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  1   .  Introduction 

 Organic light-emitting diodes (OLEDs) can be used in high 
quality fl at panel displays and lighting applications. [  1  ]  Among 
them, yellow emission is one crucial chromaticity component 

such as for RGBY-TV, lithography labs, 
traffi c lights, and signal lights etc. Most 
importantly, it serves as a backbone emis-
sion for physiologically-friendly very-low 
color temperature lighting sources for 
use at night due to its comparatively low 
per lumen suppression effect on mela-
tonin secretion. [  2  ]  To make the resultant 
products more energy saving and last 
longer, yellow OLEDs with higher power 
effi ciency are highly demanded. It would 
be more ideal if the electroluminescently 
effective yellow emitters possess both 
wet- and dry-process feasibility to realize, 
respectively, cost-effective large area-size 
roll-to-roll manufacturing and high per-
formance devices. 

 Over the past years, some effi cient 
yellow OLEDs had been reported. [  3,4  ]  
Taking the devices via wet-process for 
examples, Xie’s group reported a 20 lm 
W −1  effi cacy at 1000 cd m −2  for a yellow 

iridium phosphorescent guest with an electron-withdrawing 
trifl uoromethyl (CF 3 ) substituent on the ligand doped in a den-
dritic host. [  3a  ]  Xiang’s group reported 11 lm W −1  by using a plat-
inum based complex with a tetramethylethylene group doped 
in a molecular host of 4,4′-N,N’-dicarbazole-biphenyl (CBP). [  3b  ]  
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in turn allow the tuning of color. Sometimes, fl uorination can 
enhance electron mobility, leading to a more balanced carrier 
injection and hence a higher device effi ciency. 

 We demonstrate in this report the employment of fl uorina-
tion to markedly improve the device effi ciency and processa-
bility of an iridium complex based yellow OLED. By using fl uo-
rine to replace the 2-substitutional hydrogen in the cyclometa-
lated ligand of the complex of bis[5-methyl-5H-benzo[c][1,5] 
naphthyridin-6-one]iridium (picolinate) (BNO), the resultant 
dry-processed 2-FBNO containing device shows, at 1,000 cd m −2  
for example, an external quantum effi ciency (EQE) of 23.5%, 
while 19.6% the BNO counterpart. If via wet-process, the EQE 
is 18.5% for the 2-FBNO containing device, while 13.6% for 
the BNO counterpart. In addition, the power effi ciency for 
the 2-FBNO containing device is 75.1 lm W −1  via evaporation 
deposition, the highest among all reported dry-processed yellow 
OLEDs, or 52.3 lm W −1  via spin-coating, the highest among all 
wet-processed counterparts ( Figure    1  ).   

  2   .  Results and Discussion 

  2.1   .  Synthesis 

  Scheme    1   shows the synthesis of the pure yellow light-emitting 
guest 2-FBNO. Iridium(III) trichloride hydrate was fi rst reacted 
with 5-methyl-7-fl uoro-5H-benzo[c][1,5]naphthyridin-6-one to 
give the corresponding cyclometalated iridium(III)- μ -chloro-
bridged dimers. Further reaction of the dimers with pico-
linic acid and sodium carbonate formed the desired iridium 
complex, 2-FBNO. The description regarding how the ligand, 
5-methyl-7-fl uoro-5H-benzo[c][1,5] naphthyridin-6-one, is syn-
thesized can be referred to in the literature. [  9  ]    

Jou’s group reported 25 lm W −1  by using a yellow thiophene 
containing iridium phosphorescent emitter doped in a molec-
ular host of CBP, [  3c  ]  or 26 lm W −1  doped in a mixed hosts of 
4,4′,4″-tri( N -carbazolyl)triphenylamine (TcTa) and bis(3,5-
difl uoro-2-(2-pyridyl) phenyl-(2-carboxypyridyl)iridium(III) 
(FIrpic). [  3d  ]  

 By using thermal evaporation deposition, Jou’s group 
reported an 18 lm W −1  effi cacy at 1000 cd m −2  by using a 
seven-membered-ring based fl uorescent yellow emitter dis-
persed in a step-wise tri-emissive layered structure. [  4a  ]  Jou’s 
group reported 59 lm W −1  by using a single thiophene con-
taining iridium based yellow emitter doped in a mixed hosts 
of 1,3,5-tris( N -phenyl-benzimidazol-2-yl) benzene (TPBi) and 
green emitter tris(2-phenylpyridine) iridium(III) (Ir(ppy) 3 ). [  4b  ]  
Ma’s group reported 19 lm W −1  by using an electron-with-
drawing CF 3  substituent modifi ed yellow iridium based guest 
doped in CBP. [  4c  ]  

 To fabricate a high effi ciency OLED, phosphorescent mate-
rials are often used because of their ability to fully utilize both 
singlet and triplet excitons, achieving a nearly 100% internal 
quantum effi ciency. [  5  ]  Many researchers had thus put tremen-
dous efforts in designing and synthesizing high effi ciency phos-
phorescent materials. [  6  ]  From molecular design perspective, 
using different types of cyclometalated ligands or introducing 
special functional groups to the ligands can modify the electro-
luminescence and processing characters of the phosphorescent 
complexes. [  7  ]  Taking fl uorination for examples, [  8  ]  using fl uorine 
or CF 3  to replace hydrogen in the cyclometalated ligand could 
markedly reduce concentration quenching of luminescence 
and meanwhile increase volatility to favor vapor deposition. 
Fluorination can also be used to alter the energy levels of emit-
ters, i.e., the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO), which may 

      Figure 1.  Comparison, on the CIE diagram, of the power effi ciency results of the novel yellow 2-FBNO containing OLEDs, fabricated via wet- and dry-
processes, against those previously reported. All the effi cacy data were taken at 1000 cd m −2 . 
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 The comparatively higher quantum yield 
of the yellow 2-FBNO emitter should war-
rant its resulting device a higher effi ciency. 
The reason for the higher quantum yield 
may be attributed to the fact that replacing 
the H- with F-atom can lower the molecular 
vibrations, and consequently reduce the rate 
of radiationless deactivation. This can be evi-

denced by the resultant lower non-radiative rate constant,  k  nr , 
i.e. 0.78 × 10 5  s −1 , which is nearly two times lower than the 
BNO counterpart, i.e. 2.19 × 10 5  s −1 . Whilst, the two molecules 
have nearly the same radiative rate constant,  k  r;  it is 1.91 × 
10 5  s −1  for 2-FBNO and 1.86 × 10 5  s −1  for BNO. The lesser radi-
ationless deactivation coupling with a nearly unchanged radia-
tive relaxation has hence resulted in a higher quantum yield for 
the 2-FBNO as observed. 

 According to the quantum chemical calculations using the 
density functional theory (DFT), the 2-substitutional site of 
BNO molecule is localized more at the vicinity of the HOMO, 
as illustrated in  Figure    3  . When the F-atom is introduced at 
the 2-substitutional site, the resulting LUMO is decreased 
from −1.93 to −2.10 eV, a decrement of 0.17 eV, while the 
HOMO is slightly increased from −5.39 to −5.35 eV, an incre-
ment of 0.04 eV. The decrease in the LUMO energy level may 
be attributed to the stabilization effect on the LUMO of the 
2-FBNO molecule from the electron-withdrawing character of 
the F-atom.  

 The reason why the HOMO is increased only slightly may 
be attributed to two effects that counterbalance each other. The 
fi rst is resulted from the same stabilization effect from the elec-
tron-withdrawing F-atom on the HOMO of the 2-FBNO mole-
cule, leading to a lower HOMO energy level. Whilst, the second 
is resulted from a direct repelling interaction between the 
2p-orbital of the F-atom and the HOMO of the 2-FBNO mol-
ecule, which would destabilize the HOMO and hence increase 
the HOMO energy level. 

 These explain why the 2-FBNO molecule shows a signifi -
cantly smaller band gap, which is 3.25 eV, while 3.46 eV for 
BNO. These also explain why the emission red-shifts from 
green to yellow as the F-atom is introduced to replace the 
H-atom in the 2-substitutional site. The trends shown in the 
above simulation results match with those found experimen-
tally. Specifi cally, the difference in band gap between 2-FBNO 
and BNO is 0.21 eV from simulation, while 0.15 eV from 
experiment.  

  2.2   .  Thermal Properties 

 The 2-FBNO molecule exhibits a decomposition temperature at 
425 °C, determined by thermal-gravimetric analysis ( Table   1 ). 
As to the comparing counterpart, BNO, it also shows a high 
decomposition temperature of 402 °C. The high decomposition 
temperature would prevent either molecule from degradation 
during thermal evaporation deposition, and hence enable them 
to be dry-processable.  

 No measurable glass transition was found for all these two 
emitters, 2-FBNO and BNO at temperatures before reaching 
their decomposition temperatures. However, the highly conju-
gated polycyclic structure should ensure these two molecules 
to be solution-processable due to their incredibly high thermal 
stability that can prevent fi lm integrity deteriorating owing to 
vigorous solvent vaporization upon drying.  

  2.3   .  Photophysical Properties 

  Figure    2   shows the ultraviolet-visible (UV-Vis) and photolu-
minescence (PL) spectra of 2-FBNO and BNO dissolved in 
dichloromethane (CH 2 Cl 2 ) at room temperature. As com-
paring with those of BNO, the UV absorption bands of 2-FBNO 
show bathochromic shift at wavelengths below 360 nm that 
correspond to its ligand-centered  π – π * transitions, and at 
wavelengths between 380 and 500 nm that correspond to its 
metal-to-ligand charge transfer ( 1 MLCT and  3 MLCT). Upon 
excitation, the corresponding PL emission of 2-FBNO peaks at 
545 nm, a bathochromic shift of 30 nm from the peak emission 
of 515 nm for BNO.  

 The quantum yields are 71% and 46%, respectively, for the 
yellow emitter 2-FBNO and green emitter BNO dissolved in 
degassed CH 2 Cl 2  at room temperature, and which are cali-
brated by using the well-known green emitter Ir(ppy) 3  as a 
standard, whose quantum yield is 40%. [  10  ]  Their corresponding 
excited-state lifetimes are 3.72 and 2.47  μ s, respectively. 

       Scheme 1.  Schematic illustration of the synthesis of the novel yellow dopant, 2-FBNO. 

 Table 1.   Electrochemical, photophysical, and thermal characteristics of the novel yellow emitter 2-FBNO and the comparing green emitter BNO. 

Compound  HOMO a)  
[eV]  

LUMO a)  
[eV]  

Band gap 
[eV]  

  Φ   p  b)  
[%]  

  τ   c)  
[ μ s]  

 k  r  
[10 5  s −1 ]  

 k  nr  
[10 5  s −1 ]  

 T  d  d)  
[°C]  

2-FBNO  5.57(5.35)  3.18(2.10)  2.39(3.25)  71  3.72  1.91  0.78  425  

BNO  5.59(5.39)  3.05(1.93)  2.54(3.46)  46  2.47  1.86  2.19  402  

    a)   HOMO and LUMO values are measured by the cyclic voltammetry (CV) method. The semi-oxidation potential (E 1/2  ox ) could be calculated from (E p1 +E p2 )/2–0.48. 0.48 
is the correction value obtained by the oxidation system was added Ferrocenium/Ferrocene (Fc + /Fc) as the internal standard, and then the energy of HOMO could be 
obtained from the E HOMO  = –(E 1/2  ox  +4.8). The semi-reduction potential (E 1/2  red ) could be calculated from (E p1 +E p2 )/2–0.48, and then the energy of LUMO could be 
obtained from the E LUMO  = –(E 1/2  red  +4.8). The data in parentheses are obtained by DFT calculations;  b) Quantum yield measured in CH 2 Cl 2  at room temperature;  c) Excited-
stated lifetime measured in CH 2 Cl 2  at room temperature;  d) Decomposition temperature.   
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(PEDOT:PSS) hole-injection layer (HIL), a 20 nm single emis-
sive layer (EML) via spin-coating for wet-process, while (b) a 
2.5 nm 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-
CN) charge generation layer (GCL), a 35 nm di-[4-( N,N -ditolyl-
amino)-phenyl]cyclohexane (TAPC) hole transporting layer 
(HTL), a 20 nm single EML via evaporation deposition for dry-
process, then a 45 nm 1,3-bis(3,5-dipyrid-3-yl-phenyl)benzene 
(BmPyPB) electron-transporting layer (ETL), a 1 nm lithium 
fl uoride (LiF) layer, and a 100 nm aluminum (Al) cathode layer.  

 The effect of the doping concentration of 2-FBNO on device 
effi ciency is summarized in  Table   2 . Taking 1000 cd m −2  for 
example, the power effi ciency is slightly increased from 50.3 
to 52.3 lm W −1  as the doping concentration is increased from 
20 wt% to 25 wt%. As the concentration is increased to 30 wt%, 
the power effi ciency starts to drop, which may be attributed to 
triplet-triplet annihilation as well as concentration-quenching, 
resulted from self-aggregation of the emitter at high concentra-
tion. At the optimized doping concentration, i.e., 25 wt%, no 
blue emission from the host is observable in the resultant EL 
spectrum, shown in  Figure    5  (a), indicating a complete host-to-
guest energy transfer to have occurred.   

 The fi lm morphology and device effi ciency of the two emit-
ters, yellow 2-FBNO and green BNO, are compared on basis 
of the same spin-coating process at the same 25 wt% con-
centration doped in the host of TcTa. The respective surface 
roughness is 0.58 nm for the 2-FBNO composing fi lm, which 
is extremely similar to the 0.59 nm for the BNO composing 
counterpart, as shown by their atomic-force microscope 
(AFM) images in  Figure    6  . The relatively good fi lm integ-
rity should consequently warrant these two emitters con-
taining devices a sound feasibility in device fabrication using 
wet-process.  

 Indeed, both emitters show relatively good effi ciency per-
formance via the aforementioned spin-coating. Moreover, 
the effi ciency shown by the 2-FBNO containing device is 
better than the BNO containing counterpart as shown in 
Figure  6 (b). At 1000 cd m −2 , for example, the EQE is 18.5% 
with a 52.3 lm W −1  effi cacy for the yellow 2-FBNO containing 
device, while 13.6% with a 38.9 lm W −1  for the green BNO 
counterpart. Besides its high quantum yield, the reason why 
the yellow 2-FBNO containing device shows a better device 
effi ciency may be attributed to the F-substituent that exhibits 
good electron affi nity. Especially, hole is the major carrier in 
such a device structure because the host TcTa is an excellent 
hole-conductive material. [  11  ]  To balance the injection of elec-
tron against that of hole, the electron affi ning 2-FBNO seemly 
is more effective in attracting electrons, hence leading to a 
more balanced carrier injection and likewise a higher device 
effi ciency as observed. 

 To demonstrate if the new yellow emitter, 2-FBNO, is truly 
effi cient as fabricated via wet-process, its effi cacy and EQE 
results measured at 1000 cd cm −2 , for example, are compared 
against those of the previous effi ciency record holding yellow 
emitter, bis(4-phenylthieno[3,2-c]pyridinato-N,C 2’)acetylaceto-
nate iridium(III) (PO-01). [  3d  ]  Based on the same device struc-
ture and wet-process using optimized doping concentration, the 
PO-01 containing device exhibits an effi cacy of 34.2 lm W −1  and 
an EQE of 14.7% EQE, both which are signifi cantly lower than 
the 52.3 lm W −1  and 18.5% EQE for the 2-FBNO containing 

  2.4   .  Wet-Processed OLED Devices 

  Figure    4   shows all the studied OLEDs device structure and their 
corresponding energy level diagrams. The device is composed 
of a 125 nm indium tin oxide (ITO) anode layer, following (a) a 
35 nm poly(3,4-ethylene-dioxythiophene)-poly(styrenesulfonate) 

      Figure 2.  Comparison of the ultraviolet-visible and photoluminescence 
spectra of the innovative yellow 2-FBNO emitter with those of the green 
BNO emitter. The data were measured in CH 2 Cl 2  at room temperature. 

      Figure 3.  Effect of F-atom substitutional site on the electron distributions 
of the two BNO-based emitters, i.e. the present yellow emitter of 2-FBNO 
and the comparing green emitter of BNO, calculated according to the 
density functional theory. 
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between the ITO and EML. The resultant effective electron con-
fi nement has hence led to a much lesser effi ciency roll-off at 
elevated voltages, especially as comparing with that observed 
in the wet-processed device, in which excessively injected elec-
trons at elevated bias could not be retained in the EML due to 
the lack of any electron confi ning barrier. It is believed that 
the effi ciency of the device fabricated via wet-process can be 
further improved at high bias, provided an effective electron-
confi ning-function possessing hole transporting material with 
wet-process feasibility is devised and inserted between the HIL, 
PEDOT:PSS, and the EML. [  12  ]   

 To further improve the effi cacy of the 2-FBNO containing 
yellow device, a CGL (HAT-CN), is deposited on top of the ITO 
anode to enhance hole injection. As shown in Figure  7 (b), the 
resultant current density and luminance are, indeed, markedly 

counterpart. These results confi rm 2-FBNO to be a highly elec-
troluminescence-active yellow emitter.  

  2.5   .  Dry-Processed OLED Devices 

 The effi ciency performance of the yellow light-emitting 
2-FBNO is further investigated via vapor evaporation deposi-
tion. The resultant effi ciency of the 2-FBNO containing device 
is also better than the BNO containing counterpart, as shown 
in  Figure    7  (a). At 1000 cd m −2 , for example, the 2-FBNO con-
taining device shows an EQE of 23.5% with a 58.9 lm W −1  
effi cacy, higher the 19.6% with a 48.3 lm W −1  for the green 
BNO counterpart. In these dry-processed devices, a HTL that 
possesses a 0.3 eV electron confi ning barrier is incorporated 

      Figure 4.  Schematic diagrams of the energy-levels of the OLED devices containing the presented yellow light-emitting 2-FBNO, comparing with those 
containing the green BNO and yellow PO-01 emitters, via (a) wet-process and (b) dry-process. 

 Table 2.    Effects of different doping concentrations, emitters, and process methods on the power effi ciency (PE), external quantum effi ciency (EQE), 
current effi ciency (CE), and CIE coordinates of the novel yellow emitter, 2-FBNO, containing OLED devices, comparing with those of the counterparts 
with the green emitter, BNO, and the effi cient yellow emitter, PO-01. 

   Device  Dopant  Conc. 
[wt%]  

Operation Voltage 
[V]  

PE 
[lm W −1 ]  

CE 
[cd A −1 ]  

EQE 
[%]  

1931 CIE 
Coordinates  

Maximum Luminance 
[cd m −2 ]  

         At 100/1000/10 000 cd m −2       

W a)   I-1  2-FBNO  15  3.1/3.8/5.1  62.5/51.1/25.2  61.8/61.4/40.4  17.1/16.9/11.1  (0.43,0.56)/(0.43,0.56)/(0.43,0.56)  21,340  

  I-2    20  3.2/3.9/5.2  61.1/50.3/26.0  65.2/62.5/42.6  18.4/17.8/11.9  (0.44,0.55)/(0.44,0.55)/(0.44,0.55)  23,420  

  I-3    25  3.2/3.9/5.2  64.4/52.3/26.1  65.7/64.7/42.9  18.9/18.5/12.2  (0.45,0.54)/(0.45,0.54)/(0.45,0.54)  23,900  

  I-4    30  3.5/4.1/5.7  56.7/47.2/20.3  63.2/62.1/36.5  18.3/18.0/10.5  (0.45,0.54)/(0.45,0.54)/(0.45,0.54)  23,000  

  II  BNO  25  3.4/4.1/5.3  47.1/38.9/22.7  50.9/50.5/38.2  13.7/13.6/10.3  (0.35,0.61)/(0.35,0.61)/(0.34,0.61)  26,870  

  III  PO-01  15  3.4/4.1/5.2  40.1/34.2/23.0  45.2/44.1/37.7  15.1/14.7/12.3  (0.50,0.49)/(0.50,0.49)/(0.50,0.49)  40,700  

D b)   IV  2-FBNO  25  3.3/4.3/6.2  75.2/58.9/33.3  80.0/81.2/65.0  23.4/23.5/18.8  (0.45,0.54)/(0.45,0.54)/(0.45,0.54)  45,470  

  IV*  2-FBNO  25  2.8/3.3/5.3  84.8/75.1/36.6  75.9/77.9/61.0  22.1/22.6/17.6  (0.45,0.54)/(0.45,0.54)/(0.45,0.54)  41,200  

  V  BNO  25  3.6/4.7/6.5  60.6/48.3/31.3  69.5/72.6/64.9  18.9/19.6/17.5  (0.36,0.61)/(0.35,0.61)/(0.35,0.61)  54,980  

    a)   Wet-process;  b) Dry-process. The device marked with “*” is incorporated with HAT-CN.   
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voltage required has hence become lower and the obtained 
effi cacy higher. At 1000 cd m −2 , for example, the operational 
voltage is decreased from 4.3 to 3.3 V, and the effi cacy is 
increased from 58.9 lm W −1  to 75.1 lm W −1 , with an EQE of 
22.6%. In addition, effi cacy roll-off has been much improved, 
and the device still shows comparatively high effi cacy and high 
EQE at elevated luminance; e.g. the effi cacy is 49.5 lm W −1  with 
a 20.5% EQE at 5000 cd m −2 .  

  2.6   .  Comparison with the F and CF 3  Substitution Group 

 According to a prior study, blue-shift is observed as a CF 3  
functional group is introduced into the 2-substitutional site 
of the BNO molecule. [  14  ]  In contrary, red shift is observed as 
the functional group is replaced by an F-atom. Based on the 
density functional theory, the HOMO of BNO molecule is 
localized more at the vicinity of the 2-substitutional site. Overall 
speaking, the HOMO of the BNO molecule would be stabilized 
more than LUMO upon introducing the electron-withdrawing 
CF 3  group at the 2-substitutional site. The resulting HOMO 
is decreased from −5.39 to −5.79 eV, which is lowered more 
signifi cantly than the LUMO, that is −1.93 to −2.27 eV. As a 
result, a higher band gap is formed in the 2-CF 3 BNO molecule, 
leading which to show a bluish green emission, while the 
2-FBNO shows a yellow counterpart for having a comparatively 
lower band gap. 

 It is also observed that the effi ciency of the 2-CF 3 BNO 
containing device is comparatively low if fabricated via vapor 
deposition, although higher vacuum may lead to a better 
result. Specifi cally, its effi cacy is 21.1 lm W −1  and 9.4% EQE 
at 100 cd m −2 , if fabricated at 2 × 10 −5  Torr, as previously 
reported, [  14  ]  and 48.4 lm/W and 17.6% EQE at 5 × 10 −6  Torr in 
the present study (Figure S1 and Table S1, Supporting Infor-
mation). Whilst, its wet-processed shows 70.1 lm W −1  and 
23.5% EQE. Regardless, the effi ciency performance of the dry-
processed 2-CF 3 BNO containing bluish green device is much 
poorer than that of the 2-FBNO or BNO counterpart, due to 

increased as a 2.5 nm HAT-CN is incorporated, confi rming 
HAT-CN to be a highly effective hole-injection material as 
revealed in the literature. [  13  ]  The corresponding operation 

      Figure 5.  (a) The resulting 2-FBNO also shows a red-shift in electrolumi-
nescent spectrum as comparing with that of the green BNO counterpart. 
(b) Marked improvement in the effi cacy and external quantum effi ciency 
of the solution-processed device upon modifying the containing green 
emitter, BNO, with a fl uorine atom in the 2-substitutional site. 

      Figure 6.  Surface morphologies of the solution-processed fi lms, composing a TcTa host material doped with 25 wt% of (a) the studied yellow 2-FBNO 
emitter, and (b) the comparing green BNO emitter, by using atomic force microscopy. Both fi lms show nearly the same surface roughness and exhibit 
good fi lm-forming property during device fabrication. 
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friendly lighting panels with a very-low color temperature, with 
a highly energy-saving character via either dry- or wet-process.  

  4   .  Experimental Section 
  Material Characteristic Measurements : Emission spectra were recorded 

in a degassed solution using a Fluorolog III photoluminescence 
spectrometer. Samples were degassed via a freeze-thaw-pump cycle at 
least fi ve times prior to measurements. Luminescence quantum yields 
were calculated relative to Ir(ppy) 3  in CH 2 Cl 2  (  Φ   em  = 0.4). Corrected 
emission spectra were used for the quantum yield measurements. 
Excited-state lifetimes were measured with a FLSP920 combined 
time-resolved and steady-state fl uorescence Spectrometer. Samples 
were excited using a microsecond fl ash lamp as the excitation source. 
Nonlinear least-squares fi tting of the decay curves were performed 
with the Levenburg-Marquardt algorithm and implemented with the 
Edinburgh Instruments F900 software. Thermogravimetric analysis 
(TGA) and was performed under a continuous nitrogen fl ow using a TA 
Instruments Q50 at a heating rate of 10 °C min −1 . Cyclic Voltammetry 
experiments were carried out with 1.0 mM of one substrate in a given 
anhydrous, degassed solvent containing 0.1 M tetrabutylammonium 
perchlorate ( n -Bu4NClO4) as a supporting electrolyte on a 
Chinstruments CH1604A potentiostat. A platinum electrode was used 
as a counter electrode, and a carbon electrode was used as a working 
electrode. Ag/AgCl was used as a reference electrode.  1 H NMR and  13 C 
spectra were recorded on Mercury-400 (400 MHz 1H, 100 MHz  13 C) 
spectrometers in deuterochloroform with chloroform as an internal 
reference unless otherwise stated. Chemical shifts are reported in 
ppm ( δ ). Coupling constants,  J , are reported in Hz. MALDI-TOF mass 
spectra were recorded on an Autofl ex III smartbeam LRF200-CID 
spectrometer. Single crystal X-ray diffraction data were measured using 
(Mo-K  α  ) radiation ( λ  = 0.71073 Å) on a Bruker SMART Apex CCD 
diffractometer. 

  Spectral Data of 2-FBNO : MALDI-TOF-MS (m/z): 792 [M + Na] + .  1 H 
NMR (400 MHz, CDCl 3 ,  δ ): 8.66 (d,  J  = 5.4 Hz, 1H), 8.35 (d,  J  = 7.6 Hz, 
1H),7.95 (t,  J  = 7.7 Hz, 1H), 7.79 (d,  J  = 4.7 Hz, 1H), 7.64 (d,  J  = 8.5 Hz, 
2H), 7.46 (dd,  J  = 8.5 Hz, 1H), 7.40 (t,  J  = 6.5 Hz,1H), 7.33 (d,  J  = 5.5 
Hz, 1H), 7.24 (d,  J  = 5.6 Hz, 1H), 6.87 (m, 2H), 6.57 (dd,  J  = 4.4 Hz,1H), 
6.35 (dd,  J  = 4.5 Hz,1H), 3.76(s, 6H).  13 C NMR (100 MHz, CDCl 3 ,  δ ): 
172.9, 162.1, 162.0, 152.1, 151.6, 150.2, 148.8, 144.3, 144.0, 143.8, 142.5, 
142.1, 141.3, 138.1, 135.6, 135.5, 135.4, 134.3, 133.8, 130.9, 130.5, 128.4, 
128.2, 127.1, 126.7, 123.1, 122.9, 122.0, 120.4, 119.8, 29.6, 29.5. 

  Selected Crystal Data of 2-FBNO : C 32 H 20 F 2 IrN 5 O 4 ; M = 768.73; 
Triclinic; space group = P -1, a = 13.1543(12) Å, b = 13.9073(13) Å, c = 
18.3839(17) Å, V = 3146.0(5) Å 3 ; Z = 4;  ρ  calcd  = 1.623 Mgm −3 ; T = 100(2) K; 
Mo-K  α   radiation ( λ  = 0.71073 Å);  μ  = 4.299 mm −1 ; F (000) = 1496; 
Crystal size = 0.20 × 0.05 × 0.02 mm 3 ; Refl ections collected = 44835, 
independent refl ections = 12742 [R(int) = 0.0355], data/restraints/
parameters = 12742/0/797; GOF = 1.175, R 1  (I>2s(I)) = 0.0434, wR 2  (all 
data) = 0.1184. 

  Spectral Data of BNO : MALDI-TOF-MS (m/z): 756 [M + Na] + .  1 H 
NMR (400 MHz, CDCl 3 ,  δ ): 8.68 (d,  J  = 5.6 Hz, 1H), 8.35 (d,  J  = 7.6 Hz, 
1H), 7.93 (t,  J  = 7.8 Hz, 2H), 7.87 (d,  J  = 7.8 Hz, 2H), 7.81 (t,  J  = 7.8 Hz, 
2H), 7.67 (d,  J  = 8.8 Hz, 2H), 7.45 (dd,  J  = 8.4 Hz, 2H), 7.09 (m, 2H), 
6.66 (d,  J  = 7.4 Hz, 1H), 6.46 (d,  J  = 7.4 Hz, 1H), 3.81 (s, 6H).  13 C NMR 
(100 MHz, CDCl 3 ,  δ ): 172.9, 159.4, 159.1, 158.9, 156.8, 156.3, 152.0, 
148.8, 144.3, 142.6, 141.5, 138.4, 138.2, 136.3, 136.1, 135.8, 134.8, 134.3, 
128.8, 128.6, 128.4, 123.8, 123.6, 122.2, 118.3, 118.1, 117.9, 117.7, 115.6, 
115.2, 29.4, 29.3. 

  Selected Crystal Data of BNO : C 33 H 24 Cl 2 IrN 5 O 4 ; M = 817.67; 
Monoclinic; space group = P 1 21/c 1, a = 8.7033(3) Å, b = 21.3151(8) Å, 
c = 15.3830(6) Å, V = 2802.24(18) Å 3 ; Z = 4;  ρ  calcd  = 1.938 Mgm −3 ; 
T = 100(2) K; Mo-K  α   radiation ( λ  = 0.71073 Å);  μ  = 5.007 mm −1 ; 
F (000) = 1600; Crystal size = 0.30 × 0.17 × 0.06 mm 3 ; Refl ections 
collected = 30502, independent refl ections = 5755 [R(int) = 0.0318], 
data/restraints/parameters = 5755/0/408; GOF = 1.036, R 1  (I>2s(I)) = 
0.0200, wR 2  (all data) = 0.0451. 

its relatively high molecular weight that makes vapor deposi-
tion hard to take place. Taking 1000 cd m −2  for example, the 
2-CF 3 BNO containing device exhibits an effi cacy of 36.2 lm W −1  
and an EQE of 16.5%, which are signifi cantly lower than the 
58.9 lm W −1  and 23.5% EQE for the 2-FBNO containing coun-
terpart, or even lower than the 48.3 W −1  and 19.6% EQE for 
BNO containing counterpart.   

  3   .  Conclusion 

 To conclude, we demonstrate in this report the employment 
of fl uorination in the synthesis of a yellow emitter, 2-FBNO, 
with both wet-and dry-process feasibility. By using the highly 
electroluminescence-active emitter, yellow OLEDs with record 
breaking device effi ciency have been fabricated. The device 
shows, at 1,000 cd m −2  for example, an EQE of 18.5% with 
52.3 lm W −1  by using spin-coating, while 22.6% EQE with 
75.1 lm W −1  using vapor-deposition. The high effi ciency should 
enable the yellow emitter to serve as a promising candidate 
in fabricating high quality RGBY displays, or physiologically 

      Figure 7.  Marked improvement in the (a) effi cacy and external quantum 
effi ciency and (b) luminance and current density of the dry-processed 
device upon modifying the containing green emitter, BNO, with a fl uo-
rine atom in the 2-substitutional site. Device performance of the yellow 
2-FBNO containing device can be further improved as a charge genera-
tion layer, HAT-CN, is incorporated. 
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 CCDC 943930 (2-FBNO) and 943929 (BNO) contains the 
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. 

  Device Fabrication and Measurement : For wet-process, the fabrication 
process included fi rstly spin-coating an aqueous solution of PEDOT:PSS 
at 4000 rpm for 20 s to form a hole-injection layer on a pre-cleaned 
ITO anode. Before depositing the following emissive layer, the 
solution was prepared by dissolving the host and guest molecules in 
tetrahydrofuran at 50 °C for 0.5 h with stirring. The resulting solution 
was then spin-coated at 2500 rpm for 20 s under nitrogen. Followed 
were the depositions of the electron-transporting layer BmPyPB, the 
electron injection layer LiF, and the cathode Al, by thermal evaporation 
less than 5 × 10 −6  Torr. For dry-process, all the organic layers, LiF, 
and Al were deposited by thermal evaporation less than 5 × 10 −6  Torr. 
The luminance, CIE chromatic coordinates, and electroluminescent 
spectrum of the resultant yellow OLEDs were measured by using Photo 
Research PR-655 spectrascan. Keithley 2400 electrometer was used to 
measure the current-voltage (I–V) characteristics. The emission area of 
the devices was 9 mm 2 , and only the luminance in the forward direction 
was measured.  
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