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We report a simple and novel molecular design strategy to enhance rISC in boron-based donor–acceptor systems to achieve improved delayed fluorescence characteristics. Dianthrylboryl ((An)2B)-based aryl aminoboranes 1 (donor: phenothiazine) and 2 (donor: N,N-diphenylamine) were synthesized by a simple one-pot procedure. The energy of the electronic excited states in 1 and 2 were modulated by varying the arylamine donor strength and electronic coupling between D and A moieties. The presence of a large π-system (anthryl moiety) on boron enhances the electronic communication between donor arylamine and acceptor boryl moieties, and hence, both 1 and 2 exhibit delayed fluorescence characteristics in a broad range of temperatures (80–300 K). Single crystal X-ray analysis and temperature-dependent photophysical studies together with theoretical studies were carried out to rationalize the observed intriguing optical signatures of 1 and 2.
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GRAPHICAL ABSTRACT.


INTRODUCTION

Improving the efficiency of optoelectronic devices by harvesting both triplet and singlet excitons is a contemporary area of research (Uoyama et al., 2012; Obolda et al., 2016; Noda et al., 2018; Liang et al., 2019; Northey et al., 2019). Various approaches such as triplet–triplet annihilation (TTA) (Yang et al., 2017; Pu et al., 2019; Ye et al., 2019), exciton–polaron interaction (EPI) (Kim et al., 2018), and thermally activated delayed fluorescence (TADF) (Uoyama et al., 2012) have been put forward for this application. This is because both TTA and EPI are bimolecular processes and it is very challenging to control these processes in devices. On the other hand, TADF is a temperature-driven unimolecular process and the device physics is less complicated compared to that of TTA and EPI. The temperature-dependent rate of reverse intersystem crossing (rISC) in TADF emitters is given by the Arrhenius equation KrISC = Aexp(–ΔEST/KBT). In the early stages of the development of TADF emitters, most of the research efforts were devoted to minimizing singlet (S1) and triplet (T1) energy gap (ΔEST) and thereby thermally activating rISC to achieve the delayed emission from an excited singlet state (Chiang et al., 2013; Chen et al., 2014; Peng et al., 2015; Cho et al., 2016). In general, the twisted D–A-type molecular architecture is required to minimize ΔEST by spatially isolating frontier orbitals (HOMO and LUMO) to realize TADF properties (Tao et al., 2014). However, the large twist angle between D and A not only reduces the ΔEST value but also reduces the oscillator strength of the transition (Liang et al., 2019). The temperature dependence and poor oscillator strength collectively affect the luminescence quantum yields of luminophores, which is the most important parameter in terms of real-life applications. Thus, developing an alternative design strategy is of fundamental importance (El-Sayed, 1963, 1968; Tatchen et al., 2007; Bhosale et al., 2015; Hou et al., 2018). Very recently, based on advanced computational studies, Penfold et al. and others showed that the rISC process can occur independent of temperature if there exists a second-order process such as spin–vibronic coupling between the excited singlet and triplet states in a D–A system (Etherington et al., 2016, 2017; Gibson et al., 2016; Gibson and Penfold, 2017; Penfold et al., 2018). Irrespective of the rapid research progress in TADF materials, very few molecules showing rSIC independent of temperature are reported (Hudnall et al., 2009; Mao et al., 2012; Neena et al., 2018; Salla et al., 2019).

On the other hand, coordinatively unsaturated and Lewis acid characteristics of tricoordinate born-based D–A systems have been extensively exploited for developing sensors (Hudnall et al., 2009; Galbraith and James, 2010; Jäkle, 2010), luminescence materials for non-linear optics (Yuan et al., 1990; Del Rey et al., 1998), and OLEDs (Suzuki et al., 2015; Ji et al., 2017; Mellerup and Wang, 2019). Recently, aminoborane-based molecular systems have been successfully utilized in optoelectronics (Hatakeyama et al., 2012; Wang et al., 2013; Hashimoto et al., 2014; Ayhan et al., 2016, 2018; Wang and Pei, 2016; Lien et al., 2017; Liu et al., 2017, 2019; Chen et al., 2018). We have been actively involved in developing luminescent materials by judiciously altering the molecular conformations of boron-based D–A systems (Sudhakar et al., 2013, 2017; Swamy et al., 2014; Neena and Thilagar, 2016; Kalluvettukuzhy and Thilagar, 2017). Very recently, we exploited BN/CC isosterism and topochemistry for developing highly sought-after deep-blue delayed emissive molecular systems (Neena et al., 2018).

In general, dimesitylboryl moiety is utilized for constructing boron-based D–A materials, because of the kinetic stability imparted by the sterically demanding mesityl group to the Lewis acidic boron center (Doty et al., 1972; Neena and Thilagar, 2016; Ji et al., 2017; Mellerup and Wang, 2019). However, the electronic coupling between boron and the attached unit is partly compromised because of steric crowding. Thus, a potential substituent could be one which maintains a good electronic coupling between the substitutes without sacrificing the overall stability of the compound. Yamaguchi et al. elegantly demonstrated the design, synthesis, and intriguing optical and anion sensing properties of a series tris(9-anthryl)borane (Figure 1A). They found that despite the large dihedral angle between the donor and acceptor units, the Lewis acid boron center had substantial π-conjugation with the anthryl units (Yamaguchi et al., 2000a,b, 2002; Wakamiya et al., 2005). Recently, Jäkle et al. explored the modification of the electronic structure of B–N-fused dipyridylanthracene and its sensitivity toward oxygen (Figure 1A) (Liu et al., 2017, 2019). Inspired by this result, we envisioned that the attachment of two anthracenyl (An) moieties to the boron center instead of sterically demanding optically innocent protecting groups (like mesityl or super mesityl) should enhance the probability of the electronic interaction between An and the boron center, leading to different optical features (Figure 1). Accordingly, we designed and synthesized di(anthrynyl)bory “An2B-” -based D–A systems 1 and 2 comprising An2B- as acceptor and donors phenothiazine and N,N-diphenylamine respectively, considering the following points. An attachment of two different electron donors such as “An” (π-electrons) and arylamines (nitrogen lone pair) to the electron deficient boron can be seen; consequently, different types of excited states with a distinct charge transfer character should be present. Further, the co-occurrence of excited states with different symmetries (π-π* and n–π*) should facilitate effective spin–orbit coupling and enhance ISC and rISC processes (El-Sayed, 1963). The compact molecular structures of 1 and 2 should delicately balance the electronic coupling between the donor and acceptors to minimize ΔEST; at the same time, the synergism in bonding (boron as a sigma donor and π acceptor and vice versa for C/N) between boron and the π/N moieties could make a radiative transition from the CT state efficient. Our anticipation was realized with 1 and 2 exhibiting dual TADF features with both LE and CT characterized over a broad range of temperatures from 80 to 300 K; the results are reported in this article.


[image: Figure 1]
FIGURE 1. (A) Previously developed boron compounds and present design strategy. (B) Representation of El-Sayed's rule for effective spin–orbit coupling in B–N. (C,D) Schematic representation of the concept used for designing An2B-based D–A molecules with two different modes of bonding with the boron center.




RESULTS AND DISCUSSION


Synthesis and Characterization

Precursor compound di(anthryl)boronfluoride (An2BF) was prepared by lithiation of 9-bromoanthracene followed by addition of 0.5 eq. BF3.OEt2. Compounds 1 and 2 were synthesized by following the procedures reported by Thilagar et al. (Sudhakar et al., 2013). Firstly, lithiation of arylamine (phenothiazine for 1 and diphenylamine for 2) with 1 eq. of n-BuLi at −78°C generated an N-centered anion, which was subsequently trapped with freshly prepared An2BF (Pandey and Thilagar, 2020) to give 1 or 2. Alternatively, 1 and 2 can be prepared also by one-pot synthesis as depicted in Figure 2 (see Supplementary Material file for a detailed procedure). These compounds are characterized by NMR (1H, 13C), HRMS (detailed NMR and HRMS data are given in Supplementary Figures 1–6) and single crystal x-ray diffraction analysis.


[image: Figure 2]
FIGURE 2. Schematic representation of the synthesis of 1 and 2.


In the case of compound 1, out of eight 1H NMR peaks, three are broad whereas in the case of 2, out of six peaks three are broad. Broad and undistinguishable peaks in the 1H NMR spectrum of compounds 1 and 2 reveal the presence of structural flexibility. With a view to understanding the temperature-dependent structural dynamics, the 1H NMR spectra of 1 and 2 were recorded at various temperatures (in THF-D8 solution, Figure 3) varying from 300 to 190 K. In Compound 1, upon gradual cooling from 300 to 280 K, the broad signal at ~7.8 and 9.0 ppm breaks into two distinct peaks and signals from ~7.2 to 7.4 ppm get fused, which reappears as two sets of broad signals at 260 K. However, on further lowering the temperature by 220 K, signals from ~7.2 to 7.4 ppm split into three set of peaks; these spectral features remain unchanged up to 190 K. Similarly, in the case of 2, upon gradual cooling from 300 to 270 K, the broad signal at ~9.0 ppm disappears, whereas the signal at ~6.5–7.5 ppm became broad. Upon lowering the temperature further from 270 to 250 K, a new set of signals comprising ten peaks reappear and achieve a clear and illustrious peak at 220 K. These spectral features remain constant up to 190 K. The free energy of activation (ΔG#) for the structural reorganization was calculated using the Gutowsky–Holm equation [ΔG# = 0.00457 Tc (9.97 + log (Tc/Δδ)] (Mao et al., 2012), where Δδ = difference between the two peaks at low temperature Tc = coalescence temperature (280 and 250 K for 1 and 2 respectively). The activation–rotation energy (structural reorganization) of 1 and 2 was found to be 16.9 and 14.3 Kcal/mol, respectively. The lower ΔG# of 2 suggests more structure flexibility than that of 1. These results clearly indicate that at room temperature these molecules are in dynamic molecular motions. Thus, the electronic interactions between boron and the different functional moieties (anthracene and amine donor) were expected to show temperature-dependent optical features. As anticipated, both the compounds show temperature-dependent optical features, which are summarized vide infra. Molecular structures of these compounds were confirmed by single crystal x-ray diffraction studies (crystal data and refinement details are summarized in Supplementary Figures 7, 8, Supplementary Table 1). Compounds 1 and 2 are stable under ambient conditions toward both air and moisture.


[image: Figure 3]
FIGURE 3. Temperature-dependent 1H NMR spectra of 1 (left) and 2 (right) in THF-D8 at a 10 K interval from 300 to 190 K.




Molecular Structure

Compound 1 crystallized in the monoclinic crystal lattice with the P21/n space group, whereas 2 acquired a triclinic crystal lattice and P-1 space group (Figure 4). In 1 and 2, both nitrogen and boron centers adopt a trigonal planar geometry with the sum of bond angles being 360°. The B–N bond length [1 and 2 (1.414 Å)] and dihedral angles (4.40° for 1, 16.68° for 2) between the borylanthracene (C1B1C2) plane and amine NC2 plane (C3N1C4) observed in 1 and 2 are shorter than the values observed for the mesityl analog (B–N; 1.430 Å, dihedral angle 23.51°) in literatures (Kalluvettukuzhy and Thilagar, 2017). Such a small dihedral angle and shorter B–N bond affirm the presence of the π-bonding interaction between the vacant p-orbital of boron and the lone pair electrons of the nitrogen atom of donor amine moieties (Kalluvettukuzhy and Thilagar, 2017). Based on these observations, one can tentatively conclude that the electronic coupling between donor bisarylamine and acceptor An2B- is stronger, and this interaction is expected to influence the luminescence properties of 1 and 2. In the solid state, both the compounds show an intermolecular slipped π-π (3.371 Å in 1 and 3.344 Å for 2) interaction with a large slip angle (58.25° in 1 and 60.09° for 2) and CH–π interactions (2.795 Å for 1 and 2.880 Å for 2) between anthracene units of neighboring molecules, augmenting to hold these two-neighboring anthracenes in orthogonal conformations, which significantly prevents face-to-face stacking (detailed supra-molecular interactions are given in Supplementary Figures 7, 8).


[image: Figure 4]
FIGURE 4. Molecular structures of 1 and 2 (ORTEP diagram with 50% probability; atom color codes: C—gray, S—yellow, N—blue, B—magenta). All the hydrogen atoms were omitted for clarity.




Optical Properties

In the molecularly dispersed state, both 1 and 2 show similar absorption features with distinct vibrational bands in the range 350–410 nm (Figure 5A, Table 1). However, the absorption bands are 50 nm red shifted compared to the spectra observed for simple anthracene. In addition to the structured absorption band, 2 showed a distinct structureless band at ~475 nm, which could be a charge transfer band. In contrast, 1 showed a very weak tailing on the red end of the absorption band (~425 nm). The absorption spectra of both 1 and 2 are sensitive to solvent polarity (Supplementary Figure 9). These results clearly indicate that in 1, the electronic coupling between phenothiazine donor and An2B- is negligible in the ground state because of the restricted rotation around the B–N bond as a result of cyclic and rigid phenothiazine structures. However, such restrictions around B–N rotation are lifted in 2 because of a structurally flexible diphenylamine (DPA) moiety, leading to a better electronic coupling between An2B- and DPA moieties. To get an insight into the electronic transition, DFT and TD-DFT calculations were performed (vide supra). As depicted in Figure 8, Supplementary Figure 18, for 1, the highest occupied molecular orbital (HOMO) is localized on one of the two anthracene moieties with comparatively less contribution from phenothiazine and the second anthracene moiety. In contrast, the lowest unoccupied molecular orbital (LUMO) is localized on one of the two anthracene moieties with significant contribution from the p(B) orbital and no contribution from phenothiazine and the second anthracene unit. In contrast, in 2 both the anthracene moieties and the diphenyl unit contribute to HOMO and LUMO (contribution from the p(B) orbital). The simulated UV-visible spectra of both the compounds are shown in Figures 5C,D, and the most probable transitions are listed in Supplementary Tables 7, 8. A considerably larger overlap between the frontier orbitals of 2 as compared to 1 directly corroborates with the experimentally observed intense UV-vis band for the former compared to the latter. The analysis of most probable transitions in these compounds indicates the lower energy transition HOMO → LUMO in both the compounds, the nature of CT with very low oscillator strength as compared to the higher energy transitions having an LE character and larger oscillator strength (Supplementary Tables 7, 8). These computational results support the above conclusions well. It has been well-established that electronically weakly coupled D–A systems tend to show interesting properties such as TADF (Dance et al., 2008; Tao et al., 2014). Thus, from the above results, 1 is expected show better TADF characteristics than 2.


[image: Figure 5]
FIGURE 5. (A) UV-Vis and (B) photoluminescence spectra of 1 and 2 in toluene (Conc. 10−5 M; λex = 380 nm). (C) and (D) are simulated (TD-DFT) UV-Vis spectra of 1 and 2, respectively.



Table 1. Important optical parameters of 1 and 2.
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At ambient conditions, dilute solutions of 1 show a structured LE emission at ~430 nm with a CT band at ~485 nm (Figure 5B). In contrast, compound 2 showed a structureless dual-emission pattern with peak maxima at ~ 430 and 510 nm, respectively. Because of possible excited-state structural reorganization, 2 showed a structureless LE band and a red-shifted CT band compared to 1. The PL intensity of both the compounds progressively decreased upon increasing the solvent polarity from hexane to acetonitrile (Supplementary Figure 10). In the case of 1, in polar acetonitrile the lower-energy CT band completely disappeared; however, residual emission was observed in the higher-energy region. In contrast, under similar conditions, both the emission peaks for 2 vanished. Time-resolved emission studies on 1 and 2 in solvents with different dielectrics showed biexponential decay with short (LE) and longer (CT) lifetime components in the nanosecond range (Supplementary Table 3). The excited-state lifetime steadily decreased upon increasing the solvent polarity from hexane to methanol. These observations directly corroborate with the weaker emission observed for these compounds in polar solvents. The PL quantum yield of 1 is higher than that of 2. Furthermore, the calculated non-radiative decay constant (knr) for 2 (132 × 106 s−1) is larger than the knr value obtained for 1 (127 × 106 s−1), and these values are consistent with the observed PL quantum yield (Table 1).

To understand the role of molecular flexibility in controlling the PL characteristics of these compounds, aggregation-dependent emission studies were carried out in the THF–H2O mixture (Figures 6A,B, Supplementary Table 4) (Luo et al., 2001; An et al., 2002). Compound 1 did not show aggregation-dependent emission. However, compound 2 showed 26-fold stronger luminescence in the aggregated state (in 90% water fraction) compared to its molecularly dispersed solutions. The lifetime of 2 in the aggregated state (in fw = 90%) (λ430, τav = 5.9 ns, λ520, τav = 14.44 ns) increased compared to its dilute THF solutions (λ520, τ1 = 0.87 ns, τ2 = 6.90 ns). Interestingly, the AIE spectral features of 2 were comparable with solid-state emission (Figure 6F). These results clearly indicate that the molecular flexibility indeed plays a role in controlling the PL characteristics of 2. Furthermore, flexible D–A systems exhibit a mechanochromic property (Okazaki et al., 2017). When the dual emissive (greenish yellow color, 455 and 530 nm) solid of 2 was subjected to shearing forces, it showed yellow emission with a single peak at ~540 nm (Figures 6D,E). Upon exposing the yellow emissive ground powder to organic solvent vapors (such as hexane/CHCl3/DCM) for 3–5 min, the dual emission characteristics were restored. This process of luminescence color switching could be repeated many times and was reversible.


[image: Figure 6]
FIGURE 6. (A) PL spectra of 2 in THF with different fractions of water [fw (V%) (conc. 10−5 M, λex = 380 nm)] (inset shows the magnified emission spectra obtained for solutions with fw (V%) from 0 to 70% and the digital photograph of 2 in THF and THF/water fractions (90%), taken under UV light illumination (λex = 365 nm). (B) Normalized prompt and delayed PL spectra of aggregates formed in fw = 90% (Delay time 30 μs) (decay curves are given in Supplementary Figure 17). (C) Solid-state prompt and delayed emission spectra of 2 (λex = 380 nm). (D) Mechanochromic response of 2 (inset: digital photographs of pristine solids (left), ground and DCM fumed ground samples of 2 under 365 nm UV light illumination). (E) PXRD pattern before and after grinding (right). (F) Comparative emission of 2 in solid state and aggregates formed in fw = 80 and 90%.


The prompt and delayed spectra of solids of 1 and 2 were recorded at both 300 and 80 K (Figure 6C, Supplementary Figures 13, 15). At ambient conditions, solids of 1 showed a single PL peak with a maximum at ~530 nm. This band is close to the CT emission band observed in the solution state. At 80 K, 1 showed DF characteristics similar to that observed in 300 K; in addition, it also showed a weak phosphorescence peak at ~590 nm. Interestingly, at both 300 and 80 K, the solid sample of 2 showed dual DF characteristics similar to its solution-state spectra. Further, compound 2 showed, in addition to DF peaks, a weak phosphoresce peak. The intensity of the phosphorescence peak at 80 K is stronger than that observed at 300 K. The ΔEST values for 1 (0.15 eV) and 2 (0.06) were calculated using both fluorescence and phosphorescence peaks, and the values are in the range observed for other TADF emitters reported elsewhere (Hosokai et al., 2017).

Apart from fascinating AIE and solid-state emission properties like mechanochromism and DF, solution-state emission at variable temperature was found to be more intriguing (Figure 7). In general, rISC is a temperature-driven process, so DF is more prominent at higher temperatures, but here we observed DF at as low as 80 K, which can also be tuned by changing the temperature. At 300 K, the prompt and delayed emission spectra of both 1 and 2 were found to overlap gently, confirming the presence of delayed fluorescence (DF). The excited-state lifetime analysis likewise indicates the formation of simultaneous two emitting species with fast [1; τ1 = 1.51 (29.59%) and τ2 = 8.41 ns (70.41%); 2; τ1 = 1.51 (12.59%) and τ2 = 7.41 ns (87.41%)] and slow [1; τ1 = 5.4 (54%), τ2 = 7.06 (45%); 2; τ1 = 5.81 (95.50%) and τ2 = 6.12 μs (4.50%)] components (Supplementary Table 6). It was also observed that the PL intensities of 1 and 2 were strongly quenched by oxygen indicating the involvement of a triplet excited state in the emission process (Supplementary Figure 11). To check the effect of temperature on DF characteristics of 1 and 2, the prompt and delayed spectra of these two compounds were recorded at variable temperatures in the range 80–300 K at 20 K temperature intervals. Interestingly, irrespective of the temperature, a smooth overlap of prompt and delayed spectra of 1 and 2 was observed. However, the spectral shape and position of the peak maxima for 1 and 2 were highly sensitive to temperature at which the measurements were made. At 80 K (frozen toluene solutions), 1 and 2 showed a structured LE emission (both prompt and delayed) band and CT band at ~485 nm. When the temperature was raised from 80 to 200 K, the intensity of the LE emission decreased and the intensity of CT band at ~475 nm progressively increased and became saturated at 200 K (unfrozen toluene).


[image: Figure 7]
FIGURE 7. Prompt (A) and delayed (B) emission spectra of toluene solutions of 1 at 80–300 K (λex = 380 nm). (C) Combined delayed and prompt emission spectra of 1 at selected temperatures 80, 200, and 300 K. (D), (E), and (F) Transient decay curve with fitting for the delayed emission of 1 at 80, 200, and 300 K, respectively, measured at corresponding λmax. (G), (H), and (I) Proposed potential energy curves for 1 to characterize the prompt and delayed emission processes at 80, 200, and 300 K, respectively.


Further increase in solution temperature steadily decreased the intensity of the new band. These spectral changes ceased at 300 K, where the intensity of both the emission bands became virtually equal (Figures 7A,B). Now the pressing question which needs answer is, why do these compounds show different emission patterns at different temperatures? At 80 K, frozen toluene provides a very rigid matrix; as a result, structural reorganization is minimized and LE emission dominates. At 200 K, just above the melting temperature of toluene (178 K), the loss of matrix rigidity provides a fluidic environment for structural reorganization, leading to a molecular conformation where the CT emission dominates. At 300 K, the solvent environment is more fluidic than at 200 K; both the species are equally populated and show dual emission with equal intensity. Compound 2 shows similar but less systematic temperature-dependent spectral changes (Supplementary Figure 12).

Time-resolved excited-state decay kinetics was performed on both compounds at different temperatures. At all temperatures, both the compounds show biexponential decay with slow (microsecond) and fast (nanosecond) components (Supplementary Tables 5, 6). Further, the change in lifetime and the amplitude of the corresponding peaks directly corroborate with the change in intensity of the PL peaks observed at different temperatures (Figure 7, Supplementary Tables 5, 6). Based on steady-state and temperature-dependent time-resolved excited-state decay studies, the structured emission peak at ~435 nm is ascribed to LE emission and the slower-decaying peak is assigned to CT emission. To the best of our knowledge, simultaneous DF emission from both 3LE and 3CT was not reported in literature.



Theoretical Studies

With a view to understanding the optical features and electronic structure of 1 and 2, both DFT and TD-DFT studies were carried out (Figure 8). The ground (S0) and excited states (S1, S2, and T1) geometries of 1 and 2 were also optimized. The excited state (S1) dipole moments are larger than the corresponding ground state in both 1 and 2. Based on steady state, time-resolved experiments, together with computational studies, one can draw the following conclusions. Both the compounds are dual emissive; the higher energy bands may be ascribed to LE (π → π* centered on anthracene moieties) and the lower-energy transitions ascribed to CT emissions [π(anthracene) → p(B)*, N → p(B)*, and π(anthracene) → π(anthracene)*]. Furthermore, the excited state dipole moment of 2 is much larger than that calculated for 1. Compound 2 with flexible donor moiety undergoes molecular conformational changes required to stabilize the CT state. These conformational changes lead to the mixing of both LE and CT states to form a hybridized state (Li et al., 2014). However, such a conformational change is restricted in 1 because of molecular rigidity. Thus, the higher-energy emission peak in 1 is more of LE character and is less sensitive to solvent polarity than the peak observed for compound 2, for which both the peaks display largely CT characteristics.


[image: Figure 8]
FIGURE 8. (A) FMOs (H = HOMO, L= LUMO) of 1 in ground state with corresponding energies. (B) Orbital contribution of excited states obtained from TD-DFT calculation. (C) Optimized geometries of 1 in S0, S1, and T1. (D) Energies and characters of the various excited states obtained from DFT and TD-DFT calculation.


The excited-state geometries of 1 and 2 were optimized in S1 and T1 states using time-dependent density functional theory (TD-DFT). Optimization of S2 and T2 states did not converge as the calculations were computationally expensive. Energies and characters of S2 and T2 states were analyzed using the data from the vertical transitions (Noda et al., 2019). For compound 1, in S0, both the anthracene units adopt a planar geometry while phenothiazine adopts a puckered geometry (Figure 8, Table 2). In contrast, the phenothiazine moiety adopts a more planar geometry and placed nearly perpendicular to the plane of both the anthryl moiety in T1 and S1 compared to the S0 state. To accommodate this conformational change in phenothiazine, B–N bond length is elongated and one of the two An moiety adopts a puckered geometry. Further, the bonding between boron and puckered An is shortened (Figure 8, Table 2). Energy and geometric parameters of S2 state were found to be very similar to S1. It has been demonstrated in literature that structural distortion in aromatic planar compounds, especially out-plane bending, mixes the sigma character in π-symmetry orbitals and relaxes ISC selection rules, ultimately leading to the mixing of singlet and triplet states (El-Sayed, 1968; Bhosale et al., 2015). It is clear from computational data that in compound 1, one of the anthracene units is puckered and partially loses its π-symmetry and this structural perturbation can facilitate the out-of-plane bending of An-coupled electronic transitions (Figure 8). In the simulated IR spectra of 1 in S1 and T1, the out-of-plane bending mode of anthracene is very strong and shifted to a higher wave number compared to S0 (Supplementary Figure 20). These results suggest that this particular molecular vibrational mode is coupled with electronic transitions involving S0, S1, and T1 states (Tatchen et al., 2007).


Table 2. Various geometrical parameters of 1 in ground and excited states (obtained from DFT and TD-DFT calculation).

[image: Table 2]

Further, S1 geometry of 1 resembles with T1 very closely and the D and A moieties are placed nearly orthogonally; however, they differ significantly from the S0 geometry where the D and A units are in planar arrangements. In contrast, in the case of 2, the D and A moieties do not deviate much from the planarity and the geometry of S0, S1, and T1 resemble each other. These data further confirm the weak electronic coupling in 1 and a strong coupling in 2. The weak coupling together with orthogonal arrangement of D and A units in 1 favors the spatial localization of frontier orbitals and reduces the exchange energy between the electronic excited states of different spin multiplicities involved in ISC/rISC events (El-Sayed, 1963, 1968; Tatchen et al., 2007; Dance et al., 2008; Tao et al., 2014; Bhosale et al., 2015; Hou et al., 2018).

The calculated (ΔEST) value for optimized geometries of 1 (0.05 eV) is lower as compared to the ΔEST value calculated for 2 (ΔEST = 1.20 eV) with a large spatial overlap. Very recently, Di et al. (2017) demonstrated that ΔEST is the function of the D–A twist angle; thus, geometrical reorganization is the key driving force for ISC in D–A systems. Hence, it is reasonable to hypothesize that compound 2, with its flexible molecular structure and free rotation around the B–N bond, can adopt a conformation in which the D–A twist angle reduces ΔEST and favors ISC/rISC events and subsequently shows DF. Based on both experimental computational results and literature precedents, we conclude that the structural features of 1 and 2 enable them to assume a dynamic conformation in which an electronic interaction between An with another An through boron results in a covalent LE state and/or interaction of An with amine through B atom results in a CT state. Thus, these compounds exhibit dual (LE and CT) delayed emissions irrespective of the temperature (Figure 7). Since TADF is a temperature-driven process, TADF molecules show DF at higher temperatures and show phosphoresce at low temperatures. Interestingly, in the present case, the dual DF characters are dependent on temperature, and it warrants explanation. Recent theoretical and experimental studies from several groups showed that the rate of rISC depends on both vibrionic coupling between 3CT and 3LE, and SOC between 3LE and 1CT (Albrecht, 1963; Etherington et al., 2016, 2017; Gibson et al., 2016; Gibson and Penfold, 2017; Penfold et al., 2018). These studies also suggest that in certain cases, such as thermally activated delayed fluorescence (TADF), the singlet–triplet crossing occurs from an adiabatically lower-lying electronic state to a higher-lying one (Gibson and Penfold, 2017). “As non-radiative transitions proceed under energy conservation, these can only be achieved if the initial state is vibrationally excited, be it thermally or kinetically” (Gibson et al., 2016; Etherington et al., 2017; Gibson and Penfold, 2017). As depicted in Figure 8 and Table 2, for 1, S1 is mainly of CT character, S2 is of combined LE and CT character, and T1 and T2 are mainly of LE character. The very small energy differences between S1, T1, and T2 and their symmetry favor the intersystem crossing (and rISC) greatly. A large energy difference between S2 and S1 rules out the possibility of S2 to take part in the ISC or rISC processes. On the other hand, for 2 (Supplementary Figure 19), the larger energy gap between S1 and T1 may hinder the reverse intersystem crossing rate, but the combined LE and CT character of S1, S2, T1, and T2 (which relaxes spin selection rule) enables the reverse intersystem crossing. As a result, in both 1 and 2 structured luminescence peaks in the blue edge of the spectrum suggest that the first state is vibrationally excited. Further, the PL pattern of these molecules clearly indicates the presence of both CT and LE states and provides a strong platform for the vibrionic coupling between these two states. Thus, regardless of temperature, mixing of CT and LE states in 1 and 2 gives rise to a considerable rISC-mediated population transfer, leading to TADF characteristics even at low temperature.




CONCLUSIONS

In conclusion, we reported the successful design, synthesis, and optical characteristics of a new An2B-based D–A system, in which the electronic coupling between the D and A units was controlled by the structural flexibility of the amine moiety present in them. Compound 1 with a rigid cyclic donor shows weak electronic coupling, while 2 with a flexible amine donor exhibits strong coupling. Consequently, 1 shows dual DF characteristics with strong LE and weaker CT emission bands whereas 2 shows DF with strong CT and weaker LE emission bands. Both the compounds show intriguing temperature-dependent dual DF characteristics in the range 300–80 K. Using both experimental and computational studies, it was established that the temperature-dependent dynamic molecular conformational changes in 1 and 2 led to the differential interactions between donor and acceptor units and subsequently exhibited different dual (LE and CT) DF in range of temperatures. Such structural dynamics are restricted in solid states of 1 and 2; consequently, they exhibit temperature-dependent DF characteristics. This study also revealed that replacing mesityl in boryl acceptors with strongly optically active anthracene enhanced the probability of ISC and exhibit optical properties more promising than the former. We expect that the design strategy disclosed in this study will add a new horizon to the development of delayed emissive luminophores. These results would also attract the attentions of both experimental and computational scientist to unravel the hidden potential of this type of molecules.



EXPERIMENTAL SECTION


Materials and Methods

All the chemicals were purchased from commercial suppliers (Aldrich, USA; Merck, Germany; SDFCL, India) and used as received, unless otherwise mentioned. A standard Schlenk technique was used for reactions requiring inert nitrogen atmosphere THF which was dried over sodium and distilled out under nitrogen atmosphere.

400 MHz 1H NMR and 100 MHz 13C NMR spectra were recorded by a Bruker Advance 100 MHz NMR Spectrometer. Solution 1H NMR and 13C NMR spectra were referenced internally to the solvent signals. 1H NMR spectra were referenced to TMS (0.00 ppm) as an internal standard. Chemical shift multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet (q), and multiple (m). 13C resonances were referenced to the CDCl3 signal at ~77.67 ppm. Solutions of all the compounds for spectral measurements were prepared using spectrophotometric grade solvents, microbalance (±0.1 mg precision), and standard volumetric glasswares. Quartz cuvettes with sealing screw caps were used for the solution-state spectral measurements. Electronic absorption spectra were recorded on a SHIMADZU UV-2600 spectrophotometer. The emission and excitation spectra were recorded using an Edinburgh Instruments FLS980 spectrometer. Time-gated emission spectra were recorded by an excitation source of pulsed microsecond flash lamp (μF1) with a pulse width of 1.1 μS. Single-crystal X-ray diffraction (SCXRD) studies were carried out with a Bruker SMART APEX diffractometer equipped with a 4-axis goniometer. The data were integrated using SAINT, and an empirical absorption correction was applied with SADABS. The structures were solved by direct methods and refined by full matrix least squares on F2 using SHELXTL software.

Density functional theory (DFT/TD-DFT) calculations were done using B3LYP functional with a 6-31G(d,p) basis set as incorporated in the Gaussian 09 package for all the atoms, mixing the exact Hartree–Fock-type exchange with Becke's exchange functional and that proposed by Lee–Yang–Parr for the correlation contribution (Frisch et al., 2009). The molecular structures obtained from SCXRD measurements were taken as the input for the calculations. The optimized structures and the frontier molecular orbitals (FMOs) were viewed using GaussView 5.0 (Dennington et al., 2009).



Synthesis and Characterization


Synthesis of 1

9-Bromoanthracene (2 g, 7.84 mmol) and phenothiazine (0.78 g, 3.95 mmol) were taken in THF (100 mL) under nitrogen atmosphere, and n-BuLi (7.95 mL of a 1.6-M solution in hexanes, 12.93 mmol) was added at −78°C under stirring conditions. The reaction mixture was stirred for 1 h at the same temperature, and BF3·OEt2 (0.4 mL, 3.74 mmol) was added. The resultant reaction mixture was allowed to warm to room temperature, and stirring was continued for an additional 10 h. All the volatiles were removed under reduced pressure, and the crude product was extracted with ethyl acetate. The combined ethyl acetate extracts were stored over anhydrous Na2SO4, and the solvent was removed under a reduced pressure which gave a crude product. An analytically pure compound was obtained after column chromatography over alumina using 10% EtOAc in hexane as eluent. Yellow solid, yield: 590 mg; 27%. 1H NMR (400 MHz, CDCl3, 25°C): δ (ppm) 8.91–8.93 (broad, 4 H), 8.28 (s, 2H), 7.33–7.35 (m, 10 H), 7.20 (d, J = 8.0 Hz, 4H), 6.79 (t, J = 8.0 Hz 2H), 6.49 (t, J = 8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3, 25°C): δ (ppm) 143.67, 131.07, 130.65, 129.88, 129.30, 128.78, 127.33, 126.34, 125.44, 125.17, 124.50. HRMS (Q-TOF): m/z calculated for [C40H26BNSNa]+ 586.1773, found [M+Na]+ 586.1777.



Synthesis of 2

Compound 2 was synthesized following the procedure used for the synthesis of 1. Reagents used, quantities involved, and the characterization data as follows. 9-Bromoanthracene (2 g, 7.84 mmol), diphenylamine (0.67 g, 3.95 mmol), n-BuLi (7.95 mL of a 1.6-M solution in hexanes, 12.93 mmol), and BF3·OEt2 (0.4 mL, 3.74 mmol). Greenish yellow solid, yield: 510 mg; 25%. 1H NMR (400 MHz, CDCl3, 25°C): δ (ppm) 8.54 (broad, 4 H), 8.30 (s, 2H), 7.86–7.89 (m, 4 H), 7.26–7.30 (m, 8H), 7.00–7.02 (broad, 4H), 6.73–6.76 (broad, 6H). 13C NMR (100 MHz, CDCl3, 25°C): δ (ppm) 149.47, 131.58, 129.60, 129.25, 129.07, 128.23, 127.50, 126.49, 125.83, 125.44, 125.94. HRMS (Q-TOF): m/z calculated for C40H28BN 533.2315 [M+]; found 533.2321.
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