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can theoretically achieve 100% internal 
quantum effi ciency by harvesting both sin-
glet and triplet excitons have been devoted 
tremendous efforts in the past decades. [ 6 ]  
Most successful cases are the red and 
green electrophosphorescent devices, [ 7,8 ]  
while the blue one is still lagging behind 
in terms of effi ciency and stability. In 
doping blue PhOLEDs, the suitable wide 
bandgap host material plays a crucial 
role for the device performance. Recently, 
some small molecule/FIrpic (iridium(III) 
bis(4,6-(difl uorophenyl)-pyridinato- N,C2′ )
picolinate) PhOLEDs have achieved high 
effi ciencies through vacuum-deposited 
method. [ 9 ]  However, high cost, compli-
cated device structures, diffi culties in 
host/guest ratio control and unavoidable 
waste of a large amount of organic mate-
rials have prevented this method from 
further application. For low cost general 
light application or display on large area, 
a simple solution approach, such as spin-
coating and inkjet printing, is believed to 
be an alternative way superior to vacuum 
deposition. [ 10 ]  Taking the advantages of 

high purity and certain molecular structure, solution-process-
able wide bandgap hosts for blue PhOLEDs are signifi cantly 
needed to be developed. 

 Wide bandgap small molecules usually show poor thermal 
stability, tendency to crystallize, inferior fi lm forming ability 
and diffi culty in carrier injection due to the low molecular 
weights and intrinsic wide energy gap. Thus, the high T g , 
good fi lm-forming ability, bipolar carriers injection, and high 
triplet energy levels to prevent the energy back transfer [ 5a ]  
are the key issues to be taken into consideration for suit-
able hosts. Recently, tetraphenylsilane (TPS) has emerged 
as an ideal group for constructing organic wide bandgap 
materials. [ 4a , 11–13 ]  Firstly, the δ-π* silicon can effectively con-
fi ne the conjugation length of molecules to obtain the wide 
bandgap. Secondly, the natural twisted tetrahedron geom-
etry of tetraphenylsilane can effectively prevent the inter-
molecular interaction in solid state and thus enables forma-
tion of smooth and stable amorphous fi lms. Thirdly, from 
the point of synthetic chemistry, it is possible to introduce 
hole and electron-injecting substituents to tetraphenylsilane 
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 Two new solution-processable wide bandgap materials, bis(4-((4-(9-H-
carbazol-9-yl)phenyl)diphenylsilyl)phenyl)(phenyl)phosphine oxide (CS 2 PO) 
and bis(4-((4-(9-H-(3,9′-bicarbazol)-9-yl)phenyl)diphenylsilyl)phenyl)(phenyl)
phosphine oxide (DCS 2 PO), have been developed for blue phosphorescent 
light-emitting diodes by coupling an electron-donating carbazole moiety and 
an electron-accepting PO unit together via double-silicon bridges. Both of 
them have been characterized as having high glass transition temperatures of 
159–199 °C, good solubility in common organic solvent (20 mg mL −1 ), wide 
optical gap (3.37–3.55 eV) and high triplet energy levels (2.97–3.04 eV). As 
compared with their corresponding single-silicon bridged compounds, this 
design strategy of extending molecular structure endows CS 2 PO and DCS 2 PO 
with higher thermal stability, better solution processability and more stable 
fi lm morphology without lowering their triplet energies. As a result, DCS 2 PO/
FIrpic doped blue phosphorescent device fabricated by spin-coating method 
shows the best electroluminescent performance with a maximum current 
effi ciency of 26.5 cd A −1 , a maximum power effi ciency of 8.66 lm W −1 , and a 
maximum external quantum effi ciency of 13.6%, which is one of the highest 
effi ciencies among small molecular devices with the same deposition process 
and device confi guration. 

  1.     Introduction 

 Organic wide bandgap materials which emit violet or ultravi-
olet (UV) light are of great importance owing to their poten-
tial applications in UV detectors, [ 1 ]  laser diodes [ 2 ]  and high 
density information storage devices. [ 3 ]  They also show enor-
mourous values in organic light emitting diodes to be used 
as host materials for fl uorescent and phosphorescent dyes to 
generate light of all colors by energy transfer process. [ 4,5 ]  Phos-
phorescent organic light emitting diodes (PhOLEDs) which 
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through classical reactions. In our recent work, we have 
developed a series of silicon-cored wide bandgap molecules, 
which contains p-type carbazole units and n-type phos-
phine oxide (PO) units with different ratios and linking 
fashions. [ 14 ]  Blue PhOLEDs with a high EQE of 27.5% and 
a maximum current effi ciency of 49.4 cd A −1  were real-
ized in the vacuum-deposited doped device. However, the 
poor solution processability is not suitable for the fabrica-
tion of low cost spin-coating devices. To further develop the 
solution-processable host materials in this system, here, we 
try to increase the solubility of materials by extending the 
molecular structure through a double-silicon bridge taking 
the full advantage of the fl exible silicon-carbon bond. Two 
new wide bandgap molecules named as bis(4-((4-(9-H-carba-
zol-9-yl)phenyl)diphenylsilyl)phenyl)(phenyl)phosphine oxide 
(CS 2 PO) and bis(4-((4-(9-H-(3,9′-bicarbazol)-9-yl)phenyl)
diphenylsilyl)phenyl)(phenyl)phosphine oxide (DCS 2 PO) 
are thus designed and synthesized. The thermal stability, 
fi lm morphology, theoretical calculations, electrochemistry 
behaviors, photophysical and electroluminescent properties 
of these new compounds are systematically investigated. As 
compared with their corresponding single-silicon bridged 
compounds 4-diphenylphosphrineoxide-4′-9H-carbazole-9-
yl-tetraphenylsilane (CSPO) and 4-diphenylphosphrineoxide-
4′-[3-(9H-carbozale-9-yl)-9H-carbazole-9-yl]-tetraphenylsilane 
(DCSPO), the solubility, thermal stability and fi lm-forming 
ability are greatly improved in CS 2 PO and DCS 2 PO, while the 
bipolar transporting nature, high singlet and triplet energy 
levels are maintained. The solution-processed DCS 2 PO/
FIrpic device has achieved a a maximum current effi ciency 
of 26.5 cd A −1  and a maximum external quantum effi ciency 
of 13.6%. The results clearly demonstrate that the new wide 
bandgap material presents the potentiality as suitable host for 
solution-processed high-effi ciency blue PhOLEDs.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization 

 The chemical structures of CSPO, DCSPO CS 2 PO and DCS 2 PO 
are shown in  Scheme    1  . The detailed synthetic route is given in 
supporting information (Scheme S1). CS 2 PO and DCS 2 PO both 
have a double silicon skeleton. In our previous work, DCSPO 

with carbazole dimer/PO (2:1) substitutents showed more bal-
anced charge injection and transport properties. [ 14 ]  Here, the 
ratio of p-type carbazole and n-type PO units was designed as 
2:1 for CS 2 PO and 4:1 for DCS 2 PO to ensure the balanced car-
rier fl ux since no hole-transporting layer was applied between 
hole-injecting layer (usually PEDOT/PSS) and emitting layer 
(EML) in spin-coating devices. All these materials were synthe-
sized through classical Ullmann reaction between respective 
substituted carbazoles and phosphine oxide monomers. The 
compounds were fully characterized by  1 H NMR and  13 C NMR 
spectroscopy, mass spectrometry, elemental analysis and corre-
sponded well with their expected structures. In addition, CS 2 PO 
and DCS 2 PO show good solubility (20 mg mL −1 ) in common 
organic solvent such as toluene, chloroform, chlorobenene and 
tetrahydrofuran.   

  2.2.     Thermal Properties 

 Differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA) were performed to investigate the 
thermal stability of these compounds ( Figure    1   and Figure S1). 
It is found that double-silicon bridged compounds show 
better thermal stability than the single-silicon bridged ones. 
The DSC traces of CS 2 PO displays a distinct glass transition 
temperature (T g ) of 159 °C, which is 49 °C higher than that of 
CSPO. The T g  of DCS 2 PO is found at 199 °C, which is 59 °C 
higher than that of DCSPO. All these facts prove that T g  can 
be greatly increased by the introduction of one more silicon 
center. TGA measurement reveals that the decomposition 
temperatures (T d ) are at 420, 421, 485 and 521 °C for CSPO, 
DCSPO, CS 2 PO and DCS 2 PO, respectively. The increase in T d  
is proportional to the increase in molecular weight. The TGA 
and DSC characterizations demonstrate that DCS 2 PO displays 
the best thermal stability which is benefi cial for the OLED 
application.   

  2.3.     Morphology 

 The morphological stability of the solution-processed fi lms of 
the four compounds doped with 15 wt% FIrpic was estimated 
by atomic force microscopy (AFM). The images are given 
in  Figure    2  . All the fi lms show smooth surface with small 
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 Scheme 1.    The chemical structures of CSPO, DCSPO, CS 2 PO and DCS 2 PO.
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root-means-square (RMS) values ranged from 0.33 to 0.38 nm 
before annealing, and 0.29 to 0.36 nm after annealing. The 
results suggest that twisted tetrahedron geometry of silicon 
and fl exibility of carbon-silicon bond could provide a homoge-
neous morphology of spin-coating fi lms. All the fi lms remain 
almost unchanged after thermal annealing indicating the pos-
sibility to keep uniform fi lms throughout the device fabrication 
process.  

  Figure    3   shows the transient photoluminescent (PL) decay 
of FIrpic doped fi lms of the four host materials. All of them 
present monoexponential decays indicative of the well con-
fi nement of excitons on FIrpic. As shown in  Table    1  , DCS 2 PO 
doping fi lm exhibits the shortest lifetime of 0.79 µs, which 
suggests the triplet-triplet annihilation may be reduced in 

its doped fi lm which is favorable for its application in blue 
PhOLEDs.    

  2.4.     Photophysical Properties 

 The normalized optical absorption spectra in dilute CH 2 Cl 2  
are shown in  Figure    4   and Figure S2. All the four compounds 
display the similar absorption spectra because of the same 
building fragments. The maximum absorption peak at 293 nm 
and the absorption band from 324 to 344 nm are attributed to 
the π-π* transition of the carbazole. [ 15 ]  The optical bandgaps 
(E g ) calculated from the absorption edge for CSPO, CS 2 PO, 
DCSPO, DCS 2 PO are as wide as 3.56, 3.55, 3.38 and 3.37 eV, 
respectively.  
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 Figure 1.    DSC curves for CSPO, DCSPO, CS 2 PO and DCS 2 PO at heating 
rate of 10 K min −1  under nitrogen.

 Figure 2.    AFM images (5 µm × 5 µm) of solution-processed CSPO, DCSPO, CS 2 PO and DCS 2 PO fi lms doped with 15 wt% FIrpic from chlorobenzene 
(concentration = 20 mg mL −1 ) before and after annealing at 110 °C for 1 h under ambient atmosphere.

 Figure 3.    Room temperature transient PL decay of solution-processed 
CSPO, DCSPO, CS 2 PO and DCS 2 PO fi lms doped with 15 wt% FIrpic (exci-
tation wavelength = 360 nm, detection wavelength = 475 nm).
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 The four compounds all emit in the violet or ultraviolet 
region. CSPO and CS 2 PO present quite similar emission 
spectra peaking at 347 and 362 nm, respectively, which are 
derived from the group of carbazolesilanes as revealed previ-
ously. [ 14 ]  The same phenomenon is also observed in the emis-
sion spectra of DCSPO and DCS 2 PO. Both of them exhibit 
the same emission spectra peaking at 379 nm. As compared 
with CSPO and CS 2 PO, the further red-shift of the signal for 
the DCSPO and DCS 2 PO is ascribed to their enlarged conju-
gation through the substituted dimer carbazole unit. No emis-
sion band at longer wavelength is observed demonstrating the 
tetrahedral geometry can effectively interrupt the interaction 
between donor and acceptor in these compounds. The results 
depict that the high singlet levels of CS 2 PO and DCS 2 PO are 
maintained after introducing double-silicon bridge, which is 
consistent with our molecular design. The photophysical data is 
summarized in Table  1 . 

 The phosphorescent spectra of the four compounds were 
measured in frozen CH 2 Cl 2  at 77 K. The triplet energy levels 
(E T ) were estimated to be 3.04 eV for CSPO and CS 2 PO, and 
2.97 eV for DCSPO and DCS 2 PO from their respective highest 
energy vibronic peak. It can be seen that the E T s are all higher 
than that of blue phosphorescent dye FIrpic (E T  = 2.67 eV), 
which means that they could be used as suitable hosts to effec-
tively confi ne the excitons on guest of FIrpic in doping system. 
The same triplet energy levels further prove that π-conjugation 
in the whole molecule remains unchanged when the molecular 
structure is extended by double-silicon bridge.  

  2.5.     Electrochemical Properties 

 Cyclic voltammetry (CV) was employed to investigate the elec-
trochemical behaviours. During the cathodic scan in N,N-
dimethylformamide (DMF), all these four materials possessed 
the similar onset reduction potentials originating from n-type 
PO unit ( Figure    5  ). The LUMO levels were thus calculated to 
be −2.25, −2.19, −2.21 and −2.19 eV for CSPO, DCSPO, CS 2 PO 
and DCS 2 PO, respectively, with regard to the energy level of 
ferrocene (4.8 eV below vacuum). In anodic scan, CSPO and 
CS 2 PO underwent the same oxidation processes, originating 
from their p-type sole carbazole unit. Thus, they exhibited sim-
ilar HOMO energy levels of about −5.60 eV. For DCSPO and 
DCS 2 PO, the p-type unit was designed as a carbazole dimer, 
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  Table 1.    Detailed optical and thermal properties of CSPO, DCSPO, 
CS 2 PO and DCS 2 PO.  

Compounds Abs max  
[nm] 

PL max  
[nm]

E g  a)   
[eV]

E T  
[eV]

τ 
[µs]

T g  
[°C]

T d   
[°C]

CSPO 294,326,341 347,362 3.56 3.04 1.03 110 420

DCSPO 294,342 379 3.36 2.97 0.98 140 420

CS 2 PO 293 325,342 347,363 3.55 3.04 0.89 159 485

DCS 2 PO 295,342 375 3.37 2.97 0.79 199 521

    a) calculated from the absorption edge.   

 Figure 4.    a) Absorption and PL spectra (excitation wavelength = 290 nm) of CSPO and CS 2 PO in dilute CH 2 Cl 2  (concentration = 10 −5  M); b) PL spectra 
of CSPO and CS 2 PO in frozen CH 2 Cl 2  at 77 K (excitation wavelength = 325 nm).

 Figure 5.    Cyclic voltammetry curves for CSPO, DCSPO, CS 2 PO and 
DCS 2 PO in CH 2 Cl 2  for oxidation and DMF for reduction at scan rate of 
100 mV s −1 .
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which made oxidation process occur more easily, resulting in 
higher HOMO levels of about −5.43 eV. The HOMO level of 
DCSPO and DCS 2 PO are 0.17 eV higher than that of CSPO 
and CS 2 PO as shown in  Table    2  . The dimer carbazole group 
can increase the HOMO energy level which would facilitate the 
hole injection in doped devices.    

  2.6.     Theoretical Simulation 

 Density functional theory (DFT) calculations with the opti-
mized geometry at B3LYP/6–31G* level were carried out to 
further understand their electronic properties. The distribu-
tions of the front molecular orbitals are shown in  Figure    6  . 
According to the DFT calculations, all the LUMO energy levels 
of are located on PO unit indicating the similar LUMO levels 
of these compounds. The HOMO energy levels are distributed 
on sole carbazole unit for CSPO and CS 2 PO, and on the car-
bazole dimer for DCSPO and DCS 2 PO, respectively. It is also 
clearly observed that the distributions of HOMO and LUMO 
of all the four compounds are completely separated due to the 
interruption effect of tetraphenylsilane. The introduction of one 
more silicon bridge in CS 2 PO and DCS 2 PO has no impact on 

the distribution of the frontier molecular orbitals. The intra-
molecular interactions between the electron-defi cient PO unit 
and electron-donating carbazole unit are thus minimized which 
is favorable for the injection of electrons and holes. The theo-
retical calculation affords the HOMO and LUMO values in the 
range of −5.33 to −1.05 eV which are consistent with the CV 
data. The results suggest that the HOMO and LUMO energy 
levels can be separately modifi ed by functional groups in tetra-
phenylsilane derivatives.   

  2.7.     Phosphorescent OLEDs 

 To evaluate the potentiality of these compounds as hosts in 
electroluminescent devices, the FIrpic doped spin-coating 
devices were fabricated with the confi guration of ITO/
PEDOT:PSS (40 nm)/host:FIrpic (15 wt%) (50–60 nm)/
TmPyPb (5 nm)/TPBi (30 nm)/CsF (1.5 nm)/Al (120 nm). 
The host materials CSPO, DCSPO, CS 2 PO and DCS 2 PO 
doped with FIrpic are used as emitting layers for device A-D. 
All the devices show the same blue emission spectra peaking 
at 475 nm ( Figure    7  ), which originated from the emission of 
FIrpic by full energy transfer form host to guest. The promi-
nent values of (0.16, 0.33) are the typical CIE coordinates of 
FIrpic’s emission from blue phosphorescent OLED. The data 
are consistent with the results published by other research 
groups. [ 9,12,15 ]  The turn-on voltage is a little bit increase from 
7.8 (Device A) to 8.6 V (Device D). Device C and D based on 
double-silicon bridged hosts of CS 2 PO and DCS 2 PO achieve 
much higher effi ciency than that of corresponding single-sil-
icon bridged CSPO (Device A) and DCSPO (Device B), which 
suggests that our design strategy takes effect in this system 
( Table    3  ). The introduction of double-silicon bridged center 
provides more stable fi lm and better compatibility between 
host and guest to greatly improve the device performance. The 
carbazole dimer in DCS 2 PO can further increase the device 
effi ciency than that of sole carbazole unit in CS 2 PO due to the 
better hole injection ability as revealed by electrochemistry and 
theoretical calculations. As a result, the device using DCS 2 PO 
as host achieves the best performance with the maximum cur-
rent effi ciency of 26.5 cd A −1  and external quantum effi ciency 
(EQE) of 13.6%. The device performance is comparable with 
those devices fabricated by solution-processable method. [ 10,16 ]  
Recently, Yang’s group had reported highly effi cient PhOLEDs 
based on several double-silicon centered molecules. [ 17 ]  The 
best EL performance was achieved for the mOXDDSiPA-
based blue phosphorescent device, with a maximum current 
effi ciency of 23.4 cd A −1  and a maximum external quantum 
effi ciency of 10.7%. We believe that the coupling of carbazole 
dimer and PO units through double-silicon bridge can also 
afford suitable solution-processable wide bandgap hosts for 
blue PhOLED.     

  3.     Conclusion 

 In summary, we have developed a series of double-silicon 
bridged molecules as solution-processable hosts for blue phos-
phorescent FIrpic. The extended molecular structure in CS 2 PO 
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  Table 2.    Electrochemical properties of CSPO, DCSPO, CS 2 PO and 
DCS 2 PO.  

Compounds E on  ox  
[V]

 

HOMO 
[eV] 

E on  red  
[V]

LUMO 
[eV]

E g  a)  
[eV]

CSPO 0.81 −5.60 −2.57 −2.25 3.35

DCSPO 0.62 −5.43 −2.60 −2.19 3.24

CS 2 PO 0.79 −5.56 −2.60 −2.21 3.35

DCS 2 PO 0.63 −5.43 −2.61 −2.19 3.24

    a) calculated according to the electrochemical result.   

 Figure 6.    The distribution of HOMO and LUMO energy levels of CSPO, 
DCSPO, CS 2 PO and DCS 2 PO under B3LYP/6–31G* level.
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and DCS 2 PO improves the solution processability and thermal 
stability in comparison with their respective single-silicon 
bridged compounds of CSPO and DCSPO, without lowering 
their singlet and triplet energy levels. Solution-processed blue 
PhOLED using DCS 2 PO as host achieve the best device perfor-
mance. This can be attributed to its relative high triplet energy 
to confi ne triplet exciton on the guest, homogeneous mor-
phology, appropriate energy levels to facilitate carriers injection, 
and more balanced carrier transporting ability in the device. 
These results demonstrate that the extension of molecular 
structure via double-silicon bridge is an effective approach to 
design solution-processable host materials for highly effi cient 
blue PhOLEDs.  

  4.     Experimental Section 

  4.1.     Measurement 

 The  1 H and  13 C NMR spectra were recorded using a Bruker AVANCE 
500 spectrometer at 500 MHz and 125 MHz respectively, at 298 K 
using CDCl 3  as the solvent and tetramethylsilane (TMS) as the internal 
standard. The elemental analysis was perfomed by a Flash EA 1112, 
CHNS-O elemental analysis instrument. The MALDI-TOF-MS mass 
spectra were recorded using an AXIMA-CFR TM  plus instrument. 
Thermal gravimetric analysis (TGA) was undertaken on a Perkin-Elmer 
thermal analysis system at a heating rate of 10 °C min −1  and a nitrogen 
fl ow rate of 80 ml min −1 . Differential scanning calorimetry (DSC) was 
carried out using a NETZSCH (DSC-204) instrument at 10 K min −1  
while fl ushing with nitrogen. Atomic force microscopy (AFM) images 
were taken by tapping mode using a Nanoscope III, Digital Instrument 

system equipped with a 5 µm × 5 µm scanner and a silicon nitride tip 
with a force constant of 40 N m −1 . UV-vis and fl uorescence spectra 
were recorded using a Shimadzu UV-3100 spectrophotometer and a 
Shimadzu RF-5301PC spectrophotometer, respectively. Electrochemical 
measurements were performed using a BAS 100W Bioanalytical System: 
a glass-carbon disk electrode was used as the working electrode, a Pt 
wire as the counter electrode, Ag/Ag +  as the reference electrode and 
Bu 4 NPF 6  (0.1 M) in N,N-dimethylformamide (DMF) or CH 2 Cl 2  as the 
electrolyte. The pseudo-referrence electrode was calibrated externally 
using a 5 mM solution of ferrocene (Fc/Fc + ) in the electrolyte.  

  4.2.     Device Fabrications and Measurement 

 Devices with confi guration of ITO/PEDOT:PSS (40 nm)/host:FIrpic 
(15 wt%) (50–60 nm)/TmPyPb (5 nm)/TPBi (30 nm)/CsF (1.5 nm)/Al 
(120 nm) were fabricated as follows: PEDOT:PSS was spin-coated onto 
the cleaned ITO-coated substrate from its aqueous solution and then 
heated at 120 °C for 20 minutes to remove the residual water solvent. 
The emissive layer (EML) was spin-coated from chlorobezene solution 
with concentration of 20 mg ml −1 . Then the samples were annealed at 
110 °C for 30 min. Finally, a hole -blocking layer of Tm3PyPB (1,3,5-tri(m-
pyrid-3-yl-phenyl)benzene) (5 nm), an electron-transporting layer of 
TPBI (1,3,5-tri(1- phenyl-1H-benzimidazol-2-yl)benzene) (30 nm), and a 
cathode composed of CsF (1.5 nm) and Al (120 nm) were sequentially 
deposited onto the substrate by thermal evaporation at a pressure of 
4.0 × 10 −6  mbar. The current-voltage characteristics of the devices 
were measured by a Keithley 2400 sourcemeter and brightness-voltage 
characteristics was measured by PR650 spectroradiometer. The EQE 
values were calculated according to previously reported methods. [ 18 ]  All 
the measurements were carried out at room temperature under ambient 
condition.  

  4.3.     Materials 
  Bis(4-((4-(9-H-carbazol-9-yl)phenyl)diphenylsilyl)phenyl)(phenyl)phos-

phine oxide (CS 2 PO) : A mixture of bis(4-((4-bromophenyl)diphenylsilyl)
phenyl)(phenyl)phosphine oxide (0.95 g, 1.00 mmol), carbozole (368 mg, 
2.20 mmol), CuI (38 mg, 0.20 mmol), K 3 PO 4  (1.06 g, 5.00 mmol), and 
(±)-trans-1,2-diamino-cyclohexane (280 mg, 0.20 mmol) was added to 
toluene (5 mL), then the mixture was refl uxed under nitrogen for 24h. 
After cooling down, the reaction mixture was quenched with (NH 4 ) 2 CO 3  
solution and then extracted with CH 2 Cl 2 . After removal of the solvent, 
the residue was purifi ed by column chromatography on silica gel using 
ethyl acetate/petroleum(1:2 v/v) as the eluent to give white powder 
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 Figure 7.    a) EL spectra of solution-processed doping devices A-D at 9 V; b) Current effi ciency-voltage-EQE curves of solution-processed FIrpic doping 
devices A-D. Device structures: ITO/PEDOT:PSS (40 nm)/solution processed host:FIrpic (15 wt%) (50–60 nm)/vacuum-deposited TmPyPb (5 nm)/vac-
uum-deposited TPBi (30 nm)/CsF (1.5 nm)/Al (120 nm), host for Device A: CSPO (�), Device B: DCSPO (�), Device C: CS 2 PO (�), Device D: DCS 2 PO (�).

  Table 3.    Detailed data of spin-coating devices A-D.  

Device V on   
[V]

CE 
[cd A −1 ]

PE 
[lm W −1 ] 

EQE 
[%]

L max  
[cd m −2 ]

CIE 
[x,y]

A CSPO 7.8 1.49 0.51 0.58 333 0.17,0.34

B DCSPO 7.6 6.27 2.07 3.10 6245 0.16,0.33

C CS 2 PO 8.0 20.17 7.37 10.4 2241 0.16,0.33

D DCS 2 PO 8.6 26.50 8.66 13.6 4878 0.15,0.33
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(0.83 g). Yield: 73%.  1 H NMR (500 MHz, CDCl 3,  δ): 8.18 – 8.17 (4H, d, 
 J  = 7.8, Ar-H), 7.82 – 7.78 (12H, m, Ar-H), 7.73 – 7.71 (1H, d,  J  = 7.3, 
Ar-H), 7.67 – 7.64 (10H, m, Ar-H), 7.59 – 7.57 (4H, m, Ar-H), 7.53 – 
7.39 (22H, m, Ar-H), 7.34 – 7.31 (4H, t,  J  = 7.1, J = 7.7, Ar-H).  13 C NMR 
(CDCl 3 , 125 MHz, δ): 140.53, 139.44, 139.33, 137.89, 136.41, 133.40, 
133.28, 132.97, 132.54, 132.23, 131.39, 131.31, 130.15, 129.92, 128.22, 
128.04, 126.27, 125.99, 123.58, 120.35, 120.17, 109.87. Anal. calcd for 
C 78 H 57 N 2 Si 2 PO: C 83.24, H 5.10, N 2.49; found: C 82.42, H 5.24, N 2.04. 
MALDI-TOF  m/z : [M + H] +  calcd for C 78 H 57 N 2 Si 2 PO, 1124.37; found, 
1125.30. 

  Bis(4-((4-(9-H-(3,9′-bicarbazol)-9-yl)phenyl)diphenylsilyl)phenyl)
(phenyl)phosphine oxide (DCS 2 PO) : The procedure for DCSPO was 
similar as the preparation of CS 2 PO starting from 4,-dibromo-4′-
diphenylphosphine oxide-tetraphenylsilane and 3-(9H-carbazol-9-yl)-
9H-carbazole. Yield: 57%.  1 H NMR(500 MHz, CDCl 3,  δ): 8.32 (2H, s, 
Ar-H), 8.23 – 8.22 (4H, d,  J  = 7.4, Ar-H), 8.14 – 8.13 (2H, d,  J  = 7.8, 
Ar-H), 7.89 – 7.87 (4H, d,  J  = 7.4, Ar-H), 7.83 – 7.79 (10H, m, Ar-H), 
7.73 – 7.68 (13H, m, Ar-H), 7.60 – 7.41 (30H, m, Ar-H), 7.36 – 7.31 
(6H, m, Ar-H).  13 C NMR (125 MHz, CDCl 3,  δ): 141.87, 141.26, 139.67, 
139.54, 139.04, 138.72, 136.42, 136.34, 134.35, 133.18, 132.87, 132.23, 
132.16, 131.42, 131.35, 130.22, 130.4. 128.27, 128.06, 126.73, 126.33, 
125.89 125.54, 124.62, 123.16, 120.64, 120.32, 119.66, 119.53, 110.99, 
110.27, 109.82. Anal. calcd for C 102 H 71 N 4 OPSi 2 : C 84.15, H 4.92, N 3.85; 
found: C 83.76, H 5.05, N 3.58. MALDI-TOF  m/z : [M + H] +  calcd for 
C 102 H 71 N 4 OPSi 2 , 1455.49; found, 1456.10.   
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