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ABSTRACT 14 

It is an immense challenge to develop efficient long-wavelength (orange-to-red) 15 

thermally activated delayed fluorescence (TADF) materials due to the increasing 16 

nonradiative decay rates following the energy-gap law. Herein, two pairs of asymmetric 17 

isomers; DPyPzTPA and TPAPzDPy, and PyPzDTPA and DTPAPzPy based on 18 

electron-deficient moieties dibenzo[a,c]phenazine (Pz) and pyridine (Py) combined 19 

with electron-donor units of triphenylamine (TPA) were designed and synthesized. 20 

Their photophysical properties could be finely modulated by changing the position and 21 

number of Py groups as well as TPA fragments onto Pz cores. DPyPzTPA and 22 

DTPAPzPy possess much more rigidity and thus less geometry relaxation and non-23 

radiative decay between ground states and excited states than those of PyPzDTPA and 24 

TPAPzDPy. Intriguingly, DPyPzTPA exhibits the highest relative photoluminescence 25 
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quantum yield (ΦPL) and the fastest reverse intersystem crossing (rISC) rate among 26 

them owing to relatively stronger rigidity and spin-orbit coupling (SOC) interactions 27 

between the lowest singlet (S1) and energetically close-lying excited triplet state and 28 

therefore, the device showed the highest maximum external quantum efficiency 29 

(EQEmax) of 16.6% (60.9 lm/W, 53.3 cd/A) with Commission Internationale de 30 

I’Eclairage (CIE) coordinates of (0.43, 0.55), peak wavelength 556 nm. In stark contrast, 31 

due to its lower rigidity and extremely weak delayed fluorescence (DF) characteristic 32 

and thus the much lower ΦPL, TPAPzDPy-based devices are only half as efficient (30.8 33 

lm/W, 27.5 cd/A, 8.3% EQE) despite the isomers possessing equal singlet-triplet energy 34 

gaps (ΔEST) of 0.43 eV. On the other hand, the device based on DTPAPzPy also 35 

demonstrated a strongly enhanced performance (59.1 lm/W, 52.7 cd/A, 16.1% EQE) 36 

than its isomer PyPzDTPA-based device (39.5 lm/W, 35.2 cd/A, 10.3% EQE). This 37 

work explicitly implicates that the asymmetric and isomeric molecular design is a 38 

potential strategy for promoting the development of highly efficient long-wavelength 39 

TADF materials. 40 
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  Since the pioneering work of Adachi’s group in 2012 [1], metal-free thermally 51 

activated delayed fluorescence (TADF) materials have triggered astonishing attention 52 

for their potential commercial organic light-emitting diodes (OLEDs) application due 53 

to the capability to achieve nearly 100% internal quantum efficiency (IQE) through fast 54 

reverse intersystem crossing (rISC) process [2-3]. In general, a high rate constant of 55 

rISC (krISC) is associated with low singlet-triplet energy gap (ΔEST) between the lowest 56 

singlet (S1) and triplet (T1) states which stems from the separation of the highest 57 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 58 

(LUMO) [4-5]. However, according to Franck-Condon principle, such spatial 59 

separation typically leads to small spin-orbit coupling (SOC) and oscillator strength (f) 60 

values, and thus low photoluminescence quantum yield (ΦPL) [6] but is overcome by 61 

the vibronic coupling mechanism to a second, energetically close triplet state [7-8]. 62 

Therefore, it is a challenge to simultaneously obtain low ΔEST, high rISC and high ΦPL, 63 

which involves the use of a highly twisted donor-acceptor (D-A) system with strong 64 

charge transfer (CT) character excited states [9]. To date, some state-of-the-art blue and 65 

green TADF OLEDs with external quantum efficiency (EQE) beyond 30% have been 66 

reported on the basis of above-mentioned strategy or hyperfluorescence [10-20]. For 67 

instance, Kwon and coworkers developed quadrupolar D-A-D type of blue TADF 68 

emitter DBA-DTMCz and its hyperfluorescent devices exhibited the maximum EQE 69 

(EQEmax) of 43.9% and maximum current efficiency (CEmax) of 42.0 cd/A [12]. 70 

Nonetheless, as per the energy-gap laws, orange-red emitters are subject to more severe 71 

non-radiative decay than green and blue ones [21-22]. Consequently, highly efficient 72 

orange-red TADF OLEDs with EQE more than 30% are rarely reported [22-30]. 73 

  To alleviate the detrimental non-radiative decay of orange-red luminophores, various 74 

strategies involving the utilizing of largely rigid and planar frameworks have been 75 
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invoked, such as dibenzo[a,c]phenazine [9, 28, 31-42], dibenzo[a,j]phenazine[43-44], 76 

dipyrido[3,2-a:2’,3’-c]phenazine [22, 45-46], dibenzo[a,c]dipyrido[3,2-h:2’,3’-77 

j]phenazine [47], tetrabenzo[a,c]phenazine [48], dithieno[3,2-a:2’,3’-c]phenazine [27, 78 

49-50], azaacene [26], pyrazino[2,3-f][1,10]- phenanthroline-2,3-dicarbonitrile [29], 79 

quinoxaline [30, 51-52], dibenzo[f,h] quinoxaline [53-54], phenanthrene [55] and 80 

dibenzo[f,h]pyrrolo[3,4-b]quinoxaline- 10,12-dione [56]. As an example, in 2021, 81 

Zhao’s group reported an orange-red device with EQEmax of 33.5%, maximum power 82 

efficiency (PEmax) of 85.8 lm/W and CEmax of 87.4 cd/A and Commission Internationale 83 

de I’Eclairage (CIE) coordinates of (0.49, 0.50) by employing dibenzo[a,c]phenazin-84 

11- yl(phenyl)methanone as strong acceptor [28]. On the other hand, distinct 85 

substitution positions of the same groups also has tremendous implications on the 86 

photophysical properties and performance of emitters [23, 31, 35, 45-46, 50, 57-62]. 87 

For example, Li et al. constructed a pair of isomers by grafting two triphenylamine 88 

(TPA) donor moieties into two flanks of rigid planar acenaphtho[1,2-b]quinoxaline-89 

9,10-dicarbonitrile acceptor core, the unique cruciform structure endows the molecule 90 

with relatively higher ΦPL (95%) and smaller ΔEST (0.24 eV) than those of Y-shape 91 

counterpart (63%, 0.28 eV) and thereby realized excellent red OLEDs with EQEmax of 92 

34.3% (64.8 lm/W, 54.7 cd/A) [23]. Previously, Kukhta et al. have unraveled that an 93 

additional intramolecular dipole interaction restricts ortho-D–A dihedral angle rotation 94 

in DMAC–BZN positional isomers [60]. And the interconversion of triplets via the rISC 95 

mechanism is promoted when parallel carbazole (Cz) and phenothiazine (PTZ) charge 96 

transfer states are allowed to interact [61]. Recently, we demonstrated that electronic 97 

interaction between the donating moieties alters the local excited triplet (3LE) energy 98 

and thus also ΔEST and TADF performance [62]. 99 
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  In this contribution, we finely adjust the different substitution positions of identical 100 

donor/acceptor to control the photophysical properties of isomeric luminophores, and 101 

successfully designed and synthesized two pairs of asymmetric isomers based on the 102 

rigid and planar electron-withdrawing moiety of dibenzo[a,c]phenazine (Pz) (see 103 

Scheme 1), i.e., (11,12-di(pyridin-3-yl)dibenzo[a,c]phenazin-3-yl)-N,N-diphenylani- 104 

line (DPyPzTPA), 4,4'-(11-(pyridin-3-yl)dibenzo[a,c]phenazine-3,6-diyl)bis(N,N-di- 105 

phenylaniline) (PyPzDTPA), 4-(3,6-di(pyridin-3-yl)dibenzo[a,c]phenazin-11-yl)-N,N- 106 

diphenylaniline (TPAPzDPy) and 4,4'-(3-(pyridin-3-yl)dibenzo[a,c]phenazine-11,12- 107 

diyl)bis(N,N-diphenylaniline) (DTPAPzPy). The meta-substituted pyridine (Py) rings 108 

were incorporated to boost the electron-transporting ability, the bulky TPA units were 109 

utilized as strong electron-rich segments and the robust steric hindrance to retard 110 

possible aggregation caused quenching (ACQ). It is envisioned that the two adjacent 111 

Py units or TPA fragments at 11/12 positions of Pz framework induces stronger 112 

intramolecular electronic interaction, larger molecular rigidity, decreased 113 

intramolecular rotation as well as probably smaller degree of geometry relaxation and 114 

thus reduced energy loss than those molecules with two substitutes in 3/6 positions. As 115 

anticipated, DPyPzTPA and DTPAPzPy possess much more rigidity and thus less 116 

geometry relaxation and non-radiative decay between ground states and excited states 117 

than those of PyPzDTPA and TPAPzDPy. Due to the relatively stronger rigidity and 118 

SOC interactions between the S1 and energetically close-lying excited triplet state, 119 

DPyPzTPA exhibits the largest relative values of both ΦPL and krISC among the four 120 

orange-red emitters. As a consequence, the corresponding device demonstrated the 121 

highest PEmax of 60.9 lm/W and CEmax of 53.3 cd/A with an EQEmax of 16.6% with CIE 122 

coordinates of (0.43, 0.55), peak wavelength 556 nm. On the contrary, owing to the 123 

lower rigidity and extremely weak delayed fluorescence (DF) behavior and thus the 124 
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much lower ΦPL, TPAPzDPy-based devices are only half as efficient, (30.8 lm/W, 27.5 125 

cd/A, 8.3% EQE) compared to DPyPzTPA even though both of the same (large) ΔEST 126 

value of 0.43 eV. In addition, the device based on DTPAPzPy also give significantly 127 

increased performance (59.1 lm/W, 52.7 cd/A, 16.1% EQE) than its analogue 128 

PyPzDTPA-based device (39.5 lm/W, 35.2 cd/A, 10.3% EQE). Our work demonstrates 129 

that the asymmetrical and isomeric molecular design is an effective strategy to promote 130 

the improvement of highly efficient long-wavelength TADF materials 131 

 132 

2. Results and discussion 133 

 134 
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Scheme 1. Dibenzo[a,c]phenazine (Pz) core structure with position numbers and 135 

reaction conditions of materials: i: 4-(diphenylamino)phenyl boronic acid, 2M K2CO3, 136 

Pd(PPh3)4, 1,4-dioxane, 85 oC; ii: 4,5-dibromobenzene-1,2-diamine, acetic acid, 120 oC; 137 

iii: 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-pyridine, 2M K2CO3, Pd(PPh3)4, 138 

toluene, ethanol, 85 oC；iv: 4-bromobenzene-1,2-diamine, acetic acid, 120 oC; v: 3-139 

pyridineboronic acid, 2M K2CO3, Pd(PPh3)4, toluene, ethanol, 85 oC ； vi: 3,6-140 

dibromophenanthrene-9,10-dione, acetic acid, 120 oC; vii: 3-bromophenanthrene-9,10-141 

dione, acetic acid, 120 oC. 142 

 143 

2.1.Synthesis and general characterizations 144 

The synthesis routes of DPyPzTPA, PyPzDTPA, TPAPzDPy and DTPAPzPy are 145 

depicted in Scheme 1. The detailed experimental procedures can be found in the 146 

Supporting Information. We selected 3-bromophenanthrene-9,10-dione, 3,6-147 

dibromophenanthrene-9,10-dione, 4-bromobenzene-1,2-diamine and 4,5-148 

dibromobenzene-1,2-diamine as the starting materials, all of which were reacted with 149 

4-(diphenylamino)phenyl boronic acid through typical palladium-catalyzed Suzuki 150 

cross-coupling reactions. Then, the key intermediate products were synthesized 151 

respectively from the condensation reactions. Finally, the target compounds were also 152 

obtained via Suzuki cross-coupling reactions between the intermediates and 3-153 

pyridineboronic acid or 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-pyridine. The 154 

chemical structures of materials were confirmed by 1H NMR, 13C NMR and high 155 

resolution mass spectra. 156 

 157 

2.2. Theoretical calculations 158 
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 159 

Fig. 1. Optimized ground state (S0) geometries (left), calculated LUMO and HOMO 160 

space distributes (middle) and the comparison of the optimized structures of the S0 161 

(blue) with the S1 (red) of the molecules (right). 162 

 163 

To evaluate the electronic properties and molecular structure of these molecules, 164 

quantum chemical simulations were performed using the Gaussian 16 program package 165 

[63]. The ground state (S0) geometries were optimized using B3LYP-D3/6-31G* 166 

theoretical level according to density functional theory (DFT). The excited state 167 

energies were calculated based on the optimized S0 geometries using time-dependent 168 

density functional theory (TD-DFT) under the same theoretical level. As shown in Fig. 169 

1, from the optimized ground-state geometries, it is abundantly clear that these 170 

molecules exhibit moderately twisted configuration with D-A dihedral angels 34.8o 171 

(DPyPzTPA), 35.0o/34.9o (PyPzDTPA), 33.3o (TPAPzDPy) and 51.1o/49.8o 172 

(DTPAPzPy), respectively. The largest torsion angel for DTPAPzPy could be originated 173 

from the steric repulsion of the two bulky TPA units in the 11/12 positions of Pz 174 
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framework. As expected, it is found that the LUMOs of all the molecules are mainly 175 

located over the skeleton of Pz acceptor, while the HOMO predominantly delocalized 176 

on TPA donor segments. Remarkably, Lower-lying LUMO energy levels (ELUMO) of -177 

2.40 eV and shallower-lying HOMO energy levels (EHOMO) of -5.02 eV for DPyPzTPA 178 

are obtained compared to those of TPAPzDPy (-2.36 eV, -5.05 eV). Hence, DPyPzTPA 179 

displays much smaller band gap (Eg). For the other pair of isomer, the ELUMO and EHOMO 180 

of PyPzDTPA were deepened by 0.03 eV and 0.04 eV in comparison to those of 181 

DTPAPzPy, respectively, eventuating in their nearly identical Eg. Notably, the T1 energy 182 

levels (ET1) of DPyPzTPA is 2.10 eV, which is 0.09 eV higher than that of TPAPzDPy 183 

(2.01 eV), but their the S1 energy levels (ES1) are almost same. In terms of PyPzDTPA 184 

and DTPAPzPy, the phenomenon is found to be completely converse, indicating two 185 

electron-withdrawing groups at 3/6 positions of Pz is detrimental for retaining high ET1 186 

because of the reinforced degree of molecular conjugation. Besides, more or bulky 187 

moieties at 11/12 positions of Pz is favorable to realizing low ES1 and small ΔEST due to 188 

the improvement of intramolecular electronic interaction and molecular rigidity. As 189 

consequence, relatively smaller ΔEST values and slightly larger oscillator strength (f) of 190 

DPyPzTPA (0.25 eV, 0.25) and DTPAPzPy (0.22 eV, 0.28) were calculated, suggesting 191 

the greater potential of TADF than their own counterparts (see Table 1). To evaluate the 192 

degree of geometry relaxation, the ground state and excited state geometries were 193 

optimized in the same theoretical level in gas phase (PBE1PBE/TZVP) (Fig. 1) 194 

according to DFT and TD-DFT, and the root-mean-square deviation (RMSD) values 195 

based on the comparisons of the optimized structures of S0 and S1 states were analyzed 196 

by visual molecular dynamics (VMD) software. It is found that the RMSD values of 197 

PyPzDTPA and TPAPzDPy are 0.23 and 0.21 Å, respectively, which are higher than 198 

those of DTPAPzPy (0.15 Å) and DPyPzTPA (0.14 Å) (see Table 1), indicating the 199 
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latter exhibit much larger rigidity, less geometry relaxation and non-radiative decay 200 

than the former [64-65]. Moreover, to access the SOC effect in these molecules, the 201 

SOC matrix element (SOCME) between different states were calculated (see Table S1). 202 

Note that the SOC matrix element (SOCME) between S1 and energetically close-lying 203 

excited triplet state (Tn, n=1, 2, 3) of all the molecules are considerably tiny, implying 204 

the triplet excitons can not be efficiently up-converted to S1 through rISC process. 205 

 206 

Table 1  207 

Physical properties of materials based on theoretical calculations. 208 

Molecules EHOM

O
 

(eV) 

ELUMO
 

(eV) 

Eg 
a 

(eV) 

ES1 

(eV) 

ET1 

(eV) 

ET2 

(eV) 

ET3 

(eV) 

ΔEST
 b 

(eV) 

Oscillator 

strengths (f) 

RMSD c 

(Å) 

DPyPzTPA -5.02 -2.40 2.62 2.35 2.10 2.35 2.67 0.25 0.25 0.14 

PyPzDTPA -4.97 -2.29 2.68 2.41 2.11 2.19 2.50 0.30 0.14 0.23 

TPAPzDPy -5.05 -2.36 2.69 2.36 2.01 2.41 2.66 0.35 0.35 0.21 

DTPAPzPy -4.93 -2.26 2.67 2.34 2.12 2.18 2.53 0.22 0.28 0.15 

a Eg = ∣EHOMO∣-∣ELUMO∣ 209 

b ΔEST
  = ES1- ET1 210 

c Root-mean-square deviation (RMSD) of the comparison of the optimized structures of the S0 with the S1 of the 211 

molecules 212 

 213 

2.3. Thermal and Electrochemical properties 214 

 215 
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 216 

Table 2  217 

Summary of the physical properties of materials. 218 

Molecules λem 
a 

(nm) 

EHOMO
 

/ELUMO

b 

(eV) 

Eg
opt c 

(eV) 

Td/Tg 
d 

(oC) 

ΦPL/ΦP

F/ΦDF 
e 

(%) 

ES1/ 

ET1/ 

ΔEST
f  

(eV) 

kPF/ 

kDF
 g 

(×108 S-1)/ 

(×103 S-1) 

τPF/τDF
h
 

(ns)/ 

(ms) 

kr
S/ 

knr
S i 

(×108 S-1)/ 

(×108 S-1) 

kISC/ 

krISC 
j 

(×107 

S-1)/ 

(×103

S-1) 

DPyPzTPA 536/590/

548 

-5.01 /-

2.73 

2.28 465 /- 59.1/5

0.9/8.2 

2.64/2.2

1/0.43 

2.22/1.28 4.50/0.

78 

1.13/0.78 3.10/

1.48 

PyPzDTPA 528/582/

550 

-5.02 /-

2.64 

2.38 262 /- 27.5/2

4.1/3.4 

2.62/2.1

8/0.44 

2.32/0.78 4.31/1.

29 

0.56/1.48 2.84/

0.90 

TPAPzDPy 543/590/

562 

-5.05 /-

2.72 

2.33 313 

/135 

27.6/2

7.6/- 

2.58/2.1

5/0.43 

4.69/- 2.13/- 1.30/3.39 0.001

4/- 

DTPAPzPy 535/574/

553 

-5.04 /-

2.71 

2.33 487 

/140 

50.7/4

2.6/8.1 

2.47/2.1

6/0.31 

2.36/0.18 4.23/5.

54 

1.01/0.97 3.81/

0.21 

a PL maximum measured in 10 -6 M toluene solution/neat films/10 wt% doped CBP film at RT. 219 

b EHOMO calculated from the onsets of the oxidation curves, ELUMO = ∣EHOMO∣-∣Eg
opt∣. 220 

c Optical band gap measured in neat film. 221 

d Measured by TGA/DSC under N2.  222 

e Photoluminescence quantum yield measured in 10 wt% doped CBP film under N2, the prompt 223 
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fluorescence and delayed fluorescence ΦPL under N2. 224 

f Estimated from the onset values of fluorescence/phosphorescence spectra in 1 wt% doped zeonex 225 

film at 80 K, ΔEST
  = ES1- ET1. 226 

g Rate constants of prompt and delayed fluorescence measured in 10 wt% doped CBP film at RT. 227 

h Prompt fluorescence/delayed fluorescence lifetime measured in 10 wt% doped CBP film at RT. 228 

i Rate constants of radiation and non-radiation transition process. 229 

j Rate constants of ISC and rISC transition process. 230 

 231 

As depicted in Table 2 and Fig. S1 (a), DPyPzTPA and DTPAPzPy exhibit much 232 

better thermal stability with 5% weight-loss temperatures (Td) of 465 °C and 487 °C 233 

than TPAPzDPy (313 °C) and PyPzDTPA (262 °C) owing to the two adjacent Py units 234 

or TPA fragments at 11/12 positions of Pz framework leads to much stronger 235 

intramolecular electronic interaction, enhanced steric hindrance effect and larger 236 

molecular rigidity than those molecules with two substitutes in 3/6 positions which has 237 

been mentioned in theoretical calculations previously. It could be seen from the DSC 238 

spectra (Fig. S1 (b)) that TPAPzDPy and DTPAPzPy disclose high glass transition 239 

temperatures (Tg) of 135 °C and 140 °C, respectively. By comparison, no Tg were 240 

observed for DPyPzTPA and PyPzDTPA, implying that the four compounds could form 241 

thermally durable thin-films with morphological stability, which is beneficial to the 242 

stable and long-lifespan devices. 243 

To estimate the HOMO and LUMO levels of the orange-red luminogens, cyclic 244 

voltammetry (CV) was carried out. Under the same experimental conditions, the redox 245 

potential (E1/2) of ferrocene/ferrocenium (Fc/Fc+) was determined to be 0.52 V to the 246 

Ag/Ag+ reference electrode (Fig.S2). Note that the absolute energy level of redox 247 
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potential of Fc/Fc+ to vacuum is -4.8 eV, consequently, the EHOMO are calculated 248 

according to the following equations: EHOMO = -e (Eox + 4.28) (eV), where Eox is the 249 

onset oxidation potential, EHOMO of all the materials are ranging from -5.01 eV to -5.05 250 

eV (Table 2 and Fig. S2), such shallow EHOMO is conductive to the holes from the anode 251 

effectively be injected into the emitting layer (EML). The ELUMO of the materials are 252 

obtained from the difference between their EHOMO and the optical band gap (Eg
opt). Eg

opt 253 

is estimated from the wavelengths corresponding to their absorption edges in the long 254 

wavelength direction in the thin film state (Table 2). The lower lying ELUMO are obtained 255 

through the introduction of Pz backbone with fortissimo electron-withdrawing 256 

capability. Additionally, the two Py rings at 3/6 or 11/12 positions of Pz endow the 257 

comparatively deeper ELUMO to DPyPzTPA and TPAPzDPy compared to PyPzDTPA 258 

and DTPAPzPy, which is in good consistency with theoretical calculations. 259 

 260 

2.4. Photophysical properties 261 

 262 

Fig. 2. UV-visible absorption and PL spectra in toluene solution (a) and PL spectra in 263 

10 wt% doped CBP film (b). 264 

  265 
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In dilute toluene solution (Fig.2 (a)), the intense absorption bands below 390 nm can 266 

be assigned to the π-π* and n-π* transitions. The relatively weak absorption ranging 267 

from 390 nm to 520 nm could be ascribed to the intramolecular charge transfer (ICT) 268 

transition from TPA to Pz/Py moieties. In the neat film state, due to molecular 269 

interactions, the low-energy absorption minimum red-shifted to exceeding 600 nm (see 270 

Fig. S3(a)). 271 

As shown in Fig. 2 (a), the PL spectra of the four emitters in dilute toluene solution 272 

exhibit the maximum emission peaks in the range of 528 nm to 543 nm. In stark contrast, 273 

due to the intense aggregation of the quasi planar molecules, the emission bands of the 274 

in neat films are significantly red-shifted to 590, 582, 590 and 574 nm, (DPyPzTPA, 275 

PyPzDTPA, TPAPzDPy and DTPAPzPy) respectively. (see Table 2 and Fig. S3(b)). To 276 

alleviate this aggregation behavior, we doped the compounds into the popular host 277 

matrix of 4,4’-bis(carbazol-9-yl)biphenyl (CBP) with doping ratio of 10 wt%. As 278 

anticipated, the broad and structureless emission of these doped films slightly 279 

bathochromic shifts, but by only about 20 nm, compared with those in toluene solution 280 

(Fig. 2 (b)). The ΦPL of the materials in thin solid films are listed in Table 2. It is worth 281 

noting that the highest ΦPL value of DPyPzTPA (59.1%) is more than twice that of 282 

PyPzDTPA (27.5%) and TPAPzDPy (27.6%), whereas DTPAPzPy also has comparable 283 

ΦPL of 50.7%. The much higher ΦPL of DPyPzTPA and DTPAPzPy probably due to 284 

they possess much larger rigidity and thus less geometry relaxation and non-radiative 285 

decay between ground states and excited states than PyPzDTPA and TPAPzDPy, which 286 

accounts for their higher device EQE to large degree. 287 

In order to investigate the ICT property of these molecules, four solvents with 288 

distinctive polarity (methylcyclohexane (MCH), toluene (Tol), dichloromethane 289 

(DCM), acetone (Ace)) were chosen to conduct the solvatochromic experiments. It can 290 
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be seen from Fig. S4, all four compounds show strong positive solvatochromism 291 

indicative of the CT character of their lowest excited states [49]. Surprisingly, with 292 

increasing the polarity from MCH to Ace, the absorption intensity of DPyPzTPA and 293 

TPAPzDPy increases. Furthermore, the PL peaks of DPyPzTPA, PyPzDTPA, 294 

TPAPzDPy and DTPAPzPy appreciably red-shift by about 269, 266, 211, and 216 nm, 295 

respectively, indicative of strong solvent dipole relaxation of the excited state dipole 296 

moment. In order to obtain the accurate ΔEST values, fluorescence and phosphorescence 297 

spectra of the materials in films of zeonex (cyclic olefin polymer, a nonpolar soft 298 

polymer matrix) at 1 wt% at 80 K under vacuum were measured [66]. Herein, zeonex 299 

was used as host matrix because of its large free volume comparable to a (highly viscous) 300 

MCH solution [67]. Since zeonex is an inert environment, thus, the fluorescence spectra 301 

can be compared with the ones in MCH solutions. In both cases, the fluorescence 302 

spectra are structured (Figure S4, S5). This phenomenon is expected in non-polar 303 

environments because the CT state is not stabilized, and all molecules exhibit stronger 304 

local character. As shown in Fig. S5, the well-defined vibrational phosphorescence 305 

spectra shape of DPyPzTPA, PyPzDTPA, TPAPzDPy and DTPAPzPy reveals their T1 306 

states are all 3LE state [68], which manifests the probability of rISC processes from T1 307 

(3LE) to S1 (
1CT) since their rISC channels involve a change in orbital type [65, 69]. 308 

ES1 and ET1 were estimated based on their onset values of fluorescence and 309 

phosphorescence spectra, thus, the ΔEST of DPyPzTPA, PyPzDTPA, TPAPzDPy and 310 

DTPAPzPy were calculated to be 0.43, 0.44, 0.43 and 0.31 eV, respectively (see Table 311 

2). Such large ΔEST values suggests only weak or no TADF should occur in these four 312 
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emitters.  313 

 314 

Fig.3 Time-resolved PL decays of materials doped in 1 wt% zeonex (a: 80K; b: RT) 315 

and 10 wt% CBP (c: RT). Data points not plotted indicate no emission. Excitation at 316 

355 nm. 317 

 318 

Fig.4 The contour plots of PL in films of 10 wt% in CBP over time at RT. Banded 319 

region indicates the noise floor of the detection system, i.e. no measurable signal.  320 

 321 

To verify our aforementioned scenario, oxygen-sensitive PL spectra were first 322 
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measured at RT. As shown in Fig. S6, the fluorescence intensity of DPyPzTPA and 323 

DTPAPzPy have more intense emission in nitrogen conditions compared to those in air, 324 

indicative of some triplet exciton harvesting contributing to the emission in comparison 325 

to the weak increase seen in PyPzDTPA and TPAPzDPy. To substantiate if this arises 326 

from a TADF channel, transient PL decay measurements were proceeded on the 327 

materials doped in 1 wt% zeonex and 10 wt% CBP (Fig.3-4 and Fig. S7). It is 328 

noteworthy that in zeonex, which provides an environment similar to the solution state 329 

[70], the delayed emission is only observed at long times and is redshifted, indicative 330 

of phosphorescence. As the temperature increased from 80 K to RT, the delayed 331 

contribution of DPyPzTPA decreased, while for DTPAPzPy, it was completely 332 

quenched, the absence of their emission at the delayed regime > 0.1 ms again is ascribed 333 

to the phosphorescence emission since the slopes of the decay get closer to zero at 80 334 

K [67]. For PyPzDTPA, the slightly enhanced emission was observed, regarding 335 

TPAPzDPy, only a little emission was found as illustrated in Fig. 3 (b), the faint 336 

improvement of the delayed components by elevating the temperature support their 337 

considerably weak TADF features. The heat maps, Fig 3 and S7 do indicate redshifted 338 

emission at 10 ns -50 ns which we ascribe to aggregate state emission from the more 339 

planar molecules. However, a large enhancement of DF was observed in all except 340 

TPAPzDPy when the four materials were doped in the universal rigid host of CBP (with 341 

reinforced polarizability) and elevated concentration, 10 wt % (see Fig. 3 (c)). As shown 342 

in Table 2 and Fig.S8-S11, the prompt and delayed lifetimes are 4.50 ns/0.78 ms 343 

(DPyPzTPA), 4.31 ns/1.29 ms (PyPzDTPA) and 4.23 ns/5.54 ms (DTPAPzPy), 344 
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respectively. The DF emission in this case is not red shifted and come from the same 345 

state as the prompt emission indicative of a triplet harvesting mechanism. We then 346 

calculated the kinetic parameters to gain deep insights into the exciton dynamics 347 

according to reported methods [40, 71]. As summarized in Table 2, the radiation rate 348 

constants of the lowest singlet state (kr
S) of DPyPzTPA and DTPAPzPy are larger than 349 

their corresponding nonradiative decay rates (knr
S), suggesting the deactivation process 350 

of the S1 is dominated by the radiative transitions [72]. Additionally, the highest ratio 351 

of kr
S/knr

S was noticed for DPyPzTPA, which means the most efficient radiative decay 352 

process [72]. On the contrary, both of TPAPzDPy and PyPzDTPA exhibit much lower 353 

ratio of kr
S/knr

S which indicative of unsatisfactory radiation transitions. These results 354 

further testified that DPyPzTPA and DTPAPzPy possess much more rigidity and thus 355 

less geometry relaxation than TPAPzDPy and PyPzDTPA. Impressively, DPyPzTPA is 356 

found to have the highest effective krISC (1.48 ×103 s-1), demonstrating the triplet 357 

excitons could up-convert to singlet ones more efficiently than other three analogs. On 358 

the contrary, TPAPzDPy exhibited extremely weak DF in 10 wt% CBP which cannot 359 

be observed. We then measured the time-resolved behaviour of the four emitters in a 360 

high dielectric/polarizability host DPEPO (bis[2-(diphenylphosphino)phenyl]ether 361 

oxide), and observed that there is a delayed fluorescence component for TPAPzDPy 362 

(see Fig. S12). Based on this result and an extremely weak signal in the delayed region 363 

of the 10 wt% CBP film, we conclude that TPAPzDPy has DF which is the worst in the 364 

four molecules of the series but cannot be easily observed. The less rigidity of molecular 365 

skeleton of TPAPzDPy leads to its much lower ratio of kr
S/knr

S and thus the severely 366 
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non-radiative decay process despite it shows the relatively higher SOC value. Overall, 367 

the weak SOC interactions between S1 and energetically close excited triplet states as 368 

well as the large ΔEST values accounts for their relatively small krISC values and long 369 

TADF lifetime [73]. As shown in Table 2, the values of krISC of DPyPzTPA (1.48 ×103 370 

s-1) is much higher than those of PyPzDTPA (0.90 ×103 s-1) and DTPAPzPy (0.21 ×103 371 

s-1) although DTPAPzPy exhibits the smallest ΔEST. This results could be explained by 372 

the relatively stronger SOC interactions between S1 and energetically close-lying 373 

excited triplet state (i.e., T2 and T3) for DPyPzTPA as revealed by theoretical 374 

calculations (see Table S1) [68, 73]. To corroborate that no other processes participate 375 

the time-resolved PL of DPyPzTPA, the variation of the DF integrated intensity with 376 

excitation dose is an important criterion to establish the intramolecular origin of the DF 377 

[74], thus, laser excitation intensity measurements were performed over two time 378 

ranges of 1.5-100 μs and 10-30 ms, as illustrated in Fig.S13, all of which are linear in 379 

the entire regime with the slopes < 1, ruling out the triplet-triplet annihilation (TTA) 380 

mechanism and validating its TADF behavior [66-67, 70, 74-75]. 381 

 382 

3.5. Electroluminescence 383 
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 384 

Fig. 5. The energy level diagram of the devices and the molecular structures. 385 

 386 

 387 

Fig. 6. Current density and luminance versus voltage of the devices (a) and power 388 

efficiency versus luminance of the devices (b). 389 

 390 

To investigate the potential OLEDs application of these materials, various devices 391 

of ITO / HATCN (5 nm) / TAPC (30 nm) / mCP (10 nm) / EML (20 nm) / B3PYMPM 392 

(70 nm) / LiF (1 nm) / Al (150 nm) were fabricated (see Fig. 5), where HATCN 393 



 
 

21 

(2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexaazatriphenylene) is hole-injection layer 394 

(HIL), TAPC (1,1-bis(4-di-p-tolylaminophenyl)cyclohexane) is hole-transporting layer 395 

(HTL), mCP (m-bis(N-carbazolyl)benzene) is exciton blocking layer, B3PYMPM (4,6-396 

bis(3,5-di-3-pyridylphenyl)2-methylpyrimidine) is electron-transporting layer (ETL), 397 

LiF (lithium fluoride) is electron-injection layer (EIL), CBP doped with different 398 

concentrations of emitter as EML. We observed that slightly red-shift of emission peaks 399 

with the increasing concentrations due to the enhanced intermolecular interaction and 400 

polarity in EML (Table S2-S5). For DPyPzTPA, as shown in Table S2, when the 401 

concentration rose from 5% to 10%, a bit improved performance was found. However, 402 

the device showed significantly decreased efficiency as doping concentration further 403 

increased to 15% onwards which can be assigned to the gradually aggravated ACQ 404 

effect because of its quasi planar molecular skeleton. Since almost all the devices 405 

represented the highest EQEmax at the doping concentration of 10 wt%, to this end, we 406 

explored their electroluminescent properties at this same concentration for better 407 

comparison. From Fig. 6(a) and Table 3, it can be seen that all the devices exhibited the 408 

low turn-on voltage of 2.8 V which means their excellent charge carrier transport 409 

capacity. As illustrated in Fig. 6(b), Fig. 7 and Table 3, thanks to the largest ΦPL and 410 

krISC, the device based on DPyPzTPA disclosed the best PEmax, CEmax and EQEmax of 411 

60.9 lm/W, 53.3 cd/A and 16.6%, respectively. In stark contrast, TPAPzDPy-based 412 

device only achieved nearly half efficiency (30.8 lm/W, 27.5 cd/A, 8.3%) compared to 413 

its brethren of DPyPzTPA. The EQEmax value of 8.3% for TPAPzDPy-based fluorescent 414 

device might is arising from extremely weak DF property and much lower ΦPL of 415 

TPAPzDPy. Concurrently, in terms of the other pair of isomers, the DTPAPzPy-based 416 

device also manifested much more intensified performance (59.1 lm/W, 52.7 cd/A, 417 

16.1%) than those of PyPzDTPA’s device (39.5 lm/W, 35.2 cd/A, 10.3%) benefiting 418 
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from the relatively higher ΦPL. The EQE roll-off (difference between EQEmax and EQE 419 

at 1000 cd/m2) is 13.5%, 7.3%, 4.9% and 13.8% for DTPAPzPy, PyPzDTPA, 420 

TPAPzDPy and DPyPzTPA, respectively. This shows that the roll-off is much smaller 421 

in TPAPzDPy. As above-mentioned, we stated that some DF is possible to occur but 422 

will be very weak and inefficient, thus a small contribution from this will affect the 423 

device’s roll-off. In comparison to the TPAPzDPy and PyPzDTPA-based devices, the 424 

devices based on DPyPzTPA and DTPAPzPy also demonstrated noticeable efficiency 425 

roll-off stemming from the long TADF lifetimes of these materials and less ideal rISC 426 

process with relatively small krISC values which probably induced frustrating triplet 427 

exciton accumulations at high brightness and thus severe quenching processes such as 428 

TTA, singlet-triplet annihilation (STA) and triplet-polaron quenching (TPQ) during 429 

operation [24, 76-77]. 430 

 431 

 432 

Fig. 7. Current efficiency versus luminance of the devices (a) and external quantum 433 

efficiency versus luminance of the devices (b). 434 
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 435 

Fig. 8. Electroluminescence spectrum of the devices. 436 

 437 

The EL spectra of all the devices displayed typically orange-red emission bands 438 

(Fig. 8). The EL peaks of DPyPzTPA, PyPzDTPA, TPAPzDPy and DTPAPzPy-based 439 

devices are located at 556, 550, 560, and 562 nm, respectively (Table 3), which are in 440 

good consistency with their PL peaks (Table 2), corroborating that the EL emissions 441 

were purely originated from the TADF materials. 442 

 
443 

Table 3  
444 

Summary of the electroluminescent performance of the devices based on ITO / HATCN 
445 

(5 nm) / TAPC (30 nm) / mCP (10 nm) / CBP: 10% emitter (20 nm) / B3PYMPM (70 
446 

nm) / LiF (1 nm) / Al (150 nm). 
447 

Emitter Von
a 

(V) 

Lmax 

(cd/m2) 

PE  

(lm/W) 

CE 

(cd/A) 

EQE 

(%) 

Peak 

(nm) 

CIE 

(x, y) 

DPyPzTPA 2.8 3855 60.9b 53.3b 16.6b/5.1c/2.8d 556 (0.43,0.55) 
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PyPzDTPA 2.8 5484 39.5b 35.2b 10.3b/4.7c/3.0d 550 (0.41,0.56) 

TPAPzDPy 2.8 5101 30.8b 27.5b 8.3b/5.3c/3.4d 560 (0.45,0.54) 

DTPAPzPy 2.8 4113 59.1b 52.7b 16.1b/5.1c/2.6d 562 (0.46,0.53) 

a Turn-on voltage at the luminance of 1 cd/m2. 448 

b maximum. 449 

c at 100 cd/m2. 450 

d at 1000 cd/m2. 451 

 452 

4. Conclusion 453 

In summary, we have designed and synthesized four orange-red emitters named 454 

DPyPzTPA and TPAPzDPy, PyPzDTPA and DTPAPzPy with slightly twisted A’-A-D 455 

or D-A-A’ structures. Their photophysical properties could be controlled through 456 

altering the position and number of substituted groups. Among them, DPyPzTPA and 457 

DTPAPzPy exhibit much more rigidity and thus less geometry relaxation and non-458 

radiative decay between ground states and excited states than those of PyPzDTPA and 459 

TPAPzDPy. Thanks to the relatively stronger rigidity and SOC interactions between the 460 

S1 and energetically close-lying excited triplet state, DPyPzTPA represents the 461 

relatively highest ΦPL and the fastest rISC process, accordingly, the device based on 462 

DPyPzTPA exhibited the highest PEmax of 60.9 lm/W and CEmax of 53.3 cd/A with a 463 

EQEmax of 16.6% and CIE coordinates of (0.43, 0.55). By contrast, the TPAPzDPy-464 

based devices only presented half efficiency (30.8 lm/W, 27.5 cd/A, 8.3%) owing to its 465 

lower rigidity, extremely weak DF feature and much lower ΦPL. Meanwhile, the device 466 

based on DTPAPzPy also demonstrated the enormously boosted performance (59.1 467 

lm/W, 52.7 cd/A, 16.1%) than its counterpart PyPzDTPA-based device (39.5 lm/W, 468 



 
 

25 

35.2 cd/A, 10.3%). Our work implies that the asymmetrical and isomeric molecules is 469 

a potential strategy of designing highly efficient long-wavelength TADF materials. 470 
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