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Full emission color tuning in luminogens constructed from tetraphenylethene,
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Full color luminogens are constructed from tetraphenylethene,

benzo-2,1,3-thiadiazole and thiophene building blocks. OLED

fabricated using one of the luminogens exhibits orange-red

electroluminescence with high luminance and efficiencies of

8330 cd m�2, 6.1 cd A�1 and 3.1%, respectively.

Synthesis of efficient blue, green and red organic materials has

been the subject of intense academic research because of their

potential applications in full color displays and white light-

ening devices. However, most dye molecules are highly

emissive in the solutions but become weak emitters when

fabricated as thin films, which has substantially hampered

their practical applications. In 2001, we discovered an opposite

phenomenon of aggregation-induced emission (AIE): a group

of propeller-like molecules such as silole1,2 and tetraphenyl-

ethene (TPE)3,4 are non-emissive in the solution state but are

induced to emit intensely by aggregate formation. Restriction

of intramolecular rotation (IMR) has been proposed as the

main cause for the AIE phenomenon.5 Since then, AIE

luminogens with varied molecular structures have been

prepared.6 Most of the luminogens prepared so far emit blue

or green light upon photoexcitation. Indeed, it is desirable to

have molecules with different emission colors to meet the needs

of various applications. This may be achieved by molecular

engineering endeavour via attachment of various substituents

to their molecular structures.

Recently, we have prepared a TPE dimer (BTPE, Chart 1),

which shows efficient blue photoluminescence (PL) in the

solid state and outstanding performance in devices.3b In this

communication, we extend our work on the synthesis of

luminescent materials with longer emission wavelengths.

We introduced benzo-2,1,3-thiadiazole (TD), a widely used

building block for green to red chromophores,7 as well as

thiophene into BTPE and investigated the PL and electro-

luminescence (EL) of the resultant molecules.

The TPE-substituted heterocyclics (BTPETD, BTPETTD,

BTPEBTTD) are composed of sole benzo-2,1,3-thiadiazole or

with directly linked thiophene ring(s) as core and TPE units as

peripheries. They are synthesized according to the synthetic

routes shown in Scheme S1, details of which can be found in

the ESI.w Their thermal properties are investigated by thermo-

gravimetric analysis and differential scanning calorimetry.

Results show that they enjoy high thermal stability, starting

to lose their weights at 429–495 1C. They are also morpho-

logically stable and show glass-transition temperatures at

130–221 1C, which are higher than those of chromophores

with similar core and triphenylamine end-cappers.7c

BTPETD, BTPETTD and BTPEBTTD show absorption

maxima at 418–510 nm in their dilute THF solutions (Fig. 1A)

associated with intramolecular charge transfer (ICT) from the

electron-donating TPE and/or thiophene units to the electron-

accepting TD core.7a–c When their solutions are photoexcited,

green to red PL at 538, 592 and 623 nm, respectively, was

observed (Fig. 1B). The fluorescence quantum yield (FF) of

BTPETD in solution estimated using Rhodamine B as standard

(FF = 50% in ethanol)8 is 61%, while those of BTPETTD

and BTPEBTTD are merely 37 and 25%, respectively, because

of stronger ICT effect aroused by the interaction between their

thiophene and TD units. It is noteworthy that most conven-

tional luminophores carrying TPE units are practically non-

luminescent in the solution state due to the active IMR

process, which deactivates the excitons via nonradiative

relaxation channels.5d The reasonably strong emissions of

the present luminogens in solutions suggest that the excitons

are mainly localized on the TD core, whose decay process is

less influenced by the IMR process of TPE units.

Chart 1 Molecular structures of the TPE-substituted heterocyclics.
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The BTPETD film emits at 539 nm with a higher FF value of

89%, demonstrative of a novel phenomenon of aggregation-

enhanced emission. The film emissions of BTPETTD and

BTPEBTTD are observed at 600 and 661 nm, which are 8

and 38 nm red-shifted from those of the solutions, respectively.

Whereas BTPETTD exhibits a FF value of 55%, the fluores-

cence quantum yield of BTPEBTTD is hard to be determined

due to the mismatch of its excitation wavelength with that of

the instrument. However, through visual observation of its

solution and solid powders under UV illumination, we believe

that BTPEBTTD shows weaker emission in the condensed

phase (Fig. 2C). The large red-shift in the emission of

BTPEBTTD in the solid state is probably due to the thiophene

rings, which relieve the steric effect imposed by the TPE units

on the TD core. This allows the BTPEBTTD molecules to

stack in a cross-like pattern and consequently leads to stronger

intermolecular interactions and bathochromic shift in the PL

spectum (Fig. 2A).7a,e

To better understand the photophysical properties of

BTPETD, BTPETTD and BTPEBTTD, theory calculations

using the density functional (DFT) with the B3LYP hybrid

functional at the basis set level of 6-31G (d) are carried out.

Their optimized molecular structures and HOMO and LUMO

plots are shown in Fig. 3. The HOMO of BTPETD is domi-

nated by the orbitals from the TD core and the two peripheral

TPE units. The TPE units are also conjugated with the

thiophene and TD rings in BTPETTD and BTPEBTTD but

the contribution of their phenyl rings to the HOMO energy

levels becomes smaller. The LUMO plots of all the luminogens

are similar and they are dominated by the orbitals from the

central TD ring. The HOMO energy levels of BTPETD,

BTPETTD and BTPEBTTD are calculated to be �5.31,
�5.12 and �5.00 eV, respectively (Table 1), while their

LUMO’s fall in the range from �2.47 to �2.72 eV. Although

the calculated energy band gaps (2.84–2.28 eV) are somewhat

larger than the experimental values estimated from the onset

absorption wavelengths, the theoretical study nicely explains

the bathochromic shifts in the absorption and emission of

BTPETTD and BTPEBTTD from those of BTPETD.

The EL properties of the TPE-substituted heterocyclics are

investigated in multilayer organic light-emitting diodes

(OLEDs) with a configuration of ITO/NPB (60 nm)/emitter

(20 nm)/TPBi (10 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (100 nm).9

In these EL devices, BTPETD, BTPETTD and BTPEBTTD

serve as emitters and NPB, TPBi and Alq3 work as hole-

transporting, hole-blocking and electron-transporting layers,

respectively. Fig. 2B and Fig. S1 (ESIw) show their EL spectra

and performance curves and Table 2 summarizes the EL data.

The EL’s of BTPETD, BTPETTD and BTPEBTTD are

observed at 540–668 nm, which are close to their film PL’s.

The device based on BTPETD shows a maximum luminance

(Lmax) of 13540 cd m�2, a maximum current efficiency (ZC,max)

of 5.2 cd A�1, and a maximum external quantum efficiency

(Zext,max) of 1.5%. Even better performances are observed in

BTPETTD. The EL device of BTPETTD radiates orange-red

EL brilliantly with Lmax, ZC,max and Zext,max of 8330 cd m�2,

6.4 cd A�1 and 3.1%, respectively, which are much higher than

the values attained by most non-doped fluorescent red

OLEDs.7,10,11 BTPEBTTD exhibits red EL at 668 nm. Although

the Lmax and Zext,max achieved are merely 1640 cd m�2 and

1.0%, such values are already quite high when compared with

the previous results.11 Combined with BTPE, the EL emissions

of these luminogens cover from blue to red spectral regions

Fig. 1 (A) Absorption and (B) PL spectra of BTPETD, BTPETTD

and BTPEBTTD in THF solutions (10 mM). Excitation wavelength:

350 nm.

Fig. 2 (A) PL spectra of solid thin films of BTPETD, BTPETTD and

BTPEBTTD and (B) their EL spectra. Photographs of their powders

taken under illumination of a UV lamp and their EL devices are given

in (C) and (D).

Fig. 3 Optimized molecular structures and molecular orbital ampli-

tude plots of HOMO and LUMO energy levels of the TPE-substituted

heterocyclics calculated using the B3LYP/6-31G(d) basis set.
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(Fig. 2D), indicating that they are of potential applications in

white OLEDs. Preliminary results show that efficient white

OLEDs are fabricated using BTPETTD as one of the emitting

components.12 For example, a non-doped bilayer white OLED

constructed using BTPETTD and DDPi as red and blue

emitters, respectively, shows an efficiency of 4.2 cd A�1 at

1000 cd m�2, 1931 Commision International de L’Eclairage

coordinates of (0.31, 0.31) and a high color rendering index of

92 over a wide range of driving voltages.12b

In summary, new luminogens with tunable optical properties

are constructed from TPE, benzo-2,1,3-thiadiazole and thio-

phene. These molecules emit intense PL in both solution and

solid states. Non-doped OLEDs utilizing them as emitters are

fabricated, which give blue to red EL in high efficiencies,

suggesting that they are promising candidates for full color

displays and white OLEDs.
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Table 1 Optical and thermal properties and energy levels of BTPETD, BTPETTD and BTPEBTTDa

labs/nm
lem/nm FF (%)

Eopt/eV HOMO/eV LUMO/eV Egap/eV Tg/Td/1CSoln Soln Film Solnb Filmc

BTPETD 418 538 539 61 89 2.55 �5.31 �2.47 2.84 130/429
BTPETTD 464 592 600 37 55 2.31 �5.12 �2.61 2.51 139/495
BTPEBTTD 510 623 661 25 — 2.05 �5.00 �2.72 2.28 221/486

a Abbreviation: Soln = solution (10 mM in THF), labs = absorption maximum, lem = emission maximum, FF = fluorescence quantum yield,

Eopt = energy gap obtained from absorption spectrum, HOMO = highest occupied molecular orbitals, LUMO = lowest unoccupied molecular

orbitals, Egap = theoretically calculated energy gap, Tg = glass-transition temperature, Td = onset decomposition temperature. b Estimated using

Rhodamine B as standard (FF = 50% in ethanol). c Measured by integrating sphere.

Table 2 EL performances of the TPE-substituted heterocyclicsa

lEL/nm Von/V Lmax/cd m�2 ZP,max/lm W�1 ZC,max/cd A�1 Zext,max (%)

BTPETD 540 3.9 13540 3.0 5.2 1.5
BTPETTD 592 5.4 8330 2.9 6.4 3.1
BTPEBTTD 668 4.4 1640 0.5 0.4 1.0

a Device configuration: ITO/NPB (60 nm)/emitter (20 nm)/TPBi (10 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (100 nm). Abbreviation: lEL = EL

maximum, Von = turn-on voltage defined at 1 cd m�2, Lmax = maximum luminance, ZP,max = maximum power efficiency, ZC,max = maximum

current efficiency, and Zext,max = maximum external quantum efficiency.
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