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ABSTRACT

A new bromination method, where butterfly-shaped tetrasubstituted carbazole derivatives TSPFCz and TTPhCz have been designed and
synthesized, which possess the twist butterfly skeletons and exhibit excellent thermal and morphological stabilities, has been adopted. By
utilizing these novel compounds as host materials, high efficiency solution-processed green phosphorescent organic light-emitting diodes
(PhOLEDs) have been achieved.

Phenylamine compounds have been widely applied in
organic optoelectronics owing to their rigid structures,
excellent hole transporting mobility, and amorphous pro-
perties.1 Among them, carbazole and its derivatives have
attracted much attention for application in organic light
emitting diodes (OLEDs), photovoltaic cells, and field-
effect transistors.2 Apart from the general properties of the

phenylamine compounds, carbazole and its derivatives
show high triplet energy levels (2.9 eV),3 making them
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desirable host materials in PhOLEDs. However, their
practical applications are usually limited by relatively
poor-electron transporting mobility.4 In addition, most
of the carbazole based small molecules and polymers are
constructed by modification at 3,6, 2,7, 1,8 and N linkage
positions of carbazole.5 For example, Professor Wang
synthesized a dendrimer host, by conjugating a moiety to
the 3,6 and N positions of carbazole; a fully white
PhOLED with a maximum power efficiency of 80.9 lm/
W was harvested.6 By the modification at the 3,6 and 2,7
positions of the carbazole, some novel compounds were
developed and the solution-processed blue PhOLEDswith
FIrpic as a dopant showed a low turn-on voltage of 4.0 V,
a maximum current efficiency of 27.2 cd/A, a maximum
efficiency of 11.8 lm/W, and amaximumexternal quantum
efficiency 14.0%.7 Recently, a variety of 1,8-disubstituted
carbazole derivatives were reported as fluorescent probes8

or to demonstrate the relationship between the rigidity
structure and the linking positions.9 Generally, the simple
structure of a carbazole unit actually offers many choices
for introducing building blocks into the system via an easy
chemistry approach. However, the tetrasubstituted carba-
zole derivatives used as the host materials for PhOLEDs
have been rarely reported.
In this paper, spirofluorene and benzene units are con-

nected to the 1,3,6,8-positions of the carbazole to form
the butterfly-shaped compounds (illustrated in Scheme 1).
Compared to the disubstituted carbazole derivatives,10

the unique butterfly-shaped structure of the molecules
enhances the thermal stability of these materials, and the
nonplanar linkage modes keep the triplet energy gap at
a high level.11 In addition, the long alkyl groups at the N
position of the carbazole are beneficial to the solubility
of the host materials in the most common solvents. The
solution-processed green PhOLEDs with the novel hosts
showed excellent performance, with a luminous efficiency
(ηp,max) of 41.0 cd/A and an external quantum efficiency
(ηEQE,max) of 11.8%. This result is comparative with
the recently reported small-molecule host for solution-
processed green PhOLEDs.12

Thebutterfly-shapedhostmaterialswere realized in three
steps with high yields. As shown in Scheme 1, the first
step is to prepare the tetrabromocarbazole intermediates.

The second step is to attach the N-9-position of the car-
bazole with a long alkyl group by a simple C�N coupling
reaction. The last step involves linking the electron-
deficient moiety to the 1,3,6,8-positions of carbazole using
a typical Suzuki C�C cross-coupling reaction between the
different functionalboronic estersand the1,3,6,8-tetrabromo-
N-octylcarbazole (2). Tetrasubstituted derivatives of car-
bazole have been rarely reported because it is difficult to
obtain tetrabromocarbazole. Only Smith et al.13 reported
a method of bromination of carbazole by treatment with
NBS in the presence of silica gel at ambient temperature.
However, the reaction is less selective and gives mixtures
of different bromo-substituted derivatives and purifica-
tion of the tetrabromocarbazole is difficult. Here, we used
bromine instead of NBS and used FeCl3 as the initiator,
with the temperature enhanced to 100 �C to promote full
substitution in the carbazole. The intermediate 1,3,6,8-
tetrabromocarbazole (1) can be recrystallized and purified
with the solvent ethanol/toluene. Afterwards, 1,3,6,8-
tetrabromocarbazole (1) was treated with the base NaH,
followed by 1-bromooctane, to afford the desired com-
pound 2 in a high yield of 98%. The butterfly-shaped
molecules were synthesized by a Suzuki reaction of 2 with
4 equiv of 2-(9,90-spirobi[fluoren]-7-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane or 2-([1,10:30,100-terphenyl]-50-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane with high yields
in the range of 75�80% (Scheme 1). All the compounds
have been fully characterized by 1H NMR, 13C NMR,
mass spectrometry, and elemental analysis (see Supporting
Information).

The compounds TSPFCz and TTPhCz exhibited excel-
lent thermal stability with 5% weight-loss decomposition
temperatures of 483 and487 �C,withglass transition temp-
eratures of 236 and 146 �C, respectively, which suggests
that they could form morphologically stable and uniform
amorphous films. The surface morphologies of thin films
of TSPFCz and TTPhCz were also investigated. The
thin film was prepared by spin-coating and then annealed
under N2 gas conditions at 100 �C for 2 h. The annealed
film had a fairly smooth surface morphology with a root-
mean-square (rms) roughness of 0.45 and 0.38 nm for

Scheme 1. Synthetic Route for TSPFCz and TTPhCz
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TSPFCz and TTPhCz, respectively (see Figure S2). These
demonstrated that the two compounds possess excellent
amphous abilities. The smaller film roughness value of
TTPhCz compared to TSPFCz may be ascribed to the
rigid structure of the spirofluorene.
Figure 1 depicts the UV�vis absorption and photolu-

minance (PL) spectra of the compounds. The absorption
peaks at around 300 nm could be assigned to the n�π*
transitions of the carbazole moiety. For the compounds
TSPFCz and TTPhCz, the longer wavelength absorption
at around 350 nm could be attributed to π�π* transitions
from the electron-donating carbazole moiety to spirobi-
fluorene or a 3,5-diphenylbenzene moiety. TSPFCz and
TTPhCz exhibit short emission peaks at 395 and 409 nm,
respectively; the red shift of PL of TSPFCz compared to
TTPhCz could be attributed to the larger aromatic con-
jugation of spirobifluorene. The optical band gaps (Eg) for
TSPFCz and TTPhCz determined from the onsets of their
absorption spectra are 3.14 and 3.26 eV, respectively. The
triplet energies (ET) are determined to be 2.52 and 2.73 eV
for TSPFCz and TTPhCz, respectively, by the highest-
energy vibronic sub-band of the phosphorescence spectra,
which are higher than that of the green emitter of Ir(ppy)3
(ET = 2.42 eV).

The electrochemical properties of these compounds
TSPFCz and TTPhCz were investigated by cyclic voltam-
metry (Figure 2). All of these compounds exhibited a
similar quasireversible oxide process with onset potentials
of 1.12 and 1.24 eV, respectively. On the basis of the
onset potentials for oxidation, the HOMO energy levels
of TSPFCz and TTPhCz were estimated to be �5.52
and�5.54 eV, respectively, with regard to Ag/AgCl (�4.4 eV

below vacuum).14 The corresponding LUMO levels were
calculated from the HOMO values and the energy gaps
and were found to be about �2.38 and �2.28 eV, res-
pectively. Density Function Theory (DFT) calculations
were performed to understand the physical properties of
TSPFCz and TTPhCz at the molecular level (Figure 3).
The HOMO and LUMO levels of TSPFCz and TTPhCz

are mainly located at the electron-donating carbazole
and the corresponding fragments, respectively. Especially,
TSPFCz has almost complete separation of the HOMO
and LUMO at the hole and electron transporting moi-
eties; However, TTPhCz exhibits only partial separation
of theHOMOandLUMO levels, whichmay be due to the
intramolecular charge transfer. The separation between
the HOMO and LUMO levels is beneficial to efficient
charge-carrier transport and the prevention of reverse
energy transfer.15 The calculated HOMO/LUMO values
are in the range of �4.93 to �5.20/�1.04 to �1.03 eV,
which correlate well with the experimental data.

To evaluate the performanceof these compounds ashost
material, the devices are fabricated by spin-coating with
typical structures consisting of multiple organic layers
sandwiched between the bottom indium tin oxide (ITO)
and the top metal cathode (Al). The device configurations
are ITO/PEDOT: PSS (40 nm)/Host: 10 wt % Ir(ppy)3
(40 nm)/TPBi (40 nm)/LiF (1 nm)/Al. (host: TSPFCz,
DeviceA;host:TTPhCz,DeviceB).Polyethylenedioxythio-
phene-polystyrene sulfate (PEDOT-PSS) and 2,20,200-(1,3,5-
benzenetriyl)tris[1-phenyl-1H-benzimidazole] (TPBi) were
used as a hole injection and hole-blocking/electron-
transporting layer, respectively; Green emitter iridium-
(III) fac-tris(2-phenylpyridine) (Ir(ppy)3, ET = 2.42 eV)
doped in host is used as the emitting layer, with the
optimized doping levels of Ir(ppy)3 at 10%; LiF served as
an electron injecting layer.
Current density�voltage�luminance (J�V�L) charac-

teristics and the external quantum efficiencies (EQE),
current efficiencies (ηc), and electroluminance spectra
(EL) versus current density of the devices are shown in
Figure 4. The devices A�B turn on at low voltages in the

Figure 1. (a) Absorption and emission spectra of TSPFCz and
TTPhCz in toluene solution. (b) Phosphorescent spectra of
TSPFCz and TTPhCz in 2-methyltetrahydrofuran at 77 K.

Figure 2. Electrochemical properties of TSPFCz and TTPhCz.
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range 4.0�4.2V, and device B exhibits amaximum current
efficiency and power efficiency (ηp) of 41.0 cd/A and
25.6 lm/W, respectively, and a maximum luminance of
32137 cd/m2 at 13.6 V, which is comparable with results
recently reported.12 Values for device A are 36.1 cd/A
and 23.1 lm/W, respectively. Devices A�B display typical
emission from the green phosphor Ir(ppy)3 with CIE
coordinated (0.30, 0.62) and show slow current-efficiency
roll-off (Figure 4b); especially, the maximum current
efficiencies for all the devices are acquired at high bright-
ness (∼100 cd/m2).
All of these results can be attributed to the good thermal

stability and the homogeneous film morphology that
restrains the strong bimolecular interactions of the phos-
phorescent Ir(ppy)3 emitter.16 To the best of our knowl-
edge, the performance of these devices are among the
highest for the solution-processable green phosphorescent
OLEDs reported to date.17

In summary, by adoping a new bromination method,
two novel two-dimensional butterfly-shaped tetrasubsti-
tuted carbazole derivatives were successfully designed and
synthesized. These compounds exhibit excellent thermal
and morphological stabilities owing to the rigid tetrasub-
stituted carbazole skeleton and peripheral aryl groups.
Additionally, these novel host materials retain high triplet

energy (ca. 2.70 eV) and HOMO levels as carbazole.
Solution-processable devices with the novel butterfly-
shaped carbazole derivatives as hostmaterials and Ir(ppy)3
as guest show a maximum current efficiency of 41.0 cd/A
and a maximum power efficiency of 25.6 lm/W for green
electrophosphorescence. This work reveals the very pro-
mising application of butterfly-shaped tetrasubstituted
carbazole derivatives as efficient host materials for
solution processable PhOLEDs. Further optimization
of molecular configuration and device structure is in
progress.
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Figure 4. (a) J�V�L characteristics of devicesA�B. (b)Current
efficiency and power efficiency versus current density of devices
A�B; inset: EL spectra of devices A�B.

Figure 3. Optimized geometries and calculated HOMO and
LUMO density pictures for TSPFCz and TTPhCz.
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