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Introduction

Mechanoresponsive luminescence (MRL), the change in emission properties upon application of an external mechanical stimulus, has attracted considerable attention in recent years for smart material applications. [1][START_REF] Ma | [END_REF][START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF][4][5][6][7][8][9][10][11][12] MRL is a supramolecular phenomenon, as it coincides with transitions between two crystalline polymorphs or between crystalline and amorphous states: emission changes are generally a result of the modification of the molecular environment during these transitions. [1,[START_REF] Ma | [END_REF] In recent years, MRL-active organic luminogens have been widely reported [START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF][4][5][6] in the context of aggregation-induced emission (AIE), [START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF]4] that is, for molecules that are weakly or nonemissive in dilute solutions, but strongly luminescent upon aggregate formation. The rationale is that AIE-active molecules, which are generally non-planar, tend to pack loosely, and so crystals are readily destroyed by weak mechanical stress.

Meanwhile, MRL-active transition-metal complexes, [7] which present alternative emission pathways, have been relatively under-researched, even though they promise applications in security, [7][8][9] data storage [7,9] and pressure/force sensing. [10] Recently, we introduced new tricarbonyl rhenium(I) complexes [13] that show rare AIE, and more widely speaking, solid-state luminescence enhancement (SLE). [14] Drawing lessons and parallels from organic AIE-and MRL-active materials, we sought to explore the MRL response of our Re I complexes. MRL reported for a variety of transition-metal complexes, including Ir, [8, 9c-h] Pt, [9a] Cu, [7c, 10b, 12] Au [9b, 10a, 12] and others (Zn, Ag) [8] , which are frequently also AIE-active. However, to the best of our knowledge, this is the first observation of MRL in Re I complexes. Furthermore, the mechanism proposed for their activity sheds new light on the SLE process.

Results and Discussion

The rhenium complexes 1 and 2 (Figure 1) contain ligands consisting of a 3-(2-pyridyl)-1,2,4-triazole (pyta) fragment appended to a 2-phenylbenzoxazole (PBO) moiety. They differ in the connection between the PBO and pyta fragments, and by the presence of a bulky tert-butyl group in complex 1. Both were selected for study as a result of their excellent emission properties in the solid state. [13b] Upon irradiation with near-UV light or low-wavelength visible light, pristine powders of 1 and 2, obtained by crystallisation in methanol, showed emission in the yellow and green regions, respectively, with high photoluminescence quantum yields (Table 1). It can be recalled that in dichloromethane, both compounds emitted weak red light. [13b] The SLE effect is conventionally attributed to the restriction of molecular motion upon aggregation.

Mechanical grinding of the rhenium complexes caused a redshift of emission by 30 nm (892 cm À1 ) for 1 and 58 nm (1783 cm À1 ) for 2 (Figure 1 and Table 1) and the quantum yields collapsed. Upon exposure of the ground powders to solvent fumes (chloroform, dichloromethane or THF), the emission associated with the corresponding pristine powders was fully recovered. The process was reversible several times without any noticeable changes. The excitation spectra also showed variation in the intensity of the metal-to-ligand charge transfer (MLCT) band (447 nm for 1, 437 nm for 2) for the pristine and ground forms. According to the 3D luminescence spectra, the emission spectral shape is independent of l ex (see Figures S1 andS2 in the Supporting Information), which indi-cates the presence of a single emitting species for the pristine and ground forms of both compounds. Remarkably, each of the pristine powders displayed two main distinct luminescence lifetimes (890 and 185 ns for 1, 563 and 93 ns for 2), which were drastically shortened upon grinding (see Table S1, Figures S3 and S4 and further comments on lifetime measurements in the Supporting Information). Such values comprising several tens and several hundred nanoseconds confirm the phosphorescent nature of the emission.

Crystallographic analyses of the two compounds have been reported previously. [13b] Besides the expected octahedral geometry of the coordination sphere, other characteristic features include the planarity of the PBO moiety and its pronounced twist with respect to the 1,2,4-triazole moiety due to the repulsion of the hydrogen atoms in the adjacent rings. They exhibit dihedral angles of 72.5 and 62.88 for the two molecules that constitute the unit cell of 1, and 83.38 for 2 (Figure 2). Furthermore, the aromatic systems of neighbouring molecules of the two complexes do not overlap in the respective crystal packing modes. The crystals, structured by various weak interactions, are therefore prone to fracture by external stimuli.

Powder X-ray diffraction (PXRD) analysis revealed the crystalline nature of the pristine powders, showing the same peaks as those simulated on the basis of the single-crystal X-ray diffraction data. By contrast, the ground samples generated From top to bottom, for complexes 1 (left) and 2(right): the respective chemical structures, photographs of pristine and ground powders under UV light (365 nm), and normalised excitation (dotted) and emission (solid) spectra of pristine (black) and ground forms (orange). l ex = 365 nm for the emission spectra; the excitation spectra were recorded at the emission maxima.

Table 1. Phosphorescence properties of complexes 1 and 2 in the solid state (pristine and ground powders) and in dichloromethane solution. [a] l max em [nm] [b] F PL [c] t [ns] [d] < t > [ns] [e] k r [ns À1 ] [f] k nr [ns À1 ] [g] Complex [a] Concentration % 3.5 10 À5 m, bubbled with Ar (5 min) before measurement. From ref.

[13b]. [b] Maximum emission wavelength. l ex = 380 nm.

[c] Phosphorescence quantum yield. [d] Main lifetimes with fractions of intensity given in parentheses. [e] Weighted average lifetimes. almost flat patterns. The samples exposed to solvent fumes exhibited the same peaks as the pristine powders (Figure 3 a). This confirms the transition from crystalline pristine powders to an amorphous state upon grinding, and the recovery of the initial crystalline structure upon solvent fuming, which favours the mobility of molecules.

[f] Radia- tive rate constants, k r = F PL / < t > . [g] Non-radiative rate constant, k nr = (1ÀF PL )/ < t > .
Coupled optical atomic force microscopy [16] &&Ref. 15 does not appear to have been cited in the text. Please check.& &(AFM) imaging was performed to ascertain the origin of emission in the crystalline samples. After drop-deposition and drying of a dichloromethane solution of 2, AFM showed flat objects, typical of uniformly ordered crystalline structures (see Figure S5 in the Supporting Information). Collecting the light emitted by single crystals of 2 allowed us to record the corresponding spectra, which were in complete agreement with that of the pristine powder (Figure 3 b,c).

The differences in the spectroscopic properties are therefore associated with phase changes from the crystalline to amorphous states. The lack of strong face-to-face p-p-stacking interactions in the crystals of 1 and 2 suggests that excimer formation or exciton coupling, widely evoked in the literature to explain MRL in AIE luminogens, [1, 4, 5, 6a, 7] plays a minor role in our complexes. The rationale for the observed MRL effect must rather be researched on the molecular scale. It is commonly agreed that for typical propeller-shaped AIE-active compounds, which are often stuck in a twisted conformation in the crystalline state, [1][START_REF] Ma | [END_REF][START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF][4][5][6][7] grinding releases the twist stress and allows molecules to adopt more planar conformations. These spectacular conformational changes usually&&'usually' inserted here to provide a context for the following sentence. Ok?&& account for the large differences in spectroscopic properties. This is not the case here: the overall geometries of the molecules in the crystalline state, provided by XRD analyses, are similar to those of the molecules surrounded by a solvent continuum, optimised by density functional theory (DFT) calculations. [13b] The only significant difference for 1 is the value of the dihedral angle between the pyta and PBO moieties (calcd 89.48 vs. exptl 72.5/62.88, see Table S2 in the Supporting Information). Furthermore, for both compounds, it is notable that the dihedral angle decreases when passing from the ground state to the first excited state. For instance, for complex 2, the calculated dihedral angle for the 3 MLCT state is 55.58, whereas the experimental angle is 83.38 in the crystal. No clear trend could be observed for the two compounds, but our attention was attracted by the pyta-PBO dihedral angle. Furthermore, free rotation around the bond linking pyta and PBO is possible in solution.

Consequently, it seemed instructive to investigate the influence of molecular motion upon the energy of the first triplet state, which is thought to be responsible for emission. DFT calculations were performed. The effect of rotation around the pytaÀPBO bond on the PL emission wavelength was calculated from the Boltzmann distribution average versus rotation angle at a temperature of 300 K. The curves for potential energy plotted against pyta-PBO dihedral angle have almost identical shapes for compounds 1 (Figure S6 d in the Supporting Information) and 2 (Figure 4 a), with a large area of very low energy. Thus, rotation is thermally easy, with rotational barriers of 4.64 and 3.76 kcal mol À1 for 1 and 2, respectively, and has only a small impact on the PL emission wavelength (see Tables S3, S5 and S9). The effect of internal rotation within the PBO moiety was also investigated, because no repulsion impedes the rotation of the phenyl group with respect to the benzoxazole group. In this case, the potential energy sharply increases when the dihedral angle deviates from 0 or 1808 (Figure S6 f and Figure 4 b). The rotational barrier is somewhat higher than in the former case (6.09 and 6.19 kcal mol À1 for 1 and 2, respectively, see Table S4), which suggests that this moiety is more likely to stay planar at room temperature. Most importantly, the effect of torsion on the PL emission is almost insignificant (see Tables S3, S7 andS10).

Further extensive DFT calculations were performed to gain an understanding of the MRL effect. In our previous work, PL emission was shown to arise from the first triplet state, which has strong MLCT character, as a result of the transfer of one electron from the d(Re) orbital to the p* orbital of the organic ligand. This work allowed us to identify a second triplet state with intraligand (IL) character, namely 3 IL, because the promotion of one electron occurs from the p orbital to a p* orbital of the organic ligand (see Figures S6 b,c and S7 b,c in the Supporting Information). Indeed, the existence of two long-lived equilibrated triplet states has been reported previously by Vlc ˇek and Zàlis ˇand co-workers for [Re(Cl)(CO) 3 (N,N)] complexes (N,N = bipyridine, phenanthroline or 4,7-dimethylphenanthroline). Ultrafast spectroscopic measurements showed that excitation at 400 nm produces a 1 CT state, which decays on a femtosecond timescale and populates simultaneously the lowestlying phosphorescent triplet state with strong charge-transfer (CT) character and an intermediate triplet state with substantial IL character. The 3 IL-to-3 CT conversion occurs on a picosecond timescale, depending on the solvent and ligands. [17] In this case, the calculated energy of the 3 IL state of 1 is higher than that of [START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF] MLCT by only about 5 kcal mol À1 (À1708.45268 a.u. vs. À1708.46086 a.u.). For 2, the energies of the two triplet states are very similar (À1551.38412 and À1551.38736 a.u., respectively). Accessing the exact energy levels of the triplets in the crystals is beyond the scope of this study, because that would require taking into account the influence of the surrounding molecules. However, it may be assumed that the energies of the 3 MLCT and 3 IL triplet states are similar in the solids. Emission could thus arise from both triplet states, which is indeed in line with the detection of two distinct lifetimes in both the crystalline and amorphous states. Considering that the small differences may be due to packing effects, comparison between the experimental (Table 1) and calculated (Table S3) values suggests that the 3 IL state could be mainly responsible for the PL emission at short wavelengths, which prevails in the crystalline state. In contrast, for the amorphous powder, PL emission in the orange region suggests an increased involvement of the 3 MLCT state.

The interplay between the two excited triplet states would therefore be responsible for the bathochromic shift of the PL emission upon grinding the crystalline material, observed for both complexes. However, the question is why the 3 IL state would be better stabilised in the crystalline state than in the amorphous state. In fact, due to the bent geometries of 1 and 2, the 3 IL state has virtually pure IL character, contrary to the complexes studied in the literature, for which the 3 IL states have mixed CT and IL character. [17] However, in the present case, the 3 IL and 3 MLCT states are very different, as shown by their density contour plots (Figure 5). One hypothesis is that some variations in the molecular geometry are necessary to reach the conical intersection that allows transition from one triplet state to the other. In the crystals, such variations are hindered due to intermolecular interactions, and therefore transi-tion from 3 IL to [START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF] MLCT is prevented to a large extent. By contrast, the release of packing constraints in the amorphous state allows some motion to take place, and the 3 MLCT state to be more largely populated. Of course, the most significant molecular motion that is likely to take place is the rotation around the pytaÀPBO bond.

The deactivation of these triplet states allows an understanding of the whole phenomenon, which also encompasses the decrease in emission quantum yields and the shortening of phosphorescence lifetimes. These two effects point to a possible mechanism involving competition between radiative and non-radiative relaxation pathways. [START_REF] Valeur | Principles and Applications[END_REF] Evidently, the two triplets have different modes of deactivation. The positions of the orbitals suggest that rotations within the organic ligand are probably the main non-radiative deactivation pathway of 3 IL. However, the rotational barrier is high (see Table S4 in the Supporting Information) and the crystal packing constraints are strong, so this deactivation pathway would not be efficient, resulting in high PL quantum yields and long lifetimes, as observed in the crystals. The 3 MLCT state is not very sensitive to the molecular motions taking place in the organic ligand, and its deactivation should occur through vibrations in the coordination sphere.

The data in Table 1 show that the pristine and ground samples of 1 and 2 have the same radiative rate constants, whereas the non-radiative rate constants increase by around fiveand four-fold after the grinding of 1 and 2, respectively. Our hypothesis is that the rigid structure of the crystalline state may hinder some vibrational relaxation pathways. Grinding opens this rigid structure to non-radiative relaxation pathways (i.e., vibrational modes). The lower quantum yields and shorter lifetimes may be due to the higher efficiencies of the vibrational relaxation modes compared with radiative ones. The redshifted emission observed for amorphous powders could even be enhanced by the involvement of high-energy vibrational levels of the electronic ground state, resulting in a reduced energy gap.

Emission spectra were also recorded at various temperatures. For pristine powders, only small changes in emission intensity were observed. However, after grinding, the emission intensities of the two complexes decreased markedly at higher temperatures (Figure 6 a and Figure S8 in the Supporting Information). Heat, which favours vibrational relaxation, has therefore a stronger impact on the ground powders than on the pristine ones. This confirms that grinding opens up vibrational relaxation pathways in the solid complexes, and that the involved triplet excited state is particularly sensitive to this deactivation mode, as expected from the 3 MLCT state. Furthermore, FTIR analysis of pristine powders of 2 showed well-resolved CO vibrational peaks at 2021, 1934 and 1887 cm À1 . [13b] Grinding caused a slight broadening of the peak at 2021 cm À1 and a marked broadening of the two other peaks (Figure 6 b). These changes in the CO peaks suggest that the number of vibrations have increased in the amorphous powder, thereby reflecting the existence of new structures in the ground powders, and therefore provide evidence for the opening of the vibrational modes due to the disruption of the rigid crystal struc- ture upon grinding. It is well established that the resolution of the bands observed in the IR spectra of rhenium complexes& &Are the changes for greater clarity ok?&& is critically dependent on the geometry around the rhenium centre. [START_REF] Suntrup | [END_REF] These changes in the coordination sphere should particularly affect the 3 MLCT state.

Besides explaining what happens during transitions between crystalline and amorphous states, the same mechanism could account for the spectroscopic differences observed when passing from solution to the solid state. Indeed, free rotation around the pytaÀPBO bond would induce total transition from the 3 IL state to the lowest-lying [START_REF] Chi | Mechanochromic Fluorescent Materials: Phenomena, Materials, Applications[END_REF] MLCT state, which is therefore only responsible for phosphorescence emission. Indeed, the phosphorescence emission wavelengths associated with the geometrically optimised 3 MLCT triplet states are 608 nm for 1 and 626 nm for 2, not far from the experimental values observed in dilute CH 2 Cl 2 solution, and only one lifetime was detected for each complex. [13b] The k nr rate constant is almost one order of magnitude higher in solution than in the solid state, which suggests strong vibrational relaxation due to high degrees of freedom in solution and interactions with the solvent. The restriction of molecular vibrations upon transition from solution to the solid state is therefore instrumental for SLE in our Re I complexes, [20] but they must be considered in the context of the interplay between both triplet states, as proposed in Figure 7.

Conclusion

This work has revealed that SLE and MRL effects are closely linked in our two Re I complexes. The proposed mechanism is original with respect to those commonly reported for organic AIE-and MLR-active&&Change ok?&& molecules. In the field of transition-metal complexes, the only comparison that seems adequate is with MLR-active Ir III complexes. [9c-h] However, these cyclometallated complexes, which are generally cationic, have rather different chemical structures. Their MLR mechanism is based on variations in the intermolecular interactions upon changes in packing, [9c,d,e] on the presence of an appended non-planar carbazole unit [9f,g] and on a trans-to-cis isomerisation of a carbene ligand. [9h] Interestingly, in the latter case, two types of triplets are involved, but dual emission is far more trivial for Ir III complexes than for Re I complexes. It would be instructive to explore whether the original mechanism described here can be applied to the large family of tricarbonyl rhenium(I) complexes, or whether it is related to a particular molecular geometry that generates triplet states with almost pure IL and MLCT character. It must be emphasised that the shift in wavelength (up to 58 nm) observed after grinding our complexes compares favourably with that observed for Ir III complexes. The clear colour change from green-yellow to orange, the high PL quantum yields of our compounds and their sensitivity to mechanical sensing make them suitable for practical use. Finally, it is noteworthy that this is the first report that deals with the modulation of SLE emission of Re I complexes through mechanical stimulation, showing that this class of complexes has potential applications in fields requiring MRL-active materials, including security devices and tags.
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Figure 1 .

 1 Figure1. From top to bottom, for complexes 1 (left) and 2(right): the respective chemical structures, photographs of pristine and ground powders under UV light (365 nm), and normalised excitation (dotted) and emission (solid) spectra of pristine (black) and ground forms (orange). l ex = 365 nm for the emission spectra; the excitation spectra were recorded at the emission maxima.

Figure 2 .

 2 Figure 2. Conformations of complexes 1 (with two molecules in the asymmetric unit) and 2. The pyta-benzoxazole dihedral angles are shown.

Figure 3 .

 3 Figure 3. a) PXRD patterns of the pristine, ground and THF-fumed powders, and comparison with the data derived from X-ray diffraction analysis of a single crystal of 1 (top) and 2 (bottom). b) Fluorescence microscopy image of microcrystals of 2. l ex = 400 nm. c) The corresponding emission spectra.The colours of the spectra refer to the zone where the emission signal was taken, except for the white zone, which gives the black spectrum.

Figure 4 .

 4 Figure 4. Potential energy curves for the lowest-energy triplet excited state of 2 versus the dihedral angle of a) the pytaÀPBO bond and b) the internal PBO bond, calculated at the PBE1PBE/6-31 + G** level of theory.

Figure 5 .

 5 Figure 5. Unpaired electron spin density contour plots of the lowest triplet excited states of 2. Chem. Eur. J. 2021, 27, 1 -7
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