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Abstract

Hypothesis: Particle aggregation is ubiquitous for many colloidal systems, and drives
the phase separation or the formation of materials with a highly heterogeneous large-
scale structure, such as gels, porous media and attractive glasses. While the macro-
scopic properties of such materials strongly depend on the shape and size of these
particle aggregates, the morphology and underlining aggregation physical mechanisms
are far from being fully understood. Recently, it has been proposed that for reversible
colloidal aggregation, the cluster morphology in the case of colloids interacting with
short-range attractive forces is determined by a single variable, namely, the reduced
second virial coefficient, B∗2.
Experiments: We examined this proposal by performing confocal microscopy exper-
iments and computer simulations on a large collection of short-ranged attractive col-
loidal systems with different values of the attraction strength and range.
Findings: We show that in all cases a connection between the colloidal cluster mor-
phology and B∗2 can be established both in experiments and simulations. This physical
scenario holds at all investigated thermodynamic conditions, namely, in the fluid state,
in the metastable region and in non-equilibrium conditions. Our findings support the
connection between reversible colloidal aggregation and the so-called extended law of
corresponding states.
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1. Introduction

Colloidal dispersions are commonly encountered in our everyday life and can exist
as equilibrium phases, for instance liquids and crystals [1, 2], or non-equilibrium states,
such as gels and glasses [2, 3, 4]. These dispersions have important industrial appli-
cations (in paints, drugs, food, etc.) [5, 6, 7, 8], and serve as very useful testbeds to
investigate fundamental physical phenomena that are hardly accessible in experiments
on atomic and molecular systems [9, 10].

Cluster formation in colloidal dispersions plays important roles to determine their
macroscopic properties and has been studied under both equilibrium and non-equilibrium
conditions. [11, 4, 12, 13, 14, 15, 11, 16]. The formation of equilibrium clusters in flu-
ids can cause some interesting rheological properties [17], which can be associated
to unique structures of clusters [16]. According to Ref. [18], the formation of me-
chanically stable rigid clusters is associated to the physical mechanism that controls
colloidal gelation. Clustering is also a preliminary step that leads to the transition to
different phases with large scale heterogeneous structures, such as those observed at
the gas-liquid phase separation, during the nucleation process of a colloidal crystal and
at gelation [2, 14, 12, 13, 19, 20]. Clustering has been studied in colloidal systems
interacting with different inter-particle potentials and under different thermodynamic
conditions, see, e.g., Ref. [21] and references therein. Experiments have shown that
colloidal clusters have a fractal structure [22, 4, 11, 15, 23, 12], i.e., the mass of a clus-
ter grows as m ∼ ldf , where l is a characteristic length and df is the so-called fractal
dimension. Compact structures have a large fractal dimension df ∼ 2.5, or larger, while
ramified or branched clusters a df ∼ 1.5 [11, 12, 15].

For colloids interacting with a short-range depletion attraction, Poon et al. [22]
related the cluster morphology to the strength of the depletion attraction, while Lu et
al. [11] claimed that the attraction range determines the fractal dimension of clusters
in the vicinity of the gel transition. While long ranged attractions lead to compact
clusters, small ranged attractions produce open and branched structures. Furthermore,
Sánchez and Bartlett [24] showed that the particle concentration also modifies the clus-
ter morphology when a small amount of charge is additionally present. Clusters at
concentrations below the critical gel formation have a fractal dimension close to the
one observed in the irreversible process known as diffusion-limited cluster aggrega-
tion (DLCA), df ∼ 1.8, while clusters in the gel state have a fractal dimension simi-
lar to the irreversible mechanism called reaction-limited cluster aggregation (RCLA),
df ∼ 2.1 [25]. Additionally, Ohtsuka et al. [12] found that the attraction strength mod-
ifies df and that the fractal dimension reaches an almost constant value in the gel state,
df ∼ 2.1. However, none of the previous experimental studies have clearly elucidated
the connection between the cluster morphology, the strength and range of the inter-
particle potential and the thermodynamic states of the dispersion. As cluster properties
determine the dynamical and mechanical features of bulk colloidal fluids, it is thus im-
portant to understand particle aggregation under both equilibrium and non-equilibrium
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conditions.
The law of corresponding states establishes that, although the molecular details

of two distinct systems are different, their thermodynamic properties are basically the
same when they are expressed in terms of the critical values [26]. Noro and Frenkel
extended this empirical law to systems whose constituents interact with different short-
ranged attractive potentials (the attraction range is less than the 25% of the particle
diameter) [27]. They found that the thermodynamic properties of these systems are the
same when they have the same: reduced density, ρ∗ ≡ ρσ3

eff, and reduced second virial
coefficient, B∗2 ≡ B2/BHS

2 , where BHS
2 = 2πσ3

eff/3 is the second virial coefficient of
hard-spheres with the diameter σeff. The Noro-Frenkel law of corresponding states was
preceded by the so-called Vliegenthart-Lekkerkerker (VLc) criterion, which states that
B∗2 = −1.5 at the critical point [28]. A few years ago, some of us tested this criterion
[29] and found that this value depends slightly on the attraction range, however, the
VLc provides a good estimate of the onset of the phase separation.

Recently, some of us proposed to establish a link between the cluster morphology in
short-ranged attractive colloidal systems and the extended law of corresponding states
[30]. Using Monte Carlo (MC) simulations of a square-well fluid, the effect of the po-
tential features on the cluster morphology was studied. Two striking and novel features
were found: colloids aggregate into small clusters, whose fractal dimension df ∼ 1.8
does not depend on the details of the attraction; and for large clusters, their morphology
depends exclusively on B∗2, i.e. df of large aggregates follows a master curve which is
only a function of the reduced second virial coefficient. While the simulation results
were compared with experimental data from the literature (Refs. [11, 12]), these data
were not designed to fully examine the previous simulation findings. And, in particu-
lar, there were no studies about the cluster morphology in the meta-stable region and
non-equilibrium gel states. In this contribution, we provide a comprehensive experi-
mental data using a widely studied model system, namely, a colloid-polymer mixture
[31]. In the limit of short-range attractions, i.e. when the range of the attraction is
smaller than 15% of the particle diameter [32], the mixture can be considered as a
single component system in which the effective attraction between colloidal particles
is mediated by the polymers [33]. The strength of the attraction is determined by the
polymer concentration and its range is given by the size ratio ξ = 2rg/σc [33, 34],
where rg is the radius of gyration of the polymers and σc is the colloidal particle di-
ameter. Through this systematical study, we confirm the connection between cluster
morphology and the extended law of corresponding states, showing that for the colloid-
polymer mixtures of this work, the fractal dimension of both small and large clusters is
a function of the quantity cp/c∗p, where cp is the polymer mass concentration (w/v) and
c∗p = 3Mw/(4πNAr3

g) the overlap concentration. Indeed, in the limit of small polymer-
colloid size ratio ξ = rg/R, Free-Volume Theory predicts that the reduced second virial
coefficient B∗2 is uniquely related to cp/c∗p [35]. The relation between B∗2 and cp/c∗p was
also pointed out in recent work [30]. We complement the experimental findings with
simulations of colloidal dispersions interacting through the Asakura-Oosawa potential,
i.e., a potential that is expected to better model the experimental interactions than the
square-well potential used in previous work.
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System Mw [g·mol−1] rg [µm] ξ ξ (free)
1 3.00×106 0.0636 0.075 0.078
2 1.01×106 0.0333 0.039 0.042
3 8.64×105 0.0305 0.036 0.038
4 4.51×105 0.0211 0.025 0.026
5 1.01×105 0.0093 0.011 0.012

Table 1: Molecular weight, radius of gyration, rg, and polymer-colloid size ratio ξ (nominal value) for
the samples investigated in this work. The value ξ f ree represents the polymer-colloid size ratio corrected
according to the free volume of the samples.

2. Materials and Methods

2.1. Sample preparation

We experimentally studied mixtures of Polymethylmethacrylate (PMMA) hard sphere-
like particles and non-adsorbing polystyrene (PS) chains dispersed in a solvent com-
posed of cis-trans decahydronaphtalene and bromocycloheptane (CHB) that matches
the density of the PMMA particles. The particles are sterically stabilized by a layer of
grafted polyhydroxystearic acid (PHSA). Their average diameter is σc = 1.7 µm with
a polydispersity of about 7%, as determined by dynamic light scattering (DLS). The
particles are fluorescently labeled with nitrobenzoxadyazole (NBD). PS chains with
molecular weight Mw = 3×106 g/mol, 1.01×106 g/mol, 8.64×105 g/mol, 4.51×105

g/mol, 1.01× 105 g/mol were used. The corresponding radius of gyration rg was ob-
tained using the following empirical relation which has been determined by DLS mea-
surements of dilute solutions of PS in cis-decalin[36]:

rg = rθ
g

√
1+

134
105

z(T ), (1)

where rθ
g = 0.0276

√
Mw is the radius of gyration at the θ temperature Tθ and z(T ) is

the Fixman parameter[36]:

z(T ) = 0.00975
√

Mw

(
1− Tθ

T

)
. (2)

We have neglected any small swelling effect induced by the presence of CHB in ad-
dition to decalin in our samples. Values of rg and of the polymer colloid size-ratio
ξ = 2rg/σc for the different polymers used are reported in Table 1. The suspensions
present a certain degree of charging. For similar suspensions, inverse screening lengths
κ−1 comparable to the particle size (1-2 µm) have been reported [37, 38, 39], corre-
sponding to a long-range electrostatic repulsion. However, suspensions without poly-
mers investigated in this work were crystallizing into FCC lattices at the volume frac-
tion, φ ≈ 0.47, indicating weak electrostatic contributions [38].

After mixing, samples were homogeneized in a rotating wheel for one day before
measuring.
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2.2. Confocal microscopy experiments
Confocal microscopy experiments were performed using a VT-Eye confocal unit

(Visitech) mounted on a Nikon Ti-S inverted microscope. A 100x Plan-Apo oil-immersion
objective with numerical aperture NA = 1.40 was used for all measurements. For each
sample 50 stacks of 151 images of 512× 512 pixels, corresponding to a volume of
58×58×30 µm3, were acquired at different locations in the sample and at a distance
of 10µm from the coverslip in order to investigate the bulk structure of the mixtures.
Particle coordinates were extracted from the measured stacks by using standard particle
tracking routines [40].

From the particle coordinates, the formation of particle-particle bonds was deter-
mined according to the criterion that two particles are bonded when they lie at a dis-
tance smaller than 2R+ 2rg. Once clusters of size s were identified according to this
criterion, the cluster radius of gyration was calculated as [41]:

Rg(s) =

[
1
s

s

∑
i=1

(ri− rCM)2

]1/2

(3)

where ri is the coordinate of particle i within the cluster and rCM is the position of the
center of mass of the cluster.

2.3. Cutoff distance and criteria for the distinction between compact and elongated
clusters

We consider that two colloids form a bond when the separation between their sur-
faces is smaller than ξ [42]. Thus, rc = ξ is chosen here as the cutoff distance to
distinguish the formation of bonds. Furthermore, the classification of clusters into
compact or elongated, reported in Fig. 2, was performed by analyzing the bond proba-
bility distributions reported in Fig. S1 (see Supplementary Information). The average
number of neighbors 〈n〉 was extracted from the distributions as a function of cp/c∗p
and is reported in Fig. S2 for the different size ratios. Then, as explicitly discussed in
the Supplementary Information, clusters were considered as compact when 〈n〉> 4.5,
and elongated otherwise (see dashed line in Fig. S2).

2.4. Monte Carlo computer simulations
We have performed Monte Carlo computer simulations in the canonical ensemble

for a colloidal system with 8000 particles and polydispersity of 7% (reflecting the poly-
dispersity of the experimental system). Particles interact through the Asakura-Oosawa
potential (4) [33]. The latter can be written as:

u(r)
kBT

=−
φ
(R)
p

ξ 3

(
(1+ξ )3− 3

2
(1+ξ )2 r

σc
+

r3

2σ3
c

)
(4)

where kB is the Boltzmann constant, T is the absolute temperature, φ
(R)
p is the polymer

packing fraction in the free volume of the sample, see Ref. [2] and ξ is the depletion
thickness. The latter is commonly taken as the size ratio ξ = 2rg/σc, being rg the
radius of gyration of the polymer and σc is the colloid diameter. This potential is a
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good representation of the effective interaction between colloids in the ideal case when
polymers are sufficiently smaller than the colloidal particles, i.e., when ξ ≤ 0.1547
[43], and when the colloidal density and polymer concentration are sufficiently small
[44]. For a more accurate description of the depletion potential, we have used the
correction to the depletion thickness from the renormalization group as used in Ref.
[45], see Table 1. To calculate the gas-liquid coexistence, the simulations were set at
φc = 0.2 and the starting configuration was obtained from previous simulations with
a hard sphere potential. A simulation run consisted of about 5× 108 MC steps for
different values of φp to reach equilibrium configurations. After this stage, in which
the energy per particle presents small variations over several millions of MC steps,
the local density was determined in a second stage of 5×107 MC steps. The density
distribution displays an approximately Gaussian shape, centered on the bulk density,
for states out of the phase coexistence but inside this region, the single peak splits
in two peaks, which are used to estimate the density of the coexisting phases (data
not shown). The results of these calculations were used to construct the binodal lines
reported in Fig. S3. From this protocol, we estimated the binodal at φc = 0.1 for all
the experimentally explored colloidal systems with different ξ -values, see Fig 2. Note
that in this figure, we use cp/c∗p = φp; the latter expression is related with the parameter

φ
(R)
p (see Eq. (4)), where φp = αφ

(R)
p and α(ξ ,φc) is known as the free volume fraction

[45].

2.5. Polymer Critical Volume Fraction from Free Volume Theory

Free Volume Theory (FVT) [45, 46, 47, 48] provides a realistic approach to de-
scribe depletion interactions, taking into account the finite volume of polymers, the
excluded volume due to the hard-sphere interaction between polymers and colloids,
the fact that the depletion layer depends on the colloid size and also the polydispersity
of both colloids and polymers [44]. The calculation of the phase equilibrium requires
to calculate the thermodynamic properties, such as pressure and chemical potential,
which are obtained from the free energy in the semi-grand canonical ensemble [45]. In
this ensemble, the free energy is made up of two contributions: the first one comes from
the colloids and the second from polymers. Then, this approach allows one to calculate
the gas-liquid as well as the fluid-crystal phase separation by changing the expression
for the colloids free energy. Here we use the FVT to calculate the fluid-crystal coexis-
tence boundary for a qualitative comparison with the polymer critical volume fraction
obtained from simulations, φ c

p , see Fig S3. FVT provides also a way to estimate the
second virial coefficient in experiments. According to Tuinier and coworkers [35], B∗2
in the limit of moderate colloid volume fractions can be written as:

B∗2 = B2/BHS
2 = 1− 1

4
cp

c∗p

[
6+

15
2

ξ +3ξ
2 +

1
2

ξ
3
]
. (5)

One should notice that in the limit ξ → 0, i.e., for small size ratios, the reduced sec-
ond virial coefficient is only a function of cp/c∗p. Therefore, Eq. 5 provides a direct link
between B∗2 and cp/c∗p. This is also a result consistent with theoretical findings provided
by the so-called PRISM theory [49]. If one considers the previous equation along with
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Figure 1: State diagram of colloid-polymer mixtures with small size ratio, ξ . Data were taken from the
following experimental contributions: [50] (diamonds, squares, stars), [51] (pentagons), [52] (triangles),
and [53] (circles). Lines are a guide for the eye to identify different thermodynamic phases, namely one
phase fluid, fluid-crystal coexistence, fluid-fluid phase coexistence, aggregation of particles and gel. The
experimental states studied in this work are also displayed (open squares). Error bars are smaller than the
symbols.

the VLc criterion, one gets that the onset of the phase separation for short-range attrac-
tions starts at cp/c∗p ∼ 1.66. As we will see further below, this is a considerably higher
value than the one obtained in both experiments and computer simulations. However,
Eq. 5 provides a qualitative support of the relation between B2 and cp/c∗p, being the lat-
ter that consistently allows us to describe the connection between cluster morphology
and the extended law of corresponding state.

3. Results and Discussions

3.1. Colloid-polymer state diagram: thermodynamic identification of clusters

Recently, we have reported on the structure of a colloid-polymer mixture similar
to that investigated here, for which we found that colloids mainly interact through a
short-range depletion attraction [31].

Results of previous studies [50, 51, 52, 53] on the state diagram of colloid-polymer
mixtures with small values of ξ are summarized in Fig. 1, in which we additionally
included the experimental states explored in this work (open squares); sample prepara-
tion is summarized in section 2.1. This allows us to locate the thermodynamic regions
in which our study has been performed. The diagram reports the observed states in the
parameter space (φc, cp/c∗p) with φc to be the colloid volume fraction. Even though the
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experimental criteria used by different authors can be slightly different, one can evince
that at low polymer concentrations, cp/c∗p < 0.2, the mixture is in a liquid state. On
the other hand, at cp/c∗p & 0.2 phase separation/aggregation is observed for the small-
est ξ and φc values. For larger values of cp/c∗p, a gel network, i.e., a mechanically
stable space spanning network of aggregated particles, is formed [4]; the onset of gela-
tion shifts to smaller values of cp/c∗p with increasing φc. Summarizing, for φc < 0.20
the mixture experiences transitions between different thermodynamic states, namely, a
one phase fluid at low polymer concentrations, heterogeneous states at intermediate cp
values and non-equilibrium or gel-like states at high polymer concentrations. This sce-
nario appears almost independently of ξ provided it is smaller than approximately 0.1.
Our experiments were carried out at φc = 0.05 and 0.10 for several values of cp/c∗p and
ξ (< 0.1). In this way, we systematically explored and studied the connection between
cluster structure and attraction strength and range in the different thermodynamic states
of the mixtures.

Figure 2(A) presents the state diagram of cluster morphologies of the experimen-
tal system in the (cp/c∗p, ξ ) space. The geometric shapes of clusters observed were
obtained by confocal microscopy as described in section 2.2. Note that two particles
are considered to form a bond and thus belong to the same cluster when the distance
between their centers is smaller than 2R + 2rg, i.e. when they lie within the range of the
attractive interaction induced by depletion forces. We have reported data for the sam-
ples with φc = 0.10. The same behavior was observed for φc = 0.05 (data not shown).
The solid line in Figure 2(A) corresponds to the value of cp/c∗p at which the gas-liquid
phase separation occurs in Monte Carlo simulations, as discussed in section 2.4 and
in the Supplementary Information. We have identified a region where colloidal parti-
cles are dispersed forming a one phase colloidal fluid and another one where particles
form clusters. The boundary between these two regions is close to the gas-liquid phase
separation line determined from MC simulations and predicted by FVT [48]. This in-
dicates that the simulated system qualitatively reproduces the phase behavior of the
experimental system.

Figs. 2(B) and (C) show snapshots of representative experimental samples for
ξ = 0.075 and 0.011, respectively. From the snapshots, one can see that the morphol-
ogy of clusters does depend on the attraction range. Longer attraction ranges produce
more compact clusters (Fig. 2(B)) for cp = 0.30c∗p and 0.50 c∗p. More elongated clusters
are instead formed for shorter attraction ranges, as shown in Fig. 2(C) for correspond-
ing values of cp/c∗p. In addition, the system with the shortest attractive range forms
colloidal aggregates at smaller polymer concentrations. A more quantitative criterion
based on the average number of neighbors 〈n〉, explained in section 2.3, was used to
distinguish the regions of compact and elongated clusters shown in Fig. 2. Additional
analysis of the cluster morphology based on the determination of the fractal dimension
of clusters composed of up to 100 particles is reported in more detail further below.

3.2. Cluster size distribution
The experimental samples present a distribution of cluster sizes which can be as-

sociated with specific structural and dynamical arrangements, i.e., particle bonds are
continuously formed and broken [54]. Figure 3 shows the cluster size distribution,
P(s), as a function of the number of particles forming a cluster, s, for different cp/c∗p
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Figure 2: (A) Phase diagram of the investigated colloid-polymer mixture for small size ratios, ξ and φc = 0.1.
We identify two states: one phase fluid and clustered structures. The latter are composed of either compact
or elongated clusters, see, e.g., section 2.3. Solid line is the phase separation boundary for a colloidal dis-
persion with φc = 0.1 obtained from Monte Carlo simulations; a polydisperse system of particles interacting
through an Asakura-Oosawa potential was considered, see, e.g., section 2.4 and the Supplementary Informa-
tion. Experimental snapshots for (B) ξ = 0.075 and (C) ξ = 0.011 at different polymer concentrations, as
indicated.
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values and attraction ranges ξ . This distribution presents an exponential decay mak-
ing more relevant the population of small clusters. To avoid that bias we report sP(s)
[55]. For the lowest values of cp/c∗p, most of the particles are forming small clusters,
as can be seen from the distribution in panel (A). As the polymer concentration in-
creases, larger clusters appear due to the strong attraction between particles. However,
colloid-polymer systems with the smallest attraction ranges, ξ =0.011 and 0.025, do
not present clusters with much more than 100 particles for any polymer concentration.
This confirms the qualitative indication obtained from the snapshots in Figure 2C and
is in agreement with a more elongated cluster morphology. We note that this result
could be slightly influenced by the fact that the error associated with particle positions
is close to the bonding distance we have defined, see section 2.3.

At the percolation threshold, one expects that the cluster size distribution follows
the power law P(s) ∝ s−2.2, as it occurs in other systems with short-ranged attractions,
see, e.g., Ref. [56]. The exponent in this power law is characteristic of the process
known as random percolation. Such scaling law is shown as dashed lines in panels
(B)-(D) of Figure 3. If a system crosses the percolation threshold, several points are
expected to lie above the power-law line. As it can be seen in the systems with ξ larger
than 0.25, several points lie above the percolation line thus indicating the presence of a
percolating cluster coexisting with small clusters. Note that this could also indicate the
formation of a gel state, as long as the percolating cluster is mechanically stable [56].
In systems with competing interactions, the size distribution presents a secondary peak
at about 20 particles which indicates a preferential size for clusters. Here, we do not
find any clear indication of such peak, supporting our assumption that the main driving
force in the colloid-polymer mixtures is the short-ranged attraction.

3.3. Cluster morphology

We now focus on the morphology of clusters for the extreme cases, namely, ξ =
0.075 and 0.011. In Fig. 4, the radius of gyration of clusters made of s-particles,
Rg(s), is displayed; Rg(s) is defined in section 2.2. The top graph shows the results
for small clusters, 2 ≤ s ≤ 10, while the bottom one those for large clusters, 10 <
s ≤ 100. We should point out that a distinction between small and large clusters was
made because Rg(s) cannot be properly fitted with a single power-law dependence:
instead, two power-law dependencies with different fractal exponents need to be used
to correctly reproduce the entire experimental trend, which exhibits a clear crossover at
s = 10 (Fig. S4 of the Supplementary Information), in good agreement with previous
simulation predictions [30]. The determination of a fractal dimension for small clusters
(s < 10) may not be entirely meaningful. However, to be consistent with previous
contributions [30, 57] and to be able to compare with those results, we have decided
to still extract a nominal fractal dimension from the slope of Rg for small aggregates.
For large clusters, we additionally decided to limit the plot to s = 100 particles, since
only a few larger clusters are present which have no statistical significance. Moreover,
in this way we exclude from the analysis the gel network backbone in gelled samples.
Fig. 4 also reports a line indicating the power-law Rg ∝ s1/2 that corresponds to a
cluster fractal dimension of 2. This provides a reference for comparison with the fractal
dimension of clusters in the experimental samples.
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Figure 3: Cluster size distribution of colloid-polymer mixtures with φc = 0.10 and different polymer con-
centrations, cp/c∗p. (A) cp/c∗p = 0.05, (B) 0.30, (C) 0.50 and (D) 1.0 and ξ values (as indicated).

In a previous contribution [30], we pointed out that small clusters in simulated
dispersions of attractive colloids are not much sensitive to the thermodynamic state
of the system. Panels (A) and (B) of Fig. 4, which correspond to ξ = 0.75 and ξ =
0.011, respectively, show that for the experiments reported here the morphology of
small clusters seems to change when the state of the system changes from the one
phase fluid to a clustered structure (either a cluster fluid or gel). In particular, the slope
slightly increases when passing from the fluid to the clustered state, indicative of a
moderate decrease in the fractal dimension. For the larger clusters instead the slopes
are comparable for most samples for both values of ξ (Fig. 4(C) and (D)). This is
particularly true within the clustered region, where thus the morphology changes only
slightly while the attraction amplitude changes of several kBT from cp/c∗p = 0.3 to 1.0,
in agreement with previous results reported in Ref. [12].

3.4. Fractal dimension and the extended law of corresponding states
According to the extended law of corresponding states, the properties of two sys-

tems are expected to be the same when they are compared at the same reduced density
and second virial coefficient (B∗2). In previous contributions [30], we showed that the
cluster morphology, in particular the fractal dimension df, depends on B∗2 for simulated
attractive colloidal model systems interacting through a square-well potential. More-
over, we found that sparse literature data on experimental colloid-polymer mixtures
present a similar dependence when replacing B∗2 with cp/c∗p. Here, supported by pre-
dictions of FVT [35]] that indicate that B∗2 is indeed determined by cp/c∗p in the limit of
short range attractions (see previous section), we systematically investigate the relation
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Figure 4: Radius of gyration Rg(s) of colloid-polymer systems with ξ = 0.75 and ξ = 0.011 for different
polymer concentrations. Systems in a clustered state are represented by an empty (solid) symbol. Top row
shows data for small clusters and bottom row for large clusters. (A) and (B) correspond to ξ = 0.075 and
(C) and (D) to ξ = 0.011. Error bars indicate one standard deviation of uncertainty.

between df and cp/c∗p in experimental colloid-polymer mixtures for an extensive set of
polymer-colloid size ratios. We chose to present df vs. cp/c∗p instead of B∗2 since the
FVT relation might not be quantitatively accurate, as discussed in Sec.2.5. In addition,
we show that simulation data for a system interacting with the AO potential, which bet-
ter approximates experimental interactions, also confirm the relation between df and φp
(B∗2).
In order to compare experiments and simulations, the values of cp/c∗p and φp were
normalized with the respective critical values for phase separation. In the case of sim-
ulations, this value was directly determined for the different values of ξ , as explained
in section 2.4. For the experiments, the critical value was estimated as the value of
cp/c∗p at which gelation is observed. Indeed, for short-range attractions gelation can be
described as the result of arrested spinodal decomposition [4] and therefore the onset
of gelation corresponds to the onset of spinodal decomposition. Additionally, in the
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limit of small ξ values, the binodal and spinodal lines are very close, and therefore the
gelation line is a reasonable estimate of the binodal. The location of the gelation line
was determined in previous work [31]. For simplicity, we use in what follows cp/cc

p to
indicate the normalized values of both experimental and simulation data.
Figure 5 reports the fractal dimension of small (A) and large (B) clusters obtained in
experiments and simulations as a function of cp/cc

p, for different values of the size ratio
ξ .
Plot (A) contains the information for small clusters and Plot (B) that for large clusters.
For both small and large clusters, results of experiments and simulations for differ-
ent values of ξ are comparable, confirming that cluster morphology is determined by
cp/c∗p, and consequently B∗2. We remark that the observed collapse of experimental
data for different value of ξ over a broad range of cp/c∗p values was not reported be-
fore. Note additionally that the collapse of the experimental data induced by plotting df
vs. cp/c∗p is evidenced in particular by the values of df close to the fluid-gel boundary,
which present the most pronounced dependence on cp: as shown in the Supplementary
Information (Fig. S5), those data are far from collapsing when plotted against cp for
each sample. We should remark that experiments and simulations represent different
regions of the state diagram: while experimental data lie within the metastable region,
simulation data lie in the fluid phase.

The values of df of the small clusters for experimental samples in the fluid phase
were not statistically significant and were thus not included in Panel (A). At the same
time, simulation data are not available inside the metastable region predicted by the
Asakura-Oosawa interaction. The different location of experimental and simulation
data in the state diagram explains the different trends observed as a function of cp/c∗p:
in the simulations df increases while cp/c∗p increases, which indicates formation of
more compact structures as an effect of the density fluctuations induced by phase sep-
aration. In the experiments, instead, df decreases in the metastable region, as observed
before [58], indicating the formation of progressively more elongated clusters. The
elongated small clusters might be the result of more rigid bonds associated with the
stronger attraction, which reduces the ability of bond reorientation to form more com-
pact aggregates. Note that the data for small clusters corresponding to the large value
of ξ = 0.075 slightly deviate from the other data in the meta-stable region (also in
agreement with the state diagram of Fig. 2), suggesting that the description of cluster
morphology in terms of cp/c∗p and thus B∗2 starts to be less accurate when the range of
attraction becomes larger. Large clusters in experiments do not seem to indicate a sig-
nificant dependence on cp/c∗p. Conversely, large clusters in simulations show a trend
similar to that observed for small clusters, even though with larger statistical fluctu-
ations. As previously observed, the fractal dimension of the large clusters is bigger
than that of small clusters. Results of experiments and simulations are consistent with
previous findings [30].

3.5. Conclusions and perspectives

Combining experiments on model colloid-polymer mixtures and simulations of
particles interacting through the Asakura-Oosawa potential, we demonstrated that clus-
ter morphology in colloidal systems with short-range attractions is determined by cp/c∗p
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Figure 5: Fractal dimension of (A) small and (B) large clusters, according to the distinction employed in Fig.
4, as a function of cp/cc

p, for different values of the size ratio ξ , as indicated. Closed symbols correspond
to results of confocal microscopy experiments, while open symbols to results of Monte Carlo simulations.
Error bars indicate one standard deviation of uncertainty.
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and therefore by the reduced second virial coefficient B∗2. This was confirmed by exam-
ining the fractal dimension of clusters in systems with different (short) attraction ranges
and in different thermodynamic states, namely, equilibrium one phase fluid states and
non-equilibrium gel-like states. In addition, the analysis of the cluster morphology
made evident the presence of distinct populations of small and large clusters character-
ized by different fractal dimensions (smaller for the smaller clusters) and dependent on
B∗2. In the fluid states, for small values of B∗2, the small clusters show a poor dependence
on B∗2 and suddenly become more compact while approaching the phase separation
boundary, and so the large clusters. The experimental system allowed us to addition-
ally investigate the much less explored metastable region, in which the colloid-polymer
mixture typically forms gel states. In this region, the cluster morphology is generally
poorly dependent on the second virial coefficient, with the small clusters showing a
moderate decrease with increasing cp/c∗p.
Our findings, by revealing the control parameter that drives cluster morphology in at-
tractive colloidal dispersions, open up the way to a programmable design of hetero-
geneous structures with desired cluster morphologies, with potential applications in
photonics [59], biology [60], foodstuff [61], transport behavior in tunable fractal-like
structures [62], among others. Furthermore, our results have experimentally confirmed
the general validity of the extended law of corresponding states to describe not only
macroscopic or thermodynamic properties, but also local ones, such as the degree of
compaction of the resulting clusters and, mainly, to become the main driving force
behind the mechanisms of aggregation in liquids of clusters made up of sticky-like col-
loids. Additional studies on different types of colloidal systems, namely dispersions
with highly directional interactions, should be performed to test the limits of applica-
bility of our results.
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