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New Aggregation-Induced Delayed Fluorescence Luminogens With Through-Space Charge Transfer for Efficient Non-doped OLEDs
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In this work, two tailor-made luminogens comprising of electron donors (acridine and phenoxazine) and acceptor (triazine) bridged by the through-space conjugated hexaphenylbenzene (HPB) are synthesized and characterized. Their thermal stability, electrochemical behaviors, crystal, and electronic structures, and photophysical properties are systematically investigated. The crystal and electronic structures reveal that the peripheral phenyls in HPB are closely aligned in a propeller-like fashion, rendering efficient through-space charge transfer between donor and electron moieties. These molecules display weak fluorescence with negligible delayed component in solutions but strong fluorescence with greatly increased delayed component upon aggregate formation, namely aggregation-induced delayed fluorescence (AIDF). Their neat films exhibit high photoluminescence quantum yields (PLQY), and prominent delayed fluorescence. The non-doped organic light-emitting diodes (OLEDs) based on these new luminogens exhibit excellent performance with maximum external quantum efficiency of 12.7% and very small efficiency roll-off of 2.7% at 1,000 cd m−2. Designing AIDF molecules with through-space charge transfer could be a promising strategy to explore robust luminescent materials for efficient non-doped OLEDs.
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INTRODUCTION

Organic light-emitting diodes (OLEDs) have been extensively studied owing to their excellent properties, such as flexibility, light weight, energy conservation, and so forth, and have gradually become a highly promising technology for flat panel display and white lighting. Organic electroluminescent materials are the foundation of OLEDs. The first-generation luminescent materials for OLEDs are fluorescent materials, such as tris(8-hydroxyquinolinato)aluminum (Alq3) (Tang and VanSlyke, 1987). But the efficiency of the device is greatly limited because only 25% singlet excitons are harvested for light emission in devices. The second-generation luminescent materials are phosphorescent materials that can achieve almost 100% exciton utilization via strong spin orbit coupling of heavy metals such as platinum and iridium (Baldo et al., 1998; Adachi et al., 2001; Sasabe and Kido, 2013; Minaev et al., 2014). However, the scarcity and high price of noble metals greatly increase the device cost. So, the search for efficient and cheap luminescent materials still remains an urgent task. In response to these issues, several alternative strategies have been proposed, among which purely organic materials with thermally activated delayed fluorescence (TADF) have received the most interest (Endo et al., 2009; Gong et al., 2011; Wang et al., 2014; Zhang et al., 2014; Hirata et al., 2015; Seino et al., 2016). The OLEDs based on TADF emitters can extract light from both triplet and singlet excitons via spin-converting reverse intersystem crossing (RISC) under thermal activation, theoretically granting excellent internal quantum efficiencies (IQE) of up to 100% of the devices (Sun et al., 2014; Kaji et al., 2015; Lee et al., 2015a).

Generally, TADF emitters adopt highly twisted electron donor-acceptor (D-A) structures to realize small ΔEST, but the PLQY are often reduced, particularly in the aggregated state, which require doping technique in device fabrication. Recently, an interesting strategy to balance ΔEST and PLQY by through-space charge transfer effect has been proposed (Kawasumi et al., 2015; Rajamalli et al., 2016; Chen et al., 2017; Tsujimoto et al., 2017). For example, Wang et al. (Shao et al., 2017) took advantage of through-space charge transfer between D and A to realize blue TADF polymers with a non-conjugated polyethylene backbone. Spatial electronic coupling between D and A units results in small ΔEST (0.019 eV) and high PLQY (60%) in film. The resulting blue polymers exhibited good EL performance with a high EL efficiency of 12.1%. In these materials, D and A are physically separated but are spatially proximate. On one hand, the sufficient separation of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is achieved, resulting in small ΔEST and thus delayed fluorescence. On the other hand, the electron clouds of D and A can interact with each other via a through-space manner to expedite the radiative transition rate, and enhanced PLQY can be expected.

It is well-known that most TADF emitters need complicated doping technique to suppress emission quenching and exciton annihilation (Tao et al., 2014; Furue et al., 2016). However, severe efficiency roll-off still happens as luminance increases, which impedes their large-scale commercial application (Cao et al., 2017). According to the recent studies, aggregation-induced delayed fluorescence (AIDF) materials provide an advisable strategy for solving this problem (Guo et al., 2017a, 2018a; Huang et al., 2017; Liu et al., 2018). Aggregation-induced delayed fluorescence (AIDF) luminogens are free of concentration quenching, and can exhibit strong delayed fluorescence upon aggregate formation. And the triplet excitons are rapidly converted to singlet excitons by RISC, inducing increased EL efficiency. Furthermore, AIDF luminogens present a highly twisted conformation, which can weaken intermolecular interactions and thus reduces short-range Dexter energy transfer. In consequence, non-doped OLEDs based on AIDF luminogens provide very small efficiency roll-off (Gan et al., 2016; Guo et al., 2017b).

Hexaphenylbenzene (HPB) derivatives have attracted intense research interest because of their fantastic geometry and wide application prospects (Waldvogel et al., 1999; Geng et al., 2001; Balzani et al., 2003; Tanaka et al., 2010; Lambert et al., 2012). HPB not only exhibits strong toroidal delocalization of π-electrons (Sun et al., 2005; Vij et al., 2016) but also has noteworthy aggregation-induced emission (AIE) property (Cho et al., 2006; Kanibolotsky et al., 2010). Integrating various D-A systems into HPB allows us to regulate molecular orbitals distribution, therefore adjust the ΔEST value and realize delayed fluorescence. Based on these considerations, herein, we develop two novel luminogens containing an electron D-A system built on HPB. The D and A moieties are positioned in close proximity so that electron clouds of D and A can communicate with each other through spatial interactions. The designed HPB-based molecules exhibit distinct AIDF property, and furnish efficient non-doped OLEDs with very small efficiency roll-off.

EXPERIMENTAL

Synthesis

2-(4-Ethynylphenyl)-4,6-diphenyl-1,3,5-triazine (2): Into a 250 mL two-necked round bottom flask was placed compound 1 (7.765 g, 20 mmol), trimethylsilylacetylene (5.653 ml, 40 mmol), Pd(PPh3)2Cl2 (1.404 g, 2 mmol), copper iodide (0.761 g, 4 mmol), and PPh3 (1.049 g, 4 mmol). The flask was evacuated under vacuum and flushed with dry nitrogen by three times and a mixed solvent system of tetrahydrofuran (THF) and triethylamine (100 mL, v/v = 1: 3) was injected. The reaction mixture was refluxed for 12 h. After cooling to room temperature, the mixture was poured into water and extracted with dichloromethane by three times. The combined organic layers were dried over anhydrous magnesium sulfate. After filtration and solvent evaporation, a mixture of the resulting crude product, KOH (2.0 g, 35.7 mmol) and K2CO3 (2.0 g, 14.5 mmol) were added into a mixed solvent system of methanol and THF (60 mL, v/v = 1: 1), and then stirred at room temperature for 12 h. The mixture was poured into water and extracted with dichloromethane by three times. The combined organic layers were dried over anhydrous magnesium sulfate. After filtration and solvent evaporation, the crude product was purified by silica-gel column chromatography (dichloromethane: petroleum ether, v/v = 1: 7). White solid of compound 2 was obtained in 65% yield. 1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.8–8.73 (m, 6H), 7.70 (d, J = 8.4 Hz, 2H), 7.66–7.56 (m, 6H), 3.27 (s, 1H); 13C NMR (125 MHz, CDCl3), δ (TMS, ppm): 171.90, 171.06, 136.63, 136.23, 132.78, 132.53, 129.14, 128.94, 128.83, 126.30, 83.55, 79.88. HRMS (C23H15N3): m/z 334.1354 [M + H+, calcd 334.1344].

10-(4-((4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl)ethynyl)phenyl)-10-phenoxazine (5a): Into a 250 mL two-necked round bottom flask was placed compound 2 (3.331 g, 10 mmol), compound 3 (1.685 g, 5 mmol), Pd(PPh3)2Cl2 (0.351 g, 0.5 mmol), copper iodide (0.190 g, 1 mmol), and PPh3 (0.262 g, 1 mmol). The flask was evacuated under vacuum and flushed with dry nitrogen by three times and a mixed solvent system of THF and triethylamine (100 mL, v/v = 1: 3) was injected. The reaction mixture was refluxed for 12 h. After cooling to room temperature, the mixture was poured into water and extracted with dichloromethane by three times. The combined organic layers were dried over anhydrous magnesium sulfate. After filtration and solvent evaporation, the crude product was purified by silica-gel column chromatography (dichloromethane: petroleum ether, v/v = 1: 10). Yellow solid of compound 5a was obtained in 23% yield. 1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.82–8.78 (m, 6H), 7.81 (d, J = 7.0 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 7.66–7.58 (m, 6H), 7.38 (d, J = 7.4 Hz, 2H), 6.73–6.59 (m, 6H), 5.97 (s, 2H); 13C NMR (100 MHz, CDCl3), δ (TMS, ppm): 171.90, 171.10, 146.31, 144.09, 136.35, 136.26, 134.56, 134.17, 132.79, 132.06, 131.21, 129.15, 129.08, 128.84, 127.15, 123.43, 121.73, 116.01, 115.72, 113.40, 91.23, 90.70. HRMS (C41H26N4O): m/z 590.2086 [M+, calcd 590.2107].

10-(4-((4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl)ethynyl)phenyl)-9-9dimethyl-9,10-dihydroacridine (5b): The procedure was analogous to that described for 5a. White solid of compound 5b was obtained in 25% yield. 1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.83–8.78 (m, 6H), 7.85 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.66–7.58 (m, 6H), 7.49–7.46 (m, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.02–6.98 (m, 2H), 6.97–6.93 (m, 2H), 6.31 (d, J = 8.0 Hz, 2H), 1.7 (s, 6H); 13C NMR (125 MHz, CDCl3), δ (TMS, ppm): 171.90, 171.12, 141.70, 140.80, 136.29, 136.28, 134.41, 132.78, 132.06, 131.71, 130.30, 129.15, 129.09, 128.84, 127.27, 126.56, 125.45, 123.11, 120.94, 114.17, 91.46, 90.54, 36.15, 31.37. HRMS (C44H32N4): m/z 616.2616 [M+, calcd 616.2627].

10-(4″-(4,6-Diphenyl-1,3,5-triazin-2-yl)-3′,4′,5′,6′-tetraphenyl-[1,1′:2′,1″-terphenyl]-4-yl)-10H-pheno-xazine (TRZ-HPB-PXZ): Into a 50 mL two-necked round bottom flask was placed a mixture of tetraphenylcyclopentadienone (0.922 g, 2.4 mmol) and compound 5a (1.180 g, 2 mmol) and then diphenyl ether (15 mL) was added. The mixture was refluxed for 10 h and then cooled to room temperature. Ethanol was added into the mixture to precipitate the product, which was collected and washed with ethanol. Yellow solid of TRZ-HPB-PXZ was obtained in 56% yield. 1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.74–8.69 (m, 4H), 8.47–8.42 (m, 2H), 7.62–7.57 (m, 2H), 7.56–7.51 (m, 4H), 7.15–7.12 (m, 2H), 7.11–7.07 (m, 2H), 6.96–6.87 (m, 20H), 6.84–6.80 (m, 2H), 6.52–6.48 (m, 2H), 6.43–6.30 (m, 4H), 5.48 (d, J = 7.8 Hz, 2H); 13C NMR (125 MHz, CDCl3), δ (TMS, ppm): 171.63, 171.27, 145.67, 144.85, 143.81, 143.79, 141.49, 141.47, 141.13, 140.95, 140.52, 140.40, 140.37, 140.36, 140.32, 140.18, 139.82, 139.72, 136.31, 134.19, 133.33, 132.59, 132.12, 131.63, 131.53, 131.52, 131.49, 129.04, 128.72, 127.53, 127.09, 126.91, 126.90, 126.87, 125.87, 125.66, 125.61, 125.57, 123.31, 115.81, 115.16, 113.20. HRMS (C69H46N4O): m/z 946.3687 [M+, calcd 946.3672].

10-(4″-(4,6-Diphenyl-1,3,5-triazin-2-yl)-3′,4′,5′,6′-tetraphenyl-[1,1′:2′,1″-terphenyl]-4-yl)-9,9-dimeth-yl-9,10-dihydroacridine (TRZ-HPB-DMAC): The procedure was analogous to that described as TRZ-HPB-PXZ. White solid of TRZ-HPB-DMAC was obtained in 60% yield. 1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.74–8.71 (m, 4H), 8.48 (d, J = 8.2 Hz, 2H), 7.61–7.57 (m, 2H), 7.56–7.52 (m, 4H), 7.27 (s, 1H), 7.17 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 6.98–6.87 (m, 21H), 6.84–6.79 (m, 4H), 6.61–6.57 (m, 2H), 5.88–5.85 (m, 2H), 1.52 (s, 6H); 13C NMR (125 MHz, CDCl3), δ (TMS, ppm): 171.52, 171.19, 145.66, 141.05, 140.96, 140.80, 140.55, 140.48, 140.36, 140.32, 140.18, 140.14, 139.97, 139.66, 138.18, 136.24, 133.87, 133.22, 132.46, 132.09, 131.59, 131.47, 131.44, 131.42, 129.77, 129.61, 128.95, 128.62, 127.46, 126.98, 126.81, 126.79, 126.76, 126.30, 125.75, 125.58, 125.50, 125.44, 124.95, 120.19, 113.88, 35.84, 31.23. HRMS (C72H52N4): m/z 972.4164 [M+, calcd 972.4192].

X-Ray Crystallography

Crystal data for TRZ-HPB-DMAC (CCDC 1885466): C72H52N4, MW = 973.17, monoclinic, C 2/c, a = 31.3912(15), b = 10.8163(6), c = 39.535(3) Å, β = 110.8700(10)°, V = 12542.9(13) Å3, Z = 8, Dc = 1.031 g cm−3, μ = 0.060 mm−1 (MoKα, λ = 0.71073), F(000) = 4096, T = 173(2) K, 2θmax = 25.242° (98.2%), 41548 measured reflections, 11317 independent reflections (Rint = 0.0914), GOF on F2 = 1.076, R1 = 0.1503, wR2 = 0.1529 (all data), R1 = 0.0684, wR2 = 0.1296 [I>2sigma(I)], Δe 0.206 and −0.251 eÅ−3.

OLED Fabrication and Characterization

Glass substrates pre-coated with a 95 nm thin layer of indium tin oxide (ITO) with a sheet resistance of 20 Ω per square were thoroughly cleaned for 10 min in ultrasonic bath of acetone, isopropyl alcohol, detergent, deionized water, and isopropyl alcohol and then treated with O2 plasma for 5 min in sequence. Organic layers were deposited onto the ITO-coated substrates by high-vacuum (<5 × 10−4 Pa) thermal evaporation. Deposition rates were controlled by independent quartz crystal oscillators, which were 1 ~ 2 Å s−1 for organic materials, 0.1 Å s−1 for LiF, and 6 Å s−1 for Al, respectively. The emission area of the devices was 3 × 3 mm−2 as shaped by the overlapping area of the anode and cathode. All the device characterization steps were carried out at room temperature under ambient laboratory conditions without encapsulation except spectrum collection process. EL spectra were taken by an optical analyzer, Photo Research PR705. Current density and luminance vs. driving voltage characteristics were measured by Keithley 2,420 and Konica Minolta chromameter CS-200, respectively. External quantum efficiencies were calculated by assuming that the devices were Lambertian light sources.

RESULTS AND DISCUSSION

The synthetic procedures of these new HPB-based molecules are described in Scheme 1. Intermediates 5a and 5b were prepared from compound 1 in two steps by Sonogashira reactions. Subsequently, the target TRZ-HPB-PXZ and TRZ-HPB-DMAC were synthesized through Diels-Alder reactions between 5a and 5b with tetraphenylcyclopentadienone, respectively. These HPB-based molecules were identified using 1H NMR, 13C NMR and high-resolution mass spectroscopy. The thermal stabilities of TRZ-HPB-PXZ and TRZ-HPB-DMAC were evaluated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) methods. They all exhibit good thermal properties with high decomposition temperatures (Td) of 450.4 and 464.9°C, respectively (Figure 1A). But no glass transition temperatures are observed. The results demonstrate that they are thermally stable and can be used as active layers in OLEDs by vacuum-deposition technique. The cyclic voltammetry was used to test their electrochemical behaviors. They have similar reversible oxidation and reduction processes (Figure 1B), indicative of good electrochemical stability. The HOMO and LUMO energy levels are determined to be −5.02 and −2.68 eV for TRZ-HPB-PXZ, and −5.23 and −2.79 eV for TRZ-HPB-DMAC, respectively.
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SCHEME 1. Synthetic routes of TRZ-HPB-PXZ and TRZ-HPB-DMAC.
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FIGURE 1. (A) TGA curves of TRZ-HPB-PXZ and TRZ-HPB-DMAC, recorded under nitrogen at a heating rate of 20°C min−1. (B) Cyclic voltammograms of TRZ-HPB-PXZ and TRZ-HPB-DMAC, measured in acetonitrile containing 0.1 M tetra-n-butylammonium hexafluorophosphate. Scan rate: 100 mV s−1.



The single crystals of TRZ-HPB-DMAC were obtained from the THF-hexane mixture by slow solvent evaporation and subject to crystallography analysis. The crystal structure shows that the dihedral angles between 2,4,6-triphenyl-1,3,5-triazine (TRZ) and the central phenyl is 68.94°, and the dihedral angles between 9,9-dimethyl-10-phenyl-acridine (DMAC) and the central phenyl is 68.89°, implying that through-bond conjugation is relatively weak. The six peripheral phenyl groups of HPB are connected to the central phenyl ring in a propeller-like fashion. They are closely aligned with the shortest distances < 3.0 Å between adjacent phenyls (Figure 2A), indicating that there are strong electronic coupling interactions between these phenyl groups, namely through-space conjugation (Lambert, 2005; Zhen et al., 2018). Furthermore, the shortest distance between TRZ and DMAC is only 2.871 Å, which is close enough to produce intramolecular through-space electronic coupling, providing a charge transfer channel. The screwy architecture is of great importance to the separation of frontier orbitals, resulting in a small ΔEST. In addition, intermolecular C–H···π interactions are also observed (Figure S1), which are conducive to increasing the structural rigidity of the molecules and restraining intramolecular vibration that expedites non-radiative decay.
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FIGURE 2. (A) Crystal structure of TRZ-HPB-DMAC. (B) Spatial distributions of HOMO and LUMO, and ΔEST values of the HPB-based molecules, calculated by DFT/TDDFT method.



To gain insight into the molecular geometries and frontier orbital distributions, density functional theory (DFT) calculations were performed on these HPB-based molecules. The HOMO are mainly distributed on the electron-donating 10-phenyl-phenoxazine (PXZ) and DMAC moieties, while the LUMO are located on the electron-accepting TRZ moiety and partially extend to the central phenyl ring of HPB (Figure 2B). On one hand, the phenyls in HPB are aligned tightly in a highly twisted molecular conformation, resulting in the separation of HOMO and LUMO. On the other hand, the molecular orbitals are spatially proximate, allowing through-space charge transfer process to occur, and thus enhance the radiative decay rate. As a result, very small ΔEST and high PLQY can be expected, which make these materials promising candidates for efficient emitters. According to the time-dependent density functional theory (TD-DFT) calculations, the ΔEST values of TRZ-HPB-PXZ and TRZ-HPB-DMAC are estimated to be 0.0017 and 0.0013 eV, respectively, which are small enough for RISC process.

The absorption and PL spectra of these HPB-based molecules are depicted in Figure 3. There are distinct broad absorption shoulders in the range of 300–350 nm, which are associated with the intramolecular charge transfer (ICT), as confirmed by theoretical calculation (Figure S2). Their PL spectra in dilute THF solutions show two peaks. The weak PL bands at 370–390 nm are mainly attributable to the localized state emissions of donor and acceptor moieties (Kubota et al., 2014), while the strong PL peaks at 595 nm for TRZ-HPB-PXZ and 541 nm for TRZ-HPB-DMAC are assigned to the ICT state emissions of the molecules. Similar dual emissions have also been discovered by other research groups (Lee et al., 2015b; Shiu et al., 2017). The PL spectra display an apparent solvatochromic effect in different solvents (Figure S3). For example, the maximum PL peak of TRZ-HPB-PXZ shifts from 457 nm in hexane to 595 nm in THF. Analogous spectral movements are also found in TRZ-HPB-DMAC, indicative of their strong ICT characters. Both HPB-based molecules exhibit weak emissions in THF solutions with low PLQY of 5.5 and 9.1% (Table 1). However, their emissions are significantly enhanced when fabricated into neat films. The PL peak of TRZ-HPB-PXZ is located at around 576 nm and that of TRZ-HPB-DMAC is blue-shifted to 484 nm. High PLQY of 61.5 and 51.8% are recorded in neat films of TRZ-HPB-PXZ and TRZ-HPB-DMAC, respectively, which are improved by about one order of magnitude compared with those in solutions. The obvious increase in PLQY of TRZ-HPB-PXZ and TRZ-HPB-DMAC in neat films indicates that they should possess AIE character. To further corroborate the AIE nature of TRZ-HPB-PXZ and TRZ-HPB-DMAC, their PL spectra in THF/water mixtures were measured. It can be seen that along with the nanoaggregates formation by adding a large amount of water into THF solutions, the emissions of TRZ-HPB-PXZ and TRZ-HPB-DMAC are enhanced significantly (Figure 3), clearly validating the AIE nature (Mei et al., 2015).
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FIGURE 3. (A) Absorption spectra of these HPB-based molecules in THF solutions (10−5 M). (B) PL spectra of these HPB-based molecules in neat films. PL spectra of (C) TRZ-HPB-PXZ, (E) TRZ-HPB-DMAC in THF/water mixtures with different water fractions (f w), Plots of I/I0 vs. f w of (D) TRZ-HPB-PXZ, (F) TRZ-HPB-DMAC. I0 is the PL intensity in pure THF. Inset: photographs of these HPB-based molecules in THF/water mixtures (f w = 0 and 90%), taken under 310 nm excitation.




Table 1. Photophysical property of TRZ-HPB-PXZ and TRZ-HPB-DMAC.
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To deepen the understanding of their PL properties, the transient PL decay spectra in THF/water mixtures and neat films were measured (Figure 4). Their PL decay profiles consist of two parts: a nanosecond-scale component and a microsecond-scale one, which can be attributed to prompt fluorescence and delayed fluorescence, respectively. In THF solution, TRZ-HPB-PXZ and TRZ-HPB-DMAC possess short mean lifetimes of 15.2 and 357.5 ns, respectively, and the delayed components are hardly recognizable (Table 1). However, prominent delayed components are discovered upon aggregate formation (Table S1), revealing that the delayed fluorescence is induced by aggregation (Aizawa et al., 2017; Gan et al., 2017; Guo et al., 2017a, 2018a; Huang et al., 2017; Liu et al., 2018). The neat films of TRZ-HPB-PXZ and TRZ-HPB-DMAC show long lifetimes in microsecond scale (1.8 and 3.4 μs), which are significantly longer than those recorded in solutions (Table S2), further demonstrating their AIDF attributes. When dispersed in good solvents, the intramolecular rotational, and vibrational motions are spiritedly active, and as a result, excited state energy is dissipated in a non-radiative manner via internal conversion (IC) (Li and Li, 2017), leading to faint emission. Besides, rapid IC process will impede intersystem crossing (ISC) and RISC processes, which is responsible for the indiscernible delayed fluorescence. Whereas, in aggregates, the molecular motions are restricted greatly because of the limited physical space, resulting in blocking of non-radiative IC channels and promotion of ISC and RISC processes under the basis of small ΔEST. Therefore, the molecules can emit strong emission with prominent delayed component (Fan et al., 2017; Guo et al., 2018b). The fluorescence decay is positively correlated with temperature and the long-lived component is promoted as temperature increases (Table S3). The ΔEST values of these molecules were obtained from the singlet and triplet energies calculated from the onset of the fluorescence and phosphorescence spectra, respectively, measured in neat films at 77 K (Figure S4). TRZ-HPB-PXZ and TRZ-HPB-DMAC exhibit small ΔEST values of 0.02 and 0.09 eV coupled with fast RISC rate constants (kRISC) of 3.1 × 106 and 7.2 × 105 s−1, respectively (Table S4), which are favorable for the occurrence of delayed fluorescence.
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FIGURE 4. Transient PL decay spectra of (A) TRZ-HPB-PXZ and (B) TRZ-HPB-DMAC in THF/water mixtures with different water fractions (f w). Temperature dependent PL transient decay spectra of neat films of (C) TRZ-HPB-PXZ, and (D) TRZ-HPB-DMAC, measured under nitrogen.



In view of excellent solid-state PL efficiencies, prominent delayed fluorescence as well as good thermal stability of TRZ-HPB-PXZ and TRZ-HPB-DMAC, multilayer non-doped OLEDs were fabricated to investigate their EL properties. The configurations of devices were: ITO/HATCN (5 nm)/TAPC (20 nm)/TCTA (5 nm)/emitter/TmPyPB (55 nm)/LiF (1 nm)/Al, in which the neat films of TRZ-HPB-PXZ (35 nm) (device I) and TRZ-HPB-DMAC (20 nm) (device II) acted as emitters; dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN), 1,1′-bis(di-4-tolylaminophenyl)cyclohexane (TAPC), 1,3,5-tri(mpyrid-3-yl-phenyl)benzene (TmPyPB) and 4,4′,4″-tris(carbazol-9-yl)-triphenylamine (TCTA) functioned as hole injection, hole-transporting, electron-transporting and exciton-blocking layers, respectively. Appropriate adjustment of the emitter thickness had been made in order to achieve better device performance. The character curves are presented in Figure 5 and the key data of the devices are listed in Table 2. Devices I and II are turned on at a low voltage of 2.5 and 3.1 V, respectively, implying efficient carrier injection and transport into the emitters. Devices I emits bright yellow light (λEL = 544 nm) with color coordinates of CIEx, y (0.39, 0.57). Its maxima current (ηC), power (ηP) and external quantum (ηext) efficiencies are 41.2 cd A−1, 44.9 lm W−1, and 12.7%, respectively. More significantly, this non-doped device of TRZ-HPB-PXZ enjoys excellent efficiency stability. When the luminance is increased to 1,000 cd m−2, the ηC, ηP, and ηext still remain as 40.1 cd A−1, 31.5 lm W−1, and 12.3%, respectively. The roll-off of current efficiency is only 2.7%. The EL peak of device II is located at 521 nm (CIEx, y = 0.28, 0.58) and the maximum ηext is 6.5%. The inferior EL performance may be due to the lower PLQY and increased ΔEST of TRZ-HPB-DMAC compared with those of TRZ-HPB-PXZ. It is noted that the EL spectra are shifted relative to their PL spectra in films. Similar differences are reported by other groups, which may be caused by optical microcavity effect or different excited dipole moments of the molecules under electrical excitation and photoexcitation (Chen et al., 2014; Sun et al., 2015; Zhang et al., 2016).
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FIGURE 5. (A) EL spectra at luminance of 1,000 cd m−2, and characteristic curves of (B) luminance-voltage-current density, (C) current efficiency-luminance-power efficiency, and (D) external quantum efficiency-luminance of the non-doped OLEDs.




Table 2. EL performances of the non-doped OLEDs based on HPB-based moleculesa.
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Theoretical maximum ηext was also calculated in order to evaluate the exciton utilization of TRZ-HPB-PXZ-based device I. According to the values of entire PLQY and lifetime, the PLQY contributed by prompt fluorescence (Φprompt) and delayed fluorescence (Φdelayed) of TRZ-HPB-PXZ neat film are 9.4 and 52.1% (Table S4), respectively. Assuming that the out-coupling efficiency is 20–30% and the charge transport is balanced, the maximum theoretical ηext calculated from photophysical data of TRZ-HPB-PXZ is 12.3–18.5% (Park et al., 2016), which is reasonable according to the experimental data, indicating that the triplet excitons have been sufficiently converted to radiative singlet excitons. However, the experimental ηext of TRZ-HPB-DMAC is inferior to the maximum theoretical ηext (10.3–15.5%). The phenomenon may be attributed to the poorer triplet-to-singlet conversion efficiency of TRZ-HPB-DMAC in EL devices due to the lower kRISC, which is about one-fifth of TRZ-HPB-PXZ′s kRISC. In addition, the different carrier transport capabilities of PXZ and DMAC moieties will also influence the carrier balance in EL devices, and thus affect devices′ performance. These results demonstrate that through-space charge transfer contributes to a small ΔEST and thus delayed fluorescence, which allows a high exciton utilization of the emitters. In addition, the intriguing AIDF properties are conductive to suppressing emission quenching and exciton annihilation in neat films. The synergistic effect of these factors ensures non-doped OLEDs with high efficiency and small efficiency roll-off.

CONCLUSIONS

In summary, two HPB-based luminogens TRZ-HPB-PXZ and TRZ-HPB-DMAC with good thermal and electrochemical stabilities are synthesized and characterized. Both luminogens exhibit through-space charge transfer feature between D and A moieties, which brings about efficient separation of HOMO and LUMO, and thus small ΔEST. TRZ-HPB-PXZ and TRZ-HPB-DMAC are barely fluorescent in solutions but show strong emissions with prominent delayed fluorescence in the aggregated state, that is AIDF property. Their neat films have distinct delayed fluorescence and high PLQY. Non-doped OLEDs using these luminogens as light-emitting layers have achieved excellent performance with a maximum ηext of 12.7% and very small efficiency roll-off of 2.7% at 1,000 cd m−2. These results reveal that AIDF luminogens with through-space charge transfer can realize high exciton utilization and suppressed exciton annihilation at high luminance, which could be promising candidates for OLEDs with improved efficiency and stability.
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