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ABSTRACT: Organic light-emitting materials, especially those with two-phase high emission, have attracted considerable 
attention for applications in bioimaging agents, sensors, optoelectronic devices, etc. Many fluorophores applied in such fields 
either emit brightly in dilute solution or in aggregate state, with the former often suffering from aggregation-caused quench-
ing effect, and the latter falling dark at low concentrations. Herein, we overcame the dilemma by balancing the planar and 
distorted structures with various side units and achieved bright emission in both dilute solution (e.g., the absolute quantum 
yields (ФPL) = 90.2% in THF) and in aggregate states (e.g., ФPL=92.7% in powder state, ФPL = 95.3% in crystal). These lumi-
nescent materials are demonstrated as promising guests embedded into host matrix to achieve efficient room temperature 
phosphorescence, and these host-guest systems could be applied in the information encryption. Moreover, these luminogens 
could also be used as single-component emitting layers to construct non-doped organic light-emitting diodes, from which a 
maximum external quantum efficiency up to 4.75% with Commission International de L’Eclairge (CIE) coordinates of (0.15, 
0.05), which is neatest to next generation ultra-high definition television (UHDTV) display standard, was realized. This work 
provides a feasible strategy of balancing the planar and distorted structure of a luminogen toward highly efficient emission 
in both solution and solid states. 

INTRODUCTION 

Organic luminescent materials are the promising candi-
dates as organic light-emitting diodes (OLEDs),1-3 bioimag-
ing agents,4-5 sensors, memory devices6-8, etc. The fluoro-
phores with simple molecular structure, facile tunability 
and thermal stability are desirable for the construction of 
excellent molecular devices.9-12 However, traditional fluor-
ophores often suffer from the aggregation-caused quench-
ing (ACQ) effect, in which they emit intensely in dilute solu-
tion while exhibit weak or even no emission in aggregate 
state.13-15 In contrast, the luminogens with aggregation-in-
duced emission feature (AIEgens) are weakly or non-emis-
sive in dilute solution while emit brightly in aggregate 
state.16-20 Although these two phenomena are converse, and 
their luminescence principle are relative each other, it is 
meaningful and challenging to construct the fluorophores 
that emit strongly in both their solution state and aggregate 
state.  

Scientists have paid much efforts toward this goal. For ex-
amples, Stang et al. reported two tetragonal prismatic 

metallacages by using self-assembly chemistry to achieve 
intense emission in both single molecule and aggregate 
state.21 Yang et al. developed the self-assembled purely or-
ganic stack to produce bright fluorescence in two-phase 
states, which in turn overcomes the putative disadvantage 
of heavy metals complexes.22 However, the specific stereo-
geometry should be required for these self-assembly stacks. 
Besides the self-assembly chemistry, several molecular 
structural engineering was also performed for the construc-
tion of such two-phase highly emissive molecules. For in-
stance, Yuan, Zhang and Tang et al. designed two triphenyl-
amine derivatives with intense emission in isolate state (the 
quantum yield (ФPL) = 79.4% in DMF) and aggregate state 
(ФPL = 54.8% in crystal) via the conjugation-induced rigidity 
effect.23 Zhu and Zhao et al. prepared fluorophores by comb-
ing a planar diphenyldiacetylene core with distorted cy-
anostilbene unit, which emit intensely with ФPL of 98.2% in 
THF, but the emission became weaker with ФPL decreasing 
to 60.7% in solid state.24 Subsequently, Zhu et al. achieved a 
two-phase balanced fluorophore with thermally activated 
delayed fluorescence feature via a rigid-and-flexible alter-
nation design approach. Obviously, the ФPL values are both  
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Figure 1. Schematic illustration of combined structural engineering for the multifunctional two-phase high fluorescent ma-
terials. (A) Molecular design strategy for two-phase highly emissive fluorophores. (B) Two-phase high emission characteristic 
of the fluorophores. (C) The strategy used to develop efficient RTP materials with RTP host and RTP guest to construct a 
doping system, and these host-guest systems are applied in the information display and encryption. (D) The non-doped 
OLEDs fabricated by utilizing the high emissive fluorophores as emitting layers. 

lower than 35.3%.25 Therefore, it is quite difficult to simul-
taneously realize highly emissive fluorophores with ФPL val-
ues both higher than 90% in solution and solid state, and a 
simple and more accurate molecular design strategy is 
highly desired. 

Inspired by these elegant works, herein, a simple and ra-
tional molecular design strategy was proposed to obtain the 
luminogens with two-phase high emission. In consideration 
that substantial rigidity is needed to limit intramolecular 
motions 26-27, a planar terphenyl, a moiety with ACQ effect 
was selected as the core to construct highly emissive mole-
cules in solution state (Figure 1A).28 The terphenyl core 
with planar conformation can greatly limit intramolecular 
rotation and maintain the maximal electronic conjugation. 
On the other hand, since brightly emissive molecule in solid 
state requires considerable twisting conformation to pre-
vent the excimer formation, a twisted triphenylamine (TPA) 
was used to suppress intermolecular π-π stacking.29-31 
Moreover, cyano (CN) unit was also attached to terphenyl 
to achieve the donor-acceptor (D-A) molecules. The D-A 
fluorophores might also be planar in dilute solution due to 
the change of the bond length and conformation relax of the 
excited-state molecule, further enhancing their emission in 
solution state.24 Moreover, the intermolecular C−H···N hy-
drogen bonds in adjacent molecules can efficiently inhibit 
molecular rotation and improve molecular horizontal ori-
entation,32-33 which in turn improve their emission property 

in solid state. Furthermore, the side chains were added to 
the terphenyl core with the anticipation of altering molecu-
lar conformation to fine-turn their emission. 

Therefore, three terphenyl derivatives of 2PB-AC, 
2Me2PB-AC and 2T2PB-AC with the same D and A deco-
rated by different side chains were designed and synthe-
sized. Unlike the traditional ACQ fluorphores (ACQphores) 
and AIEgens, 2PB-AC, 2Me2PB-AC and 2T2PB-AC show 
strong fluorescence in their powder and crystalline states, 
as well as their solution states with absolute quantum yields 
higher than 90% (Figure 1B). Benefiting from their high 
emission efficiency in dilute solution, 2PB-AC, 2Me2PB-AC 
and 2T2PB-AC were demonstrated as the promising guests 
embedded into crystalline host and polymethyl methacry-
late (PMMA) matrix to achieve intense emission in such 
solid solution (Figure 1C). Furthermore, these doped sys-
tems also exhibit efficient room temperature phosphores-
cence (RTP), and can be applied in the information encryp-
tion, which provides a new platform to the development of 
purely organic RTP materials. Moreover, thanks to their su-
perior thermal stability and high emission efficiency in their 
solid states, three non-doped OLEDs were fabricated by uti-
lizing 2PB-AC, 2Me2PB-AC and 2T2PB-AC as single-compo-
nent emitting layers (EMLs) (Figure 1D). Among them, the 
2Me2PB-AC-based OLED exhibits a maximum external 
quantum efficiency (EQE) of 4.75% with Commission Inter-
national de L’Eclairge (CIE) coordinates of (0.15, 0.05), 



 

which is amenable to next generation ultra-high definition 
television (UHDTV) display standard.34,35 The strategy used 
in this work represents a concise but more precise ap-
proach for the construction of such highly emissive lumino-
gens in both solution and aggregate/solid states, which 
might further facilitate their practical applications. 
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Figure 2. Emission behaviors in solution state. (A) UV-vis 
and PL spectra of 2PB-AC, 2Me2PB-AC and 2T2PB-AC in 
THF solution. (B) PL peak and absolute quantum yields of 
2PB-AC, 2Me2PB-AC and 2T2PB-AC in solution. λex: 330 nm. 
Concentration: 10 μM. CNNPI is a traditional TICT molecule. 
Emission behavior in powder state. (C) PL spectra and (D) 
lifetime decay profiles of the emission band at 468, 415 and 
437 nm of 2PB-AC, 2Me2PB-AC and 2T2PB-AC powders, re-
spectively. λex: 330 nm. 

RESULTS AND DISCUSSION 

After confirming their structures spectroscopically, the 
photophysical properties of 2PB-AC, 2Me2PB-AC and 
2T2PB-AC were investigated in solution state. As shown in 
Figure 2A, the absorption bands located at 300-400 nm 
originate from the intramolecular charge transfer (ICT) 
transition.36 Notably, the absorption peak of 2MePB-AC and 
2T2PB-AC are slightly blue-shifted compared with that of 
2PB-AC, suggesting that their π-conjugation are weakened 
via the introduction of substituents in 2PB-AC. Upon excita-
tion, 2PB-AC, 2MePB-AC and 2T2PB-AC emit in blue and 
sky-blue region with peaks at 475, 460 and 483 nm in THF 
solution, respectively (Figure 2A). In comparison with 2PB-
AC (λem = 475 nm), the photoluminescence (PL) peak of 
2Me2PB-AC gives a 15 nm blue-shift, whereas a red-shift of 
8 nm is observed in the PL peak of 2T2PB-AC, which might 
be ascribed to the weaker π-conjugation and the extension 
of charge transfer (CT) component, respectively. It is worth 
noting that these compounds possess large Stokes shift (Δλ) 
of 118~179 nm. Moreover, as demonstrated in Figure 2B 
and S1, 2PB-AC, 2MePB-AC and 2T2PB-AC show distinct 
solvatochromism effect with bright emission in different 
solvents. For instance, 2PB-AC presents strong emission 
with PL quantum yields (ФF) higher than 83% in different 
solvents. The ФF of 2PB-AC, 2MePB-AC and 2T2PB-AC in 
THF were recorded to be 90.2%, 80.1% and 67.8%, respec-
tively. Interestingly, their ФF gradually increases along with 

red-shifted emission peak, which is different from the fluor-
ophores with twisted intramolecular transfer (TICT) fea-
ture,37-38 such as CNNMI.39 These different photophysical 
behaviors imply that these compounds emit from planar in-
tramolecular charge transfer (PICT) excited state instead of 
a TICT state.40 

To further understand their intense emission in dilute 
solution, the computational study was performed by using 
time-dependent density functional theory (TD-DFT). The 
optimized ground- and excited-state conformation, as well 
as the lowest unoccupied molecular orbital (LUMO) and the 
highest occupied molecular orbital (HOMO) of 2PB-AC, 
2Me2PB-AC and 2T2PB-AC, were plotted in Figure S2. Their 
HOMOs are mainly located on the triphenylamine moiety, 
with a slight delocalization onto the adjacent benzene ring, 
while their LUMOs are mainly concentrated on the ter-
phenyl and cyano groups (Figure S2A). The spatial separa-
tion of HOMO and LUMO could result in an effective ICT 
transition, which is also confirmed by their distinct solvato-
chromism effect. The molecular structure in the excited 
state exhibits a more planar conformation than in ground 
state, evidenced through the reduction of torsion angles 
(Figure S2B). The planar excited-state conformation can ef-
fectively suppress the molecular motions and open the ra-
diative decay channel, and thus a bright emission was ob-
served in dilute solution. Moreover, the ФF of 2Me2PB-AC 
decreases slightly compared with that of 2PB-AC in dilute 
solution, which is attributed to a more twisted molecular 
conformation due to the introduction of methyl-substitu-
ents. Furthermore, the introduction of sulfur atom can facil-
itate efficient intersystem crossing (ISC) process, which in 
turn further reduces the ФF of 2T2PB-AC in dilute solu-
tion.41,42 

Next, the photophysical properties of the powders of 2PB-
AC, 2MePB-AC and 2T2PB-AC were studied. As shown in 
Figure 2C, they emit in violet and blue region with peaks at 
468, 415, and 437 nm, respectively. In contrast with isolated 
molecule in THF solution, the emission peaks of 2PB-AC, 
2MePB-AC and 2T2PB-AC powder are considerably blue-
shifted, implying that a shorter conjugation length in solid 
state than that in solution.23 Notably, the ФF values of 2PB-
AC, 2Me2PB-AC and 2T2PB-AC powders are as high as 
92.7%, 68.1% and 53.2%, respectively. Above results indi-
cate that these compounds can emit brightly in both solu-
tion and aggregate states, which integrate the advantages of 
AIEgens and ACQphores. Moreover, as depicted in Figure 
2D, the PL decay spectra of 2PB-AC, 2MePB-AC and 2T2PB-
AC present a single exponential decay process with ideally 
short exciton lifetimes (~ns), which suggest they emit fluo-
rescence. To further confirm the process, the fluorescent 
and phosphorescent spectra of 2PB-AC, 2MePB-AC and 
2T2PB-AC powders were measured at 77 K to acquire ex-
perimental lowest excited single (S1) and triplet (T1) states 
(Figure S3). Their big experimental single-triplet energy 
splitting (∆EST) and short fluorescence lifetime might rule 
out the possibility of thermally activated delayed fluores-
cence. In addition, PL decay spectra of the emission band 
around T1 peak of 2PB-AC, 2Me2PB-AC and 2T2PB-AC pow-
ders were also investigated. Their PL lifetimes were de-
duced to be to 7.67, 3.63, and 1.81 ns, respectively (Figure  

 



 

 

Figure 3. (A) The guest-host strategy for the development of efficient RTP materials from fluorescent hosts and guests. (B) 
Fluorescence (blue line) and phosphorescence (yellow line) spectra of host-guest crystalline materials. Inset: photographs of 
guest/TPA materials with and without UV irradiation. (C) Phosphorescence decay curves of host-guest crystalline materials. 
Weight ratio of guest and host =1:100; λex: 330 nm. (D) Emission efficiency and RTP lifetime of host-guest crystalline materials. 

S4 and Table S1), further confirming that they are a group 
of fluorescent compounds. 

To further decipher their solid-state emission mechanism, 
the single crystal of 2PB-AC (CCDC 2095218) was grown 
successfully from a DCM/n-hexane mixture by a slow sol-
vent evaporation, and the crystal structure was analyzed by 
X-ray diffraction crystallography. The results show that 
2PB-AC possesses a planar conformation with angles in the 
range of 5-46°(Figure S5A). No close π-π stacking was 
found, but multiple intermolecular C-H···π interactions with 
distances of 3.052-3.808 Å between the molecules existed 
(Figure S5B). Moreover, the strong intermolecular C-H···N 
hydrogen bonds with a short distance of 2.645 Å were also 
observed in adjacent molecules. The multiple and strong in-
termolecular interactions can effectively rigidify molecular 
conformation and reduce non-radiative energy dissipation 
in their aggregate states.35,43 Therefore, 2PB-AC crystal 
gives bright blue emission with a high ФF of 95.3% (Figure 
S6). In addition, as depicted in Figure S7, the PL decay spec-
trum of 2PB-AC crystal exhibits a single exponential decay 
process with short exciton lifetimes (~ns), confirming that 
the 2PB-AC crystal also emits fluorescence. 

Benefiting from their high emission efficiency in dilute so-
lutions, 2PB-AC, 2MePB-AC and 2T2PB-AC can act as the 
guest embedded into crystalline host matrix with very low 
concentration to achieve bright emission in such solid solu-
tion. Meanwhile, the crystalline host matrix can effectively 
restrict the non-radiation transition of guest molecules, and 
in turn to achieve efficient room-temperature phosphores-
cence.44-48 Therefore, a facile strategy for realizing purely 
organic RTP was proposed by constructing the host-guest 
systems (Figure 3A). Wherein, TPA was used as a host ac-
cording to previous works.45,49 The results show that all the 
host-guest systems present visible afterglow when the UV 
light is turned off (Figure 3B and Videos S1-S3). The 1 wt% 
2PB-AC/TPA, 2Me2PB-AC/TPA and 2T2PB-AC/TPA blend 
systems emit deep blue light with peaks at 450, 422, 447 nm, 
respectively (Table S2). Their ФF values were also recorded 

to be 50.1%, 41.2% and 20.4%, respectively. Both host and 
guests exhibit bright fluorescence, while the 2PB-AC/TPA, 
2Me2PB-AC/TPA and 2T2PB-AC/TPA systems emit distinct 
phosphorescence with peaks at 548, 534 and 560 nm, re-
spectively. The fluorescence and phosphorescence of 2PB-
AC/TPA, 2Me2PB-AC and 2T2PB-AC/TPA systems both 
originate from the guests. The fluorescence lifetimes of 2PB-
AC/TPA (450 nm), 2Me2PB-AC/TPA (422 nm) and 2T2PB-
AC/TPA (447 nm) was deduced to be 3.04, 2.44 and 3.16 ns, 
respectively (Figure S8). Whereas, the RTP lifetimes of 2PB-
AC/TPA, 2Me2PB-AC/TPA and 2T2PB-AC/TPA systems 
were recorded to be to 224, 95, and 0.16 ms (Figure 3C and 
Figure 3D), respectively, resulting in the afterglow at differ-
ent time scales observed with the naked eye. 

 

Figure 4. (A) HOMO and LUMO energy levels of host (TPA) 
and guests (2PB-AC, 2Me2PB-AC and 2T2PB-AC). (B) The T1 
energy levels of the TPA and guests. (C) Proposed energy-
transfer path between guests and host.



 

 

Figure 5. (A) The guest-host strategy for the development of efficient flexible RTP material from non-emissive host and flu-
orescent guest. (B) Photographs of the phosphors taken at different time intervals before and after removing the excitation 
of a 365 nm UV lamp. (C) Steady-state photoluminescence of 2Me2PB-AC＠PMMA. (D) Phosphorescence spectra and (E) life-

time decay profiles of the emission band around 517 nm of 2Me2PB-AC＠PMMA before and after photo-irradiation for 40 s 
under ambient conditions. λex: 330 nm. Weight ratio of 2Me2PB-AC and PMMA =1:100. Samples were annealed at 90 °C for 2 
h.

To decipher emission mechanism of the host-guest systems, 
electronic properties of 2PB-AC, 2Me2PB-AC and 2T2PB-AC 
were measured to acquire the practical HOMO and LUMO 
energy levels by using cyclic voltammetry (CV). As shown in 
Figure S9, the HOMO values of 2PB-AC, 2Me2PB-AC and 
2T2PB-AC were estimated to be -5.17, -4.96, -5.16 eV, re-
spectively, whereas, their LUMO were deduced to be -2.66, 
-2.56, -2.66 eV, respectively, based on their oxidation and 
reduction onsets against Fc/Fc+ redox couple. The elec-
tronic property of TPA is also acquired from previous 
work.50 The HOMO and LUMO energy alignments of the host 
and guests were shown in Figure 4A. Moreover, S1 and T1 of 
host (S1,D and T1,D) and guests (S1,A and T1,A) were obtained 
from their emission peaks of fluorescence and phosphores-
cence spectra at 77 K, respectively (Figures S3, S10 and S11). 
The energy gaps between T1 of TPA and T1 of guests were 
plotted in Figure 4B. 

In addition, energy transfer and intermolecular interac-
tions between host and guest are also crucial for the RTP 
behavior of the host-guest systems. Therefore, the Förster 
resonance energy transfer (FRET) processes between host 
and guest were evaluated. A great overlap between emis-
sion of the host and absorption of the guests is observed 
(Figure S12), which confirms the FRET process existed in 
such systems. During the transfer process, TPA acts as an 
energy donor and 2PB-AC or 2Me2PB-AC or 2T2PB-AC 
serves as an energy acceptor.49,51-52 Moreover, electron spin 
resonance (ESR) spectra of the host-guest systems exhibit a 
strong signal with g-factor of 2.002 at 298 K (Figure S13). 

This value is close to that of a free electron (2.00232), indic-
ative of the existence of unpaired electrons and radicals 
during CT process in the host-guest systems.53 Therefore, 
the intermediate CT state also plays a key role in the host-
guest systems. 

Based on these results, the proposed emission mecha-
nism is depicted in Figure 4C. Taking 2PB-AC/TPA system 
as an example, singlet excited state is generated in TPA (S1,D) 
when the host-guest system is photoexcited. Since small 
HOMO and LUMO energy offset (ΔEHOMO-LUMO) of the TPA and 
2PB-AC will facilitate fast intermolecular electron transfer, 
the generated excitons are converted into the exciplex sin-
glet excited state (S1,E)44. Meanwhile, remaining excitons 
(S1,D) are fully converted into the singlet excited states (S1,A) 
through the efficient FRET process between TPA and 2PB-
AC. Therefore, the fluorescence of TPA was not observed in 
PL spectra of the host-guest systems, and the generated sin-
glet excited states (S1,A) emit strongly. Afterward, the gener-
ated exciplex singlet excited states (S1, E) effectively trans-
form into the triplet excited states (T1,E) because of the small 
energy gap between them. The T1,E value should be slightly 
lower than S1,E and higher than T1,A according to the 2PB-
AC/TPA fluorescence and 2PB-AC phosphorescence spectra. 
Therefore, T1,E could be quickly converted to T1,A via a CT 
process and gives an obvious phosphorescence.44 However, 
the intermolecular CT process might gradually be reduced 
with the introduction of substituents. Moreover, the large T1 
energy gaps between TPA and 2T2PB-AC are disadvantage  

 



 

 

Figure 6. Relative excitation energies, their corresponding hole and electron wavefunctions of 2PB-AC, 2Me2PB-AC and 
2T2PB-AC (Hole and electron wavefunctions are shown below and above in the schematic, respectively).

for intermolecular CT process between T1,E and T1,A. There-
fore, different RTP behaviors were found in the host-guest 
systems. 

Besides using the crystalline host matrix, rigid PMMA was 
also adopted to stabilize the triplet excitons for the con-
struction of efficient and flexible RTP systems (Figure 5A). 
After doped into PMMA matrix, only 2Me2PB-AC＠PMMA 
shows notable RTP behavior. Notably, after continue photo-
irradiation using a 365 UV lamp for 40 s, the phosphores-
cence of 2Me2PB-AC＠PMMA could last for more than 5 s at 
room temperature (Figure 5B and Video S4). As illustrated 
in Figure 5C, 2Me2PB-AC (1 wt%)＠PMMA exhibits a strong 
violet fluorescence with peak at 414 nm (ФF = 73.9%). In its 
delay emission spectra (Figure 5D, delay time = 0.1 ms), no 
obvious phosphorescence was found. This is because the 
phosphorescence of 2Me2PB-AC is almost quenched by O2 
in PMMA matrix.54 However, after photo-irradiation for 40 
s under ambient condition and the  same delay time, 
2Me2PB-AC＠PMMA exhibits a bright phosphorescence at 
517 nm (Figure 5D and S14). Its PL lifetime of emission peak 
at 517 nm were recorded at 2.39 ns and 331.97 ms before 
and after photo-irradiation under ambient conditions, re-
spectively (Figure 5E).  

To analyze the extraordinary phosphorescence behavior, 
the 2Me2PB-AC＠PMMA were placed in vacuum and air at-
mosphere, respectively. Only a strong green phosphores-
cence was observed by naked eyes under 365 UV light when 
it was placed in vacuum (Figure S15 and Video S5). In addi-
tion, 2Me2PB-AC also exhibits strong phosphorescence in 
THF solution at 77 K (Figure S16 and Video S6). Further-
more, phosphorescence property of 2Me2PB-AC was stud-
ied to further exclude the influence of molecule itself on the 
luminescence properties before and after photo-irradiation. 
The lifetimes of 2Me2PB-AC powder with emission peak at 
414 and 517 nm are almost no change before and after 
photo-irradiation for 40 s under ambient conditions (Figure 
S17), suggesting that the photo-activation phosphorescence 
of 2Me2PB-AC＠PMMA is not ascribed to the change of mol-
ecule itself, such as crystal movement.55 Above results indi-
cate that the rigid environment of PMMA matrix suppress 
the nonradiative decay of 2Me2PB-AC, thus making the 

doped system to show bright phosphorescence. Meanwhile, 
the photo-activated phosphorescence of 2Me2PB-AC＠
PMMA might be attributed to the consumption of residual 
O2 in PMMA matrix, which is sensitized by T1 state of 
2Me2PB-AC. 

Why did only 2Me2PB-AC＠PMMA present notable RTP be-
havior in these doped systems? As we well know, the funda-
mental requirement of the triplet emission is permitted to 
access the triplet excited state of the guests. Therefore, to 
have a deeper understanding of the ISC process of terphenyl 
derivatives, the excited state characteristics of 2PB-AC, 
2Me2PB-AC and2T2PB-AC were investigated by TD-DFT 
calculations (Figure S18). The main triplet states were eval-
uated below the S1 excited states because of thermodynam-
ically favorable ISC route.56 As shown in Figure 6, in 
2Me2PB-AC, two main ISC pathways were observed be-
cause of small ΔEst and followed E1-Sayed rule by close-ly-
ing S1-T2 and S1-T3.57 However, for 2PB-AC and 2T2PB-AC, 
the close-lying triplet excited states exhibit similar molecu-
lar orbital (MO) conformation compared with S1, implying 
that the E1-Sayed rule is not permitted. In addition, there is 
a big ΔEst between S1 and T1 of 2PB-AC and 2T2PB-AC. 
Therefore, no obvious RTP was observed for 2PB-AC＠

PMMA and 2T2PB-AC＠PMMA due to inhibited ISC process. 

Based on the photo-activation RTP feature of the fabri-
cated amorphous material, 2Me2PB-AC＠ PMMA can be 
used for information display and encryption through inkjet 
printing technology. As demonstrated in Figure 7A and 7B, 
eight patterns including different cartoon animals and flow-
ers were fabricated by using 2Me2PB-AC＠PMMA as ink, 
and then these patterns were dried at 90 °C for 2 h. These 
patterns show bright and clear green phosphorescence af-
ter photo-irradiation for 40 s under ambient conditions 
(Videos S7-S14). Such flexible and highly efficient RTP ma-
terials will be perfectly suitable for diverse applications, 
such as anti-counterfeiting, inkjet printing and information 
storage without complicated fabrication process. 

On the other hand, 2PB-AC, 2Me2PB-AC and 2T2PB-AC 
can also act as single-component EMLs to construct non-
doped OLEDs because of their high emission efficiency in 
aggregate states. To select appropriate device fabrication  



 

 

 

Figure 7. (A) Inkjet printing patterning. The designed images were superimposed on the substrate. Then, the RTP film were 
fabricated by inkjet printing process from the premixed solution. Finally, these films were drying at 90 °C for 2 h to finish the 
printing progress. (B) RTP photographs of eight patterns before and after continuous UV irradiation for 40 s. 

 

Figure 8. (A) Device structure. (B) Electroluminescence (EL) 
spectra of device B1-B3 at 3.0 V. (C) Current density -lumi-
nance-voltage (J-L-V) characteristics of devices B1-B3. (D) 
EQE versus luminance curves of the non-doped OLEDs 
based on these emitting materials. Device configuration: 
ITO/HAT-CN (5 nm)/TAPC (60 nm)/TCTA (5 nm)/EML (20 
nm)/TmPyPB (40 nm)/LiF (1 nm)/Al. The B1 refers to the 
device with EML of 2PB-AC; B2: 2Me2PB-AC, and B3: 
2T2PB-AC. 

technology, thermal stability of 2PB-AC, 2Me2PB-AC and 
2T2PB-AC were studied by differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA) measure-
ment. Td (the temperatures for 5% weight loss) of 2PB-AC, 
2Me2PB-AC and 2T2PB-AC were recorded as high as 360, 
339, and 373 °C, respectively, while their Tc (crystallization 
temperature) were deduced to be 194, 185, 220 °C, respec-
tively (Figure S19). These data reveal that 2PB-AC, 2Me2PB-
AC and 2T2PB-AC possess excellent thermal stability, which 

are suitable for OLED fabrication by the vacuum evapora-
tion technique. 

Moreover, the appropriate functional layers were se-
lected for the construction of non-doped devices according 
to the acquired HOMO and LUMO energy levels of 2PB-AC, 
2Me2PB-AC and 2T2PB-AC. Eventually, the device configu-
ration of ITO/HAT-CN (5 nm)/TAPC (60 nm)/TCTA (5 
nm)/EMLs (20 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al was 
used (Figure 8A), where 1,4,5,8,9,11-hexaazatriphenylene-
hexacarbonitrile (HAT-CN), bis(4-(N,N-ditolyl-amino)-phe-
nyl)cyclohexane (TAPC), tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) and 1,3,5-tri(m-pyridin-3-
ylphenyl)benzene (TmPyPB) were selected as the hole in-
jection, hole-transporting, exciton-blocking and electron-
transporting layers, respectively. The device with EML of 
2PB-AC, 2Me2PB-AC and 2T2PB-AC refers as B1, B2 and B3, 
respectively. The non-doped OLEDs emit in deep blue to 
blue regions with low operation voltage of 2.8-3.4 V (Figure 
8B and 8C). Meanwhile, as shown in Figure S20-S22, their 
electroluminescence (EL) spectra are very stable with the 
increase of voltage, indicative of good color stability of the 
devices. Non-doped devices B1 and B3 exhibit maximum 
EQE value of 3.04% and 4.99% with CIE (0.15, 0.26) and 
(0.14, 0.12), respectively. Notably, the 2Me2PB-AC-based 
non-doped OLED achieves a maximum EQE of 4.75% with 
CIE coordinates of (0.15, 0.05), which is nearest to CIE coor-
dinates (x, y) = (0.15, 0.046), defined by the UHDTV display 
standard blue color. The performances of non-doped de-
vices B1-B3 were summarized in Table S3. Moreover, the 
non-doped devices present a very low efficiency roll-off due 
to the activation of the nonradiative transition and inhibi-
tion of the nonradiative transition channels in film state, 
further confirming their excellent device performances 
(Figures 8D, S23 and S24). 

Conclusions 

A practical molecular engineering strategy has been devel-
oped by combining planar terphenyl and D-A structures 



 

with different side chains, which achieves the luminogens 
with high emission in dilution solution and aggregate state. 
The terphenyl core and CT feature make molecular confor-
mation more planar in the excited state, and thus the bright 
emission is observed in dilute solution. Moreover, the 
twisted TPA group jointed with cyano group can effectively 
restrict the molecular motions by forming the strong inter-
molecular interactions, which makes the compounds emit 
intensely in their powders. Furthermore, no obvious π–π 
stacking of 2PB-AC confirmed by crystal structure is crucial 
for avoiding the non-radiative decay to enable strong emis-
sion in crystal state. Taking advantage of high emission in 
dilute state, these luminogens can act as the guests embed-
ded into crystalline host and PMMA matrix to achieve effi-
cient RTP as well as be used in advanced-encryption appli-
cation. On the other hand, based on their superior thermal 
stability and high emission efficiency in solid states, excel-
lent non-doped OLED with maximum EQE up to 4.75% and 
CIE (0.15, 0.05) was achieved. Our work provides a feasible 
strategy for the construction of two-phase highly emissive 
luminogens, which might broaden their practical applica-
tions. 
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