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What are colloids?

Small particles suspended in a liquid

Particles:

% Diameters: ~ 2 nm to ~ 2 um
% Concentration ~0.1% to ~70% by volume
% Materials
e Plastic: polystyrene, PMMA, ...
e Inorganic: silica (Si0y), titania (TiO»), ...
e Semiconductor: CdSe, ...
* Metal: Au, Ag, ...
e Fat, protein: milk, ...
 Emulsions: oil droplets in water or vice

versa (will not discuss emulsions)

Liquid (continuous) part:

X Water Gels: when particles are linked
/ * Oil (by direct contact or by polymers)




Some examples of colloids
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colloidal crystals

opals (pe’gr;fied colloids)



Brownian motion

Particles are agitated by collisions with molecules
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Brownian motion

Particles are agitated by collisions with molecules

D W W ey e
= 6k§T [t — T(l - e_t/T)]

 6kgT
e

t=6Dt

:>D:kB—T: gl
C 67t R

.y Stokes-Einstein
5 relation

D ~1 um?/s

m

\ / T e Ol for 1 um particle
C

inertial time scale



height

Gravity = Sedimentation

Probability of finding a particle at height z is given by Boltzmann factor
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height

Diffusion

Einstein’s argument

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 yum)

* 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

MAAA__A_A_A4 (fluctuating induced dipole)
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van der Waals
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van der Waals attraction
makes colloids aggregate

= colloids unstable




Screened-Coulomb (repulsion)

Ul(r) Coulomb
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dcreened-Coulomb (repulsion)
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DLVO*®

(vdW +screened Coulomb)
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P()lymer brush provides stability

screened Coulomb
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Polymer brush provides stability
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when salt screens Coulomb repulsion
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Phase diagram of hard-sphere colloids

Hard-sphere phase diagram (athermal)
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Hard spheres: Colloids used as model systems lattice constant ~ 0.5 ym




Phase diagram of hard-sphere colloids

Hard-sphere phase diagram (athermal)
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Naturally occurring colloidal crystals
i

Bragg scattering
of light

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

Gem quality opal from
Australia

Bragg scattering from ditferent crystalline planes produce different colors



Phase diagram of charged colloids

Electrically charged colloids spontaneously form ordered structures

in methanol (90%) water (10%)
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Depletion interaction

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



Depletion interaction

‘S ~ Npoly InV \
exclusion zone Rp

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



Depletion interaction

F(\V,T)=—kgT InZ(V,T)
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On Interaction between Two Bodies Immersed in
a Solution of Macromolecules

SHo AsAKURA AND Fumio Qosawa

Department of Physics, Faculty of Science, Nagoya Universily,
Nagova, Japan

(Received February 25, 1954)

Citations for original paper on the depletion interaction
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Phase diagrams for colloids with depletion interaction

R

from Colloids and the Depletion Interaction, b fekkerkerker Tuinier, Springer 2011.

S

Semi—permeab]e membrane gbg = volume fraction of depletant in reseivoir

3
¢ = volume fraction of colloid Lek(ker)

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

» Phase diagrams are similar to common gas-liquid-solid
phase diagrams
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Inspiration: Lock & key proteins




Pacman particle synthesis

o/w emulsion r

//
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GHE— B
= 3-methacryloxypropyl trimethoxysilane

Make emulsion
(oil droplets in water)



Pacman particle synthesis

o/w emulsion r

//
/

Oligmerize oil
+QOligomerize Si-O groups (pH4) N~1-10



Pacman particle synthesis

Polymerize oil
+QOligomerize Si-O groups (pH4) N~1-10
+Polymerize methacrylate groups (free radical)

e Creates porous shell
* Nucleates TPM nanoparticles in solution

outside of TPM droplets



Pacman particle synthesis

Polymerize oil
+QOligomerize Si-O groups (pH4) N~1-10
+Polymerize methacrylate groups (free radical)

e Creates porous shell
* Nucleates TPM nanoparticles in solution

outside of TPM droplets

e Osmotic imbalance sucks small oligomers
out of TMP droplets (through shell)

Andr




Pacman particle synthesis

" Shell buckles



Pacman particles

micrometer-size particles with mouths



Packman lock & key
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Packman lock & key
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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

small $pheres bind\

with small pac-men

/ big spheres bhind

with big pac-men

| pac-men
-_ distribution

e

diameter (um)

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

Vi
T1ln —
LG ] chemical equilibrium between locks & keys ksl Vy

7
Q Tt = e el ST S [

ng Nk 1 ﬁ

binding  binding

overlap area

J energy volume
Ey=—-kgTnA (2rp — 719 — /1_1) (entropy)
polymer equilibrium Debye screening
(depletant) separation length (repulsion)
radius

Lock & key binding energy: balance between

electrostatic repulsion and depletion attraction
Entropy: binding volume vs unbound volume per key



Lock-and-key binding data

NLK 10 e oy T kgT
pp+ pr = px = _ o~ [Buth T In(Vomo)l /K5
nr Nk
0.8
& 1 .
= Kk~ =30nm "
q9]
@
0.6 | ;
=
'-8: fitting parameters
5 0 | 2
ﬁ ditferent A =~ 0.5pum
Z key sizes Rl T
'g 0.2 i k' =7.9nm
= V), ~ 0.005 um?
= ' ‘ 1.0 um
0.0 R i . | . |
0.0 0.2 0.4 0.6 0.8 1.0

PEOQO concentration [g/L]



Colloidal couplings

monomer

trimer




Pacman polymers
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T'unable depletion attraction

AV

AS ~ Tlpoly 7

NIPAM gel particles shrink when heated above 39°




T'unable melting

Start at 25°C, then heat to 40°C

3x speed

Particle pairs dissociate at 40°C



More perfect pacmen

Heterogeneous nucleation

s é ©

© C Y(io/\/\dsfo/ polyimsvize deopiets
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Monodisperse seeds
(PS, PMMA, silica, etc.)

Cartoon
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The real colloids

seeds TPM on seeds

old pacmen pacmen /







Micrometer size lenses




900 nm plastic lens particles dancing i water
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Placing lenses on spheres

Also not
SO nice

Not
SO nice




Get off my back!

more overlap

binding

Ri< Ry < R3

R3
less overlap
Ri no binding




Single lenses make nice patchy particles

Lens particles attached to spheres using depletion interaction




Fluorescent mobile patches




Next lectures ...

P’akc(mj co\loids with DNA

(ov diamonds avre a boy's best friend)



