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Two binuclear heteroleptic Cu I complexes, namely Cu-NIR1 and Cu-NIR2, bearing rigid chelating diphosphines and -conjugated 2,5-di(pyridin-2-yl)thiazolo [5,4-d]thiazole as the bis-bidentate ligand are presented. The proposed dinuclearization strategy yields a large bathochromic shift of the emission when compared to the mononuclear counterparts (M1-M2) and enables shifting luminescence into the nearinfrared (NIR) region in both solution and solid state, showing emission maximum at ca. 750 and 712 nm, respectively. The radiative process is assigned to an excited state with triplet metal-to-ligand charge transfer ( 3 MLCT) character as demonstrated by in-depth photophysical and computational investigation. Noteworthy, X-ray analysis of the binuclear complexes unravels two interligand --stacking interactions yielding a doubly locked structure that disfavours flattening of the tetrahedral coordination around the Cu I centre in the excited state and maintain enhanced NIR luminescence. No such interaction is present in M1-M2. These findings prompt the successful use of Cu-NIR1 and Cu-NIR2 in NIR light-emitting electrochemical cells (LECs), which display electroluminescence maximum up to 756 nm and peak external quantum efficiency (EQE) of 0.43%. Their suitability for the fabrication of white-emitting LEC is also demonstrated. To the best of our knowledge, these are the first examples of NIR electroluminescent devices based on earthabundant Cu I emitters Keywords: copper complexes •

Introduction

Light-emitting electrochemical cells (LECs) are appealing optoelectronic devices due to their potential application in low-cost, large-area display technology and disposable devices. [1] Ionic transition metal complexes (iTMCs) are typical employed as electroluminescent materials, particularly cyclometalated Ir III -based iTMCs. [2] More recently, earth-abundant metals are currently the subject of intensive research, [3] being d 10 Cu I -based emitters considered an attractive alternative. [4] To date, Cu I complexes with either mononuclear, [5] binuclear, [6] or multinuclear [7] scaffolds have been investigated, typically displaying luminescence spanning from the blue to orange region. Designing complexes that efficiently emits into the deep-red to near-infrared (NIR) region is still highly challenging and examples of Cu I derivatives are still very rare. [8] The difficulty stems from a three-fold reason: i) the smaller spin orbit coupling (SOC) constant of copper compared to iridium and platinum (ζ Cu = 857 cm -1 ; ζ Ir = 3909 cm -1 ; ζ Pt = 4481 cm -1 ) yields complexes with slower radiative rate constant (kr); [9] ii) given the third-power dependency with emission energy, as by Einstein's theory of spontaneous emission, red to NIR emitters possess intrinsically smaller kr; iii) efficient non-radiative vibronic coupling between T1 and ground state is at play (energy gap law). NIR emitters are very appealing for the fabrication of light-emitting devices for night vision display, optical telecommunication technology, biomedical devices for phototherapy. [10] Costa and coworkers reported on deep-red emitting mononuclear heteroleptic Cu I complexes [Cu(P^P)(N^N)]PF6 bearing a 4,4'-diethylester-2,2'-biquinoline ligand as the N^N ligand, and mono-and diphosphines.

LECs fabricated with these emitters provided electroluminescence peaking at λ EL = 675 nm. [11] Yet, Cu I complexes that emit beyond 700 nm that were also employed as active materials in light-emitting devices is unprecedented, to the best of our knowledge.

Recently, bi-and multi-nuclear complexes appeared to be a valuable strategy for the preparation of deep-red to NIR emitters. [12] Herein, we describe a dinuclearization strategy in heteroleptic copper complexes to achieve NIR emission. The compounds bear a π-extended thiazolo [5,4-d]thiazole (TzTz) scaffold that acts as the bridging bis-bidentate chromophoric ligand and P^P is a chelating diphosphine. Remarkably, NIR electroluminescence (EL) is demonstrated for the first time with λEL maximum up to 756 nm when the investigated binuclear complexes are employed as emitters in LEC devices.

Results and Discussion

Synthesis and characterization

The chemical structure of the investigated binuclear Cu I complexes and their mononuclear counterparts is depicted in Figure 1. Full details on the synthetic procedures along with the chemical characterization of all the intermediates and final compounds are provided in the Supporting Information (see Scheme S1-S2, Figure S1-S21 and Supplementary procedure). Complex Cu-NIR1 and Cu-NIR2 possess general formula [Cu(P^P)(L1)Cu(P^P)](PF6)2, where L1 is a 2,5-di(pyridin-2yl)thiazolo [5,4d]thiazole (TzTz) scaffold acting as bridging bis-bidentate chromophoric ligand, and P^P is the chelating bis[ (2-diphenylphosphino)phenyl]ether (DPEPhos) and 4,5-bis(diphenylphosphino)-9,9dimethylxanthene (XantPhos), respectively. The mononuclear complexes have general formula [Cu(P^P)(L2)]PF6, namely M1 and M2 for P^P = DPEPhos and XantPhos, respectively, where ligand L2 is 2-(5-(3,5-di-tert-butylphenyl)pyridin-2-yl)benzo [d]thiazole. The synthesis of these latter follows an adapted version of a procedure reported elsewhere. [8a] Complexation reaction afforded the target compounds in high yields. The structure of ligand L1 as well as all the four investigated complexes have been established by single crystal X-ray diffractometric analysis and the ORTEP diagrams of Cu-NIR2 and 4, M1, M2 and Cu-NIR1 are displayed in Figure 1 and S22-S25, respectively (see Table S1-S5 for crystallographic parameters). [START_REF]Deposition numbers[END_REF] The structure of the complexes agrees with those reported previously for related compounds, showing the coordination of the Cu I ion in a distorted tetrahedral environment as expected for a d 10 formed by the N^N and P^P bidentate ligands, and for binuclear Cu-NIR1 and Cu-NIR2 derivatives confirmed their bimetallic nature. [5,14] The four coordination sites of each Cu I ion are occupied by the chelating P^P ligand and two nitrogen atoms of the 2,5-di(pyridin-2-yl)thiazolo [5,4-d]thiazole, this latter acting as the bis-bidentate scaffold.

Minimizing quenching processes is of paramount importance especially for NIR emitters that possess intrinsically lower kr and high knr values. Remarkably, two -stacking interactions are present between one of the phenyl groups of each of the chelating phosphines and the -extended ligand L1, where interplanar distance is ca. 3.57 and 3.62 Å, for Cu-NIR1 and Cu-NIR2, respectively (see Figure 2 andS25). The presence of these interactions gives rise to a doubly locked structure that helps mitigate quenching processes such as pseudo-Jahn-Teller distortions and structural flattening typically occurring in the excited state of Cu I complexes. [5,14,15] Indeed, it has been recently highlighted the fundamental role played by such π-stacking interaction in preserving the emissive properties of mononuclear [Cu(P^P)(N^N)] + derivatives. [15] Interligand -stacking interactions are absent in the monometallic derivatives M1 and M2 instead (see Figure S23-S24). The compounds possess remarkably high thermal stability under air with T5%, i.e. the temperature at which 5% of the initial weight loss has occurred, ≥300°C (see thermogravimetric analysis in Figure S26-S27). Voltammetric investigations in the full width potential window CH 2 Cl 2 /0.1 M tetra-nbutylammonium hexafluorophosphate (TBAPF 6 ) are shown in Figure 3 and S28, while a summary of data is reported in Table 1. In the negative-going scan, either two or three reversible and irreversible reduction processes Ri,n (where i denotes the investigated binuclear or mononuclear compounds and n the process number) occurred in the potential range from -1.2 V to -2.2 V. In particular, the process Ri,1, which is common to both bimetallic complexes, shows a clear reversibility at all the investigated scan rate (0.05-0.5 V/s). This process is more likely associated to the reduction of the -accepting ligand L1 coordinated onto the two Cu I centres. [8a] L1 was also investigated and showed indeed two reduction processes, a reversible R L1,1 at -2.02 V and an irreversible R L2,2 at -2.38 V vs Fc (see Figure S28). Whereas, R i,2-3 are irreversible, although R Cu-NIR2,2 seems to show some reversibility at scan rate higher than 0.2 V s - 1 .

In the positive-going scan, the binuclear complexes showed a very weak process around 0.5 V vs Fc and a main irreversible oxidation process, Oi,1, whose peak potential 𝐸𝑝,# i,1 is at about +1.07 V vs Fc for Cu-NIR1, whereas it is not well defined, but above 1.1 V vs Fc for Cu-NIR2. The latter one also showed an irreversible cathodic peak at about 0.08 V vs Fc, which appeared only when scanning the potential toward very positive potential (ca. 1.5 V) before reverting the scan direction and it is most likely due to irreversible oxidation products. L1 did not show any process in the positive-going scan. Therefore, we can attribute the Oi,1-2 to the oxidation of the metal center. It is also worth mentioning that limited redox reversibility may represent a drawback for their application in LECs, although one should keep in mind that redox behavior in solid state may differ sharply from that observed in dilute solution. The parent mononuclear complexes, namely M1 and M2, were also investigated to compare the electrochemical pattern of the derived binuclear ones (Figure S28). Both M1 and M2 showed a reversible process Ri,1 in the negative-going scan at -1.77 and -1.73 V vs Fc, respectively. Similarly, in the positive-going scan another reversible process Oi,1 occurs at 0.94 and 1.00 V vs Fc, respectively, as shown in Figure S28. It is also worth noting that the peak-to-peak separation for all compound is in the range 80-130 mV (see Table 1), which is larger than expected for an ideal Nernstian behavior (59 mV). [START_REF] Bard | Electrochemical Methods, Fundamentals and Applications[END_REF] However, the behavior of the redox couple ferrocene/ferricenium (Fc + |Fc 0 ), used as internal standard, showed the same trend. This effect can be attributed to the ohmic drop of the system, despite the feedback correction was applied, as previously observed for aprotic media. [START_REF] Omer | [END_REF] Furthermore, by taking into account the diffusion coefficient of Cu-NIR1 and Cu-NIR2 (see supplementary discussion #1 and Figure S29 in the Supporting Information)

and by comparing the current intensities of their R1,n and O1,n processes with the oxidation of Fc, one can confidently state that the reduction processes are monoelectronic, whereas oxidations might involve more than one electron. 

Photophysical investigation

Firstly, the optical properties of complex Cu-NIR1 and Cu-NIR2 were investigated in dilute (3x10 -5 M) CH2Cl2 solution at room temperature in both air-equilibrated and degassed condition. The corresponding photophysical data are listed in Table 2 and the absorption and emission spectra are displayed in Figure 4. Figure S30 displays the spectra of pro-ligand L1.

As far as the bimetallic complexes Cu-NIR1 and Cu-NIR2 are concerned, their electronic absorption spectrum displays rather similar features that are characterized by three main bands. On the higher energy side, an intense band (λabs = 280 nm, ɛ = 4.1x10 4 M -1 cm -1 ) is attributable to electronic transitions with singlet-manifold intraligand ( 1 IL) nature involving both the arylphosphines and ligand L1. The intense and narrow band observed at λabs = 407 nm (ɛ = 5.8x10 4 M -1 cm -1 for compound Cu-NIR1) can be ascribed with confidence to a metal-perturbed 1 π-π ( 1 IL) absorption mainly localized onto the ligand L1 scaffold, in agreement with the data of this latter. On the lower energy side, the much less intense (ɛ = 5.8x10 4 M - 1 cm -1 for compound Cu-NIR1) and broader band can be ascribed to a transition with admixed singlet metal-to-ligand charge transfer ( 1 MLCT) and metal-perturbed ligand-to-ligand charge transfer ( 1 LLCT) with dπ (Cu) π *TzTz and π (aryl-P) π *TzTz character, respectively. Such band is shifted hypsochromically by about 3690 cm -1 (λabs = 425 nm, ɛ = 3.3x10 3 M -1 cm -1 ) in the corresponding mononuclear derivative M1, whereas it is absent in the spectra of ligand L1, supporting this attribution. Overall, these assignments are made by comparison with the spectrum of L1 (cf. Figure S30) as well as related derivatives reported previously, [5,8,15] and are in agreement with computational data (see below).

Upon excitation in the range 400-500 nm, solution samples of both binuclear complexes display broad and featureless NIR photoluminescence at room temperature, with emission centered at λem = 746 and 732 nm for derivative Cu-NIR1 and Cu-NIR2, respectively, and photoluminescence quantum yield of 0.13% and 0.06% in degassed condition. The steady-state emission appeared to be wavelengthindependent, but it displayed a slight bathochromic shift in air-equilibrated condition. Upon pulsed pslaser excitation, excited-state decay traces display a bi-exponential decay with τ1 = 81.6 (64%) and τ2 = 38.9 (36%) ns, for derivative Cu-NIR1, and even shorter lifetimes are recorded for the analogues Cu-NIR2 (see Table 2). De-excitation decays were little dependent on the presence of the triplet dioxygen, as expected for a diffusion-controlled quenching process kinetically competing with such a short-living excited state.

Conversely, mononuclear parental complexes M1 and M2 display hypsochromically shifted emission with maximum at λem = 700 nm, owing to the much shorter π -conjugation length of the chromophoric ligand, along with a prolonged excited state and higher PLQY, being the values τ = 319 ns and 0.5%, respectively, for M1 in degassed condition, in agreement with the energy gap law. Overall, the bi-exponential decay and the oxygen-dependency observed in the photoluminescence of the binuclear compounds point towards the presence of two energetically close-lying excited states, yet not fully equilibrated on the time scale of the overall radiative processes. Within the first nanosecond, a significant decay by more than 90% of the emission is observed at all wavelengths (Figure 5A). This is in line with the low PLQY of the complex in solution (Table 2). The decay is almost unresolved for wavelengths shorter than 600 nm, but it shows a resolved decay at longer wavelengths on the time scale of a few tens of ps. The remaining weak emission can be better detected at longer time scales when the number of photons per time interval is increased by a factor of 50 or 500, respectively. The data show a strong dependence of the decay times as a function of wavelength. In the 50 ns time range (Figure 5B), one observes a decay of the emission on a time scale of a few ns at <600 nm, while the emission at >600 nm hardly decays within 50 ns. The full decay of the long wavelength emission is captured on a 500 ns time range (Figure 5C). Figure 5 shows exemplary kinetics traces for the three different time ranges and at the emission wavelengths indicated as dotted lines in Figure 5, together with non-linear fits as sum of exponentials convolved by a Gaussian which represents the temporal instrument response function (IRF). The results of the fit give four main time constants, as summarised in Table S6.

These four main decay times are τ1 <10 ps, τ2 = 40 ps, τ3 = 4.0 ns and τ4= 65 ns (exact values with error bars). The value of τ4 agrees well with the longest lifetime found for this compound by timecorrelated single photon counting (TCSPC) technique (see Table 2). Since the amplitudes of the decay times are strongly wavelength-dependent, we performed a global fit, assuming wavelength-independent decay times. This provides the decay associated emission spectra (DAES) for τ2 to τ4 (and a longer component τ5 of negligible amplitude) plotted in Figure S32 of the Supporting information. In addition to the unresolved τ1, found to occur only at λ <600nm, we observe that these three lifetimes appear at selected ranges of wavelengths, which guides our assignments as follows. The longest lifetime τ4 is with confidence assigned to phosphorescence from an excited triplet state with 3 MCLT character. This component largely dominates the steady-state emission spectrum and is detected by TCSPC and its associated DAES agrees well the former (cf. Figure 4 andS32). The fact that it slightly shortens in degassed solution samples confirms the triplet assignment. On the other hand, τ3 is only observed at shorter wavelengths. Indeed, the DAES associated with 3 and 4 are clearly separated, indicating that they are related to two different transitions. The 3.5 ns value of 3 may suggest that it is due to a highly quenched state that lies at higher energy compared to the 3 MCLT manifold. Comparison of the emission spectra observed at 77 K with the DAES associate to 3 allow us to rule out the 3 LC nature of this latter, which is instead tentatively assigned to a 1 LC state (see computational section). Note that this <600 nm component does not show up in the time-averaged fluorescence spectrum due to its short lifetime as compared to τ4. The lifetime τ2 is a nonradiative quenching process, most likely related to a flattening of the Cu complex, as usually observed for Cu(I) under tetrahedral coordination. [18] τ1, not included in the global fit, is mainly observed in the shortest wavelength range, where the fluorescence emission takes place. It is therefore assigned to intersystem crossing (ISC) process populating the triplet manifolds. But since it is not resolved by the streak camera, it does not show up as a rise time of the phosphorescence.

At 77 K in frozen matrix in CH2Cl2 emission shifts hypsochromically by ca. 2570 cm -1 and the appearance of a clear vibronic progression for the binuclear complexes is observed with spacing of ca.

1375 cm -1 attributable to the intramolecular C=C and C=N vibrational modes based on related data on thiazolo[5,4-d]thiazole organic emitters (Figure S33 and Table 2). [19] The shift is accompanied by a prolongation of the excited-state lifetime that reach a value as long as τ1 = 320.6 μs (72%) and τ2 = 81.6 μs (28%) (τaverage = 299.0 μs) for Cu-NIR1. Similar findings are observed for Cu-NIR2. Overall, this effect is indicative of the nature of the emissive excited state that becomes mainly 3 LC and is located on the πconjugated ligand L1. In stark contrast, mononuclear derivatives M1 and M2 retain the broad and featureless emission profile at low temperature pointing towards a still large 3 MLCT character admixed with 3 LLCT component of the emitting excited state. Such temperature-dependent data seems to rule out the presence of thermally-activated delayed fluorescence (TADF) processes in dilute solution for these dimetallic derivatives. [8a,15,20] For all the complexes, emission spectra of solid-state samples as neat powder and thin film blends are displayed in Figure S34-S36 of the Supporting Information and the corresponding photophysical data are summarized in Table S7-S8. For both mono-and dinuclear complexes, powder samples show broad and featureless emission profile that is hypsochromically shifted (by ca. 780-1270 cm -1 ) when compared to fluid solution due to the large CT nature of the emissive excited state and the reduced geometrical relaxation and tendency toward flattening occurring in a more rigid environment such as inthe solid state, as previously observed in related mononuclear [Cu(P^P)(N^N)] + derivatives (cf.

data in Table 2 and S7-S8). [5,14,15] Interestingly, larger shifts are obtained for mononuclear derivatives M1 and M2 compared to binuclear Cu-NIR1 and Cu-NIR2, indicative of the fact that for the latter geometrical distortion due to environmental effect play a smaller role. Additionally, this spectral shift is accompanied by a prolongation of the excited-state lifetimes that become as long as 3.0-3.5 μs and a remarkable enhancement of PLQY values, which are among the highest for Cu I emitters in this region. energetically close minima at the S0 potential energy surface (PES). This conformational freedom is expected to be suppressed in solid state restoring and hypsochromically shifting the emission.

Computational investigation

Geometrical optimization of pro-ligand L1 and complexes

For both complexes the lowest unoccupied molecular orbital (LUMO) and LUMO+1 are two combinations of π* with quinoidal character and located on ligand L1 and resemble those of pro-ligand L1 (cf. Figure 7 and Figure S38-S39). On the other hand, the highest occupied molecular orbital (HOMO)

and HOMO-1 consist of two almost degenerate antibonding Cu-P orbitals with dπ(Cu) character. The HOMO-2 is delocalized over the whole system of the ligand L1. 2 and Table S11). The second band between 250 to 350 nm is due to the convolution of several singlet-manifold excitations, the most intense being S0 S13 computed at 267 nm. This electronic transition displays intraligand charge transfer (ICT) character with For both complexes Cu-NIR1 and Cu-NIR2, a first weak band is computed around 525 nm corresponding to the S0 S1 transition with a 1 MLCT dπ(Cu)-π*TzTz character (S1 in Table S14) and symmetrically involving both [Cu(N^N)(P^P)] + fragment at Franck-Condon (FC) geometry (Figure 8). At higher energy, both complexes present a very intense band between 400 and 450 nm in the experimental spectrum (see Figure 4), which possesses slightly different character for complex Cu-NIR1 and Cu-NIR2.

For the former, this band is computed at 433 nm and associated to the S0 S3 with mainly 1 IL character involving ligand L1 and very small 1 MLCT contribution (Figure 8 and S43). For Cu-NIR2, the band is the convolution of three energetically close electronic transitions at 449 nm (S0 S5, πTzTz π*TzTz ), 427 nm (S0 S6, 1 MLTzTzCT) and 413 nm (S0 S7, 1 MLTzTzCT) with highly mixed character (Figure S44). The higher energy band computed between 300 to 325 nm in both complexes is due to several transitions with mixed character involving significant contribution of the diphosphine. These electronic processes can be described as ligand-to-ligand charge transfer ( 1 LLCT) with πPPh π * TzTz character. showing negligible contribution of the [Cu(P^P)] + fragment (Figure 9). The geometries of the lower-lying excited states retain a highly distorted structure like that found for the GS (Tables S9 andS10). It is worth to notice that for T1a minima, flattening is observed around the Cu I where excitation is localized by ca. 15° as defined by the angle between the plane containing (Cu, P, P) and (Cu, N, N). The emission arising from both the T1a and T1b state are computed in the NIR domain and the values are listed in Table S15. It is worth to notice that on a model system Cu-NIR1-Me, in which the tert-Bu moieties were replaced by Me groups, optimization of the 1 LC state within Ci symmetry yields an emission wavelength of 528 nm. This finding strongly suggests that the transitory emission experimentally observed at 550 nm might arise from a higher-lying 1 LC state.

Emission arising from the T1a state with 3 MLCT character is computed at 938 and 954 nm for derivative Cu-NIR1 and Cu-NIR2, respectively, and such state lies lower in energy than T1b. For this latter manifold, emission is computed at shorter wavelength being the value 805 and 839 nm for Cu-NIR1 and Cu-NIR2, respectively. The shift between the theoretical values and the experimental ones can be due to the large geometrical flexibility that characterize these complexes and their strong tendency to adopt a distorted geometry to maximize interligand -stacking interactions. As abovementioned and demonstrated for proligand L1 (see Supplementary Information), these large geometrical distortions might sizably affect the computed emission values making one static picture alone not enough to obtain quantitative agreement.

Hence, it requires an in-depth conformational analysis and Boltzmann averaged distribution of emission energies that will be reported in due course. Besides, it should be pointed out that the computed energy difference between the T1a and T1b

states is small, especially for Cu-NIR2 for which the difference is found to be only 35 meV, a value that is comparable to thermal energy (25 meV). Despite these difference in computed emission wavelengths, theoretical results show that the lowest triplet PES possesses close-lying minima ascribed to state with either 3 IL or 3 MLCT character. This finding is consistent with the experimental steady-state emission profile that is described as arising from a 3 MLCT state. A more rigid environment, such as either solid state or glassy matrix, destabilizes energetically the 3 MLCT state and constrains the structure by limiting large distortions. This rigidochromic effect yields to a switch of the nature of the lowest-lying excited state that becomes now the 3 IL manifold in agreement with the hypsochromic shift observed in emission spectra at low temperature (see photophysical section). Similarly, rigidification of the environment in the solid state establishes interligand -interactions and restore the NIR luminescence.

Electroluminescent characteristics of LECs

The LECs employing complexes Cu-NIR1 and Cu-NIR2 were fabricated and measured to test their EL properties. The EL characteristics of these LECs are summarized in Table S16. The EL spectra of the LECs based on complexes Cu-NIR1 and Cu-NIR2 are depicted in Figure S45. Both complexes showed similar thickness-dependent evolution in EL spectra, despite the fact that complex Cu-NIR1 shows slightly redshifted EL emission. The thinnest LECs (ca. 70-80 nm) exhibited deep-red EL spectra (λmax >650 nm). With thickened emissive layer (ca. 150-160 nm), the EL spectra shifted to the NIR spectral region (λmax >730 nm). Further increasing the emissive-layer thickness (ca. 270-280 nm) shifted the EL spectra back to the shorter-wavelength spectral region. Thickness-dependent EL spectra of these LECs result from the modified microcavity effect upon adjusting the device optical structure. [21] These data reveal that adjusting the device thickness is essential in obtaining more NIR EL emission from these LECs. To the best of our knowledge, this work demonstrates the first NIR LECs based on copper complexes.

The device current density, light output power, and external quantum efficiency (EQE) of the LECs based on complex Cu-NIR1 and Cu-NIR2 are shown in Figure S46 and S47, respectively. The bias voltage for each device with different thickness was chosen to obtain the optimized device efficiency. After a bias was applied, the mobile ions in the emissive layer of the LEC drifted toward electrodes and lead to gradually formed electrochemically p-and n-type doped layers. These doped layers facilitated carrier injection and thus the device current increased with time. The device current decreased rapidly after reaching the peak value possibly due to the increased resistance of degraded material. The light output power initially followed the increasing device current. However, the light output power decreased faster than the device current. In addition to the material degradation, exciton quenching due to the extending doped layers toward the emission zone was responsible for reducing light output power before the device current was decreasing. [22] Owing to the improved device carrier balance induced by the growing doped layers, the EQE increased rapidly after a bias was applied. After reaching the peak value, the EQE decreased gradually due to the same reasons responsible for the reduction in the light output power with time.

Among the LECs based on complex Cu-NIR1 under test, the optimized emissive-layer thickness was 151 nm and the peak EQE reached 0.32%. LECs based on complex Cu-NIR2 showed similar temporal evolution trend in the EL characteristics, yet with lower peak EQE (Figure S47). These EL characteristics confirm that the LECs employing the proposed copper complexes can offer NIR EL emission with moderate device efficiency. For comparison, the LECs based on complexes M1 and M2 were also fabricated. The EL characteristics of these LECs are summarized in Table S16. The EL spectra of the LECs based on complexes M1 and M2 are shown in Figure S48. The EL emission peaks of the LECs based on M1 and M2 were 666-716 and 664 nm, respectively. Compared to the EL spectra of the LECs based on the binuclear complexes with similar thicknesses (Figure S45), the mononuclear complexes showed hypsochromic shifts in the EL spectra due to shorter -conjugation length of the chromophoric ligands. It is noted that complex M1

showed time-dependent EL spectrum since the moving recombination zone in the LEC altered the microcavity effect, moving deep-red emission toward NIR region. [21] The device current density, light output power, and EQE of the LECs based on complex M1 and M2 are shown in Figure S49 and S50, respectively. The temporal evolution trends of the EL characteristics of the LECs based on mononuclear and binuclear complexes were similar. However, lower voltages were required for the LECs based on mononuclear complexes to reach similar or even higher light output power.

Since the mononuclear complexes exhibit higher energy gaps than the binuclear complexes, lower driving voltages of the LECs based on mononuclear complexes may be attributed to higher carrier mobilities of thin films of mononuclear complexes. Furthermore, the mononuclear complexes showed higher device EQEs than the binuclear complexes (Table S16). These results are consistent with the higher thin-film PLQYs of mononuclear complexes (Table S8). Without the influence of microcavity effect, both mononuclear complexes show deep-red EL emissions and thus were not used in the host-guest approach (see below) for further improving device efficiency. To further enhance the device efficiency, both complexes were mixed with the yellow complex YIr [23] to improve the device carrier balance (see Figure S51 for chemical structure). The bias voltage for the device with a given doping concentration of complex YIr was chosen to reach the optimal device efficiency. The EL characteristics of the LECs based on either complexes Cu-NIR1 or Cu-NIR2 doped with complex YIr are summarized in Table 3. The LECs based on complex YIr have been shown to have superior device carrier balance and higher EQE. [23] Incorporating a material with better carrier balance in the emissive layer can help to balance the number of carriers. [24] However, some EL properties are altered simultaneously upon doping. The EL spectra of the LECs based on complexes Cu-NIR1 and Cu-NIR2 doped with various complex YIr concentrations are shown in Figure 10. When doped with complex YIr, the EL emission of both complexes showed hypsochromic shift due to reduced intermolecular interactions, [25] especially for higher doping concentrations of YIr complex. To maintain the EL emission peak wavelength longer than 700 nm, the concentration of complex YIr is kept below 20 wt.%.

In addition to EL spectra, carrier transport properties in the LECs can be modified by incorporating complex YIr. [23] The device current density, light output power, and EQE of the LECs based on complex Cu-NIR1 doped with various concentrations of complex YIr are shown in Figure 11. The bias voltage for each LEC with different complex YIr concentration was chosen to obtain the optimized device efficiency. When doped with complex YIr, comparable device current and light output power can be obtained under a lower bias voltage. It reveals improved carrier transport properties of the mixed emissive layer. Furthermore, more balanced electrons and holes in the device enhanced the EQEs of the NIR LECs based on complex Cu-NIR1 by 34%. The peak EQE for NIR EL ( max = 707 nm, 16 wt.% complex YIr) was 0.43% while the peak EQE can be further increased to 0.7% for deep-red EL ( max = 692 nm, 20 wt.% complex YIr). Similarly, doping of complex YIr also improved the carrier transport properties and carrier balance of the LECs based on complex Cu-NIR2 (see Figure S52). The peak EQE reached 0.26%, which is enhanced by 53% ( max = 714 nm, 16 wt.% complex YIr). As such, the proposed doping strategy is effective in further enhancing the device performance of these NIR LECs.

Inspired by the fact that the EL emissions of the proposed complexes show hypsochromic shift when the intermolecular interactions are reduced, red EL emission can be harvested by doping lowconcentration NIR complex in a higher-gap host. Based on this concept, white LECs (188 nm) based on the blue-green complex B [26] doped with 0.6 wt.% complex Cu-NIR1 were fabricated and their EL characteristics were measured (see supplementary discussion #4 for further details). With the aid of efficient host complex B, the peak EQE of the white LEC reached 1.78%, which is higher than that of the LEC employing complex Cu-NIR1. The Commission Internationale de l'Éclairage (CIE) 1931 coordinate of the stabilized EL spectra approached the equal-energy point (0.33, 0.33). These results reveal that the proposed copper complex is not only suitable for NIR LECs, but also useful in white LECs.

Conclusion

A series of binuclear cationic Cu I complexes is disclosed that displays photoluminescence into the NIR region in solution with maximum centered at 746 nm. Despite the hypscochromic shift observed going from solution to condensed samples, for the herein presented binuclear complexes NIR emission is still preserved in the solid state. This emission was achieved thanks to a dinuclearisation strategy and establishment two π-π stacking interligand interactions that provide a doubly locked architecture, disfavoring large excited state geometrical distortion as confirmed by single-crystal X-ray. No suchstacking is present in the parental mononuclear counterparts. The radiative process is assigned to a longlived excited state with 3 MLCT character as supported by in depth photophysical and computational 

Figure 1 .

 1 Figure 1. Chemical structure of the dinuclear complexes Cu-NIR1 and Cu-NIR2 along with their mononuclear M1 and M2 counterparts. All the compounds were prepared as PF -salt.

Figure 2 .

 2 Figure 2. ORTEP diagram of compound Cu-NIR2 with thermal ellipsoids shown at 50% probability level obtained by single-crystal X-ray diffractometric analysis along two different views (box a and b). Right view highlights the interligand -stacking interactions involving phosphines and the TzTz ligand. Hydrogen atoms, PF -anions and solvent molecules are omitted for clarity. Selected bond lengths (Å): Cu-N(1) = 2.097(5), Cu-N(2) = 2.072(4), Cu-P(1) = 2.2748(18), Cu-P(2) =2.259(19). Selected bond angles (°): N(1)-Ir-N(2) = 79.52(18), P(1)-Ir-P(2) =124.53(6).

Figure 3 .

 3 Figure 3. CV recorded for copper complexes Cu-NIR1 (blue curve) and Cu-NIR2 (red curve) at concentration of 1 mM and carried out in CH2Cl2/0.1 M TBPF6. Scan rate 0.2 V s -1 .

Figure 4 .

 4 Figure 4. Electronic absorption (solid traces) and emission spectra (dashed traces) of dinuclear complex Cu-NIR1 (red) and Cu-NIR2 (black) and mononuclear M1 (blue) and M2 (orange) Cu I complexes recorded for CH2Cl2 samples at concentration of 3x10 -5 M at room temperature upon excitation at λexc = 480 nm for Cu-NIR1 (red) and Cu-NIR2 and 425 nm for M1 and M2.

  Cu-NIR1 and Cu-NIR2 at their electronic ground state (GS) was carried out by means of density functional theory (DFT). The structure of L1 possess Ci symmetry and the fused thiazolo[5,4-d]thiazole core adopts an almost planar geometry, with a (N1-C2-C3-N2) value of -13.0°. Expectantly, the two peripheral phenyl rings are twisted and show a (C4-C5-C6-C7) = 44.1°. See Scheme S3 for atom labelling.Coordination of [Cu(P^P)] + fragment onto ligand L1 induces large distortions due to multiplestacking interactions between the phenyl rings of the diphosphine ligands and the π -extended aromatic scaffold of L1 (see TableS9-S10 for geometrical parameters). As far as complex Cu-NIR1 at its lowestenergy GS geometry is concerned, four -stacking interactions are present involving two phenyl rings of each of the two DPEPhos ligands and the thiazolo[5,4-d]thiazole core of L1 and two with the pyridine rings (FigureS37and Supplementary Discussion #2). The maximization of these π -stackings leads to a distorted conformation of ligand L1 characterized by a twist of the N1-C2-C3-N2 and C4-C5-C6-C7 dihedral angles by -23.3° (23.8°), an elongation of the Cu-N1 and Cu-N1' distances by ca. 0.1 Å and an increase of the (N1-C2-C3-N2) by ca. 20° compared to the values observed in the experimental structure. In complex Cu-NIR2, only two interligand π -stacking interactions are present involving one phenyl ring of each phosphine and the pyridine ligand L1, owing to the more rigid nature of the diphosphine. The computed structure for Cu-NIR2 agrees well with the experimental one. Overall, bent geometry of the complex is also observed with M-C2-C9 and M-C2'-C9' angles of 156.2° and 160.5°, respectively. Additionally, N1-C2-C3-N2 (N1'-C2'-C3'-N2') dihedral angle of 20.9° (-10.1°) are computed, yielding a more distorted structure than that computed for Cu-NIR1, and characterized by rupture of the Ci symmetry. Optimization with Ci constrain yield a less distorted structure that lies 0.250 eV higher in energy with (N1-C2-C3-N2) = 8.7°. Overall, these results show that both dinuclear complexes are quite flexible and probably exhibit several

Figure 7 .

 7 Figure 7. Nature and energies of the frontier molecular orbitals of Cu-NIR1 complex. Hydrogens are omitted for clarity.

  πPh-π*TzTz nature involving and electron density displacement from the terminal phenyl rings to the TzTz core of ligand L1. Conformation of ligand L1 and rotation about the C5-C6 and C5'-C6' bonds is further investigated in terms of energetics and optical properties highlighting the crucial role played by TzTz TzTz geometrical distortion on the optical properties in such flexible structure (see Supplementary Discussion#3).

Figure 8 .

 8 Figure 8. EDDMs computed between ground and excited state for S0 S1 (a) and S0 S3 (b) transition for complexes Cu-NIR1. Electronically enriched and depleted areas are colored in green and red, respectively. Hydrogens are omitted for clarity.

Figure 9 .

 9 Figure 9. EDDMs computed for T1a ( 3 MLCT, box a) and T1b ( 3 IL, box b) state for complex Cu-NIR1 determined by electron density difference between ground and excited state. Electronically enriched and depleted areas are colored in green and red, respectively. Hydrogens are omitted for clarity

Figure 11 .

 11 Figure 11. Time-dependent (a) current density, (b) light output power, and (c) EQE of the LECs based on complex Cu-NIR1 doped with x wt.% complex YIr. The bias voltages for the LECs doped with 0, 8, 12, 16, and 20 wt.% complex YIr are 5, 4, 3, 2.5 and 2.2 V, respectively.

  analysis. Despite the PLQY values are still modest, they are amongst the highest for Cu I derivatives in this spectral region, which prompted their successful use as EL materials in LECs devices. NIR electroluminescence was demonstrated in LEC fabricated comprising an EML with either neat binuclear Cu I complexes or by doping a wider bandgap host with the NIR emitting Cu I as the guest. The so-fabricated LECs achieved EL maximum wavelength up to 756 nm and peak EQE of 0.43%. Owing to the possibility to tune the EL spectral feature via EML thickness white-emitting LEC was demonstrated as well using a bluered two component approach. To the best of our knowledge, this work demonstrated for the first time the possibility to achieve challenging NIR EL by using earth-abundant metal complexes
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