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TD-DFT and CC2 insights into the dual-emissive behaviour of 2-(2'-hydroxyphenyl)oxazoles core and their derivatives

Two efficient excited state intramolecular proton transfer (ESIPT) dyes based on an hydroxyphenyl-oxazole core and containing one or two triphenylamine donor groups are explored with theoretical tools. These compounds are known to show clear experimental dual emission behaviour, leading to nearly pure white-light emission for one derivative. To probe the excited state properties, we use both Time Dependent Density Functional Theory (TD-DFT) and post Hartree-Fock methods [ADC(2) and CC2] coupled to different solvent models to describe polarisation effects. After validating our theoretical protocol on the two known systems, we design 14 new derivatives with different substitution patterns to quantify the impact of electron accepting and donating groups on the fluorescence spectrum and the ESIPT mechanism. We show that the selected protocol delivers accurate spectroscopic values for the two experimentally-characterised structures, and more importantly, that the relative stabilisation of the keto tautomer depends on the substitution side. Adding donor or acceptor groups to the ESIPT donor moiety favours the formation of the keto form, whereas when placed on the ESIPT accepting side, they tend to preclude ESIPT. Moreover, combining two donor or acceptor substituents generally results in similar ESIPT behaviour as single substitution on one of the two sides : simple additive rules do not apply.

How to tune dual emission in a complex push-pull dye ?

Introduction

White organic light-emitting materials constitute a very attractive research area due to their numerous applications, [1][2][3][4][5][6][7] including human-centric lighting in which they have become omnipresent. Different methods are available to produce white emission at a small energetic cost, but the most common relies on the combination of two or three primary emitters [8][9][10] (blue and yellow/orange or blue, green and red emitting compounds) to cover the visible spectrum (from 400 to 700 nm) and/or to give to the "standard" human eye the impression of white color. To achieve this requires emissive multicomponent materials that can cona Laboratoire CEISAM -UMR 6230 -CNRS -Université de Nantes, Nantes, France ; If each color is generated by a different molecule it is especially difficult to maintain pure white emission over long operating periods, since degradation speeds tend to differ significantly for, e.g, red and blue phosphors. Obtaining two or three different emission colours from a single component seems a more valuable strategy as the decomposition of such a component would decrease the brightness without affecting the perceived color. However this is difficult to achieve since it requires at least two different emission bands produced by a single molecular structure.

In this context, excited-state intramolecular proton-transfer (ES-IPT) dyes are of high interest. [11][12][13] ESIPT molecules possess an intramolecular hydrogen bond (H-bond) between a proton donor and a proton acceptor allowing proton transfer to take place upon photoexcitation. 13,14 Generally, the ESIPT process is based on a keto-enol tautomeric equilibrium, which opens the way for dual emission, with fluorescence originating from both the enol (E*) and the keto (K*) forms. Nevertheless, finding a single molecule that is able to emit white light via ESIPT remains very challenging and only a very small number of known ESIPT compounds do produce such light. 12,15,16 This is because the efficiency of the ESIPT process (enol to keto transfer), as well as the emission spectra of both forms should be very accurately controlled to generate white light. Besides production of light, interest in the ESIPT class of dyes also stems from their large Stokes shifts and their keto emission in the red region which allow several valuable applications as fluorescent probes in biological environments.

Recently, two studies have been carried out to gain insight into the mechanism of two highly efficient ESIPT compounds based on 2-(2'-hydroxyphenyl)oxazole core and presenting one or two triphenylamine (TPA) donor moieties, see Fig. 1. 16,17 1 and 2 have been designed and synthesised experimentally by Li and coworkers 16 who explored the photoluminescence and electroluminescence properties of both dyes at room temperature. They found that the emission spectra of both 1 and 2 in toluene show clear dual emission behaviour in which the enol emission appears in the blue region of the spectrum, whereas the keto emission is located in the red region. However, the keto emission of 1 is significantly more intense than its enol counterpart, resulting in yellowish-green emission with toluene. In contrast, well-balanced dual emission between the enol and keto forms (emission bands of similar intensities) is reached for 2 which leads to a nearly pure white-light fluorescence. Interestingly when 1 is embedded in an amorphous organic layer (e.g., in a fluorene-carbazole derivative), the relative height of the emission peaks originating from the enol and keto is only slightly changed (ca. ± 10%) indicating that the toluene spectra is a reasonable model for the actual device. However, the spectral change in going from toluene to the solid-state are more significant for 2. 16 In addition, Li et al. studied the solvation effects on both the absorption and emission profiles. They concluded that there is only a slight change in the shape and peak position of the absorption bands when increasing the solvent polarity, and more importantly that the enol emissions are significantly solvent dependent. Going from a nonpolar solvent to a more polar medium redshifts the enol emission, whereas the keto fluorescence is much less affected by the solvent polarity. Li et al. used Time-Dependent Density Functional Theory DFT (TD-DFT) combined with the M06-2X 18 exchangecorrelation functional to investigate this phenomenon theoretically. They found that despite the existence of the ESIPT equilibrium between the two tautomers in 1, the keto form is slightly more stable than its enol form, and thus the keto emission should be stronger than its enol counterpart. This is in good agreement with the experimental observations that show weak enol emission and dominant keto emission. In contrast, the enol of 2 was found to be slightly lower in energy than its keto counterpart (at this level of theory) indicating that the ESIPT equilibrium is driven towards the enol. This stability ordering in 2 seems inconsistent with the fact that the experimental emission spectrum presents a well-balanced dual emission between the two tautomers. Indeed, our group has shown previously that in such energetic scenario, almost no keto emission is typically observed. 13 Wang and coworkers reported very recently another theoretical investigation of the ESIPT process in both 1 and 2. 17 They employed TD-DFT with the B3LYP 19 functional in combination with a triple-ζ basis set, and accounted for the environmental effects using the Polarisable Continuum Model (PCM). 20 They performed a relaxed potential energy (PES) scan along the proton transfer coordinate by constraining the OH bond length when go-ing from E* to K*. They concluded that the enol form is found to be more stable than its keto counterpart, but that nevertheless the ESIPT process for 1 and 2 should happen in both forward and backward directions due to the "low" barriers (TS 1 = 0.21 and TS 2 = 0.20 eV for E* → K*, and TS 1 = 0.15 and TS 2 =0.17 eV for K* → E*), allowing the two tautomers to be in a dynamical equilibrium. 17 Such barriers are larger than in typical ESIPT dyes. 13 With the present study, we decided to go beyond these previous works by proposing a more accurate model including post-Hartree-Fock (HF) results obtained with the second-order algebraic diagrammatic construction [ADC (2)] and the second-order coupled cluster (CC2) approaches. In addition, we also : (i) calculate the true transition states; (ii) study the solvent impact using three different PCM schemes : the linear-response approach (LR), the corrected LR method (cLR), and the combination of these two approaches (LR+cLR); (iii) investigate a dozen new derivatives with different substitutions to predict their effects on the fluorescence spectra and the ESIPT mechanism.

Computational Details

Here, we combine the results of Time-Dependent DFT (TD-DFT) and post-HF methods [ADC(2) 21 and CC2 22 ] following an approach that has been shown to be successful for many ESIPT systems. 13,23 In this approach, the total and transition energies are calculated according to, e.g., E = E(Gas, ADC(2)) + E(PCM, TD) -E(Gas, TD).

All DFT computations are performed using the Gaussian16 24 program while the post-HF energy calculations use the Turbomole 7.3 program. 25 During the TD-DFT calculations, the environmental effects are included with the well-known PCM approach using toluene as solvent. All the ground state (GS) and excited state (ES) structures are fully optimised using DFT and TD-DFT respectively. We evaluate below the performances of four exchangecorrelation functionals: PBE0, 26 M06-2X, 18 CAM-B3LYP, 27 and MN15. 28 Our protocol uses the 6-31+G(d,p) atomic basis set for TD-DFT geometry optimisations, whereas the total and transition energies are calculated with a more extended atomic basis set, namely 6-311+G(2d,p). For all ADC(2) and CC2 energy calculations, the aug-cc-pVDZ atomic basis set is applied with the corresponding RI basis. For benchmarking purposes, we have also performed ADC(2)/cc-pVDZ geometry optimisations of the E* and K* geometries, using the Turbomole program and also applying the RI approximation. We note that ADC(2) calculations are popular in the ESIPT field. 29,30 Frequency calculations are performed for each TD-DFT optimised structure using the same basis set as for optimisation to verify that these structures correspond to local minima on the PES or to transition states (presenting a single imaginary frequency corresponding to the proton transfer process), as well as giving the zero-point vibrational energies (ZPVE) for each state. We underline that the transition state geometries are "true TS", that is to day, they have been optimised directly with TD-DFT using the analytical Hessian present in Gaussian16 starting with a chemically-intuitive guess, i.e., the obtained ESIPT TS are not deduced from scans or approximated from GS TS. As stated above, three different schemes are used in order to study solvation effects: (i) the popular linear response 31,32 (LR) PCM approach, in which the solvent correction depends on the transition density; LR-PCM is particularly suited for local ES with a bright character, (ii) the corrected LR 33 model where the change of electron density upon electronic transition guides the solvent correction; cLR accounts for state-specific (SS) effects in a singleshot perturbative way, and therefore leads to a more accurate description of transition wavelengths when a significant density reorganisation takes place between the GS and ES, (iii) the combination of these two approaches together (LR+cLR) 23,34,35 which is suitable for bright charge transfer states. The equilibrium PCM limit is applied for geometry optimisations and vibrational frequency calculations (slow processes), whereas vertical absorption and fluorescence energies are determined in the non-equilibrium limit (fast processes). Finally, in the following, we use the vertical approximation for emission wavelengths. We are well aware of the limits of this approximation 36 but the size of the considered molecules and their flexibility prevent vibronic calculations.

We note that we are interested by trends (between E* and K*, with various substitutions, etc) so that such an approximation is reasonable. 37 3 Results and discussion

Benchmark

Formation of the keto tautomer is driven by the difference in energy (E+ZPVE) between the E* and K* structures, ∆E ES . 13 A positive ∆E ES indicates that the enol is significantly more stable than the keto, and thus (almost) only the E* emission should be observed experimentally. By contrast, a largely negative ∆E ES shows a strong driving force for proton transfer, implying observation of a sole K* emission band. This assumes the barrier is small, which is typically the case in ESIPT derivatives relying on a six-member cycle (see also below). The intermediate situation corresponds to the case where E* and K* have very close energies (a small negative ∆E ES ): dual emission is possible. 13 Given that experimentally two emissions bands, corresponding to a weak enol (E*) emission and a strong keto (K*) fluorescence are observed for 1, and dual emission with similar E* and K* intensities is seen for 2, it is reasonable to expect a slightly negative ∆E ES between the E* and K* in both cases, i.e., a small driving force for the ESIPT process, as well as a more negative ∆E ES in 1 than in 2.

We now benchmark four exchange-correlation functionals (PBE0, M06-2X, CAM-B3LYP, and MN15) against experiment. Experimentally going from 1 to 2, the intensity of the E* emission increases to become almost as intense as the K* emission. We therefore expect, as noted above, an increase in ∆E ES (from 1 to 2), moving from a negative energy difference between K* and E* to an almost isoenergetic scenario (∆E ES ≈ 0). We first assess the performances of these four functionals in gas phase and compare them to experimental observations. This might look quite reasonable as the measurements to which we compare are made in toluene, an aprotic and apolar solvent. Our results are listed in Tables 1 and2 as well as in Table S1 in the ESI † . As a preliminary note, let us underline that ZPVE corrections (that are systematically included in the calculations of total energies below) have generally a trifling impact on the relative energies of the enol and keto forms (e.g., 0.02 eV for 2), but might tune more significantly the ESIPT barrier. In that sense a (moderate) change of temperature will likely tune the ESIPT kinetics but not the relative intensities of the E* and K* bands.

The gas phase results in Table 1 show that (i) PBE0 provides the smallest ∆E ES values for both 1 and 2 as compared to the three other functionals, but it does not follow the correct trend, instead decreasing the energy difference between the two tautomers when going from 1 to 2 (∆E ES 1 =0.04 eV and ∆E ES 2 =-0.06 eV) which is inconsistent with experiment. In addition, PBE0 yields larger fluorescence wavelengths than experiment 16 for both E* and K* in both systems despite the use of the vertical approximation, see Fig. 2 and Tables S1 andS2 in the ESI † . This error of PBE0 is likely related to the charge-transfer character of these dyes that contain one or two TPA donor groups. Therefore, this functional is excluded from this benchmark; (ii) M06-2X, CAM-B3LYP, and MN15 correctly show an increase in ∆E ES between 1 and 2. M06-2X gives the largest ∆E ES of the three functionals: it overestimates the stability of the E* tautomer in gas phase for 1 and 2, and gives emission wavelengths that are too small, e.g, respective errors of 44 nm and 56 nm for the E* and K* emission of 1 (see Tables S1 andS2 in the ESI † ); (iii) CAM-B3LYP and MN15 deliver slightly better ∆E ES estimates, but also do not perfectly fit experiment, 16 although (iv) the MN15 emission wavelengths are quite accurate (see Tables S1 andS2 in the ESI † ). Obviously, gas phase TD-DFT results are unsatisfying irrespective of the selected functional. Nevertheless, before moving to calculations in the condensed phase, it is also interesting to determine if TD-DFT geometries are sufficiently accurate. To . This strongly suggests that TD-DFT is sufficiently accurate for our purposes.

Next, we discuss TD-DFT results including solvent effects (toluene). Three different solvent models (LR, cLR, and LR+cLR) are assessed in this work for computing total and transition energies. When going from gas phase to toluene, the ∆E ES between K* and E* decreases for 1 regardless of the solvent model considered using M06-2X, CAM-B3LYP, and MN15. For 2, the changes induced by taking solvation into account are milder. The LR-TD-DFT approach favours the E* form more than the other solvent models, for all three functionals. Therefore LR-PCM is unable to reproduce experiment, consistent with the fact that LR-PCM does not account for the differences of the ES polarities between E* and K*. While ∆E ES for both cLR and LR+cLR are shifted in the correct direction as compared to gas phase, they still do not correlate with the experimental observations. Turning to the emission wavelengths, LR+cLR clearly delivers smaller errors than cLR re-gardless of the selection of MN15 or CAM-B3LYP (see Table S2 in the ESI † ). Furthermore, both cLR and LR+cLR yield similar fluorescence wavelength differences between the two tautomers, with values that are of the same order of magnitude as the experimental data (see Table S3 in the ESI † ). In short, it is clear that LR is not suitable for the investigated systems, whereas both cLR and LR+cLR, that include state-specific corrections, appear more reasonable. Given that LR+cLR has globally the edge, and is also the most "theory-wise" complete model, we continue with this approach in the following.

Let us now consider the TD-DFT results obtained with LR+cLR and various functionals. From Table 1 and Fig. 2 (i) M06-2X is the functional leading to the largest positive ∆E ES , whereas CAM-B3LYP and MN15 deliver very similar ∆E ES values for both compounds, yet ∆E ES remain positive. The fluorescence emission wavelengths given by MN15 appear to be more consistent with the experimental data than their CAM-B3LYP counterparts, a statement holding for both E* and K* emissions (Table S4 in the ESI † ). At this level of theory the "best" TD-DFT choice seems therefore to be MN15 combined with the LR+cLR solvent model. At this level of theory, the ESIPT barrier is 0.08 eV (see Fig. 2) which corresponds to a classical rate constant of 2.6 10 11 s -1 , increasing to 6.1 10 11 s -1 when tunneling effects are accounted for thanks to Wigner's semi-classical correction method. 38 Such a rate is consistent with proton transfer in the ps regime.

Since experimental observations are not reproduced with TD-DFT, we now move to a more accurate level of theory: a composite DFT/post-HF approach in which ADC (2) or CC2 results are used to correct the TD-DFT energies, see Eq (1). We discuss below only the results obtained on the TD-CAM-B3LYP and TD-MN15 structures computed in toluene, and accounting for solvent effects with the cLR and LR+cLR models, the interested reader will find the M06-2X and PBE0 data in Table S5 in the ESI † . As can be seen in Table 2 and Fig. S2 andS3, the energy gap between the E* and K* of 1 decreases gradually when going from TD-DFT to ADC(2) and next to CC2. With CC2 corrections, we are clearly favouring the formation of the K* tautomer regardless of the choice of cLR or LR+cLR solvent model, or the functional used for the geometry. This fits experiment. For 2, this difference decreases as well, but remains slightly positive (∆E ES =0.04/0.03 eV with cLR and ∆E ES =0.06/0.07 eV with LR+cLR for 1 and 2 respectively, see Fig. S4 and S5 in the ESI † ). Therefore, a dominant E* emission is expected to be observed, still not perfectly consistent with the measurements (equal E* and K* intensities). However such a discrepancy is small and can simply be related to the limitation of the level of theory used. Indeed, the typical absolute CC2 error is ca 0.15 eV for transition energies, 39 and although one expects the relative errors to be smaller, CC2 remains an approximated model. 40,41 To further improve the accuracy of the ∆E ES of 2, one would probably need to use CC3 or CASPT2, a task clearly beyond reach for the dyes studied here. Despite this, the trend from 1 to 2 is correctly given by theory and the errors are moderate, which was clearly not the case with TD-DFT. We also note that experimentally, 16 the enol emission dominates in the polymer matrix for 2 (as our calculations do predict, albeit in another environment), so that the relative E*/K* ratio is extremely sensitive to the medium used.

In order to make a definitive choice of the functional that should be considered during TD-DFT optimisation, we use the theoretical results obtained with ADC(2) and CC2 methods of compound 1 (see Table 2 and Fig. S2 and S3 in the ESI † ) : if we compare the stability of the two tautomers using these two functionals, we find that MN15 and CAM-B3LYP give quite close ∆E ES values between K* and E* using both ADC(2) and CC2 for both cLR and LR+cLR solvent models. However, LR+cLR provides more accurate emission wavelengths (see Table S6 in the ESI † ) and tends to yield smaller ∆E ES than cLR, which is more consistent with the experimental weak E* emission band. Therefore, in summary, in the following we use CC2 to determine energies, MN15 for structures and vibrations, and the LR+cLR model for solvent effects.

Comparison with experiments and analysis

In this Section, we compare the theoretical and measured results for compounds 1 and 2. As discussed earlier, our theoretical prediction for 1 in toluene yields a slightly negative ∆E ES between the two tautomers (-0.12 eV, see Table 2), which corresponds to the experimental observations of a mixture of weak E* and strong K* emissions. Additionally the theoretical emission wavelengths match reasonably with experiment (theory : 405 and 528 nm; experiment 16 : 434 and 532 nm). The first excited state is due to a ππ * excitation corresponding to a mixture of HOMO-1-LUMO and HOMO-LUMO orbital promotions. These orbitals and the corresponding Electron Density Difference (EDD) are displayed in Fig. 3. We have also quantified the charge transfer (q CT ) parameters for 1, using the well-known Le Baher's model. 42 This model relies on the analysis of the EDD, and more specifically considers the regions of increase and decrease of densities separately. In this approach, the transferred charge (q CT ) is the integral of the density increase (or, equivalently decrease), whereas the CT distance (d CT ) corresponds to the distance between the barycenters of density gain and depletion. Therefore this dipolar model is accurate as long as the underlying densities are accurate as well. For 1, q CT is 0.59 e and d CT is 2.92 Å, confirming the presence of a significant electronic CT which induces ESIPT as the transition involves the ESIPT centre. Indeed, we note that the EDD plot shows a mostly blue lobe on the OH moiety, indicating electron density loss, whereas a red lobe indicating electron density gain appears on the nitrogen atom involved in the ESIPT (see Fig. 3). Interestingly, the presence of the NPh 2 on the OH side does not prevent the loss of density on the hydroxyl.

Our theoretical analysis of 2 predicts a slightly favoured E* emission (∆E ES > 0), whereas experiment shows well-balanced E* and K* emission bands 16 . Nevertheless qualitatively, the relatively smaller blue lobe on the OH group moiety as compared to 1, hints at a smaller change of density and hence a smaller increase of the OH acidity in the ES in 2 than in 1 (see Fig. S6 in ESI † ). This is consistent with a less favourable ESIPT. It is notable that the CT in 2 is from the N side, i.e, the NPh 2 attached to the hydroxyl side plays no major role in the transition, in contrast with 1. Interestingly, the magnitude of CT are found to be slightly At this level of theory the forward and backward ESIPT energy barriers for 1 in toluene are always small enough to be easily crossed. So the forward and backward reaction should be easily accessible, see Fig. 2 and S3 in the ESI † . However this energy barrier is larger in 2 than in 1 (see Fig. S1 and S5 in the ESI † ) and as a consequence the ESIPT should be slower in 2 than in 1. Nonetheless the barrier in 2 remains easily crossed, due to both the large vibrational energy in the excited-state and the tunnelling effect.

Experimentally, as mentioned in the Introduction, Li. et al reported that a significant positive solvatofluorochromism is found for the E* band of both 1 and 2, 16 Indeed, when going from the non-polar benzene to the more polar dichloromethane, redshifts of +30 (-0.19) and +44 nm (-0.28 eV) are measured for 1 and 2, respectively. 16 Consistent with these data, we computed an ES dipole moment change of +1.5 D between the GS and ES of 1 at the PCM-TD-MN15 level of theory. In 2, our calculations show larger dipole moment increases upon excitation than in 1 (∆µ= +6.7 D). The K* emissions of both dyes are almost nonsolvatochromic, e.g., considering the same pair of solvents, small negative ∆λ of -3 and -2 nm are detected for 1 and 2, respectively. 16 Consistently, we did compute small negative ES dipole moment changes between the S 0 and S 1 in both dyes for the K* tautomer (∆µ=-1.3 D and -2.9 D). In short, PCM-TD-DFT explains the main experimental outcomes as well as the differences between 1 and 2.

Building rules for substitution effects

Given the experimental fluorescence spectra of compound 1 and 2 show clear dual emission behaviour, coupled with the ability of theory to reproduce these trends, we decided to screen more substitution patterns aiming to modulate the emission signature and relative energies, taking 1 as reference (see Fig. 4). Several groups at R 1 or R 2 positions are considered : (i) non-substitution (H); (ii) electron-donor groups (EDG), with the amino, diphenylamino, and dimethyamino moieties (NH 2 , NPh 2 , and NMe 2 , in order of increasing strength); and (iii) one typical electronwithdrawing moiety (EWG), the cyano group. We also assess combination effects, by investigating dyes with substituents at both R 1 and R 2 positions to evaluate if additive rules apply.

First let us investigate a preliminary aspect. Compound 2 presents two structural differences with respect to 1: the additional NPh 2 donating group at one terminal position (ESIPT donor side), and the methyl group placed ortho of the phenol (acceptor moiety) see Fig. 1. In order to ascertain the degree of impact of this extra methyl group, we designed a free-methyl compound otherwise identical to 2, namely 3. The calculated change in relative E*/K* energies and wavelengths of emission are clearly negligible between 2 and 3 (∆∆E ES CC2 = 0.02 eV, ∆∆λ fluo = 1nm respectively, see Fig. S7 in the ESI † ), confirming chemical intuition. Such differences indicate that the CH 3 group has almost no effect on the ESIPT process in these dyes. Consequently, this group is not considered in the following. Our main results are listed in Table 3. We begin with the nonsubstituted compound 4. As can be seen in Table 3, it displays almost the same ESIPT behaviour as 1 (∆E ES =-0.12 eV), one can therefore predict a favoured K* emission with a small E* band for 4. In addition, theory predicts a small blueshift of both the E* and K* fluorescences in 4 (391 and 489 nm, respectively) as compared to 1. Consequently, the NPh 2 at R 1 does not affect the relative stability of the E* and K* forms and hence the ES-IPT process, but plays a role in redshifting the emissions only. Next, when placing the donating NH 2 group at the para-position of the OH moiety (5), we predict a similar emission profile (energy and wavelength values) as in 1, with a stabilisation of the K* form (∆E ES =-0.12 eV). This is not surprising since NH 2 and NPh 2 have almost similar donating power. However, this finding is not easy to deduce from chemical intuition: when EDGs are placed at the ESIPT side of the dye they are expected to stabilise more the E* form, because they should increase the ES electronic density on the OH making it less prone to give its proton. Such ex-pected trend can be recovered with the stronger NMe 2 group (6): it indeed weakens the ESIPT process and favours the E* tautomer, dual emission being predicted for 6 (∆E ES =-0.02 eV). NMe 2 also induces a redshift of the emission bands of both tautomers.

OH R 1 O N R 2 1 R 1 = NPh 2 ; R 2 = H 3 R 1 = NPh 2 ; R 2 = NPh 2 4 R 1 = H ; R 2 = H 5 R 1 = NH 2 ; R 2 = H 6 R 1 = NMe 2 ; R 2 = H 12 R 1 = CN ; R 2 = H 13 R 1 = H ; R 2 = CN 14 R 1 = CN ; R 2 = CN 15 R 1 = CN ; R 2 = NMe 2 16 R 1 = NMe 2 ; R 2 = CN 7 R 1 = H ; R 2 = NPh 2 8 R 1 = H ; R 2 = NH 2 9 R 1 = H ; R 2 = NMe 2 10 R 1 = NH 2 ; R 2 = NH 2 11 R 1 = NMe 2 ; R 2 = NMe 2
Next, we investigate the same donating groups at the paraposition of the ESIPT acceptor moiety (R 2 , 7, 8, and 9). Qualitatively, one would expect that the magnitude of the E* emission should decrease and that of K* should increase, the ESIPT being stronger in such cases. In contrast, our theoretical calculations show the reverse effect for all three compounds (Table 3). The stability of the E* form largely increases for 7 and 9 (∆E ES = 0.23 and 0.11 eV for respectively), whereas with NH 2 (8) theory predicts almost isoenergetic E* and K* tautomers (dual emission). One can also notice a bathochromic shift of the E* emissions of 7 and 9 as compared to 8.

Table 3 Theoretical energy differences (E+ZPVE) between K* and E* for novel derivatives in toluene computed at CC2 level of theory (based on MN15 structures) using the aug-cc-pVDZ basis set and the LR+cLR solvent model together with the emission wavelengths of both tautomers. The energies are expressed in eV, whereas the wavelengths are given in nm. In the cases where E* is clearly more stable than K* we do not report the K* emission wavelength. See Fig. 4 for structure representations and Tables S8 andS9 in the ESI for additional data. Let us now turn towards the impact of double EDG substitution at both R 1 and R 2 . Although one could hope for additive effects, similar relative energies as single substitution at the OH side are obtained with, e.g., ∆E ES 5 = -0.12 eV and ∆E ES 10 = -0.11 eV or ∆E ES 6 = -0.02 eV and ∆E ES 11 = -0.07 eV. We also note that combining two NH 2 or NMe 2 tends to slightly blueshift the E* and K* emissions, i.e., the desired redshift does not appear. However, different behaviour is seen with NPh 2 , where the double substitution yields an almost intermediate effect between the substitution at R 1 and R 2 (∆E ES 3 = 0.09 eV). The EDD plots of Fig. 5 offer some explanations for these unexpected outcomes: (i) EDG at R 1 in 1, 5, and 6 still allow for a significant drop of density on the OH group of these dyes, allowing ESIPT. At the same time, the N moiety shows a mostly red lobe indicating a gain of density over this side; (ii) with EDG at This density change is slightly smaller than the one observed in 5 and 6, which qualitatively explains the similar ESIPT behaviour of these compounds. In sharp contrast, compound 3 presents a very different behaviour, with a variation of density on the OH group that becomes negligible, and the NPh 2 at R 1 playing no role (see Fig. 5).

Structures

Let us now turn to EWG. As can be seen, placing a strong EWG (CN) at R 1 (12) yields a similar emission profile as in 4 (∆E ES 12 = -0.12 eV), and a dominant K* emission is expected to be observed at 482 nm. In contrast, placing the CN group at R 2 (13) or at both R 1 and R 2 (14) tends to weaken ESIPT as compared to 12 (∆E ES 14 = ∆E ES 13 =-0.07 eV). Consequently, a well balanced dual emission is likely to occur in these two compounds. This follows chemical intuition: an EWG at R 1 increases the acidity of the hydroxyl and hence the proton transfer, whereas, when placed at R 2 , it makes the nitrogen acceptor more positively charged, rendering the proton transfer harder. By looking at the EDD of 13 and 14 in Fig. 6, one clearly notices the same change in electron density over the whole dye, and more importantly, that the CN at R 1 in 14 participates in the electronic transition. Likewise, 12 and 4 present very similar EDD, in line with their similar emission profiles. For the emission wavelengths, we determine a small redshift of the both E* and K* emissions when going from 12 to 14, and next to 13.

Next we move to discuss the impact of an EWG (CN) at R 1 combined with an EDG (NMe 2 ) at R 2 and vice-versa. With R 1 =CN and R 2 =NMe 2 (15), theory predicts a similar emission profile as 9 (R 1 =H and R 2 =NMe 2 ): the E* form is significantly stabilised (∆E ES 15 = 0.16 eV), and hence the enol form is the only tautomer that exists in the ES, and a single E* emission at 429 nm should to be obtained. This is not a surprising outcome, as the EDD of 15 in Fig. 6 demonstrates the negligible effect of the CN group and the very small change in density on the hydroxyl moiety. The charge transfer takes place on one side of the dye, and its EDD resembles that of 9. A smaller effect is obtained with R 1 =NMe 2 and R 2 =CN ( 16), and dual emission is likely to occur. The EDD of 16 shows a CT over the full system and is consistent with this outcome: the change in density of the hydroxyl is large and sufficient to induce ESIPT. It is worth mentioning, that the most red-shifted emission predicted by theory is also obtained with 16 (611 nm).

In an effort to further rationalise these results, we studied the charge transfer parameters as given by the d CT model. 42 The results are given in Table S7 in the ESI † . When trying to correlate the energy difference ∆E ES with CT parameters (q CT and d CT ), no obvious relationship between the charge transfer strength and ESIPT can be found. Indeed, for compound 5, the ∆E ES 5 indicates the formation of the K* and at the same time, the magnitude of q CT and d CT are found to be quite large (0.55 e and 2.48 Å, see Table S7 in the ESI † ). In contrast, in 4, 10, and 12, ∆E ES also indicates a possible ESIPT, but the d CT are all smaller than 1 Å. For dyes with ∆E ES > 0, in which the ESIPT process can not occur, e.g. 7, 9 and 15, the CT is large (e.g, (q CT 7 =0.59 e and a d CT 7 =3.46 Å). If we look at the EDD plots of these molecules the CT is located on one side only and does not involve the ESIPT core (see Fig. 5 and6). Therefore, we also computed the change of charge over the hydroxyl donating group (∆q OH ) upon excitation for the studied dyes (1-16), obtaining systematically very small values (an average of +0.03 e), uncorrelated with the ESIPT process. In short, the simple tested parameters do correlate with the ESIPT probability.

Conclusions

In summary, we characterised the ESIPT process occurring in dyes based on an hydroxyphenyl-oxazole core and containing one or two triphenylamine donor groups (1 and 2). These dyes exhibit two well-defined emission bands, together covering the visible spectrum. Theory was able to reproduce experimental wavelengths reasonably accurately, as well as predicting the main ex-perimental outcomes (nature of emission). We then designed twelve new derivatives with different substitution patterns. We have demonstrated that both the nature and the position of the substituent play a crucial role in the stabilisation of the keto tautomer : (i) EDGs placed para of the hydroxyl group moiety (R 1 ) tend to systematically limit ESIPT; (ii) EDGs located para of the ESIPT acceptor side (R 2 ) significantly increase the stability of the E* tautomer, and a single emission band from this tautomer should be observed; (iii) combining two EDGs on opposite sides (R 1 and R 2 ) does not yield an additive effect; (iv) placing the cyano group on the ESIPT donor moiety has a negligible impact on the proton transfer, whereas it tends to weaken ESIPT when located on the opposite side of the dye; (v) using a strong pulling group (CN) and a strong pushing group (NMe 2 ) does not always yield additive effect compared to the mono-substituted case. We note that when R 1 = NMe2 and R 2 = CN, dual emission is likely to occur with a predicted K* emission wavelength at 611 nm, a very large wavelength for an ESIPT derivative. All these unexpected results are qualitatively explained by examining the localisation of the excited-state given by density difference plots.

Finally, let us comment on the methodology used here. We started with TD-DFT calculations using four different functionals (PBE0, M06-2X, CAM-B3LYP, and MN15). Irrespective to the functional used, TD-DFT does not provide an accurate picture neither in gas phase nor in solution (toluene); e.g., the E* forms are found to be systematically too stabilised. Consequently, we had to use an advanced computational protocol in which the structures and vibrational parameters are determined with TD-DFT, the total and transition energies are corrected with ADC(2)and CC2. In addition, the usual LR model is not sufficient to incorporate environmental effects, and the refined LR+cLR approach is more suitable. All these aspects highlight the challenge of optimising ESIPT dyes with theory: relatively mild chemical changes might induce large spectroscopic effects. Reproducing such "nonlinear" behaviour requires advanced theoretical tools. A further step would of course to be to explicitly model solid-state effects, as done for a few systems recently. 43,44 
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Fig. 1 (

 1 Fig. 1 (A) Molecular structure of compounds 1 and 2; (B) Representation of a typical ESIPT process in such a dye.

Fig. 2

 2 Fig. 2 Potential energy diagrams (E+ZPVE) in eV for compound 1 in gas phase and toluene as a function of the selected exchange-correlation functional with the 6-311+G(2d,p) atomic basis set. The condensed phase results use the LR+cLR PCM model. The TS was computed with M06-2X and MN15 only. The corresponding diagrams for 2 are given in Fig. S1 in the ESI † .

Fig. 3

 3 Fig. 3 HOMO/LUMO and Electron density difference (EDD) plots of 1 obtained with PCM-(TD-)MN15 on the GS minimal geometry. A contour threshold of 0.02 a.u. has been considered for MOs and 0.0004 a.u. for density. The blue (red) zones indicate decrease (increase) of electronic density upon absorption.

Fig. 4

 4 Fig. 4 Molecular structure of the new compounds. R 1 and R 2 indicate the substitution positions herein.

Fig. 5

 5 Fig. 5 PCM-TD-MN15 Density difference plots (isovalue= 0.0004 a.u.) of the EDG substitutions. All plots correspond to absorption on the GS geometry. See caption of Fig. 3 for more details.

R 2

 2 in 7, 8, and 9, a relatively small blue lobe on the OH group is obtained indicating a small change of density, which becomes even smaller when going from 8 to 9, and next to 7, perfectly in line with the theoretical energies (∆E ES 7 > ∆E ES 9 > ∆E ES 8 ). In these dyes charge transfer takes place at the N acceptor side (blue and red lobes together on the right side of the molecule in Fig 5), and the hydroxyl side becomes almost a spectator; (iii) EDG at both R 1 and R 2 in 10 and 11 show a clear double charge transfer from both sides, but more importantly, the change of density on the OH group remains large.

Fig. 6

 6 Fig. 6 PCM-TD-MN15 density difference plots (isovalue= 0.0004 a.u.) of the EWG substitutions and EDG combined with EWG substitutions. All plots correspond to absorption on the GS geometry. See caption of Fig. 3 for more details.

Table 1

 1 Energy difference ∆E ES (E+ZPVE) between the E* and K* tautomers computed in gas phase and in toluene for compounds 1 and 2, obtained from TD-DFT (with four different functionals). A negative value indicates a more stable K* form. Three solvent models (LR, cLR, and LR+cLR) have been tested. All energies are given in eV.

	1

Table 2

 2 Energy difference ∆E ES (E+ZPVE) between E* and K* tautomers computed in toluene for compounds 1 and 2, calculated with post-HF approaches (ADC(2) and CC2) using the geometries obtained from TD-DFT, and the cLR and LR+cLR solvent models. All energies are given in eV. CT =0.58 e and a d CT = 2.62 Å in 2).

	1		2	
	cLR	LR+cLR	cLR	LR+cLR
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