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Outline �

Aims: 

•  Entropy and Order, Ω (Hard-Sphere 
Crystallization, Onsager Theory, Entropy in 
the ground state (Networks, Crystal 
selection).

•  Entropy attracts (Depletion Interactions, 
Safran,  DNA functionalized Colloids)

•  Self-Assembly
•  When energy and entropy compete (DHS, 

Re-entrant gel)
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Which one is more disordered ?



Hard Spheres (HS)�
Equilibrium properties

•  Hard spheres 
present a  fluid–solid  
phase separation due 
to entropic effects 

σ



Sterically stabilized PMMA particles  (polydispersity 5-10 %) 

Courtesy P. Pusey



    

Entropy in  hard-spheres fluid

At constant V, we need to 
maximize the entropy

1)  “Configurational” entropy  
(topological entropy)

2)  Translational (Vibrational)  
Entropy  (cage entropy)



A proxy to translational Entropy...
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Orientational Entropy
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Isotropic-Nematic Transition (Onsager Theory)
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Let’s assume that particles can be considered distinct according to the orientation of their principal axis
a. Then, the partition function of an ideal gas of these particles can be written as
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If we add the virial contribution, thus going beyond the ideal gas approximation, one obtains
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where �(ai,aj) is the virial coe�cient (the excluded volume) between two particles oriented as ai and aj

For cylinders of length l and diameter d, indicating with � the angle between ai and aj
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γ=0significant reduction of sampled 
phase space !!!!
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Nematic to...�
�

 Smectic �
Chiral-Cholesteric �

Discotic �
Biaxial Nematic �

Twist-bend Nematic �
�



How do we calculate the fluid 
entropy numerically
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How do we calculate the crystal 
entropy (free-energy) numerically



Entropy and flexibility
(translation+rotation)

(networks… limited valence… patchy particles)

if the liquid  reaches a fully bonded state,  then it has the 
same energy than the crystal !



Example of patchy particles



DNA constructs: Limited-valence patchy particles 

fig1a_wertheim_T0.06.eps



DNA-coated patchy colloids

Gi-Ra Yi, David J Pine and Stefano Sacanna



All particles 
are bonded 
with
four 
neighbours

There are 
loops
of different
length 

Particles
“vibrate”
around 
equilibrium
positions.



How about (low density) crystals ?

Entropy decides the most stable phase (exactly as 
in HS!)

Competition  between: 

-  Number of microstates accessed at fixed   
bonding” (vibrational entropy)   (S

vib
)

- Number of different bonding topologies (configurational 
entropy) (S

conf
)
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Increasing the bond angle increases both  entropies…..
Same rate ? 
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On increasing flexibility: Ultrastable liquids !



•   Large flexibility of the angular interactions: (wide variety 
of networks, increasing S

conf
) 

•   Low valence.   Small density of the coexisting liquid phase  

Key elements for liquid stability at T=0 K:
(ultrastable liquids !)

Thermodynamically stable !





Crystal Selection by Entropy

J. Chem. Phys 132, 184501  2010 

Diamond

BCC
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diamond) 

Pressure=0



Crystal Selection by Entropy



Crystal Selection by Entropy
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Mixed Spheres+
Octahedra (R)







Entropic Attraction�
Large HS in a bath of small HS

Which distance is
most probable ?









Asakura, S., Oosawa,F, On Interaction between Two Bodies 
Immersed in a Solution of Macromolecules, JCP 22 (7): 1255 1954. 

Small-small
Small-large
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Same story from a different perspective



Real hard-spheres



Visualizzation of depletion forces �

A.D. Dinsmore, P. B. Warren, W. C. K. Poon, and A. G. Yodh,
EPL 40, 337 (1997).

Phase separation of a bidisperse sphere mixture:
r
b
= 413nm, r

s
= 35nm,

	
Volume fraction: Φ

b
= 0.02

(visible),
(not resolved)



For  depletion interactions, 
arrest at low φ  (gelation) is the  
result of a phase separation 
process interrupted by the glass 
transition

CONFOCAL 
IMAGES
First Order Transition 



Depletion: shape and roughness





Another example











Playing with the properties of the co-solute

Depletant Shape...



N. Gnan E. Zaccarellii and FS
DOI: 10.1038/ncomms4267

Polymerizing solvent  ...


