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Two Novel Bipolar Ir(11l) Complexes based on
9-(4-(pyridin-2-yl)phenyl)-9H-carbazole and N-heteocyclic ligand
Xu Huixia® ", Wang Fand ®, Wang Kexiang" ", Sun Peng ®, Li Jie®®, Yang Tinting® ®, Wang
Hua®® Xu Bingshe* "
 Key Laboratory of Interface Science and Engineering in Advanced Materials, Ministry of Education, Taiyuan

University of Technology, Taiyuan Shanxi, 030024, P. R. China

b shanxi Research Center of Advanced Materials Science and Technol ogy, Taiyuan Shanxi, 030024, P. R. China

Abstract Two novel bipolar Ir(lll) complexes namd@zppy).lIr(tftmptz) and (Czppy).Ir(pptz)
were synthesized and characterized, where the CipPy(4-(pyridin-2-yl)phenyl)-9H-carbazole,
tfmptz refers to 2-(3-(trifluoromethyl)-1H-1,2,4idrol-5-yl)pyridine and Hpptz represents
2-(1H-tetrazol-5-yl)pyridine, respectivelfheir molecular structures were confirmed ¥y NMR
and photophysical were investigated. The performanno phosphorescent organic light emitting
devices (PhOLEDs) were characterized by a heavyndoponcentration of 20 wt% in host as
emitting layer. The results suggest that the nunadberitrogen atoms in ancillary has no obvious
effects on their photophysical properties. BO@zppy)Ir(tfmptz) and (Czppy).lr(pptz) display
the blue-green emission with the peaks at 492, BA6 The performances of complexes
(Czppy)elr(tfmptz) in PhOLEDs superior to that of ti€zppy).Ir(pptz) due to the poor thermal

stability.

Key words: N-heterocyclic ligand, Photophysicalgedies, Electroluminescent performance

Introduction :

Phosphorescent organic light emitting devices (FBDg) , which the emitter can harvest the single

and triplet excitons to achieve the internal quangfficiency of 100%, have attracted huge interests



for application in large-scale display and solidtstlighting due to the outstanding advantageg.[1-5
Iridium(11l) complexes are the most widely investigd for phosphorescent emitting materials owing
to the obvious merits, such as color tunabilityrslexcited lifetime and high quantum yields [6-9].

However, the Ir(lll) complexes tend to possessdleetron-transport ability, an example of the
classical green-emitting material fafc-tris(2-phenylpyridine)iridium (Ir(ppy). This may result in
an imbalance transportation between hole and electtonsequently reducing the efficiency in
PhOLEDs. Hence the electron-donating groups, swcltaabozole, triphenylamine usually were
linked with the phenylpyridine to construct bipolagands in order to improve the balance of the
carrier transport [10, 11, 12, 13, 14]. Though tiirsd of bipolar Ir(lll) complexes can be used to
fabricate the PhOLEDs by solution-processed approteir efficiencies are still far behind the
vacuum-evaporated devices [15, 16].

In addition, Ir(lll) complexes based on the N-hetssclic ancillary ligands as emitter in PhOLED
have received extensive investigations becauséef good electron mobility, excellent thermal
stability and flexible modification ability [1, 17,8]. We have reported Ir(lll) complexes based on
the 2-phenylpyridine and 2-(5-(trifluoromethyl)-2H-2,4-triazol-3-yl)pyridine (Htfmptz), donated
as (ppyjlr(tfmptz) [19]. Its emission is observed at 485,nmhile it is very difficult to dissolve in
the common organic solution. In this paper, we gle=il and synthesized two novel bipolar Ir(lIl)
complexes of (Czppy).lr(tftmptz) and (Czppy)lr(pptz). In order to obtain the bipolar
cyclometalated ligand and improve the solubilitycomplex (ppwlr(tfmptz), the electron-donating
carbazole was connected to the electron-withdrawphgnylpyridine. The electron-accepting
ancillary  ligands of 2-(3-(trifluoromethyl)-1H-14£triazol-5-yl)pyridine  (tfmptz) and
2-(1H-tetrazol-5-yl)pyridine (pptz) were employekhe characteristics of PhnOLEDs based on these
compounds are also discussed.

Synthesis of 9-(4-(pyridin-2-yl)phenyl)-9H-carbaza (Czppy)

9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-ygnyl)-9H-carbazole:



9-(4-bromophenyl)-9H-carbazole (3.2 g, 10 mmol)s(pinacolato)diboron (3.3 g, 13 mmol),
PdCbh(dppf)-CHCI, (244.8 mg, 0.3 mmol) and KOAc (3.0 g, 30 mmol) revealissolved in

N,N-dimethylformamide (50 mL), and were heated® IC under the nitrogen atmosphere for 6 h.

The mixture was washed with great deal of distiliater after cooling to the room temperature. The
organic phase was dried with anhydrous sodium tylfdtered and concentrated in vacuum. The
crude product was subjected to silica gel columrormiatography using a 5:1 (V/V) mixture of
petroleum ether and dichloromethane as the elweafford the white solid (yield 75 %JH NMR
(600 MHz, CDC}, 5): 8.14 (d, 2H, J = 7.8 Hz), 8.06 - 8.03 (m, 2HBT7- 7.57 (m, 2H), 7.45 - 7.43
(m, 2H), 7.40 (d, 2H, J = 8.3 Hz), 7.28 (d, 2H, J8® Hz), 1.40 (s, 12H). Anal. Calcd for
C24H240:NB: C, 78.26; H, 6.52; N, 3.80. Found: C, 78.926t806; N, 3.74.

2-bromopyridine (0.8 g, 5 mmol), 1 (2.3 g, 6 mm&y(PPh)4 (90 mg, 0.08mmol), N&O; (2
mol-L*, 8 mL, 15 mmol) and tetrahydrofuran (30 mL) weeated to reflux for 24 h under nitrogen
atmosphere. The water was added after cooling éordbm temperature. The organic phase was
purified by chromatography using a 5:1 (V/V) of ppggum ether and dichloromethane as the eluent
to obtain white solid of 9-(4-(pyridin-2-yl)pheny®H-carbazole Czppy) (yield, 82%).'H NMR
(600 MHz, CDC4, 8): 8.76 (d, 1H, J = 4.8), 8.25 - 8.22 (m, 2H), 8(d62H , J = 7.7 Hz), 7.85 - 7.80
(m, 2H), 7.71 - 7.67 (m, 2H), 7.48 (d, 2H, J = B2, 7.45 - 7.41 (m, 2H), 7.32 - 7.28 (m, 3H). Anal
Calcd for GsHigN2: C, 86.25; H, 5.0; N, 8.75. Found: C, 86.87; 974.; N, 8.48.

Synthesis of 2-(1H-tetrazol-5-yl)pyridine (Hpttz) 2-Cyanopyridine (10.4 g, 0.1 mol), sodium
azide (7.3 g, 0.12 mol), glacial acetic acid (8.@.d2mol) and butyl alcohol (40 mL) was put into a
reactor. The mixture was heated to reflux for 4.dayen adding sodium azide (1.8 g, 0.03 mol),
glacial acetic acid (4.0 g, 0.06 mol) into reachgain, the reaction continues reacting 2 days in
reflux. After cooling to room temperature, the napd was poured into a large amount of water. Then
driped hydrochloric acid with concentrated, until gne crystal precipitation. By filtering and

vacuum drying, get white crystal, Yield 95%,NMR (600 MHz, Chlorofornd, §) 13.40 (s, 1H),



8.82 (d,J=4.9 Hz, 1H), 8.44 (d] = 7.9 Hz, 1H), 8.01 (t) = 7.7 Hz, 1H), 7.58-7.54 (m, 1H). Anal.
Calcd for GHsNs: C, 48.98; H, 3.40; N, 47.62. Found: C, 48.993t384; N, 47.35
Synthesis of complex (Czppy)r(tfmptz)

Czppy (800 mg, 2.5 mmol), IrgH,O (350 mg 1 mmol), and 2-ethoxyethanol@ (3:1, V/V,
20 mL) were was stirred for 12@ for 24 h under nitrogen atmosphere. After cooliagoom
temperature, the mixture was poured into waterthedormed precipitate was filtered, washed by
water, ethanol and diethyl ether to obtain thermeliate, assumed to be a chloro-bridged dimer.
Without further purification, a mixture of chloraiiged dimer (530 mg, 0.3 mmol),
2-(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridi ne (Htfmptz )[19] (64 mg, 0.3 mmol), N&L O3
(640 mg, 6 mmol), 2-ethoxyethanol (20 mL) were bdato refluxed at 140C for 24 h, then

extracted with CHCI, and dried over anhydrous p&0,. The crude product was subjected to silica
gel column chromatography with GEl,/ ethyl acetate (10:1, V/V). Finally, the light yeNosolid
was obtained (yield 6298H NMR (600 MHz, CDC}, 8): 8.36 (d, J = 7.9 Hz, 1H), 8.08 (t, J = 7.2
Hz, 3H), 8.04 (d, J = 7.7 Hz, 2H), 7.95 - 7.89 &hi), 7.87 (d, J = 8.1 Hz, 1H), 7.70 - 7.68 (m, 1H),
7.58 - 7.53 (M, 2H), 7.48 (d, J = 5.6 Hz, 1H), 7-4229 (m, 9H), 7.26 - 7.22 (m, 4H), 7.20 (t, 3.5
Hz, 2H), 6.80 (dddd, J = 47.7, 7.1, 5.7, 1.3 Hz), 8458 (dd, J = 5.6, 2.1 Hz, 2H). Anal. Calcd: C,
62.13; H, 3.26; N, 10.74. Found: C, 60.99; H, 3;9%910.01. MALDI-TOF-MS (m/z): calcd for
IrCs4H34NgF3, 1044.25; found, 1043.80

Synthesis of complex (Czppy)r(pptz)

The procedure is the same as the synthegiSagpy).Ir(tfmptz) by usingHpptz as ancillary ligand.
Yield: 61%.H NMR (600 MHz, CDC}, 8): 8.52 (d, J = 7.9 Hz, 1H), 8.12 (d, J = 5.5 HH),18.08
(d, J = 7.7 Hz, 2H), 8.04 (d, J = 7.7 Hz, 2H), 7(8D J = 7.8, 1.6 Hz, 1H), 7.93 - 7.87 (m, 3HR4.
(d, J = 8.1 Hz, 1H), 7.69 (dd, J = 5.9, 1.4 Hz, IH}7 - 7.52 (m, 2H), 7.44 (dd, J = 5.9, 1.4 H4),1
7.40 - 7.29 (m, 10H), 7.24 (dg, J = 7.9, 4.2, 3% BH), 7.20 (t, J = 7.4 Hz, 2H), 6.81 (ddd, J 3, 7.

5.8, 1.3 Hz, 1H), 6.74 (ddd, J = 7.3, 5.8, 1.3 H4), 6.63 (d, J = 2.1 Hz, 1H), 6.55 (d, J = 2.0 Hz,
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1H). Anal. Calcd: C, 63.92; H, 3.51; N, 12.90 Fou@¢d 65.13; H, 4.75; N, 13.10. MALDI-TOF-MS
(m/z): calcd for IrG;H3z4No, 977.29 ; found, 977.26.

The detail synthetic process has been shown inselie

Materials and Measurements

'H-NMR spectra were confirmed using a Switzerlandkd8r DRx600. C, H and N microanalysis
were carried out with an Elemental Vario EL elemaérnalyzer. Mass spectra were obtained on
SHIMADZU matrix-assisted laser desorption/ionizatiotime-of-fight mass pectrometer
(MALDI-TOF-MASS). UV-vis absorption spectra werecoeding using Lambda Bio 40. The
Photoluminescence (PL) spectra were measured bylB®WRIuouoMax-4 spectrophotometer. The
low-temperature phosphorescence spectra at 77 R-nrethyltetrahydrofuran (2-MeTHF) were
performed on an Edinburgh F-980 spectrometer. Thgravimetric analysis curves (TGA) were
undertaken on a Netzsch TG 209F3 under dry nitr@erosphere heating at a rate of TImin
from room temperature to 80T.

Cyclic voltammetry (CV) was carried out in @El, solution with chromatographic purity at room
temperature using a CHI 660E voltammetry analyZetrabutylammonium hexafluorophosphate
(TBAPF6) (0.1 M) was used as the supporting elédo The platinum wire is used as working
electrode. The platinum electrode is the countet ancalomel electrode is the reference with
ferrocenium-ferrocene (Fc) as the internal standard. The scan rate forc@ves is 100 mV/s.
The highest occupied molecular orbital levél,{,0) was calculated according to the equation
Eyomo = —4.8 — e(EZ* — Ef*)V where E*was the first oxidation peaks measured from CV

curves andEf™ was the oxidation peak of ferrocene. The lowesicanpied molecular orbital level

(ELumo) Was calculated from the equation Bfymo = Enomo + Eg, and Egis obtain from the

1240

absorption and emission spectra intersectign), that is E, =

ASEC

Theoretical calculations were performed using tlaeisSian 03 package. Geometry optimization



was performed by density functional theory (DFT)BBLYP/6-31G(d) basis sets. The molecular
orbitals were visualized using Gauss view 5.0.
OLED fabrication and measurements

PhOLEDs with area of 3 x 3 nfiwere fabricated by vacuum deposition onto the imdiin oxide
(ITO) glass substrate. ITO glass substrate wametean order with deionized water, acetone and
ethanol. The electroluminescent (EL) spectra anB Cbordinates were measured by PR-655
spectrophotometer. The current density — voltageninance J—V—L) characteristics of PhOLEDs
and OLEDs were recorded using Keithley 2400 Soeter and ST-900M Spot Brightness Meter.
The external quantum efficiency (EQE) values weatcudated according to previously reported

methods [20]. All measurements were carried oub@in temperature under ambient conditions.

Results and discussion
Molecular structures and thermal stability

Scheme 1 shows the chemical structures and syantioeties of the ligands and Ir(1ll) complexes.
Cyclometalated ligand o€zppy are obtained from the reaction between 2-bromdpwi and
9-(4-(4, 4, 5, 5-tetramethyl-1,3,2-dioxaborolani@kienyl) -9H-carbazole. The ancillary ligands of
Htfmptz and Hpptz are synthesized according to thethods in reference [19]. The
electron-donating group was introduced in cyclotagta ligand to improve the hole transportation.
Furthermore, the ancillary ligands of tetrazol dndole have been proved to have the excellent
electron withdrawing abilities. As a result, thedar Ir(lll) complexes,(Czppy).lIr(tfimptz) and
(Czppy)Ir(pptz) , were synthesized. Their molecular structuresiafmed by'H NMR and element
analyses.

Their thermal stabilities were measured by therrmagnetric analysis (TGA) under a nitrogen
flow, as shown in Figure 1. Both complexes showdydwermal stabilities with the decomposition

temperature Ty, the temperature at the loss weight 5%) around&@®8B334°C, respectively. The



increase in the number of nitrogen atoms in angiled to a loweiTy for (Czppy).lr(pptz) .
Photophysical properties

Two compounds exhibit the similar absorption andsemn spectra in Cil, solution (Figure
2a), and the relative data are summarized in Thblge absorption bands blow 300 nm are assigned
to n-n* transitions from ligands. The weak absorption ke@n the range of 300-400 nm are
attributes to the typical spin-allowed singlet ni¢taligand charge-transfer transitiotMLCT). The
others, which can be found at about 412 nm, arelgnarigin from the spin-orbit coupling triplet
MLCT transitions. Their emission d€Czppy).Ir(ttmptz) and(Czppy).Ir(pptz) are observed at the
493, 526 nm.

The absorption bands and emission spectréCappy).Ir(tfmptz) appears the significant blue
shift relative to the free-carbazol@py).Ir(tfmptz) [19]. The geometry were optimized at
B3LYP/6-31G(d) level, and the electronic propertié$wo compounds were calculated (in Figure 3).
The HOMO orbitals extend to the electron-donatiathazole and-orbitals of Ir, while the LUMO
are distributed on the ancillary ligand. Therefdtes introduction of the electron-donating groups
will increase the HOMO level. The HOMO and LUMO (@zppy).Ir(tfmptz) and(Czppy).Ir(pptz)
are located at the different groups, this may bedaotive to promote bipolar charge-transporting
ability [21, 22].

The energy gapsEf) of (Czppy)lr(tfmptz) and (Czppy).Ir(pptz) are estimated by the
intersection of the absorption and emission spanti@H,Cl, to be 2.84 and 2.86 eV, respectively.
The low-temperature phosphorescent spectra wersurezhin 2-methyltetrahydrofuran (2-MeTHF)
matrixes at 77 K showed fine vibronic structuresKigure 2b). The triplet energies are calculated t
about 2.55 eV. These results indicate that the Ismlahnges in ancillary ligand, that the
electron-withdrawing trifluoromethyl was replaceg & nitrogen atom, have no obvious effects on
the ground and excited states of Ir(lll) complex.

The electrochemical properties were measured byiccyoltammetry using ferrocene as the



internal standard (Figure 4). The oxidation potstiE2*) of complexes(Czppy).lr(tfmptz) ,
(Czppy)aIr(pptz) are 1.25 and 1.18 V, respectively. Relative endeygls of Eyomo/ELumo are

-5.67/-2.83 and -5.55/-2.69 eV by the formulasffye = —4.8 — e(EZ* — Ef*)V and E ypo =
Enomo + Eg. The change from the electron-withdrawing triflamrethyl to nitrogen results in a

stablized LUMO level and an increased HOMO level.

Electroluminescent Performance

The electroluminescent (EL) were characterized alri€ating devices 1 and 2, in which
(Czppy)Ir(tfmptz) and (Czppy)Ir(pptz) were used as dopants and the synthesized TAZ-2Cz in
our laboratory as host [20]. The device structard© / MoG (3 nm) / NPB (30 nm)/TCTA( 10 nm)

ITAZ-2Cz: 20 wt%(Czppy).Ir(tfmptz) or (Czppy).lr(pptz) (20 nnv/ TPBi (50 nm)/ LiF (1 nm)/ Al

(100 nm) (Czppy)lIr(tftmptz) in device 1 and(Czppy).r(pptz) in device 2), in which
N’-bis(naphthalen)-N,N’-bis(phenyl)-benzidine (NPB)nd 1, 3, 5-tris(2-nhenylbenzimidazolyl)
-benzene (TPBI) can take the hole-transport layer @ectron-transfer layer roles, respectively;
tris(4-carbazoyl- 9-ylphenyl)amine (TCTA) is used reduce hole injection barrier and block the
electron; MoQ (molybdenum oxide) and LiF (lithium fluoride) servas the hole- and
electron-injecting layers. The bipolar TAZ-2Cz wa®sen due to the excellent carrier transporting
nature and high triplet level (2.62 eV). It is peovthat the performances of TAZ-2Cz in PhOLEDs
superior to the classical host of 4, M/-N’-dicarbazolebiphenyl (CBP) with the same device
structure. The EL characteristics of devices aspldyed in Figures 5, 6 7 and the relative data are
summarized in Table 2.

It is observed that the both devices emit briglgeeen-blue emission with maximum peaks
500/527 for device 1 and 500 nm for device 2. Camgbavith the PL spectra in GBI, solution, the
EL spectra have a little red shift, while the shienlat 527 nm becomes weaker in device 2 dopant

by (Czppy).Ir(pptz) in Figure 5. This indicates that the emissionsdam@inated by the dopants and

8



the effective energy transports are achieved betwest and dopants. As shown in Figure 6a, the EL
spectra of device 1 remain almost unchanged urdedifferent driving voltages from 5 to 10 V.
while with the increasing of voltage from 5 to 10 & new weak emission peak at 433 nm was
appeared in Figure 6b due to the poor stability@rder-transport properties (Czppy).lr(pptz) .

Both devices have the similar turn-on voltagés,(the voltage at 1 cd/fhat 4.0 and 3.9 V. The
totally different of current density - voltage - rbinance (J-V-L), current efficiency- current
density- power efficiency curveg{— ] — n,) and luminance - external quantum efficiency (LE5Q
are exhibited in Figure 7. The device 1 basedCQuppy).Ir(tfmptz) with trifluoromethyl group and
three nitrogen atoms in ancillary ligand achievegomd EL performance with the maximum
luminance (max), maximumn, n, and EQE of 17 415 cdfm44.5 cd/A, 27.7 Im/W, and 14.4 %,
respectively. While the device 2 employii@zppy).lr(pptz) with four nitrogen atom without
trifluoromethyl in ligand exhibits an inferior ELepformance withLye of 6 791 cd/mfy the
luminance efficiencies of 23.2 cd/A, 15.7 Im/W &BQE of 7.6 %. In addition, the device 2 displays
a serious roll-off in efficiencies, as can be sgefig. ¢, due to the weak thermal stability to gom

extent resulted from the increase of the numbeaitadgen atom in ancillary ligand.

Conclusion

In summary, we have been designed and synthesizetr(ll) complexes(Czppy).Ir(tfmptz) and
(Czppy)alr(pptz), which have the same bipolar cyclometalated ligaaad the different
N-heterocyclic derivatives as ancillary ligands rified with different number of nitrogen atom. The
heavy doping PhOLEDs were fabricated to study th#ir performances. The similar UV-vis
absorption and emission in solution were obseregdndless of the different ancillary ligands. Two
Ir(11l) complexes exhibit the brighter green-blumission with the double peaks at 493, 526 nm. On
the other hand, the EL performance(Gkppy).Ir(tfrmptz) in PhOLED with the maximum EQE of
14.4 % has the superior properties to(@eppy)Ir(pptz) .
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Scheme 1 Synthetic routes of the ligand and coneglex

Figure 1 The TGA curves of (Czppitftmptz) and (Czppyir(pptz)

Figure 2 UV-vis absorption (a) and emission (b)cs@ein CHCI, solution at room temperature
Figure 3 Orbitals distributions of HOMO/ LUMO fo€gppy)lir(tfmptz) and (Czppyr(pptz)

Figure 4 Cyclic voltammetry curves of (Czpgy{tfmptz) and (Czppyr(pptz)

Figure 5 EL spectra of device 1 and 2

Figure 6 The EL spectra of device 1 and 2 at tiferént voltages

Figure 7 (a) J-V-L characteristics, (b) currentiedéincy- current density- power efficiency curves

(nc —J —nyp) and (c) external quantum efficiency (EQE)sus luminance for devices 1 and 2.
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Figure 1
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Figure 2b
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Figure 4
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Figure 6a

Figure 6b
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Figure 7a

Figure 7b
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Figure 7c
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Table 1. Photophysical and electrochemical propexi (Czppylr(tfmptz) and (Czppyr(pptz)

}\absa1 )\ema E’rb T, HOMO/LUMO Egc
Complexes .
(nm) (nm) (ev) (€) (eVv) (ev)
(Czppy)lr(tfmptz) 345,372,421 493, 526 2.55 388 -5.6822 2.84
(Czppy}lr(pptz) 345,372,419 493, 526 2.55 375 -5.5582.6 2.86

2 Recorded in ChCl, solution at room temperaturéTriplet level {T;) calculated based on low-temperature PL
spectra at 77K in 2-MeTHF solutiohEnergy gapk,) was estimated from the intersection of UV-vis anassion
spectra
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Table 2. EL performances of devices 1 and 2

Amaxa I/Ole Lmaxc nCd T’pe CIEf EQEmaxg

Device Dopant
(nm) (V) (cd/nf) (eV) (eV) (x,y) (%)

1 (Czppyr(timptz) 500,527 4.0 17415 445 27.7 (0.25,0.58)  14.4
2 (Czppy)r(pptz) 500 39 6791 232 157 (0.26,0.56) 7.6

? the EL peaks collected at 8 ¥turn-on voltage at 1 cd/m® the maximum luminancé€, the
maximum current efficiency,the maximum power efficienclythe CIE coordinate at voltage of 8 V,

9 the maximum external quantum efficiency
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Highlight
The bipolar Ir(III) complexes were designed and synthesized.

The green-blue emission was observed.

The performances in PhOLEDs were characterized by the heavy dope concentration.



