
Lecture 2

Soft Matter



Summary lecture 1

• Colloidal systems

• Van der Waals interactions
–  Hamaker constant

• Electrical double layer
– Debye length

Colloidal gas Colloidal liquid Colloidal crystal
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Contents of the course
• Introduction to Soft Matter

• Colloids

• Interactions between ‘macroscopic’ objects

• Brownian motion 

• Entropy-driven phase transitions

• Polymers

• Interfaces and surfactants

• Optical microscopy and tweezing

• Mechanical properties of soft matter

• Q & A 



Today’s lecture (2)
• Double layer repulsion

– Interaction between two charged surfaces

• DLVO theory
– Van der Waals interactions and double layer repulsion combined

• Brownian motion
– Diffusion coefficient

– Langevin equation

• Entropy driven phase transitions
– Crystallisation of hard spheres

– Liquid crystals



Last week: single charged surface

12 CHAPTER 1. INTERACTIONS BETWEEN SURFACES

immersed in a 1:1 electrolyte with ions of charge +ze and �ze. The bulk number

density of each ion is n0. Assumptions (as for Debye-Hückel):

• Ions are point charges

• Ions experience the average potential due to all the other ions (mean-field

approximation)

• The solvent is a continuous uniform dielectric medium with relative permit-

tivity ✏.

The distribution of ions at position x in equilibrium is governed by the Boltzmann

distribution:

n+(x) = n0e
�ze�(x)/kBT and n�(x) = n0e

ze�(x)/kBT . (1.11)

We will now switch to the dimensionless electrostatic potential �(x) = ze�(x)/kBT ,

to keep writing simpler. The total charge density is the sum of the charge densities

of the two ions

⇢(x) = ⇢+(x) + ⇢�(x) = zen0

�
e��(x) � e+�(x)

�
= �2zen0 sinh�(x). (1.12)

We now invoke the Poisson equation, which provides another relationship between

⇢ and �:

d2�

dx2
= � ⇢

✏✏0
(1.13)

Combining eq. (1.12) and eq. (1.13) gives the (famous) Poisson-Boltzmann equation

d2�

dx2
= 2

z2e2n0

✏✏0kBT
sinh�(x). (1.14)

This equation can be solved exactly for two planar surfaces (to give the Gouy-

Chapman equation), but the solution for small potentials, �, is simpler. When

� ⌧ 1 (i.e. ze�/kBT ⌧ 1) we can expand the exponentials in the sinh as ex ⇠ 1+x

to obtain

d2�

dx2
=

2z2e2n0

✏✏0kBT
� = 2�. (1.15)
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n�(x) = n0 exp [+�(x)]

Poisson’s Law:

r2� = � ⇢

✏✏0

Boltzmann:

�(x) = �0e
�x

Via (linearised) Poisson-Boltzmann equation:
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�(x) = ze�(x)� : dimensionless electrostatic potential
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What happens when two charged 
surfaces approach each other?

12 CHAPTER 1. INTERACTIONS BETWEEN SURFACES

immersed in a 1:1 electrolyte with ions of charge +ze and �ze. The bulk number

density of each ion is n0. Assumptions (as for Debye-Hückel):

• Ions are point charges

• Ions experience the average potential due to all the other ions (mean-field

approximation)

• The solvent is a continuous uniform dielectric medium with relative permit-

tivity ✏.

The distribution of ions at position x in equilibrium is governed by the Boltzmann

distribution:

n+(x) = n0e
�ze�(x)/kBT and n�(x) = n0e

ze�(x)/kBT . (1.11)

We will now switch to the dimensionless electrostatic potential �(x) = ze�(x)/kBT ,

to keep writing simpler. The total charge density is the sum of the charge densities

of the two ions
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�
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We now invoke the Poisson equation, which provides another relationship between

⇢ and �:
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Combining eq. (1.12) and eq. (1.13) gives the (famous) Poisson-Boltzmann equation

d2�

dx2
= 2

z2e2n0

✏✏0kBT
sinh�(x). (1.14)

This equation can be solved exactly for two planar surfaces (to give the Gouy-

Chapman equation), but the solution for small potentials, �, is simpler. When

� ⌧ 1 (i.e. ze�/kBT ⌧ 1) we can expand the exponentials in the sinh as ex ⇠ 1+x

to obtain

d2�
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12CHAPTER1.INTERACTIONSBETWEENSURFACES

immersedina1:1electrolytewithionsofcharge+zeand�ze.Thebulknumber

densityofeachionisn0.Assumptions(asforDebye-Hückel):

•Ionsarepointcharges

•Ionsexperiencetheaveragepotentialduetoalltheotherions(mean-field

approximation)

•Thesolventisacontinuousuniformdielectricmediumwithrelativepermit-

tivity✏.

ThedistributionofionsatpositionxinequilibriumisgovernedbytheBoltzmann

distribution:

n+(x)=n0e
�ze�(x)/kBTandn�(x)=n0e

ze�(x)/kBT.(1.11)

Wewillnowswitchtothedimensionlesselectrostaticpotential�(x)=ze�(x)/kBT,

tokeepwritingsimpler.Thetotalchargedensityisthesumofthechargedensities

ofthetwoions

⇢(x)=⇢+(x)+⇢�(x)=zen0

�
e��(x)�e+�(x)

�
=�2zen0sinh�(x).(1.12)

WenowinvokethePoissonequation,whichprovidesanotherrelationshipbetween

⇢and�:

d2�

dx2
=�⇢

✏✏0
(1.13)

Combiningeq.(1.12)andeq.(1.13)givesthe(famous)Poisson-Boltzmannequation

d2�

dx2
=2

z2e2n0

✏✏0kBT
sinh�(x).(1.14)

Thisequationcanbesolvedexactlyfortwoplanarsurfaces(togivetheGouy-

Chapmanequation),butthesolutionforsmallpotentials,�,issimpler.When

�⌧1(i.e.ze�/kBT⌧1)wecanexpandtheexponentialsinthesinhasex⇠1+x

toobtain

d2�

dx2
=

2z2e2n0

✏✏0kBT
�=2�.(1.15)
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When surfaces approach, the counterions are pushed back towards the
charged surfaces – this reduces the electrostatic energy, which is an attractive force

So why do surfaces of like charge repel each other?  

osmosis



Repulsion due to osmotic pressure P
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12 CHAPTER 1. INTERACTIONS BETWEEN SURFACES

immersed in a 1:1 electrolyte with ions of charge +ze and �ze. The bulk number

density of each ion is n0. Assumptions (as for Debye-Hückel):

• Ions are point charges

• Ions experience the average potential due to all the other ions (mean-field

approximation)

• The solvent is a continuous uniform dielectric medium with relative permit-

tivity ✏.

The distribution of ions at position x in equilibrium is governed by the Boltzmann

distribution:

n+(x) = n0e
�ze�(x)/kBT and n�(x) = n0e

ze�(x)/kBT . (1.11)

We will now switch to the dimensionless electrostatic potential �(x) = ze�(x)/kBT ,

to keep writing simpler. The total charge density is the sum of the charge densities

of the two ions

⇢(x) = ⇢+(x) + ⇢�(x) = zen0

�
e��(x) � e+�(x)

�
= �2zen0 sinh�(x). (1.12)

We now invoke the Poisson equation, which provides another relationship between

⇢ and �:

d2�

dx2
= � ⇢

✏✏0
(1.13)

Combining eq. (1.12) and eq. (1.13) gives the (famous) Poisson-Boltzmann equation

d2�

dx2
= 2

z2e2n0

✏✏0kBT
sinh�(x). (1.14)

This equation can be solved exactly for two planar surfaces (to give the Gouy-

Chapman equation), but the solution for small potentials, �, is simpler. When

� ⌧ 1 (i.e. ze�/kBT ⌧ 1) we can expand the exponentials in the sinh as ex ⇠ 1+x

to obtain
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Van ’t Hoff’s Law:
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⇧ = nkBT

Reminder: osmotic pressure P

P



Repulsion due to osmotic pressure P

Three options to find F2:
1. Solve full Poisson-Boltzmann equation

2. Linearise PB equation and solve for F2

3. Superposition principle
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immersed in a 1:1 electrolyte with ions of charge +ze and �ze. The bulk number

density of each ion is n0. Assumptions (as for Debye-Hückel):

• Ions are point charges

• Ions experience the average potential due to all the other ions (mean-field

approximation)

• The solvent is a continuous uniform dielectric medium with relative permit-

tivity ✏.

The distribution of ions at position x in equilibrium is governed by the Boltzmann
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�
e��(x) � e+�(x)

�
= �2zen0 sinh�(x). (1.12)

We now invoke the Poisson equation, which provides another relationship between

⇢ and �:

d2�

dx2
= � ⇢

✏✏0
(1.13)
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This equation can be solved exactly for two planar surfaces (to give the Gouy-
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Boltzmann

Number density distributions (between 2 charged surfaces):

Poisson
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Poisson-Boltzmann equation (for 2 charged surfaces)
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Superposition principle to find F2 
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12CHAPTER1.INTERACTIONSBETWEENSURFACES

immersedina1:1electrolytewithionsofcharge+zeand�ze.Thebulknumber

densityofeachionisn0.Assumptions(asforDebye-Hückel):

•Ionsarepointcharges

•Ionsexperiencetheaveragepotentialduetoalltheotherions(mean-field

approximation)

•Thesolventisacontinuousuniformdielectricmediumwithrelativepermit-

tivity✏.

ThedistributionofionsatpositionxinequilibriumisgovernedbytheBoltzmann

distribution:

n+(x)=n0e
�ze�(x)/kBTandn�(x)=n0e

ze�(x)/kBT.(1.11)

Wewillnowswitchtothedimensionlesselectrostaticpotential�(x)=ze�(x)/kBT,

tokeepwritingsimpler.Thetotalchargedensityisthesumofthechargedensities

ofthetwoions

⇢(x)=⇢+(x)+⇢�(x)=zen0

�
e��(x)�e+�(x)

�
=�2zen0sinh�(x).(1.12)

WenowinvokethePoissonequation,whichprovidesanotherrelationshipbetween

⇢and�:

d2�

dx2
=�⇢

✏✏0
(1.13)

Combiningeq.(1.12)andeq.(1.13)givesthe(famous)Poisson-Boltzmannequation

d2�

dx2
=2

z2e2n0

✏✏0kBT
sinh�(x).(1.14)

Thisequationcanbesolvedexactlyfortwoplanarsurfaces(togivetheGouy-

Chapmanequation),butthesolutionforsmallpotentials,�,issimpler.When

�⌧1(i.e.ze�/kBT⌧1)wecanexpandtheexponentialsinthesinhasex⇠1+x

toobtain

d2�

dx2
=

2z2e2n0

✏✏0kBT
�=2�.(1.15)
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12 CHAPTER 1. INTERACTIONS BETWEEN SURFACES

immersed in a 1:1 electrolyte with ions of charge +ze and �ze. The bulk number

density of each ion is n0. Assumptions (as for Debye-Hückel):

• Ions are point charges

• Ions experience the average potential due to all the other ions (mean-field

approximation)

• The solvent is a continuous uniform dielectric medium with relative permit-

tivity ✏.

The distribution of ions at position x in equilibrium is governed by the Boltzmann

distribution:

n+(x) = n0e
�ze�(x)/kBT and n�(x) = n0e

ze�(x)/kBT . (1.11)

We will now switch to the dimensionless electrostatic potential �(x) = ze�(x)/kBT ,

to keep writing simpler. The total charge density is the sum of the charge densities

of the two ions

⇢(x) = ⇢+(x) + ⇢�(x) = zen0

�
e��(x) � e+�(x)

�
= �2zen0 sinh�(x). (1.12)

We now invoke the Poisson equation, which provides another relationship between

⇢ and �:

d2�

dx2
= � ⇢

✏✏0
(1.13)

Combining eq. (1.12) and eq. (1.13) gives the (famous) Poisson-Boltzmann equation

d2�

dx2
= 2

z2e2n0

✏✏0kBT
sinh�(x). (1.14)

This equation can be solved exactly for two planar surfaces (to give the Gouy-

Chapman equation), but the solution for small potentials, �, is simpler. When

� ⌧ 1 (i.e. ze�/kBT ⌧ 1) we can expand the exponentials in the sinh as ex ⇠ 1+x

to obtain

d2�

dx2
=

2z2e2n0

✏✏0kBT
� = 2�. (1.15)
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Number densities at the midpoint D/2:

Evaluate osmotic pressure at the midpoint D/2

⇧(D) = 4n0kBT�
2
0e

�D
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Electrostatic potential at the midpoint D/2:
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Double layer repulsion
⇧(D) = 4n0kBT�

2
0e

�D

2 =
2z2e2n0

✏✏0kBT
�0 =

�

✏✏0
�0 =

ze�0

kBT
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Interaction energy: work needed to bring the two plates together



Today’s lecture (2)
• Double layer repulsion to Soft Matter

– Interaction between two charged surfaces

• DLVO theory
– Combining Van der Waals interactions and double layer repulsion

• Brownian motion
– Diffusion coefficient

– Langevin equation

• Entropy driven phase transitions
– Crystallisation of hard spheres

– Liquid crystals



Combining the van der Waals attraction and the double layer repulsion

Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory

Casimir, Verwey, Lyklema, Overbeek

Overbeek, Derjaguin
Landau



DLVO potential
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* Much more difficult calculation, but similar physics
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double layerVan der Waals



Predict effect of charge, salt, valency, temperature, 
pH, dielectric constant, ... on the stability of colloids

DLVO theory of colloid stability
Van der Waals ‘wins’ at both small and large separation: Colloids are kinetically stable

primary minimum

secondary 
minimum

energy barrier
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Measurements of DLVO interactions

distance, and use this to derive an rtrap. Note that fluctuations
in the apparent positions from this line can be used to estimate
errors on the points; because of extensive averaging, this is
approximately 10 nm, smaller than the size of the markers in
the plot.
As the particles get closer, Figure 3A shows that rPP and rtrap

begin to deviate. This deviation can be used to derive the pair
potential between the two particles; considering two identical

harmonic potentials with constant κ, a simple geometric
argument shows that this deviation is related to the force
FPP(r) acting between the particles by = κ −F r r r( ) ( )PP

1
2 PP trap .

The force is given as an inset in Figure 3B. Finally, the
interaction potential may be obtained by integrating FPP(r)
using the expression UPP = ∫ ∞

r FPP(r) dr. Errors are found by
propagating the errors identified in Figure 3A.

Figure 3. (A) Detected center-to-center separation between two core−shell particles rPP as a function of the distance between the traps rtrap. A line
rPP = rtrap is included to highlight the deviation at small interparticle separations. Error bars are less than half the size of the markers. (Inset) Optical
trapping potential for a single PS−TPM core−shell particle in a TPM refractive index-matching solvent, fitted with a parabola. Data is taken from
the pair potential measurement experiment for rtrap = 4.4 μm. (B) Interaction potential of the core−shell particles, fitted with the hard-sphere
Yukawa function (eq 1). Inset: The corresponding force curve as a function of rPP. The particle diameter from SLS is σSLS = 3.1 μm for both (A,B).
Errors are propagated from (A).

Figure 4. (A) x−z plane of a 3D confocal image reconstruction of a TPM z-stack. (B) Rendering of particles at coordinates detected using a widely
used 3D particle-tracking algorithm over the whole z-stack. Scale bar tick marks are given at 20 μm intervals. (C) Single x−y confocal slice images
at different heights in z for the same data set as in (A). (D) Radial distribution functions g(r) for particles located in different z ranges; from the top
to the bottom, 60 < z < 80 μm, 40 < z < 60 μm, 20 < z < 40 μm, and 0 < z < 20 μm. Known peak positions relative to the first peak for face-
centered cubic structures are given in the lowest stack.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b00963
Langmuir 2019, 35, 7962−7969

7965

(e.g.) using optical tweezers: more about this in lecture 5

the repulsive double layer part

Dobnikar et al, Phys. Rev. E 69, 031402 (2004) Liu et al, Langmuir 35, 7962 (2019)



Today’s lecture (2)
• Double layer repulsion to Soft Matter

– Interaction between two charged surfaces

• DLVO theory
– Van der Waals interactions and double layer repulsion combined

• Brownian motion
– Langevin equation

– Diffusion coefficient

• Entropy driven phase transitions
– Crystallisation of hard spheres

– Liquid crystals



Brownian motion

Eleanor Mackay and Alice Thorneywork (University of Oxford)

Robert Brown (1773 – 1858), Scottish botanist

Discovered ‘Brownian motion’ in suspensions 
of plant pollen in 1827 (!)

Brownian motion 3 µm particles



Colloidal particles in a (molecular) solvent

Interact continuously 
with other molecules

Large colloidal particles buffeted continuously by solvent molecules  

Average force on particle:

But instantaneous force:
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hf(t)i = 0

solvent molecules
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f(t) 6= 0

Colloidal particle and solvent molecules (not to scale!)



Three key equations in Brownian motion

Mean squared displacementDiffusion coefficientStokes drag

How do we understand these/where do they come from?

D =
kBT

⇠
<latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit>

<latexit sha1_base64="2UTqf5UsQDTWrpFbHfSo6ANbHPw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVC9C0YvHKvYDmlA220m7dLMJuxtpCf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD4st1ScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywup357SeQisXiUU8S8CMyECxklGgj9eyyN2b4GtewlzDsgSb4oWdXnKozB14lbk4qKEejZ395/ZimEQhNOVGq6zqJ9jMiNaMcpiUvVZAQOiID6BoqSATKz+a3T/GpUfo4jKUpofFc/T2RkUipSRSYzojooVr2ZuJ/XjfV4ZWfMZGkGgRdLApTjnWMZ0HgPpNANZ8YQqhk5lZMh0QSqk1cJROCu/zyKmmdV91atXZ/Uanf5HEU0TE6QWfIRZeoju5QAzURRWP0jF7RmzW1Xqx362PRWrDymSP0B9bnD4exktc=</latexit>

⇠ = 6⇡⌘R
<latexit sha1_base64="SEOcBM2RO5r4C0cXRhH7bsCLHNY=">AAACBXicbZC7SgNBFIZn4y3G26qlFoNBsAq7QaKNENTCMoK5QHYNs5NJMmR2dpk5K4SQxsZXsbFQxNZ3sPNtnGy20MQfBj7+cw5nzh/EgmtwnG8rt7S8srqWXy9sbG5t79i7ew0dJYqyOo1EpFoB0UxwyerAQbBWrBgJA8GawfBqWm8+MKV5JO9gFDM/JH3Je5wSMFbHPvQEkX3BsLovY0+lfIFxBV9jwB276JScVHgR3AyKKFOtY3953YgmIZNABdG67Tox+GOigFPBJgUv0SwmdEj6rG1QkpBpf5xeMcHHxuniXqTMk4BT9/fEmIRaj8LAdIYEBnq+NjX/q7UT6J37Yy7jBJiks0W9RGCI8DQS3OWKURAjA4Qqbv6K6YAoQsEEVzAhuPMnL0KjXHIrpcrtabF6mcWRRwfoCJ0gF52hKrpBNVRHFD2iZ/SK3qwn68V6tz5mrTkrm9lHf2R9/gBD95Z/</latexit>

hr2i = 6Dt

We start from the equation of motion: 

The Langevin Equation



The Langevin Equation

thermal forceacceleration

‘external’ force

m
dv

dt
= F+ f(t)� ⇠v

<latexit sha1_base64="Rb7/nt+f9lajAZkycGou7YiU4fQ=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAIFbHMiKAgQlEQlxXsBTpDyaSZNjRzITlTLMM8jBtfxY0LL7hw47OYtrPQ1h8CX/5zDsn53UhwBab5ZeQWFpeWV/KrhbX1jc2t4vZOQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13cD2uN4dMKh4G9zCKmOOTXsA9Tgloq1O88LHtSUKTLrZdLxmmqSZIL3Gir/gmxUdT8lJchkN8jO0HPnWGaadYMivmRHgerAxKKFOtU3y3uyGNfRYAFUSptmVG4CREAqeCpQU7ViwidEB6rK0xID5TTjJZMsUH2uliL5T6BIAn7u+JhPhKjXxXd/oE+mq2Njb/q7Vj8M6dhAdRDCyg04e8WGAI8Tgx3OWSURAjDYRKrv+KaZ/ozEDnWtAhWLMrz0PjpGJpvjstVa+yOPJoD+2jMrLQGaqiW1RDdUTRI3pGr+jNeDJejA/jc9qaM7KZXfRHxvcPdJuiyQ==</latexit><latexit sha1_base64="Rb7/nt+f9lajAZkycGou7YiU4fQ=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAIFbHMiKAgQlEQlxXsBTpDyaSZNjRzITlTLMM8jBtfxY0LL7hw47OYtrPQ1h8CX/5zDsn53UhwBab5ZeQWFpeWV/KrhbX1jc2t4vZOQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13cD2uN4dMKh4G9zCKmOOTXsA9Tgloq1O88LHtSUKTLrZdLxmmqSZIL3Gir/gmxUdT8lJchkN8jO0HPnWGaadYMivmRHgerAxKKFOtU3y3uyGNfRYAFUSptmVG4CREAqeCpQU7ViwidEB6rK0xID5TTjJZMsUH2uliL5T6BIAn7u+JhPhKjXxXd/oE+mq2Njb/q7Vj8M6dhAdRDCyg04e8WGAI8Tgx3OWSURAjDYRKrv+KaZ/ozEDnWtAhWLMrz0PjpGJpvjstVa+yOPJoD+2jMrLQGaqiW1RDdUTRI3pGr+jNeDJejA/jc9qaM7KZXfRHxvcPdJuiyQ==</latexit><latexit sha1_base64="Rb7/nt+f9lajAZkycGou7YiU4fQ=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAIFbHMiKAgQlEQlxXsBTpDyaSZNjRzITlTLMM8jBtfxY0LL7hw47OYtrPQ1h8CX/5zDsn53UhwBab5ZeQWFpeWV/KrhbX1jc2t4vZOQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13cD2uN4dMKh4G9zCKmOOTXsA9Tgloq1O88LHtSUKTLrZdLxmmqSZIL3Gir/gmxUdT8lJchkN8jO0HPnWGaadYMivmRHgerAxKKFOtU3y3uyGNfRYAFUSptmVG4CREAqeCpQU7ViwidEB6rK0xID5TTjJZMsUH2uliL5T6BIAn7u+JhPhKjXxXd/oE+mq2Njb/q7Vj8M6dhAdRDCyg04e8WGAI8Tgx3OWSURAjDYRKrv+KaZ/ozEDnWtAhWLMrz0PjpGJpvjstVa+yOPJoD+2jMrLQGaqiW1RDdUTRI3pGr+jNeDJejA/jc9qaM7KZXfRHxvcPdJuiyQ==</latexit><latexit sha1_base64="Rb7/nt+f9lajAZkycGou7YiU4fQ=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAIFbHMiKAgQlEQlxXsBTpDyaSZNjRzITlTLMM8jBtfxY0LL7hw47OYtrPQ1h8CX/5zDsn53UhwBab5ZeQWFpeWV/KrhbX1jc2t4vZOQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13cD2uN4dMKh4G9zCKmOOTXsA9Tgloq1O88LHtSUKTLrZdLxmmqSZIL3Gir/gmxUdT8lJchkN8jO0HPnWGaadYMivmRHgerAxKKFOtU3y3uyGNfRYAFUSptmVG4CREAqeCpQU7ViwidEB6rK0xID5TTjJZMsUH2uliL5T6BIAn7u+JhPhKjXxXd/oE+mq2Njb/q7Vj8M6dhAdRDCyg04e8WGAI8Tgx3OWSURAjDYRKrv+KaZ/ozEDnWtAhWLMrz0PjpGJpvjstVa+yOPJoD+2jMrLQGaqiW1RDdUTRI3pGr+jNeDJejA/jc9qaM7KZXfRHxvcPdJuiyQ==</latexit>

Paul Langevin 
(1872 – 1946)

... essentially F = ma ...

drag

(Stokes Equation)

<latexit sha1_base64="2UTqf5UsQDTWrpFbHfSo6ANbHPw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVC9C0YvHKvYDmlA220m7dLMJuxtpCf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD4st1ScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywup357SeQisXiUU8S8CMyECxklGgj9eyyN2b4GtewlzDsgSb4oWdXnKozB14lbk4qKEejZ395/ZimEQhNOVGq6zqJ9jMiNaMcpiUvVZAQOiID6BoqSATKz+a3T/GpUfo4jKUpofFc/T2RkUipSRSYzojooVr2ZuJ/XjfV4ZWfMZGkGgRdLApTjnWMZ0HgPpNANZ8YQqhk5lZMh0QSqk1cJROCu/zyKmmdV91atXZ/Uanf5HEU0TE6QWfIRZeoju5QAzURRWP0jF7RmzW1Xqx362PRWrDymSP0B9bnD4exktc=</latexit>

⇠ = 6⇡⌘R

h : solvent viscosity

R v



Diffusion coefficient: diffusion down a 
concentration gradient

Þ Einstein-Smoluchowski Equation: D =
kBT

⇠
<latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit><latexit sha1_base64="QRAIKgiE8tpGlCVkRhUut3Zs98Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFUSEXQjlOrCZYXeoAlhMp20QycXZiZiCPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmd9POJPKsr6N0tr6xuZWebuys7u3f2AeHnVlnApCOyTmsej7WFLOItpRTHHaTwTFoc9pz5/czOq9Byoki6O2yhLqhngUsYARrLTlmdXbaycQmOQTr4na09x5ZFPPrFl1ay60CnYBNSjU8swvZxiTNKSRIhxLObCtRLk5FooRTqcVJ5U0wWSCR3SgMcIhlW4+P36KTrUzREEs9IsUmru/J3IcSpmFvu4MsRrL5drM/K82SFVw5eYsSlJFI7JYFKQcqRjNkkBDJihRPNOAiWD6VkTGWGehdF4VHYK9/OVV6J7Xbc33F7VGs4ijDMdwAmdgwyU04A5a0AECGTzDK7wZT8aL8W58LFpLRjFThT8yPn8AVQyUjw==</latexit>

See also problem set

<latexit sha1_base64="2UTqf5UsQDTWrpFbHfSo6ANbHPw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVC9C0YvHKvYDmlA220m7dLMJuxtpCf0rXjwo4tU/4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD4st1ScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywup357SeQisXiUU8S8CMyECxklGgj9eyyN2b4GtewlzDsgSb4oWdXnKozB14lbk4qKEejZ395/ZimEQhNOVGq6zqJ9jMiNaMcpiUvVZAQOiID6BoqSATKz+a3T/GpUfo4jKUpofFc/T2RkUipSRSYzojooVr2ZuJ/XjfV4ZWfMZGkGgRdLApTjnWMZ0HgPpNANZ8YQqhk5lZMh0QSqk1cJROCu/zyKmmdV91atXZ/Uanf5HEU0TE6QWfIRZeoju5QAzURRWP0jF7RmzW1Xqx362PRWrDymSP0B9bnD4exktc=</latexit>

⇠ = 6⇡⌘R

High concentration c

High osmotic pressure P

High chemical potential µ

Low concentration c

Low osmotic pressure P

Low chemical potential µ

µ: work required to add one mole (or one particle)



Solution to the Langevin equation
<latexit sha1_base64="f8NZWEsQYkRsLn4yOFNmSX2kL7I=">AAACInicbZDLSgMxFIYzXmu9VV26CRahLiwzIlUXQtGNywr2Ap2hZDKZNjRzITlTLMM8ixtfxY0LRV0JPozpRdDWHwJ/vnMOyfndWHAFpvlpLCwuLa+s5tby6xubW9uFnd2GihJJWZ1GIpItlygmeMjqwEGwViwZCVzBmm7/elRvDphUPArvYBgzJyDdkPucEtCoU7gIsO1LQlMPp7br40GGS3CU6StklxPkjxE+xvY9/2nSoFMommVzLDxvrKkpoqlqncK77UU0CVgIVBCl2pYZg5MSCZwKluXtRLGY0D7psra2IQmYctLxihk+1MTDfiT1CQGP6e+JlARKDQNXdwYEemq2NoL/1doJ+OdOysM4ARbSyUN+IjBEeJQX9rhkFMRQG0Il13/FtEd0YqBTzesQrNmV503jpGxVypXb02L1ahpHDu2jA1RCFjpDVXSDaqiOKHpAT+gFvRqPxrPxZnxMWheM6cwe+iPj6xs6IqGd</latexit>

m
dv(t)

dt
= f(t)� ⇠v(t)

However, we can’t say much about v (t) as long as we don’t the details of f (t)

Instead look at the velocity autocorrelation function

General solution for particle velocity *
<latexit sha1_base64="Zfnc081uGad5ktcUPtflqYULxjc="></latexit>

v(t) = exp

✓
� ⇠

m
t

◆
v(0) +

Z t

0
dt0

f(t0)

m
exp

✓
⇠

m
t0
◆�

consider time scales short enough for random force not to average to zero  

<latexit sha1_base64="YrQCz7P45YMbYFSp8YeozZS2p/Q=">AAACHnicbVDLSgMxFM34rPVVdekmWIR2U2ZEq8uiG5cV7AM6Q8lkMm1oJjMkdwpl6Je48VfcuFBEcKV/Y/pY2NYDgcM555J7j58IrsG2f6y19Y3Nre3cTn53b//gsHB03NRxqihr0FjEqu0TzQSXrAEcBGsnipHIF6zlD+4mfmvIlOaxfIRRwryI9CQPOSVgpG7hyhVE9gTDmRsR6PshHo5Ldhm7NIhhQYQyxq6ahbuFol2xp8CrxJmTIpqj3i18uUFM04hJoIJo3XHsBLyMKOBUsHHeTTVLCB2QHusYKknEtJdNzxvjc6MEOIyVeRLwVP07kZFI61Hkm+RkXb3sTcT/vE4K4Y2XcZmkwCSdfRSmAkOMJ13hgCtGQYwMIVRxsyumfaIIBdNo3pTgLJ+8SpoXFadaqT5cFmu38zpy6BSdoRJy0DWqoXtURw1E0RN6QW/o3Xq2Xq0P63MWXbPmMydoAdb3LwxuoTA=</latexit>

hv(0) · v(t)i
* no need to learn this



Ensemble averages and ergodicity

Therefore, look at ensemble averages ⟨ ... ⟩ 

repeat experiment in time

t1
t2

t3

t4

or in space 

in equilibrium:



Velocity autocorrelation function
<latexit sha1_base64="EApKmQDzbB+PktN2OvtqQAna2h8="></latexit>

hv(0) · v(t)i = 3kBT

m
exp

✓
� ⇠

m
t

◆

R = 5 nm : t = 5.8 ps
R = 100 nm : t = 2.3 ns
R = 1 µm : t = 0.2 µs

<latexit sha1_base64="GYqhAlOzmL3KrRpqUHYDH5C0ca8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EohuXFewDmlIm00k7dDIJMxOxhuCvuHGhiFv/w51/47TNQlsPXDiccy/33uPHnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kfXE791T6VikbjT45h2QzwQLGAEayP17ANP4wRdIi+QmKRhlnoPLOvZZafiTIEWiZuTMuSo9+wvrx+RJKRCE46V6rhOrLsplpoRTrOSlygaYzLCA9oxVOCQqm46vT5Dx0bpoyCSpoRGU/X3RIpDpcahbzpDrIdq3puI/3mdRAcX3ZSJONFUkNmiIOFIR2gSBeozSYnmY0MwkczcisgQmxy0CaxkQnDnX14kzdOKW61Ub8/Ktas8jiIcwhGcgAvnUIMbqEMDCDzCM7zCm/VkvVjv1sestWDlM/vwB9bnD12hlTM=</latexit>

⌧ =
m

⇠
relaxation time of particle velocity

How fast a Brownian particle forgets its initial velocity

<latexit sha1_base64="YrQCz7P45YMbYFSp8YeozZS2p/Q=">AAACHnicbVDLSgMxFM34rPVVdekmWIR2U2ZEq8uiG5cV7AM6Q8lkMm1oJjMkdwpl6Je48VfcuFBEcKV/Y/pY2NYDgcM555J7j58IrsG2f6y19Y3Nre3cTn53b//gsHB03NRxqihr0FjEqu0TzQSXrAEcBGsnipHIF6zlD+4mfmvIlOaxfIRRwryI9CQPOSVgpG7hyhVE9gTDmRsR6PshHo5Ldhm7NIhhQYQyxq6ahbuFol2xp8CrxJmTIpqj3i18uUFM04hJoIJo3XHsBLyMKOBUsHHeTTVLCB2QHusYKknEtJdNzxvjc6MEOIyVeRLwVP07kZFI61Hkm+RkXb3sTcT/vE4K4Y2XcZmkwCSdfRSmAkOMJ13hgCtGQYwMIVRxsyumfaIIBdNo3pTgLJ+8SpoXFadaqT5cFmu38zpy6BSdoRJy0DWqoXtURw1E0RN6QW/o3Xq2Xq0P63MWXbPmMydoAdb3LwxuoTA=</latexit>

hv(0) · v(t)i

2.×10-7 4.×10-7 6.×10-7 8.×10-7 1.×10-6

5.×10-7

1.×10-6

1.5×10-6

2.×10-6

2.5×10-6

<latexit sha1_base64="HTVOqgB5nhnSabFSSFDKzGLWaVI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07uF332iSrNIPppZTH2Bx5KFjGCTSVV9OSxX3JqbAa0TLycVyNEalr8Go4gkgkpDONa677mx8VOsDCOczkuDRNMYkyke076lEguq/TS7dY4urDJCYaRsSYMy9fdEioXWMxHYToHNRK96C/E/r5+Y8MZPmYwTQyVZLgoTjkyEFo+jEVOUGD6zBBPF7K2ITLDCxNh4SjYEb/XlddK5qnmNWuOhXmne5nEU4QzOoQoeXEMT7qEFbSAwgWd4hTdHOC/Ou/OxbC04+cwp/IHz+QN9uo3l</latexit>

t(s)

A colloidal particle starts moving  randomly after a very short amount of time



How far does a colloidal particle move? 
Brownian motion as a random walk

mean squared displacement: 

<latexit sha1_base64="yaqLH+gNWL+fUZs5iFzmDnwWrAQ=">AAACGnicbVDLSgMxFM3UV62vUZdugkXabsqMSHUjFN24rGAf0NaSSTNtaCYzJHcKZeh3uPFX3LhQxJ248W9MH6C2HggczjmX3Hu8SHANjvNlpVZW19Y30puZre2d3T17/6Cmw1hRVqWhCFXDI5oJLlkVOAjWiBQjgSdY3RtcT/z6kCnNQ3kHo4i1A9KT3OeUgJE6touTVkCg7/lYjfNQwJcY4xaX0HHuAXchh38CQxPIFTp21ik6U+Bl4s5JFs1R6dgfrW5I44BJoIJo3XSdCNoJUcCpYONMK9YsInRAeqxpqCQB0+1ketoYnxili/1QmScBT9XfEwkJtB4FnklOttSL3kT8z2vG4F+0Ey6jGJiks4/8WGAI8aQn3OWKURAjQwhV3OyKaZ8oQsG0mTEluIsnL5PaadEtFUu3Z9ny1byONDpCxyiPXHSOyugGVVAVUfSAntALerUerWfrzXqfRVPWfOYQ/YH1+Q3ce55J</latexit>

r(t) =

Z t

0
dt0v(t0)

<latexit sha1_base64="n4qumNZkJYBYSwLlvd2b5mI1tso=">AAACDHicbVDLSsNAFL2pr1pfVZduBotQNyURqW6EohuXFewDmlAm00k7dDIJMxOhhH6AG3/FjQtF3PoB7vwbJ20W2npg4HDOucy9x485U9q2v63Cyura+kZxs7S1vbO7V94/aKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHH99kfueBSsUica8nMfVCPBQsYARrI/XLFeRyLIacotQNsR75AZLTqj5FyJVz/co2Kbtmz4CWiZOTCuRo9stf7iAiSUiFJhwr1XPsWHsplpoRTqclN1E0xmSMh7RnqMAhVV46O2aKTowyQEEkzRMazdTfEykOlZqEvklmC6tFLxP/83qJDi69lIk40VSQ+UdBwpGOUNYMGjBJieYTQzCRzOyKyAhLTLTpr2RKcBZPXibts5pTr9XvziuN67yOIhzBMVTBgQtowC00oQUEHuEZXuHNerJerHfrYx4tWPnMIfyB9fkDT2qZ4g==</latexit>

hr(t)i = 0

<latexit sha1_base64="GldRuskoABrKrl1VNkl0Xnf/Qu0=">AAACKHicbVDLSgMxFM3UV62vqks3wSLUTZkpUt2IRTcuK9gHdGrJpJk2NJMZkjtCGfo5bvwVNyKKdOuXmL5QWw8ETs45l+QeLxJcg22PrNTK6tr6Rnozs7W9s7uX3T+o6TBWlFVpKELV8IhmgktWBQ6CNSLFSOAJVvf6N2O//siU5qG8h0HEWgHpSu5zSsBI7eyVK4jsCoYT1/OxGmKXdkL4uampe4nnOfVQxHk4nTvtbM4u2BPgZeLMSA7NUGln39xOSOOASaCCaN107AhaCVHAqWDDjBtrFhHaJ13WNFSSgOlWMll0iE+M0sF+qMyRgCfq74mEBFoPAs8kAwI9veiNxf+8Zgz+RSvhMoqBSTp9yI8FhhCPW8MdrhgFMTCEUMXNXzHtEUUomG4zpgRnceVlUisWnFKhdHeWK1/P6kijI3SM8shB56iMblEFVRFFT+gFvaMP69l6tT6t0TSasmYzh+gPrK9vcmmk+g==</latexit>

hr · ri = hr2(t)i

mean displacement

Eleanor Mackay and Alice Thorneywork (University of Oxford)

<latexit sha1_base64="lLg2o4RduqflVKzP+HprZhpdszU=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2AR6qbMFKkui25cVrAP6Iwlk6ZtaCYzJBmhDMWNv+LGhSJu/Qp3/o1pOwttPXDh5Jx7yb0niDlT2nG+rdzK6tr6Rn6zsLW9s7tn7x80VZRIQhsk4pFsB1hRzgRtaKY5bceS4jDgtBWMrqd+64FKxSJxp8cx9UM8EKzPCNZG6tpHyONYDDhF8r6CSvoMeXL+7tpFp+zMgJaJm5EiZKh37S+vF5EkpEITjpXquE6s/RRLzQink4KXKBpjMsID2jFU4JAqP52dMEGnRumhfiRNCY1m6u+JFIdKjcPAdIZYD9WiNxX/8zqJ7l/6KRNxoqkg84/6CUc6QtM8UI9JSjQfG4KJZGZXRIZYYqJNagUTgrt48jJpVsputVy9PS/WrrI48nAMJ1ACFy6gBjdQhwYQeIRneIU368l6sd6tj3lrzspmDuEPrM8fttGVuw==</latexit> hr
2
(t
)i

<latexit sha1_base64="HTVOqgB5nhnSabFSSFDKzGLWaVI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07uF332iSrNIPppZTH2Bx5KFjGCTSVV9OSxX3JqbAa0TLycVyNEalr8Go4gkgkpDONa677mx8VOsDCOczkuDRNMYkyke076lEguq/TS7dY4urDJCYaRsSYMy9fdEioXWMxHYToHNRK96C/E/r5+Y8MZPmYwTQyVZLgoTjkyEFo+jEVOUGD6zBBPF7K2ITLDCxNh4SjYEb/XlddK5qnmNWuOhXmne5nEU4QzOoQoeXEMT7qEFbSAwgWd4hTdHOC/Ou/OxbC04+cwp/IHz+QN9uo3l</latexit>

t(s)

<latexit sha1_base64="n74ZE1T8TzmfRpsBDCYA9UGvxU4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYJZPvlil/150CrJMhJBXI0+uWv3kCRVFBpCcfGdAM/sWGGtWWE02mplxqaYDLGQ9p1VGJBTZjNr52iM6cMUKy0K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4OMyaT1FJJFovilCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUMmFECy/vEpaF9WgVq3dX1bqN3kcRTiBUziHAK6gDnfQgCYQeIRneIU3T3kv3rv3sWgtePnMMfyB9/kDUOCO+g==</latexit>⇠ t



How far does a colloidal particle move? 
Mean squared displacement

<latexit sha1_base64="yaqLH+gNWL+fUZs5iFzmDnwWrAQ=">AAACGnicbVDLSgMxFM3UV62vUZdugkXabsqMSHUjFN24rGAf0NaSSTNtaCYzJHcKZeh3uPFX3LhQxJ248W9MH6C2HggczjmX3Hu8SHANjvNlpVZW19Y30puZre2d3T17/6Cmw1hRVqWhCFXDI5oJLlkVOAjWiBQjgSdY3RtcT/z6kCnNQ3kHo4i1A9KT3OeUgJE6touTVkCg7/lYjfNQwJcY4xaX0HHuAXchh38CQxPIFTp21ik6U+Bl4s5JFs1R6dgfrW5I44BJoIJo3XSdCNoJUcCpYONMK9YsInRAeqxpqCQB0+1ketoYnxili/1QmScBT9XfEwkJtB4FnklOttSL3kT8z2vG4F+0Ey6jGJiks4/8WGAI8aQn3OWKURAjQwhV3OyKaZ8oQsG0mTEluIsnL5PaadEtFUu3Z9ny1byONDpCxyiPXHSOyugGVVAVUfSAntALerUerWfrzXqfRVPWfOYQ/YH1+Q3ce55J</latexit>

r(t) =

Z t

0
dt0v(t0)

Approach 1: work it out from (general) velocity autocorrelation function (multiple integrals)*

<latexit sha1_base64="c3TJHSCRkS+COQONnVu5iczf3ZY="></latexit>

hr2(t)i =
Z t

0
dt0

Z t

0
dt00 hv(t0) · v(t00)i

<latexit sha1_base64="3kqUgYIfWHd/04LTQ80VhABRkZg="></latexit>

hv(t) · v(t0)i = 3kBT

m
exp

✓
� ⇠

m
|t� t0|

◆

<latexit sha1_base64="HROtcUUgwVeVwNdF9wfr2GwGDRM="></latexit>

hr2(t)i = 6kBT

⇠

✓
t+

exp(�t/⌧)� 1

1/⌧

◆

* no need to learn this, it’s a bit tricky, but very rewarding!

<latexit sha1_base64="GYqhAlOzmL3KrRpqUHYDH5C0ca8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EohuXFewDmlIm00k7dDIJMxOxhuCvuHGhiFv/w51/47TNQlsPXDiccy/33uPHnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kfXE791T6VikbjT45h2QzwQLGAEayP17ANP4wRdIi+QmKRhlnoPLOvZZafiTIEWiZuTMuSo9+wvrx+RJKRCE46V6rhOrLsplpoRTrOSlygaYzLCA9oxVOCQqm46vT5Dx0bpoyCSpoRGU/X3RIpDpcahbzpDrIdq3puI/3mdRAcX3ZSJONFUkNmiIOFIR2gSBeozSYnmY0MwkczcisgQmxy0CaxkQnDnX14kzdOKW61Ub8/Ktas8jiIcwhGcgAvnUIMbqEMDCDzCM7zCm/VkvVjv1sestWDlM/vwB9bnD12hlTM=</latexit>

⌧ =
m

⇠

relaxation time of particle velocity



How far does a colloidal particle move? 
Mean squared displacement

Approach 1: work it out from (general) velocity autocorrelation function (multiple integrals)*

<latexit sha1_base64="HROtcUUgwVeVwNdF9wfr2GwGDRM="></latexit>

hr2(t)i = 6kBT

⇠

✓
t+

exp(�t/⌧)� 1

1/⌧

◆
<latexit sha1_base64="GYqhAlOzmL3KrRpqUHYDH5C0ca8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EohuXFewDmlIm00k7dDIJMxOxhuCvuHGhiFv/w51/47TNQlsPXDiccy/33uPHnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kfXE791T6VikbjT45h2QzwQLGAEayP17ANP4wRdIi+QmKRhlnoPLOvZZafiTIEWiZuTMuSo9+wvrx+RJKRCE46V6rhOrLsplpoRTrOSlygaYzLCA9oxVOCQqm46vT5Dx0bpoyCSpoRGU/X3RIpDpcahbzpDrIdq3puI/3mdRAcX3ZSJONFUkNmiIOFIR2gSBeozSYnmY0MwkczcisgQmxy0CaxkQnDnX14kzdOKW61Ub8/Ktas8jiIcwhGcgAvnUIMbqEMDCDzCM7zCm/VkvVjv1sestWDlM/vwB9bnD12hlTM=</latexit>

⌧ =
m

⇠

Now two important regimes can be identified:

<latexit sha1_base64="0WNwWG+qrZlv/OIjR+LjS15r11k=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRyS+lMRHmvXKFbfqzkFWiZeTCuRo9Mpffj9hWcwVMkmN6XpuisGEahRM8mnJzwxPKRvRAe9aqmjMTTCZXzwlZ1bpkyjRthSSufp7YkJjY8ZxaDtjikOz7M3E/7xuhtF1MBEqzZArtlgUZZJgQmbvk77QnKEcW0KZFvZWwoZUU4Y2pJINwVt+eZW0LqperVq7v6zUb/I4inACp3AOHlxBHe6gAU1goOAZXuHNMc6L8+58LFoLTj5zDH/gfP4A8uKQdw==</latexit>

t ⌧ ⌧

<latexit sha1_base64="+kwYbcjEL08r75DaSCL+yOLjY7s=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWy2m3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2ilRyT+YEB8pFmvXHGr7hxklXg5qUCORq/85fcTlsVcIZPUmK7nphhMqEbBJJ+W/MzwlLIRHfCupYrG3AST+cVTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZhhdBxOh0gy5YotFUSYJJmT2PukLzRnKsSWUaWFvJWxINWVoQyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox6K14OQzx/AHzucP44OQbQ==</latexit>

t � ⌧

<latexit sha1_base64="GlxVVjiikRXIW5kWGXmpneO2v1Q=">AAACIXicbVBNSwMxEM36WetX1aOXwSLopeyK1F6EUj14rGC10K0lm2ZraDa7JLNiWfpXvPhXvHhQxJv4Z0w/Dlp9MPDy3gyZeUEihUHX/XTm5hcWl5ZzK/nVtfWNzcLW9rWJU814g8Uy1s2AGi6F4g0UKHkz0ZxGgeQ3Qf9s5N/cc21ErK5wkPB2RHtKhIJRtFKnUAFfUtWTHPTtERzgIfh68j4F8ENNWVaGfqd2Ncz8BzEEtHoZzgE7haJbcseAv8SbkiKZot4pfPjdmKURV8gkNabluQm2M6pRMMmHeT81PKGsT3u8ZamiETftbHzhEPat0oUw1rYUwlj9OZHRyJhBFNjOiOKdmfVG4n9eK8Ww0s6ESlLkik0+ClMJGMMoLugKzRnKgSWUaWF3BXZHbSxoQ83bELzZk/+S66OSVy6VL4+L1do0jhzZJXvkgHjkhFTJBamTBmHkkTyTV/LmPDkvzrvzMWmdc6YzO+QXnK9vU46giA==</latexit>

hr2(t)i = 6kBT

⇠
t = 6Dt

<latexit sha1_base64="1oDRO+J0NU5td/Dx2cjMJVE4pFc=">AAACGnicbVA9SwNBEN3zM8avqKXNYBBiE+6iRBshxMYyglEhF8PeZi8u2ds7dueEcOR32PhXbCwUsRMb/42bj0KNDwbevjfDzrwgkcKg6345c/MLi0vLuZX86tr6xmZha/vKxKlmvMliGeubgBouheJNFCj5TaI5jQLJr4P+2ci/vufaiFhd4iDh7Yj2lAgFo2ilTsEDX1LVkxz0bQVKeAC+nrxPAfxQU5YdQr9Tvxxm0RAAbyudQtEtu2PALPGmpEimaHQKH343ZmnEFTJJjWl5boLtjGoUTPJh3k8NTyjr0x5vWapoxE07G582hH2rdCGMtS2FMFZ/TmQ0MmYQBbYzonhn/noj8T+vlWJ40s6ESlLkik0+ClMJGMMoJ+gKzRnKgSWUaWF3BXZHbR5o08zbELy/J8+Sq0rZq5arF0fFWn0aR47skj1SIh45JjVyThqkSRh5IE/khbw6j86z8+a8T1rnnOnMDvkF5/MbG1iedA==</latexit>

hr2(t)i = 3kBT

m
t2 Short-time ballistic regime

Long-time diffusive regime

relaxation time of particle velocity



How far does a colloidal particle move? 
Mean squared displacement

Approach 2: following Langevin himself: see problem set

Paul Langevin 
(1872 – 1946)

hx2i = 2
kBT

⇠
t = 2Dt

<latexit sha1_base64="XpfyiyzD2RjLqTCbNag5vDHmpvo=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCG8tMEXRTKNWFywq9QaeWTJppQzOZITkjLUOfwo2v4saFIm7FnW9jello6w+Bj/+cw8n5/VhwDY7zba2srq1vbGa2sts7u3v79sFhXUeJoqxGIxGppk80E1yyGnAQrBkrRkJfsIY/uJ7UGw9MaR7JKoxi1g5JT/KAUwLG6tjnniCyJxge3hewp2ZcxIYDRWg66JSr49Qb8jEUCzfQsXNO3pkKL4M7hxyaq9Kxv7xuRJOQSaCCaN1ynRjaKVHAqWDjrJdoFhM6ID3WMihJyHQ7nZ41xqfG6eIgUuZJwFP390RKQq1HoW86QwJ9vVibmP/VWgkEV+2UyzgBJulsUZAIDBGeZIS7XDEKYmSAUMXNXzHtE5MHmCSzJgR38eRlqBfyruG7i1ypPI8jg47RCTpDLrpEJXSLKqiGKHpEz+gVvVlP1ov1bn3MWles+cwR+iPr8wdsVp5I</latexit><latexit sha1_base64="XpfyiyzD2RjLqTCbNag5vDHmpvo=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCG8tMEXRTKNWFywq9QaeWTJppQzOZITkjLUOfwo2v4saFIm7FnW9jello6w+Bj/+cw8n5/VhwDY7zba2srq1vbGa2sts7u3v79sFhXUeJoqxGIxGppk80E1yyGnAQrBkrRkJfsIY/uJ7UGw9MaR7JKoxi1g5JT/KAUwLG6tjnniCyJxge3hewp2ZcxIYDRWg66JSr49Qb8jEUCzfQsXNO3pkKL4M7hxyaq9Kxv7xuRJOQSaCCaN1ynRjaKVHAqWDjrJdoFhM6ID3WMihJyHQ7nZ41xqfG6eIgUuZJwFP390RKQq1HoW86QwJ9vVibmP/VWgkEV+2UyzgBJulsUZAIDBGeZIS7XDEKYmSAUMXNXzHtE5MHmCSzJgR38eRlqBfyruG7i1ypPI8jg47RCTpDLrpEJXSLKqiGKHpEz+gVvVlP1ov1bn3MWles+cwR+iPr8wdsVp5I</latexit><latexit sha1_base64="XpfyiyzD2RjLqTCbNag5vDHmpvo=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCG8tMEXRTKNWFywq9QaeWTJppQzOZITkjLUOfwo2v4saFIm7FnW9jello6w+Bj/+cw8n5/VhwDY7zba2srq1vbGa2sts7u3v79sFhXUeJoqxGIxGppk80E1yyGnAQrBkrRkJfsIY/uJ7UGw9MaR7JKoxi1g5JT/KAUwLG6tjnniCyJxge3hewp2ZcxIYDRWg66JSr49Qb8jEUCzfQsXNO3pkKL4M7hxyaq9Kxv7xuRJOQSaCCaN1ynRjaKVHAqWDjrJdoFhM6ID3WMihJyHQ7nZ41xqfG6eIgUuZJwFP390RKQq1HoW86QwJ9vVibmP/VWgkEV+2UyzgBJulsUZAIDBGeZIS7XDEKYmSAUMXNXzHtE5MHmCSzJgR38eRlqBfyruG7i1ypPI8jg47RCTpDLrpEJXSLKqiGKHpEz+gVvVlP1ov1bn3MWles+cwR+iPr8wdsVp5I</latexit><latexit sha1_base64="XpfyiyzD2RjLqTCbNag5vDHmpvo=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCG8tMEXRTKNWFywq9QaeWTJppQzOZITkjLUOfwo2v4saFIm7FnW9jello6w+Bj/+cw8n5/VhwDY7zba2srq1vbGa2sts7u3v79sFhXUeJoqxGIxGppk80E1yyGnAQrBkrRkJfsIY/uJ7UGw9MaR7JKoxi1g5JT/KAUwLG6tjnniCyJxge3hewp2ZcxIYDRWg66JSr49Qb8jEUCzfQsXNO3pkKL4M7hxyaq9Kxv7xuRJOQSaCCaN1ynRjaKVHAqWDjrJdoFhM6ID3WMihJyHQ7nZ41xqfG6eIgUuZJwFP390RKQq1HoW86QwJ9vVibmP/VWgkEV+2UyzgBJulsUZAIDBGeZIS7XDEKYmSAUMXNXzHtE5MHmCSzJgR38eRlqBfyruG7i1ypPI8jg47RCTpDLrpEJXSLKqiGKHpEz+gVvVlP1ov1bn3MWles+cwR+iPr8wdsVp5I</latexit>

hr2i = 2nDt
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MSD in n-dimensions:



How long does it take for a particle to 
diffuse over its own diameter (d)?

d = 10 nm  tB = 0.3 µs 

d = 200 nm tB = 3 ms

d = 2 µm  tB = 3 s

Typical time scale in colloids: 
Brownian time (tB)

hr2i = 6Dt ! ⌧B =
d2

6D
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Other types of diffusion: rotational diffusion

Rotational diffusion constant of a sphere:

On 11 November 1909, Einstein wrote to Perrin: “I would 
not have considered a measurement of rotations as 
feasible. In my eyes it was only a pretty trifle”.

B.Duplantier, Brownian Motion, ‘Diverse and Undulating’ (2005)

“How can you see if a sphere rotates? 
Make it optically anisotropic!”

Perrin (1909)

DR =
kBT

8⇡⌘R3
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T. Yanagishima et al., Phys. Rev. X 11, 021056 (2021)



Today’s lecture (2)
• Double layer repulsion to Soft Matter

– Interaction between two charged surfaces

• DLVO theory
– Van der Waals interactions and double layer repulsion combined

• Brownian motion
– Diffusion coefficient

– Langevin equation

• Entropy driven phase transitions
– Crystallisation of hard spheres

– Liquid crystals
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the surface chemistry modified, or solvent varied, to create systems that exhibit a variety of

interparticle interactions [35–39]. They may also be directly manipulated, by means of optical

tweezers [40, 41], magnetic fields [42, 43], or the imposition of shear [44, 45]. This inherent

versatility means that many physical phenomena can be studied using colloids, including self-

assembly [46], active matter [47, 48] and phase transitions [24, 49–51]. Here, the ability to

study the systems directly by optical microscopy allows for detailed structural and dynamic

information to be obtained, and hence the mechanisms of these phenomena to be probed at a

single particle level.

Colloidal model systems have been widely used to consider 2D phenomena, with a range of

methods of confinement including thin cells [52–57], optical tweezers [58], or simply gravity [59–

67] employed to realise a colloidal monolayer. Here, however, the colloidal systems themselves

are more accurately described as quasi -two-dimensional. This distinction is due to the fact that

while the motion of the colloidal particles is confined to a single plane, the momentum transport

through the solvent can evolve in three spatial directions. This has a substantial e↵ect on the

particle dynamics due to the complex, solvent-mediated, hydrodynamic interactions between

particles and this subtlety can in fact lead to surprising di↵erences in the dynamic behaviour of

systems all described as quasi-2D, but confined by di↵erent methods [54,57,62,65,68,69].

1.2 Hard core systems

While colloids are used to study increasingly complex phenomena, they have long been recognised

as one of the best experimental realisations of the simplest many body interacting system, that

of particles interacting via a hard core potential [24]. For hard spheres with diameter � and at

separation r, the pair potential, v(r), has the form

v(r) =

8
<

:
1 for r < �

0 for r � �,

(1.1)

which physically implies that particles cannot overlap or interpenetrate. This pair potential is

of relevance to many systems, due to the dominance of the interaction potential by a strong

repulsion at short distances, which for molecular and atomic systems arises from the overlap of

electron shells.

Simplest possible non-trivial interacting system
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Hard spheres

• Temperature does not play a role in the interaction

• We do still have Brownian motion!

• Packing fraction f only relevant control parameter

• Minimising free energy by maximising entropy!



Phase behaviour of (colloidal) hard spheres
Low density fluid High density fluid Colloidal crystal!?



Alder, Wainwright and Mary Ann Mansigh



Phase behaviour of (colloidal) hard spheres

Crystallisation ... …..with no attraction???!liquid crystalcoexistence
gap

0.49 0.545!

fluid
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Figure 2.6: (a) Phase behaviour of hard spheres depending on the volume fraction �v. Hard
spheres crystallise via first order phase transition with a fluid-crystal coexistence. (b) The
breaking of crystalline order happens in two steps. Dislocations in the hexatic phase break the
translational order of the crystal (black dotted line). Bond-orientational order in the crystal is
maintained in the hexatic but broken in the fluid due to isolated disclinations (blue arrows).
(c) Phase behaviour of hard disks depending on the area fraction �a. Melting happens in two
steps via a continuous crystal-hexatic transition and a first order hexatic-fluid transition with
coexistence [39].

spheres does not depend on the temperature T . In brief, this is because the phase behaviour is

determined by the configuration integral comprising the term exp (�Uhard(r)/kBT ), which does

not depend on T as it is 1 if r > � and 0 otherwise1.

In the case of hard spheres in 3D space, the only control parameter is the volume fraction,

�v, defined as the ratio between the volume occupied by the particles and the total volume

of the dispersion. In the phase behaviour of hard spheres, the role of the volume fraction �v

is analogous to an inverse temperature. Indeed, at low volume fractions, hard spheres form a

1
The temperature does appear as a pre-factor in the partition function, as a result of the integration over

the kinetic degrees of freedom. However this does not determine the equilibrium phase behaviour and T only

influences the kinetics of the system.
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steps via a continuous crystal-hexatic transition and a first order hexatic-fluid transition with
coexistence [39].

spheres does not depend on the temperature T . In brief, this is because the phase behaviour is

determined by the configuration integral comprising the term exp (�Uhard(r)/kBT ), which does

not depend on T as it is 1 if r > � and 0 otherwise1.

In the case of hard spheres in 3D space, the only control parameter is the volume fraction,

�v, defined as the ratio between the volume occupied by the particles and the total volume

of the dispersion. In the phase behaviour of hard spheres, the role of the volume fraction �v

is analogous to an inverse temperature. Indeed, at low volume fractions, hard spheres form a

1
The temperature does appear as a pre-factor in the partition function, as a result of the integration over

the kinetic degrees of freedom. However this does not determine the equilibrium phase behaviour and T only

influences the kinetics of the system.

Low density fluid High density fluid Colloidal crystal!?



No attraction, but still a phase transition: 
let’s vote…??!

“...the transition goes a little bit against intuition; that 
is why so many people have difficulty with it, and 
surely, I am one of those.”

George E. Uhlenbeck
(1900-1988)

“I think it is quite unnecessary to have an attractive
force to achieve a crystalline phase and one can 
produce simple intuitive arguments for that.” (1907-1959)

January
1957



Boltzmann:

The dark hand of entropy:
order through entropy

W = number of microstates

• Brownian motion is crucial: “scanning” of microstates

• Minimising free energy by maximising entropy!



Fluid Crystal

Sconfigurations high low

Sfree volume low high

Fluid:
Disordered positions

Crystal:
Ordered positions

The dark hand of entropy:
order through entropy

Hard sphere crystallisation



Pusey and van Megen, Nature, 320, 340 (1986)

Fluid CrystalFluid + Crystal

0.494 0.545 f

Glass

3D hard spheres: experiments
Experimental verification using a colloidal model hard spheres (1986)



Rod-like particles: colloidal liquid crystals 

Silica rodsBoehmite rods

500 nm

PMMA ellipsoids

10 μm

TMV/fd-virus

100 nm

Rods with dimensions L/D > 4: Liquid Crystalline Phases

Isotropic Nematic Smectic Crystal

Concentration



Onsager: again ordering through entropy

Nobel prize Chemistry 1968
Lars Onsager (1903-1976)



Nobel prize Chemistry 1968
Lars Onsager (1903-1976)

Entropy driven isotropic-nematic transition in rods

The isotropic-nematic transition
in a suspension of rods is driven
by the loss of orientation
entropy and the gain of free
volume entropy

Courtesy of Henk Lekkerkerker

Onsager (1942,1949)

see also problem set



Colloidal SU-8 rods: 
colloidal liquid crystals

Isotropic Nematic Smectic-like

10 μm 10 μm 10 μm10 μm 10 μm 10 μm

X 𝑔⃗ X 𝑔⃗ X 𝑔⃗

x

y

x

y

x

y

Fernández-Rico et. al, Adv. Mater., 1807514 (2019)  



Contents of the course
• Introduction to Soft Matter

• Colloids

• Interactions between ‘macroscopic’ objects

• Brownian motion 

• Entropy-driven phase transitions

• Polymers

• Interfaces and surfactants

• Optical microscopy and tweezing

• Mechanical properties of soft matter

• Q & A 


