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Appendix. Theoretical background for TADF behavior 

Early research1-3 provided the strategy that minimizes EST to realize TADF character. This 

corresponds to separating spatial wave function between HOMO and LUMO, under the 

premise where the main electron configuration (i.e., S1 and T1 states) corresponds to transition 

from HOMO to LUMO. In this regard, the control of exchange energy (J) has been the key 

rule to destabilize S1 state and stabilize T1 state to the same extent, leading to the value of EST 

= 2J. 4-6 However, small EST by reducing J results in a negative effect for kr
s. The transition 

dipole moment, from S1 to the ground state (S0), relies on the oscillator strength (f). In 

conclusion, low kr
s is in line with the low PLQY of TADF molecule. Recently, RISC 

mechanism, supported by the three electronic states (S1, T1, and S0), could be more interpreted 

by locally triplet excited state (3LE).7-9 Within the framework of Fermi’s golden rule,10-12 kRISC 

can be expressed as follows  

𝑘RISC =
2𝜋

ℏ
|ℋ̂SOC

S1T1|
2
𝜌FC  

Eq. (S1) 

where ℋ̂SOC
S1T1 = ⟨T1|ℋ̂SOC|S1⟩ is the SOCME between T1 and S1 adiabatic electronic states. 

𝜌FC denotes the Franck-Condon weighted density of states (FCWD)13 given by  
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Eq. (S2) 

Where j and k denote the vibrational state. kB is defined as Boltzmann constant and T is the 

temperature. An introduction of the canonical partition function (𝑒
−

𝐸𝑗

𝑘B𝑇) for vibration motion 

in the initial electronic state can support Arrhenius-type equation in the high-temperature 

region. ⟨𝜈𝑘
𝑓𝑖𝑛𝑎𝑙

|𝜈𝑗
𝑖𝑛𝑖𝑡𝑎𝑙⟩ corresponds to overlap between the vibrational wave functions. Delta 

function () ensures the energy conservation for the non-radiative transition. Ej and Ek 

denominate the vibrational energy level in the initial and final electronic state, respectively.14-
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16 𝜌FC obeys a standard Arrhenius relationship in high T regime14, which implies that 𝜌FC is 

decreasing the function of EST. Thus, 𝑘RISC  could take its semi-classical Marcus theory 

expression.12-14,17-20 (vide infra) 

√
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∑𝑒−𝑆
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𝑛!
𝑒
−
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2

4𝑘𝐵𝑇𝜆𝑠  

Eq. (S3) 

Herein, Marcus reorganization energy ( 𝜆s ) is associated with intermolecular and 

intramolecular classical low-frequency modes. ℏ𝜔𝑒𝑓𝑓  is the effective energy of a mode 

involved in transition (non-classical high frequency intramolecular vibrational mode). S is the 

effective Huang-Rhys factor related to the mentioned modes. An advanced calculation, based 

on Condon framework (Eq. S1) with Eq. S3 performed by Jean-Luc Brédas et al.12, provided 

that strong SOCME value and a small EST could make the value of kRISC achieve ~ 108 s-1
. 

This can be also possible albeit SOCME is relatively much smaller than that of phosphorescent 

material. The first-order perturbation theory could strongly support direct SOC between states 

(3CT-1CT and 3LE-1CT) but not include fast equilibrium between triplet states (3LE-3CT). 

Under the framework of this theory, the mixing between T1 and T2 states can be established 

(vide infra)21 

T2( ΨLE
3 ) = ΨLE

3 +
⟨ ΨLE
3 |ℋ̂Vib| ΨCT

3 ⟩

ELE −
3 ECT

3  

Eq. (S4) 

The spin-vibronic coupling between 3LE and 3CT leads to rapid formation of an equilibrium 

between two states (i.e., non-adiabatic). Thus, 3LE state has been dealt with as an essential 

factor to modulate the photophysical property of TADF material. The actual system (3CT 

coupled to 1CT) can be dissected by the second-order perturbation theory (Eq. S5):8,16,21-22   
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3 ⟩⟨ ΨLE
3 |ℋ̂𝑉𝑖𝑏| ΨCT

3 ⟩

ELE −
3 ECT

3 ⌉

2

δ( ECT −
3 ECT)

1  

Eq. (S5) 

 

 

 

Figure S1. Schematic illustration of the HOMO-LUMO energy gap for the donor, acceptor 

moieties and donor-acceptor-donor TADF molecule. HD (HA) and LD (LA) corresponds to the 

HOMO and LUMO of the donor (acceptor) unit, respectively. ∆EH−L
CT  (dotted line) is denoted 

as the energy gap between HD and LA. Calculated bandgaps (∆EH−L
CT = LTADF – HTADF, solid line) 

based on TD-DFT at BL3YP hybrid functional and 6-311+G(d). HOMO and LUMO orbital 

distribution for BN moiety was depicted.  
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Figure S2. (a) TGA (b) DSC traces of DPtBn, and DPxBn. 

 

Figure S3. Phosphorescence spectra (concentration, 1.0 x 10-4 M in toluene) for PTZ and PXZ 

donor units within timescale (from 0 to 10 ms) at 77 K and tabulated 3LEs levels. 
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Figure S4. Phosphorescence spectra for PTZ (a) and PXZ (b) donor units condensed in m-CBP 

solid film (doping concentration, 5 wt %; film thickness, 30 nm). 3LEf was estimated from Tr-

PL decay of spectrum collected at 2 nm interval using TCSPC method at 77K (method, 

Cryostat equipment). And, ex was 340 nm. The black solid line from (c) and (d) clearly 

supports the long phosphorescence spectrum of each donor moiety in the solid state window.  
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Figure S5. Schematic of the device architecture (left) and energy diagram of the OLEDs 

utilized in this work (right). 
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Figure S6. (a) J-V-L (b) EQE-luminance curves, and (c) EL profiles for device A’ and B’, 

respectively 
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Table S1. The DFT/TD-DFT Results Based on B3LYP Hybrid Functional  

target 

TADF 

S1
a,b  

[eV] 

T1
a,b

  

[eV] 
f a,b 

HOMOa 

[eV] 

LUMOa 

[eV] 
a [o] 

DPtBn 2.69 2.64 0.0004 -5.55 -2.20 106.2 

DPxBn 2.31 2.27 0.0001 -5.22 -2.25 96.9 

aThe ground state geometries of DPtBn and DPxBn were optimized at the B3LYP/6-311G(d) level in the gas phase. bThe 

configurations and energies in the excited states and oscillator strength (f) were calculated using TD-DFT at B3LYP/6-

311+G(d).  

Table S2. The DFT/TD-DFT Results Based on PBE0 Hybrid Functional  

target 

TADF 

S1
a,b  

[eV] 

T1
a,b

  

[eV] 
f a,b 

HOMOa 

[eV] 

LUMOa 

[eV] 
a [o] 

DPtBn 2.83 2.75 0.0005 -5.74 -2.09 109.0 

DPxBn 2.50 2.43 0.0001 -5.42 -2.09 97.4 

aThe ground state geometries of DPtBn and DPxBn were optimized at the PBE0/6-311G(d) level in the gas phase. bThe 

configurations and energies in the excited states and f were calculated using TD-DFT at PBE0/6-311+G(d).  

Table S3. The DFT/TD-DFT Results Based on LC-wPBE Long-Range Corrected 

Exchange-Correlation Functional  

target 

TADF 

S1
a,b  

[eV] 

T1
a,b

  

[eV] 
f a,b 

HOMOa 

[eV] 

LUMOa 

[eV] 
a [o] 

DPtBn 2.46 2.42 0.0004 -5.55 -2.20 106.2 

DPxBn 2.47 2.42 0.0001 -5.22 -2.25 96.9 

aThe ground state geometries of DPtBn and DPxBn were optimized at the B3LYP/6-311G(d) level in the gas phase. bThe 

configurations and energies in the excited states and f were calculated using TD-DFT at LC-wPBE/6-311+G(d) where the 

parameter w was 0.11 and 0.15 for DPtBn and DPxBn, respectively  

Table S4. The DFT/TD-DFT Results Based on LC-wPBE Long-Range Corrected 

Exchange-Correlation Functional  

target 

TADF 

S1
a,b  

[eV] 

T1
a,b

  

[eV] 
f a,b 

HOMOa 

[eV] 

LUMOa 

[eV] 
a [o] 

DPtBn 2.37 2.33 0.0006 -5.53 -2.24 109.9 

DPxBn 2.42 2.34 0.0005 -5.26 -2.18 109.4 

aThe ground state geometries of DPtBn and DPxBn were optimized at the LC-wPBE/6-311G(d) level in the gas phase (w = 

0.05). bThe configurations and energies in the excited states and f were calculated using TD-DFT at LC-wPBE/6-311+G(d) 

where the parameter w was 0.11 and 0.14 for DPtBn and DPxBn, respectively.  
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Table S5. The DFT/TD-DFT Results Based on LC-wPBE Long-Range Corrected 

Exchange-Correlation Functional with Solvation Model Based on Density (SMD) 

target 

TADF 

S1
a,b  

[eV] 

T1
a,b

  

[eV] 
f a,b 

HOMOa 

[eV] 

LUMOa 

[eV] 
a [o] 

DPtBn 2.43 2.39 0.0006 -5.54 -2.06 107.2 

DPxBn 2.51 2.45 0.0002 -5.13 -2.07 100.0 

aThe ground state geometries of DPtBn and DPxBn were optimized at the SMD/LC-wPBE/6-311G(d) level dissolved in the 

toluene (w = 0.05). bThe configurations and energies in the excited states and f were calculated using TD-DFT at SMD/LC-

wPBE/6-311+G(d) where the parameter w was 0.11 and 0.15 for DPtBn and DPxBn, respectively.  

Table S6. Summary of OLEDs Device with Target TADF (DPtBn, DPxBn) Emitter 

item Von
a/Vop

b(V) 
CE//PE//EQE (cd/A//lm/W//%) 

CIE (x,y)b 
maximum at 1000 cd/m2 

device A’ 4.1/7.9 16.0/11.2/5.6 4.3/1.7/1.5 (0.30,0.49) 

device B’ 3.9/6.4 15.6/9.1/4.9 14.9/7.3/4.6 (0.24,0.45) 
a Measured at 1 cd/m2. b Measured at 1,000 cd/m2. 

  



S11 

 

 

Figure S7. 1H NMR spectrum of DPtBn 

 

 

 

Figure S8. HR-MS spectrum of DPtBn 
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Figure S9. 1H NMR spectrum of DPxBn. 
 

 

 
 

Figure S10. HR-MS spectrum of DPxBn. 
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