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Aggregation-induced emission (AIE) is a unique photo-physical phenomenon and has become
an emerging and hot research area. With the enthusiastic efforts paid by researchers, hundreds of
AlE-active luminogens (AlEgens) have been generated but heterocyclic AlEgens are rarely reported.
Recently, we enriched the family of AlEgens and reported a pyrazine-based AlEgen of tetraphenylpyrazine
(TPP), which could be facilely functionalized by a post-synthetic strategy. In this work, we further
expanded the TPP-based AIE system by covalently attaching one, two or four electron-donating
triphenylamine moieties to the TPP core via Suzuki coupling, and TPP-TPA, TPP-2TPA and TPP-4TPA
were produced, respectively. Thanks to their donor-t-acceptor structures, these luminogens exhibit multi-
functional properties, such as excellent thermal stability (up to 504 °C), large molar absorptivity, bright
emission in the solid state (quantum yields up to 35.2%), solvatochromism, and high two-photon
absorption cross-sections (up to 480 GM). Furthermore, using TPP-TPA as the emitting layer, a triple-
layer device was fabricated and a turn-on voltage, maximum luminance, current efficiency, power
efficiency, and external quantum efficiency of 3.7 V, 17459 cd m~2, 5.49 cd A%, 3.18 Im W~* and 2.88%
were realized, respectively. These results indicate a huge potential to develop high-tech applications
based on these TPP-based AlEgens.
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Introduction

Over the past decades, organic fluorophores have drawn much
attention especially in optoelectronic and biological fields, due
to their high emission efficiency, tuneable emission colour, facile
post-functionalization and low toxicity." However, traditional
fluorophores generally suffer from the aggregation-caused
quenching (ACQ) effect: they are highly emissive in dilute
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solution but become weakly or non-emissive in high concentration
or condensed phases like aggregate or solid state due to their
planar conjugated structures. The ACQ effect has reduced the
performance of traditional fluorophores when used in opto-
electronic devices and as bio-probes.” To alleviate this negative
effect and to obstruct the formation of excimers or exciplexes
upon aggregation, various approaches, such as physical doping
or chemical modification with bulky groups, have been adopted.’
Nevertheless, the difficulties for precise control of doping concen-
tration and avoidance of phase separation between the host and
the guest during usage could not be ignored, whereas, in the latter
case, tedious synthetic procedures and a lengthened operating
time are also involved. In other words, these methods met with
limited success.

One possible permanent strategy to solve this difficulty is to
enable the intrinsic aggregation process of fluorophores to play
positive roles in enhancing emission. In 2001, we indeed observed
such a unique phenomenon: multiple phenyl-substituted silole
derivatives are non-emissive when molecularly dissolved
but can be induced to emit intensely upon aggregation. Since
the emission was induced by aggregation, we thus defined it
as “aggregation-induced emission (AIE)”.* Propeller-shaped
AIE luminogens (AIEgens) drive them to dissipate the excited
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state energy via intramolecular rotation of their peripheral
rotators in dilute solution, whereas, in the aggregate state
this rotation is greatly restricted and the radiative transition
channel is opened up. Accordingly, a mechanism of the restric-
tion of intramolecular rotation (RIR) was proposed and has
thoroughly been proved by plenty of experimental and theore-
tical studies.’

Excited by the AIE concept and enlightened by the
RIR mechanism, researchers have designed and synthesized
hundreds of AlEgens especially based on the cores of silole,®
tetraphenylethene (TPE),” distyrylanthracene (DSA),® and tetra-
phenyl-1,4-butadiene (TPBD)’. However, heterocycle-based
AIE cores with diverse electronic properties are still rare but
in great demand because they could further expand the func-
tionalities and promote high-tech applications in organic
light-emitting diodes (OLEDs), fluorescence sensors, biological
imaging, and so on.'® Very recently, we successfully generated a
new type of such AlEgen of tetraphenylpyrazine (TPP), which
possesses lots of charming advantages, such as easy prepara-
tion, facile modification, excellent stability, tuneable emission
colour and definite luminescence mechanism.'* It is thus
envisioned that TPP could also act as another powerful
AIE core, and attract considerable interest in materials and
biological sciences.

To demonstrate its versatility as an AIE core, in this paper,
we further expanded its family by covalently bonding with the
triphenylamine (TPA) moiety, which is well known for its
luminescence properties, electron-donating ability, and hole-
transporting capability.'> However, most TPA derivatives suffer
from the ACQ effect. A powerful strategy to enable the TPA
moiety to increase the emission efficiency in the solid state is to
covalently bind it to an AIE core, like TPE."® More importantly,
the remaining charge-transporting ability makes the newly
generated luminogens perform much better when used in
OLEDs. In addition, thanks to its electron-donating properties,
molecules containing TPA units and electron-withdrawing
groups are always in association with large two-photon absorp-
tion cross-sections, which is exceedingly desirable for bio-
imaging and photodynamic therapy applications."* Indeed,
three TPP-based molecules of TPP-TPA, TPP-2TPA, and TPP-
4TPA, in which one, two and four TPA moieties are covalently
attached to the TPP core, show multi-functional properties and
are potentially applicable in OLEDs, two-photon absorption
materials, etc.

Results and discussion
Synthesis

To obtain TPP-based luminogens with flexible structures,
the intermediates of Br-substituted TPPs are indispensable.
Besides TPP-2Br (the structure is shown in Scheme 1), which
has been reported in our recent work,'' another two inter-
mediates of TPP-Br and TPP-4Br (Scheme 1, their synthetic
procedures are given in the ESIf) were prepared in a facile
approach in this paper.’>'® The TPP-based luminogens were
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Scheme 1 Synthetic routes to TPP-TPA, TPP-2TPA and TPP-4TPA.

then prepared by classical Suzuki coupling. Among which,
TPP-TPA and TPP-2TPA were obtained by the reaction of
TPP-Br and TPP-2Br with commercially available 4-(diphenyl-
amino)-phenylboronic acid (1) in moderate yields, respectively.
However, the product yielded from TPP-4Br and 1 was insoluble
probably due to its rigidity. Delightfully, TPP-4TPA was successfully
obtained by the reaction of TPP-4Br and isobutyl-decorated 1,
that is, compound 2.7 TPP-TPA, TPP-2TPA, TPP-4TPA and
their intermediates were fully characterized by spectroscopy
techniques and satisfactory analysis data corresponding to
their structures were obtained (Fig. S1-S20, ESIt).

This journal is © The Royal Society of Chemistry 2016
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Thermal stability

After confirming their structures, we investigated the thermal
stability of the obtained luminogens by thermogravimetric
analysis (TGA) with a heating rate of 10 °C min ' under
nitrogen (Fig. S21, ESIt). The temperatures for 5% weight loss
(T4q) of TPP-TPA and TPP-2TPA were recorded to be as high as
402 and 504 °C, respectively, due to their fully conjugated
aromatic structures. It is worth noting that these values are higher
than those of TPE-TPA and TPE-2TPA, which were reported to be
360 and 430 °C, respectively,'® further confirming that the TPP
core possesses high thermal stability. Unexpectedly, TPP-4TPA
began to decompose at 171 °C, followed by a second decomposi-
tion at a temperature of over 500 °C. After a careful inspection,
we ascribe the first weight loss of TPP-4TPA to the isobutyl
groups on its periphery, whereas the central aromatic moieties
remain intact until the temperature reaches 500 °C. The high
thermal stability of the TPP-based luminogens potentially
enables them to find broad applications.

Photo-physical properties

We first investigated the absorption properties of these lumino-
gens in dilute THF solutions. As shown in Fig. 1, with an increase
in the numbers of TPA moieties, the maximum absorption (Z,p,)
of TPP-TPA, TPP-2TPA and TPP-4TPA red-shifted from 363 to
387 nm, suggesting that the molecular conjugation could be
slightly influenced by increasing the electron-donating groups.
In contrast, the molar absorptivity of TPP-TPA, TPP-2PTA and
TPP-ATPA enhanced linearly and is nearly proportional to the
attached numbers of TPA moieties. This phenomenon could be
attributed to the multiple intramolecular charge transfers between
the TPA moieties to the TPP cores. The more acceptor (A) and
donor (D) pairs there are, the higher the molar absorptivity that
could be achieved.

TPP is AlE-active, are these TPP-based luminogens also
AlE-active? To answer this question, we studied their photo-
luminescence (PL) spectra in THF/water mixtures with different
water fractions. As shown in Fig. 2 and Fig. S22 (ESIt), TPP-TPA
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Fig. 1 UV-vis spectra of TPP-TPA, TPP-2TPA and TPP-4PTA in THF.
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Fig. 2 (A) PL spectra of TPP-TPA in THF/water mixtures with different
water fractions; Aex = 363 nm; concentration: 10 uM. (B) Changes of
relative PL intensity of TPP—TPA, TPP-2TPA and TPP-4TPA in THF/water
mixtures with different water fraction.

emits at 498 nm in dilute THF solution. After the addition of a
poor solvent (i.e. water), the emission of the system weakened
with a red-shift of their peaks at the same time. Specifically,
more than 75% of its fluorescence intensity was quenched and
a bathochromic shift of about 34 nm could be discerned at the
water fraction (fy,) of 60%. Afterwards, a remarkable fluores-
cence enhancement with a blue-shift of peaks was recorded.
The decrease in fluorescence intensity and the red-shift of its
peaks are due to the twisted intramolecular charge-transfer
(TICT) effect of TPP-TPA in the gradually strengthened polar
mixed solvent of THF/water with a higher fraction of polar
water.'® Whereas, the enhanced emission and the blue-shifted
peak could be attributed to the aggregate formation due to the
worsened solvating power of the aqueous mixture and the lower
impact of the polarity of solvent on TPP-TPA. Simultaneously, the
rotation of the phenyl rings of TPP-TPA was greatly restricted in
the aggregate state, and thus the unique aggregation-enhanced
emission (AEE) occurred. The weaker emission of TPP-TPA in
the THF/water mixtures with f, of 80 and 90% compared with
that with f, of 70% is probably due to the difference in
aggregate morphology.”®

The similar D-A structures of TPP-2TPA and TPP-4TPA also
enable them to have ACQ plus AEE effects dominated by the
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TICT and RIR, respectively (Fig. S23 and S24, ESIt). Never-
theless, there are some evident differences between them
(Fig. 2B). For example, from TPP-TPA and TPP-2TPA to TPP-
4TPA, the enhanced molecular rigidity has greatly decreased
the solubility, and thus led to the formation of aggregates
at a lower fi. In addition, the AEE effect was discounted
obviously with the increase of TPA moieties because more
TPA groups attached to the TPP core might generate a larger
free volume, in which the rotation of the phenyl rings could not
be restricted efficiently after aggregation.>® This explanation
was proven by the absolute quantum yield (¢r) measurement.
The values of TPP-TPA, TPP-2PTA and TPP-4TPA in solid
states were recorded to be 35.2, 16.5 and 12.4%, respectively
(Table S1, ESIt).

Solvatochromism

The sensitivity of these TPP-based luminogens to polar solvents
was further confirmed by measuring their photo-physical prop-
erties in various organic solvents with different polarities.
The UV-vis spectra of TPP-TPA showed that its absorption
profiles changed little and were nearly free from the influence
of solvent polarity. Contrarily, distinct changes in emission
colour were observed in these luminogens. For example, when
TPP-TPA was dissolved in hexane, it emits a deep blue light
at 441 nm. However, further increase of solvent polarity remark-
ably red-shifted its emission. The bathochromic shift was
identified to be as large as 108 nm in solvents from hexane
to acetonitrile. Moreover, similar solvatochromism was also
observed in TPP-2TPA and TPP-4TPA (Fig. 3 and Fig. S25 and
S26, ESIY).

05
—— hexane
toluene B]
-~ dioxane

---= chloroform

—— hexane
----- toluene
--—— dioxane

- chloroform

--DMF
--=- acetonitrile

Absorbance (au)
Normalized PL intensity

0.14

280 320 360 400 440 380 440 500 560 620 680
Wavelength (nm) Wavelength (nm)

o Polarity
10 lﬂ .

3

Av10’em’”
L

TPP-TPA = 4
TPP-2TPA L | '
TPP-4TPA ' '

21 T T T T T T
000 0.05 010 015 020 025 0.30
Af

IS
| JloX ]

Fig. 3 UV-vis spectra (A) and normalized PL spectra (B) of TPP-TPA in
solvents with various polar parameters. (C) Plot of Stokes shift (Av) of TPP—
TPA, TPP-2TPA and TPP—4TPA versus Af of their solutions. (D) Photo-
graphs of TPP-TPA, TPP-2TPA and TPP-4TPA (from top to bottom) in
solvents with increased polar parameters (from left to right) taken under
the irradiation of 365 nm UV light.
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Subsequently, we quantitatively analysed the influence of
solvent polarity, characterized by Af, on the Stokes shift using
the Lippert-Mataga equation:*?

287

= W(ﬂe - Hg)2 + const.

AV = vap — Vem

Af = e—1 -1
2e+1 22 +1

where Av is the Stokes shift, # is the Planck constant, ¢ is the
speed of light, a is the radius of the chromophore, y. and pg are
the dipole moments in the excited (e) and ground (g) states, Af
is the solvent polarity parameter, and ¢ and n are the dielectric
constant and refractive index of the solvent, respectively.
According to the plots of Av vs. Af, TPP-TPA, TPP-2TPA and
TPP-4TPA exhibit notable positive slopes after linear fitting,
with their values deduced to be 13454, 12026 and 11827,
respectively (Fig. 3C). These results suggest that a very effective
intramolecular charge transfer process could take place from
the electron-donating TPA to the electron-withdrawing TPP
units in these luminogens.

Single crystal structure

The single crystal structure and relevant packing information
are crucial for further understanding the photo-physical beha-
viour of the molecules. Fortunately, a single crystal of TPP-TPA
(CCDC 1419384) suitable for X-ray diffraction analysis was
obtained by slow evaporation of the chloroform/methanol
mixture. Fig. 4 shows the ORTEP drawing of TPP-TPA and
the packing of adjacent molecules in the crystal cell. Owing to
the respective propeller-like and cone-shaped TPP and TPA
moieties, the whole molecule adopts a twisted conformation.
Moreover, the molecules are loosely stacked in an antiparallel
fashion, suggesting that TPP-TPA is a polar molecule. Mean-
while, this conformation also makes TPP-TPA easy to boost the
emission in the aggregate state as the intramolecular motion is
suppressed by the steric effect of adjacent molecules to open up
the irradiative transition channel.

Fig. 4 ORTEP drawing of TPP-TPA and the packing of adjacent mole-
cules in crystal cell.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Optimized molecular conformation and molecular orbital amplitude
plots of HOMO and LUMO energy levels of TPP-TPA, TPP—-2TPA and TPP—
4TPA. One of the two isomers of TPP-2TPA was used.

Theoretical calculations

To gain insight into the molecular structures of the TPP-based
luminogens, theoretical calculations were performed. Density
functional theory (DFT) with a B3LYP/6-31G (d) basis set was
used and the results of the molecular energy levels are shown in
Fig. 5 and Table S2 (ESIt). We can see that the electron clouds
of the HOMOs and the LUMOs of these luminogens are mainly
located on the TPA and TPP groups, respectively, demonstrating a
remarkable charge separation between the ground and excited
states. From the calculation, we can also conclude that the more
D-A pairs in the molecules, the more charge separation is involved,
which further confirms our observation and explanation about the
photo-physical properties of the TPP-based luminogens.

Electrochemical properties

Besides the theoretical evaluation, we also used a cyclic voltam-
mogram (CV) technique to measure their energy levels experi-
mentally. From the voltammogram curves shown in Fig. S27
(ESIY), the oxidization peaks with onset potentials of TPP-TPA,
TPP-2TPA and TPP-4TPA at 0.66, 0.57 and 0.47 eV, respectively,
could be easily observed in the positive scan direction, which is
responsive to electron-rich TPA moieties in these luminogens. The
more TPA groups involved, the greater the potential of oxidation
in these luminogens. We thus infer that the electronic properties
of the ground state are mainly controlled by the TPA moieties in
these luminogens.

From the CV measurements, the HOMO energy levels of TPP-
TPA, TPP-2TPA and TPP-4TPA were calculated to be —5.04, —4.95
and —4.85 eV, respectively. Such high values are comparable to
typical TPA derivatives and endow them with hole-transporting
ability. By subtracting the optical band gap energies (estimated
from the absorption spectra) from the HOMO energy levels, all the
LUMOs of them were deduced to be ca. 2.0 eV, which are much
higher than that of TPP (—2.58 eV) (Table S2, ESIt).
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Two-photon absorption

Molecules with D-n-A structures usually exhibit large two-
photon absorption cross-sections (orps). We thus measured
these values by employing a two-photon excited fluorescence
technique in the wavelength range of 700-900 nm. The results
show that TPP-TPA, TPP-2TPA and TPP-4TPA emit with peaks
at 532, 535 and 561 nm, respectively, upon exciting by a laser in
the wavelength range of 700-900 nm. These peaks are about
20 nm red-shifted compared to the one-photon excited fluores-
cence, which is probably caused by the system errors of varying
apparatus (Fig. S28, ESIT). Moreover, another important value
of orpa was also calculated. From Fig. 6, we can see that the orpa
values of the TPP-based luminogens changed with the molecular
structures as well as the excitation wavelengths. Furthermore, both
TPP-TPA and TPP-2TPA possess similar op, values, whereas that
of TPP-4TPA is almost twice as those of TPP-TPA and TPP-2PTA,
and the highest value of 480 GM was deduced. In addition, by
choosing arpa at 800 nm as a criterion, which is a mature and
most used laser source for biological imaging, the values of
TPP-TPA, TPP-2TPA and TPP-4TPA were found to be 80, 51, an
195 GM, respectively. It is worthy of note that these values are
still superior to those of coumarin and fluorescein, whose
values are generally in the range of 36-45 GM.*>’

Electroluminescence

Thanks to the high emission of TPP-TPA in the solid state, we
used it as an emitting layer to fabricate OLEDs. A typical triple-
layer device with a configuration of ITO/NPB (60 nm)/TPP-TPA
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (Device I) was fabricated, in
which NPB [N,N’-di(1-naphthyl)-N,N’-diphenyl-benzidine] func-
tions as the hole-transporting layer and TPBi [1,3,5-tri(1-phenyl-
1H-benzo[d Jimidazol-2-yl)phenyl] acts as the electron-transporting
layer. The results show that device I emits sky blue light at 482 nm
with its EL spectrum resembling the PL spectrum of TPP-TPA
in solid film, indicating that the charges could transport in
balance and excitations were successfully combined in the
emitting layer (Fig. 7A). Moreover, the device also performed
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Fig. 6 The plots of two-photon absorption cross-section (apa) of TPP—
TPA, TPP-2PTA and TPP-4TPA vs. excitation wavelength in dichloro-
methane. The concentrations of TPP-TPA, TPP-2TPA, TPP-4TPA are
6.37, 5.28 and 2.77 uM, respectively.

J. Mater. Chem. C, 2016, 4, 2901-2908 | 2905


http://dx.doi.org/10.1039/c5tc03299g

Published on 18 November 2015. Downloaded by Zhejiang University on 21/09/2016 13:54:29.

800

o] ﬂ - -.rl--ln;.

—8- Device | ol
—@-Device I ..l'. a6
. /
» 4 ;
J / M
o " W

—il— Device |
—@— Device Il

Luminescence (cdlmz)
"
%o
~
1N
8
Current Density (mA/cm’)

Normalized EL intensity
=
--.-_

b,

380 430 480 530 580 630 4 6 8 10
Wavelength (nm) Voltage (V)

Fig. 7 (A) EL spectra of devices | and Il using TPP-TPA as emitting layers.
(B) Luminescence and current density versus voltage characteristics of
TPP-TPA based devices.

Table 1 EL performance of devices based on TPP-TPA

;-EL Vonb Lmaxa "Ca nPa EQEu
(nm) V) (cd m™?) (edA™) (Im w1 (%)
I 482 3.7 17 459 5.49 3.18 2.88
I 476 4.0 4692 4.72 3.53 2.52

“ The maximum luminescence (Lmay), current efficiency (i7¢), power

efficiency (17p) and external quantum efficiency are the maximum values
for the devices. ? V,,, is the turn-on voltage at 1 cd m™>.

well with a turn-on voltage, maximum luminance, current
efficiency, power efficiency, and external quantum efficiency
of 3.7V, 17459 cd m 2, 5.49 c¢d A", 3.18 Im W' and 2.88%,
respectively, which are almost identical to the values for multi-
layer devices that used TPE-TPA as the emitting layer (Fig. 7B
and Table 1).'®

TPP-TPA possesses a high-lying HOMO energy level, which
is anticipated to possess good hole-transporting ability besides
serving as an emitting layer. We thus simplified the device
configuration by removing the HTL but thickening the emitting
layer to 80 nm (Device II, Table 1). Unfortunately, the device
performance is not as good as we expected although its EL
spectrum is quite similar to that of device I, suggesting that
other factors, such as molecular planarity and morphological
homogeneity, might be involved in influencing the hole-transporting
properties of TPP-TPA.

Conclusions

In this work, by covalently binding electron-donating TPA
moieties to an electron-accepting TPP core via Suzuki coupling,
three luminogens of TPP-TPA, TPP-2TPA and TPP-4TPA
were successfully obtained. Thanks to their D-n-A structures,
these luminogens exhibit multiple functional properties. They
possess large molar absorptivity, show strong emission inten-
sity in the solid state, demonstrate distinct solvatochromism,
and exhibit high two-photon absorption cross-sections. More-
over, these luminogens are thermally stable because of their
conjugated aromatic structures. Based on the high absolute
quantum yield (35.2%) of TPP-TPA in the solid state, a triple-
layer device using it as EML was fabricated, which gave high
performance with a low V,,, of 3.7 V, high Lyay of 17459 cd m™>

2906 | J. Mater. Chem. C, 2016, 4, 2901-2908

View Article Online

Journal of Materials Chemistry C

and a good EQE of 2.88%. This work not only furnishes a
promising platform for the preparation of TPP-based lumino-
gens with mutable structures, high emission, and multifaceted
functionalities, but also demonstrates the possibility of applying
these AlEgens in high-tech areas.
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