;@, ?’(QW? &/{ MEXXHAFZFR

University of Chinese Academy of Sciences School of Advance d Interdisciplinary Sciences

Excited States and Luminescent Properties of

Organic Systems

Yuan Jiao
School of Advanced Interdisciplinary Sciences, UCAS



1. Organic Optoelectronic Materials
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1. Organic Optoelectronic Materials— Electronic Structure Calculations

Computational
Wave function theory co‘inpli:x?tyo ’
e.g., configuration interaction (CI) method
U= Z Crlon(x)dra(z2) - - v, (2N, O(eN)
Density functlonal theory
E(p)  p(r) = Zf(w i (r)oi(r) O(N3)
Quantum Monte Carlo method
(Ua|H|T,) O(N3*7)
E) =" 17a/
B =)

Many body Green’s function method

G(t,r, E) O(N3~)

Features

High accurary
High cost

Medium accuracy
Low cost

High accuray
High cost
Easy to parallel

Medium accuray
Excited states

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

Molecule 2

recomb
= Fluorescence

- Phosphorescence Molecule 1 ,’k{b

Molecule centered



1 Dens1ty Functional Theory-J acob Ladder

Density Functional Theory Framework

Hartree World

WIREs Comput Mol Sci. 2021; 11:e1490

ﬁ—ﬁ0+l7

[—— V2 + vext(x, {R}) +vy(x) + ch(x)] Yi(x) = ghi(x)

Phys. Rev. B 136, 864 (1964).
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2.Self-Interaction Errors

WIREs Comput Mol Sci. 2023; 13(2):e1631
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~ 0 ~ 0r 0
- - HF =— -
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2. Self-Interaction Errors-Adiabatic Connection

1
Epe = ]O w3 — Un[p(1}, 0z = (Galveel b)

Adiabatic Connection

}

E.. = (1 —a)EPFT+aEHF + E,

Global Hybrid Functionals

'

Exe = aEx" " (w) + (1 — ) Ex" P (w) +
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2. Charge-Transfer Excitation-RL-TDDFT
Vext (X, {R}) & p(x) © {;(x)}

linear response

HF » TDHF
1
| =5 7+ Vet (6 (RY + (@) + 12 (0| 0i00) = (1) T~ ocs <720},
Ve ' VS. Ugc 25—
linear r n
l Runge-Gross Theorem DFT ear response > TDDFT
: CI
Vext(x, {R}, 8) + C(t) © p(x,t) © {Y;(x,t)e 1D} formalism TDA ~ B =0

[——Vz + Vexe (X, {R}, ) + vy (x, 8) + vy (x, t)] U;(x,t) = 1—1/) (x,t)

Linear-Response X X
l (1_;1* f*) (Y) - “)((1) —01) (Y)

© 0 z( Fai ) 0 _
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2. Charge-Transfer Excitation

valence-excited state charge-transfer excited state
b — - —
a—f; . — e g A= 8ij8ap(eq — &) + (ailjb) — Cyr (ijlab) + (1 — Cyr)(ailfuclib)
- T B = (ailjb) — Cur(ailjb) + (1 = Cur)(ailfrc|jb)

I+ - Long-Range Charge Transfer

@ @ @ @ f dr; (r) g (r2)~0 Excitation-Hybrid Functionals

Chem. Rev. 2005, 105, 11, 4009-4037 3
A= 5ij5ab(€a — &) — Cyr (ij|ab)

B=0

Long-Range Charge Transfer
DFT-Koopmans Theorem Excitation In TDHF and

TDDFT
C
E&ET=IP—EA—%
1
E’CL’75=IP—EA—E

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



2. XC Functional Optimization
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3. Complex Organic Systems
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3. From Oligomer to Molecular Crystal
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4. Motivation

2Btz-dimer 2Btz-dimer

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

serious SIE — Aggregate or Cluster Systems



2. Super Learner

Regression Learning in Machine Learning
Xi = (er Wi),i = 1,2,3 ., n

Po(W) = argmin E[L(X, p(W))], L = La[p(w) — V]

Stacked Generalized Learning-Super Learner

Wyw) = {(Wi: X; €V (v)}
K

m(zla) = z Wity Wyoy), @i > 0 Vk,z a, =1
K

k n
a = argminZ(Yi — m(Z|C¥))2
a
K1

s W) = ) auhi (W)

k

[ cm )
Weak learner 1
e @ \

e @ /
Weak learner 4 %

© 0
Weak learner 5

Loss Function

Strong learner

n
1 2
Lossyawy =~ » (% = ") + L W)
l M
wl/)sc;M(W)(W) = Z (W) Dyp(w) W)

m
1 n
2
L0SSysguy =7 ) (05 = 0f17) + Ly [p(W)]
l



2. Super Learner
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2. XC Functional Optimization-Machine Learning
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3. Ground State-DeepH-From Monomer to Molecular Crystal
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3. Ground State-DeepH

Density Functional Theory Framework

Vext(x, {R}) © p(x) © {'P(x)}

A=H+?  p)= 2 Wi )
p(x,x") = z i (0P (x) i
[——VZ + vext(x {R}) +vy(x) + ch(x)] Pi(x) = (%) i

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

Atomic Basis Function

Hamiltonian Matrix in Atomic Basis Function

i@ = ) Caxa(®  HC=eSC

H = Hij = fdx)(:(x)ﬁ)(](x)

& r;
b t
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; ¥
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C n
] ‘ Yy
self-interaction r; | pair-interaction
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£ f;
J Y
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\ A

Hamiltonian construction

blockwise

|

0 HH
T L=,




3. Ground State-DeepH

Node Embed [ Node Feats Atomic Orbital
Overlap
I::ll:)lllzt —»| Preprocessing [—» Edge Embed [—> Dist Matrix [ GAT 1 [ ... [ GAT L-1|—» EGAT [—» Output [—» Hamiltonian

Workflow made by DeepSeek
Bond Embed [—» Bond Matrix

Density Functional Theory Framework
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| v H20
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|~ o~ NO_CHARGES

A=Hy+7 p(x)—zt/)l(xh/) @)
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|

1 1

2 1

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



3. Ground State-DeepH-GAT/EGAT Layer

—

Node In || Linear Proj Degree |—» Mask [—| Apply Mask /\
(\' Aggregate [ Skip+Activate
Q/K/V > Attn Score +Mask [ Softmax [P Weights
+Edge —J
/ LayerNorm » Node Out [ Conn Update
Edge Feats [—»{ Fusion [ Edge Contrib
Node In %] Preprocess Eq Query Conn Mask

Raw Attn —»{ Activate [ Attn Weights w
/ Aggregate [ Activate % LayerNorm —|

» /Values —

Edge Dir %] Spherical Harmonics [ SH Feats L
Node Update [—%{ Conn Update
Edge Feats % Edge Proj [—® Edge Contrib [—»{ Add to Attn

Workflow made by DeepSeek




3. Ground State-DeepH-Hamiltonian Block Layer

/
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3. Ground State-DeepMolH-From Monomers to Oligomers
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3. Ground State-DeepMolH-Testing on Single Atoms, Atom-Pairs

Predicted Off-diagonal Block (0,1) Target Off-diagonal Block (0,1) Difference (MSE: 0.000000)
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Orbital Index

Hamiltonian Element Value

3. Ground State-Deep MolH-Testing on Molecules
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4. Excited State-Exciton Effect and Active Space
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4. Excited State-Exciton Effect and Active Space

TDDFT/GW+BSE(Bethe-Salpeter Equation)

' I
: dF, dF, .
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5%E,.




DFT calculation: {eES} and {cbffs}

| Calcul;te ¥z |
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4. Excited State-Exciton Effect and Active Space
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S. Arrangement

Ground States:

« Complete DeepH modules with attention mechanismv’

* Complete DeepH architecture and upgrade OPTXC with PySCF

* Expend monomer calculations to oligomer calculations

Excited States:

* Avoid to calculate x,; or y,; vai A matrix and B matrix with large active space

* Real-Time Time Dependent Density Functional Theory?
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