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Modes of dynamics

• Quantum Dynamics   ∆t: fs-ps, ∆x: 0.1 nm 
(seldom of importance for soft matter)

• Molecular Dynamics  ∆t: ps – µs, ∆x: 1 –10 nm
• Brownian Dynamics ∆t: ns>ps, ∆x: 1 nm-µm
• Collective Diffusion ∆t>µs, ∆x>µm
• Convection, viscoelasticity ∆t>ms, ∆x>mm

On a macroscopic scale,
Soft Matter is extremely sluggish



3

Molecular dynamics

Protocol: Invent potential energy function, then
1. Given a set of positions
2. Calculate force
3. Update positions with Newton's law
4. Go to 1
5. Make a movie
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Potential energy function

Lennard-Jones-potential +
Electrostatic interaction +
Angle dependence (bond) +…
(very) Many flavors

Valence angle

V

Potential energy functions:
Derived from QM

Or: guessed (semi-empirical)

Dihedral angle

Fig 2.1
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Potential energy functions
Introduction to Computational Chemistry, Frank Jensen

Define atom types

Force-field functions depend 
on the atom-type combinations
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Potential energy functions

Stiff bond

Bond spring

Example covalent bond stretching

Exercise
Compare coefficients

a and b
for single, 

double
and triple bond
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Potential energy functions
Example valence bond

Add springi j

k

i j

k

Exercise:
How do the 
parameters
depend on

hybridization?
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Verlet Algorithm MD

Once you know the positions at time step k-1 and k
You can calculate the position at time step k+1

Correct to third order in ∆t
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Verlet Algorithm MD

Exercise: increment in time is typically 1 fs
1. Why is this so small (so big?)

2. How many steps do you need to reach 1 ns? 1 s?

Exercise: is there a clever way to choose
initial positions and velocities?

Exercise: one particle in external field, 
(dimensionless)

Exercise: 
what is the time-evolution of

kinetic, 
potential

and total energy?
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Molecular Dynamics example

Materials Studio (Accelrys)
Build a molecule
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Molecular Dynamics trajectory
Total 10 ps
Step size 1 fs

What you need to do in practice:
Find reliable force-field

Without solvent….

‘Ball and Stick’‘CPK’
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Ethanol liquid
We follow 100 molecules ethanol in a small box

100 ps (20 frames)
Notice the seemingly random movement of the molecules

Ballistics dies after O(0.1) ps!
– after that, the motion is Brownian
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Ethanol Liquid Molecular Dynamics
200 molecules, 500 ps, box 2 nm, volume 8 nm3

298 K, n-Volume-Temperature (nVT) ensemble, 1 frame per ps

One molecule in ‘CPK’
highlighted

the others ‘stick’ model

Notice the irregular
movement

of the selected molecule

Calculation: 3 days on 2 Ghz PC
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Applications of Molecular 
Dynamics to soft (bio)matter

To reach the long length and time-scales of soft matter, 
one needs a (very) large computer, 

for example by massively parallel computing

Connected computers
Idea: give each computers a (small) part of the system

Check: http://www.research.ibm.com/bluegene/

How to build a Petaflop computer? 
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Brownian Dynamics
In a condensed (liquid) phase molecules collide 

on a very short time scale of a few fs

On a larger scale, the collisions result in a seemingly random motion

Compare: ideal billiard table (no friction)
When there are only a few balls, the balls fly straight

(according to Newton’s law), until they collide
When there are many balls, 

the straight paths are broken constantly
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Properties of Brownian dynamics
If we select one molecule, and follow its trajectory

it is, as if it moves in a viscous medium,
and experiences a random fluctuating force

Compare with the straight trajectory
of a single particle in vacuum!
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Properties of Brownian Dynamics
Diffusion coefficients and viscosity

are the result of very many collisions

Exercise: 
estimate (roughly) the 
diffusion coefficient

from ethanol trajectory
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Analysis of Brownian trajectory
dynamical correlation functions

x

0
1

4

2

3 5

6
Points at equal time intervals

1 2 3 4
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Brownian dynamics of polymers 
and colloids

The random motion not only applies to small molecules,
but also to (much) larger objects 

such as colloids (pollen particles!) and (bio)polymers

In general, the effective diffusion coefficient is highly dependent of 
shape, orientation, hydrodynamic interactions, and packing factors

1 micron

principle: a motion of a single colloid in dilute solution, 
sets up a flow-field in the solvent, 

The gradient of the flow means: dissipation (friction)
The diffusion coefficient, in this case, 

when the colloid is solid,  can be calculated 
from the Stokes-Einstein relation
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Advanced topic: hydrodynamic 
interaction

1 Pull particle ‘1’ with a force

A flow is created in the surrounding fluid, 
which causes the other particles to move

The gradients in the flow field generate heat
this results in the friction counteracting 

the force on the particle



21

Brownian dynamics colloids
Almost always, the situation is very complex, 

especially in concentrated dispersions

Crowded rods
(liquid crystals) 

Crowded spheres
(paint) Crowded 

plates
(clay)

(crowded) 
irregular shapes 

(biomolecular systems)

Now, the flow fields have to be calculated with a full hydrodynamics model!
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Brownian dynamics  random coil 
polymers

Short flexible polymers in solution or melt

When the polymer is relatively short, it easily wiggles around obstacles, 
and it is open to solvent flow

The flow field (in first approximation) is that from the sum of monomers, 
and hence the net friction is the sum of the monomer friction coefficients

time

(Rouse)
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Brownian dynamics: longer 
random coils in good solvent

Now, for a long polymer, 
the solvent does not flow through the random coil, 

but more or less around it

It is, as if the solvent flows around a body
with size of the random coil Rg

(Zimm)
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Brownian dynamics (very) long 
random coils

Interesting scenario: a melt of very long polymers
(very important in polymer processing)

Point of entanglement

The entanglements act 
like a frozen-in network

The motion is restricted 
along the contour: snake-like motion, 

or reptation

(de Gennes)



25

Brownian dynamics collapsed 
coils

Suppose the polymer random coil is collapsed, 
for example as in a protein molecule (polymer in bad solvent)

The flow field again does not penetrate the globule

If the body is compact, the diffusion coefficient is that of 
Stokes-Einstein, with radius of the compact globule

Exercise: how does D depend on the polymer length?

≅
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Collective diffusion
(recapitulate Atkins chapter 24)

Follow the spontaneous mixing of two liquids
on a collective level.

That is, time- and length scale much larger than that of the molecules
the motions of the individual molecules are not visible

What we observe: concentrations change according to diffusion and
on an even larger scale:  convection

diffusion zoom in
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Laws for diffusion

}Thermodynamic cell
at position r

Divide the system in ‘cells’, each much larger than molecular size
Each cell is a small thermodynamic system

We assume: the fluxes
are proportional to the thermodynamic forces (Onsager)

r

(local)
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Laws for diffusion

x

L RM

per unit of time, in cell ‘M’ the net concentration change
is the difference of the fluxes L→M and M← R
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Laws for diffusion
Assume the net flux is proportional to the concentration and forces

Combine with ideal chemical potential (no interactions!) 

Gives ideal diffusion law:
Which, (un)fortunately, 

almost never can be applied to soft matter!
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Typical applications of advanced 
diffusion models  in soft matter

Example: the diffusion of a small solute through a heterogeneous material 
The small solute has to find its way around embedded  obstacles 

Many applications!…penetration of vapors in coatings, nanocomposits,
selective membrane filters…

something big
like a colloid, 

or polymer assemblysmall solute
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Typical morphology in industrial 
polymer membrane systems

(selective) polymer membrane
What would be nice: selective membranes for oxygen (cars),

for drugs (health care), for biomolecules, for pollutes…

How can we design such material?



32

Non-linear diffusion models

Free energy model for 
inhomogeneous systems

Many examples of inhomogeneous free energy models
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Advanced topic: Oono-Puri free energy 
functional for inhomogeneous systems

If you can derive the functional derivative,
You will get 0.5 point extra at the exam! 

These are so-called order parameter,
or Landau models (section 1.6, Hamley’s book)

Feed in the integral and calculate F

A penalty 
for interfaces Interfaces favoured
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Non-linear diffusion with Mesodyn
Free energy function: modified Flory-Huggins

Mix two polymers pA (30%) and pB (70%) at high temperature,
quench the solution: macro phase separation

Quench…
Notice: Ostwald ripening

A10+B10, χ=1

Coarse-graining

Each unit, ‘bead’ or ‘blob’ 
is a tiny random coil

Containing many monomers

monomer

pA

pB

final frame
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Spinodal decomposition versus 
nucleation and growth

In spinodal decomposition, the system is very unstable, 
and even a tiny fluctuation will trigger phase separation

(for example, demixing water and oil)

In nucleation and growth, the system is also unstable, 
but instabilities grow only 
after a nucleus is formed

(for example: condensation of water vapor)
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Spinodal decomposition

Consider a tiny region in space,
With a small fluctuation added

r1
2

The free energy gain or loss:

Add up
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Non-linear diffusion: microphase 
formation

Make a diblock pA-pB, with same volume ratio as before, 
quench: micro phase formation

quench

Notice: hexagonal packing

A6B14, χ=1

Local organization

Local organization

Asymmetric block copolymer

Final frame
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Non-linear diffusion in 3D

Exercise: what morphology do you expect
in case of a symmetric diblock?

Asymmetric diblock pA-pB,
2000 time steps
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Realistic microphase separated 
system

High-impact polystyrene

Actually:  mix of polybutadiene, polystyrene and 
compatibilizer. World-wide production > 1 Mton/year!
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Viscoelastic phenomena and 
reology

Not for the exam!

We will do a simple experiment at the werkcollege
pull and eat a polymer candy


