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Symmetry and Rigidity for Boosting Erbium-Based Molecular Light-Upconversion in Solution

Keywords: molecular upconversion, erbium, heteroleptic complexes, single molecule

Previously limited to highly symmetrical homoleptic triple-helical complexes [Er(Lk)

where Lk are polyaromatic tridentate ligands, single-center molecular-based upconversion using linear optics and exploiting the excited-state absorption mechanism (ESA) greatly benefits from the design of stable and low-symmetrical [LkEr(hfa)3] heteroleptic adducts (hfa - = hexafluoroacetylacetonate anion). Depending on (i) the extended -electron delocalization, (ii) the flexibility, and (iii) the heavy atom effect brought by the bound ligand Lk, the nearinfrared (801 nm) to visible green (542 nm) upconversion quantum yield measured for [LkEr(hfa)3] in solution at room temperature can be boosted by up to three orders of magnitude.

Introduction

The conversion of low-energy photons toward higher energies, much beyond the standard thermally-activated vibrational Stokes' shifts, is referred to as light upconversion. It remains challenging in both physics and chemistry since it suggests some apparent deviations from the well-accepted law of energy degradation. [START_REF] Prasad | Introduction to Nonlinear Optical Effects in Molecules & Polymers[END_REF] Such process was theoretically predicted by Goeppert-Mayer in 1931 [START_REF] Goeppert-Mayer | [END_REF] when considering the consequences of the non-linear dependence of the refractive index on incident light. [3], [4] Indeed, the polarization of the macroscopic medium produced by an intense electric field at  frequency results in a linear response at the same frequency (= linear optics), together with additional oscillating polarizations of the medium at twice (2, second order polarization) and thrice (3, third order polarization) the incident frequency (= non-linear optics, NLO). [START_REF] Prasad | Introduction to Nonlinear Optical Effects in Molecules & Polymers[END_REF] A related approach applies for molecules characterized by linear  polarizability (linear response) together with first and second  hyperpolarizabilities (non-linear response at higher frequencies). [START_REF] Prasad | Introduction to Nonlinear Optical Effects in Molecules & Polymers[END_REF] However, even for modern optimized polarized materials, [5], [6] the non-linear responses are so weak (typically / = 10 -8 for first-order and / = 10 -12 for second-order hyperpolarizabilities) that NLO upconversion had to wait the discovery of intense coherent laser excitation beams in the early sixties [7] to be experimentally demonstrated. [8], [9] Nowadays, the easy access to intense pulsed-femtosecond lasers (incident power intensity P  10 9 Wꞏcm -2 ) may compensate for the inherent inefficiency of NLO materials, leading to modern applications as deeply penetrating beams for addressing biological probes [10]- [START_REF] Bui | [END_REF] or as optical limiting devices. [14]- [16] Scheme 1. a) Kinetic scheme and b) associated differential matrix equations depicting the modeling of the one-ion excited-state absorption (ESA) process occurring upon off-resonance irradiation into the activator-centered absorption band where

  exc A i j
k  (in s -1 ) corresponds to the excitation rate constants (eq 1) [57] and A j i k  stands for the global (sum of radiative and nonradiative contribution) decay rate constant of level j into level i. [18] With this in mind, detectable light-upconversion induced under weak excitation power intensities compatible with normal lamps or solar irradiance (P  0.1-1.0 Wcm -2 ) is limited to the exclusive use of linear optics (Scheme 1a). [17] An initial photon absorption reaches a real intermediate excited state with a long lifetime (A* in Scheme 1), which is exploited as a relay
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for the absorption of a second photon leading to a higher excited state A ** . An ultimate radiative relaxation to the ground state A, as quantified by its intrinsic radiative quantum yield
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, completes the light-upconversion process (Scheme 1). [17] A first hint based on successive absorptions relying on linear optics was proposed by Bloembergen for the potential design of infra-red quantum counters. [19] For addressing this challenge, chemists logically focused on systems possessing long-lived intermediate excited states, i.e., triplet states in polyaromatic organic molecules [20], [21] or 2S+1 LJ spectroscopic levels in f-block trivalent centers doped in low-phonon ionic solids. [22], [23] Due to the strict respect of the spin selection rule in polyaromatic scaffolds (negligible spin-orbit coupling), there is no chance to reach a strongly emissive singlet state via the absorption of a second photon by an intermediate longlived triplet excited state in pure organic chromophores (ESA mechanism). Consequently, organic-based (linear) upconversion exploits the alternative triplet-triplet annihilation mechanism (TTA), which requires the diffusion and collision of two excited aromatic triplet acceptors. [24]- [26] This methodology is thus mainly [27] limited to intermolecular processes occurring in solution, rubbery polymeric materials, or solid matrices. [28], [29], [30] This constraint is removed for 4f-block elements since their considerable spin-orbit coupling constants relax the spin rule. However, the lanthanide-based excited-state absorption (ESA) upconversion mechanism remains limited by the weak absorption coefficients accompanying the parityforbidden forced electric dipole transitions

(   exc A i j
k  in Scheme 1). A clever bypass, referred to as Energy Transfer Upconversion: ETU, considers the use of additional strongly absorbing sensitizers (S) as partners for feeding the lanthanide activator (A) via successive SA energy transfers. [17], [23], [31] . [32] Using plasmon surfaces [29], [33]- [35] or organic dyes [29], [36], [37] as sensitizers for lanthanide activators in doped ionic solids or nanoparticles opened the door toward applications [29] with upconversion quantum yields overpassing 10% and large associated brightness. [38]- [40] Miniaturization to reach the molecular level in lanthanide coordination complexes is hindered by the drastic reduction of the lifetimes of the intermediate excited relays ( 1

1 0 A A 1 k    in Scheme 1
) due to a massive increase in non-radiative relaxation processes produced by the considerable thermal vibrational bath found in molecules. [41] Consequently, the few dozens of lanthanide-containing molecular complexes displaying detectable (linear) light upconversion under weak excitation intensity powers (P ≤ 40 Wcm -2 ) [18], [42]- [49] relied mainly on ETU [50]- [53] or on related multicenter cooperative upconversion (CU) processes. [54]- [56] However, the synthetic difficulties associated with the non-statistical combination of sensitizers and activators within a single molecular entity for programming ETU or CU mechanisms, particularly when both partners are open-shell labile lanthanide cations, [48], [54]- [56] pave the way for the single-center excited-state absorption mechanism (ESA) to rise as the ultimate fully controlled upconversion process programmed at the molecular level in the absence of statistical doping. [57]- [60] For boosting the ESA mechanism, the first criterion concerns the f-f absorption cross sections A i j   , which should be rationally programmed in the target coordination complexes to maximize the excitation rate constants exc( ) A i j k  under reasonable pump intensities P (in Wcm -2 ) as modeled in eq (1). [61] exc( ) 21 P P A A A 3.8 10
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p is the pump wavelength (in cm), h is the Planck constant (in Jꞏs), and c is the speed of light in vacuum (in cmꞏs -1 ). The absorption cross section of the activator A i j   (in cm 2 ) is related to its decadic molar absorption coefficient  ij (in L/molcm) with 21 3.8 10

i j i j       
. [62] Solving the differential matrix equation pertinent to the single-center ESA mechanism (Scheme 1b) for the steady-state (S-S) conditions 
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Under weak incident excitation power used for inducing linear upconversion in molecular complexes (P = 0.1-40 Wꞏcm -2 ), [18], [42]- [59] the rate constants of the excitation processes 
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is the lifetime of the intermediate excited relay level 1 and A corresponds to the intrinsic quantum yield of the final upconverted emissive level 2 . In solution at room temperature, where lanthanide complexes exist as isolated molecular species, the ESA mechanism has been implemented mainly in erbium complexes [46]- [18], [60] possessing 4 I13/2 excited relay with microsecond lifetimes and intrinsic emission quantum yield Er  10 -5 for the emissive Er( 4 S3/2) level (Figure 1). [59] Combined with the limited excitation rate constants

  exc 1 2 A k   10 
s -1 computed with eq (1) at P = 25 Wcm -2 , [59] the upconverting quantum yields reported for the molecular Er 10 -9 for the homoleptic triple-stranded complex [Er(Et-bzimpy)3] 3+ (Figure 1). [59] complex (taken from the crystal structure of [Er(Et-bzimpy)3](ClO4)3ꞏ2C2H3N) [69] and b)

proposed Excited-state Absorption (ESA) mechanism responsible for the red (801 nm)-to-green (520-540 nm) light upconversion observed in solution at room temperature. [59] In our quest for pushing single-center molecular upconversion within acceptable efficiency limits, we hypothesized that lowering the symmetry around the Er(III) ion would lead to larger transition probabilities and, furthermore, rigidifying the ligands would lesser vibrational quenching. Subtle correlations exist between the intensities of the forced electric dipole 4f-4f transitions and the nature and geometry of the coordination spheres in lanthanide complexes due to the mixing between 4f N states with opposite parity intra-metal excitation configurations (such as 4f N-1 5d or 4f N-1 5g following the Judd-Ofelt theory), or with intra-ligand excitation configurations via the crystal field generated by the oscillating induced dipole moments on the ligands following the dynamic coupling model. [START_REF] Görller-Walrand | Handbook on the Physics and Chemistry of Rare Earths[END_REF], [START_REF] Hatanaka | [END_REF] Being aware of these effects, we moved from highly symmetrical triple-helical [ErL3] 3+ complexes illustrated in Figure 1a [59] toward heteroleptic [LkEr(hfa)3] adducts based on the substituted tridentate 2,6bis(benzimidazole)pyridine scaffolds (hfa -= hexafluoroacetylacetonate). [65]- [68] The reported adducts are unique examples of fully characterized and stable heteroleptic lanthanide complexes for which the single-center NIR to visible upconversion ESA mechanism is boosted by two to three orders of magnitude at room temperature in diluted solutions. ). [66]- [68] The heteroleptic [LkEr(hfa)3] adducts (Lk = L1-L9, Figure 2a) have been designed paying particular attention (i) to rationally introduce bromine substituents for exploring the heavy atom effect due to spin-orbit coupling (L1L2 and L3L4L5), (ii) to modulate rigidity and Ln-N bond distances while controlling the crystal-field effects and the magnitude of J-splitting (L1L6-L8L9) [59] and (iii) to extend the aromatic -electron delocalization for lowering the energies of the ligand-based excited states and thus increasing dynamic coupling (L1-L5 and L9L6-L8). [START_REF] Hatanaka | [END_REF] All heteroleptic erbium [LkEr(hfa)3] complexes were obtained as stable mononuclear adducts ( 90% of the ligand speciation at 10 -6 M, Table S1) from 1:1 host-guest reactions between Lk and [digEr(hfa)3] [65] (Tables S1-S2, Figure S1) conducted in dichloromethane. [66]- [68] The molecular structures for [LkEr(hfa)3], taken from the associated published crystal structures [66]- [68] together with the complementary data collected for [L2Er(hfa)3] (Tables S3-S5, Figure S2), are gathered in Figure 2b. They show low-symmetry nine-coordinate [LnN3O6] coordination spheres that evolve from muffins for ligands L3-L6 toward spherical capped square antiprisms for L1-L2 and L9 (Figure S3 and Table S6). In the solid state, the most compact, rigid, and preorganized adduct [L7Er(hfa)3] is unique for approaching the spherical tricapped trigonal prism geometry, previously found for the triplestranded [Er(Et-bzimpy)3] 3+ complex and its analogues. [59] It is worth stressing here that the idealized D3h symmetry, approached by the latter [ErN9] coordination sphere in [Er(Etbzimpy)3] 3+ , is automatically reduced to idealized C2v for the

Results and discussion

Synthesis

[ErN3O6] unit in [L7Er(hfa)3]
because of the heteroleptic nature of the adduct possessing N and O donor groups.

The pertinent νLn-N and νLn-O bond valences [70] are dominated by series of 1 πi*← 1 π transitions characteristic for 2,6bis(benzimidazole)pyridine-type units. [71] For the non-conjugated ligands L1-L5 and L9, which possess localized 10+6+10 π-electrons systems (bzim-py-bzim) according to Clar's rule of aromaticity, [START_REF] Clar | The Aromatic Sextet[END_REF], [START_REF] Sola | [END_REF] the main 1 *← 1 π absorption band centered around 31000 cm -1 (Figures 4a andS6a) is split upon complexation to Er(hfa)3 to give an additional lower energy band around 28000 cm -1 (Figures 4b andS6b), which is diagnostic for the formation of the [LkEr(hfa)3] adducts in solution. [66], [74] Obviously, the absorption spectra of all [LkEr(hfa)3] integrate the and result in (i) a ca. 1000 cm -1 red-shift of the main 1 π2*← 1 π absorption bands and (ii) the appearance of an additional vibrationally-structured 1 π1*← 1 π transition at lower energy (0-0 origin at 22000 cm -1 with 1400 cm -1 progression, Figures 4a andS7a). [START_REF] Solà | Aromaticity and Antiaromaticity: Concepts and Applications[END_REF] Since the rigid preorganized ligands L6-L8 retain their shape and their aromatic character upon coordination to a metallic center, the absorption spectra of the resulting [LkEr(hfa)3] adducts are essentially comparable with those of the pertinent unbound ligands (Figures 4 andS7). This similarity is accompanied by an apparent redshift of about 1200 cm -1 , which can be assigned to the Lewis acid nature of bound trivalent lanthanides. [L1Er(hfa
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At the low concentrations used, the low-intensity Laporte-forbidden f→f transitions could not be detected. Concomitant measurements using concentrated solutions (~5 mM) indeed allowed the assessment of weak Er( 2S+1 LJ 4 I15/2) absorption transitions (ε ≈ 1-80 L/molꞏcm) covering the 6000-20000 cm -1 spectral window (Figures 5 andS8). Besides these transitions, the absorption spectra exhibited bands arising from the second and third overtones of C-H vibration frequencies around 6000 and 8500 cm -1 , respectively (Figure S8). A look at the Er-centered absorption spectra of [LkEr(hfa)3] confirms that the energies of f-f transitions are globally not affected by the nature of the tridentate heteroaromatic chromophore bound to the Er(III) center, but the contrasting change in intensity and in shape of the pseudo-hypersensitive Er( 2 H11/2← 4 I15/2) transition (which mixes with the 'true' hypersentitive high-energy Er( 4 G11/2← 4 I15/2) transition by spin-orbit coupling), [START_REF] Görller-Walrand | Handbook on the Physics and Chemistry of Rare Earths[END_REF], [START_REF] Hatanaka | [END_REF] does highlight some differences in going from a homoleptic D3-symmetrical [Er(Et-bzimpy)3] 3+ triple helical complex toward C2vsymmetrical [LkEr(hfa)3] complexes (Figures 5 andS8). The latter point can be quantified by the estimation of the radiative lifetime ' ' rad rad 1

J J J J k    
for each Er( 2S+1 LJ) excited level using the Strickler-Berg eqs (3)-( 4), according that its luminescent transitions terminate onto the ground Er( 4 I15/2) level (Table S10). In eq (3),

( )d v v
    is the integrated spectrum of the incriminated absorption transition recorded in solution (in M -1 •cm -2 ), J and J' refer to the ground (J = 15/2) and excited states, respectively, n is the refractive index of the medium, NA is Avogadro's number (in mol -1 ), c is the speed of light in vacuum (in cm•s -1 ), and m v  is the barycenter of the transition (in cm -1 ) given in eq. ( 4). [START_REF] Strickler | [END_REF], [77] 

2 2 ' m rad ' rad A 8 (2 1 ) 1 2303 ( )d (2 1) J J J J cn v J k v v N J                ( 3 ) m ( )d ( )d v v v v v v             ( 4 ) 
The experimental ' 1 5/2 rad J J    extracted for the Er( 2S+1 LJ´) excited levels located within the 6000- 20000 cm -1 domain cover the 0.02-13 ms range in agreement with the symmetry-forbidden character of the intrashell f-f electric dipole transitions (Figures 5 andS8). As expected from the dependence of the Einstein coefficient for spontaneous emission with m v  , [78] the radiative lifetimes globally decrease with increasing energy gaps (Table S10), but their abrupt drop for the pseudo-hypersensitive Er( 2 H11/2← 4 I15/2) transition reflects some extreme sensitivity of the latter transition to (i) local symmetry affecting the mixing between 4f N states and the opposite parity intra-metal excitation configurations (Judd-Ofelt theory), [START_REF] Görller-Walrand | Handbook on the Physics and Chemistry of Rare Earths[END_REF] and/or mixing with intraligand excitation configurations (dynamic coupling). [START_REF] Hatanaka | [END_REF] In this context, one notes that the shortest radiative lifetimes 0.02 ≤ rad( 2 H11/2← 4 I15/2) ≤ 0.04 ms are obtained for [LkEr(hfa)3]

with the extended 30 -electrons polyaromatic ligands L6-L8 (Table S10), which display lowenergy intra-ligand excitations (Figure 4b). The latter complexes are therefore good candidates for maximizing the target green Er( 2 H11/2 4 I15/2) and Er( 4 S3/2 4 I15/2) (upconverted) emissions. transitions and the associated radiative lifetimes (in ms) between parentheses. spectra at 293 K show the tridentate ligand-centered singlet 1 π1*→ 1 π emission in the UV-Vis region (Figure S9), together with minor Er-centered emission following intramolecular ligandto-metal energy transfers (Figures S10-S12). The global 5000 cm -1 red-shift of the 1 π1*→ 1 π transitions observed in going from the 'broken' 10+6+10 -electrons polyaromatic ligands (L1-L5, L9, 27000-22000 cm -1 , Figure S9) to the extended 30 -electrons systems (L6-L8, 23000-16000 cm -1 , Figure S9a) mirrors the related drift observed in the absorption spectra (Figure 4).

The same conclusion holds for frozen solutions at 77 K, while some additional broad ligandcentered emission residues, assigned to 3 π1*→ 1 π phosphorescence boosted by the heavy atom effect, [79] could be detected at lower energy for the brominated [L4Er(hfa)3], [L5Er(hfa)3], and [L9Er(hfa)3] complexes (Figure S9b). In this context, the improved 1  *  3  * intersystem crossing operating in the latter complexes favors energy transfer onto the erbium emitter which exhibits visible Er( 2 H11/2→ 4 I15/2) and Er( 4 S3/2→ 4 I15/2) emissions in the 500-580 nm range (Figures 6a andS10a). [START_REF] Sabbatini | Handbook on the Physics and Chemistry of Rare Earths[END_REF], [START_REF] Moore | [END_REF] We took advantage of this improved green luminescence for the challenging determination of 1, column 3) by using pulsed ligand centered excitation at ex = 355 nm followed by time-dependent detection at em = 542 nm ( 4 S3/2 4 I15/2). This rare experimental data updates 4 3/2 S tot  = 40 ns previously reported [82] for the triple-helical complex [GaErGaL3](CF3SO3)9 in the solid state at 3 K and [L2Er Calculated by taking τtot = 20 ns measured for the model complex [GaErGaL3] 9+ (see main text). [82] [b] Calculated by taking τtot = 3.5 ns.

Interestingly, the red Er( 4 F9/2 4 I15/2) emission was never observed for the [LkEr(hfa)3] under steady-state UV excitation, which implies that the non-radiative process from 4 S3/2 to 4 F9/2

(energy gap  3500 cm -1 ) lacks efficiency as previously reported for erbium cations bound to other rigid multidentate polyaromatic ligands. [44], [47], [58]- [60] An ultimate look at the emission spectra of [LkEr(hfa)3] shows emission bands assigned to Er( 4 IJ 4 I15/2) electronic transitions occurring within the ground state 4 I atomic term (Scheme 2, Figures 6b,c and S11-S12). The associated excitation spectra (em = 1531 nm, Figure S13) perfectly match the absorption spectra. This demonstrates that all ligand-based excited state levels contribute to the antenna effect, which eventually induces the well-known microsecond infrared Er( 4 I13/2 1, column 9). [83], [84] Scheme 2. Jabłoński diagram summarizing the excitation processes (straight upward arrows), energy transfers (dashed arrows), non-radiative multi-phonon relaxation (undulating arrows) and radiative emission processes (straight downward arrows) operating in the heteroleptic complexes [LkEr(hfa)3] (Lk = 1-9). Ligand-to-metal energy transfers arising from both singlet and triplet states are considered. To summarize, moving from homoleptic D3-symmetrical [ErL3] 3+ complexes (idealized D3h-

    ≤ 10 -3 , Table
[ErN9] coordination environment, Figure 1) [59] to heteroleptic C2v-symmetrical [LkEr(hfa)3] adducts (idealized C2v-[ErN3O6] coordination environments) maintains similar Er-based photophysical properties. However, the tunable electronic nature of the bound tridentate polyaromatic ligands L1-L9 can be exploited to influence (i) the sensitization possibilities via -aromatic delocalization and (ii) the final ligand-centered and erbium-centered emission output of the complexes via the control of intersystem crossing (heavy atom effect) and of intramolecular ligand-to-erbium energy transfers (phonon-assisted mechanism, Scheme 2 S17). The complete lack of residual ligand-centered 1,3 π*→ 1 π emission bands following NIR excitation at 801 nm (Figures 7, S14-S15) rules out the possibility for ligandcentered non-linear two-photon absorption processes. [85][86] Furthermore, at these reasonable incident power intensities (1-25 Wꞏcm -2 ), there is no realistic option for the operation of competitive non-linear Er-centered processes. [87], [88] Quantitative data for the upconversion processes are based on the upconversion quantum yields up tot  (Figure 8 and Table S11, column 6) obtained by laser excitation of [LkEr(hfa)3] at λexc = 801 nm with incident pump intensity of 1 W focused on a spot size of ≈ 0.07 cm 2 in dichloromethane solutions [59] and using indocyanine green (ICG) as the standard (λexc = 801 nm, P = 5 mW focused on a spot size of ≈ 0.07 cm 2 , Φs = 0.132 in ethanol at 293K, [89] see Appendix 1 for details). The trend in the upconversion quantum yields (Figure 8) mirrors the upconverted intensities (Figure 7), and one immediately notes that going from the homoleptic D3-symmetrical complex [Er(Et-bzimpy)3] 3+ ( up tot  = 1.7(2)10 -9 normalized at 25 Wcm -2 ) [59] to the flexible heteroleptic C2v-symmetrical [LkEr(hfa)3] adducts (Lk = L1-L5 and L9) results in a gain in upconversion quantum yield by roughly one to two orders of magnitude (1.6(2)10 -8 ≤ up tot  ≤ 3.0(3)10 -7 normalized at 25 Wcm -2 ). The simultaneous extension of the delocalized - aromatic system and rigidity in the preorganized [LkEr(hfa)3] complexes (Lk = L6-L8) further The energies of the level are taken for the free ions. [START_REF] Brik | Theoretical Spectroscopy of Transition Metal and Earth Ions: From free State to Crystal Field[END_REF] First considering the ESA mechanism in Scheme 3, in which Er( 4 I13/2) works as the longlived excited relay (microsecond range, Table 1, column 8) returns 410 3 ≤ 1 2 Er   ≤ 510 5 L/molcm with eq (5) for the second absorption event (Table S11, column 8). These huge absorption coefficients are out of the accessible range theoretically computed for the incriminated 4 S3/2 4 I13/2 second excitation, [59] and, more generally, for any internal 4f4f transitions (1-500 L/molcm). [START_REF] Görller-Walrand | Handbook on the Physics and Chemistry of Rare Earths[END_REF] We conclude that the microsecond luminescent Er( S10), which usually prevent their detection in molecules possessing high-energy vibrations and thus efficient non-radiative relaxation pathways. Although the latter emission intensities were too weak to record reliable experimental lifetimes for the Er( 4 I11/2) and Er( 4 I9/2) levels in these complexes with our setup, one notices that the incriminated energy gap E = 3600 cm -1 separating the Er( 4 I11/2) and Er( 4 I13/2) levels, fairly matches the related 3500 cm -1 energy separation between Er( 4 S3/2) to Er( 4 F9/2) levels in [LkEr(hfa)3] (Scheme 3, right). [START_REF] Brik | Theoretical Spectroscopy of Transition Metal and Earth Ions: From free State to Crystal Field[END_REF] The lack of efficient phonon bath in this energy range, which prevents the observation of red Er( 4 F9/2 4 I15/2) emission in these complexes, [60] may similarly drastically limit non-radiative Er( 4 I11/2) to Er( 4 I13/2) relaxation with the consequent existence of long-lived Er( 4 I11/2) excited relays and the operation of an efficient ESA mechanism depicted in Scheme 3. [START_REF] Ferrier | [END_REF] With this in mind, it is probably worth stressing here that the largest upconversion quantum yield of up tot  = 1.0(1)10 -6 is observed for [L7Er(hfa)3] (normalized at 25 Wcm -2 , Figure 8), being the only complex devoid of high-energy C-Haliphatique stretching vibrations around 3000 cm -1 (Figure S5).
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This suggests that overlap between the putative Er( 4 I11/2 4 I13/2) emission and the vibrational 

  are largely dominated by the relaxation rate constants ( A j i k  ), and a negligible number of molecules exist in the excited levels (

Figure 1 .

 1 Figure 1. a) Synthesis and molecular structure of the triple-stranded helical [Er(Et-bzimpy)3] 3+

  , structures and stabilities of the heteroleptic complexes [LkEr(hfa)3] (Lk = L1-L9).

Figure 2 .

 2 Figure 2. a) Polyaromatic tridentate receptors L1-L9 used for hosting [Er(hfa)3] units to give nine-coordinate [LkEr(hfa)3] adducts. b) Synthesis and molecular structures of [LkLn(hfa)3]adducts (crystal structure: Ln = Er for L1, L2, L7 and L9; Ln = Eu for L3-L6).[66]-[68] 

  computed for the Er-N and Er-O bond lengths in the crystal structures of [LkEr(hfa)3] (eq A1-2 in Appendix 1, Tables S7-S9, FigureS4) show similar Ln-Nbzim and Ln-O bond strengths, which are indeed larger than Ln-Npy when the flexible ligands L1-L5 and L9 are bound to Ln(III) (Figures3 and S4). The situation is reversed for the rigid polyaromatic ligands L6-L7, where the drop of νLn-Nbzim observed in the associated [LkLn(hfa)3] adducts implies an unfavorable match between the preorganized ligand cavity and the entering [Ln(hfa)3] metal container. Finally, to further highlight the unusual design of L7, one should realize that it is the only ligand of the series that does not possess alkyl groups (CH2 or CH3). This limits the contribution of high-energy vibrations to some weak C-Harom stretching bands around 3030 cm -1 in the IR spectrum (FigureS5). For all other ligands, the weak C-Harom stretching bands are completed with broader and more intense C-Haliph stretching bands covering the 2800-2950 cm -1 range.

Figure 3 .

 3 Figure 3. Average vEr-Nbenzimidazole (green), vEr-Npyridine (blue), and average vEr-O(hfa) (red) bond valences [70] calculated with eq (A1-2) for the molecular structure of complexes [LkEr(hfa)3] (Lk = L1, L2, L7 and L9) in their crystalline state. Standard deviations of the average are shown with vertical error bars. The dashed traces are only guides for the eyes.

  *← 1 π transition centered on the bound hfa -anions at 33000 cm -1 (identified for [digEr(hfa)3] with black traces in Figures4b, S6b, and S7b). In contrast, the delocalized 30 π-electrons aromatic backbones characterizing the rigid ligands L6-L8 extend the π-systems

Figure 4 .

 4 Figure 4. Selected UV-Vis absorption spectra of a) ligands L1, L7 and L9, and b) corresponding [LkEr(hfa)3] and [digEr(hfa)3] complexes (510 -6 M in CH2Cl2, 293 K).

Figure 5 .

 5 Figure 5. Visible to near-infrared absorption spectra of [L1Er(hfa)3] (5 mM in CH2Cl2) and triple-stranded [Er(Et-bzimpy)3] 3+ (3 mM in CH3CN) at 293 K showing the Er( 2S+1 LJ← 4 I15/2)

Figure 6 .

 6 Figure 6. Emission spectra (λexc = 350 nm) recorded for [L5Er(hfa)3] in dichloromethane solution (C ≈ 510 -6 M) highlighting the spectral windows associated with Er-centered transitions at room temperature. Excitation of [LkEr(hfa)3] in solution at 350 nm limits sensitization via the bound N-donor tridentate ligands and excludes contribution from the hfa -co-ligands. The resulting emission

  ns, which corresponds to the total lifetime of the Er( 4 S3/2) excited level in [L4Er(hfa)3] (dichloromethane at 293 K, Table

  ns measured at 293 K for [GaErGaL3] 9+ in acetonitrile with our novel setup. The faint associated intrinsic quantum yields 10 -hfa)3] complexes (Table1, columns 4-5) represent a severe handicap to the implementation of efficient NIR-to-Visible (green) upconverted signals induced in erbium(III) molecular complexes in solution (eq 2).

Figure 7 .

 7 Figure 7. Upconverted visible Er( 2 H11/2→ 4 I15/2) and Er( 4 S3/2→ 4 I15/2) emissions observed for [LkEr(hfa)3] complexes recorded upon laser excitation of the Er( 4 I9/2← 4 I15/2) transition at λexc = 801 nm (ṽexc = 12284 cm -1 ) and using incident pump intensity P = 14.3 Wꞏcm -2 in dichloromethane solution (5 mM) at (measurements for [L2Er(hfa)3] and [Er(Etbzimpy)3] 3+ complexes were performed in CH3CN under the same conditions).

) Scheme 3 .

 3 Scheme 3. Jabłoński diagram summarizing the possible mechanisms (1-3) of the Er-centered upconversion processes operating in the complexes [LkEr(hfa)3] upon excitation of the Er( 4 I9/2← 4 I15/2) transition at 801 nm. Excitation (upward arrows), non-radiative multiphonon relaxation (undulating arrows) and emission (downward arrows). The energies of the level are

  of the CH quenchers in this energy range plays a crucial role. The intense CH3-stretching vibrations measured in the 3000 cm -1 range for the [LkEr(hfa)3] adducts possessing alkyl groups should therefore contribute more efficiently to the non-radiative relaxation of the Er( 4 I11/2) relay compared with the much weaker aromatic CH vibrations (FigureS5).ConclusionMoving from idealized D3h-symmetrical triple-helical [ErN9] chromophores, found in [Er(Etbimpy)3] 3+ (Figure1), toward idealized C2v-[ErN3O6] units in C2v-symmetrical [LkEr(hfa)3] adducts (Figure2) boosts the efficiency of the ESA upconversion mechanism by 2-3 orders of magnitude (Figure8), which makes molecular-based ESA a concurrent to multicenter ETU and CU processes. Detailed photophysical studies strongly suggest that the origin of this remarkable effect finds its root in the existence of a long-lived Er( 4 I11/2) level resulting from the specific lack of efficient relaxation processes in the 3500 cm -1 range accompanying the concomitant binding of perfluorinated hfa -co-ligands and rigid polyaromatic Lk guests to Er(III) in [LkEr(hfa)3]. An ultimate proof for the dominance of mechanism operating in these mononuclear complexes is currently under investigation with the technical development of ultra-sensitive time-gated NIR detection following intense pulsed NIR excitation of Er( 4 I9/2 4 I15/2) at 801 nm and of Er( 4 I11/2 4 I15/2) at 966 nm.

Table 1 .

 1 Radiative lifetimes (τrad) for the Er( 4 S3/2→ 4 I15/2) and Er( 4 I13/2→ 4 I15/2) transitions computed with eqs (3)-(4), experimental excited-state lifetimes (τtot) for the Er( 4 S3/2) and Er( 4 I13/2) levels and associated intrinsic quantum yields (

		2 +1 Er S	J L			2 +1 tot S	J L		2 +1 rad S	J L	) in [LkEr(hfa)3] and [Er(Et-

  ).

	Single-center NIRVIS light upconversion in heteroleptic complexes [LkEr(hfa)3] in
	solution. Having established that (i) at least one of the intermediate Er( 4 IJ) excited states (J =
	9/2, 11/2 or 13/2) possesses a lifetime long-enough to potentially act as emitter for
	downshifting, or as relay for upconversion in the heteroleptic [LkEr(hfa)3] complexes, and (ii)
	the Er( 2 H11/2), Er( 4 S3/2), and Er( 4 I13/2) excited levels are luminescent, it is not so surprising that
	direct continuous 801 nm diode laser excitation into the Er( 4 I9/2← I15/2) transition (molar
	absorption coefficients 0.10 ≤ ε801 ≤ 0.30 L/molꞏcm, Table S11, column 2) reveals dual
	downshifted infrared Er( 4 I13/2→ 4 I15/2) emissions (1540 nm) induced by linear one-photon
	processes (slope n = 0.95(1)-1.02(3) for the log(IDS)-log(P) plots, Figures S14-S15), and
	challenging two-photons visible upconverted Er( 2 H11/2→ 4 I15/2) and Er( 4 S3/2→ 4 I15/2) emissions
	depicted in Figure 7 (slope n = 1.26(6) -2.16(7) for the corresponding log(IUC)-log(P) plots,
	Figures S16-

   4 I 15/2 ) Er( 4 S 3/2  4 I 15/2 ) level kinetic model of the ESA mechanism (Scheme 1), correlates ESA with the second excitation process characterized by its decadic molar absorption coefficient1 2 Er   (eq 5).

					Wavelength /nm
			510	525			545	578
	Er,ESA	4 Er 3/2 up Er S	Intensity /a.u. exc 1 2 Er( 2 H 11/2   Er 1 0 Er 3.8 10 k	21	P	1 2 Er	1 Er
			19.8	19.3	18.8		18.3	17.8	17.3
				Wavenumber /10 3 cm -1

  LkEr(hfa)3] should be considered as potential long-lived relays. This is supported by the detection of Er( 4 I11/2 4 I15/2) and Er( 4 I9/2 4 I15/2) radiative emission upon ligand-based excitation (Figures 6b and S11) despite their long radiative lifetimes (4-12 ms, Table

						4 I13/2) level
	does not contribute significantly as a relay for the erbium-based ESA upconversion in these
	complexes (ESA mechanism			in Scheme 3), a claim further confirmed by the lack of
	correlation between Er,ESA and		4 Er	13/2 I	(Figure S18) despite the theoretical link predicted in eq
	(5). Alternatively, the Er( 4 I11/2) level (ESA mechanism	in Scheme 3) and/or Er( 4 I9/2) level
	(ESA mechanism	in Scheme 3) in [
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boosts the upconversion quantum yield, which culminates at up tot  = 1.0(1)10 -6 for [L7Er(hfa)3] (normalized at 25 Wcm -2 , Figure 8). The latter value compares well with the best reproducible molecular-based upconversion quantum yield of up tot  = 9(1)10 -7 (normalized at 25 Wcm -2 ) reported for a doped single-emitter TbYb9 hetero-nonanuclear cluster obeying the multicenter cooperative upconversion (CU) mechanism upon 980 nm excitation in CD3OD. [54] Figure 8. Upconversion luminescent quantum yields (Φ UC ) calculated for single-centered mononuclear complexes [LkEr(hfa)3] upon laser excitation of the Er( 4 I9/2 4 I15/2) transition at λexc = 801 nm (ṽexc = 12284 cm -1 ) at 293 K normalized to P = 25 Wꞏcm -2 for comparison purpose. All samples were measured in dichloromethane solutions (C ~ 5 mM) with respect to indocyanine green in ethanol, except for [Er(Et-bzimpy)3] 3+ [59] and [L2Er(hfa)3], which were measured in acetonitrile solutions (C ~ 10 mM).

Considering the minor intrinsic Er( 4 S3/2) quantum yield (10 S11, column 7), which overpass by two orders of magnitude ESA = 1.1(2)10 -4 previously reported for the homoleptic [Er(Etbzimpy)3] 3+ complex. [59] A straightforward reorganization of eq (2), which stands for the three- 
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