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Goals

• To get familiarised with the, subjectively chosen, most important
concepts of electronic structure theory from a computational
chemistry viewpoint
• After the QC lectures, the student will have at least a rudimentary

exposure to different approximations to the molecular Schrödinger
equation, and the alternative theory of density functionals
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What is quantum chemistry?

• “Simply”, the application of quantum mechanics in chemistry
• Based largely on solving the Schrödinger equation (1926):

• Or even more condensed:

• The central creature is the wave function Ψ
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The Schrödinger equation

• The Schrödinger wave function Ψ implies that small, light particles
can and should be described as waves
• Molecules are small, electrons even smaller (or are they!)
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• Small, light particles can and should be described as waves
• Molecules are small, electrons even smaller... Or at least lighter

1 mole of water = 18 ml = 6 × 1023 H2O molecules

Small molecules, even smaller electrons(?)
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The Schrödinger equation

• For one-electron systems, the Schrödinger equation is simple to solve
• The resulting wave-functions Ψ are the hydrogen-like atomic orbitals:

6



The Schrödinger equation

• For more than two particles, the SE cannot be solved analytically
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Computational quantum chemistry

• For more than two particles, the SE cannot be solved analytically
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Computational quantum chemistry

Ira N. Levine, Quantum Chemistry
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Computational quantum chemistry

Ira N. Levine, Quantum Chemistry
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Computational quantum chemistry
Lumi, CSC, Kajaani
coming in 2021
former paper mill

MareNostrum,
BSC, Barcelona
former chapel
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Computational quantum chemistry

• In a world where everything seems instant, it can be difficult to
perceive that computers can actually be slow
• A microwave is more powerful than the Apollo Guidance Computer…

• Even supercomputers are too weak for accurately approximating
the Schrödinger equation!
• CCSD(T), the “golden standard” of QC
• scales as ~N7 with system size N
• 1 water molecule: 1 second
• 10 water molecules: 100 days
• 100 water molecules: 3 million years
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What is quantum chemistry?

• Designing and solving approximations to the Schrödinger equation
• The number of different approximations is humongous
• Hartree-Fock, MP2, Full CI, B3LYP, …

• The challenge is to find the right tool for the right purpose
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What is quantum chemistry?

• Designing and solving approximations to the Schrödinger equation
• The number of different approximations is humongous
• RASPT2, quantum Monte Carlo, revTPSS, DLPNO-CCSD(T)-F12, …

• The challenge is to find the right tool for the right purpose
• There is no single tool that works for everything!
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Approximations

A = πr2
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A = πr2

A ≈ d2 = 4r2 27% error

Approximations
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What is quantum chemistry?

• One branch of quantum
chemistry develops new methods
and algorithms, equations, for
describing the quantum
mechanics of molecules
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What is quantum chemistry?

• One branch of quantum
chemistry develops new methods
and algorithms, equations, for
describing the quantum
mechanics of molecules
• Another branch uses, applies the

equations for specific molecular
systems
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What is quantum chemistry?
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What is quantum chemistry?

• A synthesis of disciplines
• Quantum mechanics from physics
• Concepts and ideas from chemistry

(pharma, biochem, nanotech, ...)
• Formulations from mathematics
• (Parallell) programming for various

architectures (incl. quantum
computers) from computer science
• Aspuru-Guzik, Lindh, Reiher (2018)

The Matter Simulation (R)evolution:
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