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Abstract 

Electronically excited states of molecules are at the heart of photochemistry, photophysics, as well 

as photobiology and also play a role in material science. Their theoretical description requires highly 

accurate quantum chemical calculations, which are computationally expensive. In this review, we 

focus on not only how machine learning is employed to speed up such excited-state simulations 

but also how this branch of artificial intelligence can be used to advance this exciting research field 

in all its aspects. Discussed applications of machine learning for excited states include excited-state 

dynamics simulations, static calculations of absorption spectra, as well as many others. In order to 

put these studies into context, we discuss the promises and pitfalls of the involved machine learning 

techniques. Since the latter are mostly based on quantum chemistry calculations, we also provide a 

short introduction into excited-state electronic structure methods and approaches for nonadiabatic 

dynamics simulations and describe tricks and problems when using them in machine learning for 

excited states of molecules 





Excited States from Configuration Interaction 
(CI) Methods





Ground State and Excited Configurations

ground state         singly excited configurations      double excitation





Koopmans’ theorem

• orbital energy of an occupied orbital is approximately 
equal to the minus the ionization potential of that 
orbital

IP of fi = ei

• can be derived from the Hartree-Fock energy 
expression, if one assumes that the orbitals do not 
relax after ionization

• in a similar spirit, one can approximate the excitation 
energy
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Singlet vs Triplet States
• Pauli principle says that the wavefunction must be 

antisymmetric, (1,2)=-(2,1)

• wavefunction is composed of space and spin parts

• if the space part is symmetric, then the spin part must be 
antisymmetric

• only one way to do this, singlet spin state

– [a(1)b(2)-b(1)a(2)]/21/2

if the space part is antisymmetric, then the spin part must be 
symmetric

• three ways to do this, triplet spin state

– a(1)a(2)

– [a(1)b(2)+b(1)a(2)]/21/2

– b(1)b(2)



Singlet .       Triplet state         .

[a(1)b(2)-b(1)a(2)]/21/2 a(1)a(2)         [a(1)b(2)+b(1)a(2)]/21/2 b(1)b(2)

- +



Two low-lying virtual (unoccupied) orbitals 

of H2O



D SCF

• allow orbitals to relax, by doing a Hartree-Fock 
calculation on the excited state as well as on the 
ground state

• only works if excited state different symmetry than 
ground state (otherwise the attempt at calculating the 
excited state collapses to the ground state)

• OK for UHF calculation of the lowest triplet (since the 
number of alpha and beta spin electrons is different 
than in the ground state)

• possible (but tricky) for an excited singlet or triplet if 
the orbitals differ in symmetry

• in general, need to use configuration interaction



CIS excitation energies too large, INDO better!



CIS calculation -> UV-VIS spectra



This partitioning of orbital space useful to obtain excited states with electron correlations included



Transition to Excited States from Perturbation 
Theory and DFT











•TD-DFT: PBE/6-31G(d)

(For DFT HOMO n0 and HOMO-1 π2)
• Ex. St. 1: 1A”  3.7 eV

• 15-> 16  0.62
• 15-> 17  0.10

• Ex. St. 2: 1A’   6.6 eV
• 14->16   0.60
• 14->17   0.12

• Ex. St. 3: 1A”  7.27 eV

• Ex. St. 4: 1A”  7.70 eV



QC methods used for excited states in recent literature

Gonzales et al.



Excited electronic states: Conical Intersections and Dynamics



(CI too)





Mainly responsible for all spin forbidden processes. Also 2-e terms



Collisions usually involve excited states and many states of ions



Solvation energy can be computed using many different models!



• Excited states calculations usually require larger basis set and better 
treatment of electron correlations to achieve the same level of 
accuracy as the ground state.

• Electronic structure of ions can be calculated similarly



One-electron properties and MO

• MO is not an physical observable by itself

• MO can be used to explain chemical and physical properties.

• MO is also useful for qualitative interpretation



Molecular Orbital Plots

• plot a surface where |fi(r)|
2 = c

• fi(r) can have positive and 
negative values

• shade in different colors

• only the change in sign 
matters, not the absolute sign
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Population Analysis

• divide up the total electron density into 

contributions from the individual atoms or basis 

functions

• each orbital is normalized 

• in a closed shell molecule, each occupied orbital 

contains 2 electrons (Ne is the total number of 

electrons)

1* = ff dii

eii

occ

i

Nd = ff*2



Population Analysis

• each orbital is a linear combination of basis 

functions

• plug into the expression for the total number of 

electrons and rearrange terms 





 f = ii c

eii

occ

i

eii

occ

i

eii

occ

i

NSPdcc

Ndcc

Nd



 



==

=

=



















ff

}{}2{

}{}{2

2

*

*

*



Population Analysis
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Dipole Moment

• for Hartree-Fock wavefunctions, the dipole is the 

expectation value of the classical expression for 

the dipole

• can be written in terms of the density matrix and 

a set of dipole integrals over the basis functions 
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Electron Density

• energy of a unit test charge placed at rC
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Electrostatic Potential
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Partial Atomic Charges (in molecules)

• Class 1 : from chemical intuition such as electronegativity

• Class 2: Direct partitioning of wave function

– Mulliken

– Lowdin

– Natural bond analysis

– & more

• Class 3: through analysis of some physical observables

– Fit to density or electrostatic potential

• Class 4: semiempirical mapping of a precursor charge to match 

experimentally derived quantities (Class 2 or 3 charges with corrections)





When the corresponding operator  O and the wavefunction are known,  the property
can be calculated as the expectation value !











O-Pyrazolylphenylnitrene





Simulated IR and Raman spectra using 
calculated vibrational frequencies











2-D spectroscopy?
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Canonical ensemble
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걸리버 거인국의
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Practically geometry and vibrational 

frequencies are all that required to do

thermodynamical calculations 



Ideal gas assumption allows to get Q(N,V,T) in terms of q(V,T)
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Mulitilevel protocol sometimes aims at thermochemistry
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계산양자화학의장래

• 이론 및 방법 개발

– 컴퓨터 발달 방향에 따라 완전히 새로운 계산법 도입
필요 기대 (양자 컴퓨터등) 

– 연구의 필요성 증가 그러나 과제에 비해 과학자의 수
요는 대학, 기초분야연구소등에 머물듯

– 이 분야 학위 취득자의 증가, 타분야로 진출

– MO 이론 혹은 양자역학을 뛰어 넘는 새로운 이론의
출현?

– 인공지능, 기계학습의 접목 (QSPR 확장)

• 양자화학 계산응용

– 양자화학 계산이 분석 도구로 정착. 보편적 실험도구
로 인식됨

– Modeling and Simulation 의 주요 도구로
multi-scale simulation의 단골 메뉴로 발전

– 소재분야, 생물 분야에서의 응용 확산

– 계산화학 기법이 거의 모든 실험기기의 주요 부분이
됨.

• 너무 성공적이어서 독립학문분야에서 벗어
날 수도


