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1. Summary of the methods to estimate 𝒌𝑹𝑰𝑺𝑪 (Table S1) 

Entry Equations Assumptions Comments 

15 𝑘𝑅𝐼𝑆𝐶 =
1

3
𝑘𝐼𝑆𝐶exp (

−Δ𝐸𝑆𝑇

𝑅𝑇
) 

• 𝛷𝐼𝑆𝐶 ≈ 1 

 (𝛷𝑝 ≪ 𝛷𝑑, 𝑘𝑛𝑟
𝑆 ≈ 0) 

• 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑟
𝑆 

• 𝑘𝑅𝐼𝑆𝐶 ≫ 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇  

For metal complexes. 

26 𝑘𝑇𝐴𝐷𝐹 =
1

3
𝑘𝑟

𝑆 exp (
−Δ𝐸𝑆𝑇

𝑅𝑇
) 

• 𝛷𝑃𝐿𝑄𝑌 ≈ 1 

 (𝑘𝑛𝑟
𝑆 ≈ 0, 𝑘𝑛𝑟

𝑇 ≈ 0) 

• 𝛷𝑝 < 𝛷𝑑, (𝑘𝐼𝑆𝐶 ≫ 𝑘𝑟
𝑆) 

• 𝜏𝑑>1 μs 

• 0.05 eV < Δ𝐸𝑆𝑇 < 0.3 eV 

 (𝑘𝑟
𝑇 ≈ 0) 

𝑘𝑇𝐴𝐷𝐹  is a triplet decay rate via S1 

including ISC/RISC cycles. 

37 𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑝𝑘𝑑

𝑘𝐼𝑆𝐶

∙
𝛷𝑑

𝛷𝑝

= 𝑘𝑑

𝛷𝑑

𝛷𝑝𝛷𝐼𝑆𝐶

 
• 𝑘𝑟

S,  𝑘𝑛𝑟
S ,  𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 ,  𝑘𝑛𝑟

𝑇  

• 𝑘𝑟
T ≈ 0 

 

48 𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑝𝑘𝑑

𝑘𝐼𝑆𝐶

∙
𝛷𝑑

𝛷𝑝

= 𝑘𝑑

𝛷𝑑

𝛷𝑝𝛷𝐼𝑆𝐶

 
• 𝑘𝑟

S,  𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 ,  𝑘𝑛𝑟
𝑇  

• 𝑘𝑛𝑟
S ≈ 0 

• 𝑘𝑟
T ≈ 0 

Transient PL prompt must be 

temperature independent. 

59 𝑘𝑅𝐼𝑆𝐶 ≈
𝑘𝑝𝑘𝑑

𝑘𝑝 − 𝑘𝐼𝑆𝐶

≈
𝑘𝑝𝑘𝑑

𝑘𝑟
S

 
• 𝑘𝑟

S ≫ 𝑘𝑛𝑟
𝑆 ,  𝑘𝑟

𝑇,  𝑘𝑛𝑟
𝑇  

• 𝑘𝑅𝐼𝑆𝐶 ≫ 𝑘𝑟
𝑇 ,  𝑘𝑛𝑟

𝑇  
 

610 

(1)    𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑝𝑘𝑑

𝑘𝐼𝑆𝐶

∙
𝛷𝑑

𝛷𝑝

 

(2)    𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑝𝑘𝑑

𝑘𝑟
S

𝛷𝑃𝐿𝑄𝑌 

• 𝑘𝑝 ≫ 𝑘𝑑, 𝑘𝑟
T ≈ 0 

 (𝑘𝑟
S + 𝑘𝑛𝑟

S + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝑛𝑟
T ) 

• 𝑘𝑛𝑟
S ≈ 0, 𝛷𝑃𝐿𝑄𝑌 ≥ 0.9 for (1) 

• 𝑘𝑛𝑟
T ≈ 0 for (2) 

𝑘𝑅𝐼𝑆𝐶  can be determined even 

when 𝑘𝑟
S < 𝑘𝑅𝐼𝑆𝐶. 

711 𝑘𝑅𝐼𝑆𝐶 = 𝑘𝑑

1

1 − 𝛷𝐼𝑆𝐶

= 𝑘𝑑

𝛷𝑝 + 𝛷𝑑

𝛷𝑝

 

• 𝑘n𝑟
T ≈ 0 

• 𝑘𝑟
T ≈ 0 

• 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑟
S ≫ 𝑘𝑛𝑟

S  

• 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 

• 𝛷𝑑/𝛷𝑝 ≥ 4 

 

812 𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑝 + 𝑘𝑑

2
− √(

𝑘𝑝 + 𝑘𝑑

2
)

2

− 𝑘𝑝𝑘𝑑 (1 +
𝛷𝑑

𝛷𝑝

) 
• 𝑘n𝑟

T ≈ 0 

• 𝑘𝑟
T ≈ 0 

𝑘𝑅𝐼𝑆𝐶  can be determined even 

when 𝑘𝑟
S < 𝑘𝑅𝐼𝑆𝐶. 

913 

d[S1]

d𝑡
= −(𝑘𝑟

S + 𝑘𝐼𝑆𝐶)[S1] + 𝑘𝑅𝐼𝑆𝐶[T1] 

d[T1]

d𝑡
= 𝑘𝐼𝑆𝐶[S1] − 𝑘𝑅𝐼𝑆𝐶[T1] 

• 𝛷𝑃𝐿𝑄𝑌 ≈ 1 

 (𝑘𝑛𝑟
𝑆 ≈ 0, 𝑘𝑛𝑟

𝑇 ≈ 0) 

• 𝑘𝑟
T ≈ 0 

Estimated by multi-parameter 

fitting. 

1014 𝑘𝑅𝐼𝑆𝐶 =
𝑘𝑑0

2 − 𝑘𝑝0𝑘𝑑0

𝑘𝐼𝑆𝐶 + 𝑘𝑑0 − 𝑘𝑝0

 
• 𝑘𝑛𝑟

𝑇 ≈ 0 

• 𝑘𝑟
T ≈ 0 

Prepare the pristine and quencher 

doped film. 

𝑘𝑝0  and 𝑘𝑑0  are prompt and 

delayed decay rate of pristine film. 

𝑘𝐼𝑆𝐶 is estimated by curve fitting of 

delayed emission for quencher 

doped film. 

Other parameters such as exciton 

diffusion coefficients and length 

are also estimated. 

1115 𝑘𝑅𝐼𝑆𝐶 = 𝑘𝑇𝛷𝑇𝐴𝐷𝐹  

𝑘𝑇 is triplet lifetime from transient 

absorption spectra. 

𝛷𝑇𝐴𝐷𝐹  is the difference of PLQY 

presence and absence of O2. 

𝑘𝑅𝐼𝑆𝐶  is estimated as not an 

elementary rate but an effective 

rate which should be written as 

𝑘𝑇𝐴𝐷𝐹 , because SSC/ISSC cycle is 

not considered. 

Reference numbers is corresponding to that in main text. 
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2. Summary of the methods to estimate 𝜱𝑰𝑺𝑪 (Table S2) 

Entry Equations Assumptions Comments 

116 𝛷𝐼𝑆𝐶 =
𝜌(𝜆)𝑆𝑆𝑘𝑑

𝜀𝑇(𝜆)𝐼𝑎𝑙
 

• Depending on estimation 

method of 𝜀𝑇(𝜆)16 
 

218 ln [
𝐼𝑃𝐹

𝐼𝐷𝐹

− (
1

𝛷𝐼𝑆𝐶

− 1)] =
Δ𝐸𝑆𝑇

𝑅
∙

1

𝑇
 + ln (

𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇

�̅�𝑅𝐼𝑆𝐶

) 
• 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇   and 𝛷𝐼𝑆𝐶  are 

temperature independent 

Temperature dependency of the ratio 

of prompt and delayed emission are 

measured to provide the plot by 

using equation. 

Then, you can find a best 𝛷𝐼𝑆𝐶  value 

to obtain linearity of plot by 

continuous variation of 𝛷𝐼𝑆𝐶. 

319 𝜏𝐷𝐹 = 𝜏𝑃ℎ𝑜𝑠
0 − (

1

𝛷𝐼𝑆𝐶

− 1) 𝜏𝑃ℎ𝑜𝑠
0

𝐼𝐷𝐹

𝐼𝑃𝐹

 
• 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇   and 𝛷𝐼𝑆𝐶  are 

temperature independent 

When 𝜏𝑃ℎ𝑜𝑠
0   is not provided, 𝜏𝑃ℎ𝑜𝑠

0  

and 𝛷𝐼𝑆𝐶  can be obtained by the 

similar method of entry 2 with the 

temperature dependency of 𝜏𝐷𝐹  and 

𝐼𝐷𝐹 𝐼𝑃𝐹⁄ . 

47 
𝛷𝐼𝑆𝐶 =

3𝑁

𝑀 − 𝑁
 

 𝑀 = 𝛷𝐸𝐿
𝑑 𝛷𝐸𝐿

𝑝⁄  
 𝑁 = 𝛷𝑃𝐿

𝑑 𝛷𝑃𝐿
𝑝⁄  

 

Only thin film state can be applied. 

The OLED device should be 

fabricated using same emissive layer 

with the thin layer for PL 

measurement. 

520 𝛷𝐼𝑆𝐶 =
𝛷𝐷𝐹 + 𝛷𝑃ℎ𝑜𝑠

𝛷𝑟
𝑆 + 𝛷𝐷𝐹 + 𝛷𝑃ℎ𝑜𝑠

 =
𝛷𝐷𝐸

𝛷𝑃𝐿𝑄𝑌

 • 𝑘𝑟
𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 ≫ 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇  

This method can be applicable to the 

efficient TADF emitters. 

Reference numbers is corresponding to that in main text. 
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3. Conversion equation from quantum efficiency of prompt and delayed emission component 

commonly used to precise efficiency. 

The quantum efficiency of prompt and delayed emission components, which have been used commonly 

in most of literature, were written as, 

𝛷𝑝 =
𝐴𝑝𝑘𝑑

𝐴𝑝𝑘𝑑 + 𝐴𝑑𝑘𝑝
𝛷𝑃𝐿𝑄𝑌, (S3.1) 

𝛷𝑑 =
𝐴𝑑𝑘𝑝

𝐴𝑝𝑘𝑑 + 𝐴𝑑𝑘𝑝
𝛷𝑃𝐿𝑄𝑌. (S3.2) 

 

From Eqs. 33, 34, S3.1 and S3.2 the conversion equations can be obtained as,  

𝛷𝑃𝐹 = 𝛷𝑝 +
𝑘𝑑

𝑘𝑝
𝛷𝑑 , (S3.3) 

𝛷𝐷𝐸 = (1 −
𝑘𝑑

𝑘𝑝
) 𝛷𝑑 , (S3.4) 
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4. Validity of 𝒌𝑺 ≈ 𝒌𝒑 by assuming of 𝒌𝒓
𝑺 + 𝒌𝒏𝒓

𝑺 + 𝒌𝑰𝑺𝑪 ≫ 𝒌𝑹𝑰𝑺𝑪 

Eq. 40 provided by the steady state approximation, which require 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 , can be 

written as 

𝑘𝑑 ≈ 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇 + (1 −
𝑘𝐼𝑆𝐶

𝑘𝑆
) 𝑘𝑅𝐼𝑆𝐶 , 

𝑘𝑇 − 𝑘𝑑 ≈
𝑘𝐼𝑆𝐶

𝑘𝑆
𝑘𝑅𝐼𝑆𝐶 . 

From the relationship of Eqs. 19 and 78, the equation can be rewritten as 

𝑘𝑝 − 𝑘𝑆 ≈
𝑘𝐼𝑆𝐶

𝑘𝑆
𝑘𝑅𝐼𝑆𝐶 , 

𝑘𝑝𝑘𝑆 − 𝑘𝑆2
≈ 𝑘𝐼𝑆𝐶𝑘𝑅𝐼𝑆𝐶 , 

𝑘𝑝𝑘𝑆 − 𝑘𝑆2
≈ (𝑘𝑝 − 𝑘𝑆)(𝑘𝑆 − 𝑘𝑑), 

𝑘𝑝𝑘𝑆 − 𝑘𝑆2
≈ 𝑘𝑝𝑘𝑆 − 𝑘𝑝𝑘𝑑 − 𝑘𝑆2

+ 𝑘𝑆𝑘𝑑, 

𝑘𝑆 ≈ 𝑘𝑝. (S4.1) 

Therefore, when 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 is assuming, the approximation of 𝑘𝑝 ≈ 𝑘𝑆 can be approval. 
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5. Relationship between efficiencies and overall efficiencies (approximating 𝒌𝑺 ≈ 𝒌𝒑) 

The efficiencies related to the distribution of triplet exciton can be described to Eqs. S5.1-S5.3. 

𝛷𝑅𝐼𝑆𝐶 =
𝑘𝑅𝐼𝑆𝐶

𝑘𝑅𝐼𝑆𝐶 + 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇
. (S5.1) 

𝛷𝑟
𝑇 =

𝑘𝑟
𝑇

𝑘𝑅𝐼𝑆𝐶 + 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇
. (S5.2) 

𝛷𝑛𝑟
𝑇 =

𝑘𝑛𝑟
𝑇

𝑘𝑅𝐼𝑆𝐶 + 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇
. (S5.3) 

The overall efficiencies related to final distribution of triplet exciton can be described to Eqs. 49-51. From 

tease equations, the relationship between overall efficiencies and the efficiencies related to the distribution 

of T1 population as Eqs. S5.4-S5.6. 

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 =

(1 − 𝛷𝐼𝑆𝐶)𝛷𝑅𝐼𝑆𝐶

1 − 𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
. (S5.4) 

𝛷𝑟
𝑇𝑂𝐸

=
𝛷𝑟

𝑇

1 − 𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
. (S5.5) 

𝛷𝑛𝑟
𝑇 𝑂𝐸

=
𝛷𝑛𝑟

𝑇

1 − 𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
. (S5.6) 
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6. Derivation of 𝜱𝑰𝑺𝑪
𝒏𝒓𝑻=𝟎 for three-state analysis 

From Eqs. 55-57, 

𝑘𝑛𝑟
𝑇 = 0 = 𝑘𝑑 − (1 − 𝛷𝐼𝑆𝐶

𝑛𝑟𝑇=0)
(𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠)

𝛷𝑃𝐹
∙

𝑘𝑝𝑘𝑑

𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 − 𝑘𝑑

𝛷𝑃ℎ𝑜𝑠

𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0

= 1 −
𝛷𝐼𝑆𝐶

𝑛𝑟𝑇=0𝛷𝑃ℎ𝑜𝑠 − 𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0𝛷𝐷𝐸 + 𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠 + 𝛷𝑃𝐹𝛷𝑃ℎ𝑜𝑠

𝛷𝑃𝐹𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0 . 

Therefore, 

𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0 =

𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠(1 − 𝛷𝑃𝐹)

𝛷𝑃𝐹 + 𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠
. (S6.1) 
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7. Derivation of 𝒌𝑰𝑺𝑪 at the limit conditions (𝒌𝑰𝑺𝑪
𝒏𝒓𝑺=𝟎, 𝒌𝑰𝑺𝑪

𝒏𝒓𝑻=𝟎) for three-state analysis 

    From Eq. 41, 

𝛷𝐼𝑆𝐶
𝑛𝑟𝑆=0 = 1 − 𝛷𝑟

𝑆 = 1 − 𝛷𝑃𝐹 . (S7.1) 

From Eqs. 54 and S7.1, 

𝑘𝐼𝑆𝐶
𝑛𝑟𝑆=0 = 𝑘𝑝(1 − 𝛷𝑃𝐹). (S7.2) 

 

    From Eqs. 54 and S6.1, 

𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝑝

𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠(1 − 𝛷𝑃𝐹)

𝛷𝑃𝐹 + 𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠
. (S7.3) 

When 𝛷𝑃ℎ𝑜𝑠 ≈ 0 was employed, 

𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 ≈ 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐹 + 𝛷𝐷𝐸
= 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
. (S7.4) 

 

    From Eqs. S7.2 and S7.4 the exchange equation of 𝑘𝐼𝑆𝐶 between the limit condition is provided as, 

𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝐼𝑆𝐶

𝑛𝑟𝑆=0
𝛷𝐷𝐹

(1 − 𝛷𝑃𝐹)𝛷𝑃𝐿𝑄𝑌
. (S7.5) 
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8. Derivation of 𝒌𝑹𝑰𝑺𝑪 at the limit conditions (𝒌𝑹𝑰𝑺𝑪
𝒏𝒓𝑺=𝟎, 𝒌𝑹𝑰𝑺𝑪

𝒏𝒓𝑻=𝟎) for three-state analysis 

From Eqs. 51 and 57, 

𝑘𝑅𝐼𝑆𝐶 = 𝑘𝑑

𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠

𝛷𝑃𝐹𝛷𝐼𝑆𝐶
. (S8.1) 

From Eqs. S6.1, S7.1, and S8.1, 

𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑆=0 = 𝑘𝑑

𝛷𝐷𝐸 − 𝛷𝑃ℎ𝑜𝑠

𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)
, (S8.2) 

𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝑑

𝛷𝐷𝐸(𝛷𝑃𝐹 − 𝛷𝐷𝐸) − 𝛷𝑃ℎ𝑜𝑠(𝛷𝑃𝐹 − 𝛷𝑃ℎ𝑜𝑠)

𝛷𝑃𝐹𝛷𝐷𝐸 − 𝛷𝑃𝐹𝛷𝑃ℎ𝑜𝑠(1 + 𝛷𝑃𝐹)
. (S8.3) 

When 𝛷𝑃ℎ𝑜𝑠 ≈ 0 was employed for simplification, 

𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑆=0 = 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)
= 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹𝛷𝐼𝑆𝐶
, (S8.4) 

𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝑑

𝛷𝑃𝐹 + 𝛷𝐷𝐹

𝛷𝑃𝐹
= 𝑘𝑑

𝛷𝑃𝐿𝑄𝑌

𝛷𝑃𝐹
. (S8.5) 

Eqs. S8.4 and S8.5 are completely corresponding to the Goushi-Masui’s equation and Dias’ equation 

respectively (see Entry 3, 4, and 6 in Table S1). This means 𝑘𝑅𝐼𝑆𝐶 values in the literatures estimated by their 

method with the different assumption of 𝛷𝑛𝑟
𝑆 = 0 and 𝛷𝑛𝑟

𝑇 = 0 can be compared by using Eq. S8.6. In this 

case, the efficiency values of 𝛷𝑃𝐹  and 𝛷𝐷𝐹  or 𝛷𝑃𝐿𝑄𝑌  with the ratio of 𝛷𝑃𝐹  and 𝛷𝐷𝐹  are requested to the 

literature. 

𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝑅𝐼𝑆𝐶

𝑛𝑟𝑆=0
(1 − 𝛷𝑃𝐹)𝛷𝑃𝐿𝑄𝑌

𝛷𝐷𝐹
. (S8.6) 
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9. Definition of 𝒌𝑰𝑺𝑪
𝑨𝒗𝒈.

 and 𝒌𝑹𝑰𝑺𝑪
𝑨𝒗𝒈.

 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

≡
(𝑘𝐼𝑆𝐶

𝑛𝑟𝑆=0 + 𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0)

2
±

(𝑘𝐼𝑆𝐶
𝑛𝑟𝑆=0 − 𝑘𝐼𝑆𝐶

𝑛𝑟𝑇=0)

2
. (S9.1) 

𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑔.

≡
(𝑘𝑅𝐼𝑆𝐶

𝑛𝑟𝑇=0 + 𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑆=0)

2
±

(𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0 − 𝑘𝑅𝐼𝑆𝐶

𝑛𝑟𝑆=0)

2
. (S9.2) 
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10. Detail derivation of 𝒌𝑰𝑺𝑪
𝑨𝒗𝒈.

  and 𝒌𝑹𝑰𝑺𝑪
𝑨𝒗𝒈.

  for three-state analysis (approximating 𝜱𝑷𝒉𝒐𝒔 ≈ 𝟎  for 

simplification) 

    From Eqs. S6.1, S7.4, and S9.1 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

=
1

2
[𝑘𝑝(1 − 𝛷𝑃𝐹) + 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
] ±

1

2
[𝑘𝑝(1 − 𝛷𝑃𝐹) − 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
]

=
𝑘𝑝

2
∙

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± [𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) − 𝛷𝐷𝐹]

𝛷𝑃𝐿𝑄𝑌

=
𝑘𝑝

2
∙

[𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹] ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)

𝛷𝑃𝐿𝑄𝑌
. (S10.1)

 

From Eqs. S8.4, S8.5, and S9.2, 

𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑔.

=
1

2
[𝑘𝑑

𝛷𝑃𝐿𝑄𝑌

𝛷𝑃𝐹
+ 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)
] ±

1

2
[𝑘𝑑

𝛷𝑃𝐿𝑄𝑌

𝛷𝑃𝐹
− 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)
]

=
𝑘𝑑

2
∙

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)

𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)
. (S10.2)

 

 

 

Because the relationship of Eq. S7.5, 𝑘𝐼𝑆𝐶
𝐴𝑣𝑒. can be obtained from reported 𝑘𝐼𝑆𝐶 by using S10.1 as 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

= 𝑘𝐼𝑆𝐶
𝑛𝑟𝑆=0

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)

2𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹)
. (S10.3) 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

= 𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)

2𝛷𝐷𝐹
. (S10.4) 

 

Because the relationship of Eq. S8.6, 𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑒.  can be obtained from reported 𝑘𝑅𝐼𝑆𝐶 by using S10.2 as 

𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑔.

= 𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑆=0

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± 𝛷𝑃𝐹(1 + 𝛷𝑃𝐿𝑄𝑌)

2𝛷𝐷𝐹
. (S10.5) 

𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑔.

= 𝑘𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0

𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹 ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)

2𝛷𝑃𝐿𝑄𝑌(1 − 𝛷𝑃𝐹)
. (S10.6) 
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11. Analysis of exciton distribution of three-state system at photoexcitation 

1 = 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝐼𝑆𝐶
𝑂𝐸

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝐼𝑆𝐶
𝑂𝐸 (𝛷𝑟

𝑇𝑂𝐸
+ 𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝑅𝐼𝑆𝐶

𝑂𝐸)

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑟

𝑇𝑂𝐸
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑛𝑟
𝑇 𝑂𝐸

+ 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑅𝐼𝑆𝐶

𝑂𝐸

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝑃ℎ𝑜𝑠 + 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 (

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆
)

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝑃ℎ𝑜𝑠 + 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑛𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝑃ℎ𝑜𝑠 + 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝐷𝐹 + 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑛𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆

= 𝛷𝑃𝐹 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝐷𝐸 + 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑛𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆

= 𝛷𝑃𝐿𝑄𝑌 + 𝛷𝑛𝑟
𝑆 𝑂𝐸

+ 𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑛𝑟

𝑇 𝑂𝐸
+ 𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑛𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆
. (S11.1)

 

𝛷𝑃𝐹 and overall efficiencies are the final distribution considering the ISC/RISC cycles. Therefore, S1 excitons 

via T1 are distributed with essential efficiencies of 𝛷𝑟
𝑆 and 𝛷𝑛𝑟

𝑆 . The finally distributed S1 excitons via T1 

(𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑅𝐼𝑆𝐶

𝑂𝐸) must not distribute to ISC process anymore to generate T1. When 𝑘𝑆 ≈ 𝑘𝑝 was employed, 

𝛷𝑃𝐹, 𝛷𝑛𝑟
𝑆 𝑂𝐸

, and 𝛷𝐼𝑆𝐶
𝑂𝐸 can be written by 𝛷𝑟

𝑆, 𝛷𝑛𝑟
𝑆 , and 𝛷𝐼𝑆𝐶, respectively. 

 

 

Note for definition of each efficiency related to S1: 

𝛷𝑃𝐹 = 𝑘𝑟
𝑆 𝑘𝑝⁄ , 𝛷𝑛𝑟

𝑆 𝑂𝐸
= 𝑘𝑛𝑟

𝑆 𝑘𝑝⁄ , 𝛷𝐼𝑆𝐶
𝑂𝐸 = (𝑘𝐼𝑆𝐶 + 𝑘𝑝 − 𝑘𝑆) 𝑘𝑝⁄  

𝛷𝑟
𝑆 = 𝑘𝑟

𝑆 𝑘𝑆⁄ , 𝛷𝑛𝑟
𝑆 = 𝑘𝑛𝑟

𝑆 𝑘𝑆⁄ , 𝛷𝐼𝑆𝐶 = 𝑘𝐼𝑆𝐶 𝑘𝑆⁄  

𝑘𝑆 = 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 
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12. Detail derivation of exact rate equation for 𝒌𝑰𝑺𝑪 (Eq. 73) 

From Eqs. 70, 71, and 72, the quadratic formula of 𝑘𝐼𝑆𝐶 was obtained as below. 

𝛷𝐷𝐸𝑅𝐷𝐸
𝐷𝐹 =

𝑘𝑟
𝑆

𝑘𝑆 − 𝑘𝐼𝑆𝐶
𝛷𝐼𝑆𝐶

𝑂𝐸𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 , 

𝛷𝐷𝐸𝑅𝐷𝐸
𝐷𝐹(𝑘𝑆 − 𝑘𝐼𝑆𝐶) = 𝑘𝑟

𝑆𝛷𝐼𝑆𝐶
𝑂𝐸𝛷𝑅𝐼𝑆𝐶

𝑂𝐸 , 

𝛷𝐷𝐸𝑅𝐷𝐸
𝐷𝐹(𝑘𝑆 − 𝑘𝐼𝑆𝐶) = 𝑘𝑟

𝑆
𝑘𝐼𝑆𝐶 + 𝑘𝑝 − 𝑘𝑆

𝑘𝑝
∙

𝑘𝑅𝐼𝑆𝐶 − 𝑘𝑝 + 𝑘𝑆

𝑘𝑑
, 

𝑘𝑝𝑘𝑑

𝑘𝑟
𝑆 𝛷𝐷𝐸𝑅𝐷𝐸

𝐷𝐹(𝑘𝑆 − 𝑘𝐼𝑆𝐶) = [𝑘𝐼𝑆𝐶 + (𝑘𝑝 − 𝑘𝑆)][𝑘𝑅𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)], 

𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹(𝑘𝑆 − 𝑘𝐼𝑆𝐶) = 𝑘𝐼𝑆𝐶𝑘𝑅𝐼𝑆𝐶 + (𝑘𝑝 − 𝑘𝑆)𝑘𝑅𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)𝑘𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)
2

, 

𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹(𝑘𝑆 − 𝑘𝐼𝑆𝐶) = (𝑘𝑝 − 𝑘𝑆)(𝑘𝑆 − 𝑘𝑑) + (𝑘𝑝 − 𝑘𝑆)𝑘𝑅𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)𝑘𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)
2

, 

(𝑘𝑝 − 𝑘𝑆)𝑘𝐼𝑆𝐶 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹𝑘𝐼𝑆𝐶 = (𝑘𝑝 − 𝑘𝑆)[𝑘𝑆 − 𝑘𝑑 − (𝑘𝑝 + 𝑘𝑆)] + (𝑘𝑝 − 𝑘𝑆)𝑘𝑅𝐼𝑆𝐶 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑘𝑆𝑅𝐷𝐸

𝐷𝐹 , 

(𝑘𝑝 − 𝑘𝑆)𝑘𝐼𝑆𝐶 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹𝑘𝐼𝑆𝐶 = (𝑘𝑝 − 𝑘𝑆)(2𝑘𝑆 − 𝑘𝑑 − 𝑘𝑝) + (𝑘𝑝 − 𝑘𝑆)𝑘𝑅𝐼𝑆𝐶 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑘𝑆𝑅𝐷𝐸

𝐷𝐹 , 

(𝑘𝑝 − 𝑘𝑆)𝑘𝐼𝑆𝐶 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹𝑘𝐼𝑆𝐶 = (𝑘𝑝 − 𝑘𝑆)(2𝑘𝑆 − 𝑘𝑑 − 𝑘𝑝) +
(𝑘𝑝 − 𝑘𝑆)

2
(𝑘𝑆 − 𝑘𝑑)

𝑘𝐼𝑆𝐶
−

𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑘𝑆𝑅𝐷𝐸

𝐷𝐹 , 

(𝑘𝑝 − 𝑘𝑆 −
𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑅𝐷𝐸

𝐷𝐹) 𝑘𝐼𝑆𝐶
2 − [(𝑘𝑝 − 𝑘𝑆)(2𝑘𝑆 − 𝑘𝑑 − 𝑘𝑝) −

𝛷𝐷𝐸

𝛷𝑃𝐹
𝑘𝑑𝑘𝑆𝑅𝐷𝐸

𝐷𝐹] 𝑘𝐼𝑆𝐶 − (𝑘𝑝 − 𝑘𝑆)
2

(𝑘𝑆 − 𝑘𝑑) = 0, 

(
𝛷𝐷𝐸

𝛷𝑃𝐹

𝑘𝑑𝑅𝐷𝐸
𝐷𝐹 − 𝑘𝑝 + 𝑘𝑆) 𝑘𝐼𝑆𝐶

2 + [(𝑘𝑝 − 𝑘𝑆)(𝑘𝑆 − 𝑘𝑝 − 𝑘𝑑) + 𝑘𝑆(𝑘𝑝 − 𝑘𝑆) −
𝛷𝐷𝐸

𝛷𝑃𝐹

𝑘𝑑𝑘𝑆𝑅𝐷𝐸
𝐷𝐹] 𝑘𝐼𝑆𝐶 + (𝑘𝑝 − 𝑘𝑆)

2
(𝑘𝑆 − 𝑘𝑑) = 0, 

(
𝛷𝐷𝐸

𝛷𝑃𝐹

𝑘𝑑𝑅𝐷𝐸
𝐷𝐹 − 𝑘𝑝 + 𝑘𝑆) 𝑘𝐼𝑆𝐶

2 + [(𝑘𝑝 − 𝑘𝑆)(𝑘𝑆 − 𝑘𝑝 − 𝑘𝑑) − 𝑘𝑆 (
𝛷𝐷𝐸

𝛷𝑃𝐹

𝑘𝑑𝑅𝐷𝐸
𝐷𝐹 − 𝑘𝑝 + 𝑘𝑆)] 𝑘𝐼𝑆𝐶 + (𝑘𝑝 − 𝑘𝑆)

2
(𝑘𝑆 − 𝑘𝑑) = 0. 

Therefore, the solution using quadratic formula for 𝑘𝐼𝑆𝐶 is as below. 

𝑘𝐼𝑆𝐶 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
. (S12.1) 

𝑎 = 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
𝑅𝐷𝐸

𝐷𝐹 − 𝑘𝑝 + 𝑘𝑆. (S12.2) 

𝑏 = (𝑘𝑝 − 𝑘𝑆)(𝑘𝑆 − 𝑘𝑝 − 𝑘𝑑) − 𝑎𝑘𝑆. (S12.3) 

 

Because 𝑘𝐼𝑆𝐶 should be smaller than 𝑘𝑆, the value is uniquely determined as, 

𝑘𝐼𝑆𝐶 =
−𝑏 − √𝑏2 − 4𝑎𝑐

2𝑎
. (S12.4) 
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13. Equation conversion of 𝒌𝒏𝒓
𝑺  from Eq. 83 to Eq. 85 

From Eqs. 82, 83, 86, and 88, 

𝑘𝑛𝑟
𝑆 = 𝑘𝑆 − 𝑘𝑟

𝑆 − 𝑘𝐼𝑆𝐶 = (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
) − 𝑘𝑝𝛷𝑃𝐹 − (𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
− 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
)

= 𝑘𝑝 (1 − 𝛷𝑃𝐹 −
𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
)

= 𝑘𝑝 (
𝛷𝑃𝐿𝑄𝑌

𝛷𝑃𝐿𝑄𝑌
−

𝛷𝑃𝐹𝛷𝑃𝐿𝑄𝑌

𝛷𝑃𝐿𝑄𝑌
−

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
)

= 𝑘𝑝 (
𝛷𝑃𝐹 + 𝛷𝐷𝐹 − 𝛷𝑃𝐹(𝛷𝑃𝐹 + 𝛷𝐷𝐹) − 𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
)

= 𝑘𝑝 (
𝛷𝑃𝐹 − 𝛷𝑃𝐹

2 − 𝛷𝑃𝐹𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
)

= 𝑘𝑝

𝛷𝑃𝐹

𝛷𝑃𝐿𝑄𝑌

(1 − 𝛷𝑃𝐹 − 𝛷𝐷𝐹)

= 𝑘𝑝

𝛷𝑃𝐹

𝛷𝑃𝐿𝑄𝑌

[1 − (𝛷𝑃𝐹 + 𝛷𝐷𝐹)]

= 𝑘𝑝

𝛷𝑃𝐹

𝛷𝑃𝐿𝑄𝑌
(1 − 𝛷𝑃𝐿𝑄𝑌). (S13.1)
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14. Detail derivation of exact rate equation for 𝒌𝑺 (Eq. 96) 

From Eqs. 81, 88, 89, and 91, 

𝑘𝑆 = 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

+ 𝑘𝐼𝑆𝐶

𝛷𝑟
𝑇

𝛷𝑟
𝑆

, 

𝑘𝑆 = 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

+ 𝑘𝐼𝑆𝐶

𝑘𝑝𝑘𝑑𝛷𝐷𝐸(1 − 𝑅𝐷𝐸
𝐷𝐹)

(𝑘𝐼𝑆𝐶 + 𝑘𝑝 − 𝑘𝑆)(𝑘𝑝 + 𝑘𝑑 − 𝑘𝑆)

𝑘𝑟
𝑆

𝑘𝑆

= 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

+
𝑘𝐼𝑆𝐶𝑘𝑝𝑘𝑑𝛷𝐷𝐸(1 − 𝑅𝐷𝐸

𝐷𝐹)𝑘𝑆

𝑘𝑝𝛷𝑃𝐹(𝑘𝐼𝑆𝐶 + 𝑘𝑝 − 𝑘𝑆)(𝑘𝑝 + 𝑘𝑑 − 𝑘𝑆)

= 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

+
𝑘𝐼𝑆𝐶𝑘𝑑𝛷𝐷𝐸(1 − 𝑅𝐷𝐸

𝐷𝐹)𝑘𝑆

𝛷𝑃𝐹[𝑘𝑆2
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑)𝑘𝑆 + (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑)]

,

 

 

𝑘𝑆 [𝑘𝑆2
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑)𝑘𝑆 + (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑)]

= (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) [𝑘𝑆2

− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑)𝑘𝑆 + (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑)] + 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)𝑘𝑆, 

𝑘𝑆3
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑)𝑘𝑆2

+ (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑)𝑘𝑆

= (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆2

− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆 + (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
)

+ 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)𝑘𝑆, 

𝑘𝑆3
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑)𝑘𝑆2

− (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆2

+ (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑)𝑘𝑆 + (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆

− 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)𝑘𝑆 − (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) = 0, 

𝑘𝑆3
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑 + 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆2

+ (𝑘𝐼𝑆𝐶𝑘𝑝 + 𝑘𝑝
2 + 𝑘𝐼𝑆𝐶𝑘𝑑 + 𝑘𝑝𝑘𝑑)𝑘𝑆

+ (𝑘𝐼𝑆𝐶𝑘𝑝 + 2𝑘𝑝
2 + 𝑘𝑝𝑘𝑑 − 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
− 2𝑘𝑝𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
− 𝑘𝑑

2 𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆 − 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)𝑘𝑆

− (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) = 0, 

𝑘𝑆3
− (𝑘𝐼𝑆𝐶 + 2𝑘𝑝 + 𝑘𝑑 + 𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) 𝑘𝑆2

+ (𝑘𝐼𝑆𝐶𝑘𝑝 + 𝑘𝑝
2 + 𝑘𝐼𝑆𝐶𝑘𝑑 + 𝑘𝑝𝑘𝑑 + 𝑘𝐼𝑆𝐶𝑘𝑝 + 2𝑘𝑝

2 + 𝑘𝑝𝑘𝑑 − 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
− 2𝑘𝑝𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
− 𝑘𝑑

2 𝛷𝐷𝐸

𝛷𝑃𝐹

− 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)) 𝑘𝑆 − (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) = 0, 

𝑘𝑆3
− [𝑘𝐼𝑆𝐶 + 3𝑘𝑝 + 𝑘𝑑 (1 −

𝛷𝐷𝐸

𝛷𝑃𝐹
)] 𝑘𝑆2

+ [2𝑘𝐼𝑆𝐶𝑘𝑝 + 3𝑘𝑝
2 + 2𝑘𝑝𝑘𝑑 (1 −

𝛷𝐷𝐸

𝛷𝑃𝐹
) + 𝑘𝐼𝑆𝐶𝑘𝑑 (1 −

𝛷𝐷𝐸

𝛷𝑃𝐹
) − 𝑘𝑑

2 𝛷𝐷𝐸

𝛷𝑃𝐹
− 𝑘𝐼𝑆𝐶𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹

(1 − 𝑅𝐷𝐸
𝐷𝐹)] 𝑘𝑆

− (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) = 0, 

𝑘𝑆3
− [𝑘𝐼𝑆𝐶 + 3𝑘𝑝 + 𝑘𝑑 (1 −

𝛷𝐷𝐸

𝛷𝑃𝐹
)] 𝑘𝑆2

− {𝑘𝑝 {3𝑘𝑝 − 2 [𝑘𝐼𝑆𝐶 + 3𝑘𝑝 + 𝑘𝑑 (1 −
𝛷𝐷𝐸

𝛷𝑃𝐹
)]} − 𝑘𝑑

2 𝛷𝐷𝐸

𝛷𝑃𝐹
+ 𝑘𝐼𝑆𝐶𝑘𝑑 [1 −

𝛷𝐷𝐸

𝛷𝑃𝐹

(2 − 𝑅𝐷𝐸
𝐷𝐹)]} 𝑘𝑆

− (𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) = 0. 
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Therefore, 

𝑘𝑆3
+ 𝑑𝑘𝑆2

+ 𝑒𝑘𝑆 + 𝑓 = 0, (S14.1) 

𝑑 = − [𝑘𝐼𝑆𝐶 + 3𝑘𝑝 + 𝑘𝑑 (1 −
𝛷𝐷𝐸

𝛷𝑃𝐹
)] , (S14.2) 

𝑒 = 𝑘𝐼𝑆𝐶𝑘𝑑 [1 −
𝛷𝐷𝐸

𝛷𝑃𝐹

(2 − 𝑅𝐷𝐸
𝐷𝐹)] − 𝑘𝑝(3𝑘𝑝 + 2𝑑) − 𝑘𝑑

2 𝛷𝐷𝐸

𝛷𝑃𝐹
, (S14.3) 

𝑓 = −(𝑘𝐼𝑆𝐶 + 𝑘𝑝)(𝑘𝑝 + 𝑘𝑑) (𝑘𝑝 − 𝑘𝑑

𝛷𝐷𝐸

𝛷𝑃𝐹
) . (S14.4) 

The solutions of cubic equation were obtained by Cardano–Tartaglia formula as, 

𝑘𝑆
1 = √−𝑔 + √𝑔2 + ℎ3

3

+ √−𝑔 − √𝑔2 + ℎ3
3

−
1

3
𝑑, (S14.5) 

𝑘𝑆
2 =

−1 + 𝑖√3

2
× √−𝑔 + √𝑔2 + ℎ3

3

+
−1 − 𝑖√3

2
× √−𝑔 − √𝑔2 + ℎ3

3

−
1

3
𝑑, (S14.6) 

𝑘𝑆
3 =

−1 − 𝑖√3

2
× √−𝑔 + √𝑔2 + ℎ3

3

+
−1 + 𝑖√3

2
× √−𝑔 − √𝑔2 + ℎ3

3

−
1

3
𝑑. (S14.7) 

 

𝑔 =
27𝑓 + 2𝑑3 − 9𝑑𝑒

54
. (S14.8) 

ℎ =
3𝑒 − 𝑑2

9
. (S14.9) 

Because 𝑘𝑆  should be smaller than 𝑘𝑝  and larger than 𝑘𝐼𝑆𝐶  (𝑘𝐼𝑆𝐶 < 𝑘𝑆 < 𝑘𝑝 ), the solution to the cubic 

equation is uniquely determined as 𝑘𝑆
2. 

 

 

NOTE: 

The discriminant 𝐷 for 𝑘𝑆3
+ 𝑑𝑘𝑆2

+ 𝑒𝑘𝑆 + 𝑓 = 0 is written by, 

 

𝐷 = −4𝑒3 + 𝑒2𝑑2 − 4𝑓𝑑3 + 18𝑑𝑒𝑓 − 27𝑓2 

 

The solutions of cubic equation can be obtained as, 

   𝐷 > 0: three real roots 

   𝐷 < 0: one real root and two imaginary roots 

   𝐷 = 0: multiple root 
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15. Detail derivation of rate constants for four-state analysis among 𝐒𝟎, 𝐒𝟏, 𝐓𝟏 and 𝐓𝐧 

    Here, we derived the rate equations for the four-state analysis considering higher triplet state (Tn) as an 

intermediate state of RISC state with the generally expected assumptions for the emitters.  

 

Figure S1. Schematic diagram for four-state analysis of S0, S1, T1 and Tn. 

 

    When we assume direct ISC/RISC process between S1  and T1  state and direct radiative/nonradiative 

process from Tn to S0 are forbidden, those decay pass can be eliminated. These assumptions should be related 

to the El-Saied's and Kasha’s rules (Figure S1). The global decay rate from each excited state in the absence 

of exciton-formation processes can be formulated as 

𝑑[S1]

𝑑𝑡
= −𝑘𝑟

𝑆[S1] − 𝑘𝑛𝑟
𝑆 [S1] − 𝑘𝐼𝑆𝐶[S1] + 𝑘𝑅𝐼𝑆𝐶[Tn], (S15.1) 

𝑑[Tn]

𝑑𝑡
= −𝑘𝑅𝐼𝑆𝐶[Tn] − 𝑘𝐼𝐶[Tn] + 𝑘𝐼𝑆𝐶[S1] + 𝑘𝑅𝐼𝐶[T1], (S15.2) 

𝑑[T1]

𝑑𝑡
= −𝑘𝑟

𝑇[T1] − 𝑘𝑛𝑟
𝑇 [T1] − 𝑘𝑅𝐼𝐶[T1] + 𝑘𝐼𝐶[Tn], (S15.3) 

where [Tn] is the densities of Tn excitons, 𝑘𝐼𝐶 and 𝑘𝑅𝐼𝐶 are the rate constants for internal conversion (IC) and 

reverse-internal conversion (RIC) processes. In this system, all three components of [S1], [Tn], and [T1] 

should be provide as the tri-exponential curves. Therefore, the emission decay can be fit with a tri-exponential 

curve as, 

𝐼(𝑡) = 𝐴𝑝 exp(−𝑘𝑝𝑡) + 𝐴𝑑1 exp(−𝑘𝑑1𝑡) + 𝐴𝑑2 exp(−𝑘𝑑2𝑡) , (S15.4) 

where 𝐴𝑝, 𝐴𝑑1, 𝐴𝑑2, 𝑘𝑝, 𝑘𝑑1, and 𝑘𝑑2 are the pre-exponential factors (𝐴) and decay rates (𝑘) for prompt (𝑝), 

primary delayed (𝑑1), and secondary delayed (𝑑2) components. To obtain the quantum efficiency of prompt 

(𝛷𝑃𝐹), primary delayed (𝛷𝐷𝐸1), and secondary (𝛷𝐷𝐸2) delayed components, Eq. S15.4 should be rewritten 

by, 

𝐼(𝑡) = (𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2) exp(−𝑘𝑝𝑡)                                            

             +(𝐴𝑑1 + 𝐴𝑑2)[− exp(−𝑘𝑝𝑡) + exp(−𝑘𝑑1𝑡)]

                                               +𝐴𝑑2[− exp(−𝑘𝑑1𝑡) + exp(−𝑘𝑑2𝑡)]. (S15.5)

 

In this form, the first, second, and third terms are exactly corresponding to the prompt, primary delayed and 

secondary delayed components, respectively, and each efficiency can be estimated as Eqs. S15.6-S15.8, 

𝛷𝑃𝐹 =

𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝

𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑑1
−

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑2

𝑘𝑑2
−

𝐴𝑑2

𝑘𝑑1

𝛷𝑃𝐿𝑄𝑌

=
(𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2)𝑘𝑑1𝑘𝑑2

𝐴𝑝𝑘𝑑1𝑘𝑑2 + 𝐴𝑑1𝑘𝑝𝑘𝑑2 + 𝐴𝑑2𝑘𝑝𝑘𝑑1
𝛷𝑃𝐿𝑄𝑌. (S15.6)
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𝛷𝐷𝐸1 =

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑑1
−

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝

𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑑1
−

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑2

𝑘𝑑2
−

𝐴𝑑2

𝑘𝑑1

𝛷𝑃𝐿𝑄𝑌

=
(𝐴𝑑1 + 𝐴𝑑2)(𝑘𝑝 − 𝑘𝑑1)𝑘𝑑2

𝐴𝑝𝑘𝑑1𝑘𝑑2 + 𝐴𝑑1𝑘𝑝𝑘𝑑2 + 𝐴𝑑2𝑘𝑝𝑘𝑑1
𝛷𝑃𝐿𝑄𝑌. (S15.7)

 

𝛷𝐷𝐸2 =

𝐴𝑑2

𝑘𝑑2
−

𝐴𝑑2

𝑘𝑑1

𝐴𝑝 + 𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑑1
−

𝐴𝑑1 + 𝐴𝑑2

𝑘𝑝
+

𝐴𝑑2

𝑘𝑑2
−

𝐴𝑑2

𝑘𝑑1

𝛷𝑃𝐿𝑄𝑌

=
𝐴𝑑2(𝑘𝑑1 − 𝑘𝑑2)𝑘𝑝

𝐴𝑝𝑘𝑑1𝑘𝑑2 + 𝐴𝑑1𝑘𝑝𝑘𝑑2 + 𝐴𝑑2𝑘𝑝𝑘𝑑1
𝛷𝑃𝐿𝑄𝑌. (S15.8)

 

    Under the assumption of 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶  with the restriction condition of [S1] ≫ [Tn] (𝑡 ≪

1 𝑘𝑝⁄ ), Eq. S15.1 can be rewritten as Eq. S15.9. Therefore, the singlet decay rate (𝑘𝑆) can be approximate to 

the prompt decay rate (𝑘𝑝), and the function of time can be written as Eq. S15.10. 

𝑑[S1]

[S1]
≈ (−𝑘𝑟

𝑆 − 𝑘𝑛𝑟
𝑆 − 𝑘𝐼𝑆𝐶)𝑑𝑡, (S15.9) 

[S1] ≈ 𝐴𝑆 exp[−(𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶)𝑡] = 𝐴𝑆 exp(−𝑘𝑆𝑡) ≈ 𝐴𝑆 exp(−𝑘𝑝𝑡) , (S15.10) 

where 𝐴𝑆 is a pre-exponential factor. 

    Next, we focus on the exponential decay of [Tn]. Eq. S15.2 can be rewritten as Eq. S15.11 under the 

assumption of 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶  and 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶 ≫ 𝑘𝑅𝐼𝐶  with the restriction condition of [T1] ≪

[Tn] and [S1] ≪ [Tn] (1 𝑘𝑝⁄ ≪ 𝑡 ≪ 1 𝑘𝑑1⁄ ). By the assumption of 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶 ≫ 𝑘𝑅𝐼𝐶, the term related to 

the T1 can be vanished. 

𝑑[Tn]

[Tn]
= (−𝑘𝑅𝐼𝑆𝐶 − 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶

[S1]

[Tn]
) 𝑑𝑡, (S15.11) 

The time dependent term of [S1] [Tn]⁄  can be obtained as non-time-dependent value by the steady state 

approximation (SSA) of Eq. S15.1, 𝑑[S1] 𝑑𝑡⁄ ≈ 0. 

[S1]

[Tn]
≈

𝑘𝑅𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

. (S15.12) 

This require the assumption some of 𝑘𝑟
𝑆, 𝑘𝑛𝑟

𝑆 , or 𝑘𝐼𝑆𝐶 is much larger than 𝑘𝑅𝐼𝑆𝐶. When Tn level is lying below 

S1 level, 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶  is always approved because the relationship of exo- and endothermic process. If 

𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶 is satisfied as a consequence, it should not matter whether Tn level is lying above S1 level. By 

using Eq. S15.12, the time dependence for [Tn] is provided as Eq. S15.13. 

[Tn](𝑡) ≈ 𝐴𝑇𝑛 exp {− [(1 −
𝑘𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

) 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶] 𝑡}

= 𝐴𝑇𝑛 exp(−𝑘𝑇𝑛𝑡) ≈ 𝐴𝑇𝑛 exp(−𝑘𝑑1𝑡) , (S15.13)

 

where 𝐴𝑇𝑛 is a pre-exponential factor, 𝑘𝑇𝑛 is a decay rate of Tn state. Therefore, 𝑘𝑑1 can be approximate as, 

𝑘𝑑1 ≈ (1 −
𝑘𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

) 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶 . (S15.14) 

Further, we focus on the exponential decay of [T1]. Eq. S15.3 can be rewritten as Eq. S15.15 under the 

assumption of 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶 ≫ 𝑘𝑅𝐼𝐶 with the restriction condition of [Tn] ≪ [T1] 𝑡 ≫ 1 𝑘𝑑2⁄ . 



 

S20 

 

𝑑[T1]

[T1]
= (−𝑘𝑟

𝑇 − 𝑘𝑛𝑟
𝑇 − 𝑘𝑅𝐼𝐶 + 𝑘𝐼𝐶

[Tn]

[T1]
) 𝑑𝑡. (S15.15) 

The time dependent term of [Tn] [T1]⁄  can be obtained as non-time-dependent value by the steady state 

approximation (SSA) of Eqs. S15.1 and S15.2, 𝑑[S1] 𝑑𝑡⁄ ≈ 0  and 𝑑[Tn] 𝑑𝑡⁄ ≈ 0 , respectively; this is 

necessary to assume 𝑘𝐼𝐶 ≫ 𝑘𝑅𝐼𝐶 but it always approved because of the relationship of exo- and endothermic 

process. 

[Tn]

[T1]
≈

𝑘𝑅𝐼𝐶

(1 −
𝑘𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶
) 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶

. (S15.16)
 

By the similar process, observed 𝑘𝑑2 can be written as Eq. S15.17. 

𝑘𝑑2 ≈ 𝑘𝑇1 = [1 −
𝑘𝐼𝐶

(1 −
𝑘𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶
) 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶

] 𝑘𝑅𝐼𝐶
𝑇 + 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇 . (S15.17) 

    The total decay efficiency of singlet excitons generated by photo-excitation is the sum of 𝛷𝑟
𝑆 (≈ 𝛷𝑃𝐹), 𝛷𝑛𝑟

𝑆  

and 𝛷𝐼𝑆𝐶. 

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆 + 𝛷𝐼𝑆𝐶 = 1. (S15.18) 

The decay efficiency of Tn excitons resulted from an ISC process is the sum of 𝛷𝑅𝐼𝑆𝐶  and the internal 

conversion (𝛷𝐼𝐶
𝑇 ). It should be noted again here, we assumed that the Tn excitons do not decay directly to the 

S0 state but rather through the T1 state, related to Kasha's rule. 

𝛷𝑅𝐼𝑆𝐶 + 𝛷𝐼𝐶
𝑇 = 1. (S15.19) 

Because of 𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶 ≫ 𝑘𝑅𝐼𝑆𝐶, the RISC process controls the decay of Tn excitons via the S1 state and 

S1 excitons generated by the RISC process rapidly decayed to S0 or Tn states according to Eq. S15.18. 

Therefore, the multiple ISC/RISC cycle is present. In this case, the efficiencies in Eq. S15.19 should be 

modified by using overall efficiencies (OEs), which are the final distributed exciton ratio between S1 and Tn 

population via ISC/RISC cycles; those are 𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 > 𝛷𝑅𝐼𝑆𝐶 and 𝛷𝐼𝐶

𝑇 𝑂𝐸
> 𝛷𝐼𝐶

𝑇 . Observed decay rate is an 

apparent value of Tn decays, OEs are employed to the analysis. Therefore, 𝛷𝐼𝑆𝐶 can be divided into  𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 

and 𝛷𝐼𝐶
𝑇 𝑂𝐸

, and the total efficiency is given by,  

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 + 𝛷𝐼𝐶

𝑇 𝑂𝐸
= 1. (S15.20) 

Similarly, the RIC process controls the decay of T1 excitons via the Tn state and Tn excitons generated by the 

RIC process rapidly decayed to S1 or T1 states according to Eq. S15.20 because of 𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶 ≫ 𝑘𝑅𝐼𝐶 . 

Therefore, the multiple IC/RIC cycle is present. The efficiencies related to T1 and its OEs are written by Eqs. 

S15.21 and S15.22; those are 𝛷𝑟
𝑇𝑂𝐸

> 𝛷𝑟
𝑇 , 𝛷𝑛𝑟

𝑇 𝑂𝐸
> 𝛷𝑛𝑟

𝑇  and 𝛷𝑅𝐼𝐶
𝑂𝐸 < 𝛷𝑅𝐼𝐶 . Observed decay rate is an 

apparent value of T1 decay, OEs are employed to the analysis. Therefore, 𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸 can be divided into 

𝛷𝑟
𝑇𝑂𝐸

, 𝛷𝑛𝑟
𝑇 𝑂𝐸

 and 𝛷𝑅𝐼𝐶
𝑂𝐸.  

𝛷𝑟
𝑇 + 𝛷𝑛𝑟

𝑇 + 𝛷𝑅𝐼𝐶 = 1. (S15.21) 

𝛷𝑟
𝑇𝑂𝐸

+ 𝛷𝑛𝑟
𝑇 𝑂𝐸

+ 𝛷𝑅𝐼𝐶
𝑂𝐸 = 1. (S15.22) 

The fraction of Tn exciton decay event via S1 (𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
𝑂𝐸) can decay either radiatively (𝛷𝑟

𝑆) or non-

radiatively (𝛷𝑛𝑟
𝑆 ), because 𝛷𝑅𝐼𝑆𝐶

𝑂𝐸 is the finally distributed exciton ratio after considering the ISC/RISC 
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cycle. Therefore, the primary delayed fluorescence (𝛷𝐷𝐹1 , i.e., primary delayed emission 𝛷𝐷𝐸1) can be 

formulated as a function of the radiative fraction to the total efficiency, 𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆 . 

𝛷𝐷𝐹1 = 𝛷𝐷𝐸1 = 𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆 = 𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 𝛷𝑟

𝑆

1 − 𝛷𝐼𝑆𝐶
. (S15.23) 

Similarly, the fraction of T1 exciton decay event via S1 (𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸𝛷𝑅𝐼𝐶

𝑂𝐸) can decay either 𝛷𝑟
𝑆 or 𝛷𝑛𝑟

𝑆 , 

because 𝛷𝑅𝐼𝐶
𝑂𝐸 is the finally distributed exciton ratio after considering both IC/RIC and ISC/RISC cycles 

(see Eq. S15.17). Therefore, the secondary delayed fluorescence (𝛷𝐷𝐹2) can be formulated as a function of 

𝛷𝑟
𝑆 to the 𝛷𝑟

𝑆 + 𝛷𝑛𝑟
𝑆 . 

𝛷𝐷𝐹2 = 𝛷𝐷𝐸2𝑅𝐷𝐸2
𝐷𝐹2 = 𝛷𝐼𝑆𝐶𝛷𝐼𝐶

𝑂𝐸𝛷𝑅𝐼𝐶
𝑂𝐸 𝛷𝑟

𝑆

𝛷𝑟
𝑆 + 𝛷𝑛𝑟

𝑆 = 𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸𝛷𝑅𝐼𝐶

𝑂𝐸 𝛷𝑟
𝑆

1 − 𝛷𝐼𝑆𝐶
. (S15.24) 

where 𝑅𝐷𝐸2
𝐷𝐹2 is a ratio in of secondary delayed fluorescence in secondary delayed emission, 𝛷𝐷𝐹2 𝛷𝐷𝐸2⁄ . In 

the four-state analysis model, the observed lifetime of secondary delayed fluorescence and phosphorescence 

are exactly the same (1 𝑘𝑑2⁄ ) since they occur from the same origin of the T1 state. Therefore, both 𝛷𝐷𝐹2 and 

𝛷𝑃ℎ𝑜𝑠 contribute to the secondary delayed emission (𝛷𝐷𝐸2). The total PL quantum efficiency (𝛷𝑃𝐿𝑄𝑌) is the 

sum of 𝛷𝑟
𝑆, 𝛷𝐷𝐹1, and 𝛷𝐷𝐸2. Based on the above analysis, all of the efficiencies related to the TADF process 

were presented in Eqs. S15.25-S15.32. 

𝛷𝑟
𝑆 =

𝑘𝑟
𝑆

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

=
𝑘𝑟

𝑆

𝑘𝑝
. (S15.25) 

𝛷𝑛𝑟
𝑆 = 1 − 𝛷𝑟

𝑆 − 𝛷𝐼𝑆𝐶 =
𝑘𝑛𝑟

𝑆

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

=
𝑘𝑛𝑟

𝑆

𝑘𝑝
. (S15.26) 

𝛷𝐼𝑆𝐶 =
𝑘𝐼𝑆𝐶

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆 + 𝑘𝐼𝑆𝐶

=
𝑘𝐼𝑆𝐶

𝑘𝑝
. (S15.27) 

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 =

𝛷𝐷𝐸1(1 − 𝛷𝐼𝑆𝐶)

𝛷𝑟
𝑆𝛷𝐼𝑆𝐶

=
(1 − 𝛷𝐼𝑆𝐶)𝑘𝑅𝐼𝑆𝐶

(1 − 𝛷𝐼𝑆𝐶)𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶
=

(1 − 𝛷𝐼𝑆𝐶)𝑘𝑅𝐼𝑆𝐶

𝑘𝑑1
. (S15.28) 

𝛷𝐼𝐶
𝑂𝐸 =

𝑘𝑑2

𝑘𝑅𝐼𝐶
𝑇 ∙

𝛷𝐷𝐹2

𝛷𝐷𝐹1
=

𝑘𝐼𝐶

(1 − 𝛷𝐼𝑆𝐶)𝑘𝑅𝐼𝑆𝐶 + 𝑘𝐼𝐶
= 1 − 𝛷𝑅𝐼𝑆𝐶

𝑂𝐸 . (S15.29) 

𝛷𝑅𝐼𝐶
𝑂𝐸 =

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸𝑘𝑅𝐼𝐶

𝑇

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸𝑘𝑅𝐼𝐶

𝑇 + 𝑘𝑟
𝑇 + 𝑘𝑛𝑟

𝑇
=

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸𝑘𝑅𝐼𝐶

𝑇

𝑘𝑑2
. (S15.30) 

𝛷𝑟
𝑇𝑂𝐸

=
𝛷𝑃ℎ𝑜𝑠

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸 =

𝛷𝐷𝐸2(1 − 𝑅𝐷𝐸2
𝐷𝐹2)

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸 =

𝑘𝑟
𝑇

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸𝑘𝑅𝐼𝐶 + 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇

=
𝑘𝑟

𝑇

𝑘𝑑2
. (S15.31) 

𝛷𝑛𝑟
𝑇 𝑂𝐸

=
1 − 𝛷𝑃𝐿𝑄𝑌

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸 − 𝛷𝑛𝑟

𝑆
1 − 𝛷𝐼𝑆𝐶𝛷𝐼𝐶

𝑂𝐸(1 − 𝛷𝑅𝐼𝐶
𝑂𝐸)

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑂𝐸(1 − 𝛷𝐼𝑆𝐶)

=
𝑘𝑛𝑟

𝑇

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸𝑘𝑅𝐼𝐶 + 𝑘𝑟

𝑇 + 𝑘𝑛𝑟
𝑇

=
𝑘𝑛𝑟

𝑇

𝑘𝑑2
. (S15.32) 

The corresponding rate constants are described by Eqs. S15.33-S15.40. 

𝑘𝑟
𝑆 = 𝑘𝑝𝛷𝑟

𝑆. (S15.33) 

𝑘𝑛𝑟
𝑆 = 𝑘𝑝𝛷𝑛𝑟

𝑆 = 𝑘𝑝(1 − 𝛷𝑟
𝑆 − 𝛷𝐼𝑆𝐶). (S15.34) 

𝑘𝐼𝑆𝐶 = 𝑘𝑝𝛷𝐼𝑆𝐶 . (S15.35) 

𝑘𝑅𝐼𝑆𝐶 = 𝑘𝑑1

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸

1 − 𝛷𝐼𝑆𝐶
=

𝑘𝑝𝑘𝑑1

𝑘𝐼𝑆𝐶
⋅

𝛷𝐷𝐹1

𝛷𝑟
𝑆 = 𝑘𝑑1

𝛷𝐷𝐹1

𝛷𝑟
𝑆𝛷𝐼𝑆𝐶

. (S15.36) 

𝑘𝐼𝐶
𝑇 = 𝑘𝑑1 − (1 − 𝛷𝐼𝑆𝐶)𝑘𝑅𝐼𝑆𝐶 . (S15.37) 
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𝑘𝑅𝐼𝐶
𝑇 = 𝑘𝑑2

𝛷𝑅𝐼𝐶
𝑇 𝑂𝐸

𝛷𝑅𝐼𝑆𝐶
𝑂𝐸 = 𝑘𝑑2

(1 − 𝛷𝐼𝑆𝐶)𝛷𝐷𝐸2𝑅𝐷𝐸2
𝐷𝐹2

𝛷𝑟
𝑆𝛷𝐼𝑆𝐶𝛷𝑅𝐼𝑆𝐶

𝑂𝐸𝛷𝐼𝐶
𝑇 𝑂𝐸 . (S15.38) 

𝑘𝑟
𝑇 = 𝑘𝑑2𝛷𝑟

𝑇𝑂𝐸
= 𝑘𝑑2

𝛷𝐷𝐸2(1 − 𝑅𝐷𝐸2
𝐷𝐹2)

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑇 𝑂𝐸 . (S15.39) 

𝑘𝑛𝑟
𝑇 = 𝑘𝑑2𝛷𝑛𝑟

𝑇 𝑂𝐸
= 𝑘𝑑2

1 − 𝛷𝑃𝐿𝑄𝑌

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑇 𝑂𝐸 − 𝑘𝑑2𝛷𝑛𝑟

𝑆
1 + 𝛷𝐼𝑆𝐶𝛷𝐼𝐶

𝑇 𝑂𝐸
(𝛷𝑅𝐼𝐶

𝑇 𝑂𝐸
− 1)

𝛷𝐼𝑆𝐶𝛷𝐼𝐶
𝑇 𝑂𝐸

(1 − 𝛷𝐼𝑆𝐶)
. (S15.40) 

The value of 𝑅𝐷𝐸2
𝐷𝐹2 can be estimated by fitting the secondary delayed emission spectrum with the prompt 

fluorescence and phosphorescence spectra to provide the contribution of the phosphorescence to the 

secondary delayed emission. For the data collected at high temperature, 𝑅𝐷𝐸2
𝐷𝐹2 can be approximate as 1. 

    Because we obtained above rate equations by minimum assumptions. We can employ the constraint 𝛷𝑛𝑟
𝑆 =

0 or 𝛷𝑛𝑟
𝑇 = 0 as limit conditions to provide the 𝛷𝐼𝑆𝐶 values of 𝛷𝐼𝑆𝐶

𝑛𝑟𝑆=0 and 𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0, respectively, as below. 

𝛷𝐼𝑆𝐶
𝑛𝑟𝑆=0 = 1 − 𝛷𝑟

𝑆. (S15.41) 

𝛷𝐼𝑆𝐶
𝑛𝑟𝑇=0 =

𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑟
𝑆 − (1 − 𝛷𝑟

𝑆)𝛷𝑃ℎ𝑜𝑠

𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑃ℎ𝑜𝑠
≈

𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑟
𝑆

𝛷𝑃𝐿𝑄𝑌
,     (∵ 𝑅𝐷𝐸2

𝐷𝐹2 ≈ 1). (S15.42) 

We can also calculate the average 𝑘𝐼𝑆𝐶 , 𝑘𝑅𝐼𝑆𝐶 , 𝑘𝐼𝐶
𝑇  and 𝑘𝑅𝐼𝐶

𝑇  values with the range between the limit 

conditions (𝛷𝑛𝑟
𝑆 = 0 or 𝛷𝑛𝑟

𝑇 = 0), when it is difficult to estimate 𝛷𝐼𝑆𝐶. By using 𝛷𝐼𝑆𝐶
𝑛𝑟𝑆=0 and 𝛷𝐼𝑆𝐶

𝑛𝑟𝑇=0, 𝛷𝑅𝐼𝑆𝐶
𝑛𝑟𝑆=0 

and 𝛷𝑅𝐼𝑆𝐶
𝑛𝑟𝑇=0 are estimated from Eq. S15.36. The average rate constants for ISC and RISC can be obtained 

from Eqs. S9.1 and S9.2, respectively. The average rate constants for IC and RIC can be obtained by Eqs. 

S15.43 and S15.44. 

𝑘𝐼𝐶
𝐴𝑣𝑔.

≡
(𝑘𝐼𝐶

𝑛𝑟𝑆=0 + 𝑘𝐼𝐶
𝑛𝑟𝑇=0)

2
±

(𝑘𝐼𝐶
𝑛𝑟𝑆=0 − 𝑘𝐼𝐶

𝑛𝑟𝑇=0)

2
. (S15.43) 

𝑘𝑅𝐼𝐶
𝐴𝑣𝑔.

≡
(𝑘𝑅𝐼𝐶

𝑛𝑟𝑇=0 + 𝑘𝑅𝐼𝐶
𝑛𝑟𝑆=0)

2
±

(𝑘𝑅𝐼𝐶
𝑛𝑟𝑇=0 − 𝑘𝑅𝐼𝐶

𝑛𝑟𝑆=0)

2
. (S15.44) 

    When 𝛷𝑃ℎ𝑜𝑠 is approximated as 0 (i.e., 𝑅𝐷𝐸2
𝐷𝐹2 ≈ 1) for the simplification, these average values can be 

estimated as followed. 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

=
𝑘𝑝[2𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑃𝐹(1 + 𝛷𝑃𝐿𝑄𝑌) ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)]

2𝛷𝑃𝐿𝑄𝑌
. (S15.45) 

𝑘𝑅𝐼𝑆𝐶
𝐴𝑣𝑔.

=
𝑘𝑑1𝛷𝐷𝐹1[2𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑃𝐹(1 + 𝛷𝑃𝐿𝑄𝑌) ± 𝛷𝑃𝐹(1 − 𝛷𝑃𝐿𝑄𝑌)]

2𝛷𝑃𝐹(1 − 𝛷𝑃𝐹)(𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑃𝐹)
. (S15.46) 

𝑘𝐼𝐶
𝐴𝑣𝑔.

= 𝑘𝑑1 −
𝑘𝑑1𝛷𝐷𝐹1[1 + 𝛷𝑃𝐿𝑄𝑌 − 2𝛷𝑃𝐹 ± (1 − 𝛷𝑃𝐿𝑄𝑌)]

2(1 − 𝛷𝑃𝐹)(𝛷𝑃𝐿𝑄𝑌 − 𝛷𝑃𝐹)
. (S15.47) 

𝑘𝑅𝐼𝐶
𝐴𝑣𝑔.

=
𝑘𝑑2[2𝛷𝐷𝐹2(1 − 𝛷𝑃𝐹) + 𝛷𝐷𝐹1(1 − 𝛷𝑃𝐿𝑄𝑌)±𝛷𝐷𝐹1(1 − 𝛷𝑃𝐿𝑄𝑌)]

2𝛷𝐷𝐹1(1 − 𝛷𝑃𝐹 − 𝛷𝐷𝐹1)
. (S15.48) 
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16. Average and maximum rate equations corrected by exact solution (for Table 2 entry 5) 

Comparing Eqs. 59 (with the approximation of no phosphorescence) and 86, the 𝑘𝐼𝑆𝐶 have a difference 

while both equations are same conditions; that means 𝑘𝑟
𝑇 = 0 and 𝑘𝑛𝑟

𝑇 = 0. 

Therefore, the relationship between 𝑘𝐼𝑆𝐶
𝑒𝑥𝑎𝑐𝑡 and 𝑘𝐼𝑆𝐶

𝑛𝑟𝑇=0 can be written by 

𝑘𝐼𝑆𝐶
𝑒𝑥𝑎𝑐𝑡 = 𝑘𝐼𝑆𝐶

𝑛𝑟𝑇=0 − 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
, (S16.1) 

where 𝑘𝐼𝑆𝐶
𝑒𝑥𝑎𝑐𝑡 is the ISC rate constants in exact solution on three states. This difference is caused by the 

approximation of 𝑘𝑝 ≈ 𝑘𝑆. Therefore, 𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 should be corrected as 

𝑘𝐼𝑆𝐶
𝑛𝑟𝑇=0 = 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
− 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
. (S16.2) 

When 𝑘𝑛𝑟
𝑇 = 0, 𝑘𝑅𝐼𝑆𝐶 is maximum value, and the difference of 𝑘𝑝 and 𝑘𝑆 at 𝑘𝑛𝑟

𝑇 = 0 is also the maximum 

value of 𝑘𝑑 𝛷𝐷𝐹 𝛷𝑃𝐹⁄  (see Eq. 82). On the other hand, while it is difficult to know the difference of 𝑘𝑝 and 

𝑘𝑆, 𝛷𝐼𝑆𝐶
𝑛𝑟𝑆=0 should be 1 − 𝛷𝑃𝐹 when 𝑘𝑛𝑟

𝑆 = 0. 

 

Therefore, Eq. S10.1 should be corrected as 

𝑘𝐼𝑆𝐶
𝐴𝑣𝑔.

=
1

2
[𝑘𝑝(1 − 𝛷𝑃𝐹) + 𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
− 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
] ±

1

2
[𝑘𝑝(1 − 𝛷𝑃𝐹) − (𝑘𝑝

𝛷𝐷𝐹

𝛷𝑃𝐿𝑄𝑌
− 𝑘𝑑

𝛷𝐷𝐹

𝛷𝑃𝐹
)]

=

𝑘𝑝(1 − 𝛷𝑃𝐹)𝛷𝑃𝐹𝛷𝑃𝐿𝑄𝑌 + (𝑘𝑝𝛷𝑃𝐹 − 𝑘𝑑𝛷𝑃𝐿𝑄𝑌)𝛷𝐷𝐹                              

                                      ±[𝑘𝑝𝛷𝑃𝐹
2(1 − 𝛷𝑃𝐿𝑄𝑌) + 𝑘𝑑𝛷𝐷𝐹𝛷𝑃𝐿𝑄𝑌]

2𝛷𝑃𝐹𝛷𝑃𝐿𝑄𝑌
. (S16.3)

 

 

The maximum values of 𝑘𝑛𝑟
𝑆  and 𝑘𝑛𝑟

𝑇  should be same with Table 2 entry 4 and Table 2 entry 2, respectively. 

 

 

 


