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ABSTRACT

In this work, a novel phenanthro[9,10-d]imidazole-zinc coordination complex

(Zn(TPPI)2) is reported. This compound exhibits suitable physical properties for

a host material. First, its highest occupied molecular orbital (HOMO) (- 5.33 eV)

energy level is favorable for hole injection from transporting layer. Second, its

small singlet–triplet splitting (0.31 eV) can reduce the intrinsic energy loss from

singlet to triplet excited state and promote the device efficiency. Finally, its good

thermal stability (decomposition temperature: 495 �C) favors evaporation

preparation of uniform films. As a result, yellow–red and red phosphorescent

devices which utilize Zn(TPPI)2 as host display high efficiencies (yellow–red:

58.35 cd/A, 70.52 lm/W, 20.82%) (red: 15.89 cd/A, 16.09 lm/W and 19.05%).

The performance of red device is comparable to the best results of previous

publications on corresponding emitter. Meanwhile, the undoped device of

Zn(TPPI)2 exhibits high efficiencies (3.79 cd/A, 3.97 lm/W, 2.47%) in zinc-

complex blue emitters. These results demonstrate that Zn(TPPI)2 is a good blue

emitter and host material.

1 Introduction

Metal complex is widely used in organic light emit-

ting diodes (OLEDs) [1–3]. Based on precious metals

(iridium, platinum, palladium, gold, etc.), a large

number of phosphorescent emitters have been

developed and an ideal internal quantum efficiency

of 100% is realized [4–6]. At present, phosphorescent

metal complex has been adopted by practical appli-

cation. Compared with precious metal complex,

complex based on cheap metal (aluminium, lithium,

zinc, copper, etc.) also gains much attention because

of its much lower cost [7–9]. In these cheap metal

complexes, zinc complex is an important kind

[10–12]. Zinc complex possesses many advantages,

such as excellent thermal stability, good charge-

transporting ability, colorless product, low cost and
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easy preparation. Motivated by these fascinating

characteristics, in the past decades, researchers have

developed many zinc complexes for OLED and a

large number of articles have been published [13–17].

These works demonstrate that zinc complex can be

used as emitter, host and electron-transporting

material [18–22]. Although the performance of zinc

complex has been dramatically promoted, some

aspects still need to be improved. First, the device

efficiency of zinc-complex emitter is low, especially

for blue emitter. At present, the efficiencies of

reported zinc-complex blue emitters are less than

2.7 cd/A [23–25]. Second, few zinc-complex host

exhibits comparable device performance to those

pure organic hosts [26, 27]. Hence, to realize the

practical application of zinc complex in OLEDs,

developing novel high-performance zinc complex is

still highly desired.

Herein, we utilized 2-(1,6,9-triphenyl-1H-phenan-

thro[9,10-d] imidazol-2-yl)phenol (TPPI) as ligand

and developed a novel zinc complex (Zn(TPPI)2)

(Scheme 1). Zn(TPPI)2 exhibited blue emission in

both solution (467, 473 nm) and film state (447 nm).

Its undoped blue device displayed high efficiencies

(3.79 cd/A, 3.97 lm/W, 2.47%) in zinc-complex blue

emitters [23, 25]. Meanwhile, the thermal stability

and energy level of Zn(TPPI)2 met the requirements

of an excellent host. Hence, yellow–red and red

phosphorescent devices which utilized Zn(TPPI)2 as

host exhibited high performance. These results

demonstrated that Zn(TPPI)2 was a good blue emitter

and host material.

2 Experimental

2.1 General information

All the starting chemicals for the synthesis were

purchased from commercial sources and used as

received without purification unless otherwise noted.

Dichloromethane and toluene for the third and fourth

preparation steps were dried by sodium or calcium

hydride and distilled under nitrogen atmosphere. 1H

and 13C NMR spectra were measured using an

AVANCE 600 MHz spectrometer (Bruker). Mass

spectrometry were characterized by Shimazu

LCMS2020 instrument. MALDI-TOF-MS was mea-

sured by Bruker Autoflex lll (Maldi-tof-MS) at

Ceshigo Research Service. Elemental analyses were

performed on a flash EA 1112 spectrometer. The

contents of element carbon, hydrogen, nitrogen were

measured directly and the content of oxygen was

calculated. Ultraviolet–visible (UV–Vis) absorption

Scheme 1 The synthetic

procedures of Zn(TPPI)2
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spectra were tested using a Hitachi U-3900 spec-

trophotometer. A Horiba FluoroMax-4 spectropho-

tometer was used for fluorescence spectra. Thermal

gravimetric analysis (TGA) and differential scanning

calorimetry (DSC) characteristics were determined by

TA Q600 thermogravimeter and NETZSCH DSC204

instrument using the heating rate of 10 �C min-1

under nitrogen atmosphere to obtain the compound

weight loss. The AFM image was measured by

Dimension ICON (Bruker) at Ceshigo Research Ser-

vice. The electrochemical properties were investi-

gated 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 redox potential was

performed in a 0.1 M solution at a scan rate of

100 mV s-1 with tetrabutylammonium hexafluo-

rophosphate (TBAPF6) as the electrolyte and fer-

rocene (Fc) was added to calibrate the zero point after

sample measurement finished. For reversible curves,

the potential value was the average value of two

reversible peaks (E = (E1 ? E2)/2). For irreversible

curves, at the onset of the first wave, two tangents

were drawn and the intersection-point value was the

potential value. To obtain the actual sample potential

value (Esample), the sample measured value (Emeasure)

should subtract the ferrocene measured value (EFc)

(Esample = Emeasure - EFc). Then, from the oxidation

and reduction peaks, the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) energy levels of sample were calcu-

lated according to the equation of (EHOMO/LUMO-

= - (E
[onset, ox/red vs Fc

?
/Fc] ? 4.8) eV. Finally, the energy

gap (Eg) was the difference of HOMO and LUMO

(Eg = LUMO–HOMO). The photoluminescence

quantum yields (PLQYs) were measured with the

Yokohama C9920-02G assay system.

The vacuum sublimation was carried out at the

sublimation machine from Shenyang Keyou Vacuum

Technology Co., Ltd. This machine had two heating

sections to set up different temperatures. For

Zn(TPPI)2, the two section temperatures were set to

260 and 370 �C, respectively. The vacuum degree was

31 Pa. After 12 h, the sublimation finished and pure

Zn(TPPI)2 was obtained.

2.2 OLED fabrication and characterization

All the devices were fabricated on indium tin oxide

(ITO) substrate with a sheet resistance of 15 X/sq and

a thickness of 135 nm. The ITO substrate was cleaned

with acetone, detergent, distilled water in sequence,

and then in an ultrasonic solvent bath. After dried at

80 �C for 1 h, the ITO substrates were treated with

UV-ozone for 15 min. The substrate was transferred

to a vacuum deposition chamber. Dipyrazino [2,3-

f:20,30-h] quinoxaline-2,3,6,7,10,11-hexacarbonitrile

(HATCN), 1,1-bis[(di-4-tolylamino)phenyl]cyclohex-

ane (TAPC), 4,40,400-tris (carbazol-9-yl)-tripheny-

lamine (TCTA), Zn(TPPI)2, host–guest doped

luminescent layer (Zn(TPPI)2: bis(2-phenyl-benzoth-

iazole-C2, N)(acetylacetonate)iridium(III) (Ir(bt)2(-

acac)) or (Zn(TPPI)2: tris(1-

phenylisoquinoline)iridium(III) (Ir(piq)3) or N, N-di-

carbazolyl-3,5-benzene (mCP): Ir(bt)2(acac), 1,3,5-

tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB), lithium

fluoride (LiF) and aluminium (Al) were evaporated

sequentially through a shadow mask with an array of

0.1 cm2 at the pressure of 5.0 9 10–4 Pa. The current–

voltage-luminance (J-V-L) characteristics were tested

using a Keithley 2400 semiconductor characterization

system and a calibrated silicon photodiode. The

electroluminescent (EL) spectra and brightness were

measured with spectrograph PR-670. All the mea-

surements were carried out under argon conditions

at room temperature.

2.3 Synthesis 6,9-dibromo-2-(2-
methoxyphenyl)-1-phenyl-1H-
phenanthro[9,10-d]imidazole (M1)

To a two-necks round-bottom flask, 3,6-dibro-

mophenanthrene-9,10-dione (3.64 g, 10 mmol), ani-

line (3.72 g, 40 mmol), 2-methoxybenzaldehyde

(1.36 g, 10 mmol), ammonium acetate (3.85 g,

50 mmol) and acetic acid (60 mL) were added. Under

nitrogen atmosphere, the mixture was refluxed for

10 h. After cooling to room temperature, the solvent

was removed by rotary evaporation and distilled

water (100 mL) was added. The mixture was extrac-

ted by dichloromethane for three times (100 mL 9 3)

and then dichloromethane was removed by rotary

evaporation to obtain the crude product. The crude

product was purified by column chromatography on

silica gel (eluent: dichloromethane/ethyl acetate =

10:1) to provide a yellow solid (3.5 g, 63% yield). 1H

NMR (600 MHz, DMSO-d6, d): 9.20 (d, J = 18 Hz, 2H),

8.55 (d, J = 18 Hz, 1H), 7.93 (d, J = 12 Hz, 1H),

7.49–7.58 (m, 7H), 7.39 (t, J = 12 Hz, 1H), 6.92–7.05

(m, 3H), 3.56 (s, 3H). 13C NMR (600 MHz, DMSO-d6,
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d): 157.15, 150.47, 137.02, 136.31, 132.11, 131.49,

131.00, 130.14, 129.70, 129.40, 129.00, 128.34, 128.21,

127.41, 126.68, 126.62, 125.84, 124.02, 121.92, 121.43,

119.98, 119.33, 119.30, 119.00, 110.92, 54.96. HRMS:

558.9842 [M ? H]? (calcd: 557.98). Anal. Calcd for

C28H18Br2N2O: C 60.24, H 3.25, N 5.02; found: C

60.22, H 3.26, N 5.01.

2.3.1 2-(2-Methoxyphenyl)-1,6,9-triphenyl-1H-

phenanthro[9,10-d]imidazole (M2)

To a three-necks round-bottom flask, M1 (1.66 g,

3 mmol), phenylboronic acid (2.2 g, 18 mmol),

potassium carbonate (10 g, 72 mmol), tetrabutylam-

monium bromide (0.1 g, 0.3 mmol), toluene (40 mL)

and distilled water (25 mL) were added. Then, the

mixture was bubbled by nitrogen for 10 min. After

that, tetrakis(triphenylphosphine)palladium was

added. Under nitrogen atmosphere, the mixture was

stirred at 100 �C for 12 h. After cooling to room

temperature, the toluene solution was seperated. The

aqueous solution was extracted by dichloromethane

for three times (50 mL 9 3). The organic solvent was

removed by rotary evaporation to obtain the crude

product. The crude product was purified by column

chromatography on silica gel (eluent: dichlor-

omethane/ethyl acetate = 10:1) to provide a yellow

solid (1.17 g, 68% yield). 1H NMR (600 MHz, DMSO-

d6, d): 9.30 (t, J = 24 Hz, 2H), 8.73 (d, J = 12 Hz, 1H),

8.10 (d, J = 12 Hz, 1H), 8.03 (d, J = 12 Hz, 2H), 7.94 (d,

J = 12 Hz, 2H), 7.70 (d, J = 12 Hz, 1H), 7.49–7.58 (m,

10H), 7.38–7.46 (m, 3H), 7.01 (t, J = 6 Hz, 1H), 6.96 (d,

J = 12 Hz, 1H), 6.77 (t, J = 6 Hz, 1H), 3.58 (s, 3H). 13C

NMR (600 MHz, DMSO-d6, d): 157.32, 157.22, 150.03,

140.56, 139.99, 137.47, 137.40, 136.87, 136.55, 132.21,

131.36, 129.51, 129.35, 128.96, 128.91, 128.87, 128.49,

128.05, 127.39, 127.30, 126.96, 126.67, 126.53, 126.24,

125.60, 122.69, 122.47, 121.85, 121.73, 120.85, 120.00,

119.68, 118.77, 115.21, 110.93, 54.96. HRMS: 553.2258

[M ? H]? (calcd: 552.22). Anal. Calcd for C40H28N2O:

C 86.93, H 5.11, N 5.07, O 2.89; found: C 86.88, H 5.12,

N 5.09, O 2.91.

2.3.2 2-(1,6,9-Triphenyl-1H-phenanthro[9,10-

d]imidazol-2-yl)phenol (TPPI)

To a three-necks round-bottom flask, M2 (1.104 g,

2 mmol) and dried dichloromethane (30 mL) were

added. Then, boron tribromide (1 mol/L in dichlor-

omethane) (2 mL, 2 mmol) was added. Under

nitrogen atmosphere, the mixture was refluxed for

12 h. The mixture changed from light-yellow to

purple. After finished, the mixture was cooled to

room temperature and methanol was added to

quench the residual boron tribromide. Then, sodium

bicarbonate solution was added and the mixture was

stirred for 10 min. The dichloromethane solution was

seperated and the aqueous solution was extracted by

dichloromethane for two times (50 mL 9 2).

Dichloromethane was removed by rotary evapora-

tion to obtain the crude product. The crude product

was purified by column chromatography on silica gel

(eluent: petroleum/dichloromethane = 1:1) to pro-

vide a yellow solid (0.774 g, 72% yield). 1H NMR

(600 MHz, CDCl3, d): 13.80 (s, 1H), 9.02 (s, 1H), 8.96

(s, 1H), 8.80 (d, J = 12 Hz, 1H), 8.03 (d, J = 12 Hz, 1H),

7.67–7.84 (m, 8H), 7.38–7.57 (m, 7H), 7.23 (t,

J = 12 Hz, 2H), 7.11–7.16 (m, 2H), 6.78 (d, J = 12 Hz,

1H), 6.53 (t, J = 12 Hz, 1H). 13C NMR (600 MHz,

DMSO-d6, d): 157.37, 149.28, 140.45, 139.86, 137.98,

137.83, 137.18, 131.03, 130.44, 130.40, 130.35, 129.16,

128.98, 128.92, 128.89, 128.80, 128.29, 128.20, 127.52,

127.47, 127.44, 127.34, 126.97, 126.81, 125.79, 125.77,

125.30, 125.25, 125.08, 125.07, 122.61, 122.58, 122.55,

121.98, 121.52, 120.94, 118.30, 116.68, 116.62. HRMS:

539.2114 [M ? H]? (calcd: 538.20). Anal. Calcd for

C39H26N2O: C 86.96, H 4.87, N 5.20, O 2.97; found: C

86.97, H 4.86, N 5.22, O 2.95.

2.3.3 Zn(TPPI)2

To a three-necks round-bottom flask, TPPI (1.076 g,

2 mmol) and dried toluene (30 mL) were added.

Then, diethylzinc (1 mol/L in toluene) (4 mL,

4 mmol) was added. Under nitrogen atmosphere, the

mixture was stirred for 10 h at room temperature.

After finished, the solvent and residual diethylzinc

were removed by rotary evaporation. The crude

product was purified by direct sublimation for twice

and a white powder was obtained (0.853 g, 75%

yield). 1H NMR (600 MHz, DMSO-d6, d): 8.47 (s, 2H),

8.11 (d, J = 12 Hz, 2H), 8.04 (s, 2H), 7.87 (d, J = 12 Hz,

4H), 7.70–7.82 (m, 8H), 7.58 (t, J = 6 Hz, 4H),

7.40–7.46 (m, 9H), 7.31 (d, J = 6 Hz, 6H), 7.19 (t,

J = 12 Hz, 3H), 7.07 (d, J = 12 Hz, 2H), 6.99 (d,

J = 12 Hz, 2H), 6.72 (d, J = 12 Hz, 2H), 6.61 (d,

J = 12 Hz, 2H), 6.31 (t, J = 6 Hz, 2H). 13C NMR

(600 MHz, DMSO-d6, d): 167.35, 151.41, 139.91, 139.03,

137.31, 136.99, 136.69, 132.99, 131.80, 130.57, 130.41,

129.99, 129.38, 129.12, 129.07, 129.00, 128.93, 128.54,
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128.52, 128.31, 127.54, 127.46, 127.42, 127.35, 127.24,

127.05, 126.81, 126.23, 125.46, 125.30, 122.19, 122.07,

121.33, 121.03, 120.13, 120.04, 119.27, 113.62, 113.14.

MALDI-TOF–MS: 1139.539 [M ? H]? (calcd:

1138.32). Anal. Calcd for C78H50N4O2Zn: C 82.13, H

4.42, N 4.91; found: C 82.05, H 4.46, N 4.89.

3 Results and discussion

3.1 Synthesis and thermal properties

Scheme 1 outlines the synthetic procedures of

Zn(TPPI)2. The phenanthro[9,10-d]imidazole struc-

ture was prepared from phenanthrene-9,10-dione.

Then, benzene rings were added through Suzuki

coupling reaction. The demethylation was carried out

by boron tribromide to provide the ligand. Sequen-

tially, the ligand reacted with diethylzinc to obtain

crude product. Zn(TPPI)2 was further purified by

vacuum sublimation and a white powder was

obtained. Finally, it was fully characterized by 1H

NMR, 13C NMR, mass spectra and element analysis

(Fig. S1-S12). Every reaction could be carried out

easily and had high yield. This was favorable for its

practical application.

Thermal properties of Zn(TPPI)2 were investigated

using thermogravimetric analysis (TGA) and differ-

ential scanning calorimetry (DSC) (Fig. S13 and

Table 1). Zn(TPPI)2 exhibited high thermal stability.

From TGA curve, its decomposition temperature (Td)

(corresponding to 5% weight loss) was determined to

be 495 �C. No glass transition was observed at its

DSC curve. Good thermal stability favors thermal

evaporation preparation of uniform films which can

increase the device efficiency. The atomic force

microscope (AFM) image of Zn(TPPI)2 film exhibits

low root-mean-square (RMS) roughness (0.509 nm),

indicating that this film is smooth (Fig. S14). Mean-

while, good thermal stability can also prolong the

device’s operational lifetime.

3.2 Electrochemical and charge-
transporting properties

The electrochemical properties of Zn(TPPI)2 were

investigated by the cyclic voltammetry (CV) mea-

surement in N,N-dimethylformamide (DMF)

(Fig. 1a). Zn(TPPI)2 exhibited irreversible oxidation

behavior. From the oxidation peak, its highest

occupied molecular orbital (HOMO) energy level was

determined to be - 5.33 eV according to the equation

of (EHOMO/LUMO = - (E[onset, ox/red vs Fc
?

/Fc] ? 4.8)

eV. This HOMO energy level was close to those of

common hole-transporting materials, indicating that

hole could be easily injected from hole-transporting

layers to Zn(TPPI)2 layer. No reduction peak was

detected. Its lowest unoccupied molecular orbital

(LUMO) energy level was determined to be - 2.15 eV

from its HOMO and absorption spectra.

To investigate the charge-transporting ability of

Zn(TPPI)2, the hole-only and electron-only devices

with the structures of [ITO/Zn(TPPI)2 (60 nm)/

TAPC (20 nm)/Al] for hole-only and [ITO/TmPyPB

(20 nm)/Zn(TPPI)2 (60 nm)/LiF (1.5 nm)/Al] for

electron-only were fabricated. The device structures

were shown in Fig. S15. Results were shown in

Fig. 1b. Compared with the aluminum cathode

(LUMO: - 4.3 eV), the much higher LUMO

(- 2.0 eV) of TAPC brought about large electron-in-

jection barrier. Hence, only holes could be injected to

obtain pure hole current. Similarly, the hole-blocking

material, TmPyPB (HOMO: - 6.7 eV), could prevent

the hole-injection from ITO (HOMO: - 4.8 eV) to

endow the device with pure electron current. From

Fig. 1b, based on the space charge limited current

(SCLC) method, the hole and electron mobilities of

Zn(TPPI)2 were calculated to be 2.46 9 10–11 cm2 -

V-1 s-1 and 2.61 9 10–11 cm2 V-1 s-1 respectively.

Although these two mobilities were comparable, they

were obtained at low voltage (\ 1 V) which was far

from the device’s working voltage ([ 2.5 V). At the

device’s working voltage, the hole current was much

higher than the electron current, indicating that

Zn(TPPI)2 was a hole-type material.

Meanwhile, the hole-only and electron-only devi-

ces of doped films (Zn(TPPI)2: 3wt% Ir(bt)2(acac))

(Zn(TPPI)2: 10% Ir(piq)3) with the structures of

[ITO/doped films (60 nm)/TAPC (20 nm)/Al] for

hole-only and [ITO/TmPyPB (20 nm)/doped films

(60 nm)/LiF (1.5 nm)/Al] for electron-only were also

fabricated. Results were shown in Fig. S16. After

Ir(bt)2(acac) and Ir(piq)3 were introduced, the current

densities of emitting layers increased. Based on the

space charge limited current (SCLC) method, the hole

and electron mobilities of Ir(bt)2(acac)-doped film

were calculated to be 7.85 9 10–11 cm2 V-1 s-1 and

1.76 9 10–10 cm2 V-1 s-1 respectively; the hole and

electron mobilities of Ir(piq)3-doped film were

J Mater Sci: Mater Electron (2021) 32:22459–22471 22463



calculated to be 1.61 9 10–9 cm2 V-1 s-1 and

2.28 9 10–8 cm2 V-1 s-1 respectively.

3.3 Photophysical properties

The room-temperature UV–Vis absorption and pho-

toluminescence (PL) spectra in dichloromethane

(CH2Cl2) solution (10–5 M) and in neat film (100 nm)

as well as the low-temperature PL spectra in CH2Cl2
solution (10–5 M) and phosphorescence spectra in

2-methyltetrahydrofuran (2-MeTHF) solution

(10–5 M) at 77 K of Zn(TPPI)2 were shown in Fig. 2.

According to previous work [27], the absorption

peaks below 300 nm, around 340 nm and around

375 nm should be ascribed to the benzene rings, the

p…p* transition of phenanthro[9,10-d]imidazole, and

the delocalized p…p* transition from the 2-substi-

tuted phenolate to phenanthro[9,10-d]imidazole ring

respectively. The molar extinction coefficient in

dichloromethane solution was 2.67 9 105 L/(-

mol�cm). From the absorption spectra, the energy gap

between S1,0 and S0,0 was estimated to be 3.18 eV.

To investigate the ground-state and excited-state

characteristics of Zn(TPPI)2, its absorption and PL

spectra in different solvents (hexane, toluene, 1,4-

dioxane, triethylamine, butylether, isopropylether,

diethyl ether, ethyl acetate, tetrahydrofuran,

dichloromethane, acetone) were measured (Fig. 3).

With the increase of solvent polarity, the absorption

and PL spectra were almost the same and no obvious

red-shift was observed, indicating that the ground-

state dipole moment of Zn(TPPI)2 was small and its

Table 1 Physical properties of Zn(TPPI)2

Compound Td
a

(�C)
kabs(sol

b
/film

c
) (nm) kPL(sol

b
/film

c
)

(nm)

UPL(sol
b
/film

c
)

(%)

HOMO/LUMOd

(eV)

Eg
e/ES

f/ET
f

(eV)

DEST

(eV)

Zn(TPPI)2 495 275, 342, 376, /275, 340,

374

466, 473/447 68/21 –5.33/–2.15 3.18/2.90/2.59 0.31

aTd: decomposition temperature corresponding to 5% weight loss
bMeasured in CH2Cl2 solution (10–5 M) at room temperature
cMeasured in film
dHOMO was obtained from the onset (intersection point of two tangents) of oxidation wave and LUMO was calculated from HOMO and

absorption spectra
eMeasured from the onset of absorption spectra
fSinglet (ES) and triplet (ET) energies measured in the diluted solution and estimated from the onsets of the fluorescence and

phosphorescence spectra (at 77 K), respectively

Fig. 1 a Cyclic voltammogram of Zn(TPPI)2 in DMF (scan rate:

100 mV s-1; electrolyte: tetrabutylammonium

hexafluorophosphate, 0.1 M; test method: three-electrode

method). b Current density versus voltage characteristics of

hole-only and electron-only devices of Zn(TPPI)2
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excited-state was not from charge transfer. In differ-

ent solvents, all the PL spectra exhibited fine vibra-

tional structure, illustrating that its singlet emission

was from locally-excited state. Similarly, its phos-

phorescence spectra also showed fine structure.

Hence, its triplet emission was also from locally-ex-

cited state. The transient photoluminescence (PL)

decay characteristic of Zn(TPPI)2 film was measured

(Fig. S17). From this curve, the photoluminescence

lifetime of Zn(TPPI)2 was determined to be 2.96 ns.

Zn(TPPI)2 exhibited blue emission in both solution

(467, 473 nm) and film state (447 nm) (Fig. 2). Com-

pared with the film emission, the solution emission

showed a redshift. For most of fluorescent materials,

with the increase of aggregation degree, the delocal-

ization degree would increase and the emission peak

would have a red shift. However, if the molecule had

some composition groups which could rotate and

vibrate freely, the variation tendency might be dif-

ferent. For such molecule, the rotation and vibration

of compostion groups consumed much energy. When

the molecule aggregated, these unfavorable motions

would be limited and the wasted energy could be

used for emission. This principle was popular in

aggregation-induced emission (AIE) materials. Delo-

calization and wasted energy reduction competed. If

the influence of wasted energy reduction was greater

than that of delocalization, the emission peak would

have a blue shift. In contrast, the emission peak

would have a red shift. To investigate the delocal-

ization influence of Zn(TPPI)2, photoluminescence

(PL) spectra (10-4, 10-5, 10-6 M) of Zn(TPPI)2 in

dichloromethane solution were measured. Results

were shown in Fig. S18. With the increase of con-

centration, the PL intensity increased but the PL peak

almost had no change, indicating that with the

increase of aggregation degree, the delocalization

influence was not obvious. This was because benzene

rings in Zn(TPPI)2 efficiently prevented the close

packing of molecules. For wasted energy reduction,

from the molecular structure of Zn(TPPI)2, it could be

seen that Zn(TPPI)2 contained six benzene rings

which could rotate and vibrate freely. Much energy

was consumed by these molecular motions. In film,

the aggregation state limited these unfavorable

motions and the wasted energy could be used for

emission. Delocalization influence was weak and

Fig. 2 Room-temperature UV–Vis absorption and

photoluminescence (PL) spectra in CH2Cl2 solution (10-5 M)

and in neat film (100 nm) as well as the low-temperature PL

spectra in CH2Cl2 solution (10-5 M) and phosphorescence spectra

in 2-methyltetrahydrofuran (2-MeTHF) solution (10-5 M) at 77 K

of Zn(TPPI)2

Fig. 3 Room-temperature a UV–Vis absorption and

b photoluminescence (PL) spectra of Zn(TPPI)2 in different

solvents (10–5 M) (hexane, toluene, 1,4-dioxane, triethylamine,

butylether, isopropylether, diethyl ether, ethyl acetate,

tetrahydrofuran, dichloromethane, acetone)
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wasted energy reduction could exceed it. Hence,

compared with the solution emission, the film emis-

sion showed a blue-shift.

Similarly, compared with the solution emission at

room temperature, the emission (452, 463 nm) at 77 K

also exhibited a blue-shift because those unfavorable

motions stopped at 77 K. From the onsets of fluo-

rescence and phosphorescence spectra at 77 K, the

lowest singlet excited state (S1) and lowest triplet

excited state (T1) energy levels of Zn(TPPI)2 were

calculated to be 2.90 eV and 2.59 eV, respectively.

Hence, its singlet–triplet splitting (DEST) was 0.31 eV.

Finally, the photoluminescence quantum yields

(PLQYs) of Zn(TPPI)2 in dichloromethane (10–5 mol/

L) and pure film were 68% and 21%, respectively.

3.4 Electroluminescent properties

To investigate the luminescent property of Zn(TPPI)2,

undoped device with the structure of [ITO/

HATCN (10 nm)/TAPC (30 nm)/TCTA (4 nm)/

Zn(TPPI)2 (15 nm)/TmPyPB (25 nm)/LiF (1 nm)/

Al] (Device B1) was fabricated. In this device,

indium tin oxide (ITO), dipyrazino [2,3-f:20,30-h]

quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN),

1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC),

4,40,400-tris (carbazol-9-yl)-triphenylamine (TCTA),

1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB),

lithium fluoride (LiF) and aluminium (Al) were uti-

lized as the anode, hole-injection layer, hole-trans-

porting layer, hole-transporting layer, electron-

transporting layer, electron-injection layer and cath-

ode, respectively. Undoped Zn(TPPI)2 layer was

employed as the emitting layer. The energy level

diagram and chemical structures of the materials

used in OLEDs were shown in Fig. 4. The current

density–voltage-luminance (J-V-L) characteristics,

efficiencies versus luminance curves, EL spectra as

well as external quantum efficiencies (EQE) were

shown in Fig. 5 and Table 2. Device B1 displayed

blue emission (CIE: 0.17, 0.18). Its maximum bright-

ness (Lmax), maximum current efficiency (gc.max),

maximum power efficiency (gp.max) and maximum

external quantum efficiency (gext.max) were 1153 cd/

m2, 3.79 cd/A, 3.97 lm/W and 2.47% respectively.

For zinc-complex blue emitters, this performance is

high [23–25]. Meanwhile, with the variation of driv-

ing voltage, device B1 exhibited good electrolumi-

nescent color stability which was important for

practical application (Fig. S19a, b).

Results of single-carrier devices and photophysical

measurement indicated that Zn(TPPI)2 possessed the

potential to be an excellent host. To investigate the

host property of Zn(TPPI)2, phosphorescent devices

with the structures of [ITO/HATCN (10 nm)/

TAPC (30 nm)/TCTA (4 nm)/Zn(TPPI)2: 3-

wt% Ir(bt)2(acac) or 10% Ir(piq)3 (15 nm)/

TmPyPB (25 nm)/LiF (1 nm)/Al] (Device Y1 for

Ir(bt)2(acac) and R1 for Ir(piq)3) were fabricated.

Bis(2-phenyl-benzothiazole-C2, N)(acetylaceto-

nate)iridium(III) (Ir(bt)2(acac)) and tris(1-phenyliso-

quinoline)iridium(III) (Ir(piq)3) were utilized as

yellow–red and red phosphorescent emitters respec-

tively. The molecular structures in devices and their

energy levels were shown in Fig. 4. The current

density–voltage–luminance (J–V–L) characteristics,

efficiencies versus luminance curves, EL spectra as

well as external quantum efficiencies (EQE) were

shown in Fig. 5 and Table 2.

As shown in Fig. 5d, device Y1 showed yellow–red

emission and no emission peak of Zn(TPPI)2 was

observed, indicating that the energy transfer from

Zn(TPPI)2 to Ir(bt)2(acac) was complete. With the

increase of driving voltage, the electroluminescent

(EL) spectra exhibited good stability (Fig. S19c, d).

Device Y1 showed low turn-on voltage (Von) (2.6 V).

This should be attributed to the appropriate energy

levels of Zn(TPPI)2 and Ir(bt)2(acac). First, the HOMO

(- 5.33 eV) energy level of Zn(TPPI)2 was favorable

for hole injection from hole-transporting layer. Sec-

ond, the LUMO (- 2.9 eV) energy level of Ir(bt)2(-

acac) endowed it with good carrier trap ability and

electron could be injected into phosphorescent

dopant directly and easily from electron-transporting

layer. The Lmax, gc.max, gp.max and gext.max were

12,526 cd/m2, 58.35 cd/A, 70.52 lm/W and 20.82%

respectively. The high device efficiencies should be

ascribed to the following reasons. First, as discussed

above, the appropriate energy levels of Zn(TPPI)2

and Ir(bt)2(acac) were favorable for hole and electron

injection from hole- and electron-transporting layers.

Hence, charge could enter the emitting layer easily.

Second, good thermal stability favored thermal

evaporation preparation of uniform films which

could increase the device efficiency. Table S1 com-

pared this work and previous publications for

Ir(bt)2(acac)-doped devices [28–36]. It could be seen

that the highest efficiencies of Zn(TPPI)2-based

device (Y1) were comparable to the best results of

previous publications. However, its roll-off of
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efficiency was much bigger, indicating that Zn(TPPI)2

might not match with Ir(bt)2(acac).

To further compare Zn(TPPI)2 with common host,

phosphorescent device with the structure of [ITO/

HATCN (10 nm)/TAPC (30 nm)/TCTA (4 nm)/

mCP: 3wt% Ir(bt)2(acac) (15 nm)/TmPyPB (25 nm)/

LiF (1 nm)/Al] (Device D1) was fabricated. Common

host, N, N-dicarbazolyl-3,5-benzene (mCP), was uti-

lized for comparison. The current density–voltage–

luminance (J–V–L) characteristics, efficiencies versus

luminance curves, EL spectra as well as external

quantum efficiencies (EQE) were shown in Fig. S20

and Table 2. The Von, Lmax, gc.max, gp.max and gext.max

of device D1 were 3.2 V, 28,100 cd/m2, 50.42 cd/A,

Fig. 4 Energy level diagram

and chemical structures of the

materials used in OLEDs

Fig. 5 a Current density–voltage–luminance (J–V–L) curves of

B1, Y1 and R1. b Current efficiency–luminance–power efficiency

(CE–L–PE) curves of B1, Y1 and R1. c External quantum

efficiency–luminance curves of B1, Y1 and R1. d EL spectra of

B1, Y1 and R1 at the luminance of 100 cd/m2
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44.18 lm/W and 17.84% respectively. Obviously, the

performance of device D1 was lower than that of

device Y1, indicating that Zn(TPPI)2 was superior to

mCP as host in Ir(bt)2(acac)-based device.

Except for yellow–red phosphorescent device,

Zn(TPPI)2 also exhibited high performance in red

phosphorescent device (Fig. 5). As shown in Fig. 5a–c

and Table 2, the Von, Lmax, gc.max, gp.max and gext.max of

device R1 were 2.8 V, 11,000 cd/m2, 15.89 cd/A,

16.09 lm/W and 19.05% respectively. Meanwhile,

device R1 exhibited low roll-off of efficiencies. The

high device efficiencies and low roll-off of efficiencies

should be ascribed to the same above reasons in

device Y1. Table 3 compared this work and previous

publications for Ir(piq)3-doped devices [19, 37–46]. It

could be seen that for Ir(piq)3-doped device,

Zn(TPPI)2-based device (R1) not only exhibited per-

formance comparable to the best results of previous

publications, but also displayed much smaller roll-off

of efficiency, indicating that Zn(TPPI)2 was a good

host.

4 Conclusion

In summary, we reported a novel phenanthro[9,10-

d]imidazole-zinc coordination complex. This com-

pound exhibited series of fascinating characteristics:

excellent thermal stability (Td: 495 �C), appropriate

HOMO (- 5.33 eV) energy level for efficient hole

injection from transporting layer, small singlet–triplet

splitting (0.31 eV). These characteristics met the

requirements of an excellent host. Yellow–red

(58.35 cd/A, 70.52 lm/W, 20.82%) and red (15.89 cd/

A, 16.09 lm/W and 19.05%) phosphorescent devices

which utilized Zn(TPPI)2 as host were fabricated. The

performance of red device was comparable to the

best results of previous publications on correspond-

ing emitter. Meanwhile, the devices displayed good

Table 2 The electroluminescent performance of Zn(TPPI)2-based 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

B1 3 1153 3.79, 2.61, 1.81 3.97, 1.74, 0.46 2.47, 1.70, 1.18 0.17, 0.18

Y1 2.6 12,526 58.35, 22.14, 17.98 70.52, 19.86, 11.76 20.82, 7.91, 6.42 0.50, 0.47

R1 2.8 11,000 15.89, 15.89, 12.23 16.09, 16.09, 9.60 19.05, 19.05, 14.67 0.67, 0.33

YR 3.2 28,100 50.42, 49.10, 41.15 44.18, 41.66, 28.71 17.84, 17.38, 14.56 0.50, 0.50

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 and 1000 cd m–2

dMeasured at 100 cd m–2

Table 3 The performance

comparison (in the order of

maximum, then values at 100

and 1000 cd m–2) between our

work and previous

publications about Ir(piq)3-

based devices (‘‘/’’ represents

no data)

host CE [cd/A] PE [lm/W] EQE [%] Reference

BCPO 19.4, /, / 20.4, /, / 17, /, / [37]

TCPZ /, /, / 20.5, 15.8, 8.85 19.1, 17.9, 14.1 [38]

6 /, /, / 20.3, 15.9, 9.54 18.4, 17.6, 16.1 [39]

CBP /, /, / 18.7, 11.9, 3.86 17.2, 13.6, 7.44 [39]

TCPB /, /, / 19.8, 7.3, 3.83 18.6, 10.2, 7.93 [40]

SBP-TS-PSB 12.8, /, / 7.8, 6.6, / 13.5, 13.4, / [41]

NPB ? TPBi 12.7, /, 9.0 /, /, / 15.1, /, / [42]

p-TPATHZ 13.3, /, / 13.6, /, / 16.2, 16.2, 15.7 [43]

1 13.85, /, / 7.25, /, / 17.51, /, / [19]

CzPhONI 10.5 10.6 12.6 [44]

CBP 5.2, 4.9, 4.0 3.3, 1.9, 1.1 8.3, 7.8, 6.3 [45]

TCTA 3.4, 1.1, / 4.4, 3.1, / 7.0, 5.0, / [46]

Zn(TPPI)2 15.89, 15.89, 12.23 16.09, 16.09, 9.60 19.05, 19.05, 14.67 This work
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electroluminescent color stability. These results

demonstrated that Zn(TPPI)2 was a good host mate-

rial. Finally, Zn(TPPI)2 was also a good blue emitter

and its undoped blue device displayed high effi-

ciencies (3.79 cd/A, 3.97 lm/W, 2.47%) in zinc-com-

plex blue emitters.
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