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2

Recommended reading
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How to understand molecular structures and their properties?

Atoms and 
molecules

Microscopic

Quantum mechanics

Macroscopic

Classical mechanics

• Molecular structures are difficult to determine.

=> Challenging to visualize.

=> Complex arrangements of atoms and bonds.

=> Exhibit dynamic behavior. (e.g., ps scale) 
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How to understand molecular structures and their properties?

Microscopic

Quantum mechanics

Reactions between 
ethylene (C2H2) molecules 



5

Experimental 
observations

How to understand molecular structures and their properties?

Intermediates are difficult to determine

I1 I2
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Experimental 
observations

Quantum chemical computations

Develop theory

Computer 
programming

Computer 
simulations Intermediates are difficult to determine

I1 I2

Quantum Chemical Methods
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Quantum chemical computations

Develop theory

Computer 
programming

Computer 
simulations

I1 I2

Quantum chemical methods can determine:

Reaction intermediates | Reaction barriers | Rate 
constants | Branching ratios | Tunneling effects | 
Binding energies | Diffusion barrier | Desorption 
energies | Spectroscopy | Many more …

TS3

Quantum Chemical Methods
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Quantum chemical computations

Develop theory

Computer 
programming

Computer 
simulations

• The Schrödinger equation governs the 
behavior of quantum systems but is too 
complex to solve exactly for most real-
world problems. 

Quantum Chemical Methods
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Quantum Chemical Methods

• The Schrödinger equation governs the 
behavior of quantum systems but is too 
complex to solve exactly for most real-
world problems. 

• Density Functional Theory (DFT) is a 
powerful approximation

• DFT replaces the many-electron 
wavefunction with the electron density, 
significantly reducing computational cost.

• DFT is efficient for predicting molecular 
and material properties.
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Modelling approaches and their scales
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Milestones in Theoretical and Computational Chemistry

2025
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Potential energy surface (PES)

• PES is a geometric hypersurface on which the 
potential energy of the molecular system is plotted 
as a function of the coordinates representing the 
molecular geometry.

• Quantum mechanics can be used for calculating 
PESs.

• PES is important to understand the molecular 
structure and properties.

• Thus, calculating the PES of the molecular systems is 
a primary step in computational chemistry.
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Potential energy surface (PES)
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Potential energy surface (PES)
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Potential energy surface (PES)
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Optimization Techniques – locate a local minimum

Energy
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Optimization Techniques – locate a local minimum

Energy
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Milestones in theoretical and computational chemistry
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Input file

PBE: The Perdew–Burke–Ernzerhof generalized 
gradient approximation (GGA).

D4: The Grimme D4 dispersion correction.

DEF2-SVP: Thebasis set (a split-valence polarized 
basis set by Ahlrichs et al.).

OPT: Perform a geometry optimization.

xyz: The coordinate format (Cartesian coordinates in 
Ångströms).

0: The total charge of the molecule (neutral).

1: The spin multiplicity (singlet; all electrons paired).

Atomic Coordinates
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22https://www.faccts.de/docs/orca/5.0/tutorials/prop/corren.html
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In order to calculate total energies with a “chemical accuracy” of 
~4kJ/mol (~1 kcal/mol), it is necessary to use a sophisticated methods 
for including electron correlation and large basis sets.

Correlation 
energy
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