
Colloids
•What’s a colloid?
•Colloidal Interactions
•Playing with Colloidal Crystals
•Hard Spheres and thermodynamics
•The Crystal – Liquid Transition
•Packings and Candies
•Soft Spheres and electrostatics
•Controlling Colloids with field gradients
•What’s new?

Boulder School for Condensed matter and Materials Physics
July 2006



Colloid
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Jump to: navigation, search
 
It has been suggested that Colloidal system be merged into this article or section. 
(Discuss)
In general, a colloid or colloidal dispersion is a substance with components of one or 
two phases, a type of mixture intermediate between homogeneous solution and 
heterogeneous mixture with properties also intermediate between a solution and a 
mixture. Typical membranes restrict the passage of dispersed colloidial particles more 
than they restrict the passage of dissolved ions or molecules; i.e. ions or molecules may 
diffuse through a membrane through which dispersed colloidal particles will not diffuse. 
The dispersed phase particles are largely affected by the surface chemistry existent in the 
colloid.
Many familiar substances, including butter, milk, cream, aerosols (fog, smog, smoke), 
asphalt, inks, paints, glues, and sea foam are colloids. This field of study was introduced 
in 1861 by Scottish scientist Thomas Graham.
The size of dispersed phase particles in a colloid range from one nanometer to one 
micrometer. Dispersions where the particle size is in this range are referred to as 
colloidal aerosols, colloidal emulsions, colloidal foams, or colloidal suspensions or 
dispersions. Colloids may be colored or translucent because of the Tyndall effect, which 
is the scattering of light by particles in the colloid.

http://en.wikipedia.org/wiki/Colloid#column-one
http://en.wikipedia.org/wiki/Colloid#searchInput
http://en.wikipedia.org/wiki/Colloidal_system
http://en.wikipedia.org/wiki/Wikipedia:Merging_and_moving_pages
http://en.wikipedia.org/wiki/Talk:Colloid
http://en.wikipedia.org/wiki/Phase_%28matter%29
http://en.wikipedia.org/wiki/Mixture
http://en.wikipedia.org/wiki/Homogeneous
http://en.wikipedia.org/wiki/Heterogeneous
http://en.wikipedia.org/wiki/Surface_chemistry
http://en.wikipedia.org/wiki/Butter
http://en.wikipedia.org/wiki/Asphalt
http://en.wikipedia.org/wiki/Adhesive
http://en.wikipedia.org/wiki/Scotland
http://en.wikipedia.org/wiki/Thomas_Graham_%28chemist%29
http://en.wikipedia.org/wiki/Tyndall_effect


Colloids?

Encyclopaedia Britanica  1948
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Range Strength

Van der Waals Attractive 0.3-10nm 0-100kBT

Electrostatic Attractive
Repulsive

0.3-1000nm 0-1000 kBT

Depletion Attractive 10-300nm 0-20 kBT

Brushes Hard repulsion
Soft repulsion
Soft-repulsion 
         Reversible attraction 

5-50nm 0-50 kBT

DNA Repulsion
Specific attraction
Reversible

10-5000nm 0-100 kBT

Colloidal Interactions



Colloidal Crystals - Polyballs
Polystyrene Spheres in Water

91nm diameter
      Z~1000
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Playing with Polyballs

Colloidal 
Crystal
Bragg 
Scattering

Ion 
Exchange 
Resin

Vigorously twist 
sample
Shear melts 
To liquid

Bragg gone

Twist slowly
and stop
Shear aligns
layers

Brilliant Bragg
Colors

Shake sample

Resin doesn’t
fall
finite shear
     modulus

Crystal long range order, rigidity



Shear Modulus weak interactions?

Colloidal Crystals ~ 10  dynes/cm2

Typical metals      ~ 1012 dynes/cm2

Interparticle Potential

Particle density

The picture can't be displayed.
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That’s why they’re both 
solid at room temp.

But 

ncolloid~1013/cm3
Difference is just density 
   - same for all “soft” condensed matter



Polymer Hard Spheres - Colloids in Oil

PMMA-PHSA

Originally Ron Ottewill - Bristol
   ours were from Andy Schofield - Edinburgh
    now home grown by Andy Hollingsworth

~ 10 nm layer

~1μ

Steric stabilization
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Why Hard Particles?

ala Chandler, Weeks



FCC

Packing Densities for Spheres
φFCC=0.74

φRCP=0.64

Ball Bearings

MRJ 
    maximally random jammed



van der Waals and excluded volume

P
Nk T

V Nb
Nk T

V
B B

C
=

−
=

−( )1 φ φ

Exact asymptotic form in any dimension

φ.64 .74

P

( )
( )( )CB

B

VNk
NbVNkS

φφ−=
−=
1ln

ln

c
C

BTdnkP
φφ

φφ
→

−
→

)1(

Exact in 1D

⇒ Entropy drives liquid to crystal 

0→liquidS 64.→φas 74.→φas0→crystalS

Highest Packing Fraction determines Stable High Density Phase



Hard Sphere Equilibrium Phase Diagram



Phase Diagram by 1g Experiment

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

325 nm PMMA/decalin/CS2

0.4780.5020.5120.5280.5530.5780.5950.6210.637
LiquidCoexistenceFully 

crystallized
Crystal

Heterogeneous 
Glass

    Mainly  





0.50 0.502 0.504 0.512 0.516 0.518 0.524 0.537

CDOT 1998

0.5470.549 0.561 0.591 0.618 0.619 0.633 0.6340.605





M. Rutgers

Polyballs

Computer

Crystal with Bragg
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Colloids are just like Granular Materials

But:
-Gravity irrelevant
-Inertia irrelevant
-Friction irrelevant
-Nonequilibria irrelevant
-Set “Effective Temperature” = Temperature

What’s left?

 --Geometry



Packing of Hard Particles

• Grain* 
• Structure of Liquids, Solids and Glasses
• Freezing Transition
• Flow and Plasticity of Sand
• Optimization of data storage and
      transmission in the presence of Noise
• Opto-electronic Materials, 
        Light localization and Photonic Bandgaps

Important for:

In closing we must not forget the commentary on Random 
Packing which Saint Luke attributes to Jesus, “Give and it shall 
be given unto you; good measure, pressed down, and shaken 
together, and running over, shall men give into your bosom. For 
with the same measure that ye mote withal shall be measured to 
you again.”     -Bernal







Evan Variano



Evan Variano



David Sachs



M&M ®  (δr2/<r>2)1/2 <.01



Skittle ®  (δr2/<r>2)1/2 ~.03



~28,000 m&m’s® minis



The picture can't be displayed.
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Aspect 
ratio

5 litre 1 litre 0.5 litre

Regular 
M&M’s ®

1.89+/-
.005

.685 .676 .674

M&M 
minis ®

1.91+/- 
.005

.689
   ±.01

.677 .676

Ball 
bearings

1+/-
.001

.636

Do ellipsoids pack denser than spheres?

YES!



The isostatic conjecture – Shlomo Alexander, Sam Edwards

Random packings are just barely constrained.
d degrees of freedom per particle
→Nd constraints to define system
→Nd contacts → 2Nd touching neighbors

Spheres 1D, d=1, Z=2
   2D, d=2, Z=4
   3D, d=3, Z=6

m&m’s ® 3D, d=3trans+2rotate=5, Z=10

To get 10 neighbors needs to pack denser

RCP 3D, 6+ε neighbors

Coordination number Z=2d



Ibrahim Cisse

Presenter Notes
Presentation Notes
Hole in middle of spot implies that the m&m’s are within ~ 1 micron of each other, compared to size~1 cm -> 1e-4



Histogram: Contacts per m&m

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Contacts

Fr
ac

tio
n 

of
 m

&m
's

Alex1008

IC

Average # contacts/m&m =9.87

Ibrahim Cisse

®



Full Head Scan MRI – Princeton Hospital
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No orientational order

Nematic order parameter

if random
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Torquato, Chaikin



Aleksandar Donev, Frank Stillinger, Sal Torquato 

1000 
1.91:1
Ellipsoids

( ) 01.2/)1cos3( 2 =−Θ=η

Stillinger-Lubachevsky-Donev algorithm - MD & particles expand
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Singular function of a/b

aspect ratio     a/b

Ellipsoids of revolution 

m&m’s ®
simulation

ProlateOblate



Random Sequential Addition – a random tiling

“The Parking Problem”



“Paris” Parking Problem - Ellipses



Fig. 5
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Singular function of a/b

aspect ratio     a/b or α

Ellipsoids of revolution 

α
α 1:1:



M&M’s ® α
α 1:1:

Singular function of a/b



M&M’s ® α
α 1:1:

Singular function of a/b

Why is isostatic result only approximately right?
Jammed states don’t maximize configurations/entropy?



Isostatic Conjecture Fi

0=∑
contacts

iF
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For each particle

d force eqs.

n torque eqs*.
2D n=1
3D n=3

Equations

Unknowns
Fi’s at the Nc contacts =dNc 

coordination number Z = 2 Nc /N 

Frictional Case:   dNc=fN  Z=2f/d

1D    d=1  n=0  f=1  f/d=1      Z=2
2D    d=2  n=1  f=3  f/d=3/2   Z=3
3D    d=3  n=3  f=6  f/d=2      Z=4

Degrees of freedom f = d+n

Frictionless Case

    Additional (d-1)Nc equations
     dNc = (d-1)Nc +fN : Nc = fN

             Z=2f

n

If contacts are random
 i.e. most likely case?

*nmax=d(d-1)/2
Z=d+1



3 neighbors sometimes works 
       - But less “entropy”

Translationally trap, expand,
 -always find Jammed state

Local Jamming (hold neighbors fixed)

4 neighbors always works

Donev



a:b:c =1.25:1:0.8

Random Ellipsoid Packing Exceeds FCC Spheres

Φ=.747 

32 ellipsoids
Periodic boundaries



Weining Man



Stereolithography for 1.25:1:0.8 ellipsoids





Average Packing in Spherical Container 



Packing fraction from finite spherical container
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David Heeger, Souhil Inati 



φcore=.735+/-.005
simulation

φaverage to r

data







Public opinions as to why M&M’s ® pack denser:

They’re flatter and tend to orient and order
 - Nope: If they oriented it’s an affine deformation                

of spheres, packing is 63.6%. No evidence of order.

If you make them flat they’re like pennies and stack better
If you make them long they’re like cylinders and pack better.
 - Nope: Cylinders and pennies pack to 91%, but an 
                ellipsoid only fills a cylinder to 2/3 => 67%

     .67x.91=.604 and that’s crystal packing,  
                 random pennies and sticks pack much less dense.

They can rotate to fit into open spaces
 - Yep, that’s it.



Matt Sullivan’s life savings

Packing Fraction 0.574+/-.005
  Weining Man



Comparison of Packings

Degrees of     
Freedom

Touching 
Neighbors

Volume 
Fraction

FCC Crystal 3 12 .7404

MRJ
Spheres

3 6 .636

MRJ
Ellipsoid of 
Revolution

5 10 .68-.70

MRJ
Ellipsoid

6 >11.4 >.747cba ≠≠



We have found a random packing  ≥ .7405 

       higher than crystal packing of spheres

Do we have a higher random packing 
                  than crystal packing??????

What is the densest packing of ellipsoids?



The picture can't be displayed.
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For Needle/knife blade like ellipsoids can feed blades
 into interstices of HCP Lattice

Densest previous ellipsoid packing .7585
     J. M. Wills, Mathematika, 38:318-320 ‘91

2a

2c

2b α:1:α−1

α=2√3+3

Notes: Incommensurate – a/c irrational
 Not 3D crystal – 1D lattice in slots not in registry



FCC 001 face Alternate elongation direction
        in adjacent layers

Our Conjectured Optimal Ellipsoidal Packing Close to Spheres
Donev Close Packed

Square cell



3:13
1:1

Donev Close Packed



.7405 .7707
Highest Ellipsoid Packing yet

12 nearest neighbors 14 nearest neighbors



3:13
1:1



3:13
1:1 3:13
1:1

.8/1.25=.64

.757

Random packing of .8:1:1.25 ~.75

Random ~.75
Crystal   ~.757



Tetrahedra?



Who’s to Blame

Bill Russel 
Princeton - Chem Eng.

  Matt Sullivan  Bob Austin
Weining Man  Kun Zhao 

Princeton - Physics

Mirjam Leunissen, Alfons van Blaaderen
Debye Institute, Univ. Utrecht

Andrew Hollingsworth      PC
Center for Soft Condensed Matter Research

NYU - Physics.
  

Princeton - Chemistry
Sal Torquato   Frank Stillinger
Aleksandar Donev   Bob Connelly (Cornell)



Andy 
Hollingsworth

Bill 
Russel

Weining
Man

Matt
Sullivan

Marie-Pierre
Valignant

Kun
Zhao

Mirjam 
Leunissen



Summary

Random Ellipsoid packings :
 -Are singular at a/b=1
 -Can be denser than .74 with 12 neighbors
 -Tend toward the isostatic limit: Z=2d
 -Are comparable to (and may yet surpass) crystal packings

Crystal ellipsoidal packing:
Conjecture - Donev Close Packed (DCP) is densest

φ=.7707 for 1:√3, 14 touching neighbors
Basis of 2, Square face

Does Random ever beat crystal? 
For a:b:c=1.25:1:0.8,  φrandom >.743 but ,  φDCP =.757
Not yet but…..
 and Ellipsoids are much harder to crystallize than spheres





125 lbs of Almond M&M’s
Polydispersity ~17%

2 liters packs to φ~.67



30 40 50
0

40

80

120

160

7.5 days

Time in Seconds
 Just after melting
 B183
 B198
 B213
 B228
 B244
 B259
 B274
 B289
 B304
 B836
 B650106

Angle (degree)

Co
un

ts
 p

er
 s

ec
on

d
  (

/ E
xp

os
ur

e 
tim

e)

FCC{111}

FCC{200}

t

φ = 0.552


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	Slide Number 79

