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Highly efficient deep blue phosphorescent light emitting diodes were developed using a
newly synthesized series of blue emitting tridentate platinum emitters. Devices employing
a cohost of hole and electron transport materials yielded high external quantum efficien-
cies with low turn on voltage and low efficiency roll off. A maximum EQE of 15.7% and
CIE coordinates of (0.16,0.13) was achieved in a device based on platinum(Il) bis(N-
methyl-imidazolyl)benzene chloride (Pt-16).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic light emitting diodes (OLEDs) have garnered
great attention in recent decades as the next generation
in flat panel and handheld displays for their benefits of
potentially low energy consumption and high quality of
color displays [1]. Phosphorescent Ir and Pt complexes
are of particular interest due to their potential to harvest
both electrogenerated singlet and triplet excitons and real-
ize 100% internal quantum efficiency [2]. In order to cover
the full visible spectrum, efficient and stable blue, green
and red phosphorescent OLEDs will be needed. However,
compared to their analogs emitting in the “green” and
“red” region, efficient and stable blue phosphorescent
materials remain a challenge [3-5]. So far, the approaches
to achieve efficient blue-phosphorescent OLEDs are heavily
focused on Ir-based complexes, with either adopting high
triplet energy ligands like 4,6 difluorophenylpyridine
[4a-e] and 1-phenyl-3-methylimidazolium [4f], or using
electron-withdrawing ancillary ligands such as picolinate
(FIrPic) [4a], tetrakis(1-pyrazolyl)borate (FIr6) [4b,c], triaz-
olate (FIrtaz) and tetrazolate (FIrN4) [4d]. Moreover, the
phosphorescent emitters which enable an efficient deep

* Corresponding author.
E-mail address: jian.li.1@asu.edu (J. Li).

1566-1199/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.0rgel.2012.03.041

blue OLED with desirable CIE coordinates (0.15,0.15) are
even more scarce [6,7]. So far, the best deep blue PhOLED,
based on the literature report, has demonstrated a maxi-
mum forward viewing external quantum efficiency (EQE)
of 24.2% and achieved CIE coordinates of (0.14,0.20), which
employed iridium(IIl) bis(3’,5'-difluoro-4’-cyanophenyl-
pyridinato-N,C?) picolinate (FCNIrpic) as an emissive
material [7a]. In another notable report, a maximum EQE
of 18.6% was achieved with CIE coordinates of (0.15,0.19)
for a device employing halogen-free mer-tris(N-dibenzof-
uranyl-N'-methylimidazole) iridium(IIl) [Ir(dbfmi)] as an
emitter [6a]. Although the performance and color quality
of deep blue phosphorescent OLEDs are satisfactory, the
development of deep blue OLEDs with a long operational
lifetime remains as a significant challenge. It is highly
desirable that different classes of deep blue phosphores-
cent emitters be developed and studied for OLED
applications.

Cyclometalated Pt complexes should also be consid-
ered as candidate materials for efficient deep blue OLEDs
to further compliment this progress made with the class
of Ir complexes. However, the photophysical properties
of Pt complexes are very sensitive to the structural
changes of the complexes or the selection of the metal
complex system. For example, Pt(N*C*N)Cl complexes
have demonstrated higher emission efficiencies and
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shorter luminescent lifetimes than their (C*N)Pt(acac)
and Pt(N*N~C)Cl analogs, where N*C*N are tridentate
coordinating ligands like di(2-pyridinyl)benzene, CN are
bidentate coordinating ligands like phenylpyridine, and
N~ANAC are tridentate coordinating ligands like 2-phenyl-
bipyridine [8]. Thus, efficient blue phosphorescent OLEDs
can be fabricated utilizing the analogs of platinum(Il) 3,5-
di(2-pyridinyl)benzene chloride (Pt-1). Similar to the re-
ported color tuning strategy on the (C*N)Pt(acac) com-
plexes [5a], the maximum emission wavelength (imax)
of Pt-1 analogs can be shifted to the shorter wavelength
range by ether stabilizing the highest occupied molecular
orbital (HOMO) through the fluorination of the phenyl
ring as in platinum(Il) 1-fluoro- 2,4-di(2-pyridinyl)ben-
zene chloride (Pt-3) and platinum(Il) 1,3-difluoro-4,6-
di(2-pyridinyl)benzene chloride (Pt-4) (Fig. 1), or destabi-
lizing the lowest unoccupied molecular orbital (LUMO)
through the utilization of the electron accepting groups
with higher reduction potential. Previously, we have dem-
onstrated an efficient blue phosphorescent OLED based on
Pt-4 with a maximum EQE of 16%, yet the CIE coordinates
(0.16,0.26) are still unsatisfactory for a deep blue OLED
[9]. Here we will attempt to replace pyridinyl groups of
Pt-1 with methyl-imidazolyl groups or pyrazolyl groups,
which could potentially increase the LUMO energy level
of Pt complexes, resulting in blue-shifted emission spec-
tra. Although deep blue Ir-based emitters like Ir(dbfmi)
utilize the ligands of phenyl-3-methylimidazolium and
its analogs [6a], (C*N)Pt(acac) complexes incorporated
with such ligands did not appear to have comparable de-
vice performance to their Ir analogs [10]. Moreover, the
development of Pt(N*C~N)Cl analogs employing such
cyclometalating ligands required much more synthetic ef-
forts than that of their Ir analogs. In this communication,
we report the synthesis, photophysics and device charac-
terization of a series of blue-emitting Pt complexes
employing such cyclometalating ligands. One of our
developed Pt complexes, i.e. platinum(Il) bis(N-methyl-
imidazolyl)benzene chloride (Pt-16) shown in Fig. 1, en-
abled us to fabricate an efficient deep blue phosphores-
cent OLED with a maximum EQE of 15.7% and CIE
coordinates of (0.16,0.13).
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2. Experimental
2.1. Materials
Poly [3,4-ethylenedioxythiophene] doped with

poly[styrene sulfonate] (PEDOT:PSS, Clevios P VP Al
4083) was purchased from Stark Inc. and 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (BCP) and N,N’-diphe-
nyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4"-diamine

(NPD) were purchase from Aldrich and sublimed in a
thermal gradient furnace prior to use. 2,8-bis(diphenyl
phosphoryl) dibenzothiophene (PO15),[12] di-[4-(N,N-
di-tolyl-amino)-phenyl]cyclohexane (TAPC) [12], 2,6-bis
(N-carbazolyl)pyridine (26mCPy) [11a] and platinum 1,3-
diflouro-4,6-di(2-pyridinyl)benzene chloride (Pt-4) [8]
were prepared following literature procedure.

2.2. Synthesis

A series of blue-emitting Pt complexes were designed
and synthesized following the strategy presented in
Fig. 1, which include platinum(II) bis(C-methyl-imidazo-
lyl)benzene chloride (Pt-14), platinum(Il) bis(3,5-di-
methyl-pyrazolyl)benzene chloride (Pt-15) and Pt-16.

2.2.1. Synthesis of Pt-14

A mixture of m-di(methyl-imidazolyl)benzene
(1 mmol), KyPtCl; (0.41g, 1mmol), and acetic acid
(60 mL) was stirred under reflux for 3 days in nitrogen
atmosphere. After cooling to room temperature, the reac-
tion mixture was filtered. The precipitate was washed with
methanol, water, ethanol and ether. The light yellowish
product (in 50% yield) was obtained after thermal evapora-
tion under high vacuum. "H NMR (400 MHz, CDCl5): 7.40
(dd, 2H), 7.28 (d, 2H), 7.13 (t, 1H), 6.93 (d, 2H), 3.98 (s,
6H). HRMS (MALDI-TOF) mj/z for [(M+H)"] -calcd.
468.056, found 468.080.

2.2.2. Synthesis of Pt-15
A mixture of K,PtCly, m-bis(3,5-dimethyl-pyrazol-
yl)benzene (1 mmol) and 3 mL of AcOH/H,0 (9:1, v/v)
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Fig. 1. Materials design and chemical structures of tridentate platinum-based blue phosphorescent emitters discussed in this paper.
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was placed in a 10 mL Pyrex pressure vessel. The tube was
capped and rapidly heated by the microwave reactor
(2450 MHz, 200 W). The reaction mixture was kept at
160 °C for 30 min by controlling the flow rate of cooling
air. After cooling to room temperature, the reaction mix-
ture was filtered. The precipitate was washed with metha-
nol, water, ethanol and ether. The crude product was
further purified by train sublimation with a 70% yield. 'H
NMR (400 MHz, CDCl3): 7.17-7.26 (m, 3H), 6.31 (s, 2H),
2.71 (s, 3H), 2.61 (s, 3H). HRMS (MALDI-TOF) m/z for
[(M +H)"] calcd. 496.087, found 496.101.

2.2.3. Synthesis of Pt-16

A mixture of bis(N-methyl-imidazolium)bezene diio-
dide (1 mmol) and 0.5 mmol silver oxide was stirred in a
solution of 100 ml acetonitrile for 5 h at room temperature
before 1 equiv. platinum chloride and 1 equiv. potassium
carbonate were added. The reaction mixture was heated
to reflux for additional 24 h. Then the mixture was cooled
to room temperature before 100 ml water was added. The
resulting yellow precipitate was filtered off and washed
with excessive methanol, water and ether and dried under
vacuum. The light yellowish product (in 4% yield) was ob-
tained after thermal evaporation under high vacuum. 'H
NMR (400 MHz, CDCl5): 6 7.35 (d, 2H), 7.180 (dd, 1H),
6.90-6.96 (m, 4H), 4.37(s, 6H). HRMS (MALDI-TOF) m/z
for [(M + H)"] calcd. 468.056, found 468.082.

2.3. Materials characterization

Steady-state emission experiments at room tempera-
ture were performed on a Jobin Yvon Fluorolog spectroflu-
orometer. Cyclic voltammetry and differential pulsed
voltammetry were performed using a CHI610B electro-
chemical analyzer. Anhydrous DMF (Aldrich) was used as
the solvent under a nitrogen atmosphere, and 0.1 M tet-
ra(n-butyl) ammonium hexafluorophosphate was used as
the supporting electrolyte. A silver wire was used as the
pseudo reference electrode, a Pt wire was used as the coun-
ter electrode, and glassy carbon was used as the working
electrode. The redox potentials are based on the values
measured from differential pulsed voltammetry and are re-
ported relative to a ferrocene/ferrocenium (Fc/Fc*) redox
couple used as an internal reference. The reversibility of
reduction or oxidation was determined using cyclic
voltammetry.

2.4. Device fabrication and characterization

Devices employing Pt-4, Pt-14, Pt-15 and Pt-16 as emit-
ters were fabricated on glass substrates pre-coated with a
patterned transparent indium tin oxide (ITO) anode using a
general  structure of  ITO/PEDOT:PSS/NPD(30 nm)/
TAPC(10 nm)/2% emitter:26mCPy(25 nm)/PO15(40 nm)/
LiF/Al. Prior to organic depositions, the ITO substrates were
cleaned by sonication in water, acetone, and isopropanol
followed by UV-ozone treatment for 15 min. PEDOT:PSS
was filtered through a 0.2 um filter and spin-coated on
the precleaned substrates, giving a 40 nm thick film. Or-
ganic materials were thermally evaporated at deposition
rates of 0.5-1.5A/s at a working pressure of less than

1077 Torr. The deposition rates and thicknesses were mon-
itored by quartz crystal microbalances. A thin 1 nm LiF
layer was deposited at rates of <0.2 A/s. Aluminum cath-
odes were deposited at rates of 1-2 A/s through a shadow
mask without breaking vacuum. Individual devices had
areas of 0.04 cm?. All device operation and measurement
were carried out inside a nitrogen-filled glove-box. [-V-L
characteristics were taken with a Keithley 2400 Source-
Meter and a Newport 818 Si photodiode. EL spectra were
taken using the Jobin Yvon Fluorolog spectrofluorometer.
Agreement between luminance, optical power and EL spec-
tra was verified with a calibrated Photo Research PR-670
Spectroradiometer with all devices assumed to be Lamber-
tian emitters.

3. Results and discussion

The electrochemical properties of Pt-14, Pt-15, and Pt-
16 were examined using cyclic voltammetry. Compared
with Pt-1, the changes of the electron-accepting groups
modify the reduction potential of the Pt complexes and
leave the oxidation potential largely unaffected. Thus, the
reduction potentials of these three Pt complexes are in
the range between —2.7 and —2.8 V vs. Fc/Fc*, which are
much higher than that of Pt-1 (Fig. 2 inset). The compari-
son of room temperature emission spectra of Pt-1, Pt-14,
Pt-15 and Pt-16 is presented in Fig. 2, which were taken
from the samples in a dilute solution of dicholoromethane
for Pt-1, Pt-14 and Pt-16, and a doped thin film sample for
Pt-15. Although all three synthesized Pt complexes have
similar oxidation and reduction potentials, their emission
energies are significantly different. The /.« values of Pt-
14, Pt-16 and Pt-15 are 470, 448 and 430 nm, respectively.
Both Pt-14 and Pt-16 emit strongly in a degassed solution
at the room temperature, making them suitable as emitters
for blue phosphorescent OLEDs. On the other hand, Pt-15
was weakly emissive in degassed solution and only pro-
vided a measurable photoluminescent spectrum in a 2%-
doped PMMA film (Fig. 2). For Pt-15, the poor quantum

1.04 ox red
E1/2(V) E1/2(V)
—#— Pt-1 041 -2.18

. —A—Pt-14 031 -273
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35/ —=—Pt-15 0.57 -2.72
>
)
e
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£
|
o

0.0 = S \

400 500 600 700

Wavelength (nm)

Fig. 2. Room temperature emission spectra of Pt-1 (stars), Pt-14 (trian-
gles) and Pt-16 (circles) in CH,Cl, and Pt-15 (squares) in a 2%-doped
PMMA film. Redox values (V) are shown in the inset, which are reported
relative to Fc/Fc*.
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yield of emission can be attributed to a combined result of
an accelerated high non-radiative decay rate and a low
radiative decay rate, similar to its reported analogs like
fac-Ir(ppz)s and Pt(dpzt)Cl [11].

The EQE values are plotted vs. current density for de-
vices employing Pt-4, Pt-14, Pt-15 and Pt-16, in Fig. 3, with
the corresponding EL spectra and CIE coordinates dis-
played in Fig. 4. A summary of device performance is pre-
sented in Table 1. The dopant concentration is controlled to
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Fig. 3. External quantum efficiency-current density characteristics for Pt-
4 (diamonds), Pt-14 (triangles), Pt-16 (circles) and Pt-15 (squares) devices
with the structure of ITO/PEDOT:PSS/NPD(30 nm)/TAPC(10 nm)/2% emit-
ter:26mCPy(25 nm)/PO15(40 nm)/LiF/Al.

(a) Pt-4:26mCPy
(0.13,0.33)
400 500 600 700
(c) Pt-15:26mCPy
(0.17,0.20)
400 500 600 700
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be around 2%(w/w) to minimize the formation of excimers
which tend to broaden the EL spectrum of device and in-
crease the values of CIE coordinates [12].

Due to the use of a better hole blocking layer (PO15)
and electron blocking layer (TAPC) than those reported in
a previous Pt-4 device, the Pt-4 device has demonstrated
an improved device efficiency (close to 17%) with a similar
EL spectrum. This improvement indicates a good confine-
ment of dopant excitons inside of emissive layer, and af-
firms that the triplet energy of host material (26mCPy) is
suitable for the emitters [13]. Similarly, both Pt-14 and
Pt-16 devices have demonstrated high EQE values of over
10% and obtained EL spectra resembling their emission
spectra in solution, confirming the fact that the EL spectra
are generated exclusively from the emitters themselves.
Pt-14 can be used as an efficient phosphorescent emitter
to fabricate a “blue-green” emitting OLED with a maxi-
mum EQE of over 18% and CIE coordinates of (0.16,0.36).
The CIE coordinates of Pt-16 device are (0.16,0.15), making
Pt-16 a perfect candidate as a deep blue phosphorescent
emitter. Moreover, it is worth mentioning that 26mCPy, a
carbazole-based host material with an estimated triplet
energy of 2.9eV [11a], [13], can be used for deep blue
phosphorescent OLEDs if the emitter is judiciously de-
signed. On the other hand, although Pt-15 has a higher
emission energy than Pt-16 and can provide an EL spec-
trum with more desirable CIE coordinates, the Pt-15 device
has a maximum EQE of less than 1%. The EL spectrum is
broader than the PL spectrum of doped thin film, indicating
that the EL spectrum is not generated exclusively from the
emitter itself, resulting in a decrease in device efficiency.
Thus, the extremely low efficiency of the Pt-15 device

(b) Pt-14:26mCPy
(0.16, 0.36)
400 500 600 700
(d) — Pt-16:26mCPy
(0.16, 0.15)
-E+ Pt-16:co-host
(0.16, 0.13)
400 500 600 700

Wavelength (nm)

Fig. 4. Normalized electroluminescent spectra, accompanied by CIE values of (a) Pt-4, (b) Pt-14, (c) Pt-15 and (d) Pt-16 devices at 1 mA/cm?. The general
device structure is ITO/PEDOT:PSS/NPD(30 nm)/TAPC(10 nm)/2% emitter: host(25 nm)/PO15(40 nm)/LiF/Al. The host materials could be either 26mCPy or

co-host of TAPC:PO15 (1:1).
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Table 1

A summary of device characteristics for the structure: ITO/NPD(30 nm)/TAPC(10 nm)/EML(25 nm)/PO15(40 nm)/LiF/Al. Each device is listed by its emissive
layer at a luminance of 100 cd/m?2. Parameters listed are driving voltage (bias), current density, forward viewing external quantum efficiency (EQE), CIE

coordinates and power efficiency (P.E.).

Emissive layer Bias (V) Current density (mA/cm?) EQE (%) CIEx CIEy P.E. (Lm/W)
2% Pt-4:26mCPy 5.1 0.35 15.9 0.13 033 17.4
2% Pt-14:26mCPy 52 0.24 18.1 0.16 0.36 233
2% Pt-15:26mCPy 7.8 25.7 0.68 0.17 0.20 0.16
2% Pt-16:26mCPy 45 0.81 10.1 0.16 0.15 8.96
2% Pt-16:co-host 3.0 0.51 14.8 0.16 0.13 19.3

can possibly be attributed to the combined results of its
low emission efficiency and the use of host materials with-
out high enough triplet energy. Further studies suggest
that the utilization of ultra-high bandgap host materials
like UGH2 [14] failed to significantly improve the effi-
ciency of the Pt-15 devices.

In order to improve the performance of the Pt-16 de-
vices, a co-host system was utilized to further resolve
any potential charge carrier imbalance in the emissive
layer. A mixed layer of TAPC:PO15 is documented as one
example [12], which can replace 26mCPy as host materials
in a similar device setting. Forward viewing external quan-
tum efficiency vs. luminance and current density vs. volt-
age (inset) are plotted for the device of ITO/PEDOT:PSS/
NPD(30 nm)/TAPC(10 nm)/2% Pt-16:TAPC:PO15(25 nm)/
PO15(40 nm)/LiF/Al in Fig. 5. A maximum forward viewing
EQE of 15.7% was achieved at a current density of
J=0.02 mA/cm?, and only decreases to a half of its peak va-
lue at a current density of J = 10.9 mA/cm?2. This device also
gives a maximum forward power efficiency of 22 Im/W
and remains at a high 19.3 Im/W at a practical luminance
(100 cd/m?). Moreover, the co-host system modified solu-
bility, and thus the molecular packing, of Pt-16 in the emis-
sive layer, resulting in a significant decrease in excimer and
aggregate formation and attenuated vibronic features of
Pt-16 emission bands (Fig. 4). Such small changes in the
EL spectrum yielded highly desirable CIE coordinates of
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Fig. 5. External quantum efficiency-luminance and current density-
voltage (inset) characteristics for the Pt-16 devices with different host
materials: 26mCPy and co-host of TAPC:PO15 (1:1). The general device
structure is ITO/PEDOT:PSS/NPD(30 nm)/TAPC(10 nm)/2% Pt-
16:host(25 nm)/PO15(40 nm)/LiF/AlL

(0.16,0.13) for the Pt-16 devices, which also demonstrated
an independence of current density. The color quality of
the Pt-16 device is comparable or even superior to the best
deep blue phosphorescent OLEDs in literature which fo-
cused on the use of Ir-based complexes [6a]. Although
the maximum EQE of the Pt-16 device is lower than that
of the Ir(dbfmi) device, the Pt-16 device can maintain an
EQE of 14.8% at 100 cd/m? and an EQE of 8.3% 1000 cd/
m? due to a small roll-off at a high current density. On
the other hand, the EQEs of the Ir(dbfmi) device are
13.3% at 100 cd/m? and 6.2% at 1000 cd/m? [6a].

4. Conclusions

We demonstrated that a series of blue-emitting
Pt(N*C*N)Cl complexes were developed by engineering
the LUMO energy levels of Pt complexes. We have fabri-
cated a deep blue OLED utilizing Pt-16 with a maximum
EQE of 15.7% and CIE coordinates of (0.16,0.13). Compared
with their Ir-based analogs, Pt(N*C*N)Cl complexes can
display a “deeper blue” color with similar emission energy
due to their narrower emission bandwidth and attenuated
vibronic features of their emission spectra. It is also very
encouraging to demonstrate that carbazole-based host
materials can be used as host materials for efficient deep
blue phosphorescent OLEDs. Moreover, Pt-16 is a fluo-
rine-free blue phosphorescent emitter indicating that its
design is aligned with molecules that have demonstrated
stability for long operational lifetime [15]. Continued char-
acterization and development should provide a viable
route to develop stable and efficient deep blue phospho-
rescent emitters for displays and lighting applications.
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