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We report a phenothiazinen-dimesitylarylborane thermally activated delayed fluorescence (TADF) molecule that exhibits high external quantum efficiency (EQE) in non-doped organic light-emitting diodes (OLEDs) at high luminescence. The non-doped device shows green electroluminescence with an emission peak of 540 nm and a maximum EQE of 19.66% obtained at a luminescence of ~170 cd m−2. The EQE is still as high as 17.31% at a high luminescence of 1,500 cd m−2 with small efficiency roll-off.
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INTRODUCTION

Thermally activated delayed fluorescence (TADF) materials are emerging as third-generation organic electroluminescence materials and are expected to replace Ir- or Pt-based phosphorescent complexes in practical application (Adachi, 2014; Reineke, 2014; Chen H.-W. et al., 2018). In organic light-emitting diodes (OLEDs), the singlet/triplet exciton branching ratio upon electrical excitation is generally believed to be 1:3 according to spin statistics. Phosphorescent materials can make the triplet state emissive via strong spin-orbit coupling caused by heavy metal atoms and are widely applied in full-color displays and white lightings (Zhang et al., 2015; Liu et al., 2016; Guo et al., 2017a; Miao et al., 2018a,b). However, the resource of Ir and Pt is limited. Therefore, developing low-cost alternatives is demanding. For fluorescent molecules, only the 25% singlet excitons can be emissive and the 75% triplet excitons are thus deactivated via thermal motion. Hence, how to utilize triplet exciton is the intrinsic issue in terms of boosting the efficiency of fluorescent OLEDs. TADF materials can up-convert the lowest triplet (T1) exciton to the lowest singlet (S1) excited state via reverse intersystem crossing (RISC) by absorbing thermal energy of surroundings provided that the energy splitting (ΔEST) between T1 and S1 is sufficiently small, enabling the internal quantum efficiency (IQE) to approach unity without introducing noble metal elements (Endo et al., 2009; Uoyama et al., 2012; Zhang et al., 2012, 2014b). A general molecular design strategy toward small ΔEST proposed by Adachi et al. is linking electron donor and acceptor with high triplet energy in a twisted manner so that the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) can be separated to get a small exchange energy (Endo et al., 2011; Lee et al., 2012). Though TADF materials can readily realize high device efficiency comparable to phosphorescent OLEDs, some critical issues still cannot be well resolved, which impede TADF materials toward practical application. One is that TADF materials normally need to be doped into appropriate host in device (Lee et al., 2012). The other is that the device efficiency decreases rapidly at high luminescence (Zhang et al., 2012, 2014a). The polarity, carrier transporting property, triplet energy of host, etc. can all remarkably influence TADF device performance (Lee et al., 2012; Komino et al., 2013; Li et al., 2016; Zhang J. et al., 2016). Hence, selecting or synthesizing proper host materials is necessary to obtain the desired device efficiency. Optimizing doping concentration is also needed in order to acquire high device performance (Lee et al., 2012; Zhang D. et al., 2016). A low doping concentration may result in incomplete energy transfer from host to dopant while a high doping level can cause concentration quenching. Both would lead to inferior device performance. Therefore, developing TADF materials that can achieve high efficiency at high luminescence in non-doped device is of great significance in terms of academic research as well as practical application. For TADF materials, the device efficiency roll-off at high luminescence and the necessity of fabricating doped device intrinsically inherit from two aspects: the fluorescence quenching in aggregate state and the triplet exciton quenching at high current density. A majority of TADF molecules are weakly emissive in solution while strongly emissive in aggregate states (Guo et al., 2017b,c). This is owing to the small overlap between HOMO and LUMO orbitals, which would result in a relatively slow fluorescence radiative decay constant that can barely compete with the active non-radiative processes such as molecular vibrations and motions in solution. In contrast, these non-radiative processes are greatly limited in aggregate state partially because of the rigid twisted molecular configuration. Consequently, the emission in aggregate state is greatly enhanced compared to that in solution. However, the D-A molecular structure of the TADF material would results in strong dipole–dipole interactions in the neat film and consequently induces fluorescence quenching. In addition, close π-π stacking can also quench fluorescence. Moreover, the weak binding energy of S1 exciton arising from the CT attribute of S1 state renders high probability of spin flip of the excited electron in singlet manifold, indicating remarkable intersystem crossing (ISC) from singlet to triplet. However, instead of being converted back to singlet state to produce fluorescence, the long-lived triplet exciton is subject to deactivation by intermolecular interactions, thermal motions, oxygen, etc., causing appreciable decrease of fluorescence efficiency (Méhes et al., 2012). Hence, the neat film of some TADF materials normally suffers from relatively low fluorescence quantum yield. As a result, TADF molecules usually need to be dispersed in proper host materials. On the other hand, the relatively slow RISC process from T1 to S1 induces triplet excitons to accumulate at high current density and go through various quenching processes such as triplet-singlet quenching and triplet-charge quenching. A fundamental solution for this is accelerating the RISC process from T1 to S1 to the extent of fluorescence decay rate, which seems impossible without introducing heavy atoms such as Ir or Pt. Even though reducing ΔEST is feasible to speed up the RISC process, a microsecond or even longer delay component still exists for TADF molecules (Uoyama et al., 2012; Zhang et al., 2014b). Herein, we propose an alternative strategy toward high-efficiency non-doped OLEDs with reduced efficiency roll-off at high luminescence. Introducing a steric hindrance group to increase intermolecular distance can reduce intermolecular interactions. Accordingly, fluorescence quenching as well as triplet exciton quenching caused by intermolecular interactions can be alleviated. In this work, we adopt dimesitylarylborane (Mes2B) as a steric repulsive electron acceptor. The vacant p orbital of boron atom endows it with electron-withdrawing ability. As a result, boron derivatives are widely applied as optoelectronic materials and sensors (Shirota et al., 2000; Yamaguchi et al., 2001; Jia et al., 2005; Welch et al., 2006; Bonn and Wenger, 2015; Hirai et al., 2015; Kitamoto et al., 2015, 2016a,b; Na et al., 2015; Numata et al., 2015; Suzuki et al., 2015; Dou et al., 2016; Hatakeyama et al., 2016; Park et al., 2016; Shiu et al., 2016; Chen et al., 2017; D'Aléo et al., 2017; Lee et al., 2017; Lien et al., 2017; Matsuo and Yasuda, 2017; Nakanotani et al., 2017; Neena et al., 2017; Chen D.-G. et al., 2018; Kim et al., 2018). The peripheral methyl groups around boron can shield the boron atom from the outer environment to protect it from protonic agents such as moisture. The additional effect of these methyl groups is their steric repulsion to adjacent molecules so that intermolecular interactions can be reduced. As a result, a high photoluminescence quantum yield (PLQY) in the neat film and reduced efficiency roll-off are expected. Using phenothiazine (PTZ) as electron donor, the Mes2B is attached to the N position of PTZ and the resulting molecule PTZMes2B presents a twisted configuration to ensure the separation between HOMO and LUMO. The PTZMes2B shows intense green emission with a relatively high PLQY of 65% in the neat film. We fabricated both non-doped and doped devices with doping level ranging from low to high concentration. The performance of doped device enhances as the doping concentration increases. The non-doped device exhibits higher efficiency than these doped devices with a maximum external quantum efficiency (EQEmax) of 19.66%, which is acquired at a luminescence of ~170 cd m−2. The EQE can still remain 17.31% at a luminescence of ~1,500 cd m−2, showing only 12% efficiency roll-off. In contrast to the fact that a large majority of TADF materials only suit for doped device and suffer from severe efficiency roll-off, we have achieved high efficiency at high luminescence in the non-doped device and the device performance is comparable to some reported non-doped TADF OLEDs (Numata et al., 2015; Guo et al., 2017b,c; Yang et al., 2018; Rao et al., 2019).

EXPERIMENTAL

General Methods

All the reagents and solvents used for the synthesis and characterization were purchased from Aldrich and Acros and used without further purification. The 1H and 13C NMR data were recorded on a Bruker AVANCE 500 spectrometer at 500 and 125 MHz, respectively, using tetramethylsilane (TMS) as the internal standard and DMSO-D6 or CDCl3 as solvent. Elemental analysis was performed on a Flash EA 1112, CHNS-O elemental analysis instrument. The MALDI-TOF-MS mass spectra were measured using an AXIMA-CFRTM plus instrument. Thermal gravimetric analysis (TGA) was measured on a Perkin-Elmer thermal analysis system from 30 to 900°C at a heating rate of 10 K min−1 under a nitrogen flow rate of 80 ml min−1. Differential scanning calorimetry (DSC) was performed on a NETZSCH (DSC-204) unit from 50 to 380°C at a heating rate of 10 K min−1 under nitrogen atmosphere. UV–Vis spectra were recorded on a Shimadzu UV-3100 spectrophotometer. Steady-state photoluminescence spectra were measured by an RF-5301PC spectrophotometer. Time-resolved photoluminescence spectra were performed on Edinburgh spectrometer LP920 with 355-nm laser flash as excitation source. The PL lifetime was measured using an FLS920 spectrometer with a 375-nm picosecond pulsed light-emitting diode excitation source (pulse width: 898.3 ps). The PLQY (Φ) is measured by integrating sphere. Single crystal measurement was carried out at room temperature on a Rigaku RAXIS RAPID diffractometer equipped with a graphite monochromated Mo-Ka radiation source. The crystal structure was determined via SHELXL-97 software program.

Electrochemical Measurement

The electrochemical properties (oxidation and reduction potentials) were carried out via cyclic voltammetry (CV) measurements by using a standard one-compartment, three-electrode electrochemical cell given by a BAS 100B/W electrochemical analyzer. Tetrabutylammoniumhexafluorophosphate (TBAPF6) in anhydrous dimethyl formamide (DMF) or anhydrous dichloromethane (0.1 M) were used as the electrolyte for negative or positive scan. A glass-carbon disk electrode was used as the working electrode, a Pt wire was used as the counter electrode, and Ag/Ag+ was used as the reference electrode together with ferrocene as the internal standard at a scan rate of 100 mV s−1. According to the literature, the formal potential of Fc+/Fc is 4.8 eV below vacuum (Pomrnerehne et al., 1995). All potentials relative to the Ag/Ag+ electrode obtained from CV measurement are eventually referenced against Fc+/Fc to calculate HOMO/LUMO energy levels. The HOMO/LUMO levels are calculated according to the following formalism:
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where the Eox vs. Fc/Fc+ and Ered vs. Fc/Fc+ are oxidation and reduction onset potentials relative to Fc/Fc+ internal reference, respectively.

Theoretical Calculations

The ground-state (S0) and the lowest singlet excited state (S1) geometries were optimized at the B3LYP/6-31G(d, p) level. Natural transition orbitals (NTOs) of both S0 → S1 and S0 → T1 were calculated using the TD-M06-2X/6-31G(d, p) method on the basis of the optimized ground-state configuration.

Device Fabrication

ITO-coated glass was used as the substrate and the sheet resistance was 20 Ω square−1. The ITO glass substrates were cleaned with isopropyl alcohol, acetone, toluene, and deionized water; dried in an oven at 120°C; treated with UV-zone for 20 min; and finally transferred to a vacuum deposition system with a base pressure lower than 5 × 10−6 mbar for organic and metal deposition. The MoO3 was deposited at a rate of 0.1 Å s−1. The deposition rate of all organic layers was 1.0 Å s−1. The cathode LiF (1 nm) was deposited at a rate of 0.1 Å s−1 and then the capping Al metal layer (120 nm) was deposited at a rate of 4.0 Å s−1. A mask with an array of 2 × 2 cm openings was used to define the cathode. The electroluminescent (EL) characteristics were measured using a Keithley 2400 programmable electrometer and a PR-650 Spectroscan spectrometer under ambient condition at room temperature.

Synthesis
 Mes2BBr

Mes2BBr is synthesized according to literature (Na et al., 2015). 1H NMR (500 MHz, DMSO-D6, 25°C, TMS) δ (ppm): 7.51 (d, J = 8.2 Hz, 2H; Ar H), 7.39 (d, J = 8.2 Hz, 2H; Ar H), 6.85 (s, 4H; Ar H), 2.33 (s, 6H; CH3), 2.01 (s, 12H; CH3).

PTZMes2B

In a 100-ml round flask, a mixture of 10H-PTZ (995 mg, 5 mmol), Mes2BBr (2.02 g, 5 mmol), NatOBu (960 mg, 10 mmol), PHtBu3BF4 (72 mg, 0.25 mmol), and Pd2(dba)3 (137 mg, 0.15 mmol) was dissolved in toluene (30 ml) and stirred at 110°C for 24 h under N2. The reaction was quenched by water and extracted with dichloromethane. The organic layer was collected and evaporated. The residue was purified via column chromatography by using petroleum ether/dichloromethane (5:1, v/v) as eluent to afford bluish-green solid (3.35 g, yield: 90%). 1H NMR (500 MHz, DMSO-D6, 25°C, TMS) δ (ppm): 7.45 (d, J = 8.4 Hz, 2H; Ar H), 7.33 (d, J = 6.4 Hz, 2H; Ar H), 7.23 (d, J = 8.4 Hz, 2H; Ar H), 7.18 (t, J = 7.1 Hz, 2H; Ar H), 7.08 (t, J = 7.1 Hz, 2H; Ar H), 6.84 (d, J = 2.6 Hz, 2H; Ar H), 6.83 (s, 4H; Ar H), 2.26 (s, 6H; CH3), 1.99 (s, 12H; CH3); 13C NMR (125 MHz, CDCl3, 25°C, TMS) δ (ppm): 145.92 (C), 142.98 (C), 142.75 (C), 141.71 (C), 140.79 (C), 138.82 (CH), 138.64 (C), 128.26 (CH), 127.60 (CH), 126.95 (CH), 125.75 (C), 123.92 (CH), 120.28 (CH), 23.56 (CH3), 21.26 (CH3); MALDI-TOF MS (mass m/z): calcd for C36H34BNS, 523.25; found, 523.84 [M+]. Anal. calcd (%) for C36H34BNS: C, 82.59; H, 6.55; N, 2.68. Found: C, 82.57; H, 6.56; N, 2.67.

RESULTS AND DISCUSSION

Synthesis

The synthesis of PTZMes2B is shown in Scheme 1. Mes2BBr is prepared the same way with literature (Na et al., 2015). Then PTZMes2B is readily acquired via Pd-catalyzed Ullmann coupling in high yield starting with PTZ and Mes2BBr as reactants. The target compound PTZMes2B is purified by column chromatography and sublimation. The chemical structure and purity are well verified via NMR, MS, elemental analysis, and crystallography.
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SCHEME 1. Synthesis of PTZMes2B: (a) 1,4-dibromobenzene, n-BuLi, −78°C, 3 h; Mes2BF in THF was added dropwise, stirring at room temperature overnight; (b) PTZ, Mes2BBr, NatOBu, PHtBu3BF4, Pd2(dba)3, toluene, 110°C, 24 h, under N2.



Thermal Properties and Morphology

Thermal property is investigated via thermogravimetric analysis (TGA) and DSC. As shown in Figure S1a, the decomposition temperature (Td, corresponding to 5% weight loss) of PTZMes2B is measured to be 381°C. The DSC curve of as-synthesized amorphous powder is displayed in Figure S1b. The weak endothermic signal at 84°C can be assigned to glass transition temperature (Tg). The sharp exothermic peak at 157°C is attributed to crystallization (Tc) and the intense endothermic peak at 262°C is the melting point (Tm). To explore whether PTZMes2B can be applied in the non-doped device, film-forming ability is assessed by atomic force microscopy (AFM). Non-doped film of ~70 nm was prepared on quartz substrate by vacuum evaporation. An image of 5 × 5 μm area scanned by AFM is presented in Figure S2. Though the uniformity of film surface is inferior to that of some solution-processed oligomers (Yao et al., 2012), a root-mean-square (RMS) roughness of only about 0.72 nm is good enough for evaporation-deposited film. Therefore, PTZMes2B is suitable for non-doped device application.

Electrochemical Properties and Single Carrier Device

CV is performed to calculate HOMO/LUMO energy levels. As can be seen in Figure 1A, the oxidation and reduction onsets of PTZMes2B against ferrocenium/ferrocene (Fc+/Fc) redox couple are 0.23 and −2.19 V, respectively, corresponding to a HOMO energy of −5.03 eV and a LUMO energy of −2.61 eV (Equations 1 and 2). The coexistence of donor PTZ and acceptor Mes2B in one molecule yields proper HOMO/LUMO energy alignment that is in favor of both hole and electron injection from adjacent carrier transporting layers. We also fabricated single carrier devices to find out if PTZMes2B possesses balanced carrier transporting ability. The device structure of hole- and electron-only devices are ITO/HATCN (6 nm)/NPB (5 nm)/PTZMes2B (100 nm)/NPB (20 nm)/Al (100 nm) and ITO/TPBi (20 nm)/PTZMes2B (100 nm)/TPBi (5 nm)/LiF (1 nm)/Al (100 nm), respectively, where ITO is indium-tin oxide, HATCN is hexaazatriphenylenehexacarbonitrile, NPB is N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine, and TPBi is 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene. Since we only aim to evaluate the carrier transporting property of PTZMes2B, but not carrier injection ability between electrodes and PTZMes2B, we have to eliminate energy barriers between electrodes and PTZMes2B. Hence, for the hole-only device, a thin layer of HATCN (6 nm)/NPB (5 nm) is inserted between the anode ITO and PTZMes2B layer to facilitate hole injection. The NPB (20 nm) layer between PTZMes2B and cathode Al is used to block electrons. Similarly, for the electron-only device, a thin layer of TPBi (5 nm)/LiF (1 nm) inserted between PTZMes2B and cathode Al is applied to enhance electron injection and the TPBi (20 nm) layer between PTZMes2B and the anode ITO is designed to prevent hole injection. For both hole- and electron-only devices, the PTZMes2B layer is much thicker than the NPB or TPBi layers so that the carrier mobility of the whole device is predominated by PTZMes2B. The result is shown in Figure 1B; the inset shows the value derived from current density of the hole-only device divided by that of the electron-only device. At any given voltages within the range of our measurement, we can see in Figure 1B that the current density of the hole-only device is always higher than that of the electron-only device, indicating that hole mobility of PTZMes2B is better than electron mobility. The difference between hole and electron mobility is quite large at low voltages such as 3 V at which the current density of the hole-only device is ~70 times that of the electron-only device. However, with increasing voltages, such difference gradually decreases, as can be seen in the inset of Figure 1B. For example, at a voltage of 4 V, the ratio (current density of the hole-only device over that of the electron-only device) is only ~20; at a voltage of 7 V, current density of the hole-only device is only ~1.5 times higher than that of the electron-only device. Nevertheless, PTZMes2B displays relatively balanced carrier mobility. Such bipolar nature of the D-A molecule is beneficial for balanced charge injection and recombination in the emitting layer, which can alleviate exciton quenching by the free charges. In addition, the bipolar character can widen the carrier recombination zone in the emissive layer, which may reduce the adverse effect of concentration-induced exciton quenching.
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FIGURE 1. (A) Cyclic voltammetry and (B) single carrier device of PTZMes2B.



Theoretical Calculations

NTOs are calculated by the TD-M062X/6-31G(d, p) method based on the optimized configuration of ground state. As shown in Figure 2, for the S0 → S1 transition, the hole and particle distribute separately on the donor PTZ and acceptor dimesitylboryl, respectively, revealing the CT attribute of S1 state. On the other hand, the hole and particle of S0 → T1 overlap on the donor PTZ moiety, disclosing the locally excited (LE) property of T1 state. The calculated S1 and T1 energies are 3.57 and 3.41 eV, respectively, resulting in a ΔEST of 0.16 eV. The binding energy of the LE exciton is generally large, which is adverse for spin flip of the excited electron, while the binding energy of the CT exciton tends to be small, which is beneficial for spin flip. Therefore, a reasonable explanation of the TADF emission is that the 3LE exciton is firstly up-converted to 3CT excited state and then goes through RISC process to the S1 state followed by delayed fluorescence.
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FIGURE 2. (A) NTOs of PTZMes2B; (B) possible TADF route.



Crystal Structure

The donor and acceptor are linked in a torsion fashion with a large dihedral angle of ~87.83° between them as evidenced by single crystal X-ray diffraction (XRD) shown in Figure 3A. As can be seen in Figure 3B, the adjacent molecules orientate inversely against each other. Considering the steric configuration of the acceptor Mes2B, a face-to-face packing between adjacent Mes2B would not be thermodynamically stable. Therefore, the acceptors avoid approaching each other and the arrangement of two adjacent molecules are in an inversion mode so that the resultant crystal can be in its thermodynamic stable state. In addition, PTZMes2B piles up without parallel face-to-face stacking. As a result, no π-π interactions or hydrogen bonds can be found in the crystal. Only CH–π interactions exist with a distance of ~2.58 and 2.87 Å as shown in Figure 3B. The weak intermolecular interactions mainly result from the bulky figure of the acceptor, which avoids close intermolecular contact. From the crystallography of PTZMes2B, we may further deduce that intermolecular interactions in thin film may also be weak, which is in favor of reducing both singlet and triplet quenching. Detailed information about the crystal can be seen in Table S4.
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FIGURE 3. XRD of single crystal of PTZMes2B: (A) molecular conformation; (B) molecular packing in crystal.



Photophysical Properties

Steady-state absorption and photoluminescence spectra of the PTZMes2B neat film recorded at ambient condition are shown in Figure 4A. The absorption band, showing vague vibronic structure peaking at ~360 and ~325 nm, can be assigned to the π → π* transition of the molecule. The neat film of PTZMes2B shows intense green emission with an emission peak at ~540 nm and a relatively high PLQY of ~65%. The PLQY of doped films with various doping concentrations is also measured and displayed in Table S1 and Figure S3. The PLQY of doped films is higher than that of neat films. For example, the PLQY of wt. 10% (weight ratio) doped film is as high as 93%. Therefore, the neat film of PTZMes2B experiences a certain degree of concentration quenching. The decrease of PLQY of the neat film may be caused by concentration quenching of singlet or triplet excitons, or both. The deactivation of singlet excitons would lead to the quenching of both prompt and delayed fluorescence while the deactivation of triplet excitons would only lead to the quenching of delayed fluorescence. Thus, we measured transient PL spectra of these films at ambient condition. As shown in Figure S4, with increasing doping concentration, the lifetime of delayed component gradually shortened. This may be due to two possibilities. One is that the RISC of T1 → S1 is more efficient at aggregation state probably because either the ΔEST tends to be smaller or intermolecular spin-orbit coupling is stronger in aggregates. Thus, heavier doping films show shorter lifetime of the delayed component. The other possibility is that concentration caused triplet quenching that leads to a shorter lifetime of the delayed component at heavier doping level. Combined with the decreased PLQY of the neat film, we temporarily assume that the shortened lifetime of the delayed component is due to concentration quenching. More detailed experiments and analysis are ongoing to further investigate the influence of aggregates on the RISC of T1 → S1. Nevertheless, the neat film shows a relatively high PLQY of 65% and obvious delayed emission. If we consider exciton as hole–electron pair, ISC is essentially the process of spin flip of the excited electron. The binding energy between electron and hole of S1 state of common TADF emitters is weak as a result of almost completely separated hole–electron distributions (i.e., the CT attribute of S1 state). Hence, spin flip of the excited electron of S1 state occurs with high probability and therefore high efficiency of the ISC process. As a result, for TADF emitters, large amounts of S1 excitons would turn into T1 excitons via ISC. The PLQY of the TADF emitter would decrease dramatically if triplet exciton yields from S1 state are severely quenched and cannot be converted back to S1 state (Méhes et al., 2012). The relatively high PLQY of 65% and the obvious delayed component in the neat film show that large amounts of triplet excitons can still be converted back to S1 state instead of being quenched by intermolecular interactions such as dipole–dipole or π-π interactions. Though singlet and triplet quenching is inevitable in the neat film, our molecular design strategy, i.e., by introducing methyl groups to enhance steric repulsion among molecules, can help to alleviate concentration quenching in the neat film. To attain T1 energy as well as ΔEST, time-resolved PL spectra of the doped film of PTZMes2B were measured at a low temperature of ~80 K, as can be seen in Figure 4B. The fluorescence or phosphorescence may be affected by aggregation mode. Therefore, we take the doped film of PTZMes2B as testing sample to try to eliminate the interference of aggregation. The doping concentration is wt. 5% and the host is mCP, which has higher triplet energy than PTZMes2B. The fluorescence and phosphorescence are collected in the time range of 1 ns−5 ms and 50–150 ms, respectively, when the excitation source is off. The phosphorescence of PTZMes2B shows a vibronic structure, indicating the LE character of T1 state. We find that the phosphorescence of PTZMes2B is similar to that of PTZP while different from that of Mes2BBr (Figure S5). Hence, we may conclude that the T1 state of PTZMes2B localizes on the donor moiety. NTOs calculations further confirm this speculation (Figure 2A). The first vibronic peak of PTZMes2B phosphorescence is ~515 nm, corresponding to an energy of 2.41 eV. The fluorescence spectra (1 ns−5 ms) are composed of combined emission of both mCP (fluorescence or phosphorescence or both) and PTZMes2B (prompt fluorescence or prompt + delayed fluorescence). The onset of the fluorescence is ~479 nm, and the energy is ~2.59 eV. Thus, the energy splitting ΔEST between S1 and T1 is determined to be 0.18 eV. Different experimental methods may produce different values of ΔEST. The ΔEST herein derived from PL spectra of film can only be taken as one of the versions that may approach the true value of ΔEST. Time-resolved PL spectra of the neat film of PTZMes2B recorded at ambient condition are displayed in Figure 4C. PTZMes2B exhibits delayed fluorescence (1 μs−5 ms) matching well with the prompt fluorescence (1 ns−1 μs), which is a persuasive evidence of TADF. Figure 4D is the PL decay of the PTZMes2B neat film measured at ambient condition. The inset is PL decay within 500 ns. The PL decay is far from finished in the time range of nanoseconds (Figure 4D, inset). The PL decay finishes in the timescale of milliseconds with a lifetime of 13.71, 77.45, and 891.40 μs. We have measured temperature-dependent steady-state PL spectra of doped and neat films from 80 to 290 K under vacuum conditions as shown in Figure S6. Generally, radiative rate constant, either fluorescence or phosphorescence, is independent of temperature. However, some non-radiative transitions are temperature dependent, such as thermal deactivations and RISC of T1 → S1, both of which are positively related to temperature. Therefore, for most TADF molecules, any PL intensity variations at different temperatures can be virtually ascribed to these two factors. However, thermal deactivations and RISC of T1 → S1 exert opposite effects on PL intensity as temperature changes. Figure S6a shows the temperature-dependent PL spectra of the doped film (wt. 10% in mCP, weight ratio). From 80 to 290 K, as the temperature increases, the emission intensity of mCP continues to decrease because thermal deactivations become more and more active, which would consume both singlets and triplets without producing photons and therefore weaken PL intensity. On the other hand, the situation is different for PTZMes2B. From 80 to 200 K, contrary to mCP, the PL intensity increases with temperature. This is because higher temperature can better activate RISC of T1 → S1 and the subsequent delayed fluorescence and therefore enhanced PL intensity. However, further temperature increase from 200 to 290 K results in the gradual decrease of PL intensity due to more and more active thermal deactivation. The neat film of PTZMes2B shows similar phenomenon as can be seen in Figure S6b: from 80 to 200 K, the PL intensity increases as a result of more and more efficient RISC process of T1 → S1. After 200 K, PL intensity gradually decreases due to thermal deactivation. We have also measured temperature-dependent transient PL spectra of the neat film under vacuum conditions as displayed in Figure 4E. At low temperature such as 80 K, PL decay is not completed within 100 ms and the long lifetime component beyond 100 ms can be attributed to phosphorescence, from which we can also conclude that the phosphorescence radiative rate must be very slow. In addition, even at temperature as low as 80 K, we can qualitatively conclude from Figure 4E that the proportion of the ultra-long lifetime component, i.e., the phosphorescence, is quite small, indicating that the phosphorescence process cannot compete with the RISC process of T1 → S1. Normally, the phosphorescence radiative rate constant is not affected by temperature. As temperature increases, thermal deactivations of triplet excitons as well as RISC of T1 → S1 become more and more active, and the slow phosphorescence process would not be able to compete with these processes. Indeed, with increasing temperature, the long lifetime component caused by phosphorescence gradually decreases and disappears at a temperature of 290 K. Actually, the PL decays completely within several milliseconds at 290 K. If phosphorescence exists at 290 K, considering its slow decay constant, the PL decay profile would not finish within several milliseconds. This means that the emission profile of Figure 4C does not contain any phosphorescence. In fact, under the same experimental conditions of Figure 4C at room temperature, no emission signal can be detected by delaying 50 ms. Thus, we can exclude the possibility of phosphorescence at room temperature and the long lifetime component of Figure 4D can be safely assigned to the TADF. Some basic photophysical data is listed in Table 1.
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FIGURE 4. (A) Absorption and PL of PTZMes2B in neat film; (B) fluorescence (green line) and phosphorescence (blue line) of PTZMes2B doped film (wt. 5% in mCP); (C) prompt (dark line) and delayed (red line) fluorescence of PTZMes2B in neat film; (D) PL decay of PTZMes2B in neat film (inset: decay in the time range of 500 ns); (E) temperature-dependent transient PL spectra of PTZMes2B neat film under vacuum conditions.




Table 1. Photophysical properties of PTZMes2B.
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Electroluminescence Properties

We fabricated both doped and non-doped EL devices via vacuum evaporation. The structure of doped devices is as follows: ITO/HATCN (6 nm)/TAPC (20 nm)/TCTA (10 nm)/mCP (10 nm)/mCP: wt. x% PTZMes2B (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm), where ITO (indium tin oxide) is the anode, TAPC [di-(4-(N,N-ditolyl-amino)-phenyl)cyclohexan] is the hole transporting layer (HTL), TCTA [tris(4-carbazoyl-9-ylphenyl)amine] is the buffer layer, mCP [1,3-bis(carbazol-9-yl)benzene] is the host material, TPBi [1,3,5-tris-(N-phenylbenzimidazol-2-yl)benzene] is the electron transporting layer (ETL), LiF is the electron injecting layer, and Al is the cathode (Figure S7). The emitting layer consists of mCP: wt. x% PTZMes2B with wt. x% indicating a doping ratio (wt.: weight ratio) of 5% (device A), 10% (device B), 20% (device C), 30% (device D), 50% (device E), and 80% (device F). The device performance can be seen in Figure S8. The turn-on voltage decreases as the doping concentration becomes higher as listed in Table 2. We believe that, at a low doping ratio such as wt. 5%, charges are injected directly into the host instead of the dopant. Excitons are formed on the host followed by energy transfer to the dopant. Accordingly, the turn-on voltage would be high because of the wide energy gap of the host. However, at high doping concentration, charges are mostly captured by the dopant and form excitons directly on dopant. Since the energy gap of dopant is much narrower than that of host, the turn-on voltage of heavily doped or non-doped devices is correspondingly lowered. Another interesting phenomenon is that the maximum EQE (EQEmax) occurs at lower luminescence for low doping concentration devices such as wt. 5 and 10% but at higher luminescence for high doping concentration such as wt. 80% or non-doped devices as can be seen in Figure 5A. This essentially means that low doping concentration devices achieve EQEmax at low current density whereas high doping concentration or non-doped devices achieve EQEmax at high current density. Indeed, for example, EQEmax appears at J = 0.06 mA cm−2 for both wt. 5 and 10% devices and J = 0.27 mA cm−2 for the non-doped device. A similar phenomenon is also observed by Adachi et al. (Nakanotani et al., 2013). The host mCP does not contain any electron-withdrawing group that can lower its LUMO energy; thus electron injection from TPBi into mCP is not easy. However, the dopant shows both appropriate HOMO and LUMO energy levels that can facilitate balanced charge injection. Therefore, charge injection is more balanced for heavily doped or non-doped devices. Though we did not measure single carrier mobility of doped devices, it is reasonable to deduce that carrier transporting is also more balanced and the recombination zone is much broader, not only at the interface but also in the bulk of the emission layer, for heavily doped or non-doped devices according to the results of Adachi et al. (Nakanotani et al., 2013). Thus, higher current density would lead to unbalanced charge recombination and bring side effects such as charge-exciton quenching on device efficiency for low doping concentration devices. Moreover, the amount of dopant molecules in heavily doped or non-doped devices is much more than those in low doping concentration devices. If, ideally, each injected charge pair can form an exciton on molecules, then relatively low current density can already excite all dopant molecules when doping concentration is low. A higher current density would lead to redundant charges that would quench excitons. Hence, EQEmax occurs at lower current density for low doping concentration devices and higher current density for heavily or non-doped devices. The device performance enhances with increasing doping concentration (Figure 5A and Table 2). At low doping level, for example, wt. 5%, the corresponding EL spectra show a combined emission of both host and dopant with host emission being weaker than that of dopant (Figure 5B or Figure S8d). This means that (Adachi, 2014) excitons generated under electrical excitation are populated on both host and dopant in these doped devices (Reineke, 2014); singlet energy transfer from host to dopant is insufficient at low doping ratio. Generally, the effective radius of triplet energy transfer is much shorter than that of singlet energy transfer. The inadequate singlet energy transfer from host to dopant at a low doping ratio indicates that triplet energy transfer from host to dopant is even more insufficient. However, the host itself cannot utilize triplet excitons. As a result, triplet excitons localized on host are wasted, leading to incomplete exciton utilization and therefore relatively low efficiency. Indeed, the EQE is only ~9% for the wt. 5% doped device. At a higher doping ratio, wt. 10% for example, the host emission still exists, but is negligible, indicative of efficient singlet energy transfer from host to dopant, and the corresponding EQE is improved to ~14%. Further increasing doping ratio, i.e., wt. 20–80%, leads to the disappearance of host emission, which demonstrates more efficient singlet energy transfer from host to dopant. However, the EL originates from a singlet excited state. The triplet state is not emissive. Hence, the disappearance of host emission can only imply complete singlet energy transfer. As stated above, the effective radius of triplet energy transfer is much shorter than that of singlet energy transfer. It would be arbitrary to deduce that triplet excitons formed on host are 100% transferred to the dopant from the phenomenon of the disappearance of host emission in the EL spectra. Accordingly, for doping ratio ranging from wt. 20 to 80%, though the host emission vanishes, the EQE continues to improve, in part owing to enhanced triplet energy transfer from host to dopant as the doping ratio increases. At a doping ratio as high as wt. 80%, the EQE can reach ~19.73%. We also fabricated doped devices based on other hosts such as DPEPO and mCBP and observed similar phenomenon as presented in Figures S9, S10 and Tables S2, S3. The fact that a heavily doped device can achieve better device performance promotes us to explore the potential application of PTZMes2B in the non-doped device. The device structure of the non-doped device is as follows: ITO/HATCN (6 nm)/TAPC (25 nm)/TCTA (15 nm)/PTZMes2B (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm). The turn-on voltage is 2.8 V and the maximum luminescence is ~28,000 cd m−2. The non-doped device shows green emission with EL peak of 540 nm and CIE coordinates of (0.37, 0.57). The maximum current efficiency (CE) and EQE are 62.88 cd A−1 and 19.66%, respectively, which are obtained at a luminescence of ~170 cd m−2. At a high luminescence of ~1,500 cd m−2, the EQE is still as high as 17.31%, showing an efficiency roll-off of about 12% compared with the maximum EQE of 19.66%. The discussion of both doped and non-doped devices is not intended to highlight that the performance of non-doped device is superior over doped devices but to emphasize the feasibility of PTZMes2B as a non-doped emitter. This result verifies that our molecular design strategy works. The methyl in Mes2B can function as an intermolecular steric group that may relieve triplet exciton quenching caused by intermolecular interactions. However, severe efficiency roll-off still exists when luminescence is much higher, for example, after 5,000 cd m−2. This may be caused by the slow RISC of T1 → S1, which is an intrinsic defect of TADF emitter. Large amounts of triplet excitons would accumulate at high current density due to their long-lived attribute, resulting in various active triplet quenching processes such as triplet–triplet annihilation, triplet-charge quenching, etc., and therefore serious efficiency roll-off. The fundamental solution toward relieving efficiency roll-off at high luminescence is by accelerating the T1 → S1 RISC process to the extent of several nanoseconds so that triplets can transform to singlets in time instead of being quenched. This is a great challenge beyond this paper. Nevertheless, high EQE and relatively small efficiency roll-off are realized in the non-doped device, which, from our point of view, is a tiny advancement among TADF materials.


Table 2. EL performance of PTZMes2B-based devices.
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FIGURE 5. (A) EQE and (B) EL spectra at 7 V of PTZMes2B devices.



CONCLUSION

In conclusion, we have demonstrated a phenothiazinen-dimesitylarylborane (PTZMes2B)-based twisted D-A molecule with TADF for high-performance non-doped OLEDs with reduced efficiency roll-off. PTZMes2B shows a high PLQY of 65% in the neat film. A maximum EQE of 19.66% is obtained at a luminescence of 170 cd m−2 in the non-doped device. A relatively small efficiency roll-off is achieved. The EQE is still as high as 17.31% at a high luminescence of 1,500 cd m−2. Our work proves that introducing steric groups to reduce intermolecular interactions is in favor of acquiring a high PLQY in the neat film as well as alleviating triplet exciton quenching at high current density, both of which are crucial in terms of improving device efficiency and reducing efficiency roll-off. However, a fundamental solution to reduce efficiency roll-off of TADF materials rests upon accelerating the RISC process of T1 → S1 to the timescale of several nanoseconds, which remains a great challenge for future material development.
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[nm]

526
525
530
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