grimme | Semiempirical GGA-Type Density Functional Constructed with a Long-Range Dispersion Correction[END_REF] were included in order to take into account dispersion effects. All the optimized singlet ground states structures were confirmed as genuine minima on their potential energy surface by vibrational frequency calculations. The natural atomic orbital (NAO) populations and Wiberg bond indices (WBIs) were calculated using the NBO 6.0 program, [START_REF] Glendening | NBO 6.0 Theoretical Chemistry Institute[END_REF] with the help of Amsterdam Density Functional code (ADF2017). [START_REF] Velde | Chemistry with ADF[END_REF]95 UV-vis optical transitions were computed using the time-dependent DFT (TD-DFT) method, at the B3LYP [START_REF] Stephens | Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields[END_REF] /Def2-SVP level, which provided a good quantitative agreement with the experimental spectra, the deviations between the computed transitions and their corresponding experimental values being always less than 80 nm. The UV-vis spectra were simulated from the computed TD-DFT transition energies and their oscillator strengths by using the SWizard program, 97 with each transition being associated with a Gaussian function of half-height width equal to 2000 cm -1 . All the computed UV-vis transition wavelengths reported below correspond to individual computed transitions. To calculate the fluorescence emission wavelengths, the geometry of the excited singlet states were optimized by TD-DFT at the PBE0 98 /Def2-SVP level with the Gaussian16 program. To calculate the phosphorescence emission wavelengths, the triplet state geometries were firstly optimized by DFT calculations at the BP86/Def2-SVP level, and their energies, as well as those of their corresponding singlets, were recalculated by single point calculations at the PBE0 98 /Def2-SVP level, which delivers better agreement to the experimentally available phosphorescence data.

Assuming that M designates any metal, Y any halogen ligand and X the whole neutral ligand (phosphine or NHC) shell, E Prep and E Bond energies discussed below are defined as follows: E Prep. is the energy cost afforded by the bare 8-electron [M 13 ] x+ metal core to go from its equilibrium structure to that it adopts in the equilibrium structure of the ligated M 13 -X or M 13 Y n -X clusters. E Bond is calculated according to the following equations in which all of the considered (frozen) fragment structures are taken from the M 13 -X and M 13 Y n -X optimized

geometries. The optimized geometries of the phosphine-protected clusters and of their NHC analogues are shown in Figure 1, where for sake of simplicity, M 13 denotes both monometallic Au 13 and heterometallic cluster cores. The atomic bond distances of the M 13 -P were found to be in good agreement with their corresponding X-ray structure data (Tables S2-S8). All the calculated compounds are isoelectronic, with a closed shell 8-ce 1S 2 1P 6 superatom configuration. The HOMO-LUMO gaps of the M 13 -P series are found in the range of 1.4-2.2 eV (Tables S1-S7), which is consistent with the chemical stability of this kind of compound.

E Bond = E(M 13 -X) -E([M 13 ] x+ ) -E(X) or E Bond = E(M 13 Y n -X) -E([M 13 Y n ] (x-n)+ ) - E(X).

Results and Discussion

Interestingly, the M 13 -C compounds show HOMO-LUMO gaps that are slightly larger than that of their M 13 -P counterparts, indicating rather similar stability. The Kohn-Sham frontier molecular orbital diagrams of both M 13 -P and M 13 -C series are shown in Figure 2. The HOMO and LUMO levels are all of 1P and 1D nature, respectively. They are plotted in Figure S1-S11. Unsurprisingly, the frontier orbitals of both the M 13 -P (Figure 2a) and M 13 -C species (Figure 2b) are shifted up in energy when the cluster cationic charge decreases from +5 (M 13 -X) to 0 (PdAu 12 Cl 4 -X'/X'e). As a consequence, this energy upshift follows the increase of the number of chloride ligands. As a whole, the related electronic structures along with the series, suggest that the hypothetic NHC species should have similar properties as their phosphine relatives, allowing further experimental exploration. Thus, the energies of the HOMOs and LUMOs can be tuned by varying the composition of the ligand shell and/or that of the metal core. This capability enables to include such welldefined molecular devices into heterojunction, with more positive or more negative frontier orbital energies with respect to that of the valence band of a semiconductor in a heterojunction array, [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF] allowing the control of the location of both electrons and holes in charge transfer mechanisms.

In order to evaluate the stabilizing role of the different ligand shells in the M 13 -P and M 13 -C series, a bonding energy analysis was carried out, not only for the comparison of the energies of interaction between the ligands and metal core, but also for an evaluation of the energy cost associated with the distortion afforded by the metal core upon ligand complexation. To this end, the corresponding bare metal cores were optimized. The energy cost afforded by the bare metal cores to prepare their structure to bond with the ligands (E Prep , see Computational Details) is given in Table 1. The computed E Prep values range between 0.10-0.33 eV, for the gold-halide cores and tend to increase for the doped M 4 Au 9 Cl 4 -X' (M = Cu, Ag) species. It is clear that the evaluated E Prep in the M 13 -C series is smaller than those of M 13 -P, which means that the metal cores in M 13 -C species cost less energy to reach their equilibrium states, suggesting that NHC-derivatives exhibit a less rigid ligand-shell, introducing more flexibility to the resulting cluster. This can be useful for studies on cluster core fluxionality, as explored for Au 25 (SR) 18 and Au 38 (SR) 24 species group. 100,101 The ligand-core interaction energies for the series evaluated by the computed bonding energies (E Bond , see Computational Details) for the neutral phosphine and NHC ligand shell (Table 1) show that NHCs are slightly more strongly bonded than the phosphine analogues in all the investigated cases, suggesting that NHC-protected gold and gold-rich M 13 clusters should exhibit a somewhat enhanced thermodynamic stability, which can be useful as ligandengineering strategy to achieve more stable building-blocks. Interestingly, the M 13 -C cluster cores bear more positive charges than their M 13 -P counterparts (Table 1), as the result of the enhanced core-ligand back-bonding. 102 This is in line with the fact that the frontier orbital energies of the former species are slightly higher than that of the latter (Figure 2). On the other hand, no clear relationship between the core charges and the number of chloride ligands could be traced.

Table 1. Energetic data associated with cluster bonding denoting the cluster core preparation energy (E Prep ) and ligand-core interaction (E Bond ) (values in eV), and the natural bond order (NBO) charges of the M 13 core (q core, in a.u).

Compound Corresponding optimized bare metal core

X = P E Prep X = C E Prep X = P E Bond X = C E Bond X = P q core X = C q core
Au 13 -X'm The optical properties of AuNCs have been widely explored, owing to their potential use as optical devices, [START_REF] Jin | Atomically Precise Metal Nanoclusters: Stable Sizes and Optical Properties[END_REF]103 which can be tuned by involving different ligands. [START_REF] Tsukuda | Protected Metal Clusters: From Fundamentals to Applications[END_REF][104][105][106][107] In this sense, the variation of the optical properties of the investigated compounds was evaluated with respect to the nature of the cluster core and the different ligand shell. The TD-DFT simulated UV-vis spectra of M 13 -P and M 13 -C series are gathered in Figure 3, and the major computed electronic transition energies associated with them are given in Table 2, together with the corresponding experimental λ max values taken from the literature, where available.

[
The shapes of the computed UV-vis spectra for the M 13 -P series were found to have a good match with that of the available experimental spectra. In all the cases, the lowest energy band is associated with a transition of mostly (but not exclusively) HOMO → LUMO nature, and in any case is of 1P → 1D metal-to-metal charge transfer (MMCT) nature (see Figures S1-S11). Figure S12 illustrates the energy shift of the lowest energy transition wavelength when going from the phosphine species to their NHC homologues. Experimental data taken from reference: a) [START_REF] Zhang | Diphosphine-Protected Ultrasmall Gold Nanoclusters: Opened Icosahedral Au 13 and Heart-Shaped Au 8 Clusters[END_REF] ; b) [START_REF] Briant | Synthesis and X-Ray Structural Characterization of the Centred Icosahedral Gold Cluster Compound [Au 13 (PMe 2 Ph) 10 Cl 2 ](PF 6 ) 3 ; the Realization of a Theoretical Prediction[END_REF] ; c) 56 ; d) [START_REF] Narouz | Highly Luminescent Au 13 Superatoms Protected by N-Heterocyclic Carbenes[END_REF] ; e) 82 ; f) [START_REF] Yang | In Situ Studies on Controlling an Atomically-Accurate Formation Process of Gold Nanoclusters[END_REF] ; g) [START_REF] Hall | Homo-and Heteronuclear Cluster Compounds of Gold[END_REF] .  sh = shoulder.

For the homometallic chlorinated Au 13 Cl n -P series, the lowest energy band is red-shifted when increasing the number of Cl atoms from 2 to 4 in both the mono-phosphine (Au 13 Cl 2 -P', Au 13 Cl 3 -P', Au 13 Cl 4 -P') (Figure 3a) and di-phosphine (Au 13 Cl 2 -P'e, Au 13 Cl 4 -P'p) (Figure 3b) Au 13 Cl n -P series. The same trend is also found for the 108 Thus, it could be assumed that this red-shift in the lowest energy band is turned to occur in any halogen-protected Au 13 superatomic cluster system, independently from the number of halogenide ligands.

In a subsequent step, owing to the relevant photoluminescent properties of [Au 13 (dppe) 5 Cl 2 ] 3+ , [START_REF] Zhang | Diphosphine-Induced Chiral Propeller Arrangement of Gold Nanoclusters for Singlet Oxygen Photogeneration[END_REF][START_REF] Shichibu | HCl-Induced Nuclearity Convergence in Diphosphine-Protected Ultrasmall Gold Clusters: A Novel Synthetic Route to "Magic-Number" Au 13 Clusters[END_REF] ascribed to a phosphorescent emission originating from the T 1 →S 0 decay, [START_REF] Zhang | Diphosphine-Induced Chiral Propeller Arrangement of Gold Nanoclusters for Singlet Oxygen Photogeneration[END_REF] we have also explored the potential phosphorescent emission of all the investigated species. The T 1 →S 0 emission 55 exhibits a mixed 1P→1D and 5d(Au)→1D character, thus mainly centered on the metal core. The reported emission for [Au 13 (dppe) 5 Cl 2 ] 3+ is observed at 1.26 eV (982 nm), [START_REF] Zhang | Diphosphine-Induced Chiral Propeller Arrangement of Gold Nanoclusters for Singlet Oxygen Photogeneration[END_REF] which is calculated at 1.47 eV (Table 3). Along with the phosphineprotected series, the calculated values range from 0.67 eV (1850 nm) to 1.61 eV (770 nm), in the Au 13 Y n species, and from 1.31 eV (946 nm) to 1.53 eV (810 nm) in the doped clusters. In the case of their NHC counterparts, the emission is, in general, blue-shifted, with marked exceptions given by alloyed species and the Br-and I-ligated clusters (Au 13 Br 4 and Au 13 I 4 cores).

In the Au 13 Y 4 -P' series (Y = Cl, Br, I), a blue-shift is suggested from 1.12 eV (1107 nm) to 1.61 eV (770 nm) when phosphine ligands are involved, and a red-shift for carbene species, from 1.22 eV (1016 nm) to 1.09 eV (1137 nm) (Table 3). Thus, the effect of ligand replacement may be evaluated for each species, suggesting that despite being isolobal ligands, 109 fine modifications and variations can be found between phosphine-and carbeneprotected clusters. For the homometallic clusters, a blue-shift of the emission is observed when phosphine-based ligands are replaced by carbenes. However, a red-shift is generally found for the doped species (M 4 Au 9 Cl 4 cores, M = Cu and Ag). Figure S13 illustrates the shift of the phosphorescence emission wavelength when going from the phosphine species to their NHC homologues.

The fluorescence emission of these phosphine-and NHC-species were also investigated (Table 4). For both series, the computed fluorescence emission energies are in the near- 

Conclusions

The similar bonding features of phosphines and N-heterocyclic carbene (NHC) ligands in atomically precise gold nanoclusters (AuNCs) allow to further estimate their role in the modification of the molecular properties of different cluster cores. Based on a wide range of experimentally characterized 8-ce superatoms, with Au 13 and M 4 Au 9 cores (M = Cu, Ag) decorated with phosphine or halogen and phosphine ligands, the substitution of phosphines by NHCs only marginally perturb the electronic structure, leading to roughly similar optical and luminescent properties, but with interesting modifications. For example, with monodentate ligands, the lowest energy absorption wavelength is red-shifted when going from phosphines to NHCs (see Figure S12). This is the consequence of a lesser HOMO → LUMO contribution to this 1P → 1D transition in the NHC series. With bidentate ligands, the opposite effect, i.e., a blue shift occurs when going from phosphines to NHCs, which is related to the stronger chelating (distorting) effect of diphosphines on the metal core. These UV-vis wavelength shifts are retained for the chelated species in the emission wavelengths (Figures S13 andS14), but somewhat blurred in the case of the non-chelated ones.

Our results allow us to propose medium-sized species based on gold or gold-rich M 13 icosahedral core, supporting the feasible obtention of novel targets for explorative synthetic efforts featuring NHC-ligands. Moreover, the addition of successive halogen ligands to the cluster core, leads to a more electron-deficient core, enabling further modification of the frontier orbital energies useful in the design of devices in heterojunction arrays.

ASSOCIATED CONTENT Supporting Information

Cartesian coordinates of the investigated compounds (in .xyz format). Tables of complementary computed data. Plots of the frontier orbitals. Graphical representations of the computed UV-vis and photoluminescence transition wavelengths.

Figure 1 .

 1 Figure 1. Optimized structures of M 13 Y n -X (M = Au, Cu, Ag, Pd; Y = Cl, Br, I; n = 0, 2-4; X = P, C). The golden, green, reddish brown, light grey, dark blue, brown and purple spheres are Au, Cl, Cu, Ag, Pd, Br and I atoms, respectively.

Figure 2 .

 2 Figure 2. Kohn-Sham frontier molecular orbital diagrams of a) M 13 Y n -P and b) M 13 Y n -C (Y = Cl, Br, I; n = 0, 2-4). The grey boxes represent the 5d(Au)-block, the red and blue levels correspond to the superatomic 1P and 1D orbitals, respectively.
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Figure 3 .

 3 Figure 3. Simulated UV-vis absorption spectra for the computed phosphine derivatives (solid line) and NHC derivatives (dotted line) clusters.

  Au 13 Cl n -C species (Au 13 Cl 3 -C', Au 13 Cl 4 -C', Au 13 Cl 2 -C'e, Au 13 Cl 4 -C'p), except in the case of Au 13 Cl 2 -C'. When switching the ligands from mono-phosphines to di-phosphines, the lowest energy band is red-shifted in the Au 13 Cl n -P (n = 2, 4) series, but blue-shifted in the Au 13 Cl n -C (n = 2, 4) series (Figure 3b). When going from the mono-phosphine-protected Au 13 Cl n -P (Au 13 Cl 3 -P', Au 13 Cl 4 -P') to the mono-NHC-protected Au 13 Cl n -C (Au 13 Cl 3 -C', Au 13 Cl 4 -C'), the lowest energy band is slightly red-shifted, whereas the highest energy band shows a blue-shift tendency (Figure 3a), except in the case of Au 13 Cl 2 -X' (X = P, C), in which the whole UV-vis spectra is red-shifted. This trend was also found for the other two halide Au 13 Y 4 -X' (Y = Br, I; X = P, C) (Figure 3d) and alloyed M 4 Au 9 -X' (M = Cu, Ag; X = P, C) series, but not for the case of the palladiumdoped species (PdAu 12 -P'/P'e and PdAu 12 -C'/C'e), where the whole UV-vis spectra are blue-shifted (Figure 3c). From the di-phosphine-protected Au 13 Cl n -P (Au 13 Cl 2 -P'e, Au 13 Cl 4 -P'p) to the di-NHC-protected Au 13 Cl n -C (Au 13 Cl 2 -C'e, Au 13 Cl 4 -C'p), the whole UV-vis spectrum exhibits a systematic blue-shift tendency, and the same trend is also found for the homoleptic [Au 13 (dppm) 6 ] 5+ (Au 13 -P'm) clusters (Figure 3b). Such features depict the possibility to achieve a fine-tuning of optical absorption properties of the isoelectronic species. Moreover, for the chloride/phosphine protected alloy clusters M 4 Au 9 Cl 4 -P' (M = Au, Cu, Ag), the magnitude of the lowest energy band blue-shift follows the order Ag 4 Au 9 Cl 4 -P' < Cu 4 Au 9 Cl 4 -P' < Au 13 Cl 4 -P', whereas the order within the NHC analogues, Ag 4 Au 9 Cl 4 -C' and Cu 4 Au 9 Cl 4 -C', is inverted (Figure 3c). Finally, for the three different halogen protected Au 13 Y 4 -X' (Y = Cl, Br, I; X = P, C) species, the lowest energy band shows a small systematic red-shift from Cl to Br to I for both phosphine and NHC analogues, which is consistent with the previous experimental observation on [Au 13 (dppe 5 )Y 2 ] 3+ (Y = Cl, Br, I) clusters.

  infrared region. The NHC series shows comparable emission wavelengths with their phosphine derivatives, except the Au 13 -P'm, Au 13 Cl 2 -P' and Au 13 Cl 4 -P'p. For the diphosphine protected Au 13 -P'm and Au 13 Cl 2 -P' clusters, an obvious blue-shift of the emission wavelength is observed when replacing phosphines by NHCs. However, a big red-shift of the emission wavelength was found when going from Au 13 Cl 2 -P' to Au 13 Cl 2 -C'. In the Au 13 Y 4 -P' series (Y = Cl, Br, I), a blue-shift of the fluorescence emission was found when going from Cl to Br to I, but their corresponding NHC species show an opposite trend. Figure S14 illustrates the shift of the fluorescence emission wavelength when going from the phosphine species to their NHC homologues.

  

  The considered halogen/phosphine-protected Au 13 series are composed of the experimentally characterized compounds as follows, [Au 13 (PPhMe 2 ) 10 Cl 2 ] 3+ (Au 13 Cl 2 -P'),[START_REF] Briant | Synthesis and X-Ray Structural Characterization of the Centred Icosahedral Gold Cluster Compound [Au 13 (PMe 2 Ph) 10 Cl 2 ](PF 6 ) 3 ; the Realization of a Theoretical Prediction[END_REF] [Au 13 (dppe)5 Cl 2 ] 3+ (Au 13 Cl 2 -P'e),[START_REF] Shichibu | HCl-Induced Nuclearity Convergence in Diphosphine-Protected Ultrasmall Gold Clusters: A Novel Synthetic Route to "Magic-Number" Au 13 Clusters[END_REF] [Au 13 (PMePh 2 ) 9 Cl 3 ] 2+ (Au 13 Cl 3 -P'),[START_REF] Hall | Homo-and Heteronuclear Cluster Compounds of Gold[END_REF] Au 9 (PMePh 2 ) 8 Cl 4 ] + (Cu 4 Au 9 Cl 4 -P'), 82 [Ag 4 Au 9 (PMePh 2 ) 8 Cl 4 ] + (Ag 4 Au 9 Cl 4 -P'), 82 [PdAu 12 (dppe)(PPh 3 ) 6 Cl 4 ] (PdAu 12 Cl 4 -P'/P'e), 44 [Au 13 (PMePh 2 ) 8 Br 4 ]

	[Au 13 (PMePh 2 ) 8 Cl 4 ] +	(Au 13 Cl 4 -P'), 82	[Au 13 (dppp) 4 Cl 4 ] +	(Au 13 Cl 4 -P'p), 83,84
	[Cu 4			

+ (Au 13 Br 4 -P'),

[START_REF] Hall | Homo-and Heteronuclear Cluster Compounds of Gold[END_REF] 

and [Au 13 (PMePh 2 ) 8 I 4 ] + (Au 13 I 4 -P') (dppp = 1,3-bis(diphenylphosphino)propane).

Au 13 Cl 2 -C'e), [

  Au 13 (NHC')9 Cl 3 ] 2+ (Au

	1,3-bis(N-isopropylimidazolidenyl)methane	(di-NHC'm),	1,3-bis(N-
	isopropylimidazolidenyl)ethane (di-NHC'e) and 1,3-bis(N-isopropylimidazolidenyl)propane
	(di-NHC'p), respectively (see Scheme 1). These carbenes are representative of standard
	NHCs and exhibit realistic steric volumes. Thus, the computed hypothetical NHC clusters are
	[Au 13 (di-NHC'm) 6 ] 5+	(Au 13 -C'm),	[Au 13 (NHC') 10 Cl 2 ] 3+	(Au 13 Cl 2 -C'),	[Au 13 (di-
	NHC'e) 5 Cl 2 ] 3+ (				

13 Cl 3 -C'), [

  

	Au 13 (NHC') 8 Cl 4 ] +
	(Au

13 Cl 4 -C'), [

  Au 13 (di-NHC'p) 4 Cl 4 ] + (Au

13 Cl 4 -C'p), [

  Cu 4 Au 9 (NHC') 8 Cl 4 ] + (Cu

4 Au 9 Cl 4 -C'),

  

	[Ag 4 Au 9 (NHC') 8 Cl 4 ] + (Ag

4 Au 9 Cl 4 -C'), [

  

	PdAu 12 (di-NHC'e)(NHC') 6 Cl 4 ] (PdAu

12 Cl 4 -C'/C'e),

  

	[Au 13 (NHC') 8 Br 4 ] + (Au 13 Br 4 -C') and [Au 13 (NHC') 8 I 4 ] + (

Au 13 I 4 -C'). See Table

  

Table 2 .

 2 Major 

TD-DFT-Computed UV-Vis excitation energies. Experimental values are also reported, when available in the literature. The Experimental values correspond to the phosphine protected clusters, except for

Au 13 Cl 3 -C'.

  

			Absorption (nm)		Major
					character of the
	Compound	Exp.	X = P	X = C	low-energy band (X = P,
					C)
	Au 13 -X'm	700, 440, 300-350(multiple) a	625, 387, 304	561(sh  ), 434, 363, 328, 278	1P1D
	Au 13 Cl 2 -X'	428, 338, 296 b	460, 387, 335, 303 540, 409, 352, 319	1P1D
	Au 13 Cl 2 -X'e	493, 359, 304 (sh  ) c 507, 402, 342, 299 (sh  )	462, 366, 314, 288	1P1D
	Au 13 Cl 3 -X'	490, 420, 330 (X = C) d	469, 411, 328	480, 386, 310, 271	1P1D
	Au 13 Cl 4 -X'	440, 350, 290 (sh  ) e	480, 393, 324	534, 422, 367, 295	1P1D
	Au 13 Cl 4 -X'p	430, 340 f	591, 406, 332	495, 380, 311, 280	1P1D
	Cu 4 Au 9 Cl 4 -X'	450, 355, 325 (sh  ) e	431, 334	497, 408, 362, 294	1P1D
	Ag 4 Au 9 Cl 4 -X'	420, 330, 285 (sh  ) e 414, 327, 304 (sh  )	531, 403, 357, 296, 271(sh  )	1P1D
	PdAu 12 Cl 4 -X'/X'e	-	558, 460, 404 (sh  ), 357, 314	540, 411, 354, 287 327(sh  ), 308(sh  )	1P1D
	Au 13 Br 4 -X'	425, 340, 296 (sh  ) g 483, 409, 355, 318 540, 423, 371, 289	1P1D
	Au 13 I 4 -X'	-	492, 413, 354, 325 546, 436, 374, 292	1P1D

Table 3 .

 3 DFT-computed hypothetical phosphorescence emissions.

	Compound	E emission	Compound	E emission
	Au 13 -P'm	0.92 eV (1347 nm)	Au 13 -C'm	1.72 eV (721 nm)
	Au 13 Cl 2 -P'	1.33 eV (932 nm)	Au 13 Cl 2 -C'	1.54 eV (805 nm)
	Au 13 Cl 2 -P'e	1.47 eV (843 nm)	Au 13 Cl 2 -C'e	1.43 eV (867 nm)
	Au 13 Cl 3 -P'	1.39 eV (892 nm)	Au 13 Cl 3 -C'	1.79 eV (693 nm)
	Au 13 Cl 4 -P'	1.12 eV (1107 nm)	Au 13 Cl 4 -C'	1.22 eV (1016 nm)
	Au 13 Cl 4 -P'p	0.67 eV (1850 nm)	Au 13 Cl 4 -C'p	1.26 eV (984 nm)
	Cu 4 Au 9 Cl 4 -P'	1.53 eV (810 nm)	Cu 4 Au 9 Cl 4 -C'	1.14 eV (1087 nm)
	Ag 4 Au 9 Cl 4 -P'	1.37 eV (905 nm)	Ag 4 Au 9 Cl 4 -C'	1.34 eV (925 nm)
	PdAu 12 Cl4-P	1.31 eV (946 nm)	PdAu 12 Cl4-C	1.13 eV (1097 nm)
	Au 13 Br 4 -P'	1.56 eV (795 nm)	Au 13 Br 4 -C'	1.17 eV (1059 nm)
	Au 13 I 4 -P'	1.61 eV (770 nm)	Au 13 I 4 -C'	1.09 eV (1137 nm)

Table 4 .

 4 DFT-computed hypothetical fluorescence emissions.

	Compound	E emission	Compound	E emission
	Au 13 -P'm	0.89 eV (1387 nm)	Au 13 -C'm	1.25 eV (988 nm)
	Au 13 Cl 2 -P'	1.52eV (814 nm)	Au 13 Cl 2 -C'	0.98 eV (1258 nm)
	Au 13 Cl 2 -P'e	1.44eV (863 nm)	Au 13 Cl 2 -C'e	1.60eV (773 nm)
	Au 13 Cl 3 -P'	1.72 eV (720 nm)	Au 13 Cl 3 -C'	1.59eV (779 nm)
	Au 13 Cl 4 -P'	1.15 eV (1075 nm)	Au 13 Cl 4 -C'	1.16 eV (1069 nm)
	Au 13 Cl 4 -P'p	0.86 eV (1444 nm)	Au 13 Cl 4 -C'p	1.27 eV (974 nm)
	Cu 4 Au 9 Cl 4 -P'	1.53 eV (807 nm)	Cu 4 Au 9 Cl 4 -C'	1.36 eV (911 nm)
	Ag 4 Au 9 Cl 4 -P'	1.24 eV (996 nm)	Ag 4 Au 9 Cl 4 -C'	1.30 eV (954 nm)
	PdAu 12 Cl4-P	1.25 eV (989 nm)	PdAu 12 Cl4-C	1.55 eV (798 nm)
	Au 13 Br 4 -P'	1.29 eV (959 nm)	Au 13 Br 4 -C'	1.09 eV (1128 nm)
	Au 13 I 4 -P'	1.55 eV (802 nm)	Au 13 I 4 -C'	1.03 eV (1208 nm)
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