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Lecture 4: Forces arising from Fluctuations 
 

coming next time… 
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(divide up the small spheres’ degrees of freedom into rotations 
about the center of mass of each sphere and translations of the 
center of mass.  Rotational DOF are not affected by the 
positions of the large spheres.  The number of translation DOF 
depends only on accessible volume. 
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approach one another. 
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A direct measurement of the depletion interaction between two PMMA colloidal spheres 
in solution with many spheres of much smaller size (RL/RS = 12).  Laser tweezers are used 
to restrict the large spheres to a line so that their center-to-center distance can be 
accurately measured.  If the particles could move out of the plane, then only the projection 
of their separation onto the plane could be measured. 
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φS is the volume 
fraction of small 
spheres.  The small dip 
with φS = 0 is probably 
van der Waals. 
 
Free energy F is 
measured using the 
Boltzmann relation: 

P(r) ∝ e-F(r)/kBT 
 P(r) is measured by 
histogramming the 
measured separations r 
between large-sphere 
centers. 
 
An intriguing result is 
that the minimum 
(contact value) of F is 
well described by the 
ideal-gas 
approximation that was 
discussed, even though 
the small particles are 
hard spheres and have 
a large concentration 
(φS as large as 0.3).  
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This slide explains why there is a depletion barrier when φS > 0.05 (when the small 
particles are hard spheres.  The small particles tend to form a shell around the large 
spheres.  In order for the larger spheres to move closer together, the shell of small spheres 
must be expelled, which costs entropy.  In short, the large spheres prefer to be separated 
by 0, 1, 2, … layers of small spheres.  Not by 0.5, 1.5, 2.5…. layers.  When the small 
particles are random-coil polymers (which better approximate an idea gas), this structuring 
is not seen and the attraction is monotonically attractive, as in the ideal-gas model.  

confocal microscope image of 
binary hard-sphere mixture 
(Dinsmore and Weitz). 
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Depletion forces also push larger particles to flat surfaces and along surface of 
varying curvature.  Here the addition of small particles means that the large 
particle is more often found near the concave sections of the vesicle wall.  
These measurements were made using an optical microscope and simply 
observing the position of the large sphere many many times.   


