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ABSTRACT: A series of 3,3′-bicarbazole (mCP)-functionalized tetraphenylsilane
derivatives (SimCPx), including bis(3,5-di(9H-carbazol-9-yl)phenyl)diphenylsilane
(SimCP2), tris(3,5-di(9H-carbazol-9-yl)phenyl)methylsilane (SimCP3-CH3), tris-
(3,5-di(9H-carbazol-9-yl)phenyl)phenylsilane (SimCP3-Ph), and tetrakis(3,5-di(9H-
carbazol-9-yl)phenyl)silane (SimCP4), serving as bipolar blue hosts for bis[2-(4,6-
difluorophenyl)pyridyl-N,C2′]iridium(III) (FIrpic), have been synthesized by
incorporating different ratios of mCP subunits into a central silicon atom. All of
the SimCPx derivatives have wide bandgaps and high triplet energies because of the
indirect linkage by silicon between each mCP subunit. The good solubility and high
thermal and morphological stability of SimCPx are beneficial for forming amorphous
and homogeneous films through solution processing. Density functional theory
simulations manifest the better bipolar characteristics for SimCPx using three and
four mCP units rather than the represented bipolar host SimCP2. As a result,
SimCP4 presents the best electron-transporting ability for charge balance. Consequently, the lowest driving voltage of 4.8 eV, and
the favorable maximum efficiencies of 14.2% for external quantum efficiency (28.4 cd A−1, 13.5 lm W−1), are achieved by
solution-processed, SimCP4-based blue phosphorescent organic light-emitting diodes as the highest performance among
SimCPx, in which 32% improved device efficiencies compared to that of SimCP2 are obtained. It is inspiring to develop efficient
bipolar hosts for blue phosphors by just incorporating monopolar carbazole into arylsilanes in two steps.
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■ INTRODUCTION

With the rapid development of phosphorescent organic light-
emitting diodes (PhOLEDs) for realizing flexible displays and
solid-state lighting applications, proper host materials are
becoming vital to suppress emitter self-quenching and
triplet−triplet annihilation for realizing high performance,
especially the hosts for blue PhOLEDs with high triplet
energies.1−21 It is important for an ideal host to possess good
bipolar transport properties to balance holes and electrons and
to achieve higher triplet energy (ET) (>2.7 eV for bis[2-(4,6-
difluorophenyl)pyridyl-N,C2′]iridium(III) (FIrpic)) than the
dopant materials to ensure triplet excitons confined in the
emitting layer, especially for blue PhOLEDs.22,23 In addition,
the host should be stable upon heating and form good quality
films to prolong device life.24

To date, a number of blue PhOLEDs with high quantum
efficiencies have been realized by vacuum thermal deposition,
but high fabrication cost, processing complexity, and poor
reproducibility still hinder the practical application of large area
blue devices. In contrast, spin-coating and inkjet printing as the
wet-processing techniques have been promising methods for

realizing simple device configurations, which are desirable for
large-area and flexible displays.25,26 Generally, polymers are
suitable to form large-size excellent amorphous films via
solution-based deposition techniques at much lower costs.27

However, the lower purity than that of small molecules limits
their display lifetime and efficiency. Our interests focus on
combining the advantages of both small molecules and
polymers to develop an ideal host for solution-processed blue
PhOLEDs. However, achieving this goal has remained a
challenge. On the one hand, most small molecule hosts are
easy to crystallize due to their small molecule size. On the other
hand, for bipolar properties to be realized, efficient electron-
transporting moieties are often incorporated into the hosts to
enhance electrical properties. Nevertheless, it is noteworthy
that there have not been many applicable electron deficient
units for high triplet energy hosts; meanwhile, further extended
molecular systems with more subunits and complicated linkages
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will inevitably raise production cost. Therefore, there is a
demand for designing bipolar hosts with high triplet energies
and easily produced structures for blue phosphorescence
emitters.
Among most functional segments for ideal host materials,

carbazole has been widely chosen because of its distinct
properties, such as high triplet energy, good solubility, and
facile functionalization.28−33 However, it is difficult to obtain
bipolar transport abilities by just using carbazole subunits due
to their strong hole transport character. A representative bipolar
host, bis(3,5-di(9H-carbazol-9-yl)phenyl)diphenylsilane
(SimCP2) with a carbazole moiety as the only functional
group, was developed by Chen’s group.34 Different from most
small molecule hosts with highly crystallinity and low thermal
stability in the solid state, SimCP2 is completely amorphous
and can form highly stable thin films. Importantly, it preserves
the characteristics of adequate high electron and hole-carrier
mobilities of ∼10−4 cm2 V−1 s−1 and a sufficiently high triplet
state energy of ∼3.01 eV in confining emission energy on
FIrpic. Recently, spectroscopic comparsion between 3,5-di(N-
carbazolyl)tetraphenylsilane (SimCP) and SimCP2 has re-
vealed that the intersystem crossing rate for SimCP2 was
smaller than for SimCP, leading to a higher energy transfer rate
from SimCP2 to FIrpic than from SimCP. Thus, it is possible to
improve the performance of SimCP2 with increasing mCP
subunits. Herein, a systematic study of SimCP2 analogues with
more than two mCP functionalized silanes was carried out, and
the relationship between the different ratios of functional
subunits to the silicon atom and photophysical properties of
device performances has also been presented.

In this contribution, a series of SimCP2 analogues based on
the tetraphenylsilane-core structure functionalized with differ-
ent ratios of mCP subunits for the collective name SimCPx,
namely, bis(3,5-di(9H-carbazol-9-yl)phenyl)diphenylsilane
(SimCP2), tris(3,5-di(9H-carbazol-9-yl)phenyl)methylsilane
(SimCP3-CH3), tris(3,5-di(9H-carbazol-9-yl)phenyl)-
phenylsilane (SimCP3-Ph), and tetrakis(3,5-di(9H-carbazol-9-
yl)phenyl)silane (SimCP4), have been designed and synthe-
sized as high triplet energy hosts for blue PhOLEDs. As a result,
the blue PhOLED hosted by SimCP4 exhibited the highest
performance among the SimCPx-based devices, including a
high current efficiency of 28.4 cd A−1 and an external quantum
efficiency (EQE) of 14.2% with Commission International de
I’Eclairage (CIE) coordinates of (0.156, 0.355). The high
maximum efficiencies are among the best solution-processed
blue PhOLEDs reported in the literature.19,32 This work not
only demonstrates a series of highly efficient blue electro-
phosphorescent bipolar hosts but also determines the
influences of molecular structures on electroluminescence
performance, which originates from its contributions in charge
transport balance and film forming stability.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route and
chemical structures of SimCP2, SimCP3-CH3, SimCP3-Ph, and
SimCP4 are shown in Scheme 1 and Figure 1. SimCPx can be
easily synthesized in two steps, first by copper-catalyzed Ullman
coupling of 1,3,5-tribromobenzene with two equiv of carbazole,
followed by a lithium exchange reaction with silane chloride in
excellent yield. Their molecular structures were confirmed by
NMR spectroscopy (see Supporting Information) and

Scheme 1. Synthetic Procedure for SimCPx

Figure 1. Molecular structures and stereographs of optimized tetraphenylsilane-core-based oligomers SimCPx at the B3LYP/6-31G(d) level.
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elemental analyses. All compounds show good solubility. They
are easily soluble in common organic solvents, such as
chloroform, tetrahydrofuran, toluene, and chlorobenzene.
Thermal Properties. To determine the thermal properties

of SimCP3-CH3, SimCP3-Ph, and SimCP4, thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
analyses were performed under a nitrogen atmosphere at a
heating rate of 10 °C min−1 (Figure 2 and Table 1). It was

shown that the temperature of decomposition (Td) remarkably
increased from 461 to 490 to 519 °C with enlarging molecular
weight, which should be the combined result of reduced
volatility and enhanced molecular rigidity for SimCP3-CH3,
SimCP3-Ph, and SimCP4, respectively, with the higher
molecular weight and more bulky groups. Accordingly, their
glass transition temperatures (Tg) determined by DSC revealed
the same order from 157 to 172 to 186 °C for SimCP3-CH3,
SimCP3-Ph, and SimCP4, respectively (Figure 2b). These

values are outstanding among small molecules, which are
significantly higher than that of the corresponding mCP bulky
group (Tg = 60 °C) and the commonly used host material
SimCP2 (Tg = 144 °C). For SimCP2, the physical properties
are listed in Table 1 according to previously published work.35

Morphological Properties. The film-forming ability of
SimCPx and miscibility to the dopant FIrpic were also
investigated by atomic force microscopy (AFM). As shown in
Figure 3, the AFM image of 10 wt % FIrpic-doped SimCPx
films displays fairly smooth and homogeneous morphology
with small values of root-mean-square (RMS) roughness of
0.46, 0.43, and 0.51 nm for SimCP3-CH3, SimCP3-Ph, and
SimCP4, respectively. It is free of particle aggregation or phase
separation, suggesting good film forming ability and good
miscibility of FIrpic.

Photophysical Properties. The photophysical properties
of SimCPx were investigated by their ultraviolet−visible (UV−
vis) absorption and low-temperature photoluminance (PL)
spectra (Figure 4a). The photophysical data of these
compounds are summarized in Table 1. The profiles of
absorption spectra in dilute dichloromethane solution are
similar from 240 to 360 nm with three main absorption bands.
The peaks at ∼293 nm are assigned to π → π* transitions of
the carbazole moiety, and the weaker absorption peaks at the
longer wavelengths of 326 and 340 nm could be attributed to
the n→ π* transitions of extended conjugation of the carbazole
moiety. Estimated from their absorption edges, the energy gap
(Eg) of SimCPx is ∼3.58 eV with negligible discrepancies <0.01
eV.
The analogical PL spectra among SimCP3-CH3, SimCP3-Ph,

and SimCP4 are compared in Figure 4b, where the spectra are
normalized at the most intense S1 emission peak. The
fluorescent spectra of 3 wt % SimCPx doped in PS thin films
are almost identical. The short-wavelength region is composed

Figure 2. (a) TGA traces of SimCPx recorded at a heating rate of 10 °C min−1. (b) DSC measurements recorded at a heating rate of 10 °C min−1.

Table 1. Thermal, Photophysical, and Electrochemical Data
of SimCPx

compound
Tg
a

(°C)
Td
b

(°C)
λabs

c

(nm) λem,max
d (nm)

HOMOe

(eV)
LUMOf

(eV)

SimCP2 144 466 348 344, 360, 378 −5.65 −2.08
SimCP3-
CH3

157 461 346 346, 361, 380 −5.66 −2.08

SimCP3-
Ph

172 490 346 346, 361, 380 −5.69 −2.11

SimCP4 186 519 346 345, 360, 380 −5.65 −2.07
aObtained from DSC measurements. bObtained from TGA measure-
ments. cMeasured in dichloromethane. dMeasured in PS films doped
with 3 wt % SimCPx. eDetermined from the onset of oxidation
potentials. fDeduced from HOMO and Eg estimated from the red edge
of the longest absorption wavelength for the solid-film sample.

Figure 3. AFM topographical images of the solution-processed films of SimCPx doped with 10 wt % FIrpic: (a) SimCP3-CH3, (b) SimCP3-Ph, and
(c) SimCP4.
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of three bands, including a main peak at ∼345 nm and two
shoulder peaks at approximately 360 and 380 nm, which
originate from the lowest vibrational state of the first excited

singlet state to the three lowest vibrational states of the ground
state, respectively. Similarly, in the phosphorescence region,
four weak PL bands at 412, 425, 433, and 442 nm are attributed

Figure 4. (a) Absorption spectra of SimCPx in dichloromethane measured at room temperature (10 −6 mol L−1). (b) Low-temperature (77 K)
emission spectra of PS thin films doped with 3 wt % SimCPx. Absorption spectra are cut at λ < 240 nm for the solution case because of strong
absorption of the solvent.

Figure 5. (a) Cyclic voltammograms of SimCP3-CH3, SimCP3-Ph, and SimCP4 in CH2Cl2 for an oxidation scan. (b) Transient photoluminescence
decay (excited at 343 nm) curves at 475 nm for SimCP3-CH3, SimCP3-Ph, and SimCP4 doped with 10 wt % of FIrpic.

Figure 6. Frontier molecular orbitals of SimCP2, SimCP3-CH3, SimCP3-Ph, and SimCP4.
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to the transition from the T1 state. Taking into account that
SimCP3-CH3, SimCP3-Ph, and SimCP4 consist of three or
four mCP molecules, their S1 and T1 electronic states are
determined mainly by the mCP molecule. However, the
intensity ratios of the one-phonon S1 emission peak to the most
intense zero-phonon S1 emission peak vary slightly with 0.723,
0.726, and 0.676 for SimCP3-CH3, SimCP3-Ph, and SimCP4,
respectively. It becomes small with decreased distance between
the equilibrium position of the first excited singlet state and the
equilibrium position of the ground state, which indicates the
electron−phonon coupling between the first excited singlet
state and ground state for SimCP4 is slightly smaller than that
of SimCP3-CH3 and SimCP3-Ph, as shown in Figure 4.
Another intensity ratio of the zero-phonon band intensity of

the T1 emission to that of the S1 emission can be used to
speculate the strength of spin−orbit coupling. The smaller the
ratio, the weaker is the strength of spin−orbit coupling. From
the ratio, it can be deduced that the strength of spin−orbit
coupling for SimCP4 is weaker than for SimCP3-CH3 and
SimCP3-Ph. The weakest spin−orbit coupling of SimCP4
reduces the intersystem crossing rate (ISC) from the excited
singlet states to the triplet states. As for the FIrpic/SimCPx
doping system, the singlet energy will transfer from the wide
bandgap host via the Förster process to the singlet state of
FIrpic. Furthermore, the low ISC rate of the SimCP4 host will
lead to a high energy transfer rate to the dopant. Therefore,
higher device efficiencies for SimCP4 can be expected.
Electrochemical Properties. The electrochemical behav-

iors of these compounds were tested by cyclic voltammetry in
anhydrous dichloromethane under a nitrogen atmosphere
(Figure 5a). All of the SimCPX analogues exhibit an irreversible
oxidation feature as those of other carbazole derivatives with
unprotected 3,6-positions. The oxidation onset potentials
versus Ag/Ag+ were recorded at 0.81, 0.82, and 0.79 V for
SimCP3-CH3, SimCP3-Ph, and SimCP4, respectively. Accord-
ing to the empirical formula EHOMO = −(4.8 + Eox

on − EFc) eV,
the HOMO energy levels of SimCPx were calculated as shown
in Table 1, which is consistent with the molecular simulation
shown in Figure 6. The HOMO level with negligible differences
within 0.03 eV confirmed the approximate electroactivity of
SimCPx, and their HOMO levels match well with that of the
hole-injecting material poly(3,4-ethylenedioxythiopene):poly-
(styrenesulfonate) (PEDOT:PSS) (−5.20 eV), which would
result in an efficient hole-injection from PEDOT:PSS to the
emissive layer. The LUMO energy level could be calculated by
adding the optical Eg to the HOMO level (Table 1). Their
LUMOs were found to be higher than those of conventional
phosphorescence emitters, especially blue-emitting FIrpic
(−2.7 eV) (Figure 7), leading to predominant direct charge
recombination on phosphorescent dopants for realizing high
EL efficiencies.
We also performed transient photoluminescence measure-

ments to verify the exciton confinement property of these hosts
at a wavelength of 475 nm for SimCPx films doped with 10 wt
% of FIrpic on quartz substrates. Figure 5b shows almost
identical monoexponential decay curves, indicating that the
triplet energy transfer from FIrpic to SimCPx is completely
suppressed and that the energy is effectively confined in the
emission layer.
Frontier Molecular Orbitals Simulation. The lowest

unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) wave functions of
SimCPx are depicted in Figure 6. As expected, the HOMO

wave functions are delocalized mainly on the carbazole subunits
with small contributions from the phenyl substituents on the
carbazole N atoms. In contrast, the LUMO wave functions
reside on the phenyl bridge linked to the central silicon atom.
This result indicates that the spatial weak overlap between the
HOMO and LUMO may result in weaker optical absorption
corresponding to the transition from HOMO to LUMO. In
addition, the differences between energy levels of LUMOs or
HOMOs for SimCPx are no more than 0.1 eV, except for
SimCP4 with more shadow LUMO. It is expected that the
lower LUMO will improve the electron-injecting ability.
Furthermore, as the number of mCP subunits increase, the
LUMOs simultaneously decrease, which is accompanied by an
improved ability to inject electrons from an adjacent electron-
transporting layer. Consequently, SimCP4 has the smallest
HOMO−LUMO gap (ΔH−L), which is not consistent with the
CV results above. Here, our calculated energy gap ΔH−L in
theory is the orbital energy difference between HOMO and
LUMO. Experimentally, it can almost be obtained from the
absorption spectra, which is the lowest excitation energy from
ground state S0 to excited state S1, termed the optical band gap
(Eg). In fact, the optical band gap is not the orbital energy
difference between HOMO and LUMO, but the energy
difference between the S0 and S1 states. The values of the
optical band gap may equal the HOMO−LUMO gap only
when the excitation from the S0 to S1 state corresponds almost
exclusively to the electron transition from the HOMO to the
LUMO.
These results indicate that the HOMO, LUMO, and ΔH−L of

SimCPx are affected by the number of introduced mCP
subunits. As shown in Figure 6, the carbazole units are
significantly twisted, resulting in a nonplanar structure in each
molecule. These geometrical characteristics can effectively
suppress molecular recrystallization and thus improve the
morphological stability of the thin film and keep the triplet
energy gap at a high level.

Reorganization Energy. The calculated reorganization
energies for holes (λh) and electrons (λe) are listed in Table 2.
It is well established that lower reorganization energy values
will result in higher charge transfer rates. It is clearly seen that
the calculated λe value of SimCP4 is the smallest among all of
the SimCPx derivatives. For SimCP3-CH3, SimCP3-Ph, and
SimCP4, the λh values are almost identical. Moreover, the λe
values are all lower than that of SimCP2, and the sequence of λe
values is SimCP2 > SimCP3-CH3 > SimCP3-Ph > SimCP4.
Generally, the holes are dominantly the majority carrier in most

Figure 7. Energy level diagram for the SimCPx-based devices.
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conventional devices. Therefore, the improved electron-trans-
porting ability would balance charge carrier injection and
promote exciton recombination in emitting layers (EML). It
suggests that SimCP4 with the smallest λe value could be a
better bipolar host than the representative bipolar SimCP2.
Furthermore, we find that reorganization energy λe correlates
well with the change of geometry upon ionization. The smaller
changes correspond to the smaller values of λe. It can be seen
from Figure 6 that the volume steric hindrance of SimCPx
improves along with the increased mCP subunits, which
decrease geometry changes and lower the values of λe.
The bipolar properties of SimCP2, SimCP3-CH3, SimCP3-

Ph, and SimCP4 were confirmed by hole-only and electron-
only devices. The structure for hole-only devices was ITO/
PEDOT:PSS/hosts (60 nm)/Al, and the structure for electron-
only devices was ITO/hosts (60 nm)/TPBi (30 nm)/LiF (1
nm)/Al. As seen in Figure S1, the current density−voltage
curves of hole- and electron-only devices indicate bipolar
charge transport properties of SimCP2, SimCP3-CH3,
SimCP3-Ph, and SimCP4. Moreover, the maximum electron
current density of SimCP4 matches well with the result of
calculated electron reorganization energy. As the carbazole
units increases, the electron-transporting ability improved

significantly for these tetraphenylsilane derivatives, thus
balancing holes and electrons in the emitting layer.

Electroluminescent Performance of Blue PHOLEDs.
To examine the influence of energy levels and reorganization
energies on device efficiency, we fabricated a series of blue-
emitting PhOLEDs based on SimCP3-CH3, SimCP3-Ph, and
SimCP4 by spin-coating as devices B, C, and D with the device
configuration of ITO/PEDOT:PSS/SimCPx:FIrpic (50 nm,
10%)/Tm3PyPB (5 nm)/TPBi (30 nm)/LiF/Al, where
PEDOT:PSS and LiF serve as hole- and electron-injecting
layers, and TPBi serves as the electron-transporting layer;
Tm3PyPB36 was used as the hole/exciton-blocking layer, and
SimCPx doped with 10 wt % of FIrpic was spin-coated to form
an emitting layer (Figure 7). Control device A, based on
conventional host SimCP2, was also fabricated with the same
configuration. We focus on investigating the structural effects of
SimCPx on device performance, and the conventional device
structure was employed without any further optimization.
Panels a−d in Figure 8 depict the current density−voltage,

brightness−voltage characteristics, and device efficiencies.
Table 3 summarizes the electroluminescence (EL) data
obtained and compares it to the data from the literature with
the same configuration. The blue devices possess relatively low
turn-on voltages (4.8−5.4 eV), which decrease gradually from
device A to D. The decrease in turn-on voltage can be
attributed to the dropping calculated LUMOs and reorganiza-
tion of λe as validated by DFT simulation. Meanwhile, it may
help to reduce the electron injection barrier and improve
electron mobility in the devices, and thus, the charge flux in
device D tends to be more balanced relative to that of devices
A−C. In addition, the best EL performance was achieved for
SimCP4-based device D with CEmax of 28.42 cd A−1, PEmax of
13.52 lm W−1, and EQEmax of 14.2%. Devices B and C, with

Table 2. Calculated Reorganization Energies for Electrons
(λe) and Holes (λh) of the Molecules for SimCPx at the
B3LYP/6-31G(d) Level

species λh (eV) λe (eV)

SimCP2 0.0411 0.315
SimCP3-CH3 0.0514 0.299
SimCP3-Ph 0.0499 0.290
SimCP4 0.0507 0.253

Figure 8. (a) J−V curves, (b) L−V curves, (c) current efficiency versus current density curves, and (d) power efficiency versus current density of
FIrpic-doped devices A−D (see Table 3).
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three mCP units, exhibited almost approximate performances,
which were slightly better than that of device A. These values
indicate that spin-coated SimCPx:FIrpic-based devices are
comparable to the highest values reported for solution-
processed, FIrpic-based devices and could even compete with
more complicated device architectures.
The normalized electroluminance spectra of devices A−D

are shown in Figure 9b, and the Commission International de
I’Eclairage (CIE) coordinates are listed in Table 3. As can
clearly be seen, all of the spectra show the same main emission
peak at 472 nm, corresponding to the emission of FIrpic, and
their EL bands are nearly identical. Hence, the EL originates
only from the FIrpic molecule, indicating an essentially
complete energy or charge transfer from the hosts to FIrpic,
which is consistent with the PL spectra, as shown in Figure S2.
It was noticeable that, from device A to D, the vibronic
shoulder emission peak of FIrpic was effectively suppressed in
EL spectra owing to the nonpolar environment provided by
SimCP4, resulting in the improved color purities. Therefore, for
devices A−D, an obvious CIE change can be seen from (0.178,
0.382) for SimCP2 to (0.156, 0.355) for SimCP4, which
confirms that SimCP4 is a better host than SimCP2.

■ CONCLUSIONS

In summary, we have synthesized a series of high triplet energy
mCP-functionalized tetraphenylsilane derivatives that can serve
as bipolar blue hosts for FIrpic by incorporating different ratios
of mCP subunits into a central silicon atom. These analogues

exhibit distinct physical properties of good solubility and high
thermal and morphological stability, which are beneficial to the
formation of amorphous and homogeneous films by solution
processing. Density functional theory simulations indicate that
SimCPx with four mCP subunits shows better electron-
transporting ability than the represented bipolar host
SimCP2. As a result, the SimCP4-based devices exhibit a
lower operational voltage, higher luminance efficiency,
improved CIE coordinates, and enhanced EL efficiency
compared to those of the SimCP2 device under directly
comparable conditions. In particular, it is inspiring to develop
efficient bipolar hosts for blue phosphors by just incoporating
monopolar carbazole into arylsilanes in two steps.
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Figure 9. (a) External quantum efficiency versus current density and (b) electroluminance spectra for FIrpic-doped devices A−D.
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