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ABSTRACT

In this work, a novel deep-red (638 nm) iridium complex, Ir(bp3b)2(dend), is

developed. This compound exhibits suitable physical properties for a phos-

phorescent emitter. First, Ir(bp3b)2(dend) and its doped film exhibit balanced

charge-transporting ability. Second, methyl and pentyl groups in ligands

weaken the intermolecular interaction and endow Ir(bp3b)2(dend) with good

film-formation property and low concentration sensitivity. Third, short phos-

phorescence lifetime (1073.2 ns) indicates that it is relatively easy for triplet

exciton to return to the ground state in the form of phosphorescence. Therefore,

Ir(bp3b)2(dend)-doped device displays high efficiencies (8.93 cd A-1,

11.57 lm W-1, 15.63%), low roll-off of efficiencies, relatively low concentration

sensitivity (from 5 to 10%), long device lifetime (T75: 11,166 h at 100 cd m-2) and

very stable electroluminescent spectra (from 1 cd m-2 to maximum luminance).

This performance is comparable to those of previous record deep-red

(635–645 nm) phosphorescent emitters. More importantly, compared with pre-

vious record emitters, Ir(bp3b)2(dend) reports more kinds of excellent parame-

ters. Such comprehensive deep-red phosphorescent emitter is rare at present.

1 Introduction

Organic light-emitting diodes (OLEDs) are mainly

utilized for display and lighting [1, 2]. At present, the

commonly used emitter in commercial OLEDs is

iridium(III) complex [3, 4]. To realize high purity full-

color display, high-performance deep-blue, blue,

geen, yellow, orange, red and deep-red iridium

complexes are indispensable. At present, blue, geen,

yellow, orange and red iridium complexes have been

commercially used. In comparison, high-performance

deep-blue and deep-red (kem C 630 nm) iridium

complexes are rare [5]. To solve this problem,
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researchers have carried out many excellent studies

[6–10]. In the past decade, a series of new deep-red

iridium complexes have been developed [11–23].

However, several aspects need to be improved for

deep-red iridium complex. First, more high-perfor-

mance deep-red iridium complex should be devel-

oped because compared with common iridium

complexes in other colors, deep-red iridium complex

is much less [5–23]. Second, the charge-transporting

ability of deep-red iridium complex is usually

unbalanced because extending conjugation length or

introducing electron-donating group are usually

adopted to make the emission color reach deep-red

region and this enhances the hole-transporting ability

[15, 16, 21, 23]. Third, the roll-off of efficiency should

be lowered because the device efficiencies of most of

deep-red iridium complexes are not satisfactory

[5–23]. Fourth, the concentration sensitivities of most

reported deep-red iridium complexes are high

[5, 6, 16, 17]. Finally, most of deep-red iridium com-

plexes report limited kinds of excellent parameters

and comprehensive emitter is rare at present [5–23].

To solve these problems, developing new molecular

structure is essential. Hence, developing novel deep-

red iridium complex with balanced charge-trans-

porting ability, high device efficiency and low roll-off

of efficiency/concentration sensitivity is still highly

desired.

In previous publications [24–27], we observe that

steric-hindrance groups in ligands can endow irid-

ium complex with high performance. Hence, in our

previous work, we design a green-yellow iridium

complex with triphenylsilyl group as steric-hin-

drance group [2]. Experimental results reveal that

triphenylsilyl group can endow iridium complex

with favorable intermolecular interactions and then

high device performance (high efficiency, low roll-off

of efficiency, relatively low concentration sensitivity,

long device lifetime and very stable electrolumines-

cent spectra). These works indicate that the intro-

duction of steric-hindrance group into the

cyclometalated ligand may be a useful strategy for

solving above problems. Steric-hindrance group

includes alkyl group and aryl group. Hence, devel-

oping deep-red iridium complex with alkyl/aryl-

functionalized ligands is worth trying.

Herein, a novel deep-red (638 nm) iridium complex,

Ir(bp3b)2(dend), was developed (Scheme 1). 3-(5,6-

Bis(3,5-dimethylphenyl)pyrazin-2-yl)-4-methylben-

zonitrile (bp3b) and 3,7-diethylnonane-4,6-dione

(dend) were adopted as the main ligand and ancillary

ligand, respectively [28–31]. Meanwhile, methyl and

pentyl groups were introduced into the ligands to

adjust the intermolecular interaction. Based on this

design, Ir(bp3b)2(dend) exhibited fascinating physical

properties: very balanced charge-transporting ability,

good film-formation property, short phosphorescence

lifetime (1073.2 ns) and low concentration sensitivity.

Appropriate physical properties brought about high

performance for Ir(bp3b)2(dend)-doped device: high

efficiencies (8.93 cd A-1, 11.57 lm W-1, 15.63%), low

roll-off of efficiencies, relatively low concentration

Scheme 1 The synthetic

procedures of Ir(bp3b)2(dend)
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sensitivity (from 5 to 10%), long device lifetime (T75:

11,166 h at 100 cd m-2) and very stable electrolumi-

nescent spectra (from 1 cd m-2 to maximum lumi-

nance). These results indicated that Ir(bp3b)2(dend)was

a good and comprehensive deep-red phosphorescent

emitter.

2 Experimental section

2.1 General information

All the chemical reagents were purchased from

commercial sources and used as received without

purification unless otherwise noted. 1H and 13C NMR

spectra were measured using an AVANCE 400 MHz

spectrometer (Bruker). Mass spectrometry were

characterized by Shimazu LCMS2020 instrument.

Elemental analyses were performed on a flash EA

1112 spectrometer. Ultraviolet–visible (UV–vis)

absorption spectra were tested using a Hitachi

U-3900 spectrophotometer. A Horiba FluoroMax-4

spectrophotometer spectrometer was used for fluo-

rescence spectra. Thermal gravimetric analysis (TGA)

and differential scanning calorimetry (DSC) charac-

teristics were determined by TA Q600 thermo-

gravimeter and NETZSCH DSC204 instrument using

the heating rate of 10 �C min-1 under nitrogen

atmosphere. The cyclic voltammetry has been inves-

tigated by electrochemical workstation, the working

electrode was a platinum electrode, the reference

electrode was an Ag electrode, and the counter elec-

trode was a platinum wire. The photoluminescence

quantum yields (PLQYs) were measured with the

Yokohama C9920-02G assay system.

Geometry optimizations of ground state of the

materials were carried out using Becke-Lee-Young-

Parr composite exchange correlation (B3LYP) meth-

ods. The Los Alamos Lab (LANL2DZ) basis sets were

employed for the Ir atom and ‘‘Double-œ’’ quality

basis sets were employed for the ligands (6-31G*).

Time dependent density functional theory (TD-DFT)

was used to obtain the vertical excitation energy. The

geometry of the lowest triplet-state was examined by

optimizing the structure at the spin-unrestricted

B3LYP level, and the phosphorescence emission

energies of the models were calculated by TD-DFT

method. All calculations have been performed using

Gaussian 16 package.

2.2 OLED fabrication and characterization

All devices were fabricated on indium tin oxide (ITO)

substrate. ITO substrate was treated with Plasma for

5 min before being transferred to a vacuum deposi-

tion chamber. Then, organic and inorganic layers

were evaporated sequentially through a shadow

mask at the pressure of 5.0 9 10–4 Pa. After the

device was finished, its current–voltage-luminance (J-

V-L) characteristics, electroluminescent (EL) spectra

and brightness were measured with s system con-

taining a Keithley 2400 and spectrograph PR-670. All

measurements were carried out under nitrogen con-

ditions at room temperature.

2.3 Synthesis

2.3.1 5,6-Bis(3,5-dimethylphenyl)pyrazin-2-yl

trifluoromethanesulfonate (M1)

To a three-necks round-bottom flask, 5,6-bis(3,5-

dimethylphenyl)pyrazin-2-ol (39.1 g, 128.5 mmol),

triethylamine (36.6 mL, 263.3 mmol) and dichlor-

omethane (650 mL) were added. After degassed

throughly, trifluoromethanesulfonic anhydride

(33.2 mL, 197.3 mmol) was added slowly below

– 20 �C. Then, the mixture was stirred at room tem-

perature for 26 h. After reaction finished, distilled

water (440 mL) and hydrochloric acid (44 mL) were

added. The mixture was stirred for 20 min and then

extracted by dichloromethane (900 mL 9 3) for three

times. The organic phase was washed by saturated

sodium bicarbonate solution and then dried by anhy-

drous sodium sulfate. The solution passed through a

buchner funnelwhichwasfilledwith silica gel. Finally,

the organic solvent was removed by rotary evapora-

tion and an oily product (56 g) was obtained. Yield:

nearly 100%. 1HNMR (400 MHz, DMSO-d6, d): 9.00 (s,
1H), 7.07 (d, J = 4 Hz, 2H), 7.03 (s, 2H), 7.00 (s, 2H), 2.20

(d, J = 4 Hz, 12H). 13C NMR (400 MHz, CDCl3, d):
24.76, 83.70, 127.77, 129.51, 133.80, 133.92, 135.55,

136.27, 137.70. HR-MS: 437.11434 [M ? H]? (calcd:

436.11).

2.3.2 3-(5,6-Bis(3,5-dimethylphenyl)pyrazin-2-yl)-4-

methylbenzonitrile (bp3b)

To a three-necks round-bottom flask, 5,6-bis(3,5-dime-

thylphenyl)pyrazin-2-yl trifluoromethanesulfonate (56 g,

128.3 mmol), (5-cyano-2-methylphenyl)boronic acid

J Mater Sci: Mater Electron (2022) 33:23075–23087 23077



(24.81 g, 154.1 mmol), tripotassium phosphate (95.4 g,

449.4 mmol), tris(dibenzylideneacetone)dipalladium

(1.2 g, 1.31 mmol), tris(2,6-dimethoxyphenyl)phosphine

(2.3 g, 5.20 mmol), toluene (1000 mL) and distilled water

(100 mL)wereadded.Afterbeingdegassed throughly, the

mixturewas refluxed for 8 h. The reactionwasmonitored

by thin layer chromatography (TLC). If the reaction was

not complete, additional catalytic agent (about 0.25

equivalent) was added. After reaction finished, distilled

water (1000 mL) was added and then the mixture was

stirred for 20 min. The organic phase was separated and

theaqueousphasewasextractedby toluene (300 mL 9 3).

After dried by anhydrous sodium sulfate, the solution

passed through a buchner funnel which was filled with

silica gel. The organic solvent was removed by rotary

evaporation and then petroleum ether (2000 mL) was

added. The mixture was stirred and refluxed for 15 h.

After being cooled to room temperature, the mixture was

filtrated and the filter cake was washed by petroleum

ether. Finally, after being diried in an oven (60 �C) for 6 h,

theproductwasobtained.Yield: 82%. 1HNMR(400 MHz,

DMSO-d6, d): 8.90 (s, 1H), 8.09 (s, 1H), 7.88 (dd, J = 4 Hz,

1H), 7.62 (d, J = 8 Hz, 1H), 7.08 (d, J = 8 Hz, 4H), 7.03 (s,

2H), 2.52 (s, 3H), 2.20 (d, J = 4 Hz, 12H). 13C NMR

(400 MHz, CDCl3, d): 21.08, 21.21, 110.34, 118.62, 127.40,
127.45, 130.44, 131.92, 132.11, 133.58, 137.60, 137.64, 138.00,

138.11, 141.16, 142.28, 149.64, 151.43, 152.19. HR-MS:

404.21177 [M ? H]? (calcd: 403.20).

2.3.3 [(bp3b)2Ir(l-Cl)]2

To a three-necks round-bottom flask, bp3b ligand

(4.2 g, 10.41 mmol), iridium trichloride (1.67 g,

4.74 mmol), 2-ethoxyethanol (42 mL) and distilled

water (14 mL) were added. After being degassed for

three times, the mixture was stirred at 120 �C for 24 h

under nitrogen atmosphere. After being cooled to

room temperature, the mixture was filtrated and the

filtrate cake was washed by methanol. Finally, the

product was dried in an oven (50 �C). Yield: 73%.

2.3.4 Ir(bp3b)2(dend)

To a three-necks round-bottom flask, [(bp3b)2Ir(l-
Cl)]2 (3.6 g, 1.74 mmol), sodium carbonate (1.8 g,

16.98 mmol) and N, N-dimethylformamide (50 mL)

were added. After being degassed for three times,

3,7-diethylnonane-4,6-dione (1.4 g, 6.59 mmol) was

added under nitrogen. The mixture was stirred at

140 �C for 4 h. After reaction finished, the solvent

was removed by rotary evaporation and the residue

was dissolved in dichloromethane. The solution

passed through a buchner funnel which was filled

with silica gel. The organic solvent was removed by

rotary evaporation and the obtained solid was dis-

solved in dichloromethane again. Then, methanol

was added into the solution and product precipi-

tated. The mixture was filtrated and filtrate cake was

washed by methanol. After being dried in an oven at

60 �C, relatively pure sample (1.5 g) was obtained.

Yield: 36%. The product was further purified by

vacuum sublimation. Sublimation yield: 76%. 1H

NMR (400 MHz, CDCl3, d): 8.43 (s, 2H), 7.64 (d,

J = 4 Hz, 2H), 7.58 (d, J = 4 Hz, 1H), 7.56 (d, J = 4 Hz,

1H), 7.36–7.40 (m, 5H), 7.17 (s, 2H), 6.85 (s, 2H), 6.51

(s, 2H), 5.10 (s, 1H), 2.46 (s, 7H), 2.39 (s, 11H), 1.97 (s,

6H), 1.77–1.84 (m, 2H), 1.54 (s, 1H), 1.44 (s, 6H),

1.17–1.39 (m, 9H), 0.40 (t, J = 8 Hz, 6H), 0.32 (t,

J = 8 Hz, 6H). 13C NMR (400 MHz, CDCl3, d): 11.80,
20.71, 20.90, 21.30, 24.00, 25.93, 26.65, 54.79, 100.64,

110.15, 118.39, 126.81, 127.30, 129.87, 131.14, 131.77,

131.92, 132.24, 133.18, 137.00, 138.67, 139.47, 142.51,

144.36, 144.49, 145.66, 147.18, 152.77, 160.94, 191.07.

MS: 1210 [M ? H]? (calcd: 1209.53). Anal. Calcd for

C69H72IrN6O2: C 68.52, H 6.00, N 6.95; found: C 68.49,

H 6.01, N 6.97.

3 Results and discussion

3.1 Synthesis and thermal properties

Ir(bp3b)2(dend) was prepared through four steps

(Scheme 1). First, hydroxyl group was activated by

trifluoromethanesulfonic anhydride. Then, bp3b

ligand was prepared through a Suzuki reaction.

Sequentially, chloridebridged dimer was obtained

from bp3b ligand and iridium trichloride. Finally, 3,7-

diethylnonane-4,6-dione (dend) reacted with chlo-

ridebridged dimer to provide Ir(bp3b)2(dend). Fur-

ther purification was carried out by sublimation and

electronic grade product was fully characterized by
1H NMR, 13C NMR, mass spectra and element anal-

ysis (Figs. S1–S9).

bp3b ligand possesses two coordination sites. One

is at the ortho-position of 4-methylbenzonitrile group

and another one is at the meta-position of 4-methyl-

benzonitrile group. Obviously, the steric hindrance at

ortho-position site is much higher than that at meta-

position site. From the point of steric hindrance,
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iridium will mainly coordinate at the meta-position

site. Meanwhile, in previous patents [28–31], a Japan

company reports similar iridium complexes. Those

complexes also display meta-position coordination

structure. Hence, we think the product in this work is

also meta-position coordination structure (Scheme 1).

The thermal property of Ir(bp3b)2(dend) was

investigated by thermogravimetric analysis (TGA)

and differential scanning calorimetry (DSC) (Fig. 1;

Table 1). The decomposition temperature (Td) (cor-

responding to 5% weight loss) of Ir(bp3b)2(dend) was

determined to be 384 �C, indicating that Ir(bp3b)2
(dend) possessed high thermal stability. No glass

transition was detected. Meanwhile, no crystal was

obtained through common growth methods. This

was probably because the alkyl groups in ligands

weakened the intermolecular interaction and pre-

vented the molecular crystallization. This character-

istic was beneficial for preparing uniform amorphous

film which could promote the device efficiency and

lifetime.

3.2 Electrochemical properties
and theoretical calculation

Cyclic voltammetry (CV) measurement was utilized

to investigate the electrochemical property of

Ir(bp3b)2(dend) (Fig. 2b). Reversible oxidation

behavior was observed and no reduction wave was

detected. From the oxidation wave, its highest occu-

pied molecular orbital (HOMO) energy level was

determined to be - 5.27 eV. Meanwhile, its lowest

unoccupied molecular orbital (LUMO) energy level

was estimated to be - 3.20 eV from its HOMO and

absorption spectra. The appropriate HOMO and

LUMO energy levels might help the carrier injection

from charge-transporting layer to emitting layer.

The orbital spatial distribution, frontier orbital

energy levels and energy level compositions of

Ir(bp3b)2(dend) were examined by density functional

theory (DFT) calculations (Fig. 2a and Table S1). The

HOMO and LUMO orbitals corresponded to 280 and

281 orbitals. From the calculation results of 280 and

281 orbitals, it could be seen that the HOMO orbital

uniformly distributed on iridium atom and three

Fig. 1 a TGA and b DSC

thermograms of

Ir(bp3b)2(dend)

Table 1 Physical properties of Ir(bp3b)2(dend)

Compound Td
a

[�C]
kabs

b [nm] kem
c

[nm]

FWHMc

[nm]

Ud

[%]

sc [ns] HOMOe/LUMOf

[eV]

Eg
g

[eV]

Ir(bp3b)2(dend) 384 206, 219, 290, 366, 421,

503

640 58.3 56.2 1073.2 –5.27/–3.20 2.07

aTd: decomposition temperature corresponding to 5% weight loss
bMeasured in CH2Cl2 solution (10–5 M) at room temperature
cMeasured in degassed CH2Cl2 solution (10–5 M) at room temperature
dMeasured in degassed CH2Cl2 solution (10–5 M) at room temperature
eHOMO was obtained from the peaks of oxidation curve
fLUMO was calculated from HOMO and Eg (LUMO = HOMO ? Eg)
gEg was estimated from the right onset of absorption spectra (Eg = 1240/kabs)

J Mater Sci: Mater Electron (2022) 33:23075–23087 23079



ligands (d orbital of Ir: 28.13%; p orbital of bp3b-1:

19.92%; p orbital of bp3b-2: 28.79%; p orbital of dend:

23.16%), while the LUMO orbital mainly located on

p* orbital of bp3b ligands (Ir: 2.22%; bp3b-1: 74.82%;

bp3b-2: 22.70%; dend: 0.26%). Meanwhile, the theo-

retical HOMO and LUMO energy levels of

Ir(bp3b)2(dend) were calculated to be - 5.20 eV and

- 2.10 eV, respectively. The excited states of

Ir(bp3b)2(dend) were studied by time-dependent

density functional theory (TD-DFT) calculations

(Table S2). The lowest excitation energy and maxi-

mum absorption wavelength were 2.41 eV and

513 nm, respectively, corresponding to the transition

from 280 to 281 molecular orbitals. According to

Table S1, this transition was from d orbital of iridium

to p* orbital of bp3b ligand, from p orbital of bp3b

and dend ligands to p* orbital of bp3b ligand. Hence,

this transition mainly included metal–ligand charge

transfer (MLCT), ligand-ligand charge transfer

(LLCT) and intra-ligand charge transfer (ILCT)

transitions.

Besides singlet excited state, the triplet excited state

(T1, T2, T3) of Ir(bp3b)2(dend) was also calculated

under triplet-state geometric configuration by TD-

DFT calculations (Table S3). For phosphorescence

emission, it mainly arose from the transition from T1

state to ground state. For Ir(bp3b)2(dend), its T1 state

mainly corresponded to the transition from 280

molecular orbital to 281 molecular orbital (propor-

tion: 97.1%). According to Table S1, the transition for

T1 was mainly from d orbital of iridium to p* orbital
of bp3b ligand, from p orbital of bp3b and dend

ligands to p* orbital of bp3b ligand. Hence, MLCT,

LLCT and ILCT transitions had contribution on the

phosphorescence emission. Meanwhile, the energy of

T1 state was calculated to be 1.49 eV and the maxi-

mum phosphorescence wavelength was 831 nm.

3.3 Photophysical properties

The absorption (10–5 M) and photoluminescence (PL)

spectra (10–4, 10–5, 10–6 M) of Ir(bp3b)2(dend) in

degassed dichloromethane solution are exhibited in

Fig. 3a. There were six absorption peaks (206, 219,

290, 366, 421, 503 nm). According to the calculation

results and previous publications [5–8], the strong

absorption peaks below 350 nm should be assigned

to the ILCT transition, while the absorption from 350

to 600 nm should be ascribed to the MLCT, ILCT and

ligand-ligand charge transfer (LLCT) transitions

facilitated by the spin–orbit coupling of iridium atom.

From the absorption spectra, the energy gap (Eg) was

determined to be 2.07 eV.

Ir(bp3b)2(dend) displayed deep-red emission in

dichloromethane (Fig. 3a). At the concentrations of

10–6, 10–5 and 10–4 M, the emission peaks were 640.4,

640.3 and 642.2 nm, respectively, while the full width

at half maximum (FWHM) were 55.5, 58.3 and

60.5 nm, respectively. The emission peak almost had

no change with the variation of solution concentra-

tion, indicating that Ir(bp3b)2(dend) exhibited low

concentration sensitivity. Figure 3b showed the

transient photoluminescence decay characteristic of

Ir(bp3b)2(dend). From this curve, the photolumines-

cence lifetime of Ir(bp3b)2(dend) was determined to

be 1073.2 ns. For deep-red (kem C 630 nm) iridium

complex, this lifetime was short [5–23]. Finally, the

photoluminescence quantum yield (PLQY) of

Fig. 2 a Frontier-molecular-

orbital distributions, energy

levels, and HOMO–LUMO

energy gap for Ir(bp3b)2(dend)

characterized by DFT

calculations. b Cyclic

voltammetry (CV) curve of

Ir(bp3b)2(dend) in

dichloromethane
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Ir(bp3b)2(dend) in degassed dichloromethane solu-

tion (10–5 M) was 56.2%.

We also investigated the photophysical properties

of doped films (mCP: 5–15% Ir(bp3b)2(dend))

(Fig. S10; Table S4). The absorption and photolumi-

nescence (PL) spectra of these three doped films were

almost the same, further revealing that Ir(bp3b)2
(dend) exhibited low concentration sensitivity. At the

doped concentration of 5%, 10%, 15%, the emission

peaks were 644, 645 and 645 nm, respectively, while

the FWHMs were 51.6, 58.2 and 58.0 nm, respec-

tively. The PLQYs at 5%, 10%, 15% doped concen-

trations were 68.6%, 57.0% and 45.5%, respectively,

while the photoluminescence lifetime were 449.2,

249.5 and 169.5 ns, respectively.

3.4 Charge-transporting properties

Hole-only and electron-only devices were fabricated

to investigate the charge-transporting ability of

Ir(bp3b)2(dend) (Fig. 4a). The structure of hole-only

device was [ITO/MoO3 (10 nm)/TAPC (20 nm)/

Ir(bp3b)2(dend) (100 nm)/TAPC (20 nm)/MoO3

(10 nm)/Al], while the structure of electron-only

device was [ITO/Liq (1.5 nm)/TPBi (30 nm)/

Ir(bp3b)2(dend) (100 nm)/TPBi (30 nm)/Liq

(1.5 nm)/Al]. MoO3 and TPBi could prevent the

electron injection and hole-injection, respectively.

Therefore, pure hole and electron currents could be

realized, respectively. From Fig. 4a, it could be seen

that Ir(bp3b)2(dend) was a phosphorescent emitter

whose hole- and electron-transporting abilities were

balanced. Based on space charge limited current

method [32, 33], the hole and electron mobilities of

Ir(bp3b)2(dend) were calculated to be 2.72 9 10–7

cm2 V–1 s–1 (0.7 V) and 2.62 9 10–7 cm2 V–1 s–1

(0.7 V), respectively. Meanwhile, compared with

these two mobilities calculated at low voltage (0.7 V),

the mobilities at device’s working voltage (2.3–6.0 V)

were much higher. Moderate charge-transporting

ablility indicated that small methyl and pentyl

groups in ligands could only weaken the inter-

molecular interaction to a certain extent and some

intermolecular interactions still existed. Balanced and

moderate charge-transporting ability was favorable

for realizing high device performance.

To examine the charge-transporting abilities of

emitting layers in OLEDs, the hole-only and electron-

only devices of mCP host and doped films (mCP:

5–15% Ir(bp3b)2(dend)) were fabricated (Figs. 4b,

S11). The structure of hole-only device was [ITO/

MoO3 (10 nm)/TAPC (20 nm)/mCP or doped films

(100 nm)/TAPC (20 nm)/MoO3 (10 nm)/Al], while

the structure of electron-only device was [ITO/Liq

(1.5 nm)/TPBi (30 nm)/mCP or doped films

(100 nm)/TPBi (30 nm)/Liq (1.5 nm)/Al]. After

Ir(bp3b)2(dend) was doped into mCP host, the hole

and electron current of doped films were almost the

same with those of mCP host (Fig. S11). Meanwhile,

with the increase of doped concentration (from 5 to

15%), the hole and electron current of doped films

were almost the same (Fig. 4b). These experimental

results indicated that Ir(bp3b)2(dend) didn’t exhibit

hole or electron-trap effect in emitting layer because

carrier trap would make the current density of

emitting layer decrease and change with the doped

concentration [34, 35]. Finally, the hole- and electron-

transporting abilities of doped films were not only

Fig. 3 a Room-temperature

UV–Vis absorption (10–5 M)

and photoluminescence (PL)

spectra (10–4, 10–5, 10–6 M) of

Ir(bp3b)2(dend) in degassed

dichloromethane solution.

b Transient PL decay profile

of Ir(bp3b)2(dend) in degassed

toluene solution (10–5 M) at

room temperature
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high, but also balanced (Fig. 4b). High and balanced

charge-transporting ability was beneficial for pro-

moting the device performance.

3.5 Electroluminescent properties

Phosphorescent doped devices were fabricated to exam-

ine the luminescent performance of Ir(bp3b)2(dend). The

device structure was [ITO/HATCN (15 nm)/TAPC

(40 nm)/TCTA (5 nm)/mCP: 5–15% Ir(bp3b)2
(dend) (25 nm)/BAlq (5 nm)/TPBI (40 nm)/LiF

(1 nm)/Al] (Device R1 for 5%; Device R2 for 10%; Devi-

ce R3 for 15%). In these devices, the hole-injection mate-

rial, hole-transporting material, electron-blocking

material, host material, electron-transporting material

were dipyrazino [2,3-f:2’,3’-h] quinoxaline-2,3,6,7,10,11-

hexacarbonitrile (HATCN), 4,40-cyclohexylidenebis

[N,N-bis (p-tolyl) aniline] (TAPC), 4,40,400-tris (carbazol-9-

yl)-triphenylamine (TCTA), 1,3-bis-9H-carbazol-9-ylben-

zene (mCP) and bis(2-methyl-8-quinolinolato-N1,O8)-

(1,10-biphenyl-4-olato)aluminum (BAlq)/ 1,3,5-tris(1-

phenyl-1H-benzimidazol-2-yl)benzene (TPBI) respec-

tively. The molecular structures and their energy levels

are shown in Fig. S12. The luminance-voltage-current

density (L-V-J) characteristics, current/power/external

quantum efficiencies versus luminance curves and elec-

troluminescent (EL) spectra are shown in Figs. 5, S13 and

Table 2.

These three devices exhibited deep-red emission

(638 nm) with Commission International de l’Eclai-

rage (CIE) coordinate of (0.69, 0.30) (Fig. 5d). The full

width at half maximum (FWHM) was 56.7 nm. The

EL spectra displayed low concentration sensitivity.

With the increase of doped concentration from 5 to

15%, the EL spectra were the same (Fig. 5d). These

devices showed high efficiency (Fig. 5b–c; Table 2).

For devices R1, R2 and R3, their maximum cur-

rent (gc.max), power (gp.max) and external quantum

(gext.max) efficiencies were as following: 8.88 cd A-1,

11.50 lm/W, 15.52% for device R1; 8.93 cd A-1,

11.57 lm W-1, 15.63% for device R2; 8.25 cd A-1,

10.69 lm W-1, 14.43% for device R3. From 5 to 10%,

the device efficiencies were almost the same, further

revealing the relatively low concentration sensitivity

of Ir(bp3b)2(dend). From 10 to 15%, the device effi-

ciencies decreased and the reduction ratios of cur-

rent, power and external quantum efficiencies were

7.61%, 7.61% and 7.68%, respectively. Obviously,

between 5 and 10%, the device efficiencies were

almost not affected by the doped concentration,

indicating that in this range, the doped concentration

didn’t need precise control. This characteristic was

favorable for practical application. The decreased

device efficiency from 10 to 15% might be related

with the decrease of PLQY. At 10% and 15% doped

concentrations, the PLQYs of doped films were 57.0%

and 45.5%, respectively. Meanwhile, the roll-off of

efficiencies were also low. From 100 to 1000 cd m-2,

the roll-off ratios of current efficiencies were 2.59%

for device R1, 2.58% for device R2. From 1000 to

5000 cd m-2, the roll-off ratios of current efficiencies

were 9.03% for device R1, 9.77% for device R2.

Finally, at different driving voltage, the EL spectra

exhibited high stability. From 2.3 to 6.0 V (luminance:

1 cd m-2 to maximum luminance), the EL spectra

had no change (Figs. 5e, f, S13).

Besides the device efficiency, device lifetime was

also important for practical application. Hence, the

Fig. 4 a Current density versus voltage characteristics of the hole-only and electron-only devices of Ir(bp3b)2(dend). b Current density

versus voltage characteristics of the hole-only and electron-only devices of mCP host and doped films (mCP: 5–15% Ir(bp3b)2(dend))
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Fig. 5 a Luminance-voltage-

current density (L-V-J) curves

of devices R1, R2, R3.

b Current efficiency–

luminance-power efficiency

(CE-L-PE) curves of devices

R1, R2, R3. c External

quantum efficiency–luminance

curves of devices R1, R2, R3.

d EL spectra of devices R1,

R2, R3 at the luminance of

100 cd m-2. e EL spectra of

device R2 at different voltages

(from 2.3 to 6.0 V; interval:

0.1 V). f Normalized EL

spectra of device R2 at

different voltages (from 2.3 to

6.0 V; interval: 0.1 V)

Table 2 The electroluminescent performance of Ir(bp3b)2(dend)-doped devices

Device Von
a

[V]

Lmax
b [cd

m-2]

gc
c [cd A-1] gp

c [lm W-1] gext
c [%] CIE (x,y)d FWHMd

[nm]

T75
e

[h]

R1(5%) 2.3 8146 8.88, 8.87, 8.64,

7.86

11.50, 10.72, 7.54,

4.75

15.52, 15.51, 15.11,

13.73

638 (0.69,

0.30)

56.7 10,020

R2(10%) 2.3 7651 8.93, 8.93, 8.70,

7.85

11.57, 10.79, 7.59,

4.65

15.63, 15.62, 15.22,

13.74

638 (0.69,

0.30)

56.7 11,166

R3(15%) 2.3 6852 8.25, 8.23, 8.02,

7.14

10.69, 9.57, 6.81,

4.08

14.43, 14.42, 14.02,

12.49

638 (0.69,

0.30)

56.7 9179

aVon: Voltage recorded at 1 cd m-2

bLmax: Maximum luminance. gc: Current efficiency. gp: Power efficiency. gext: External quantum efficiency
cIn the order of maximum, then values at 100, 1000 and 5000 cd m–2

dMeasured at 100 cd m–2; FWHM: full width at half maximum
eThe device operation lifetime (75% initial luminance) at 100 cd m–2
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lifetimes of devices R1, R2, R3 were measured

(Fig. S14). High initial luminance (L0) was utilized to

accelerate the measurements. The conversion formula

was as following: T75 (L1) = T75 (L0) 9 (L0/L1)
1.7

[36–38]. Here, T75 was the operation lifetime when

the luminance decreased to 75% initial luminance, L1

and L0 represented the objective and experimental

initial luminance, respectively. For devices R1, R2,

R3, the experimental initial luminances were 699, 721,

689 cd m-2, respectively, while the T75 values at their

experimental initial luminances were 367.5, 388.5,

345.0 h, respectively. According to the calculation

formula, the lifetimes of devices R1, R2, R3 at objec-

tive initial luminance (100 cd m-2) were 10,020,

11,166, 9179 h, respectively. For deep-red phospho-

rescent emitter, these lifetimes were long [5–23]. Long

device lifetime indicated that Ir(bp3b)2(dend) was a

stable emitter.

For external quantum efficiency (EQE), its value

could be calculated by the following formula:

EQE = c 9 gr 9 gp 9 ge.Here, cwas the balance factor

of hole-electron recombination in emitting layer, gr
was the ratio of triplet exciton generation, gp was the

ratio of triplet exciton which returned to the ground

state in the formofphosphorescence, gewas the ratio of

light which could be out of the device. For Ir(bp3b)2(-

dend)-doped device, it exhibited high efficiencies, low

roll-off of efficiencies and relatively low concentration

sensitivity. The good performance should be attrib-

uted to the following three reasons. First, both

Ir(bp3b)2(dend) and emitting layers possessed high

and balanced charge-transporting abilities which

brought about high c. Second, short phosphorescence
lifetime (1073.2 ns) meant it was relatively easy for

triplet exciton to return to the ground state in the form

of phosphorescence. Third, methyl and pentyl groups

in ligands weakened the intermolecular interaction

and prevented the close packing of molecules. Hence,

uniform amorphous film could be easily prepared and

the concentration sensitivity was lowered.

Besides above reasons, we also investigated whe-

ther the orientation of Ir(bp3b)2(dend) in emitting

layer had contribution on the high efficiency of

devices. Variable-angle spectroscopic ellipsometry

(VASE) measurement was carried out. According to

previous publications [39–41], the orientation of

transition dipole moment can be quantified by an

orientation order parameter S which is defined by the

ordinary and extraordinary extinction coefficients ko
and ke, respectively:

S ¼ kmax
e � kmax

o

kmax
e þ 2kmax

o

;

where kmax
o and kmax

e are the ordinary (horizontal

direction) and extraordinary (vertical direction)

extinction coefficients at the peak of the band attrib-

uted to the transition dipole moment, respectively.

Generally, S = - 0.5, S = 0 and S = 1 represent

completely horizontal, random orientation (isotropic

distribution) and completely vertical, respectively.

Meanwhile, the horizontal dipole ratio (Rh) can be

calculated by the following equation [39]:

Rh ¼
h

h þ m
¼ 2ð1� SÞ

3

According to previous publication [39], the theo-

retical maximum EQE of OLEDs increases as the

horizontal dipole ratio exceeds 67%. The ordinary

and extraordinary refractive indices (no and ne) and

extinction coefficients (ko and ke) of doped film (mCP:

10% Ir(bp3b)2(dend)) were measured by variable

angle spectroscopic ellipsometry (Fig. S15). Within

the whole test range, no is higher than ne, revealing

that Ir(bp3b)2(dend) was anisotropic and horizontally

oriented in emitting layer [39]. The kmax
e and kmax

o ;

were 0.3770 and 0.4578, respectively. Hence, S and Rh

were calculated to be - 0.06251 and 70.8%. Rh

exceeded 67%. Therefore, the orientation of

Ir(bp3b)2(dend) in emitting layer had contribution on

the high efficiency of devices by promoting the light

output efficiency.

The device performance of previous record deep-

red (635–645 nm) phosphorescent emitters and

Ir(bp3b)2(dend) was compared (Table 3). For deep-

red emitter, larger emission peak would bring about

lower device efficiency and it was appropriate to

compare those deep-red emitters whose emission

peak differences were less than 5 nm. For phospho-

rescent emitters between 635 and 645 nm, the device

efficiency of Ir(bp3b)2(dend) was comparable to those

of previous record deep-red (635–645 nm) phospho-

rescent emitters [14–23]. For practical application, the

emitter should be comprehensive and possess many

excellent parameters (device efficiency, roll-off of

efficiency, concentration sensitivity, device lifetime,

spectra stability, etc.) simultaneously. In this respect,

compared with previous record emitters, Ir(bp3b)2(-

dend) reported more kinds of excellent parameters

(Table 3). Such comprehensive emitter was rare at

present.
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4 Conclusions

In summary, we developed a novel deep-red iridium

complex, Ir(bp3b)2(dend). This material exhibited

balanced charge-transporting ability, good film-for-

mation property, short phosphorescence lifetime and

low concentration sensitivity. Based on these physical

properties, Ir(bp3b)2(dend)-doped device displayed

high performance which was comparable to those of

previous record deep-red (635–645 nm) phosphores-

cent emitters. More importantly, Ir(bp3b)2(dend) was

more comprehensive than these emitters. This work

not only provides a novel high-performance deep-red

iridium complex, but also exhibits an efficient strat-

egy for developing comprehensive phosphorescent

emitter.
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Table 3 The performance comparison between previous high-performance deep-red (kem: 635–645 nm) phosphorescent emitters and

Ir(bp3b)2(dend) in devices with single host and single luminescent layer

Compound CE

[cd A-1]

PE

[lm

W-1]

EQE CIEa Roll-offb Concentration

sensitivityc
Device

lifetimed [h]

Spectra

stabilitye
References

(f2piq)2Ir(dipba) / 10.4 16.7% 644(0.69,0.31) Moderate High / / [14]

SOIrOPh 12.8 9.14 25.8% 640(0.68,0.30) Low Very high T50 = 470 h

(500 cd m-2)

/ [16]

(4tfmpq)2Ir(dipdtc) 9.51 7.86 15.30% 641(0.68,0.31) Low / / / [18]

Ir-2 11.75 9.90 14.96% 636(0.67,0.33) Low / / / [19]

(piq)2Ir(tmhd) / / 16.3% 634 Low / / / [22]

Ir3 8.7 6.6 10.1% 637(0.69,0.31) High / / / [23]

Ir4 9.8 7.7 12.1% 638(0.69,0.31) High / / / [23]

Ir(bp3b)2(dend) 8.93 11.57 15.63% 638(0.69,

0.30)

Low Low T75 = 11,166 h

(100 cd m-2)

Stable This work

CE current efficiency, PE power efficiency, EQE external quantum efficiency
aThe maximum peaks and Commission International de l’Eclairage coordinates of electroluminescent spectra
bRoll-off: Roll-off of current efficiency from 10 to 1000 cd m-2

cConcentration sensitivity: The variation of current efficiency at different doped concentrations. dThe lifetime obtained at 50% or 75%

initial luminance
eSpectra stability: The spectra stability from 1 to several thousands cd m-2
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