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• Introduction
 Do we need simulations? Why? 
 What kind of simulations?

• Representing intermolecular forces
 Electronic structure methods  Density functional theory (DFT)
 Force fields
 Coarse grained models

• Sampling phase space
 Lattice Dynamics
 Monte Carlo
 Molecular Dynamics

• Software

• Analysis
 What can we get from a simulation?
 Comparing simulation and experiment
 Difficult problems
 Some useful tools

• Examples 
 Using simulations to understand neutron scattering
 Using neutron data to improve force fields

Plan
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Introduction
Do we need computer simulations?

EXCELLENT COMPUTER SIMULATIONS ARE DONE FOR A PURPOSE. THE MOST VALID 
PURPOSES ARE TO EXPLORE UNCHARTED TERRITORY, TO RESOLVE A WELL-POSED 
SCIENTIFIC OR TECHNICAL QUESTION, OR TO MAKE A GOOD DESIGN CHOICE.

Leo P. Kadanoff: “Excellence in computer simulation”, Comp. Sci. Eng. 6, 57-67 (2004).

- Only in rare cases simulations have discovered new phenomena (e.g. long time tails)

- Typical role is to work with theory and experiment and serve to test models and theories 
in order to understand a given phenomenon

- Caution: Quite often simulations can be wrongly used to support previous conclusions

“Experiment is very good at finding unexpected behavior and describing its overall 
characteristics; theory often can explain what’s going on. After an appropriate pause for 
algorithm development, simulations then can test the ideas and fill in the details.”
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Introduction
What kind of simulations? Compromise: Accuracy vs efficiency

From Kermode et al., in Multiscale Simulation Methods in Molecular Sciences, 
J. Grotendorst, N. Attig, S. Blügel, D. Marx (Eds.), NIC Series, Vol. 42, pp. 215-228 (2009).
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Introduction What kind of simulations? 

Choose way of computing 
interatomic forces

Hartree-Fock methods
Semiempirical methods

Density Functional Theory
Tight-binding

Empirical force fields
Coarse graining

Choose way of sampling
the phase space

Lattice Dynamics

Molecular Dynamics

Thermodynamics
Phonons

Monte Carlo

Thermodynamics
StructureBrownian Dynamics

Langevin Dynamics
Dissipative Particle Dynamics
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Computing energies and forces

Using empirical potentials
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Molecular Mechanics approach
• No electrons
• Molecules represented as ‘balls’ + ‘springs’
• Empirical potential to account for intra- and intermolecular interactions     
                  

   Force Field (FF)
• ~5-6 orders of magnitude faster than DFT  ~104-105 atoms, ~1-100 ns



I N S T I T U T  M A X  V O N  L A U E  -  P A U L  L A N G E V I N 8

What is a Force Field?

• A mathematical expression describing the dependence of the 
energy of a system on the coordinates of the atoms

•  Consists of:
1. An analytical form of the interatomic potential energy, 

U(r1...rN)

2. A set of parameters entering U(r1...rN)

• The parameters are obtained from ab initio calculations and/or 
fitting to experimental data

• Molecules are defined as collection of atoms held together by 
simple elastic (harmonic) forces
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A standard FF
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FF parameterization
 An elaborate job
 Goal: Describe in classical terms the quantum mechanical facts by 

partitioning the total electronic energy into well separated atom-atom 
contributions

 As it is impossible to fully separate the intricate electronic effects, this 
means applying significant approximations  empirical potentials

 We will obtain different FFs depending on the set of data 
(experimental or QM calculations) and the procedure employed to 
optimize the parameters

 “FF development is still as much a matter of art as of science”    
   (T. Halgren, Curr. Opin. Struct. Biol., 1995)
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FF parameterization
 Components

• Functional forms of the components of the energy expression
• A list of atom types
• A list of atomic charges
• Rules for atom types 
• A set of parameters for the function terms
• (Rules to generate parameters that have not been defined explicitly)

Generally developed by specialized groups 
and available in the literature as data tables 
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FF example
 Amber
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Choosing a FF
 Highly subjective, e.g. water case

But ... 

      DSPC/E = 2.49, DTIP4P = 3.29, Dexp = 2.4 (105 cm2/s)

      SPC/E = 71, TIP4P = 53, exp = 78

TIP4P Exp SPC/E

Sanz, PRL (2004)

Guillot, J. Mol. Liq. (2002)
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Choosing a FF
 Highly subjective, e.g. water case
• Compute 17 different properties and note each of them

• TIP4P/2005 is probably close to the best that can be achieved with a rigid 
non-polarizable model

Vega & Abascal, Phys. Chem. Chem. Phys. 13, 19663-19688(2011)
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Choosing a FF
 Highly subjective

“All leading force fields now provide reasonable results for a wide 
range of properties of isolated molecules, pure liquids, and 
aqueous solutions”, Jorgensen & Tirado-Rives, PNAS 102, 6665 
(2005).

But the best force field does not exist!

Choice will depend on the type of molecular system and the type of 
properties we are interested in!
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FF vs DFT
 Disadvantages
• Intrinsic limitations:

• No electronic structure information is available

• Unable to handle reactions (bond breaking/forming, charge transfer, ...) 

• Limited prediction power:
• The accuracy depends on the parameterization

• It can only be used for systems having the functional groups that were included 
in parameterization

• Limited transferability of the FF (care needed when applying a FF under 
conditions that are very different from the conditions used in its 
parameterization, e.g. P, T) 

Needs experimental validation!
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Empirical force fields
•  Analysis of energy contributions can be done at the level of individual 

interactions or classes of interactions
•  Possible to modify the energy expression to bias the calculation
• Allow to handle large systems and simulate relatively long times (several orders 

of magnitude faster than quantum-based calculations):

• Small cluster (16 processors) ~ 104 atoms @ 1 ns/day

• BlueGene/L (131072 processors) ~ 320 billion atoms (a cubic piece of 
metal of side ~1 m) @ 10 ps/day (Kadau, Int. J. Modern Physics C 
(2006))

• Anton (specialized machine for MD simulations) ~ 104 atoms @ 10 
s/day (Klepeis, Curr. Opin. Str. Biol. (2009)) 

• NCS (256 nodes) ~ 106 atoms (all-atom satellite tobacco mosaic virus, 
NAMD) @ 1ns/day (Freddolino, Structure (2006))

• Perspectives: multimillion-atom (~100 nm scale) @ 30 ns/day on a 
Cray XT5 (105 cores) (Schulz, J. Chem. Theory Comput. (2009))

 Advantages
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Sampling phase space

using Molecular Dynamics
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Some statistical mechanics
• Impossible to explore all possible states of the system

• But it is enough to generate a set of representative states 

 

   
…MD:

MC:

 

 

…
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Molecular Dynamics 
• Generate a dynamical trajectory by integrating Newton’s equations of motion, 

with suitable initial and boundary conditions

• We need a good way to determine the forces acting on each atom (e.g. FF or 
DFT) 

• Also need an accurate numerical method to integrate the equations of motion

The basics

Fj

 

• System of N coupled ODEs

• No exact solution

• Step-by-step numerical integration 
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Molecular Dynamics 
• Discretize solution, using a time step t

   

• Important features of our numerical integrator:

• minimal need to compute forces (a very expensive calculation)
• good stability for large time steps
• good accuracy 
• conserves energy and momentum
• time-reversible
• symplectic: conserves volume in phase space

• Taylor expansion?

 

The basics II

Unstable and inaccurate!
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Molecular Dynamics 
Verlet algorithm:

___________________________________________

• Positions at t0+t computed from actual positions and forces, and previous positions

• Error is O(t4)

• Velocities not available, but easy to derive as 

• Verlet and equivalent algorithms (e.g. leap-frog) are simple, efficient, stable and 
reasonably accurate. Also time-reversible and symplectic, giving low drifts in energy

• Used in most MD software

• Predictor-corrector algorithms are also used occasionally. They are more accurate for 
small t, but not time reversible, introducing larger drifts in Etotal

 

The basics III
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Molecular Dynamics 
Time step:

• Compromise between efficiency and accuracy of 
the integration

• Small t  Inefficient phase space sampling

• Large t  Numerical instabilities

• Hints:
• t < mean time between collisions or shorter 

relaxation time

• LJ atomic system ~ 10 fs

• Flexible molecules with rigid bonds ~ 2 fs

• Flexible bonds ~ 0.5-1 fs

• Good test: Total energy should be conserved in NVE 
simulations. Acceptable 

 

The basics IV

Frenkel & Smit: “Understanding molecular 
simulation”, Academic Press (2002)
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Molecular Dynamics 
• Periodic Boundary Conditions

• Potential truncation
• May need to ensure that forces (and not only energy) are 0 at Rc

• Electrostatic forces

• Thermodynamic ensembles
• The integration of the equations of motion keeps constant N, V, and E 

(microcanonical ensemble)

• Integration errors, force fluctuations and inconsistencies in the forces 
(e.g. generated by the cutoff) may cause slow drifts in the total energy: 
check Etotal conservation!

• E is constant in the NVE ensemble, but not K and U, so systems not in 
equilibrium will go to equilibrium while the temperature changes

• Need to modify the Lagrangian or couple the system to a heat or pressure 
bath to keep T and/or P constant

The basics V
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Monte Carlo
• Same as for Molecular Dynamics simulations

• Use periodic boundary conditions (PBC) to avoid surface effects

• Atoms in surface ~ N-1/3 (49% for a box containing 1000 atoms, 6% for 106)

• Need PBC to get bulk properties using a limited number of atoms

• When an atom leaves the simulation cell,  it is replaced by another with the 
same velocity, entering from the opposite cell face (N conserved) 

Practical aspects

• Normally OK, but beware of artificial periodicity
• Only allowed fluctuations:  compatible with box length

• Longest wavelength  = L  problem if long wavelength fluctuations are 
important (e.g. phase transitions)

•  When simulating solids, the strain field generated by inhomogeneities will 
be artificially truncated and modified by the boundary

•  A macromolecule may interact with its own image if the box is too small 
 need to add layer of water sufficiently large

•  In some cases, spurious correlations may appear when dealing with 
charged or strongly polar solutes
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Monte Carlo
• Potential truncation of non-bonding interactions

• This is the most time-consuming part of the simulation

• For bonding interactions  O(N)

• For non-bonding interactions  O(N2)

• Unfeasible to compute interactions with a very large number of images

Practical aspects II

• Minimum image convention
• Each atom only sees the closest image of the remaining N-1 atoms

• “Truncation” surface not spherical

• Or apply an spherical cut-off
• Only interactions with atoms at r < Rc are considered

• Rc < L/2. Typically 

• Introduces a discontinuity in energies and forces (for MD) at Rc. 
Often the potential is modified in order to bring it smoothly to 0 at Rc 
(switching function)
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Monte Carlo
• Treatment of long-range (electrostatic) interactions

• Truncation method is not appropriate, as they extend beyond the primitive cell

• Reaction Field:

• Use spherical truncation and compute interactions for r < Rc

• Beyond Rc, consider the medium as a dielectric continuum that will react to 
the dipole moment of the sphere given by  r < Rc

Practical aspects III
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Monte Carlo
• Treatment of long-range (electrostatic) interactions

• Compute the full lattice sum over the infinite set of images

• Ewald sum:

• Reference method, often in one of its particle-mesh variants (PME, SPME, PPPE) 

• At each point charge, add a Gaussian distribution of opposite sign to screen it

• Screened charges can be treated in real space (short-range interactions)

• Compensating Gaussian distribution treated in reciprocal space

Practical aspects IV
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Molecular Dynamics 
Thermodynamic ensembles

• Several thermostats allow to do NVT simulations: velocity scaling, 
Berendsen, Andersen, Nosé-Hoover, but not all of them sample 
strictly the correct thermodynamic ensemble.

• There are also different barostats to do NPT simulations.

The basics VI

Berendsen: Simple, fast response 
and flexible, but no canonical 
ensemble

Nosé-Hoover: Extended lagrangian. Sample correct 
canonical ensemble, but goes to Tref in an oscillatory 
way (poorer T control)
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Analysis of MD simulations
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Once our MD run is over …
• Snapshot of the final state of the system

• Trajectory file containing positions (and velocities, if requested) at selected intervals

• File containing thermodynamic information (T, P, energies, etc.)

Did everything go well?

Can I get the information 
I’m looking for?
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Once our MD run is over …
Visual checking of last configuration:

• Many visualization tools available (VMD, Rasmol, MDANSE, …)

• Don’t be puzzled by PBC’s (remember that the simulated system is really an infinite 
replica of images of the primary box)

• Are molecular geometries reasonable?

• Are there pairs of atoms that come ‘too close’ to each other?
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Once our MD run is over …
Is the system well equilibrated?

• Not all the properties converge at same speed
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Once our MD run is over …

Does the system change 
during the simulation?

De Santis, JPCM 14 (2002)

Durandurdu, JPCM 21 (2009) 

Baker, PLOS Comp. Biol. (2013)
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Thermodynamic averages

Abascal & Vega, JCP (2005)

Does our model give reasonable average values for T, P, density, …?

• T, P, V, energy contributions are usually directly given by the MD code

• Other thermodynamic properties may need to be calculated later

• If possible, compare with as much experimental data as possible

• Note that formulae based on fluctuations depend on the ensemble
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Structural properties
The static structure factor can be easily calculated and compared to 
neutron or x-ray diffraction data

Liquid argon
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Dynamical properties
The mean square displacement (total or for a particular atom) can be 
easily calculated and provides a direct way to compute the self-diffusion 
coefficient (available e.g. from NMR, QENS or tracer diffusion)

• u2(t) can be calculated over different time origins, but the number of origins 
decreases with t, so error in u2(t) will increase with time
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Error analysis
Error in correlated measurements: Block averaging method

• Flyvbjerg and Petersen, J. Chem. Phys. 91, 461 (1989)

• Calculate averages over Mb blocks of increasing size b

• As b increases, the blocks are less correlated until they become statistically 
independent. Then a plateau is observed which gives us the correct 
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Error analysis
Error in time correlation functions

• Zwanzig and Ailawadi, Phys. Rev. 182, 280 (1969)

• For an autocorrelation function , assuming that X(t0) is a Gaussian random 
variable, the variance is 

• And for a normalized a.c.f.

• E.g.:   

             

             

 

 
 

But things are much better for single-particle c.f.: 
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Comparing to neutron scattering data
G. R. Kneller et al.: “nMOLDYN: A program package for a neutron scattering oriented 
analysis of Molecular Dynamics simulations”, Comp. Phys. Comm. 91, 191 (1995)
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Comparing to neutron scattering data
Think carefully how measured and computed quantities are 
exactly determined

Morelon, 
JCP(1998)
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Comparing to neutron scattering data

From Tobias, Faraday Discuss. (2009)
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Comparing to neutron scattering data
MD: MSD computed directly as 

Neutron scattering: MSD from elastic intensity via DW 

 

Can not compare the msd directly obtained from MD.

Instead compute I(Q,t)  S(Q,)  S(Q,)  R() 
and then follow same procedure as for experiment.
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Comparing to neutron scattering data
Standard MD treats nuclei as classical particles (for both empirical 
and AIMD) 

Computed correlation functions are classical correlation functions

Limits in computed S(Q,):

• Quantum nature of the simulated system must be negligible 
(otherwise need to consider methods of incorporating quantum 
mechanics in the simulation, e.g. using PIMD)

• , so care when interpreting high-frequency features or low 
temperature studies (For 

• Recoil effect on scattering atom must be negligible (Kneller, Mol. Phys. 
83, 63 (1994)), so 

• Analysis soft use tabulated bound coh and inc neutron scatt lengths
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The end 
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