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Color-Tunable Multifunctional Excited-State Intramolecular Proton Transfer Emitter: Stimulated Emission of a Single Dye
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Since the 1970s the Excited-State Intramolecular Proton Transfer chromophores were regarded as good materials for laser action generation due to their inherent four-level photocycle. The excitation-dependent properties of these compounds enable light amplification from two distinct forms: both enol and keto, making it possible to obtain dual fluorescenceemission. Herein, we report that a third option is plausible: for the first time stimulated emission was realized with a deprotonated ESIPT molecule based on a novel rigidified 2-(2'-hydroxyphenyl)benzothiazole derivative, triggering the possibilityto fabricate real-time tunable active material. Through the rational engineering of the ratio of each emissive species, a redgreen-blue device was fabricated with the possibility of white light generation. The degenerated two-wave mixing setup was applied to construct a continuously tunable Distributed Feedback laser.

Introduction

Inter-and intramolecular proton transfer reactions are ubiquitous in nature. Since the first report by Weller in 1955, [1] Excited-State Intramolecular Proton Transfer (ESIPT) compounds have attracted considerable attention due to their unique optical properties. Indeed, in their excited state, these molecules, undergo internal proton tautomerization, resulting in the conversion of normal excited species N * to the excited tautomer T * .

In many examples, ESIPT processes involve a phototautomerism between excited enol (E * ) and excited keto (K * ) moieties. As such, fast and drastic structural changes occur on the main π-conjugated backbone, directly impacting the photophysical properties of the molecules. Indeed, due to tautomerization, the observed fluorescence emission comes from K * species, characterized by a red-shifted band and unique large Stokes' shifts, thereby suppressing inner-filter effects and increasing photostability. Since ground-state K tautomer is unstable, an instant ground-state intramolecular proton transfer (GSIPT) occurs, closing this four-level photocycle. In addition, Hbonds present in these molecules are highly sensitive to local surroundings, leading to environment-dependent emission profiles. Additional transformations are also possible for ESIPT dyes, such as well-studied deprotonation in a polar solvent leading to the formation of highly fluorescent anionic species. [2][3][4] A simplified diagram showing these relations is presented in Figure 1. Such a complicated photocycle enables observation of multiple emission bands, corresponding to the simultaneous decay of the various excited species, leading in some cases to panchromatic white emissive systems. [5,6] Due to the aforementioned properties, ESIPT fluorophores have found numerous applications in optoelectronics, [7] bio-and chemosensing, [8,9] forensics science, [10] as well as logic gates [11,12] or biomarkers, [13] among other luminescent displays. [14] In recent years, out of many ESIPT materials, 2-(2'hydroxyphenyl)benzazoles (HBX) have been in the limelight, [15- 19] notably because these molecules are highly fluorescent in solid-state. [20] However,Just like the majority of ESIPT dyes, HBX are faintly emissive in solution unless appropriately rigidified [19] or stabilized by electronic resonance. [21] Moreover, the deprotonation of the HBT is possible leading to white emission, even in solid-state. [22][23][24] Moreover, HBX dyes can be easily chemically modified and synthesized on a large scale, enabling their use for commercial purposes.

While the application of ESIPT fluorescence in lasing and Amplified Spontaneous Emission (ASE) phenomena was already investigated, [25][26][27][28][29][30] most of the reported studies deal with crystals or other solid-state structures, without the consideration of an inert matrix. As reported by our group previously, [31,32] HBX derivatives can be successfully applied for Random Lasing (RL) phenomena as dye-doped polymeric thin films. This term refers to a specific type of laser, where feedback is provided by spontaneously formed cavities and non-destructive, strong light scattering. [33,34] Realization of light amplification in such systems is easier and less expensive than in a conventional setup. Another type of laser without an external cavity is a Distributed Feedback (DFB) one, where the resonator is in a form of a periodic structure in an active medium. This pattern can be obtained at a fabrication stage (for example through photolithography or SRG grating inscription), [35][36][37] or dynamically by degenerated two-wave mixing (DTWM) of the pumping source. [38,39] The latter allows to finely tune the emission wavelength in real-time. Both Random and Distributed Feedback lasers can be realized in solutions, overcoming typical limitations of solid-state emitters, i.e. the often encounteredaggregationcaused quenching (ACQ) effect. Moreover, one can attempt to switch emission profile in real-time. On the other hand, organic lasers make it possible to tune the laser line in various other ways, for example by heating the microcrystals, [40] through change of the refractive index of liquids in hybrid organicinorganic microfluidic devices, [41] or by application of stress to composite thin films. [42] However, these methods are based on predetermined and specific resonators,whereas the DTWM method allows tuning the emission of the film as received". When it comes to ESIPT, the stimulated emission tuning was performed by electrical current in liquid crystals, [43] or by heating-induced phase transformation of single crystals. [44] However, up to date, no real-time shifting of emission spectra was observed in solution.

In this contribution, a novel bis-trimethylsilyl (TMS) substituted 2-(2'-hydroxyphenyl)benzothiazole (HBT 1) derivative functionalized with a trifluoromethyl (CF3), a strong electron-withdrawing group, is presented (Figure 2). Such structure enabled real-time red-green-blue (RGB) switching of emission, both in solution and solid-state, providing white emission. Strong dependence on environment polarity is shown, as well as Aggregation-Induced Emission Enhancement (AIEE) properties. Here we report a of successful implementation of ESIPT molecules in DFB lasing, both in solution and solid-state. The real-time modulation of the keto-anion laser emission in almost 100 nm (from green to orange) shows for the first time the laser on the anionic species of ESIPT molecules.

Results and Discussion

Photophysical properties of HBT 1 in various solvents are presented in table 1, while the UV-Vis and emission spectra are displayed on Figure 4. Recorded emission strongly varied depending on the matrix, as presented by calculated CIE 1931 coordinates in Figure 3. By slight changes of polarity, one can design emission in any desired region throughout the whole visible range, which is a very advantageous property for such a simple single-dye system. Depending on solvent polarity, one or two absorption bands can be observed in solution (Fig. 4a). For nonpolar and aprotic solvents (1,4-dioxane to tetrahydrofuran), an intense band of ca. 370 nm is observed. This is related to the E form of the molecule, rigidified in the solvent by an intramolecular hydrogen bond. Photoirradiation at 355 nm leads to intense dual emission (Fig. 4b), with the first emission band localized from 376 to 407 nm, corresponding to the emission of the E* form. The second band is related to the ESIPT process, with the red-shifted emission from K * tautomeric species at ca. 567 nm. Such a large Stokes shift (> 9400 cm -1 ) is characteristic of ESIPT dyes. The calculated photoluminescentquantum yields (QY) in nonpolar solvents (7-24%) are on par with some of the other literature examples of HBX dyes. [2][19] Table 1. Photophysical properties of HBT 1 dye in solution and solid. Eenol, Aanion, Kketo forms. In protic polar solvents (ethanol to acetonitrile), another band is present both in absorption and emission spectra, bathochromically shifted in comparison to E* bands (at ~ 428 or ~ 460 nm). As already described in the literature, [47,48] deprotonation of the ground or excited state enol form, leads to the formation of stabilized anionic species A or A*, emissive at shorter wavelengths than K * (ca. 494 nm). For most polar solvents, the emission related to A* or E* forms was observed, except for acetonitrile. In this latter case, three emission bands were recorded, stemming from E * , A * , and K * species.

λabs [nm] [a] ε [M -1 cm -1 ] [b] λem [nm] [c] Δν [cm -1 ] [d] PLQY [e]
To further confirm deprotonation of HBT 1, titration with sodium hydroxide (NaOH) was performed. The gradual addition of NaOH in distilled water to a r solution of 1 in 1,4-dioxane resulted in the appearance of a highly emissive band, red-shifted with respect to the E * form, but blue-shifted in comparison to K * species (Figure 5) located at 497 nm. This value is the same as the one in protic polar solvents, such as ethanol or DMF. A decrease of intensity of the E absorption band was also observed (Figure S2). QY vary from 4% in ACN) to 45% in MeOH). To confirm the nature of the emissive states, theoretical calculations were performed. First, we note that the density difference plot of the enol form (Figure S1) shows the typical loss of density on the hydroxyl and gain of density on the nitrogen atom, upon photon absorption, a topology favorable to trigger ESIPT. In the anion, the topology of the excited state is not strongly modified, but the electron-donating character of the oxygen logically increases. Second, to model more quantitatively the ESIPT process of the neutral form, we determined relative ZPVE-corrected total excited state energies of and it turned out that the K * form is more stable than the E * form by -0.24 eV, indicating an intermediate driving force for ESIPT. This is consistent with the experimental findings. Third, we have computed vertical transition energies for all species for both absorption and emission processes. For absorption, we compute excitation wavelengths of 352 and 463 nm for E and A, respectively. Despite the neglect of vibronic couplings in the calculation, this is in excellent agreement with the experimental spectra shown in Figure 4a, deprotonation yielding a strong redshift of the absorption bands. For the emission, the vertical fluorescence wavelengths obtained by the calculations are 422 nm (E * ), 561 nm (K * ) and 518 nm (A * ). Both the absolute values and the ordering of these wavelengths confirm the experimental assignments (Table 1). The gradual formation of a deprotonated form is a controllable process, allowing the fabrication of a system displaying emission in a specific range. As presented in Figure 6, titration with NaOH leads to a blue-shift in emission from orange to green by simple changes in the ratio of enol, anionic, and keto forms in the excited state. In this experiment, white emission was achieved for sample doped with 0.6 molar equivalent of NaOH, with calculated CIE 1931 coordinates: x=0.34, y=0.33.

An emission equilibrium of all forms can be reached when titrated with one equivalent of base (Fig. 6b), with x=0.31, y=0.37. Additional titration of nonpolar solution with polar solvent was performed to check whether additional processes occur during doping with base. As such, pure ethanol was added to HBT 1/toluene solution in portions. As with NaOH titration, a green emissive band appeared, with simultaneous blue-shift and decrease of the K * emission (Figure S3.). Aggregation-Induced Emission Enhancement (AIEE) properties were also investigated (see experimental section for details). Since HBT 1 is soluble in common organic solvents, two fully water-miscible solvents were chosen: 1,4-dioxane (nonpolar, aprotic) and ethanol (polar, protic). At first, up to 60% of the water fraction, a gradual increase in emission is ongoing (Fig. 7). Such emission enhancement is related both to deprotonation of 1 (band at ca. 490 nm), and K* species (ca. 570 nm). From fw = 60% onward, A* emission band disappears, while only redshifted intensity remains, corresponding to the K * form. ACQ phenomena can be ascribed to the aforementioned decrease of A* emission band intensity, which appears to be prone to π stacking. [49,50] Such behavior is typical for dyes, where Haggregation occurs, resulting in emission quenching. [51,52] Closeup studies of ongoing deprotonation were performed: emission profile and intensity were investigated for low water fractions (up to 10%). A linear relationship between A* formation and emission intensity, with very good fitting coefficients (with R 2 = 0.994, Fig. S4), shows the possibility to apply HBT 1 as a "polar species" fluorescent sensor based on ratiometric measurements. The emission profile of highly-aggregated mixtures fits the spectra obtained from solid-state samples (both in poly(methyl methacrylate (PMMA) thin films and pure powder dispersed in KBr). While further aggregation in suspensions with higher fw leads to a decrease in emission intensity, overall emission enhancement is achieved, i.e. nearly 7-times stronger for 60% of water fraction in comparison to the protonated form in pure solution (fw = 0%), while two-fold for fw = 90%. Similar behavior can be noted for HBT 1 in ethanol/water suspensions. Depending on water fractions (Fig. 8.), three bands can be recorded, due to emission from all possible forms: E* (ca. 379 nm), K* (ca. 567 nm), and A* (467-495 nm). First, at low fw values, a highly intense green A* band is observed, along with blue-shifted E* species. With ongoing aggregation, lowering and shifting of the first band towards shorter wavelengths is observed (by almost 30 nm), corresponding to H-aggregates formation. At the same time, the third band is emerging: redshifted (by 70 nm) and not quenched when aggregated. As presented for 1,4-dioxane/water mixtures, the emission profile of HBT 1 is dominated by K * species when aggregated. Such behavior is often encountered in HBX derivatives, [53,54] due to beneficial Restriction of Intramolecular Motion (RIM). As such, ACQ of deprotonated form is competing with AIEE of K* species, making it possible to apply HBT 1 as solid-state emitter, which is further confirmed by QY of powder in KBr pellet. The obtained results show easy color-tuning properties, allowing to finely tune the emission properties of 1. Based on the above findings, light amplification studies in solutions were performed. ESIPT dyes have already shown potential towards such applications; however, mainly solid-state systems were investigated. Additionally, little-to-none real-time tunability was accomplished: the only reported studies deal with microcrystals [55] or nanowires [56] . Since RL action in other HBO derivatives was reported by our groups previously, [31,32] it is therefore prudent to investigate the matter in the liquid state.

Firstly, concentrated solutions (1.5 mM) of HBT 1 were prepared in solvents with varying polarity, from THF to ethanol. Upon pumping with a 355 nm nanosecond laser, an intense and narrow (full-width at half-maximum (FWHM) = 48 nm) stimulated emission at ca. 605 nm was recorded in non-polar solvents, such as THF or toluene, corresponding to the K * emission. In comparison to spontaneous emission in THF, even though E * seems dominant over K * (Fig. S5.), only a single red-shifted emission band from the latter band can be observed. Based on these results, a four-level lasing system is confirmed. No population inversion can be reached in an enol form, which seems logical since it does present a higher energy than the corresponding keto tautomer. No stimulated emission could be achieved in pure polar solutions, such as ethanol or acetonitrile, due to the lower solubility of HBT 1, impeding the preparation of concentrated solutions. However, as previously presented, blueshifted anionic species that were dominant in polar solvents, could also be obtained by titration with a base like NaOH. To overcome solubility issues, a NaOH solution in ethanol was prepared and further used to deprotonate HBT 1 in toluene. The non-doped solution, as described previously, presents an orange stimulated emission at ca. 605 nm with FWHM of 22 nm (CIE: x=0.619, y=0.380). Even the small addition of a base leads to the instant formation of highly fluorescent anionic species, with a much narrower and blue-shifted emission (FWHM = 13 nm, λem = 509 nm, CIE: x=0.064, y=0.708). By this simple titration, a fast and easily visible change in solution color occurs, as evidenced by the inset photograph in Fig. 9., showing ongoing diffusion in the solution used for light amplification measurements. The lasing threshold was determined to be 3.90 ± 0.15 mJ•cm -2 for toluene solution, whereas doping with NaOH increased the value to 4.90 ± 0.15 mJ•cm -2 (Fig. S8). Deprotonation of the HBT 1 with a base in such a concentrated solution is faster and more efficient than simply with a solventas a reference, titration of HBT 1/toluene with ethanol was performed. The addition of the same volume of polar solvent leads to the appearance of a blue-shifted emission band, however, stimulated emission can be attained only through K * species, due to the relatively small population of deprotonated form. As can be seen from Fig. S6., the use of a base fully disrupts the ESIPT process and no K* emission can be observed. To the best of our knowledge, this is the first observation of a lasing action obtained from a deprotonated ESIPT molecule. Moreover, such a fast and real-time shifting of stimulated emission in a single-dye system was not reported previously. Having in mind AIEE properties of HBT 1 and outstanding light amplification properties in solutions, lasing performance in the solid-state was investigated. A polymeric thin film of chosen dye in inert PMMA was prepared through the drop-casting method (see experimental section for details). The spontaneous emission of dry 2% doped film shows a single emission band (Fig. S7), centered at 560 nm, corresponding to the K* form. To broaden the emission profile, NaOH (one molar equivalent) was added, resulting in a 5 nm hypsochromic shift of K * emission and the appearance of a blue-shifted band (at 489 nm). While this duality is easily observed through spontaneous emission (Fig. 10a.), light amplification studies show that population inversion can only be obtained thanks to ESIPT process. While the deprotonated form is not fully quenched in the solid-state, it cannot be sufficiently pumped. Upon excitation with a 355 nm laser, RL action centered at ca. 590 nm was recorded for both (non-and doped) samples, characterized by a series of narrow spikes present in the emission spectra. As already mentioned, pumping leads to the formation of K* tautomer, instantly causing population inversion between K* and K states, leading to avalanche photon emission. As ESIPT is a very fast process (in the sub-picosecond scale), the photocycle can be smoothly closed, enabling further excitation of ground-state E form. Lasing thresholds were determined with values of 0.54 ± 0.10 and 0.90 ± 0.10 mJ•cm -2 for pure and NaOH-doped films. The higher value of the doped system is logical since the addition of NaOH results in a depletion of E form, leading to an increase in losses. Additional feedback for RL is provided by efficient photon scattering on crystals and aggregates that are formed during film preparation, as can be seen in Figure 10b. Excitation at the edge of the sample leads to red-shifted emission, propagating perpendicularly to the sides (bright orange spot visible on the sample holder). Moreover, even though only a spot was in direct contact with the pump, the excitation beam was sufficiently scattered throughout the whole film, seen as bright yellow emission. Small dots and other structures are self-assembled aggregates, crystals, and micro-breaks of the film that formed during solvent evaporation. The same films were investigated as the active material for DFB lasing studies. Application of degenerated two-wave mixing (DTWM) setup makes it possible to holographically tune laser emission in real-time. Splitting of pumping beam, then interference, leads to the formation of temporary patterns with set period Λ, according to the Bragg equation:

(1)

Where mthe order of diffraction, λlas and λpumpemitted and pumping wavelengths, neff -refractive index of the structure, Ɵintersection angle.

Changes of the latter directly lead to the formation of different patterns, influencing emitted laser line, through periodic modulation of gain and/or refractive index of the medium. This setup was applied to the investigated pure 2% HBT 1/PMMA film. Two orders of diffraction were studied: m = 1, and m = 2. For both cases, DFB was successfully recorded, evidenced by sharp lasing peaks (FWHM < 0.5 nm). While the color of RL emission was orange (see Figure 11), during the DTWM experiment full tunability from green to red was possible. For m = 2, 42 nm of tuning was obtained (567.7 -610.0 nm); however, due to previously shown crystals and other formations, light scattering heavily influenced emitted light (in particular at extreme lasing positions), shown by residual RL emission. It is clearly seen at the lower part of Figure 11, related to m = 2, where "dual" emission is shown: presented green stripe corresponds to obtained DFB lasing (570.0 nm), while yellow spikes come from RL. At first order of grating, we accomplished emission tuning of almost 74 nm (from 554.7 to 628.6 nm), exceeding the RL profile. Emitted light was "clean", with close-to-none residues from RL, quite possibly due to the difference in feedback mechanism for m = 1. [57,58] The blue spot observed in the photographs comes from the transmitted part of the pumping beam (Fig. 11). Lasing thresholds for the DFB experiment were lower than those determined in the RL setup, for both diffraction orders, with values as low as 100 μJ•cm -2 . For exemplary graphs depicting emission intensity evolution upon increasing pumping energy density refer to SI (Fig. S9).

Since HBT 1 has shown the ability to amplify light both in solution and the solid-state, further experiments of DFB tuning were conducted. A 1.5 mM solution of HBT 1 in toluene was preparedAnd DTWM setup was applied in the same way, as for PMMA thin films, for the second order of diffraction. Interference pattern was successfully applied to HBT 1 solution, making it possible to tune the emission in real-time by 52.4 nm (Fig. 12), which is a higher value than the corresponding one in the solidstate. The influence of aggregates or crystals is also observed, as obtained emission spectra exceed ST presented previously.

Conclusion

In this work, we have reported the synthesis of a novel HBT derivative and its use as an easily tunable light source. This compound presents high sensitivity to the polarity of the surrounding environment, and develops an emission that can cover the whole visible spectra. In polar conditions, partial or full deprotonation occurred, leading to the observation of a highly emissive green fluorescence. Moreover, HBT 1 displays AIEE behavior in 1,4-dioxane/water mixtures. Light amplification experiments were performed, both in solution and as a doped PMMA thin film. RL action was achieved in the dye-doped polymeric system, evidencing strong emission intensity for HBT 1 in the solid-state. In solvents, an emission tuning of two forms (anionic and keto) was accomplished, making it possible to blueshift stimulated emission by almost 100 nm, due to simple ESIPT frustration by deprotonation of the dye. Through degenerated two-wave mixing setup we realized a DFB lasing tuning of more than 70 nm in doped PMMA thin film and over 50 nm in solution. These results show excellent RGB emission tuning properties of HBT 1, opening attractive perspective for its use as a laser dye.

Experimental Section

Synthesis details and experimental procedures are given in Supplementary Information.
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 1 Figure 1. Schematical representation of the ESIPT/GSIPT photocycle of HBX

Figure 2 .

 2 Figure 2. Chemical structure of investigated HBT 1 dye.

Figure 3 .

 3 Figure 3. CIE 1931 coordinates calculated from emission spectra of HBT 1 in various matrices.

  Maximum absorption wavelength. [b] Molar absorption coefficient. [c] Maximum emission wavelength (λexc = 355 nm). [d] Stokes shift. [e] Absolute photoluminescence quantum yield values determined by integrating sphere.

Figure 4 .

 4 Figure 4. Normalized (a) absorption and (b) emission spectra of diluted HBT 1 solutions (10 -6 M) in: 1,4-dioxane (black), toluene (dark green), chloroform (pink), tetrahydrofuran (dark blue), ethanol (light blue), methanol (dark red), dimethylformamide (light brown) and acetonitrile (yellow); λexc = 355 nm. For emission at lower λexc see ESI (Figure S2).

Figure 5 .

 5 Figure 5. Emission spectra of HBT 1/1,4-dioxane 10 μM solution during titration with base, inset : corresponding recorded changes of emission intensity, λexc = 355 nm.

Figure 6 .

 6 Figure 6. Calculated CIE 1931 coordinates of emission spectra obtained during titration of 10 μM solution of HBT 1 in 1,4-dioxane. "blank" refers to pure dye solution, with a star point marking white emission: x=0.34, y=0.33. (b) Normalized emission spectra of HBT 1 solution titrated with one molar equivalent of NaOH.

Figure 7 .

 7 Figure 7. (a) Emission spectra of HBT 1 in 1,4-dioxane/water suspensions, along with (b) corresponding changes in emission intensity. Numbers in the legend of (a), mark water fraction in recorded suspension.

Figure 8 .

 8 Figure 8. (a) Normalized emission spectra of HBT 1 in ethanol/water suspensions, along with (b) observed emission intensity. Numbers in the legend of (a), mark water fraction in recorded suspension.

Figure 9 .

 9 Figure 9. Stimulated emission spectra of anionic and keto forms in 1.5 mM HBT 1/toluene solutions.

Figure 10 .

 10 Figure 10. Normalized fluorescence (PL) and random lasing (RL) emission spectra of 2% HBT 1/PMMA film: non-(pure) and doped with 1.0 eq. NaOH. Inset: Emitted light propagation in excited HBT 1/PMMA film.

Figure 11 .

 11 Figure 11. Photographs taken during the experiment and corresponding spectra of HBT 1/PMMA: RLrandom lasing, SpEspontaneous emission.
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