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a b s t r a c t

Two novel phenylethene-carbazole derivatives containing dimesitylboron groups, 3-(dimesitylboryl)-9-
ethyl-6-(1,2,2-triphenylvinyl)-9H-carbazole and 1,2-bis(6-(dimesitylboryl)-9-ethyl-9H-carbazol-3-yl)-
1,2-diphenylethene are presented. The foregoing mono- and bis-carbazole containing compounds
combine the aggregation-induced emission properties of phenylethene and the hole and electron
transporting properties of carbazole and dimesitylboron substituents respectively. An extensive inves-
tigation of their optical and electrical properties reveals that these aggregation-induced emission active
scaffolds exhibit excellent thermal stability (Td up to 254 �C) with high electrochemical stability.
Compared to our previous systems, the OLED device using the mono-carbazole derivative as a sky-blue
emitter shows improved parameters such as the maximum luminance and maximum luminance effi-
ciency of 13,930 cd m�2 and 4.74 cd A�1, respectively. The device based on the blueegreen emitting bis-
carbazole derivative features equally high maximum luminance and maximum luminance efficiency of
15,780 cd m�2 and 6.90 cd A�1, respectively.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decades, considerable interest has been attracted
to the research field of organic light-emitting diodes (OLEDs) due to
their wide-ranging applications in full-color flat-panel displays and
solid state lighting [1e4]. To obtain high-performance OLEDs, sci-
entists have prepared a wide variety of efficient emissive materials
with excellent properties. Up to now, red- and green-emitters have
shown outstanding performance in terms of luminance and effi-
ciency [5,6]. However, it is still a challenge to develop blue
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luminogens with good performance [7e9] due to their intrinsic
wide bandgap which makes it very difficult to inject charges into
the blue emitters [10e18]. Meanwhile, most of blue-emitters show
poor performance in practical applications when they are fabri-
cated as thin solid films since they suffer from the notorious
aggregation-caused quenching (ACQ) effect [19,20]. The ACQ effect
has become a thorny problem for the development of efficient
OLEDs. Therefore, the preparation of blue-emitting materials with
high efficiency in the aggregate phase becomes particularly
important [19,21,22].

In 2001, Tang and co-workers discovered that a series of
propeller-like luminogens being practically non-fluorescent in so-
lutions became highly emissive upon aggregate formation or in the
solid crystalline state [23]. This phenomenon known as
aggregation-induced emission (AIE) constitutes the exact opposite
of the ACQ effect. They further elaborated that the restriction of
intramolecular rotation (RIR), more general, the restriction of
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intramolecular motion (RIM) is the predominant mechanism
causing the AIE effect [24e28]. The discovery of this phenomenon
opened a concise avenue to solve the ACQ problem of luminescent
materials and to achieve high-performance OLEDs without the
need of using dopants or other adjuvants.

Nowadays, many AIE luminogens (AIEgens), such as derivatives
of silole [29e32], tetraphenylethene (TPE) [33e39], dis-
tyrylanthracene (DSA) [40,41], triphenylethene (TrPE) [42e45], and
tetraphenyl-1,4-butadiene (TPBD) [46,47], have been reported by
Tang and other groups. Among these typical AIE materials, TrPE is
considered as one of the ideal candidates for blue-OLED applications
since with its twisted configuration of the three phenyl rings it
possesses a low conjugation compared to TPE, which renders most
TrPE derivatives as blue emitters. Furthermore, it has been
demonstrated by Tang and co-workers that its emission is much
bluer thanTPEwith an as large as 25 nmhypsochromatic shift of the
emission maximum [48]. In addition, many different functional
groups can be introduced into the TrPE skeleton, offering a versatile
approach to design the ideal luminogen for the respective applica-
tion [42,49]. Due to these features, several TrPE-based derivatives
have been synthesized. Chi and co-workers synthesized and char-
acterized a series of AIE-active triphenylethylene-carbazole de-
rivatives with good thermal properties and blue light emission
capabilities [42,50e53]. In line with that report, Tang and co-
workers designed and synthesized three luminogens from TrPE,
carbazole and triphenylamine (TPA) building blocks exhibiting AIE
behavior.Multilayer OLEDs fabricated by utilizing these luminogens
exhibited blue light with high luminance and current efficiency
[54]. Later, they utilized TrPE as a building block for constructing an
AIE-active deep blue emitter, BTPE-PI (Chart 1), which was ther-
mally stable with balanced carrier injection properties. The non-
doped deep blue OLED fabricated by using BTPE-PI as emitting
layer showed a very high external quantum efficiency of 4.4% with
only a small roll-off current [48]. These research results inspire us to
further successfully exploit the advantageous properties of TrPE
derivatives to furnish blue electroluminescence materials.

Similarly to TrPE, diphenylethene (DPE), commonly known as
stilbene, provides a good platform to substitute the olefinic protons
with two rather than one available side. Tang and his group syn-
thesized a series of new AIE materials by replacing of phenyl ring(s)
in tetraphenylethene with naphthalene ring(s), among which
DNDPE (Chart 1) was one of DPE derivatives and showed blue
emission. Compared to TPE, the thermal and electroluminescence
properties of DNDPE turned out to be more advantageous [55]. This
Chart 1. Chemical structures
suggests that DPE equipped with extended aromatic structures can
be utilized to construct novel AIE-active emitters. Carbazole forms
the basis of a class of well-known hole-transporting materials.
Recently, it has been one of the scaffolds of choice to design new
luminescent molecules in combination with AIE-active molecules
to overcome its own ACQ effect in the condensed state
[33,51,56e58]. To the best of our knowledge, Liu et al. were the first
researchers to report a carbazole-containing DPE derivative with
typical AIE characteristics, which formed highly blue emissive
crystal fibers, and enjoyed enhanced optical and electronic prop-
erties [59]. Their results demonstrated the great potential of
carbazole-substituted ethene derivatives as optoelectronic mate-
rials. On the other hand, dimesitylboron moieties have beenwidely
used as electron-acceptor units to construct electroluminescent
materials for the advantage of optoelectronic properties. Besides,
the bulk steric effect and twisted conformation of dimesitylboron
could also prevent ACQ, resulting in highly efficient solid-state
emitting [60,61].

In line with the above-mentioned considerations and facts, we
herein report the synthesis of two new phenylethylene-carbazole
derivatives, 3-(dimesitylboryl)-9-ethyl-6-(1,2,2-triphenylvinyl)-
9H-carbazole (DETPCZ) and 1,2-bis(6-(dimesitylboryl)-9-ethyl-9H-
carbazol-3-yl)-1,2-diphenylethene (DECZDPE). DETPCZ was ob-
tained by fusing TrPE and one carbazole moiety into one system
with one dimesitylboron group attached to the carbazole part.
DECZDPE was synthesized using a similar design strategy that was
based on a DPE having two carbazole substituents as a backbone
and two dimesitylboron groups attached on the periphery. Both
synthetic routes are presented in Scheme 1. To the best of our
knowledge, these compounds have never been reported before.
Both molecules were characterized by elemental analysis, 1H NMR,
13C NMR, IR and MS. In addition, we report their thermal, electro-
chemical, and photophysical properties. Our work particularly
highlights the advanced properties regarding their thermal stabil-
ity, strong solid state emission in combination with the AIE-
behavior, and the enhanced electroluminescence (EL) performance.

2. Experimental section

2.1. Materials and instrumentation

THF was distilled from a sodium benzophenone mixture under
dry nitrogen immediately prior to use. All the chemicals and re-
agents were purchased from commercial sources without further
of BTPE-PI and DNDPE.



Scheme 1. Synthetic routes to DETPCZ and DECZDPE.
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purification unless otherwise stated. All the reactions were carried
out under an inert nitrogen atmosphere. 1H and 13C NMR spectra
were recorded on a Bruker 600 MHz spectrometer in deuterated
chloroform. High-resolution mass spectra (HRMS) were recorded
on an Autoflex III (MALDI-TOF-MS). Mass Spectrometer System
operating in a MALDI-TOF mode. Elemental analyses were per-
formed on an Element Analysis System. Infrared (IR) spectra were
obtained using Perkin Elmer Spectrum GX II FT-IR System. The
spectra of the solid compounds were recorded in the form of KBr
pellets. UV spectra were recorded on a Shimadzu UV-2450 ab-
sorption spectrophotometer. Fluorescence measurements were
conducted on a Shimadzu RF-5301PC fluorescence spectrometer.
Thermogravimetric analysis (TGA) was carried out on a TA In-
struments TGA 2050 thermogravimetric analyzer under nitrogen at
a heating rate of 10 �C min�1 from room temperature to 500 �C.
Differential scanning calorimetry (DSC) was performed using a
Q2000 DSC differential scanning calorimeter under a N2 atmo-
sphere. Cyclic voltammetry was taken on a CHI-600C electro-
chemical analyzer. The measurements were determined using a
conventional three-electrode configuration consisting of a glassy
carbon working electrode, a platinum-disk auxiliary electrode and
an Ag/AgCl reference electrode. And the scan rate was 10 mV/s. The
fluorescence quantum yield was acquired using quinine sulfate as
the reference (excited at 350 nm). All measurements were con-
ducted at room temperature.

2.2. Device fabrication and testing

The multilayer OLEDs were fabricated using the vacuum-
deposition method. Organic layers were fabricated by high-
vacuum (5 � 10�4 Pa) thermal evaporation onto a glass
(3 cm � 3 cm) substrate precoated with an ITO layer. Dipyr-
azinoquinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN), N,N-bis(-
naphthalene)-N,N-bis(phenyl)benzidine (NPB), DETPCZ or
DECZDPE, and 1,3,5-tri(1-phenyl-1H-benzo[d]imidazol-2-yl)
phenyl (TPBI) served as hole injection, hole-transporting, light-
emitting and electron-transporting layers, respectively. Lithium
fluoride (LiF) capped with aluminum (Al) was used as the cathode.
All organic layers were sequentially deposited. Thermal deposition
rates for organic materials, LiF and Al were 0.5 A s�1, 0.5 A s�1 and
1 A s�1, respectively. The light-emitting area of the devices was
9.0 mm2. The EL spectra were recorded on a Hitachi MPF-4 fluo-
rescence spectrometer. The current density-voltage characteristics
of OLEDs were measured on a Keithley 2400 Source Meter. The
current densityevoltageeluminance curves were performedwith a
3645 DC power supply combined with a 1980A spot photometer
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simultaneously. All measurements were carried out at room
temperature.
2.3. Synthesis

2.3.1. Synthesis of (6-bromo-9-ethyl-9H-carbazol-3-yl)(phenyl)
methanone (1)

A stirred mixture of 3-bromo-9-ethyl-9H-carbazole (3.57 g,
13.03 mmol) and benzoyl chloride (2.19 g, 15.64 mmol) in CH2Cl2
(60 mL) was treated by slow addition of aluminum chloride (1.82 g,
13.67 mmol) under an atmosphere of nitrogen. The mixture was
heated for 6 h at 40 �C. After cooling to room temperature, cold
water (200 mL) was added to quench the reaction and the mixture
was then extracted with CH2Cl2 (3 � 50 mL). The organic layer was
washed with water and dried over magnesium sulfate. The crude
product was purified by silica-gel chromatography (Rf ¼ 0.2, with
dichloromethane: petroleum ether 1:2 as eluent) to give 1 as a
white solid (81%, 4.0 g). m.p. ¼ 123e125 �C. IR (KBr), n/cm�1: 3060,
2974, 2930, 1643, 1618, 1587, 1481, 1446, 1386, 1347, 1326, 1305,
1284, 1274, 1259, 1235, 1154, 1136, 1126, 957, 788, 739, 715, 631. 1H
NMR (600 MHz, CDCl3), d (ppm): 8.55 (s, 1H), 8.23 (d, J ¼ 1.34 Hz,
1H), 8.09 (d, J¼ 10.14 Hz,1H), 7.86 (d, J¼ 7.08 Hz, 2H), 7.62e7.60 (m,
2H), 7.55 (m, 2H), 7.48 (d, J ¼ 8.41 Hz, 1H), 7.35 (d, J ¼ 8.61 Hz, 1H),
4.42e4.40 (m, 2H), and 1.50e1.47 (t, J ¼ 14.58 Hz, 3H). 13C NMR
(600 MHz, CDCl3), d (ppm): 196.80, 143.06, 139.64, 139.15, 132.20,
130.25, 129.51, 129.30, 128.63, 125.29, 124.74, 123.90, 121.79, 113.18,
110.82, 108.81, 38.42, 14.19, 1.41. MS (MALDI-TOF): Calcd for
C21H16BrNO, 378.0400; found, 378.0400. Anal. calcd for
C21H16BrNO: C 66.68%, H 4.26% and N 3.70%. Found: C 66.66%, H
4.23%, and N 3.72%.
2.3.2. Synthesis of 3-bromo-9-ethyl-6-(1,2,2-triphenylvinyl)-9H-
carbazole (2)

Under a N2 atmosphere, a solution of diphenylmethane
(1.06 mL, 6.4 mmol) in dry THF (40 mL) was treated dropwise with
4.0 mL n-butyllithium (1.6 M in hexane, 4.0 mL, 6.4 mmol) at 0 �C.
The resulting orangeered mixture was stirred for 1.5 h at 0 �C and
subsequently slowly transferred to a solution of 1 (2.0 g, 5.3 mmol)
in THF (40 mL) at 0 �C. The mixture was allowed to warm to room
temperature and stirring was continued for 18 h. The reaction was
quenched by adding an aqueous solution of ammonium chloride,
after which the organic layer was extracted with CH2Cl2
(3 � 50 mL). The combined organic phase was dried over magne-
sium sulfate, evaporated in vacuo, then dissolved in toluene (80mL)
and heated to reflux in the presence of p-toluenesulfonic acid (1.5 g,
8 mmol) for 6 h. After being cooled to room temperature, the
resultingmixturewas evaporated, washedwith an aqueous sodium
bicarbonate solution, extracted with CH2Cl2, and dried over anhy-
drous magnesium sulfate. After solvent evaporation, the crude
product 2 was purified by silica gel column chromatography
(Rf ¼ 0.3, with dichloromethane: petroleum ether 1:12 as eluent).
Yellowegreen solid; yield 54% (1.5 g). m.p. ¼ 235e237 �C. IR (KBr),
n/cm�1: 3074, 3052, 3023, 2966, 1625, 1596, 1480, 1445, 1377, 1348,
1292, 1231, 1150, 1131, 812, 796, 764, 748, 701. 1H NMR (600 MHz,
CDCl3), d (ppm): 7.95 (d, J ¼ 1.25 Hz, 1H), 7.67 (s, 1H), 7.47e7.45 (m,
1H), 7.21e7.16 (m, 2H), 7.10e7.02 (m, 16H), 4.25e4.22 (m, 2H), and
1.38e1.36 (t, J¼ 14.04 Hz, 3H). 13C NMR (600 MHz, CDCl3), d (ppm):
144.76, 144.54, 144.52, 141.75, 140.64, 139.34, 139.16, 135.46, 131.91,
131.87, 131.83, 130.72, 128.44, 128.09, 128.03, 126.79, 126.62, 126.59,
125.11, 123.91, 123.49, 121.84, 111.90, 110.23, 108.15, 38.09, 14.20. MS
(MALDI-TOF): Calcd for C34H26BrN, 529.2001; found, 529.2001.
Anal. calcd for C34H26BrN: C 77.27%, H 4.96% and N 2.65%. Found: C
77.24%, H 4.93%, and N 2.67%.
2.3.3. Synthesis of 1,2-bis(6-bromo-9-ethyl-9H-carbazol-3-yl)-1,2-
diphenylethene (3)

A 250 mL flask equipped with a stirrer was charged with zinc
powder (2.0 g, 30.7 mmol) and THF (150 mL). TiCl4 (1.5 mL,
13.8 mmol) was slowly added by a syringe at �78 �C under an at-
mosphere of nitrogen. The mixture was allowed to warm to room
temperature andwas heated to reflux for 4 h. Subsequently,1 (1.5 g,
3.9 mmol) in THF (50 mL) was added at room temperature and the
resulting mixture heated at 83 �C for 18 h. The reaction was
quenched with a 10% K2CO3 aqueous solution and extracted with
dichloromethane (3 � 50 mL). The combined organic phases were
concentrated in vacuo and purified by silica-gel chromatography
(Rf ¼ 0.3, with dichloromethane: petroleum ether 1:6 as eluent) to
give a yellowegreen solid (0.85 g, 59%). m.p. ¼ 294e296 �C. IR
(KBr), n/cm�1: 3057, 2972, 1627, 1593, 1480, 1440, 1380, 1345, 1316,
1292, 1269, 1229, 1155, 1129, 878, 804, 794, 701. 1H NMR (600 MHz,
CDCl3), d (ppm): 7.96e7.92 (m, 2H), 7.72 (s, 2H), 7.46e7.42 (m, 2H),
7.23e7.16 (m, 4H), 7.12 (s, 9H), 7.07e7.03 (m, 3H), 4.27e4.18 (m, 4H),
and 1.40e1.32 (m, 6H). 13C NMR (600 MHz, CDCl3), d (ppm): 145.16,
141.05, 139.20, 139.15, 139.11, 135.91, 132.03, 131.98, 130.97, 130.83,
128.38, 128.31, 128.07, 128.01, 126.59, 126.55, 125.10, 123.91, 123.51,
121.88, 111.75, 110.17, 108.23, 108.14, 38.06, 30.09, 14.19, 14.13. MS
(MALDI-TOF): Calcd for C42H32Br2N2, 724.3001; found, 724.3001.
Anal. calcd for C42H32Br2N2: C 69.62%, H 4.45% and N 3.87%. Found:
C 69.60%, H 4.43%, and N 3.90%.

2.3.4. Synthesis of 3-(dimesitylboryl)-9-ethyl-6-(1,2,2-
triphenylvinyl)-9H-carbazole (DETPCZ)

A solution of 2 (0.7 g, 1.33 mmol) in dry THF (60 mL) was treated
with a n-butyllithium solution (1.6 M in hexane, 1.66 mL,
2.65 mmol) at �78 �C under nitrogen. The resulting mixture was
stirred at room temperature for 5 h followed by the slowaddition of
dimesitylboron fluoride (0.79 g, 3.0 mmol) after being cooled
to �78 �C again, after which the mixture was warmed to room
temperature and stirred for 24 h. The reaction was quenched with
ice water (200 mL). The organic layer was extracted with
dichloromethane (3 � 50 mL) and dried over anhydrous MgSO4.
After solvent evaporation, the residue was purified by silica gel
column chromatography (Rf ¼ 0.2, with dichloromethane: petro-
leum ether 1:10 as eluent). A yellowegreen solid of DETPCZ was
obtained (0.3 g, 33%). m.p. ¼ 158e160 �C. IR (KBr), n/cm�1: 3058,
3017, 2977, 2915, 1607, 1591, 1480, 1445, 1380, 1348, 1287, 1232,
1213, 1168, 1152, 1129, 1028, 844, 807, 701. 1H NMR (600 MHz,
CDCl3), d (ppm): 8.07 (s, 1H), 7.70 (s, 1H), 7.61e7.59 (d, J ¼ 8.41 Hz,
1H), 7.12e7.04 (m, 18H), 6.83 (s, 4H), 4.29e4.28 (m, 2H), 2.32 (s,
6H), 2.01 (s,12H),1.44e1.43 (t, J¼ 13.76 Hz, 3H). 13C NMR (600MHz,
CDCl3), d (ppm): 139.50, 139.44, 138.30, 136.80, 136.13, 135.53,
134.20, 133.18, 130.61, 130.51, 126.78, 126.70, 126.68, 125.95, 124.94,
123.32, 122.88, 122.85, 121.61, 121.41, 121.30, 119.02, 118.45, 118.23,
103.00, 32.99, 22.17, 18.87, 16.48, 9.19. MS (MALDI-TOF): Calcd for
C52H48BN, 697.3900; found, 697.3900. Anal. calcd for C52H48BN: C
89.51%, H 6.93% and N 2.01%. Found: C 89.57%, H 7.01%, and N 1.99%.

2.3.5. Synthesis of 1,2-bis(6-(dimesitylboryl)-9-ethyl-9H-carbazol-
3-yl)-1,2-diphenylethene (DECZDPE)

DECZDPE was prepared from 3 (0.635 g, 0.88 mmol), n-butyl-
lithium (2.2 mL, 3.51 mmol), and dimesitylboron fluoride (1.03 g,
3.86 mmol) in dry THF (80 mL). The procedures were similar to
those for the synthesis of DETPCZ. (Rf¼ 0.2, with dichloromethane:
petroleum ether 1:12 as eluent). Yellowegreen solid; yield 33%
(0.3 g). m.p.¼197e199 �C. IR (KBr), n/cm�1: 3052, 3023, 2972, 2920,
1607, 1591, 1482, 1443, 1380, 1348, 1290, 1229, 1216, 1152, 1126, 844,
804, 701. 1H NMR (600 MHz, CDCl3), d (ppm): 8.14e8.08 (m, 2H),
7.77e7.72 (m, 2H), 7.61e7.57 (m, 2H), 7.24e7.20 (m, 3H), 7.12e7.08
(m, 9H), 7.03e7.02 (m, 4H), 6.83e6.81 (m, 8H), 4.29e4.22 (m, 4H),
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2.31e2.26 (m, 12H), 2.02e1.94 (m, 24H), 1.39e1.32 (m, 6H). 13C
NMR (600 MHz, CDCl3), d (ppm): 144.77, 144.72, 143.05, 142.98,
142.26, 141.11, 140.89, 140.15, 138.84, 138.77, 138.62, 137.97, 137.91,
136.12, 135.78, 135.32, 135.27, 131.72, 131.66, 131.62, 130.76, 130.66,
130.38, 129.86,128.08,127.58,126.15, 126.02,123.81,123.55, 123.48,
123.29,123.24, 123.05,122.46,120.42,118.64,108.39,108.33,107.78,
107.74, 107.50, 53.45, 37.74, 37.67, 37.57, 37.51, 29.73, 26.94, 23.64,
21.24, 13.96, 13.89. MS (MALDI-TOF): Calcd for C78H76B2N2,
1062.6288; found, 1062.6588. Anal. calcd for C78H76B2N2: C 88.13%,
H 7.21% and N 2.64%. Found: C 88.18%, H 7.26%, and N 2.68%.
3. Results and discussion

3.1. Synthesis

As shown in Scheme 1, both of the two target compounds,
DETPCZ and DECZDPE, were obtained using a straight forward
multi-step synthetic route. In the first step, compound 1 was syn-
thesized via an AlCl3-catalyzed FriedeleCrafts acylation of
commercially available 3-bromo-9-ethyl-9H-carbazole with ben-
zoyl chloride. The acylated carbazole derivative 1 was then treated
with lithiated diphenylmethane, and subsequently dehydrated
under acidic catalysis yielding compound 2 in good yield. To furnish
the bis-substituted scaffold DECZPE, compound 1was dimerized in
a McMurry cross-coupling reaction affording compound 3. Ulti-
mately, DETPCZ and DECZDPE were obtained from 2 and 3,
respectively, via lithiation with n-butyllithium and subsequent
substitution with dimesitylboron fluoride. All the intermediate and
final products were fully purified and characterized, and the result
data satisfactorily corresponded to the expected molecular struc-
tures. The detailed synthetic routes and structure characterization
data of infrared spectroscopy, 1H and 13C nuclear magnetic reso-
nance spectroscopy, mass spectrometry, and elemental analysis are
presented in Experimental section.
3.2. Thermal properties

The thermal properties of DETPCZ and DECZDPE were investi-
gated by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) under a nitrogen atmosphere at a heating
rate of 10 �C min�1. As displayed in Fig. S1a and b (ESIy), the
decomposition temperatures (Td based on 5% weight loss) of
DETPCZ and DECZDPE determined from the TGA curves are 254 �C
and 173 �C, respectively. DSC analysis reveals that the glass tran-
sition temperatures (Tg) of both compounds amount to 88 �C
(Fig. S2a and by). These data are summarized in Table 1. The
reasonably high Td and Tg of DETPCZ and DECZDPE can be ascribed
to their large molecular mass, the rigid carbazole moieties, and the
non-planar phenylethene cores and dimesitylboron peripheries.
Table 1
Physical properties of DETPCZ and DECZDPE.

Compound labs
a (nm) lem

b (nm) lem
c (nm) Tdd (�C) Tgd (�

DETPCZ 319
363

487 481 254 88

DECZDPE 321
364

500 498 173 88

a Measured in THF.
b Measured in THF þ H2O(1:9).
c Measured in film.
d Obtained from TGA and DSC.
e Obtained from CV in CH3CN/n-Bu4NClO4 and estimated from HOMO ¼ �(Eox þ 4.40
f Calculated from the absorption edge, Eg ¼ 1240/lonset.
g Obtained from DFT calculations.
These data indicate that the two compounds have excellent ther-
mal stability which is beneficial for the lifetimes of OLED devices.
3.3. Theoretical calculations

To gain insight into the excitation and emission properties at the
molecular level, density functional theory (DFT) computation at the
B3LYP/6-31G(d,p) level were carried out by using Gaussian 03
software [62e65]. The optimized geometries of DETPCZ and
DECZDPE in the ground state in combination with electron distri-
butions of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are shown in Fig. 1.
The phenylethene unit is twisted from the plane of the carbazole
and the peripheral dimesitylboron unit(s) in both molecules, which
prevents emission quenching caused by unfavorable pep stacking
interactions. As shown in Fig. 1, the HOMO of DETPCZ is dominated
by the orbitals from the phenylethene-carbazole core. The electron
cloud of the LUMO, however, is mainly located on the carbazole
moiety and the dimesitylboron unit. The distributions of the HOMO
and the LUMO of DECZDPE are similar to those of DETPCZ,
respectively. The energy levels of DETPCZ and DECZDPE partly
overlap, which may lead to intramolecular charge transfer (ICT)
effects. Table 1 summarizes the calculated HOMO and LUMO en-
ergy levels. With HOMO/LUMO energies of �5.06 and �1.39 eV for
DETPCZ and �4.89 and �1.37 eV for DECZDPE, the HOMO-LUMO
energy gaps amount to 3.67 eV and 3.52 eV, respectively.
Compared to the HOMOeLUMO energy gaps obtained experi-
mentally from the UVevis absorption spectra, the theoretical
HOMOeLUMO energy gaps of DETPCZ and DECZDPE are relatively
larger.
3.4. Photophysical properties

DETPCZ and DECZDPE possess good solubility in common
organic solvents, such as dichloromethane, chloroform, and tetra-
hydrofuran (THF), but both are insoluble in water. Fig. S3a and b
(ESIy) show the absorption spectra of DETPCZ and DECZDPE in
various solvents (1.0 � 10�5 M), respectively. The absorption
spectra data are summarized in Table 1. DETPCZ exhibits two major
absorption bands at 300e340 nm and 340e375 nm, respectively
(Fig. S3ay). The absorption peak maximum (labs) of 319 nm corre-
sponds to the pep* electronic transition of the phenylethene-
carbazole skeleton and labs of 363 nm is attributed to intra-
molecular charge transfer (ICT) from the phenylethene-carbazole
core to dimesitylboron terminal groups. The absorption spectra of
DECZDPE are similar to those of DETPCZ in various solvents. The
optical energy bandgap of DETPCZ calculated from the absorption
band edge of the absorption spectrum is approximately 2.92 eV,
while that of DECZDPE is approximately 2.87 eV.
C) HOMO/LUMOe (eV) Egf (eV) HOMO/LUMOg (eV) Egg (eV)

�4.90/�1.98 2.92 �5.06/�1.39 3.67

�5.38/�2.51 2.87 �4.89/�1.37 3.52

); LUMO ¼ HOMO þ Eg.



Fig. 1. HOMO and LUMO diagrams of DETPCZ and DECZDPE.
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The fluorescence spectra of DECZDPE in various solvents
(1.0 � 10�5 M) are shown in Fig. S4 (ESIy). DETPCZ exhibits no
discernible fluorescence when dissolved in good solvents, and thus
the fluorescence spectra of it were not measured. As depicted in
Fig. S4y, the emission peak maximum (lem) exhibits a red-shift of
59 nm ranging from 388 nm (in hexane) to 447 nm (in DMSO)while
the emission peak at 515 nm (in hexane) simultaneously vanishes
with the increasing polarity of the solvents, which has been
assigned to the intramolecular charge transfer (ICT) from the
diphenylethene-carbazole core to the dimesitylboron groups in the
excited state. The solid emission spectra of DETPCZ and DECZDPE
were obtained by measuring their films displayed in Fig. S5 (ESIy).
Strong emission bands at 481 and 498 nm (Table 1) are observed,
respectively, revealing the two compounds to be promising can-
didates for optoelectronic materials.
3.5. Aggregation induced emission (AIE) properties

Both DETPCZ and DECZDPE are non-emissive or emit weakly
when molecularly dissolved but become highly emissive in the
aggregated state. To determine the AIE behavior of DETPCZ and
DECZDPE, the changes in photoluminescence (PL) intensity as a
function of the water-fraction (fw) in a THFewater mixture were
recordedwith THF being the good solvent andwater acting as a non-
solvent. Figs. 2a and3adepict thePL spectra ofDETPCZandDECZDPE
in various THFewater mixtures at an excitation wavelength of
350 nm. DETPCZ displays veryweak PL emission in pure THF (the PL
peak is at 412 nm). The spectral characteristics of DETPCZ have no
significant change for water fractions (fw) in the range from 0% to
70%. However, upon increasing the water content higher than 70%,
thePLpeak shifts to487nm(Table 1).With the sequential increasing
proportion ofwater, the emission intensity simultaneously becomes
stronger. At fw¼ 95%, the PL intensity reaches the maximum, with a
114-fold enhancement compared to that in pure THF solution. The
plot of [(I/Io) � 1] against fw, with Io and I being the PL intensities
without and with water in the THFewater mixtures, visualizes this
phenomenon, which is typical for AIE-systems (Fig. 2b). The AIE-
behavior of DECZDPE is found to be similar to that of DETPCZ. The
PL intensity remains unchanged at low fw values (�50%) but begins
to increase afterwards (Fig. 3b). At fw ¼ 95%, strong blueegreen
fluorescence (500 nm) is recorded reaching a 60-fold increase in
intensity in comparison to the pure THF-solution.

In addition, images of DETPCZ and DECZDPE in THFewater
mixtures of fw ¼ 0 and 95% are shown as insets in Figs. 2b and 3b,
respectively, further demonstrating the AIE-effects. All these results
evidently suggest the prominent AIE-characteristics of DETPCZ and
DECZDPE, which can be attributed to the RIR process in the
aggregate formation. Thus, the radiative relaxation of the excited
state becomes more favorable and leads to the strong fluorescence.
In terms of the fabrication of optical devices, neither DETPCZ nor
DECZDPE need to be doped in order to be emissive in solid-state as
both enjoy a high emission intensity.
3.6. Electrochemical properties

The electrochemical properties of DETPCZ and DECZDPE were
investigated by cyclic voltammetry (CV) with Ag/AgCl as the refer-
ence electrode. The measurements were conducted in a 1.0 mM
solution of DETPCZ or DECZDPE in acetonitrile containing 0.10 M
tetrabutylammonium perchlorate as the supporting electrolyte
under N2 atmosphere. The CVs of DETPCZ are displayed in Fig. S6a
(ESIy). As shown in Fig. S6ay, two reversible oxidation peaks and
two reversible reduction peaks are observed within the entire
electrochemical window of acetonitrile. The reversible oxidation
peaks at 0.54 and 1.17 V are assigned to the oxidation of carbazole
and phenylethene, respectively. The reversible reduction peaks
at�0.51 and�1.00Vare attributed to the reduction of phenylethene
anddimesitylboron, respectively. As evidencedby theCVs in Fig. S6b
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Fig. 2. (a) PL spectra of DETPCZ in THFewater mixtures with various water content
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and I are the PL intensities without and with water in the THFewater mixtures. Inset:
photo images of DETPCZ in THFewater mixtures with 0% and 95% water fraction.
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(ESIy), the electrochemical behavior of DECZDPE and DETPCZ are
almost similar. The HOMO energy level can be calculated with the
empirical equation:HOMO¼e(Eoxþ4.40) eV,whereEox is the onset
oxidation potential [66]. With an Eox-value of 0.50 V, the HOMO
energy level of DETPCZ is calculated at�4.90 eV. The Eg is estimated
to be 2.92 eV by the absorption edge of the absorption spectrum of
DETPCZ. Based on this data, the calculated LUMO energy level of
DETPCZ thus amounts to �1.98 eV. The LUMO energy level of
DETPCZ is higher than that of N,N-bis(1-naphthyl)-N,N-diphe-
nylbenzidine (NPB) (�2.3 eV), which contributes to blocking elec-
tron leakage to the anode. The HOMO, LUMO, and Eg of DECZDPE are
slightly smaller than thoseofDETPCZ,whichare�5.38,e2.51eVand
2.87 eV, respectively (Table 1). The HOMO energy level of DECZDPE
matches well with that of the common hole-transportingmaterials,
N,N-bis(1-naphthyl)-N,N-diphenylbenzidine (NPB) (�5.3 eV), indi-
cating that DECZDPE can play a role as hole-transporting material.
Moreover, the CV curves of the compounds remained unchanged
under multiple successive potential scans, demonstrating their
excellent stability against electrochemical oxidation [67].
3.7. Electroluminescent properties

In order to investigate the EL properties of DETPCZ and
DECZDPE, multilayer organic EL devices with the configuration of
ITO/HATCN (20 nm)/NPB (40 nm)/DETPCZ (20 nm)/TPBI (40 nm)/
LiF (1 nm)/Al (100 nm) (Device I) and ITO/HATCN (20 nm)/NPB
(40 nm)/DECZDPE (20 nm)/TPBI (40 nm)/LiF (1 nm)/Al (100 nm)
(Device II) were fabricated by vacuum deposition, wherein N,N-
bis(1-naphthyl)-N,N-diphenylbenzidine (NPB) was used as the
hole-transporting layer, 2,20,200-(1,3,5-benzinetriyl)tris(1-phenyl-
1H-benzimidazole) (TPBI) worked as the electron-transporting
layer, DETPCZ and DECZDPE functioned as the emitting layer and
HATCN served as the hole-injecting layer, respectively. The EL
spectra are depicted in Fig. S7 (ESIy). The current density-voltage-
luminance and current efficiency-current density curves of the
devices are presented in Figs. 4 and 5, respectively and the relevant
performance data are summarized in Table 2. As shown in Table 2,
the EL spectrum of Device I has a peak maximum of 486 nmwhich
is close to the PL spectrum of the solid thin film of DETPCZ (481 nm)
with CIE coordinates of (0.20, 0.28) (Fig. 6). Moreover, Device I
exhibits good performance with a turn-on voltage of 4.2 V, a
maximum luminance of 13,930 cd m�2 at 15 V and a maximum
luminescent efficiency of 4.74 cd A�1 at 5.4 V. Compared with De-
vice I, the EL spectrum of Device II exhibits a bright blueegreen
emission with a maximum at 512 nm and CIE coordinates of (0.23,
0.41) (Fig. 6), which is red-shifted about 14 nm in contrast with its
PL emission in solid film (lem 498 nm). The turn-on voltage,
maximum luminance and maximum luminescent efficiency of
Device II are 4.4 V, 15,780 cd m�2 and 6.90 cd A�1, respectively. The
two devices have similarly high EL performance when compared
with those devices fabricated by some other AIE luminogens
[54,57,59]. All these attributes make DETPCZ and DECZDPE



Fig. 4. Current densityevoltageeluminance curves of Device I and II.

Fig. 5. Current efficiencyecurrent density curves of Device I and II.

Fig. 6. Commission Internationale de l'Eclairage (CIE) chromaticity coordinates of
Device I and II.
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promising candidates for innovative applications in OLEDs systems
due to their high thermal stability, efficient and improved solid-
state emissions, and excellent electroluminescence properties.

4. Conclusions

In summary, two novel AIE-luminogens, DETPCZ and DECZDPE,
have been successfully synthesized through a innovative integra-
tion of phenylethylene, carbazole and dimesitylboron groups, and
characterized by elemental analysis, 1H NMR, 13C NMR, IR and MS.
The thermal, electrochemical and photophysical properties of
DETPCZ and DECZDPE were studied by combination of experi-
mental and theoretical methods. Our results show that DETPCZ and
DECZDPE enjoy excellent thermal stability (Td up to 254 �C) and
exhibit high electrochemical stability and solid-state emissions.
Table 2
Electroluminescent characteristics of Devices I and II.

Device Von
a

(V)
Lmax

b

(cd/m2)
CEmax

c

(cd/A)
lEL

d

(nm)
CIE
(x, y)

I 4.2 13,930 4.74 486 (0.20, 0.28)
II 4.4 15,780 6.90 512 (0.23, 0.41)

a Turn on voltage at a brightness of 1 cd/m2.
b Maximum luminance.
c Maximum current efficiency.
d Electroluminescence peak.
Furthermore, the multi-layer EL devices using DETPCZ and/or
DECZDPE as light-emitting layer were fabricated, which yielded sky
blue and blueegreen EL with maximum luminance efficiency and
maximum luminance up to 6.90 cd A�1 and 15,780 cd m�2 at CIE
chromaticity coordinates of (0.20, 0.28) and (0.23, 0.41), respec-
tively. Our research strategy provides a new way for the creation
and application of novel AIE-luminophores.
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