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Abstract

We have synthesized four Ir(lll) metal complexes (1 — 4) bearing dual fluorine-free
cyclometalates that derived from 2’,6’-dimethoxy-4-t-butyl-2,3’-bipyridine (pypy)H or
2-(2,4-dimethoxypyrimidin-5-yl)-4-t-butylpyridine (pmpy)H and a third ancillary, e.g.
5-pyridin-2-yl-pyrazolate (Pz) or 5-pyridin-2-yl-pyrrolide (Pr), respectively. The Ir(lll)
complexes 3 and 4 were examined by X-ray diffraction studies for providing the
structural proofs. Photophysical properties were next measured in CH,Cl, at RT,
among which the pypy complexes 1 and 2 showed an identical structured emission
with Epo peak located at 458 nm, while the corresponding pmpy derivative 3
displayed the most blue-shifted Eqq peak at 444 nm. Organic light-emitting diodes
(OLEDs) were fabricated using multiple layered architecture and aforementioned
phosphor at 8 wt.% doping level. The associated OLED performances, cf. max. E.Q.E.
=9.0 %, 14.3 %, 5.8 % and 9.4 % and CIE, coordinates at (0.16, 0.22), (0.16, 0.24),

(0.16, 0.17) and (0.16, 0.20) at 100 cd/m? for phosphors 1 - 4 in sequence,
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confirmed their potential as blue dopant for phosphorescent OLEDs.

Introduction

Organic light emitting diodes (OLEDs) hold great promise for the emerging
commercial market of both the flat panel displays and solid state luminaries. For
continuous improving relevant technologies, it is essential to acquire various light
emitting materials, particularly the transition-metal based phosphors with higher
efficiencies and having all three elementary colors, namely: red, green and blue.
Unlike the green and red-emitting phosphors, for which many OLED devices with
excellent performances have been reported, the development of blue-emitting
phosphors still remains as a challenging task, simply because it demanded a higher
lying emitting excited states.'™ Hence, the higher emission energy lowers the gap
between emitting excited state and metal-centered dd excited state, and allows fast
population to this long-lived, non-emissive excited state.” The consequence is to
induce a rapid decline in efficiency upon blue-shifting the emission color (or reducing
the gap between these states).* ’ Method for avoiding this behaviour is to utilize
chelates with higher ligand-field strength, i.e. those can form stronger metal-ligand
bonding and destabilize the metal-centered dd excited state.

Prototypical examples of blue-emitting Ir(lll) phosphors include these with

8-11

chromophores derived from nitrogen-donors such as pyridinyl azole, and from

cyclometalating  heteroaromatics such as 2,4-difluorophenylpyridine  and

12, 13 14, 15

relevances, (2,4-difluoro-3-trifluoromethylphenyl)pyridine and derivatives,
(2,4-difluoro-3-trifluoromethylketone-phenyl)pyridine and analogues,*®
(2,4-difluoro-3-perfluorobutanone-phenyl)-4-methylpyridine,*’

(2,4-difluoro-3-cyanophenyl)pyridine,®  phosphoryl and  sulfonyl-substituted

2,4-difluorophenylpyridine,™® % diaryl-1,3,4-oxadiazole,”* 1-aryl-1,2-pyrazole,®* %

2',6’—dif|uoro—2,3’—bipyridine,24 2',6'—dia|koxy—2,3'—bipyridine,25’ 26
5—ary|—1,2,4—triazo|e,27 and 4—ary|—1,2,3—triazo|e,28 as well as NHC carbene such as

-2
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1-phenyl-3-methylimidazole,* 1-benzyl-3-methylimidazole,*® and
N-dibenzofuranyl-N’-methylimidazole.** Their common design is the introduction of
electron rich (or deficient) substituents on the cyclometalating chromophores that is
in control of the LUMO (or HOMO), respectively.

In this article, we report the synthesis and testing of four blue-emitting Ir(lll)
phosphors, which consist of either the cyclometalating 2,3’-bipyridine (pypy)H or
2-(pyrimidin-5-yl)-pyridine (pmpy)H, and a third ancillary deriving from substituted
5-pyridin-2-yl-pyrazolate or pyrrolide. Both (pypy)H and (pmpy)H chelates are
selected as they belong to a class of fluorine-free aromatics, and phosphors without
these chelates are expected to have greater chemical stability and longer lifespan for

the as-fabricated OLED devices.?* 3

OMe Me OMe But OMe But
MeO \ MeO \ MeO—\ \
N\ / \ / N\ / \ / \ / \ /
(MeO)opypyH (pypy)H (pmpy)H

The Ir(lll) phosphors with 2’,6’-dimethoxy-4-methyl-2,3’-bipyridine chelates have
been documented, namely: Ir[(MeO),pypyl.(acac) and Ir[(MeO),pypy].(pic), acac =
acetylacetonate and pic = picolinate, for which the OLED with Ir[(MeO),pypy].(pic)
gave an optimized external quantum efficiency (EQE) of 15.3% and CIE,, coordinate
of (0.16, 0.28) at 100 cd/m?.>* With an aim of further improving the efficiency and
color hue, we repeated the reactions using similar
2’,6’-dimethoxy-4-t-butyl-2,3’-bipyridine chelate, denoted as (pypy)H, and with more
electron deficient ancillaries, i.e.
2-[3-(trifluoromethyl)-1H-pyrazol-5-yl]-4-t-butylpyridine (Pz)H* and
2-[3,5-bis(trifluoromethyl)-1H-pyrrol-2-yl]-4-t-butylpyridine (Pr)H,*® with the goal of
acquiring more efficient blue-emitting phosphors, cf. Ir(pypy)2(Pz) (1) and Ir(pypy)(Pr)
(2). Relevant syntheses using 2-(2,4-dimethoxypyrimidin-5-yl)-4-t-butylpyridine

chelate, i.e. (pmpy)H were also attempted, for which the isolated Ir(pmpy),(Pz) (3)

—3-
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and Ir(pmpy),(Pr) (4) have exhibited the bluer emission, due to the greater nn* gap
of pmpy cyclometalates. The associated details are given in the results and discussion

section.

Ir(pypy) 2(P2); X = CH, (1) Ir(pypy) 2(Pr); X = CH, (2)
Ir(ompy),(Pz); X =N, (3) Ir(ompy),(Pr); X = N, (4)

Experimental section

General Information and Materials. All reactions were performed under a
nitrogen atmosphere and solvents were distilled from appropriate drying agents
prior to use. Commercially available reagents were used without further purification
unless otherwise stated. 'H and °F NMR spectra were measured with a Varian
Mercury-400 in CDCls. UV-Vis spectra were recorded on a HITACHI U-3900
spectrophotometer. Detail of measurement of steady-state emission in both solution
and solid state was described in our previous reports.>’ Lifetime studies were
measured with Edinburgh FL 900 photon-counting system. Electrochemical behaviors

were investigated by using cyclic voltammetry (CV) on a CHI621A Electrochemical
_4_
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Analyzer. The elemental analysis was carried out on a Heraeus CHN-O Rapid
Elementary Analyzer. Mass spectra were recorded on a JEOL SX-102A instrument

operating in Electron Impact (El) or Fast Atom Bombardment (FAB) mode.

Preparation of 4-t-butyl-2’,6’-dimethoxy-2,3’-bipyridine  (pypy)H and
2-(2,4-dimethoxypyrimidin-5-yl)-4-t-butylpyridine  (pmpy)H. A  mixture of
4-t-butyl-2-chloropyridine (1.0 equiv.), 2,6-dimethoxypyridine-3-boronic acid (or
2,4-dimethoxypyrimidine-5-boronic acid, 1.1 equiv.), Pd(dppf)Cl, (0.05 equiv.) and
K,CO3 (5 equiv.) in toluene and water (v:v, 5:1) was heated at 100 °C for 24 h. After
then, the organic layer was separated, dried over anhydrous Na,SO4 and filtered. The
filtrate was evaporated to dryness and the residue was purified by silica gel column
chromatography eluting with a mixture of EA and hexane (3:1) to afford the products
(pypy)H and (pmpy)H, respectively.

Selected data of (pypy)H. Yellow oil, yield: 72%. MS (El): m/z 272.2 (M*). *H NMR
(400 MHz, CDCls, 298 K): 6 8.53 (d, J = 5.2 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H), 7.92 (s, 1H),
7.45 (dd, J = 5.2 Hz, 1H), 6.23 (d, J = 8.4 Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H), 1.33 (s, 9H).

Selected data of (pmpy)H. Yellow oil, yield: 56%. MS (El): m/z 273.2 (M*). *H
NMR (400 MHz, CDCl3, 298 K): & 8.80 (s, 1H), 8.55 (d, J = 5.2 Hz, 1H), 7.76 (s, 1H), 7.21
(dd, J = 5.2 Hz, 1H), 4.06 (s, 3H), 4.03 (s, 3H), 1.33 (s, 9H).

Preparation of dimer [Ir(CAN),(p-Cl)],. A suspension of [Ir(cod)(u-Cl)]> (1.0 equiv.)
and the respective ligand (CMN = pypy, pmpy; 4.1 equiv.) in 2-ethoxyethanol (15 mL)
was heated at 140 °C for 6 h. After cooled to RT, excess of methanol was added to
induce precipitation. The resulting precipitate was filtered, washed with methanol
and hexane in sequence. The dimers [Ir(CAN),(u-Cl)], were obtained in high purity
and used without further purification.

Preparation of Ir(lll) metal complexes. A suspension of [Ir(C*N),(u-Cl)], (CAN =
pypy, pmpy; 1.0 equiv.), ancillary ligand (PzH or PrH, 2.1 equiv.) and Na,COs; (10.0

equiv.) in 2-methoxyethanol (15 mL) was heated at 125 °C for 4 h. After then, excess
— 5 —
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of deionized water was added to induce precipitation. The resulting precipitate was
filtered, washed with methanol and hexane in sequence. After chromatographic
separation and recrystallization, the corresponding Ir(lll) complexes [Ir(CAN),(L*X)]
(CAN = pypy, pmpy; LAX = Pz, Pr) was obtained as pale yellow solid.

Ir(pypy)2(Pz) (1). Pale yellow solid, yield: 84%. MS (FAB, **Ir): m/z 1003.7 (M*).
'H NMR (400 MHz, CDCls, 298 K): 6 8.52 (s, 1H), 8.43 (s, 1H), 7.66 (d, J = 6.0 Hz, 1H),
7.63 (s, 1H), 7.39 (d, J = 6.0 Hz, 1H), 7.24 (d, J = 6.4 Hz, 1H), 6.96 (dd, J = 6.0 Hz, 1H),
6.92 (s, 1H), 6.86 (dd, J = 6.0 Hz, 1H), 6.72 (dd, J = 6.4 Hz, 1H), 5.37 (s, 1H), 5.27 (s,
1H), 4.04 (s, 3H), 4.00 (s, 3H), 3.77 (s, 3H), 3.71 (s, 3H), 1.30 (m, 27 H). ’F-{*H} NMR
(470 MHz, CDCls, 298 K): 6 -59.73 (s, 3F). Anal. calcd. for C4sHs1F3IrN;O4: N, 9.77; C,
53.88; H, 5.12%. Found: N, 9.88; C, 53.76; H, 5.5%.

Ir(pypy)2(Pr) (2). Pale yellow solid, yield: 76%. MS (FAB, **Ir): m/z 1070.7 (M").
'H NMR (400 MHz, CDCls, 298 K): & 8.51 (s, 1H), 8.45 (s, 1H), 8.08 (s, 1H), 7.60 (d, J =
6.0 Hz, 1H), 7.56 (d, J = 6.0 Hz, 1H), 7.15 (d, J = 6.4 Hz, 1H), 6.84 (m, 3H), 6.74 (dd, J =
6.4 Hz, 1H), 5.21 (s, 1H), 5.16 (s, 1H), 4.04 (s, 3H), 4.01 (s, 3H), 3.76 (s, 3H), 3.68 (s,
3H), 1.32 (m, 18H), 1.29 (s, 9H). *°F-{"H} NMR (470 MHz, CDCls, 298 K): & -54.68 (s,
3F), -58.74 (s, 3F). Anal. calcd. for C47Hs51FglrNgO4: N, 7.85; C, 52.75; H, 4.80%. Found:
N, 7.88; C, 52.73; H, 5.14%.

Ir(pmpy)2(Pz) (3). Pale yellow solid, yield: 93%. MS (FAB, **Ir): m/z 1005.5 (M").
'H NMR (400 MHz, CDCls, 298 K): 6 8.29 (s, 1H), 8.23 (s, 1H), 7.71 (d, ) = 6.0 Hz, 1H),
7.67 (s, 1H), 7.57 (d, J = 6.4 Hz, 1H), 7.45 (d, J = 6.0 Hz, 1H), 7.01 (dd, J = 6.0 Hz, 1H),
6.96 (s, 1H), 6.91 (dd, J = 6.0 Hz, 1H), 6.81 (dd, J = 6.4 Hz, 1H), 4.04 (s, 3H), 4.00 (s,
3H), 3.53 (s, 3H), 3.41 (s, 3H), 1.33 (s, 9H), 1.29 (m, 18H). ’F-{*H} NMR (470 MHz,
CDCls, 298 K): 6 -59.77 (s, 3F). Anal. calcd. for C43H49F3IrNgO4: N, 12.54; C, 51.38; H,
4.91%. Found: N, 12.29; C, 51.84; H, 5.31%.

Ir(pmpy)2(Pr) (4). Pale yellow solid, yield: 63%. MS (FAB, **Ir): m/z 1072.7 (M").
'H NMR (400 MHz, CDCl3, 298 K): & 8.28 (s, 1H), 8.23 (s, 1H), 8.12 (s, 1H), 7.65 (m,
2H), 7.36 (d, J = 6.4 Hz, 1H), 6.90 (m, 2H), 6.86 (s, 1H), 6.82 (dd, J = 6.4 Hz, 1H), 4.04

(s, 3H), 4.00 (s, 3H), 3.48 (s, 3H), 3.34 (s, 3H), 1.32 (s, 9H), 1.29 (m, 18H). “F-{*H}
_6_
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NMR (470 MHz, CDCls, 298 K): & -54.75 (s, 3F), -59.33 (s, 3F). Anal. calcd. for

CasHaoFelrNgO4: N, 10.45; C, 50.41; H, 4.61%. Found: N, 10.39; C, 50.53; H, 4.61%.

Single Crystal X-Ray Diffraction Studies. Single crystal X-ray diffraction data
were measured on a Bruker SMART Apex CCD diffractometer using Mo radiation (A =
0.71073 A). The data collection was executed using the SMART program. Cell
refinement and data reduction were performed with the SAINT program. An
empirical absorption was applied based on the symmetry-equivalent reflections and
the SADABS program. The structures were solved using the SHELXS-97 program and
refined using SHELXL-97 program by full-matrix least squares on F® values. The
structural analysis and molecular graphics were obtained using SHELXTL program on
PC computer.®® CCDC-1042596 and 1038961 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from

the Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

Selected crystal data of 3: C43H49F3IrNgO4; M = 1005.11; T = 200(2) K; A(Mo-K,) =

0.71073 A; triclinic; space group = P-1; a = 15.2000(8), b = 15.4108(8), ¢ = 16.1956(8)
A, o =63.7115(9)°, B = 64.9839(10)°, y = 81.0448(10)°; V = 3079.9(3) A>; Z = 2; peaica =
1.084 Mg-m>; u = 2.213 mm™%; F(000) = 1012; crystal size = 0.34 x 0.24 x 0.14 mm>;
39783 reflections collected, 14052 independent reflections (Ri,; = 0.0314), max. and
min. transmission = 0.7469 and 0.5564, restraints / parameters = 96 / 578, GOF =
1.042, final R1[/ > 26(/)] = 0.0284 and wR;(all data) = 0.0741.

Selected crystal data of 4: C4sHagFglrNgO4; M = 1115.21; T = 150(2) K; A(Mo-K,) =
0.71073 A; triclinic; space group = P-1; a = 12.8914(5), b = 13.0578(5), ¢ = 15.8885(6)
A, a = 106.7420(10)°, B = 96.0820(10)°, y = 99.5340(10)°; V = 2492.16(17) A%, Z = 2;
Pealcd = 1.486 Mg-m™>; u = 2.751 mm™%; F(000) = 1126; crystal size = 0.34 x 0.15 x 0.12
mm?; 32464 reflections collected, 11416 independent reflections (Ri,; = 0.0411), max.
and min. transmission = 0.7337 and 0.4548, restraints / parameters = 201 / 623, GOF

=1.098, final R1[/ > 2o(/)] = 0.0337 and wR,(all data) = 0.0815.
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TD-DFT Calculation All calculations were performed by Gaussian 09 program.>®
The B3LYP density functional theory (DFT)*® ** which combines the Becke’s
three-parameter hybrid exchange theory and the Lee-Yang-Parr correlation theory
was used to optimize the structures in the ground state for complexes 1 - 4. Based
on the optimized geometrical structure in the ground state, 100 singlet and 6 triplet
excited states were calculated to determine the vertical excitation energies by
time-dependent density functional theory (TD-DFT). Moreover, for determining the
phosphorescence, geometries of these complexes in the lowest-energy triplet state
T, were also optimized. Then 6 triplet excited states were calculated on the base of
optimized T, states. In these calculations, a polarizable continuum model (PCM) using
CH,Cl, solvent was applied.*” ** The Stuttgart-Dresden (SDD)* basis set and the
effective core potentials (ECPs) was used to describe the Ir atom. Other non-metal
atoms of F, O, N, C and H were described by the all-electron basis set of 6-31G*.
Visualization of the frontier molecular orbitals were performed by GaussView.

OLED device fabrications. All materials were purified by vacuum sublimation
prior to use. The OLEDs were fabricated through direct vacuum deposition at 107
torr on the ITO-coated glass substrates having a sheet resistance of 15 Q sq*. The
ITO surface was ultrasonically cleaned in acetone, methanol and deionized water in
sequence, followed by a final treatment with air plasma. The deposition rate was
kept at ca. 1 — 2 A s”%. Subsequently, LiF was deposited at 0.1 A s™ and then capped
with Al metal (ca. 5 A s7%) through shadow masking without breaking the vacuum.
The J-V-L characteristics of the devices were measured simultaneously in a
glove-box using a Keithley 6430 source meter and a Keithley 6487 picoammeter
equipped with a calibration Si-photodiode. EL spectra were measured using a

photodiode array (Ocean Optics USB2000+).

Results and Discussion

Synthesis and characterization. The wide band-gap cyclometalating chelates, i.e.

—8-—
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4-t-butyl-2’,6’-dimethoxy-2,3’-bipyridine, (pypy)H and
2-(2,4-dimethoxypyrimidin-5-yl)-4-t-butylpyridine, (pmpy)H, are synthesized using
the Pd-catalyzed Suzuki-Miyaura cross-coupling involving 4-t-butyl-2-chloropyridine
and 2,6-dimethoxypyridine-3-boronic acid (or 2,4-dimethoxypyrimidine-5-boronic

acid), according to the modified literature procedures.*> *®

Next, the Ir(lll) complexes
were constructed by the typical two-step procedure, which involved treatment of
(pypy)H and (pmpy)H chelates with [Ir(cod)(u-Cl)], to afford the corresponding Ir(lll)
dimers [(pypy)2lr(u-Cl)]; and [(pmpy).Ir(u-Cl)],, according to the method reported by
Baranoff and coworkers,26 followed by addition of
2-[3-(trifluoromethyl)-1H-pyrazol-5-yl]-4-t-butyl-pyridine (PzH) and
2-[3,5-bis(trifluoromethyl)-1H-pyrrol-2-yl]-4-t-butyl-pyridine  (PrH) at elevated
temperature. This protocol has afforded the desired Ir(lll) metal complexes, i.e.
Ir(pypy)2(Pz) (1), Ir(pypy)2(Pr) (2), Ir(pmpy)2(Pz) (3) and Ir(pmpy)(Pr) (4), in high
yields and high purity. Their identities are initially confirmed by spectroscopic
analyses, such as mass spectrometry and NMR, and by elemental analysis.
Single-crystal X-ray diffraction studies on both 3 and 4 were carried out to reveal
their exact coordinative arrangement. As indicated in Figures 1 and 2, their
molecular structures consist of a slightly distorted octahedral geometry, similar to

the geometry displayed by relevant heteroleptic Ir(lll) complexes.*’>°

The pmpy
chelates show trans-Ir-N bond lengths of 2.039(2) and 2.041(2) A in 3 and 2.037(3)
and 2.044(3) A in 4, which are all within the normal ranges expected for analogous
cyclometalated Ir(lll) complexes. The carbon donor atoms, e.g. C(1) and C(16) for 3
and C(22) and C(37) for 4, are cis to one another, for which their respective Ir-C
distances, 1.970(2) and 1.982(3) A, 1.972(3) and 1.989(4) A are also comparable to
those of the heteroleptic Ir(lll) complexes with dual cyclometalating chelates such as
in [Ir(dfpypy)2(P2)1,>* [(tfmppy)alr(tpip)],>® [Ir(ppy)2(PyTz)]>® and FK306.%* The Pz and
Pr metallacycles in 3 and 4 are planar; however, the Ir-N distance to the pyrazolate

fragment in 3 (Ir-N(8) = 2.118(2) A) is found to be notably shorter than that of the

pyrrolide fragment in 4 (Ir-N(2) = 2.155(3) A), despite of having similar Ir-N distance
— 9 —
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to the nearby pyridinyl fragment, c.f. Ir-N(7) = 2.159(2) and Ir-N(1) = 2.151(3) A. This
observation suggests the existence of stronger dative bonding interaction between
Ir(1ll) atom and pyrazolate versus pyrrolide, which could be, in part, attributed to the
larger steric encumbrance imposed by the adjacent CF; group of pyrrolide.> °®

Photophysical properties. Absorption and emission spectra recorded in CH,Cl,
solution are compiled in Figure 3 and the corresponding numeric data are
summarized in Table 1. All Ir(lll) complexes 1 — 4 showed broadened absorption at
approx. 345 nm that can be assigned to spin-allowed ligand-centered ‘rn* transitions
of the chromophoric cyclometalates, which partially overlap with spin-allowed ‘rut*
transition of the Pz or Pr ancillary. Only minor spectral change was observed upon
variation of either cyclometalate chelates (i.e. pypy and pmpy) or ancillaries (i.e. Pz
and Pr) in the present system. However, the less intense shoulder at approx. 370 nm
are probably due to spin-allowed *MLCT transitions. These *MLCT peaks are difficult
to be resolved due to the tailing of ‘rut* transition, for which the lower absorptivities
are attributed to the poor spatial overlap between the d; orbitals of central Ir(lll)
metal atom and nt* orbitals of chelates.

The PL spectra in degassed CH,Cl, were next recorded which are also shown in
Figure 3. Great variation of intensity between aerated and degassed solution were
observed for all Ir(lll) metal complexes, ensures that the emission is originating from
the triplet manifold, i.e. the phosphorescence. The radiative and non-radiative decay
rate constants were calculated using the equations: k. = ©/Tops and knr = 1/Tops — kr. As
showed in Table 1, radiative decay rate constants k, of 1.03 — 2.10 x 10° s were
deduced for Ir(lll) complexes 1 — 4. Since these heteroleptic structures with pyridyl
azolate or pyrrolide ancillary are considered to be more rigid than that of the
analogous Ir(lll) complexes with picolinate ancillary,® a major radiationless
deactivation associated with large amplitude skeletal motion seems to be unlikely,
which accounts for the reduced non-radiative decay rate constants observed
between them.

Moreover, both pypy complexes 1 and 2 showed essentially identical spectral

-10-
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pattern, with two peak maxima at 458 and 489 nm and a less intense shoulder in the
longer wavelength region. The occurrence of these vibronic envelops reflected the
strong influence from the >mm excited states, together perhaps with minor
contribution from the *MLCT excited states. In sharp contrast, emission for 3 is
significantly blue-shifted, showing peak maxima at 444 and 472 nm, for which the
Eo.o transition is approx. blue-shifted by 14 nm versus that of the pypy complexes 1
and 2. This observation is in agreement with the larger ligand-centered nn* gap for
pmpy chelates versus that of the corresponding pypy chelates. In sharp contrast to 3,
the second pmpy complex, i.e. Ir(lll) complex 4 with the pyrrolide based ancillary (i.e.
Pr), reveal a different emission profile, for which the intensity of Eqq transition is
slightly suppressed, together with concomitant increase in intensity for the longer
wavelength shoulders. Such a change of emission pattern seems to be not coming
from impurity in solid sample, as the spectral profile remained unaltered even after
repeated separation using both chromatography and recrystallization. Furthermore,
this broadened spectral profile offsets the endeavor for inducing the blue-shifting of
luminescence, making this complex less ideal to serve the monochromic blue

phosphor.

Electrochemistry. The electrochemical properties of 1 — 4 were examined using
cyclic voltammetry. In contrast to the typical Ir(lll) complexes with reversible
metal-centered oxidation and irreversible ligand-centered reduction processes, these
Ir(111) complexes 1 — 4 showed irreversible oxidation onset at 0.94, 0.93, 1.06 and 1.07
V in CH,Cl; (vs. the ferrocenium/ferrocene couple at 0.0 V, c.f. Figure SE of electronic
supporting information), whilst the reduction peak was not detectable up to the limit
of —3.0 V. The alternation in oxidation onsets followed the anticipation based on the
greater electron deficient character of the pmpy versus pypy chelates. Furthermore,
it is expected that the Pr ancillary in 2 and 4 would reduce the negative charge

density at the metal and, then, exhibit a slightly increased onset.

Theoretical calculation. DFT/TD-DFT calculations were also performed to study

-11-
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the detailed photophysical properties of complexes 1 — 4 in CH,Cl, solution. The
calculated lowest-energy absorption wavelength of S; states, primarily coming from
the transitions of HOMO -> LUMO/LUMO+1, are 358, 362, 351 and 362 nm,
respectively, for complexes 1 — 4 (Table 2), which are close to the experimental
absorption onsets (Figures S1, S3, S5, S7). From the analysis of orbital components
(Figure 4), it can be found that the HOMO are mainly distributed in the chromophoric
cyclometalates (pypy for complexes 1 and 2; pmpy for complexes 3 and 4) with the
contributions of 77%, 81%, 65% and 43% and d orbital of Ir atom with the
contributions of 20%, 17%, 32% and 26%, respectively, expect for complex 4 with
some important distribution in Pr ancillary (32%). The LUMO/LUMO+1 orbitals are
primarily located on the pypy/pmpy and Pz/Pr ligands with no less than 92%
contributions. So the transitions from their ground states to the S; states are ascribed
to the predominant intra-ligand (IL) [t = m* (pypy/pmpy)] transitions with
moderate [rt (pypy/pmpy) = m* (Pz/Pr)] ligand-to-ligand charge transfer (*LLCT),
combined with minor [dy (Ir) = 1t* (Pz/Pr)] metal-to-ligand charge transfer (*MLCT)
character. The second, higher energy absorption was calculated to locate at 314, 314,
317 and 336 nm, which are corresponding to the experimental absorption peaks
observed at 328, 332, 338 and 338 nm for complexes 1 — 4, respectively, and their
characteristics can be mainly assigned to the 'IL rut* transition in chromophoric
cyclometalates according to the transition component and orbital distribution (see
Supporting Information for more details).

Moreover, the calculated wavelengths of the lowest-energy triplet states Ty in
the optimized structures of ground state Sy are estimated to locate at 433, 438, 418
and 437 nm, respectively (Table 2), which agree with the experimentally observed
lowest-energy absorption band in the region of 380-440 nm. The variation is also
consistent with the trend of phosphorescence spectra, with the greatest blue shift for
complex 3 by comparison with that observed for all other Ir(lll) complexes. The
properties of first three lowest-energy triplet states T; — T3 for complexes 1 — 4 and

the corresponding assignment are detailed in Tables S1 - S4. Combining with the

-12 -
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orbital distribution (Figures S2, S4, S6, S8, Supporting Information), it can be found
that the transition are primarily ascribed to the contribution from intra-ligand charge
transition >IL. It is noted that the calculated transition probability (oscillator strength,
f) from Sg to T, (n = 1 - 3) is zero owing to the forbidden singlet-triplet transition
under the TD-DFT calculation in Gaussian program without considering the spin-orbit
coupling. But for these Ir(lll) complexes, the transition from Sy to T, should be partly
allowed as a result of the larger spin-orbit coupling induced by the heavy Ir(lll) metal
atom.

Based on the optimized geometrical structures of T; states which were treated as
the reference states, the triplet excitation transition were also calculated. The
electron density difference (EDD) of Ap(T1-So) between the first triplet excited state
T, and ground state Sq in the optimized T, state in CH,Cl, solution were displayed in
Figure 5. It is obvious that the electron are primarily excited to the chromophoric
cyclometalates (pypy/pmpy), while the hole are left on the same parts but with
different regions and on the Ir(lll) metal atom. Accordingly, we can deduce that the
phosphorescence are mainly derived from the intra-ligand mm* transition within the
cyclometalating pypy/pmpy chelates, combined with some [d, (Ir) = it* (pypy/pmpy)]
3MLCT character. The spin-density distribution of the triplet state also confirm this
conclusion, c.f. the right column of Figure 5.

Electroluminescent Devices. PhOLEDs were fabricated using the Ir(lll) complexes
1 - 4 as dopants in device architecture with double-emission-layers (DEL): indium tin
oxide (ITO)/ HAT-CN (10 nm)/ DTAF (40 nm)/ TCTA (10 nm)/ CaSi: 8% dopant (10 nm)/
POCz3: 8% dopant (15 nm)/ 3TPYMB (50 nm)/ LiF (0.5 nm)/ Al (100 nm). The DEL
comprises two different host materials that have higher triplet excited state than that
of dopant and opposite carrier-transporting property in order to bring about a better

14,57

balance between the electron and hole-transport. Figure 6 shows the schematic

diagram of the device structure and the molecular drawings of materials used in the

device. To improve the hole injection from the anode, we used

)58

4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN as the hole injection

—-13 -
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layer. Two hole transport layers (HTLs), which consisted of a 40-nm-thick layer of
9,9-di[4-(di-p-tolyl)aminophenyl]fluorene (DTAF)**®! and a 10-nm-thick layer of
4,4' 4"-tri(N-carbazolyl)triphenylamine  (TCTA)** ®  were implemented. It s
noteworthy that TCTA (HOMO = -5.7 eV) was inserted between DTAF and CaSi to
show a stepwise increase in HOMOs into the emitting layer. The DEL consists of two
hosts, both are doped with 8 % of Ir(lll) phosphors; one is the hole transporting
diphenylbis[4-(9-carbazoyl)phenyl]silane (CaSi),** while the second is the electron
transporting 3,3',3"-phosphoryl tris(9-phenyl-9Hcarbazole) (POCz3, 15 nm).*® For
effectively confining the excitons, tris-[3-(3-pyridyl)mesityl]borane (3TPYMB)®®®® with
a high triplet-energy gap (Er: 2.98 eV and HOMO/LUMO: 6.8/3.3 eV) was employed as
the electron-transporting layer (ETL). The device was completed using LiF and Al as
electron-injecting layer and cathode, respectively.

Figure 7 depicts the current density-voltage-luminance (J-V-L) characteristics,
device efficiencies, and EL spectra of the device. The key characteristics of the
devices are listed in Table 3. The electroluminescence (EL) spectra consist only of a
blue phosphor emission without any residual emission from the host and/or adjacent
layers, even at high drive currents — an indication of complete energy and/or charge
transfer from the host exciton to the phosphor upon electrical excitation. There is a
close resemblance between the EL and PL spectra in each case. The turn-on voltage
of all devices are recorded to be 3.0 V owing to the good matching of HOMO and
LUMO energy levels between hole and electron transporting materials and Ir(lll)
dopants. The 2 doped blue PhOLED reveals a max. brightness (Lmax) of 17050 cd/m? at
13.0 V (950 mA/cm?) with the CIE coordinates of (0.16, 0.24). The max. external
quantum (77ex), current (77c), and power efficiencies (77,) were 14.3 %, 23.8 cd/A, and
18.2 Im/W, respectively, which are resemble to those of blue-emitting Ir(lll)

50, 69-72
d.

complexes documente At the practical brightness of 1000 cd/m? the

external quantum efficiency drop to about 10.8 %. These efficiency roll-offs are to be

73, 74

expected for phosphorescent OLEDs at higher current densities. Device 1 has

almost the same EL spectra with emission maxima at 459 and 488 nm as well as a

—-14 -
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slightly lower device efficiencies (9.0 %, 14.5 cd/A, and 12.7 Im/W) as a consequence
of the longer radiation lifetime (7.7 pus) and versus that of dopant 2 (6.2 us) recorded
under similar condition.

In addition, the 4 and 3 phosphors, both adopt 5-pyridin-2-yl-pyrimidine chelates,
display further blue-shifted emission (456 and 475 nm) compared to the
2,3’-bipyridine based phosphors 2 and 1 due to the enlarged gap. The device with
dopant 4 reveals a max. brightness (Lmax) of 9550 cd/m” at 13.5 V (1240 mA/cm?)
with the CIE coordinates of (0.16, 0.20). Its max. efficiencies were recorded to be 9.4
%, 14.4 cd/A and 11.5 Im/W, which are significantly higher than those for the device
3 (5.8 %, 7.9 cd/A and 7.1 Im/W), which showed the best true-blue CIE coordinates of

(0.16, 0.17) among all phosphors.

Conclusion

In summary, we have shown the successful preparation of blue-emitting Ir(lll)
phosphors 1 — 4, bearing the fluorine-free pypy and pmpy chromophoric chelates.
The photophysical studies showed the existence of intense, structured blue
phosphorescence with Eq peak (£ 458 nm) and higher quantum yield (= 79 %) in
solution, for which the recorded emission characteristics are comparable to those of
the best Ir(lll) phosphors with 4,6-difluorophenylpyridinato cyclometalates
documented in literature. According to the DFT/TD-DFT studies, the electron
withdrawing nitrogen atom(s) of the cyclometalating segments are capable to
stabilize the m-orbital of the chelates and, in the meantime, the respective methoxy
fragments provide a dual function in lowering the d; electron density at the Ir(lll)
center and increasing the m*-energy level of chelates. Thus, the synergy of nitrogen
atoms and methoxy groups is clearly the main factor that produced the blue-shifted
emission. As for the OLED applications, pypy phosphor 2 showed the highest
efficiency characteristics, i.e. max. external quantum (nex), current (n.), and power
efficiencies (n,) of 14.3 %, 23.8 cd/A, and 18.2 Im/W, respectively. Moreover, the

associated ney Was only dropped to 10.8 % at 1000 cd/mz, and showing blue CIE,,
—_ 15 —_
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color coordinates of (0.16, 0.24) at 100 cd/m?, versus the CIEy, coordinates of (0.16,
0.17), as showed by the phosphor 3. These results underline the great potential of
these Ir(lll) complexes in both the synthetic organometallic chemistry as well as the

application as alternative phosphors for OLED studies.
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Figure 1. Structural drawing of 3 with thermal ellipsoids shown at 30% probability
level, selected bond distances: Ir-N(1) = 2.039(2), Ir-N(4) = 2.041(2), Ir-N(8) = 2.118(2),
Ir-N(7) = 2.159(2), Ir-C(1) = 1.970(2) and Ir-C(16) = 1.982(3) A; selected bond angles

N(7)-Ir-C(1) = 175.48(9), N(8)-Ir-C(16) = 172.34(8) and N(1)-Ir-N(4) = 168.68(8)°.

Figure 2. Structural drawing of 4 with thermal ellipsoids shown at 30% probability
level, selected bond distances: Ir-N(1) = 2.151(3), Ir-N(2) = 2.155(3), Ir-N(3) =
2.037(3), Ir-N(6) = 2.044(3), Ir-C(22) = 1.972(3) and Ir-C(37) = 1.989(4) A; selected
bond angles N(1)-Ir-C(37) = 174.81(12), N(2)-Ir-C(22) = 172.16(12) and N(3)-Ir-N(6) =

—-17 -
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170.32(11)".
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Figure 3. Absorption and normalized emission spectra of complexes 1 — 4 in degassed

CH2C|2 at RT.
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Figure 4. Plots of the selected frontier orbitals involved in the transitions of S; states
for complexes 1 - 4 in CH,Cl, solution calculated by TD-DFT method at the B3LYP level
(isovalue = 0.02), combined with the orbital compositions of Ir metal / Pz or Pr / pypy
or pmpy fragment in percentile (%). The blue and yellow parts represent different

phases, respectively.
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p(M)-p(V)

Figure 5. Plots of electron density difference (EDD) of Ap(T1-So) (isovalue = 0.02) and
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spin dentisy (SD) of p(1)-p({d ) (isovalue = 0.0008) in the optimized T, state for 1 — 4
in CH,Cl,. The light blue and purple colors of EDD images represent the electron
depletion (ED) and electron accumulation (EA) region, respectively; while the dark
blue and green parts of SD images represent the net electron distribution of spin up

and spin down, respectively.
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Table 1. Photophysical data of the studied Ir(lll) complexes recorded in CH,Cl, at RT.

Aabs (NnM) / € (10* M em™)

1 283/4.3,328/2.6
2 283/4.4,332/3.1
3 271/4.8,338/1.6
4 275/4.4,338/2.0

% shoulder peak.

Aem (NM)
458, 488, 510°
458, 489, 510°
444,472, 493°

458, 476, 507°

@b
0.79
0.79
0.91

0.93

T (ps)”
7.7
6.2
4.2

6.0

ke (s7)
1.03 x 10°
1.27 x 10°
2.17 x 10°

1.55 x 10°

Knr (s7)
2.7x10*
3.4x 10
2.1x10*

1.2 x 10*

® The guantum yields were measured in degassed CH,Cl, and with coumarin102 (® =

0.87 in methanol) as reference.
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Table 2. The calculated energy levels and orbital transition analyses for complexes 1

- 4.
State|A nm (eV) |f transitions assignment MLCT%
115, [358(3.46) [0.0545 HOMO > LUMO (59%)  ['IL/'LLCT/'MLCT 150
HOMO = LUMO+1 (17%) [IL/*LLCT/*MLCT °
T, 1433 (2.86) 0.0000 |HOMO->LUMO+2 (28%)  PIL/°MLCT
HOMO->LUMO (15%) PILALLCTAMLET |
HOMO-1->LUMO+1 (13%) PIL/ALLCT 11%
HOMO-1->LUMO+2 (12%) FIL
2 |s, 1362(3.43) 0.0451 [HOMO->LUMO (47%) 'IL/'LLCT/*MLCT 120
HOMO->LUMO+1 (30%)  [IL/*LLCT/*MLCT °
T, 1438 (2.83) [0.0000 [HOMO-1->LUMO+1 (42%) PIL/°LLCT 1%
HOMO-1->LUMO (40%)  FIL/LLCT °
3 s, [351(3.53) 0.0705 [HOMO->LUMO (76%) "IL/*MLCT g0
HOMO->LUMO+1 (14%)  ['LLCT/ML/*MLCT 0
T, 1418(2.97) |0.0000 [HOMO->LUMO (33%) *IL/*MLCT
HOMO-2->LUMO+2 (13%) PIL/’LLCT .
HOMO-LUMO+2 (12%)  FIL/AMLCT 23%
HOMO->LUMO+1 (11%)  PLLCT/AIL/>MLCT
4 s, [362(3.42) [0.0253 [HOMO->LUMO (63%) 'IL/*MLCT 519
HOMO->LUMO+1 (20%)  [IL/*MLCT/*LLCT °
T, 1437 (2.84) [0.0000 [HOMO-1->LUMO+1 (39%) [’IL Lo%
HOMO->LUMO+1 (32%)  FIL/’MLCT/ALLCT °
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Table 3. EL performance of devices incorporating different Ir(lll) dopants at 8 wt.%.

v max. L max. n, max.n . | max.n [%, V] at CIE
V] [cd/m?] [mA/cm?] (%, cd/A] | [Im/W] 10° cd/m’ [x,y]
1 3.0 9530 (13.5V) 1070 9.0, 14.5 12.7 6.3,5.6 0.16,0.22
2 3.0 17050 (13.0V) 950 14.3,23.8 18.2 10.8,5.5 | 0.16,0.24
3 3.0 4440 (12.5V) 1070 5.8,7.9 7.1 1.7,7.0 0.16,0.17
4 3.0 9550 (13.5V) 1240 94,144 11.5 5.7,5.8 0.16,0.20

? Turn-on voltage at which emission became detectable (1072 cd/m?).
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Ir(pmpy),(P2)

400 500 600
wavelength (nm) CIE,: (0.16, 0.17)

Ir(ll1) complexes with functional 2-(pyrimidin-5-yl)pyridine cyclometalates display
blue electroluminescence and with CIE,, coordinates occurred at (0.16, 0.17) at 100

cd/m?.



