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Series of highly efficient phosphorescent organic light-emitting diodes (PhOLEDs) based on two iridium
complexes (1 and 2) constructed by the NACAN-coordinated terdentate ligands have been achieved. They exhibit
the high peak power efficiency (PE) and external quantum efficiency (EQE) values of 35.5 Im W™' & 15.8 % for
blue-green emission, 47.4 Im W~ & 16.7 % for green emission, which maintain the high level of 19.2 Im W' &
14.5 % and 30.6 Im W' & 16.1 % at rather high and practical luminance of 500 cd m™ with the low driving
voltages of less than 6 V. The appropriate selection of a prominent electron-transport molecule TPBi as a host to
matching the dopant molecules (1 or 2) that possess the obvious hole-transport ability is critical in the remarkable

EL-performance improvement on previous reports.
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Highly efficient phosphorescent organic light-emitting diodes (PhOLEDs) based on two iridium
complexes constructed by the N*C"N-coordinated terdentate ligands (also called pincer ligands) have
been achieved. They exhibit the high peak power efficiency (PE) and external quantum efficiency (EQE)
values 0f 35.5 Im W ! & 15.8 % for blue-green emission, 47.4 lm W ! & 16.7 % for green emission,
which maintain the high level of 19.2 Im W' & 14.5 % and 30.6 Im W' & 16.1 % at rather high and
practical luminance of 500 cd m ™ with the low driving voltages of less than 6 V. These values show

=

almost a twofold enhancement over the most efficient PAOLEDs based on the pincer iridium complexes
ever reported. Here, the appropriate selection of a prominent electron-transport molecule TPBi as a host
15 to matching the dopant molecules (1 or 2) that possess sufficient hole-transport ability is critical in the
remarkable EL-performance improvement on previous reports. We will present a comprehensive
investigation that not only encompasses the conventional thermal, photophysical and electrochemical
properties of both complexes, but also emphatically studies the charge carrier injecting/transporting and
electroluminescent (EL) characteristics of two phosphorescent emitters doped in different host.

On the other hand, for the most Ph\OLEDs with the doping

Introduction system based on the fluorescent host and the phosphorescent
dopant emitter, the hole and/or electron injection into the highest
occupied molecular orbital (HOMO) and/or the lowest
so unoccupied molecular orbital (LUMO) of the dopant and then
direct charge recombination in the dopant, is considered more
efficient for the formation of excitons than host-to-dopant energy
transfer.® Obviously, this direct charge recombination process can
eliminate not only the need to overcome the large energy barriers

ss between the charge transport layers and the emitting layer (EML)

many research were focused on developing a vast range of resulted from the wide HOMO—-LUMO gap of the host, but also
derivatives of the Ir(C"N); and Ir(C"N),(L"X) structural classes the energy losses during the exothermic host-dopant energy

30 {C"N = anionic bidentate cyclometallating ligands such as 2- transh G 1 e
L o ) . ransfer process. enerally, the phosphorescent emitting
phenylpyridine (ppy);}L’\X - 'anlomc ancﬂlary ligands §uch ?S molecules possess certain mobility for hole and/or electron,
acetyl.ace'tone (a'ca.c)}. .In particular, Ir(p p ¥)s IS, use.d widely in 6 which thus can undertake a portion of the transporting task for
o'rganlc light-emitting d10.d.es (OLEDs) owing FO, 1t.s high quantum one type or both charge carrier (hole and electron) in addition to
yields and the'rmal stability. Actuallyi the iridium complexes the host molecules and ensure the balanced charge fluxes.S As
composed of tridentate cyclometalated ligands such as the type of such, it is indeed an effective and easy approach to achieve high

ACANL Thati ; H ; 4 . §
N"C"N-coordinating ligands, also called pincer ligands,” are performance PhOLEDs by constructing and assembling carrier

b.eheved t?, pozsessbbetter thermal i_ta_blh‘;y tl}ag T[hos.e with two s matched and balanced host/dopant pair in EML, where the hole
bidentate ligands above. It is beneficial for fabricating OLEDs and electron are transported through the host and dopant

and their stability. However, up to now, there are rare pincer Ir molecules respectively, instead of by host only. This will
complexes being applied to fabricating OLEDs, which generally effectively avoid the complex design and synthetic route for

. . ~ —1 .
showed n;oderate eff1101enc1es {fos' lm W (Powfer Efﬁmency, developing new ingenious hosts and/or phosphorescent emitters
PE) or 8 % (External Quantum Efficiency, EQE) for blue-green possessing the bipolar transporting ability. However, the current

emission, ~ 10 Im W' or 10 % for green or orange emission} and . : .
her high drivi ) hine the lumi ¢ studies for exploring such bipolar host-dopant system are rare and
rather high driving voltages (> 10 V' reaching the luminance o the desired device performance haven’t been realized yet.”

=2\ 4b,c
45500 cdm ). In this contribution, we report two highly efficient PA\OLEDs

2

S

As we known, a 100% internal quantum efficiency (IQE) of
electrophosphorescence can be achieved by harvesting both
electrogenerated singlet and triplet excitons for emission.'
Iridium complexes composed of cyclometallated ligands are
promising phosphorescent materials and have been intensively
studied for phosphorescent organic light-emitting diodes
(PhOLEDs).> For the larger enhancement in device efficiency,
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based on two [Ir(N*C*N)(N*C)X]-type dopant emitters (Scheme
1) that are composed of one terdentate cyclometallating ligand,
one bidentate cyclometallating ligand, and one monodentate
ligand: Ir(F,dpyb)(ppy)Cl (complex 1) and Ir(dpyx)(ppy)Cl
(complex 2)  (F,dpyb 2-(2,4-difluoro-5-(pyridin-2-
ylphenyl)pyridine;  dpyx 2-(2,4-dimethyl-5-(pyridin-2-
yl)phenyl)pyridine) (Fig. 1 inset).* They show very high peak PE
and EQE values of 35.5 Im W' & 15.8 % for blue-green
emission from 1, 47.4 Im W' & 16.7 % for green emission from
2, which maintain the high level of 19.2 Im W' & 14.5 % and
30.6 Im W' & 16.1 % at rather high and practical luminance of
500 cd m* with the low driving voltages of less than 6 V. To the
best of our knowledge, they are the highest EL efficiency values
for the PhOLEDs ever reported adopting the pincer iridium
complexes as the phosphorescent emitters, and show almost two
times higher than the previously reported results.* Such
remarkable enhancement of EL performance is attributed to the
carefully selecting a classical electron-transporting (ET)-type
molecule 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi)”
as the host material, which well matched the inherent hole-
transporting (HT) character of two phosphorescent emitter 1 and
2 used here. This bipolar host-dopant system possessing highly
complementary HT and ET ability can promote hole
injection/transport  through phosphorescent molecules and
electron injection/transport through TPBi molecules, and then
lead to direct charge recombination on the dopant. This process
can improve the recombination probability because both the holes
and the electrons can migrate freely and the excitons form not
only at the interfaces, but can diffuse evenly throughout the
EMLs,** which could suppress the triplet-triplet annihilation
(TTA)® as much as possible within the EMLs, thus enhancing the
device efficiency. Hence, these iridium complexes with terdentate
ligands no longer are overlooked, which even become the intense
research activity in testing phosphors for OLEDs parallels to the
bibentate ligand-based iridium complexes, due to their improved
EL performance as well as the desired thermal stability.

We will present a comprehensive investigation that not only
encompasses the conventional thermal, photophysical and
electrochemical properties of both compounds, but also
emphatically studies the charge carrier injecting/transporting and
electroluminescent (EL) characteristics of the thermal deposited
films based on the emitter 1 and 2 doped in different host.

Experimental section
General information

Materials obtained from commercial suppliers were used.
Anhydrous hexane was distilled with sodium benzophenone ketyl
under nitrogen atmosphere and degassed by the freeze-pump-
thaw method. All glasswares, syringes, magnetic stirring bars and
needles were dried in a convection oven for at least 4 hours.
Reactions were monitored with thin layer chromatography (TLC).
Commercial TLC plates (Silica gel 60 F254, Merck Co.) were
developed and the spots were seen under UV light at 254 and 365
nm. Silica column chromatography was done with silica gel 60 G
(particle size 5~40 pum, Merck Co.). 'H NMR spectra were
recorded on a Bruker AVANCE 300 MHz spectrometer with
tetramethylsilane as an internal standard. Mass spectra were
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measured on a GC/MS mass spectrometer. Elemental analyses
were performed on a flash EA 1112 spectrometer. Absorption
spectra were obtained using a Shimadzu UV-2550 UV-vis
spectrometer. PL spectra were recorded on a Perkin-Elmer LS-55
fluorescence spectrometer with a Xe arc lamp excitation source.
All solvents were degassed via three freeze-pump-thaw cycles.
Electrochemical measurement was performed with a BAS 100W
Bioanalytical electrochemical work station, using Pt working
electrode, platinum wire as auxiliary electrode, and a porous glass
wick Ag/Ag’ as reference electrode. The voltammograms were
referenced to the ferrocene/ferrocenium couple and the scan rate
was 100 mV S™'. Due to the limitation’ in measuring reduction
potentials in the range of -2.7 V to -3.5 V in CH,Cl,, we obtained
only the oxidation potential for (ppy).Ir(dipig), and no reduction
wave was detected within the electrochemical window of
dichloromethane. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of the complex were calculated from the cyclic
voltammetry (CV) data together with the absorption spectrum.

Device fabrication and measurement

Before device fabrication, the emitting complexes of 1 and 2,
1,4-bis[(1-naphthylphenyl) amino]-biphenyl (NPB), 4,4',4"-tri(N-
carbazolyl) triphenylamine (TCTA), 4,4'-N,N’-
dicarbazolylbiphenyl (CBP) and TPBi were prepared and purified
by sublimation, and ITO glass substrates were pre-cleaned
carefully and treated by UV/O; for 2 min. The devices were
prepared in vacuum at a pressure of 5 x 107 Torr. All organics
were thermally evaporated at a rate of 1.0 A S™" at a base pressure
of around 3.5 x 107 Pa. A LiF layer (0.5 nm) was deposited at a
rate of 0.2 A S™'. The finishing Al electrode (cathode) was
deposited at a rate of 10 A S™' in another chamber. The
thicknesses of the organic materials and the cathode layers were
controlled using a quartz crystal thickness monitor. The electrical
characteristics of the devices were measured with a Keithley
2400 source meter. The EL spectra and luminance of the devices
were obtained on a PR650 spectrometer. All the devices
fabrication and device characterization steps were carried out at
room temperature under ambient laboratory conditions. Current-
Voltage characteristics of single-carrier devices were measured
using the same semiconductor parameter analyzer as for Ph\OLED
devices. The single-carrier devices measurements were performed
under dark and ambient conditions.

Results and discussion
Thermal Properties

The thermal properties of two complexes 1 and 2 were
investigated by differential scanning calorimetry (DSC) and
thermal gravimetric analyses (TGA) under a nitrogen atmosphere
as shown in Fig. 1 and the data were summarized in Table 1. The
DSC data reveal that no glass transition temperature (T,) was
observed for both complexes, the melting points (T,,) of them are
446 °C and 482 °C, respectively. In the TGA study, they exhibit
high decomposition temperatures at 417 °C and 441 °C
respectively with a 5% weight loss (Tgs). Although the
decomposition temperatures of these complexes are slightly
lower than their melting points, these values are still much higher
than the complexes of Ir(C”N); and Ir(C~N),(L"X) types.'® This
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result proved to be the advantage of these tridentate
cyclometalated ligand in terms of thermal stabilities, which can
prevent them from decomposing during the process of vacuum
deposition as well as device working."!
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s Fig. 1 TGA thermograms of 1 and 2. Inset: the chemical structure and
DSC thermograms of 1 and 2.
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Fig. 2 UV/Vis absorption and photoluminescence (PL) spectra of
complexes 1 and 2 in dilute degassed solution.

Photophysical and electrochemical properties

10 Fig. 2 shows the absorption and photoluminescent (PL) spectra of
1 and 2 in degassed dilute CH,Cl, solution at 298K. Intense
absorption bands were observed in the ultraviolet part of the
spectrum between 240 and 350 nm, assignable to the spin-
allowed '(z7*) transitions of the aromatic moieties. The
absorption bands observed at lower energies extending into the
region of 350—450 nm that have been assigned to the metal-to-
ligand charge transfer ('"MLLCT). These '"MLCT bands have been
attributed to an effective mixing of charge transfer transitions
with higher lying spin-allowed transitions on the cyclometalated
20 ligand. This mixing is facilitated by the strong spin-orbit coupling

of the Ir(III) center.'? The weak shoulder peaks extending into the

region of 450 to 540 nm were assigned associated with both spin-

orbit coupling enhanced *(zz*) and spin-forbidden *MLCT

transitions, which are inevitable nature for phosphorescent

o

»s materials.”® Their absorption edges correspond to Sy-S; transition
indicate the energy bandgaps (£,) of complex 1 and 2 which can
be assumed to be 2.53 and 2.44 eV. Both the complexes show
intensely PL emission in degassed dilute CH,Cl,. The emission
peaks are 511 nm for 1, 517 and 534 nm for 2, and such trend can

30 be rationalized in terms of the electronic effects of the fluorine
substituents as follows. F atoms might be expected to lower the
energy of all orbitals thought their electron-withdrawing nature,
and this effect is larger for the HOMO than for LUMO.* Thus,
the transitions shift to higher energy, and the absorption and

35 emission bands of complex 1 are blue-shifted compared with that
of complex 2.

Current (a.u.)
N

A 1 i 1 A 1 A 1 A 1 A 1 A 1 A 1 i
02 04 06 08 10 12 14 16
Potential vs Fc/Fc' (V)

Fig. 3 Cyclic voltammograms of complexes 1 and 2 in DMF for oxidation.

Tablel Physical properties of complexes 1 and 2.

Complex 1 2
Labs[nm]sol” 473,441, 401 494, 459, 419
Zpr[nm]sol” 511 517,534
Ty T./Ts [ C]? N/446/417 N/482/441
HOMO/LUMO(eV] -5.57/-3.04 -5.33/-2.89

a) Measured in degassed CH,Cl, solution (10 ° M ); b) N: Not observed.
The electrochemical properties of these complexes were
studied in DMF solution through Cyclic Voltammetry (CV)
measurements using ferrocene as the internal standard. Their
cyclic voltammograms are shown in Fig. 3. The oxidation process
is analogous to removing an electron from the metal-centered
HOMO level," therefore the oxidation of complexes 1 and 2 can
be assigned to the Ir"/Ir" oxidation.'"™ Both of them undergoes
reversible one-electron oxidation processes and the HOMO levels
of complex 1 and 2 are determined to be -5.57 and -5.33eV
respectively. In addition, the reduction process is equivalent to
adding an electron to the ligand-centered LUMO level. Because
no clear reduction wave was observed within the potential
window of the cyclic voltammograms, the LUMO energy levels
of 1 and 2 were deduced from HOMO energy levels and optical
band gaps determined by the onset of absorption using the
expression: LUMO=HOMO + E,, thus the LUMO energy levels
ss are -3.04eV (-5.57+2.53) and -2.89 eV (-5.33+2.44) respectively
as shown in Table 1.
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Charge carrier injection and transport properties

Single-carrier devices adopting the two complexes 1 and 2 as the

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Current density versus voltage characteristics of the hole-only and
electron-only devices with the active layer based on the neat 1 and 2 films
(a), the neat CBP films as well as the doping CBP:1 or 2 films (b) and the
neat TPBi films as well as the doping TPBi:1 or 2 films (c).

s active layer with the structures of [ITO/MoO; (10 nm)/ 1 or 2 (60
nm)/MoO; (10 nm)/Al (100 nm)] for hole-only device and
[ITO/TPBi (10 nm)/ 1 or 2 (60 nm)/TPBi (10 nm)/LiF (1 nm)/Al
(100 nm)] for electron-only device were fabricated. It can be
assumed that only single carriers are injected and transported in

10 these devices due to the work function of MoO; (or the HOMO of
TPBI) layers being high (or low) enough to block electron (or
hole) injection, while the hole and electron can be easy to inject
into the active layer without the energy barrier from the MoOs

and TPBi layer respectively.'® For comparison, series of devices
15 with the same configurations as the single-carrier devices above,
were fabricated by using neat CBP, neat TPBi, CBP doped with
1 or 2 (15 wt%) and TPBi doped with 1 or 2 (15 wt%) as the
active layer respectively, instead of neat 1 or 2.
Among the -V characteristics of four single-carrier devices
20 based on the neat 1 or 2 layer as shown in Fig. 4a, we observe
that both the hole current of 1 and 2 are rapidly increased whereas
both the electron-only devices exhibit very high threshold
voltages. The significant difference between the /- curves of the
hole- and electron-only devices based on either complex indicates
2s that both 1 and 2 are the unipolar molecules, which only
effectively conduct the hole carriers injected into the organic
layer. This similar charge-transporting character of 1 and 2
indicates that the fluorine (F) substituent in the NAC~N is seen to
have no substantial influence on the charge transporting property.
30 Likewise, the undoped single-carrier devices of CBP and TPBi
(Fig. 4b and 4c) show that CBP and TBPi molecules prefer to
accept and transport the hole and electron respectively.
Furthermore, it is gratifying, the hole-only devices with the layer
of 1 and 2 doped in TPBi not only have much higher current
35 density than the hole-only device with the pure TPBi layer, but
show comparable current level with the corresponding electron-
only devices. In contrast, the electron-only devices based on
CBP:1 or 2 layer show flat current curves like the base line,
which are lower than the curve of the electron-only device with
40 the neat CBP layer. This phenomenon suggests that the dopant 1
and 2 can be used as the media for hole injecting into and
transporting in the TPBi host layers while their role in doped
CBP layer is just trapping the electron from CBP sites. These
results are consistent with our expected bipolar EMLs composed
ss of TPBi and 1 or 2, in which the dopant (1 or 2) and the host
(TPBi) molecules can serve as two convenient channels for
transporting both holes and electrons, and they will facilitate
holes and electrons injection and conduction across the EML by
hopping between the adjacent dopant and host molecules
so respectively, and then achieve balanced charge fluxes, resulting
in high device performance.

Characterization of phosphorescent OLEDs

To evaluate the EL performance of complexes 1 and 2 doped in
different type host materials, a series of PHOLEDs with an
ss uniform and simple configuration of [ITO/NPB (40 nm)/TCTA
(10nm)/emitting layer (30 nm)/TPBI (30 nm)/LiF (0.5 nm)/Al]
were fabricated, and the energy diagram of the materials used in
the EL device above are shown in Fig. 5a. NPB and TPBi were
employed as the hole transport layer (HTL) and electron
e transport/hole-blocking layer (ETL and HBL), respectively, and
TCTA was used as the electron-blocking layer, as well as triplet
exciton blocker layer in the PhOLEDs. The films of 1 and 2
doped in TPBi and CBP with the concentration of 15 wt% were
adopted as EMLs to fabricate devices T1 (TPBi:1), T2 (TPBi:2),
6s C1 (CBP:1) and C2 (CBP:2) respectively. The devices present
bright blue-green and green emission with maximum at ~490 nm
for T1 and C1 and ~510 nm for T2 and C2 at the brightness of
500 cd m ™2 (Fig. 5b).
The current density-voltage-luminance (J-V-L) characteristics
70 of the devices are shown in Fig. 6a, and the EL performance data
are summarized in Table 2. All the devices displayed low driving

4 | Journal Name, [year], [vol], 00—00
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voltages, and the corresponding current density and luminance
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Wavelength (nm
KR on the dopant through hole injection into dopant together with the

EL spectra of devices T1. T2, C1 and C2 at the luminance of 500 cd m2, > electron injection into host. Ft ensures a balanceq hole'-electron
The inset in (b) is an enlarged image of the EL curves at the wavelengths current and broadens the exciton-formation zone in their EMLs,
20 from 410 to 480 nm. consequently achieving higher luminance under the same current
density than that in the EMLs of C-series devices, where the
dominated carriers are the holes depending on the CBP molecules,
40 causing the narrow recombination zone formed close to the ETL
devices and the EL performance data are summarized in Table 2. interface with the high polaron density, thereby increasing the
T1 and T2 exhibited much higher EQE and PE than CI and C2 probability of the TTA and leading to low device efficiency.
»s respectively, implying that complex 1 or 2 doped in TPBi is Secondly, a slight emission at 420-460 nm due to the CBP host
really a much more matched and efficient host-dopant system plus the dominant peak being detectable in the EL spectrum of
than the CBP-based doping layer. This may be due to two reasons: ,; C1 or C2 respectively (Fig. 5b inset), suggests that part of
Firstly, in T-series devices, the hole-transporting dopant material recombination of injected holes and electrons occurs at the CBP

(1 or 2) and the electron-transporting host material TPBi compose host molecule sites and then the excited energy is incomplete
30 the bipolar EMLs, leading to a strategy of direct recombination

Fig. 5 (a) Proposed energy diagram of the materials used in OLEDs. (b)

Fig. 6¢ displays the external quantum efficiency (EQE) and
power efficiency (PE) plotted with respect to the luminance of all

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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transfer from CBP to 1 or 2 in the C-series devices, even though reported based on the iridium complexes with terdentate ligands,*
they employ rather high doping concentration of 15 wt%. s where the conventionally used CBP or TCTA with the primary
Generally, direct charge recombination should be a more hole-transporting ability are employed as the host material. Thus,
effective way to achieve high efficiency in PhOLEDs, because obviously, an appropriate selection of host and dopant materials
energy losses during the host-dopant energy transfer process can plays a significant role in the design of highly efficient PhOLEDs.
be avoided.*® Furthermore, it is worth mentioning that the EL performance of

Hence, T1 and T2 logically achieved the EQE (#,) as high as 20 T1 based on complex 1 have exceeded those of the high-
15.8 and 16.7 % together with the peak PE (7,) values of 35.5 and performance blue-green PhOLEDs reported based on the
47.4 Im W', which maintain the high level of 14.5 and 16.1 % & phosphorescent ~ complexes  containing two  bidentate
19.2 and 30.6 Im W' respectively, at rather high and practical cyclometallating ligands with the structrural class of

luminance of 500 c¢d m™ with the low driving voltages of less Ir(C*N)o(L*X),'® hence offering a wider diversity of substitution
than 6 V. These are rather high values, which show almost a s and extend scope for manipulating the optoelectronic properties
twofold enhancement over the most efficient PhOLEDs ever of the iridium-based phosphorescent emitters.

Table 2 Electroluminescent properties of the devices.*

Device Von!/ V Linax/cd M 2(V at Liay) neb/% npb/lm w! EL emisison peak, CIE (x,y)
T1 3.2 29250 (10.0) 15.8,15.5,14.5 35.5,25.6,19.2 492, (0.20, 0.53)
T2 3.0 38760 (10.5) 16.7,16.7, 16.1 47.4,38.5,30.6 512, (0.25, 0.65)
Cl 33 6970 (10.5) 5.3,5.0,4.8 11.8,8.5,7.2 488, (0.19, 0.49)
C2 3.0 9640 (10.0) 59,5.5,5.0 19.1,13.6,10.9 508, (0.24, 0.64)

“Abbreviation: V,: Turn-on voltage (Recorded at 1 ¢cd m™2). Ly, Maximum luminance. #: External quantum efficiency. np: Power efficiency. ’In the
order of maximum, then values at 100 and 500 cd m™. “Measured at 500 cd m >

T Electronic Supplementary Information (ESI) available: [photophysical

Conclusions property of compound PPI under same condition]. See
6s DOI: 10.1039/b000000x/

In summary, the most efficient PhOLEDs based on the iridium 1 (a) M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M.
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