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A novel near ultraviolet (NUV) emitter with a meta-linked donor-acceptor (D-A) structure between triphenylamine (TPA) 

and phenanthroimidazole (PPI), mTPA-PPI, was designed and synthesized. This molecular design is expected to resolve the 

conflict between the non-red-shifted emission and the introduction of charge-transfer (CT) state in D-A system, aiming at 

NUV organic light-emitting diodes (OLEDs) with high-efficiency and colour-purity. Theoretical calculations and 

photophysical experiments were implemented to verify the unique excited state property in mTPA-PPI. The mTPA-PPI 

device exhibited excellent NUV electroluminescence (EL) performance with an emission peak at 404 nm, a full width at half 

maximum (FWHM) of only 47 nm corresponding to a CIE coordinate of (0.161, 0.049), and the maximum external quantum 

efficiency (EQE) of 3.33%, which was among the best results of NUV OLEDs. This work not only demonstrated the 

promising potential of mTPA-PPI in NUV OLEDs, but also provided a valuable strategy for the rational design of NUV 

materials by using meta-linked D-A architecture.  

Introduction 

Near ultraviolet (NUV) emitting materials have attracted 

considerable attentions because of their wide applications in 

the field of chemical and biological sensors,
1
 high-density 

information storage,
2
 and lighting sources.

3
 Furthermore, NUV 

emitting materials can also be utilized as host materials in 

doped organic light-emitting diodes (OLEDs), aiming at 

suppressing the aggregation- or concentration- caused 

luminescence quenching of fluorescent and phosphorescent 

emitters.
4
 Nevertheless, it is a great challenge to achieve high-

performance OLEDs based on NUV emitter, and the external 

quantum efficiency (EQE) of NUV OLEDs was usually less than 

2%, which could be mainly ascribed to the intrinsic wide band-

gap of NUV emitters that caused the unbalanced charge 

injection and charge transport in OLEDs.
3d,5,6

 

Constructing donor-acceptor (D-A) molecules is a most 

commonly used method to improve the charge injection and 

carrier transportation of organic semiconductor materials.
7
 

Especially, in some fluorescent D-A materials based OLEDs, 

triplet excitons have been demonstrated to be almost fully 

employed, and even more excellent performances were 

obtained in such OLEDs.
8,9

 D-A compounds usually possess 

weakly bound charge-transfer (CT) excitons which facilitate 

reverse intersystem crossing (RISC) process in the OLEDs. 

However, it is rather rarely reported that NUV OLEDs built 

upon D-A molecular architecture exhibited high efficiency and 

favourable colour-purity. For the reasons, firstly, in principle, 

D-A molecules are more suitable to design the narrow-band-

gap materials, for the significant decrease in excited state 

energy (or red-shifted emission) of CT state from donor to 

acceptor, or more delocalized π-π* state between weak donor 

and weak acceptor.
7e,10,11

 Secondly, CT state as an emissive 

state always leads to the broadened photoluminescence (PL) 

and electroluminescence (EL) spectra, which is unfavourable 

for high colour-purity of emission.
9g

 Thirdly, CT state usually 

exhibits a lowly efficient fluorescence, which is attributed to 

the nature of forbidden transition induced by the spatial 

separation between hole and electron wavefunctions. On the 

contrary, the locally excited (LE) state is qualified for the high-

efficiency fluorescence radiation due to the large orbital 

overlap.
9f,12

 However, CT state can provide RISC channel that 

improve exciton utilizing efficiency (ηs) in fluorescent OLEDs 

through a very small energy splitting between singlet and 

triplet states, which is proved to be an effective way to utilize 

triplet exciton energy in fluorescent OLEDs.
8,9

 Considering the 
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above issues, if CT and LE states could be reasonably combined 

into one D-A molecule, it would be possible to further greatly 

improve the efficiency of fluorescent OLEDs. That is to say, the 

low-lying LE state is in charge of efficient fluorescence 

radiation, wide band-gap and colour-purity, while the high-

lying CT state is responsible for the triplet exciton utilization 

through RISC process. Thus, this golden combination is surely 

beneficial to maximize the EL efficiency of NUV OLEDs, and it 

can be a novel strategy to design the NUV emitters with high 

efficiency (including high PL efficiency (ηPL) and high ηs) and 

good colour-purity by taking advantage of D-A structure. 

Meta-linked strategy has been adopted to construct wide-

band-gap materials in prior reports, e.g., meta-linked 3,5-

bis(N-carbazolyl)benzene (mCP) showed short emission 

wavelength with high triplet energy and was used as host 

matrix.
13

 Yang et al. also designed a series of meta-linked 

molecules which possessed wider optical and electrical band-

gaps than para-linked counterparts.
14

 In this work, we 

designed a new NUV molecule, diphenyl-[3'-(1-phenyl-1H-

phenanthro[9,10-d]imidazol-2-yl)-biphenyl-4-yl]-amine (mTPA-

PPI) with special meta-linked D-A structure, and it was 

synthesized by a one-pot cyclizing reaction followed by a 

Suzuki coupling reaction (Scheme 1). Compared to para-linked 

TPA-PPI ever reported,
 9a

 not only does mTPA-PPI show shorter 

emission wavelength and wider band-gaps, but also it 

possesses unique excited state properties. To rationalize our 

molecular design, the relationship between molecular 

structures, excited state properties and EL performances are 

further discussed and understood by a systematic comparison 

among the isolated PPI, para-linked TPA-PPI and meta-linked 

mTPA-PPI. 

Results and discussion 

Molecular design  

Ground state and excited state geometries 

As shown in Scheme 1, mTPA-PPI is composed of two moieties: 

triphenylamine (TPA) acts as the electron donor and 1,2-

diphenyl-1H-phenanthro[9,10-d]imidazole (PPI) as the electron 

acceptor.
7c,9a

 TPA is a good hole-transporting group due to its 

low ionization potential (IP), while PPI is a highly efficient NUV 

fluorophore with a very narrow full width at half maximum 

(FWHM).
7c,9a,15,16

 As an experience, we have reported a high-

efficiency blue fluorescent material TPA-PPI with the para-

linkage between TPA and PPI, but a large red-shift was 

observed in emission relative to the isolated PPI as a result of 

the greatly extended D-A conjugation.
9a

 Here, a meta-linked D-

A architecture is adopted to break the conjugation between D 

and A for obtaining the NUV emission from PPI moiety, 

corresponding to the realization of a non-red-shifted emission 

upon the introduction of CT state in D-A system. The ground 

state geometries of mTPA-PPI were optimized using density 

function theory (DFT-B3LYP) method at the basis set level of 6-

31g (d, p). PPI is substituted with TPA at meta-position of the 

bridging benzene ring to construct a non-collinear and twisted 

D-A molecule. It is noteworthy that the geometry of PPI moiety  

 

Scheme 1 Synthesis of mTPA-PPI (i: aniline, CH3COONH4, CH3COOH, reflux under N2 at 

120 ˚C oil bath for 2 h; ii: N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline, Na2CO3, Pd(PPh3)4, toluene, C2H5OH, H2O, reflux under N2 at 90 ˚C oil bath for 

48 h). 

in mTPA-PPI remains highly consistent with the isolated PPI 

upon the incorporation of TPA group (Table S1†). The highest 

occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) are localized on TPA and 

PPI moieties, respectively (Fig. S1†). It confirms that the meta-

linked mode is effective to interrupt the π-conjugation 

between D and A units. Thus, mTPA-PPI may be a bipolar 

molecule in favor of the balanced carrier transport in light-

emitting layer, in which TPA acts as hole-transporting group 

and PPI as electron-transporting group, respectively. 

The excited state geometries of mTPA-PPI were also 

optimized using time-dependent DFT method (TDDFT-B3LYP) 

at the same basis set level. From ground state to excited state, 

the large geometrical changes occur in PPI moiety of mTPA-PPI, 

which indicates that the PPI moiety may be an active 

chromophore in mTPA-PPI regardless of the introduction of 

TPA group. Furthermore, the very similar variation trend was 

observed between the PPI moiety of mTPA-PPI and the 

isolated PPI from ground state to excited state. For instance, 

the twist angle θ1 between bridging benzene and imidazol ring 

is greatly decreased from 32˚ to 13˚, which induces the more 

coplanar PPI moiety in excited state, as well as the bond R1 

that connects bridging benzene with imidazol ring is 

significantly shortened by about 0.04 Å. As a further 

comparison, from ground state to excited state, the twist 

angles between TPA and bridging benzene show a more 

significant decrease in TPA-PPI than in mTPA-PPI, leading to a 

more coplanar and more rigid TPA-PPI molecular backbone 

than mTPA-PPI (Table S1†). 

Excited state properties  

To describe the excited state properties of PPI, mTPA-PPI and 

TPA-PPI, the natural transition orbital (NTO) was adopted to 

analyze electron transition characters for both absorption and 

emission, respectively (Fig. 1, Table S2† and Fig. S2†).
17

 As 

shown in Fig. 1, both hole and particle are localized on PPI 

moiety for S1→S0 transition in mTPA-PPI, which are almost the 

same as those in isolated PPI. This indicates that the emission 

of the lowest singlet state (S1) of mTPA-PPI corresponds to the 

pure LE state of isolated PPI in vacuum gas phase, which is also 

confirmed by the nearly same emission wavelength between 

them. Exactly, this just meets the requirement of our 

molecular design, that is, the non-red-shifted and narrow 

FWHM fluorescence will be maintained in mTPA-PPI upon TPA 

incorporation into PPI. In addition, the CT state is found to still 

stay at high-lying excited state, e.g. the S4 state, which may 

contribute to a RISC channel in favor of high triplet exciton  
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Fig. 1 (a) Molecular structures. (b) NTO for S1→S0 transition in PPI, TPA

particle are given for the S1→S0 emission. 

conversion (Fig. S3†). Confidently, a golden combination can 

be reached to maximize the EL efficiency in OLEDs: the low

lying LE state is responsible for efficient fluorescence radiation 

with good colour-purity, while the high-lying CT state takes 

charge of the triplet exciton utilization through RISC process. In 

order to elucidate the benefit of meta

calculation on a para-linked D-A molecule (TPA

performed for the purpose of comparison. Both NTO hole and 

particle are delocalized on the whole TPA

both S0→S1 and S1→S0 transition, indicating an enhanced

electron delocalization of para-linkage along the extended π

π* excited state. In essence, this kind of delocalized excited 

state can surely result in a significant red-

and emission relative to the LE state of PPI. As a whole, 

compared with PPI and TPA-PPI, mTPA-PPI may be a very 

suitable candidate for the high-efficiency NUV material from 

DFT calculations, which is expected to be validated in the 

following experiments. 

Photophysical properties  

Initially, the ultraviolet-visible (UV-vis) and PL spectra of PPI, 

TPA-PPI and mTPA-PPI in diluted tetrahydrofuran (THF) 

solutions and vacuum-evaporated films were recorded to 

understand their basic photophysical properties (
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transition in PPI, TPA-PPI and mTPA-PPI. Herein, f represents for the oscillator strength, and the 

. Confidently, a golden combination can 

be reached to maximize the EL efficiency in OLEDs: the low-

lying LE state is responsible for efficient fluorescence radiation 

lying CT state takes 

utilization through RISC process. In 

order to elucidate the benefit of meta-linkage, the NTO 

A molecule (TPA-PPI) was also 

performed for the purpose of comparison. Both NTO hole and 

particle are delocalized on the whole TPA-PPI backbone for 

transition, indicating an enhanced 

linkage along the extended π-

π* excited state. In essence, this kind of delocalized excited 

-shift of absorption 

and emission relative to the LE state of PPI. As a whole, 

PPI may be a very 

efficiency NUV material from 

DFT calculations, which is expected to be validated in the 

vis) and PL spectra of PPI, 

PPI in diluted tetrahydrofuran (THF) 

evaporated films were recorded to 

understand their basic photophysical properties (see Fig. 2a to 

Fig. 2d). For the UV-vis spectra in Fig

from TPA-PPI, mTPA-PPI shows a

nm which is not significantly strengthened relative to PPI, 

arising from the main LE state absorption of PPI from NTO

analysis (Fig. S2†). However, upon the incorporation of TPA, 

mTPA-PPI shows the absorption band around 329 nm which is 

different from that of PPI, and some distinct characters exist at 

the high-lying excited states of mTPA

PPI. As a comparison, the para

significantly enhanced and broadened absorption 

360 nm relative to PPI and mTPA

extended D-A conjugation or the formation of low

state. As a consequence, due to the different linkage between 

TPA and PPI, mTPA-PPI makes a great difference at excited 

state properties in comparison with TPA

optical band-gaps of PPI, mTPA

solutions were estimated from the onset of abs

3.35 eV, 3.33 eV and 3.08 eV, respectively. From the UV

spectra in films (Fig. 2c), the similar absorption 

among three compounds were also observed. Based on above 

mentioned, mTPA-PPI is closer to PPI in terms of absorption 

properties than TPA-PPI. 

In Fig. 2d, the PL spectra of mTPA

measured in vacuum-evaporated film state. Both mTPA
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represents for the oscillator strength, and the percentage weights of hole-

vis spectra in Fig. 2a, obviously different 

PPI shows an absorption band around 360 

is not significantly strengthened relative to PPI, 

arising from the main LE state absorption of PPI from NTO 

upon the incorporation of TPA, 

shows the absorption band around 329 nm which is 

different from that of PPI, and some distinct characters exist at 

lying excited states of mTPA-PPI comparing to that of 

a comparison, the para-linked TPA-PPI exhibits a 

significantly enhanced and broadened absorption band around 

360 nm relative to PPI and mTPA-PPI, which is induced by its 

A conjugation or the formation of low-lying CT 

e to the different linkage between 

PPI makes a great difference at excited 

state properties in comparison with TPA-PPI. Additionally, the 

gaps of PPI, mTPA-PPI and TPA-PPI in THF 

solutions were estimated from the onset of absorptions to be 

3.35 eV, 3.33 eV and 3.08 eV, respectively. From the UV-vis 

2c), the similar absorption behaviours 

among three compounds were also observed. Based on above 

PPI is closer to PPI in terms of absorption 

2d, the PL spectra of mTPA-PPI and PPI were 

evaporated film state. Both mTPA-PPI 
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Fig. 2 (a) The UV-vis spectra of PPI, mTPA-PPI and TPA-PPI in diluted THF solutions (concentration is 1×10-5mol·L-1). (b) The PL spectra of PPI, mTPA-PPI and TPA-PPI in diluted THF 

solutions (concentration is 1×10-5mol·L-1). (c) The UV-vis spectra of PPI, mTPA-PPI and TPA-PPI in vacuum-evaporated films. (d) The PL spectra of PPI, mTPA-PPI and TPA-PPI in 

vacuum-evaporated films. (e) Solvatochromic PL spectra of PPI, TPA-PPI and mTPA-PPI with an increasing polarity of solvents (fhexane = 0.0012, fethyl ether = 0.167, ftetrahydrofuran = 0.210 

and facetonitrile = 0.305). (f) Linear fitting of Lippert-Mataga model (the solid circles, squares and pentagons represent the Stokes' shifts in different solvents, and the lines are fitted 

for solvatochromic models of the three compounds). 

and PPI exhibit NUV emission peaked at 408 nm and 395 nm, 

respectively. In contrast with single molecule in vacuum gas 

state, the 13 nm red-shift between mTPA-PPI and PPI can be 

ascribed to the solid state polarization effect.
18

 In the 

meantime, mTPA-PPI demonstrates a narrow FWHM of 48 nm, 

which is very similar to 51 nm of isolated PPI. Basically, mTPA-

PPI film maintains the NUV emission property from LE state of 

PPI. In fact, the ηPL values in evaporated films of mTPA-PPI and 

PPI are very close (35% and 40%, respectively). In addition, the 

obvious red-shift and serious trailing in PL spectra from 

solvents to film suggest an occurrence of strong intermolecular 

aggregation in PPI film. Nevertheless, PL spectrum of mTPA-PPI 
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film are almost the same as that in THF solution, indicating the 

solid state has a similar polarization effect on mTPA-PPI with 

that in THF (Fig. 2b). As a comparison, TPA-PPI film shows a 

largely red-shifted emission at 434 nm compared with mTPA-

PPI and PPI films. Consequently, the meta-linkage of mTPA-PPI 

is obviously superior to para-linkage of TPA-PPI in terms of 

designing NUV D-A materials. 

Secondly, in order to examine the excited state properties, 

the solvatochromic PL spectra of three compounds were 

systematically investigated (Fig. 2e). With the increase of 

solvent polarity, PPI shows almost no red-shifted PL spectra 

with clearly distinguished vibronic structure, corresponding to 

a common LE state character insensitive to the changing of 

polar environment. Compared with PPI, the PL spectra of para-

linked TPA-PPI exhibit a significant red-shift, a gradually 

broadened and gradually vanished vibronic resolution in PL 

spectra as the solvent polarity increases, indicating a typical 

characteristic of CT state, which is sensitive to the 

surroundings. Obviously, the PL peaks of TPA-PPI (405, 438, 

462 nm) are greatly red-shifted relative to those of PPI (364, 

369, 372 nm) from hexane, THF to acetonitrile, due to the 

extended D-A conjugation or the essence of low-lying CT state. 

Likewise, meta-linked mTPA-PPI also exhibits considerable 

solvatochromic effect, as shown in Fig. 2e. With an increasing 

polarity of solvents, the PL spectra of mTPA-PPI are red-shifted 

and broadened, accompanied by gradual disappearance of 

vibronic structure, revealing a substantial excited state 

transformation. Different from TPA-PPI, mTPA-PPI 

demonstrates nearly the same spectral shape and emission 

wavelengths as those of PPI in hexane, implying the highly 

consistent character (LE of PPI) of S1 state. Simultaneously, ηPL 

values of PPI and mTPA-PPI are very similar in different 

solvents (Table S3† and Table S4†). 

Moreover, in order to estimate the dipole moments of 

excited state (μe), the linear relation of Stokes' shift (va−vf) 

against the orientation polarizability f(ε,n) was fitted for PPI, 

TPA-PPI and mTPA-PPI, according to the Lippert-Mataga 

equation (Table S3† and Table S4†).
19

 From Fig. 2f, a good 

linear relation was obtained for PPI and μe was calculated to 

be 8.22 D through the linear slope, which indicates one single 

changeless emissive state as the solvent polarity increases, i.e., 

the usual pure LE state. However, TPA-PPI displays two-section 

linear relations with μe of 9.31 D and 20.21 D, corresponding to 

LE state and CT state, respectively. In the same way, mTPA-PPI 

also possesses μe of 7.78 D for LE state and 23.28 D for CT 

state. Differently, mTPA-PPI has a smaller μe of LE state and a 

bigger μe of CT state than those of TPA-PPI, corresponding to 

the pure LE state character in low-polarity environment and 

strong CT character in high-polarity environment, respectively. 

Based on the facts of the same vibronic structure feature in 

hexane and the very close μe of LE state in low-polarity 

solvents between mTPA-PPI and PPI, it is convinced that S1 

state of mTPA-PPI is in good accordance with that of PPI in 

low-polarity solvents. Besides, the phosphorescence spectra of 

PPI and mTPA-PPI were measured at 77 K, which indicated the 

same LE character in the lowest triplet state T1 (Fig. S5†). In a 

word, the meta-linked mode is feasible to realize a non-red- 

Table 1 The electrochemical and thermal properties of PPI and mTPA-PPI 

Materials Tg
a 

(˚C) 

Td
b 

(˚C) 

HOMOc 

(eV) 

LUMOc 

(eV) 

Eg
d 

(eV) 

PPI 64 348 -5.58 -2.02 3.56 

mTPA-PPI 120 467 -5.23 -2.09 3.14 

a Tg is glass-transition temperature. b Td is thermal-decomposition temperature at 

a weight percentage of 95%. c HOMO and LUMO levels were measured based on 

ferrocene as reference (Fc) (4.8 eV). d Eg (eV) = LUMO (eV) - HOMO (eV). 

shifted LE emission under the precondition of the introduction 

of CT state through D-A architecture. 

Electrochemical and thermal properties  

As a candidate for NUV emitter, the electrochemical property 

of mTPA-PPI was measured by cyclic voltammetry (CV) method 

together with PPI for the purpose of comparison. Basically, 

two compounds display almost the same LUMO levels (-2.02 

eV for PPI and -2.09 eV for mTPA-PPI) resulting from their 

same PPI group (Table 1 and Fig. S6a†). Nevertheless, the 

HOMO level of mTPA-PPI is greatly raised up to -5.23 eV 

relative to -5.58 eV in PPI, as a result of TPA acting as an 

electron donor to dominate electrochemical oxidation of 

mTPA-PPI. Although mTPA-PPI and PPI possess almost the 

same optical band-gaps, the electrochemical measurement 

presents quite different electrical band-gaps, 3.56 eV for PPI 

and 3.14 eV for mTPA-PPI, respectively. For the reason of 

separation of optical and electrical band-gaps, HOMO and 

LUMO of mTPA-PPI are separated and distributed over donor 

(TPA moiety) and acceptor (PPI moiety), respectively, which 

leads to forbidden electronic transitions, while both HOMO-1 

and LUMO of mTPA-PPI share large orbital overlap almost 

distributed over PPI moiety of mTPA-PPI, which results in 

allowed electronic transitions (Fig. S6b†).
 20

 Thus, the optical 

band-gap of mTPA-PPI is consistent with that of PPI. 

Additionally, thermal property of light-emitting material is 

also a key factor to affect the device stability. For mTPA-PPI, a 

glass transition temperature (Tg) and thermal decomposition 

temperature (Td) were measured as 120 ˚C and 467 ˚C, which 

were much higher than 64 ˚C and 348 ˚C of PPI, respectively 

(Table 1 and Fig. S7†). As we expected, mTPA-PPI exhibits 

much better thermal stability than its parent molecule PPI on 

the premise of unchanged emission colour, which will be in 

favour of NUV OLED stability. 

Electroluminescence performances  

To evaluate the EL performance of NUV material mTPA-PPI as 

emitter, the non-doped OLEDs were fabricated with the 

multilayer device structure (Fig. 3a): ITO/MoO3 (7 nm)/N,N'-di-

1-naphthyl-N,N'-diphenylbenzidine (NPB) (80 nm)/4,4',4"-

tri(N-carbazolyl)-triphenylamine (TCTA) (5 nm)/mTPA-PPI or 

PPI (20 nm)/1,3,5-tri(phenyl-2-benzimidazolyl)-benzene (TPBi) 

(40 nm)/LiF (1 nm)/Al (100 nm). The PPI OLED performance 

was also estimated with the same device structure for the 

purpose of comparison, and these two EL device performances 

are summarized in Table 2. Firstly, the mTPA-PPI device has a 

lower turn-on voltage of 3.2 V (recorded at the luminance of 1 

cd m
-2

) than the 3.8 V of PPI device, which can be ascribed to  
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Fig. 3 (a) Schematic energy level diagram of PPI and mTPA-PPI devices (dashed lines represent the HOMO and LUMO levels of PPI). (b) Luminance versus current density curves of 

PPI and mTPA-PPI devices. (c) External quantum efficiency versus luminance curves of PPI and mTPA-PPI devices. (d) EL spectra of a multilayered OLED based on PPI and mTPA-PPI 

as the emitters (the inset graph shows CIE coordinate of mTPA-PPI at 6 V).  

the easier hole injection in mTPA-PPI due to the incorporation 

of TPA group. Secondly, the PPI device demonstrates a 

maximum luminous efficiency of 0.71 cd A
-1

 and a maximum 

luminance of 3307 cd m
-2

 (Fig. S8a† and Fig. 3b).  

Compared with PPI, the mTPA-PPI device shows a higher 

maximum luminous efficiency of 0.84 cd A
-1

 and a larger 

maximum luminance of 4065 cd m
-2

 (Fig. S8c† and Fig. 3b). 

Based on EQE-luminance characteristics of two devices (Fig. 

3c), the mTPA-PPI device harvests a maximum EQE of 3.33%, 

which is significantly higher than that of PPI device (1.86%). In 

the meantime, the mTPA-PPI device exhibits the more 

excellent operation stability without roll-off but gradual ascent 

on EQE with the increasing luminance. Furthermore, the ηs can 

be estimated for both mTPA-PPI and PPI devices on the basis 

of the known ηPL values, maximum EQEs and two assumed 

parameters of the light out-coupling efficiency of 20% and the 

100% hole-electron recombination in the OLEDs. Thus, the ηs = 

48% in mTPA-PPI device is obtained, which breaks through the 

limit of ηs = 25% for conventional fluorescent OLEDs and is 

two-fold increase relative to 23% in PPI device. For the high ηs 

of mTPA-PPI device, the possibility of triplet–triplet 

annihilation (TTA) and thermally activated delayed 

fluorescence (TADF) seem to be excluded, in view of the linear 

growth of luminance-current density curve and the large 

energy distance (ΔEST ≈ 0.76 eV) between S1 and T1 (ΔEST was 

estimated from maximum peak of low-temperature 

fluorescence spectrum and the first vibronic peak of low-

temperature phosphorescence spectrum).
8,21

 Considering the 

nano-second timescale mono-exponential lifetime (Fig. S4†) 

and the high-lying CT state RISC channel in mTPA-PPI, we 

suppose the high ηs of mTPA-PPI could be attributed to the 

triplet exciton contribution from the RISC process along the 

possible “hot exciton” channel.
9
 

What is more, the mTPA-PPI device exhibits very excellent 

NUV EL with a Commission International de L'Eclairage (CIE) 

coordinate of (0.161, 0.049), and its EL peak value is at 404 nm 

with a narrow FWHM of only 47 nm, which is of very good 

colour-purity, as shown in Fig. 3d (our instrument, PR-650  
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Table 2 The comparison of device performances between PPI and mTPA-PPI 

Emitters λEL,max
a 

(nm) 

CIEb 

(x,y) 

Vturn-on
c 

(V) 

LEmax
d 

(cd A-1) 

PEmax
e 

(lm W-1) 

EQEmax
f 

(%) 

Lmax
g 

(cd m-2) 

PPI 412 (0.161, 0.065) 3.8 0.71 0.40 1.86 3307 

mTPA-PPI 404 (0.161, 0.049) 3.2 0.84 0.48 3.33 4065 

a Maximum peak of EL spectra. b Measured at 6 V. c Turn-on voltage recorded at the luminance of 1 cd m-2. d Maximum luminous efficiency. e Maximum power 

efficiency. f Maximum external quantum efficiency. g Maximum luminance. 

Spectroscan spectrometer, cannot detect the EL luminance 

signal below 380 nm). Interestingly, the EL spectrum of mTPA-

PPI has almost the same maximum wavelength as PL in 

evaporated film and no obvious trailing in long wavelengths, 

indicating that the formation of excimer or exciplex can be 

effectively suppressed in the EL process, other than some 

wide-band-gap light-emitting materials based devices.
7e,22

 It 

can be attributed to the branched meta-linkage that prevents 

it from the strong intermolecular interactions in light-emitting 

layer and its interfaces due to the twisted molecular backbone 

in mTPA-PPI. Also, the EL spectra of mTPA-PPI device are 

surely independent of driving voltages from 4 V to 9 V, 

revealing that the recombination of electron and hole is well 

confined within the emitter layer during EL process (Fig. S8d†). 

As a contrast, the PPI device also shows a NUV emission at 412 

nm with a FWHM of 48 nm and a CIE coordinate of (0.161, 

0.065), but it is really inferior to that of mTPA-PPI (the EL 

spectra under driving voltages from 4 V to 8 V are shown in Fig. 

S8b†). The inferior performance of PPI device probably derives 

from the close packing of PPI molecules in light-emitting layer 

and the strong intermolecular interactions at interfaces, as a 

result of the small volume and planar structure of PPI. 

Above all, to the best of our knowledge, mTPA-PPI is the 

one among the best NUV materials that have ever been 

reported, which exhibits a combination of a high-efficiency 

NUV EL, a narrow FWHM and a small y value of CIE 

coordinate.
3d,6

 Key data of the mTPA-PPI-based device and 

other high-performance violet/NUV light-emitting devices with 

EL wavelengths below 410 nm are listed together in Table S5†

for the purpose of comparison. The superior device 

performances of mTPA-PPI could be ascribed to the following 

facts: (i) the meta-linkage of mTPA-PPI gives rise to a LE 

emission like PPI, which inherits high ηPL and good colour-

purity of the parent PPI; (ii) the introduction of high-lying CT 

state promotes RISC process to enhance ηs in mTPA-PPI device; 

(iii) the rising HOMO level facilitates easier hole injection in 

mTPA-PPI layer due to the incorporation of TPA. Therefore, 

this meta-linkage between D and A is an ideal strategy to 

design next generation NUV materials for high-efficiency PL, 

high-efficiency exciton utilization and colour-purity OLEDs. 

Conclusions 

In summary, a special meta-linkage was adopted to construct a 

NUV D-A molecule, mTPA-PPI, in an attempt to harmonize a 

common conflict between the non-red-shifted emission and 

the introduction of CT state in D-A system. Quantum chemical 

calculations revealed that mTPA-PPI could be a very suitable 

candidate for high-efficiency NUV material, which possessed 

the nearly same LE state character and non-red-shifted 

emission relative to that of the isolated PPI. Furthermore, the 

following photophysical experiments confirmed the molecular 

design concept as mentioned above. The mTPA-PPI exhibited 

consistent PL spectra with those of isolated PPI in low-polarity 

solvents, and solvatochromic effect demonstrated the 

coexistence of low-lying LE state and high-lying CT state as we 

expected. Finally, the mTPA-PPI device exhibited high-

efficiency and colour-purity NUV OLED performances: a very 

high maximum EQE of 3.33% corresponding to a ηs of 48%, and 

a CIE coordinate of (0.161, 0.049) originating from an EL 

spectrum peaked at 404 nm with a narrow FWHM of 47 nm. 

This result is among the best of NUV OLEDs with the top 

efficiency of current records. In nature, a golden combination 

of excited states is responsible for the high-performance EL: 

the low-lying LE state contributes to high-efficiency, non-red-

shifted and good colour-purity PL, while the high-lying CT state 

enables high exciton utilization. Our results demonstrate the 

meta-linked D-A systems may be a kind of excellent EL 

materials to achieve the NUV OLEDs with high efficiency and 

favourable colour-purity. 
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