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With the aim of achieving high-performance thermally activated delayed fluorescence, a 

series of trioxoazatriangulene derivatives were systematically developed by modifying the 

donor substituents. The emission colors were shifted from green to greenish-yellow and to 

yellow with rather broad spectral widths of 70-95 nm by introducing carbazole, 

triphenylamine, or diphenylamine donor units, indicating that each emission originates from a 

charge-transfer transition. On the other hand, the trioxoazatriangulene modified with three 

diphenylamines showed orange emission with a narrow emission spectrum (45 nm), 

suggesting that the transition mainly originates from a multiple resonance effect.  
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1. Introduction 

Thermally activated delayed fluorescence (TADF) materials attract great interest in 

the field of organic light-emitting diodes (OLEDs) as a new generation of high-performance 

emitters.[1,2] According to simple spin-statistics, upon current excitation and charge 

recombination of holes and electrons, excitons are generated in the ratio of 25% singlets and 

75% triplets.[3] Therefore, while phosphorescent materials that emit from the lowest triplet 

excited state (T1) via intersystem crossing (ISC) can harness all of the generated excitons, 

fluorescent materials that emit from the lowest singlet excited state (S1) can harness only 25% 

of the generated excitons.[4] However, TADF materials can trigger all of the generated 

excitons to emit from S1 through reverse intersystem crossing (RISC) from T1 to S1. Since 

TADF materials offer significant advantages in molecular design over phosphorescent 

materials as they are not limited by metal complex architectures, many novel molecular 

scaffolds have been recently reported. 

From the standpoint of photochemistry, the TADF phenomenon has long been 

known as E-type delayed fluorescence in compounds such as eosin,[5] fluorescein,[6] 

carbonyls,[7] fullerenes,[8] porphyrin,[9] and their derivatives; however, their upconversion 

efficiencies had been limited to quite low values. This is a phenomenon that was first 

observed in 1929 by Perrin,  who proposed that the delayed dye emission originates in 

thermal activation from the metastable state.[10] In 2009-2012, the Adachi group established 

guidelines to minimize the energy offset (ΔEST) between the S1 and T1 states and design 

efficient TADF molecules based on conventional aromatics in the absence of any heavy metal 

atoms: 1) separation of the electron densities in the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO), using a donor (D)-acceptor 

(A) linked architecture, 2) reduction of π-conjugation between the D and A units by 

introducing a large steric hindrance, and 3) consequently, achievement of a small spatial 

orbital overlap between HOMO and LUMO.[1] After the demonstration of nearly 100% 
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upconversion from T1 to S1 in phthalonitrile derivatives based on these guidelines,[2] a wide 

variety of TADF molecules have been reported in the field of OLEDs. [11] While the original 

theoretical picture had to be refined,[12,13] in addition to the well-established D-A architecture, 

novel molecular architectures using n-π* transitions,[14] multi-resonance (MR) effects,[15,16,17] 

and excited-state intramolecular proton transfer have also realized very small ΔEST offsets 

within a single molecular skeleton.[18] 

Very recently, we reported a coplanar (flat) TADF molecule based on the 

hexamethylazatriangulene and diphenyltriazine linkage, which showed TADF properties in 

spite of the absence of a twisted architecture.[19] Here, we focus on a 4,8,12-trioxo-13-

azatriangulene (TOAT, Figure S1) core, which also provides a completely flat structure and 

has three electron-withdrawing carbonyl groups combined with a triphenylamine backbone. 

Also, TOAT has been attracting interest as an n-type organic semiconductor because of its 

strong electron withdrawing nature and the formation of a one-dimensional columnar 

structure in the crystalline state. [20,21] Thus, TOAT was used as a potential candidate as the 

acceptor in flat TADF molecular structures. Furthermore, TOAT has the potential of 

displaying MR effects: The central electron donating nitrogen atom in the triphenylamine unit 

is in resonance with the electron withdrawing carbonyl groups. Thus, we modified TOAT 

with donor units aimed at efficient TADF by focusing on the CT and MR effects (Figure 1). 

 

Figure 1. Chemical structures of TOAT and its derivatives 1-5. 
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2. Results and discussion 

2.1. Mono-modified TOAT derivatives 

The photoluminescence quantum yield (PLQY) of a single TOAT core unit is quite 

low, <1%, which is likely due to the weak oscillator strength of the n-π* transition. 

Interestingly, we confirmed the appearance of a delayed component in its PL decay (Figures 2 

and S3). Via donor modification, the HOMO of the MR core can be extended to modify the 

MR excited states, or enhance the separation of the HOMO and LUMO levels.[15,16,22] 

Therefore, we designed TOAT-based mono-substituted materials with carbazole (1), 

triphenylamine (2), and diphenylamine (3) functionalities. Table S1 displays the simple 

HOMO and LUMO distributions in TOAT, 1, 2, and, 3 as calculated at the density functional 

theory (DFT) B3LYP/6-31G(d) level of theory. Given its three-fold symmetry, TOAT has 

degenerate LUMO and LUMO+1 levels. The HOMOs of 1-3 are distributed over the donor 

units and the LUMOs are mainly concentrated on the TOAT units. The evolution of the 

HOMO wavefunctions is related to the donating ability of the carbazole and amine units to the 

TOAT core. Table S2 depicts the Natural Transition Orbitals (NTOs) in the S1 and T1 states 

calculated via time-dependent (TD)-DFT and unrestricted DFT (UDFT) at the CAM-

B3LYP/6-31G(d) level, respectively.[12,23] In the S1 state, the hole and particle wavefunctions 

distribute on the donor substituent and TOAT, respectively. Interestingly, the orbital overlaps 

in 2 and 3 are almost the same in spite of the fact that TOAT directly bonds to the N atom of 

diphenylamine in 3. In the T1 state, the hole is delocalized mainly over the donating moieties 

except in 1, where the T1 state mainly corresponds to a local excitation on the TOAT moiety. 

Table 1 collects the experimental and theoretical (adiabatic, LC-ωPBE/6-31+G(d) level) 

estimates of the S1 and T1 energies and their energy splitting (ΔEST). All singly substituted 

TOAT derivatives 1-3 show a small energy splitting (< 0.3 eV), indicating potential TADF 

ability. 
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Figure 2. Absorption (broken line), fluorescence (black solid line), and phosphorescence 
(gray solid line) spectra of (a) TOAT, (b) 1, (c) 2, (d) 3, (e) 4 and (f) 5 in toluene; [TOAT], 
1.0×10-6 mol L-1; [1]-[5], 1.0×10-5 mol L-1. 

 

Table 1. Measured IPs and EAs of TOAT and its derivatives together with the calculated 
frontier molecular orbital energies (given between parentheses). 

 IP (HOMO) 
[eV]a,b) 

EA (LUMO) 
[eV]a,b) 

LUMO+1 
[eV]a,b) 

EVA 
[eV]c,d) 

S1 
[eV]d,e,f) 

T1 
[eV]d,e,f) 

∆EST 
[eV]d,e,f) fg) kr 

[107 s-1]g) 

TOAT -6.89 
(-6.37) 

-2.86 
(-2.58) (-2.58) 2.99 

(3.36) 
3.02 

(2.90) 
2.68 

(2.46) 
0.34 

(0.44) 
0.015 

(0.0000) 1.72 

1 -5.95 
(-5.56) 

-2.98 
(-2.72) (-2.65) 2.65 

(2.89) 
2.59 

(2.66) 
2.38 

(2.51) 
0.21 

(0.15) 
0.013 

(0.0661) 1.24 

2 -5.33 
(-5.09) 

-2.86 
(-2.50) (-2.48) 2.73 

(2.62) 
2.45 

(2.59) 
2.30 

(2.36) 
0.15 

(0.23) 
0.026 

(0.0769) 1.38 

3 -5.57 
(-5.30) 

-2.89 
(-2.46) (-2.45) 2.39 

(2.48) 
2.34 

(2.19) 
2.05 

(1.91) 
0.29 

(0.28) 
0.016 

(0.0656) 0.84 

4 -5.46 
(-5.11) 

-2.89 
(-2.38) (-2.36) 2.32 

(2.37) 
2.31 

(2.34) 
1.97 

(1.95) 
0.34 

(0.39) 
0.016 

(0.0928) 0.93 

5 -5.39 
(-4.95) 

-2.90 
(-2.30) (-2.30) 2.24 

(2.45) 
2.24 

(2.10) 
1.90 

(1.65) 
0.34 

(0.45) 
0.050 

(0.1087) 2.89 

a) Experimental IPs and EAs derived from electrochemistry;[24] b) theoretical energy levels 
calculated at the B3LYP/6-31G(d) level; c) experimental vertical absorption energy (EVA) 
values estimated from the peak wavelength of the lowest-energy curve in Figure S2; d) 
theoretical state energies calculated at the LC-ωPBE/6-31+G(d) level; e) experimental S1 and 
T1 energies estimated from the fluorescence and phosphorescence spectra in toluene shown in 
Figure 2; f) the adiabatic S1 and T1 geometries were calculated at the CAM-B3LYP/6-31G(d) 
level by using TD-DFT and UDFT, respectively;[12,23] g) the oscillator strength (f) and 
radiative decay rate (kr) were estimated following reported methodologies with the spectral 
fitting shown in Figure S2.[25,26] 
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The experimental ionization potentials (IP) and electron affinities (EA) of the TOAT 

derivatives were estimated via electrochemistry,[24] since in their solid films TOAT 

derivatives would form aggregates, which induces energy level shifts.[21] 1, 2, and 3 showed 

two reversible waves in the negative potential region at −1.52/ −1.77, −1.61/ −1.81, and 

−1.59/ −1.80 V (Eo
red1/ Eo

red2 vs. Fc/Fc+), respectively (Figure S2). These waves were assigned 

based on the reduction of the TOAT backbone (−1.61 and −1.82 V vs. Fc/Fc+ for TOAT). In 

the positive potential region, 3 showed a reversible wave while 1 and 2 showed a pseudo-

reversible wave. Therefore, the oxidation potentials (Eo
ox) were estimated via differential 

pulse voltammetry (DPV). The oxidation potentials were measured to be 1.64, 0.96, 0.52, and 

0.69 V vs. Fc/Fc+ for TOAT, 1, 2 and 3, respectively. These results clearly indicate that the IP 

is related to the donor substituent of 1, 2, and 3. The estimated IP and EA values are 

summarized in Table 1. The experimental and theoretical trends are found to be in good 

agreement. 

The absorption spectra of the TOAT derivatives are totally different from that of 

unsubstituted TOAT (Figure 2). The sharp absorption peak at 411 nm in TOAT disappears 

and broad charge transfer (CT) absorption bands emerge at longer wavelengths, given the 

introduction of electron donating substituents. All TOAT derivatives show broad emission 

spectra, which again is related to the CT character of the transition; the full width at half 

maximum (FWHM) values of these emission bands are 70, 94, and 84 nm for 1, 2, and 3, 

respectively, while that of TOAT is 16 nm. The PLQY values of these TOAT derivatives in 

toluene are still limited to low values (< 0.20 under N2 saturated condition). The ΔEST values 

for the TOAT derivatives were estimated from the onsets of their fluorescence and 

phosphorescence spectra, and correspond to 0.21, 0.15, and 0.29 eV for 1, 2, and 3, 

respectively (Table 1). These values are in good agreement with the trends obtained in our 

calculations. The relatively large ΔEST value of 3 suggests the presence of a significant orbital 

overlap on the TOAT unit; it can be attributed to the vanishing (equilibrium) dihedral angle 
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between D and A, since one phenyl ring is incorporated into the TOAT core and 

wavefunctions appear on this ring that is shared by the D and A units. On the other hand, 1 

and 2 have a more traditional D-A linkage design with rather large dihedral angles between 

the two units, which reduce the π-conjugation between them. Interestingly, the experimental 

oscillator strength (f) of 3 is smaller than that of 2 and similar to that of 1, a trend confirmed 

by the theoretical results. This confirms that the energy splitting between S1 and T1 does not 

depend exclusively on orbital overlap. 

In the PL decay measurement, in spite of the large ΔEST value in 3, all derivatives 

show a clear long-lifetime delayed component in degassed toluene, (Figure S3) with delayed 

lifetimes of 7.1, 29.8, and 43.1 μs for 1, 2, and 3, respectively (Table 2). Note that all the 

delayed components of 1-3 decrease dramatically under air saturated condition, indicating that 

the triplet excitons are efficiently quenched via energy transfer to oxygen. In addition, the 

PLQY values of the TOAT derivatives in N2-saturated toluene remain very low: 0.17, 0.14, 

and 0.19 for 1, 2, and 3, respectively. These values are only ~5% larger than those in air 

saturated condition (0.11, 0.06, and 0.14 for 1, 2, and 3, respectively), which points to the 

presence of large non-radiative decay processes. Therefore, it is important to move the 

discussion to the solid state. 

 

Table 2. Photophysical properties of TOAT derivatives in inert gas-saturated toluene (1.0×
10-5 M); the figures in parentheses are the emission characteristics in mCBP films (3 wt%). 

 τprompt 
[ns] 

Τdelayed 
[μs] Φtotal Φprompt Φdelayed 

kr 
[107 s-1] 

KISC 
[108 s-1] 

KRISC 
[103 s-1] 

KnrT 
[103 s-1] 

1 3.4 
(8.2) 

648.8 
(7.12) 

0.73 
(0.17) 

0.11 
(0.16) 

0.62 
(0.01) 

3.34 
(1.95) 

2.60 
(1.03) 

9.44 
(9.34) 

0.47 
(139) 

2 6.3 
(8.2) 

374.5 
(29.8) 

0.66 
(0.14) 

0.03 
(0.07) 

0.63 
(0.07) 

0.48 
(0.86) 

1.54 
(1.13) 

57.8 
(35.2) 

0.94 
(31.1) 

3 6.9 
(17.5) 

4683.4 
(44.1) 

0.50 
(0.19) 

0.20 
(0.16) 

0.30 
(0.03) 

2.95 
(0.91) 

1.16 
(0.48) 

0.40 
(5.65) 

0.13 
(21.8) 

4 6.4 
(7.4) 

3844.3 
(167.0) 

0.46 
(0.13) 

0.06 
(0.09) 

0.40 
(0.04) 

0.92 
(1.25) 

1.48 
(1.22) 

1.90 
(2.66) 

0.15 
(5.74) 

5 6.0 
(5.6) 

2142.1 
(113.1) 

0.46 
(0.07) 

0.17 
(0.05) 

0.29 
(0.02) 

2.91 
(0.84) 

1.38 
(1.71) 

0.93 
(4.80) 

0.31 
(8.62) 
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2.2. Mono-modified TOAT derivatives in solid state films 

The thermally evaporated pristine films of TOAT derivatives showed red-shifted 

emission compared with those in toluene solutions due to the formation of aggregates. 

Therefore, we fabricated co-evaporated films using a 3,3-di(9H-carbazol-9-yl)biphenyl 

(mCBP) matrix doped with 3 wt% of a TOAT derivative. The S1 energies for 1, 2, and 3 are 

then measured to be 2.62, 2.56, and 2.38 eV, respectively. The ΔEST values in the solid state 

were also estimated via onsets of the fluorescence and phosphorescence spectra of 3 wt% 

doped mCBP films (Figure 3); these values are 0.26, 0.27, and 0.17 eV for 1, 2, and 3, 

respectively. The films show relatively high PLQY values of 0.73, 0.66, and 0.50 for 1, 2, and 

3, respectively, compared with those in toluene solutions (Table 2). All films show delayed 

components in their emission decay curves with lifetimes of 0.65, 0.37, and 4.68 ms for 1, 2, 

and 3, respectively (Figure S4 and Table 2). The emission spectra of the delayed components 

for 1-3 derivatives match well those of the prompt fluorescence spectra (Figure S5). In 

addition, each delayed emission component displays a temperature dependence, with a larger 

proportion of the delayed component being observed at higher temperature (Figure 4). All 

these results clearly support TADF activity. We note that 3 has a delayed lifetime one order of 

magnitude longer compared with those of 1 and 2. The rate constants of each TOAT 

derivative in the mCBP host film at 3 wt% doping were estimated.[27] We obtain that the kRISC 

of 3 is over one order of magnitude slower than those of 1 and 2 (Table 2). On the other hand, 

the activation energies for RISC (𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅), as estimated from Arrhenius plots, are found to be 

0.06, 0.04, 0.11 eV for 1, 2, and 3, respectively, (Figure S6). These 𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 values are all 

significantly smaller than the ΔEST values. The DFT calculations also indicate that the T2 

states in 1-3 are a CT state. The rather slow nature of the TADF process can be related to the 

fact that, even though there is participation of a higher CT triplet state in the RISC process 
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and 𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is small enough for efficient TADF, S1, T1 and T2 have all a similar CT character, 

leading to slow upconversion.[26,28,29] 

 

 
Figure 3. Fluorescence (solid line) and phosphorescence spectra (broken line) of Cz-TOAT 
(red), TPA-TOAT (green), and DPA-TOAT (blue) in mCBP films (3 wt%) on quartz 
substrate. 
 

 
Figure 4. Transient PL decay curves of (a) 1, (b) 2, and (c) 3 in mCBP films (3 wt%) from 
300 K to 10 K. Decay curves were obtained from the corresponding streak camera images. 
 

 

2.3. Di- and tri-diphenylamine (DPA) modified TOAT derivatives 

We also synthesized bis- and tris-DPA substituted TOAT derivatives, 4 and 5, 

respectively. C-V measurements show that the derivatives have two reversible reduction 

waves based on the TOAT moiety; these appear at almost the same potentials of −1.59/ −1.80 

V (Eo
red1/ Eo

red2 vs. Fc/Fc+) regardless of the number of DPA units (Table 1, Figure S7), which 

indicates that the EAs of the TOAT core are hardly affected by multiple donor substitutions. 

On the other hand, the IP reduces upon increasing the number of DPA substituents. 3, 4, and 5 

show one to three reversible or pseudo-reversible oxidation peaks depending on the number of 
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DPA donors (3: 0.69 V, 4: 0.61 and 0.71 V, 5: 0.56, 0.73 and 0.82 V vs. Fc/Fc+). DPV 

measurements clearly show that the first oxidation potential shifts to more negative values by 

increasing the number of DPA units. The IPs were estimated to be 5.6, 5.5, and 5.4 eV for 3, 

4, and 5, respectively.  

The DFT-B3LYP calculations indicate a small splitting of the LUMO and LUMO+1 

levels in 3 and 4 and degeneracy of the two levels in 5, where three-fold symmetry is restored. 

Upon increasing the number of DPA units, the HOMO wavefunction increasingly expands 

into the TOAT unit (Figure S1). Compared to 3, emission is redshifted and the f values are 

enhanced in 4 and 5. The molar absorption coefficient (ε) increases by increasing the number 

of DPA substituents on TOAT (Figure 5a); the f values estimated from the absorption spectra 

show a significant increase in 5 compared to those of 3 and 4: 0.016, 0.016, and 0.050 for 3, 

4, and 5, respectively (Table 1). This trend is consistent with the calculated f values as well as 

with the extent of orbital overlap of the S1 NTOs. In contrast to the evolution of the ε values, 

PLQY in solution is measured to decrease upon increasing the number of DPA units; we 

suspect that the reason is to be found in the increased possibilities of rotations of the DPA 

units, which can contribute to increase the nonradiative decay rates; the PLQY values of 3, 4, 

and 5 are 0.19, 0.13, and 0.07, respectively. The ΔEST values in the 3-5 series in toluene 

remain very similar, 0.29-0.34 eV. However, 4 and 5 show longer delayed emission lifetimes 

than 3, 167 and 113 μs in N2-saturated toluene, respectively, vs. 43 μs. The FWHMs of 3 (84 

nm) and 4 (75 nm) are broader than that of 5 (45 nm) (Figure 5b). Interestingly, the FWHM of 

5 is 0.16 eV, which is nearly the same value as that of DABNA (27 nm in the blue region, 

0.16 eV);[15] this suggests that this transition in 5 might be related to an MR effect rather than 

a CT character. In the calculations, the characteristics of the HOMO-LUMO wavefunctions 

and NTOs look similar to those in MR emitters; these orbitals on the TOAT moiety have 

multiple-resonance characteristics involving the amine and carbonyl groups and have only 

small spatial overlap. In an mCBP matrix (3 wt% doping), the DPA series displays similar 
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PLQYs: 0.50, 0.46, and 0.46 for 3, 4, and 5, respectively. The decay lifetimes of the delayed 

emission strongly reduces as a function of the number of DPA units: 4.68, 3.84, and 2.14 ms, 

which indicates that multi-donor substitutions of TOAT dramatically decreases the triplet 

lifetime. 

 

 
Figure 5. Absorption (a) and fluorescence spectra (b) of 3, 4, and 5 in toluene (1.0×10-5 mol 
L-1). 
 

2.4. OLEDs devices using TOAT derivatives as an emitter 

The TOAT derivatives were used in OLEDs with the structure: ITO/HAT-CN (10 

nm)/Tris-PCz (30 nm)/3 wt% TOAT derivatives: mCBP (30 nm)/T2T (10 nm)/ BPy-TP2 (40 

nm)/LiF (0.8 nm)/Al (100 nm).[30] 1-3 show relatively high external quantum efficiencies in 

the range of 10-17%; however, 4 and 5 display low EQEs (Figure S8-10). This is mainly due 

to issues regarding charge balance and to the low efficiency of the energy transfer processes 

from the host as a result of the red-shifted CT absorption of the derivatives. While the 

problems in device performance remain, the emission spectra progressively improved with 

higher color purity, with Commission Internationale de l'Éclairage (CIE) coordinates of (0.23, 

0.59), (0.41, 0.56), (0.46, 0.54), (0.54, 0.45), and (0.57, 0.43), for 1, 2, 3, 4, and 5, 

respectively (Figure S11). Therefore, it can be expected that further device optimization can 

bring efficient devices with high color purity emission. 

 

3. Conclusions 
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In summary, we designed novel TOAT derivatives via substitution of the TOAT core 

with electron donating moieties. While TOAT displays almost no emission, the donor 

modification opens emission pathways. Increasing the number of donor DPA units is seen to 

change the TADF nature from CT to MR characteristics. By increasing the number of DPA 

units on TOAT, the emission spectrum narrows. When used to fabricate OLEDs, these TOAT 

derivatives demonstrate limited EQE; however, the emission spectra progressively improve 

with higher color purity in the orange-red region. Further structural tuning of TOAT and 

device optimization promise to provide high color purity devices with high efficiency. 

 

4. Materials and methods 

4.1. Chemicals and instruments 

All reactants and solvents were used as purchased from Tokyo Chemical Industry 

(Tokyo, Japan) or Fuji Film-Wako Chemicals (Tokyo, Japan). All reactions were carried out 

under N2 atmosphere. In general, the evaporation of solvents was carried out under reduced 

pressure below 50 °C, unless otherwise noted. Proton nuclear magnetic resonance (1H NMR) 

spectra were obtained using a Biospin Avance III 500 spectrometer (Bruker, MA, USA) with 

THF-d8 as the solvent. Peak multiplicities are given as: s, singlet; d, doublet; dd, double 

doublet; ddd, double double doublet; t, triplet; dt, double triplet. Mass spectra were measured 

in positive-ion atmospheric pressure solid analysis probe (ASAP) mode using a Waters 3100 

mass detector (Waters, MA, USA). Absorption spectra were measured using an ultraviolet-

visible-near infrared spectrometer (Lambda 950-PKA, Perkin-Elmer, MA, USA). The 

photoluminescence quantum yields (PLQY) were measured using a PLQY measurement 

system (Quantaurus-QY, Hamamatsu Photonics, Hamamatsu, Japan). The transient 

photoluminescence (PL) decay characteristics were measured using an emission lifetime 

measurement system (Quantaurus-Tau, Hamamatsu Photonics, Hamamatsu, Japan). The 

transient PL emission and PL decay of 1‒5 in mCBP films were recorded under vacuum 
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conditions by a streak camera (C4334, Hamamatsu Photonics, Hamamatsu, Japan) with a 

nitrogen laser (337 nm, 20 Hz, Ken-X, Usho Optical System, Japan) as an excitation source. 

A nitrogen laser was employed to measure prompt emission lifetimes. 

 

4.2. Electrochemistry 

Electrochemistry measurements for all samples were performed in dichloromethane (1.0 mM) 

with 0.1 M nBu4NPF6 by the three-electrode method using glassy carbon, platinum wire, and 

Ag/Ag+ electrode as working, counter, and reference electrode, respectively. Ferrocene was 

used as the external standard. All electrochemical potentials were described vs. a ferrocene/ 

ferrocenium potential (vs. Fc/Fc+). The half-wave potentials (𝐸𝐸1/2) are estimated from the 

peak potential (𝐸𝐸𝑝𝑝) in differential pulse voltammetry for the first oxidation and reduction 

peaks, using (𝐸𝐸1/2 =  𝐸𝐸𝑝𝑝 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 2⁄ ), where 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is amplitude voltage. The IP and EA 

values (in eV) were estimated according to: 𝐼𝐼𝐼𝐼 = −1.4𝐸𝐸1/2 − 4.6 and 𝐸𝐸𝐸𝐸 = −1.19𝐸𝐸1/2 −

4.78.[24] 

 

4.3. DFT calculations 

Geometry optimizations of the molecular ground states were carried out at the DFT 

level with the B3LYP global hybrid functional and the 6-31G(d) basis set, using the Gaussian 

16 Rev. A.03 code.[31] Geometry optimizations of the excited states were performed with the 

CAM-B3LYP functional at the TD-DFT or UDFT level with the 6-31G(d) basis set. 

Calculations of the excitation energies and the energy differences between S1 and T1 were 

done with the range-separated LC-ωPBE functional and the 6-31+G(d) basis set. The range-

separation (ω) values were tuned by minimization of the 𝐽𝐽2 value is given by the following 

equation:[23] 
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𝐽𝐽2(𝜔𝜔) = �[𝜀𝜀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝜔𝜔 (𝑁𝑁 + 𝑖𝑖) + 𝐼𝐼𝐼𝐼𝜔𝜔(𝑁𝑁 + 𝑖𝑖)]2
1

𝑖𝑖=0

 

where 𝜀𝜀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝜔𝜔  and 𝐼𝐼𝐼𝐼𝜔𝜔 correspond to the HOMO energy of a given molecule and its IP, 

respectively. 𝑁𝑁 is the total number of the electrons in the molecule. For the sake of better 

comparison with the experimental data, we considered the polarizable continuum model 

(PCM) taking toluene as the implicit dielectric medium. The optimized ω values are 0.2020, 

0.1916, 0.1353, 0.1762, 0.1688, and 0.1525 for TOAT, 1, 2, 3, 4, and 5, respectively. Finally, 

the Multiwfn 3.7 code was used to characterize the natural transition orbitals (NTOs) and 

calculate the wavefunction overlap between the hole and particle NTOs in the excited 

state.[32,33] 

 

4.4. Photophysical measurement 

 The TOAT derivatives 1-5 were measured in inert gas-saturated toluene solutions (1.0 

× 10‒5 mol L‒1) or thermally evaporated films (3 wt% in mCBP) under vacuum conditions (< 

5.0 × 10-4 Pa). 

 

4.5. Synthesis of TOAT derivatives 

 TOAT was synthesized according to the literature.[19] Tri-iodinated TOAT (3I-

TOAT) was synthesized according to the literature.[34] Mono- and di-iodinated TOAT (I-

TOAT and 2I-TOAT) were synthesized via an equivalent limiting reaction similar to the 

methodology used for 3I-TOAT. The target molecules were obtained through coupling with 

the corresponding donor parts via Ullman or Suzuki-Miyaura reaction. 

 

4.5.1. 4-Iodo-trimethyl-2,2’,2”-nitrilotribenzoate (I-TPA-1) and 4,4’-diiodo-trimethyl-

2,2’,2”-nitrilotribenzoate (2I-TPA-1) 
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The mixture of TPA-1 (3.00 g, 7.16 mmol) and silver (I) sulfate (2.23 g, 7.16 mmol) 

was dissolved in ethanol (50 mL) and added dropwise iodine (1.82 g, 7.16 mmol) in ethanol 

(100 mL). After stirring for 15 hours at room temperature, the reaction mixture was filtrated 

with selite to remove precipitates. The crude compound was obtained by solvent evaporation. 

I-TPA-1 (1.91 g, 3.51 mmol) and 2I-TPA-1 (0.41 g, 0.57 mmol) were obtained as a pale 

orange powder by silica gel column chromatography (dichloromethane).  

I-TPA-1: Yield, 49%; 1HNMR (500 MHz, CDCl3): δ (ppm) = 7.87 (d, 1H, J = 2.0 Hz), 7.62 

(dd, 1H, J = 8.0 Hz, 7.5 Hz), 7.60 (d, 1H, J = 8.5 Hz), 7.38 (dd, 1H, J = 8.0 Hz, 7.5 Hz), 7.12 

(ddd, 2H, J = 7.5Hz, 7.5 Hz, 3.5 Hz), 7.06 (dd, 2H, J = 8.0 Hz, 2.0 Hz), 6.76 (d, 1H, J = 8.5 

Hz), 3.43 (s, 3H), 3.41 (s, 3H), 3.35 (s, 3H), MS (ASAP) m/z 545.38 [M]+. 

2I-TPA-1: Yield, 8%; 1HNMR (500 MHz, CDCl3): δ (ppm) = 7.89 (dd, 2H, J = 5.5, 2.0 Hz), 

7.63 (d, 2H, J = 7.0 Hz), 7.62 (d, 1H, J = 9.0 Hz), 7.39 (dd, 1H, J = 8.5 Hz, 7.5 Hzc), 7.15 (dd, 

1H, J = 7.5Hz, 8.0 Hz), 7.06 (d, 2H, J = 9.0 Hz), 6.77 (dd, 2H, J = 8.5 Hz, 9.0 Hz), 3.45 (s, 

3H), 3.41 (s, 3H), 3.38 (s, 3H); MS (ASAP) m/z 671.14 [M]+. 

 

4.5.2. 4-Iodo-trimethyl-2,2’,2”-nitrilotribenzoic acid (I-TPA-2) 

The mixture of I-TPA-1 (801 mg, 1.47 mmol) and sodium hydroxide (829 mg, 20.7 

mmol) was refluxed in 1: 1 ethanol/ water solution (6.5 mL) for 3 hours. After the reaction, 

the solution pH was adjusted to ca. 1 by adding 1 M hydrochloric acid. The precipitate was 

collected by filtration under reduced pressure. The resulting white solid did not undergo any 

further purification. (659 mg, 1.31 mmol). 

I-TPA-2: Yield, 89%; 1H NMR (500 MHz, CDCl3) δ (ppm) = 8.17 (s, 1H), 7.94 (d, 1H, J = 

7.94 Hz), 7.89 (d, 1H, J = 8.0 Hz), 7.64 (dd, 1H, J = 8.5 Hz, 2.0 Hz), 7.41 (t, 1H, J = 7.5 Hz), 

7.40 (t, 1H, J = 7.5 Hz), 7.22 (t, 2H, J = 7.5 Hz,), 6.78 (d, 1H, J = 8.0 Hz), 6.74 (d, 1H, J = 

8.0 Hz), 6.49 (d, 1H, J = 8.5 Hz), 3.71 (broaden, 3H), MS (ASAP) m/z 503.32 [M]+. 
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4.5.3. 4,4’-Diiodo-2,2’,2”-nitrilotribenzoic acid (2I-TPA-2) 

 The same procedure as for I-TPA-2 was applied to obtain 2I-TPA-2 by using 2I-

TPA-1 (1.07 g, 1.59 mmol) and sodium hydroxide (0.795 g, 19.9 mmol). 2I-TPA-2 (0.91 g, 

1.45 mmol) was obtained as a white powder. 

2I-TPA-2: Yield, 91%; 1HNMR (500 MHz, DMSO-d6): δ (ppm) = 12.75 (broad, 3H), 7.93 

(broad, 2H), 7.75 (broad, 3H), 7.47 (broad, 1H), 7.23 (dd, 1H), 6.85 (broad, 1H), 6.62 (broad, 

2H); MS (ASAP) m/z 629.02[M]+. 

 

4.5.4. 2-Iodo-4,8,12-trioxo-13-azatriangulene (I-TOAT) 

Thionyl chloride (2.57 mL, 35.7 mmol) and DMF (0.30 mL) were added to the 

anhydrous dichloromethane solution (40 mL) of compound I-TPA-2 (600 mg, 1.19 mmol) 

under nitrogen flow. After refluxing for 3 hours, tin (IV) chloride (2.52 mL, 21.4 mmol) was 

added to the solution and refluxed for 18 hours. The solution temperature was reduced to 

room temperature, then the reacted solution was quenched by adding the aqueous sodium 

hydroxide portionwise. After stirring for 1 hour, the resulting precipitate was collected by 

filtration under reduced pressure. A yellow needle was obtained by recrystallization from 

nitrobenzene (287 mg, 0.64 mmol). 

I-TOAT: Yield, 54%; 1H NMR (500 MHz, CDCl3) δ (ppm) = 9.38 (s, 2H), 9.17 (dd, 2H, J = 

8.0, 2.0 Hz), 9.15 (dd, 2H, J = 8.0, 2.0 Hz), 8.03 (t, 2H, J = 7.5 Hz), MS (ASAP) m/z 448.91 

[M]+. 

 

4.5.5. 2,6-Diiodo-4,8,12-trioxo-13-azatriangulene (2I-TOAT) 

 The same procedure as for I-TOAT was applied to obtain 2I-TOAT by using 2I-

TPA-2 (0.752 g, 1.20 mmol). 2I-TOAT (0.34 g, 0.59 mmol) was obtained as a white powder. 

2I-TOAT: Yield, 49%; no NMR data due to its low solubility in common organic solvent; 

MS (ASAP) m/z 575.09 [M]+. 
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4.5.6. 2-(9H-Carbazole-9-yl) -4,8,12-trioxo-13-azatriangulene (1) 

The mixture of I-TOAT (200 mg, 0.445 mmol), 9H-carbazole (89 mg, 0.534 mmol), 

copper (I) iodide (16.9 mg, 0.089 mmol), 2,2-bipyridine (13.8 mg, 0.089 mmol) and 

potassium carbonate (741 mg, 4.45 mmol) was refluxed in o-dichlorobenzene (45 mL) for 44 

hours. After cooling to room temperature, dichloromethane was added and precipitates 

removed by filtration under reduced pressure. After removing the solvent under reduced 

pressure, the target compound was separated by silica gel column chromatography 

(chloroform). An orange powder was obtained by purification via sublimation (30.1 mg, 

0.062 mmol). 

1: Yield, 14%; 1HNMR (500 MHz, CDCl3): δ (ppm) = 9.29 (s, 2H), 9.11 (dd, 2H, J = 7.5 Hz, 

2.0 Hz), 9.08 (dd, 2H, J = 7.5 Hz, 2.0 Hz), 8.19 (d, 2H, J = 8.0 Hz, 2.0 Hz), 7.91 (t, 2H, J = 

7.5 Hz), 7.56 (d, 2H, J = 8.0 Hz), 7.47 (dt, 2H, J = 7.0, 1.0 Hz), 7.37 (t, 2H, J = 7.0 Hz), MS 

(ASAP) m/z 488.41 [M-H]+. 

 

4.5.7. 2-Triphenylamino-4,8,12-trioxo-13-azatriangulene (2) 

The mixture of I-TOAT (90.6 mg, 0.20 mmol), 4-(diphenylamino)phenylboronic 

acid (58.9 mg, 0.20 mmol) and tetrakis(triphenylphosphine)palladium (0) (10.6 mg, 0.01 

mmol) was dissolved in toluene (5 mL). After adding potassium carbonate (1.42 g, 103 mmol) 

and deionized water (5 mL), the solution was refluxed for 30 hours. The product was 

extracted with chloroform and water. The organic layer was dried on magnesium sulfonate 

and the solvent was then removed by evaporation. A red solid (23.7 mg, 0.041 mmol) was 

obtained via purification with silica gel column chromatography (chloroform) and 

sublimation. 

2: Yield, 21%; 1HNMR (500 MHz, CDCl3): δ (ppm) = 9.25 (s, 2H), 9.08 (d, 2H, J = 7.5 Hz), 

9.06 (d, 2H, J = 7.5 Hz), 7.87 (t, 2H, J = 7.5 Hz), 7.77 (d, 2H, J = 9.0 Hz), 7.33 (d, 2H, J = 8.0 
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Hz), 7.31 (d, 2H, J = 8.0 Hz), 7.23 (d, 2H, J = 8.5 Hz), 7.19 (d, 2H, J = 8.0 Hz), 7.10 (t, 2H, J 

= 7.5 Hz), MS (ASAP) m/z 566.18 [M]+. 

 

4.5.8. 2-Diphenylamino-4,8,12-trioxo-13-azatriangulene (3) 

The mixture of I-TOAT (200 mg, 0.45 mmol), diphenyl amine (0.98 g, 9.0 mmol), 

sodium tert-butoxide (1.73 g, 18.0 mmol), palladium(0) Bis(dibenzylideneacetone) (30 mg, 

0.05 mmol), and tri-tert-butylphosphonium tetrafluoroborate (15.1 g, 0.05 mmol) was 

refluxed in anhydrous toluene (12 mL) for 15 h. The product was extracted with 

dichloromethane and water. The organic layer was dried on magnesium sulfonate and the 

solvent was removed via evaporation. A dark red powder (66 mg, 0.14 mmol) was obtained 

via purification with silica gel column chromatography (chloroform) and sublimation. 

3: Yield, 30%; 1H NMR (500 MHz, CDCl3): δ (ppm) = 9.03 (dd, 2H, J = 7.5 Hz, 2.0 Hz), 

8.98 (dd, 2H, J = 7.5 Hz, 1.5 Hz), 8.66 (s, 2H), 7.82 (t, 2H, J = 8.0 Hz), 7.37 (t, 4H, J = 7.5 

Hz), 7.21 (d, 4H, J = 8.0 Hz), 7.18 (t, 2H, J = 7.5 Hz), MS (ASAP) m/z 490 [M-H]+. 

 

4.5.9. 2,6-Bis(diphenylamino)-4,8,12-trioxo-13-azatriangulene (4) 

 The same procedure as for 3 was applied to obtain 4 by using 2I-TOAT (0.300 g, 0.52 

mmol). 4 (85 mg, 0.13 mmol) was obtained as a dark purple powder. 

4: dark purple powder; Yield 25%; 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.96 (dd, 2H, J = 

7.5 Hz), 8.96 (dd, 2H, J = 7.5 Hz), (dd, 1H, J = 7.5 Hz), 7.34 (dd, 8H, J = 7.5 Hz, 8.0 Hz), 

7.19 (d, 8H, J = 8.0 Hz), 7.15 (dd, 4H, J = 7.5 Hz, 7.5 Hz), MS (ASAP) m/z 657.21 [M]+. 

 

4.5.10. 2,6,10-Tri(diphenylamino)-4,8,12-trioxo-13-azatriangulene (5) 

 The same procedure as for 3 was applied to obtain 5 by using 3I-TOAT (0.450 g, 0.64 

mmol). 5 (90 mg, 0.11 mmol) was obtained as a dark purple powder. 
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5: dark purple powder; Yield 17%; 1H NMR (500 MHz, CDCl3): δ (ppm) = 8.57 (s, 6H), 7.32 

(dd, 12H, J = 8.0 Hz, 7.5 Hz), 7.17 (d, 12H, J = 7.5 Hz), 7.13 (dd, 12H, J = 7.5 Hz, 7.5 Hz), 

MS (ASAP) m/z 825.16 [M]+. 

 
Supporting Information 
 Supporting Information is available from the Wiley Online Library or from the author. 
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Donor modified trioxoazatriangrenes (TOAT) provided the green to yellow emission with the 
thermally activated delayed fluorescence (TADF). The mono-modified TOAT showed the 
broaden emission spectra characterized the charge-transfer type emission. By increase the 
number of diphenylamine substituents on TOAT, the spectral width of emission became 
narrower characterized the multiple-resonance type emission. As a result, tri-modified TOAT 
having TADF property showed orange-red emission keeping the peak maximum of 585 nm. 
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Table S1. Depiction of the frontier molecular orbitals and their energies (in eV) of TOAT and 
its derivatives, as calculated at the B3LYP/6-31G(d) level. 
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Table S2. Natural Transition Orbitals in the S1 and T1 states of TOAT and 1-5 as calculated at 
the CAM-B3LYP/6-31G(d) level; ν, transition probability; I, overlap of the NTO hole and 
particle wavefunctions. 

 
 
 
 

 
Figure S1. Cyclic voltammograms (a) and differential pulse voltammograms (b) of TOAT 
(black line), 1 (red line), 2 (green line), and 3 (blue line) in dichloromethane using the three-
electrode method; WE, glassy carbon; CE, Pt wire; RE, Ag/Ag+; electrolyte, [nBu4NPF6] = 0.1 
M; sample, [TOAT] = 0.1 mM, [TOAT derivatives] = 0.05 mM; scan rate for CV, 0.1 V/s, 
increase pulse voltage for DPV, 4 mV, amplitude voltage for DPV, 50 mV; ferrocene was used 
as the external standard; initial voltage of all scans, 0 V (vs. Fc/Fc+). 
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Figure S2. Absorption characteristics in toluene solution: (a) TOAT, (b) 1, (c) 2, (d) 3, (e) 4 
and (f) 5. The solid black lines are the experimental spectra. The colored lines represent fitting 
curves with the total spectra (dotted red lines) expressed by a summation of each curve based 
on the Gaussian model: εn(ν) = An exp(−(ν−Bn)2/2Cn

2) (n = 1, 2, 3…), where An is the amplitude, 
Bn is the average wavenumber and Cn is the distribution parameter. The absorptions at the 
lowest energy (red solid lines) were used for the estimation of f and kr. 
 
 
 

 
Figure S3. Transient PL decays curves of (a) TOAT, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 in 
toluene (1.0 × 10-5 mol L-1) before (gray line) and after nitrogen bubbling (black line).  



  

27 
 

 
Figure S4. Transient PL decays curves of (a) 1 (red), 2 (green) and 3 (blue) (b) 3 (blue), 4 
(orange) and 5 (gray) in mCBP films (3 wt%). 
 
 
 

 
Figure S5. Time-resolved spectra of (a) Cz-TOAT, (b) TPA-TOAT, and (c) DPA-TOAT 
dispersed in mCBP film (3 wt%) on Si substrate at 300 K. Spectra of prompt (red line) and 
delayed (green line) components were obtained from the corresponding streak camera images 
of Figure 4. 
 
 
 

 
Figure S6. Arrhenius plots of (a) Cz-TOAT, (b) TPA-TOAT, and (c) DPA-TOAT in mCBP 
films (3 wt%). The plots were analyzed via linear fit with ln 𝑘𝑘 = −(𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅⁄ )𝑇𝑇−1 + ln𝐸𝐸 to 
estimate 𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅. 
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Figure S7. Cyclic voltammograms (a) and differential pulse voltammograms (b) of TOAT 
(black line), 3 (blue line), 4 (orange line) and 5 (gray line) in dichloromethane using three-
electrodes system; WE, glassy carbon; CE, Pt wire; RE, Ag/Ag+; electrolyte, [nBu4NPF6] = 0.1 
M; sample, [3] and [4] = 0.05 mM, [5] = 0.1 mM; scan rate for CV, 0.1 V/s, increase pulse 
voltage for DPV, 4 mV, amplitude voltage for DPV, 50 mV; ferrocene was used as the external 
standard; initial voltage of all scans, 0 V (vs. Fc/Fc+). 
 
 
 

 
Figure S8. (a) Device structure of OLED using 1 (red), 2 (green), 3 (blue), 4 (orange), and 5 
(gray). (b) EQE-J curves of each device; each emitter is doped at 3 wt% in the emissive layer; 
maximum EQEs were 0.14, 0.16, 0.10, 0.01 and 0.02 for 1-5. 
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Figure S9. Electroluminescence (EL, solid line) and photoluminescence (PL, dashed line) 
spectra of 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e); EL spectra were obtained for the device shown in 
Figure S8.; PL spectra were obtained in mCBP films doped with 3 wt% of each emitter. 
 
 
 

 
Figure S10. J-V-L curves of OLED devices using 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e). 
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Figure S11. CIE coordinates of OLED devices using 1 (0.23, 0.59), 2 (0.41, 0.56), 3 (0.46, 
0.54), 4 (0.54, 0.45), and 5 (0.57, 0.43). 
 


