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Abstract: The electron transport layer (ETL) is one of the three primary layers for realizing 

low-power-consumption organic light-emitting devices (OLEDs). However, robust wide-

energy-gap ETLs with high thermal and electrical stability have rarely been explored. In this 

study, we newly designed and developed a series of tetrapyridine/triphenyltriazine-conjugated 

ETLs, named TnPyTRZ derivatives (n = 2, 3, 4), to realize a low-power-consumption OLED 

with high operational stability. A green phosphorescent OLED based on T3PyTRZ 

simultaneously realized a low turn-on voltage (Von) at 1 cd/m2 of 2.18 V, a high external 

quantum efficiency of over 24%, a high power efficiency of over 115 lm/W, a long lifetime 

(LT50) of 30000 h at a high brightness of 1000 cd/m2. Even at 1000 cd/m2, the driving voltage 

was only 2.88 V. This performance is among the best reported to date.
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Introduction

  Low-power-consumption organic light-emitting devices (OLEDs) are among the most 

attractive candidates for eco-friendly illumination light sources and displays.[1] To achieve low 

power consumption, a high external quantum efficiency (EQE) and low driving voltages must 

be simultaneously achieved at a practical luminance range of 1–5000 cd/m2 for small-to-large-

area display applications. In OLEDs, there are three primary layers: hole transport layer (HTL), 

emission layer (EML), and electron transport layer (ETL). Among them, the ETL significantly 

contributes to reducing the driving voltages owing to the much lower carrier injection and 

mobility compared with those of the HTL.[2] Among the wide-energy-gap ETLs that can be 

used for blue and green phosphorescent and/or thermally activated delayed fluorescence 

(TADF) OLEDs, oligopyridine derivatives, such as phenyl pyridine and terpyridine derivatives, 

exhibit promising performance.

As an early example, Tanaka and Kido reported pyrimidine/phenylpyridine-conjugated ETLs 

named BnPyMPM derivatives.[3] Among these, B3PyMPM derivatives have realized an 

energy efficient green phosphorescent OLED with a power efficiency of over 130 lm/W and an 

EQE of 30%. However, BnPyMPM derivatives exhibit poor stability in OLEDs. Xiao et al. 

developed a series of terpyridine-end-capped spirobifluorene ETLs, named TPSF 

derivatives.[4] These derivatives have an acceptor-donor-acceptor (A-D-A) structure to 

promote the stability of hole carriers, realizing a green phosphorescent OLED with an LT50 of 

10000 cd/m2 for over 100 h. Recently, Zhang et al. developed a spirobithioxanthene-based ETL 

called T3PySS.[5] T3PySS has a high triplet energy of 2.75 eV derived from its spiro-structure, 

an electron mobility of 10-4 cm2/Vs, and a stable green phosphorescent OLED with LT90 at 

2000 cd/m2 for 1100 h. Recently, Sasabe and Kido reported a dibenzothiophen/terpyridine-

conjugated ETL, named snTPy.[6] Among the three derivatives, s4TPy simultaneously 

realized a green phosphorescent OLED with a low turn-on voltage (Von) of 2.8 V at 1 cd/m2, a 

high EQE of 24%, and an LT50 of nearly 20000 h at 1000 cd/m2. Zhang and Duan developed 
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phenylpyridine/anthracene-conjugated ETL named DPPyA realizing ultrahigh-efficinecy 

green phosphorescent OLEDs with a voltage under 3 V and a power efficiency of nearly 110 

lm/W at a high luminance of 10000 cd/m2.[7] However, the stability of the device was not 

reported. Recent reports on long lifetime ETLs based on oligopyridine derivatives are 

summarized in Table S1. As can be seen, previous ETLs such as BnPyMPM, TPSF, snTPy, 

DPPyA derivatives, partially realized 1) low voltage, 2) high EQE, and 3) long lifetime. 

However, none of them realized these key performances at the same time. A main challenge in 

the current ETLs is simultaneous realization of these key performances. 

In this study, we newly designed and synthesized a series of tetrapyridine/triphenyltriazine-

conjugated ETLs named TnPyTRZ. Among TnPyTRZ derivatives, a green phosphorescent 

OLED based on T3PyTRZ simultaneously realized a low turn-on voltage (Von) at 1 cd/m2 of 

2.18 V, a high EQE of over 24%, a high power efficiency of over 115 lm/W, and a long lifetime 

of 30000 h at 1000 cd/m2. Even at high brightness of 1000 cd/m2, the driving voltage was only 

2.88 V. These performances are among the best reported in the literature (Table S1).

Results and discussion

Molecular design, quantum chemical calculations, syntheses, and characterization

In our previous work, we developed a tetrapyridine-based ETL named 6,6'-BPy3TPy.[8] It 

achieved comparable performances in terms of the efficiency in deep-red phosphorescent 

OLED to those of phenanthroline derivative DPB,[9] which is a conventional ETL that realizes 

high efficiency and long lifetime in phosphorescent and TADF OLEDs. From the perspective 

of chemical structure, the node of the lowest unoccupied molecular orbital (LUMO) of 6,6'-

BPy3TPy is located at the center of the molecule (Figure S1). 6,6'-BPy3TPy is a dimer of the 

corresponding tetrapyridine, and the LUMO is symmetrically distributed on each tetrapyridine 

moieties, thus, the key component to exhibit the superior electron-transport property and realize 

promising performance in OLED can be attributed to the tetrapyridine moiety. Meanwhile, 
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tripheyltriazine is a well-known component for the hole-blocking layer (HBL) and/or ETL in 

long-lifetime OLEDs.[2,10] Inspired by these findings, we combined the tetrapyridine and 

triphenyltriazine moieties to design TnPyTRZ derivatives (n = 2–4) (Figure 1). Density 

functional theory (DFT) calculations were performed using Gaussian09 [11] to estimate the 

optoelectronic properties, such as the highest occupied molecular orbital (HOMO), LUMO, and 

ET. The HOMO and LUMO levels increased depending on the position of the peripheral 

pyridine rings in the order of 2 > 3 > 4. This tendency is similar to that observed for other 

oligopyridine-based ETLs [2c, 3]. The ET values were calculated to be greater than 2.85 eV, 

which is applicable for blue and green TADF and/or phosphorescent OLEDs. TnPyTRZ 

derivatives can be easily prepared on the gram scale by a two-step reaction, including the 

Kröhnke-type ring-closure reaction and Suzuki coupling reaction (see Scheme S1 in SI). The 

precursor bromides and the final compounds were characterized by 1H-NMR, 13C-NMR, mass 

spectrometry, and elemental analyses (Figure S2–10). The final compounds were purified 

using silica gel column chromatography and train sublimation. The purity of the compounds 

was >99.5%, as evaluated via ultra-performance liquid chromatography.

Thermal and photophysical properties

The thermal properties, such as the 5% weight loss (Td5), melting point (Tm), and glass transition 

temperatures (Tg), were investigated via thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) (Figure S11–16). TnPyTRZ derivatives exhibit high thermal 

stability, with Td5 values over 480 °C and Tm values over 275 °C. Among these derivatives, 

only T2PyTRZ exhibited a Tg value of 115 °C. T3PyTRZ and T4PyTRZ have high 

crystallinity. The effect of peripheral pyridine rings can be deduced from the Tm values because 

the structural differences among three derivatives are only the substitution positions of 

peripheral pyridine rings. The Tm values clearly increased in the order of 2 (279˚C) < 3 (304˚C) 

< 4 (321˚C) indicating the intermolecular interactions are increased in this order. Based on the 
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previous report on pyridine-containing ETLs, 3- and 4-pyridine derivatives can form multipule 

intermolecular hydrogen bonding interactions causing high crystallinity[3]. The 

triphenyltriazine moiety has large -plane and easily forms  stacking[10] compared with 

other smaller pendant units such as dibenzothiophen[6] and fluorene[4]. Therefore, it can be 

considered that the crystallinity of TnPyTRZ (n = 3, 4) is high due to strong π-π stacking 

between triazine moieties and weak hydrogen bonding between peripheral pyridine rings. Note 

that three demensional structure in vacuum deposited film used in OLED is not same in the 

single crystal. The photophysical properties were then investigated. Ionization potential (Ip) was 

evaluated using photoelectron yield spectrometry. As predicted by the DFT calculations, 

TnPyTRZ exhibited different Ip values of –6.6 ~ –6.9 eV depending on the position of the 

peripheral pyridine rings, and the order was 2 > 3 > 4. The Ip values were much deeper than 

those of the phenanthroline-based ETL nBPhen (–6.3 eV).[12] The optical energy gap (Eg) was 

estimated from the UV-vis absorption spectra, and was determined as 3.4 eV (Figure S17). The 

electron affinity (Ea) was calculated using the Ip and Eg values, and different Ea values were 

observed depending on the peripheral pyridine rings. This suggests that the order of electron 

injection properties from the cathode aluminum metal is 4 > 3 > 2. Low-temperature PL spectra 

were measured in a dilute 2-methyltetrahydrofuran solution to determine the ET value (Figure 

S18–20). All derivatives exhibited high ET values of approximately 2.9 eV estimated from the 

onset of phosphorescence spectra.

OLED performances (I)

  To validate the performance of TnPyTRZ as an ETL, we fabricated green phosphorescent 

OLEDs based on Ir(ppy)3 with the structure [ITO (100 nm)/polymer buffer [13] (20 nm)/NPD 

(10 nm)/4DBFHPB [14] (10 nm)/mCBP [15] doped with 12 wt.% Ir(ppy)3 (15 nm)/DBF-

TRZ [16] (10 nm)/ETL : 20 wt.% Liq doped (40 nm)/Liq (1 nm)/Al (100 nm)]. nBPhen was 

used as a reference. The chemical structures of the materials used in this device are illustrated 
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in Figure 2a, and the energy diagram of the device is displayed in Figure 2b. DBF-TRZ was 

used as HBL to prolong the lifetime[14,17]. Although DBF-TRZ has a shallower Ip value 

compared with TnPyTRZ,  however, there is a large energy difference of 0.4-0.6 eV between 

EML and DBF-TRZ to effectively block hole carriers. In addition, We used a mixed layer with 

Liq for ETL to reduce the crystallinity and enhance the stability[18]. The device performance 

is summarized in Table 2. Figure 3a shows the electroluminescence (EL) spectra, and all the 

devices exhibited green emission with a peak wavelength of 516 nm from Ir(ppy)3, without 

any emission from neighboring materials. The current density–voltage (J–V) and luminance–

voltage (L–V) characteristics are shown in Figure 3b. The turn-on voltage (Von) was recorded 

to be very low (2.64–2.74 V). At a high brightness of 1000 cd/m2, these devices exhibited low 

driving voltages in the range of 3.76–3.79 V, which are comparable to those of nBPhen-based 

devices. Higher EQE values of over 24% were recorded even at a high brightness of 1000 cd/m2 

compared to that of nBPhen (EQE = 18.6%) (Figure 3c). Subsequently, the stability at a 

constant current density of 25 mA/cm2, which corresponds to a luminance of 12500–16000 

cd/m2, was tested. All ETLs exhibited better stability than nBPhen, and the LT50 values were 

recorded to be in the range of 120–155 h, which is equivalent to 13000–16000 h at 1000 cd/m2 

(Figure 3d). Photographs of the encapsulated OLEDs before and after the stability test were 

shown in Figure S21. The emission was observed to be remained uniform after the stability 

test without appearing black spots. Then, we made electron-only devices with the structure of 

[ITO/ETL (100 nm)/Liq (1 nm)/Al] (Figure S22). As a result, the current density of TnPyTRZ 

derivatives increased in the order of 2 < 3 < 4. This suggests that electron-transport property 

increased in this order. nBPhen showed similar current density to that in T3PyTRZ. In OLEDs, 

there was a large difference in efficiency roll-off, and the order of efficiency roll-off was 2 > 3 

≈ 4. This order is almost inversely correlated with the order of the current density. Thus, the 

reason for the large efficiency roll-off can be considered to the electron-transport property of 

TnPyTRZ derivatives. The stability of the final device was correlated with the order of EQE 
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values at high luminance region over 1000 cd/m2. This means that carrier imbalance is the main 

factor for the stability. One of the possible reasons to decrease the stability is the hole leakage 

to ETL causing chemical degradation of ETL. Note that we measured the lifetime under the 

constrant current density of 25 mA/cm2, which is corresponding to the luminance of 

approximately 15000 cd/m2.

OLED performances (II)

Although the results obtained above are among the best for Ir(ppy)3-based OLEDs, their 

performance can be improved in terms of driving voltages and lifetimes. In this device, we used 

mCBP, which has a much larger energy gap than Ir(ppy)3, as the host material. To improve 

the performance of Ir(ppy)3-based OLEDs, we changed the host material from mCBP to 

indorocarbazole-based DIC-TRZ.[19] It has a narrower Eg, where the Ip value is 0.2 eV 

shallower and the Ea value is 0.3 eV deeper than that of mCBP, expecting reduced driving 

voltages (Figure 2b). Moreover, the superior density of state overlaps with the HTL and HBL, 

where the energy differences such as Ip and Ea are in the range of 0.0–0.2 eV, resulting in 

increased carrier injection.[20] Among the ETLs, T3PyTRZ exhibited the best performance in 

mCBP-based OLEDs. Therefore, we investigated the effect of the host material using 

T3PyTRZ as the ETL. Figure 4a shows the EL spectra, and all the devices exhibited green 

emission with a peak wavelength of 519 nm from Ir(ppy)3, without any emission from 

neighboring materials. Much improved J–V and L–V characteristics were obtained using DIC-

TRZ as the host material (Figure 4b). The turn-on voltage was recorded to be low (2.18 V), 

which is 0.46 V lower than that of the mCBP-based device. At a high brightness of 1000 cd/m2, 

DIC-TRZ-based device had a driving voltage of 2.88 V, which is 0.9 V lower compared with 

that of mCBP. In addition, EQE values of over 20% with reduced efficiency roll-off were 

recorded even at a high brightness of 10000 cd/m2 (Figure 4c). The reduced driving voltages 

contribute to increasing the maximum power efficiency to 115 and 88 lm/W at 1000 cd/m2. The 
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stability of DIC-TRZ-based device was significantly improved to an LT50 value of 251 h 

(Figure 4d), which is equivalent to over 30000 h at 1000 cd/m2 when estimated using the well-

known stretched exponential decay function (n = 1.75).[21]

Conclusions

We developed a new series of tetrapyridine-based ETLs, named TnPyTRZ, composed of 

tetrapyridine and triphenyltriazine moieties. Among these derivatives, only T2PyTRZ 

exhibited a Tg of 115 °C. However, T3PyTRZ and T4PyTRZ had high crystallinity induced 

by the synergistic effect of multiple weak hydrogen bonds and strong  stacking of the 

triphenyltriazine moiety. Regarding the optoelectronic properties, these ETLs have deeper Ip 

below –6.6 eV, Ea below –3.2 eV, and a high ET of over 2.7 eV. The Ip and Ea values changed 

depending on the position of the peripheral pyridine rings and deepened in the order of 2 > 3 > 

4, indicating superior electron injection properties. To validate the functions of TnPyTRZ as 

an ETL, we fabricated green phosphorescent OLEDs using Ir(ppy)3 as the emitter. The 

corresponding devices exhibited a high EQE of over 24%, Von of 2.64 V, and high operational 

stability with an LT50 of over 13000 h at 1000 cd/m2 when mCBP was used as the host material. 

To further reduce the driving voltages, we changed the host material from mCBP to DIC-TRZ, 

which had a significantly lower Eg value. As expected, the DIC-TRZ-based device exhibited 

much low Von of 2.18 V, and 2.88 V at 1000 cd/m2 with high EQE of nearly 23%, resulting in 

an increased power efficiency of 115 lm/W at maximum, and 88 lm/W at 1000 cd/m2. 

Remarkably, the stability of the DIC-TRZ-based device was significantly enhanced to an LT50 

of over 30000 h at 1000 cd/m2. By using a combination of TnPyTRZ and DIC-TRZ, we 

successfully realized high-efficiency, low driving voltages, and long lifetimes. In other words, 

we developed low-power-consumption OLEDs with high operational stability at high 

brightness. We believe that this work will contribute to the development of next-generation 

low-power-consumption displays and illumination light sources.
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Figure 1. Chemical structure of TnPyTRZ derivatives; HOMO and LUMO distributions and 
energy levels; HOMO-LUMO energy differences (EH–L); and the lowest triplet energy (ET).
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Figure 2. (a) Chemical structures of the materials used in OLEDs. (b) Energy diagram of the 
OLED.
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(a) (b)

(c) (d)

Figure 3. Device performance of green phosphorescent OLEDs based on mCBP as the host 
material: a) EL spectra. b) J–V–L characteristics. c) EQE–L characteristics. d) Operational 
lifetime at 25 mA cm-2.
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(a) (b)

(c) (d)

Figure 4. Device performance of green phosphorescent OLEDs based on DIC-TRZ as the host 
material: a) EL spectra. b) J–V–L characteristics. c) PE–EQE–L characteristics. d) Operational 
lifetime at 25 mA cm-2.
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Table 1. Thermal and optical properties.

Compound MW Tg
a/Tm

a/Td5
b (ºC) HOMOc/LUMOc/ET

d (eV) Ip
e/Eg

f/Ea
g/ET

h (eV)

T2PyTRZ 617.7 115/279/485 –6.10/–1.83/2.85 –6.6/3.4/–3.2/2.87

T3PyTRZ 617.7 n.d./304/481 –6.33/–1.94/2.90 –6.7/3.4/–3.3/2.90

T4PyTRZ 617.7 n.d./321/488 –6.53/–2.03/2.91 –6.9/3.4/–3.5/2.92
aTg and Tm values were determined using DSC. bTd5 was determined by TGA. c,dCalculated at the B3LYP/ 
6-31G(d)// B3LYP 6-31G(d) level. dCalculated triplet energies. eIp was determined using photoelectron 
yield spectroscopy. fEg was considered as the point at which the normalized absorption spectra 
intersected. gThe value of Ea was calculated using Ip and Eg. hET was estimated from the onset of the 
phosphorescent spectra at 80 K.

Table 2. Summary of OLED performance.

Host ETL Von
a

(V)
V100/CE100/PE100/EQE100

b

(V/cd A−1/lm W−1/%)
V1000/CE1000/PE1000/EQE1000

b

(V/cd A−1/lm W−1/%)

LT50 at 
1000 cd 
m–2 (h)c

T2PyTRZ 2.68 3.21/90.4/88.6/25.0 3.79/79.0/65.5/21.9 13272

T3PyTRZ 2.64 3.23/90.5/88.1/25.1 3.76/87.2/72.8/24.2 16281

T4PyTRZ 2.74 3.28/87.3/83.7/24.2 3.77/86.6/72.2/24.0 15290
mCBP

nBPhen 2.68 3.24/82.2/79.7/23.2 3.77/66.4/55.6/18.6 6157

DIC-
TRZ T3PyTRZ 2.18 2.45/81.9/104.9/22.9 2.88/80.6/88.0/22.5 31662

a Turn-on voltage at 1 cd m−2, bvoltage (V), current efficiency (CE), power efficiency (PE), and external 
quantum efficiency (EQE) at 100 cd m−2, cV, CE, PE, and EQE at 1000 cd m−2. cOperation lifetime at 
50% (LT50) at 1000 cd m−2. 
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