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Aggregation-induced emission (AIE) has become a hot research topic. The generation of new AIE
luminogens (AlEgens) will further promote the development of the AIE area. Currently, AlEgens with
different emission colours have been reported. However, full-colour emissive luminogens based on a
single AIE core and the structure—property relationship are rarely reported. To tackle this challenge,
in this work, six tetraphenylpyrazine (TPP)-based luminogens DTPP, DTPP-Ph, DTPP-BT, DTPP-T,
DTPP-TO and DTPP-TBTT are rationally designed by varying the effective conjugation and donor—acceptor
units and facilely prepared under mild reaction conditions. The photophysical property investigation shows
that they exhibit bright blue to red emission in the film states, covering the whole visible light range.
Through systematic experimental investigations and theoretical calculations, their structure—photophysical
property, and the competition of restriction of intramolecular motion and intramolecular charge-transfer
are unambiguously elaborated. Moreover, DTPP-BT can be used as a reversible mechanochromic material
and an indicator to show the exciton recombination area in OLEDs. This work provides guidance for further
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Introduction

Recent years have witnessed the rapid development of organic
light-emitting diodes (OLEDs) in full-colour display and white
light emission. Efficient organic full-colour light-emitting materials
are in great demand." However, most traditional organic fluoro-
phores are highly emissive in dilute solutions, and their emission is
weakened or totally quenched in the aggregate or solid state. In
other words, these fluorophores suffer from the aggregation-caused
quenching (ACQ) effect, which has become a thorny obstacle for
their high-tech applications.”> To avoid the negative ACQ effect,
chemical, physical and engineering approaches have been adopted.
However, limited success has been achieved due to the natural
process of molecular aggregation.’

Instead of fighting against the molecular aggregation in
enhancing the emission of fluorophores, we found that molecular
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design of AlEgens with high efficiency and full-colour emission from a single AIE core.

aggregation can enhance the emission of luminogens in 2001.
Propeller-shaped molecules, such as siloles, are non-emissive in
dilute solutions but remarkably emissive upon the formation of
aggregates or fabrication into solid films. Accordingly, we termed
this unique phenomenon as “aggregation-induced emission
(AIE)”.>*%*> Through systematic experimental investigations
and theoretical simulation, restriction of intramolecular motion
(RIM),'® including restriction of intramolecular rotation (RIR)**"!
and restriction of intramolecular vibration (RIV),"> has been
rationalized as the mechanism of AIE. Under this guidance,
many AIE cores, like silole,” tetraphenylethylene (TPE),’ distyryl-
anthracene (DSA),” tetraphenylbenzene,®® tetraphenylpyrrole,®
multiphenyl substituted 1,3-butadiene® and others,’ have been
prepared and applied in optoelectronics, sensing, and biological
fields.

Recently, we made progress in developing another AIE core,
namely tetraphenylpyrazine (TPP), which combines the advantages
of TPE’s facile preparation and silole’s high thermal stability."®
Moreover, thanks to its easy functionalization, various substitutes
have been attached to TPP and versatile properties have been
realized. For example, the triphenylamine-modified TPP derivative
shows high performance as an emitting layer in OLED application
owing to its low electron affinity and good electron injection
ability."* By combining its aforementioned advantages, in this
paper, we further developed TPP-based luminogens and widened
their emission from the ultraviolet region at 390 nm to the
whole visible light by tuning the conjugation and attaching the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Scheme 1 Synthetic routes to TPP derivatives of DTPP, DTPP-Ph, DTPP-BT,
DTPP-T, DTPP-TO and DTPP-TBTT.

electron-donating groups, such as thienyl and phenyl groups,
and/or electron-accepting groups, such as benzothiadiazole
(BT) and thienyl dioxide (TO), where the intramolecular charge
transfer (ICT) will readily occur and in turn the emission is red-
shifted (Scheme 1). The strategy in this work provides guidance
for designing highly efficient and full-colour emissive luminogens
based on other AIE cores.

Results and discussion
Synthesis

The TPP derivatives of DTPP, DTPP-Ph, DTPP-BT, DTPP-T,
DTPP-TO and DTPP-TBTT were facilely prepared according to
the routes shown in Scheme 1 (the detailed synthetic procedures
and characterization data are given in the ESIt). The key inter-
mediate of 1 was synthesized by the reaction of TPP-Br,"*'* and
bis(pinacolato)diboron in a yield of 89.7%. Then, 1 was subjected
to react with TPP-Br or dibromo-substituted compounds of 2, 3,
4, 5 and 6 in the presence of the catalyst of Pd(PPhj;),, and DTPP,
DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and DTPP-TBTT were
readily generated, respectively. These TPP derivatives were fully
characterized by NMR spectroscopy and high resolution mass
spectroscopy, and satisfactory results corresponding to their
structures were obtained (Fig. S1-S20, ESIt). Moreover, these
compounds are soluble in commonly used organic solvents, such
as dichloromethane, chloroform, and tetrahydrofuran (THF), but
insoluble in water. They are also thermally stable. As shown in
Fig. S21A (ESIt), the temperatures of 5% weight loss of DTPP,
DTPP-Ph, DTPP-BT, DTPP-T and TPP-TBTT are as high as 402,
442, 496, 476 and 526 °C, respectively, whereas TPP-TO begins to
lose its weight at a temperature of 240 °C probably due to the
decomposition of thiophene dioxide. Moreover, their glass

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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transition temperatures (T,) were also measured (Fig. S21B,
ESIT). We cannot observe the T, of DTPP and DTPP-TO during
the testing process, whereas those of the others were recorded
ranging from 146 to 175 °C, implying that they exhibit enough
morphological stability in OLED application.

Photophysical properties

According to our design strategy, these luminogens should emit
light covering the whole visible wavelength range. Indeed, the
powders of these TPP derivatives emit blue to red light upon
irradiation with a UV lamp (Fig. 1). Since this is the first time to
realize the full-colour emission of TPP-based luminogens, we
systematically investigate their photophysical properties.

Fig. 2A shows the absorption spectra of these TPP-based
luminogens in THF. DTPP, DTPP-Ph and DTPP-T have similar
absorption profiles with peaks at 353, 354 and 385 nm, respectively,
while those of DTPP-BT, DTPP-TO and DTPP-TBTT exhibit two
absorption peaks with longer wavelengths at 403, 426 and 508 nm,
respectively. This difference could be ascribed to ICT process.
Although TPP has been proven to be an electron-withdrawing
group in our previous work,'*® no peaks associated with ICT
were found when the phenyl or thienyl group was inserted
between two TPP units, which is probably due to the structural
symmetry. However, when strong electron-accepting groups,
such as BT, TO and thienyl-BT-thienyl, are inserted, the ICT
process readily occurred, in which the TPP unit might serve as
an electron-donating group. These results suggest that TPP
might be potentially used as a bipolar moiety.

Next, the photoluminescence (PL) spectra of these luminogens
were measured to further distinguish their difference in the ICT
process. The results show that these luminogens emit in the
range of 430-612 nm in THF (Table 1, Fig. 2B and Fig. S22, ESIY).
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Fig.1 Photos of DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and
DTPP-TBTT in amorphous powders, taken under the illumination of (A) a
daylight lamp and (B) an UV lamp (365 nm).
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Fig. 2 (A) Absorption of THF solutions (10 uM) and (B) photoluminescence
spectra of films of DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and
DTPP-TBTT.
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Table 1 The photophysical properties of DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and DTPP-TBTT

Jem’/Mm D% /ns K° (107 s7Y) Ko (107 s7Y)
Compound Aabs” Soln Film Soln Film Soln Film Soln Film Soln Film
DTPP 353 430 418 0.9 16.9 0.41 0.53 2.2 31.9 241.7 156.8
DTPP-Ph 354 434 436 1.0 28.3 0.41 0.55 2.4 51.5 241.5 130.4
DTPP-BT 340, 403 509 506 79.5 62.1 3.19 1.81 24.9 34.3 6.4 20.9
DTPP-T 385 455 546 36.5 21.7 0.67 0.84 54.5 25.8 94.8 93.2
DTPP-TO 341, 426 529 552 55.2 33.3 1.98 1.47 27.9 22.7 22.6 45.4
DTPP-TBTT 370, 508 612 680 66.1 13.0 5.26 3.66 12.6 3.6 6.4 23.8

¢ Maximum absorption wavelength, concentration: 10 pM. ® Maximum emission wavelength, soln: THF solution, film: droplet film. ¢ Absolute

fluorescence quantum efficiency. 4 Fluorescence lifetime. ¢ K, = @g/t.’ K,

Interestingly, the emission of DTPP-T, DTPP-TO and DTPP-TBTT
in solutions is remarkably red-shifted compared to those in films,
whereas little change was found in the others.

TPP is a good AlEgen. Are TPP-based luminogens also AIE
active? To answer this question, we investigated their emission
behaviours in THF/water mixtures with different water fractions
(fw) (Fig. 3 and Fig. S23, ESIt). The results show that DTPP and
DTPP-Ph are weakly emissive in THF but their emission is
greatly intensified in THF/water mixtures with f,, of more than
50%, exhibiting typical aggregation-enhanced emission (AEE)
characteristics. Interestingly, as shown in Fig. 3A, with f, from 0
to 80%, the emission peaks of DTPP in THF/water mixtures are
blue-shifted from 430 to 421 nm. This phenomenon could be
attributed to the formation of nanocrystals as generally observed in
TPE-based systems,'® while the others exhibit a typical ACQ
effect. The absolute quantum yields (@) also confirm the PL
measurements. As shown in Table 1, AEE-active DTPP and
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Fig. 3 PL spectra of (A) DTPP, (B) DTPP-BT, and (C) DTPP-TBTT in THF/
water mixtures with different water fractions; Ae,: 353, 403 and 508 nm for
DTPP, DTPP-BT and DTPP-TBTT, respectively; concentration: 10 pM.
(D) and inset: plot of relative intensity of TPP-based luminogens versus
water fraction in THF/water mixtures. Iy refers to the original emission
intensity in THF.
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DTPP-Ph possess quite low @i (~1%) in THF solutions; however,
the values greatly increase to 16.9 and 28.3% in their film states,
respectively. The others show high @ in solutions, but the values
decrease upon fabrication into thin films.

These results indicate that for DTPP and DTPP-Ph, the RIM
process plays a crucial role in intensifying the emission in the
aggregate and film states, whereas for DTPP-BT, DTPP-TO, and
DTPP-TBTT, both RIM and ICT processes affect their emission
behaviours, and the latter is much stronger than the former. In
addition, the ACQ effect of DTPP-T that contains no strong
electron-accepting but donating thienyl group might be probably
due to the planarization of the structure, which is proved by
the red-shifted emission in solution compared to that in the
film state.

In order to further understand the photophysical properties
of these TPP-based luminogens, their time-resolved fluorescence
was measured in THF solution and film states (Fig. S24, ESIY),
and the radiative and non-radiative decay rates were calculated
and are listed in Table 1. Generally, the RIM process would lead
to the decrease of non-radiative decay rate (K,.). Thus, this
parameter is used to check the occurrence of the RIM process.

Compared with the transition rates in solution, the radiative
decay rates (K;) of DTPP and DTPP-Ph in the film state become
much larger. At the same time, the values of K, decrease.
These data imply that the improvement in the fluorescence
efficiency of DTPP and DTPP-Ph could be ascribed to the RIM
process. For DTPP-TO and DTPP-TBTT, the K, values become
smaller, while the K, values increase, indicating that the RIM
effect on the improved efficiency is far less than that of the ICT
process. As a result, they suffer from the ACQ effect. In addition,
as a special example, both K; and K, values of DTPP-BT in the
film state become larger simultaneously than those in the
solution state, suggesting that the RIM and ICT processes are
all active, and the effect of the latter is a little stronger than that
of the former. Moreover, for DTPP-T, both K, and K, values
decrease from the solution to film state, and the decrease of K,
is much faster than that of K,,;, which leads to the quenching of
its fluorescence.

Theoretical calculations

We also studied the intrinsic photophysical processes of these
TPP-based luminogens using density function theory (DFT) of
B3LYP with the 6-31G(d) basis set. As shown in Fig. 4 and
Table 2, the dihedral angles of periphery phenyl rings

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 4 The marks of the twisting angles in the optimized molecular
structures of DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and DTPP-TBTT.

connected with the pyrazine cores are around 36° in the
optimized TPP-based luminogens. This structural configuration
is beneficial for obstructing the intermolecular n-n stacking and
improving fluorescence efficiency in the aggregate state via the
RIM process.

However, the distribution of HOMOs and LUMOs in their
molecular structures is quite different (Fig. 5). For DTPP and
DTPP-Ph, their HOMOs and LUMOs are almost located on the
whole molecules, suggesting that the RIM process is a potential
and key factor in influencing radiation transition behaviors.
Meanwhile, the ICT process is negligible for DTPP and DTPP-Ph.
Thus, we can draw a conclusion that the AEE feature of these two
luminogens is due to the RIM process.

For DTPP-TO and DTPP-TBTT, obvious ICT processes take
place and a small amount of electron clouds are located on the
periphery phenyl rings. These results suggest that the PL is
dominated by the ICT process and RIM plays a less important
role. Hence, the @y values of DTPP-TO and DTPP-TBTT decrease
from the solution to film state. Similarly, a small amount of
electron clouds are located on the periphery phenyl rings of
DTPP-T as shown in Fig. 5. As a result, no obvious ICT process is
observed. However, the planar central structure of phenyl-thienyl-
phenyl moieties might facilitate the intermolecular interactions in
the aggregate state, which leads to the decrease in its emission.
This conclusion could well explain its aforementioned absorption
and emission behaviours.

Meanwhile, for DTPP-BT, the distribution of the HOMO and
LUMO implies the presence of the ICT process like DTPP-TBTT.
In addition, the electron clouds in the HOMO are also partially
located on the periphery phenyl rings like DTPP. These results
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suggest that both RIM and ICT processes influence its emission
in the aggregate state. The balance of these two competitive
processes makes DTPP-BT highly emissive both in solution and
film states."”

Mechanochromic properties

Among the prepared TPP-based luminogens, DTPP-BT displays
fluorescent mechanochromic behaviour. As shown in Fig. 7, the
as-prepared green emissive powder peaked at 502 nm could be
converted to a yellow emissive one with peak shifted to 518 nm
upon grinding using a pestle. Thus, the characters of “AIE”
could be clearly seen if written by the pestle. When fuming the
yellow emissive powder with CH,Cl,, it readily recovered to the
green emission. Moreover, this change is reversible without
distinct waveform variations of the two states (Fig. 8A). The
powder X-ray diffraction (PXRD) technique was used to reveal
the reason for the mechanochromic behaviour of DTPP-BT, and
the results indicate that this phenomenon occurs due to the
change in molecular packing modes.®” As shown in Fig. 8B, the
diffraction patterns of the as-prepared and the solvent fumed
powders clearly exhibit sharp and intense reflections, indicating
DTPP-BT form microcrystals. In contrast, the ground powders
do not exhibit any noticeable diffraction in the PXRD profile,
reflecting its amorphous feature.

Electrochemical properties

Cyclic voltammetry (CV) measurements were carried out to evaluate
the practical energy levels of these TPP-based luminogens. The
onset potentials of DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO
and DTPP-TBTT were deduced to be 1.34, 1.41, 1.38, 1.15, 1.45
and 0.93 eV, respectively (Fig. 6). The HOMO energy levels are
estimated from the onset oxidation potentials according to the
equation: HOMO = —(4.4 + Eypee) €V, and the LUMO energy
levels (LUMO = HOMO + E,) are determined by the optical band
gaps (Ey = 1240/Aonser, Where the Aoneec is calculated by onset
absorption).®>**” The HOMO energy levels were thus calculated
to be —5.74, —5.81, —5.78, —5.55, —5.85 and —5.33 eV, and the
LUMO energy levels are —2.61, —2.68, —3.08, —2.73, —3.35 and
—3.26 eV for DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and
DTPP-TBTT, respectively (Table S1, ESI). The LUMO energy
levels of these TPP-based luminogens are close to or even lower
than those of the widely used electron-transporting materials,
such as Alq; (—3.0 eV)'® and TPBi (—2.7 eV),'° suggesting that
they are promising candidates for OLED application.

Table 2 The twisting angles in DTPP, DTPP-Ph, DTPP-BT, DTPP-T, DTPP-TO and DTPP-TBTT

Twisting angle® (°)

Luminogens oy o o3 Oy oy’ oy’ oz’ oy B1 B2 0, 0,
DTPP 36.00 35.62 36.26 34.78 35.62 36.00 36.26 34.78 35.47

DTPP-Ph 35.95 35.84 36.05 35.11 35.92 35.83 36.29 34.62 35.93 35.26

DTPP-BT 36.04 35.53 36.28 34.80 35.88 35.50 35.91 35.11 34.74 34.61

DTPP-T 36.30 35.90 36.20 34.53 33.74 36.29 36.20 34.53 20.86 20.86

DTPP-TO 35.81 35.27 35.85 34.46 35.94 35.30 36.47 34.56 22.64 19.97

DTPP-TBTT 36.38 35.57 36.46 33.75 36.26 35.30 36.36 33.55 21.09 23.50 4.90 7.58

“ The marks of the twist angles are shown in Fig. 4.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 5 Optimized molecular conformation and molecular orbital
amplitude plots of HOMO and LUMO energy levels of DTPP, DTPP-Ph,
DTPP-BT, DTPP-T, DTPP-TO and DTPP-TBTT.
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Fig. 6 Cyclic voltammograms of DTPP, DTPP-Ph, DTPP-BT, DTPP-T,
DTPP-TO and DTPP-TBTT, measured in dichloromethane containing
0.1 M tetra-n-butylammonium hexafluorophosphate, scan rate: 100 mV s~*.

Electroluminescence (EL)

Thanks to the balance between the RIM and ICT processes of
DTPP-BT, it shows a high @y of 62.1% in the film state. We thus
used it as an emitting layer to fabricate the non-doped OLED
with the device configuration of ITO/NPB (60 nm)/DTPP-BT
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (device I), where N,N-bis(1-
naphthyl)-N,N-diphenylbenzidine (NPB) serves as the hole-trans-
porting layer, 2,2',2"-(1,3,5-benzinetriyl)tris-(1-phenyl-1-H-benzimid-

Fig. 7 Photographs of DTPP-BT in the pristine state and its ground or
solvent fuming samples under a UV lamp.
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Fig. 8 (A) Normalized PL curves of DTPP-BT with reversible grinding and
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and fuming treatments of DTPP-BT. (B) XRD profiles of DTPP-BT in
different solid phases.
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Fig. 9 (A) EL spectra of devices I-1V, and (B) the configuration diagrams of
devices Ill and IV.

azole) (TPBi) works as the electron-transporting layer, and LiF
functions as the electron-injecting layer.”® As shown in Fig. 9
and Table 3 (for details, please refer to Fig. S25, ESI}), device I
exhibits green EL at 520 nm with Commission International
d’Eclairage (CIE) chromaticity coordinates of (0.319, 0.543). The
maximum luminance (Lpax), POWeEr (1p max), CUrrent (fc max), and
external quantum (Vex,max) efficiencies of device I were measured
to be 3173 ¢d m™2, 0.77 Im W !, 1.25 c¢d A", and 0.4%,
respectively. To explain the relatively low performance of device
I, a more precise LUMO value of DTPP-BT was estimated from the
reduction potential in the CV curve (Fig. S26, ESIt), and this value
was deduced to be —3.38 eV, which is lower than the one
determined from the optical band gap (—3.08 eV). By comparison,
DTPP-TBTT and DTPP-TO were measured under the same
conditions, and the values were calculated at —3.39 eV and
—3.50 (Fig. S26, ESIf). The difference between optical band
gaps and electro band gaps of these luminogens might originate
from their stronger donor-acceptor conjugation effect. This
explanation is further confirmed by the red-shifted EL emission
of DTPP-BT from its film (506 nm) to device (520 nm). The more
accurate LUMO value also provides a more reasonable explanation
for the lower OLED performance.

Meanwhile, the low LUMO energy level of DTPP-BT makes it
potentially useful as electron-modified layer. To confirm this
hypothesis, we adopted tetraphenylethylene-furan (TPE-F), our
previously reported AIEgen from which excellent device perfor-
mance was achieved (device II in this paper),>* as an emitting
layer, DTPP-BT as an electron-injecting/transporting layer, and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Table 3 EL performances of non-doped OLEDs based on DTPP-BT and DTPP-T

Device Jpl® (nm) Vor” (V) L (cd m™2) ne? (ed A7) np’ (Im W) EQE (%) CIE (x, y)

I 520 3.8 3173 1.25 0.77 0.40 (0.319, 0.543)
I 508 3.3 24298 9.98 7.02 3.67 (0.244, 0.435)
I 518 3.8 8235 3.89 3.21 1.26 (0.276, 0.545)
v 508 4.2 4250 1.34 1.00 0.49 (0.252, 0.442)

% Jgn = EL maximum. ? V,, = turn-on voltage at 1 ¢d m ™2 ¢

Linax = maximum luminance. ¢ Nemax =

maximum current efficiency. ¢ 7p max =

maximum power efﬁciency.f Next,max = Maximum external quantum efficiency. ¢ CIE = Commission International de I’Eclairage coordinates.

TPBi or 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB) as a
hole-blocking layer to fabricate devices (III and IV). Device III
(configuration: ITO/NPB (60 nm)/DTPE-F (20 nm)/TPBi (10 nm)/
DTPP-BT (30 nm)/LiF (1 nm)/Al) and device IV (configuration:
ITO/NPB (60 nm)/DTPE-F (20 nm)/TmPyPB(10 nm)/DTPP-BT
(30 nm)/LiF (1 nm)/Al) exhibit good performance with bright
green emission as shown in Table 3. However, the areas of
exciton recombination in devices III and IV are different as
indicated by their EL peaks. In device III, the EL is peaked at
around 518 nm, which is similar to that of device I, implying
that the exciton recombination area might be in the DTPP-BT
layer instead of the emitting layer. In device IV, the EL emission
is peaked at 508 nm, which is similar with that of device II,
suggesting that the exciton recombination area is in the emitting
layer.

Since the difference of devices III and IV is mainly in the
hole-blocking layer of TPBi and TmPyPB, these results indicate
that DTPP-BT could be used as an indicator to show the exciton
recombination area and estimate the hole blocking capability
of some electron-modified materials.

Conclusion

In this paper, six TPP-based luminogens DTPP, DTPP-Ph, DTPP-BT,
DTPP-T, DTPP-TO, DTPP-TBTT were rationally designed via tuning
their conjugation and donor-acceptor units and facilely prepared
under mild reaction conditions. They exhibit blue, green, yellow and
red emission in film states, almost covering the entire visible range
upon UV irradiation. This is the first time to realize full-colour
emission based on the TPP core. Through systematic experimental
investigations and theoretical calculations, the structure-photophy-
sical property and the competition of RIM and ICT of these
luminogens have been unambiguously revealed. Luminogens with-
out ICT processes exhibit AEE features, whereas compounds with
ICT process show an ACQ effect, and the balance of the RIM and
ICT processes makes DTPP-BT highly emissive both in the
solution and film states. Moreover, DTPP-BT possesses reversible
mechanochromic effect and can be used as an indicator to show
the exciton recombination area in OLEDs. Thus, this work not
only further develops the TPP-based AlEgens but also provides
guidance for the construction of highly efficient and full-colour
emissive AlEgens with other AIE-cores.
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