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Introduction

Mechanofluorochromism (MFC) refers to reversible change in fluorescence emission wavelength of solid-state materials upon mechanical stimuli, and has emerged as a new optical function of luminescent materials in the last decade. 1,2 Mechanical grinding and shearing of fluorescent molecules have been reported to trigger crystal-to-crystal phase change or crystal-to-amorphous structural deformation, resulting in molecular-arrangement alteration to exhibit different optoelectronic properties. MFC behaviours have been identified for organic, organometallic, and polymer compounds. [3][4][5] A series of boron β-diketonates and gold(I)isocyanides are well-known MFC candidates due to their excimer formation and metal-to-metal distance alteration. 6-9 A combination of rigid axes/planes and mobile side groups has enabled the modification of these supramolecular arrangements upon mechanical stimulation. Herein, we focused on pyrene-derived compounds due to the planar and fluorescent pyrene moiety and synthetic diversity of side groups. Pyrene derivatives have been investigated extensively for their strong fluorescence in solution 10- 12 and in the solid state. 13 Recently, a series of solid-state strong fluorescent pyrenes were reported for the formation of faceto-face or edge-to-face stacking depending on the number of acetyl groups. 14 The different molecular arrangement of pyrenes also induced a wide variety of fluorescence emission colour from blue to yellow. The fluorescence and π-aromaticbased variable packing structures can accommodate mechanical-force sensitivity, and in the literature pyrene derivatives substituted with amides, 15,16 boronic acids or esters, 17 phosphonium groups 18 or more sophisticated dendritic structures 19 displaying MFC properties have been described. These examples show that investigation of a wide variety of pyrene derivatives is important to introduce a new library of MFC-active compounds. Alteration of small side groups can be very interesting to see the effect on MFC properties. In terms of synthetic diversity, amido substituted pyrenes are promising candidates because of their versatile synthesis: they can be obtained either from pyrene-1carboxylic acid or by reacting pyrene with isothiocyanates, then desulfurizing the pyrene-1-carbothioamide intermediate, as reported by some of us. 10 We previously reported the strong fluorescence properties of pyrene amidophosphonates in solution (figure 1 top, quantum yields Φ = 63-68% in chloroform), 20 and showed that phosphonate groups have significant influence on the excited state deactivation scheme, increasing the radiative pathway (kr) and decreasing the non-radiative one (knr) compared to simpler amide analogues. These classes of derivatives were identified as promising solid-state emitters. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins 

Results and discussion

Diethyl 1-(pyrene-1-carboxamido)alkylphosphonates AP1-3 were synthesized following our previously published procedure. 20 Slow evaporation of dichloromethane/ethanol solution yielded the single crystals of AP1-3 in space groups P21/c, C2/c and P-1, respectively (Figure 2, see Table S1 for crystallographic parameters). The crystal packing structures of AP1-3 are similar to that of hydrogen-substituted amidophosphonate (denoted "AP-H" hereafter) 20 with shifted face-to-face π-π stacking (Figure 2 right, dπ-π = 3.43, 3.37, 3.38 Å for AP1-3, respectively). A pair of π-π stacked pyrene units of AP2 forms additional CH-π interactions = 2.61 Å, ∠CH-π = 88˚) with another pair. The pyrene units of AP3 form a columnar stacking structure along the direction of a-axis, and the phenyl side groups are also involved in CH-π interactions (dCH-π = 2.40 Å, ∠CH-π = 89˚), while AP1 does not exhibit these strong edge-to-face contacts. S2). We here attempted to investigate the MFC properties of these series of compounds. In order to compare the pristine and ground forms, we prepared samples of both forms for spectroscopy (Figure 1). A quartz cell with 0.2 mm-deep hole was used for pristine state in order not to apply mechanical stimulation. After grinding the powder, a quartz plate was directly scratched with a pestle for spectroscopy of the ground materials.

Please do not adjust margins Please do not adjust margins The solid-state samples exhibited blue fluorescence with narrow bands in shorter (390-430nm) wavelengths and broader bands in longer (430-600nm) wavelengths (Figure 3, black line). Since the emission peaks in solid state partially overlapped with those in solution (385-405 nm), the monomer contribution is expected in the shorter wavelength region. The different intensity ratio of narrow/broad emission bands (AP1 > AP2 > AP3) would be due to the characteristic packing motifs with different significance of face-to-face contacts: AP1 shows the weakest intermolecular interactions whereas AP3 displays both short π-π distances and long-range columnar stacking. Upon grinding with a pestle in a mortar, blue-to-green fluorescence colour change was clearly observed. In order to take into account not only the maximum emission wavelength change but also the spectral broadening or narrowing upon grinding, the fluorescence colour change was estimated using the mean wavelength shift Δλ with λmean defined by equation 1:

𝝀 𝒎𝒆𝒂𝒏 = ∫ 𝝀× 𝑰 𝑭 (𝝀) 𝒅𝝀 ∞ 𝟎 ∫ 𝑰 𝑭 (𝝀) 𝒅𝝀 ∞ 𝟎 , (1) 
where IF(λ) is the intensity of the emission spectra. The estimated λmean values are summarized in Table 1. The largest MFC shift was estimated for AP1 (ΔλAP1 = 40 nm, ΔνAP1 = -1700 cm -1 ), followed by AP2 (ΔλAP2 = 29 nm, ΔνAP2 = -1200 cm -1 ) and AP3 (ΔλAP3 = 10 nm, ΔνAP3 = -400 cm -1 ). After grinding the recorded spectral profiles were quite similar among these three compounds with a single broad structureless band centred at around 500 nm (Figure 3, blue line), and the narrow peaks in shorter wavelength were not observed. We also realized that the green fluorescence of AP2 immediately started turning back to the original blue fluorescence. Back reaction without solvent fuming or thermal annealing has been observed on different types of mechanofluorochromic compounds 21-25 however the molecular design leading to this spontaneous reversibility is still poorly understood. Therefore, we considered the solid-state structural change including back reaction, and spectra of ground samples of AP1-3 were taken at different time intervals after grinding (see Figure 3, red lines for 30min at RT after grinding). It is interesting to mention that all of these compounds show different thermal back reaction behaviours. For each compound, the λmean values were plotted against time after grinding, and the resulting data were fitted with a monoexponential decay (Figure S2). At room temperature, AP3 appears almost bistable, while the two other compounds display fast relaxation processes with characteristic times between 7.9 min (AP1) and 12.9 minutes (AP2). 26, 27 However, only the exponential-decay curve for AP2 was found to approach to the λmean of pristine form (y0 = 487, 474 and 500 nm for AP1, AP2 and AP3, respectively, see supporting information Figure S2). The emission mean wavelength of AP1 indicated a rather limited back reaction in 30 min at room temperature (28% calculated as (λmean,ground λmean,30min)/(λmean,groundλmean,pristine)) compared to that of AP2 (81%), which suggests the existence of a second, slower kinetic constant for the back reaction, as already observed on borondiketonate complexes. 26 Another 30 min of heating at 50˚C triggered the back reaction of AP3: the estimated λmean value corresponds to 84% of the complete thermal back reaction for AP3. This suggests that the energy barrier for the back reaction (ΔE) is smaller for AP2 than for AP3. On the contrary, the back reaction of AP1 is only slightly accelerated by heating at 50°C. Therefore, the alkyl and phenyl side groups can affect the degree of flexibility and molecular motions necessary to rearrange the intermolecular structures and form the most preferable arrangement in solid state. A rigid substituent such as phenyl has less possibility to contribute to the back reaction, while the flexible and bulky alkyl groups are more likely to favour spontaneous rearrangement of the molecular packing. The partial C-C rotation of i-Pr group was reported to induce solid-state phase transition caused by the synergetic changes in molecular conformation and intermolecular packing even at 200 K. 28 The stronger Ph-Ph interactions are also known to induce the higher activation energy of Ph group rotation, 29 which would be correlated with the characteristic solid-state back reaction of AP3 at higher temperature. To confirm these assumptions, comparative thermal or structural experimental data (differential scanning calorimetry, powder X-Ray diffraction), before and after grinding, would be useful. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins However, the relatively fast thermal back reaction after grinding (vide supra) prevent the feasibility of such measurements. For further investigation, solid-state time-resolved fluorescence measurements of AP1-3 were performed before and after grinding at three distinct emission wavelengths (Figure 4 and Figure S3 in supporting information). Since each fluorescence decay measurement takes several minutes, it is reasonable to think that the detected signals are not from pure ground forms. Global analysis was successfully converged for every set of three decays of each sample in the pristine or ground forms. The decay-times, their corresponding preexponential factors and fractions of intensity are summarized in Table 2 (see supporting information Table S3 for complete set of data). Despite more sophisticated models exist, such as distributions of decay times which may well reflect the wide variety of molecular species and packings in the solid state, 30 we decided to select a sum of three or four discrete exponentials to fit our decay curves. Indeed, this simplified and robust model led to satisfactory fits (global χR 2 < 1.2) and turned out to be sufficient to extract useful information regarding the basic excited-state kinetics of AP1-3. Before grinding, four discrete exponentials were necessary to model the fluorescence decays for all pristine forms of AP1-3 (Table 2). The shortest component τ4 (0.48-1.1 ns) represents a small contribution, but shows a negative pre-exponential factor at longer emission wavelength (430-480 nm, see Table 2 and supporting information, Table S3). The fraction of intensity of the longest decay time τ1 (>25 ns) increases in the longer emission wavelength. Such behaviour is typical of excimer emission with short rise times and long decay times in the red part of the emission spectrum. On the other hand, two intermediate time τ2 and τ3 (in the range of 2-21 ns) are identified, which represents most of the emission intensity in the blue side of the emission spectrum (f2 + f3 = 0.93, 0.79 and 0.66 at 400 nm for AP1 and AP2 and at 420 nm for AP3, respectively). It well corresponds to the structured monomerlike emission of the fluorescence spectrum (see Figure 3). Coexistence of monomer and dynamic excimer features in all pristine samples is certainly due to the specific geometrical packing of the pyrene molecules, with enhanced interactions in the excited state, allowing both emissions to arise. Besides, the ground samples AP1-3 were analyzed with only three components. The shortest component τ4 (0.48-1.1 ns) observed in pristine samples as a rise time is not present any more in ground samples. Instead, a much longer decay time τ1 (46-62 ns) appears with a high fraction of intensity (f1 = 0.42, 0.56 and 0.61 at 480 nm for AP1, AP2 and AP3, respectively). The novel long component, typical of the ground form, could come from a new excimer species, for which no rise time is detected. In these ground samples, preformed excimers (i.e. two pyrene molecules packed in a much favourable configuration) may exist, with a much shorter time of formation in the excited state than the time resolution of our instrumentation. Additionally, two other components τ2 (22-32 ns) and τ3 (4.2-7.0 ns) are present, which probably correspond to the dynamic excimer and monomer emissive species as identified in pristine forms. It is worth noting that the monomer component (τ3) is associated to very low fractions of intensity (f3 < 0.1 for all compounds), which is well-consistent with the complete disappearance of the structured blue emission in the steady-state spectra of AP1-3 after grinding (Figure 3). Table 2. Emission lifetimes τ, corresponding normalized pre-exponential factors a and fraction of intensity f of AP1-3 [a] (λex = 360 nm, λem = 430 nm for pristine AP1 and AP2, 450 nm for pristine AP3, λem = 480 nm for ground form). Overall, both steady-state and time-resolved fluorescence studies support the hypothesis of monomer and excimer emissive species. In pristine samples, both blue-structured and broad red fluorescence bands are typical of monomer vs. excimer emission (dynamic excimers, cf decay curves). In ground samples, even more red-shifted broad emission appears which is compatible with another emissive species including long-lived preformed excimers. In all cases, excitation spectra (Figure 3) neither extend over 420 nm nor being redshifted upon grinding (even slight blue-shift is identified in the case of AP1). This observation corroborates the existence of excimer species in pristine and ground forms, rather than

Please do not adjust margins Please do not adjust margins dimer aggregates. Moreover, due to the close vicinity of molecules in the solid state and the variety of local intermolecular configurations, one cannot exclude additional processes to take place, such as energy transfer between higher energy monomers that cannot form excimers and more stabilized monomers that prone to yield excimers, which may increase the excimer-to-monomer ratio.

According to the reported crystal structure with hydrogensubstituted amidophosphonate (denoted "AP-H" hereafter), πaromatic surface of pyrene moiety contributed to form faceto-face π-π stacking. 20 The MFC property of AP-H (Figure S4 in supporting information) indicated that the grinding process gave change in the intermolecular interactions for this molecule as well and larger MFC shift would be achieved in compounds with smaller substituents, probably due to the effect of free volume to the stacking structures.

Conclusions

In conclusion, we demonstrated the MFC properties of pyrenederived amidophosphonates with methyl, isopropyl and phenyl side groups. The corresponding pristine crystal structures showed a variable degree of π-π and CH-π interactions depending on the substituents. The prepared compounds exhibited blue to green fluorescence colour change upon grinding. We also observed the solid-state back reaction at room temperature, which indicates that the designed steric structures can give reversible MFC system without organic solvent. Interesting monomer-and excimerlike (dynamic or preformed excimers) fluorescence features have been highlighted at the origin of the large fluorescence changes upon grinding: the molecular packing being affected by the mechanical stress, the monomer disappears in favour to excimer emission, associated with longer lifetimes and emission at longer wavelengths. The versatility of pyrene derivatives opens up the possibility of developing a new library of organic MFC-active compounds, and further exploration of these series would be useful to resolve the mechanism of MFC in terms of photophysics and crystallography, as well as applications for stress-sensitive materials.

Experimental

Compounds AP1-3 were prepared and purified according to the earlier published procedure. 20 Optical Measurements: Emission and excitation spectra of pristine powder samples were recorded on a HORIBA Jobin-Yvon Fluorolog FL3-221 spectrometer using a short path length optical quartz cell (20/C/Q/0.2, Starna), and the spectra were corrected for the response of the detector system. The pristine powder was ground using an agate mortar, and the resulting amorphous solid adhered on a pestle surface was immediately transferred to a quartz plate to record the spectra and minimize the effect of back reaction at room temperature. Fluorescence decay profiles were obtained by time-correlated single-photon counting (TCSPC) method with titanium:sapphire laser (Tsunami, Spectra-Physics) pumped by a doubled Nd:YVO4 laser (Millennia Xs, Spectra-Physics). Light pulses at 780 nm, for solution samples (resp. 740 nm for powder samples), were selected by an acousto-optic crystal at a repetition rate of 0.8 MHz, and then doubled at 390 nm (resp. 370 nm) by nonlinear crystals. Fluorescence photons were detected at 90˚ through a polarizer at the magic angle and monochromator, by means of a Hamamatsu MCP R3809U photomultiplier, connected to a SPC-630 TCSPC module from Becker&Hickl. The instrumental response function was recorded before each decay measurement with a fwhm (full width half maximum) of 860 ps. The fluorescence data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, which includes reconvolution analysis and global non-linear least-squares minimization method.

Photography: Pictures before/after grinding were taken by KEYENCE free-angle observation system base unit VHX-S550E with stereomicroscope fluorescence adapter (λex = 365 nm). Crystallography: The measurements were performed on a VENTURE PHOTON100 CMOS Bruker diffractometer with Micro-focus IuS source Cu Kα radiation. Crystals were mounted on a CryoLoop with Paratone-N (Hampton Research) as cryoprotectant and then flashfrozen in a nitrogen-gas stream at 100 K. For compounds, the temperature of the crystal was maintained at the selected value by means of a 700 series Cryostream cooling device to within an accuracy of ±1 K. The data were corrected for Lorentz polarization, and absorption effects. The structures were solved by direct methods using SHELXS-97 [START_REF] Sheldrick | SHELXS-97, Program for Crystal Structure Solution[END_REF] and refined against F 2 by full-matrix least-squares techniques using SHELXL-2018 [START_REF] Sheldrick | [END_REF] with anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen atoms were located on a difference Fourier map and introduced into the calculations as a riding model with isotropic thermal parameters. All calculations were performed by using the Crystal Structure crystallographic software package WINGX. 33 The crystal data collection and refinement parameters are given in Table S1. CCDC 1973249 (AP1); 1973250 (AP2) and 1973251 (AP3) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/Community/Requestastructure.

Figure 1 .

 1 Figure 1. Sample preparation of a) pristine and b) ground pyrene-derived amidophosphonates (AP1-3) for spectroscopy.

Figure 2 .

 2 Figure 2. ORTEP drawings of single molecules (left) and packing structures (right) of AP1-3. Thermal ellipsoids are shown at the 30% level.

Figure 3 .

 3 Figure 3. Excitation/emission spectra of a) AP1, b) AP2 and c) AP3 (black line: pristine, blue line: ground, red line: 30 min at RT after grinding, green line: 30 min at RT and 30 min heating at 50˚C after grinding, λex = 340 nm, λobs = 480 nm, in solid state), and corresponding pictures under microscope with UV irradiation (λex = 365 nm).

  [a] All samples were treated at room temperature. [b] Total shift = λmean,groundλmean,pristine.

Figure 4 .

 4 Figure 4. Fluorescence decay curves of AP1 a) before grinding and b) after grinding recorded in solid state with weighted residuals (top) and multiexponential fitting (bottom).

  Pre-exponential factors and fractions of intensity were normalized by the sum of positive components.

Table 1 .

 1 Sample state and corresponding emission mean wavelength.

	Sample state [a]	AP1	AP2	AP3
	Pristine / nm	459	472	491
	Ground / nm	499	501	501
	10 min at RT / nm	492	491	501
	20 min at RT / nm	489	480	501
	30 min at RT / nm	488	478	501
	30 min at RT + 30 min at 50˚C / nm	484	473	493
	Total shift at RT [b] / nm	40	29	10
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