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Copper(I) halides are currently the subject of intensive research because of their rich photophysical properties combined with economic and eco-friendly advantages for practical applications. The molecular copper iodide cluster of general formula [Cu4I4L4] (L = ligand) is a well-known photoluminescent compound, and the possibility to enlarge the panel of its photophysical properties is studied here, by exploring ligands bearing a distinct emitter. The comparative study of five copper iodide clusters coordinated by different phosphine ligands functionalized by the emissive cyanobiphenyl (CBP) group, is thus described in this work. The emissive properties of the ligands have a great impact onto the photophysical properties of the cluster. Compared with classical [Cu4I4L4] copper iodide clusters, the origin of the emission bands is largely modified. The CBP moiety of electron acceptor character significantly lowers in energy the vacant orbitals and consequently affects the global energetic layout. These clusters present dual emission based on two different emissive centers which interplay through energy transfer. This study demonstrates that the design of original ligands is an effective approach to enrich the photophysical properties of the appealing family of copper halide complexes.

Introduction

Luminescent materials present a wide range of applications in light-emitting devices and in the broad field of detection. In the course of rare-earth and lead-free phosphors in regards to economic and sustainable issues, [START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF][START_REF] Yu | Recent Progress of D10 Iodoargentate(I)/Iodocuprate(I) Hybrids: Structural Diversity, Directed Synthesis, and Photochromic/Thermochromic Properties[END_REF][START_REF] Hamze | Eliminating Nonradiative Decay in Cu(I) Emitters: >99% Quantum Efficiency and Microsecond Lifetime[END_REF][START_REF] Olaru | A Small Cationic Organo-Copper Cluster as Thermally Robust Highly Photo-and Electroluminescent Material[END_REF][START_REF] Baghdasaryan | Copper Nanoclusters: Designed Synthesis, Structural Diversity, and Multiplatform Applications[END_REF][START_REF] Schlachter | Copper Halide-Chalcogenoether and -Chalcogenone Networks: Chain and Cluster Motifs, Polymer Dimensionality and Photophysical Properties[END_REF] copper(I) halide complexes are emerging as serious candidates owing to their extremely rich optical properties. [START_REF] Yao | Modulation of Metal Halide Structural Units for Light Emission[END_REF][START_REF] Troyano | Copper(I)-Iodide Cluster Structures as Functional and Processable Platform Materials[END_REF][START_REF] Liu | Hybrid Copper Iodide Cluster-Based Pellet Sensor for Highly Selective Optical Detection of o-Nitrophenol and Tetracycline Hydrochloride in Aqueous Solution[END_REF] In fact, the great structural diversity of copper halides due to the d 10 flexible electronic configuration of Cu(I) and the multiple connectivity modes of halides, lead to a extremely large panel of photophysical properties. [START_REF] Fang | Highly Efficient and Very Robust Blue-Excitable Yellow Phosphors Built on Multiple-Stranded One-Dimensional Inorganic-Organic Hybrid Chains[END_REF][START_REF] Kitagawa | Kinetic Assembly of a Thermally Stable Porous Coordination Network Based on Labile CuI Units and the Visualization of I 2 Sorption[END_REF][START_REF] Peng | Copper(I) Halides: A Versatile Family in Coordination Chemistry and Crystal Engineering[END_REF][START_REF] Yam | Light-Emitting Self-Assembled Materials Based on d 8 and d 10 Transition Metal Complexes[END_REF][START_REF] Kobayashi | Stimuli-Responsive Luminescent Copper(I) Complexes for Intelligent Emissive Devices[END_REF][START_REF] Cariati | Cu(I) Hybrid Inorganic-Organic Materials with Intriguing Stimuli Responsive and Optoelectronic Properties[END_REF][START_REF] Wallesch | Bright Coppertunities: Multinuclear CuI Complexes with NP Ligands and Their Applications[END_REF] Their potential applications as sensors, [START_REF] Wang | Luminescent and Entangled MOF as a Qualitative Sensor for Volatile Organic Solvents and a Quantitative Monitor for Acetonitrile Vapour[END_REF][START_REF] Yu | I)-MOF: Naked-Eye Colorimetric Sensor for Humidity and Formaldehyde in Single-Crystal-to-Single-Crystal Fashion[END_REF][START_REF] Conesa-Egea | Perspectives of the Smart Cu-Iodine Coordination Polymers: A Portage to the World of New Nanomaterials and Composites[END_REF] photocatalytic systems, [START_REF] Shi | Semiconductive Copper(I)-Organic Frameworks for Efficient Light-Driven Hydrogen Generation Without Additional Photosensitizers and Cocatalysts[END_REF] and emitters in organic light-emitting diodes (OLEDs), [START_REF] Zink | Dinuclear Copper(I) Complexes for Application in Organic Light-Emitting Diodes[END_REF][START_REF] Liu | Simple and High Efficiency Phosphorescence Organic Light-Emitting Diodes with Codeposited Copper(I) Emitter[END_REF][START_REF] You | A Host Material for Deep-Blue Electrophosphorescence Based on a Cuprous Metal-Organic Framework[END_REF][START_REF] Zhu | A New Type of Hybrid Copper Iodide as Nontoxic and Ultrastable LED Emissive Layer Material[END_REF][START_REF] Liu | Recent Advances in Copper Complexes for Electrical/Light Energy Conversion[END_REF] have indeed been reported, featuring appealing perspectives that may well outperform the trendy hybrid perovskites.

A stand out Cu(I) halide complex, is the molecular cubane cluster formulated [Cu4I4L4] (L = organic ligand). Its outstanding stimuli-responsive photoluminescent properties ranging from luminescence thermochromism, [START_REF] Hardt | Fluorescence Thermochromism of Pyridine Copper Iodides and Copper Iodide[END_REF][START_REF] Radjaipour | Kinetik der Lumineszenz-Thermochromie und Zuordnung der Tieftemperaturemission von Pyridino-Kupfer(I)-jodid[END_REF][START_REF] Ford | Photoluminescence Properties of Multinuclear Copper(I) Compounds[END_REF][START_REF] Kim | Crystal-to-Crystal Transformation between Three CuI Coordination Polymers and Structural Evidence for Luminescence Thermochromism[END_REF][START_REF] Fu | Cuprous Iodide Pseudopolymorphs Based on Imidazole Ligand and Their Luminescence Thermochromism[END_REF][START_REF] Zhan | Luminescent Metal-Organic Frameworks (MOFs) as a Chemopalette: Tuning the Thermochromic Behavior of Dual-Emissive Phosphorescence by Adjusting the Supramolecular Microenvironments[END_REF] mechanochromism, [START_REF] Perruchas | Molecular Copper Iodide Clusters: A Distinguishing Family of Mechanochromic Luminescent Compounds[END_REF] solvatochromism [START_REF] Zhao | An in Situ Self-Assembled Cu 4 I 4 -MOF-Based Mixed Matrix Membrane: A Highly Sensitive and Selective Naked-Eye Sensor for Gaseous HCl[END_REF][START_REF] Cho | Reversible Transformation between Cubane and Stairstep Cu 4 I 4 Clusters Using Heat or Solvent Vapor[END_REF][START_REF] Park | Reversible Crystal Transformations and Luminescence Vapochromism by Fast Guest Exchange in Cu(I) Coordination Polymers[END_REF][START_REF] Killarney | Amine-and Sulfide-Sensing Copper(I) Iodide Films[END_REF] to rigidochromism, [START_REF] Tran | Pressure-Induced Luminescence Rigidochromism in the Photophysics of the Cuprous Iodide Cluster Cu4I4py4[END_REF][START_REF] Vogler | Photoluminescence of Tetrameric Copper(I) Iodide Complexes Solutions[END_REF][START_REF] Roppolo | Luminescence Variation by Rigidity Control of Acrylic Composite Materials[END_REF] are particularly appealing to access original multifunctional materials. Promising perspectives of applications have been already demonstrated with the development of inks based on [Cu4I4L4] clusters [START_REF] Chen | Highly Luminescent Inks: Aggregation-Induced Emission of Copper-Iodine Hybrid Clusters[END_REF] and phosphors [START_REF] Fang | A Systematic Approach to Achieving High Performance Hybrid Lighting Phosphors with Excellent Thermal-and Photostability[END_REF] or emitters for lighting devices. [START_REF] Xie | White Electroluminescent Phosphine-Chelated Copper Iodide Nanoclusters[END_REF][START_REF] Xie | Highly Efficient Sky Blue Electroluminescence from Ligand-Activated Copper Iodide Clusters: Overcoming the Limitations of Cluster Light-Emitting Diodes[END_REF] The cubane structure of this copper iodide cluster is built on four copper atoms and four iodide atoms which alternatively occupy the vertices of a distorted cube. The ligands complete the four-fold tetrahedral coordination sphere of the copper(I) atoms. [START_REF] Churchill | Molecules with an M4X4 Core. I . Crystal and Molecular Structure of Tetrameric Triphenylphosphinecopper(1) Chloride, a "Cubane-Like" Molecule, Including the Location and Refinement of All Hydrogen Atoms[END_REF] Main studied ligands are nitrogen, phosphorus or sulfur-based ones. When the ligands bear aromatic substituents, additional luminescence features take place because of the presence of vacant π* orbitals. Indeed, the luminescence thermochromic properties of these clusters involves such π*-based transitions prevailing at low temperature. [START_REF] Ford | Photoluminescence Properties of Multinuclear Copper(I) Compounds[END_REF][START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF][START_REF] Utrera-Melero | Combining Theory and Experiment to Get Insight into the Amorphous Phase of Luminescent Mechanochromic Copper Iodide Clusters[END_REF] In the case of phosphine ligands, the PPh2R (R = alkyl or aryl group) skeleton have been mainly studied, [START_REF] Utrera-Melero | Mechanically Responsive Luminescent Films Based on Copper Iodide Clusters[END_REF] but ligands bearing an emissive moiety have been barely reported. [START_REF] Huitorel | Mechanochromic Luminescence and Liquid Crystallinity of Molecular Copper Clusters[END_REF] Grafting an emissive center to the cluster could modify its photoluminescence properties by either a simple addition of an emissive transition or by fully modifying the global energetically layout. In either way, this strategy should enlarge the panel of photoluminescence properties displayed by these compounds.

During our previous investigations regarding the synthesis of metallomesogens based on copper iodide clusters, a phosphine ligand bearing CBP (cyanobiphenyl) groups was actually designed. [START_REF] Huitorel | Mechanochromic Luminescence and Liquid Crystallinity of Molecular Copper Clusters[END_REF] The CBP moiety commonly used in liquid crystals chemistry, is known to be photoluminescent and thus represents an emissive center by itself. The corresponding functionnalized cubane cluster displayed original optical properties by exhibiting luminescence mechanochromism with a dual emissive feature. These attractive emission properties which presented different features compared with those of more classical copper iodide clusters were not rationalized. This preliminary work, motivated further investigations regarding the association of the [Cu4I4L4] cluster with CBP-based ligands.

Here, is reported the comparative study of five copper iodide clusters functionalized by different CBPbased phosphine ligands. The synthesis of these original ligands and corresponding clusters is described. The effect of the number of the emissive CBP groups born by the ligands and their spacing between the triphenylphosphine moiety, onto the photophysical properties of the clusters was evaluated. The CBP group affects the luminescence properties of the clusters by bringing additional emission bands which can be correlated to those of the [Cu4I4] cluster core. The results of DFT calculations are discussed and shed light on this CBP-cluster photoactive system. under nitrogen. After filtration and solvent evaporation, the product is purified by flash chromatography on silica gel using a gradient of solvent from 50/50 dichloromethane/ petroleum ether to pure dichloromethane. After solvent evaporation and drying under vacuum, the ligand is obtained as white powder (0.17 g, Yield = 73 %). L3. A solution of 4'-(2-hydroxyethoxy)-[1,1'-biphenyl]-4-carbonitrile (0.17 g, 1.1 eq., 0.72 mmol), DMAP (0.08 g, 1 eq., 0.65 mmol) and 4-(diphenylphosphino)benzoic acid (0.2 g, 1 eq., 0.65 mmol) in 10 mL CH2Cl2 is degassed 30 min with N2. After adding the DCC (0.27 g, 2 eq., 1.3 mmol), the solution is stirred at room temperature for 3 days under nitrogen. After complete reaction, the organic solution is washed with water (3 x 10mL) and dried over MgSO4. After evaporation of the solvent, the product is then purified by flash chromatography on silica gel using a gradient of solvent from 50/50 dichloromethane/ petroleum ether to pure dichloromethane. The ligand is obtained as white powder (0.12 g, Yield = 35 %). L4. A solution of 4'-((10-bromodecyl)oxy)-[1,1'-biphenyl]-4-carbonitrile (0.2 g, 1 eq., 0.57 mmol), DMAP (0.069 g, 1 eq., 0.57 mmol) and 4-(diphenylphosphino)benzoic acid (0.19 g, 1.1 eq., 0.63 mmol) in 10 mL CH2Cl2 is degassed 30 min with N2. After adding the DCC (0.235 g, 2 eq., 1.14 mmol), the solution is stirred at room temperature for 6 days under nitrogen. After reaction, the reaction mixture was evaporated on celite and the product is then purified by flash chromatography on silica gel using a gradient of solvent from pure petroleum ether to pure dichloromethane. The ligand is obtained as white powder (0.32 g, Yield = 88 %). [START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF] -biphenyl]-4-yl)oxy)ethyl) 5-hydroxyisophthalate (0.22 g, 1 eq., 0.37 mmol), DMAP (0.045 g, 1 eq., 0.65 mmol) and 4-(diphenylphosphino)benzoic acid (0.125 g, 1.1 eq., 0.41 mmol) in 10 mL CH2Cl2 is degassed 30 min with N2. After adding the DCC (0.155 g, 2 eq., 0.75 mmol), the solution is stirred at room temperature for 6 days under nitrogen. After complete reaction, the organic solution is directly evaporated on celite and the product is purified by flash chromatography on silica gel using mixture of dichloromethane + 2% MeOH as eluent. The product is isolated as a white powder (0.12 g, Yield = 36 %). [START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF] H NMR (300 MHz, CDCl3) δ 8.65 (t, J = 1.5 Hz, 1H), 8. 14 Characterizations. [START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF] H, [START_REF] Yam | Light-Emitting Self-Assembled Materials Based on d 8 and d 10 Transition Metal Complexes[END_REF] C and 31 P NMR spectra were recorded on a Bruker Avance 300 spectrometer at room temperature using perdeuterated solvents as internal standards. Elemental analyses were performed by the Service Chromato-Masse Microanalyse, Université Paris-Saclay (BioCIS), Châtenay-Malabry and by the Service de microanalyse de l'ICSN -CNRS Gif-sur-Yvette, France. Mass spectra were recorded with a MALDI-TOF Microflex LT Bruker. Luminescence spectra were recorded with a Fluorolog 3 spectrofluorimeter (Horiba Jobin Yvon). Low temperature measurements were realized in an OptistatDN-V Oxford cryostat. The absolute internal quantum yields () were measured by using the Jobin Yvon integrating sphere. The error of the measured values has been evaluated to 10 %. Emission lifetimes () were recorded with a time-resolved photoluminescence setup consisting of a frequency-tripled regenerative amplified femtosecond Ti:sapphire laser system from Spectra Physics to obtain λex = 267 nm and a C7700 streak camera from Hamamatsu coupled to an SP2300 imaging Acton spectrograph for the luminescence detection. Data were analyzed by exponential curve fitting using Origin software. Spectra in solution were measured in dichloromethane with c = 10 -2 mol.L -1 .

Infrared (IR) spectra from 4000 to 400 cm -1 were recorded with a Bruker Alpha Attenuated Total Reflectance (ATR) spectrometer.

UV-visible absorption spectra were recorded with a Perkin Elmer Lambda 1050 spectrophotometer on dichloromethane solution of the clusters with c = 10 -4 mol.L -1 .

DFT calculations were performed on C1 and C2 clusters using the PBE0 functional and the Gaussian 16 suite of programs. [START_REF] Frisch | Gaussian 16, Revision A.03[END_REF] All ground state geometries of C1 and C2, and excited state structure of C2, were relaxed and checked to be true minima on the potential energy surface (frequency calculation) using the Def2SVP basis set. For C1, we simplified the C12 alkyl chain by a C6 one, using the ONIOM approach. The C6 alkyl chain was studied at the PM6 level of theory (low layer), the other parts being studied with the same functional and basis set as for C2. Due to the high number of atoms taken into account in the calculation (700), we only studied the ground state properties (IR and absorption). Vibrational contributions to electronic transition responsible for the observed luminescence were taken into account using the Vertical Hessian (VH) approach which takes into account modemixing between initial and final states. The lowest normal modes were neglected during the vibronic treatment in order to reach a sufficient progression (> 95 %). This approach gave very good results for such molecular clusters. [START_REF] Utrera-Melero | Mechanically Responsive Luminescent Films Based on Copper Iodide Clusters[END_REF] All post-treatments were done using the Gaussview, VMS and in-house python codes. [START_REF] Licari | Implementation of a Graphical User Interface for the Virtual Multifrequency Spectrometer: The VMS-Draw Tool[END_REF] 

Results and Discussions

The five studied phosphine ligands bearing CBP groups (L1-5) are presented in Figure 1. The number of CBP groups and their spacing with the PPh3 moiety, vary within this series in order to evaluate their impact onto the photophysical properties. The previously studied L1 ligand possesses three CBP groups and a long alkyl chain (C12) as a spacer. [START_REF] Huitorel | Mechanochromic Luminescence and Liquid Crystallinity of Molecular Copper Clusters[END_REF] The four other ligands (L2-4) present different structures with a lesser number of CBP. L2 can be seen as the simplest ligand with one CBP group directly grafted onto the phenyl group through an ester group. In L3 and L4, there is an additional spacer between the ester oxygen and the CBP group consisting of a C2 and C10 alkyl chain, respectively. The L5 ligand bears two CBPs with a short C2 spacer such as that of L3. Similar to L1, the linker is a substituted phenyl group. L1 was synthesized according to previous report from 4-(diphenylphosphino)phenylmethanol. 48 L2-5 were prepared starting from the carboxylic acid (4-(diphenylphosphino)phenylcarboxylic acid) derivative (experimental details in SI). The corresponding clusters (C1-5) were synthesized by reacting CuI with the ligands in dichloromethane at room temperature. All compounds were obtained as white yellowish solids, soluble in most of the common organic solvents. Unfortunately, despite several tries none of these clusters could be crystallized even with the smaller and more rigid L2 ligand. The formula [Cu4I4L4] (L = ligand) was confirmed by elemental analysis and by 1 H and 31 P NMR analyses (details in SI). In particular, the broad 31 P peak around -21 ppm is characteristic of the cubane copper iodide clusters. [START_REF] Huitorel | Evaluation of Ligands Effect on the Photophysical Properties of Copper Iodide Clusters[END_REF] Differential scanning calorimetry and polarized optical microscopy analyses indicate that C2-5 are amorphous over the whole temperature range. Therefore these clusters do not present mesomorphic properties in opposite to C1 which form a Smectic A mesophase upon cooling from 100 °C. [START_REF] Huitorel | Mechanochromic Luminescence and Liquid Crystallinity of Molecular Copper Clusters[END_REF] The FTIR spectra were recorded for C1-5 (Figure S1). To ascertain the vibrational bands assignment, we used the DFT calculations (details in SI and below) performed on C1 (C12 alkyl chain replaced by a shorter C6 one) and C2, within the harmonic approximation since the size of the systems makes impossible anharmonic computations. The simulated IR spectra of C1 and C2 are provided in Figure S2 in which a scale factor of 0.96, already used on this type of compound, was applied. [START_REF] Utrera-Melero | Combining Theory and Experiment to Get Insight into the Amorphous Phase of Luminescent Mechanochromic Copper Iodide Clusters[END_REF][START_REF] Thefioux | Polymorphic Copper Iodide Anions: Luminescence Thermochromism and Mechanochromism of (PPh4)2[Cu2I4][END_REF] The computed vibrational bands of the C=O stretching of the carbonyl group match the experimental ones measured at 1712 and 1732 cm -1 for C1 and C2, respectively. Differences experimentally observed between the clusters are also well reproduced by the simulations with a higher energy of the C=O stretching for C2 than C1. This can be explained by the electron acceptor effect of the CBP group to the carbonyl group that is more pronounced in C2 having no spacer. The CN stretching is also well localized around 2220 cm -1 and is not affected by the modification of the ligand within the clusters series. In the experimental spectra, the band related to long alkyl chain of C1 and C4 (C12 and C10) stand out around 2900 cm -1 . However, these CH2 vibrations associated to the alkyl chain are wrongly simulated in the 2500-2600 cm -1 region for C1. This error is due to the PM6 treatment on these moieties during the computation which prevents an accurate vibrational band reproduction. If C1 was fully treated using the PBE0/Def2SVP approximation, the latter vibrations would be near 2900 cm -1 . Computations performed on the single OH-(CH2)6-OH molecule using either PM6 and PBE0/Def2SVP fully confirmed the previous statement. Vibrational band observed at 1600 cm -1 is attributed to C-C and C-H vibrations from the phenyl rings of the phosphine and that at 815 cm -1 to those of the CBP moiety. The doublet at 1494 and 1431 cm -1 corresponds to C-H rocking from the other unsubstituted phenyls, in accordance with the vibrational signature of the [Cu4I4(PPh3)4] cluster (Figure S1).

As shown in Figure 2, C2 and C5 solids display a yellow emission at room temperature under UV excitation. The emission of C3 and C4 are yellow-green whereas that of C1 is clearly blueish. When cooled to 77 K, their emission color all becomes more intense and fall into the green with greener emission for C1, C3 and C4. When the samples are progressively warmed to room temperature, the initial emissions are recovered. Moderate thermochromic luminescence properties are thus displayed by these clusters with the exception of C1 which presents a more contrasted temperature-dependent emission color change. The solid-state luminescence spectra of the clusters (C1-5) recorded from 293 to 77 K, are reported in Figure 3 and photoluminescence data are gathered in Table 1. At room temperature, C1 presents two broad unstructured emission bands centered at 404 and 519 nm at ex = 280 nm, labeled HE (High Energy) and LE (Low Energy), respectively (Figure 3). All the other clusters (C2-5) present a similar LE band at 555, 535, 545, 550 nm, respectively. This is in agreement with the yellow emission observed by the naked eyes at 298 K (Figure 2). The HE band is for these clusters very weak and even undetectable for C2 in these conditions (Figure S3). Upon excitation at lower energy (ex ~ 400 nm), the LE band is solely observed for all the clusters (Figure 3 andS4). Excitation profiles are different for the two emission bands. The HE one presents a broad excitation band centered at 300 nm whereas a much wider profile is observed for the LE band ranging from 250 to 450 nm. The quantum yield values corresponding to the LE band are  = 1, 3.5, 9, 3 and 14.5 % for C1-5, respectively. A value of  = 9 % was measured for the HE band of C1, that of the other clusters was too weak for such determination. The lifetimes of the LE bands all present decay with similar values in the microsecond scale:  = 1.4, 7.3, 7.2 and 2.9 s for C2-5, respectively (Figure S5). Shorter values were recorded for the HE bands with monoexponential decay:  = 0.3, 0.4 and 0.5 s for C2, C3 and C5 (unmeasurable value for C4). The LE band of C1 has a much longer lifetime lying in the millisecond scale:  = 0.3 ms. In opposite, shorter values were recorded for its HE band: 1 = 0.1 and 2 = 1 ns. Upon lowering the temperature, the intensity of the LE band increases for all clusters, in accordance to reduction of non-radiative processes. Small blue shift is associated in accordance with the limited emission color change observed for C2-5. Nevertheless, an important structuration of the band occurs for C1, C3 and C4 with similar profile characterized by two main peaks at ~ 490 and 520 nm (Figure 3). No significant change of the excitation bands is observed over the whole temperature range. C1 presents however a different excitation profile of the LE band with an additional contribution at around 350 nm. Note that in contrast to C1 which presents luminescence mechanochromic properties, 48 C2-5 are not sensitive to mechanical stimulation. Luminescence vapochromism was not observed for all the clusters. 300 350 400 450 500 550 600 650 700 The comparative analysis of the photophysical data of the present clusters, does not lead to straightforward conclusions. Correlation between the spacer length and nature, the number of CBP group, and the photoluminescence properties is far from direct. The origin of the emission bands is also difficult to assign since the photophysical properties of C1-5 present significant differences compared with those of the more classical cubane clusters. Indeed, the [Cu4I4L4] clusters with PPh2R ligands commonly displayed a broad unstructured emission band at room temperature (LE) whose intensity decreases upon lowering the temperature in detriment to a higher energy band (HE). The variation in temperature of the relative intensities of these two bands is at the origin of the luminescence thermochromism depicted by this family of compounds. From previous studies, the LE band is a transition of mixed XMCT and MM character (X = I and M = Cu). [START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF] The corresponding triplet excited state is commonly labelled 3 CC (Cluster Centered), and involved a Cu-Cu bonding vacant orbital (LUMO+24 for [Cu4I4(PPh3)4]). A significant Cu-Cu shortening thus occurs for this triplet state compared with the fundamental one. The nature of the HE band is different and implies the phenyl groups of the phosphine ligands and the corresponding transition is of 3 (X,M)LCT character. The thermal equilibrium between the two corresponding excited triplet states leads to the opposite intensity variation of these two emission bands. At first sight, the broad emission band observed for C1-5 at room temperature can be attributed to the LE band classically observed for the cubane [Cu4I4L4] clusters. The emission maxima are indeed similar to that reported for [Cu4I4(PPh3)4] of 545 nm, with an emission lifetime value in the microsecond range ( = 4.3 s). [START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF] However, the well resolved structuration of the LE band is untypical for these clusters. Such structuration has been already observed for the band involving the ligand orbitals but never for the 3 CC one. This suggests that the origin of the LE emission band of C1-5 is probably different from the 3 CC one. Regarding the HE band of C1-5, the ligand orbitals may imply π* phenyl orbitals of the phosphine moiety and/or of the CBP units. The nature of the HE and LE emission bands of C1-5 thus appears significantly different from those of the [Cu4I4L4] cubane clusters, that motivated density functional theory (DFT) calculations to elucidate their origin.

 em =
Due to the large size of the studied systems, DFT calculations were only performed on C1 and C2 clusters. Comparisons of these two clusters could indeed permit to study the effect of both the spacer and the number of CBP groups. The alkyl chain was reduced from C12 to C6 for C1 to lower calculations duration while preserving the effect of a long spacer. The geometry at the ground state (S0) was optimized in (C1) and (C2) symmetry for C1 and C2, respectively, and the calculated molecular structures are presented in Figure 5. Regarding the more symmetrical C2 cluster, the Cu-I bond lengths between 2.700 and 2.734 Å and the Cu-P ones of 2.343 and 2.347 Å, are in accordance with those reported for cubane copper iodide clusters coordinated by phosphine ligands. [START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF][START_REF] Huitorel | Evaluation of Ligands Effect on the Photophysical Properties of Copper Iodide Clusters[END_REF] The Cu-Cu distances of the Cu4 tetrahedron of C2 lie in the 2.733-2.776 Å range. These distances are shorter than those reported in the literature for such phosphine-based clusters with a mean value of 3.1 Å. 54 This underestimation is attributed to the Def2SVP basis set used. The calculated Cu-Cu, Cu-I and Cu-P distances of C1 are very close to those of C2 (Figure 5). The simplified orbital diagrams for C2 and C1 at the ground state (S0) are presented in Figure 6 along with representation of selected orbitals. For both clusters, the highest occupied molecular orbitals (HOMOs) are mainly located on the inorganic cluster core with Cu, I and P contributions. In contrast, the lowest unoccupied molecular orbitals (LUMOs) are based on the ligand with a dominant CBP character with, for C2, an additional contribution of the ester substituted phenyl group bond to the P atom (P-Ph). The latter result agrees with the strong electron acceptor character of the CN group. The computed HOMO-LUMO gaps are ~ 6.60 eV and 3.55 eV, for C1 and C2, respectively. This large difference between both values is probably due to the QM/MM approach used for C1 which might cause a larger bandgap. The computed gap value of C2 is however lower than the computed ones in previous reports [START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF][START_REF] Utrera-Melero | Combining Theory and Experiment to Get Insight into the Amorphous Phase of Luminescent Mechanochromic Copper Iodide Clusters[END_REF][START_REF] Huitorel | Evaluation of Ligands Effect on the Photophysical Properties of Copper Iodide Clusters[END_REF] and is attributed to the CN group which stabilizes the LUMO. Above the block of CBPbased LUMOs of C1, are vacant orbitals involving the substituted phenyl group (Ph-O3). The classical Cu-Cu bonding vacant orbital of the cubane clusters implied in the LE emission, generally lies just above the ligand-based orbitals. In the case of C2, this bonding orbital is found at very high energy (~ 5 eV from the HOMO) and is the LUMO+31 (shown in Figure 6). It might stand at even higher energy for C1. TDDFT computations were performed to assign the observed absorption bands. Transitions of two different natures were computed for C2 (Table S1). At 294 and 297 nm, the corresponding transitions is HOMO-9/HOMO-13  LUMO/LUMO+3 (CBP + Cu,I  CBP + P-Ph). These transitions can correspond to the high energy absorption bands observed experimentally at 275-296 nm (Figure 4), and can thus be assigned to CBP-based transitions mainly. The other transitions computed at 334, 406 and 419 nm are HOMO-LUMO transitions (HOMO/HOMO-5  LUMO/LUMO+3; Cu,I,P  CBP + P-Ph) and correspond to the experimental broad absorption band centered at 355 nm. This charge transfer transition thus labelled 1 (X+M)LCT, is common for copper iodide complexes. For C1, the computed transitions of highest oscillator strengths (386 and 400 nm) are from the HOMO/HOMO-2 to the LUMO/LUMO+2 implying a charge transfer from the cluster core to the CBP group. With a long alkyl chain acting as a spacer, one may explain the transition as a charge transfer between two independent moieties. This result was not considered further because such charge transfer is hardly possible due to the large distance separating those moieties and the very low oscillator strengths associated. Much more plausible 1 (X+M)LCT charge transfer transitions are HOMO/HOMO-9  LUMO+10 implying in this case the substituted phenyl group (Ph-O3) closer to the cluster core. Cluster C1 is too large and prevents the study of its excited state with quantum calculations. On the contrary, although C2 possesses more than 200 atoms, we were able to converge a triplet excited state structure and confirm its stability. The geometry of the structure of this excited state is similar to that of the fundamental state with a barely modified [Cu4I4] cluster core (Figure S8). The calculated spin density shows that the free electrons are indeed mostly localized on the PPh3 moiety with some contribution of the iodide atoms (Figure S9). This state thus differs from the classical 3 CC excited one since here a strong implication of the ligand is observed. The corresponding transition can thus be assigned to [START_REF] Hamze | Eliminating Nonradiative Decay in Cu(I) Emitters: >99% Quantum Efficiency and Microsecond Lifetime[END_REF] (X+M)LCT. The luminescence spectrum was computed using the VH ansatz, already used in previous communications. [START_REF] Utrera-Melero | Combining Theory and Experiment to Get Insight into the Amorphous Phase of Luminescent Mechanochromic Copper Iodide Clusters[END_REF] As shown in Figure 7, the recorded solid-state emission band of C2 centered at 555 nm is very well reproduced by the simulation, supporting the previous 3 (X+M)LCT assignment. Based on the DFT results, the LE emission band of C1-5 clusters can be assigned to the charge-transfer transition 3 (X+M)LCT and is thus different from the classical 3 CC state of other cubane clusters. This can be easily explained by the high energy of the Cu-Cu bonding vacant orbital being thus unaccessible.

It can be additionally related to the low energy of the ligand-based vacant orbitals due to the electron acceptor character of the CN groups. This 3 (X+M)LCT emission is indeed of lower energy compared with that of the classical clusters such that of [Cu4I4(PPh3)4] centered at 420 nm. [START_REF] Perruchas | Thermochromic Luminescence of Copper Iodide Clusters: The Case of Phosphine Ligands[END_REF] The lifetime values in the microsecond range are however similar in both cases. The structuration observed of this 3 (X+M)LCT emission at low temperature can thus be attributed to vibronic effect in accordance to its ligand character and similar excitation signature of the components. The lack of such structuration for C2 and C5 is difficult to rationalize at this stage, and in particular based on the rigidity of the ligand which is not superior for L1, L3-4 compared with L2 and L5 without long alkyl chain. Vibronic structuration probably occurs at lower temperatures for C2 and C5.

Regarding the HE emission band, its origin can be attributed to an intra-ligand (IL) π-π* transition centered on the CBP group, in analogy with previous reports on CBP derivatives. [START_REF] Ikeda | Excimer Formation Kinetics in Liquid-Crystalline Alkylcyanobiphenyls[END_REF][START_REF] Piryatinskiĭ | Photoluminescence of Pentyl-Cyanobiphenyl in Liquid-Crystal and Solid-Crystal States[END_REF][START_REF] Bezrodna | Low-Temperature Photoluminescence of 5CB Liquid Crystal[END_REF][START_REF] Shah | Photoluminescence Modulation in the Graphene Oxide Dispersed 4-n-Octyl-4'-Cyanobiphenyl Molecular System[END_REF][START_REF] Nagai | Photoluminescence of Polysiloxane Containing Mesogenic 4-Cyanobiphenyl in Solution[END_REF] The monomer emission reported around 370 nm can be shifted to lower energy for excimers. The HE band of C1 at λmax = 363 nm in solution can be thus attributed to monomers whereas excimers are formed in solidstate with λmax = 404 nm. This is in accordance with the nanosecond time scale of the lifetimes measured in solution, and previous reports. [START_REF] Ikeda | Excimer Formation Kinetics in Liquid-Crystalline Alkylcyanobiphenyls[END_REF][START_REF] Piryatinskiĭ | Photoluminescence of Pentyl-Cyanobiphenyl in Liquid-Crystal and Solid-Crystal States[END_REF][START_REF] Bezrodna | Low-Temperature Photoluminescence of 5CB Liquid Crystal[END_REF][START_REF] Shah | Photoluminescence Modulation in the Graphene Oxide Dispersed 4-n-Octyl-4'-Cyanobiphenyl Molecular System[END_REF][START_REF] Nagai | Photoluminescence of Polysiloxane Containing Mesogenic 4-Cyanobiphenyl in Solution[END_REF] Corresponding CBP IL absorption transitions around 300 nm were confirmed by the calculations. The redshift of this absorption band for C2 (λmax = 275 nm) compared with that of the others clusters, can be due to electronic effect of the PPh3 moiety onto the CBP, stronger in that case without any spacer. This may also explain the different lifetime of the HE band (s) in solution of C2 compared with that of the other clusters values (ns).

Upon lowering the temperature, the concomitant increase of the intensity of the two HE and LE emission bands of C1 is different from the thermochromism classically observed based on thermal equilibrium between the two emissive states. This unclassical feature is in agreement with the different origin of the emissions. Among the studied clusters, C1 presents the more intense HE band that can be explained by the larger number of CBP groups born by its ligand. However, the HE band intensity of C5 having two CBP groups per ligand is not higher compared with that of C4 having only one CBP group. This observation indicates a possible energy transfer between the two emissive centers. Indeed, occurrence of such transfer is supported by the spectral overlap between the HE emission band and the LE absorption band. The excitation profile of the LE bands in solid-state is also clearly different from that of classical clusters with a maximum around 400 nm corresponding to this spectral overlap area. A FRET (Förster Resonance Energy Transfer) mechanism between the CBP group (acting as donor) and the cluster (acting as acceptor) is indeed possible based on the distances separating these two emitters which are in the relevant 1-10 nm range. [START_REF] Teunissen | Investigating Supramolecular Systems Using Förster Resonance Energy Transfer[END_REF] The much higher intensity of the HE bands of all clusters in solution compared with those in solid-state, can be explained by the transfer efficiency being reduced in solution due to molecular motion and decrease of the distance between emitters. [START_REF] Jiang | Supramolecular Oligourethane Gels as Light-Harvesting Antennae: Achieving Multicolour Luminescence and White-Light Emission through FRET[END_REF] Full transfer in solid-state leads to an almost extinguished HE band for the clusters. The case of C1 is different for which the transfer is only partial resulting in remaining HE emission and leading to a dual emissive system. The particularity of C1 such as the uncommon long lifetime (ms) of its LE band can found its origin in its liquid crystalline properties with a specific organization of the CBP groups and excimers formation, known to impact the photophysical properties. The relative orientation between the donor and acceptor is also known to impact the energy transfer efficiency. The strong distance-dependency of the FRET process is also illustrated along this cluster series. The predominance of the HE band for C1 and C4 compared with its near extinction for C2 is consistent with the long spacers (C10 and C12) for the former, and the lack of it for the latter. C3 and C5 having short spacer represent intermediate cases.

Lifetimes values are shorter in the solution compared with the solid-state as expected, but conclusions regarding the precise nature of the energy transfer process are difficult to be drawn. The CBP-[Cu4I4] clusters are indeed more complexes that two fully independent emitters usually at play in FRET studies.

Conclusions.

The present comparative study of five copper iodide clusters functionalized by different CBP-based phosphine ligands demonstrates the impact of the emissive properties of the ligands onto the photophysical properties of the cluster entirety. Compared with classical [Cu4I4L4] copper iodide clusters, the origin of the emission bands is completely different. The CBP moiety of electron acceptor character significantly lowers in energy the vacant orbitals and consequently the (X,M)LCT emission band. The cluster core emission is therefore not accessible anymore. The intrinsic emission of the CBP moiety brings an additional emission band at higher energy. This dual emissive system thus differs from the classical clusters by having two different emissive centers which are interacting through energy transfer.

These CBP-[Cu4I4] photoactive systems show that the design of original ligands can effectively enrich the photophysical properties of these family of copper iodide complexes. By using ligands with suitable emissive states, a neat control of the photoluminescence properties can be even envisioned. The study of original photoactive ligands indeed open new perspectives towards multifunctional materials. Such investigations are currently under progress in our group.
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 1 Figure 1. Schematic drawing of the [Cu4I4L4] clusters C1-5 with the phosphine ligands L1-5.
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 2 Figure 2. Photos of C1-5 solids under ambient light and UV irradiation (365 nm lamp) at 298 and 77 K.
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 34 Figure 3. Temperature-dependent solid-state luminescence spectra of C1-5 from 293 to 77 K, with emission spectra shown as plain lines and excitation spectra as dashed or dotted lines.

Figure 5 .

 5 Figure 5. Optimized molecular structure (S0) of C2 in (C2) symmetry (Cu-Cu: 2.733-2.776; Cu-I: 2.700-2.734; Cu-P: 2.343-2.347 Å) and of C1 with a shorter alkyl chain spacer C6 in (C1) symmetry (Cu-Cu: 2.722-2.801; Cu-I: 2.707-2.741; Cu-P: 2.345-2.349 Å).

Figure 6 .

 6 Figure 6. Simplified orbital diagram of C2 and C1 at the ground state (S0). Orbital compositions are indicated along with representations of the orbitals (iodide in purple, copper and phosphorus in orange, oxygen in red, nitrogen in blue and carbon in grey), hydrogen atoms are omitted for clarity.

Figure 7 .

 7 Figure 7. Simulated emission spectra of the triplet state and experimental solid-state emission spectra of C2.

  

  1 H NMR (300 MHz, CDCl3) δ 8.21 -8.06 (m, 2H), 7.77 -7.62 (m, 6H), 7.53 -7.29 (m, 14H).

	13 C NMR
	(75 MHz, CDCl3) δ 165.01 (C=O), 151.55 (Cq), 145.61 (Cq), 144.94 (Cq), 137.13 (Cq), 136.16 (Cq),
	136.02 (Cq), 134.31 (CH), 134.05 (CH), 133.60 (CH), 133.36 (CH), 132.82 (CH), 130.07 (CH), 129.98
	(CH), 129.45 (CH), 129.20 (Cq), 128.97 (CH), 128.87 (CH), 128.57 (CH), 127.86 (CH), 122.57 (CH),
	118.98 (Cq), 111.28 (Cq). 31 P NMR (121 MHz, CDCl3) δ (ppm): -4.62. MALDI-TOF-MS: m/z = 484.1
	([M+H] + ). Anal. Calc. for C32H22NO2P (%): C 79.49, H 4.59, N 2.90. Found (%): C 79.03, H 4.57, N
	3.25.

  [START_REF] Wenger | Photoactive Complexes with Earth-Abundant Metals[END_REF] H NMR (300 MHz, CDCl3) δ 7.99 (dd, J = 8.2, 1.5 Hz, 2H), 7.75 -7.58 (m, 5H), 7.58 -7.48 (m, 2H), 7.43 -7.26 (m, 12H), 7.12 -6.94 (m, 2H), 4.79 -4.60 (m, 2H), 4.36 (t, J = 4.7 Hz, 2H). 13 C NMR (75 MHz, CDCl3) δ 166.36 (C=O), 159.28 (Cq), 145.18 (Cq), 144.73 (Cq), 144.54 (Cq), 136.28 (Cq), 136.14 (Cq), 134.20 (CH), 133.93 (CH), 133.40 (CH), 133.15 (CH), 132.69 (CH), 132.18 (Cq), 129.78 (Cq), 129.58 (CH), 129.50 (CH), 129.29 (CH), 128.85 (CH), 128.76 (CH), 128.55 (CH), 127.26 (CH), 119.14

	(Cq), 115.42 (CH), 110.38 (Cq), 66.28 (OCH2), 63.37 (OCH2). 31 P NMR (121 MHz, CDCl3) δ (ppm): -
	4.91. MALDI-TOF-MS: m/z = 528.2 ([M+H] + ). Anal. Calc. for C34H26NO3P, 2/3 H2O (%): C 75.69, H
	5.11, N 2.60. Found (%): C 75.28, H 4.92, N 3.14.

Table 1 .

 1 Photophysical data of C1-5 at 293 K. Lifetimes recorded at λex = 267 nm at 298 K. * not measurable due to instrumental artefacts.

			Solid-state			Solution
		λem max (nm)		QY (%)	λem max (nm)	
		[λex (nm)]	[λem (nm)]	[λex (nm)]	[λex (nm)]	[λem (nm)]
	C1	404 [280] HE 519 [280] LE	0.1 ns/1 ns [390] HE 0.3 ms [525] LE	9 [280] HE 1 [400] LE	363 [280] HE -LE	0.8 ns [380] HE -LE
	C2	-HE 555 [280] LE	0.3 μs [360] HE 1.4 μs [540] LE	3.5 [350] LE	355 [280] HE 580 [280] LE	0.01/0.4 μs [380] HE 2.3/46 ns [580] LE
	C3	360 [280] HE 540 [280] LE	0.4 µs [400] HE 7.3 µs [540] LE	9 [350] LE	356 [280] HE 555 [280] LE	0.3 ns [380] HE 23 ns [550] LE
	C4	358 [280] HE 531 [280] LE	* HE 7.2 µs [525] LE	3 [350] LE	363 [280] HE 545 [280] LE	0.8 ns [380] HE 33 ns [550] LE
	C5	360 [280] HE 550 [280] LE	0.5 µs [400] HE 2.9 µs [540] LE	14.5 [350] LE	356 [280] HE 590 [280] LE	0.3 ns [380] HE 41 ns [550] LE
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