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Down and Up Conversion Luminescence of the Lead-Free Organic Metal Halide Material: (C 9 H 8 NO) 2 SnCl 6 2H 2 O

The present work deals with the optical properties of hybrid organic metal halide material namely (C 9 H 8 NO) 2 SnCl 6 .2H 2 O. Its structure is built up from isolated [SnCl 6 ] 2-octahedral dianions surrounded by Hydroxylquinolinium organic cations (C 9 H 8 NO) + , abbreviated as

[HQ] + . Unlike the usual hybrid materials, where metal halide ions are luminescent semiconductors while the organic ones are optically inactive, [HQ] 2 SnCl 6 .2H 2 O contains two optically active entities: [HQ] + organic cations and [SnCl 6 ] 2-dianions. The optical properties of the synthesized crystals were studied by optical absorption spectroscopy, photoluminescence measurements and DFT calculations of electronic density of states. These studies have shown that both organic and inorganic entities have very close HOMO-LUMO gaps and very similar band alignments favoring the resonant energy transfer process. In addition, measurements of luminescence under variable excitations reveal an intense green luminescence around 497 nm under UV excitation (down conversion) and infrared excitation (up conversion luminescence). The down conversion luminescence is assigned to the π-π* transition within the [HQ] + organic cations involving charge transfer between the organic and inorganic entities, whereas the up conversion luminescence is on based the triplet-triplet annihilation mechanism (TTA).

Introduction

Hybrid organic-inorganic metal halides with the general formula R x M y X z (R: organic group, M: metal and X: halogen) form a large family of interesting hybrid materials due to their structural diversity, optoelectronic properties, as well as their ability to be processed using low temperature techniques. Their structure is characterized by M y X z inorganic polyhedra sharing corners, edges or faces to form naturally a large diversity of low dimensional semiconductor networks, surrounded by organic cations through X…H-N hydrogen bonds.
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During the last decades, the most studied class of hybrid materials is the famous family of perovskites with formula (RNH 3 ) 2 PbX 4 and RNH 3 PbX 3 . [7][8][9][10][11][12][13][14][15][16][17] Recently, they have attracted a lot of attention thanks to their potential interest for technological applications and for their use in optoelectronic devices 18,19 19 as well as photovoltaic solar cells. [20][21][22][23] More recently, up conversion studies have been also made on this family of materials and have shown rather interesting nonlinear optical properties, namely in colloidal solutions of MAPbBr 3 and CsPbBrI nanocrystals. [24][25][26] The up-conversion phenomenon consists of the combining of two low energy photons in the infrared (IR) region to convert them into higher energy photons (in UV or visible region). 27,28 This property makes this material a promising candidate for the improvement of solar cells' efficiency as it extends the operating spectral range to the infrared (IR) and near infrared (NIR) range. [29][30][31][32][33][34] So far, the most interesting results were obtained for lead halide based compounds. Taking into account the toxicity of lead (Pb), many researchers have oriented their interest towards the use of other metals such as Cu, Sn and Bi. In this context, we perform in our laboratory several systematic studies on new hybrid metal halides of competitive properties with less toxic metals. As far as we know, only few works have investigated the optical and optoelectronic properties of hybrid metal halides based on SnCl 6 framework. 35,36 In the present work, we will focus on a new lead-free material [HQ] 2 SnCl 6 .2H 2 O. The study of photoluminescence under variable excitations shows an intense green luminescence band around 497 nm which appears under both UV excitation (down conversion luminescence) and under infrared excitation (up conversion luminescence). We will show that the down conversion luminescence involves Forster Resonance Energy Transfer (FRET) mechanism [38][39][40] in which [SnCl 6 ] 2-anions act as donors and [HQ] + cations act as acceptors, whereas the up conversion luminescence is based on Triplet-Triplet Annihilation (TTA) mechanism. [41][42][43][44][45] This mechanism may generally be described as a conversion of low energy photons in the near infrared region (NIR) into higher energy photons in the visible region: A sensitizer molecule absorbs in (NIR), creating a singlet excited state that undergoes an intersystem crossing (ISC) to the triplet excited state. The energy is then transferred to the triplet state (TET) of another molecule that acts as an emitter (annihilator). Within the emitter, the two triplet excitations fuse into a higher energy singlet excitation and leads to the emission of a higher energy photon in the visible region (Fig. S1). Such a process has the potential to generate substantial improvement of solar conversion efficiency by extending their operating spectral range to the NIR region. 46 Moreover, one should also mention that this material is among the few systems in which the TTA up conversion process occurs without a sensitizer and in which the triplet levels are populated via the transitions from S 0 levels to T levels thanks to the strong interactions between the aromatic rings . 47 48 In addition, almost all of the previous studies on up converter materials have been carried out on colloidal solutions and nanocrystals, [24][25][26][27][28] using intense coherent light excitations (Laser), while our material is among the very few crystalline up converter materials that operate with non-coherent light and with relatively low intensities. [24][25][26][27][28] 2.

Materials and methods

Crystals Synthesis and Structure Description

Single crystals of [HQ] 2 SnCl 6 .2H 2 O were prepared using the slow evaporation method at room temperature. In the beginning, dissolving (C 9 H 7 NO) in aqueous HCl solution (37%) gives rise to the (C 9 H 8 NOCl) organic salt. Later, 1 mmol of the obtained solution was added to 1 mmol of SnCl 4 and dissolved in HCl solution (37%). The reaction mixture was then stirred and kept at room temperature. A few weeks later, yellow crystals started to arise.

X-ray diffraction data were collected on a selected single crystal using a Bruker D8 Venture diffractometer equipped with a CMOS PHOTON100 detector, a nitrogen cryostream cooling system, and using MoKα radiation (λ= 0.71073 Å). Data were collected at 100K. The unit-cell determination and data reduction were performed using the APEX2 program suite on the full data set. An empirical absorption correction was performed. The structure was solved by direct methods and successive Fourier difference syntheses, and was refined on F 2 by weighted full-matrix least squares methods using the SHELX-2014 crystallographic software package. [START_REF] Sheldrick | [END_REF] All non-H atoms were refined anisotropically. H atoms were located in difference Fourier maps and treated using a riding model, constraining the isotropic displacement parameters to 1.2Ueq of the parent C atom. More details on the structural determination and analysis can be found in the supplementary materials (Tables S1-S3). CCDC-2069797 contains the supplementary crystallographic data for this paper.

Density of states calculations

The calculations were based on DFT implemented in the Wien2k package. 50 The interaction between ions and electrons was solved using the modified Becke and Johnson (mbj) 51,52 exchange potential using the all-electron full potential linearized augmented plane wave (FP-LAPW). 53 Concerning the wave function in the interstitial regions, the cut-off wave value was fixed at K max = 3/R MT, where Kmax is the magnitude of the largest k-vector in the plane wave basis and RMT is the minimum radius of the muffin-tin (MT) spheres. Self-consistency calculation confirmed the energy convergence since the convergence criteria were less than 10 -3 Ryd per formula unit.

Optical Measurements

All optical measurements were recorded on single crystals of [HQ] 2 SnCl 6 .2H 2 O.

Photoluminescence (PL) in addition to excitation photoluminescence (PLE) data were carried out on a Fluoromax-4 spectro fluorimeter equipped with a xenon lamp as an excitation source.

Taking into consideration the excitation intensity variation over the whole wavelength range, a calibration ratio is included in the PL measurements. Optical absorption (OA) was measured on the same sample using a UV-vis spectrophotometer (HITACHI, U-3300). An EasyLife-Horiba instrument was employed to measure the photoluminescence lifetime using a 375 nm diode laser as a light source. The time-resolved decay curves were analyzed by a singleexponential iterative fitting program. The temperature-dependent PL spectra were recorded using a Horiba-Jobin Yvon HR 320 spectrometer where the sample was placed in a helium bath cryostat and excited with a 375 nm laser line. 

Results and discussion

Density of states calculations

Given the complexity of the structure and considering the fact that both organic and inorganic species are optically active, a rigorous interpretation and assignment of the optical absorption and photoluminescence spectrum is not so obvious. In such cases, the simulation techniques of the electronic density of states (DOS) prove to be effective tools for a better interpretation of the optical spectra. In this context, we performed theoretical calculations of the DOS in terms of periodic density functional theory (DFT). In Fig. 2, we have illustrated the partial DOS of each organic and inorganic entity as well as the total DOS. From these results, we can first of all deduce the value of the optical HOMO-LUMO band gap of the title compound estimated at 2.88 eV. Moreover, the analysis of the partial DOS shows that the molecular orbitals of the two organic and inorganic species contribute both to the conduction band and the valence band. Indeed, the valence band (VB) of the title compound mainly originates from N, O and Cl mixed with a small contribution of Sn and C. For the conduction band (CB), it is occupied by nearly the same amount of Sn, Cl, N, O and C.

Furthermore, we notice an alignment of the HOMO-LUMO gaps of the inorganic dianions and the organic cations; they are both estimated nearly at 3 eV. We will see below, in the study by optical spectroscopy that this almost perfect alignment of molecular orbitals and HOMO-LUMO levels of both organic and inorganic parts is in a good agreement with the experimental data, and is in favor of a resonant energy and charge transfer. 

Optical study

As previously mentioned, our hybrid material includes two luminescent organic and inorganic parts. On the one hand, the inorganic SnCl 6 octahedra containing self-trapped excitons which are considered as Wanier type and which depend on the distortion of the octahedra. 55 On the other hand, the organic cations [HQ] + comprising π-conjugated electrons which can give rise to π-π * Frenkel exciton. 56 In order to distinguish and analyze the contribution of each component in the absorption and emission processes, the optical absorption and photoluminescence spectra of the hybrid material were analyzed and interpreted by comparison with the spectra of the organic salt (HQ.Cl) on the one hand and those of Cs 2 SnCl 6 57 on the other hand. As we can see in Fig. 3(a), the optical absorption spectra of the organic salt and the hybrid material indicate that they absorb in the same spectral range between 300 and 450 nm, which is in perfect agreement with the results predicted by the theoretical simulations of the electronic density of states which showed an alignment of the HOMO-LUMO energy levels of the organic and inorganic parts. 57 The dashed area illustrates the overlap between the donor emission (SnCl 6 ) and the acceptor excitation.

These results are also in agreement with the PLE measurements recorded under 490 nm, which showed two spectra of the same shape for the organic and inorganic entities centered at 410 nm (3.02 eV). Moreover, under UV excitation of 375nm, the organic salt as well as the hybrid material show a very intense green emission which can be observed even with the naked eye. In the photoluminescence spectra (Fig. 3(b)), these emissions are characterized by broad and intense bands around 491nm and 497nm for the organic salt and the hybrid respectively. This emission band is unambiguously associated with the electronic π-π * transition within the organic cations. We should also point out that in previous studies on tin chloride-based materials, 36,58 in particular on Cs 2 SnCl 6 57 , the PL spectrum is characterized by a wide emission band around 444 nm associated with exciton recombination in SnCl 6 octahedra (Fig. 3 (b)). In the case of our hybrid material, this band is not observed. This can be explained by the fact that these excitons are quenched by the energy and charge transfer process that can occur between the SnCl 6 octahedra and the [HQ] organic cations (RET).

To boost our assumption, we have performed time resolved PL measurements on the organic salt and on the hybrid under 375 nm excitation (Fig. S3). The measured lifetimes are fitted using the following exponential function:

exp( t / ) I(t ) A   
where is the exciton lifetime and A is the amplitude. 59,60 For our material, the average lifetime is estimated at 30 ns which is comparable with that of the (HQ.Cl) salt; 24 ns, while for self-trapped exciton in other reported SnCl 6 based materials, the lifetimes are hundreds of times higher. 55,61,62 This confirms again that the observed luminescence bands are associated with the organic exciton.

Let us now return to the resonant energy/charge transfer (RET). RET 63 can be described as a dipolar interaction between two molecular species (a donor D and an acceptor A) depending essentially on three conditions:

(i) The HOMO-LUMO gap of the acceptor A is less than or equal to that of the donor D.

(ii) The distance between D and A does not exceed a few nm and the transfer process is all the more favored the closer these entities are.

(iii) The donor's emission band must have a significant overlap with the acceptor's absorption band.

For the present case, these three conditions are perfectly satisfied. So that: (i) DFT calculation and absorption measurements showed an alignment of the HOMO-LUMO gap and molecular orbitals of the two organic inorganic entities.

(ii) The structural study showed that the distance between the organic cation and the SnCl 6 octahedra does not exceed 3 Å.

(iii) Fig. 3 (b) shows a significant overlap of the absorption of the organic cation with the emission band of SnCl 6 .

The data available so far typically characterize the mechanism of resonant energy and charge transfer and may explain the quenching of the inorganic excitons. Moreover, in similar systems this transfer mechanism is described as the conversion of an inorganic exciton to an organic exciton 64 (Fig. S4). Moreover, it is well known that in hybrid materials, the inorganic excitons and the organic excitons have different thermal behaviors. Indeed, the inorganic excitons assumed as Wannier excitons are very sensitive to the lowering of temperature and the intensity of their PL bands increases considerably, while for organic excitons, the intensity of the PL is much less sensitive to the temperature variation. 12,[65][66][67] In this context, and in order to perform a thermal characterization of the charge transfer between the organic and inorganic parts, we carried out a temperature-dependence study of the photoluminescence for the hybrid material as well as for the organic salt. The Fig. 4 shows the evolution of the PL spectra of the two compounds in the temperature range 20-300K. As we can see, despite the fact that in the two compounds the photoluminescence originates from the organic cation, they show different thermal behaviors, so that, by lowering the temperature from 300 to 20K, the intensity of the PL band of the hybrid is multiplied by a ratio R Hybrid = I 20 / I 300 = 2.3. While for the organic salt, the intensity remains almost constant (R Salt = I 20 / I 300 = 1.3). This perfectly characterizes the charge transfer mechanism which enhances the emission process in the hybrid. Such behavior has been observed in many previous studies and has often been described as the conversion of an inorganic exciton (Wannier) into an organic exciton 12,65-67 (Frenkel). In order to investigate the stability of the exciton in the title compound, we plotted the integrated PL intensity as a function of 1/K B T, where K B T is Boltzmann energy (Fig. 5 (a)).

The intensity can be fitted using the Arrhenius-type model 68,69 described as:

0 ( ) 1 exp( ) PL a B I I T E a K T   
Where I PL (T) is the integrated PL intensity at temperature T, I 0 is the integrated PL intensity at 0 K, E a is the activation energy attributed to the thermally activated non-radiative process.

The appropriate fitting parameters lead to an activation energy E a = 41 meV which is close to the activation energy of previous studies on homologous materials namely (AMPS)[SnCl 6 ]H 2 O (30 meV). 35 This low exciton binding energy suggests that the interaction of free exciton is the dominant in the material unlike other hybrid materials presenting an important activation energy reaching hundreds of meV. 70 It may be also assigned to the stability of the exciton making it visible at room temperature. 71 As seen in Fig. 5 (b), we have plotted the exciton peak energy in the temperature range from 20 to 300 K to strengthen our confidence in the existence of free exciton behavior. This variation follows the classical Varshni's model 72 described as:

)
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Where E 0,ex is the exciton energy at 0 K,  is related to the linear shift of E ex (T) and  is close to the Debye temperature. Effectively, no deviation from this model was detected which is in good agreement with the small activation energy value calculated previously.

In order to better understand the mechanism of energy and charge transfer in our compound, we performed photoluminescence measurements using various excitation energies, covering the UV-visible and near infrared region (300nm-900nm). Surprisingly, it turned out that the luminescence peak around 497nm is not only obtained for the blue-UV excitation (down conversion), but also for the excitations in the near infrared region (750nm-900nm). As can be seen in Fig. 6 (a), for excitation wavelengths between 250 nm and 500 nm we observe the luminescence band is intense and reaches the maximum intensity around 400 nm and drops of steeply for excitations between 500 and 700 nm. For excitation range between 700 and 1000 nm, the PL peak reappears and reaches its maximum under excitation around 855 nm. The same study was also carried out on the organic salt. As seen in the Fig. 6 (b) and (c) the comparison between the organic salt and the hybrid materials showed a similar behavior in the two regimes (down conversion and up conversion luminescence).It is worthy to note an enhancement in the hybrid's PL intensity compared to the organic salt's PL intensity. This can be explained by the RET mechanism given that the intensity of the PL band of the hybrid is almost the double of the organic salt in down conversion and almost four times in the up conversion one. The analysis of these data lead to the following deductions: (i) In both regimes, down and up conversion, the luminescence originates mainly from the organic cation.

(ii) The TTA -UC process occurs without a sensitizer, as the Cl -and [SnCl 6 ] 2-ions do not have singlet or triplet levels that can take up in the IR and NIR regions.

It seems that among the sensitizer free mechanism, the process of IR photon absorption followed by triplet-triplet annihilation perfectly describes this up conversion process. It is however useful to remember that this process (sketched in Fig. 7) is described as a bimolecular process [73][74][75][76] which takes place between two organic species comprising aromatic rings, and occurs in two steps: First, under infrared irradiation, two organic cations (cation) 1 and (cation) 2 absorb each a photon so that both transit from the S 0 level to the T level. This optical transition, which is theoretically forbidden, becomes allowed thanks to the strong interaction between the two cations. In a second step, the two strongly correlated triplet levels (T, T) fuse into a singlet S 1 level of double energy. This S 1 level can relax at the lower levels via two mechanism: the return to the fission of the S 1 singlet level into two triplet levels (T, T), or the transition to the S 0 level which gives rise to the delayed luminescence that we observed in the visible region (around 497 nm). In recent studies carried out on numerous organic systems involving TTA processes it has been demonstrated that this mechanism is mainly dependent of the following criteria: (i) The molecules involved in this process must have at least two aromatic rings and have a triplet level of energy almost equal to half the energy of the singlet level.

(ii) The stacking of aromatic rings and their interaction facilitate the population of T levels via S 0  T transitions.

(iii) The transfer of the triplet exciton from one molecule to another is of Dexter type 77 which consists of an exchange of electrons at short distances not exceeding 1 nm. All these criteria are indeed perfectly satisfied for both the organic salt and the hybrid material: (i) The quinolinium cation [HQ] + has two aromatic rings and is endowed with a triplet energy level equal to almost half the singlet energy levels (2.91 eV, 426 nm) of (1.45 eV, 850 nm) (ii) The crystal structure determined by XRD showed that the organic cations are associated in dimers and their interaction favors the TTA process.

(iii) The interaction distances between two cations determined by DRX are of the order of 3.5 and 3.6 Å. They allow the overlap of wave functions between neighboring molecules to facilitate Dexter transfer. All these results are in good agreement with those found for homologous material (HQ) 2 ZnCl 4 54 and other organic crystal systems such as pentacene 78 tetracene 79 or solid organic polymers based on tiophène. 80

Conclusion

This work reports on the optical properties of a new lead free organic hybrid crystals

[HQ] 2 SnCl 6 .2H 2 O in which, the two chromophore components [HQ] + and [SnCl 6 ] 2-have quite close HOMO-LUMO gaps. The study of the photoluminescence with various excitation showed an intense emission signal around 497nm that can be observed under UV excitation (down conversion) or under NIR excitation (up conversion). The comparison with the salt (HQ.Cl) and with the homologous materials showed that the down conversion luminescence involves a resonant energy transfer mechanism in which [SnCl 6 ] 2-acts as a donor and [HQ] + acts as an acceptor, whereas the up-conversion luminescence is governed by the sensitizerfree triplet-triplet annihilation (TTA). This property makes this material a promising candidate for the improvement of solar cells' efficiency as it has extended the conversion of infrared light to a wider spectral range. Given the band gap tunability depending on the nature of the organic molecule, this opens a new pathway for improving solar cells' performance. Moreover, this up-conversion material can be a good candidate for biological imaging applications. Therefore, we believe that this work will enrich this class of materials by arousing a renewed research on low cost, eco-friendly raw materials, with facile synthesis and excellent optical properties at room temperature.
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 11 Fig.1, its crystal structure is built from isolated [SnCl 6 ] 2-octahedral dianions, located on an inversion center, surrounded by [HQ] + cations and lattice water molecules. The distortion of the SnCl 6 octahedron can be quantitatively evaluated using the quadratic octahedral elongation and octahedral angle variance :
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 1 Fig. 1 [HQ] 2 SnCl 6 .2H 2 O crystal structure packing projected along the crystallographic (a) baxis and (b) c -axis. (c) Molecular design and octahedral coordination of SnCl 6 .
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 2 Fig. 2 Calculated partial and total electronic density of states of [HQ] 2 SnCl 6 .2H 2 O.
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 3 Fig. 3 (a) Room temperature PLE recorded under 490 nm excitation and optical absorption OA of [HQ] 2 SnCl 6 .2H 2 O and (HQ.Cl) salt. (b) Room temperature PL spectra of [HQ] 2 SnCl 6 .2H 2 O and (HQ.Cl) salt compared to the PL spectrum of Cs 2 SnCl 6 .57 The dashed area illustrates the overlap between the donor emission (SnCl 6 ) and the acceptor excitation.

Fig. 4

 4 Fig. 4 (a-b) Temperature dependence PL of [HQ] 2 SnCl 6 .2H 2 O and the (HQ.Cl) salt respectively measured under 375 nm excitaion.

Fig. 5

 5 Fig. 5 (a) Temperature dependence of the PL integrated intensity of [HQ] 2 SnCl 6 .2H 2 O. (b) PL peak energy as a function of temperature of [HQ] 2 SnCl 6 .2H 2 O.

Fig. 6

 6 Fig. 6 (a) PL spectra of [HQ] 2 SnCl 6 .2H 2 O under different excitations. (b-c) Relative PL spectra of [HQ] 2 SnCl 6 .2H 2 O and the (HQ.Cl) salt under 400 nm and 850 nm respectively.In (a) all measurements were multiplied by a calibration ratio taking into account the excitation power variation with the excitation wavelength.

Fig. 7

 7 Fig. 7 Schematic illustration of the sensitizer free TTA mechanism: two triplet levels of two interacting cations are populated through the singlet to triplet transition occurring while the absorption of two IR photons. This process is then followed by up conversion luminescence via triplet-triplet annihilation (TTA).
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