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3
MODELLING THE INTERACTION

FOR COLLOIDS IN A BINARY

MIXTURE

In this chapter, we manipulated a model to calculate the interaction for colloids in
a binary liquid mixture. The total interaction is calculated by adding the solvent-
mediated interaction and double-layer repulsion terms, where the Van der Waals
interaction was minimized by index matching particles and binary liquid. The pre-
dictions for both condensed temperature and structure are compared to recent ex-
periments in chapter 4 and 5.

3.1 Introduction

The standard way to describe the interaction between charge stabilized colloids is
the well known Derjaguin-Landau-Verwey-Overbeek (DLVO) theory[58]. It con-
tains both electrostatic repulsion and Van der Waals attraction. For example it could
describe the stability (the onset of flocculation) as a function of the amount of salt
added. Direct measurement of particle-particle and particle-surface forces conducted
by Israelachvili et al.[15] provided experimental proof of the theory. However, in
the past decade experimental evidence has emerged for the existence of long range
forces under special conditions[59–65]. For instance, at interfaces and in confined
geometries, condensation into ordered structures with open voids, and metastable
clusters were found. Not only at interfaces, but also in bulk systems, an attrac-
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tive interaction had to be invoked to account for the observed phenomena such as
vapor-liquid condensation, amorphous structures, and long lived metastable crys-
tallites. Even like-charged colloidal spheres sometimes attract each other under cer-
tain conditions[61]. Colloids suspended in binary liquids are another class. In these
liquids aggregation, flocculation or condensation into denser phases were observed
close to the phase separation line of the binary liquid mixture. Although several ten-
tative explanations attempted to clarify the mechanism of aggregation[66–70], it is
still a question open to debate. Nevertheless, the first measurement of the reversible
aggregation of silica particles in a lutidine-water mixture by Beysens and coworkers
has verified that this phenomenon was not an analogue of the flocculation by adding
salt. This process of aggregation is reversible by tuning the temperature, which sug-
gests that it occurs at the secondary minimum of the interaction potential as opposed
to the primary minimum in conventional aggregation[71–77]. It is intuitive that the
aggregation is induced by an interaction arising when close to phase separation of
the suspending binary fluid. All measurements to date show that the aggregation
temperature, in the homogeneous phase of the binary mixture, is of the order of 0.5
to 1.0 degrees below Tcx. Tcx is coexistence temperature of two components. This
strongly suggests that wetting/ adsorption plays a key role in the interaction, an
idea put forward first by Fisher and De Gennes in 1978[78]. A second important ob-
servation about the character of the interaction was made by Maher et al.[79]. They
suspended polystyrene particles with a different surface charge density in the luti-
dine/water mixture. The particles with the highest surface charge density preferred
the water-rich phase after phase separation of the binary liquid. In the one-phase re-
gion the particles were surrounded by an adsorption layer of excess water. Particles
with low surface charge density preferred the lutidine-rich phase, and the aggrega-
tion occurs at the lutidine-poor region. The phase diagram is sketched in Fig.3.1.

Flocculation is normally explained to be induced by a reduction of the Debye
screening length, for instance, which can be accomplished by adding salt. Thus, the
short-range Van der Waals attraction takes over and the colloidal particles floccu-
late. In the system where particle and solvent density are matched, we observe that
particles not just aggregate, but become denser liquid and solid phases, where the
distance between the particles is still longer than their Debye screening lengths[80].
This puzzling result led us to look into a system, where the Van der Waals interac-
tion was minimized by index matching particles and binary liquid. Without the Van
der Waals force we still observed the aggregation phenomena at comparable tem-
perature distances from the phase separation temperature. The solvent-mediated in-
teraction should account for this condensation. It acts against the repulsive screened
Coulomb interaction and gives rise to a minimum at distances longer than the Debye
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Figure 3.1: Schematic illustration of the colloidal phase diagram in a binary mixture. The solid line is
the coexistence curve for the solvent mixture Tcx. The dashed line corresponds to the line of aggregation
temperature Ta. CC

lut is critical composition of lutidine. C0
lut is the specific lutidine mass fraction used

in the experiment. In the high surface charge density, the particle preferred the water-rich phase and
aggregation occurs on the right side of phase diagram (B). In the low surface charge density, the lutidine-
rich phase is preferred; aggregation occurs on the left side of phase diagram (A).

screening length.

3.2 Interaction between the colloids

• Solvent-induced interaction: A simplified mean field description

At the boundary of a solid in contact with a non phase-separated binary liquid,
there is an adsorption layer with an excess of one of the components. The
excess concentration decays exponentially toward the mean concentration of
the bulk. Approaching the phase separation line, the adsorption layer will
change from a partial wetting into a complete wetting state.
In the mean field description, the evolution of the thickness of the adsorption
layer into the complete wetting state with a well defined film thickness is found
by minimizing the surface free energy function[81]:

σ =
∫ +∞

0

[
w(m(z)) + c2

(
dm(z)

dz

)2
]

dz + Φ(ms), (3.1)

where w = f(m)− f(m0)− μ(m−m0) is the grand potential per unit volume,
f is the free energy per unit volume, μ the chemical potential, m(z) the volume
concentration at position z, and m0 the concentration of the homogeneous bulk
phase. The function gives the free energy due to the presence of a solid wall.
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Figure 3.2: Schematic depiction of concentration profiles between two walls. In the middle of wall, it is
the superposition of the two concentration profiles (Eq.3.5).

Nakanishi and Fisher take[82]:

Φ(ms) = −h1ms − g

2
m2

s, (3.2)

h1 is surface field, c is coefficient of the gradient. g is enhancement factor.
Where two conditions are implied by minimization,

dm/dz = ±2 (w(m(z))1/2
/c, (3.3)

c (w(ms))
1/2 = ±dΦ/dms| = ±h1 + gm. (3.4)

Fisher and De Gennes showed that the density profile minimizing surface free
energy can be scaled exponentially in the mean field approximation if the dis-
tance is longer than the correlation length. The schematic depiction is shown
in Fig.3.2:

ms = m0(1− 2exp(−l/ξ)), (3.5)

where ξ is the correlation length and l the distance from the solid wall to the
center of the adsorption profile. Fisher and De Gennes also made the conjecture
that in the central region between two walls the profile is a superposition of the
profiles at the two walls, and can be written as an exponential function:

m

(
D

2

)
≈

(
ξ0

D

)β/ν

exp(D/ξ) (3.6)
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where β and ν are normal critical exponent, ξ0 gives the amplitude of cor-
relation length in the asymptotic limit D/ξ → ∞. In this limit an effective
interaction potential per unit of surface V can be derived [81, 83, 84]:

V (D) = −Aexp(−D/ξ) + Bexp(−2D/ξ) + Cexp(−3D/ξ), (3.7)

where the first term is attractive, and the second and third are repulsive. A, B,
C represent the amplitude of different potential respectively. For our purpose
we will neglect the repulsive terms since we observe an attractive interaction
at relatively large separations. The amplitude A is determined by the surface
area at the walls. The amplitude is given as

A = �γ = γαs − γβs, (3.8)

where�γ is the difference in surface tension of component α with the surface,
and component β with the surface. To obtain an estimate of the sphere’s mu-
tual attraction, we make use of Derjaguin’s approximation in which the two
spheres have been replaced by parallel plates, the force law can be seen to be
simply related to Vplane per unit area of two planar surfaces[15],

Fsphere = 2πRVplane, (3.9)

with R the radius of the sphere, Vplane free energy between two planar surfaces.
The interaction between spheres is then given by

Vsphere(D) =
∫

FdD = −2πRξΔγexp(−D/ξ). (3.10)

• Electrostatic Coulomb Interaction

For the screened Coulomb interaction we take Israelachvilli’s formula for low
surface charge[15]:

Vel(D) = (2πRσ2λ2
D/εε0)exp(−D/λD), (3.11)

where σ is the surface charge density, λD the Debye screening length and ε the
dielectric constant. This repulsion keeps the system stable against flocculation.
Our goal is not to study the stability limit, but to find a secondary minimum in
the interaction energy where the colloidal system may form a denser phase in
a reversible manner, stable or metastable.

• Total Interaction energy
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Dividing all lengths by R, energies by kBT , and invoking the assumption [85]
that Δγ = kBT/ξ2, the total effective interaction can be rewritten as:

Wtot = Cλ2
Dexp(−D/λD)− (1/ξ)exp(−D/ξ), (3.12)

where

C = 2πσ2R3/εε0kBT. (3.13)

The potential is determined by two length scales ξ and λD, and the ratio of the
amplitudes of the two contributions. If the ratio of the amplitudes is given by:

F = Cλ2
Dξ, (3.14)

we can draw a diagram of F versus ξ/λD where all possible forms of interac-
tion energies are collected (Fig.3.3).

�

�

�

Figure 3.3: Schematic depiction of the different potential regions as function of the ratio ξ/λD . F is
the ratio of two potential amplitude (Double-layer repulsion and solvent-mediated attraction). ξ is the
correlation length and λD is Debye screening length. The arrow indicates the path of measurement.
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Below the line F = λD/ξ (solid line Fig.3.3) and for ξ/λD < 1 there is a maximum
in the potential, while above this line and for ξ/λD > 1 there is a minimum in the
potential. For F > 1 the suspension will remain stable. In the upper right quad-
rant a stable dense colloidal phase can be formed. For F < 1 the colloidal system
will flocculate. Only for systems in the lower left quadrant metastable phases are
possible. The correlation length ξ is directly proportional to the distance from phase
separation in either temperature, pressure or composition. The arrow indicates the
path along which a colloidal suspension approaches toward phase separation. For a
starting point with F > 1 we will always reach the upper right corner, where a stable
dense colloidal system may be formed. Starting below the F = 1 line, we may en-
counter flocculation before entering the stable corner. The above applies for systems
where the Van der Waals interaction between the colloids is negligible. If, however,
the Van der Waals interaction is pronounced, the qualitative picture does not change
dramatically, but there will always be a short-range attraction. Both maxima and
minima will remain but the amplitude and positions of the potential will change.

3.3 Results

At first, we employ this model to calculate the potential for a system of fluorinated
particles in 3-methylpyridine/ H2O/ D2O. The detailed experiment is presented in
chapter five. In this system the particles (R = 200nm) are refractive index-matched
with the binary liquid. The Debye screening length at room temperature is 2 na-
nometer. The screening length will change because of the adsorption around the
colloidal particle. It is a minor effect and does not change the qualitative picture,
as we will demonstrate as follows. The relevant range of the correlation length at
the off-critical composition is from 2 to 6 nanometers from room temperature to the
condensed temperature at the off-critical composition.

In Fig.3.4, we employed the model with the experimental data to calculate the
potential in the system of fluorinated particles in 3-methylpyridine/H2O/D2O. The
range of F from 30 (the starting point at room temperature) to a value of 90 corre-
sponds to the increased correlation length. The potential illustrates the evolution
from a repulsive potential to an attractive potential. We observe a well depth of
2.5kT at a value of ξ/R = 0.025, i.e. ξ = 5nm. The correlation length is a direct mea-
surement of the distance from phase separation. From the SAXS measurements, we
could determine the correlation length from the low-q region by using the Ornstein-
Zernike equation. The detailed characterization of which will be reported in chap-
ter 4. In Fig.3.5, the correlation length as a function of the reduced temperature,
(T −Tcx)/Tcx, is shown. The correlation length as a function of reduced temperature
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Figure 3.4: The calculated potential as function of separation distance at different ξ values. ξ is the param-
eter related to temperature difference from the Tcx (in fig3.5). The results are based on the experimental
data in the fluorinated particles in the mixture of 3-methylpyridine/H2O/D2O.

can be described as

ξ = ξ0Δt−ν . (3.15)

with exponent ν 1.1 at the large reduced temperature. For the non-phase-separation
system, the near doubling of the critical exponent ν (3D Ising value of ν = 0.63) was
reported in an earlier study[86].

The distance from phase separation is then 2.5◦C for this system. If a well depth
of 2.5 kT is sufficient to induce aggregation, the model without any adaptable pa-
rameters predicts the aggregation to take place in the observed temperature range.
We can clarify this model when the Debye screening length is varied. For three col-
loidal solutions of fluorinated particles in the binary mixture (φ = 0.003) with Debye
screening lengths of 2.0, 1.0, and 0.7 nm, we observed aggregation at Tcx − Ta =
4, 11 and 22◦C respectively. Ta is the aggregation temperature, Tcx is coexistence
temperature of binary mixture.

Fig.3.6 displays the calculation with our measured values. If we assume the well
depth at aggregation to be 2.5 kT , we derive that Tcx−Ta has the values of 2, 8.7, and
20◦C respectively. Since no approximation is required, a remarkable agreement with
experimental values is found. With a shorter Debye screening length, Ta is further
from phase separation. This is in agreement with all experiments studied so far. The
density of the formed aggregates can be derived from the position of the minimum
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Figure 3.5: The measured correlation length versus reduced temperature Tcx−T
Tcx

at C3MP = 0.25.

Figure 3.6: The minimum potential as function of the ξ/R at the different Debye screening length. The
dashed indicated the minimum potential at 2.5kT .

in the effective potential Dmin.
In Fig.3.7 the result of the calculation is shown as a function of ξ/R. The dashed

line in the figure indicate the range of the correlation length in the aggregation re-
gion, where the minimum in the potential is 2.5kT . If the systems are brought closer
to the phase separation line, i.e.larger ξ/R, the minimum does not change anymore
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Figure 3.7: The position of minimum potential as function of ξ/R compared with the different screening
length. The dashed line defines the range of the correlation length in the aggregation region.

except for the system with the longest Debye screening length, where a change of
20% is predicted by the model. We did not observe the change in density of formed
aggregates at the different Debye screening length in our measurement. In a non-
density matched system such as the fluorinated particles in 3MP/ water one does
not expect this change to be visible. Because, for these systems, one can argue that
these details are obscured by gravity, temperature, resolution, etc. It shows, how-
ever, the power of the method to make qualitative predictions. Had we set the
criterion for aggregation at 2kT , the uppermost curve would be on the steep part
of the curve. Then the density of the dense phase formed by the colloids would
have liquid-like densities which depend strongly on the temperature. For systems
with shorter screening lengths the potential decays rather abruptly. For systems with
the longest screening length, it goes smoothly, and one may expect different decay
to happen, provided gravity does not spoil the effect’s visibility. For the density
matched system of polystyrene particles we did observe a liquid phase, with a den-
sity that depends strongly upon temperature. The model is strictly not applicable
to these systems. The refractive index does not match and hence the Van der Waals
force is present. Qualitatively the predictions of the model hold, quantitatively there
are discrepancies. For example the aggregation/ condensation temperature shifts in
the right direction with the Debye screening length. The shift we observe, however is
much less than the model predicted. We observe a liquid phase, however not at the
point predicted by the model, as long as we use the model without a free parameter
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and without the Van der Waals interaction. Of course one can incorporate the Van
der Waals interaction into the model, then simplicity is gone and uncertainties are
introduced. The freedom one gains will certainly be able to describe the phenomena,
however physical insight and elegance are lost.

Figure 3.8: The calculated minimum potential of PS in 3MP/Water as function of screening length at the
different Debye screening length. The dashed line represents the characteristic ratio where all the systems
condensed into a solid phase.

A possibility to obtain more quantitative agreement within the model presented
is to use the amplitude ratio F(screened Coulomb versus Casimir) as a free param-
eter. In order to make this point clear, we calculated, without a free parameter, the
well depth for some of the systems of polystyrene in the 3-methylpyridine/ water
mixtures for the different Debye screening lengths (Fig.3.8). All these systems con-
dense into a solid phase around ξ/R 0.07 (indicated by the dashed line in the figure).
The effective potential of the system with λD/R = 0.02 would describe with small
variations in all the systems. By using the amplitude as a free parameter this is easy
to perform. The origin of the particular value of the amplitudes is far more difficult
to answer.

3.4 Conclusion

We can conclude that the effective attraction in the asymptotic limit suggested by
Fisher and De Gennes is the driving force of the observed phenomena. The effec-
tive potential is able to quantitatively describe systems without the Van der Waals
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attraction. Taking into account Van der Waals forces, the system turns more com-
plex to interpret the effective attraction. Nevertheless, the model already indicated
that fluctuation-induced forces as predicted by Fisher and de Gennes certainly play
a major role, although van der Waals force may also contribute.


