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1. Organic Optoelectronic Materials

OLED screen Flexible electronicsOrganic laserLighting



1. Organic Optoelectronic Materials– Electronic Structure Calculations

Annu. Rev. Phys. Chem. 2023. 74:547–71



1.Density Functional Theory-Jacob Ladder

WIREs Comput Mol Sci. 2021; 11:e1490

෡𝐻 = ෡𝐻0 + ෠𝑉 𝜌 𝒙 =෍
𝑖

𝑁

𝜓𝑖∗ 𝒙 𝜓𝑖(𝒙)

−
1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, {𝑹} + 𝜈𝐻 𝒙 + 𝜈𝑥𝑐 𝒙 𝜓𝑖 𝒙 = 𝜀𝑖𝜓𝑖(𝒙)

𝜌 𝒙, 𝒙′ =෍
𝑖

𝑁

𝜓𝑖∗ 𝒙 𝜓𝑖(𝒙′)

Density Functional Theory Framework

Phys. Rev. B 136, 864 (1964).

𝜈𝑒𝑥𝑡 𝒙, {𝑹} ⇔ 𝜌 𝒙 ⇔ {𝜓𝑖(𝒙)}



2.Self-Interaction Errors

WIREs Comput Mol Sci. 2023; 13(2):e1631

𝜈𝑒𝑓𝑓 𝒓, 𝑹 = 𝜈𝑒𝑥𝑡 𝑹 + ∫ 𝑑𝒓′
𝜌 𝒓′

𝒓 − 𝒓′ + 𝜈𝑥𝑐 𝒓 𝜈𝑒𝑓𝑓 𝒓, 𝑹 = 𝜈𝑒𝑥𝑡 𝑹 +
1
|𝒓| + 𝜈𝑥𝑐(𝒓)

N-electron system One-electron system( 𝒓 → ∞)



2. Self-Interaction Errors-Adiabatic Connection

WIREs Comput Mol Sci. 2023; 13(2):e1631

𝐸𝑥𝑐 = න
0

1
𝑑𝜆{𝜔𝜆 − 𝑈𝐻[𝜌(𝒓)]} , 𝜔𝜆 = ⟨𝜙𝜆 𝜈𝑒𝑒 𝜙𝜆⟩

Adiabatic Connection

𝐸𝑥𝑐 = 𝛼𝐸𝑥𝑆𝑅−𝐻𝐹 𝜔 + 1 − 𝛼 𝐸𝑥𝑆𝑅−𝐷𝐹𝑇 𝜔 +

𝛽𝐸𝑥𝐿𝑅−𝐻𝐹 𝜔 + 1 − 𝛽 𝐸𝑥𝐿𝑅−𝐷𝐹𝑇 𝜔 + 𝐸𝑐𝐷𝐹𝑇

𝐸𝑥𝑐 = (1 − 𝑎)𝐸𝑥𝐷𝐹𝑇+𝑎𝐸𝑥𝐻𝐹 + 𝐸𝑐

Global Hybrid Functionals

Range-Separated Hybrid Functionals



2. Charge-Transfer Excitation-RL-TDDFT

−
1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, {𝑹} + 𝜈𝐻 𝒙 + 𝜈𝑥𝑐 𝒙 𝜓𝑖 𝒙 = 𝜀𝑖𝜓𝑖(𝒙)

𝜈𝑒𝑥𝑡 𝒙, {𝑹} ⇔ 𝜌 𝒙 ⇔ {𝜓𝑖(𝒙)}

−
1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, 𝑹 , 𝒕 + 𝜈𝐻 𝒙, 𝒕 + 𝜈𝑥𝑐 𝒙, 𝒕 𝜓𝑖 𝒙, 𝒕 = 𝑖

𝜕
𝜕𝑡
𝜓𝑖(𝒙, 𝒕)

𝜈𝑒𝑥𝑡 𝒙, 𝑹 , 𝒕 + 𝑪(𝒕) ⇔ 𝜌 𝒙, 𝒕 ⇔ {𝜓𝑖 𝒙, 𝒕 𝒆−𝒊𝜶(𝒕)}

Runge-Gross Theorem

Linear-Response

𝐹𝑎𝑎
0 𝑥𝑎𝑖 − 𝑥𝑎𝑖𝐹𝑖𝑖

0 +෍
𝑏𝑗

𝜕𝐹𝑎𝑖
𝜕𝑃𝑏𝑗

𝑥𝑏𝑗 +
𝜕𝐹𝑎𝑖
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 𝑃𝑖𝑖
0 = 𝜔𝑥𝑖𝑎

𝐹𝑎𝑎
0 𝑦𝑎𝑖 − 𝑦𝑎𝑖𝐹𝑖𝑖

0 −෍
𝑏𝑗

𝑃𝑖𝑖
(0) 𝜕𝐹𝑖𝑎

𝜕𝑃𝑏𝑗
𝑥𝑏𝑗 +

𝜕𝐹𝑖𝑎
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 = 𝜔𝑥𝑖𝑎

𝐹𝑎𝑎
0 = ∫ 𝑑𝒓𝜓𝑎∗(𝒙, 𝒕) −

1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, 𝑹 , 𝒕 + 𝜈𝐻 𝒙, 𝒕 + 𝜈𝑥𝑐 𝒙, 𝒕 𝜓𝑎(𝒙, 𝒕)

𝐹𝑖𝑎 = ∫ 𝑑𝒓𝜓𝑖
∗ 𝒙, 𝒕 −

1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, 𝑹 , 𝒕 + 𝜈𝐻 𝒙, 𝒕 + 𝜈𝑥𝑐 𝒙, 𝒕 𝜓𝑎 𝒙, 𝒕 + 𝑔𝑎𝑖(𝜔) + Δ𝐹𝑖𝑎

(0)

𝐴 𝐵
𝐵∗ 𝐴∗

𝑋
𝑌

= 𝜔 1 0
0 −1

𝑋
𝑌

𝜓𝑒𝑥 =෍
𝑎𝑖

𝑥𝑎𝑖𝜙𝑎𝑖

𝜓𝑑𝑖 =෍
𝑎𝑖

𝑦𝑎𝑖𝜙𝑎𝑖



D AD A

𝐸𝐶𝑇𝐷𝐹𝑇 = 𝐼𝑃 − 𝐸𝐴 −
𝐶𝐻𝐹
𝑅

𝐸𝐶𝑇𝐻𝐹 = 𝐼𝑃 − 𝐸𝐴 −
1
𝑅

𝐴 = 𝛿𝑖𝑗𝛿𝑎𝑏 𝜀𝑎 − 𝜀𝑖 + (𝑎𝑖|𝑗𝑏) − 𝐶𝐻𝐹 (𝑖𝑗|𝑎𝑏) + (1 − 𝐶𝐻𝐹)(𝑎𝑖|𝑓𝑥𝑐|𝑗𝑏)

𝐵 = (𝑎𝑖|𝑗𝑏) − 𝐶𝐻𝐹(𝑎𝑖|𝑗𝑏) + (1 − 𝐶𝐻𝐹)(𝑎𝑖|𝑓𝑥𝑐|𝑗𝑏)

𝐴 = 𝛿𝑖𝑗𝛿𝑎𝑏 𝜀𝑎 − 𝜀𝑖 − 𝐶𝐻𝐹 (𝑖𝑗|𝑎𝑏)

𝐵 = 0

Long-Range Charge Transfer 
Excitation-Hybrid Functionals

Long-Range Charge Transfer 
Excitation In TDHF and 
TDDFT

න𝑑𝑟𝜓𝑖
∗ 𝑟1 𝜓𝑎 𝑟2 ~0

DFT-Koopmans Theorem

2. Charge-Transfer Excitation

Chem. Rev. 2005, 105, 11, 4009–4037

J. Am. Chem. Soc. 2004, 126, 12, 4007–4016



2. XC Functional Optimization

𝐽 𝜔 = 𝐽𝑁 𝜔 + 𝐽𝑁+1(𝜔)
𝐽𝑁 𝜔 = |𝜀𝐻𝑂𝑀𝑂

𝜔 𝑁 + 𝐼𝑃(𝑁)|
𝐽𝑁+1 𝜔 = |𝜀𝐻𝑂𝑀𝑂

𝜔 𝑁 + 1 + 𝐼𝑃(𝑁 + 1)|

argmin[𝐽2 𝜔 ]

1
𝑟 − 𝑟′

→
1 − [𝛼 + 𝛽erf(𝜔 𝑟 − 𝑟′ )]

𝑟 − 𝑟′
+
𝛼 + 𝛽erf(𝜔 𝑟 − 𝑟′ )

𝑟 − 𝑟′

𝐸𝑥𝑐 = 𝛼𝐸𝑥𝑆𝑅−𝐻𝐹 𝜔 + 1 − 𝛼 𝐸𝑥𝑆𝑅−𝐷𝐹𝑇 𝜔 +

𝛽𝐸𝑥𝐿𝑅−𝐻𝐹 𝜔 + 1 − 𝛽 𝐸𝑥𝐿𝑅−𝐷𝐹𝑇 𝜔 + 𝐸𝑐𝐷𝐹𝑇

Range-Separated Hybrid Functionals

J. Chem. Theory Comput. 2015, 11, 8, 3851–3858



3. Complex Organic Systems



3. From Oligomer to Molecular Crystal



4. Motivation

QM
Semi-QM

MM

Full QM

• Accurate excited states calculations for the systems with complex structure and 

serious SIE – Aggregate or Cluster Systems



2. Super Learner

𝜓0 𝑊 = argmin
𝜓

𝐸 𝐿 𝑋, 𝜓 𝑊 , 𝐿 = 𝐿2[𝜓 𝑤 − 𝑌]

𝑋𝑖 = 𝑌𝑖,𝑊𝑖 , 𝑖 = 1,2,3… , 𝑛

Regression Learning in Machine Learning

𝑚 𝑧 𝛼 =෍
𝑘

𝐾

𝛼𝑘𝜓𝑘,𝑇 𝜈 𝑊𝑉 𝜈 , 𝛼𝑘 > 0 ∀𝑘,෍
𝑘

𝛼𝑘 = 1

𝛼 = argmin
𝛼

෍
𝑖

𝑛

𝑌𝑖 − 𝑚 𝑧 𝛼 2

𝜓𝑆𝐿 𝑊 =෍
𝑘

𝐾

𝛼𝑘𝜓𝑘(𝑊)

Stacked Generalized Learning-Super Learner

𝑊𝑉 𝜈 = {𝑊𝑖: 𝑋𝑖 ∈ 𝑉(𝜈)}

Loss Function

𝐿𝑜𝑠𝑠𝜓(𝑊) =
1
𝑛
෍
𝑖

𝑛

𝜔𝑖
𝑏𝑎𝑠𝑒 − 𝜔𝑖

𝑡𝑢𝑟𝑒 2
+ 𝐿𝑛[𝜓(𝑊)]

𝜔𝜓𝑆𝐺𝑀 𝑊 𝑊 =෍
𝑚

𝑀

𝛼𝜓 𝑊 𝜔𝜓 𝑊 (𝑊)

𝐿𝑜𝑠𝑠𝜓𝑆𝐺𝑀(𝑊) =
1
𝑛
෍
𝑖

𝑛

𝜔𝑖
𝑆𝐺𝑀 − 𝜔𝑖

𝑡𝑢𝑟𝑒 2 + 𝐿𝑛[𝜓(𝑊)]



2. Super Learner



Intel(R) Xeon(R) Platinum 8160 CPU 
2.10GH 96 CPU Cores

Method CPU time/s Elapsed time/s

EOM-CCSD/cc-pVTZ 5443200 57785.0

TD@ML-ωB97XD/cc-pVTZ 9794.8 154.7

2. XC Functional Optimization-Machine Learning

TDDFT@ωB97XD/cc-pVTZTDDFT@B3LYP/cc-pVTZ

Electron
Hole



3. Ground State-DeepH-From Monomer to Molecular Crystal



3. Ground State-DeepH

෡𝐻 = ෡𝐻0 + ෠𝑉 𝜌 𝒙 =෍
𝑖

𝑁

𝜓𝑖∗ 𝒙 𝜓𝑖(𝒙)

−
1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, {𝑹} + 𝜈𝐻 𝒙 + 𝜈𝑥𝑐 𝒙 𝜓𝑖 𝒙 = 𝜀𝑖𝜓𝑖(𝒙)

𝜌 𝒙, 𝒙′ =෍
𝑖

𝑁

𝜓𝑖
∗ 𝒙 𝜓𝑖(𝒙′)

Density Functional Theory Framework

Phys. Rev. B 136, 864 (1964).

𝜈𝑒𝑥𝑡 𝒙, {𝑹} ⇔ 𝜌 𝒙 ⇔ {𝜓𝑖(𝒙)}

Atomic Basis Function

𝐻𝐶 = 𝜀𝑆𝐶𝜓𝑖 𝒙 =෍
𝑎

𝐶𝑎𝑖𝜒𝑎(𝒙)

𝐻 = 𝐻𝑖𝑗 = ∫ 𝑑𝒙 𝜒𝑖∗ 𝒙 ෡𝐻𝜒𝑗(𝒙)

Hamiltonian Matrix in Atomic Basis Function



3. Ground State-DeepH

Workflow made by DeepSeek

෡𝐻 = ෡𝐻0 + ෠𝑉 𝜌 𝒙 =෍
𝑖

𝑁

𝜓𝑖∗ 𝒙 𝜓𝑖(𝒙)

−
1
2
∇2 + 𝜈𝑒𝑥𝑡 𝒙, {𝑹} + 𝜈𝐻 𝒙 + 𝜈𝑥𝑐 𝒙 𝜓𝑖 𝒙 = 𝜀𝑖𝜓𝑖(𝒙)

𝜌 𝒙, 𝒙′ =෍
𝑖

𝑁

𝜓𝑖
∗ 𝒙 𝜓𝑖(𝒙′)

Density Functional Theory Framework

Phys. Rev. B 136, 864 (1964).

𝜈𝑒𝑥𝑡 𝒙, {𝑹} ⇔ 𝜌 𝒙 ⇔ {𝜓𝑖(𝒙)}



3. Ground State-DeepH-GAT/EGAT Layer

Workflow made by DeepSeek



3. Ground State-DeepH-Hamiltonian Block Layer

Workflow made by DeepSeek



3. Ground State-DeepMolH-From Monomers to Oligomers

𝐽 𝜔 = 𝐽𝑁 𝜔 + 𝐽𝑁+1(𝜔)
𝐽𝑁 𝜔 = |𝜀𝐻𝑂𝑀𝑂

𝜔 𝑁 + 𝐼𝑃(𝑁)|
𝐽𝑁+1 𝜔 = |𝜀𝐻𝑂𝑀𝑂

𝜔 𝑁 + 1 + 𝐼𝑃(𝑁 + 1)|

argmin[𝐽2 𝜔 ]



3. Ground State-DeepMolH-Testing on Single Atoms, Atom-Pairs



3. Ground State-Deep MolH-Testing on Molecules



4. Excited State-Exciton Effect and Active Space

𝜓𝑒𝑥 =෍
𝑎𝑖

𝑥𝑎𝑖𝜙𝑎𝑖 𝜓𝑑𝑖 =෍
𝑎𝑖

𝑦𝑎𝑖𝜙𝑎𝑖

𝜀𝑎𝑖 = 𝛿𝑖𝑗𝛿𝑎𝑏 𝜀𝑎 − 𝜀𝑖 − 𝐶𝐻𝐹 (𝑖𝑗|𝑎𝑏)

J. Phys. Chem. Lett. 2020, 11, 17, 7371–7382



4. Excited State-Exciton Effect and Active Space

𝐹𝑎𝑎
0 𝑥𝑎𝑖 − 𝑥𝑎𝑖𝐹𝑖𝑖

0 +෍
𝑏𝑗

𝜕𝐹𝑎𝑖
𝜕𝑃𝑏𝑗

𝑥𝑏𝑗 +
𝜕𝐹𝑎𝑖
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 𝑃𝑖𝑖
0 = 𝜔𝑥𝑖𝑎

𝐹𝑎𝑎
0 𝑦𝑎𝑖 − 𝑦𝑎𝑖𝐹𝑖𝑖

0 −෍
𝑏𝑗

𝑃𝑖𝑖
(0) 𝜕𝐹𝑖𝑎

𝜕𝑃𝑏𝑗
𝑥𝑏𝑗 +

𝜕𝐹𝑖𝑎
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 = 𝜔𝑥𝑖𝑎

TDDFT/GW+BSE(Bethe-Salpeter Equation) 

𝐴 = 𝛿𝑖𝑗𝛿𝑎𝑏 𝜀𝑎 − 𝜀𝑖 + ∫ 𝑑𝒓∫ 𝒓′𝜙𝑖 𝒓 𝜙𝑎∗ 𝑟 1
𝒓−𝒓′

+ 𝑓𝑥𝑐 𝜙𝑏∗ 𝑟′ 𝜙𝑗 𝒓′

𝐵 = ∫ 𝑑𝒓∫ 𝒓′𝜙𝑖 𝒓 𝜙𝑎∗ 𝑟 1
𝒓−𝒓′

+ 𝑓𝑥𝑐 𝜙𝑏∗ 𝑟′ 𝜙𝑗(𝒓′)

𝑓𝑥𝑐 =
𝛿2𝐸𝑥𝑐

𝛿𝜌 𝒓 𝛿𝜌(𝒓′)
→ Σ

𝐴 𝐵
𝐵∗ 𝐴∗

𝑋
𝑌

= 𝜔 1 0
0 −1

𝑋
𝑌



4. Excited State-Exciton Effect and Active Space

𝐹𝑎𝑎
0 𝑥𝑎𝑖 − 𝑥𝑎𝑖𝐹𝑖𝑖

0 +෍
𝑏𝑗

𝜕𝐹𝑎𝑖
𝜕𝑃𝑏𝑗

𝑥𝑏𝑗 +
𝜕𝐹𝑎𝑖
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 𝑃𝑖𝑖
0 = 𝜔𝑥𝑖𝑎

𝐹𝑎𝑎
0 𝑦𝑎𝑖 − 𝑦𝑎𝑖𝐹𝑖𝑖

0 −෍
𝑏𝑗

𝑃𝑖𝑖
(0) 𝜕𝐹𝑖𝑎

𝜕𝑃𝑏𝑗
𝑥𝑏𝑗 +

𝜕𝐹𝑖𝑎
𝜕𝑃𝑗𝑏

𝑦𝑏𝑗 = 𝜔𝑥𝑖𝑎

TDDFT/GW+BSE 

𝐴 = 𝛿𝑖𝑗𝛿𝑎𝑏 𝜀𝑎 − 𝜀𝑖 + ∫ 𝑑𝒓∫ 𝒓′𝜙𝑖 𝒓 𝜙𝑎∗ 𝑟 1
𝒓−𝒓′

+ 𝑓𝑥𝑐 𝜙𝑏∗ 𝑟′ 𝜙𝑗 𝒓′

𝐵 = ∫ 𝑑𝒓∫ 𝒓′𝜙𝑖 𝒓 𝜙𝑎∗ 𝑟 1
𝒓−𝒓′

+ 𝑓𝑥𝑐 𝜙𝑏∗ 𝑟′ 𝜙𝑗(𝒓′)

𝑓𝑥𝑐 =
𝛿2𝐸𝑥𝑐

𝛿𝜌 𝒓 𝛿𝜌(𝒓′)
→ Σ

𝐴 𝐵
𝐵∗ 𝐴∗

𝑋
𝑌

= 𝜔 1 0
0 −1

𝑋
𝑌



5. Arrangement

• Complete DeepH modules with attention mechanism

• Complete DeepH architecture and upgrade OPTXC with PySCF

• Expend monomer calculations to oligomer calculations

• Avoid to calculate 𝒙𝒂𝒊 or 𝒚𝒂𝒊 vai A matrix and B matrix with large active space

• Real-Time Time Dependent Density Functional Theory?

Ground States:

Excited States:
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