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ARTICLE INFO ABSTRACT

Keywords: This paper concerns the viscoelastic properties and the resulting structure of colloidal systems with short-range
Cluster fluids attractions in the regime where the volume fraction f is small. Unlike the high ¢ regime, which is well understood
Gels in terms of mode-coupling theory (MCT), the low ¢ regime is still the subject of a debate based on different
é?)l:ll:;‘zg systems concepts such as percolation, diffusion-limited colloidal aggregation (DLCA), jamming, or cluster mode-coupling
RLCA approach. Prior to the analysis of three examples of attractive systems at low ¢ values, a summary of concepts

DLCA relevant to understanding the formation and properties of such attractive particles is discussed in the present

RDLCA study. Afterwards, we re-analyze the behaviour at a low ¢ of i) suspensions of carbon black (CB) particles, ii)

Percolation suspensions of poly(methyl methacrylate) (PMMA) hard spheres with a depletion attraction induced by the
addition of polystyrene (PS), and iii) suspensions of amino acid organogelator molecules which form rod-like
objects. The rheological properties of these systems have been studied in detail and their response has been
interpreted as being due either to a solid network discussed in relation to the jamming state diagram or to a
suspension formed by jamming of clusters. Our analysis shows that these three systems are in fact cluster fluids
and that their solid-like response corresponds to a change in their viscoelastic response, the elastic component G’
becoming greater than the viscous component G" at low frequencies. Due to the presence of weak interparticle
interactions in the tens range from 1 to 15 kgT, a liquid-like state is reversibly achieved at high frequencies, as
indicated by the crossover of G’ and G" as a function of frequency for a given concentration. Moreover, all these
attractive particle systems at low ¢ show for both moduli a master curve which characterizes these cluster fluids
and allows for the classification of these attractive particle systems.

from the association of sticky hard spheres, e.g., the widely studied
octadecyl-coated silica particles [9-16], or from the association of
colloidal particles resulting from a depletion mechanism [17,18], e.g.,

1. Introduction and motivation

The study of systems exhibiting liquid-solid transitions is a field of

research established for a long time. Research has focused on (a)
crosslinked polymer systems, i.e., chemical or physical networks in the
melt or the swollen state [1-6], (b) repulsive colloidal systems, i.e.,
repulsive hard spheres which give rise to a glass transition when the
volume fraction ¢ is ca. 0.58 [7,8], and (c) attractive colloidal systems
which are the subject of this article.

The attractive colloidal systems have long been used in everyday life,
such as foods and cosmetics, in medical applications such as cartilage
replacements, and in many industrial fields. They consist of weakly
attractive particles dispersed in a solvent, which are initially separated
but aggregate under suitable conditions to form clusters of a fractal
nature, thus, leading to a colloidal network. These clusters come either
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colloid-polymer mixtures, for which the polymer concentration controls
the attraction between colloidal particles [19-21].

Both the attractive colloidal systems and depletion systems exhibit a
rich phase diagram which depends on the strength of the interparticle
attraction U, the volume fraction of particles ¢ and the range of the
attractive interaction &. They have been the subject of a large number of
studies leading in particular to the understanding of their behaviour at
high density values, which is characterized by the presence of two glassy
states, ie., attractive and repulsive, separated by a fluid [19-21]. In
contrast, the behaviour of these colloidal systems in low-density regimes
is still poorly understood, although it has been extensively studied.
These systems, which are characterized by a percolation-type formation
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mechanism and a solid-type mechanical response, are often considered
as solids immersed in a fluid or gel-like solids, although the existence of
these gels has not been proven because the onset of gel formation -
commonly called critical gel -, was not observed except in the case of
octadecyl-coated silica particles suspended in n-tetradecane [13,14].
The elastic behaviour of colloidal systems has been reviewed [22], and
their properties analyzed according to whether they were obtained in
equilibrium or under non-equilibrium conditions [23].

The aim of this article is to shed new light on the origin of the solid-
like behaviour of systems with weakly attractive particles in the low-
density regime, by re-analyzing the mechanical behaviour of three
different systems: (i) suspensions of carbon black (CB) particles [24-27],
(ii) certain suspensions of poly(methyl methacrylate) (PMMA) spheres
with a depletion attraction induced by the addition of polystyrene (PS)
[26], and (iii) suspensions of amino acid organogelator molecules [28].
Our analysis shows that the solid-like response of these systems does not
correspond to that of a jammed system but to a change in the viscoelastic
response of a fluid of fractal clusters, which occurs when the elastic
component G’ of the shear modulus becomes greater than the viscous
component G".

To place this study in the appropriate context, various theories and
numerical simulations that have been used or proposed to describe the
response of attractive colloidal systems in the low-density regime will be
recalled: (a) the classical percolation of entropic nature - which is based
on the fractal approach and introduces the particular properties of the
critical gel making possible to identify a gel without any ambiguity -, (b)
the elastic percolation and the rigidity percolation, (c) the diffusion-
limited colloidal aggregation (DLCA) — which leads to the formation of
a gel -, (d) the reversible diffusion-limited colloidal aggregation
(RDLCA) - for which the gel state is not reached -, (e) the reaction-
limited colloidal aggregation (RLCA) - which leads to the formation of
an aggregated solid -, (f) the cluster mode-coupling approach - which is
an extension of the mode-coupling theory (MCT) of glasses leading to a
gel or an attractive glass -, (g) the spinodal decomposition, and (h) the
jamming process — which leads to an amorphous solid. This is not a
detailed review of this literature, but only a summary of concepts rele-
vant to the understanding of the formation and properties of attractive
systems discussed in the present study. This overview of the literature
will also allow us to make a classification of the systems characterized by
a solid-like response.

The article is organized as follows: Section 2 recalls the mechanisms
controlling the formation and the mechanical behaviour of soft solids in
Soft Matter. This section contains several subsections dealing respec-
tively with classical percolation, elastic percolation, rigidity percolation,
DLCA, RDLCA and RLCA mechanisms, jamming process and MCT
applied to clusters. In Section 3, our analysis of the viscoelastic prop-
erties of carbon black suspensions, hard spheres suspensions with a
depletion attraction induced by the addition of a polymer, and suspen-
sion of amino acid molecules leading to organogels is presented. Finally,
our conclusions are summarized in Section 4.

2. Mechanisms controlling the formation and mechanical
behaviour of soft solids in Soft Matter

Rheological measurements have always played a major role in
determining the state of a system and its evolution as a function of pa-
rameters such as time, temperature or concentration because rheology
macroscopically probes the response - liquid or solid - of the system (see
for example the reviews on Soft Materials, including biological systems
and cells [29], and those on liquid-crystal elastomers and gels) [30,31].
For equilibrium or quasi-equilibrium systems, they also provide a proper
determination of the fluid-to-solid transition via the scaling law char-
acterizing the critical gel, introduced for the first time for polymer sys-
tems [32,33]. This summary recalls the main rheology mechanisms that
have been proposed to describe the formation and the mechanical
behaviour of the different systems studied in Soft Matter. It includes the
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different percolation approaches, the jamming approach, and the mode-
coupling approach. In Table 1, a description for all soft solids described
in Section 2, ie., polymer gels, colloidal gels, cluster fluids, colloidal
aggregates, and jammed systems, is presented as a summary of the
concept.

2.1. Percolation and basic definition of a gel

Many random materials exhibit important changes in their elastic
behaviour as the degree of interconnection in the material increases.
This behaviour change is usually explained by the concept of percola-
tion, which is a critical physical process based on statistical consider-
ations, allowing for the characterization of the behaviour of a set of
incompletely connected objects for which long-distance communication
is either possible or impossible depending on the number of objects and
contacts between them. The transition from a random state with
incompletely connected objects to a random state with connected ob-
jects is identified by the percolation threshold, which is the point where
the parameter describing the connectivity takes a critical value. When
this threshold value is crossed by continuously increasing the concen-
tration of objects and/or their bonds, the system goes from a state of
short-range connectivity to a state of long-range connectivity. The
properties of the system then change abruptly at this point, and the
percolation transition behaves like a second-order phase transition in
connectivity. The theory of percolation, therefore, belongs to the
framework of phase transitions. It has been applied to the description of
numerous systems of Solid-State Matter and Soft Matter, the polymeric
and colloidal systems are the most representative in the field of Soft
Matter. This subsection will focus on the two different percolation
models, i.e., classical and elastic, which correspond to the usual ap-
proaches of gelation theory.

2.1.1. Classical percolation and electrical analogy

As we have just recalled, gelation is the phase transition from a state
composed of molecules — monomers — and finite clusters formed by some
of these molecules, towards a gel, which is a state presenting an infinite
network formed by a macromolecule of infinite size. This assumes that
the gel forms continuously, meaning there is no phase separation and
that the gel fraction vanishes continuously at the gel point. The sol-gel
transition is therefore a continuous transition that behaves like a
second-order phase transition in connectivity [3-5]. This description
applies to gels formed from a solvent-free melt (undiluted gels). The
situation may be different for gels formed from solutions since,
depending on the chemical potential, the gel fraction may either vanish
continuously at the gel point or may jump to zero discontinuously if the
system jumps over the miscibility gap. In the language of phase transi-
tion theory, this second situation is called a first-order transition, which
is characterized by a region where the phases before the transition and
after the transition coexist. The evolution of the system in this coexis-
tence region is governed by a nucleation and growth mechanism.
Regarding the polymer systems discussed here, it should be noted that
their final structure strongly depends on the way they are formed. This is
illustrated in Section 3.2 - Colloidal suspension of hard spheres (PMMA)
with depletion interaction -, which deals with colloidal systems with
very low colloidal volume fraction and different polymer concentrations
for which the nucleation and growth process and the mechanisms
leading to a first- or second-order sol-gel transition provide a good
description of the final structure of these different systems.

2.1.1.1. Gels formed from a solvent-free melt or undiluted gels. The
percolation model is a particular approach to gelation. It can simply be
explained by assuming that the monomers occupy the sites of a periodic
lattice and that between two nearest neighbours of the lattice sites, a
bond is formed randomly with a probability p. If p is close to zero, most
of the sites are isolated, except for a few pairs or triplets of sites. When p
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Table 1

Classification, mechanism of formation and characterization of some soft solids.

Chemical and physical
polymer gels formed by
entropic percolation

Chemical gels by chemical
crosslinking (i.e., covalent
bonds)

Physical gels by physical
crosslinking (i.e., ionic
bonds, hydrogen bonds,
crystalline domains,
entanglements, n-1 stacking)
2nd-order phase transition in
connectivity (the
observation time must be
longer than the dynamics of
the physical gel formation)
Existence of a critical gel
Presence of a gel point:
G'(0) ~ G(0) ~ "

Master curve

Fractal formation of colloidal

Colloidal gels formed by

diffusion-limited colloidal clusters
aggregation (DLCA) e Growth process: G* ~ (¢ -
q’gel)t

Existence of a critical gel
Presence of a gel point:
G ~ G ~ "

Master curve

e Solid formed far from the
gelation threshold when G’
> G” (no percolation
transition)

A collection of tightly packed
fractal aggregates
throughout the sample
Growth process: G* ~ ¢*

No existence of a critical gel
(unlike the colloidal gel)
Fractal formation of colloidal
clusters with a finite inter-
particle attraction energy
Cluster fluid that depends on
the bond energy U

Growth process: G ~ (¢ -
¢o)', where ¢ is the
percolation threshold (when
U is high, but not high
enough to lead to an
irreversible growth process)
No existence of a critical gel
(there is no gelation process)
Master curve

Cluster mode coupling
approach can also lead to a
cluster fluid

A vectorial percolation
model where contact
interactions between
particles produce geometric
connections

Growth process: G’ and G"
follow a critical behaviour as
a function of (p — Pcelastic)s
where pe elastic is the
percolation threshold
Critical values of exponents:
different from those of scalar
percolation

Main models: i) Central-
Force (CF) model - rigid
framework formed of elastic
connections or springs with
only stretching forces, ii)
Bond-Bending (BB) model
with a bond-bending term
added to the elastic network
energy - stretching and
bending forces are present

Aggregated colloidal solids
formed by reaction-limited
colloidal aggregation
(RLCA)

Fluid of colloidal clusters
resulting from reversible
diffusion-limited colloidal
aggregation (RDLCA)

Elastic percolation
networks
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Table 1 (continued)

Jammed systems (at zero
temperature)

e Jamming occurs when all the
particles touch

Attractive systems
formation: two 2nd-order
transitions - first a connec-
tivity transition from a non-
percolated state (liquid-like)
to a percolated but unjam-
med state (gel-like), followed
by a rigidity transition from
the percolated state to the
jammed state (critical point
J)

Repulsive systems formation:
one 1st-order rigidity transi-
tion at point J from the non-
percolated state to the jam-
med state

Jamming transition at point
J for attractive systems: G’ ~
@~ o)

The jammed state is the most
disordered of states
(crowding of the space or
random close-packing
density)

increases, small clusters form and connect themselves to form larger
clusters. For a critical probability p., an infinite cluster appears, which
extends from one end to the other of the lattice, which indicates the
formation of the gel. The critical probability p. is named the percolation
threshold. It indicates that a phase transition occurs between a state
without a gel structure for p < p, and a state with a gel structure for p >
Pe- Beyond pe, as p — 1, most of the very large clusters become infinite
clusters that contribute to the gel formation, the remaining finite clus-
ters and remaining monomers being trapped inside the gel. A gel is
therefore a solid, which usually coexists with a sol formed for unreacted
monomers, oligomers and unconnected clusters.

Since the percolation model is a continuous phase transition model
(no phase separation) [3,4], the scaling concepts for the thermodynamic
of a second-order phase transition were introduced to describe the
behaviour of the system in the asymptotic region around the gel point (i.
e., around p.) where the critical phenomena occur. Note that the
percolation model is scalar in nature and is generally based on a lattice,
but the percolation model based on a continuum (i.e., without a lattice
structure) presents in two and three dimensions the same exponents
inside the error bars [34-36], which indicates that the lattice is not an
important parameter.

A well-known example of percolation is given by the formation of
solvent-free chemical polymer gels, which are characterized by covalent
and, therefore, permanent crosslinks connecting the polymer backbones
in a three-dimensional lattice. Historically, modelling of the formation
of a chemical polymer gel was initiated by Flory [37,38] and Stockmayer
[39,40], whose description assumes that each bond between two
monomers is formed randomly, but ignores cyclic bonds - closed loops
formation -, excluded volume and steric hindrance effects. It is essen-
tially equivalent to a random bond percolation process performed on a
tree-like structure, the Bethe lattice or Cayley tree. Later, Stauffer [41]
and de Gennes [42] underlined the role of loops, excluded volume and
steric hindrance, which were not taken into account in the tree-like
description, and proposed to replace it with percolation on three-
dimensional (3D) lattices. de Gennes also proposed that the shear
modulus G of the gel varies with the conductivity of a random mixture of
conductors (fraction p) and insulators (fraction 1-p) [42], and that the
viscosity 1 of the sol varies with the conductivity of a random mixture of
superconductors (fraction p) and normal conductors (fraction 1-p) [43].
As for the classical percolation, the electrical analogy model is a scalar
percolation, which is independent of the type, bond or site of the
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percolation mechanism that concerns solvent-free systems. Although the
behaviour of some polymeric materials can be described by the electrical
analogy model [44], it has appeared that more general models are
needed to understand the elasticity of several other random percolation
networks. This gave rise to the development of the elastic percolation
models which are described in Section 2.1.2.

The dynamics of the percolation theories reviewed in the previous
paragraph have been ignored. However, this is an important aspect of
gelation theory since the probability of bond formation is not necessarily
random but may depend on various parameters such as molecular
mobility.

A viscoelastic theory based on the 3D percolation model has been
developed to describe the behaviour of a polymer system near the sol-gel
transition [45,46]. In the hydrodynamic limit, it shows that the shear
modulus G’ and the shear viscosity n vary according to the following
critical laws: G’ ~ (p — pe)* for p > pe and ) ~ (pe — p)™® for p < pe, where t
and s are the critical exponents of elasticity and viscosity, respectively.

The knowledge of p is of crucial importance for the determination of
the critical exponents, since the critical laws depend on (p — p¢). An
accurate determination of p. is obtained from the behaviour of G’ and G"
as a function of the frequency w, which shows that both components of
the shear modulus follow the same power law G’ (o) ~ G”(®) ~ " when
P = pe [32,33], where n is the relaxation exponent - the viscoelastic
exponent. This behaviour reflects the fact that critical gel - or incipient
gel - is due to a self-similar distribution of self-similar clusters, from
monomers to an infinite cluster. Moreover, n is given by the relation n =
t/(t + s) with t = d-v, where d is the spatial dimension and v the exponent
of the correlation length &, which varies as & ~ (p — pc)”.

The evolution of the rheological behaviour near the sol-gel transition
comprises three different regimes: a) a pre-critical regime (below the gel
point, when p < p.), for which G’(®) < G”(w) and approach each other
when p increases; b) a critical regime (at the gel point when p = p.) for
which G’(®) and G"(w) become parallel; and c¢) a post-critical regime
(above the gel point, when p > p.) for which G’ and G" separate without
intersecting in the gel region with G’(®) > G”(w). It has to be noted that
this evolution assumes the absence of interference between gelation and
glassy behaviour.

The power law behaviour of G’ and G" at the gel point results from
the fact that the critical gel corresponds to a distribution of fractal
clusters, from monomers to infinite clusters. The exponent n is, there-
fore, linked to the fractal dimension df, which characterizes the
geometrical structure of the gel, as we will see later. The determination
of the critical gel is a key point in the dynamics of an incipient solid
because it allows determining without ambiguity if the solid is a gel or
not, and, in the case where the solid is a gel, an accurate value of the
critical exponents s and t.

The exponents n, s and t depend on the microstructure of the
percolating polymer - entanglement effects, hydrodynamic and
excluded-volume interactions. For a polymer without entanglement and
hydrodynamic interactions, which corresponds to a Rouse behaviour, n,
s and t are given by n = d/(d¢ + 2), s = v-(d¢ + 2 - d), and t = d-v, with d
= 2.5 for d = 3 and v ~ 0.88 - the commonly accepted value in 3D -
[3,5,471, n, s and t become n ~ 0.67, s ~ 1.33 and t ~ 2.66. When the
excluded volume and hydrodynamic interactions are both completely
screened out, n is given by n = d-(d + 2 - 2dp)/[2(d + 2 - dp)] [48].

For the electrical analogy model, the exponents s and t were calcu-
lated by numerical methods via the ratios t/v and s/v [49,50]. From the
values of t/v ~ 2.2 [49] and s/v ~ 0.85 [50], and with the value of v ~
0.88, one obtains t &~ 1.94 and s =~ 0.75, and the corresponding value of
n = 0.72. Moreover, a t/v ~ 0.97 [50,51] was also calculated for a 2D
percolation system leading to a value of t ~ 1.29 when v = 4/3.

It should be noted that the analogy between elasticity and the growth
of the conductivity in a random resistor network has raised theoretical
controversies due to the fact that the lattice used has an elastic energy E
which is not rotationally invariant [52,53]. However, as noted by
Alexander [54], the de Gennes’ model could be justified by the presence
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of internal or external stresses to which the gels would be subjected
leading to a critical exponent of the elastic modulus equal to that of the
conductivity near the percolation threshold. In other words, scalar
percolation would be predominant near the gel point. This question now
seems settled in view of the scaling results from Yu et al. [55] on the
fractal nature supporting de Gennes’ approach.

In summary, the triad (n, s, t) has values of (x0.67, ~1.33, ~2.66),
(~1, 0, ~2.66) and (~0.72, ~0.75, ~1.94), when considering respec-
tively no hydrodynamic interactions - Rouse model -, hydrodynamic
interactions - Zimm model for which the viscosity increases logarith-
mically, and s = 0 -, and the electrical analogy model in 3D.

A critical gel has been observed in various chemical systems cross-
linked in the melt (no solvent present), such as epoxy resins [46,56-62],
polyurethanes formed by radical polymerization [63-65], poly-
caprolactone [66], polystyrene [67], poly(dimethylsiloxane) (PDMS)
[32,33,68], polybutadiene [69], polyester [70,71], and silyl-terminated
poly(propylene oxide) [72]. Since the critical gel is the key property of a
gel, these systems can therefore be referred to as gels without any
ambiguity.

The universality of dynamics exponents can be tested by comparing
the value of n measured at the critical gel to the calculated value ncajc
from the measured exponents s and t using the relation n = t/(t + s).
However, measurements of the three exponents n, s and t taken in the
same experiment are very few. They have been measured for one-
component epoxy-resin of a molar mass of 290 Da (n = 0.64, s = 1.33,
t = 2.26 and n¢yc = 0.63) [60], two-component epoxy resin of molar
mass 202 and 204 Da (n = 0.70, s = 1.44, t = 2.65 and n¢yc = 0.65) [58],
two-component polyester of 146 and 134 Da (n = 0.66,s =1.36,t=2.71
and n¢y1c = 0.67) [70] and for a silyl terminated poly(propylene oxide) of
2000 Da (n=0.67-0.68,s =1.3, t = 2.0-2.1 and ny)c = 0.61-0.62) [72].
For the epoxy and polyester gels, there is good agreement between both
n and ngq|c values, and between the n,. values of the different samples
suggesting that the exponents are of the Rouse-type (n ~ 0.67, s ~ 1.33,
t ~ 2.66). The Rouse behaviour indicates that the chains between the
crosslinking points are short and with no entanglement - degree of
polymerization DP = 1 -, which is the case for these systems. In contrast,
the data obtained for the end-linking poly(propylene oxide) gel shows
that ng,e is different from the Rouse n value. This results from the
measured value of t = 2.0-2.1 which is not of Rouse-type, unlike the
measured values of n and s. Moreover, this small value of t is also
incompatible with the Rouse-type value (t = 2.7-2.8) deduced from the
steady state compliance below the gel point. These seemingly contra-
dictorily results have been explained by suggesting that the critical
exponent of the equilibrium modulus is mainly due to links in the
backbone, whereas, in addition to the links in the backbone structure the
blobs and dangling chains embedded in the cluster contribute to the
steady state compliance [72].

Note that there are many experiments performed on low DP systems
leading to gels with a value of n around 0.7 (e.g., n =~ 0.70 [45] and n =
0.71 [57,62] for epoxy, n ~ 0.70 [65] for polyurethane, n ~ 0.69 [71]
for polyester) lying between the value of the Rouse percolation model (n
~ 0.67) and the value of the electrical analogy model (n ~ 0.72).
Whether these gels fit the Rouse model or the electrical analogy model
has hotly been debated for many years, but with answers that are not
always clear because the two values of n are not far from each other, and
the exponents s and t were not measured in these experiments. However,
epoxy gel [58,60] and polyester gel experiments [70] indicate that the
percolation mechanism of these gels is of the Rouse type, although the
value of some of their exponents is not exactly that expected for the
Rouse model. This suggests that the behaviour of the epoxy gels
[45,57,62], of the polyurethane gel [65] and of the polyester gel [71]
could be described by the Rouse model too.

When DP increases, the values of n are no longer in agreement with
the Rouse-type behaviour and decrease as DP increases. This is for
example illustrated by values of n as low as n ~ 0.2 observed for very
long chains between the crosslinking points [68], as well as by a
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decrease in n from 0.5 to 0.2 as DP increases from 20 to 141 [67]. As
suggested by Lusihan et al. [70], these low values of n are probably due
to entanglements between the long chains connecting the crosslinking
points (large DP), which invalidates Rouse’s percolation model. There-
fore, n is an exponent which is not universal but depends on the values of
DP. n becomes universal within the limit DP ~ 1, i.e., for short chains
between the crosslinking points, which corresponds to the Rouse-type
percolation.

Finally, it should be noted that percolation has been used success-
fully to describe the sol-gel transition as a function of the extent of the
reaction by applying appropriate vertical and horizontal shifts to the G’
and G" values at different stages of the reaction, thus reflecting the
change in connectivity [61].

2.1.1.2. Gels formed from a solution. So far, the gels we have considered
are solvent-free systems like polymer melts or reactive monomers. These
systems can be described by random-bond percolation or electrical
analogy models for which each site is occupied by a monomer, and
bonds between monomers are randomly formed to build up clusters.
However, many gels form in a solvent. To describe these dilute gels, the
concept of percolation has been extended to situations where solvent
molecules are also present in the sol phase. In this case, the sites are
occupied either by a monomer with a probability ¢ - molar fraction - or
by a solvent molecule with a probability

(1-¢). As a result, the two nearest neighbouring monomers can form
a bond with probability p, while no bond leads to or originates from
solvent molecules. The original model of random percolation of bonds is
thus transformed into a random percolation model of the site-bond type,
in which the clusters are formed of randomly distributed monomers
linked by random bonds. This change from bond percolation to site-bond
percolation has no consequence on the values of the critical exponents.

These dilute gels, however, have some differences compared to
solvent-free gels. The first is that clusters swell when diluted in a good
solvent, causing their fractal dimension to change. In 3D, the fractal
dimension decreases from dr ~ 2.5 for the undiluted or melt regime - the
percolation model - to d¢ ~ 2 for the dilute regime - lattice animal model
[73,74]. This decrease results from the fact that the intra-cluster in-
teractions are partially screened for the undiluted regime, whereas, they
are unscreened under dilution, and the excluded volume interactions are
strong. In the diluted regime, the exponents are those of the random
bond percolation [75-78], but this is no longer the case in the semi-
diluted regime which occurs when the concentration C is greater than
the concentration C* for which the polymers come into contact. The
crossover concentration C* separating the diluted and semi-diluted re-
gimes was calculated as a function of the mass average molar mass My,
[79].

Other complications can arise, such as a possible competition be-
tween gelation and phase separation as noted previously, or hydrody-
namic interactions which can have significant effects on the rheological
properties, even if the static properties are modeled by classical
percolation.

In dilute solutions, the attracting monomers diffuse and collide to
bind irreversibly, thus leading to the formation of larger clusters. This
kinetic process generates a state of non-equilibrium, which cannot be
described by the equilibrium percolation models mentioned above. This
process depends on the conditions of formation of the clusters: diffusion-
limited colloidal aggregation (DLCA) for a rapid aggregation process, i.
e., when bonds form just after a few collisions; and reaction-limited
colloidal aggregation (RLCA) for a slow aggregation process. The two
processes differ, in particular, by the fractal dimension of the clusters
and the nature of the resulting system.

Examples illustrating the growth of a gel under dilute solution are
given by alcogels resulting from dilute solutions of tetramethyl ortho-
silicate (TMOS) in methanol-water mixtures with a base catalyst [80]
and from dilute solutions of tetraethyl orthosilicate (TEOS) in ethanol-
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water mixtures with an acid catalyst [81,82]. In both cases, a critical
gel is observed showing that the resulting solid is a gel. The (n, s, t)
values were measured for the TEOS gel (n = 0.72, s = 0.88,

t = 2.2 and n¢ae = 0.71) and can be considered to be in reasonable
agreement with the electrical percolation model.

The formation of TMOS and TEOS gels, or similar dilute gels, takes
place in two steps. In the first step, the fractal colloidal clusters grow
exponentially due to their aggregation. This is the RLCA regime. In the
second step, which occurs when these colloidal clusters become large
enough to fill the available volume of the solution (i.e., overlapping of
the clusters), the system crosses over to the critical growth associated
with gelation. This is the DLCA regime. It is only valid near the sol-gel
transition and, as noted above, cannot describe spatial correlations
that develop long before the sol-gel transition and are due to aggregation
occurring at early times. By monitoring the kinetics of growth, it is
possible to favour either the DLCA regime or the RLCA regime, as has
been shown on the TMOS system (DLCA regime [83], RLCA regime
[841).

Finally, it should be noted that systems made up of small attractive
molecules - monomers - in dilute solution, such as the TMOS or TEOS
systems, have many points in common with systems made up of solid
particles, e.g., gold particles, introduced in an appropriate solvent. The
behaviour of such systems will be discussed in Section 2.2, since in both
cases the formation of the solid system is based on the DLCA or RCLA
regimes. However, they differ in that the colloidal particles resulting
from the association of monomers are formed in the reaction and are not
added to the reaction bath as in the case of solid colloidal particles.

The percolation theory also applies to physical systems for which the
gel is formed continuously, with a lifetime of the junctions between the
constituents of the system longer than the experimental observation
time. Like for chemical polymer systems, critical gels have been
observed in various physical polymers systems, the most studied systems
being poly(vinyl chloride) (PVC), and biopolymers, showing that the sol-
gel transition in these systems is a second order transition in connec-
tivity [6,85-95].

As a consequence, the formation of a physical polymer gel does not
result from a first-order sol-gel transition, as asserted in several places in
the two books on physical gels [96,97]. This misconception of what a
physical polymer gel is leads to incorrect claims such as: (i) a physical
polymer gel is distinguished from a chemical polymer gel by the order of
the sol-gel transition, namely a first-order transition for the physical
polymer gel and a second-order transition for the chemical polymer gel.
As the experimental results just referenced show, a continuously formed
physical gel is not characterized by a first-order transition. The first-
order phase transition only occurs in certain systems for which there
is competition between gelation and phase separation leading to a
coexistence region. The resulting solid is, therefore, not characterized by
an infinite network, thus, it is not a gel although it is called so. (ii) There
is no specific theory on the mechanical properties of physical gels. This
statement does not apply to physical gels resulting from a second-order
phase transition, whose mechanical properties can be explained by the
percolation model, as for chemical gels. However, this statement applies
to physical gels associated with a first-order phase transition arising
from a competition between gelation and phase separation. In that case,
the theory will depend on chemical potential. (iii) The transition tem-
perature Tge is given by the DSC experiments, whereas the sol-gel
transition is not thermodynamic but connective in nature. The DSC ex-
periments only give the temperature, Tpgc, associated with the forma-
tion of the clusters at the origin of the gel. A rigorous determination of
Tge1 is given by the congruent behaviour of G’ and G" at the critical gel as
mentioned above. The difference between Tge and Tpsc can be very
large (> 35 °C) when the concentration in the reactant is relatively small
and gradually decreases when the concentration in the reactant in-
creases [89].
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2.1.2. Elastic percolation

In the percolation models, which have just been recalled, the elas-
ticity of the gel results from a mechanism of connectivity due to a scalar
or isotropic nature alone. These percolation models describe well most
of the sol-gel transitions of gels made up of branched and flexible
polymer chains where entropic effects dominate. However, for other
random network systems, the scalar or isotopic percolation is not suf-
ficient to transmit the stresses and another type of model, called elastic
percolation, has been developed to describe the elastic properties of
random networks near the percolation threshold. This elastic percola-
tion model represents a new class of percolation, where geometric
connections, such as contact interactions between pairs of macroscopic
particles, involve elastic connections. As for scalar percolation, the shear
elastic modulus and viscosity follow a critical behaviour as a function of
(P — Pe,elastic), Where p is the fraction of active bonds and pc elastic the
percolation threshold, but with the corresponding exponents T - for the
shear modulus - and S - for the viscosity - which are different from those
of the scalar percolation t and s, respectively. More precisely, for p > pe,
elastic; the shear modulus G varies as (p — pc’e]asﬁc)T, and the correlation
length & diverges as (p — pc,elasﬁc)“ela“ic, and for p < peelastic, the viscosity
n varies as (p — pc,elasﬁc)’s, where the parameters T, S, ¢ elastic and Velastic
depend on the type of forces associated with the formation of the
network.

Elastic percolation is a vectorial approach to percolation that is based
on computer simulations. There are different types of elastic percolation,
depending on the interaction energy E. We focus here on two elastic
percolation models, namely the central-force (CF) model [53,98-109],
and the bond-bending (BB) model [52,110-120], which have been
widely studied and exhibit very different critical elastic behaviours.

The CF percolation model corresponds to the case where each bond
represents an elastic element, or a spring, which leads to a network with
a rigid backbone formed by elastic bonds or springs, for which only
stretching forces are present. E represents, therefore, the energy
required to change the length of a bond. This CF percolation model is
rotationally invariant. It is sometimes called “rigidity percolation” to
distinguish it from the class of universality “elastic percolation”
mentioned above.

Numerous numerical simulations were carried out to characterize
this CF percolation model [53,98-103]. For both 2D and 3D systems, the
simulation of bond percolation revealed that pc cr > pc, and T > t which
has led to suggest that the CF elastic percolation and the conduction
percolation do not belong to the same universality class [98].

More accurate simulations of bond percolation in 2D and 3D were
carried out subsequently, in particular, to determine the values of T/vcg
because the latter combined with the value of vcr makes it possible to
deduce T. For 3D CF simulations, T/vcp ~ 2.2 [99,100], and with vcp ~
0.88 [47]1, T ~ 2.00. For 2D CF simulations, T/vcr ~ 1.35 [101-103], and
vcr &~ 1.05 [53,102], which gives T ~ 1.42. On the other hand, the value
of the conductivity exponent tin 3D ist ~ 1.94 (t/v =~ 2.2 [49], v~ 0.88)
[47] and t ~ 1.30 in 2D (t/v ~ 0.97, v ~ 4/3) [51]. Therefore, the
comparison between the conductivity exponent t and the CF exponent T
shows that T > t is for both 3D and 2D bond percolation. Likewise, the
comparison between vcr and v (v ~ 0.88 and v ~ 4/3 for 3D and 2D bond
percolation, respectively) shows that veg < v for each type of bond
percolation. In summary, T > t and vcr < v for both 3D and 2D bond
percolation.

It has also been established that the topological properties of the
elastic percolation clusters differ from those of classical percolation
clusters [103], and that the critical exponent T/vcr and the threshold p,
cr depend on the type of percolation process, as shown by the results
obtained on 2D systems. For example, T/vcr ~ 1.42 and 1.14 for bond
and site percolation, respectively [101]. The fact that T/vcr depends on
the type (bond or site) of the percolation process indicates that the CF
percolation depends on the microscopic details of the system, and,
therefore, does not exhibit universal scaling laws, unlike scalar perco-
lation for which T/vcr and pc,cr do not depend on the type of percolation
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process. The CF percolation model has also been studied on 2D systems
by an effective-medium approximation, with results in agreement with
the simulation studies [104-109].

The second type of elastic percolation model corresponds to the case
where a bond-bending term is added to the network energy, creating
angular forces between the bonds, which become elastic elements that
can be stretched and bent, as in covalent glasses. This percolation model
corresponds to a vectorial approach and is called the bond-bending (BB)
model. Like the CF model, it is based on computer simulations and is
rotationally invariant. BB percolation was studied on 2D [110-116] and
3D [117] systems and was compared to the corresponding 2D and 3D CF
percolation [52]. These studies show a) that the percolation threshold of
the BB percolation is the same as that of the scalar percolation, b) that
the bonds and sites of the BB percolation give the same result as the
scalar percolation, and c) that the value of the critical exponent T of the
shear modulus is T ~ 3.75 in agreement with the value deduced from the
relation T = t + 2, where t is the critical exponent of the electrical
analogy and v the exponent of the correlation-length in 3D. This shows
that the BB model has universal scaling properties, unlike the CF model.
As in the case of scalar or isotropic percolation, BB percolation is
characterized by a critical gel [13,14].

Systems for which the contribution of BB forces is important have
been observed on systems for which chemical reactions play no role.
This is the case with randomly perforated metal sheets [118], powders
[119], silica aerogels [120], and with some colloidal suspensions for
which the value of T is greater than t as will be shown in the Section 2.2.

2.1.2.1. Continuous deformation of random networks. As already dis-
cussed, scalar percolation occurs before BB percolation. In this regard,
experiments carried out in certain systems [121-123] have shown that
the formation of the gel results from a percolation mechanism in
agreement with the electrical analogy model, and that it is followed far
from the threshold of this percolation by a second percolation consistent
with the BB model, thus reflecting a change in the nature of the elasticity
of the gel as it moves away from the scalar threshold.

This behaviour change can be explained by using the approach
developed in the context of the continuous deformation of random
network materials [124-126] which is based on the covalent energy
mentioned above containing the bond-stretching and bond-bending
terms. It does not deal with the formation of a random network but
with its deformation by following the evolution of the average coordi-
nation number < r > [124-126]. For small <r > values, the network
which results from a connectivity percolation of local flexible units is a
soft solid characterized by large soft and floppy regions with some rigid
inclusions, which reflects the random nature of the network (but does
not indicate that the material is a two-phase material). As <r > in-
creases, the small rigid regions grow larger until they percolate at <r >
rp = 2.4 [126], transforming the soft solid with floppy inclusions into a
rigid solid. This shows that a transition from a soft to rigid solid occurs
when network connectivity increases, but not in the classical sense of a
transition between two phases. This topological approach can be applied
to the gel, which confirms that there is a transition between a soft gel
and a rigid gel, with a threshold p; greater than the percolation threshold
of connectivity p, but it does not give any information on the formation
of the gel in terms of percolation mechanism and critical exponents.

2.1.2.2. Entropic elasticity. An important question concerns the role of
temperature, since the CF and BB models in 2D and 3D described above,
were made for an absolute temperature value of O K, whereas the ex-
periments are carried out at temperatures above 0 K. Simulations
showed that for T > 0 K there is an important contribution to the shear
modulus that is entropic in nature [127-130]. In particular, Plischke
et al. showed that these systems are rigid for all p > p. and that near p,
the shear storage modulus G’ ~ (p - pc)", where the exponent t ~ 1.3 and
t~ 2 for 2D and 3D lattices, respectively [128]. These results support the
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conjecture of de Gennes that the diluted central-force network is in the
same universality class as the random resistor network. The experiments
mentioned above [123] support this result since the reported value of
the exponent is t = 2.0 in a very narrow region close to the gel point,
which is close to the conductivity percolation exponent t ~ 1.94 as for
the other exponents.

2.2. Colloidal association: gels, aggregated solids, fluids of clusters and
jammed systems

As recalled in Section 2.1.1, chemical and physical polymer gels are
the results of a connectivity mechanism based on scalar or isotropic
percolation models. However, there are also colloidal systems under
dilute conditions, whose formation can be described by the elastic
percolation models. Colloidal systems are defined as resulting from in-
teractions of solid particles suspended in a solvent, the size of which is
generally between approximately 10 nm and a few microns. The solid
particles diffuse through the fluid medium, collide and bond continu-
ously to form small clusters. These also diffuse through the fluid me-
dium, collide and bind together to form larger clusters, and so on. This
hierarchical growth of clusters is similar to that relative to systems
consisting of small attractive molecules suspended in a solvent and
which aggregate in the reaction bath, such as the case for TMOS and
TEOS systems mentioned in Section 2.1.1. The formation and structure
of the resulting solid depend on the concentration ¢ of the colloidal
particles but also on the nature of their interaction.

When the solid particles interact only by volume exclusion, the
crowding of the particles by their neighbours increases when ¢ increases
leading to the formation of a glass (hard-sphere interaction). Typical
examples of colloidal glasses are given by suspensions of uncoated silica
(SiOy) spheres in ethylene glycol [131], PMMA spheres stabilized ste-
rically by thin layers of poly(12-hydroxystearic acid) (PHSA) dispersed
either in a mixture of decalin and carbon disulphide [7,8] or in a mixture
of cis-decalin and cycloheptyl bromide [132], or in dodecane [133], and
clay particles (Laponite) in aqueous suspension at low ionic strength
values [134-138].

When the interaction between solid particles is attractive, the for-
mation of fractal clusters may be due to either the association of sticky
hard spheres, i.e., octadecyl-coated silica particles [10-16], or the as-
sociation of repulsive colloidal particles, i.e., particles interacting with
volume exclusion, resulting from a depletion mechanism [17,18], as for
colloid-polymer mixtures for which the polymer concentration controls
the attraction between the colloids [19-21]. The nature of the resulting
network depends on the formation mechanism (DLCA or RLCA), as it
will be discussed in the following subsection.

2.2.1. Diffusion-limited colloidal aggregation (DLCA) and reaction-limited
colloidal aggregation (RCLA) mechanism

The DLCA and RLCA regimes of colloidal systems have been studied
by computer simulations [139-152], as well as by experiments carried
out on numerous systems made up of solid particles, such as suspensions
of gold particles [153-158], silica particles
[9-16,84,121,123,158-169], and polystyrene particles [158,170-174].

The DLCA regime corresponds to conditions of rapid growth with
open and tenuous clusters characterized by a fractal dimension df =~
1.7-1.8 [2,13,155,158,161,167,170] in agreement with computer sim-
ulations [152]. In this process, the fractal clusters develop until they are
large enough to fill the volume of the container. Then, the clusters
become practically immobilized and behave like large particles that
randomly bond to neighbouring particles, thus leading to a crossover
from the growth process to the process of static percolation. This change
of regime corresponds to the critical gel, which is characterized by G’(®)
~ G”(w) ~ »" where w is the frequency and n the relaxation exponent, as
it was recalled in Section 2.1.1. A critical gel was observed and char-
acterized in several works for particles added in the reaction bath
[12-14] and for particles formed in the reaction bath [81,82,121,123].
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Since the colloidal systems resulting from the DLCA mechanism are gels,
their mechanical properties can be characterized by a master curve, by
applying vertical and horizontal shifts to the individual data sets, like for
polymeric systems [2]. Two master curves are required: one associated
with the sol phase and the other with the gel phase. In general, the
horizontal shift is sufficient to construct the master curve. However, a
vertical displacement of the curves is sometimes necessary, for example,
when the density variation is significant or when the strong adhesion on
the glass slides carrying samples of certain complex polymer systems
such as a nematic monodomain of side-chain liquid crystal elastomer —
and shape memory materials in general - does not allow them to adapt
their length to temperature variations [175].

Although there are many colloidal systems formed by solid particles
for which G” ~ (¢ - (bgel)t, few of them can be assimilated into a gel. This
is because the critical gel, which marks the onset of gel formation, has
not been determined. An exception is the system formed by octadecyl-
coated silica particles suspended in n-tetradecane [14]. The presence
of a critical gel has also not been reported in depletion systems formed
by colloid-polymer mixtures [26], so it is not certain that these systems
are gels. To our knowledge, there is no depletion system for which a
critical gel has been observed.

The RLCA process corresponds to slow growth conditions for which
many collisions between clusters occur before bonding. Experiments
show that RLCA is characterized by a fractal dimension df ~ 2.0-2.1
[9,10,84,154,158,160,161] in agreement with computer simulations
[139-152], which indicates that the RLCA clusters are more compact
than the DLCA clusters. On the other hand, DLCA and RLCA depend on
the growth kinetics as has been shown on suspensions of gold, silica and
polystyrene particles [158], as well as in the case of the TMOS and TEOS
systems.

As for non-colloidal gels formed in solution, the colloidal gel for-
mation takes place in two stages. The first stage is the RLCA regime for
which the fractal colloidal clusters (often called flocs) grow exponen-
tially via cluster aggregation. These non-equilibrium clusters continue to
grow until the solution reaches the semi-dilute condition, where the
clusters fill the volume of the container. At this point, the dense solution
of clusters crosses over to the critical growth leading to the gel, and the
system is in the DLCA regime. This formation process indicates that the
final structure of the gel does not depend on the behaviour near the gel
point, but on the cluster growth that occurred at the earliest times in the
RLCA regime. The time for the gel formation depends on the growth
kinetics. This time becomes very long when the RLCA process is too slow
- sometimes several days -, so that one can say that DLCA forms a gel in a
“finite time” whereas RLCA takes an “infinite time”.

In the RLCA regime, the scaling behaviour of the elastic properties of
the solution is characterized by a growth process of G’ given by G’ ~ ¢!
[63,166,168,169,171,174]. This growth process of G’ has also been
obtained by assuming that the structure of the colloidal network is
analogous to that of a polymer gel [174]. This approach, which consists
of replacing the blobs of the polymer gel with the colloidal flocs formed
during the formation of the colloidal network, takes into account the fact
that the interfloc links can be weaker - weak-link regime - or stronger -
strong-link regime - than the stiffness of the flocs. As a result, the
exponent i is given by p = (3 + x)/(3 - dg) for the strong-link regime, and
by p = 1/(3 - dy) for the weak-link regime, where x is the backbone
fractal dimension of the flocs. There are very few experiments measuring
p [166,168,169,171,174]. For example, p ~ 3.9 for the network formed
from PS particles [168], p ~ 3.3 for the network formed from silica
particles [166], and p =~ 4.2 for the network formed from aqueous sus-
pensions of Catapal and Dispal powders, the elastic properties of which
have been found to correspond to the strong-link regime [174].

Up to now, we have considered systems for which the bonding en-
ergy is infinite, which means that a particle, once bound to its neigh-
bours, can no longer escape, leading to an irreversible growth process
which characterizes the gel formation. However, in many systems, the
bonding energy between particles is not high enough to lead to this
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irreversible growth process. This finite bonding energy induces a cluster
fluid phase whose structure (fractal dimension and aggregation) de-
pends on the value of the bonding energy, as we will see in the next
section.

2.2.2. Reversible diffusion-limited colloidal aggregation (RDLCA)

The effect of a finite bonding energy has been studied by introducing
a finite inter-particle attraction energy - U into the irreversible DLCA
simulation model. These simulations show that the breaking of the
bonds allows the clusters to restructure and densify. These effects
depend on the initial concentration of the system and concern both the
fractal dimension of the particle clusters, which increases when the
value of the bonding energy decreases [176], and their aggregation, for
which several scenarios are possible depending on the value of the
bonding energy [177]. When the bonding energy is high, but not high
enough to lead to an irreversible growth process, the cluster growth
remains fractal, but with a fractal dimension that increases due to the
simultaneous compaction occurring on a small scale. The assembly of
the clusters always presents the connected structure of a gel, but this
structure does not fill all the space, unlike the gel. Therefore, this system
is not a gel and it is actually a fluid of fractal elongated string-like
clusters typical of DLCA. As the bonding energy decreases, the system
gradually deviates from the gel structure, due to the compaction of
clusters resulting from the finite bonding energy. The system is evolving
towards a fluid of compact clusters on short-length scales but with a
branched surface. When the density is low, a coarsening pattern of
irregular and almost compact droplets is obtained. In summary, the
finite bonding energy induces a cluster fluid phase whose structure de-
pends on the value of the bond energy.

2.2.3. Jamming process

Jammed systems are another type of material that also has a solid-
like response [178-187]. They refer to disordered systems, such as
granular materials, foams, pastes, emulsions, and attractive colloidal
suspensions, for which the thermal energy is insufficient to modify the
packing of particles (athermal systems) [178-182]. They can flow when
sheared, and jam when the shear stress is too low to induce a change in
the packing of particles. These jammed materials resulting from
crowding effects are, therefore, amorphous solids having yield stress like
glasses have, with the difference that glasses are thermal systems ob-
tained by lowering the temperature. Although the jamming and glass
states have distinct physical origins, they share many similarities leading
to the proposition of a unified jamming phase diagram for which ther-
mal (glass materials) and athermal (jammed materials) systems belong
to the same jammed phase diagram [178].

The jamming transition occurs when the concentration ¢ of the
particles reaches a value for which the particles begin to touch each
other. This transition has been studied for attractive systems with short-
range interaction by studying their mechanical response at 0 K using
numerical simulations [179,180]. The latter shows that the formation of
the jammed systems is characterized by two transitions occurring when
the concentration of the colloidal particles increases. The first transition
is a second-order connectivity transition which corresponds to the
transition from a non-percolated state (liquid-like) to a percolated but
unjammed state (gel-like). This transition is followed by a second-order
rigidity percolation transition which corresponds to the transition from
the percolated state to the jammed state. These two transitions are
distinct transitions with ¢p (connectivity percolation) < ¢g (rigidity
percolation). In summary, the formation of a jammed attractive colloidal
system requires percolating clusters and a scenario with two critical
transitions: first, a connectivity percolation and, then, a rigidity perco-
lation. Therefore, the mechanism leading to the jammed state when the
packing fraction increases is as follows: liquid — connectivity percola-
tion with force balance — gel — rigidity gel = jammed state.

In the case of repulsive colloidal systems, the connectivity transition
between the non-percolated state and the percolated state - but
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unjammed state - disappears, and the formation of the jammed state
results simply from a first-order rigidity percolation transition.

The relationship between the amorphous jamming state (athermal
system) and glass state (thermal system) has recently been studied by
numerical simulations for a system composed of soft repulsive spheres
[183,184]. These simulations show that the glass and the jammed sys-
tem occur in two different regions, each characterized by different time
scales and stress scales, which indicates that the jammed system and the
glass system have distinct microscopic dynamics. As an illustration
[181], the additivity of the contributions of the thermal and athermal
components to the total shear stress shows that these domains can be
well separated, e.g., hard colloidal micron-sized PMMA spheres
controlled by glass physics [6-13] and aqueous foams controlled by
jamming [185], or coexist, e.g., micron-sized emulsions [186]. Jamming
only affects the low-temperature properties of the glassy phase [184],
and appears as a change in the nature of the latter [187].

2.2.4. Cluster mode-coupling approach to weak gelation in attractive
colloids

Although not based on the percolation model, this approach predicts
that the quasi-irreversible bonding occurring in the low ¢ range of
attractive colloidal suspensions can lead to a gel [188,189]. Actually,
this approach is based on the mode coupling theory (MCT) for glasses,
which provides a single framework to describe the structure of attractive
colloidal systems for all ¢. It consists in applying the MCT for two
different scales: a short scale to the monomers, and a longer scale to the
clusters (CMCT). The gelation process results from a two-stage ergo-
dicity breaking that is linked to both the monomer scale and the cluster
scale. The first ergodicity breaking occurs when the original suspension
becomes kinetically unstable against aggregation, which leads to the
formation of a fluid of coarse-grained clusters. The second ergodicity
breaking occurs when the coarse-grained clusters stop growing and ¢
increases. This leads to an arrested state identified as a dense gel or an
attractive glass. If the condition for the arrest is not met, the system is a
cluster fluid.

3. Revisiting viscoelastic properties of colloidal systems with
weakly attractive particles

Once the main mechanisms leading to the formation and mechanical
properties of soft solids have been reviewed, the formation of three
systems at low ¢ values with different attractive colloidal particles can
be revisited, whose rheological properties have been studied in detail:
suspensions of carbon black (CB) [24-27], suspensions of poly(methyl
methacrylate) (PMMA) hard spheres with a depletion attraction induced
by addition of polystyrene (PS) [26], and suspensions of amino acid
organogelator molecules [28]. The solid-like behaviour observed in the
systems has been interpreted as being due to a solid resulting from
jamming of particles [25,26] and to a jammed suspension [28],
respectively. We propose here another interpretation which shows that
the solid-like response of all these systems corresponds to a change in the
viscoelastic response of a cluster fluid occurring when the elastic
component of the shear modulus G’ becomes greater than the viscous
component G".

3.1. Carbon black (CB) colloidal suspensions

These particles are attractive and transform the suspension into a
network even when the concentration is very low. This attractive
interaction can be precisely controlled by a dispersant agent which is
absorbed as a surfactant on the surface of the CB particles. Trappe et al.
[24,25] and Prasad et al. [26] reported the formation of a space-
spanning network built from CB particles suspended in mineral oil as
a function of the volume fraction ¢ of the particles (0.056 < ¢ < 0.149)
and the interparticle attractive interaction U (5.2 < U/kgT < 13.7).

The CB suspension is described as composed of two independent
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components, a solid network and a viscous fluid [24]. The formation of
the solid network is governed by a power-law given by G’pjateau ~ ( —
¢o)f with t ~ 4 and ¢, = 0.053, and by a similar power-law for the
variation of G’plateau as a function of U with a value of t ~ 4. These
power-law relations show that the formation of the solid network pre-
sents a critical behaviour resulting from a DLCA mechanism, with ri-
gidity percolation as a possible origin of the exponent t. These
observations could therefore suggest that the solid network is a gel. This
assumption can be tested by considering the behaviour of G’ and G" as a
function of frequency because a gel is characterized by G* > G” for all
frequencies. For the ¢ range studied, Fig. 1a (Fig. 1 in ref. [24]) shows
that G’ and G" intersect, which leads to a solid-like response at the lowest
frequencies (G’ > G”) and a liquid-like response at the highest fre-
quencies (G" > G’). The intersection between G’ and G" indicates that the
interactions between the CB particles are not strong enough to place the
relaxation frequency beyond the experimental frequency range. The
system is therefore not a gel. Since this DLCA mechanism does not lead
to a gel, the natural way is to attribute the percolation mechanism to an
RDLCA mechanism for which the bond energy is finite so that the growth
process becomes reversible leading to relaxation effects. As recalled in
Section 2.2.2, when the bonding energy is strong, but not strong enough
to lead to irreversible growth, the cluster assembly has the connected
structure of a gel. However, unlike the gel, this structure does not fill all
the space and presents cluster growth which remains fractal with a
fractal dimension value close to that of the DLCA or higher. The liquid-
like behaviour could be explained by the removal of the weak inter-
particle interactions (1 < U/kgT < 10) at high shear frequencies. The
crossover shift is directly proportional to the volume fraction of particles
in the system, i.e., the total number of interactions. At low ¢, the total
amount of interactions requires less energy to be removed than for high
¢ and, therefore, the crossover is shifted towards low-frequency values.
Therefore, the particle system cannot hold the solid structure any longer
becoming a liquid-like material. Moreover, when coming back to low
frequencies or at rest, new and equivalent inter-particle interactions are
formed and the solid-like structure is recovered leading again to the idea
that the system is governed by an RDLCA mechanism. Thus, all these
observations do not justify the presence of two independent compo-
nents, i.e., a solid network independent of a viscous liquid phase, and a
cluster fluid could be proposed. This interpretation is compatible with
the master curve shown in Fig. 1b (Fig. 2 in ref. [24]) since this master
curve being based solely on scaling properties can reflect either the
behaviour of a solid network immersed in a fluid or that of a cluster fluid
which presents both an elastic contribution and a viscous contribution.
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It should be noted that this master curve shows that the elastic plateau
characterizing the elastic response is never reached, suggesting again
that the CB suspension is not a solid network for high ¢ or high U values,
but rather a cluster fluid.

These observations lead us to propose that the solid-like response of
the CB suspension for 0.056 < ¢ < 0.149 and 5.2 < U/kgT < 13.7 does
not result from a fluid-to-solid transition, as claimed in ref. [23-25], but
from a change in the viscoelastic response of the sol phase (cluster
phase), which is characterized by the master curve of Fig. 1b (Fig. 2 in
ref. [24]) and by an RDLCA mechanism of the rigidity type. On the other
hand, the solid-like response of the system is not due to the jamming of
clusters, because the formation of a jammed system requires a scenario
with two critical transitions, connectivity and rigidity percolation (see
Section 2.2.3), which are not observed here.

We close this chapter with the experiments carried out on CB sus-
pensions as a function of temperature, from 25 °C to 100 °C, for a sample
of 4.0 wt-% CB at a dispersant concentration of 1.0 wt-%. The master
curve of Fig. 2 (Fig. 2 in ref. [27]) shows that this master curve perfectly
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Fig. 2. Master curves for the two cluster fluids: CB as a function of ¢ (black
symbols), and CB as a function of temperature (coloured symbols). Plots
adapted from ref. [24] and [27].
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Fig. 1. (a) G’ (filled symbols) and G" (open symbols) frequency-sweep experiments for three different volume fractions of carbon black (CB) particles, i.e., ¢ = 0.149
(black), 0.097 (red), and 0.064 (blue), showing a solid-like and a liquid-like behaviour at low frequencies and high frequencies, respectively. Note that the crossover
of G’ = G” is concentration-dependent. (b) Master curve showing the scaled moduli for different ¢ (open symbols) and U (solid symbols) as functions of the scaled
frequency. The n; value corresponds to the slopes of G’ at low frequencies obtained from adjustments based on power-law functions that serve as a guide to the eye.
Plots adapted from ref. [24]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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superimposes on the master curves obtained as a function of CB con-
centration ¢ or interparticle interactions U. This demonstrates that the
CB suspension as the temperature is varied is a cluster fluid and not a gel
as claimed in ref. [27]. The interesting point is that the solid-like
behaviour appears at high temperatures and the liquid-like behaviour
at low temperatures, while the experiments carried out as a function of
the concentration ¢ or as a function of the attractive interaction U
showed that the liquid-like behaviour appears at low ¢ or low U values,
and the solid-like behaviour at high ¢ or high U values. This means that
the interaction energy varies with temperature so the effect of increasing
temperature is the same as decreasing the strength of the attractive
interaction, which comes from the increase in the concentration of the
dispersant.

3.2. Colloidal suspension of hard spheres (PMMA) with depletion
interaction

These systems are obtained by adding a non-adsorbing but dispers-
ible polymer to a colloidal suspension of hard spheres, which leads to a
depletion attraction - a concept introduced by Asaskura et al. [17] and
Vrij et al. [18] - between the colloidal particles when the polymer
concentration is sufficient. The most studied system consists of PMMA
hard spheres interacting only by volume exclusion and of a non-
adsorbing PS random coil polymer - both dispersed in a simple hydro-
carbon solvent as cis-decalin [19-21]. The exclusion of the polymer from
the region between two neighbouring spheres causes an imbalance in
the osmotic pressure, which pushes the spheres against each other, thus
creating an effective depletion attraction between the spheres. The
magnitude U of this attractive interaction is set by the concentration c,
of the polymer coil in the suspension and its range by the size ratio & =
rg/R where 1y is the radius of gyration of the polymer coils and R is the
radius of the colloidal particles. Therefore, the phase behaviour is
controlled by both ¢, and &, as well as by the colloidal volume fraction ¢.

In the high-density regime, mode-coupling theories (MCT)
[190-197], molecular dynamics (MD) simulations [21,198], and light
scattering (LS) experiments [21] all show the existence of two distinct
glassy states separated by a fluid: one is a repulsive glass where the
arrest is due to caging by neighbouring particles, and the other is an
attraction-dominated glass for which the particles are strongly bonded
to each other due to high depletion attraction at higher depletion
attraction. The existence of these two glassy states was confirmed by
non-linear rheological measurements showing the presence of two
yielding processes [198,199].

The low-density regime has also been the subject of numerous

a)
10'
g
:10°~
S
o
210"
> -
© o UlkgT=7.1
e o UkgT=36
102 . : :
10" 10° 10° 102 10
o (rad-s™)

Advances in Colloid and Interface Science 335 (2025) 103335

experiments [26,132,200-204], in particular with confocal microscopy
[201-204] and small-angle light scattering [200]. These experiments
show the presence of a solid-like behaviour, interpreted as the CB sus-
pension in the context of jamming transition.

Based on our analysis of the results on the carbon black suspensions,
we re-analyzed the shear properties of the PMMA/PS suspensions
studied in the low ¢ regime as a function of the three key parameters
that characterize the system: the attractive interaction energy U, the
volume fraction of particles ¢ and the size ratio ¢ giving the range of the
interaction [26]. The results obtained on PMMA/PS suspensions with
large values of U/kgT = 13.7 and 11.9 and a small value of & ~ 0.04, as
well as those obtained on systems with small values of U/kgT = 7.1 and
5.8 and a high value of ¢ ~ 0.18, show that these systems have: (a) a
frequency variation of G” and G" at low ¢ ~ 0.1 and low U/kgT (i.e., U/
kgT = 3.6 and U/kgT = 7.1), very similar to that found for the carbon
black suspension (Fig. 3a; Fig. 6 in ref. [26]), and (b) a master curve
(Fig. 3b; Fig. 4 in ref. [26]) of the same shape as that obtained for the CB
suspension with an elastic plateau that is never reached. This indicates
that the elastic properties of these PMMA/PS suspensions are similar to
those of the CB suspension and also to those of the suspension containing
organogelator molecules, as will be shown in the next section.

Since the CB suspension is a cluster fluid with a cluster growth
controlled by the RDLCA mechanism, the same has to be true for the
PMMA/PS suspensions quoted above. For the CB suspension, the RDLCA
mechanism is of the rigidity type (t ~ 4), but for the PMMA/PS sus-
pensions, the critical exponent t depends on the range of interactions; t
~ 2.1 for long-range interactions (¢ = 0.17 and U/kgT = 7.1 and 5.4)
[26] and t ~ 3.3 for short-range interactions (¢ = 0.04 and U/kgT =13.7
and 11.9) [26].

In summary, PMMA/PS systems with large values of U/kgT and a
small value of & or with small values of U/kgT and a high value of ¢, are
cluster fluids arising from an RDLCA mechanism based on rigidity
percolation with a critical exponent that depends on the interaction
range.

We will now compare the conclusion of our analysis of the results
relating to these PMMA/PS suspensions, with experimental results ob-
tained on other PMMA/PS suspensions.

Confocal microscopy studies [132,201-204] revealed the existence
of stable cluster fluid for systems with small values of U/kgT and large
values of € - e.g., U/kpT = 1.6 and & = 0.15 [204], U/kgT = 5.1 and & =
0.11 [202], and U/kgT = 4 and & = 0.15 [132]. The fact that these cluster
fluids are observed for low values of U/kgT and high values of ¢ as in the
case of the PMMA/PS suspensions [26] (U/kgT = 7.1 and 5.8 with a high
value of & ~ 0.18) confirms our analysis of the results from Prasad et al.
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Fig. 3. (a) G’ (filled symbols) and G" (open symbols) frequency-sweep experiments at ¢ = 0.1 for two different interaction values U for PMMA/PS systems, i.e., U/
kgT = 7.1 (black) and U/kgT = 3.6 (red) -, showing a solid-like and a liquid-like behaviour at low frequencies and high frequencies, respectively. Note that the
crossover of G* = G” is energy-interaction dependent. (b) Master curve showing the scaled moduli obtained for different ¢ at fixed U and & values as functions of the
scaled frequency. The n; value corresponds to the slopes of G at low frequencies obtained from adjustments based on power-law functions that serve as a guide to the
eye. Plots adapted from ref. [26]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[26] indicating that these systems are cluster fluids and not solid net-
works formed by the jamming of clusters.

On the other hand, the same studies showed the existence of a solid
type structure - called gel by the authors - for the following systems: U/
kgT = 12.2 and & = 0.11 [202], U/kgT = 2.7 and

&€=0.11[204], and U/kgT = 4 and £ = 0.19 [132]. It should be noted
that the systems of ref. [132, 204] have a low U/kgT value and a high
value of &, which are characteristics of cluster fluids and not those of
gels, as we saw previously. The assimilation of these systems to gels must
therefore be taken with caution because it is not certain that the size
(between 20 and 60 pm) of the image of the 2D confocal microscope is
large enough to be sure that the system is a gel on the macroscopic scale.
This question can be answered by rheological measurements. If a critical
gel exists, the system is a gel and the cluster fluid is in the DLCA regime.
If the critical gel does not exist, the system is not a gel and the cluster
fluid corresponds to the RDLCA regime, as we showed in the previous
section dealing with carbon black suspensions. Such rheological exper-
iments including critical gel measurements were made on some studies
[14,15] but carried out on another type of system - dispersions of sticky
hard spheres from octadecyl-coated silica particles - showing unam-
biguously that the system is a gel driven by a rigidity percolation from
dilute (¢ = 0.06) to concentrate (¢ = 0.52) conditions [15].

Two final remarks to close this chapter. The first remark concerns the
very low polymer density regime (¢ = 2.2 %) of the PMMA/PS system at
& =~ 0.08, which was studied by confocal microscopy and small-angle
light scattering [200,201]. The experiments were carried out at low
colloidal concentrations and the strength between the colloidal particles
was varied by the polymer concentration. Different regimes were
observed depending on the polymer concentration and, therefore, the
attractive force between the colloidal particles. By increasing the poly-
mer concentration from zero, the authors successively observed a stable
single-phase fluid (no phase separation), a phase separation via a
nucleation-like mechanism, a phase separation via an aggregation
mechanism producing compact clusters and an aggregation regime
characterized by elongated clusters for the highest polymer concentra-
tion. In the first regime of aggregation, labelled as “RLCA”, the clusters
of particles are amorphous and rather compact, while in the second one,
labelled as “DLCA”, the amorphous clusters become ramified. This
interesting evolution of the PMMA/PS system when the polymer con-
centration increases can be compared with the evolution of systems
discussed in Section 2.2.2, for which the bonding energy increases
progressively starting from a small value. This comparison strongly
suggest that the RLCA regime observed for this PMMA/PS system is a
cluster fluid.

The second remark concerns the experiments carried out on similar
depletion-based systems, showing that gelation is driven by spinodal
decomposition, a phase separation process driven by thermodynamic
instability, leading to spanning clusters that arrest dynamically to form a
gel [205,206]. This mechanism is suggested to apply to all hard sphere
systems implying that gelation is a jamming transition induced by phase
separation and not a homogeneous dynamical arrest within the fluid.
However, the observation of a critical gel in the shear measurements
carried out on suspensions of sticky hard spheres of octadecyl-coated
silica particles [14,15] which lead to gels driven by rigidity percola-
tion, shows that phase separation cannot be considered as the universal
gelation mechanism as suggested in ref. [205, 206].

3.3. Suspensions of amino acid molecules leading to organogels

Organogels are systems described to date as physical gels formed by
self-assembly in a suitable organic solvent of low molecular weight
organic molecules called gelators [207]. A monograph on these systems
has recently been written for those wishing to enter this field [208].
Unfortunately, this book has many inconsistencies, misconceptions and
misrepresentations, and we simply wish to point out some of them that
would lead new researchers in this field to the wrong research direction.
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Several typical examples are: a) the organogel is considered as a gel and
the author reproduces for the organogels the erroneous information
which he provided for the gels throughout the book, e.g., organogels
result from a first-order transition and that the temperature of the sol-
organogel transition is detected by DSC measurements, which ques-
tions the validity of some of the phase diagrams of the book; b) the
rheological content is reduced to the strict minimum, in particular, no
mention is made of the critical gel that determines whether or not the
soft solid studied is a gel allowing to the rigorous determination of the
gel point; and c) the author indicates that the critical gel concentration
Cgel is not a critical parameter unlike the critical bond probability p., and
that the study of rheological properties as a function of (c - cge1)/Cge is
therefore irrelevant. Clearly, the author seems to ignore the literature on
colloidal gels showing that cge is a critical parameter and that the for-
mation of DLCA gels is expressed as a function of (c - cgel)/Cgel.

The amino acid (AA) organogels can be considered as the prototype
of organogels formed by clusters of rod-like particles. Their mechanical
properties have recently been studied as a function of both the tem-
perature - for several selected clusters’ volume fraction ¢ values - and of
a cluster’s volume fraction - at a given temperature [28]. The central
point of this study is to show that the organogel is not a physical gel
contrary to the current belief, because G’ and G" intersect in the state
where G’ has a solid-like response.

The organogelator molecule used to form the toluene-based and the
tetralin-based organogel is a peptide protected by a benzyloxycarbonyl
(Z) group and by a hydrazine naphthalimide (NH-Napht.) group at its N-
terminal at its C-terminal end, respectively. The structure of the network
was determined by X-ray experiments performed on the organogelator
molecule — pristine sample - after the synthesis (Fig. SI-1 and SI-2). The
results indicate that the network is formed by randomly distributed fi-
bres constituted by a bundle of fibrils. The internal fibre structure fol-
lows a hexagonal packing of the fibrils, which interact by n-n stacking
along the fibre axis. Each single fibril results from the self-organization
of the organogelator molecule in a uniaxial fashion controlled by
hydrogen bonds between the amino acid moieties. These observations
indicate that the semi-flexible fibres are constituted from long-packed
fibrils and, therefore, that the resulting network is formed when fibres
interact in all directions in a disordered fashion. The concentration
range in organogelator molecules was between 0.2 % and 7 % and the
experiments were performed in the linear response regime as those of
the CB and the PMMA/PS systems.

The experiments carried out as a function of temperature for a given
concentration of organogelator molecules show that the mechanical
response of the solution presents three different regions characterized by
three different rheological behaviours occurring by decreasing the
temperature: a liquid region associated with the free organogelator
molecules (region I), a liquid-type region (region II) associated with the
formation of clusters resulting from the association of organogelator
molecules, and a solid-type region (region III) characterizing the orga-
nogel. The transition temperature, Torganogel between the cluster fluid
and the organogel corresponds to the crossing of G’ and G". The value of
Torganogel depends on the cooling rate, the frequency used during the
measurements and the concentration of organogelator molecules - a
typical sequence is given by Fig. 4, 5, 6, and 7 in ref. [28] relating to a
solution based on tetralin at 0.2 %. It should be noted that the suspen-
sion of organogel molecules is more documented than the other sus-
pensions studied in this paper, because it shows the different steps
leading to the formation of the solid-like state.

The G’ and G" measurements carried out at temperatures around
Torganogel — the temperature at which a solid is formed (G’ > G”) upon
cooling — show that the critical gel characterized by the relationship G’
~ G” ~ o" isnot observed (Fig. 4a; Fig. 9 in ref. [28]). This indicates that
percolation is not the mechanism for the formation of the organogel. As
a result, the liquid-solid transition is not a sol-gel transition, and,
therefore, the organogel is not a physical gel.

The results obtained for a given concentration of organogel
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frequencies and high frequencies, respectively. Note that the crossover of G’ = G” is temperature-dependent. (b) Master curve showing the scaled moduli for different
temperatures as functions of the scaled frequency. The n; value corresponds to the slopes of G’ at low frequencies obtained from adjustments based on power-law
functions that serve as a guide to the eye. Plots adapted from ref. [28]. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

molecules as a function of temperature for temperatures below Torganogel
(Fig. 17 in ref. [28]), and those obtained as a function of the concen-
tration C for a given temperature belonging to the solid type region
characterizing the organogel (Fig. 14 in ref. [28]) show a critical type
behaviour of the elastic plateau G’, with a critical exponent v ~ 2. The
analysis of G’ as a function of temperature for a given concentration
gives a value slightly higher than Torganoger - for the solid formation
temperature T* -, which is not surprising given that Torganogel is associ-
ated with the behaviour of the solution and not of the solid. Values of the
critical exponent v, = 2.1 and 3.3 have been reported for PMMA/PS
suspensions (see Section 3.2) and interpreted in the context of rigidity
percolation which predicts a value of v, ~ 2.1 for bonds resistant to
stretching formed by long-range attractive interactions between the
clusters [101], and a value of v. ~ 3.75 for bonds resistant to both
stretching and bending for short-range interactions [52]. Our value of v,
~ 2 suggests that the organogel has bonds that resist stretching but not
bending. However, the absence of a critical gel prevents us from
assimilating the organogel to a physical gel associated with a DLCA
mechanism of the rigidity type. It is rather a fluid of clusters resulting
from an RDLCA aggregation associated with a rigidity-like mechanism.

As for the CB suspension and the PMMA/PS systems, the viscoelastic
properties of the organogelator suspension can be summarized by a
master curve (Fig. 4b; Fig. 19 in ref. [28]), the shape of which is similar
to that of the CB and PMMA/PS suspensions, with an elastic plateau
never reached. This master curve was constructed in the same way as
that obtained previously for the CB suspension by choosing as a refer-
ence the data of G’ and G" taken at a temperature for which the varia-
tions of both moduli as a function of temperature intersect at a well-
determined frequency (Fig. 4b; Fig. 19 in ref. [28]). The other curves
were shifted along the frequency axis (scale factor a) and the module
axis (scale factor b). The result, therefore, represents the viscoelastic
response of the system for this temperature and this reference frequency.
Above the crossing temperature, G" is greater than G’, so that the system
behaves like a liquid. Below the crossing temperature, G’ is larger than
G", so that the system behaves like a solid. The crossing temperature is,
therefore, not a transition temperature between two states. It is a tem-
perature that is associated with a modification of the response of the
suspension, its elastic contribution becoming greater than its viscous
contribution. In other words, the organogelator suspension is a cluster
fluid. The dashed line in Fig. 4b confirms that the solid-like response of
the organogel begins above the crossover temperature.

As can be seen, the these rheological experiments give very similar
results to those obtained on the CB suspensions and the PMMA/PS
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systems, showing that the solid-like response of these systems does not
come from a fluid-to-solid transition associated with jamming but from a
change in the viscoelastic response of the liquid phase formed by the
clusters, the so-called cluster fluid, which is characterized by master
curves of the same shape and by a rigidity-type RDLCA mechanism.
Finally, it should be noted that static compression experiments carried
out on the suspension of organogelator molecules in the solid-type re-
gion show a thixotropic behaviour when the space between the two
sample-bearing glass slides of the rheometer cell is reduced, instead of
the elastic response expected for a gel or a solid (Fig. 15 in ref. [28]),
therefore, confirming the fluid nature of the system.

A more detailed comparison between the three cluster fluids was
carried out by superimposing the corresponding master curves, plotting
all storage G’ and loss G" moduli at the a-o = 1 (Fig. 5). The result in-
dicates that both isotropic CB particles (black symbols) and PMMA hard
spheres (red symbols) match quite well for both the G’ (full symbols) and
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Fig. 5. Master curves for the three clusters fluids: CB (black), PMMA (red) and
AA (blue) showing that the master curve of the rod-like organogelator particles
does not match the master curve of isotropic CB particles and hard spheres
PMMA particles with depletion interaction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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G" (empty symbols) behaviour, while the anisotropic AA organogelator
rod-like particles (blue symbols) do not match at all. It appears that
anisotropy and, consequently, connectivity and interaction between
particles, have a direct effect on the rheological behaviour of such
systems.

4. Conclusion

In this manuscript, firstly, a short overview of the different concepts,
i.e., gelation, aggregation, jamming, cluster mode-coupling approach,
has been presented with the purpose of describing the transition be-
tween a liquid and a solid, with a particular focus on the models of
critical gel, irreversible diffusion-limited colloidal aggregation (DLCA),
reversible diffusion-limited colloidal aggregation (RDLCA), and
reaction-limited colloidal aggregation (RCLA) processes. These models
have made it possible to describe, rheologically, the liquid-to-solid
transition of different systems made up of attractive particles at low
concentrations, which are the subject of the second part of the
manuscript.

Secondly, the manuscript revisited in detail three different colloidal
systems, ie., carbon black (CB) suspensions, poly(methyl methacry-
late)/polystyrene (PMMA/PS) suspensions, and suspensions of amino
acid (AA) organogelator molecules giving rise to the organogel, for
which rheological measurements have been carried out.

Our analysis shows that CB suspensions, suspensions of AA mole-
cules, as well as PMMA/PS suspensions with large values of U/kgT and a
small value of &, or vice-versa, are not solid phases resulting from a fluid
to solid transition supporting the jamming concept. These are cluster
fluids arising from an RDLCA mechanism based on rigidity percolation
with a critical exponent depending on the interaction range, whose
viscoelastic properties are described by master curves of the same shape.
The temperature of the liquid-to-solid transition is, therefore, not a
transition temperature between a liquid and a solid state, but a tem-
perature reflecting a change in the response of the suspension, when the
elastic contribution becomes more important than the viscous contri-
bution. Of course, this behaviour change is a function of frequency,
cooling rate and concentration. Since many colloidal systems at low
concentrations of weakly attractive solid particles are not gels but
cluster fluids, the analysis of their data should be reconsidered.

Although the colloidal systems that we reanalyzed are cluster fluids,
it should be noted that gels driven by rigidity percolation have been
unambiguously observed [15] in the case of suspensions of sticky hard
spheres, for which the existence of the gel was established by the
observation of a critical gel [13,14], and the rigidity percolation by the
coordination number < Ny, > which is equal to 2.4, as for mean-field
transitions in random networks (see Section 2.1.2.1). As noted in ref.
[15], the observation of a gel driven by rigidity percolation indicates
that the phase separation observed on several depletion-based systems
cannot be considered as the universal gelation mechanism for all the
attractive hard sphere systems, as suggested in ref. [205].
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