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Abstract: Three donor-acceptor-donor type emitters of 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT were synthesized. Crystal structures for all compounds were 

determined by single-crystal X-ray diffraction analysis, showing that by introducing 

one or two methyl groups between the donors and acceptor, the spatial configuration 

changes greatly for 2MeTPA-BT and 2DMeTPA-BT compared to their parent 

compound 2TPA-BT. Density functional theory analysis reveals that the emission of 

2MeTPA-BT has a more obvious hybridized local and charge-transfer (HLCT) 

feature based on the influence of steric hindrance of methyl substituents. Attributed to 

their different spatial configurations and luminescence mechanisms, different 

emission wavelengths with high photoluminescent quantum yields (ФPLs) of 75.43%, 

93.43% and 89.63% in toluene solvent, as well as 44.76%, 52.19 and 33.87% in neat 

film were observed for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively. 

Furthermore, strong electroluminescence was observed with the emission peaks at 

602, 560 and 544 nm, maximum current efficiencies of 11.05 cd/A, 30.40 cd/A and 

25.02 cd/A, maximum power efficiencies of 6.01 lm/W, 23.67 lm/W and 20.37 lm/W, 

maximum external quantum efficiencies 4.43%, 8.47% and 7.29% for 2TPA-BT, 

2MeTPA-BT and 2DMeTPA-BT doped organic light-emitting devices (OLEDs), 

respectively. This work clearly illustrates the effect of spatial configuration changes 

on the luminescence properties of organic emitters.

Keywords: spatial configuration, hybridized local and charge-transfer, organic 

light-emitting diodes, electroluminescence, crystal structure.
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Introduction

Organic light-emitting diodes (OLEDs) have been heavily studied in the past few 

decades. To date, great progress has been made in the research of organic 

electroluminescent materials and the electroluminescence efficiency records of 

materials are constantly being refreshed.[1-5] According to spin quantum theory, the 

ratio of the singlet and triplet exciton is 1:3 for the composite processes. Therefore, 

harvesting 75% of the triplet exciton energy is the key factor to obtain highly efficient 

devices.[5-8] Phosphorescent complexes have attracted much attention because they 

can provide a transition channel from a triplet state to a ground state and can directly 

capture 100% internal quantum efficiency. Devices using phosphorescent complexes 

can usually achieve high luminescence efficiency. [9-11] For example, recently, Zheng 

et al. reported three cyclometalated iridium(III) complexes which achieved an 

extremely high photoluminescent quantum yield (ΦPL) over 90% in dichloromethane 

and maximum external quantum efficiency (EQEmax) over 30% in their related 

OLEDs.[2] However, metal complexes are commonly associated with air- and 

moisture-instability, environmental toxicity and high cost. In view of this, the design 

and synthesis of highly efficient, low cost and low pollution metal-free emitters is still 

a huge challenge.

Compared to phosphorescent materials, metal-free organic materials have garnered 

great research interest due to their advantages of fluorescent nature (to avoid the 

quenching of long-lifetime excitons), molecular diversity, low cost, and tunable 

energy gap, as well as the capability for mass production.[7, 12] New hybridized local 
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and charge-transfer state (HLCT) and thermally activated delayed fluorescence 

(TADF) materials have been proposed to harvest both singlet and triplet excitons and 

break the 5% EQE limit in OLED devices by controlling the excited state with both 

local excitation (LE) and charge transfer (CT) features and regulating orbital 

separation between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO).[13-18] For TADF, the value of S1–T1 energy 

gap (ΔEST) is the most important factor for the photophysical and electroluminescence 

properties. The smaller ΔEST is beneficial for harvesting the triplet excitons via 

reverse intersystem crossing (RISC). For HLCT emission, the intersystem crossing of 

excitons between triplet state Tm and singlet state Sn with close energy levels can also 

occur in the excited state. This state combines both local excited (LE) and charge 

transfer (CT) states into a special one, possessing two combined and compatible 

characteristics: a large transition moment from the LE state (cold exciton) and a 

weakly bound exciton from the CT state (“hot” exciton). 

Based on these luminescence mechanisms, scientists have developed many highly 

efficient metal-free electrofluorescent emitters. Generally, a large separation between 

HOMO and LUMO can decrease the energy gap of Tm and Sn, and increase the RISC 

rate, which is the key factor for HLCT emission.[19-22] Therefore, HLCT is often 

observed in intramolecular charge transfer (ICT) systems containing spatially 

separated donor (D) and acceptor (A) moieties.[23-30] Theoretically, the spatial 

geometry, especially the spatial arrangement between the D and A units, has a great 

influence on the distributions of HOMO and LUMO. Thus, regulating the spatial 
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distribution of D and A units is an effective strategy to obtain highly efficient 

electrofluorescent materials.

Considering the above considerations, to further validate our hypothesis, we use the 

traditional D-A-D type molecule, 2TPA-BT, as a reference. By wisely introducing 

sterically hindered methyl groups between the D and A units, two new chromophores 

of 2MeTPA-BT and 2DMeTPA-BT are designed and synthesized, where 

triphenylamine (TPA) and benzothiadiazole (BT) are used as the D and A units, 

respectively. Figure 1 shows their chemical structures. Due to the steric hindrance, the 

torsional angles of the D and A units of the three molecules are quite different. 

Torsional angles between D and A units of ~ 32°, ~ 58° and ~ 84° are observed for 

2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT by single-crystal X-ray diffraction 

analysis. Further density functional theory (DFT) analysis reveals that the emission of 

2MeTPA-BT has more obvious hybridized local and charge-transfer (HLCT) feature 

based on the influence of steric hindrance of methyl groups. Attributed to their 

different spatial configurations and luminescence mechanisms, different emission 

wavelengths with high photoluminescent quantum yields (ФPLs) were observed in 

both organic solvents and neat film of 2MeTPA-BT and 2DMeTPA-BT. Moreover, 

the corresponding OLEDs displayed strong electroluminescence (EL) with high 

efficiencies. Our work clearly illustrates the effect of spatial configuration changes on 

the luminescence properties of the organic emitters.
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Figure 1. Chemical structures of 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT. 

Results and discussion

Synthesis and thermal stability

The starting materials 1-tert-butyl-4-iodobenzene, 4-bromo-3-methylbenzenamine, 

4-bromo-3,5-dimethylbenzenamine,4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzo[c][1,2,5]thiadiazole (BT-2Bpin) and 

N-(4-bromophenyl)-4-tert-butyl-N-(4-tert-butylphenyl)benzenamine (TPA-Br) 

(Figure S1), as well as the solvents, were purchased commercially and used as 

received. All manipulations involving air-sensitive reagents were performed under 

nitrogen. Compounds of MeTPA-Br and DMeTPA-Br were synthesized by the 

Pd-catalyzed C−N cross-coupling reactions.[31] The final products of 2TPA-BT, 

2MeTPA-BT and 2DMeTPA-BT were prepared using the common Suzuki coupling 

reaction using Pd(PPh3)4 catalyst.[32] All the new intermediates and final products 

were characterized using NMR (1H and 13C) spectroscopy and mass spectrometry, 

confirming their well-defined chemical structures. Detailed synthesis methods are 

provided in the supporting information. 

Figure 2 shows the results of thermogravimetric analysis for these emitters under a 

N2 atmosphere, and the related data are given in Table 1. The decomposition 

temperature (Td) was found to be 471 °C, 460 °C and 448 °C for 2TPA-BT, 

2MeTPA-BT and 2DMeTPA-BT, respectively, at 5% weight loss, which reveals that 
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these organic emitters have sufficiently high thermal stability useful for the 

fabrication of OLEDs.

Figure 2. Thermogravimetric analysis curves for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT.

Crystal structures

Crystals of all final products were obtained by slow diffusion of methanol into their 

dichloromethane (DCM) solutions. Figure 3 shows the front view and side view of the 

thermal ellipsoid drawings from X-ray analysis. All of the emitters displayed a highly 

twisted molecular conformation with torsional angles between D and A units of ~ 32°, 

~ 58° and ~ 84° for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT due to the presence 

of the methyl groups, which affect the degree of conjugation, resulting in different 

emission wavelengths. There are intramolecular and/or intermolecular C-H···N 

hydrogen bonds for these emitters. For 2TPA-BT, hydrogen bonds were formed 

between the nitrogen atom on the BT group and hydrogen atoms on the TPA group of 

intramolecular and adjacent molecule with distances of 2.566 and 2.885 Å (Figure 

 



 

3a). For 2MeTPA-BT, intramolecular C-H···N hydrogen bonds were formed between 

one of the nitrogen atoms on the BT group and hydrogen atom on the benzene ring, as 

well as the hydrogen atom on the methyl group of the TPA group with distances of 

2.577 and 2.481 Å. Furthermore, due to the influence of steric hindrance of the methyl 

substituent, the hydrogen atoms on the phenyl ring and methyl group of the TPA 

group has a closer distance of 2.441 and 2.543 Å than that of 2TPA-BT to the 

nitrogen atom of the neighboring molecule, which can form stronger intermolecular 

C-H···N hydrogen bonds (Figure 3b), which also has a favorable influence on the 

luminescent properties. For 2DMeTPA-BT, the huge torsional angles between the D 

and A units lead to large distances of 3.871 and 6.770 Å between the nitrogen atom on 

the BT group and the hydrogen atom on the methyl group of intramolecular and 

intermolecular TPA, which only formed weak intramolecular C-H···N hydrogen 

bonds (Figure 3c). The crystal data and structure refinements for all emitters are 

summarized in Table S1.
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Figure 3. Thermal ellipsoid plots with 30% probability. The hydrogen atoms are omitted for 
clarity. (CCDC no. 1890911, 1890912 and 1890913 for 2TPA-BT, 2MeTPA-BT and 
2DMeTPA-BT, respectively.) 

Electrochemical properties

Cyclic voltammetry (CV) curves for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT 

were measured as neat films coated on a platinum electrode as shown in Figure 4. 

Related data are collected in Table 1. The empirical relationship EHOMO = [-Eox ‒ 4.8] 

eV and ELUMO = [-Ered ‒ 4.8] eV were applied to estimate the HOMO energy level 

(EHOMO) and LUMO energy level (ELUMO) by the onset oxidation/reduction potentials 

(Eox/Ered), where 4.8 eV is the energy level of ferrocene with respect to the vacuum 

energy level.[33] Three reversible redox couples of 0.37/-1.80, 0.41/-1.93 and 

0.47/-1.95 V vs ferrocene were found for 2TPA-BT, 2MeTPA-BT and 
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Figure 4. Cyclic voltammograms for emitter films on a platinum electrode in an acetonitrile 
solution containing 0.1 mol L-1 Bu4NPF6 at 100 mV s-1 scan rate using ferrocene internal standard.

Table 1. Thermal stability and electrochemical data for the three emitters.
Emitters Eox

a/V Ered
a/V EHOMO

b/eV ELUMO
b/eV Ecv/eV Td /oC

2TPA-BT 0.37 -1.80 -5.17 -3.00 2.17 471
2MeTPA-BT 0.41 -1.93 -5.21 -2.87 2.34 460
2DMeTPA-BT 0.47 -1.95 -5.27 -2.85 2.42 448

 

2DMeTPA-BT, respectively, which can be attributed to the first oxidation of the TPA 

units and the first reduction of the BT unit.[34] It is worth noting that with increasing 

torsional resistance of the molecular species due to spatial effects, the oxidation 

potentials of the emitters also increased, and the reduction potentials decreased 

successively. Here, the introduction of methyl group can not only enhance the ability 

of electron donating, but also change the configuration of the molecule to a large 

extent. This may be the reason why the oxidation potential is increased in the order of 

2DMeTPA-BT > 2MeTPA-BT > 2TPA-BT. Ultimately, this leads to the gradually 

increasing electrochemical band gaps (Eg cv) of 2.17, 2.34 and 2.42 eV for 

2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively. 
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a Onset oxidation and reduction potentials measured by cyclic voltammetry in solid films. b 
EHOMO = [-Eox ‒ 4.8] eV, ELUMO = [-Ered ‒ 4.8] eV, where 4.8 eV is the energy level of 
ferrocene relative to the vacuum energy level.

Photophysical properties

The UV–vis absorption and fluorescence spectra of 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT in different polar solvents are shown in Figure 5 and the relevant data 

are summarized in Table 2. Intense high energy absorption bands were assigned to the 

intramolecular π-π* electronic transition. Low energy absorption bands were 

attributed to intramolecular charge transfer (ICT) transitions from D to A units. 

Strong intramolecular π-π* electronic absorptions occurred at approximately 310 nm 

for all the three emitters, but different ICT absorption bands were observed 

(approximately 470, 435 and 425 nm for 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT, respectively). The intensity of ICT absorption bands gradually 

decreased in the order of 2TPA-BT > 2MeTPA-BT > 2DMeTPA-BT due to the 

increase of torsion in molecular space. This clearly indicates that intramolecular 

interactions between D and A units correspondingly decreased and were induced by 

the introduced methyl groups. Moreover, these emitters shared similar absorption 

profiles and the absorption maxima changed only very little with the solvent 

polarities, implying a rather small dipolar change in the ground state for different 

solvents.[35] Red-shifted absorption spectra were obtained in the solution and neat 

films due to their intermolecular interaction (Figure S2). Based on the film absorption 

onsets, we calculated the optical band gaps (Eopt g) as 1.93, 2.07 and 2.45 eV for 
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2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively. The calculated values are 

in good agreement with the electrochemical band gap sequence.

Figure 5. UV-vis absorption and photoluminescence spectra in different solvents. (a)/(d) for 
2TPA-BT, (b)/(e) for 2MeTPA-BT and (c)/(f) for 2DMeTPA-BT, respectively. 

Figure 5d–5f show the photoluminescence (PL) spectra of the emitters in different 

solvents. In contrast to the absorption properties, fluorescence spectra were broadened 

and exhibited remarkable redshifts as the solvent polarity increased. Emission peaks 

shifted from 569, 546 and 528 nm in non-polar hexane to 723, 710 and 670 nm in 

polar dimethylformamide for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, 

respectively. This large solvatochromic shift indicates a strong ICT state.[36] Also, the 

neat film of emitters produced an emission peak at 611, 567 and 548 nm for 

2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively (Figure S3). 

Correspondingly, the ФPLs of the emitters in toluene with 75.43%, 93.43% and 

89.63%, as well as neat films with 44.76%, 52.19% and 33.87% were recorded for 

2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively. The reduced ФPLs in neat 

films indicate that these emitters suffer from aggregation-caused quenching (ACQ) 

 



 

due to intermolecular stacking, which is a common phenomenon of organic 

luminogens. As a consequence, the radiative transition rate (kr) was calculated to be 

1.27 × 108, 1.67 × 108 and 1.23 × 108 s-1 in toluene solution, as well as 0.83 × 108, 

1.11 × 108 and 0.33 × 108 s-1 in neat film for 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT. The nonradiative decay (knr) was calculated to be 0.41 × 108, 0.12 × 

108 and 0.14 × 108 s-1 in toluene solution, as well as 1.02 × 108, 1.11 × 108 and 0.61 × 

108 s-1 in neat film for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively. 

The kr of 2MeTPA-BT is larger than the other two values as a result of the molecular 

configurational regulation.

We used the Lippert-Mataga expression to better understand the relationship 

between the Stokes shift and solvent polarity parameter (Δf) to evaluate the ICT 

effect.[8, 27, 37-38] As shown in Figure 6, emitters of 2TPA-BT and 2MeTPA-BT 

exhibited two-section linear relations in low- and high-polarity solvents. The dipole 

moment (μe) of 15.2 and 18.6 D in low polarity solvents, as well as 31.7 and 30.2 D in 

high polarity solvents, were calculated for 2TPA-BT and 2MeTPA-BT, respectively. 

Similar to the related references, the smaller μe in less polar solvents is attributed to 

the locally excited (LE) state, while the larger μe in highly polar solvents is assigned 

to the charge-transfer (CT) excited state.[39-40] The HLCT state is formed through the 

coupling and intercrossing between the CT and LE states. However, compared to 

2TPA-BT and 2MeTPA-BT, which have two one-section linear relation in low- and 

high-polarity solvents, there is only a one-section linear relation for 2DMeTPA-BT, 

suggesting no HLCT emission for 2DMeTPA-BT. Moreover, time-resolved 

13
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Figure 6. Linear correlation of orientation polarity Δƒ of solvent media with Stokes shift (νa–νf) 
for (a) 2TPA-BT, (b) 2MeTPA-BT and (c) 2DMeTPA-BT. Transient photoluminescence decay 
spectra of emitters in toluene (d).

 

experiments revealed a monoexponential decay of S1 state in low polarity solvents 

(toluene, Figure 6d) implying that LE and CT components of emitters were combined 

into the HLCT state. Also, there is no long lifetime state that can be detected in neat 

films, suggesting these emitters are not delayed fluorescence emitters (Figure S4).
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Table 2. Photophysical properties for the three emitters

Emitters Solvents λabs 
sol/nm a

λabs 
film 

/nm b

λem 
sol/n
m a

λem 
film 

/
nm b

Eopt 
g/

eV c

Фpl/
(%) sol/film

 d τ/ns sol/film
kr /108 (s−1) 

sol/film

knr /108 (s−1)
sol/film

n-Hexane 472, 311 569
Toluene 473, 312 601
Ethyl acetate 466, 310 618
Tetrahydrofuran 472, 313 620
Dichloromethane 481, 318 651
Chloroform 481, 318 640

2TPA-BT

Dimethylformamide 472, 315

498, 
329

723

611 1.93 75.43 (toluene)
/44.76 (neat film)

5.91 (toluene)
/5.40 (neat 

film)

1.27 (toluene)
/0.83 (neat 

film)

0.41 (toluene)
/1.02 (neat 

film)

n-Hexane 436, 307 546
Toluene 439, 311 591
Ethyl acetate 428, 309 615
Tetrahydrofuran 435, 309 615
Dichloromethane 435, 309 690
Chloroform 446, 314 636

2MeTPA-BT

Dimethylformamide 432, 307

446, 
320

710

567 2.07 93.43 (toluene)
/52.19 (neat film)

5.29 (toluene)
/4.63 (neat 

film)

1.76 (toluene) 
/1.11 (neat 

film)

0.12 (toluene)
/1.01 (neat 

film)

n-Hexane 426, 306 528
Toluene 426, 310 569
Ethyl acetate 408, 306 603
Tetrahydrofuran 416, 307 603
Dichloromethane 420, 308 651

2DMeTPA-BT

Chloroform 432, 313

430, 
320

629

548 2.45 89.63 (toluene)
/33.87 (neat film)

7.28 (toluene)
/10.26 (neat 

film)

1.23 (toluene)
/0.33 (neat 

film)

0.14 (toluene)
/0.61 (neat 

film)
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Dimethylformamide 411, 307 670
a Measured in solution (10−5 mol L−1); b Measured in neat film; c Optical band gaps were determined using Eopt g, film = 1240/λonset, film; d Absolute PL 
quantum yield measured using an integrating sphere.

 



 

Theoretical calculations

We performed DFT calculations using the Gaussian 09 suite of programs at the 

B3LYP/6-31G(d) level to better understand the electronic and photophysical 

properties of the emitters at the molecular level.[41] Figure 7a shows that the HOMO 

of the emitters are mainly located on the D units and the LUMO levels are mostly 

distributed on the A unit. As we expected, with the increase of torsion in the 

molecular space, the LUMO are gradually centralized toward the central A unit, while 

the HOMO are more dispersed on the D units. Thus, the overlap of HOMO and 

LUMO orbitals are effectively regulated, which should have an effect in the 

luminescence mechanism of emitters. The molecular band gaps were estimated using 

DFT as 2.46, 2.52 and 2.59 eV for 2TPA-BT, 2MeTPA-BT and 2DMe TPA-BT, 

respectively, which are consistent with the experimental data. 

To further describe the excited state properties of emitters, we also calculated the 

natural transition orbital (NTO) of the singlet and triplet states to analyze the electron 

transition characters (Figures 7b and S5-S7). For the singlet state (S1 and S2) of 

2TPA-BT, the holes are dispersed on the whole molecule, and the particles are 

centralized on the central A component, suggesting the existence of both CT and LE 

states. But for the singlet state (S1 and S2) of 2MeTPA-BT and 2DMeTPA-BT, the 

holes and particles are respectively centralized on the D and A components, implying 

there is only the CT state. For the triplet state of 2TPA-BT and 2DMeTPA-BT, the 

overlap of distribution for holes and particles demonstrated the coexistence of CT and 

LE components. But for the T2 of 2MeTPA-BT, both of the holes and particles are 
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centralized on the central A component, which only presents strong the LE state. Thus, 

the HLCT state for 2MeTPA-BT can be formed through the coupling and 

intercrossing between the separate CT and LE states. Clearly, there are large energy 

gaps of 0.79 and 0.90 eV between T2 and T1, as well as energy gaps of 0.89 and 1.10 

eV between S1 and T1 for 2TPA-BT and 2MeTPA-BT, respectively. These large 

energy gaps may suppress the internal conversion rate of T2 → T1 and the RISC rate 

of T1 → S1 according to the energy-gap law. However, the larger energy gap between 

triplet (T1, T2 and T3) and S1 can also suppress the RISC process for 2DMeTPA-BT, 

which would not give the HLCT emission. On the other hand, small energy gaps 

between S1 (and/or S2) and T2 (or T3) were obtained for 2TPA-BT and 2MeTPA-BT, 

which could facilitate the RISC process from T2 (and/or T3) to S1 (and/or S2). These 

characteristics of NTOs and excited energy levels are well in accordance with the “hot 

excitons” principle, which would lead to high production efficiency of radiative 

singlet excitons (ηs) for 2TPA-BT and 2MeTPA-BT. The largest energy gap between 

T2 and T1, as well as the smallest energy gaps between S1 (S2) and T2 (T3) for 

2MeTPA-BT among the three emitters are more beneficial to the RISC process. The 

computed SOC matrix element values of ⟨S1ĤSOCT3⟩ for 2TPA-BT, ⟨S1ĤSOCT3⟩ 

for 2MeTPA-BT and ⟨S1ĤSOCT5⟩ for 2DMeTPA-BT are 0.39 cm-1, 0.26 cm-1 and 

1.84 cm-1, respectively. The results seem to be inconsistent with the experimental 

data. Although the larger value of SOC may lead to a more enhanced RISC efficiency, 

the energy gap between singlet and triplet states is still the critical factor for the 

HLCT emitters. For 2TPA-BT and 2DMeTPA-BT, the triplet energy can decay 
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Figure 7. (a) The optimized structure and the calculated HOMO/LUMO spatial distributions of 
emitters. (b) The energy level of S1, S2, T1, T2 and T3.

Electroluminescence properties

To further explore their electroluminescence (EL) properties, OLEDs were 

fabricated by utilizing the three emitters as dopants with configuration: indium tin 

 

rapidly from the high-lying triplet state to the low-lying triplet state due to the small 

energy gap, i.e. energy transfer from T3 to T2 for 2TPA-BT, and T5 to Tn (n = 2, 3, 4) 

for 2DMeTPA-BT, which can also suppress the RISC process.
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Figure 8. Electroluminescence (EL) spectra for the doped devices of the emitters

Figure 9 shows the current density–voltage–luminance (J-V-L), current 

efficiency-current density (CE-J), power efficiency-current density (PE-J) and 

 

oxide ITO/dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile 

(HATCN, 20 nm)/1,1-bis[4-[N,N′-di(p-tolyl)amino]-phenyl]cyclohexane (TAPC, 40 

nm)/emitter: 1,3-di-9-carbazolylbenzene (mCP, 5 wt%, 15 nm)/1,3,5-tri[(3- 

pyridyl)phen-3-yl]benzene (TmPyPB, 50 nm)/LiF (1 nm)/Al (100 nm), where mCP, 

HATCN, TAPC and TmPyPB served as the host material, hole injection, hole 

transporting and electron transporting layers, respectively. Figure 8 shows the 

resulting EL spectra. The devices gave the emission peaks at 602, 560 and 544 nm for 

2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT based OLEDs, respectively. Compared 

to 2TPA-BT, the EL peaks of 2MeTPA-BT and 2DMeTPA-BT based OLEDs show 

an obvious blue shift of 42 and 58 nm, which are slightly blue shifted from the PL 

maxima for the corresponding neat films.



 

quantum efficiency-current density (EQE-J) curves, exhibiting Commission 

Internationale de L’Eclairage (CIE) coordinates of (0.52, 0.47), (0.44, 0.55) and (0.44, 

0.55), turn-on voltage (Von) of 4.2, 3.8 and 3.8 V, and maximum luminance (Lmax) of 

26767, 40151 and 64947 cd/m2 for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT 

doped devices, respectively. The devices exhibited high maximum current efficiencies 

(CEs) of 11.05 cd/A, 30.40 cd/A and 25.02 cd/A, maximum power efficiencies (PEs) 

of 6.01 lm/W, 23.67 lm/W and 20.37 lm/W, maximum external quantum efficiencies 

(EQEs) of 4.43%, 8.47% and 7.29% for 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT doped OLEDs, respectively. Furthermore, the ФPLs of the active layer 

composed of emitter:mCP (5 wt%) were measured, values of 39.46%, 69.38% and 

44.76% were obtained for the 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT doped 

films, respectively (Figures S8-10). It is worth noting that although the EL and PL 

peaks of 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT show a gradual blue shift, the 

emitter of 2MeTPA-BT has the best luminous efficiency. This result should be also 

attributed to the regulation of the molecular spatial configuration by introducing 

sterically hindered methyl groups. The EL data for all the emitters are summarized in 

Table 3.
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Figure 9. (a) Current density-voltage-luminance curves (J-V-L). Current efficiency-current 

density (CE-J), power efficiency-current density (PE-J) and external quantum efficiency-current 

density (EQE-J) curves for (b) 2TPA-BT, (c) 2MeTPA-BT and (d) 2DMeTPA-BT, respectively.

Table 3 Electroluminescence parameters for the three doped devices

Emitters CE 
(cd/A) a

PE 
(lm/W) b

EQE 
(%) c

Lmax 
(cd/m2) d

λEL

(nm) e
Von

(V) f CIE g

2TPA-BT 11.05 6.01 4.43 26767 602 4.2 (0.52, 0.47)
2MeTPA-BT 30.40 23.67 8.47 40151 560 3.8 (0.44, 0.55)
2DMeTPA-BT 25.02 20.37 7.29 64947 544 3.8 (0.38, 0.58)
a The maximum current efficiency; b The maximum power efficiency; c The maximum 
external quantum efficiency; d The maximum luminance; e The maximum EL emission 
peak; f Turn-on voltage; g Color coordinates 

Conclusions

In summary, three D-A-D type small organic emitters of 2TPA-BT, 2MeTPA-BT 

and 2DMeTPA-BT were rationally designed and synthesized. By introducing steric 

 



 

hindrance due to methyl groups between the D and A units, different torsional angles 

between D and A units are observed. These emitters show different emission 

wavelengths with high ФPLs in toluene solvent and neat film. The emission of the 

emitters proved to be governed by an HLCT mechanism. Attributed to the high ФPLs 

and HLCT mechanism of the emitters, the related OLEDs gave strong EL with 

emission peaks at 602, 560 and 544 nm, maximum CEs of 11.05 cd/A, 30.40 cd/A 

and 25.02 cd/A, maximum PEs of 6.01 lm/W, 23.67 lm/W and 20.37 lm/W, 

maximum EQEs 4.43%, 8.47% and 7.29% for the 2TPA-BT, 2MeTPA-BT and 

2DMeTPA-BT doped OLEDs, respectively. This work clearly illustrates the effect of 

spatial configuration changes on the luminescence properties of organic emitters.

Experimental Section 

Synthesis of N-(4-bromo-3-methylphenyl)-4-tert-butyl-N-(4-tert-butylphenyl)- 

benzenamine (MeTPA-Br)

To a mixture of 1-tert-butyl-4-iodobenzene (7.56 g, 29.07 mmol), 

4-bromo-3-methylbenzenamine (2.46 g, 13.22 mmol) and 1,10-phenanthroline (0.49 

g, 2.64 mmol) was added a degassed solvent of toluene (80 mL). After the mixture 

was heated to 110 o C under the protection of nitrogen, a mixture of CuI (0.76 g, 4.00 

mmol) and KOH (6.00 g, 105 mmol) was added quickly. Then the mixture was 

further refluxed under 135 oC for 6 h under the protection of nitrogen. After being 

cooled to room temperature, the mixture was poured into water (100 mL). It was 

extracted with dichloromethane (DCM) (3 × 120 mL) and the combined organic layer 
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-benzenamine (DMeTPA-Br)

The compound DMeTPA-Br was synthesized by the similar synthetic procedure

for MeTPA-Br with 1-tert-butyl-4-iodobenzene (5.23 g, 20.11 mmol) and

4-bromo-3,5-dimethylbenzenamine (1.83 g, 9.14 mmol) as starting materials and

obtained as a white solid with a yield of 61% (2.59 g). 1H NMR (400 MHz, CDCl3), δ 

(ppm): 7.24 (d, J = 8.6 Hz, 4H), 6.97 (d, J = 7.7 Hz, 4H), 6.79 (s, 2H), 2.30 (s, 6H), 

1.31 (s, 18H). 13C NMR (100 MHz, CDCl3), δ (ppm):  146.61, 145.53, 144.97, 

138.76, 126.04, 123.72, 123.24, 120.02, 34.30, 31.47, 23.92. ESI-MS (m/z) calcd for 

C28H34BrN [M]+: 464.48. Found: 464.60.

Synthesis of 2TPA-BT

To a mixture of TPA-Br (1.00 g, 2.29 mmol), BT-2Bpin (0.39 g, 1.00 mmol), and 

tetrakis(triphenylphosphine)palladium (Pd(PPh3)4, 0.13 g) was added a degassed 

mixture of toluene (40 mL), anhydrous ethanol (10 mL) and 2 M potassium carbonate 

 

was dried over anhydrous magnesium sulfate. The solvent was removed off by rotary 

evaporation and the residue was passed through a flash silica gel column with 

petroleum ether (PE)/ (DCM) (v/v, 10:1) as the eluent to give a white solid (4.23 g, 

yield 70.5%). 1H NMR (400 MHz, CD2Cl2), δ (ppm): 7.36 (d, J = 8.6 Hz, 1H), 7.30 

(d, J = 2.8 Hz, 4H), 7.05–6.98 (m, 4H), 6.97 (d, J = 2.6 Hz, 1H), 6.74 (dd, J = 8.6, 2.7 

Hz, 1H), 2.31 (s, 3H), 1.34 (s, 18H). 13C NMR (100 MHz, CD2Cl2), δ (ppm):147.57, 

146.07, 144.85, 138.37, 132.50, 126.13, 124.92, 123.98, 121.94, 34.18, 30.86, 22.61. 

ESI-MS (m/z) calcd for C27H32BrN [M]+: 450.45. Found: 450.37.

Synthesis of N-(4-bromo-3,5-dimethylphenyl)-4-tert-butyl-N-(4-tert-butylphenyl) 



 

aqueous solution (9 mL). The mixture was refluxed for 23 h under the protection of 

nitrogen. After being cooled to room temperature, the mixture was poured into water 

(80 mL). It was extracted with DCM (3 × 80 mL) and the combined organic layer was 

dried over anhydrous magnesium sulfate. The solvent was removed off by rotary 

evaporation and the residue was passed through a flash silica gel column with DCM 

as the eluent to give a red solid (0.49 g, yield 58%). 1H NMR (400 MHz, CDCl3), δ 

(ppm): 7.88 (d, J = 8.8 Hz, 4H), 7.75 (s, 2H), 7.32 (d, J = 8.4 Hz, 8H), 7.21 (d, J = 7.2 

Hz, 4H), 7.14 (d, J = 8.2 Hz, 8H), 1.35 (s, 36H). 13C NMR (101 MHz, CDCl3), δ 

(ppm) 154.32, 148.31, 146.10, 144.78, 132.15, 130.36, 129.75, 127.28, 126.15, 

124.55, 122.16, 34.85, 31.61. MALDI-TOF-MS (m/z) calcd for C58H62N4S [M]+: 

846.4695. Found: 846.4709.

Synthesis of 2MeTPA-BT

The compound 2MeTPA-BT was synthesized by the similar synthetic procedure 

for 2TPA-BT with MeTPA-Br (1.03 g, 2.29 mmol) and BT-2Bpin (0.39 g, 1.00 

mmol) as starting materials and obtained as an orange solid with a yield of 50% (0.43 

g). 1H NMR (400 MHz, CD2Cl2), δ (ppm): 7.59 (s, 2H), 7.37 (d, J = 8.6 Hz, 8H), 7.29 

(d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.6 Hz, 8H), 7.08 (d, J = 2.0 Hz, 2H), 6.97 (dd, J = 

8.4, 2.2 Hz, 2H), 2.16 (s, 6H), 1.37 (s, 36H). 13C NMR (100 MHz, CDCl3), δ (ppm): 

154.43, 148.06, 145.81, 145.00, 137.31, 133.86, 131.09, 130.66, 129.54, 126.16, 

124.40, 123.94, 119.86, 34.37, 31.65, 20.80. MALDI-TOF-MS (m/z) calcd for 

C60H66N4S [M]+: 874.5008. Found: 874.5020.

Synthesis of 2DMeTPA-BT
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X-ray crystallographic analysis

Single crystals of 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT were obtained by

slow diffusion of methanol into their dichloromethane solutions. Suitable crystals 

were selected and diffraction data were collected on a SuperNova, Dual, Cu at zero, 

AtlasS2 diffractometer. The crystals were kept at 100.01(10) K during data collection. 

Complete crystallographic data can be found in CCDC no. 1890911, 1890912 and 

1890913 for 2TPA-BT, 2MeTPA-BT and 2DMeTPA-BT, respectively, which can 

be obtained free from the Cambridge Crystallographic Data Centre 

(www.ccdc.cam.ac.un/conts/retrieving.html).

Supporting Information

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

 

The compound 2DMeTPA-BT was synthesized by the similar synthetic procedure 

for 2TPA-BT with DMeTPA-Br (1.06 g, 2.29 mmol) and BT-2Bpin (0.39 g, 1.00 

mmol) as starting materials and obtained as a yellow-green solid with a yield of 42% 

(0.38 g). 1H NMR (400 MHz, CDCl3), δ (ppm): 7.51 (s, 2H), 7.31 (d, J = 8.4 Hz, 8H), 

7.15 (d, J = 7.6 Hz, 8H), 6.91 (s, 4H), 1.95 (s, 12H), 1.36 (s, 36H). 13C NMR (101 

MHz, CDCl3), δ (ppm):154.58, 147.50, 146.41, 146.25, 145.35, 137.27, 133.25, 

130.45, 130.14, 126.00, 124.33, 121.43, 34.07, 31.60, 21.20. MALDI-TOF-MS (m/z) 

calcd for C62H70N4S [M]+: 902.5321. Found: 902.5298.
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