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Introduction

Excited state intramolecular proton transfer (ESIPT) is a fast photo-tautomerization process occurring in the electronically excited state (ES) of molecules possessing a strong intramolecular hydrogen bond (H-bond). 1,2 ESIPT produces a tautomer presenting an entirely different electronic structure from the initial Franck-Condon form. Consequently, the emission from the ESIPT structure is strongly redshifted as compared to the absorption, and a large Stokes shift is observed. Additionally, dual fluorescence originating from both the canonical and the ESIPT structures can also take place when the two tautomers have comparable ES energies. The emission of long-wavelength photons paves the way to many applications including white light-emitting materials, [3][4][5] polymorph-dependent light-emitting materials, 6 and biological fluorescent tags to study DNA-protein interaction, 7 which explains the growing popularity of ESIPT dyes. Most ESIPT processes take place within molecules containing a five or six-member aromatic ring presenting a strong intramolecular H-bond between the proton donor and acceptor groups. In the majority of the previously studied ESIPT molecules, an amino (NH 2 ) or an alcohol (OH) group acts as the proton donor, and a carbonyl group (-CQO) or an heterocyclic nitrogen atom serves as the proton acceptor. Therefore, the ESIPT reported in most compounds is based on a keto-enol or an amino-imino tautomerization (Fig. 1a). [8][9][10][11] The ground state (GS) of these chromophores typically exhibits the enol form, whereas the keto tautomer is formed through an intramolecular proton transfer along the H-bond between the two p-conjugated moieties. However, a few exceptions to such ESIPT structures have been reported, such as 2-(hydroxyphenyl)imidazo [1,2-a]pyridines (HPIPs), in which the ESIPT process yields a formal zwitterionic structure rather than a keto isomer (Fig. 1b). [12][13][14][15][16] A series of new ESIPT chromophores involving a tertiary amine moiety placed in a strap as the proton acceptor and a p-conjugated pyrrole scaffold as the proton donor was recently designed (Fig. 1c). 17 The first member of this new class of ESIPT dyes was reported by Suzuki et al. in 2014: they prepared a dye presenting a dithienylpyrrole skeleton capped by dimesitylboryl groups, 2 in Fig. 2. 17 This dye may show two emission bands originating from the local excited state (LE) and the zwitterionic (Z) tautomeric forms, the latter being generated by ESIPT. The measured fluorescence wavelengths are strongly dependent on solvent polarity. In cyclohexane, a non-polar solvent, 2 shows a single component emission (l fluo = 500 nm) attributed to the LE form, whereas increasing the polarity of the solvent by using acetone leads to a strong bathochromic shift (l fluo = 602 nm) of the emission, attributed to ESIPT (Z) fluorescence. In order to investigate this phenomenon theoretically, Suzuki et al. performed quantum-chemical calculations for 2 in both gas phase and acetone. 17 They employed a Time-Dependent DFT (TD-DFT) approach combined with both the CAM-B3LYP 18 and PBE0 19 exchange-correlation functionals, and accounted for the environmental effects using the Solvent Model Density (SMD) method. 20 A comparative analysis showed that the calculated emission wavelength for the ESIPT state was in good agreement with the experimental value, whereas, the computed l fluo of the LE isomer was redshifted as compared to the measurement. In 2018, the same group proposed a more extensive study evaluating the impact of the substituents at the terminal positions and the influence of the strap length on the optical properties. 21 This second investigation demonstrated that both the nature of the substituents and the strap length significantly affect the fluorescence spectra and the ESIPT efficiency. In more detail, they tested six compounds, with different substitutions at the terminal position, including compounds 1, 3, and 4, and one compound with a longer strap 5 (see Fig. 2). They found that the Z emission depends on the degree of the electron-withdrawing strength of the side group, as this strength affects the acidity of the pyrrole group in the ES. Likewise the chain length of the strap moiety is critical for the formation of the intramolecular H-bond, a too long strap preventing the ESIPT. A compact theoretical study of solvent effects on the LE and Z forms was also included in ref. 21 using the Polarizable Continuum Model (PCM). 22 It was found that the energies of both isomers decrease in a polar medium and, more importantly, that the Z tautomer becomes more stable in the ES when increasing the solvent polarity. Recently, Zhou and Zhao proposed a theoretical study further discussing the ESIPT reaction of 2 in three different solvents. 23 They analyzed the nature of LE and Z tautomers along with locating the ESIPT transition state using TD-DFT as well as the second-order Algebraic-Diagrammatic Construction approach [ADC(2)]. 23 They found that, in non-polar solvent such as cyclohexane, the energy barrier is high and thus, fluorescence originates mainly from the LE structure. In contrast, an increase in solvent polarity decreases the energy barrier for the ESIPT reaction and the fluorescence should mainly result from the Z form. To the best of our knowledge there are no other theoretical nor experimental studies on these systems.

The wide range of applicability of molecules exhibiting redshifted emission motivated us to use advanced theoretical tools to design novel ESIPT systems based on the strap scaffold. To begin with, we consider all previously reported compounds, 1-5, 17,21 displayed in Fig. 2 to study their fluorescence properties using a coherent theoretical model. We aim to: (i) determine if the selected protocol can reproduce the experimental outcomes; (ii) provide theoretical insight into their working mechanism; (iii) investigate unknown derivatives in an effort to design dyes with new spectroscopic signatures. For that reason, we choose the M06-2X 24 hybrid exchange-correlation functional in the present work, since it has been reported to provide accurate transition energies for a large panel of ES and is also suited for various classes of ESIPT dyes. [25][26][27][28][29][30][31] Thereafter, the effect of substituents is evaluated by modifying the terminal functional group and the heteroatom of the side rings in 1, resulting in the design of twelve new derivatives 6-17 (Fig. 3). In addition the solvatochromic effects are analyzed for these molecules by applying various solvent models including both linear response (LR) and state specific (SS) schemes to offer a higher accuracy in the modeling of the environment. The ESIPT mechanism is explored as well by locating the transition state (TS) connecting the LE and Z structures in the ES.

Computational details

Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) calculations are carried out using the Gaussian16 package. [START_REF] Frisch | Gaussian16 Revision A.03[END_REF] The impact of the solvent, cyclohexane (e = 2.02) or acetone (e = 20.7), is accounted for using the integral equation formalism (IEF) version of the PCM approach. For all compounds, the GS and the ES geometries are fully optimized using DFT and TD-DFT respectively, combined with the M06-2X 24 hybrid exchange-correlation functional. The 6-31+G(d,p) atomic basis set is used during the geometry optimisations, whereas a larger atomic basis set, 6-311+G(2d,p), is selected to compute the total and transition energies on these optimal geometries using the same functional. Next, vibrational frequency calculations are performed for both states using the optimized geometries to verify that all structures are true minima of the potential energy surface, as well as to obtain the zero-point vibrational energies (ZPVE) for both states. Consistently, the ESIPT transition state geometries are optimized at the TD-DFT level using M06-2X functional and the 6-31+G(d,p) atomic basis set. These TS present a single imaginary frequency corresponding to the proton transfer process. Since we focus on excited-state calculations with PCM, and in order to obtain the best theoretical estimates of solvent effects, three different models are used in this work for computing the solvent impact on the energies: (i) the Linear Response approach [START_REF] Scalmani | [END_REF]34 which is a method well-suited for local bright ES that are characterized by a small change in the electronic density; such model is however less effective for charge-transfer excitations; (ii) the corrected LR (cLR) model that accounts for SS effects in a single-shot perturbative way; cLR is well suited when the transition involves a large density reorganization; 35 and (iii) the combination of these two formalisms together (LR + cLR) [36][37][38][39] which is more general and adequate for, e.g., states that are both bright and involving significant changes of the electronic density. Indeed, the LR + cLR model recovers all major solvation effects and often yields more accurate total and transition energies than the LR and cLR approaches taken separately. Since geometrical relaxation is a slow process, excited-state geometries have been determined in the equilibrium limit of the LR-PCM approach. Thus, vibrational frequencies, including zero point corrections and 0-0 energies, are considered in this limit as well. In contrast, both the absorption and emission energies are given in the nonequilibrium PCM limit, except for LR-PCM fluorescence energies, that are in equilibrium due to the intrinsic limit of the current implementations of this model. In addition, to ascertain for one case our TD-DFT results, we use the second-order Coupled Cluster model, CC2, with the aug-cc-pVDZ basis set. CC2 calculations are done with the Turbomole package [START_REF]TURBOMOLE V6.6 2014, a development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH[END_REF] applying the RI approach. These CC2 calculations are performed in gas phase and the solvent effects, as computed with TD-DFT, are next added to estimate the CC2 results in solution, following a previously described protocol. 29 We note that condensed phase CC calculations are also possible, [START_REF] Caricato | [END_REF]42 but such calculations have not been carried out here.

Results and discussion

Impact of the solvent model on fluorescence wavelengths

In this section, we perform a comparative analysis of theoretical and experimental fluorescence wavelengths. We compute the emission energies of molecules 1-5 displayed in Fig. 2 in two different solvents (cyclohexane and acetone). Note that compound 5 presents two conformers (5a and 5b, see below), and, we consider the most stable one in the statistics. To determine which solvent model could be viewed as the most appropriate, three PCM models are evaluated (LR, cLR, and LR + cLR). At this stage, it should be reminded that the vertical fluorescence energies are not strictly equivalent to measured wavelengths of maximal emission. 43 However, given the size of the systems, one has to resort to this vertical approximation which is reasonable in a homologous series of compounds. Three different criteria are taken into account to appraise the solvent models: (i) the difference between experimental and theoretical absolute fluorescence wavelengths computed for the two tautomers (LE and Z), (ii) the difference between fluorescence wavelengths originating from LE and Z in acetone, and (iii) the difference between LE emission wavelengths when going from one solvent to another. Our data are collected in Tables S1-S3 in the ESI. † For the first criterion, it can be seen that globally and, especially for the emission originating from the Z tautomer, LR + cLR gives the smallest deviations between experiment and theory. Table 1 provides a statistical analysis confirming this statement. Indeed, it can be noted that even if cLR gives the smallest MSE À0.056 eV/À0.054 eV and MAE 0.080 eV/0.098 eV for the LE fluorescence in cyclohexane/ acetone, LR + cLR provides tiny MSE (À0.020 eV) and MAE (0.050 eV) for the Z emission as well as the overall smallest MAE (0.120 eV). For the second criterion, we notice from Table S2 in the ESI † that the computed difference between LE and Z emission wavelengths are systematically too small regardless of the selected solvent model. It is nevertheless clear that LR + cLR gives slightly better correlation with experiment as compared to LR and cLR taken separately, e.g. a theoretical difference of À56 nm is found between the LE and Z fluorescence wavelengths for compound 2 in acetone with LR + cLR, whereas the experimental data provides a difference of À82 nm. Larger errors are obtained with both LR and cLR (À41 nm and À46 nm respectively). Similar findings are obtained for the other molecules. Let us now move to the third criterion, the magnitude of the solvatochromism for which we note that cLR yields slightly smaller values than experiment, whereas both LR and LR + cLR tend to overshoot the measured values (Table S3 in the ESI †). Therefore, these analyses indicate quite obviously that LR is not suitable for the investigated systems, whereas both cLR and LR + cLR appear to be more reasonable which is not a surprising outcome for ESIPT dyes involving both a large reorganization of the electron density between the GS and the ES, and two tautomers of different polarities (see below). Given that LR + cLR has globally the edge, we apply systematically this model in the following.

Influence of the solvent polarity

Our theoretical studies of compound 1 in cyclohexane and acetone demonstrate a strong dependency between the relative stabilization of LE and Z tautomers and the solvent polarity (Fig. 4). As expected, two local minima are obtained in the ES, one associated with LE and another with Z. A single component emission from LE is clearly predicted for 1 in cyclohexane as the LE form is more stable than Z by 0.1 eV, so there is no driving force for ESIPT. In contrast, the Z tautomer is significantly stabilized in acetone and consequently becomes more stable than LE. Provided ESIPT is faster than emission, which is likely given the fact that the experimentally measured fluorescence lifetimes are of the order of the ns, this potential energy surface indicates a possible ESIPT and, hence, a strong bathochromic shift of the emission when going from LE cyclohexane to Z in acetone (Dl fluo = 102 nm). To understand this large solvent effect, the ES dipole moment of the two tautomers has been determined in both solvents. The dipole moment of the Z tautomer is much larger than that of its canonical counterpart, and, more importantly, it significantly increases with the increase of solvent polarity: m ES = 10.6/13.3 D and m ES = 15.1/19.1 D for LE/Z in cyclohexane and acetone, respectively (Table S4 in the ESI †). This clearly supports the zwitterionic character of the tautomer after ESIPT and explain its very strong stabilization in acetone. For the records, we have also investigated the possibility to form the anion in the ES of 1, i.e., the 1 LE + acetone -1 À + acetoneÁH + . However, this reaction was found to be strongly endergonic (+47 kcal mol À1 ), and it can be likely be ruled out. This is also consistent with the experimental data of Suzuki and coworkers who reported no significant change of the emission even in water. 17 To further analyze the ESIPT process, let us investigate the nature of the ES in 1. Fig. 5 shows the frontier molecular orbitals together with the Electron Density Difference (EDD) plots computed in acetone. As expected, the first excited state presents a typical pp* topology, the changes of densities being localized on the conjugated moiety of the dye. There is a partial quadrupolar like charge-transfer from the central pyrrole towards the external aldehyde acceptors. Although the pyrrole is losing density after absorption, its nitrogen atom seems to undergo a slight p density gain in the lowest ES. Nevertheless this donating nitrogen atom becomes slightly less negative in the ES (q = À 0.02e), whereas, the accepting nitrogen atom is highly negative in both states (q = À 0.33e), hence it is ''willing'' to attract a positive charge, which is favorable for triggering ESIPT.

The theoretical TS for the proton transfer of 1 in cyclohexane was found to be more stable than the Z form by ca. 0.05 eV after inclusion of the ZPVE correction (there is a small maximum on the total energy potential energy surface). This suggests a barrierless ''back-ESIPT'' and hence the infeasibility of the emission from Z tautomer in this solvent. In sharp contrast, the forward process is barrierless in acetone, facilitating the formation of Z tautomer, and consistently only the emission from this structure can be expected to occur according to our calculations (Fig. 4). These findings are in excellent agreement with the experimental observations that show LE emission in cyclohexane but Z fluorescence in acetone. 21 In addition, due to the limits of TD-DFT, that has an error bar significantly larger than 0.05 eV, 26 CC2 calculations were performed for 1 on the geometries obtained from TD-DFT (see Table S5 in the ESI †). However, the CC2-corrected potential energy surface yields a slightly disfavored ESIPT formation in acetone. Therefore, CC2 corrections do not improve correlation with experiment, 21 and we therefore stick to TD-DFT in the following. Similar analyses can also be performed for molecules 2, 3, and 4 (see also Section 3.4). According to our calculations, the fluorescence of 2 is originating only from the canonical tautomer in cyclohexane. Indeed, as can be seen in Fig. 4, the LE form is more stable by ca. 0.25 eV compared to the ESIPT structure. In acetone, the Z state is significantly stabilized and consequently presents an energy comparable to its LE counterpart, indicating that proton transfer becomes a more accessible process. Nevertheless, we notice that for 2, the Z tautomer remains slightly less stable than the LE one, by 0.05 eV in acetone. This is not totally satisfying as Z emission is observed experimentally. This discrepancy is simply due to the limitations of TD-DFT or to the static picture used in this work. We note that a similar problem is also observed in the theoretical calculations performed by Suzuki et al. 17 Despite this small discrepancy, the global trend nicely fits experiment: 17 the theoretical emission wavelengths for compound 2 in both cyclohexane (l LE Fluo = 484 nm) and acetone (l LE Fluo = 523 nm/l ESIPT Fluo = 579 nm) are in reasonable agreement with the measured values in cyclohexane (l LE Fluo = 500 nm) and acetone (l LE Fluo = 520 nm/l ESIPT Fluo = 602 nm), 17 see Table S6 in the ESI. † Thus, our theoretical LE/Z wavelength difference correlates reasonably with experiment. Similar findings are obtained for compound 4, see Fig. S1 and Table S6 in the ESI. † Compound 3 exhibits experimentally a single emission band in cyclohexane at 417 nm originating from LE, which matches our theoretical calculations (l LE Fluo = 440 nm, see Fig. S1 in the ESI †). In acetone, two emission bands are obtained experimentally 21 at 420 nm and 490 nm, but it is not easy to attribute them to the LE or the Z tautomers. Indeed, according to our calculations, the two isomers should show a very small energy difference (ZPVE-corrected DE = À0.02 eV) within the error bar of theory see also (Fig. S1 in ESI †). In addition, regarding the emission wavelengths, the experimental LE/Z differences for 1, 2, and 4 in acetone are quite large, e.g., (Dl 1 = À78 nm, Dl 2 = À82 nm, and Dl 4 = À123 nm) in reasonable agreement with the TD-DFT results (Dl 1 = À32 nm, Dl 2 = À56 nm, and Dl 4 = À78 nm). In contrast, for 3 we compute a very small emission wavelength difference between these two tautomers (Dl 3 = À15 nm, see Table S6 in the ESI †) much smaller than the experimental value (À70 nm). This motivated us to further look at the experimental spectra (Fig. S2 in ref. 21) and, it appeared that the most intense emission peak appears at ca. 445 nm (apparently not around 417 nm) in cyclohexane which is also close to the acetone ''Z band'' that seems to appear at 460 nm (and apparently not around 490 nm) experimentally. Note that such Dl 3 of À15 nm seems to more reasonably fit our predictions. In general the experimental fluorescence spectrum of 3, as displayed in the original paper, bears little relation with those of the other dyes for which ESIPT is very clear. Consequently, we cannot make a definitive conclusion regarding the origin of the emission of 3, and the actual existence of ESIPT or not in that compound would likely deserve more experimental investigations.

Impact of the strap chain length on ESIPT

The effect of the strap chain length on the ESIPT behavior was studied experimentally by comparing compounds 1 and 5 (see Fig. 2). 21 In our calculations, two initial geometries have been considered for the optimization of 5, i.e., the crystallographic structure 5a and a chemically-intuitive structure 5b in which the two nitrogen atoms are closer (Fig. 6). The conformer corresponding to the X-ray like structure, 5a, is slightly more stable than the more compact 5b, by 3.74 kcal mol À1 and 4.50 kcal mol À1 in cyclohexane and acetone, respectively. Interestingly geometric and energy differences are also observed in the ES. For 5a, the LE state is more stable than the ESIPT form (in both solvents), indicating that the emission in 5a occurs from LE only, which fits the experimental data 21 (Table S6 in ESI †). The large distance between the proton donor and acceptor (4.22 Å) makes the identification of the ESIPT TS of 5a effectively impossible. Nevertheless, the stretching of the N-H bond by 0.40 Å results into a dramatic increase in the ES energy (+1.5 eV), hinting that the TS is even higher, confirming that ESIPT is impossible in such a conformation. The LE structure of 5b remains more stable than the Z tautomer in cyclohexane, whereas the Z structure of 5b becomes the most stable in acetone, similar to the case of compound 1, causing a bathochromic shift of the emission band. Additionally, the ESIPT barrier in 5b is quite small (ca. 0.09 eV) indicating that the transfer process is energetically accessible with such conformation. Therefore, theory shows that there can be ESIPT in this compact form, and that the absence of ESIPT experimentally is only due to a GS conformational effect. One can speculate that using another type of long strap, allowing the simultaneous presence of several GS conformers, could lead to ESIPT even if the two nitrogen atoms are distant in some conformations.

Influence of terminal substituents

Compounds 1, 2, and 4 have identical skeleton and strap chain length differ in their terminal substitutions. In order to rationalize these auxochromic effects on the ESIPT phenomenon, we compare their theoretical LE/Z relative energy difference (DE ES ) with their experimental relative emission peak intensities in Table 2. If the level of theory used would be perfectly accurate one would expect the energy difference DE ES = 0.00 eV to be the limit separating dominant LE and Z emissions. Indeed, a positive DE ES indicates that ESIPT is a process favored by the excited-state energy landscape and a strong Z emission is expected, whereas a significantly negative DE ES should correspond to cases where a dominant LE emission is obtained experimentally. As can be noted in Table 2, in cyclohexane the LE form is always more stable than the Z form by at least 0.1 eV for the three compounds. This is perfectly consistent with the experimental observations (100% LE emission). As explained above, 1 shows a clear change in the relative stabilities of Z and LE when going to acetone, hence, the zwitterion becomes favored (DE ES = 0.05 eV). Experimentally, the Z emission is strongly dominant (a relative peak intensity of 98% of Z) and only a trifling emission (2%) is detected for the LE form of 1. 21 For the two other compounds (2 and 4), we notice a strong stabilization of Z when going from cyclohexane to acetone. This stabilization decreases the energy difference between the two species and makes them very close (DE ES 2 = À0.05 eV and DE ES 4 = À0.03 eV). As already discussed, these two compounds exhibit experimentally a strong peak of Z and a weak LE band. Interestingly, the LE emission of 2 and 4 experimentally show higher relative intensities (7% and 8% respectively) than in 1. This indicates that the theoretical trends are indeed accurate, although the TD-DFT energies seem to slightly overstabilize LE as compared to Z. Consequently, according to the relative energy values obtained above and the experimental observations, it appears that a pure Z emission can be obtained for DE ES Z À0.05 eV.

Furthermore, we measured the distance between the two nitrogens (N-N) in the GS for 1, 2, and 4 (Table S7 in the ESI †). The distance between these two nitrogens atoms becomes shorter when going from cyclohexane to acetone, and more importantly, this distance is found to be significantly shorter in 1 than in 2 and 4. This is consistent with an easier ESIPT in 1.

Our theoretical distances are also very similar to the X-ray values. 17,21 In addition, the partial atomic charges of these two nitrogens in the ES are shown in Fig. S2 in the ESI. † The charges are very similar in cyclohexane and acetone. In contrast, the charge of the nitrogen of the strap moiety of 1 appears to be more negative than the one of 2 and 4 in both solvents, and thus, has a higher tendency to accept the proton. These findings are consistent with the fact that the proton transfer is easier in 1 than in 2 and 4, confirming that simple qualitative criteria can provide first insights into the ESIPT mechanism.

Let us now turn towards the emission wavelengths of the three compounds (Table 2). The experimental ranking of the redshifted emission originating from the Z tautomer is 4 4 2 4 1 in acetone. This experimental ranking is rather consistent with the TD-DFT one: 4 4 1 C 2. This ordering can be explained: the electron withdrawing BMes 2 groups in 4 are located in an extended p-conjugated moiety, which yields an improved delocalization of the LUMO (see Fig. S3 in the ESI †). Consequently, 4 exhibits a lower LUMO than that of 1 and 2 and, hence a more redshifted emission is observed. In contrast, 1 and 2, that contain formyl and BMes 2 groups respectively, show very small emission wavelength difference (Dl = 6 nm), indicating that both substituents exert similar effects according to our calculations, consistent with the topologies of the frontier MOs (Fig. S3, ESI †). In short, the theoretical emission wavelengths have the expected accuracy for such TD-DFT simulations, while the computed relative ES energies are found to be in slight favor of the LE form.

Design of novel derivatives substitution effects

A series of unknown compounds, 6-17, containing both electron-donating groups (EDG) and electron-withdrawing groups (EWG) of different strengths at the terminal positions (R) and various heteroatoms (X) have been designed (Fig. 3). In order to predict the experimental outcomes, we list in Table 3 the energy difference (E + ZPVE) between the two tautomers in both cyclohexane and acetone, along with the computed emission wavelengths for the emissive species. Dye 1 is chosen as the reference compound to understand the impact of substituents on ESIPT as well as to determine what kind of emission will likely appear in the spectrum.

Let us first evaluate the impact of the heteroatom on the relative stabilities of the LE and Z forms by replacing the sulfur atom (X = S) in 1 by X = O, X = Se, and X = NH in 6, 7, and 8 respectively. The two former appear to have very similar DE ES values in both solvents as compared to 1. One can therefore predict a LE emission in cyclohexane and a Z emission in acetone. Interestingly, theory predicts a significant redshift for the emission of the seleno derivative in acetone (611 nm), see Table 3. In order to understand the reason behind the similar ESIPT behavior despite the use of atoms with different sizes, we show the distance between the two nitrogen atoms (N-N) in 1, 6, and 7 and the charges of these centers in Fig. 7. No significant change is found in neither the N-N distance nor their charges, indicating that the atomic radius of the X atom has negligible effect on the stability of the LE and Z, hence going down in the chalcogen column should only tune the position of the bands without significantly affecting their relative intensities. Furthermore, for 8, the LE form is found to be largely stabilized in cyclohexane, and hence, a pure LE emission is expected to be observed. In contrast, in acetone the LE and Z tautomers of 8 show comparable energies (DE ES 8 = À0.03 eV), so that, according to the reference energetic window defined previously, the proton transfer in 8 should remain almost quantitative. Note that 8 displays a strongly blueshifted band as compared to 1.

Let us now investigate the effect of auxochromic groups (a set of both EDG and EWG of different strengths and natures is selected) at R position. In cyclohexane, only a pure LE emission is expected to be observed experimentally in almost all cases (DE ES o À0.05, see Table 3). The TS for the ESIPT process in these dyes have also been computed and the values are listed in Table S8 in the ESI. † The TS is never indicating a large barrier for the forward ESIPT in cyclohexane, so it should limit the speed of the process. However, there is a clear change in the energy difference between LE and Z in both 13 and 14 (DE ES 13 = À0.04 and DE ES 14 = À0.01 eV respectively) together with a strong redshift of the LE emission of these two compounds (585 nm and 514 nm respectively), hinting that dual emission is likely to occur even in a non-polar solvent for these two dyes. It is worth noting that 13 and 14 show the strongest EWG that allow to stabilize the negative charge appearing in the Z form. In acetone, the insertion of mesomeric EWG (12, 13, and 14) further stabilizes the Z tautomer making the emission from the latter dominant as in 1. Interestingly, a large bathochromic shift of the emission is predicted by theory for the two latter (749 nm and 687 nm for 13 and 14 respectively). The HOMO/ LUMO and EDD plots of 14 can be found in Fig. S4 (ESI †). It can be seen that the LUMO of 14 is very delocalized and that the density on the nitro groups increases upon photon absorption which yields a strong stabilization of the Z tautomer after ESIPT and hence a large redshift. Adding an inductive EWG (15-17) yields a smaller effect, the Z tautomer being energetically less favored (DE ES 15 = À0.02 eV, DE ES 16 = À0.06 eV, and DE ES 17 = À0.08 eV), and a unique LE emission in acetone is even predicted for 16 and 17, contrasting with 1. For 15 the DE ES is found to be within the reference energetic window for Z emission (DE ES 4 À0.05 eV) and although we predict the proton transfer to be almost quantitative, the emission wavelength predicted for 15 appears to be strongly blueshifted (472 nm) as compared to 1. Clearly there is a large amount of possibilities to separately tune the emission wavelengths and the ESIPT process when using EWG.

Let us now turn to EDG. Globally donor groups tend to stabilize the LE form, and consequently tend to yield a sole LE emission. The fact that EDG makes ESIPT more challenging was already reported before in classical enol-keto systems. 8 We underline that the impact of the EDG on the relative LE/Z energies is much larger than that of EWG, and follows the expected NMe 2 4 NH 2 4 Me ranking. When an EDG is inserted (9, 10, and 11), the LE tautomer is largely stabilized in acetone (DE ES 9 = À0.27 eV, DE ES 10 = À0.28 eV, DE ES 11 = À0.18 eV), and only a single emission originating from this tautomer is expected to be observed, confirming the intuitive prediction. Indeed, adding side donor groups should be detrimental for the formation of the negative charge. In Fig. S4 of the ESI, † we S8 in the ESI †).

Conclusions and outlook

A detailed theoretical study of the ESIPT process occurring in alkylamine-strapped chromophores has been performed with a focus on the impact of chemical substitutions. The ESIPT process in this recently proposed family of dyes yields a zwitterionic structure rather than a keto tautomer. We performed our ab initio calculations by combining TD-DFT method with a continuum solvent approach accounting for both linear-response and state-specific solvent effects (LR + cLR). This model was found more appropriate than the commonly used alternatives, although as all continuum models it does not include the structure of the solvent molecules and hence cannot foresee solvent-assisted proton transfer, which is likely reasonable as the experimental solvents are aprotic. A comparison between the experimental and theoretical values for four compounds 1-4, for which fluorescence spectra have been experimentally measured in both cyclohexane and acetone was performed. According to our calculations, the emission is originating solely from the LE tautomer when cyclohexane is used as a medium. Indeed the energy difference between the two tautomers indicates that ESIPT would yield a less stable tautomer in the ES. When going from cyclohexane to acetone a systematic stabilization of the Z tautomer compared to LE is obtained, making the emission from the latter (much) more accessible. These conclusions are in good agreement with the experimental observations of Suzuki et al., although the computed relative energies seem to indicate that LE is slightly ''overfavored'' by TD-DFT. Additionally, theory was able to deliver reasonably accurate fluorescence wavelengths for the four studied compounds. Several new insights emerge from this current study. First, compound 3 seems to be a less clear-cut case than previously thought. Indeed the experimental fluorescence spectrum as well as the theoretical calculations are likely not clear enough to definitively ascertain the origin of the emissions observed in the polar solvent, and hence the actual existence of ESIPT. This was noticed by the facts that: (i) experimentally, the emission attributed to LE in cyclohexane appears very close to the Z band in acetone; and (ii) very small energy and wavelength differences are computed between the two tautomers making it challenging to determined whether the emission is resulting from LE or Z. Second, by reexamining compound 5 that shows a longer strap, we could locate two different conformers, the most compact being less stable but likely to show ESIPT. This is an example in which exerting pressure on the system could help in developing ESIPT. Third, we proposed and designed 12 new substituted compounds through the introduction of various EWG and EDG at the terminal position (R) and different heteroatoms (X) (Fig. 3). Since compound 1 shows a clear ESIPT behavior, it was chosen as reference to evaluate the effect of these chemical modifications on both ESIPT and the emission wavelengths. We conclude that (i) replacing sulfur by larger heteroatoms affects only the position of the bands, but not the ESIPT process and can therefore be an interesting approach to ''simply'' tune the emission spectra; (ii) adding very strong EWG groups, e.g., NO 2 or (CN) 2 , should allow dual emission even in cyclohexane, thanks to a strong stabilization of the negative charge present in the Z tautomer; (iii) using EDG hampers the ESIPT process even in acetone; and (iv) both EDG and EWG strongly modify the emission wavelengths, e.g., we compute an emission at 749 nm for the Z form of the compound presenting (CN) 2 side groups.

In the future it would be very interesting to: (i) investigate how the ESIPT process would evolve in the solid-state, which can now be done by theoretical simulations; 44,45 (ii) explicitly account for the solvent molecules and their dynamics, as this may significantly impact the transfer process, 46 especially if these dyes are to be used in a protic environment in which both enhancement and quenching of the ESIPT process have been reported. [47][48][49] 

Fig. 1

 1 Fig. 1 Representation of the ESIPT process in (a) a benzofuran dye based on the keto-enol tautomerism, (b) an HPIP derivatives that involves zwitterion form, and (c) the systems considered in this work.

Fig. 2

 2 Fig. 2 Molecular structure of the emissive strapped ESIPT compounds experimentally studied in ref. 17 and 21.

Fig. 3

 3 Fig. 3 Molecular structure of the novel derivatives studied here.

Fig. 4

 4 Fig. 4 Potential energy diagrams (E + ZPVE) for compound 1 and 2 obtained in (a) cyclohexane and (b) acetone using the LR + cLR solvent model. Theoretical energies and wavelengths have been obtained from TD-DFT calculations using the M06-2X functional and the 6-311+G(2d,p) atomic basis set. For 2, a very large compound, the determination of the TS was technically beyond reach.

Fig. 5

 5 Fig. 5 Representation of the Highest Occupied Molecular Orbitals (HOMO), Lowest Unoccupied Molecular Orbitals (LUMO) and the Electron Density Difference (EDD) plots (isovalue: 0.02 au for MOs 0.0015 au for EDD) of compound 1 in acetone. The red and blue areas in the EDD represent the increase and decrease of electron density upon photon absorption, respectively. We also provide the GS and ES Mulliken charges computed for the two nitrogen atoms.

Fig. 6

 6 Fig.6Representation of the two different optimized ground-state structures of 5 in cyclohexane: the X-ray-like structure (5a) and a new conformer obtained by molecular modeling (5b), both being optimized using the M06-2X functional and the 6-31+G(d,p) atomic basis set. Hydrogen atoms omitted for clarity.

  report the HOMO/LUMO and EDD plots of 10: the LUMO of 10 is less delocalized than the HOMO, and the density of NMe 2 decreases upon absorption which results in an increase of the basicity of the N-H of the pyrrole and tends to inhibit the proton transfer. The computed ESIPT barriers also support this interpretation (Table

Table 1

 1 Statistical data obtained from the comparison of experimental and theoretical emission energies (Table S1 in the ESI): mean signed error (MSE) and mean absolute error (MAE). All values are given in eV

	Solvent	State	Method	MSE	MAE
	Cyclohexane	LE	LR	0.038	0.102
			cLR	À0.056	0.080
			LR + cLR	0.050	0.098
	Acetone	LE	LR	0.140	0.164
			cLR	À0.054	0.098
			LR + cLR	0.198	0.198
		Z	L R	À0.107	0.107
			cLR	À0.262	0.262
			LR + cLR	À0.020	0.050
		All	LR		0.125
			cLR		0.138
			LR + cLR		0.120

Table 2

 2 Energy difference DE ES (E + ZPVE) between LE and Z tautomers for compounds 1, 2, and 4 in cyclohexane and in acetone together with the computed emission wavelengths for the emissive species in comparison with the experimental values. All the theoretical energies values have been obtained from TD-DFT using the M06-2X functional and the 6-311+G(2d,p) atomic basis set. The LR + cLR PCM model is applied. All the relative LE/Z energies are given in eV, whereas emission wavelengths are given in nm

	Cyclohexane

Table 3

 3 Energy difference DE ES (E + ZPVE) in eV between LE and Z tautomers for the series of novel 6-17 dyes in cyclohexane and acetone together with the computed emission wavelengths in nm for the emissive species. Theoretical energies values have been obtained from TD-DFT calculations using the M06-2X functional and the 6-311+G(2d,p) atomic basis set. The LR + cLR PCM model has been applied

		Cyclohexane		Acetone	
		DE ES LR+cLR	l LE /l ESIPT	DE ES LR+cLR	l LE /l ESIPT
	1	À0.10	483/-	0.05	-/568
	6	À0.13	449/-	0.05	-/522
	7	À0.12	501/-	0.04	-/611
	8	À0.16	428/-	À0.03	-/492
	9	a	444/-	À0.27	476/-
	10	a	456/-	À0.28	488/-
	11	a	427/-	À0.18	455/-
	12	À0.10	456/-	0.03	-/525
	13	À0.04	585/697	0.12	-/749
	14	À0.01	514/630	0.14	-/687
	15	À0.14	427/-	À0.02	-/472
	16	À0.18	428/-	À0.06	459/-
	17	À0.19	432/-	À0.08	464/-

a Optimization of Z yields directly to the LE form.
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