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Abstract

In this work, we designed and developed a terpyridine-modified chrysene derivative, 

abbreviated as B3TPyC, to be used as electron-transport layers (ETLs) toward the construction 

of highly stable phosphorescent OLEDs. A green phosphorescent OLED with a B3TPyC ETL 

exhibited a low turn-on voltage of 2.4 V at 1 cd m–2 and an external quantum efficiency of 

17.5% at 1000 cd m–2 with a long operation lifetime at 50% of the initial luminance (LT50) of 

over 258 h at current density: 25 mA cm–2 (the initial luminance of approximately 12,000 cd 

m–2), which corresponds to a LT50 of 19,000 h at 1000 cd m–2. This is more than 1.5 times 

longer than the time of luminance decay provided by the phenylpyridine counterpart named 

B3PyPC. These results clearly show the potential and usefulness of terpyridine-based chrysene 

derivative to be applied in high-performance OLEDs with high operational stability.
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1. Introduction

High-performance organic light-emitting devices (OLEDs) are absolutely imperative as energy-

saving light sources for general lighting and in flat panel display applications.[1] In general, 

high-performance OLEDs consist of three primary layers: the hole transport layer (HTL), the 

emission layer (EML), and the electron transport layer (ETL).[2] Among these layers, the ETL 

plays a key role in determining the overall OLED performance and defines its final driving 

voltage, efficiency, and operational lifetime, evaluated as the operational lifetime at 50% of the 

initial luminance (LT50). Organic semiconductor materials for ETLs typically comprise 

electron-deficient aromatic compounds such as triazine, pyrimidine, pyridine, and 

phenanthroline derivatives.[3] Among these materials, terpyridine derivatives are known to 

show excellent OLED performances and long lifetimes.[4] For example, Xiao and co-workers 

developed a terpyridine end-capped spirobifluorene derivative named 27-TPSF and constructed 

high-efficiency and long-lifetime green phosphorescent OLEDs based on tris[2-(p-

tolyl)pyridine]iridium(III) [Ir(mppy)3], with a maximum external quantum efficiency (ext) of 

22.5% and a remarkable lifetime, with LT50 = 121 h at 10,000 cd m–2, which is approximately 

three times longer than that of devices using a conventional ETL, 1,3,5-tris(1-phenyl-1H-

benzimidazol-2-yl)benzene (TPBi).[4b,c] Sasabe and Kido have developed an oligopyridine-

based high-performance ETL (6,6'-BPy3TPy) end-capped with terpyridine moieties, which 

allowed the realization of long-life, deep-red phosphorescent OLEDs based on bis(2,3-

diphenylquinoxaline)iridium(dipivaloylmethane) [(DPQ)2Ir(dpm)] with an ext of 15.3% and 

LT50 = 1680 h at 400 cd m–2 (at the current density of 2.5 mA cm–2), which is longer than that 

of the device using 1,4-di(1,10-phenanthrorin-2-yl)benzene (DPB).[4d] Very recently, Sasabe 

and Kido also reported a chrysene-based phenylpyridine derivative named B4PyPC, which 

yielded high-efficiency and long-life green phosphorescent OLEDs based on tris(2-

phenylpyridinato)iridium(III) [Ir(ppy)3] with an ext of 17.8% and a long LT50 = 268 h at 11,170 

cd m–2 (at the current density of 25 mA cm–2), superior to the results of ETL based on the 
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anthracene/imidazole conjugate molecule, ZADN.[5] In this regard, a combination of terpyridine 

moieties and chrysene derivatives is a very intriguing option for the development of high-

performance phosphorescent OLEDs with long lifetimes. In this work, we designed and 

developed a novel terpyridine-modified chrysene derivative named B3TPyC and used as ETL 

materials. The OLEDs employing B3TPyC exhibited an ext of 17.5% at 1000 cd m–2 with LT50 

of over 258 h at the initial luminance of approximately 10,000 cd m–2 (current density: 25 mA 

cm–2), which corresponds to LT50 of 19,000 h at 1000 cd m–2. This is more than 1.5 times longer 

than that of the phenylpyridine counterpart named B3PyPC. These results clearly show 

the advantages of terpyridine-modified chrysene derivative as an ETL material for high-

performance, long lifetime OLEDs.

2. Results and Discussion

2.1 DFT calculation

To improve the thermal and electrical stability of phenylpyridine-based ETLs, we recently 

found that a flat and rigid polycyclic aromatic hydrocarbon (PAH), chrysene, could be used as 

a promising core skeleton to construct ETLs.[5] Here, in addition, we installed two different 

types of terpyridine moieties as end-cap groups into the 6 and 12 positions of the chrysene 

skeleton to realize structures with superior stabilities, enhanced electron injection abilities, and 

better electron mobilities, which are caused by planarity induced by terpyridine moieties, and 

by a network of multiple intermolecular weak C-H···N hydrogen bonds.[6] Density functional 

theory (DFT) calculations of B3TPyC were performed by Gaussian09[7] to estimate the 

optoelectronic properties of the materials, such as the energies of the highest occupied 

molecular orbitals (HOMOs), the lowest unoccupied molecular orbitals (LUMOs), and the 

excited singlet and triplet states (ES and ET). The optimized ground-state structures were 

calculated at the RB3LYP 6-31G (d) level, and single-point energies were calculated at the 

corresponding RB3LYP 6-311+G (d, p) levels. Here, we also showed the calculation results of 
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the phenylpyridine counterpart B3PyPC as a reference. The results are shown in Figure 1(a) 

and Table 1. Similar electron cloud distributions of HOMOs and LUMOs were observed in 

B3TPyC: HOMO showed a more significant electron density over the chrysene moiety 

irrespective of the peripheral pyridine rings, while LUMO showed bigger distributions on the 

atoms of the 2,6-dipyridylchrysene moiety. For a HOMO and LUMO pair, the energies were 

successively lower in the order of B3PyPC > B3TPyC, influenced by the electron-withdrawing 

ability of the peripheral pyridine rings. The terpyridine derivatives showed much deeper LUMO 

energies compared with those of the phenylpyridine derivative. Thus, superior electron 

injection abilities leading to low drive voltages in OLEDs were expected from B3TPyC 

compared with those of the phenylpyridine counterpart B3PyPC. All the ETs were calculated 

to be lower than 2.35 eV, which is attributed to the chrysene core skeleton.[5,8]

2.2 Synthesis and Thermal Properties

The target compounds were easily prepared via a two-step reaction comprising a Suzuki–

Miyaura coupling reaction from 6,12-dibromochrysene as a starting material (Scheme S1). The 

target compound B3TPyC was characterized using 1H-NMR, mass spectroscopy, and 

elemental analysis. The thermal properties, such as the 5% weight loss temperature (Td5), glass 

transition temperature (Tg), and melting point (Tm), were evaluated using thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). High Tms were observed at over 

380 °C, and high Td5s were observed at around 500 °C. These values indicate the high thermal 

stability of B3TPyC, attributable to the flat and rigid chemical structure of the chrysene 

skeleton. None of the compounds had Tg between 50 and 430 °C. Then, we investigated the 

optoelectronic properties of vacuum-deposited thin films of these materials. The UV-Vis 

absorption spectrum of the vacuum-deposited film of B3TPyC is presented in Fig. 1(b). This 

film exhibits a strong absorption peak at 346 nm, derived from the chrysene skeleton. The 

optical bandgap (Eg) was estimated to be 3.1 eV on the basis of the UV-Vis absorption edge. 

Page 4 of 16Journal of Materials Chemistry C



5

The PL spectrum is shown in Fig. 1(c). Terpyridine-based B3TPyC showed silightly longer 

peak wavelength compared with B3PyPC presumably due to the expanded -conjugation 

induced by the planarization effect of terpyridine groups. The ionization potential (Ip) was 

measured by photoelectron yield spectroscopy (PYS). The Ip decreased in the order of B3PyPC 

(–6.0 eV) > B3TPyC (–6.1 eV) as predicted from DFT calculations. Compared with that of 

phenylpyridine-based B3PyPC, terpyridine-based B3TPyC show deeper Ip value, most likely 

due to the stronger electron-withdrawing ability of their terpyridine end-capping moieties. The 

electron affinity (Ea) showed a similar trend and was estimated from the Eg and Ip values to be 

–2.8 eV for B3PyPC, and –3.2 eV for B3TPyC. Therefore, we can expect superior electron 

injection ability of terpyridine derivative B3TPyC as compared with those of phenylpyridine-

based B3PyPC. All the physical properties of B3TPyC are summarized in Table 1. 

2.3 Surface Morphology and Molecular Orientation

The surface roughness of 100 nm-thick films deposited onto indium-tin-oxide (ITO) was 

observed using a tapping mode atomic force microscope (AFM). All the films of B3PyPC and 

B3TPyC exhibited a root mean square (rms) roughness (Rrms) of less than 1 nm, which allows 

them to produce optimal optoelectronic devices by vacuum deposition (Fig. 2). Note that we 

were not able to observe the crystallization of the vacuum-deposited films in a week, and no 

crystallization was observed even after the deposition of Al metal cathode.

Then, we further investigated the molecular aggregation behavior in the deposited films using 

variable-angle spectroscopic ellipsometry (VASE).[9] We found that both films produced large 

optical anisotropies of the refractive indices and extinction coefficients, which mean highly 

horizontally oriented films. In particular, terpyridine-based B3TPyC qualitatively gave larger 

anisotropies of refractive indices than did phenylpyridine-based B3PyPC (Fig. 3). This is most 

likely due to the planarization effect of end-capping moieties induced by intra-molecular C-

H···N hydrogen bonds in terpyridines.[6] Similar trends, showing that the planarization effect 
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can yield superior horizontal orientation, have already been reported using bis-terpyridine 

derivatives n-TerPyB.[4a] Note that we did not quantify the order parameter S, because the 

peaks at around 350 nm were not large enough for a reliable evaluation. Further, compared with 

case when methylpyrimidine-based (BnPyMPM) derivatives[6a,b] are used, the contributions of 

weak hydrogen bonds involving the peripheral pyridine rings to the horizontal orientation seem 

to be relatively small, most likely due to the much larger contribution of -  interactions from 

the chrysene skeleton.

2.4 OLED performances

We fabricated tris(2-phenylpyridinato)iridium(III)  [Ir(ppy)3]-based OLEDs to verify the 

performances of B3TPyC as an ETL. The device structure was [ITO (130 nm) / triphenylamine 

containing polymer: 4-isopropyl-4’-methyldiphenyl-

iodoniumtetrakis(pentafluorophenyl)borate (PPBI)[10] (20 nm) / N,N’-di(1-naphthyl)-N,N’-

(1,1’-biphenyl)-4,4’-diamine (NPD) (20 nm) / Ir(ppy)3 12 wt% doped 3,3-di(9H-carbazol-9-

yl)biphenyl (mCBP) (15 nm)[11] / 2-(3’-(dibenzo[b,d]thiophen-4-yl)-[1,1’-biphenyl]-3-yl)-4,6-

diphenyl-1,3,5-triazine (DBT-TRZ)[12] (10 nm) / (8-quinolinolato) lithium (Liq) 20 wt% doped-

ETL (40 nm)/Liq (1 nm)/Al (100 nm)]. All the materials used in these OLEDs are shown in 

Fig. 4(a), and energy diagram is depicted in Fig. 4(b). In this device architecture, we used the 

exciton- and hole-blocking layer DBT-TRZ (ET = 2.90 eV)[12] between the emission layer and 

ETL to prevent the quenching of the triplet excitons of Ir(ppy)3. Further, we used Liq doped-

ETL for improved electron-injection and lifetime.[1f, 13] Current density–voltage and 

luminance–voltage (J–V and L–V) characteristics are displayed in Fig. 4(c) and 4(d), 

respectively. The turn-on voltage at 1 cd m–2 was recorded to be 2.42 V for B3TPyC and 2.51 

V for B3PyPC. Apparently, terpyridine-based B3TPyC derivatives gave lower operating 

voltages due to the deeper Ea. The maximum exts were recorded to be 18.7% for B3TPyC and 
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20.3% for B3PyPC (Fig. 4(e)). Although phenylpyridine-based B3PyPC gave a lower current 

density compared with terpyridine-based B3TPyC, it exhibited slightly better exts due to the 

superior carrier balance. The operating voltage at 1000 cd m–2 was recorded to be 3.46 V for 

B3TPyC and 3.61 V for B3PyPC. Owing to the low operating voltage, B3TPyC-based devices 

exhibited high power efficiencies of over 60 lm W–1 with ext of 18%. Finally, we evaluated the 

devices’ stabilities at the constant current density of 25 mA cm–2, which corresponds 

approximately to an initial luminance of 11,000 cd m–2 (Fig. 4(f)). From these measurements, 

terpyridine-based B3TPyC devices showed the best stability with a LT50 of over 258 h, which 

was more than 1.5 times longer than for those employing phenylpyridine-based B3PyPC. This 

value for the lifetime at 11,000 cd m–2 corresponds to a LT50 of approximately 19,000 h at 1000 

cd m–2.[14] As such, this terpyridine-based B3TPyC is clearly promising ETL materials for low 

operating voltage OLEDs, providing high stability. Further, we fabricated electron only devices 

using these ETLs to qualitatively evaluate the electron-transport properties (Figure S5). 

Consequently, the order of current density was B3PyPC > B3TPyC, and the tendency was 

same in that of OLEDs shown in Figure 4(c). Among terpyridine-based ETLs, the higher 

electron-transport properties led to the shorter lifetime in OLEDs.

3. Conclusion

We successfully developed a terpyridine-modified chrysene derivative B3TPyC, and 

investigated their optoelectronic properties as ETLs in phosphorescent OLEDs. We showed 

that B3TPyC can be easily prepared via a two-step reaction from commercially available 6,12-

dibromochrysene as a starting material, and that they exhibit excellent thermal stabilities thanks 

to the structural characteristics of the chrysene skeleton and high electron injection abilities 

caused by the terpyridine end-cap groups, which are more promising moieties than 

phenylpyridine end-cap groups. An AFM study showed B3TPyC formed very smooth films 

via a vacuum deposition technique, with a Rrms of less than 1.0 nm. VASE analyses revealed 
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that terpyridine groups clearly allow a superior horizontal orientation of the transition dipole 

moments. Finally, we successfully fabricated green phosphorescent OLEDs based on Ir(ppy)3 

using B3TPyC as the ETLs. The OLED with B3TPyC exhibited a low turn-on voltage of 2.4 

V, ext,100 over 18%, p,100 over 60 lm W-1, and a LT50 of approximately 19,000 at 1000 cd m-2, 

which was more than 1.5 times longer than that of the device with phenylpyridine-based 

B3PyPC. Although these data are preliminary results combined with well-known commercially 

available materials such as NPD, Ir(ppy)3, mCBP, and DBT-TRZ, however, we can clearly 

show the advantages of terpyridine-based chrysene derivatives compared with those of 

bipyridylphenyl derivatives, such as deeper Ea to enhance electron-injection leading to lower 

driving voltages, superior horizontal orientation potentially leading to high carrier mobility, and 

enhanced device stability. This approach is very informative, and reproducible in the scientific 

community. Unfortunately, the reason why terpyridine-modified chrysene derivatives showed 

better device stability compared with that of bipyridylphenyl derivatives is not clear at this stage. 

We believe that these results clearly show the potential and utility of terpyridine-based chrysene 

derivatives as ETLs for high-performance OLEDs with high operational stability.
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Fig. 1 (a) Molecular structures and the results of DFT calculations of B3PyPC and B3TPyC. 

(b) UV-vis absorption spectra, and (c) PL spectra of B3PyPC and B3TPyC vacuum-deposited 

films.
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Fig. 2 AFM images and Rrms values of 100 nm-thick films of (a) B3PyPC and (b) B3TPyC 

vacuum-deposited films.

 

Rrms = 0.97 nm

(b) B3TPyC(a) B3PyPC

Rrms = 0.41 nm
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Fig. 3 Anisotropies of the refractive indices and extinction coefficients of (a) B3PyPC (b) 

B3TPyC vacuum deposited films. The solid and broken lines indicate the horizontal and 

vertical components of the optical constants, respectively.

e) f)

(a)

(b)
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Fig. 4 (a) Chemical structures and (b) energy diagram of the fabricated devices. The device 
performance of the green OLEDs; (c) current density–voltage characteristics; (d) luminance–
voltage characteristics; (e) external quantum efficiency–luminance characteristics; and (f) 
normalized luminance as a function of operation time at the initial current density of 25 mA 
cm-2 for the devices employing either B3PyPC or B3TPyC as the ETL.
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Table 1. Properties of BnTPyCs derivatives.
Compound Mw Tg

a/Tm
a/Td5

b (°C) HOMOc/LUMOc/EH–L
d (eV) Ip

e/Eg
f/Ea

g (eV)

B3TPyC 690 n.d./381/501 –6.16/–2.39/3.77 –6.1/3.1/–3.0
B3PyPC 688 n.d./390/499 –5.87/–2.01/3.86 –6.0/3.2/–2.8

aTg and Tm were determined using DSC. bTd5 was determined using TGA. cHOMO and LUMO were calculated at the RB3LYP 
6-311+G(d,p)/RB3LYP 6-31G(d) level. dEH-L = HOMO–LUMO. eIp was determined using PYS. fEg was taken as the point 
where the normalized absorption spectra intersected. gEa was calculated using Ip and Eg. 

Table 2. Summary of OLED performances.
ETL Von

a

(V)
V100/c,100/p,100/ext,100

b

(V/cd A−1/lm W−1/%)
V1000/c,1000/p,1000/ext,1000

c

(V/cd A−1/lm W−1/%)
LT50

d (h)
@25 mA cm-2

LT50
e (h)

@1000 cd m-2

B3TPyC 2.42 2.85/74.2/67.3/18.7 3.46/57.4/63.3/17.5 258 ≈ 19000
B3PyPC[5] 2.51 3.04/75.3/72.9/20.2 3.61/58.1/66.8/18.6 170 ≈ 12000

DPB 2.43 2.88/76.1/69.5/19.3 3.43/54.9/59.9/16.6 243 ≈ 11000
aTurn-on voltage at 1 cd m−2. bVoltage, current efficiency (c), power efficiency (p), and external quantum efficiency (ext) at 
100 cd m−2. cVoltage, c, p, and ext at 1,000 cd m−2. dOperation lifetime at 50% of the initial luminance of approximately 
11000 cd m-2 (current density : 25 mA cm-2) eOperation lifetime at 50% of the initial luminance of approximately 1000 cd m-2 
estimated using the well known stretched exponential decay function.[13]
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Graphical Abstract

A terpyridine-modified chrysene derivative as an electron transporter to improve lifetime 
in phosphorescent OLEDs

Tsukasa Owada, Hisahiro Sasabe*, Yoshihito Sukegawa, Taiki Watanabe, Tomohiro 
Maruyama, Yuichiro Watanabe, Daisuke Yokoyama, Junji Kido*

A terpyridine-end-capped chrysene shows superior electron-transport ability with high 
operation stability in organic light-emitting devices (OLEDs). A green phosphorescent OLED 
exhibited a low turn-on voltage of 2.4 V at 1 cd m–2 and an external quantum efficiency of 
17.5% at 1000 cd m–2 with a long operation lifetime at 50% of the initial luminance (LT50) of 
19,000 h at 1000 cd m–2.
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