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Description of molecular systems

O         -0.60345        0.43840        0.45675

H          0.36444        0.39261        0.46442

H         -0.88229       -0.47684        0.61017

R1 = 0.96

R2 = 0.96

A = 104.5

0.96 Å 0.96 Å
104.5o
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Description of molecular systems
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R1 = 0.97

R2 = 0.97

R3 = 1.45

A1 = 96.6

A2 = 96.6
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Z-matrix
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Description of molecular systems

Identify and draw the molecule
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Description of molecular systems

Write the Z-matrices
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Description of molecular systems

Linear and planar molecules: 
dummy atoms
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Exercise
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Copper

Cadmium

a = b = c = 3.615 Å

ɑ = β = ɣ = 90o

a = b = 2.979 Å, c = 5.618 Å

ɑ = β = 90o, ɣ = 120o

Exercise

Description of molecular systems

Reading exercise

Young 

Chapter 8: Building molecular 
geometry

Chapter 9: Constructing Z-
matrix

Sholl and Steckel

Chapter 2: DFT calculations for 
simple solids
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Energy calculations: Classical methods
Problems with classical methods 
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Energy calculations: Classical methods
Problems with classical methods 

Reading exercise

Jensen 

Chapter 2: Force-field methods
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Back to description of molecular systems

O         -0.60345        0.43840        0.45675

H          0.36444        0.39261        0.46442

H         -0.88229       -0.47684        0.61017

0.96 Å 0.96 Å
104.5o

R1 = 0.96

R2 = 0.96

A = 104.5

Is the system completely 
described yet? 
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Back to description of molecular systems

O         -0.60345        0.43840        0.45675

H          0.36444        0.39261        0.46442

H         -0.88229       -0.47684        0.61017

0.96 Å 0.96 Å
104.5o

R1 = 0.96

R2 = 0.96

A = 104.5

Problem 1: What is the 
number of electrons in 
the system? 

Problem 2: Are there 
multiple ways of “filling” 
the molecule with 
electrons? If yes, how to 
handle this problem? 
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Back to description of molecular systems

O         -0.60345        0.43840        0.45675

H          0.36444        0.39261        0.46442

H         -0.88229       -0.47684        0.61017

0.96 Å 0.96 Å
104.5o

R1 = 0.96

R2 = 0.96

A = 104.5

Problem 1: What is the 
number of electrons in 
the system? 
Solution: Specify the 
charge explicitly 

Problem 2: Are there 
multiple ways of “filling” 
the molecule with 
electrons? If yes, how to 
handle this problem? 
Solution: Specify the 
“spin multiplicity” 
explicitly (brute force)

1. Identity of 
each element 
(nuclear 
masses)
2. Coordinates 
of the nuclei
3. Charge on 
the “system”
4. Spin 
multiplicity of 
the “system”
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Over-simplified picture

Energy

Reaction Coordinate

reactant 1 product 2

transition state

Energy?

Activation energy?

Exothermic?

Endothermic?

Endergonic?

Exergonic?

reactant 2

product 1
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Upadhyay et al.,
Molecular Catalysis, 
2023
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Upadhyay et al.,
Molecular Catalysis, 
2023



  

Energy landscapes

29

Upadhyay et al.,
Molecular Catalysis, 
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Upadhyay et al.,
Molecular Catalysis, 
2023
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Kumari and Deshpande, Chemical Engineering Science, 2021
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Energy landscapes
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213 
vibrational 
frequencies; 
only and 
exactly 1 
negative!

3 vibrational 
frequencies



  

Energy landscapes
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Some terms to know, remember and understand

- Steepest decent

- Conjugate gradient

- Intrinsic reaction coordinate (IRC)

- Climbing image – nudged elastic band (CI-NEB)

- Quasi-Newton synchronous transit (QST)

Reading exercise Lewars Computational Chemistry 

Chapter 2: The concept of potential energy surface



  

Energy calculations by quantum methods
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Wave-particle duality
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Wave-particle duality
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Wave-particle duality
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Wave-particle duality
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Schroedinger equation

Hamiltonian operator
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Schroedinger equation – Particle in an infinite 1-D well 
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Schroedinger equation – Particle in an infinite 1-D well 
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Schroedinger equation – Particle in an infinite 1-D well 
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The electronic structure problem
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The electronic structure problem
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Solution of hydrogen atom
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Solution of hydrogen atom
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Solution of hydrogen atom
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Solution of hydrogen atom
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N-electron wavefunction approximation – Slater determinant



  

Energy calculations by quantum methods

56

Basis functions

Slater-type orbitals Gaussian-type orbitals
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Basis functions

Slater-type orbitals Gaussian-type orbitals

CUSP CONDITION?

r r

φ g
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58

Basis functions

Double zeta 

Minimal basis sets and contracted Gaussians: STO-nG 

Split-valence basis sets: 6-31G

Split-valence with polarisation functions: 6-31G(d,p) 

Split-valence with diffuse functions: 6-31+G(d)

6-311++G(3df,3pd)
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Basis functions



  

Energy calculations by quantum methods
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Variational principle

Reading exercise Levine Quantum Chemistry

Chapter 6: The Hydrogen atom

Chapter 8 The variational method

Koch and Holthausen      
A Chemist’s Guide to Density Functional Theory

Chapter 1: Elementary quantum chemistry
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