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Role of interaction range on the microstructure
and dynamics of attractive colloidal systems
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Colloidal gelation phase diagram has been traditionally characterized using three key factors: particle
volume fraction, strength of attraction, and range of attraction. While there’s a rich body of literature on
the role of attraction strength and particle volume fraction, majority of studies have been limited to
short range interactions. Using Brownian dynamics simulations, we explored the effect that the range of
attractions has on the microstructure and dynamics of both weakly and strongly attractive colloidal
systems. Although gelation occurs significantly faster at high attraction strength, by an order of
magnitude compared to low strength, we did not observe any clear trend in gelation-rate with respect
to a change in the range of interaction. However, as the attraction range increases in both systems, the
final structure undergoes a transition from a single connected network to a fluid of dense clusters. This

rsc.li/soft-matter-journal

1 Introduction

Colloidal gels are ubiquitous in nature and in various indus-
tries ranging from pharmaceuticals to food,"* with a potential
to be used as designer materials with tunable properties.
However, realizing this potential requires a deep understand-
ing of the structure formation and dynamics as the primary
particle-level characteristics change. Colloidal gels generally
consist of an intricate network of particles within a solvent,
imparting soft solid-like properties to the gel. Formation of this
network can be driven by various mechanisms, including
arrested spinodal decomposition and the jamming of pre-
formed fractal clusters.>™ Colloidal gels may be permanent or
transient, depending on the nature of the interaction between
aggregated particles.® In dilute systems with strong particle
attractions, colloidal gels form with long-lasting bonds and
fractal structures. In contrast, weaker attractions lead to gels
with less fractal, bicontinuous structures where bonds can
easily break and reform. This bond reversibility enables gels
to transition between solid and liquid-like states based on
external conditions.

In a broader context, gelation onset can be characterized
using three key factors: the particle volume fraction, strength of
attraction, and range of attraction. These factors collectively
establish a three-dimensional state diagram, within which a
gelation boundary separates liquid-like from solid-like charac-
teristics. In general, each of these state variables can be
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results in a new gelation phase boundary for long range attractive colloids.

independently controlled. Volume fraction of particles is sim-
ply a measure of the solid content. The strength and range of
interaction between colloidal particles can often be adjusted, or
tailored, by various means such as adding electrolyte or non-
adsorbing polymers to the suspension or modifying the particle
surface coating. For instance, in depletion gels where addition
of non-adsorbing polymers to the system induces effective
attraction between the particles, concentration of the added
polymer directly changes the strength of attraction. However,
the range of attraction is controlled by the hydrodynamic
radius of the added polymer. Seminal work of Lu et al’
introduced a gelation phase diagram based on these state
variables.

Current understanding of colloid gelation focuses on short-
range attractive forces,®'* despite the potential importance of
long-range interactions in various nanoscience applications.
Experiments with short-range attractions suggest gelation is
initiated by spinodal decomposition, forming a network of
particles.® Brownian dynamics (BD) simulations provide further
insight into the evolving structure, particle dynamics, and
rheological properties of aging colloidal gels.’® While some
studies incorporate long-range repulsion with short-range
attraction,"*'® a systematic understanding of long-range attrac-
tions in gelation remains elusive.

This knowledge gap stems from several challenges in sys-
tematically studying long-range interactions. First, experimen-
tally, in most colloid-polymer mixtures, the size of colloid is
intentionally chosen in the range of 1 pm to slow down the
dynamics and thus enable tracking of particle-level structure.
Second, the dynamics of particles and polymers become intri-
cately linked when their sizes are comparable, and simple
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fluid behavior is no longer applicable."”'® Finally, while at
short-range limit, the details of interaction potential can be
overlooked, for long-range interactions, the interaction density
can also become important. Some studies have explored the
influence of attraction range on phase behavior in colloid-
polymer mixtures.”*®">" The critical point of fluid-fluid transi-
tion varies with the range of attraction in colloidal dispersion.>*
Experimental studies have reported the observation of a fluid of
colloid clusters, with the cluster morphology strongly depen-
dent on the attraction range.” Teece and her colleagues® found
three distinct regimes in gel evolution with long-range attrac-
tion, including collapse under gravity in the final stages of
phase separation. Nonetheless, the detailed effects of long-
range attraction on the dynamics and final microstructure of
colloidal assemblies remains unknown.

In this paper, we numerically investigate the effect of the
attraction range on the microstructure and dynamics in both
weakly and strongly attractive colloidal systems. Specifically, we
examine the impact of adjusting the attraction range from
¢ = 0.1-1.5a (where a is the particle radius) at two different
attraction strengths, u, = 6kgT and 12kgT, representing weak
and strong interactions respectively. In practice, gelation may
be induced by different means, such as addition of salt which
results in screening of the stabilizing charges on the surface of
particles, or addition of non-adsorbing polymers to the system
resulting in depletion interactions. In general, the larger attrac-
tion ranges in this study are not achievable through salt-based
gelation only, and as such one may argue that the lower limit
and the upper limits of the range studied here require different
types of interaction potentials; nonetheless, here and in order
to isolate the role of attraction range from any other additional
effects such as the details of interaction potential we keep the
form of effective interaction potential unchanged. Although
gelation occurs significantly faster at high strength, by an order
of magnitude compared to low strength, we observe no clear
trend in gelation kinetics concerning the range of interaction.
As the attraction range increases in both systems, we instead
see a transition in the nature of final structures formed by the
attractive colloids, from a fractal configuration to a fluid of
dense clusters. In very dilute system with very-long range
attraction, we observe only a fluid of clusters, regardless of
the attraction strength.

2 Methods

In this study, a system of monodisperse colloid particles with
radii a = 1 is simulated in a cubic box with periodic boundary
conditions using the Brownian dynamics method. Hydrody-
namic interactions between particles are neglected. The simu-
lation is conducted at varying particle volume fractions of
¢ = 0.05-0.15 with 100 000 colloidal particles. The simulation
is performed using a, kzT, and t = 6nna®/ksT as characteristic
units for length, energy, and time, respectively. Here, kg is the
Boltzmann constant, 7 is temperature, 7 is the diffusive time
scale of a single colloidal particle, and # is the dynamic fluid
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viscosity. The attraction between colloid particles is modeled
using a pairwise additive Morse potential Uyorse = uo(expfz"h"f —
2exp %), where h; is the surface-to-surface distance between
particles, u, and ka control the strength and range of attraction,
respectively. The equation of motion is then described by the
equation:

ri(t 4 01) = v;(t) + %};(I[Ff +FP + F{or] (1)
where dt is the integration time-step, F{’ and F} are the total
attractive and Brownian force on the particle 7, respectively.
F{°™ is the semi-hard potential interaction used to prevent any
non-physical overlap of colloid particles during simulation.

The study is carried out at two different attraction strengths,
uo = 6kpT and 12kgT, representing weak and strong interactions.
The attraction range ¢ = 3/ka is varied from 0.la to 1.5a
(equivalent to 2 < ka < 30), spanning from short-range to
long-range attractions.

The simulations consist of two steps. In the first stage, an
equilibrium configuration is generated by randomly placing the
colloids within the simulation box, followed by running the
simulation for 1 x 10° iterations with no attractive interactions
between the colloids, to eliminate any non-physical overlap of
the colloidal particles. In the second stage, gel formation occurs
under attractive interactions. During this phase, we ensure that
a quasi-steady structure is reached without significant altera-
tions to the microstructure. This requires running simulations
for times equal to 5007. All simulations are performed using
HOOMD-blue,** an open-source molecular dynamics simula-
tion toolkit.

3 Results and discussion

Snapshots of the final structures for different ranges of attrac-
tions of weakly and strongly interacting colloids are presented
in Fig. 1. The top panel corresponds to the weak attraction of
Uy = 6kgT, and the bottom panel corresponds to the strong
attraction of u, = 12kT. Particles are color coded based on the
number of bonded neighbours from blue (low) to yellow (high)
coordination numbers. Generally, stronger interactions result
in relatively more inter-connected structures with lower parti-
cle-particle bonds. However, there is much more visible effect
as the range of attraction increases. Both [weak and strong]
systems exhibit coarsening of the colloidal domains as the
range of attraction increases, eventually leading to formation
of disconnected and large particulate clusters at the longest
ranges studied here (Fig. 1(c) and (f)). Having access to all
particle positions during the self-assembly and at the final
stage, in the following we characterize the system at the
particle-level [microscale], cluster-level [mesoscale], and at the
global-level [macroscale] to understand the role of attraction
range on the structure at different scales.

We define the particles bonded when the separation dis-
tance between colloids fall in between the first maximum and
the first minimum of the pair correlation function. In deple-
tion gels such as ones studied here, one commonly observes
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Fig. 1 Gel structure for attraction strengths (a)—(c) U = 6kgT and (d)—(f) 12kgT for range (a) and (d) ¢ = 0.1, (b) and (e) 0.6 and (c) and (f) 1.5. Cluster-level
structures are shown in the inset. Particles are color-coded using blue-yellow scheme based on their coordination number.

formation of a single inter-connected network of particles that
span the entire sample. This can be easily quantified by
calculating the fraction of number of particles in the largest
connected component f;cc at each time. However, it’s impor-
tant to highlight that we define the final phase behavior based
on whether there’s a single rigid structure spanning all direc-
tions and contacting all faces of the simulation box, not solely
on the largest connected components. Evolution of f;cc also
clearly shows a percolation transition at which virtually the
entire system becomes a single interconnected network
Fig. 2(a). For a strongly attractive system, u, = 12kp7T, the
percolation transition occurs nearly one order of magnitude
faster than the weakly attractive systems, u, = 6kgT. However,
for both strengths considered, there’s no clear trend in the
percolation time as we increase the attraction range. In small
attraction ranges, this transition seems unaffected by the
range, probably due to diffusion control. On the other hand,
for larger attraction ranges, the transition takes much longer
time compared to gelation at smaller ranges, often by one to
two orders of magnitude. We also analyze f;cc and number of
clusters as function of attraction range once the system rea-
ches a quasi steady-state. At relatively short-range attractions
(¢ < 0.6), we observe a plateau representing a single particulate
network (Fig. 2(b)). However, with further increases in attrac-
tion range, this fraction rapidly diminishes. At the longest
range studied (¢ = 1.5), the largest connected component

4468 | Soft Matter, 2024, 20, 4466-4473

comprises only 10% of the total particles. It’s noteworthy that
while ficc exhibits a rapid decay with ¢, the total number of
clusters (Nejuster) Shows a slow continuous increase. fi.cc focuses
on identifying the single largest connected component whereas
Neuster measures the total number of aggregated clusters
including the single particles. Additionally, we observe that
weakly attractive colloids are generally more sensitive to the
range of attraction, as this drop in the largest connected
component occurs more appreciably for the weakly interacting
system.

While LCC provides a quantitative measure for the global
structure and its final size (relative to the entire system), it does
not offer any insight into particle-level structure. Hence, we
investigated the effect of the attraction range on the local
structure through coordination number (number of bonded
neighbours to each colloid), Z, and its distribution. Since
interaction ranges are at the core of what is being interrogated,
one should pay additional attention to how bonded particles
are defined. Coordination number, Z, can be defined in two
main different ways: one using a fixed cutoff distance of r. = 0.1
to provide a systematic way of comparing different gels, and
another based on the distance corresponding to the first
minimum of the pair-correlation function which is a true
measure of a physical bond between interacting colloids. In
Fig. 3(a) and (b), we show the evolution of the average coordi-
nation number (Z).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Evolution of the fraction of number of particles in the largest
connected component (LCC) as a function of time, for different attraction
ranges from 0.1 to 1.5, for weakly (ug = 6kgT) and strongly (up = 12kgT)
attractive colloids at ¢ = 0.1. (b) Fraction of colloids within the largest
connected component at the quasi steady-state structure. (c) Number of
clusters within the entire system at the quasi steady-state structure.
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Fig. 3 (a) and (b) Evolution of the ensemble-averaged coordination
number (Z) over time, and (c) and (d) distribution of coordination number
P(Z2) at final configuration at the volume fraction of ¢ = 0.1 for weakly
(up = 6kgT) and strongly (up = 12kgT) attractive colloids. In (a) and (c) the
coordination number is defined based on the true attraction range of
colloids (separation between the first minimum and maximum of the pair
correlation function, g(r)), and in (b) and (d) coordination number is defined
for a fixed cut-off distance of r. = 0.1. The inset in (b) shows the evolution
of (Z) over time on semi-log scale.

When employing a variable cutoff distance, the average coor-
dination number increases as the attraction range increases for
both high and low strength systems, as shown in Fig. 3(a). For
short-ranged attractions, the ensemble-averaged coordination
number of a strongly attractive system is systematically smaller
than that of a weakly attractive system. This is because weaker
attractions allow for more exploration of the entire energy land-
scape by the particles and thus lowering their energy by forming
additional bonds resulting in coarser structures.>* Nonetheless, at
the largest range of attraction this visible difference vanishes as
both interactions result in coarse clusters rather than a percolated
network. On the other hand, when using a fixed cutoff distance,
we observe intriguing behavior. For weak attractions (i = 6kgT),
the coordination number decreases as the attraction range
increases, while for strong ones (1, = 12kgT), Z increases as the
attraction range increases (Fig. 3(b)). For weakly attractive sys-
tems, increasing the range of attraction allows for the particles to
more freely explore their local environment and favor higher
number of neighbours with larger distances. As a result, on
average half a particle’s neighbours fall outside the immediate
range of r. = 0.1. However, for strongly interacting systems
systems, the attractive force dominates and particles are generally
contained within closer separation distances, and thus a similar
trend to the overall number of bonds in Fig. 3(a) is observed.

These local arrangements are more evident when distribu-
tion of coordination number is considered rather than its
ensemble-averaged value. Coordination number distributions
at the final configurations are shown in Fig. 3(c) and (d) for the
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same bond definitions as in Fig. 3(a) and (b) respectively. When
employing a variable cutoff, a uni-modal distribution for small
attraction ranges (¢ < 0.6) and a bimodal distribution for
longer ranges (¢ > 0.6) are observed (Fig. 3(c)). While the
distribution generally broadens and shifts towards higher
coordination numbers [regardless of the interaction strength]
as the range increases, for the longest range of attraction a
population of particle with Z = 12 emerges. Considering the
fact that we simulate an ideally monodispersed system of
particles, emergence of Z = 12 within the coordination number
distribution suggests that within the bulk of large particle
clusters, colloids potentially form ordered structures in which
the coordination number can be significantly larger than the
gel state. However, these ordered arrays differ from a crystalline
domain, evident from the distributions using the fixed cutoff
(Fig. 3(d)). Disappearance of the clear peaks at Z = 12 at short
separation distances suggest that while some extent of order is
formed, the particles remain mobile to explore the lowest
energy states and are not strictly conformed to crystalline
domains. Interestingly, in high strength systems (u, = 12ksT),
the population with the highest coordination number increases
as the attraction range increases, but for low strength systems
this population decreases as the range increases.

With a quantitative measure of the structure at the [micro-
scale] particle-level (Z£) and at the [macroscale] system size
(LCC), we then examined the cluster-level [mesoscale] structure
by analyzing the static structure factor S(g) as a function of wave
number g at low angles, defined as:*

) -y

S(g) =1+ 4rcpJ
0 qr

where p is the particle number density and g(r) is pair-
correlation function. g(r) for different attraction ranges in both
systems are shown in the Fig. 7. A noticeable peak appears in
the range of 0.1 < g < 0.4 for all strengths and ranges,
indicating an abundance of large aggregates and network
structures with a length scale falling within 16a < [ < 60a
(Fig. 4(a)). Notably, the peak intensity increases with a greater
attraction range, which is associated with both the degree of
correlation between clusters and the number of particles in
these clusters.?® The g-value at which the peak is observed is an
indicator of the size of clusters, however, the peak intensity
itself is a measure of the relative population of such clusters
within the overall structure. As such, the heightened intensities
of the structure factor at small g values suggests the presence of
somewhat more dominant clusters in low-strength systems
than those observed with higher strength. Additionally, for
small attraction ranges and high strengths we observe a slow
decay of the structure factor at low values of g. This indicates a
higher level of structural homogeneity associated specifically
with short-ranged strong interactions. To quantify this power-
law decay, we compute the fractal dimension Dy using the box-
counting technique. The fractal dimension is larger at small
attraction strengths compared to high attraction strengths,
suggesting a more ramified structure at high strength
(Fig. 4(b)). Furthermore, we observe that the fractal dimension
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Fig. 4 (a) Structure factor S(g) as function of g for final structures at the
volume fraction of ¢ = 0.1 for weakly (ug = 6kgT) and strongly (ug = 12kgT)
attractive colloids, (b) fractal dimension Ds as function of attraction range ¢
for both systems.

increases with increasing attraction range, indicating more
compact clusters at larger attraction ranges (Fig. 4).

In addition to quantifying the colloidal domains at the
cluster-level, we also characterize them based on the distribu-
tion of interstitial void sizes within the final structure using a
method introduced by Gubbins and colleagues.>” This method
involves selecting an arbitrary point in the void space and then
determining the largest possible radius of a sphere that can
encapsulate that point without overlapping with any other
particle. Overall, for both attraction systems, we find that the
pore size distribution becomes broader, and the average pore
size increases as the attraction range increases (Fig. 5). At short
ranges, strong interactions result in smaller pore sizes com-
pared to weaker interactions; nonetheless, as the range
increases and the system [micro|phase separates into large
particle clusters, the pore size distribution becomes insensitive
to the strength of attraction between colloids. Furthermore,
we notice a tiny initial peak at small pore sizes relative to
individual particles, which represents pores contained within

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Distribution of pore sizes, (b) maximum pore size, and (c)
average pore size as function of attraction range in final structures,
obtained at the volume fraction of ¢ = 0.1, for weakly (ug = 6kgT) and
strongly (up = 12kgT) attractive colloids, all measured in particle size units.
The inset in (b) highlights the largest spherical pore that fits within the void
space.

clusters (intra-pores within the cluster). With increase in the
attraction range, clusters become denser, resulting in a higher
number of these very small pores within the cluster and
consequently causing the initial dip in the distribution.

This journal is © The Royal Society of Chemistry 2024
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Fig.6 (a) up — ¢ — ¢ state diagram for colloidal gelation. Symbols
represent two different phases observed in the system: gel (circle) and
micro-phase separated fluids of clusters (triangle). Blue surface is drawn to
guide the eye. Gels are above the surface and phase separation is below
the surface. Phase boundaries for volume fractions ¢ = (b) 0.05 and (c) 0.1.
Data points for very small attraction ranges (¢ < 0.05) have been obtained
from Lu et al.”

Having characterized the resulting structures at different
length-scales, we finally re-construct the gelation phase dia-
gram based on the system’s state variables, with a special
attention to larger ranges of attraction (Fig. 6). Lu’s pioneering
work depicted gelation phase boundary as a monotonic func-
tion of the attraction range, in which at the very short range
gels are formed at the higher attraction strengths and volume
fractions, quickly decaying with increasing the fraction of solid
and/or the strength of attraction. However, our results here
clearly indicate a non-monotonic trend, at longer ranges of
attraction [not studied by Lu et al]. While increasing the
strength of attraction at the very short range, for a fixed volume
fraction of solids results in a gel to form, for very dilute systems
(¢ = 0.05) with long-range attraction (¢ > 0.6), only a fluid of
clusters is observed regardless of the attraction strength.

4 Conclusions

In this study, the effect of interaction range on the microstruc-
ture and phase behavior in both weak and strong attractive
colloidal systems was systematically studied. Gelation, gener-
ally defined as the formation of a percolated network of colloids
spanning the entire system, was found to occur significantly
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faster for strongly attractive systems to weak ones; nonetheless,
the range of interaction did not result in any observable
changes to the percolation transition. Regardless of the
strength of interaction between colloids, longer ranges result
in coarsening of the structure which can be directly character-
ized through structure factor and pore size distributions in the
system. At these intermediate length-scales, longer ranges of
attraction systematically resulted in coarser structures with
pore sizes twice larger than ones found at short-range attrac-
tions. Additionally, for the very long ranges of interactions, the
overall structure as well as kinetics of self-assembly become
insensitive to the strength of attraction, as the final morphol-
ogy consists of isolated large particulate clusters. Within these
large clusters, colloids can explore the energy landscape by
finding more neighbours and hence lowering their overall
energies. This results in emergence of particle populations with
Z =12, indicative of order formation within the bulk of larger
clusters. Finally, we constructed a gelation phase diagram
based on system’s state variables, similar to that of Lu et al.,’
with a particular focus on the longer ranges of attraction. Our
revisited gelation phase diagram clearly indicates a non-
monotonic role played by the range of attraction. At both
extreme ends of the attraction range axis (very short or very
long) gelation is only possible at higher volume fractions and/or
attraction strengths. The difference however is that long range
attractions promote formation of larger scale clusters, and very
short range attractions generally result in isolated so-called
monomeric colloidal systems.

Our results suggest that even if a known size of polymer is
introduced in colloid-polymer mixtures, polymer depletents
with broader size polydispersity can directly result in enhanced
structural heterogeneities. The role of attraction range and the
ability to directly control them also present an opportunity for
new mesostructural design pathways for targeted hierarchical
properties. In our study, we modeled colloid interactions using
pairwise additive Morse potential, while ignoring hydro-
dynamic interactions, and more importantly the non-
central bending potentials induced through three-body
interactions.'>?® It is well-understood that specific non-
central interactions can lead to lower gelation percolation
thresholds, and different mechanics of the overall struc-
ture,”® and such interactions can be directly modeled using
anisotropic effective interactions®'*?° resulting in a more
realistic view of the gel structure depending on the nature of
particle-level interactions. Nonetheless, the general observa-
tions of transitioning to fluids of clusters at longer ranges of
attraction here are expected to hold for such non-central
interactions. In our future work, we aim to explore how these
anisotropic interactions and hydrodynamic effects may influ-
ence our findings.
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Appendix
Pair correlation distribution

Fig. 7 depicts how the pair-correlation distribution g(r) is
affected by attraction range for both attraction strength sys-
tems. Each curve has been shifted vertically for better visualiza-
tion. In both systems, we notice a similar pattern: g(r) exhibits a
sharp peak at a short distance (r ~ 2a), indicating a high
likelihood of finding particles close to each other at this
distance. As the attraction range increases, the intensity of this
peak decreases. The first minimum of g(r), which occurs
between r ~ 2a-3a, shifts slightly towards larger distances as
the attraction range increases. This minimum is significant as
it reflects the effective range of attraction between particles.
Notably, for very small attraction range ¢ = 0.1, we observe
considerable noise in the data, suggesting a lack of structural
order. As we move to larger distances, g(r) approaches 1,
indicating a more random distribution of particles like a
simple fluid.

This journal is © The Royal Society of Chemistry 2024
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