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1. Introduction

In the past decades, organic light emitting 
diodes (OLEDs) have achieved great suc-
cess in flat-panel displays because of their 
advantages of high-quality resolution, low 
cost, light weight, and flexibility.[1–5] How-
ever, the development of new generation 
displays urges to extend the spectrum of 
OLEDs from visible to deep/near-infrared 
red (DR/NIR, λEL  ≥ 650  nm) owing to 
their potential applications in optical com-
munication, information-secured displays, 
night-vision devices, and sensors.[6–8] Sim-
ilar to most OLEDs’ luminescent mate-
rials, the photoluminescence quantum 
yield (PLQY) in solid state and exciton uti-
lization efficiency (EUE) in DR/NIR emit-
ters are two main factors for achieve high 
electroluminescence (EL) efficiencies.[9,10] 
While in the classic donor–acceptor (D–A) 
strategy based on charge transfer (CT)-
dominated emission, the DR/NIR lumi-
nescence efficiency usually become very 
low, and their excitons tend to be wasted 
in nonradiative transition channel.[11]

Recently, a new building block named 
naphtho[2,3-c][1,2,5]thiadiazole (NZ) as 

electronic acceptor has attracted more and more attention 
in constructing DR/NIR emitters by coupling with different 
donors on its both sides. Integrating with its derivatives’ 
photophysical behaviors, OLEDs performance, and theoretical 
calculation, the hybrid localized and charge transfer (HLCT) 
mechanism plays an important role in their electrolumines-
cence process, and the efficient upper reverse intersystem 
crossing (uRISC) activation from triplet excitons to singlet 
ones has improved their internal quantum efficiency (IQE) 
and the radiative transition proportion.[9,12–15] For example, 
Yang group had realized 3.9% of external quantum effi-
ciency (EQE) in nondoped devices via optimizing symmet-
rical derivatives as emitters,[16] and Ma group fabricated two 
unsymmetrical emitters to achieve better performance with 
desirable internal quantum efficiency (IQE ≈ 100%).[17] Con-
trary to common NZ-based sandwich structures connecting 
two donors, Ma and co-workers also inserted an acceptor to 
one side, and the high-efficiency NIR devices with enhanced 
fluorescent efficiency and EUE were observed.[18] Regrettably, 
most of the substituted groups have some spatial hindrance, 
which would be benefit to inhibit the stronger intermolecular 
packing interaction for improving luminous efficiency in solid 
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sized. Their interesting characterization of hybrid excited states containing 
tuned local excited (LE) and CT components are confirmed, and the effective 
high-lying reverse intersystem crossing (RISC) channel might be activated 
because of their larger T2–T1 energy gap and smaller T4–S2 energy splitting. 
Thanks for their higher fluorescence quantum yields in film (24–38%), the 
TNZPs-based non-doped devices exhibit bright NIR emission with higher 
maximum radiance of 21447–36027 mW Sr−1 m−2, whose performance are 
better than most reported pure organic NIR devices. Enjoying deep analysis 
of their solvation effect and aggregation-induced emission (AIE)-activity, the 
doped organic light emitting diodes (OLEDs) are fabricated, whose perfor-
mances are very good with identical National Television System Committee 
saturated red-emitting behaviors. The results in TNZPs show that the 
electronic effect of molecule structure and intermolecular interactions all are 
relative to their performance, and which is very important for the design high-
efficiency NZ-based OLED materials.

Dr. Q. Wan, Dr. B. Zhang, Dr. Y. Li, Prof. Z. Wang, Prof. B. Z. Tang
Center for Aggregation-Induced Emission
Key Laboratory of Luminescence from Molecular Aggregates of  
Guangdong Province
State Key Laboratory of Luminescent Materials and Devices
South China University of Technology
Guangzhou 510640, China
E-mail: wangzhiming@scut.edu.cn; tangbenz@ust.hk
Dr. J. Tong
School of Petrochemical Engineering
Shenyang University of Technology
Liaoyang 111003, China
Prof. B. Z. Tang
Department of Chemistry
Hong Kong Branch of Chinese National Engineering Research Center  
for Tissue Restoration and Reconstruction
Institute for Advanced Study
and Department of Chemical and Biological Engineering
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, 999077 Hong Kong, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.201901520.

Adv. Optical Mater. 2020, 8, 1901520

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.201901520&domain=pdf&date_stamp=2019-12-18


www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901520  (2 of 9)

www.advopticalmat.de

but is not ideal for carriers transporting process in OLED 
operation.

Herein, we would introduce 1,2-diphenyl-
1H-phenanthro[9,10-d]-imidazole (PPI) unit as a large planar 
substitution group with bipolar characteristic to triphenylamine 
(TPA)-modified NZ derivative (TNZ) for enhancing carriers 
injecting/transporting capability, and TNZPPI was prepared 
firstly as shown in Figure 1, where, the PPI group would also 
increase brightness according to our previous report.[19] To 
demonstrate the importance of this planar group, the tert-
butyl group with different steric effect group was inserted to 
modify PPI, which would inhibit intermolecular stacking inter-
action between phenanthrene-based planes, and TNZtPPI 
and TNZ2tPPI were synthesized as two models. Combing 
with systematic spectral experiment and theoretical calcula-
tion of the three NZ-based new emitters (TNZPPI, TNZtPPI, 
and TNZ2tPPI), their unique HLCT feature and aggregation-
induced emission (AIE) activity were observed, and the dif-
ference of their excited state component dependent on envi-
ronmental polarity change were discussed in details. Luckily, 
TNZPPI and TNZ2tPPI all exhibited higher luminescence 
efficiency (>30%) in film than common NZ-based materials. 
Thanks for “hot exciton” channel activated in the EL process 
and effective carriers transport process after inserting PPI 
plane, the nondoped OLED device of TNZPPI achieved higher 
device efficiency of 2.48% with greater radiance efficiency of 
36 027  mW Sr−1 m−2 at electroluminescence (EL) of 686  nm, 
significantly better than its tert-butyl derivatives and most 
reported NZ-based materials. In doped devices, their Commis-
sion Internationale de L’Eclairage (CIE) of EL emission had 
reached the requirement of standard saturated red light (SSRL) 
devices with CIE of (0.67, 0.33) defined by the National Televi-
sion System Committee (NTSC). The EQE of SSRL device was 
achieved at 6.83% when the doped 10 wt% TNZPPI in the CBP 
host, which is the highest efficiency of SSRL devices at present. 
All results show that, it is a good strategy to insert multifunc-
tional plane substitutes for tuning NZ-based DR/NIR emitters, 
especially in improving OLEDs’ performance.

2. Results and Discussion

2.1. Synthesis and Characterization

Similar to most of NZ-based compounds, the targeted mole-
cules of TNZPPI, TNZtPPI, and TNZ2tPPI (uniformly named 
as TNZPs) were synthesized by multistep coupling reaction 
as shown in Figure S1 (Supporting Information). First, the 
core intermediate product of NZ unit was prepared via the 

cyclization reaction between 2,3-diaminonaphthalene and 
N-thionylaniline with a better yield of 77%,[14] and the subse-
quent bromination procedure (DBr-NZ) was operated using 
liquid bromine as Br-donating moiety with an optimized yield 
of 64%. After then, the commercial TPA-based boronic acid was 
introduced to connect with DBr-NZ, and the monosubstituted 
intermediate of TNZ-Br was obtained via classical palladium-
catalyzed Suzuki reaction. Alternately, three PPI-Br derivatives 
were prepared via tuning structures of corresponding aromatic 
amines (aniline, 4-tert-butylaniline, and 3,5-di-tert-butylaniline) 
as our previous reports, and their borate esterification (PPI-B) 
process were done with yields of 58–74% according to the lit-
eratures with slight modification.[20,21] Employing the Suzuki 
reaction again, three TNZPs were obtained, and purified by 
column chromatography, whose structures were confirmed by 
spectroscopical characterization using nuclear magnetic reso-
nance spectroscopy (Figures S21–S26, Supporting Information) 
and high-resolution mass spectrometry (Figures S2–S4, Sup-
porting Information).

2.2. Theoretical Simulation and Calculation

In order to discuss the effect of the introduction of TPA and 
PPI groups on the ground and excited states of NZ-based 
derivatives and the difference between three of them originated 
from tert-butyl groups modification, the density functional 
theory (DFT) and time-dependent DFT (TD-DFT) calculation 
were carried out by the M06-2X/6-31g(d,p) level.

The optimized geometries of TNZPs at ground state in the 
gas phase was shown in Figure  2, and their similar dihedral 
angles were observed at about 52° between the NZ group and its 
adjacent phenyl ring in TPA unit, but the other twisted angles 
between the NZ and another adjacent phenyl group of PPIs 
were increased from 53.7° to 56° due to the insert of tert-butyl 
segment with different pattern. Combining the propeller con-
formation of TPA, three TNZPs displayed comparative distorted 
conformation, which could inhibit stronger intermolecular 
interaction to some extent.[22] Interestingly, the dihedral angels 
between the phenyl group containing tert-butyl group at N1 sub-
stitution of PPI and the plane of phenanthrene derivatives dis-
played relatively irregular change. Comparing to TNZPPI, this 
dihedral angle of TNZtPPI gave a little increment, because of 
their similar substituent framework between phenyl and p-tert-
butyl phenyl group. While, the dihedral angle in TNZ2tPPI 
became smaller, it might be contributed to the interaction 
between hydrogen atoms in m-tert-butyl group and heteroatoms 
in NZ unit. Even so, the effect of introducing large steric effect 
group to inhibit intermolecular interactions from PPI unit had 
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Figure 1.  Chemical structure of TNZPPI, TNZtPPI, and TNZ2tPPI.
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been speculated as shown in Figure S5 (Supporting Informa-
tion). The distance between the parallel plane containing H in 
N1-substitutive phenyl group and PPI plane was about 1.86 Å, 
and was increased to 2.16 Å after inserting p-tert-butyl phenyl 
group. And the value became 4.21 Å when two m-tert-butyl seg-
ments inserted, which would effectively inhibit intermolecular 
stacking interaction, usually having positive effect on enhancing 
the fluorescence efficiency in aggregates.

To their electron distribution of the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) at ground state, there was little difference. The 
HOMOs all mainly dispersed at TPA and NZ group with some 
in phenyl and imidazole group of PIMs, implying TPA group 
might play a key role in asymmetric electron-donating substitu-
ents than PPI (weak donor in our previous reports).[20,23] The 
LUMOs located at NZ group with a little at two adjacent phenyl 
groups, and there was no significant effect on the electron 
distribution region after the introduction of tert-butyl group. 
Usually, this distribution of the HOMO and LUMO partially 
overlap was usually beneficial of enhancing PLQYs, at least in 
low-polar solvents (such as hexane). However, their ground 
state dipole moments increased from 4.54 D for TNZPPI, to 
4.93 D for TNZtPPI, to 4.95 D for TNZ2tPPI, respectively. If the 
NZ and PPI with different substituted groups were considered 
as a composite electron acceptor, their electron-withdrawing 
ability increased gradually, indicating the tert-butyl substituted 
compounds might have stronger intramolecular charge transfer 
(ICT) effect, which was unfavorable to luminous efficiency 
improvement at unimolecular level, and the conjecture would 
be confirmed by the subsequent solvatochromism effect.

In the previous NZ-based work,[3,16] NZ had been regarded 
as the key block to achieve high excitons utilization efficiencies 
(EUEs), showing good RISC capability via HLCT mechanism. 

Herein, the natural transition orbitals (NTOs) of S1–S5 and T1–T5  
orbitals of three TNZPs were further carried out based on 
TD-DFT at the M06-2X/6-31G(d,p) level for obtaining insight 
into the relationship between the structure and orbitals distri-
bution (Figures S6–S8, Supporting Information). Three TNZPs 
possessed similar electron structure at S1 state. The particles 
were centralized on the acceptor NZ unit, and the holes were 
dispersed on the TPA–NZ and adjacent phenyl ring, suggesting 
the coexistence of LE and CT components at S1 state. Unlike 
common DR emitters via enhancing D–A effect to increase the 
emission peak location, this hybridization local excited (LE) 
composition in their excited states increased significantly, which 
was crucial for improving the luminescence efficiency than CT-
dominant emitters. After then, the energy levels of the first five 
singlet and triplet states were further calculated (Figure S9,  
Supporting Information). Taking TNZPPI as an example, the 
large energy splitting between S1 (2.62  eV) and T1 (1.46  eV) 
was calculated as 1.16 eV (Figure 3), which could demonstrate 
unfavorable RISC process of T1→S1, and the potential thermal 
active delay fluorescence (TADF) process would become very 
difficult according to this value. As expected, a large energy 
gap (1.53 eV) between T2 (2.99 eV) and T1 (1.46 eV) state was 
observed, which would be benefit to suppress internal conver-
sion (IC) process from T2 to T1.[24] At the same time, the small 
energy difference (ΔEst  = 0.08–0.27  eV) between T4-2 and S2 
were shown, which could effectively facilitate the triplet exci-
tons to singlet ones conversion channel by uRISC process via 
suppressing the T2→T1 IC process according energy gap law. 
In addition, the high-lying levels of T2, T3, and T4 displayed 
LE-dominant hybridization composition or LE state, and the 
S2 showed CT-dominant HLCT hybrid state. Nevertheless, 
the coexistence of LE and CT states in the S2 and T4-2 states 
was also benefited to the uRISC process according to the 
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Figure 2.  Optimized geometry and HOMO/LUMO distributions of TNZPPI, TNZtPPI, and TNZ2tPPI in ground states. Blue arrow: the direction of 
dipole moment at ground state (simulated by M062X/6-31g(d,p) level using Gaussian 09 package).
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permissible spin–orbit coupling (SOC) between the singlet 
and the triplet states.[25–27] Therefore, these three factors (upper 
singlet–triplet excitons with permissible SOC characters, large 
T2T1 energy gap and smaller energy barriers) would generally 
enhance NZ-based molecules to enjoy good EUEs. The others 
(TNZtPPI and TNZ2tPPI) possessed similar NTOs and energy 
level distribution. Consequently, we believed that three asym-
metric substituted NZ-derivatives should be beneficial for high 
luminescence efficiency and suitable exciton conversion chan-
nels, well matched with the “hot excitons” channel principle, 
which was necessary for high-performance OLED emitters.

2.3. Photophysical Property

Based on the theoretical analysis of single molecule level 
above, some systematic spectral experiments were carried 
out in solution for discussing the ground- and excited-state 
optical properties of TNZPs. Although three TNZPs enjoyed 
more aromatic structures in the framework, they had good 
solubility in common organic solvents, such as hexane, tet-
rahydrofuran, and dimethyl formamide (DMF) at the con-
centration of about 10−5 m, but poor solubility in water. As 
shown in Figure S10 (Supporting Information), the same 
two main absorption bands in DMF were observed for three 
TNZPs. Herein, the first one located at 311 nm was contrib-
uted to the π→π* transition of conjugated aromatic skeleton, 
and the weaker one extends to 506  nm should be from ICT 
state due to their D–A structure as the above theoretical cal-
culations descripted. To their PL spectra, the TNZPs lumino-
gens in DMF exhibited DR/NIR fluorescence with maximal 
emission peaks of 662 nm for TNZPPI, 686 nm for TNZtPPI, 
and 685  nm for TNZ2tPPI, respectively. There was obvious 
20  nm red-shift after inserting tert-butyl group, implying 
some difference existed in their excited state of TNZtPPI and 
TNZ2tPPI than TNZPPI.

For comparing details of ground/excited-state properties 
along with the environmental polarity change, their absorption 
and PL measurements of three chromophores in various sol-
vents were collected (Figures S11 and S12, Supporting Informa-
tion). At the same time, their PLQYs and lifetime in different 

polar solvents were investigated, too (Tables S1–S3, Supporting 
Information). Accompany with the increase of environmental 
polarity, their absorption bands showed a little shift, implying 
the ground state was insensitive to solvent polarity. While to 
their excited-state properties, the obvious red-shift emission 
along with the decreased PLQYs was observed, indicating their 
excited-state was very sensitive to polar environment. Taking 
TNZPPI as an example, its emission peak location was shifted 
from 621 nm in low-polarity hexane to 662 nm in high-polarity 
DMF, and the 41  nm solvatochromic shift was given. While 
in the others, the shifts were extended to 67 nm for TNZtPPI 
and 66 nm for TNZ2tPPI, respectively. Generally, this red-shift 
caused by solvent polarity change was originated from the CT 
component increase in their respective lowest excited state, for 
LE component was unaffected by solvents according to HLCT 
theory.[9] To three TNZPs with similar framework, their LE 
state constitution seemed the same, and their obvious differ-
ence should be from the interaction intensity between donor 
(TPA) and acceptor (NZ+PPI) caused by the steric effect of tert-
butyl group instruction. Therefore, the redundant 25/24  nm 
red-shifted from TNZPPI to TNZtPPI/TNZ2tPPI demonstrated 
that the proportion of CT state increased faster in S1 after the 
introduction of tert-butyl group along with environmental 
polarity increasing, which was consistent with previous theo-
retical predication of their excited state dipole.

To clearly demonstrate the change above, the Lippert–Mataga 
model was used to evaluate the dipole moment (µe) of excited 
state by comparing slope of the stoke shift (va–vf) versus the 
polarity of organic solvents (f).[28] Where, the excited state µe 
was smaller and near to 10 D, and the LE state was dominant 
component to S1. If µe was larger than the typical CT molecule 
DMABN of 23 D,[29] the CT state was dominant component. 
Between the both, the mixed state was considered as a hybrid-
ized composition containing LE and CT component. As shown 
in Figure  4, three TNZPs all displayed nonlinearity assigned 
to two different linear correlation in low-polarity and high-
polarity solvents. In low-polarity solvent, they had similar and 
smaller straight-line slopes of 10.79 D for TNZPPI, 10.80 D for 
TNZtPPI, and 10.32 D for TNZ2tPPI, respectively, implying 
they did have similar LE state. While in high-polarity solvent, 
the fitted line yields their large slopes of 11.62 D for TNZPPI, 
15.32 D for TNZtPPI, and 18.60 D for TNZ2tPPI, respectively, 
demonstrating the CT component was enhanced at their 
respective excited state, where TNZtPPI and TNZ2tPPI were 
more sensitive to the environmental polarity than TNZPPI due 
to the effect of tert-butyl group insert, which was consistent to 
our speculation from calculation. Meanwhile, three DR emit-
ters’ efficiencies gave a significant decrease trend, and their 
PLQYs were decreased from about 80% in hexane to 3% in 
DMF, which was coincided with the increase of CT states above. 
In addition, the transient fluorescence and photoluminescence 
decay spectra of TNZPs were measured, and they all exhibited 
short fluorescent lifetime as shown in Figure S13 (Supporting 
Information), which could also eliminate the TADF possibility. 
Respectively, according to the low-temperature fluorescence 
and phosphorescence spectra at 77 K (Figure S14, Supporting 
Information), their low-temperature fluorescence peaks were 
closed to the room-temperature emission position, but the low-
temperature phosphorescent signal was difficult to be detected, 
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Figure 3.  The energy level and calculated HOMO/LUMO spatial distribu-
tion of TNZPPI.
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demonstrating that the low-lying T1 state was not easy to form 
by the IC process via photoexcitation or difficult detect in rou-
tine measurement.

The luminescence behaviors of three DR emitters in 
aggregates were further discussed. In neat film via vacuum 
evaporation preparation, three emitters still kept DR emis-
sion locations of 665–668  nm with good PLQYs (Figure S15, 
Supporting Information). Where, the fluorescence efficiency 
of TNZPPI was estimated about 38%, and was higher than 
common NZ-derivatives, implying our asymmetric modifica-
tion and the introduction of PPI could effectively improve the 
luminescence efficiency in aggregates. While in TNZtPPI, its 
QY decreased to 24%, which might be due to the increase of 
the CT state ratio giving higher negative effect on its emitting 

efficiency higher than the positive effect via inhibiting of 
molecular packing from tert-butyl group. When the inhibi-
tion from steric effect was further enhanced in TNZ2tPPI, the 
PLQY in film increased to 35% than single tert-butyl substitu-
tion, but it was still lower than TNZPPI. This phenomenon 
showed the electron effect at unimolecular level (LE and CT 
ratio distribution) became a more important factor in there, 
as well as inhibiting intermolecular interactions. The rational 
design of electron effect and inhibited intermolecular interac-
tion ensured these luminescence efficiencies in solid state at a 
high level in the field of DR emitters.[30–32]

The investigation about the change trend of luminescent 
behaviors under molecules aggregation process was also 
carried out. When water as poor solvent was added to DMF 
solution contained fluorophore with different proportion, the 
TNZPs would gradually aggregate into nanoparticles origi-
nating from hydrophobic interaction, and their PL emission 
intensity were obviously enhanced when water fraction (fw) 
arrived to 40% as show in Figure  5, indicative of their AIE 
activity (Figure S16, Supporting Information). In comparison, 
the improvement ratio of TNZtPPI and TNZ2tPPI changed 
obviously with about 25 and 60 times, but in TNZPPI, the 
change was only 3 times. That is why? In fact, comparing 
their dipole moment at ground state and CT component ratio 
at excited state, TNZtPPI and TNZ2tPPI had higher CT com-
ponent according to the above-mentioned Lippert–Mataga 
results, which usually was more sensitive to external polarity, 
similar to solvation effect above. When molecular aggregated 
into nanoparticles or films, the external higher-polarity DMF 
solvent field was replaced by the moderate polarity field pro-
vided by adjacent emitting molecules, and the enhanced inten-
sity in their emission should be predicted. Combining with the 
calculation of the radiative decay rate (Kr) and the nonradiative 
decay rate (Knr) in solution and film state (Table 1), the restric-
tion of intermolecular motion mechanism also gave some 
contribution for their AIE behavior,[33] especially in TNZtPPI 
and TNZ2tPPI, whose Knr decreased obviously. Based on the 
above information, the AIE activity of TNZPs was mainly due 
to environmental polar changes, in addition to molecular accu-
mulation factors. In comparison, TNZPPI and TNZ2tPPI had 
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Figure 4.  Linear correlation of polarity of solvent media with Stoke shift 
(va–vf) for A) TNZPPI, B) TNZtPPI, and C) TNZ2tPPI.

Figure 5.  A) PL spectra of TNZPPI in DMF/water mixtures with different water fractions. B) Plot of I (emission intensity)/I0 (emission intensity in DMF 
solvent) of TNZPs versus water fraction of the mixtures.
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showed similar excellent comprehensive performance with 
good luminescence efficiency, but the modification of tert-butyl 
group was of great significance to the study of structure–prop-
erties relationship, and the influence of reduced intermolecular 
packing interaction to the OLED performance would be clear 
for NZ-based materials.

For fabricating into OLED devices with good performance, 
three TNZPs’ thermal properties were measured by thermo-
gravimetric analysis and differential scanning calorimetry 
under nitrogen atmosphere (Figure S17, Supporting Informa-
tion). They all exhibited good thermal stability with decomposi-
tion temperature of more than 250  °C. And the TNZPPI and 
TNZ2tPPI showed higher glass transition temperature (Tg) of 
110 and 156 °C, and no obvious glass transition temperature 
was measured for TNZPPI, suggesting their good morpholog-
ical stability.

The electrochemical properties of emitters were measured 
by cyclic voltammetry in the CH2Cl2 and DMF solution con-
taining 0.1 m tetra-n-butylammonium hexafluorophosphate. As 
shown in Figure S18 (Supporting Information), three TNZPs 
showed similar oxidation and reduction process. TNZtPPI and 
TNZ2tPPI possessed same HOMO energy level (−5.41  eV), 
and this value was lower than TNZPPI (−5.24  eV). The same 
situation was occurred at the LUMO levels, and the TNZtPPI 
and TNZ2tPPI located at −3.40  eV, while improved slightly to 
−3.22  eV in TNZPPI. The result showed that the former two 
had more similarities, while the latter was different, which was 
consistent to the electron distribution in the calculation above. 
However, the electrochemical energy gaps of TNZPs were very 
close, about 2.01–2.05  eV, which was similar to the optical 
energy gaps (2.09–2.11 eV) calculated from absorption spectra, 
suggesting the consistency of optical and electrochemical band 
gap. Additionally, three TNZPs emitters showed excellent 
reversibility of oxidation and reduction procedure, suggesting 
that great electrochemical stability during the charge injection 
and transport in OLED devices.

Thanks to their satisfying PLQYs in solid, better thermal and 
electrochemical properties, the undoped OLEDs based on three 
pure organic DR/NIR emitters were fabricated with multilayer 
devices structure: ITO/HATCN (5  nm)/TAPC (60  nm)/emitter 
(20  nm)/TmPyPB (50  nm)/LiF (1  nm)/Al (120  nm) (Emitter = 
TNZPPI or TNZtPPI or TNZ2tPPI). 1,4,5,8,9,11-hexaaza-tri-
phenylene-hexacarbonitrile (HATCN) and LiF were used as the 
hole- and electron-injection materials, and 1,1′-Bis(di-4-tolylami-
nophenyl)cyclohexane (TAPC) was served as hole-transporting 
and exciton-blocking layers, and the 1,3,5-tri(m-pyrid-3-yl-phenyl)
benzene) (TmPyPB) was used as electron-transporting material 
(Figure 6A). The device results were summarized in Table 2.

The EL peaks of TNZPs were located at 678–686  nm 
(Figure S20, Supporting Information), and their CIE coordinates 
were located at (0.69, 0.30) or (0.69, 0.31), indicating their NIR 
emission behaviors in film have been well maintained in devices. 
All devices turned on at a low voltage of 2.9 eV, which was lower 
than common NIR-OLED devices,[16,18,34] implying the fabricated 
device structure had lower carrier injection barrier. Addition-
ally, the TNZPs-based devices possessed higher maximum 
red luminance of 1344–1938  cd m−2, demonstrating efficient 
injection, transport and recombination of holes and electrons 
(Figure  6C). Encouragingly, three TNZPs emitters all showed 
higher maximum radiance of 21 447–36 027  mW Sr−1 m−2, 
which was higher than most reported pure organic NIR devices 
reported up to now, demonstrating the instruction of PPI group 
was very meaningful to increase brightness.[12,35,36] All nondoped 
devices showed desirable efficiency, and TNZPPI-based device 
was superior to other two with maximal EQE of 2.48% (Table 2). 
Furthermore, TNZPPI exhibited very excellent comprehensive 
performance with PLQY of 38% in film, EQE of 2.48%@CIE 
(0.69, 0.30) and higher radiance of 36 027 mW Sr−1 m−2, which 
mainly originated from its special excited states distribution and 
composition, such as high ratio LE component in S1 and effec-
tive triplet–singlet conversion at upper energy level.[12,16,18,35–40]

Based on the analysis of their efficiencies in film and aggre-
gation process, the interaction between luminescent molecules 
had a significant effect on efficiency. So, the doped devices were 
employed, and their structure with different doping concentra-
tion were carried out as ITO/HATCN (5  nm)/TAPC (60  nm)/
CBP:emitters/TmPyPB (50 nm)/LiF (1 nm)/Al (120 nm), where 
emitters were composed of CBP host and the dopant of TNZPs 
was 5, 10, or 20 wt%. The performances of these doped devices 
were clearly listed in Table 2 (device D–L), and their PLQYs in 
doped film were listed in Table S4 (Supporting Information). 
While their corresponding EL spectra, curve of EQE versus 
brightness and current density–voltage–luminance (J–V–L) 
characteristics were provided in Figure S19 (Supporting Infor-
mation). Comparing to nondoped devices, all of doped OLEDs 
displayed the enhanced EQEs. Especially, at doping concen-
tration of 10 wt%, TNZPPI-based device with highest EQE of 
6.83% exhibited excellent red color with CIE coordination of 
(0.67, 0.33), which was consistent to SSRL standard from NTSC.

In addition, some more detailed information about aggre-
gation could be obtained from these doped devices. At doping 
concentration of 5 wt%, the luminescent molecules could be 
blocked by host materials, and their EQEs (6.56% for TNZPPI, 
6.52% for TNZtPPI, and 4.66% for TNZ2tPPI) had the same 
change trend as their efficiencies in low-polarity solution (89.7% 
for TNZPPI, 82.9% for TNZtPPI, and 79.4% for TNZ2tPPI in 
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Table 1.  The photophysical data of TNZPPI, TNZtPPI, and TNZ2tPPI.

Compounds λabs
a) [nm] λem

b) [nm] ΦF
c) [%] τd) [ns] Kr

e) [107 s−1] Knr
f) [107 s−1]

Soln Soln Film Soln Film Soln Film Soln Film Soln Film

TNZPPI 311/506 662 668 2.2 38 10.96 4.25 0.20 8.94 8.92 14.59

TNZtPPI 311/506 686 665 4.1 24 1.50 3.11 2.73 7.72 63.93 24.44

TNZ2tPPI 311/506 685 667 3.3 35 3.50 4.05 0.94 8.64 27.63 16.05

a)Absorption peaks, concentration: 10−5 m; b)Maximum emission wavelength, solution (Soln): DMF, concentration 10−5 m, Film: neat film with 80 nm; c)Absolute PLQY 
measured using an integrating sphere; d)Fluorescence lifetime; e)Kr = ΦF/τ; f)Knr = (1-ΦF)/τ.
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hexane), indicating that their excited states were less affected 
by the polarity field generated from other adjacent dopant’s CT 
states. While at doping concentration of 10 wt%, the distance 

between the guest luminescent molecules became narrower, 
and the interference between the lower CT component mole-
cules (TNZPPI) was not obvious, its EQE was enhanced with 

Adv. Optical Mater. 2020, 8, 1901520

Figure 6.  A) Diagram of the used materials in the devices. B) Curve of EQE versus brightness of devices. Inset: EL spectra of TNZPPI, TNZtPPI, and 
TNZ2tPPI. C) Current density–voltage–luminance (J–V–L) characteristics. D) Maximum radiance of TNZPPI, TNZtPPI, and TNZ2tPPI.

Table 2.  EL performances of undoped and doped OLED devices.

Devices λEL [nm] Von
a) [V] Lb) [cd m−2 ] Rc) [mW Sr−1 m−2] ηC

d) [cd A−1] ηP
e) [lm W−1] EQEf) [%] FWHMg) [nm] CIE(x, y)h)

A 686 2.9 1938 36 027 0.40 0.47 2.48 123 (0.69, 0.30)

B 686 2.9 1514 25 131 0.30 0.33 1.60 122 (0.69, 0.31)

C 678 2.9 1344 21 447 0.31 0.32 1.48 124 (0.69, 0.31)

D 642 3.5 2294 15 982 4.50 3.88 6.56 109 (0.64, 0.35)

E 642 3.7 2033 14 099 4.01 3.31 6.52 111 (0.64, 0.35)

F 642 3.7 1922 13 913 2.44 1.95 4.66 113 (0.65, 0.35)

G 648 3.7 2296 19 623 3.45 2.63 6.83 109 (0.67, 0.33)

H 654 3.7 699 6266 1.93 1.58 4.21 112 (0.67, 0.33)

I 654 3.7 1675 14 138 1.94 1.59 4.83 114 (0.67, 0.33)

J 666 3.1 2230 25 566 1.67 1.64 5.18 114 (0.67, 0.32)

K 660 3.3 1558 16 019 1.11 1.03 3.34 115 (0.67, 0.32)

L 664 3.1 1678 17 854 0.91 0.88 2.78 116 (0.67, 0.32)

a)Von is the turn-on voltage at 1  cd m−2; b)The luminescence (L); c)Maximum radiance (R); d)Current efficiency (ηc); e)Power efficiency (ηP); f)Maximal external quantum 
efficiency; g)Full width at half maximum (FWHM); h)CIE coordinates at 10 mA cm−2. Device configuration: ITO/HATCN (5 nm)/TAPC (60 nm)/emitter (20 nm)/TmPyPB 
(50 nm)/LiF (1 nm)/Al (120 nm). Emitters: TNZPPI (A); TNZtPPI (B); TNZ2tPPI (C); CBP: TNZPPI (5 wt%) (D); CBP: TNZtPPI (5 wt%) (E); CBP: TNZ2tPPI (5 wt%) (F); 
CBP: TNZPPI (10 wt%) (G); CBP: TNZtPPI (10 wt%) (H); CBP: TNZ2tPPI (10 wt%) (I); CBP: TNZPPI (20 wt%) (J); CBP: TNZtPPI (20 wt%) (K); CBP: TNZ2tPPI (20 wt%) (L).
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the dopant ratio increase. While to the higher component CT 
molecules (TNZtPPI), the interference between luminescent 
molecules became very significant, and its EQE of Device H 
gave a significant decline. In TNZ2tPPI, the EQE improvement 
of Device I was possibly due to its PLQY increment (47% in 
doped film) from the action of tert-butyl group. Lastly, at doping 
concentration of 20 wt%, the interaction between excited 
states of luminescent molecules was unavoidable, and their 
EQEs decreased as a whole, similar to nondoped system, but 
their performances were much better than that of devices in 
nondoped system. The detail results showed that, the doping 
process was an effective strategy to obtain better device perfor-
mance for materials with more CT components in its excited 
state of luminescent molecules, which could limit the unde-
sirable interference between dopants. In fact, three emitters 
all exhibited uniform color coordinates at the same concentra-
tion, demonstrating the introduction of tert-butyl group did not 
affect the band gap of luminescent core, and all emission was 
very stable and located at very valuable DR region with perfect 
higher radiance, which was very valuable for practical applica-
tion in DR OLEDs construction. The recent research progress 
about DR/NIR devices using HLCT-AIE fluorophores as emit-
ting layer is listed in Table S5 (Supporting Information), we can 
notice TNZP-based devices shows desirable device efficiency in 
both of nondoped/doped OLED devices.

To verify the predicted higher EUE from previous NTOs cal-
culation, we estimated the practical excitons utilization ratio 
(ηr) according to the equation (EQE = (γ  × ηr  × ϕPL) × ηout). 
Where γ was the excitons recombination efficiency, usually 
served as 100%; ϕPL was the fluorescent quantum yield of emit-
ters in neat film; ηout represented for the light out-coupling 
efficiency, regarded as 20% for the ITO glass substrate. For the 
most devices, we could consider that excitons achieved ideal 
recombination (γ  = 100%), the ηr of TNZPPI and TNZtPPI 
were respectively thereby calculated as 33% and 34% in the 
nondoped devices. However, the ηr of three emitters enhanced 
to 82% (TNZPPI), 62% (TNZtPPI), and 51% (TNZ2tPPI) in the 
doped devices with 10 wt% doped concentration. The enhanced 
EUE in the doped system suggests that doped method not 
only avoids fluorescence quenching, but also weaken interac-
tion between excitons. Importantly, the EUEs in the doped/
nondoped devices surpassed the 25% upper limitation of con-
ventional common fluorophores, demonstrating efficient “hot 
exciton” channel to improve the triplet excitons harvesting, 
which were well matched with theoretical simulation.

3. Conclusion

In summary, three new NIR luminogens based on TPA-mod-
ified NZ-framework were prepared after inserting a planar 
group of PPI as asymmetric substitution group, and the dif-
ferent pattern tert-butyl groups in PPI were also introduced to 
tuning intermolecular interaction between emitters. Employing 
quantum chemical calculations, their hybrid excited states 
of LE and CT components were confirmed, and the effective 
uRISC channel might be activated because of their larger T2–T1 
energy gap as well as smaller T4–S2 energy splitting, which 
could lead to the efficient triplet excitons conversion channel 

and be benefitted to enhance EUE in OLED operation. Thanks 
for systematic photophysical characterizations, their special 
excited state components changes were discussed deeply, and 
the emitters became more sensitive to external environmental 
polarity after inserting larger steric hindrance groups. Luckily, 
these new comers exhibited good NIR emission in film with 
higher PLQYs than common NZ-based derivatives, and enjoyed 
AIE activity when aggregating to nanoparticles from DMF solu-
tion. The efficiency of TNZPPI in film could reach to 38%, 
and its nondoped device realized higher EQE of 2.48%@
CIE (0.69, 0.30) and higher radiance of 36 027  mW Sr−1 m−2, 
whose comprehensive performance were obviously better than 
most reported NIR materials. Excitingly, TNZPs-based doped 
OLEDs with CBP as host exhibit excellent performance with 
identical NTSC saturated red-emitters standard, and enjoying 
higher EUEs for uRISC activated. Combining with a series of 
analysis, the structure–properties relationship of TPA modi-
fied NZ-based emitters become clear, the role of intramole
cular electronic effect of molecule structure and intermolecular 
stacking interactions all were relative to their performance in 
TNZPs-based materials, which was very important to design 
high-efficiency NZ-based DR/NIR fluorescent OLED materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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