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Abstract

Although organic light-emitting devices (OLEDs) have been commercialized for display 

applications, electron-injection layers (EILs) still relied on alkali metals or their compounds to 

lower driving voltages, and hence reactivity with atmospheric moisture is a primary concern, 

especially in flexible devices. As an alternative strategy, combining electron transport 

materials (ETMs) based on 1,10-phenanthroline (Phen) derivatives with silver (Phen/Ag) has 

attracted much attention for developing air-stable EILs. However, most studies have focused 

on Phen derivatives. Herein, we developed a non-Phen ETM named DPmPy-BP based on 

2,6-di(pyrimidin-2-yl) pyridine skeleton. Combined with Ag (DPmPy-BP/Ag) as a 

potentially air-stable EIL, this ETM exhibited superior electron-injection properties and 

remarkable stability in preliminary green phosphorescent OLEDs achieving a maximum 

external quantum efficiency (EQE) of 20% and an operational lifetime (LT50) of 

approximately 17,000 hours at 1000 cd m-², which surpass those of Phen/Ag devices and are 
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comparable to devices using a conventional alkali metal compound 8-hydroxyquinolinolato-

lithium (Liq) as the EIL (DPmPy-BP/Liq). 

1. Introduction

Achieving better performance of organic light emitting diodes (OLEDs) requires low 

operating voltage technology to ensure lower electrical power consumption, longer lifetimes, 

and higher efficiency simultaneously. [1] For conventional OLEDs, a typical method to reduce 

the operating voltage is to modify the electron-injection barrier at cathode metal/electron 

transport material (ETM) interfaces using electron-injection layers (EILs) with low work 

function (WF) metals such as alkali metals, alkaline earth metals, and their compounds. [2-6] 

Since this conventional strategy would hamper operational stability of OLEDs due to their 

high reactivity and diffusivity, novel electron-injection methods that eliminate alkali metals 

have been attractive for both long-term stable OLEDs and further applications such as 

unencapsulated flexible devices. [7-10] 

As one potent approach, the combinations of 1,10-phenanthroline (Phen) based ETMs and 

cathode metals (Ag, Al) were reported functionable as air-stable EILs. [11-16] To achieve broad 

generalizability in developing the aforementioned ETMs, Yoshida firstly pointed out the 

pivotal role of the Ag-bathocuproine (BCP) complex by using low energy inverse 

photoemission spectroscopy. [13] Afterwards, Duan’s group developed a series of Phen 

derivatives by introducing various electron-donating moieties to investigate impacts on 

electron-injection doped with Ag. They concluded these combinations (Phen/Ag) act as n-

doping EIL through coordination induced activation. [14] Fukagawa and coworkers suggested 

that the electron-injection effect could be enhanced by modifying Phen skeleton with strong 

electron-donating group such as alkoxy groups, and dialkylamino groups. [16] Despite these 

findings, most ETMs reported applicable as Ag-partners are still confined to Phen derivatives. 
[17-19] Inevitably, when applied as ETMs, Phen derivatives present several drawbacks, 

including low triplet energy (ET), low glass-transition temperature (Tg) and limited synthetic 

variety. [6, 20, 21] 

In this work, we developed a novel non-Phen ETM named 2,6-di(pyrimidin-2-yl)-4-([1,1'-

biphenyl]-4-yl) pyridine (DPmPy-BP), also served as a potentially air-stable EIL

combined with Ag (Figure 1). Notably, DPmPy-BP demonstrates much better electron-

injection than 4′-([1,1′-biphenyl]-4-yl)-2,2′:6′,2′′-terpyridine[22] (TPy-BP) when doped with 
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Ag, Moreover, DPmPy-BP exhibits both higher ET, deeper ionization potential (Ip), and better 

electron-injection combined with Ag compared to the typical Phen derivative BCP, 

simultaneously. A green phosphorescent OLED device using DPmPy-BP as both the ETL 

and hole-blocking layer (HBL), with Ag-doped DPmPy-BP as the EIL, successfully achieved 

a lower turn-on voltage than devices using BCP/Liq or BCP/Ag. The maximum external 

quantum efficiency (EQE) of 20% and an operational lifetime (LT50) of approximately 17,000 

hours at 1000 cd m-2 surpass those of BCP/Ag devices and are comparable to devices using 

Liq as the EIL (DPmPy-BP/Liq). Furthermore, the atmospheric stability was also 

significantly improved over devices using Liq, indicating its potential effectiveness as an air-

stable EIL.

Figure 1. Concept of molecular design in this work

2. Results and Discussion

2.1. Molecular design and electronic structure calculation

To find a replacement of Phen derivatives in terms of metal coordination, it is paramount to 

extract the unique characteristic from the Phen skeleton. Perceptibly, different from other 

typical bidentate ligands, the planar Phen skeleton has no conformational isomer because of 

the structural rigidity. On the other hand, while recognized as a classic tridentate chelating 

ligand for transition-metal ions, [23] 2,2':6',2''-terpyridine (TPy) moiety is a well-known 

component for ETMs owing to its intrinsic electron-accepting nature, thermal stability, high 

ET, as well as abundance in chemical modification. [24] However, several conformational 

isomers of TPy would be induced (Figure 2a). [24a, 25] This issue raises concerns regarding 

metal coordination when used in the solid-state. In this context, by replacing both two 
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peripheral pyridines in TPy with pyrimidines, conformational isomers could be reduced to 

enhance metal complexation with Ag (Figure 2a). As such, we designed DPmPy-BP, and 

compared it with TPy-BP (Figure 2b). 

Prior to the synthesis of materials, to estimate the coordination ability as well as the 

optoelectronic properties, density functional theory (DFT) and time-dependent DFT (TD-

DFT) calculations were conducted utilizing Gaussian09[26] with the B3LYP/6-31G(d) basis 

set. The optimized geometric structures, frontier molecular orbitals and electrostatic potential 

(ESP) maps are depicted in Figure 2. Both TPy and DPmPy exhibited quasi-planar 

geometries as the most stable conformation, where the twisted angles between peripheral and 

core rings were below 2° and 3°, respectively. However, for TPy-BP, neither peripheral 

pyridine rings rotated similarly to the isomer of TPy-metal complex because of steric strain 

and the formation of the intramolecular CH···N hydrogen bonds (H-bonds). To further clarify 

possible conformational isomers of TPy-BP and DPmPy-BP, potential energy surface (PES) 

scan was also performed (Figures S1-S2). In contrast with TPy-BP, the conformation isomers 

of DPmPy-BP were confirmed to be reduced as expected.

Consequently, the maximum ESP of DPmPy-BP was confirmed to localize around the 

nitrogen atoms in DPmPy unit while that of TPy-BP was close to each nitrogen atoms in 

terpyridine moiety. Thereby the maximum ESP of DPmPy-BP, which was -0.098, was about 

twice larger than that of TPy-BP. Such results indicated higher nucleophilicity and stronger 

intermolecular H-bonds as well as coordination ability with metals of DPmPy-BP comparing 

to TPy-BP. In addition, the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) levels of DPmPy-BP were slightly deeper than those 

of TPy-BP due to increased electron-accepting abilities from the additional nitrogen atoms. 

The ET values were over 2.85 eV suggesting their possible applications to blue and green 

phosphorescent and/or thermally activated delayed fluorescent (TADF) OLEDs. Results of 

BCP were also compared (Figures S3-S4).
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Figure 2. (a) The schematic illustration of molecular design. (b) Chemical structures of TPy-

BP and DPmPy-BP. (c) HOMO and LUMO distributions and energy levels; HOMO-LUMO 

energy differences (EH-L); and the lowest triplet energy (ET). (d) Electrostatic potential maps 

of TPy-BP and DPmPy-BP.

2.2. Synthesis and physical properties

The synthetic route of DPmPy-BP is shown in Figure S5. DPmPy-BP could be easily prepared 

on the gram scale by a two-step reaction, starting with the Kröhnke-type ring-closure reaction 

then followed by Suzuki coupling reaction. The target compound was characterized by 1H and 
13C nuclear magnetic resonance (NMR), mass spectrometry (Figures S6-S7), elemental analysis 

and purified by temperature-gradient vacuum sublimation. The molecular structures of TPy-

BP and DPmPy-BP were confirmed by X-ray diffraction (XRD) analysis of the single crystals 

(Figures S8-S9, Table S1). The dihedral angles between two peripheral pyrimidine and core 

pyridine rings of DPmPy-BP (A’-B’: 170.52°, A’-C’: 171.28°) are slightly smaller than those 

of TPy-BP (A-B: 177.38°, A-C: 178.37°), suggesting quasi-planar structures of both TPy and 

DPmPy parts. Remarkably, the most stable conformation of DPmPy-BP in crystals was 

desirable to strengthen metal complexation as expected.

The thermal properties of TPy-BP and DPmPy-BP were investigated by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) (Figures S10-S11 and Table 1). 

With comparable molar weight, DPmPy-BP exhibited a higher Td5 value about 375 °C. No Tg 
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curve was detected from these two molecules. Note that two different Tc values of TPy-BP 

could be inferred from the separately conformational changes of two peripheral pyridines 

under heating. The Tm values increased as TPy-BP (199 ˚C) < DPmPy-BP (274 ˚C) 

indicating the rising intermolecular interactions in the same order as predicted. Then the 

photophysical properties such as ionization potential (Ip), optical energy gap (Eg) and ET were 

investigated by using photoelectron yield spectrometry (PYS), UV-vis absorption spectra and 

low-temperature photoluminescence (PL) spectra in dilute 2-methyltetrahydrofuran solutions, 

respectively (Figures S12-S15 and Table 1). The electron affinity (Ea) was then determined by 

the Ip and Eg values. DPmPy-BP exhibited deeper Ip value of 6.55 eV, indicating its potential 

usefulness as hole-blocking layer (HBL). Consistent with the DFT calculations, deeper Ea 

value of DPmPy-BP suggested that when only taking energy level into account, its electron-

injection barrier from the cathode aluminum metal would be lower than TPy-BP. 

Furthermore, both TPy-BP and DPmPy-BP exhibited high ET values of around 2.7 eV 

estimated from the onset of phosphorescence spectra.

Table 1. Summary of physical properties
Tg

a/ Tc
a/ Tm

a / Td5
b HOMOc/LUMOc/ET

d Ip
e/Eg

f/Ea
g/ET

h

ETM MW
[℃] [eV] [eV]

BCP 360.5 86/ 143/ 287/ 317 -5.96/ -1.46/ 2.61 6.45/ 3.65/ 2.80/ 2.6

TPy-BP 385.5 n.d./ 108/ 199/ 327 -5.95/ -1.50/ 2.86 6.50/ 3.51/ 2.99/ 2.78
DPmPy-BP 387.4 n.d./ n.d./ 274/ 375 -5.98/ -1.59/ 2.89 6.55/ 3.51/ 3.04/ 2.68

a) Tg, Tc and Tm values were confirmed by DSC. b) Td5 was measured using TGA. c,d) Calculated at 
the B3LYP/6-31G(d)// B3LYP 6-31G(d) level. d) Calculated triplet energies. e) Ip was determined by 
using PYS. f) Eg was estimated at the point of intersection of the UV-vis spectra, g) The value of Ea 
was calculated using Ip and Eg. h) ET was determined from the onset of the phosphorescent spectra at 
80 K in 2-methyltetrahydrofuran. ET of BCP was reported previously. [27]

2.3. Electron-injection and interactions with silver 

To verify the actual electron-injection barriers (EIB) from Al cathodes, the changes of 

vacuum levels (Evac) were investigated by ultraviolet photoelectron spectroscopy (UPS) 

measurements on samples of [ITO/Al (20 nm)] and [ITO/Al (20 nm)/ETL: Ag (5 nm, 80 

wt%: 20 wt%)] (Figure 3a and S19). The Ag doping concentration of 20 wt% were 

determined to maintain the molar ratio of ETMs:Ag over 1:1 aiming for facilitated silver 

complexation, while manipulated by a volume ratio of 4.88:0.12 during the film sublimation 

(Table S2). The Evac, which was obtained from the measured energy of the secondary-electron 

cutoff, [28] shifted down for all Ag-doped ETMs, in detail, TPy-BP (0.16 eV) < BCP (0.54 

eV) < DPmPy-BP (0.73 eV). In comparison to their Ea values, the Schottky type EIB from 
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cathodes increased with the order of DPmPy-BP (0.43 eV) < BCP (0.86 eV) < TPy-BP (1.05 

eV) (Figure 3b). When combined with silver, DPmPy-BP showed better electron-injection 

ability than both BCP and TPy-BP, demonstrating its potential as a new Ag-partner in terms 

of the air-stable EIL.

To further discuss the interactions between silver and ETMs, X-ray photoelectron 

spectroscopy (XPS) measurements were carried out to study the chemical state of silver 

(Figure 3c). Interestingly, for TPy-BP the core level of Ag 3d nearly remained unshifted 

while that of DPmPy-BP shifted for about 0.6 eV, suggesting much stronger complexation of 

silver when interacted with DPmPy-BP than TPy-BP. In conformity with our design strategy 

and DFT calculation, this result affirmed that Ag complexation depended on the 

conformational isomerism of ligands. Furthermore, with all aspects considered, it possibly 

validated that the electron-injection of ETMs combined with Ag correlated with the 

conformation-dependent Ag complexation.
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Figure 3. (a) UPS analysis of ITO/Al (20 nm), ITO/Al (20 nm)/ETL: Ag (5 nm, 80wt%: 20 
wt%) in the secondary electron cutoff region. (b) Summary of the energy diagrams estimated 
by the UPS, PYS and UV-vis measurements around Al cathode where ∆Evac and EF stand for 
the shift of vacuum levels and the fermi level, respectively. The WF of Al was determined based 
on the UPS. [29] (c) XPS analysis of ITO/Ag (20 nm), ITO/Ag (20 nm)/ETL (7 nm).

2.4. OLED fabrication and performance

To demonstrate the potential usefulness of DPmPy-BP serving as the ETL, the HBL, and as 

the EIL combined with silver simultaneously, conventional green phosphorescent OLEDs 

based on Ir(ppy)3
[30] with the structures of [ITO (100 nm)/polymer buffer[31] (20 nm)/NPD 

(10 nm)/4DBFHPB[32] (10 nm)/DIC-TRZ[33] : Ir(ppy)3 (20 nm, 88 wt%: 12 wt%)/ETL (50 

nm)/Liq (1 nm)/Al (100 nm)] and [ITO (100 nm)/polymer buffer (20 nm)/NPD (10 

nm)/4DBFHPB (10 nm)/DIC-TRZ : Ir(ppy)3 (20 nm, 88 wt%: 12 wt%)/ETL (45 nm)/ETL: 

Ag (5 nm, 80 wt%: 20 wt%)/Al (100 nm)] were fabricated (Figure S20). Both BCP (Figure 4, 

Table 2) and TPy-BP (Figures S21-26, Table S3) were compared. 
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The energy diagram of the device is displayed in Figure 4a and S18. As depicted in Figure 4 

and summarized in Table 2, all the devices showed typical green electroluminescence (EL) 

from Ir(ppy)3 with a peak wavelength of 516 nm. Slight changes on the shoulder peak around 

560 nm, probably attributed to the differently localized emitting center presumably due to the 

carrier balance in each device. For Liq-based devices, in contrast to BCP, DPmPy-BP 

exhibited lower current densities (J) and causally lower luminance (L) in the low voltage (V) 

region (~ 2.4 V), attributed to a larger electron-injection barrier from DPmPy-BP to EML 

induced by its deeper LUMO. Impressively, with a steeper rise in the J-V characteristics of 

DPmPy-BP, both the turn-on voltage (Von) and the operational voltage of certain L were 

relatively lower than those of BCP, implying better electron transporting properties of 

DPmPy-BP. Due to more balanced carriers conducted by faster electrons, DPmPy-BP 

achieved a higher maximum EQE around 23%, better roll-off performance, and a longer 

lifetime (LT50) around 16 000 h with an initial luminance (L0) of 1 000 cd m−2.

On the other hand, for Ag-doped devices, the variety of the electron-injection properties from 

the cathode to ETMs demonstrated dominating impacts on the device performance. Compared 

ETL:Ag with Liq as EIL, the changes in electron-injection abilities from cathodes to ETLs 

resulted in changes of the carrier balances, thus EQEs changed. It is noteworthy that being 

comparable to its Liq-based device, DPmPy-BP combined with Ag exhibited much lower 

Von, better J-V and V-L characteristics, as well as higher EQE in contrast to BCP. Especially, 

small inferiority on the roll-off, comparing to its Liq-based device, a prolonged LT50 over 16 

900 h at 1000 cd m−2 was recorded for the DPmPy-BP/Ag device, surpassing that of 

BCP/Ag. 

To further evaluate the electron-injection effect from the Al cathode to the ETMs, electron-

only devices (EODs) with structures of ITO/ETL (60 nm)/Liq (1 nm)/Al (100 nm) and 

ITO/ETL (55 nm)/ETL: Ag (5 nm, 80 wt%: 20 wt%)/Al (100 nm) were fabricated, where 

BCP, TPy-BP and DPmPy-BP were used as ETLs. As shown in Figure S27, comparing to 

the Liq-based EODs of all ETMs, the J of their Ag-doped EODs are individually lower at the 

same V. Considering the quantification of the electron-injection performance, the J ratio of 

Ag-doped ETLs to Liq based on J-V of EODs was plotted versus the average applied electric 

field (Figure S28). Under an average electric field of 200 kV cm-1, the J ratio increased with 

the order of TPy-BP (0.01) < BCP (0.06) < DPmPy-BP (0.77), suggesting superior electron 
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injection from the cathode to the ETM of DPmPy-BP when doped with Ag, which was 

consistent with both the results of UPS and the performance of devices.

Finally, to assess the air-stability, images of the unencapsulated OLEDs were with the driving

voltage fixed at 7 V (Figure S29). The luminance differed due to the differences in J-V

characteristics, with TPy-BP/Liq and DPmPy-BP/Liq having higher initial luminance but the

increase of the number and the size of the dark spots and the shrinkage of the emitting area

were obvious. The BCP/Liq and BCP/Ag devices were even worse, possibly due to the 

unstable nature of BCP. [6] For example, more than 100 dark spots were observed after 24 h

in the BCP/Ag and BCP/Liq devices, while only several dark spots were observed in the

DPmPy-BP/Ag device. Regarding the proliferation of black spots, area shrinkage and 

brightness, the DPmPy-BP/Ag device apparently exhibits best air stability among all

conditions. These results highlighted the suitability of DPmPy-BP as a superior electron-

transporting Ag-partner in terms of the air-stable EIL.
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Figure 4. (a) The energy diagram of OLED devices and the chemical structures of molecules 

used. (b) Normalized EL spectra. (c, d) The current density and luminance versus voltage 
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characteristics. (e) EQE versus luminance characteristics. (f) Operation lifetime of encapsulated 

devices till 50% of initial luminance at 25 mA cm-2.

Table 2. Summary of OLED performance
Von

a V100/p,100/c,100/ext,100
b V1000/p,1000/c,1000/ext,1000

c LT50
delectron-

injection
ETM

[V] [V/lm W-1/cd A-1/%] [V/lm W-1/cd A-1/%] [h]

BCP 2.49 4.10/ 45.1/ 59.2/ 16.2 5.52/ 31.7/ 55.7/ 15.7 14892
Liq

DPmPy-BP 2.41 3.13/ 81.4/ 81.0/ 22.8 3.97/ 61.8/ 78.0/ 21.9 16291
BCP 2.82 4.38/ 45.9/ 64.0/ 17.9 5.76/ 33.0/ 60.6/ 17.0 8305

ETM:Ag
DPmPy-BP 2.43 3.32/ 63.7/ 67.3/ 18.8 4.40/ 43.3/ 60.6/ 16.9 16913

a) Turn on voltage (Von) at 1 cd m-2. b) Voltage (V), power efficiency (p), current efficiency (c) and 
external quantum efficiency (ext) at 100 cd m-2. c) V, p, c and ext at 1000 cd m-2. d) Operational 
lifetime at 50% (LT50) at 1000 cd m−2, using the formula LT(L1) = LT(L0) (L0/L1) n [34], where L1 is the 
desired luminance while the escalation factors (n) are determined to be 1.75.

3. Conclusion

As a potential air-stable EIL combined with Ag, we developed a novel non-Phen derivative

named DPmPy-BP. Remarkably, compared with the conventional Phen-based ETM such as 

BCP, DPmPy-BP had deeper Ip value around 6.55 eV and Ea value of 3.04 eV, as well as 

higher ET values around 2.7 eV. This ETM also exhibited much better electron-injection 

properties when doped with Ag probably due to the conformation-dependent metal 

complexation. As a proof-of-concept, the corresponding green phosphorescent OLEDs using 

DPmPy-BP/Ag achieved a lower turn-on voltage, a higher EQE, and higher operational 

stability compared with those based on BCP/Ag. These performances were also comparable 

to those based on the conventional alkali metal compound Liq as the EIL (DPmPy-BP/Liq). 

Consequently, we propose DPmPy derivatives as promising candidates for advanced ETMs, 

given high ET, superior electron-injection with silver, and enhanced potential for chemical 

modifications. We believe that our work would inspire the development of new materials and 

illuminate the path toward next generation OLED industry.
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