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Early Stages and History

𝐻𝜓 = 𝐸𝜓

• Molecular DFT calculations;

• Molecular Dynamics;

• Solid State;

• Monte Carlo and conformation analysis;

• Transition State and reaction investigation;

• Docking and Protein Simulation;
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Modern methods and applications

Application:

• Economical and environmental favorable approach;

• Several fast analysis and data processing;

• Increasing precision and accuracy, leading to a

more reliable data;

Perspective:

• New approaches for quantum methods, with new

approximations and machine learning;

• New motivations for the use of computational

chemistry, based on industry demand or to enhance

the knowledge of a chemical theory;



• Investigation of mutagenicity and

toxicity;

• Development of new methods to

reduce the use of live animal;

• Computational chemistry as a

inexpensive, fast and safer approach

for this kind of analysis;

• Use of Hard and Soft, Acid and Base

theory to study the toxicity;

(Hardness) (Softness)

(Chemical Potential) (Electrophilic index)

(Nucleophilicity index)

Modern methods and applications



• Electron Ionization Mass Spectra;

• Development of new methods to

increase the accuracy of the

computational methods;

• Application on forensic drug

investigation, pharmacokinetics and

doping analysis;

• May be beneficial for a machine

learning approach;

Modern methods and applications



• X-ray Spectroscopy;

• Challenges on core-excited states and

electric field;

• Use of DFT calculation as cost-effectively

approach to determine core-excitation

energies;

Modern methods and applications



• Astrochemistry;

• Use of quantum chemistry for spectroscopy

analysis of interstellar complex organic

molecules;

• Increase the knowledge of well-known

reaction routes and chemical properties;

Modern methods and applications



• New approach:

• Non Born-Oppenheimer approximation;

• Nuclei treated the same way as electrons (Nuclei-

electron Orbital);

• Improvement on the multicomponent wave 

function and non equilibrium calculations;

• Geometry and energy;

• Excited State properties;

• Nonadiabatic dynamics;

New mathematical challenges within Quantum Chemistry



• Nuclear - electronic orbital (NEO) and Hartree-

Fock method;

• Strongly coupled;

• NEO energy path provides may be useful to track

the movement of protons on a reaction;

• Development of NEO-DFT;

• Limitations:

• Time dependent DFT and nonadiabatic

calculation are still a challenge for this kind of

approach;

• Computational cost due to less approximation;

• One alternative to a better implementation to this

method is the use of Machine Learning;

• F = Fock matrix;

• C = Orbital Coefficient matrix;

• S = Overlap matrix;

• ε = Orbital Energy Matrix;

New mathematical challenges within Quantum Chemistry



• New mathematical approach using more

than one basis set;

• Alternative to wavefunction-based methods

and improvement to DFT calculations;

• Better performance when combining triple-

zeta basis sets;

c1 – coefficient determinend by minimizing the mean 

unsigned error;

ESO – spin - orbital Energy

New mathematical challenges within Quantum Chemistry



• Range-separated MC-DFT presents several

benefits;

• Combination of density function methods

and wave function methods for a better

description;

• Use of the methods is range dependent;

• Improvement to long-range interaction and

spin-symmetry problems;

• LR – Long range; SR – Short Range;

𝜇 =
𝑅𝑒
2

𝜇 → 𝑟𝑎𝑛𝑔𝑒 𝑐𝑢𝑡𝑜𝑓𝑓 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟
𝑅𝑒 → 𝑖𝑛𝑡𝑒𝑟𝑎𝑡𝑜𝑚𝑖𝑐 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

New mathematical challenges within Quantum Chemistry



Future and next steps

Machine Learning and Database

• Required for the Machine Learning approach;

• Improve the knowledge on properties behaviour;

• How to approach the data provided;



Machine Learning (ML):

• Main modern advance for quantum

chemistry;

• Supervised ML - high demand of data;

• Wide range of application and increasing

accuracy;

Future and next steps



Machine Learning (ML):

• Machine Learning as a strategy to enhance the

structure simulation;

• GEOM database for conformers;

• Special challenge for polymers and their size;

• Less expensive approach to calculate excited-state;

• Limitations:

• Must incorporate data, physical principles and

constrains;

• Amount of data – requiring thousands or

millions of points;

Future and next steps



Multiobjective Bayesian Optimization (MBO):

• Aim to locate better Redox flow batteries

materials;

• MBO as an approach of Machine Learning to

analyze the data;

• Provide a substantial amount of data for graphs

analysis;

Future and next steps



Ligand Knowledge Base:

• Building a database of descriptors;

• Enhance the activity of organometallics

catalysts;

• Statistical prediction and analysis;

• Data-led approach, with experimental and

computational data combined, for high-

quality response;

Future and next steps



Final Remarks

• Computational chemistry seen as a reliable, cheap and

greener approach to chemical problems;

• Machine Learning as the next step for a more accurate

calculation and faster;

• New methods and application are alligned with the

improvement on the hardware and methods;

• Databases containing different properties and parameters

are now required for this type of approach;

The next step?

• Quantum Computers and the new age of calculation; 



Thank you!


