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Colloidal gels

3

K. A. Whitaker et al., Nat. Commun. 10, 2237 (2019)



Eric M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

Gas 

Gas 
+ 

Crystal 

Crystal 

Fluid + Fluid 

Volume fraction, φ

Increasing 
attraction 

φ = 0.494 φ = 0.545

Colloid phase diagram with attraction

4

Short range attraction Long range attraction

Gas 

Gas 
+ 

Crystal 

Crystal 

Fluid + Fluid 

Volume fraction, φ

 
 

φ = 0.494 φ = 0.545

F-F

G-S

Critical point

Triple point

Gast, Hall, and Russel., J. Colloid Interface Sci., 96, 251 (1983) 
Lekkerkerker, Poon, Pusey, Stroobants, and Warren, Europhys. Lett. 20, 559–564 (1992)

Miller and Frenkel. Phys. Rev. Lett. 90, 135702 (2003)

or lower 
temperature



E. M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu 5

P. J. Lu, E. Zaccarelli, F. Ciulla, A. B. Schofield, F. 
Sciortino, and D. A. Weitz, Nature 453, 499 (2008).



E. M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

Some gel lines from the literature
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Strong attraction – flocs and fractal aggregates
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Diffusion limited Reaction limited

7.2nm Au particles

df ≈ 1.7 − 1.8 df ≈ 2.0 − 2.2

ξ ∼ akdf

df Fractal dimension

D. Weitz and M. Oliveria, Phys. Rev. Lett. 52, 1433 (1984).
D. Weitz, J. Huang, M. Lin, and J. Sung, Phys. Rev. Lett. 53, 1657 (1984).
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“Cluster gels”
Lower attraction, higher density, central interactions
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• N. Koumakis, G. Petekidis, Soft Matter 7, 2456 (2011). 
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Elasticity,  yield stress, viscosity
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K. A. Whitaker et al., Nat. Commun. 10, 2237 (2019)
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Cauchy-Born cluster model of gel modulus
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Zaccone, A.; Wu, H.; Del Gado, E. Phys. Rev. Lett. 2009, 103, 208301.
Kobelev, V. & Schweizer, K. S. J. Chem. Phys. 2005, 123, 164902–164913 
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Depletion gels
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Ramakrishnan, S.; Chen, Y.-L.; Schweizer, K. S.; Zukoski, C. F. Phys. Rev. E 2004, 70, 40401.

Bond level elasticity from PRISM theory

works, but only when shifted by number of clusters

weak function 
of volume 
fraction, 
polymer conc.

Cluster size 
(solid symbols)max density 

fluctuation 0.6

0.15, 0.2, 0.3

90nm silica, decalin, 
3.5nm PS depletant

SAXS
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Clusters – micromechanical units of depletion gels

1.5μm PMMA, Φ= 0.22, Cp= 10mg/ml 
12

M. H. Lee and E. M. Furst, Phys. Rev. E 77, 041408 (2008).

Overlay of strain field with confocal image
1.5μm PMMA, Φ= 0.22, Cp= 10mg/ml 

Local strain propagation generated by forced probe
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Clusters are rigid, units of strain propagation

 Probe radius = 1 μm             
 Effective radius = 6 μm

Cp = 10mg/ml 1.5μm PMMA, Φ= 0.22
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M. H. Lee and E. M. Furst, Phys. Rev. E 77, 041408 (2008)

Displacement field from probe

Laser amplitudes 
open symbols: 0.55μm
closed symbols: 1.09μm
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Depletion attraction
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Π
osmotic pressure

〈F〉i = −nkT

∮
nigdSi

Asakura, S. & Oosawa, F. J Chem Phys 22, 1255–1256 (1954).
Vrij, A. Pure Appl. Chem. 48, 471–483 (1976).

non-adsorbing
polymer
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Asakura-Oosawa interaction potential
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PHSA brush cutoff, 7nm

PHSA-PMMA 2a = 2.7 μm, 
Rg = 32 ± 2 nm,  Steric 
brush length 𝜹 = 7 nm 

Rg = 32 ± 2 nm

U(r)

kBT
≈ φp

{
1 −

3r

4R(1 + Rg/R)
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1

2

[
r

2R(1 + Rg/R)

]3
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Whitaker, K. A. & Furst, E. M. J. Rheology 60, 517–529 (2016). 
Swan, J. W., Shindel, M. & Furst, E. M. Phys. Rev. Lett. 109, 198302 (2012).
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Thermal bond rigidity for depletion attraction
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Calculated with 
measured

bond rigidity

Whitaker, K. A. & Furst, E. 
M. J. Rheology 60, 517–529 

(2016). 
Swan, J. W., Shindel, M. & 
Furst, E. M. Phys. Rev. Lett. 

109, 198302 (2012).
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Experiments and simulations
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c/c*=0.35 c/c*=0.46

c/c*=0.58 c/c*=0.69

c/c*=0.80 c/c*=0.93

U/kT=6 U/kT=8

U/kT=10 U/kT=12

U/kT=14 U/kT=16

Swan and VargaWhitaker, Hsiao, Solomon & Furst

Simulations: Fiore, Usabiaga, Donev, & Swan, J. Chem. Phys. 146, 124116 (2017).
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Gel structure correlation length
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Ramakrishnan, S.; Chen, Y.-L.; Schweizer, K. S.; 
Zukoski, C. F. Phys. Rev. E 2004, 70, 40401.

Also observed by Ramakrishnan et al. for
90nm silica in decalin, PS depletant

c/c*=0.80 c/c*=0.93 U/kT=14 U/kT=16

Number density fluctuation
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Simulations quantitatively describe 
structure and rheology
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Cauchy-Born cluster model of gel modulus
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Zaccone, A.; Wu, H.; Del Gado, E. Phys. Rev. Lett. 2009, 103, 208301.
Kobelev, V. & Schweizer, K. S. J. Chem. Phys. 2005, 123, 164902–164913 

Ramakrishnan, S.; Chen, Y.-L.; Schweizer, K. S.; Zukoski, C. F.  Phys. Rev. E 2004, 70, 40401.
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Where are clusters? How do they connect?
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c/c*=0.35 c/c*=0.46

c/c*=0.58 c/c*=0.69

c/c*=0.80 c/c*=0.93

U/kT=6 U/kT=8

U/kT=10 U/kT=12

U/kT=14 U/kT=16

Swan and VargaWhitaker, Hsiao, Solomon & Furst

Confocal microscopy Dynamic simulation
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l-balanced graph partition 
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2ξ 2RG

S. Zhong, J. Ghosh, Proceedings of the 2003 SIAM International Conference on Data Mining pp. 71–82 (2003). 
J. P. Hespanha, An efficient Matlab algorithm for graph partitioning (2004). 

gel structure

graph 
representation
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give

K. A. Whitaker et al., Nature Commun. 10, 2237 (2019)



Clusters identified by graph theory
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Cluster gel elasticity
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Some gel lines (of “passive” gels)
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Density in cluster extends attractive glass line
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Gels

Equil. 
solid

Ramakrishnan et al. Phys. Rev. E 
2004, 70, 40401.

90nm silica, decalin, 
PS depletant

P. J. Lu, E. Zaccarelli, F. 
Ciulla, A. B. Schofield, F. 

Sciortino, and D. A. Weitz, 
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Silica particle gels
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Elastic modulus 
“aging” over time

1-2μm silica particles, ~38% volume fraction, high ionic strength (0.15M)

F. Bonacci et al., Nat. Mater. 19, 775–780 (2020).
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Aging of silica gels
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Elastic modulus

1-2μm silica particles, ~38% volume fraction, high ionic strength (0.15M)

Confocal microscopy

F. Bonacci et al., Nat. Mater. 19, 775–780 (2020).
F. Bonacci, et al., Phys. Rev. Lett. 128, 018003 (2022).

Despite modulus increase,  
no microstructure change!
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Adhesion between particles
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Single-bond rigidity:

Relates mechanics to adhesion energy
(particle interfacial phenomena)

κ0 =
3πE

4a3

(
3πa2WSL

2K

)4/3
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Bond rigidity in aging silica
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F. Bonacci et al., Nat. Mater. 19, 775–780 (2020).
F. Bonacci, et al., Phys. Rev. Lett. 128, 018003 (2022).

1-2μm silica particles, 38% volume fraction, high ionic strength (0.15M)
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Paramagnetic colloids in a toggled 
magnetic field
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Arrested, gel-like structure
Magnetorheology & electrorheology
M. Fermigier and A. P. Gast,, J. Colloid Interface Sci. 154, 522 (1992).
R. T. Bonnecaze and J. F. Brady, J. Rheology 36, 73 (1992).
R. T. Bonnecaze and J. F. Brady, J. Chem. Phys. 96, 2183 (1992). Elapsed time: 1hr0.9A, 10 Hz

H-field 1.71⨉1.14 mm
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Toggled fields
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Volume fraction 5x10-3

Field strength 600 – 2600 A/m
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Paramagnetic colloids in a toggled 
magnetic field
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0.9A, 0.66 Hz, 0.5 dutyH-field
1.71⨉1.14 mm

Magnetic colloids in toggled field, 0.66 Hz
Elapsed time: 1hr

Kim, H.; Sau, M.; Furst, E. M., Langmuir 2020, 36, 9926–9934.
Bauer, J. L., et al, Langmuir 2016, 32, 6618–6623.
Bauer, J. L., et al. J. Chem. Phys. 2015, 143, 074901.
Swan, J. W.; Bauer, J. L.; Liu, Y.; Furst, E. M. Soft Matter 2014, 10, 1102–1109.
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Phase diagram of toggled sticky spheres
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Z. M. Sherman & J. W. Swan, ACS Nano 10, 5260–5271 (2016).
Z. M. Sherman, et al. Langmuir 34, 1029–1041 (2018).
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Phase diagram of toggled sticky spheres
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Time-averaged P, μ

Time-averaged EOS 

Z. M. Sherman & J. W. Swan, ACS Nano 10, 5260–5271 (2016).
Z. M. Sherman, et al. Langmuir 34, 1029–1041 (2018).
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Gel-like states of toggled sticky spheres
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Concluding remarks

42

• Particle gels are ubiquitous 
but not universal

• Particle interactions drive 
structure and rheology

• Cluster gels: controlling formation 
of structure (e.g. annealing)

• Van der Waals gels: controlling 
surface chemistry

• What happens in driven  
(e.g. dissipative) assembly?

K. A. Whitaker et al., Nat. Commun. 10, 2237 (2019).
F. Bonacci et al., Nat. Mater. 19, 775–780 (2020).
F. Bonacci et al.  Phys. Rev. Lett. 128, 018003 (2022).


