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5
DIRECT VISUAL OBSERVATION

OF COLLOIDAL PHASE BEHAVIOR

IN REAL SPACE

5.1 Introduction

In chapter 4, we have presented the evolution of the microstructure by measuring
the structure factor S(q). The results show unambiguously that colloids in binary
mixtures are another experimental realization of an attractive system that, like col-
loid/polymer mixtures, can be found in a liquid phase. In this chapter we try to pro-
vide some insight in real space using confocal microscopy. Three different colloidal
systems are investigated in the same binary liquid mixture. The real-space data on
silica and polystyrene confirm and illustrate the X-ray results. The refractive-index
matched fluorinated particles, where the Van der Waals force is minimal, provide us
insight into the nature of the attraction that drives the colloidal phase transitions in
binary mixtures. The temperatures where this system condenses could be predicted
by the model discussed in chapter 3. Moreover, this system condenses into glassy
and/or gel-like structures not observed in the other systems. In recent yeas the idea
that colloidal particles can form glassy structure has been established in a number
of very interesting experimental and theoretical works. Most attention has been fo-
cused on colloidal particle systems that are dominated by repulsive interactions for
which, at high packing fraction values, the glass represents an alternative packing to
the usually more favorable crystal structure[112]. Recently a new type of glass has
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Suspension C3MP XHW/(W+HW ) φc

PS0 0.25 0.24 0.001
Sil0 0.25 0.25 0.0005

FL01 0.40 0.5 0.0008
FL02 0.40 0.5 0.003
FL03 0.40 0.98 0.0002
FL04 0.40 0.95 0.0006

Table 5.1: Samples used in the experiments: weight fraction of 3MP (C3MP ), weight fraction of water to
the total amount of water (XHW/(W+HW )), and particle volume fraction (φc).

arisen as the focus of interest[113–115]. This has been called the attractive glass[116].
In our weakly attractive colloidal system, the observation of glass-like or gel-like
structure sheds new light to understand the attractive glass.

5.2 Experimental technique and data analysis

Samples of different particles in 3MP-water mixtures on both sides of the critical
point and with different particle volume fraction were prepared. These are described
in Table 5.1.

Refereing to the table2.4, PS and silica particles have relatively high refractive
indices compared with that of the solvent. We can not see deeper than two layers into
the bulk due to multiple scattering. Therefore, the study of these systems is restricted
to the first layer of cover slip. The fluorinated particles have a low refractive index,
which is close to that of the solvent. Hence, we can see deeper into the bulk. The
detailed sample preparation is listed in table 5.1. The suspensions were put into
glass capillaries 0.2mm deep, 4mm wide, 50mm long, and flame sealed to prevent
evaporation.

Figure 5.1: A picture of Zeiss Axiovert 200 confocal microscopy and thermal control stage. The sample
cell is glued to a Peltier element.
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For the confocal microscopy they were placed on a heated inverted microscope
stage with thermal paste in between (Fig.5.1). The stage heater had a tempera-
ture stability of 0.1 degrees. Our experimental setup consists of a ”Zeiss Axiovert
200”confocal microscope. The samples were imaged with a high magnification 100X
oil objective and a low magnification 20X objective. With the high magnification, it
is possible to see the individual particles. With the low magnification the particles
are about the size of one pixel. It is possible to see one solitary particle, but it is
impossible to distinguish them in a cluster.

The g(r) is essentially a statistical distribution function: it is equivalent to the
number of particle centers per unit area one is likely to find in an annulus {�a : r <

|�a− �rj | < r+dr}, around any one particle center �rj , normalized by the local average.
The g(r) can be calculated from experimental data by visualizing a plane of particles,
and determining the particle center distribution from the positions of all N particles
in view[117, 118]:

ρ(�r) =
N∑

j=1

δ(�r − �rj) (5.1)

The g(r) is simply the pair correlation for this distribution, averaged over space
and angles:

g(r) =
1
n2

< ρ(�r∗ − �r)ρ(�r∗) > (5.2)

where n, the number of particles per unit area. We will use the g(r) to characterize
the different phase .

We use the static intensity autocorrelation of the image to characterize the size of
the cluster.

g(x, y) =
〈I(x′, y′)I(x′ + x, y′ + y)〉

N2
. (5.3)

The definition of autocorrelation is to multiply the values of pairs of pixels sepa-
rated by a distance, and to average over all pairs.

5.3 Results

In the previous chapter, we reported the evolution of microstructure from measure-
ment of the structure factor by SAXS. Now we will discuss the colloidal phase be-
havior in a binary mixture as seen in the confocal microscope. A representative set
of images of the phase behavior for PS0 is shown in Fig.5.2. Images are of the first
layer adjacent to the glass wall at the bottom of the capillary. The sample looks the
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same within the temperature range from room temperature up to 58◦C. The sam-
ple was then gradually heated to 59◦Cand recorded during the heating process. An
initially homogeneous distribution of particles evolves into a heterogeneous distri-
bution with colloid-rich and colloid-poor phase, which then did not change signifi-
cantly any more. When the temperature reaches 60◦C, the ordering particle pattern
was observed. After much longer time, the structure is still stable till we cooled the
temperature, the particle then dispersed again to form the homogenous solution.
These series of images can be analyzed to calculate the g(r)(Fig.5.4 (a)). The appear-
ance of peak in g(r) indicated that dense phase was formed at T=59◦C. This process
can be repeated in the reversible way. The macroscopic observation is consistent
with the result from the small-angle x-ray scattering. This system provided a way to
study the freezing and melting process in a controlled manner.
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Figure 5.2: LSCM images of polystyrene particle PS0 in 3MP/water/heavy water at the different temper-
ature. (a) T=20◦C, homogenous phase. (b) T=59◦C, disordered dense phase, looks liquid-like structure,
(c) T=60◦C, order crystal structure, after waiting 30 mins. (d), T=55◦C, transient state when the system is
cooling.
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Silica particles Sil0 in the same binary liquid mixture are also studied. As we in-
crease the temperature from 20◦Cto 47◦C, we observe no significant change in the
behavior of our particles in the horizontal plane. At 48◦C, the colloidal system sepa-
rates into relatively dense and dilute phases. The transition is sudden, with groups
of particles contracting to clusters that move around in the plane before dispersing
again. After several minutes, the particles settle into a new equilibrium. The parti-
cle distribution function g(r) obtained from the image b illustrated that the colloidal
dense phase was formed. Around 54◦C, in the dense area, we observe the forma-
tion of what appear to be two-dimensional crystalline structures. As we increase
temperature further, we observe more layers being added to the structures, making
them three-dimensional. This indicates that the attraction between the particles be-
comes significant compared to the forces confining the particles to one plane. As we
increase the temperature beyond 64.5◦C, the phase-separation temperature of the bi-
nary liquid mixture, we observe (Fig.5.3d) the formation of spherical aggregates of
colloids or droplets.

Now we have to address the fluorinated particle. Because fluorinated particles
have an exceptionally low index of refraction of about 1.37, their refractive index
matches closely with that of 3MP-water mixtures. The index matched system is es-
sential to understand the attraction with negligible Van der Waals force, the only
appreciable attractive interaction left in the solvent mediated interaction. Visual ob-
servation showed that the fluorinated particles preferred the water-rich phase after
phase separation. Here the condensation occurs at the 3MP-rich side of the phase
diagram and water is adsorbed on the particle. Indeed, the surface charge density
of the fluorinate particle is higher than that of the polystyrene particle, the observa-
tion of condensation at the 3MP-rich side of phase diagram is consistent with earlier
study[119]. The structure of the condensed phase of the fluorinated particle system
is different from the polystyrene and silica sphere, but the condensation temperature
with respect to Tcx is similar and comparable to the PS and silica sphere.

We first present suspension FL03 with a particle volume fraction of 0.0002, which
was observed to aggregate at 36◦C. Fig.5.5 shows a representative set of time series
over one hour at 36◦C. From images one can see the clusters form initially in the
bulk and fall towards the bottom. They grow into branched structures over a time
scale, orders of magnitude longer than the denser samples. By focusing deeper, the
clusters were observed to lie in one plane along the glass wall. They did not reach
into the bulk. They were moving with Brownian motion, it indicated they do not
stick to the glass all. They were observed to collide with each other. Every observed
collision resulted in the clusters sticking together. No clusters or individual particles
were observed to separate from each other.
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Figure 5.3: LSCM images of silica particles Sil0 in 3MP/water/heavy water at the different temperature.
a. At 20◦C, a homogeneous suspension, b. At 48◦C, the system undergoes some changes. This cluster of
particles was moving rapidly through the plane. c.At 54◦C, we observe the formation of what appear to
be two-dimensional crystal structures. d. After phase separation, droplets are formed. Taken at 64.5◦C.

In order to assess the structure on the particle level, pictures of the clusters from
suspension FL04 were taken with the 100X objective after 15 minutes at 41◦Cas
shown in Fig5.6. The branches of the clusters are not made of single particles, but
are a few particles wide.

One may characterize the size of the structures with the intensity autocorrelation
of the image. The intensity of image autocorrelation of the time series in Fig.5.5 was
calculated. The first minimum as a function of time is plotted in Fig.5.7. This mini-
mum can be taken as a length scale of the clusters to estimate the evolution of cluster.
The size of cluster develops with the square root of time. Beysens[120] reported the
aggregation kinetics by light scattering measurements. The time evolution of aver-
age cluster radius R has a form: R ∼ t1/3.

Fig.5.8 shows the time evolution of the structure at the high volume fractions of
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Figure 5.4: The measured g(r) for particle in a binary mixture at the characteristic temperature corre-
sponding to the images. (a) polystyrene sphere, (b) silica particle.

particle (suspension FL01). The volume fraction of the particles are visibly higher
than the initial volume fraction of the particles of 1%, which may be due to sedimen-
tation. Taking many images consecutively at a high rate showed that the particles
in the homogenous phase were Brownian while the particles in the heterogenous
phase were not moving. This transition was observable when solution FL01 was
heated to a higher temperature of 55◦C. The transition from the unaggregated to ag-
gregated can be characterized by the static intensity autocorrelation function. Fig.5.9
shows the correlation of image of the unaggregate stage (Fig.5.8a) and the aggregate
state (Fig.5.8d). The correlation of the aggregated sample shows a minimum at 2μm.
An image of the aggregate taken at larger magnification is shown in Fig.5.10). The
particles appear to form a loose connected network of filaments, which are several
particles thick. We conclude that this heterogeneous structure is a gel.

The temperature control of the particle interactions allows us to reverse the aggre-
gation process and study fragmentation of the aggregate. To observe fragmentation,
suspension FL03 was first warmed to 36◦Cthen let to equilibrate 30 minutes. Then
it was quenched to 33◦Cand a time series was recorded (Fig.5.11). We observe that
the aggregates dissolve and the particles in the clusters suddenly diffuse away. At
even later times, individual particles are not seen any more. This is interpreted to be
melting of the clusters after crossing the aggregation temperature.

To test the effect of different screening lengths, several samples were prepared. A
sample with suspension FL02 was prepared. Then a suspension with 0.0025 mol/L
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Figure 5.5: Confocal-microscopy images of suspension FL03 at 36◦Cevolving over time. (a)t=0,
(b)t=7mins, (c)t=33mins, (d)=60mins.

NaCl was prepared with the same composition as suspension FL02. Another sus-
pension was prepared by putting suspension FL02 in a bottle, adding ion exchange
resin, an ion removing agent, and leaving it overnight. All three samples were put
on the confocal microscope, and the aggregation and phase separation temperatures
were determined by slowly heating the sample. The experimental results and two
lengths (correlation length and Debye screening length) are sum up in table 5.2.

Adding salt lowered the aggregation temperature by 13.5 degrees, and removing
ions raised it by 7 degrees. Now the effect of the presence of salt on the structure was
examined. Suspension FL03 was previously observed to aggregate into clusters after
45 minutes at 35◦C(Fig.5.12a). A sample of suspension FL03 with 0.0025 mol NaCl/L
was prepared, and it was warmed to 26◦Cand equilibrated. Then it was warmed to
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Figure 5.6: Confocal-microscopy images of suspension FL04 at 41◦Cwith 100X objective at 41◦C. The
percolated structure is formed at the low volume fraction of particle.

Figure 5.7: The size of cluster as a function of time calculated from the images in Fig.5.6. The size increases
with the square root of time.

30◦Cand after 45 minutes Fig.5.12b was taken. The structures are notably similar
indicating that the shorter length scales did not significantly alter the formation of
the clusters.

From the change in the phase separation temperature, we can derive the salt con-
centration in the temperature range, where we observe the aggregation. From this
we calculate the Debye screening length given in Fig.4.23 The other important length
scale in the system is the correlation length. Knowing the distance in temperature
from phase separation we derive the correlation length from the data. The values are
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Figure 5.8: Confocal-microscopy images of suspension FL01 at 43◦C(a) and 45◦Cafter (b) 6 seconds, (c)
12 seconds, and (d) 18 seconds.

given in the Fig.4.20. These values were used to employ the model. Although the
result can not foresee which phase the system condensed into, the model can pre-
dict the condensed temperature qualitatively. The detailed performance of model
calculation was reported in Chapter3.

5.4 Discussion and conclusion

In the real space, we demonstrated that polystyrene sphere, silica particle, fluori-
nated colloidal particles in 3MP/water/heavy water, provides a temperature de-
pendent attraction between the particles. This allows us to induce aggregation by
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Figure 5.9: The intensity correlation of images from Fig.5.8a. and Fig.5.8d.

Figure 5.10: Image taken with 100X objective of solution FL01 at 55◦C. The gel-like structure is formed at
the high volume fraction of particle.

Figure 5.11: Confocal microscope images of suspension FL03 at 36◦Cquenched to 33◦C. (a) 0 seconds, (b)
4 seconds, and (c) 8 seconds after changing the temperature setting.
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Tagg (◦C±1) Tcx(◦C±1) ΔT (◦C) λD (nm) ξ (nm)
added salt (.0025 mol NaCl/L) 33 55 22 0.75 1.9

normal 46.5 57 10.5 1.09 3.1
ion exchange resin 53.5 57.5 4 2.26 4.2

Table 5.2: Aggregation Taand coexistence temperatures Tcx ΔT = Tcx- Ta, λD Debye screening length
and ξ correlation length with added NaCl, without salt, and with ion exchange resin for the fluorinated
particle FL02.

Figure 5.12: Confocal images of suspension FL03 without salt at 35◦Cafter 45 minutes (a), and with 0.0025
mol NaCl/L at 35◦Cafter 45 minutes (b).

raising the temperature and to turn off interactions by lowering the temperature.
For the polystyrene sphere, silica particle, the phase behavior we observed in the

microscopy is consistent with the previous scattering measurement. The condensa-
tion occurs at the water-rich side and crystal is observed in the colloid-rich phase.

To choose the fluorinated particle because its refractive index almost matched
with the solvent, the Van der Waals attraction is negligible. We can figure out the
origin of the attraction. Aggregation was first observed on the 3MP-rich side of the
phase diagram, in contrast to the aggregation of polystyrene particles observed on
the 3MP-poor side. This confirms that it is possible for similar particles to aggregate
on different sides of the phase diagram. Suspensions with different volume frac-
tions of particles were studied by confocal microscopy. The structure of the aggre-
gates was surprisingly different from previous scattering studies, which observed
compact crystallites. Previous light scattering studies were limited to observing
the aggregates that were suspended in the solution. It may be possible that some
aggregates studied earlier had a similar non-compact structure after sedimenting.
The structure of aggregates with an initial volume fraction of a few percent have a
loosely-connected structure, like a gel. It is not clear if the particles first form discon-
nected clusters which fall down at a certain size, or whether the structure is dense
enough to form in a uniform way.
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The most dilute suspensions aggregated according to what appeared to be diffusion-
limited cluster aggregation, which is the established mechanism for salt induced
colloidal aggregation in the dilute limit. However, our kinetics study for the size of
clusters does not agree with the diffusion limited aggregation. The early aggregation
of the particles ten degrees from phase separation of the liquid is interesting because
it is more than was seen in previous studies. The 22-degree gap between aggrega-
tion and phase separation when salt was added is even more interesting. The gap
between Tcx and Ta are changed due to the screening length. The proposed model in
chapter 3 can predict the condensed temperature quantitatively. The almost perfect
agreement between the experimental result and calculation allows us to unveil the
origin of attraction. However, the model is restricted to foresee the phase where the
condensed particle into.

It is not clear why these fluorinated particles aggregate into loose structures that
previously were not seen. There are many parameters: surface charge density, prox-
imity to the critical point, size of the particles, index and density of the particles and
solvent, etc. It is also possible that these structures were not seen before because of
the different experimental procedures. The density matched system is appreciated to
study the equilibrium phase. The result from the polystyrene particle is more close
to the true phase behavior in equilibrium.

This system exhibits rich phase behavior and provides the opportunity for re-
searchers to study phenomena with greater control. The complementary techniques
x-ray scattering and microscopy allow us to study the system in the different length
scale. Denser colloidal systems such as gels and attractive glasses could be studied
in the future with temperature as a control parameter. This gives more control to the
experiment than with colloid-polymer systems. With a change in temperature one
can see effects without changing the composition of the sample, and changes are vis-
ible without having to take the sample off the microscope. Density matched particles
would make larger loosely-connected structures without collapsing. The transition
of repulsive glasses to attractive glasses could be studied by raising the temperature
in this system. The reversibility opens the possibility to study fragmentation dynam-
ics of aggregated clusters. The ideal refractive and density matched particles with
solvent are wanted for the further study .
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