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This paper reports the synthesis, structure, and photophysical and electrophosphorescence properties of
heteroleptic amidinate/bis(pyridylphenyl) iridium(l1l) complexes having different substituents on the
nitrogen atoms of the amidinate ancillary ligands. The reaction of bis(pyridylphenyl) iridium(l11) chloride
[(ppy).Ir(n-Cl)], with the lithium salt of various amidinate ligands Li{(NR)(NR*)CPh} at 80 °C gave in
60-80% vyields the corresponding heteroleptic bis(pyridylphenyl)/amidinate iridium(lll) complexes
having a general formula [(ppy)2Ir{(NR)(NR’)CPh}], where R = R* = 'Pr(1), R = R’=t-Bu (2), R= Et, R’
=t-Bu (3), and R= Et, R” = (CH,)3N(CH3), (4). These heteroleptic iridium(I11) complexes exhibited bright
yellowish-green phosphorescence emission with moderate photoluminescence (PL) quantum yields (®PL
= 0.16-0.34) and short phosphorescence lifetimes of 0.98-1.18 us in toluene solution at room
temperature. Organic light-emitting diodes (OLEDSs) were fabricated by the use of these complexes as
phosphorescent dopants in various concentrations (x = 5-100 wt %) in the 4,4’-N,N’-
dicarbazolylbiphenyl (CBP) host. Because of the steric hindrance of the amidinate ligands, no significant
intermolecular interaction was observed in these complexes, thus leading to the reduction of self-
quenching and triple-triplet annihilation at high currents/luminance. Significant influence of the
substituents in the amidinate ligands on the electroluminescence efficiency was observed. Among these
complexes, complex (2), which contains the bulky t-butyl group on the amidinate nitrogen atoms, showed
the highest current efficiency (n.: up to 116 cd A™), power efficiency (Mp:upto 72.2 Im W) and external
quantum efficiency (nex; up to 16.3 %).

1. Introduction

Organic light-emitting diodes (OLEDSs) based on phosphorescent
iridium(l11) complexes are particularly promising because of their
potential advantages of achieving a maximum internal efficiency
100%.! Therefore, many research groups have focused on the
development of efficient OLEDs based on phosphorescent
iridium(11)  complexes.>” In this context, heteroleptic
cyclometalated (C~N) iridium(I1l) complexes [(C*N),lr(LX),
where LX= ancillary ligand] are very promising phosphorescent
materials due to easy synthetic chemical accessibility compared
with the corresponding homoleptic  Ir(C*N); complexes.®
However, phosphorescent materials have some intrinsic
disadvantages, such as saturation of emission sites due to an
excessively long phosphorescent lifetime and concentration

w0 quenching?® arising from strong intermolecular interactions at high
doping level,® triplet-triplet (T-T) annihilation, and triplet-
polaron (T-P) annihilation.** To reduce self-quenching and
annihilation, such phosphorescent materials always required
doping into a charge-transporting host matrix. However, this
s approach suffers from the poor reproducibility for mass
production processes.® In addition, OLED based on these
heteroleptic iridium(l1l) complexes exhibit significant efficiency
roll-off at high current density and luminance due to strong (T-T)
annihilation.® Since there are only a limited number of highly
s0 efficient phosphorescent heteroleptic iridium(l11) complexes for
OLEDs, the current research interests in this area are mainly
focused on exploiting new phosphorescent materials. The
reduction in self-quenching and T-T annihilation can be realized

This journal is © The Royal Society of Chemistry [2013]
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by introducing sterically demanding ancillary ligands into the
phosphorescent  emitters;  however, its application to
phosphorescent complexes remained almost unexploited.
Therefore, it is highly desirable that the designed phosphorescent
iridium(I11) complexes can permit a complete energy transfer
between the host and dopant in devices, while causing little or no
self-quenching even at sufficiently high doping concentrations.

In our previous studies, we used the sterically demanding
amidinate ancillary ligand [N,N’-diisopropylbenzamidinate;
{(N'Pr),CPh}] as a secondary ancillary ligand (LX) in the
heteroleptic iridium complexes with various cyclometalated
ligands [(CAN),Ir{(N'Pr),CPh}] to develop highly -efficient
heteroleptic iridium(I11) complexes for a wide range of emission
colour.” The EL devices based on the amidinate-ligated
complexes showed significant improvement in their emitting
properties, such as reduction in self-quenching and insensitivity
to doping-concentration. However, only isopropyl substituted
amidinate ligand {(N'Pr),CPh} was employed and ligand effect
of the amidinate ligand was not well investigated and optimized.
Although there are two substituents on two nitrogen atoms and a
substituent on the central carbon atom of an amidinate ligand, we
became interested in the substituents on the nitrogen atoms
because they are close to the central iridium atom and more
significant substituent effect can be expected than that on the
carbon.

Herein, we report the synthesis, structural characterization, and
photophysical, electrochemical and EL properties of a series of
yellowish  green heteroleptic  bis-(pyridylphenyl)/amidinate
iridium(I11) complexes with various substituents on nitrogen
atoms of amidinate ancillary ligands [(ppy)2Ir{(NR)(NR’)CPh}],
where R= R’= 'Pr (1), R= R’= t-butyl (2), R= ethyl, R’= t-butyl
(3), and R= ethyl, R’= (CH,)sN(CHj3), (4). Significant ligand
effect was observed and the iridium complex with t-butyl
substituted amidinate ligand (2) showed the highest EL device
efficiency among these complexes.

2. Results and Discussion

2.1 Synthesis and Characterization
[(PpY)2Ir{(NR)(NR*)CPh}] Complexes

of

The one-pot reaction of phenyl-lithium with carbodiimide,
followed by refluxing with [(ppy)lr(u-Cl)], in THF afforded the
amidinate-ligated iridium(l11) complexes
[(ppy)Ar{(NR)(NR*)CPh}] (1-4) in 60-80% yields (Scheme 1).
These complexes are thermally stable and can be easily sublimed
under vacuum. All of these complexes have been fully
characterized by 'H NMR, ¥C NMR, X-ray diffraction and
micro-elemental analyses. The ppy ligands in 1, 2, and 4 showed
one set of *H and **C NMR signals, but complex 3 showed two
set of *H and *C NMR signals, because of the large difference
between t-butyl and ethyl groups in the amidinate ligand. The
methyl groups in complex 1 and the methylene group in 3
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showed two set of 'H NMR signals, indicating that the rotation of
the N—C bond in the amidinate ligands is highly restricted. Figure
1 shows the ORTEP diagrams of complexes (2-4). There are two
independent molecules of 3 in the unit cell, and only one is
shown. Selected bond lengths and angles are summarized in
Table 1. The central iridium metal is coordinated by two
bidentate phenylpyridine (ppy) and one monoanionic bidentate
amidinate ligand to form distorted octahedral geometry. The
coordination geometry of (ppy).-Ir fragments in the complexes 1-
4 is similar to those reported for [(ppy).Ir(u-CD].** and
[(ppy).Ir(acac)]®*, in which the cis-C,C and trans-N,N
coordination modes are observed. The average bond lengths of
Ir-C (av. 1.984 (7) A) and Ir-N(pyridyl) (av. 2.020(6)A) in
complexes 1-4 are comparable with those in [Ir(ppy).(acac)]
[Ir-C, av. 2.003(9) A: Ir-N, 2.010(9) A], respectively.® The
bond lengths of the Ir—N(amidinate) bonds (av. 2.162(6) A) in
1-4 are longer than those of the Ir-N(ppy) bonds (av. 2.020(6)
A). To see possible influences of the substituents at the N atom of
amidinate ligand on the structure of the complexes, the dihedral
angles of N(3,4)-C23-Ph(ipso)-Ph-(ortho) were examined. It was
found that the substituents at the N atom showed significant
influence of these dihedral angles. The average value (89.0°) of
the two smallest dihedral angles among N(3,4)-C23-Ph(ipso)-Ph-
(ortho) in complex 2, which has bulky t-butyl substituents, is
significantly larger than those of complexes 1 (70.3°), 3 (82.2°)
and 4 (81.0°). The average bond angle (128.2°) of C23-N(3,4)-
C(a,b) in 2 is larger than those of complexes 1 (125.4°), 3
(125.6°) and 4 (123.7°), probably because of the steric repulsion
between the phenyl group and alkyl substituents on the nitrogen
atoms. The crystal packing structures of complexes (1-4) (See SI
Figure S1) revealed that the distances between two nearest
parallel ppy planes were more than 3.6 A, and no significant
intermolecular n-n interaction was observed.

2 | J. Mater. Chem. C [2013], [vol], 00-00
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Scheme 1 Synthesis of [(ppy)2Ir{(NR)(NR’)CPh}] complexes.

THF, 1t THF, 80°C, 16 h

Li
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)

1 R=R‘={ =R

Table 1 Selected bond lengths (A) and bond angles (°) of complexes 1-4.

A) 17 2 3 4
Ir(1)-C(1) 2.003(4) 2.013(6) 1.948(10) 1.929(12)
Ir(1)-(C2) 2.015(4) 2.018(6) 1.987(10) 1.962(10)
Ir(1)-N(1) 2.045(3) 2.047(4) 1.986(8) 2.020(9)
Ir(1)-N(2) 2.040(3) 2.050(5) 1.978(9) 1.996(9)
Ir(1)-N(3) 2.186(3) 2.180(5) 2.170(8) 2.136(9)
Ir(1)-N(4) 2.177(3) 2.177(5) 2.122(9) 2.152(8)
)

C(1)-1r(1)-N(3) 166.59(13) 166.3(2) 160.9(4) 168.2(4)
C(1)-1r(1)-N(4) 106.93(14) 107.2(2) 100.4(4) 108.5(3)
C(2)-1r(1)-C(2) 87.77(15) 85.6(2) 87.6(4) 85.9(4)
C(2)-1r(1)-N(3) 105.28(15) 107.5(2) 111.2(3) 105.2(4)
N(2)-1r(1)-N(1) 174.23(12) 175.23(19) 175.2(3) 173.3(4)
N(3)-1r(1)-N(4) 60.36(13) 60.20(17) 61.1(3) 60.7(3)
C(23)-N(3)-C(a) 125.1(3) 128.2(5) 125.1(10) 122.6(10)
C(23)-N(4)-C(b) 125.7(4) 128.1(5) 126.0(9) 124.8(10)
Ir-N3N4-C23-Ph(ipso)planarity 0.02 0.02 0.03 0.03
N3-C23-Ph(ipso)-Ph-(ortho) 70.0(7) 87.6(8) 86(2) 81(2)
N4-C23-Ph(ipso)-Ph-(ortho) 70.7(6) 90.4(8) 78.5(2) 81(1)

This journal is © The Royal Society of Chemistry [2012]
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Table 2 Photophysical properties of complexes (1-4)

AbSOrption Amax (€ x 10> M ecm™)

Emission Amax (nm)

solution solid

5-1c 5-1d
t(us)® (oPL)° k(10s) k (10s)

320 (9.10), 356 (4.85), 410 (5.30), 480 (1.34), 515 (1.11).
320 (8.13), 358 (3.85), 412 (5.02), 480 (1.05), 515 (0.80).
318 (8.76), 357 (4.35), 412 (4.64), 478 (1.28), 512 (1.02).
315 (8.74), 357 (4.54), 410 (4.10), 478 (1.61), 508 (1.39).

HwnN e

542
542
545
546

548 1.18 0.23 1.94 6.52
546 1.14 0.34 2.98 5.78
550 1.13 0.23 2.03 6.81
552 0.98 0.16 1.63 8.57

3phosphorescent life time were measured in toluene solution at room temp. ®PL quantum yield in toluene solution. ‘Radiative decay rate
k. = ®/z. “Nonradiative decay rate k,, = (1 — ®)/z. The experimental error range is + 1% for lifetimes and +5% for quantum yields.

2.2 Photophysical Properties of [(ppy).Ir{(NR)(NR’)CPh}]
Complexes

Absorption and emission spectra of complexes 1-4 in toluene
solution are compiled in Fig. 2 and 3, respectively and the data
are summarized in Table 2. Complexes 1-4 showed almost the
similar absorption spectra in the range of 250-550 nm (Table 2
and Fig. 2). These complexes exhibited intense bands (¢ > 10* M-
Y em™y at high energy (250-280 nm) and (¢ > 10° M cm™) at
320-358 nm, assignable to spin-allowed ligand-centered 'LC (n-
w*) transitions of ppy ligands. The absorption bands observed at
lower energies extending into the spectral region from 360-410
nm with extinction coefficient of ~ 5000 to 4000 M™ cm™ can
also be assigned to spin-allowed (‘z-n*) ppy and ancillary
aromatic moieties along with minor contribution from metal-to-
ligand charge transfer *MLCT transition. These MLCT bands are
attributed to an effective mixing of charge-transfer transitions
with higher lying spin-allowed transition on the ppy ligands. The
lower-energy weak shoulder peaks extending into the region of
450 to 550 nm with extinction coefficient of ~ 2000 to 400 M™
cm® are mainly derived from a spin-forbidden ligand-centered
(3n-n*) transitions and as well as *MLCT contribution, due to the
substantial reduction in the absorption extinction coefficient (Fig.
2 inset).

Complexes 1-4 in a degassed toluene solution at room
temperature showed almost same PL spectra with intensive
emissions at 542-546 nm under UV-light excitation at 350 nm
(Fig. 3 and Table 2). The excited-states for emission of all
complexes 1-4 have been identified as ligand centered transition
[LC¥(n-n*)(ppy)] with significant MLCT [dn-(Ir)-m*(ppy)]
character. The A Of the PL spectrum of 1-4 showed ca. 4-6 nm
red shift in solid state compared to that in solution (Table 2). The
photoluminescence quantum yield (®p,) increased in the order of
2>1=23> 4 (Table 2), in agreement with the order of the steric
hindrance of the amidinate ligands of these complexes. The ®p_
value (0.34) of 2 that bears two t-butyl groups on the nitrogen
atoms of the amidinate ligand is higher than that (®p_ = 0.25) of
the acac supported analogue [(ppy),Ir(acac)],%® while the latter is
comparable with that (0.23) of complexes 1 and 3. The
phosphorescent lifetimes of complexes 1-4 in toluene solution at
room temperature are in the range of 0.98-1.18 ps (Table 2; See
S| Figure S2), which are shorter than that of the acac-coordinated

complex [(ppy).Ir(acac)] (1.6 ps).
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Fig. 3 Photoluminescence spectra of complexes 1-4 in toluene

The relatively short phosphorescent lifetimes may allow the
design and fabrication of highly efficient OLEDs because a short
phosphorescent lifetime could decrease the detrimental T-T
annihilation process. The radiative decay rates (kr) of the
amidinate complexes 1-4 range from (1.6x10° S™) to (2.9x10° S
%), and are similar to that of the acac analogue [(ppy).Ir(acac)]
(2.1x10° s,

This journal is © The Royal Society of Chemistry [2013]
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2.3 Cyclic Voltammetry Studies

To ascertain the effects of individual substituents on the redox
behavior of iridium(l11)/ amidinate ligated complexes, cyclic
voltammetry experiments were performed on all complexes (1-4).
The cyclic voltammograms and summary of redox potentials are
given in Figure S3 and Table 3, respectively. All four complexes
exhibited reversible redox behavior at a scan-rate of 100 mvs™,
These complexes showed two oxidation peaks (ranging from
+0.20 to +0.27 and from +0.74 to +1.12 V, respectively) and one
reduction peaks (ranging from —2.47 to —2.73 V), in contrast with
the acac analogue [(ppy).lr(acac)], which showed only one
oxidation peaks (+0.42 V) and one reduction peaks (=2.52 V).%P
This oxidation is analogous to remove an electron from the metal
centered highest occupied molecular orbital (HOMO) level and
the reduction is equivalent to the addition of an electron to the
ppy-centered lowest unoccupied molecular orbital (LUMO)
level.® Therefore, the first oxidation peaks of complexes 1-4 are
attributable to oxidation from Ir-ppy moiety and the second
oxidation peaks could result from oxidation of the amidinate unit

{(NR),CPh}.” The reduction peaks of 1-4 at negative potential ca.

—2.47 to —2.73 V could be assigned to reduction of pyridyl ring of
the ppy ligands as reported for other iridium(lIl) complexes
bearing ppy ligand.®

On the basis of the first oxidation potential and optical
absorption edge of the UV-vis spectra, the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO), and the energy gap (E,) were calculated." The
HOMO energy levels (from —4.86 to —4.78 eV) of 1-4 are much
higher than those of the iridium complexes such as
[(ppy)2lr(acac)] (-5.60 eV)™ and Ir(ppy)s (-5.40 V)™, which
leads to a better hole-injection (HI) and hole-transport (HT)
ability in OLEDs. The HOMO-LUMO energy gaps (E,) for the
iridium(I11) complexes (1-4) range from 2.25 to 2.27 eV. These
values are consistent with the results of the maximum emission
wavelength.

Table 3. Electrochemical data of [(ppy).Ir{(NR)(NR’)CPh}]*

Ir(111) E* g HOMO LUMO
complex (V) V) Eq(eV) (eV) (eV)

1 +0.27,+0.74 -2.70 2.27 -4.85 -2.58
2 +0.26,+0.95 -2.73 2.26 -486 -2.60
3 +0.26, +1.12 -2.68 2.26 -484 -2.58
4 +0.20, 40.75  -2.47 2.25 -4.78  -2.53

3

o

*0.1 M [TBAP] in CH3CN versus Ag/Ag + couple. HOMO = (E*- E*
(Farery + (4.8 eV) and LUMO = HOMO + Bandgap (Eg) was estimated
from the onset wavelength of the optical absorption edge.

2.4 Electroluminescence (EL) Properties of
[(ppy)2Ir{(NR)(NR*)CPh}] Complexes
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To evaluate the electroluminescence (EL) properties of the
amidinate ligated iridium(I11) complexes, organic light-emitting
diodes (OLEDs) were fabricated by using complexes 1-4 as
phosphorescent dopants at different doping concentrations (5, 10,
20, and 100 wt%) in 4,4’-N,N’-dicarbazolylbiphenyl (CBP) host
molecule, respectively. Fig. 4 shows the materials structure,
device configuration and energy level diagram of OLEDs devices
used in this study. The devices consist of multilayer films with
the same configuration of 1TO/4,4’-bis(N-(1-naphthyl)-N-
phenylamino)-biphenyl ~ (NPB)(30 nm, hole-transporting
layer)/CBP+[(ppy) Ir{(NR)(NR")CPh}] (1-4) (x wt%) (35 nm,
emitting layer)/2,9-dimethyl-4,7-diphenylphenanthroline (BCP)
(6 nm, hole-blocking layer)/ tris(8-hydroxyquinoline) aluminium
(Algs) (25 nm, electron-transporting layer)/LiF (1 nm)/Al (100
nm). Fig. 5 shows the electroluminescence (EL) spectra of all
complexes at 5 wt % doping concentration in CBP host. All
devices exhibited bright yellowish-green emission around 550 nm
with a broad wavelength range, which is suitable for white light
emitting OLEDs to enhance colour rendering index (CRI).%° The
electroluminescence spectra of all complexes exhibited no
significant changes on various current and bias voltages i.e. EL
spectra are independent of applied voltages in the range of 2.6 V
to 16 V (See Sl Figures S4, S6, S7 and S9), and are similar to
those of the photoluminescence (PL) in solid-state, indicating no
significant aggregation and self-quenching in these complexes.
EL data of complexes (1-4) at different doping concentrations
from 5 wt% to 100% (non-doped) are summarized in Table 4. All
devices exhibited low turn-on voltages from 2.6 to 4.5 Volts.
Moreover, the devices showed low driving voltages at the
practical brightness of 100 cdm™ and 1000 cdm™ because of the
narrow highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy gap of complexes
(1-4). As to the EL efficiency, significant influence of the
substituents on the nitrogen atom of amidinate ancillary ligand
was observed.

This journal is © The Royal Society of Chemistry [2012]
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Fig. 5 EL spectra of complexes 1-4 at 5wt % doped devices.
20 Table 4. Electroluminescence performances of complexes (1-4)
Doping Turn-on
Ir(111) concentration voltage L max TNe max Mp max TNext (max)d EL A nax  CIE coordinates
Complexes  (x wt %) (Volts)  (cdm??  (cdAD® (ImW™DYH°  [%] (nm) (X, Y)atov
1 5% 35 24360 29.6 15.5 4.1 545 0.42, 0.56
20% 35 28480 52.7 228 7.6 548 0.42,0.56
100% 3.0 35551 85.6 29.8 12.5 548 0.42, 0.56
2 5% 3.0 51970 59.5 15.5 8.4 546 0.43, 0.55
10% 3.0 79513 77.9 475 10.9 546 0.43, 0.55
20% 2.6 185136 116.0 722 16.3 547 0.44, 0.55
50% 3.3 54604 36.0 33.3 51 548 0.44, 0.55
100% 3.0 34258 98.1 30.2 12.3 548 0.44, 0.55
3 5% 4.0 15181 60.7 17.0 8.5 551 0.46, 0.52
10%. 3.8 40308 50.8 12.2 6.8 552 0.46, 0.52
20% 4.0 30781 60.0 15.5 8.0 552 0.46, 0.52
100% 4.0 19654 8.0 2.3 1.1 555 0.48, 0.50
4 5% 45 5946 5.0 2.3 2.2 552 0.47,0.51
100% 4.5 4358 3.2 1.5 0.78 555 0.47,0.51

aMaximum luminance. "Maximum current efficiency. “Maximum power efficiency. “Maximum External Quantum Efficiency.

6 | J. Mater. Chem. C [2013], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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20 Fig. 6 shows the current efficiency versus power efficiency of
OLEDs with various doping concentrations (5, 20, 100 wt%)

based on complex (1). The maximum current efficiency (n

29.6 t0 85.6 cd A™Y) and maximum power efficiency (Mp=15.51Im
W to 29.8 Im W) increase as doping concentrations increase
25 from 5 wt% to 100% (non-doped), respectively (Table 4). The
device (100%; non-doped) showed highest quantum efficiency of

12.5% at current density of 3.5 mAcm (Table 4).
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3 Fig. 7 Current density (J) and luminance (L) characteristics as a
function of voltage (V) for devices based on complex (2).
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Fig. 8 Current efficiency (n) and power efficiency (n,) as a
s function of current density (J) for devices based on complex (2)

Five different types of OLEDs devices at various doping
concentrations (5, 10, 20, 50, 100 wt%) of complex 2 in CBP
were fabricated. Fig. 7 shows current density-voltage-luminance

s0 (J-V-L) characteristics of complex 2. The brightness gradually
increased when the doping concentrations of complex 2 in CBP
were increased up to 20% and finally decreased at higher doping
concentrations from 50 wt% to 100% (non-doped) (Fig. 7, Table
4). The best device performance is achieved by device (20 wt%)

ss with maximum luminance (L) of 185136 cd m™ at 16 V. This
is the highest brightness of OLED reported in the literature from
such a simple device configuration.1>1¢-211

Fig. 8 shows current efficiency versus power efficiency of
OLEDs based on complex 2. The current efficiency (n.) and

s power efficiency (n,) were increased with increasing doping
concentration up to 20%, and reached to maximum current
efficiency (n) of 111.0 cd A and power efficiency (mp) of 72.2
ImW, respectively. This efficiency is the highest ever reported
for an OLEDs at a similar doping level (ca. 20%).> More

es importantly, the power efficiency decayed gradually with
increasing brightness, and the high power efficiency (31 Im W)
was observed even at high luminance of 11280 cd m™ at current
density of 12.1 mA cm. The device (50 wt%) showed maximum
current efficiency (n,) of 36.0 cdA® and maximum power
w0 efficiency (np) of 33.3 ImW?. Finally, device (100%; non-
doped) showed maximum current efficiency (n,) of 98.1 cdA™
with maximum power efficiency (n,) of 30.2 Imw?t and quantum
efficiency of 12.3%. This device, as well as that based on 100%
of 1, represents the most efficient non-doped phosphorescent

75 OLED ever reported, as far as we are aware.

Another feature that should be noted is that the quantum
efficiency increases with increasing concentrations of complex 2
up to high doping levels (20 wt%), in contrast to [(ppy).lr(acac)]
and Ir(ppy)s based devices, whose efficiency usually decreases at

g0 doping concentration higher than 10 wt%.

This journal is © The Royal Society of Chemistry [2012]
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characteristics of OLED at 20 wt % of complex (2) in CBP host

Fig. 9 shows the external quantum efficiency of OLED with
20wt% of complex 2 in CBP host as a function of current density.
The external quantum efficiency reaches the maximum value

1016.3% at 1.71 mAcm? and maintains relatively high values
(>10%) even at high current densities (up to 70 mAcm). This is
in contrast with a Ir(ppy)s-based device with 6% doping
concentration in CBP host, whose external quantum efficiency
reached the peak (ney = 14.6%) at a low current density (ca. 0.01

15 mAcm) and decreased with increasing current density.**
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Fig. 10 Current efficiency (n) and power efficiency (n,) as a
20 function of current density (J) for devices based on complex (3)

Four different types of OLEDs devices at various doping
concentrations (5, 10, 20, 100 wt%) of complex 3 in CBP were
fabricated. Fig. 10 shows current efficiency versus power

25 efficiency of OLEDs of complex 3 with ethyl and t-butyl groups
on the nitrogen atoms of amidinate ligand. Devices (5, 10 and 20
wit%) showed maximum current efficiency (1. = 60.7 cdA™, 50.8

cdA® and 60.0 cdA?, respectively) and maximum power
efficiency (n, = 17.0 Im W', 12.2 Im W™ and 155 Im W,
a0 respectively (Fig. 10, Table 4). It is noteworthy that the current
efficiency and power efficiency of these devices relatively similar
at a wide range of doping concentrations (5, 10 and 20 wt%).
These results clearly demonstrate that the EL efficiency of
complex 3 is not critically sensitive to doping concentrations. The
35 non-doped device showed relatively lower efficiency (Fig. 10,
Table 4). Complex (4) with ethyl and dimethylaminopropyl
[(CH,)sN(CH3),] groups on the nitrogen atoms of amidinate
ligand showed poor efficiency (Table 4).
The EL efficiency of complexes 1-4 increases with increasing
40 steric bulkiness of the alkyl substituents on the nitrogen atoms of
the amidinate ligand, and complex 2 bearing two bulky t-butyl
groups showed the highest EL efficiency. In the 20% doping
concentration, the external quantum efficiency (16.3%) of 2 is
almost as twice as those of 1 (7.6%) and 3 (8.0%) and this
45 difference is larger than that of their PL quantum yields (1: 0.23,
2: 0.34, 3: 0.23). A possible reason of the high efficiency of 2 in
PL and EL could be that significant effects on reduction of T-T or
T-P annihilations and self-quenching/aggregation are induced by
sterically-hindered t-butyl groups of the amidinate ancillary
so ligand to suppress intermolecular interaction. Another possible
reason of high EL efficiency of 2 is that its LOMO level (-2.60
eV) is the same as that of the CBP host'™ (Fig. 4), thus enabling
efficient energy transfer from the host to the emitter 2 with
reducing leakage of current in the devices.™

55

3. Conclusions

We have demonstrated that synthesis, structure, and
photophysical and highly efficient electroluminescence properties
of heteroleptic iridium(111) complexes [(ppy).Ir{(NR)(NR")CPh}]

60 bearing various substituents on the nitrogen atoms of amidinate
ancillary ligands. Significant influence of the substituents in the
amidinate ancillary ligands on the electroluminescence efficiency
has been observed and complex 2 with bulky t-butyl groups on
both nitrogen atoms of amidinate ligand showed highest current

es efficiency (ne; up to 116 cd A™), power efficiency (Mp; up t0 72.2
Im W) and external quantum efficiency (Nex; up to 16.3 %).
These results clearly indicate that the incorporation of bulky
groups on the nitrogen atoms of amidinate ligands is an effective
way to avoid the self-quenching and reduction of T-T or T-A

7o annihilations  in  phosphorescent ~ devices at  high
luminance/currents.

4. Experimental Section
4.1 Materials and Methods

75 All reactions were carried out under a dry and oxygen-free
nitrogen atmosphere by using Schlenk techniques or under a
nitrogen atmosphere in an MBRAUN Lab master 130 glove box.
The nitrogen was purified by being passed through a dry clean
column (4A molecular sieves, Nikka Seiko Co.) and a Gas clean

80 GC-XR column (Nikka Seiko Co.). The nitrogen in the glove box
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was constantly circulated through a copper/molecular sieves
catalyst unit. The oxygen and moisture concentrations in the
glove box atmosphere were monitored by an O,/H,O Combi-
Analyzer to ensure both were always below 0.1 ppm. Materials
obtained from commercial supplier were used without further
purification unless otherwise mentioned. THF, toluene and
diethyl-ether (dehydrated, stabilizer-free) were obtained Kanto
Kagaku Co. and purified by use of a MBRAUN SPS-800 solvent
purification system. Samples for NMR spectroscopic
measurements were prepared in the glove box by use of J. Young
valve NMR tubes. NMR (*H,*C) spectra were recorded on a
JNM-AL 300 spectrometer. Elemental analyses (C, H, N) were
performed on a MICRO CORDER JM10 apparatus (J-SCIENCE
LAB. Co.). The redox potential of iridium(Il1l) complexes in
acetonitrile was measured at scan rate 100 mV/s on a cyclic
voltammeter (HSV-100-Hokuto Denko Corporation) with
electrochemical work station, using a Pt working electrode,
platinum wire as an auxiliary electrode, and Ag/AgNO; as a
reference electrode under nitrogen atmosphere. Each
measurement was calibrated with an internal standard,
ferrocene/ferrocenium (Fc) redox system. The HOMO energy
values were calculated based on the value of —4.8 eV for Fc with
respect to zero vacuum level. Cyclometalated iridium(lll)
chloride [{(ppy).Ir(1-C},1*° and [(ppy).Ir(N'Pr),CPh] (1) were
synthesized according to the literature procedure.

4.2 Synthesis of [(ppy).lr{(NR)(NR’)CPh}] Complexes

[(ppy).Ir{(t-BuN),CPh}] (2): In a 100 mL Schlenk flask,
phenyllithium (0.21 mL, 0.4 mmol) was added to the solution of
N,N’-di-tert-butyl-carbodiimide (62 mg, 0.4 mmol) in THF (5
mL) under argon at room temperature. The reaction mixture was
stirred at room temperature for 2 h, and then reaction mixture was
added dropwise to the chloride-bridge-iridium dimeric complex
[{(ppy)2Ir(u-Ch)},] (220 mg, 0.2 mmol) in THF (15 mL). After
being stirred at 80 °C for 16 h, the reaction mixture was cooled
down to room temperature, and the solvent was evaporated under
vacuum. In order to remove THF completely, the residue was
dissolved in toluene and was evaporated under reduced pressure.
The product was dissolved again in toluene and was filtered to
remove lithium chloride. The crude product was washed with
Et,0 to give pure complex 2 (205 mg, 70% yield). Single crystals
suitable for X-ray analysis were obtained by recrystallization in
CH,Cl, solution. *H NMR (300 MHz, CDCls, rt) § 9.48 (d, J =
5.5 Hz, 2 H, aryl), 7.92 (d, J = 7.7 Hz, 2 H, aryl), 7.78 (t, I = 7.5
Hz, 2 H, aryl), 7.57 (d, J = 7.7 Hz, 2 H, aryl), 7.31-7.24 (m, 7 H,
aryl), 6.76 (t, J =7.1 Hz, 2 H, aryl), 6.62 (t, J = 7.3 Hz, 2 H, aryl),
6.22 (d, J = 7.3 Hz, 2 H, aryl), 0.44 (s, 18 H, t-butyl-CH5). °C
NMR (75 MHz, CDCls, rt) 8 169.5, 158.0, 150.9, 144.0, 143.3,
135.1, 131.6, 130.0, 128.9, 127.6, 127.0, 123.6, 121.0, 119.1,
118.0, 53.9, 33.7. Anal. Calcd. For C5;H3glrN,: C, 60.71; H, 5.37;
N, 7.65 Found: C, 60.88; H, 5.46; N, 7.78.

[(ppy)-Ir{(EtN)(t-BuN)CPh}] (3): According to the above-
mentioned typical procedure, complex 3 (198 mg, 70% yield)
ss was prepared from phenyllithium (0.21 mL, 0.4 mmol), 1-tert-

@

a

@

S

@

butyl-3-ethyl-carbodiimide (51 mg, 0.4 mmol) and [(ppy)2lr(u-
CDh], (220 mg, 0.2 mmol) in THF (15 mL). Single crystals
suitable for X-ray analysis were obtained by recrystallization in
toluene solution. *H NMR (300 MHz, CDCls, rt) 5 9.41 (d, J =
5.5 Hz, 1 H, aryl), 9.17 (d, J = 5.5 Hz, 1 H, aryl), 7.85-7.92 (m, 2
H, aryl), 7.77 (t, = 9.7 Hz, 2 H, aryl), 7.60 (d, J = 7.3 Hz, 1 H,
aryl), 7.55 (d, J = 7.7 Hz, 1 H, aryl), 7.16-7.36 (m, 10 H, aryl),
6.78 (m, 2 H, aryl), 6.67 (m, 2 H, aryl), 6.38 (d, J =7.3 Hz, 1 H,
aryl), 6.26 (d, J = 7.7 Hz, 1 H, aryl), 2.55-2.66 (m, 1 H, CH,-
CH,), 2.30-2.41 (m, 1 H, CH,-CH3), 0.53 (s, 9 H, t-butyl-CHy),
0.18 (t, J = 7.1, 3 H, CH,-CHj3). *C NMR (75 MHz, CDCl,, rt) §
174.6, 169.7, 159.4, 155.0, 151.0, 150.2, 143.9, 143.8, 140.9,
135.5, 135.1, 132.4, 131.4, 129.0, 128.9, 128.7, 127.9, 127.6,
123.7,123.4,121.3,121.1, 119.2, 119.1, 117.9, 117.7, 53.5, 40.7,
33.5, 16.9. Anal. Calcd for C35HgsIrN,: C, 59.72; H, 5.01; N, 7.96
Found: C, 59.71; H, 5.24; N, 8.21.

[(ppy) I r{(EtN)(Me,N(CH,)sN)CPh}] (4): According to the
above-mentioned typical procedure, complex 4 (205 mg, 70%
yield) was prepared from phenyllithium (0.21 mL, 0.4 mmol), 1-
ethyl-3-3-(dimethylaminopropyl) carbodiimide (62 mg, 0.4
mmol) and [(ppy).Ir(u-Cl)]2 (220 mg, 0.2 mmol) in THF (15 mL).
Single crystals suitable for X-ray analysis were obtained by
recrystallization in CH,Cl,. *H NMR (300 MHz, CDCls, rt) &
9.10 (t, J = 5.3 Hz, 2 H, aryl), 7.88 (d, J = 8.0 Hz, 2 H, aryl), 7.74
(t, J=7.5Hz, 2 H,aryl), 7.58 (t, J = 6.6 Hz, 2 H, aryl), 7.40 (t, J
=7.9 Hz, 2 H, aryl), 7.16-7.21(m, 5 H, aryl), 6.61-6.79 (m, 4 H,
aryl), 6.37 (d, J = 6.6 Hz, 2 H, aryl), 2.82-290 (m, 2 H,
(CH,)3N(CHg),), 2.51-2.67 (m, 2 H, CH,-CHj), 1.75 (s, 6 H,
N(CHs),), 1.58-1.64 (m, 2 H, (CH,)3N(CHa),), 0.86-0.94 (m, 2 H,
(CH,)3N(CHa),), 0.25 (t, J = 7.1 Hz, 3 H, CH,-CH3). *C NMR
(75 MHz, CDCls, rt) 8 176.0, 169.4, 156.5, 156.4, 150.5, 144.1,
136.3, 135.2, 132.2, 128.9, 128.8, 128.1, 123.6, 121.4, 119.4,
117.7, 57.29, 453, 44.9, 415, 30.0, 17.2. Anal. Calcd for
Ca6HaslrNs: C, 58.99; H, 5.23; N, 9.56 Found: C, 59.19; H, 5.46;
N, 9.58.

4.3 Optical Measurements

The absorption and photoluminescence (PL) spectra of
iridium(I11) complexes in degassed dichloromethane have been
measured on a Shimadzu UV-2550 UV-VIS spectrometer and on
a fluorescence spectrometer Shimadzu RF-5301PC with a Xe arc
lamp excitation source, respectively. The quantum yields were
measured relative to quinine sulfate in 1IN H,SO, assuming a
quantum yield of 0.546 when excited at 350 nm. The solutions
for the measurement were freshly prepared by dissolving the
iridium complexes into spectroscopic grade CHCI;. Emission
lifetime measurements were carried out by using a streak-camera
based system (Hamamatsu, C4780) combined with a femto
second Ti:sapphire laser system (Spectra-Physics, Spitfire). The
excitation and detection wavelengths were 397 nm and 450-700
nm, respectively. The time resolution was 30-40 ns.

4.4 OLED Fabrication and Characterization

This journal is © The Royal Society of Chemistry [2012]
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Organic layers were fabricated by high-vacuum (10 Pa)
thermal evaporation onto a glass substrate precoated with an
indium-tin-oxide (ITO) layer (Sigma Aldrich) with a sheet
resistance of 12-25 Q/o. Prior to use, the 1TO (anode) surface
was ultra sonicated in a detergent solution followed by a
deionized water rinse, dipped into acetone, and 2-propanol, and
then degreased in 2-propanol vapor. After degreasing, the
substrate was kept in oven for dry at 80 °C for 2 hrs. Prior to
organic film deposition, the ITO surface was treated with UV-
10 Ozone chamber for 10 min before it was loaded into an

evaporator. A 30 nm-thick layer of 4,4-bis(N-(1-naphthyl)-N-
phenylamino)biphenyl (NPB) (Sigma Aldrich) act as an hole
transport layer (HTL). The light emitting layer (35 nm) was
consist of 5 to 50 wt % of iridium complexes doped into host
15 4,4’-N,N’-dicarbazolylbiphenyl ~ (CBP) (Tokyo Chemical
Industries, Co. Ltd.) as well as pure iridium complexes have been
used. A 6 nm-thick 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) (Tokyo Chemical Industries, Co. Ltd.) as a
hole and exciton blocking layer (HBL) and tris(8-
20 hydroxyquinoline)aluminum (Algs) (Tokyo Chemical Industries,
Co. Ltd)) (20 nm) as an electron transport layer (ETL) were
deposited on the emitting layer. LiF layer (1 nm) was deposited at
arate of 1 A/s serving as an electron injection layer (EIL). Finally
Al (100 nm) electrode (cathode) was deposited at a rate of 10 A/s.
s These all complexes have been vacuum deposited without any
decomposition and shows very good film forming. The
deposition rate for all organic layers was 1.0 A/s. Thickness of
the deposited layers was measured in-situ with a quartz crystal
monitor. The size of each pixel was 5x5 mm? The
a0 electroluminescence (EL) spectra have been measured on a high-
resolution spectrometer (Stellar net Blue-wave UV-VIS-NIR).
The current-voltage-luminescence (I-V-L) characteristics have
been measured with a luminance meter (Chroma-Meter CS-200
Konika Minolta, Japan) and Keithley-2400 programmable
35 voltage-current digital source meter. All the measurements were
carried out at room temperature under ambient conditions.

3

4.5 X-ray Crystallographic Studies

A crystal was sealed in a thin-walled glass capillary under a

40 microscope. Data collections were performed at —100 °C on a
Bruker SMART APEX diffractometer with a CCD area detector
using graphite-monochromated MoK, radiation (A= 0.71069 A).
The determination of crystal class and unit cell parameters was
carried out by the SMART program package.'® The raw frame
45 data were processed using SAINTY and SADABS® to yield the
reflection data file. The structures were solved by using
SHELXTL program.’® Refinements were performed on F?
anisotropically for all the non-hydrogen atoms by the full-matrix
least-squares method. The analytical scattering factors for neutral

so atoms were used throughout the analysis. The hydrogen atoms
were placed at the calculated position and were included in the
structure calculation without further refinement of the parameter.
In the case of 3, there are two independent molecules of the
iridium complexes and one molecule of the toluene solvent in the

ss unit cell, and two C-C bonds of the toluene molecule were fixed

to 1.41 A. The disordered methyl groups in ethyl ligands in 3
were separated into two parts (C35, C71 and C70, C72) and were
treated with 50% occupancy, respectively. The phenyl carbons
(C59-C64) and the carbon (C65-C70, C72) atoms of ethyl and t-
e butyl groups in 3 were refined with the same anisotropic
displacement parameters, respectively. The residual electron
densities were of no chemical significance. Crystal data and
processing parameters are summarized in Stable (See S| Table
S1). CCDC-908623 (2), 908624 (3), 908625 (4) contain the
es supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Significant substituent effect on the EL properties was observed and heteroleptic iridium(IlI) complex with t-Bu substituted
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amidinate ligand [(ppy).Ir{(-BuN),CPh}] showed high current and power efficiency.
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