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2]paracyclophane-based antennas to ensure efficient sensitization of lanthanide ions or singlet oxygen generation

 

Tuning the excited state properties of [2.

Introduction

Since the discovery of the "red phosphor", i.e. the red emission of europium(III) diluted in solid matrix (Eu.Y 2 O 3 ) by George Urbain in the early 1900's, the luminescence of the felements has always held a real fascination for the scientific community. [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF] This one-century old enthusiasm is still justified by the very particular photophysical properties of these elements which show very narrow emission lines originated by the forbidden intra-atomic f-f transitions spread from the visible to the near infra-red with long excited state lifetimes in the µs-to-ms range. [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF][2] These characteristics have been widely investigated in many application areas ranging from material sciences for lightning, [START_REF] Jüstel | New Developments in the Field of Luminescent Materials for Lighting and Displays[END_REF] multicolor barcoding [START_REF] Guillou | A Long Journey in Lanthanide Chemistry: From Fundamental Crystallogenesis Studies to Commercial Anticounterfeiting Taggants[END_REF] or displays, to biology for imaging [START_REF] Bünzli | Lanthanide Luminescence for Biomedical Analyses and Imaging[END_REF][START_REF] New | Development of responsive lanthanide probes for cellular applications[END_REF][START_REF] Heffern | Lanthanide probes for bioresponsive imaging[END_REF][START_REF] Jin | Joining the journey to near infrared (NIR) imaging: the emerging role of lanthanides in the designing of molecular probes[END_REF] or immuno-assay. [START_REF] Sy | Lanthanide-based luminescence biolabelling[END_REF][START_REF] Zwier | Luminescent lanthanide cryptates: from the bench to the bedside[END_REF][START_REF] Zhang | Long-Lived Emissive Probes for Time-Resolved Photoluminescence Bioimaging and Biosensing[END_REF] From a more fundamental point of view, the high resolution luminescence, characteristic of the symmetry of the coordination sphere (crystal-field splitting), can be correlated with other related properties like magnetism for instance. [START_REF] Pointillart | Lanthanide ion and tetrathiafulvalene-based ligand as a "magic" couple toward luminescence, single molecule magnets, and magnetostructural correlations[END_REF][START_REF] Marin | Shining new light on multifunctional lanthanide single-molecule magnets[END_REF][START_REF] Parker | How the Ligand Field in Lanthanide Coordination Complexes Determines Magnetic Susceptibility Anisotropy, Paramagnetic NMR Shift, and Relaxation Behavior[END_REF] However, due to the forbidden character of f-f transitions, the extinction coefficients are generally very low (1-10 L.mol -1 .cm -1 ) precluding direct excitation in these transitions, in particular for molecular compounds diluted in solution. To overcome this drawback, Weissman discovered in the early 40's an indirect sensitization mechanism mediated by a coordinated ligand able to absorb efficiently light and transfer the energy to the emitting metal ion. [START_REF] Weissman | Intramolecular Energy Transfer The Fluorescence of Complexes of Europium[END_REF] This intramolecular energy transfer is referred to as the "antenna effect", following Lehn and Sabbatini studies on the tris-bipyridine cryptate europium complex. [START_REF] Sabbatini | Luminescent lanthanide complexes as photochemical supramolecular devices[END_REF] Several sensitization photophysical mechanisms have been proposed involving either the triplet excited state of the antenna or a direct energy transfer from the singlet one. [START_REF] D'aléo | Charge transfer excited states sensitization of lanthanide emitting from the visible to the near-infra-red[END_REF] The optimization of the antenna effect for a given lanthanide ion consists of simultaneously optimizing the sensitization process () and the absorption at the wavelength of interest (), leading in fine to the highest possible brightness B [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF] = .. This quest strongly stimulates the researchers' creativity as illustrated by the exceptional variety of polydentate or macrocyclic ligands published each year, where large brightness has been achieved using very different structures. As selected examples, record brightness has been obtained for (i) Eu(III) using macrocyclic triazacyclononane platform functionalized by a -conjugated chromophore, [START_REF] Walton | Very bright europium complexes that stain cellular mitochondria[END_REF] (ii) Tb(III) thanks to a cryptate ligand [START_REF] Xu | Octadentate Cages of Tb(III) 2-Hydroxyisophthalamides: A New Standard for Luminescent Lanthanide Labels[END_REF][START_REF] Moore | From Antenna to Assay: Lessons Learned in Lanthanide Luminescence[END_REF] and (iii) Yb(III) using a sandwich complex between a porphyrin and a Kläui's tripodal ligand. [START_REF] Hu | Highly near-IR emissive ytterbium(iii) complexes with unprecedented quantum yields[END_REF] A large variety of chromophores have been tested as antenna among which polyaromatic dyes (anthracene, pyrene), [START_REF] Ward | Mechanisms of sensitization of lanthanide(III)-based luminescence in transition metal/lanthanide and anthracene/lanthanide dyads[END_REF][START_REF] Watkis | Controlling energy transfer in ytterbium complexes: oxygen dependent lanthanide luminescence and singlet oxygen formation[END_REF] xanthene [START_REF] New | Definition of the uptake mechanism and sub-cellular localisation profile of emissive lanthanide complexes as cellular optical probes[END_REF] and coumarin derivatives, [START_REF] Pershagen | Multiplex detection of enzymatic activity with responsive lanthanide-based luminescent probes[END_REF][START_REF] Junker | Shining light on the antenna chromophore in lanthanide based dyes[END_REF] -conjugated chromophores (Michler ketone, [START_REF] Werts | Bathochromicity of Michler's ketone upon coordination with lanthanide(III) β-diketonates enables efficient sensitisation of Eu 3+ for luminescence under visible light excitation †[END_REF] tetra-thiafulavalene, [START_REF] Pointillart | Luminescence and singlemolecule magnet behavior in lanthanide complexes involving a tetrathiafulvalene-fused dipyridophenazine ligand[END_REF] dipolar dyes [START_REF] Yang | A highly luminescent europium complex showing visible-light-sensitized red emission: direct observation of the singlet pathway[END_REF][START_REF] Hamon | Pyclen-Based Ln(III) Complexes as Highly Luminescent Bioprobes for In Vitro and In Vivo One-and Two-Photon Bioimaging Applications[END_REF] ), coordination or organometallic complexes, [START_REF] Ward | Transition-metal sensitised near-infrared luminescence from lanthanides in d-f heteronuclear arrays[END_REF][START_REF] Piazza | d-f heterobimetallic association between ytterbium and ruthenium carbon-rich complexes: redox commutation of near-IR luminescence[END_REF] porphyrins, [START_REF] Hu | Highly near-IR emissive ytterbium(iii) complexes with unprecedented quantum yields[END_REF] dithienylethene, [START_REF] Sabea | Dual Light and Redox Control of NIR Luminescence with Complementary Photochromic and Organometallic Antennae[END_REF] murexide, [START_REF] Yi | Unraveling the crystal structure of lanthanide-murexide complexes: use of an ancient complexometry indicator as a near-infrared-emitting single-ion magnet[END_REF][START_REF] Norel | Remote Control of Near Infrared Emission with Lanthanide Complexes[END_REF] bodipy dyes [START_REF] Zhong | BODIPY chromophores as efficient green light sensitizers for lanthanideinduced near-infrared emission[END_REF][START_REF] He | Iodized BODIPY as a long wavelength light sensitizer for the near-infrared emission of ytterbium(III) ion[END_REF] etc… Herein, we report the use of [2.2]-paracyclophane (pCp) chromophore for the design of tunable antennas. pCp is a sandwich-like molecule that features two phenyl rings linked together by two ethylene bridges at their para position. [START_REF] Brown | Preparation and Structure of Di-p-Xylylene[END_REF][START_REF] Hope | The crystal and molecular structure of 1[END_REF] The strong -electronic interactions occurring between the two aromatic "decks" of pCp ensure an efficient "throughspace" delocalization that can be employed to develop original -conjugated chromophores as illustrated for instance by Bazan's work in nonlinear optics. [START_REF] Bartholomew | Three-Dimensional Nonlinear Optical Chromophores Based on Through-Space Delocalization[END_REF][START_REF] Bartholomew | Two-Photon Absorption in Three-Dimensional Chromophores Based on [2.2]-Paracyclophane[END_REF] More recently, some of us [START_REF] Delcourt | 3D Coumarin Systems Based on [2.2Paracyclophane: Synthesis, Spectroscopic Characterization, and Chiroptical Properties[END_REF] and others researchers [START_REF] Morisaki | Planar Chiral [2.2Paracyclophanes: Optical Resolution and Transformation to Optically Active π-Stacked Molecules[END_REF] have taken advantage of the intrinsic planar chirality of these scaffolds [START_REF] Cram | Macro Rings. XII. Stereochemical Consequences of Steric Compression in the Smallest Paracyclophane1[END_REF] to design chiral dyes for circularly polarized luminescence applications. Surprisingly, the literature briefly reports only one example of a -diketonate ligand substituted by a pCp moity for the sensitization of Eu(III) luminescence. [START_REF] Grykien | Electric field tunable light emitting diodes containing europium βdiketonates with [2.2]paracyclophane moiety[END_REF] In the course of our ongoing study on the design of donor--conjugated picolinate charge transfer antennas to optimize the brightness of various lanthanide ions, [START_REF] D'aléo | Ytterbium-Based Bioprobes for Near-Infrared Two-Photon Scanning Laser Microscopy Imaging[END_REF][START_REF] Soulie | Comparative analysis of conjugated alkynyl chromophoretriazacyclononane ligands for sensitized emission of europium and terbium[END_REF][START_REF] Bui | Twisted Charge-Transfer Antennae for Ultra-Bright Terbium(III) and Dysprosium(III) Bioprobes[END_REF] we have focused our attention on the synthesis of new antennas incorporating pCp chromophores substituted by either an alkoxy donor group or a fused coumarin moiety. With the two pCp-based antennas in hand, the corresponding tri-azacyclononane (TACN) macrocyclic ligands have been prepared and employed to access Eu(III), Yb(III) and Gd(III) complexes (Figure 1). The combined spectroscopic/theoretical study described in the next sections allowed us to fully rationalize the photophysics of the pCpbased chromophores, as well as their related antennas and Ln complexes. It appears that the alkoxy substituted antenna is highly efficient for Eu(III) sensitization, whereas the coumarin-based antenna is better suited for sensitizing Yb(III), or photoactivating singlet oxygen when associated with Gd(III).

Results and discussions

Synthesis. The synthesis of the desired Ln(III) complexes began with the preparation of the two antenna chromophores containing the pCp conjugated scaffold. The first compound, substituted with an electro-donating OHex group ((±)-5), was prepared in four steps starting from commercially available 4,16-dibromo[2.2]paracyclophane 1 (Scheme 1). A brominelithium exchange, followed by the addition of trimethylborate, and in situ oxidation of the resulting boronic ester with H 2 O 2 and NaOH readily afforded phenol (±)-2 in 85% yield. [START_REF] Kane | A novel entry into a new class of cyclophane derivatives: synthesis of (±)-[2.2]paracyclophane-4thiol[END_REF][START_REF] Ma | Planar chiral imidazolium salts based on [2.2]paracyclophane in the asymmetric rhodium-catalyzed 1,2-addition of arylboronic acids to aldehydes[END_REF] Scheme 1. Synthesis of pCp-based chromophore (±)-5. Scheme 2. Synthesis of coumarin fused pCp-based chromophore (±)-11. Scheme 3. Synthesis of antenna chromophores A 1,2 , macrocyclic ligands L 1,2 and related lanthanide complexes.

Note that dissymetrically substituted pCp such as 2 are chiral molecules (planar chirality) and (±) indicates the formation of the racemic mixture. Etherification of (±)-2 with 1bromohexane in the presence of K 2 CO 3 generated product (±)-3 in 75% yield. A second bromine-lithium exchange and subsequent formylation with DMF led to the formation of aldehyde (±)-4 in 77% yield. Treatment of this compound with Bestmann-Ohira reagent [START_REF] Ma | Planar chiral imidazolium salts based on [2.2]paracyclophane in the asymmetric rhodium-catalyzed 1,2-addition of arylboronic acids to aldehydes[END_REF] finally allowed us to isolate alkyne (±)-5 in 83% yield. The second pCp-based chromophore incorporates a fused coumarin moiety. It was synthesized in six steps starting from phenol (±)-2 (Scheme 2). The reactive hydroxyl group of this molecule was first protected as silyl ether through a reaction with tert-butyldimethylsilyl chloride (TBSCl) in the presence of a base (DIPEA). The resulting compound (±)-6 was successfully engaged in a brominelithium exchange and formylation with DMF to provide product (±)-7 in 64% yield. After cleavage of the TBS protecting group with NaH, phenol (±)-8 was submitted to esterification with 2-butynoic acid, N,N'dicyclohexylcarbodiimide (DCC), and 4dimethylaminopyridine (DMAP) to afford ester (±)-9 in 67% yield. This -unsaturated derivative underwent a gold-and silver-catalyzed intramolecular cyclization, under microwave irradiation, to generate the desired coumarin product (±)-10 in 58% yield. [START_REF] Delcourt | 3D Coumarin Systems Based on [2.2Paracyclophane: Synthesis, Spectroscopic Characterization, and Chiroptical Properties[END_REF] The aldehyde function of this compound was finally converted into a triple bond via Seyferth-Gilbert homologation. [START_REF] Ma | Planar chiral imidazolium salts based on [2.2]paracyclophane in the asymmetric rhodium-catalyzed 1,2-addition of arylboronic acids to aldehydes[END_REF] Starting from the pCp-based chromophores (±)-5 and (±)-11, antennas A 1 and A 2 were prepared through Sonogashira crosscoupling reactions with iodo-picolinic ester 12 as previously exemplified in our group (Scheme 3). [START_REF] Soulie | Comparative analysis of conjugated alkynyl chromophoretriazacyclononane ligands for sensitized emission of europium and terbium[END_REF] Compounds A 1 and A 2 were finally linked to TACN after a mesylation step, leading to the formation of the ligands L 1 and L 2 after purification by column chromatography. The antennas and the corresponding ligands were all obtained as mixtures of enantiomers and diastereoisomers, respectively. All the synthetized compounds have been fully characterized by 1 H and [START_REF] Marin | Shining new light on multifunctional lanthanide single-molecule magnets[END_REF] C NMR spectroscopy as well as mass spectrometry (see SI for details). The complexation with the desired lanthanide ion was finally achieved by in situ saponification and addition of the hydrated lanthanide chloride salt at pH = 6 in a THF/H 2 O mixture (Scheme 3). The final complexes EuL 1 , YbL 2 , GdL 2 were obtained in quantitative yields after extraction in dichloromethane (DCM). In our hand, it was impossible to grow crystal suitable for Xray diffraction certainly due to the large number of isomers present arising from both the racemic pCps (R p or S p configurations), and the wrapping of the picolinate around the metal with  or  stereochemistry. Therefore, a computed optimized structure using Y(III) as the metallic center and simplified L 1' ligands featuring -OMe instead of -OHex endgroups, was performed by DFT as previously done for similar complexes. [START_REF] Soulie | Comparative analysis of conjugated alkynyl chromophoretriazacyclononane ligands for sensitized emission of europium and terbium[END_REF] The resulting optimized structure, presented in Figure 2, highlights that despite the pCp-based chromophore's size, steric hindrance does not seem to interfere with the expected D 3h complex symmetry. Investigation of some other possible isomers reveals that the stabilization energy is almost constant (within ±1 kcal.mol -1 ) confirming the racemic character of the prepared complexes.

Photophysical and theoretical study of the pCp-based chromophores and antennas. The photophysical properties of the pCp chromophores (±)-5 and (±)-11, and the corresponding antennas A 1 and A 2 were thoroughly investigated. Absorption, emission spectra (fluorescence and phosphorescence), fluorescence quantum yields, as well as singlet oxygen generation were measured for all derivatives in different organic solvents (toluene, dichloromethane, and acetonitrile). The main photophysical data recorded in dichloromethane at room temperature and 77K are compiled in Table 1.

The experimental absorption and emission spectra of the chromophore (±)-5 are similar to those of the unsubstituted commercially available pCp in the same solvent. [START_REF] Nurmukhametov | Absorption and Luminescence Properties of [2.2Paracyclophane due to Strong Transannular Interaction[END_REF] Indeed, a strong absorption band with a maximum at 250 nm and two weak absorption bands centered around 300 and 313 nm were observed together with an emission maximum at 367 nm (Figure S1). This derivative presents a subtle bathochromic shift for both absorption and emission in comparison to the unsubstituted pCp, which could be explained by the electrondonating effect from the -OHex fragment. In sharp contrast, the main absorption band of A 1 located around 315 nm is strongly enhanced with an extinction coefficient 20 times higher than that observed for (±)-5 (Figure 3). In addition, the emission spectrum of this antenna shows a broad structureless band centered at 497 nm. Compared to (±)-5, A 1 therefore displays a considerably red-shifted luminescence (+ 130 nm) and a strongly increased Stokes shift (11325 cm -1 vs 4700 cm -1 for (±)-5, Figure S2). Interestingly, a significant positive solvatochromism was observed for A [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF] when moving from toluene to acetonitrile. This behavior is more pronounced in emission, as confirmed from the positive linear tendency of the Lippert-Mataga plot (Figure S3). All these features are consistent with the assignment of this transition to a throughspace charge transfer (CT) transition from the electrondonating -OHex fragment to the picolinate group acting as the electron-withdrawing group via the pCp conjugated skeleton (vide infra). The maximum emission intensity corresponds to the relaxed CT excited state, E(CT*) = 20100 cm -1 . In order, to complete the simplified Jablonsky energy diagram, the localization of triplet excited state was investigated using low temperature emission spectroscopy. The emission spectra of (±)-5 and A 1 were recorded in frozen DCM solutions at 77K (Figure 3) with and without a delay (0.1 ms) to suppress short lived fluorescence. In the case of (±)-5 (Figure S1), the 77K fluorescence is comparable to the RT one, and is accompanied by an intense phosphorescence band centered at 494 nm. For A 1 , 77K fluorescence is strongly blue shifted compared to the RT signal and now correspond to that of (±)-5. This behavior can be rationalized by the fact that at low temperatures, in the glassy solid matrix the increased medium viscosity associated with the suppression of molecular motions avoid solvent reorganization around the excited chromophore resulting in the increase of the CT energy level. [START_REF] Gallavardin | Photodynamic therapy and two-photon bio-imaging applications of hydrophobic chromophores through amphiphilic polymer delivery[END_REF][START_REF] D'aléo | Efficient Sensitization of Europium, Ytterbium, and Neodymium Functionalized Tris-Dipicolinate Lanthanide Complexes through Tunable Charge-Transfer Excited States[END_REF] Application of a delay, allows to observe a less intense phosphorescence centered at 515 nm from which we could assigned the lowest triplet state emission at 20000 cm -1 . Table 1. Main photophysical properties of the pCp chromophores and corresponding antennas in diluted DCM at RT and 77K.

a. Assigned to the first deconvoluted band of the phosphorescence spectrum after a 0.1 ms delay as marked in the corresponding figures. b. Measured by comparative method using coumarin-153 ( Φ f = 0.45 in methanol) as standard. c. Measured by comparative method using phenalenone as standard (Φ Δ = 0.98 in dichloromethane). [START_REF] Schmidt | a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF] The same study performed on the fused coumarin derivatives (±)-11 and the corresponding antenna A 2 reveals different behaviors. In both cases, the photophysical properties are governed by the coumarin-pCp chromophore, with the characteristic π→π* absorption band centered at ca. 325 nm and the localized emission band at ca. 430 nm (Figures 4 andS4). Interestingly, no solvatochromism was observed for any derivative (Figures S5), highlighting the localized nature of the states involved in both the absorption and emission processes. When the emission studies were performed at low temperature, a more intense broad phosphorescence band appeared with a maximum at ca. 550 nm whose character was confirmed by its persistence when a 0.1 ms delay was applied (Figure 4). These measurements allow the assignment of the lowest energy triplet state at 19500 cm -1 , significantly stabilized compared to the first -OHex series. The intense phosphorescence band observed at low temperature combined with the low emission quantum yields for all derivatives compounds λ abs As expected, the characteristic phosphorescence band of 1 O 2 at 1270 nm was detected at room temperature upon excitation of the coumarin containing compounds. Contrarily, the -OHex derivatives (±)-5 and A 1 failed to activate molecular oxygen. The efficiency of singlet oxygen production, Φ Δ , was estimated to be 0.70 and 0.60 for (±)-11 and A 2 , respectively, by comparison with phenalenone as the reference compound, all measurements being performed in the same solvent (Table 1 and Figure S6). [START_REF] Schmidt | a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF] The observed Φ Δ values are quite remarkable, indicating that the coumarinfused pCp derivatives can be considered as efficient heavy atom free sensitizers for singlet oxygen generation opening the way for photodynamic therapy applications. [START_REF] Nguyen | Heavy-Atom-Free Photosensitizers: From Molecular Design to Applications in the Photodynamic Therapy of Cancer[END_REF] The very different photophysical properties observed for the two series of compounds are the signature of profound modifications of the excited electronic structures and motivated us to undertake a complete theoretical study by TD-DFT (CAM-B3LYP/6-311+G(d,p) level). All computational details are given in supplementary information while the main results are highlighted below. Focusing on the lowest energy transition (S 1 -S 0 ), a clear identifiable CT character is observed in the case of (±)-5 and the related antenna A 1 (Figure 5) as characterized by the large computed D CT and Q CT values. [START_REF] Bahers | A Qualitative Index of Spatial Extent in Charge-Transfer Excitations[END_REF][START_REF] Adamo | Exploring excited states using Time Dependent Density Functional Theory and density-based indexes[END_REF] For both molecules, this CT happens between the two phenyl rings of paracyclophane. These results agree with the large Stokes shift measured for A [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF] , that can be easily explained by the electron-withdrawing character of the picolinate motif. On the other hand, the nature of the S 1 -S 0 transition for (±)-11 and A 2 seems to be localized on one side of the paracyclophane, also in agreement with the experimental data where no solvatochromism was observed. To further investigate the feasibility of the singlet oxygen sensitization of the four molecules, the spin-orbit coupling (SOC) between the S 1 and lowest triplet states was computed at the TD-DFT level using the Douglas-Kroll Hamiltonian with the Dalton code (see specifications in supplementary information). The electron variation density of these transitions was also computed and is presented in Figures S7 andS8. While for the molecules substituted with an ether function, the SOC for S 1 -T 1 is relatively low (<0.5 cm -1 ), this value is greatly increased in the case of the coumarin based molecules, with coupling intensities higher than 1 cm -1 for (±)-11 and A 2 , respectively. The computed lowest triplet state energies as well as the SOC calculated from the S 1 state are summarized in Figure 6. 

A 2 Φ Δ = 60%

In general terms, the computed variation of SOC of the two families of compounds perfectly matches the experimental results on the singlet oxygen generation, where no singlet oxygen was observed in the case of the -OHex derivatives but relatively high efficiencies (>60 %) were found in the case of the coumarin-based compounds.

Photophysical characterization of the lanthanide complexes.

The previous sections highlighted how the nature of the excited states of the paracyclophane antennas can be modulated by selection of the right substituents. Consequently, the sensitization mechanism of the lanthanide ion is expected to be strongly affected by this nature. A 1 presents a strong through-space CT character together with a weak ISC ability and both energy levels (E(CT)* = 20100 cm -1 and E(T 1 ) = 20000 cm -1 ) seem to be appropriate for Eu(III) sensitization (Eu 3+ accepting levels: Eu( 5 D 1 ) = 19,000 cm -1 and Eu( 5 D 0 ) = 17,200 cm -1 , respectively). The room temperature and 77K spectra of EuL 1 are reported in Figure 7. The characteristic emission profile of the Eu(III) 5 D 0 → 7 F J transitions is observed. Interestingly, no residual ligand centered emission at higher energy is present which indicates a very efficient energy transfer from the antenna to the excited states of europium. The relative intensity of the different 5 D 0 → 7 F J (J = 0 to 4) transitions is 0.05, 1, 10.3, 0.5, 1.8 at RT using the magnetic dipole transition J=1 as internal standard. This distribution is sensitive to ligand field splitting (LFS) and a qualitative indicator of the complex symmetry in solution. [START_REF] Tanner | Some misconceptions concerning the electronic spectra of tri-positive europium and cerium[END_REF] The hypersensitive J=2 transition is the most intense and concentrates R 2 = 75.2 % of the total intensity and the ratio between the intensity of the J=2 over the J=4 transitions r = 5.7. These values are close to that obtained for other related C 3 symmetric TACN complexes (R 2 = 79%, r = 10.9) but the more intense J=4 transition suggests a slight distortion from this threefold symmetry. [START_REF] Mendy | Cationic Biphotonic Lanthanide Luminescent Bioprobes Based on Functionalized Cross-Bridged Cyclam Macrocycles[END_REF] At low temperature the spectra is better resolved, giving more indications about the complex symmetry (Figure 7). Here, the fine splitting of the bands (2 for J=1, and 3 for J=2) suggests a high symmetry around the Eu(III) ion, typically D 3h symmetry expected for TACNtrispicolinate derivatives. [START_REF] Nocton | Water Stability and Luminescence of Lanthanide Complexes of Tripodal Ligands Derived from 1,4,7-Triazacyclononane: Pyridinecarboxamide versus Pyridinecarboxylate Donors[END_REF] The overall quantum yield at room temperature was found to be of 0.33 with a mono-exponential lifetime decay of 0.93 ms at 612 nm (Figures S9 andS10).

Both values indicate a generally good sensitization of the central Eu 3+ ion, highlighting the use of A 1 paracyclophane derivatives as efficient antennas. [START_REF] Schmidt | a universal reference compound for the determination of quantum yields of singlet oxygen O2(1Δg) sensitization[END_REF] On the other hand, the A 2 antenna was found to present a localized excited state with a strong intersystem-crossing efficiently populating the triplet sate localized at 19500 cm -1 that acts as a very good sensitizer for singlet oxygen generation (  = 0.60). Therefore, the GdL 2 complex was synthetized and its photophysical properties studied (Figure 8). As for the A 2 antenna, an intense phosphorescence band was observed at low temperature confirming the efficient ISC process in the complex. The generation of singlet oxygen was also observed with a quantum yield of 0.45, slightly lower than the A 2 antenna (Figure S11). This value is in the range of that observed in the literature. [START_REF] Law | Responsive and reactive terbium complexes with an azaxanthone sensitiser and one naphthyl group: applications in ratiometric oxygen sensing in vitro and in regioselective cell killing[END_REF][START_REF] Zhang | In vivo selective cancer-tracking gadolinium eradicator as new-generation photodynamic therapy agent[END_REF][START_REF] Sorensen | Bimetallic lanthanide complexes that display a ratiometric response to oxygen concentrations[END_REF][START_REF] Lo | Efficient and selective singlet oxygen sensitized NIR luminescence of a neodymium(III) complex and its application in biological imaging[END_REF][START_REF] Galland | Helicenic Complexes of Lanthanides: Influence of the f-Element on the Intersystem Crossing Efficiency and Competition between Luminescence and Oxygen Sensitization[END_REF][START_REF] Zhang | Impressive nearinfrared brightness and singlet oxygen generation from strategic lanthanide-porphyrin double-decker complexes in aqueous solution[END_REF][START_REF] Galland | A "Multi-Heavy-Atom" Approach toward Biphotonic Photosensitizers with Improved Singlet-Oxygen Generation Properties[END_REF][START_REF] Johnson | 1O2 Generating Luminescent Lanthanide Complexes with 1,8-Naphthalimide-Based Sensitizers[END_REF] We also studied the related Yb(III) complex, YbL 2 in dichloromethane and MeOH-EtOH mixture (Figure 9). As already described in the literature, [START_REF] Watkis | Controlling energy transfer in ytterbium complexes: oxygen dependent lanthanide luminescence and singlet oxygen formation[END_REF][START_REF] Galland | Helicenic Complexes of Lanthanides: Influence of the f-Element on the Intersystem Crossing Efficiency and Competition between Luminescence and Oxygen Sensitization[END_REF] no singlet oxygen is observed but the clear signature of Yb(III) 7 F 5/2 → 7 F 7/2 transition in the NIR (980-1100 nm) is detected (Figure 9). At room temperature in dichloromethane, the lifetime decay measured at 980 nm was mono-exponentially fitted with a value of 9.48 µs, which indicates the presence of single species in solution (Figure S12). At low temperature, the spectrum remains poorly resolved with the presence of remaining "hot bands" at 973 nm. The total ligand field splitting (LFS max ) can be estimated to ca. 400 cm -1 , close to that of threefold symmetry complexes reported in the literature (LFS max in the range 340-370 cm -1 ). [START_REF] Yi | Unraveling the crystal structure of lanthanide-murexide complexes: use of an ancient complexometry indicator as a near-infrared-emitting single-ion magnet[END_REF][START_REF] Mendy | Cationic Biphotonic Lanthanide Luminescent Bioprobes Based on Functionalized Cross-Bridged Cyclam Macrocycles[END_REF][START_REF] Reinhard | High-Resolution Optical Spectroscopy of Na 3[END_REF][START_REF] Gonçalves E Silva | Visible and Near-Infrared Luminescence of Lanthanide-Containing Dimetallic Triple-Stranded Helicates: Energy Transfer Mechanisms in the SmIII and YbIII Molecular Edifices[END_REF][START_REF] Gendron | Luminescence, chiroptical, magnetic and ab initio crystal-field characterizations of an enantiopure helicoidal Yb(III) complex[END_REF] The slightly higher value confirms the distortion from the threefold symmetry already mentioned for EuL 

Conclusion.

In this article we described the multi-step synthesis of original antennas incorporating substituted paracylophane moieties in the -conjugated skeleton. Two kinds of antennas have been investigated, incorporating either an alkoxy donor group or a fused coumarin moiety. A combined photophysical/theoretical study reveals that when substituted with the electron donating alkoxy fragment, the pCp enables a through-space conjugation inducing a fully delocalized charge transfer transition, whereas in the case of the coumarin-fused pCp chromophore only local excited states are present, strongly favoring triplet state population via intersystem crossing. When grafted to TACN, the alkoxy substituted chromophore behaves as a CT antenna able to efficiently sensitized Eu(III) luminescence. In contrast the coumarin-fused pCp antenna is able to sensitized Yb(III) or to efficiently produced singlet oxygen when associated to a non-emissive Gd(III) ion. This work clearly emphasizes the versatility of pCp-based chromophores whose behavior can be finely tuned by chemical modification. This versatility can be exploited as a new toolbox for the design of lanthanides complexes with variable photophysical properties.

Figure 1 .

 1 Figure 1. Structure of lanthanide complexes featuring the pCp-based picolinate antennas.

Figure 2 .

 2 Figure 2. DFT optimized [YL 1' ] structure. Hydrogen atoms are omitted for clarity, C are represented in gray, O in red, N in blue and Y in aqua blue.

Figure 3 .Figure 4 .

 34 Figure 3. Normalized absorption (black bold) and emission (red bold) of A 1 in dichloromethane at room temperature, 77K emission (red dashed) and phosphorescence spectrum (blue) after application of a 0.1 ms delay.

60 (

 60 <0.02) suggests an easier intersystem crossing to populate the triplet state for the fused coumarin derivatives. These observations prompted us to study a possible generation of singlet oxygen.

Figure 1 .

 1 Figure 1. Computed electron variation density associated to the S 0 -S 1 transition (blue and green correspond to the electron density decrease and increase respectively, isovalue 0.001 a.u.). Red arrows correspond to the D CT vectors.

Figure 6 .T 1 1 T 3

 6113 Figure6. Computed Spin-orbit Coupling for the (S 1 , T 1 ), (S 1 , T 2 ), (S 1 , T 2 ) and (S 1 , T 4 ) states along with their energy differences and the experimental value of singlet oxygen generation efficiency. In red, SOCs larger than 0.5 cm -1 .

Figure 7 .

 7 Figure 7. Normalized emission (λ exc = 325 nm) spectra of EuL 1 in dichloromethane at room temperature (red trace) and 77K (black trace). The nature of the 5 D 0 → 7 F J transition are indicated.

Figure 8 .Figure 2 .

 82 Figure8. Normalized absorption (black), emission (λ exc = 325 nm) spectra for GdL 2 in dichloromethane at room temperature (red trace), 77K (dashed red) and after application of a 0.1 ms delay (blue). The green spectrum in the NIR is representative for the singlet oxygen luminescence.

Table 2 .

 2 Main photophysical properties of the lanthanide complexes in diluted dichloromethane solutions at room temperature and 77K (glass).

	a. Measured by comparative method using quinine sulfate
	(0.54 in H 2 SO 4 0.5M) as standard. b. Measured by comparative
	method using phenalenone as standard (Φ Δ = 0.98 in
	dichloromethane).

  [START_REF] Bünzli | Intriguing aspects of lanthanide luminescence[END_REF] . The absence of singlet oxygen emission at 1270 nm further indicates a preferable intramolecular energy transfer from the triplet of the ligand to the 7 F 5/2 of the central Yb 3+ ion above an intermolecular energy transfer to the molecule of O 2 .[START_REF] Watkis | Controlling energy transfer in ytterbium complexes: oxygen dependent lanthanide luminescence and singlet oxygen formation[END_REF][START_REF] Galland | Helicenic Complexes of Lanthanides: Influence of the f-Element on the Intersystem Crossing Efficiency and Competition between Luminescence and Oxygen Sensitization[END_REF] 
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			nm	L.mol -1 .cm -1	nm l (nm)	µs	
	EuL 1		325	44000	612	930	0.33	-
	YbL 2		339	48500	980 9.48 <0.01 0.00
	GdL 2		339	61000	422	-	<0.01 0.45
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