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Deeper Reading



What would I like you to take 
away from today?
ÅA basic understanding of the 

mathematical underpinnings of MD

ÅSign posting to the array of software 
that is available for both setting up and 
analysing MD

ÅA convincing argument about how and 
why MD and Neutron scattering can 
and should be used to extract more 
information from one another



What is Molecular Dynamics? 
ÅA method/model that generates a movie at the atomic scale, letting 

us examine or interrogate the motions/structure of the atoms

This can help us 
understand the links 
between the atomic 
properties and the 
macroscopic properties of 
a system

e.g. Diffusion of products 
in catalytic zeolite can be 
a rate limiting effect

Example: Small molecule diffusion in Zeolites



Basic objective of MD (cycle of consistency)

Solid: Primitive cell
Liquid: Radial 
distribution

Phase transitions
Thermal expansion

Self-diffusion
Rotational diffusion
Viscosity
Thermal conductivity



Multiscale ladder (what scale does MD probe?)

ÅDynamics (QENS)
ÅStructure 

(SANS/diffraction)
ÅLarge scale 

structures/surfaces 
(reflectometry)



²Ŝ ƎŜƴŜǊŀǘŜ άƳƻǾƛŜǎέΣ ōǳǘ ŦƻǊƳŀƭƭȅ 
we are exploring Phase Space

Easily Visualised with the case of a 
harmonically coupled system

Thermodynamic quantities can be 
calculated as temporal averages of 
these state variables



Revisiting Newton (the basic math of MD)

Force-field usually expressed 
as potential energy

Something that is fully 
determined by the 
current state of the 
system (Force-field)

A mathematical term describing 
the time evolution of the positions



How do we solve this in practice?

We have this! F/m

¢ƘŜ ŎƭƻǎŜǊ ǿŜ ŀǊŜ ǘƻ ƻǳǊ ƛƴƛǘƛŀƭ άƪƴƻǿƴέ 
state, the more accurate the truncated Taylor 
expansion will be (i.e. small time-step).

Current step Previous step



Time steps and energy conservation

Note: Rigid models are often available, and perform very well in many cases

Useful rule of thumb



Example energy conservation
You probably want less than a 1% energy drift over the course of the simulation



Thermostats and Barostats

It is often appropriate to run a simulation in NPT at a desired pressure, and from the 
average box dimensions, switch to a NVE ensemble

Guide the system to a given temperature or pressure



But what is the force-field?
Usually a potential energy that can be expressed as a function of the atomic positons

Higher order than pair potentials are very costly and rarely used



Interatomic potentials

How would you simulate this!?

Overlapping electron clouds

London forces

These have to be treated via special methods (e.g. Ewald)
This is due to 1/r2 nature (energy drops off at the same 
rate as volume increases)



Intra-molecular terms

Very important for keeping 
planar geometry of molecules

Careful about dihedral convections in different codes/FFs



Coarse-graining (something to be aware of)
Å Particularly important for large systems in 

biology (lipid bi-layers, proteins etc.)
Å Can be important for SANS and reflectometry
Å Note that dynamic quantities can be very wrong



Where do these force-fields come from and 
what are their weaknesses?

Multi-scale approaches do exist

Phase transitions for example may be shifted



Periodic Boundary Conditions 
(ǿŜ ŎŀƴΩǘ ǎƛƳǳƭŀǘŜ ŀ ǿƘƻƭŜ ƳŀŎǊƻǎŎƻǇƛŎ ǎȅǎǘŜƳ)



Cut-offs and minimum image convention

You also need to be aware of neighbour lists, which keep track of which atoms are within a given radial distance 
of one another, meaning only a sub-set of distances need to be calculated each step



What can we measure?

Energy and entropy changes 
as a function of T etc.

Atomic positons relative to 
each other and surfaces

Individual or collective 
motions of atoms

Average over time is the average 
over all possible configurations



Equilibration (when are we ready to analyse?)

Has the running average plateaued? 
Is the typical variation consistent with time?


