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Abstract  

In the field of organic light emitting diodes (OLEDs), organo-boron based thermally activated 

delayed fluorescence (TADF) emitters have reached great achievement. However, it is still 

challenging to achieve pure blue color (CIE y <0.20) along with high efficiencies. To overcome 

these hurdles, hyperfluorescence (HF) suggest a key strategy in future OLED applications. Here, 

we report two TADF materials, pMDBA-DI and mMDBA-DI. Further, a pure blue multi resonance 

type tert-butyl substituted fluorescence emitter, t-Bu-ν-DABNA was also synthesized. Among our 

synthesized TADF materials based pure blue HF devices, mMDBA-DI as TADF sensitized host 

with t-Bu-ν-DABNA fluorescence emitter exhibited a high external quantum efficiency of 40.7% 

(Lambertian assumption) along with narrow emission with full width at half maximum of 19 nm 

(CIE y=0.15). Moreover, we analyzed that such high device efficiency is mainly attributed to the 

high orientation factor, enhanced photoluminescence quantum yield, and a good TADF 

characteristic of t-Bu-ν-DABNA with high Förster resonance energy transfer. 
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Introduction 

In recent years, thermally activated delayed fluorescence (TADF) emitters have drawn great 

interest in the field of organic light emitting diodes (OLEDs). TADF emitters can achieve 100% 

internal quantum efficiency (IQE) by utilizing the dark triplet excitons through reverse intersystem 

crossing pathway. Which is a key advantage over low efficiency conventional fluorescence 

emitters, where it was able to achieve 25% IQE using only singlet excitons. Moreover, TADF 

molecules are using inexpensive organic moieties compared to noble metal complex-based 

phosphorescence emitters.1-4 Generally, TADF emitters exhibit well separated frontier molecular 

orbitals due to their donor (D) and acceptor (A) molecular configuration.5-7 The well separated 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

tend to minimizes electron exchange energy (J), resulting in a small singlet (S1)- triplet (T1) energy 

gap (ΔEST) with good charge transfer (CT) characteristics accompanied by delayed emission.8 

However, such CT characteristics of TADF emitters were reported to have wide full width half-

maximum (FWHM) of ≥50 nm, which makes limitation on high color purity applications. 

Moreover, the excitons on TADF emitters are long-lived and may easily lead to material 

degradation followed by efficiency drop at high luminescence region.9 Even though, there have 

been many reports showing high electroluminescence efficiencies, still challenging to produce 

good color purity satisfying required Commission Internationale de l'Éclairage (CIE) coordinates. 

In order to overcome above issues, Adachi et al. proposed a future generation technology called 

hyperfluorescence (HF) OLEDs, and it revealed  high efficiency along with high  color purity.9 In 

this approach we should take three elements into account, which are TADF emitters, fluorescent 

emitters with narrow FWHM and high triplet energy host material. To activate the HF system, a 

fast Förster resonance energy transfer (FRET) from the singlet excited (S1) state of TADF molecule 



to the S1 of fluorescent emitter is inevitable. Through fast FRET, fluorescent emitter can harvest 

large amount of singlet excitons coming from the TADF molecule, and emits pure fluorescence 

emission. Previous studies indicate that such fast FRET leads to reduce the exciton lifetime of 

TADF molecule while enhancing the device stability.10-15 From this HF technology, we can  

increase the device efficiencies, operational lifetime and good CIE coordinates with narrow 

emission spectrum. Recently, Hatakeyama et al. reported multi-resonance (MR) type of TADF 

emitter named ν-DABNA, which showed high maximum EQE of 34.4% in blue region with 

extremely narrow FWHM of 18 nm.16 Thus, many researchers utilized ν-DABNA as a blue 

fluorescent emitter in HF-OLEDs to obtain good efficiencies along with pure color and narrow 

FWHM. Out of many studies related to HF, Adachi et al. reported pure-blue HF device exhibiting 

maximum EQE of 27% with CIE y of 0.20.17 Consequently, Lee et al. reported triplet-exciton-

distributed TADF devices with high maximum EQE of 33.5%.18 However, both HF devices 

limited the device efficiency and the CIE y coordinate due to insufficient FRET energy transfer 

resulted from less spectral overlap between the TADF emission and the absorption of fluorescent 

emitter. So, there is a highly requirement in developing efficient deep blue TADF emitters to 

enhance the FRET energy transfer. In order to achieve deep blue color around 450~ 460 nm and 

high efficiency simultaneously, boron acceptor based TADF emitters could be promising 

candidates.7-8, 19 Previously reported our emitter, namely 5‐(5,9‐dioxa‐13b boranaphtho[3,2,1‐

de]anthracen‐7‐yl)‐10,15‐diphenyl‐10,15‐dihydro‐5H‐diindolo[3,2‐a:3′,2′‐c] carbazole (DBA-DI) 

manifested long device lifetime and high efficiency of 28.1%. However, it showed emission in the 

sky-blue region  (CIE y=0.38).20 To get emission in the region of 450~ 460 nm, certain 

modification on DBA-DI moiety are required for high efficiency and pure blue HF-OLEDs. Then, 



it is expected that modified TADF host with ν-DABNA type final emitter can surpass the EQE 

over 35% with pure blue color emission. 

By considering all discussed parameters, herein we report two new blue TADF emitters namely, 

5-(2,12-dimethyl-5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracen-7-yl)-10,15-diphenyl-10,15-

dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole (pMDBA-DI) and 5-(3,11-dimethyl-5,9-dioxa-13b-

boranaphtho[3,2,1-de]anthracen-7-yl)-10,15-diphenyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-

c]carbazole (mMDBA-DI). Additionally, we have designed and synthesized narrow MR type 

fluorescence emitter N7,N7,N13,N13,5,15-hexaphenyl-9,11-bis(4-(tert-butyl)phenyl)-5,9,11,15-

tetrahydro-5,9,11,15-tetraaza-19b,20b-diboradinaphtho [3,2,1-de:1',2',3'-jk]pentacene-7,13-

diamine (t-Bu-ν-DABNA). Both pMDBA-DI and mMDBA-DI were incorporated using oxygen 

bridged triaryl-boron based acceptors, pMDBA (methyl substitution on oxygen para) and mMDBA 

(methyl substitution on oxygen meta position) with DI donor moiety. The new narrow emitter t-

Bu-ν-DABNA was prepared by attaching tert-butyl group to the reported ν-DABNA core. The 

photophysical, electrochemical and device properties of all these TADF and fluorescent emitter 

were investigated for the HF-OLEDs. We achieved maximum EQE of 32.0% for pMDBA-DI 

based TADF device, and HF device using mMDBA-DI as TADF assistant host brought excellent 

EQE over 39.1%. According to our study, we confirm that such high efficiencies are originated by 

a high orientation factor, enhanced photoluminescence quantum yield (PLQY), and a good TADF 

characteristic of final fluorescent emitter and effective FRET energy transfer from TADF assistant 

host to the emitter. 

Results  

Design strategy and theoretical calculations 



Considering the previous reports based on boron acceptors, the symmetrical oxygen bridged boron 

acceptor was one of the promising acceptor candidates for deep blue TADF materials due to its 

weak acceptor strength, high PLQY and high RISC rate.7, 19-22 Even though previously reported 

emitter DBA-DI exhibits high efficiency and long device lifetime, the emission color is too much 

red shifted, (λem = 467 nm),20 which makes insufficient energy transfer to pure-blue HF system. 

Thus, we modified only the acceptor unit by introducing weak electron donating groups on DBA 

moiety, and we can anticipate that acceptor strength can be reduced while broadening the optical 

band gap. The newly designed boron acceptors, pMDBA (methyl groups on the para-) and 

mMDBA (meta- position of oxygen) were connected with DI donor to develop our new TADF 

emitters, namely pMDBA-DI and mMDBA-DI, respectively. In HF system, attaching bulky or 

inert group on fluorescent emitters can reduce the unwanted Dexter energy transfer (DET). Usually, 

incorporation of tert-butyl groups on the terminal sites of the molecules can effectively prohibit 

the DET and increase the PLQY by reducing the aggregation-caused self-quenching. Thus, we 

attached tert-butyl groups on ν-DABNA core to increase the intermolecular distance with nearby 

molecules and enhance the PLQY. Eventually, we designed t-Bu-ν-DABNA as novel blue MR 

type emitter for high color purity in HF system. 

To support our design strategy and investigate the photophysical, electronic properties of designed 

molecules, the density functional theory (DFT) calculation for the optimization of the ground state, 

and time-dependent DFT (TD-DFT) calculation for the excited state were performed. The 

calculations were obtained by utilizing the Lee-Yang-Parr correlation function (B3LYP) with 6-

31 (G) basis set using Schrödinger 2020-4 program.23 As illustrated on Figure S1, it is clear that 

the HOMO and LUMO are well-separated, in which HOMO was mainly distributed over the DI 

donor and LUMO was located on MDBA acceptor, leading to good charge transfer characteristics 



and small ΔEST. The calculated HOMO and LUMO energy values were 5.50 and 2.69 eV for 

pMDBA-DI, 5.49 and 2.65 eV for mMDBA-DI, respectively. As expected, the HOMO energy 

level was similar due to the presence of same donor moiety (DI), while LUMO energy level of 

pMDBA-DI and mMDBA-DI became shallower compared to DBA-DI due to methyl substitution 

on the boron acceptors. The optical band gap was calculated as 2.81 and 2.84 eV for pMDBA-DI 

and mMDBA-DI, respectively. Thus, we can expect that both pMDBA-DI and mMDBA-DI will 

show blue shifted emission compared to DBA-DI. The calculated singlet and triplet energies are 

3.03/2.94 eV for pMDBA-DI, and 2.95/3.09 eV for mMDBA-DI, respectively. The calculated 

ΔEST values are 0.09 eV and 0.14 eV for pMDBA-DI and mMDBA-DI, respectively. These small 

ΔEST energy values indicate that pMDBA-DI and mMDBA-DI could reveal good TADF 

performances. Additionally, the theoretical calculations were performed for t-Bu-ν-DABNA and 

ν-DABNA and compared each. t-Bu-ν-DABNA exhibits atomically separated frontier molecular 

orbital (FMO) distributions similar to ν-DABNA, where HOMO distributes mainly on nitrogen 

atoms, and LUMO locates primarily on boron atoms as shown in Figure S2. These alternative 

distributions clearly indicate that it is an effective MR molecular structure. The calculated energy 

levels of t-Bu-ν-DABNA and ν-DABNA were almost similar. Thus, we can expect that t-Bu-ν-

DABNA also will show similar properties. 

Material Synthesis 

The synthesis of pMDBA-DI, mMDBA-DI, and MR type t-Bu-ν-DABNA is shown in Scheme 1. 

The new acceptors (pMDBA-Br and mMDBA-Br) were synthesized by using two-step process 

which includes cyclization in the presence of n-butyllithium (n-BuLi) and boron tribromide (BBr3). 

The final compounds (pMDBA-DI and mMDBA-DI) were synthesized by using palladium 

catalyzed Buchwald-Hartwig amination reaction between diindolocarbazole donor (DI) and boron 



acceptors (pMDBA-Br and mMDBA-Br). And t-Bu-ν-DABNA MR emitter was synthesized by 

using commercially available compounds in two steps process, which include palladium catalyzed 

C-N coupling and one-pot double borylation. The detailed synthetic procedures are given in the 

supplementary information. The structures of all the synthesized materials were clearly 

characterized by 1H and 13C NMR and high-resolution mass spectrometry (HRMS) (Figure S13-

S28). 

 

Scheme 1. Synthetic routes and structures of (a) pMDBA-DI, mMDBA-DI and (b) t-Bu-ν-
DABNA.  

 

Electrochemical properties 

To understand the electrochemical properties of the synthesized materials, cyclic voltammetry (CV) 

measurement was performed, and the HOMO energy level was obtained from the oxidation 

potential. The LUMO energy level was determined by subtracting the energy level of HOMO and 

optical band gap. The calculated HOMO values from the CV were 5.50 eV for pMDBA-DI and 



5.48 eV for mMDBA-DI. The optical band gap (Eg) calculated from the absorption onset was 2.89 

and 2.91 eV for pMDBA-DI and mMDBA-DI, respectively. The calculated LUMO values were 

2.61 and 2.57 eV for pMDBA-DI, mMDBA-DI, respectively, which exhibited shallower LUMO 

energy level than DBA-DI (2.71 eV)20. Particularly, mMDBA-DI showed 0.04 eV shallower 

LUMO energy level than pMDBA-DI as expected in DFT calculation. Since HOMO energy levels 

were similar among three materials, optical band gaps were broadened compared to DBA-DI. All 

electrochemical measurement data of TADF materials was well-corresponded with the DFT 

calculation.  In case of t-Bu-ν-DABNA, the calculated HOMO and LUMO energy levels were 5.54 

and 2.94 eV, and optical band gap was 2.60 eV. According to our electrochemical measurement 

of ν-DABNA, the band gap energy level was the same but, HOMO and LUMO energy level 

became deeper by 0.03 eV. The corresponding graphs of all cyclic voltammetry (CV) for all 

materials are depicted in Figure S3. 

Photophysical properties 

To investigate the photophysical properties of synthesized materials, ultraviolet-visible (UV-vis) 

absorption and photoluminescence (PL) spectra were recorded in toluene solution. Room-

temperature photoluminescence (RTPL) spectra was measured at 300 K and low-temperature 

photoluminescence (LTPL) spectra was measured at 77 K after 30 ms of delay from the excitation. 

In UV-Vis absorption, π–π* transitions were occurred from diindolocarbazole (DI) donor moiety 

around 320 nm in both pMDBA-DI and mMDBA-DI. In addition, intramolecular charge transfer 

(ICT) induced n–π* absorption was appeared at 384 nm for pMDBA-DI and 371 nm for mMDBA-

DI, respectively. The PL emission spectra exhibited at 460 and 451 nm for pMDBA-DI and 

mMDBA-DI, respectively. As expected, both new TADF materials obtained hypsochromic-shifted 

emission compared to 467 nm of DBA-DI.20 It is attributed that incorporation of methyl groups in 



boron acceptor could weaken the acceptor strength as we mentioned above, and increase  the band 

gap effectively. Especially, mMDBA-DI emitter showed 16 nm blue shifted emission from DBA-

DI. Both materials revealed positive solvatochromism effect from non-polar n-hexane to polar 

methylene chloride solvent, and the emission peaks were shifted by 111 nm (pMDBA-DI) and 107 

nm (mMDBA-DI), respectively. (Figure S4) This solvatochromism results indicate that both 

materials possess strong ICT of donor-acceptor interaction. Consequently, we can observe that 

weaker acceptor of mMDBA-DI exhibited less solvatochromism compared to pMDBA-DI. The S1 

and T1 energy values were determined by calculating the onset point of the RTPL and LTPL spectra, 

respectively. The S1 and T1 values were 2.99/2.92 eV for pMDBA-DI and 3.04/2.92 eV for 

mMDBA-DI, respectively. The calculated ΔEST values were 0.07 and 0.12 eV for pMDBA-DI and 

mMDBA-DI. Further, photophysical properties of t-Bu-ν-DABNA were measured, and the 

maximum absorption peak was at 457 nm and PL emission peak was notice at 467 nm with narrow 

FWHM of 14 nm in toluene solution. t-Bu-ν-DABNA exhibited small solvatochromisim effect, 

shifting only 14 nm from hexane to methylene chloride. These narrow FWHM and small Stoke’s 

shift are attributed to the alternative FMO distribution on t-Bu-ν-DABNA core due to non-bonding 

characters, and which minimizes the vibronic coupling between the S0 and S1 states, and the 

vibrational relaxation at the S1 state.16 The S1 and T1 energy values were calculated to be 2.78 and 

2.74 eV, respectively, and ΔEST value is 0.04 eV. The corresponding spectra are shown in Figure 

1, and the details of the photophysical and electrochemical data of all materials are summarized in 

Table 1. 

In order to confirm the TADF behavior of pMDBA-DI and mMDBA-DI, transient-PL (TRPL) 

measurements were performed by using two different solvents, toluene and methylene chloride as 

shown in Figure 1. Both materials exhibited clear prompt and delayed decay curves, which 



confirms the TADF characteristics. In toluene, the measured prompt (τp) exciton lifetimes were 

24.6 and 28.0 ns for pMDBA-DI and mMDBA-DI, respectively. Additionally, calculated delayed 

(τd) exciton lifetimes were 1.60 and 1.90 μs for pMDBA-DI and mMDBA-DI, respectively. 

Especially, both exhibited short delayed (τd) exciton lifetimes of 0.75 and 0.80 μs in methylene 

chloride. This phenomenon is due to the stabilization of S1 state in polar medium. In order to verify 

the TADF performance in the film state, PLQY and TRPL measurements were recorded in 30% 

doped pMDBA-DI and mMDBA-DI with dibenzo[b,d]furan-2,8-diylbis(diphenylphosphine oxide) 

(DBFPO) host. The PLQY values in DBFPO film were 97.8 and 97.3% for pMDBA-DI and 

mMDBA-DI emitters, respectively. In addition, the delayed lifetime in DBFPO film still exhibited 

the same tendency with solution results, which were 1.80 and 2.90 μs for pMDBA-DI and 

mMDBA-DI, respectively. Furthermore, to analyze the TADF characteristics of both materials 

quantitatively, we calculated the various rate constants of excited state processes by using reported 

method.24 Calculated rate constants are listed in Table S1. Among them, the pMDBA-DI exhibited  

high kRISC of 1.14 ×106 s−1 and almost 2 times higher than 6.11 ×105 s−1 (mMDBA-DI) and which 

is due to small ΔEST values and short delayed lifetime of pMDBA-DI. Although their kRISC values 

were lower than DBA-DI20, these are still high enough to have similar TADF mechanism. 

Moreover, we investigated the TRPL and PLQY of t-Bu-ν-DABNA, and measured prompt exciton 

lifetime (τp) and delayed exciton lifetime (τd) in toluene were 5.79 ns and 1.55 μs, respectively 

while delayed exciton lifetime (τd) in methylene chloride became longer as 1.88 μs. In film state, 

5% doping of t-Bu-ν-DABNA in DBFPO host exhibited enhanced PLQY value of 91.9% 

compared to ν-DABNA, such enhancement is due to the incorporation of tert-butyl group. In 

TRPL measurement, t-Bu-ν-DABNA showed short delayed exciton lifetime of 2.93 μs, and kRISC 

was 2.54 ×105 s−1, which is lower than other TADF materials. Thus, TADF performance expected 



to be relatively poor. On the other hand, extremely narrow FWHM and high PLQY of t-Bu-ν-

DABNA would be good characteristics as fluorescence emitter in HF system. All measured film 

TRPL decay lifetime and calculated rate constants are displayed in Figure S5 and summarized 

Table S1. 

Thermal properties 

The thermal properties of our synthesized materials were investigated by using the thermo-

gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The decomposition 

temperatures (Td) of the materials were measured at 5% weight reduction, and the observed values 

were 447 oC (pMDBA-DI), 470 oC (mMDBA-DI) and 520 oC (t-Bu-ν-DABNA), respectively. The 

glass transition temperature (Tg) was obtained by using DSC measurement. The Tg values are 226 

oC (pMDBA-DI), 232oC (mMDBA-DI) and 273 oC (t-Bu-ν-DABNA), respectively. These results 

suggest that all these materials revealed high thermal stabilities. All corresponding TGA and DSC 

figures were shown in Figure S6-S7. 

Table 1. The photophysical, electrochemical properties of pMDBA-DI, mMDBA-DI and t-Bu-ν-

DABNA. 
 

λabs 

(nm)(a) 

λRTPL 

(nm)(b) 

FWHM 

(nm)(b) 

S1 

(eV)(c) 

T1 

(eV)(d) 

ΔEST 

(eV)(e) 

𝜏p 

(ns)(f) 

𝜏d 

(µs)(g) 

HOMO 

(eV)(i) 

LUMO 

(eV)(j) 

Band 

gap 

(eV)(k) 

PLQY 

(%) (l) 

pMDBA-

DI 

384 460 59 2.99 2.92 0.07 24.6 1.60 

(0.75)(h) 

5.50 2.61 2.89 97.8 

mMDBA-

DI 

371 451 52 3.04 2.92 0.12 28.0 1.90 

(0.80)(h) 

5.48 2.57 2.91 97.3 



t-Bu-ν-

DABNA 

457 467 14 2.78 2.74 0.04 5.79 1.55 

(1.88)(h) 

5.54 2.94 2.60 91.9 

(a) UV-Vis absorption wavelengths measured in 10-5 M of toluene solution. (b) PL max emission measured in toluene 
at 300K. (c) Calculated by the onset of RTPL spectrum in toluene. (d) Calculated by the onset of low temperature PL 
(LTPL) spectrum in toluene at 77K with 30ms of delaying. (e) ΔEST = S1-T1. (f) Prompt decay lifetime in toluene. (g) 
Delayed decay lifetime in toluene. (h) Delayed decay lifetime in methylene chloride. (i) HOMO level energy measured 
by CV method. (j) LUMO=HOMO-optical band gap. (k) Calculated by the edge of the absorption spectrum (l) 
Measured in DBFPO film. pMDBA-DI and mMDBA-DI were 30% doped and t-Bu-ν-DABNA was 5% doped.  

 

Figure 1. Photophysical properties of synthesized material. Normalized UV-Vis absorption, RTPL, 



and LTPL in 77K toluene, and Transient PL decay both in toluene and methylene chloride of (a) 
pMDBA-DI, (b) mMDBA-DI, and (c) t-Bu-ν-DABNA. 

 

Energy transfer study 

Efficient FRET process is a key parameter to activate an effective HF system. Generally, FRET 

rate can be expressed as equation (1).25 

𝑘𝐹𝑅𝐸𝑇 =  𝛷𝐷𝜅2𝜏𝐷𝑅6 9000(𝑙𝑛10)128𝜋5𝑁𝐴𝑛4 ∫ ∫ 𝐹𝐷(𝜆)∞0 𝜖𝐴(𝜆)𝜆4 ⅆ𝜆     (1)   

Where, R is the intermolecular distance between donor and acceptor. 𝛷𝐷 stands for the PLQY of 

donor without acceptor. 𝐹𝐷(𝜆) is the normalized emission spectra of the donor and 𝜖𝐴(𝜆) is the 

molar absorption coefficient of the acceptor. It is obvious that 𝑘𝐹𝑅𝐸𝑇 mainly depends on the PLQY 

of donor and spectral overlap between the absorption of acceptor and PL emission of donor. Since 

both materials exhibited similar PLQYs, the extent of spectral overlap mainly determines 𝑘𝐹𝑅𝐸𝑇. 

Thus, the extent of spectral overlap between pMDBA-DI and mMDBA-DI with t-Bu-ν-DABNA 

in the DBFPO film state were measured. As a result, absorption spectrum of t-Bu-ν-DABNA was 

largely overlapped with PL emission spectra of both pMDBA-DI and mMDBA-DI compared to 

DBA-DI as illustrated in Figure S8, so high 𝑘𝐹𝑅𝐸𝑇  can be expected from pMDBA-DI and 

mMDBA-DI. We can notice that more blue shifted mMDBA-DI has larger spectral overlapping 

with t-Bu-ν-DABNA, and more efficient FRET process would be expected in HF system. To see 

more clear evidence for good energy transfer, exciton decay curves of 30% of TADF materials 

with and without 1% of t-Bu-ν-DABNA in DBFPO film were investigated. Additional 1% of t-

Bu-ν-DABNA doping, the prompt decay lifetime was shortened with reducing the delayed portion 

as illustrated in Figure S9. The prompt decay time of pMDBA-DI with 1% of t-Bu-ν-DABNA 



was reduced from 45.6 to 15.8 ns and in which mMDBA-DI was reduced from 47.0 to 10.1 ns. 

This means that faster FRET process from TADF assistant host to t-Bu-ν-DABNA accelerated the 

overall prompt energy transfer process, indicating efficient FRET process. The exact rate constants 

of FRET in HF system were calculated by using following equation (2).25-26  

𝑘𝐹𝑅𝐸𝑇 = 𝑘𝑃𝐹 − 𝑘𝑟,𝑆 − 𝑘𝐼𝑆𝐶   (2) 

Where 𝑘𝑟,𝑆  and 𝑘𝐼𝑆𝐶  are singlet radiative rate constant, and intersystem crossing rate constant, 

respectively. The calculated 𝑘𝐹𝑅𝐸𝑇  of 30% mMDBA-DI and pMDBA-DI with 1% of t-Bu-ν-

DABNA was 7.77 ×107 s−1 and 4.14 ×107 s−1, respectively. These 𝑘𝐹𝑅𝐸𝑇 rates are much faster 

than calculated 𝑘𝑟,𝑆, 𝑘𝐼𝑆𝐶 values (provided Table S1) without t-Bu-ν-DABNA doping, which is an 

experimental evidence that FRET energy transfer is enhanced in our HF system. The measured 

TRPL decay lifetime and calculated FRET rate constants are listed in Table S2. 

Device Performances 

To understand the TADF characteristics of synthesized materials, the TADF-OLEDs with 

synthesized materials were fabricated using previously reported device configuration19; ITO (50 

nm) / HATCN (7 nm) / TAPC (50 nm) / DCDPA (10 nm) / DBFPO: 30% pMDBA-DI and 

mMDBA-DI or 5% of t-Bu-ν-DABNA (25 nm) / DBFPO (5 nm) / TPBi (20 nm) / LiF (1.5 nm) / 

Al (100 nm) were fabricated. Indium tin oxide (ITO) and aluminum (Al) were utilized as anode 

and cathode, respectively. Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile 

(HATCN) and lithium fluoride (LiF) were used as hole- and electron injection layers, respectively. 

1,1-Bis[4-[N,N′-di(ptolyl)amino]-phenyl] cyclohexane (TAPC) and 1,3,5-tris(1-phenyl-1H-

benzo[d]imidazole-2-yl)benzene (TPBi) served as hole- and electron-transporting layers, 

respectively. 3,5-Di(9H-carbazol-9-yl)-N,N-diphenylaniline (DCDPA) and DBFPO were utilized 



as exciton blocking layers on the each sides of the EML owing to their higher triplet energy levels. 

The DBFPO also served as a host material. The maximum electroluminescence (EL) peak at 1,000 

cd/m2 of pMDBA-DI was 483 nm, whereas, mMDBA-DI exhibited of 474 nm, and mMDBA-DI 

showed 9 nm blue-shifted emission than pMDBA-DI. Measured CIE coordinates were (0.15, 0.31) 

and (0.14, 0.23), respectively. TADF devices of pMDBA-DI and mMDBA-DI exhibited high 

maximum EQE of 33.1 and 32.8%, and the EQE of both devices were still able to maintained 32.3 

and 28.4% (Lambertian assumption) at 1,000 cd/m2, respectively. Interestingly, pMDBA-DI 

device showed alleviated efficiency roll-off compared with those of mMDBA-DI, which can be 

attributed to smaller ΔEST and two times higher kRISC of pMDBA-DI. Both TADF materials 

exhibited surprisingly high EQE values, which cannot be fully explained by only high PLQY and 

good TADF behavior. The molecular orientation factor (Θ) of mMDBA-DI was measured with 

previously reported method.28 As expected, high orientation factor of 0.82 value was obtained. 

(Figure S10 (a)) Additionally, TADF performance of t-Bu-ν-DABNA was also investigated. The 

maximum electroluminescence (EL) peak at 1,000 cd/m2 was 474 nm and FWHM was narrow as 

18 nm, following CIE y coordinate was 0.15. The measured maximum EQE value of t-Bu-ν-

DABNA in TADF device was high as 36.3% (Lambertian assumption) even though PLQY and 

TADF performances fall behind pMDBA-DI or mMDBA-DI. To understand such high efficiency, 

the orientation factor of t-Bu-ν-DABNA was measured and found to be real high as 0.92. (Figure 

S10 (b)) Such higher value is interpreted due to the rigid and planar structure of t-Bu-ν-DABNA. 

In addition, tert-butyl groups in planar structure of ν-DABNA results in higher PLQY by 

preventing the aggregation induced self-quenching compared to ν-DABNA emitter. Owing to 

these two reasons, high TADF device efficiency of t-Bu-ν-DABNA could be observed. Despite 

high efficiency, severe efficiency roll-off was observed on account of low 𝑘𝑅𝐼𝑆𝐶  (EQE value 



dropped to 16.5% at 1,000 cd/m2). Detailed device performances of ν-DABNA and t-Bu-ν-

DABNA are illustrated in Figure S11 and Table S3. From the TADF device performances, 

pMDBA-DI and mMDBA-DI based devices revealed excellent TADF efficiencies and t-Bu-ν-

DABNA emitter manifested a narrow FWHM. Consequently, as our energy transfer study suggests 

that both pMDBA-DI and mMDBA-DI have high  𝑘𝐹𝑅𝐸𝑇 , so all studies denote that our new 

materials are ideal candidates to form blue HF. Thus, HF-OLEDs were fabricated with 30% TADF 

assistant host and 1% t-Bu-ν-DABNA emitter in DBFPO host. All the other layers were used 

without any change of TADF device configuration. Since the HOMO energy levels of three 

materials are similar, holes are prone to transfer via TADF assistant host materials, while electrons 

can be trapped into t-Bu-ν-DABNA. However, as shown in the Figure 2(b), the current density 

curves of TADF and HF device were similar, indicating of almost no charge trapping emission in 

HF device. HF devices with pMDBA-DI and mMDBA-DI TADF hosts exhibited 474 nm of 

maximum EL spectrum with narrow FWHM of 19 nm. Particularly, mMDBA-DI HF device 

exhibited clear t-Bu-ν-DABNA EL spectrum with minor emission of mMDBA-DI as shown in 

Figure 2(d). As our expectation from the energy transfer study, a large spectral overlapping and 

fast energy transfer rate of mMDBA-DI are crucial to get real final emitter spectrum in HF-OLED. 

Obtained CIE coordinates of pMDBA-DI based HF device was of (0.13, 0.19), while those of 

mMDBA-DI was (0.12, 0.15). Different CIE coordinates was derived of the different emission 

intensity and wavelength of TADF assistant hosts. Surprisingly, pMDBA-DI and mMDBA-DI 

based HF devices showed much enhanced maximum EQE of 37.6 and 40.7% than conventional 

TADF device. At the same time, we noticed that pMDBA-DI and mMDBA-DI based HF devices 

still remained high EQE of 33.9 and 35.8% at 1,000 cd/m2, respectively. The corresponding plot 

of current density (J), and luminance (L) versus voltage (V), and EQE versus luminance, 



electroluminescence (EL) spectrum of each TADF and HF devices are depicted in Figure 2. Since 

both TADF assistant hosts and t-Bu-ν-DABNA have high horizontal orientation factor, the angular 

distribution of emission became non-Lambertian shape, resulting in an error in the calculated EQE 

values from Lambertian assumption measurement method. Thereby, we measured the angular 

distribution of the devices as described in Figure S12, and recalculated the EQE value by 

integrating all angular-dependent emission. From this calculation, corrected maximum EQEs for 

pMDBA-DI and mMDBA-DI HF-OLEDs were 36.2% and 39.1%, respectively. 

 

Figure 2. (a) Device configuration and energy-level diagram, (b) Current efficiency verse voltage 
(J-V) and luminance versus voltage (L-V) curves, (c) EQE value versus luminance of pMDBA-DI 
and mMDBA-DI of TADF and HF device. (d) EL spectrum of TADF, HF device and t-Bu-v-
DABNA.  

 

Analysis of high device efficiency 



The pMDBA-DI and mMDBA-DI based HF devices obtained much higher maximum EQEs than 

individual TADF devices. Especially, mMDBA-DI achieved 39.1% of maximum EQE value with 

pure blue emission color of t-Bu-ν-DABNA. To understand the root of such efficiency 

enhancement in HF device, we analyzed related factors of EQE. Generally, obtained EQE can be 

expressed by the following equation (3). 29 

𝜂EQE = 𝛾 × 𝜂S/T × 𝑞eff(𝑞PL, 𝛩, 𝛤) × 𝜂out(𝛩, 𝛤)    (3) 

Where γ is the charge balance factor, ηS/T is the singlet-triplet factor, qeff is the effective quantum 

yield, and ηout is the out-coupling efficiency of the emitted light. The ηout is not only influenced by 

the device structure, but also by the horizontal orientation factor of the emitter. High out-coupling 

efficiency can effectively help improving device efficiency compared to isotropic emitters (ηout 

0.2~0.3). Considering the high orientation value of 0.82 of mMDBA-DI, the ηout value was 

calculated to be 0.350 in this device by the optical simulation (used Setfos 4.3 program). Since the 

orientation value of t-Bu-ν-DABNA was measured to be 0.92, ηout value could be higher value. 

Calculated possible device efficiency was 37.8% as shown in Figure 3. Thus, 6% of EQE value 

was enhanced by the assistance of increased orientation factor of t-Bu-ν-DABNA. However, such 

molecular orientation effect cannot be fully explained by the 39.1% of high efficiency. So, low 

doing concentration merit of HF device was considered. When the device doping percentage 

decreased from 5% to 1%, PLQY tends to increase. Our measured PLQY was increased from 91.9% 

to 93.1% due to reduction of self-quenching. This PLQY increase could enhance our device EQE 

additionally about 0.5% in our HF system. Although all possible way of EQE enhancement were 

considered, our device EQE is still high about 0.8%. Therefore, additional singlet exciton 

generation on t-Bu-ν-DABNA was taken into consideration, because t-Bu-ν-DABNA has TADF 

characteristics and can harvest more singlet excitons via RISC of triplet excitons formed by direct 



charge trapping or DET from the host. When TADF is used as assistant host, the total internal EL 

efficiency (𝜙𝐸𝐿(𝑖𝑛𝑡)) can be expressed by following equation (4).30-31  

𝜙𝐸𝐿(𝑖𝑛𝑡) = [η0(𝑆1) + (η0(𝑆1)𝜙𝐼𝑆𝐶,𝐻+η0(𝑇1))𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶,𝐻𝜙𝑅𝐼𝑆𝐶 ] 𝜙𝐹𝑅𝐸𝑇𝜙𝑃𝐿,𝐷               (4) 

Where, η0(𝑆1) is the singlet exciton ratio, and η0(𝑇1) is the triplet exciton ratio.  𝜙𝐼𝑆𝐶,𝐻 is the ISC 

efficiency of the TADF assistant host material, and 𝜙𝑃𝐿,𝐷 stands for the PL quantum efficiency of 

the emitter. 𝜙𝐹𝑅𝐸𝑇 is the FRET efficiency from TADF assistant host to fluorescence emitter. Due 

to the large spectral overlap, high 𝜙𝐹𝑅𝐸𝑇 was possible, t-Bu-ν-DABNA was able to receive large 

amount of mMDBA-DI recycled singlet excitons. Simultaneously, t-Bu-ν-DABNA can harvest 

additional singlet exciton through triplet exciton recycling via RISC process from trapping or DET. 

Considering both energy transfer and triplet exciton recycling by t-Bu-ν-DABNA, internal 

quantum efficiency (𝜙𝐸𝐿(𝑖𝑛𝑡)) of t-Bu-ν-DABNA HF system can be described by the following 

equation (5).  

𝜙𝐸𝐿(𝑖𝑛𝑡) = [(η0(𝑆1) + (η0(𝑆1)𝜙𝐼𝑆𝐶,𝐻+η0(𝑇1))𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶,𝐻𝜙𝑅𝐼𝑆𝐶 ) 𝜙𝐹𝑅𝐸𝑇 +  η0(𝑇1)𝐷𝐸𝑇𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶𝜙𝑅𝐼𝑆𝐶 + η0(𝑇1)𝑇𝑅𝐴𝑃𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶𝜙𝑅𝐼𝑆𝐶 ] 𝜙𝑃𝐿,𝐷   (5) 

Where,  η0(𝑇1)𝐷𝐸𝑇  and η0(𝑇1)𝑇𝑅𝐴𝑃 represents the triplet exciton occurred from DET and trapping, 

respectively.   η0(𝑇1)𝐷𝐸𝑇𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶𝜙𝑅𝐼𝑆𝐶   and η0(𝑇1)𝑇𝑅𝐴𝑃𝜙𝑅𝐼𝑆𝐶1−𝜙𝐼𝑆𝐶𝜙𝑅𝐼𝑆𝐶  are recycled additional singlet exciton fraction from 

t-Bu-ν-DABNA via DET or trapping emission. In our system, the remaining 0.8% of EQE 

enhancement may originated by this effect. The trace of HF device efficiency increment is 

illustrated in Figure 3. On the other hand, pMDBA-DI TADF exhibited the less effective device 

efficiency improvement in HF system. Due to less spectrum overlap, 𝑘𝐹𝑅𝐸𝑇 was relatively slower 



and singlet emission from TADF assistant host was enlarged in total HF EL spectrum, thus, the 

improvement of ηout value was limited.  

 

Figure 3. Trace of device efficiency increment from mMDBA-DI TADF device to HF device. 
(IQE= 𝜼𝐒/𝐓 × 𝒒𝐏𝐋) 

 

Table 2. Device performances of pMDBA-DI and mMDBA-DI TADF devices and HF devices 
with t-Bu-ν-DABNA. 

 

Turn on 

voltage (a) 

(V) 

Driving 

voltage (b) 

(V) 

Current 

Efficiency (Cd/A) 

(Max / 1,000 

cd/m2) 

EQE (%) 

(Max / 1,000 

cd/m2) 

Max 

emission 

peak 

(nm) 

FWHM 

(nm) 

CIE 

coordinates 

(1,000 

cd/m2) 

pMDBA-DI 

TADF 
2.9 4.8 

57.3 / 55.3 

(54.9 / 53.4) (c) 

33.1 / 32.3 

(32.0 / 30.8) (c) 
483 60 (0.15, 0.31) 

pMDBA-DI 

HF 
2.9 4.8 

39.4 / 36.0 

(37.9 / 34.8) (c) 

37.6 / 33.9 

(36.2 / 33.0) (c) 
474 19 (0.13, 0.19) 

mMDBA-

DI TADF 
2.9 4.5 

39.4 / 33.8 

(38.2 / 32.8) (c) 

32.8 / 28.4 

(31.8 / 27.9) (c) 
474 60 (0.14, 0.23) 



mMDBA-

DI HF 
2.9 4.5 

31.6 / 27.7 

(30.3 / 26.6) (c) 

40.7 / 35.8 

(39.1 / 34.3) (c) 
474 19 (0.12, 0.15) 

 (a)Turn on voltage at 1 cd/m2, (b) Driving voltage at 1,000 cd/m2
, (c) Calculated value by integrating all angular-

dependent emission. 

 

Conclusion 

In conclusion, two new highly efficient blue organo-boron TADF materials and narrow spectral 

width t-Bu-ν-DABNA emitter was designed and synthesized for efficient and pure blue HF-

OLEDs. Both pMDBA-DI and mMDBA-DI exhibited excellent TADF performances with 

hypsochromic shifted emission from DBA-DI, leading to acquire large spectrum overlap with t-

Bu-ν-DABNA emitter. The t-Bu-ν-DABNA exhibited high PLQY and narrow FWHM as a good 

candidate emitter for an efficient HF-OLEDs. pMDBA-DI and mMDBA-DI based TADF devices 

exhibited high EQEmax of 33.1 and 32.8%, respectively. Especially, HF device comprised of 

mMDBA-DI and t-Bu-ν-DABNA showed significantly high EQEmax of 40.7% (Lambertian 

assumption) along with narrow emission spectra by reflecting the emission of t-Bu-ν-DABNA 

(CIE y=0.15). Additionally, we have quantitatively analyzed the individual contributions to high 

EQE using the theoretical simulation and photophysical properties. Such high efficiency was 

dominantly attributed to the following criterions; high horizontal orientation factor, reduced self-

quenching while enhancing PLQY and additional singlet exciton recycling process from DET or 

trapping emission on t-Bu-ν-DABNA emitter. We believe that our design strategy and device 

analysis would propose a way to attain highly efficient pure blue HF-OLEDs.   
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