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What is Computational Chemistry?



What is Computational Chemistry?

• Molecular electronic structure methods

• Molecular mechanics/dynamics

• Theoretical quantum chemistry and 

method development

• Quantitative structure-activity relationships

• Data analysis and extraction



Electronic Structure Theory



What can be calculated?

• Wavefunction

• Energy inc. thermochemistry

• Structure

• Properties (spectroscopy etc.)

• Reaction mechanisms

• Rate constants

• Pretty much anything…



Predicting Geometries
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How does it work?

• Analytical solutions: H, H2
+

• Exact solutions: 2-electron systems (He, Li+, H2)

• Approximations needed: almost anything else!

• Molecular orbital approximation:



Hartree-Fock Method

Molecular Orbital

Approximation



Molecular Orbitals

Orbitals can give insight 

into bonding and 

reactivity…

But they are not 

physically observable 

and different 

calculations can lead to 

different conclusions.



Basis Sets – Gaussian functions



Basis Sets – Gaussian functions



Basis Sets – Orbital size

H–F

H 1s: 1 * ‘tight’

+ 1 * ‘medium’

+ 0.45 * ‘loose’

Li–H

H 1s: 0.6 * ‘tight’

+ 1 * ‘medium’

+ 0.9 * ‘loose’



Basis Sets – Polarisation



Basis Sets – Summary
• Gaussian ‘primitives’

• Contracted Gaussian functions = fixed combination of 

primitives

• Minimal basis = 1 contracted (or primitive) Gaussian per 

occupied atomic orbital

• Double–ζ (double zeta): 2 Gaussians per occ. AO

• Split-valence: 1 Gaussian per core AO, 2 per valence AO

• Triple zeta: 3 Gaussians per (valence) AO

• Exponents optimized for neutral atoms: additional diffuse 

functions sometimes needed

• Polarisation functions (dfgh for C, N, O, Cl, … pdf for H)



Basis Sets – Heavy atoms
• Core orbitals do not change much with environment

• There can be many core electrons (e.g. U !!)

• Relativistic Effects are very important

2

2
0,

1

1

c
v

mm ee

−

=

• Use Effective core potential (ECP) 

• Can be Relativistic ECP



Some examples
• 3-21G basis (Pople):

Core orbitals = contracted from 3 Gaussians

Split valence. 1 tight function, contracted from 2 Gaussians. 

1 looser function, uncontracted

• 6-31G (Pople):

Same but 6, 3 primitives

• 6-31G(d) or 6-31G*

Identical to 6-31G but 1 d polarisation func on non-H atoms

• 6-31G(d,p) or 6-31G**

As 6-31G* but 1 p func on H atoms

• 6-311++G(2df,p)

Valence triple zeta, diffuse funcs on all atoms, + polarisation

• aug-cc-pVDZ similar to 6-31++G(d,p)

• aug-cc-pVQZ large! 



Hartree-Fock is not exact
• Electron correlation:

as likely as

e e

He

e

e

He

• Small effect in absolute terms – HF electronic energies within 

1% of exact result

• But large in relative terms – can easily contribute 100 kJ/mol 

to a bond energy

• In practice, Hartree-Fock is seldom used!

• Correlated methods: MP2, CCSD(T) (can be quite expensive)

• More advanced methods (for experts)



Density Functional Theory

• E[ρ] instead of E[Ψ]

• ρ is much more simple (function of three variables) than Ψ

(function of 3*nel variables)

• In principle, exact: all properties of system can be derived from 

density (Intuitive proof of HK1)

• In practice, exact DFT functional is not known

• Some functionals give very good results: BP86, BLYP, B3LYP

• Similar cost to HF

• Similar set-up and solutions: MOs, basis sets, programs



Errors in Computational 
Chemistry

• All calculations involve approximations: it is always necessary 

to wonder how accurate a result is

• Most methods give very good geometries

• Bond stretching, bending = stiff; some torsions = soft

• HF method gives poor energies

• For a very similar cost, DFT is very accurate

• E.g. with a TZ+P basis, estimated accuracy on bond energy of 

10-20 kJ/mol with BLYP, B3LYP.

• Much of this error is systematic: error cancellation



Errors in Computational 
Chemistry

468.9468.9468.9468.9-40.450511-39.771956-0.499945CCSD(T)/cc-pVQZ
466.6-40.488591-39.811080-0.499809CCSD(T)/cc-pCVTZ
465.8-40.437786-39.760548-0.499809CCSD(T)/cc-pVTZ
451.9-40.387597-39.716189-0.499278CCSD(T)/cc-pVDZ
447.0-40.360173-39.690646-0.499278MP2/cc-pVDZ
465.2465.2465.2465.2-40.480369-39.805323-0.497858B3LYP/cc-pVDZ
471.2-40.512477-39.834069-0.498943BP86/cc-pVDZ
367.0-40.198711-39.559639-0.499278HF/cc-pVDZ
BDE(CH3–H)E(CH4)E(CH3)E(H)Level



Applications. (a) Structure







Applications. (b) Electronic Structure



Unpaired electron is delocalised





Applications. (c) Properties



Applications. (c) Properties



Applications. (c) Properties



Applications. (c) Properties



Applications. (c) Properties

+

HH
1

2

3
4

Calc: (JNH) C1: 60; C2: 201; C3: 149; C4: 190

B3LYP/6-311G(d)



Applications. (d) Reactivity
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Applications. (d) Reactivity
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Applications. (d) Reactivity
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A. Petit, work in progress



Applications. (e) Solvation effects

Gas-phase system

Solvated ion
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Applications. (e) Solvation effects
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Applications: (e) Reactivity in solution
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Applicability

Gaussian, Molpro, Jaguar:
Routine DFT geometry optimisation for up to 30-40 
atoms. Possible up to ca. 200 atoms.


