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What are colloids?
Small particles suspended in a liquid

Particles:
★ Diameters: ~ 2 nm to ~ 2 μm
★ Concentration ~0.1% to ~70% by volume
★ Materials

•  Plastic: polystyrene, PMMA, …
•  Inorganic: silica (SiO2), titania (TiO2), …
•  Semiconductor: CdSe, …
•  Metal: Au, Ag, …
•  Fat, protein: milk, …
•  Emulsions: oil droplets in water or vice 

versa (will not discuss emulsions)
Liquid (continuous) part:
★ Water
★ Oil

Gels: when particles are linked 
(by direct contact or by polymers)



Some examples of colloids

paint

colloidal crystals

opals (petrified colloids)milk

virus

gold



Brownian motion
Particles are agitated by collisions with molecules
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Brownian motion
Particles are agitated by collisions with molecules
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Gravity ➾ Sedimentation

particle concentration
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Diffusion
Einstein’s argument

particle concentration
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At equilibrium, the sedimentation of particles 
downward is balanced by the diffusive flux 
of particles upward.
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Colloidal forces
❖ van der Waals (usually attractive, range ~ few nm)

❖ screened Coulomb (range ~ from nm to μm)

❖ polymer brush (range ~ length of polymer ~ 5-20 nm)

❖ depletion (range ~ size of “depletant particle” ~ 5-100 nm)

❖ ssDNA hybridization (range ~ length of polymer ~ 5-20 nm)

➡ Friday 



van der Waals
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proportional to volumes
➾ much bigger for micron than for nanometer particles

depends on dielectric contrast (polarizability)
fluctuations at optical frequencies most important
➾ index matching greatly reduces vdW interactions
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van der Waals
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van der Waals attraction 
makes colloids aggregate

gold nanoparticles

➾ colloids unstable
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Screened-Coulomb (repulsion)
ionizable 
surface 
groups
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Screened-Coulomb (repulsion)

counter 
ions, salt
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DLVO*
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Polymer brush provides stability
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Polymer brush provides stability
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Phase diagram of hard-sphere colloids

colloidal crystal with
lattice constant ~ 0.5 µm

49.4% 54.5% 74%
max packing 

fraction

liquid fcc
xtal a~λ

Hard-sphere phase diagram (athermal)

Hard spheres: Colloids used as model systems

Crystallization driven by entropy



Phase diagram of hard-sphere colloids

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

colloidal crystal with
lattice constant ~ 0.5 µm

49.4% 54.5% 74%
max packing 

fraction

liquid fcc
xtal a~λ

Hard-sphere phase diagram (athermal)

Crystallization driven by entropy

Hard spheres: Colloids used as model systems



Naturally occurring colloidal crystals

Gem quality opal from 
Australia

Natural opals consist of tiny FCC 
ordered glass spheres (~200 nm)

Bragg scattering from different crystalline planes produce different colors

Bragg scattering 
of light



Phase diagram of charged colloids

charged polystyrene spheres
diameter = 91 nm

in methanol (90%) water (10%)

Electrically charged colloids spontaneously form ordered structures

Sirota et al. PRL 62, 1524 (1989)
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Depletion interaction

Solvent

Asakura & Oosawa, J. Chem. Phys. 22, 1255 (1954).



Depletion interaction

Solvent

exclusion zone

Asakura & Oosawa, J. Chem. Phys. 22, 1255 (1954).



Depletion interaction

ideal gas of Np 
polymers of radius Rp

2

1

1
2

spheres touching

Can tune interaction strength 
using  polymer concentration

Can tune interaction range 
using polymer size

Asakura & Oosawa, J. Chem. Phys. 22, 1255 (1954).



S. Asakura & F. Oosawa
J. Chem. Phys. 22, 1255 (1954)

Citations for original paper on the depletion interaction

1954-1980:
after 25 years
5 citations

1954-1989:
after 35 years
63 citations

1954-2015:
after 60 years
1676 citations

Nobody noticed

Things picked up 
in the 1980s

A classic

by Sho Asakura & Fumio Oosawa

LETTERS TO THE EDITOR 1255 

in all cases. It will be readily seen that although the free volumes 
calculated by the three methods are not in simple ratio to each 
other, their order of magnitude does not differ widely. The relative 
order of magnitude depends somewhat upon the value selected for 
the constant a in Eq. (5) for calculating the free volume from 
values of (vo/v)! from Eq. (4). 

Where only a value of (vo/v) is required, the present method of 
calculation is preferable because it leads directly to this ratio 
without introducing assumptions as to the form of the liquid 
(]uasi lattice and the average geometry of the free volume. 

I J. F. Kincaid and H. Eyring, J. Chem. Phys. 6,620 (1938). 
2 C. Kittel, J, Chern. Phys. 14,614 (1946), 
3 H. Eyring and J. O. Hirschfelder, J. Phys. Chern. 41,249 (1937). 
• A. Weissler, J. Am. Chern. Soc. 70, 1634 (1948). 
5 N. S. Gringrich, Revs. Modern Phys. 15,90 (1943). 

Surface Tension of High-Polymer Solutions 
FIDIIO OOSAWA AND SHO ASAKURA 

Department of Physics, Faculty of Science, 
Nagoya University, Nagoya, Japan 

(Received February 25, 1954) 

L ET us consider a flat surface of a solution of chain polymers. 
In the neighborhood of the surface, the micro-Brownian 

motion of these polymers is restricted and their configurational 
entropy is decreased. Consequently, if they have no other ener-
getic interactions with the surface, their concentration is de-
creased near it. Such a decrease of concentration results in the 
increase of the surface tension. 

If inter- and intramolecular interactions of chain polymers are 
neglected, the total change of their configurational entropy, S, 
due to a flat surface of the solution per unit area is expressed as 

S=k N(x) InW(x)dx, 

r";(3/2) ·xl < r > 
W(x)=(2/n'!) J

o 
exp(-y')dy, 

(1) 

(2) 

where x is the distance from the surface and N(x) the number 
concentration of polymers with their ends at x, (r) denotes the 
mean end-to-end distance of polymers in the free space, Equation 
(2) is obtained by applying a diffusion equation under suitable 
boundary conditions to the calculation of acceptable configura-
tions of polymers near the surface. The mixing free energy of 
polymers and solvent molecules, F, may be approximately 
written as: 

F= N(x)-P.p(x)dx+ .r n(x) ·j.L.(x)dx. (3) 

n(x) is the number concentration of solvent molecules, j.Lp(x) and 
j.L.(x) are chemical potentials of polymers and solvent molecules, 
respectively, in the bulk solution, whose concentration is N(x), 

The total free energy of the solution is composed of these two 
parts, and its minimum condition gives the equilibrium N(x) as a 
function of the concentration of the whole solution, N (=N( 00 », 
through the following relation: 

j.Lp(x) - kT ·lnW (x) -z·j.L,(x) =j.Lp( 00) -z 'j.L.( 00), (4) 

z is the molecular volume ratio of polymers and solvent molecules, 
The surface tension increment of the solution, /leT, is derived from 
the Gibb's thermodynamic absorption equation. 

In dilute solutions, /leT is given by 

/lu= foP'" 10'" (1-0)dxdP"" 

and E(]. (4) is rewritten as 

O· exp(2a(0-1» = W, 

(5) 

(6) 

where O=N(x)/N",=c(x)/c", and a=A,Mc",. p", is the osmotic 
pressure of the solution with the concentration N"" expressed as 
RT· (c",/M +A 2c",').' A, is the second virial coefficient, c the con-

centration of polymers in g/cc and M their molecular weight. 
From these equations, the final result becomes 

/lu= (2/3n·)LRT, (c",/M)-(r)·j(a), (7) 

j(a) is a function increasing with a and is expanded as 

j(a)=H{.f (l-W)'dX} / {fo'" (l-W)·dx }'a+'" 

=HO.58·a+·'·, (8) 
This result shows that the e point of the solution,' where a=O 
and (r) cc M!, /leT is proportional to M-! at constant values of c"'. 

If M and A, are determined experimentally, for example, by 
the osmotic pressure, measurements of the surface tension will 
make it possible to pursue the change of (r) with the concentra-
tion, the temperature, etc., and to compare it with theoretical 
results, 

The surface tension of polymer solutions is often smaller than 
that of the solvent, owing to the energetic adsorption of polymers 
by the surface. In such cases also, if the adsorption is not so strong, 
Eqs, (3) to (6) are employed and the problem is reduced to the 
derivation of a new W from the adsorption potentiaI.3,. 

The authors wish to express their sincere thanks to Professor 
P. J. Flory, who kindly suggested them to treat this problem and 
has given valuable criticisms throughout this work. 

1 W. G. McMillan, Jr., and J. E. Mayer, J. Chern. Phys. 13, 276 (1945); 
p, J. Flory, J. Chem. Phys. 10,51 (1942). 

2 P. J. Flory and T, G. Fox, Jr., J. Am. Chem. Soc. 73, 1904 (1951); 
P. J. Flory, J. Chern. Phys. 17,303 (1949). 

'Sirnha, Frisch, and Eirich, J. Phys. Chem. 57, 584 (1953). 
• A. Katchalsky and J. Miller, J. Phys. and Colloid. Chem. 55, 11B2 

(1951). 

On Interaction between Two Bodies Immersed in 
a Solution of Macromolecules 

SHO ASAKURA AND FUMIO OOSAWA 
Department of Physics, Faculty of Science, .. Vagoya UniversitYI 

N agoya, Japan 
(Received February 25, 1954) 

I T is the purpose of this note to point out that between two 
bodies immersed in a solution of macromolecules an inter-

action appears owing to characteristics of the medium. 
Let us consider two parallel and large plates of the area A 

immersed in a solution of rigid spherical macromolecules. If the 
distance between these plates a is smaller than the diameter of 
solute molecules d, none of these molecules can enter between the 
plates. Then this region becomes a phase of the pure solvent, 
while the solution outside the plates is little affected by them, 
Therefore, a force equivalent to the osmotic pressure of the 
solution of macromolecules acts inwards on each plate. 

When the medium is a very dilute and monodisperse solution, 
the force P between two bodies in it, can be given by: 

p=kTNa InQ/aa, 

Q= Iv exp( -w(x,a)/kT)dx; 

(1.1) 

(1.2) 

where N denotes the total number of solute molecules and V the 
total volume of the solution. w(x,a) is the potential energy of a 
solute molecule situated at x, being due to its interaction with the 
bodies. The negative P corresponds to the attractive force. 

Applying these formulas to the following three cases, we get 
the results shown in Figs. 1 and 2; (i) the above-mentioned case; 
(ii) two parallel plates in a solution of thin rodlike macromolecules 
of the length 1 (l'«A); (iii) two spherical bodies of the diameter 
D in the same solution as the first case. In every case the force is 
attractive, being proportional to the osmotic pressure of the 
medium, poe =kTN IV), and its range is of the order of the dimen-
sion of the solute molecules. For example, in the third case, P is 

Downloaded 05 Aug 2011 to 128.122.52.79. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Phase diagrams for colloids with depletion interaction
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or

/d ¼ a/R
d :

Coexisting phases of course have the same ld and hence the same nR
d but since the

volume fractions of hard spheres and, hence, the free volume fractions a are
different, nd in the two (or three) phases are not the same, so the tie-lines are no
longer horizontal. This is illustrated in the bottom diagrams of Fig. 3.11; now the
ordinate axis gives the relative ‘internal’ or system concentrations /d. A few
selected tie-lines are drawn to give an impression of depletant partitioning over the
phases. Interestingly, the horizontal triple line in the presentation of the phase
diagram at constant chemical potential ld (field-density representation) is now
converted into a three-phase triangle system representation.

As discussed in Sect. 3.2.3, the free volume theory is approximate in the sense
that hVfreei is replaced by hVfreei0. To get an idea of the accuracy of the phase
diagrams calculated with free volume theory we compare in Fig. 3.12 the results
for q ¼ 0:6 with recent computer simulations [33]. The agreement is, given the

Fig. 3.11 Free volume theory predictions for the phase diagrams for hard spheres as depletants
following Lekkerkerker et al. [27]. The left diagrams are for q ¼ 0:1, middle q ¼ 0:4, and right
diagrams q ¼ 1:0. Upper diagrams have depletant reservoir concentrations /R

d as ordinates,
lower diagrams are in system depletant concentrations. Triple lines and triangles are indicated as
thick lines. TP triple point, CP critical point (Asterisks refer to the critical points). A few
representative tie-lines are plotted as thin lines
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3.3 Free Volume Theory of Hard Spheres and Depletants

3.3.1 System

Several theories have been developed that enable calculations of phase transitions
in systems with depletion interactions. The first successful treatment accounting
for depletion interactions in a many-body system [25, 26] is thermodynamic
perturbation theory [14, 15]. In this classical approach depletion effects can be
treated as a perturbation to the hard-sphere free energy, as was done by Gast et al.
[25]. Their important work predicted that for a sufficient depletant concentration,
the depletion interaction leads to a phase diagram with stable colloidal gas, liquid
and solid phases for d=R! 0:3. For small depletants with d=R" 0:3 only colloidal
fluid and solid phases are thermodynamically stable, and the gas–liquid transition
is meta-stable. Although implementation of this theory is straightforward, it has
the drawback that it does not account for depletant partitioning over the coexisting
phases.

In the early nineties of the last century a theory that accounts for depletant
partitioning over the coexisting phases was developed [27], which nowadays is
commonly referred to as free volume theory (FVT) [28]. This theory is based on
the osmotic equilibrium between a (hypothetical) depletant and the colloid +
depletant system. The depletants were simplified as penetrable hard spheres. A
pictorial representation is given in Fig. 3.6.

This theory has the advantage that the depletant concentrations in the coexisting
phases follow directly from the (semi-)grand potential which describes the colloid
+ depletant system. As illustrated in Fig. 3.7, the system tries to arrange itself such
as to provide a large free volume for the depletant. This (entropic) physical origin
of the phase transitions induced by depletion interactions is incorporated in the
theory in a natural way.

In FVT multiple overlap of depletion zones with thickness d, see Fig. 3.8, is
taken into account. Multiple overlap occurs for

Fig. 3.6 A system (right)
that contains colloids and
penetrable hard spheres (phs)
in osmotic equilibrium with a
reservoir (left) only
consisting of phs. A
hypothetical membrane that
allows permeation of solvent
and phs but not of colloids is
indicated by the dashed line.
Solvent is considered as
‘background’.

3.3 Free Volume Theory of Hard Spheres and Depletants 117

from Colloids and the Depletion Interaction, by Lekkerkerker & Tuinier, Springer 2011.

gas xtal gas xtal

semi-permeable membrane

‣ Depletants create short-range attractive interaction similar 
to attractive interactions between atoms & molecules

‣ Phase diagrams are similar to common gas-liquid-solid 
phase diagrams

Lek(ker)3
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Lock & key colloids

Pacman���������	
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Inspiration: Lock & key proteins

PROTEINS

COLLOIDS



Pacman particle synthesis

Oil

Shake

Si
O

O

O

O

O

TPM = 

Water

Oil = “TPM” 
       = 3-methacryloxypropyl trimethoxysilane

Make emulsion
(oil droplets in water)

o/w emulsion



Pacman particle synthesis
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✦Oligomerize Si-O groups (pH⬆) N~1-10



Pacman particle synthesis

Oil

Shake

Si
O
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TPM = 

Water

o/w emulsion
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Polymerize oil
✦Oligomerize Si-O groups (pH⬆) N~1-10
✦Polymerize methacrylate groups (free radical)

• Creates porous shell
• Nucleates TPM nanoparticles in solution 

outside of TPM droplets



Pacman particle synthesis

Shake

Si
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TPM = 

o/w emulsion

Si
O
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O

O

Polymerize oil
✦Oligomerize Si-O groups (pH⬆) N~1-10
✦Polymerize methacrylate groups (free radical)

• Creates porous shell
• Nucleates TPM nanoparticles in solution 

outside of TPM droplets
• Osmotic imbalance sucks small oligomers 

out of TMP droplets (through shell)
And …



Pacman particle synthesis

Shake

o/w emulsion

Shell buckles



Pacman particles

2μm!

TEM! SEM!

micrometer-size particles with mouths



Packman lock & key

Key

non adsorbing
polymer

Solvent

Lock
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poly

lnV
depletion zones



Packman lock & key

Key

S ⇠ n
poly

lnV
depletion zones

non adsorbing
polymer

Lock

can tune 
interaction 

strengthSolvent

key too small

Max overlapping 
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Pacman depletion movie
Watch this pac-man

Particle (key) binds 
to PacMan (lock)

Sacanna et al., Nature 464, 575–578 (2010)



Size selectivity

1 2 3 4 5
0.0

0.5

1.0

1.5

Diameter HmmL

N

diameter (μm)

big spheres bind 
with big pac-men

small spheres bind 
with small pac-men

pac-men 
distribution

21 3 4 5

Sacanna et al., Nature 464, 575–578 (2010)



Pacman depletion movie
Watch this pac-man

Sacanna et al., Nature 464, 575–578 (2010)



Lock-and-key binding model
chemical equilibrium between locks & keys

binding 
energy

binding 
volume 

(entropy)

Debye screening 
length (repulsion)

polymer 
(depletant) 

radius

equilibrium 
separation

overlap area

Lock & key binding energy: balance between  
    electrostatic repulsion and depletion attraction
Entropy: binding volume vs unbound volume per key

kBT ln
Vb

vu



Lock-and-key binding data
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Colloidal couplings
monomer

dimer

trimer



Pacman polymers



Tunable depletion attraction

NIPAM gel particles shrink when heated above 39°

T � 25�

�S ⇠ n
poly

�V
V



Tunable melting
Start at 25°C, then heat to 40°C

Particle pairs dissociate at 40°C

3x speed



More perfect pacmen
Heterogeneous nucleation

Monodisperse seeds
(PS, PMMA, silica, etc.)

Si
O

O

O

O

O

(TPM)

NH3

+

grow droplets
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The real colloids
seeds TPM on seeds

pacmenold pacmen



Colloid catalog



Micrometer size lenses



900 nm plastic lens particles dancing in water



Chains form when PEO depletant is added



Placing lenses on spheres

Nice

Not
so nice

Also not
so nice



Get off my back!
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Single lenses make nice patchy particles
Lens particles attached to spheres using depletion interaction



Fluorescent mobile patches



Next lectures …
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