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should be suitably higher than that of the 
emitting phosphor to ensure exothermic 
energy transfer from the host to the 
dopant and to confi ne the triplet excitons 
on the dopant molecules. [ 1e   ,   4 ]  Second, the 
host material should possess high car-
rier drift mobilities and balanced electric 
fl uxes to increase the electron and hole 
recombination within the emitting layer. 
Finally, a high glass transition tempera-
ture ( T  g ) is necessary for a host material 
to increase the thermal and morphological 
stability of the device and thus lengthen 
the device lifetime. [ 5 ]  Based on the above-
mentioned requirements for hosts, many 
effi cient host materials have been devel-
oped for PhOLEDs. Among these high-
performed hosts, the bipolar materials 
were found to be the most promising 
candidates to date. [ 6 ]  Through the incorpo-
ration of electron-donating and electron-

accepting moieties in a molecule, the resulting host material 
exhibits excellent electron and hole transporting behaviors, 
leading to good balance of the charge carrier fl uxes. Compared 
with traditional  p -type or  n -type host materials, a bipolar host 
provides more balanced carrier injection and transport, which 
leads to a broader recombination zone within the emissive 
layer, reduces the occurrence of TTA, and hence gives highly 
effi cient PhOLEDs with lower effi ciency roll-off. [ 7 ]  

 In recent year, several research groups had attempted to syn-
thesize and use bipolar materials as universal hosts for high-
performance RGB PhOLEDs and WOLEDs. [ 8 ]  The use of a sole 
bipolar host for a WOLED not only greatly simplifi es the fab-
rication processes, but also effectively reduces the unwanted 
power loss arisen from multiple emitting layers. Neverthe-
less, a great disadvantage of a bipolar host is the reduced tri-
plet energy gap due to the intramolecular charge transfer from 
the donor to acceptor moieties. [ 9 ]  This limits the application 
of universal bipolar hosts in blue PhOLEDs and WOLEDs. [ 6 ]  
Hence, only few examples of highly effi cient universal hosts 
are reported in the literature. In 2010, our group presented 
the fi rst universal bipolar host bis-[4-( N -carbazolyl)phenyl]phe-
nylphosphine oxide (BCPO) comprising a phosphine oxide as 
the electron acceptor and two carbazole groups as the electron 
donor groups. The material was employed in blue, green, and 
red phosphorescent devices to afford extremely high device effi -
ciencies. [ 5 ]  The fi rst example of the white light-emitting devices 
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  1.     Introduction 

 Over the past few decades, white organic light-emitting diodes 
(WOLEDs) have been of great interest with respect to their 
promising application in lighting and display. [ 1 ]  Fully phospho-
rescent WOLEDs are particularly attractive to be a potential 
approach in realizing bright lighting sources with high perfor-
mance, because phosphorescent emitting materials are capable 
of harvesting both the singlet and the triplet excitons, resulting 
in internal quantum effi ciencies of 100%. [ 2 ]  To achieve excel-
lent performance of a phosphorescence-based device, the phos-
phor has to be incorporated into an appropriate host to avoid 
concentration quenching by triplet–triplet annihilation (TTA). 
Therefore, the design of effi cient host is important for devel-
oping high-performance phosphorescent organic light-emitting 
diodes (PhOLEDs). [ 3 ]  In general, an effi cient host must fulfi ll 
the following criteria. First, the triplet energy gap of the host 
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using universal bipolar host materials was demonstrated by Ma 
and co-workers. [ 10 ]  The white device hosted by  p -BISiTPA, a 
bipolar material integrated with silicon-bridged triphenylamine 
and benzimidazole segments, gave maximum effi ciencies of 
19.1% and 51.9 lm W −1 , and showed low effi ciency roll-off at 
high luminance. Recently, a new fl uorene-based bipolar host 
CzFCN was developed consisting of electron-rich carbazole and 
electron-defi cient nitrile groups. [ 11 ]  The CzFCN-based devices 
yielded EQEs of 20.7% for red, 20.0% for green, 16.5% for blue, 
and 15.7% for white PhOLEDs with the same device structure. 
Although several universal bipolar hosts have been applied in 
WOLEDs, to develop a sole host suitable for different color 
dopants still is a critical issue for the realization of cost-effective 
white device with high power effi ciency and low effi ciency roll-
off at high luminance. 

 The compounds with an indolocarbazole core have been 
extensively applied in optoelectronics owing to the advantages 
such as large planar rigid conjugated structures, excellent hole 
transporting ability, and outstanding morphological stability and 
thermal durability. [ 12 ]  In OLEDs, some indolocarbazole deriva-
tives have been used as the host materials for green, orange, 
and red phosphorescent devices as well as hole-transporting 
materials and deep-blue emitters. [ 13 ]  However, the low triplet 
energy of indolocarbazole-containing materials limits the use of 
them as the core of bipolar host materials for blue PhOLEDs. To 
further develop indolocarbazole-based hosts for blue phospho-
rescent devices, in this study, we design three new host mate-
rials, ICDP, 4ICPPy, and 4ICDPy for RGB phosphorescence 
devices via the integration of 6,7-dimethylindolo[3,2- a ]carbazole 
and phenyl or 4-pyridyl moieties. Indolo[3,2- a ]carbazole core is 
chosen because it is anticipated to have a higher triplet energy 
than other indolocarbazole isomers due to its bridged  meta  
structure. [ 14 ]  The pyridine unit is introduced to enhance the 
electron transport properties and increase the thermal stability 
of the material. [ 4e   ,   15 ]  Among these three hosts, 4ICDPy exhib-
ited the best device performance with EQEs of 22.1%, 27.0%, 
and 25.3% for blue, green, and red PhOLEDs, respectively. A 
fully phosphorescent 4ICDPy-based WOLED with very high 
effi ciencies without out coupling was also realized. Interest-
ingly, this WOLED showed remarkable color stability with a low 

effi ciency roll-off at high brightness. To the best of our knowl-
edge, this is the fi rst work to develop an indolocarbazole-based 
universal host that renders high quantum effi ciency in the RGB 
and white phosphorescent OLEDs.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of Indolocarbazole-Based 
Hosts 

  Scheme    1   outlines the synthetic routes for indolo[3,2- a ]
carbazole-based host materials. ICDP and 4ICDPy were syn-
thesized by  N- arylation of 6,7-dimethylindolo[3,2- a ]carbazole 
(DMIC) with iodobenzene and 4-bromopyridine, respectively, 
in the presence of Pd 2 (dba) 3 , tri- t -butylphosphine, and sodium 
 t -butoxide. [ 16 ]  The preparation of 4ICPPy was carried out via a 
two-step cross-coupling reactions. The details for the synthesis 
of ICDP, 4ICPPy, and 4ICDPy are described in the Experi-
mental Section. All products were characterized by their NMR 
spectroscopy and high-resolution mass, and the molecular 
structure of ICDP, 4ICPPy, and 4ICDPy were further verifi ed 
by single-crystal X-ray diffraction analysis. 

   Figure    1   depicts the crystal structures and molecular packing 
diagrams of these three host materials. In all these crystals, the 
central indolocarbazole groups are nearly planar with small 
torsion angles of ≈5°. The two aromatic rings attached to the 
nitrogen atoms of each indolocarbazole group are twisted out 
of the indolocarbazole plane with dihedral angles of 72.7° and 
49.4° for ICDP, 53.3° and 50.5° for 4ICPPy, and 45.0° and 38.3° 
for 4ICDPy. Further, for the two dihedral angles in each com-
pound, the one near to the methyl group is larger than the 
other because of the repulsion of the aromatic ring with the 
methyl group. These noncoplanar conformations effectively 
reduce the degree of π-conjugation between indolocarbazole 
and the aryl rings and thus maintain the high triplet energy 
for these host materials. For the crystal packings, both ICDP 
and 4ICPPy molecules show intermolecular π,π-aggregation of 
the indolocarbazole backbones in a slipped face-to-face fashion 
with an interplanar distance of 3.37 and 3.49 Å, respectively. 
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 Scheme 1.    Synthsis of indolo[3,2- a ]carbazole derivatives ICDP, 4ICDPy, and 4ICPPy.
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Different from the packing of ICDP and 4ICPPy, 4ICDPy forms 
a dimer-brickwall motif, in which two neighboring indolocar-
bazole moieties are packed via head-to-tail dimerization with 
stacking distance of 3.49 Å. Such π-stacking arrangement via 
indolocarbazole cores would be benefi cial to produce high 
carrier-transport ability and thus enhance electroluminescence 
performance. 

    2.2.     Optical Properties and Theoretical Calculations 

 The UV–vis absorption and photoluminescent (PL) spectra of 
these indolocarbazole-based materials in methylene chloride 
and neat fi lm were measured and are displayed in  Figure    2   and 
summarized in  Table    1  . For better comparison, the absorption 
and emission spectra of the parent molecule indolo[3,2- a ]car-
bazole (DMIC) are also incorporated. As displayed in Figure  2 , 
the absorption patterns of all these materials are similar, indi-
cating that these absorptions are mainly contributed by the 
electronic transitions associated with the indolocarbazole 

moiety. The strong absorption peak at 
310 nm can be ascribed to the indolocar-
bazole-centered π–π* transition, and the 
weaker absorptions around 345 and 360 nm 
are assigned to the n–π* transition of indolo-
carbazole. However, it is worth noting that 
the PL spectra in DCM for 4ICPPy and 
4ICDPy are distinctly different from that 
of ICDP and DMIC, in which both 4ICPPy 
and 4ICDPy show a pronounced dual emis-
sion, while ICDP and DMIC exhibit an 
emission with vibronic feature. To look into 
their optical properties, the emission spectra 
of these materials were studied in various 
solutions (see Figure S1 in the Supporting 
Information). The fi ne-structured FL profi les 
of ICDP do not change signifi cantly with 
the solvent used, suggesting that its emis-
sion arises from a locally excited (LE) state 
of the molecule. In the PL spectra of 4ICPPy 
and 4ICDPy, a solvent-independent emis-
sion in near-ultraviolet region and a solvent-
dependent broad peak at longer wavelength 
region are observed. This fi nding indicates 
that their emitting state originates from a 
combination of LE and ICT (intramolecular 
charge transfer) character. Similar phenom-
enon and interpretation were also found in 
the other effi cient host materials reported 
previously. [ 17 ]  

   As displayed in Figure S1, Supporting 
Information, the fl uorescence intensity effi -
ciency of 4ICPPy and 4ICDPy are found to 
quickly decrease with the increase in sol-
vent polarity compared to that of ICDP. 
The decrease of emission intensity in polar 
solvent can be ascribed to the formation of 
ICT state because the dipole–dipole interac-
tion between the ICT state of molecule and 

polar solvent facilitates nonradiative relaxation rather than 
fl uorescence emission, leading to lower PL effi ciency in polar 
environment. The infl uence of solvent polarity on the emis-
sion features of 4ICPPy and 4ICDPy can be further assessed via 
Lippert–Mataga equation [ 18 ]  (see Tables S1 and S2, Supporting 
Information, and Lippert–Mataga analysis in the Supporting 
Information for details). By plotting the Stock shift ( ν  a – ν  f ) 
against the solvent polarity ( f ), the difference between the 
excited-state and ground-state dipole moments (Δ µ  =  µ  e  –  µ  g ) 
was derived from the slopes of the linear fi tting (Figure S2, 
Supporting Information). Ground-state dipole moments ( µ  g ), 
determined from density functional theory (DFT) calculation 
with B3LYP/6–31g* basis set, are 3.7 D for 4ICPPy and 1.4 D 
for 4ICDPy. Accordingly, excited-state dipole moments ( µ  e ) for 
the LE and CT states of 4ICPPy are calculated to be 8.9 and 
13.9 D, respectively, while 4ICDPy has a  µ  e  of 5.5 D for the LE 
state and 10.6 D for the CT state. It is worth noting that the  µ  e  
values of CT states for 4ICPPy and 4ICDPy are much smaller 
than usual CT emitters, [ 19 ]  indicative of a relative weak ICT 
progress for emissive state of 4ICPPy and 4ICDPy due to weak 
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 Figure 1.    ORTEP diagrams and molecular packing patterns of a) ICDP, b) 4ICPPy, and 
c) 4ICDPy. Thermal ellipsoids are drawn at 50% probability.
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electron withdrawing ability of 4-pyridyl group. Thus, the CT 
emissions of 4ICPPy and 4ICDPy show a slightly redshift as 
the solvent polarity increases. 

 To get more insights into the nature of emission for these 
molecules, natural transition orbitals (NTOs) of the lowest 
excited state were simulated and evaluated by using the 
method of time-dependent DFT (TD-DFT) at B3LYP/6–31G* 
level (Table S3, Supporting Information). In the S 1  state of 
ICDP, both the hole and particle NTOs are delocalized over 
the molecular backbone composed of indolocarbazole core and 
the phenyl groups, indicative of a predominant LE state for the 
low-lying singlet excited state. In contrast, the S 1  of 4ICPPy and 
4ICDPy exhibit an ICT from the indolocarbazole units to the 
4-pyridyl groups as well as the indolocarbazole-based LE transi-
tion, leading to a dual-emission feature in their PL spectra. The 
simulated results of the excited-state property agree well with 
the observed spectral behavior in solvatochromic experiments. 
In addition, the emission bands of host materials in the neat 
fi lm are substantially red-shifted by 34–46 nm relative to those 
in solution. The large red shift in the fi lm is likely the result 

of strong π–π stacking between the adjacent indolocarbazole 
moieties, and the solid state polarization effect resulting from 
the polarity of the materials. All phosphorescent spectra were 
measured in the 2-methyltetrahydrofurane matrix at 77 K. The 
phosphorescent emission spectra of these hosts reveal similar 
well-defi ned patterns to that of the parent molecule DMIC. 
The triplet energy levels were estimated to be 2.83, 2.83, and 
2.81 eV, respectively for ICDP, 4ICPPy, and 4ICDPy, calculated 
from the highest-energy vibronic sub-band of the phosphores-
cence spectra. These values are very close to the triplet energy 
level of DMIC (2.83 eV). Thus, the introduction of a phenyl or 
4-pyridyl group at the  N -positions of DMIC does not signifi -
cantly infl uence the triplet energy of the whole molecules, con-
sistent with the highly twisted structure between the indolo-
carbazole moiety and aryl group which reduces the interac-
tion between the two moieties and keeps the triplet energy of 
ICDP, 4ICPPy, and 4ICDPy very close to that of DMIC. The 
high triplet energies of these indolocarbazole-based materials 
are essential to serve as host materials for blue PhOLED and 
white PhOLED.  
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 Figure 2.    UV–vis absorption, fl uorescence, and phosphorescence spectra of a) ICDP, b) 4ICPPy, c) 4ICDPy, and d) the parent molecule DMIC. Absorp-
tion and fl uorescence were measured in dichloromethane and thin fi lm at RT. Phosphorescence spectra were obtained at 77 K in 2-methyltetrahydro-
furane. The excitation peak is marked with an asterisk.

  Table 1.    Summary of physical properties for ICDP, 4ICPPy, and 4ICDPy. 

Materials λ abs  [nm] λ fl   [nm] λ Phos  [nm]  E  g / E  T  a)  
[eV] 

HOMO b) /LUMO 
[eV] 

 T  g / T  c / T  m / T  d  
[°C] 

 Sol. c) Film Sol. c) Film Sol. d) 

ICDP 313, 345, 361 323, 346, 363 371, 385 417, 430 439, 467, 495 3.31/2.83 5.29/1.98 63/185/225/328

4ICPPy 310, 343, 359 345, 363 372, 385, 445 409, 430 438, 465, 490 3.30/2.83 5.38/2.08 104/N.D. e) /242/308

4ICDPy 310, 344, 359 346, 364 374, 381, 431 408, 430, 462 441, 467, 492 3.30/2.81 5.47/2.17 114/183/296/345

    a) The band gap ( E  g ) energies were estimated from absorption edges.  E  T  was determined from the high-energy emission maxima in the phosphorescence spectra;  b) Redox 
measurements were carried out in dichloromethane containing 1 × 10 −1   M  host material using Cp 2 Fe/Cp 2 Fe +  as reference; c)  Measured in dichloromethane solution with the 
concentration of 10 −5   M ;  d) Measured in 2-methyltetrahydrofurane at 77 K;  e) N.D. = not detected.   
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  2.3.     Thermal Analysis and Electrochemistry 

 The thermal stability of ICDP, 4ICPPy, and 4ICDPy were deter-
mined by thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC). The resulting melting point ( T  m ), 
glass-transition temperature ( T  g ), crystallization temperature 
( T  c ), and decomposition temperature ( T  d , corresponding to 
5% weight loss) are shown in Figures S3 and S4, Supporting 
Information, and summarized in Table  1 . All compounds are 
thermally stable with  T  d  values in the range of 308–345 °C, and 
the  T  m  of these materials are in the range of 225–296 °C. Both 
ICDP and 4ICDPy exhibit distinct  T  c  at about 183 °C, but no  T  c  
was found for 4ICPPy. Similar twisted confi gurations of ICDP 
and 4ICDPy lead to very close  T  c  values. Notably, the  T  g  values 
of 4ICPPy and 4ICDPy are 40–50 °C higher than that found 
for ICDP, suggesting that the presence of 4-pyridyl group 
improves the thermal stability. Such increase in  T  g  value could 
be ascribed to a strong dipole–dipole interaction in the solid 
state arisen from the polarity of 4ICPPy and 4ICDPy. To further 
analyze their morphology stability, atomic force microscopy 
(AFM) was employed to acquire the topography of these hosts 
after annealing at 60 °C for 18 h (Figure S5, Supporting Infor-
mation). The organic fi lms exhibit a root-mean-square rough-
ness ( R  rms ) of 1.32, 0.39, and 0.33 nm for ICDP, 4ICPPy, and 
4ICDPy, respectively. The thin fi lms of 4ICPPy and 4ICDPy 
are signifi cantly smoother than that found for ICDP. The AFM 
results show that 4ICPPy and 4ICDPy give better thermal and 
morphological stability in the neat fi lm. 

 The redox properties of all materials were examined by cyclic 
voltammetry (CV), as shown in Figure S6, Supporting Informa-
tion. In the anodic scan, the quasi-reversible oxidation waves 
take place at 0.89, 0.98, and 1.07 V relative to the ferrocence/
ferrocenium (Fc/Fc + ) couple for ICDP, 4ICPPy, and 4ICDPy, 
respectively. No reduction wave was observed in the cathodic 
sweep for all materials. The results of CV studies reveal that the 
oxidation potentials of indolocarbazole-based materials shift to 
the more positive region as the number of pyridine substituent 
increases. This observation suggests that the oxidation occurs 
in the indolocarbazole backbone and the oxidation becomes dif-
fi cult in the presence of electron-withdrawing 4-pyridyl group. 
The HOMO energy levels were calculated using the equation 
HOMO =  E  ox  + 4.8 eV, while the LUMO values were estimated 
by deducting the optical band gap from HOMO energy. The 
reported HOMO/LUMO values of ICDP, 4ICPPy, and 4ICDPy 
are 5.29/1.98, 5.38/2.08, and 5.47/2.17 eV, respectively.  

  2.4.     Charge-Carrier Mobility 

 To evaluate the carrier transport properties of these materials, 
the hole-only and electron-only devices were fabricated with 
the structures of ITO (indium tin oxide)/MoO 3  (1 nm)/host 
(100 nm)/MoO 3  (10 nm)/Al (100 nm) and ITO/Ca (5 nm)/host 
(100 nm)/LiF (1 nm)/Al (100 nm), respectively. By employing 
space-charge limited currents (SCLC) method, the fi eld-
dependent carrier mobility ( µ ) was derived from the  J–V  curves 
(Figure S7, Supporting Information) of hole-only and electron-
only devices based on the Mott–Gurney equation, [ 20 ]  which is 
expressed as follows 

   
εε μ=

9

8
0

2

J
E

L   
(1)

 

 where  E  is the electric fi eld,  ε  0  is the free-space permittivity 
( ε  0  = 8.85 × 10 −14  C V −1  cm),  ε  is the relative dielectric constant 
(assumed to be 3.0), and  L  is the thickness of the host mate-
rial. As displayed in  Figure    3  , the obtained mobility follows the 
universal Poole–Frenkel relationship which predicts an expo-
nential increase in hole and electron mobility as a function of 
the square root of the electric fi eld. [ 21 ]  The electron mobility of 
these three materials increases in the order ICDP < 4ICPPy 
< < 4ICDPy, but the reverse trend was observed for the hole 
mobility of these materials. For ICDP and 4ICPPy, the hole 
mobility is over one order of magnitude higher than the elec-
tron mobility because of the π–π interaction between indolocar-
bazole moieties in the fi lm and the electron-donating nature of 
the moiety, which make hole hopping easier among the adja-
cent molecules. The introduction of the pyridine moiety to the 
molecule signifi cantly increases electron mobility and reduces 
the hole mobility, leading to carrier mobility balance. [ 4e   ,   22 ]  Based 
on the above mobility studies, we can conclude that, among 
the three hosts, 4ICPPy and 4ICDPy have the bipolar feature 
in view of their relatively balanced electron and hole mobility. 
On the other hand, ICDP has good hole transporting ability, but 
probably not a good bipolar material. 

    2.5.     Electroluminescence Devices 

 To demonstrate the potential of indolo[3,2- a ]carbazole-based 
materials as the hosts for phosphorescence organic light-emit-
ting devices, we fi rst fabricated blue devices B1–B3 by utilizing 
iridium(III) bis(4,6-difl uorophenylpyridinato- N , C  2′ )picolinate 
(FIrpic) as the dopant and the indolocarbazole-based materials 
as the hosts. The device confi guration consists of ITO/TAPC 
(50 nm)/ICDP (10 nm)/host: 8% FIrpic (30 nm)/3TPYMB 
(5 nm)/BCP (40 nm)/LiF (1 nm)/Al (100 nm), where the host is 
ICDP, 4ICPPy, or 4ICDPy for B1-B3, respectively. In the device, 
TAPC (1-bis[4-[ N , N -di(4-tolyl)amino]phenyl]cyclohexane) acts 
as the hole-transporting material and BCP (bathocuproine) 
is the electron-transporting material. In addition, ICDP and 
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 Figure 3.    Semilogarithmic plots of hole and electron mobility versus  E  1/2  
for ICDP, 4ICDPy, and 4ICPPy.
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3TPYMB (tri[3-(3-pyridyl)mesityl]borane) serve as the exciton-
blocking layer to prevent dopant or host triplet excitons in the 
emissive layer to diffuse to TAPC and BCP layers. The electro-
luminescent characteristic plots of these devices are displayed 
in  Figure    4  , Figures S9 and S10, Supporting Information, 
and the key data are summarized in  Table    2  . All EL spectra of 
devices B1–3 show the typical emission of the phosphor FIrpic 
with main peak at 475 nm and a shoulder peak at 500 nm, 
suggesting full energy transfer from these hosts to iridium 
dopant. Among these three devices, B3 using 4ICDPy as the 

host reveals a maximum current effi ciency (CE) as high as 
45.5 cd A −1 , a maximum power effi ciency (PE) of 34.5 lm W −1 , 
and a maximum external quantum effi ciency (EQE) of 22.1%, 
signifi cantly higher than those found in devices B1 and B2 
hosted by ICDP (CE = 25.0 cd A −1 , PE = 14.0 lm W −1 , and EQE 
= 10.5%) and 4ICPPy (CE = 34.4 cd A −1 , PE = 24 lm W −1 , and 
EQE = 13.4%), respectively. The best performance of device B3 
can be attributed to the more improved electron injection and 
the carrier balance resulted from the high electron mobility of 
4ICDPy. It is worth noting that device B2 hosted by 4ICPPy 
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 Figure 4.    Performance of the 4ICDPy-based devices. a) Plots of EQE (solid) and power effi ciency (hollow) as a function of brightness. b) Current 
density–voltage–luminance ( J – V – L ) characteristics. c) EL spectra of devices B3, G3, and R3. d) EL spectra of white device W at different brightness.

  Table 2.    Performance characteristics of indolocarbazole-based OLEDs. 

Device Host  V  on  a)  
[V]

 L  max  
[cd m −2 , V]

EQE max  
[%, V]

CE max  
[cd A −1 , V]

PE max  
[lm W −1 , V]

EQE b)  
[%, V]

CIE c)  
( x ,  y )

B1 d) ICDP 3.0 22201, 14.0 10.5, 6.5 25.0, 6.5 14.0, 5.5 10.4, 7.4 (0.15, 0.37)

B2 d) 4ICPPy 3.0 14380, 15.5 13.4, 5.5 34.4, 5.5 24.0, 4.0 11.7, 7.1 (0.13, 0.31)

B3 d) 4ICDPy 3.2 10030, 16.0 22.1, 5.0 45.4, 5.5 34.5, 4.0 18.4, 7.5 (0.14, 0.32)

G1 e) ICDP 2.5 30935, 10.5 10.0, 3.0 34.1, 3.0 35.7, 3.0 8.3, 3.6 (0.24, 0.61)

G2 e) 4ICPPy 2.5 91242, 15.0 23.9, 3.0 86.9, 3.0 90.8, 3.0 23.2, 3.3 (0.24, 0.64)

G3 e) 4ICDPy 2.5 158708, 13.5 27.0, 3.5 102.4, 3.5 101.3, 3.5 26.4, 4.3 (0.24, 0.64)

R1 f) ICDP 2.8 14408, 13.0 4.9, 5.0 6.7, 5.0 5.5, 3.5 5.3, 5.3 (0.59, 0.33)

R2 f) 4ICPPy 2.5 46358, 15.5 23.9, 3.5 31.1, 3.5 31.4, 3.0 22.0, 5.5 (0.66, 0.33)

R3 f) 4ICDPy 2.7 56841, 15.0 25.3, 4.0 31.5, 4.0 30.0, 3.0 23.4, 6.6 (0.67, 0.33)

W g) 4ICDPy 2.5 65468, 12.0 20.3, 3.0 48.7, 3.0 50.9, 3.0 19.4, 3.6 (0.37, 0.42)

    a) The applied voltage required for 1 cd m −2 ;  b) @ 1000 nits;  c) EL was measured at 8 V;  d) ITO/TAPC (50 nm)/ICDP (10 nm)/host: 8% FIrpic (30 nm)/3TPYMB (5 nm)/
BCP (40 nm)/LiF (1 nm)/Al (100 nm);  e) ITO/NPB (10 nm)/TAPC (20 nm)/host: 6% Ir(ppy) 3  (25 nm)/TPBI (60 nm)/LiF (1 nm)/Al (100 nm);  f) ITO/NPB (15 nm)/TCTA 
(10 nm)/host: 4% (piq) 2 Ir(acac) (25 nm)/BCP (10 nm)/ Alq 3  (50 nm)/LiF (1 nm)/Al (100 nm);  g) ITO/NPB (10 nm)/TAPC (20 nm)/4ICDPy: 10% FIrpic: 0.2% Ir(pq) 3  
(30 nm)/TPBI(50 nm)/LiF (1 nm)/Al (100 nm).   
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with a bipolar property does not achieve good effi ciency for blue 
PhOLED. This result can be explained by the more serious car-
rier trapping of the 4ICPPy-based device [ 23 ]  than that of 4ICDPy 
because of the larger difference in HOMO levels between 
FIrpic and 4ICPPy (Figure S8, Supporting Information). 

   Next, we examine the performance of these three materials 
as the hosts for low energy triplet emitters. The green and red 
devices were fabricated using the structures: ITO/NPB (10 nm)/
TAPC (20 nm)/host: 6% Ir(ppy) 3  (25 nm)/TPBI (60 nm)/LiF 
(1 nm)/Al (100 nm) and ITO/NPB (15 nm)/TCTA (10 nm)/
host: 4% (piq) 2 Ir(acac) (25 nm)/BCP (10 nm)/Alq 3 , 50 nm)/
LiF (1 nm)/Al (100 nm), where NPB = 4,4′-bis[ N -(1-naphthyl)-
N-phenylamino]biphenyl, TPBI = 1,3,5-tris[ N -(phenyl)benzi-
midazole]benzene and Alq 3  = tris(8-hydroxyquinolinato)alu-
minum. The three green devices G1–3 using Ir(ppy) 3  as the 
dopant all exhibit green emissions peaked at ≈512 nm from 
Ir(ppy) 3  in their EL spectra. Of the three red devices fabricated, 
R2 and R3 exhibit pure red emission of (piq) 2 Ir(acac), but R1 
gave, in addition to the red emission of (piq) 2 Ir(acac), an unex-
pected blue emissions plausibly from BCP and Alq 3  in the EL 
spectrum. The additional blue emissions are likely due to the 
high hole mobility of ICDP, leading to exciton recombination 
within BCP and Alq 3  layers. Devices G3 and R3, both hosted 
by 4ICDPy, achieve a low turn-on voltage of ≈2.5 V and give 
excellent performance for green and red PhOLED with max-
imum effi ciencies of 27.0%, 102.4 cd A −1 , 101.3 lm W −1  and 
25.3%, 31.5 cd A −1 , 30.0 lm W −1 , respectively. In addition, both 
devices exhibit very low effi ciency roll-off. For instance, device 
G3 affords a CE of 99.8 cd A −1  and EQE of 26.4% with an EQE 
roll-off of 2.2% at the luminance of 1000 cd m −2 . The roll-off 
for device R3 at the luminance of 1000 cd m −2  is 7.5%. Such 
small effi ciency roll-off is ascribed to the balanced charges and 
wide recombination zone in the EMLs arising from the bipolar 
behavior of 4ICDPy. Surprisingly, the red and blue devices 
hosted by ICDP give lower effi ciency roll-off at high luminance 
than those of 4ICDPy (Figure S10, Supporting Information). 
This result is probably because the good hole mobility of ICDP 
leads to little charge accumulation at the interface between the 
emitting layer and hole-blocking layer, which reduces exciton–
polaron quenching and thus result in extremely low effi ciency 
roll-off for ICDP-based red and blue devices. [ 24 ]  Among the 
three indolocarbazole-based hosts, 4ICDPy gives the best EQEs 
of 22.1%, 27.0%, and 25.3% for blue, green, and red PhOLEDs, 
respectively. These results are comparable to the best perfor-
mance of RGB devices using a universal host. [ 8c   ,   25 ]  

 Finally, the excellent performance of 4ICDPy-based RGB 
devices prompts us to examine the use of 4ICDPy as the host 
for single-host WOLED. A two-element WOLED was fabri-
cated under the device confi guration: ITO/NPB (10 nm)/TAPC 
(20 nm)/4ICDPy: 10% FIrpic: 0.2% Ir(pq) 3  (30 nm)/TPBI 
(50 nm)/LiF (1 nm)/Al (100 nm). Single-layer EML was chosen 
because bipolar 4ICDPy can effi ciently broaden the exciton-for-
mation zone and reduce exicton drift, resulting in the enhance-
ment of device effi ciency and color stability. [ 26 ]  The device per-
formance of WOLED (device W) is also summarized in Table 
 2 , and the corresponding EQE-luminance-PE curve as well as 
its EL spectrum are displayed in Figure  4 . Device W shows a 
balanced blue and orange emission in the EL spectrum, and 
no signifi cant color variation is observed over a wide range 

of brightness. The CIE coordinates vary slightly from (0.39, 
0.42) to (0.37, 0.42) as the brightness increases from 300 to 
10 000 cd m −2 , demonstrating a highly stable chromaticity for 
device W. Because of a two-color system, a relatively low CRI 
(color rendering index) value of 68 is obtained for this 4ICDPy-
based white device. Similar to the behavior of RGB devices, the 
white device hosted by 4ICDPy shows relatively low turn-on 
voltage of 2.5 V and offers an EQE of 20.3% and CE of 48.7 cd 
A −1 . At a high brightness of 1000 cd m −2 , the EQE remains at 
19.4% with a low roll-off value of 4.4%. [ 27 ]  In particular, the PE 
of device W is as high as 50.9 lm W −1 , which is among the best 
of two-color white PhOLEDs using a universal host. [ 17c   ,   25a   ,   28 ]  
Thus, 4ICDPy is demonstrated as universal hosts for WOLED.   

  3.     Conclusions 

 In summary, we have synthesized three indolocarbazole-based 
materials, ICDP, 4ICPPy, and 4ICDPy for use as universal 
hosts for blue, green and red PhOLEDs and white OLEDs. 
Photophysical and DFT analysis reveal that the excited state 
of 4ICDPy and 4ICPPy contains a combined character of local 
and charge-transfer state, leading to dual emissions in their 
PL spectra, which are not seen for ICDP. The introduction of 
4-pyridyl group(s) onto the indolocarbazole core structure ren-
ders good thermal stability, homogeneous morphology, and bal-
anced carrier transporting ability without signifi cantly lowering 
their triplet energy levels. More importantly, highly effi cient 
blue, green, red PhOLEDs with EQEs of 22.1, 27.0, and 25.3%, 
respectively, can be realized by using 4ICDPy as the host. The 
two-color, single-host white device using 4ICDPy as the host 
exhibits superior EL performance and color stability with EQE 
of 20.3% and PE of 50.9 lm W −1 . The results appears to be the 
best among the reported single-host WOELDs. Moreover, all 
the devices hosted by 4ICDPy reveal low turn-on voltage and 
low effi ciency roll-off at high luminance. These fi ndings dem-
onstrate that the introduction of 4-pyridyl groups into indolo-
carbazole is an effective approach to design universal host 
materials for highly effi cient RGB PhOLEDs and WOLEDs.  

  4.     Experimental Section 
  General Information : All chemicals were purchased from Alfa 

Aesar and Strem. The solvents were dried according to the standard 
procedures. Other reagents were used as supplied unless otherwise 
stated. 6,7-Dimethylindolo[3,2- a ]carbazole (DMIC) was prepared by 
following the method described in the literature. [ 16 ]  All materials used 
for electroluminescence devices were further purifi ed by temperature 
gradient vacuum sublimation.  1 H and  13 C NMR spectra were measured 
with a Varian Mercury 400 spectrometer and referenced to residual peak 
of CDCl 3  solvent as internal standard. Mass spectra were obtained on 
a Jeol JMS-SX102A HRGC/LC/MS instrument. Steady-state spectra 
of absorption and emission were recorded on a Hitachi U-3310 
spectrophotometer and Hitachi F-4500 fl uorimeter, respectively. Thermal 
gravimetric analysis (TGA) was performed on TGA 2050 (TA Instruments) 
under a nitrogen atmosphere to acquire the decomposed temperature 
corresponding to 5% weight loss. The measurements of the glass 
transition temperature were carried out under a nitrogen atmosphere by 
DSC Q10 instrument from TA Instruments. The morphologies of the host 
fi lms were obtained under ambient temperature by using tapping-mode 
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atomic force microscopy (TM-AFM) from FORCE MS 818 AFM/SPM 
instrument. Cyclic voltammograms were measured in CH 2 Cl 2  containing 
0.1  M  TBAF and 1 × 10 −3   M  analyte on a CH Instrument equipment 
(Model 600A). A three-electrode confi guration was employed with a Pt 
disk as the working electrode, a silver wire as the auxiliary electrode, and 
a Ag/AgNO 3  reference electrode. The redox potentials were referenced 
to the ferrocene/ferrocenium redox couple. Crystallographic data were 
collected on a Bruker SMART Apex CCD diffractometer with Mo Kα 
radiation (λ = 0.71073 Å). CCDC-1031429, CCDC-1031430, and CCDC-
1031431 contain 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 . 

  Procedure for the Synthesis of ICDP : A solution of DMIC 
(2.00 mmol), sodium  t -butoxide (6.00 mmol), Pd 2 (dba) 3  (0.060 mmol), 
tri- t -butylphosphine (0.10 mmol), and PhI (6.00 mmol) in  o -xylene 
(6.0 mL) was heated under a nitrogen atmosphere at 150 °C for 48 h. 
After cooling to room temperature, the resulting mixture was fi ltered 
through a Celite and silica gel pad and the pad was further washed 
with dichloromethane. The combined fi ltrate was concentrated under 
reduced pressure and the residue was purifi ed on silica gel column 
by using hexane/ethyl acetate as eluent to afford the desired product 
ICDP. The product was further purifi ed by sublimation to give the pure 
ICDP in 64% yield.  1 H NMR (400 MHz, CDCl 3 , δ): 7.53 (d,  J  = 4.4 Hz, 
1 H), 7.64–7.30 (m, 13 H), 7.12 (t,  J  = 6.8 Hz, 1 H), 6.98 (d,  J  = 8.4 Hz, 
1 H), 6.69 (t,  J  = 6.8 Hz, 1 H), 5.89 (d,  J  = 8.4 Hz, 1 H), 2.97 (s, 3 H), 
2.10 (s, 3 H);  13 C NMR (100 MHz, CDCl 3 , δ): 142.7 (C), 142.2 (C), 141.1 
(C), 140.8 (C), 135.2 (C), 131.0 (C), 129.8 (2 CH), 129.3 (2 CH), 129.1 
(4 CH), 128.1 (CH), 127.9 (CH), 124.9 (C), 123.8 (CH), 123.6 (CH), 
123.0 (C), 121.8 (CH), 121.5 (C), 120.1 (CH), 119.3 (CH), 117.0 (C), 
112.9 (2 C), 110.0 (CH), 109.8 (CH), 107.2 (C), 17.3 (CH 3 ), 15.7 (CH 3 ); 
HRMS (EI)  m/z : [M] +  calcd for C 32 H 24 N 2 , 436.1939; found, 436.1935. 

  Preparation of 6,7-dimethyl-12-(pyridin-4-yl)-5,12-dihydroindolo[3,2-a]
carbazole (4ICPy) : The preparation procedure for 4ICPy is similar to that 
for ICDP except that DMIC (2.0 mmol) and 4-bromopyridine (2.2 mmol) 
were used as the reactants. The desired product was obtained as a 
pale yellow solid (yield 29%).  1 H NMR (400 MHz, CDCl 3 , δ): 8.82 (br, 
2 H), 8.32 (m, 2 H), 7.52–7.48 (m, 4 H), 7.38–7.35 (m, 2 H), 7.26 (t, 
 J  = 8.0 Hz, 1 H), 6.83 (t,  J  = 7.2 Hz, 1 H), 6.04 (d,  J  = 8.0 Hz, 1 H), 
3.02 (s, 3 H), 2.66 (s, 3 H);  13 C NMR (100 MHz, CDCl 3 , δ): 151.5 
(2 CH), 147.9 (C), 140.6 (C), 139.8 (C), 138.7 (C), 134.0 (C), 129.6 
(C), 126.2 (C), 124.2 (CH), 123.8 (CH), 123.0 (2 CH), 122.8 (CH), 
121.9 (CH), 121.2 (CH), 119.1 (CH), 117.2 (C), 112.0 (2 C), 110.2 (CH), 
109.6 (CH), 105.5 (C), 17.0 (CH 3 ), 13.3 (CH 3 ); HRMS (EI)  m/z : [M] +  
calcd for C 25 H 19 N 3 , 361.1579; found, 361.1586. 

  Preparation of 4ICPPy : 4ICPPy was synthesized via a procedure similar 
to the above one by using 4ICPy (2.0 mmol) and iodobenzene (2.2 
mmol) as the reactants. The desired product was further sublimed to 
give pure 4ICPPy in 60% yield.  1 H NMR (400 MHz, CDCl 3 , δ): 8.79 (d, 
 J  = 6.8 Hz, 4 H), 8.34 (m, 1 H), 7.67 (d,  J  = 4.8 Hz, 1 H), 7.60–7.19 (m, 
9 H), 7.05 (d,  J  = 8.4 Hz, 1 H), 6.86 (t,  J  = 8.0 Hz, 1 H), 6.20 (d,  J  = 
8.0 Hz, 1 H), 2.95 (s, 3 H), 2.14 (s, 3 H);  13 C NMR (100 MHz, CDCl 3 , 
δ):151.4 (2 CH), 148.2 (C), 142.8 (C), 141.1 (C), 141.0 (C), 140.8 (C), 
133.9 (C), 131.0 (C), 129.4 (2 CH), 129.1 (2 CH), 128.1 (CH), 126.1 (C), 
124.3 (CH), 124.1 (CH), 122.7 (CH), 122.5 (2 CH), 122.1 (CH), 121.3 
(CH), 120.9 (C), 119.5 (CH), 118.1 (C), 114.2 (2 C), 110.0 (CH), 109.8 
(CH), 107.4 (C), 17.2 (CH 3 ), 15.6 (CH 3 ); HRMS (EI)  m / z : [M] +  calcd for 
C 31 H 23 N 3 , 437.1892; found, 437.1895. 

  Preparation of 4ICDPy : 4ICDPy was synthesized  via  a similar 
procedure for the preparation of ICDP (see above) but using DMIC 
and 4-bromopyridine as the reactants. The desired product was further 
sublimed to give the pure 4ICDPy in 43% yield.  1 H NMR (400 MHz, 
CDCl 3 , δ): 8.82 (td,  J  = 4.8 Hz, 1.6 Hz, 4 H), 8.34 (dd,  J  = 6.0 Hz, 2.0 Hz, 
1 H), 7.57 (dd,  J  = 4.8 Hz, 2.0 Hz, 1 H), 7.48 (dd,  J  = 6.0 Hz, 1.6 Hz, 
2 H), 7.43–7.18 (m, 6 H), 6.85 (dt,  J  = 6.0 Hz, 2.0 Hz, 1 H), 6.15 (d,  J  = 
8.4 Hz, 1 H), 2.95 (s, 3 H), 2.14 (s, 3 H);  13 C NMR (100 MHz, CDCl 3 , δ): 
151.5 (2 CH), 151.2 (2 CH), 148.8 (C), 148.0 (C), 141.7 (C), 141.3 (C), 
140.6 (C), 133.9 (C), 125.8 (C), 124.8 (CH), 124.5 (CH), 123.2 (2 CH), 
123.0 (CH), 122.5 (2 CH), 122.3 (CH), 122.0 (C), 121.5 (CH), 120.5 

(CH), 119.2 (C), 114.2 (2 C), 109.9 (CH), 109.7 (CH), 108.5 (C), 17.2 
(CH 3 ), 16.8 (CH 3 ); HRMS (EI)  m / z : [M] +  calcd for C 30 H 22 N 4 , 438.1844; 
found, 438.1839. 

  Theoretical Calculation : Quantum-chemical simulation of molecular 
geometries and electronic states were conducted based on DFT 
formalism, implemented in Gaussian 09 program package. The 
B3LYP method (the hybrid three parameter Becke exchange functional 
combined with the Lee–Yang–Parr correlation functional) with the 
6–31G* basic set were employed for all atoms. The singlet excited-
state properties were performed using TD-DFT approach with B3LYP 
functional, and were analyzed  via  natural transition orbital. 

  OLED Fabrication and Measurements : Prior to the fabrication of EL 
devices, ITO electrode substrate with a sheet resistance of 15 Ω sq −1  
was cleaned utilizing neutral detergent, distilled water, and acetone. 
Then, the substrate was treated with UV-ozone for 10 min. The organic 
materials were thermally evaporated onto the ITO substrate with a rate 
of 1–2 Å s −1  in the vacuum of 10 −6  Torr. The cathode composed of LiF/
Al was completed  via  thermal deposition of LiF at a rate of 0.1 Å s −1  and 
then capped with Al metal deposited at a rate of 5 Å s −1 . The effective 
emitting area of EL devices was 9.00 mm 2 . The voltage–current–
luminance characteristics measurements were made simultaneously 
using a Keithley 2400 source meter and a Newport 1835-C optical 
meter equipped with a calibrated silicon photodiode (Newport 818-
ST). [ 5 ]  Electroluminescence spectra were measured on a Konica Minolta 
CS-2000 spectroradiometer. The hole- and electron-only devices with 
respective confi gurations of ITO/MoO 3  (1 nm)/host (100 nm)/MoO 3  
(10 nm)/Al and ITO/Ca (5 nm)/host (100 nm)/LiF (1 nm)/Al were 
fabricated to study carrier mobility of indolocarbazole-based hosts. The 
hole and electron mobility were evaluated by means of SCLC technique.  
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