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This work studies the aggregation of colloids under depletion attraction focusing on
the effect of hydrodynamic interactions on cluster kinetics and average structures. Our
numerical study is based on a variant of the immersed boundary method (inertial coupling
method) which solves the solvent fluctuating hydrodynamics and instantaneously couples
the particle and the fluid momentum transfer. Comparison is made with Langevin dynamics
and Monte Carlo methods, which do not include hydrodynamics. We consider a small
system (20 and 40 particles) which reproduces the system considered by Whitmer and
Luijten [J. Phys. Chem. B 115, 7294 (2011)] (analyzed by multiparticle rotation dynamics).
In that work, the authors report substantial hydrodynamic effects altering the cluster sizes
and shapes. By contrast, within statistical error, we have not found any hydrodynamic effect
on the average clusters structure. We also analyze the time-evolution of the aggregation
kinetics, revealing a slowing down of the process due to the reduction of the mobility close
to the clusters. The time correlation of the cluster number, shape, and size reveals two
characteristic times: a decay at short times faster than the single-particle diffusion time 7,
followed by a slower exponential decay at long times with a typical time of several 7.

DOI: 10.1103/PhysRevFluids.5.053301

I. INTRODUCTION

Understanding of aggregation of colloidal particles is of great interest in industrial applications
and biological systems. Such a process can be controlled through changes in the effective inter-
particle potential. Given that the resulting structures are diffusing in a fluid, the influence of the
hydrodynamic interactions look like a natural and relevant matter to figure out how the aggregation,
percolation, and gel formation processes are affected by them. Because of the complexity of such
systems, simulations show up as a relevant tool to approach the problem.

The first simulations on colloid aggregation modeled the colloid dynamics as a collection of
independent Brownian walkers [1-5]. We will use “Brownian dynamics” (BD) to distinguish this
approach from other methods including hydrodynamics. It is certainly computationally expensive
to solve or model the correlations induced by hydrodynamic interactions. Probably for this reason,
hydrodynamics has been neglected in the vast majority of computational studies. It was argued that
the sole effect of hydrodynamics is to slow down the aggregation process, but not the topology of
the aggregated structures at long times. Hydrodynamic interactions certainly alter the aggregation
kinetics because they directly modify the colloidal mobility (which becomes a nonlocal collective
property). However, in the case of reversible aggregation (moderate attractive energies U < S5kpT)
one expects the cluster statistics to be controlled by the free energy of the colloid phase (which
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does not depend on hydrodynamics, as the Einstein relation proves). Following this argument, BD
should be enough to capture the average cluster shape found in reversible aggregation. Aggregation,
however, takes place in the unstable portion of the phase diagram (interaction energy versus colloidal
volume fraction ¢) and in some cases, like in a deep quench, the attraction energy is large (U >
5kgT) and aggregation becomes irreversible. The role of hydrodynamics, both in reversible and
irreversible aggregation is, however, still under debate. Partly because “irreversibility” is just an
ideal, which in practice can only be defined in terms of some (long) observation time. As stated,
hydrodynamic simulations are expensive and this fact shortens up the observation time, which is a
source of misleading conclusions. Novel computational schemes and faster computer technologies
will allow us to unfold the role of hydrodynamics on the evolution of colloidal aggregation.

In one of the earliest studies comparing 3D aggregation using BD and a hydrodynamic solver
[6], particles were modeled using a smooth-profile representing the interface between particles
and fluid phase [7]. Using short-ranged potentials and more than 2000 particles, these authors did
not observed relevant differences between both methods, up to a volume fraction of ¢ ~ 0.3. A
subsequent work by Furukawa et al. [8] disagree with these findings: the fluid particle dynamics
method (FPD) revealed different cluster statistics when compared with BD. Using a similar
number of particles, volume fraction, and potential interaction they found that gelation (colloid
network-forming) is favored if the hydrodynamic interactions are considered. They explain such a
difference as an effect of the incompressible nature of the solvent, which generates a transversal
flow when two colloids are approaching, even changing the dynamics of small clusters located
initially in an icosahedron, N = 13, where N is the number of particles of such an aggregate.
Another work by Whitmer and Luijten [9] confirmed such appealing conclusion, by comparing
multiparticle collision dynamics (MPC) with Langevin Dynamics (LD) in small systems with a fotal
number of particles Ny = 20, with depletion (short-ranged) potentials. Surprisingly, even at low
volume fractions (¢ ~ 0.025), the hydrodynamic interactions introduced by MPC lead to different
cluster shapes and size distribution, compared with those with LD (no hydrodynamics). However,
the study on the influence of hydrodynamics on the clusters average asphericity in Ref. [9] were
somewhat contradictory: Hydrodynamics tend to form more spherical clusters for U ~ 3kgT, while
more elongated structures for U ~ 4.7kgT and it was found to have little effect for U ~ 6kgT .
The second virial coefficient was introduced as a key factor determining the type of aggregation of
colloids, in agreement with other works [10].

The influence of hydrodynamics in the kinetics of the gelation process was studied in detail in
Ref. [11]. As the aggregation process advances in time, two different regimes were distinguished.
In the initial regime, when the particles were aggregating in small clusters, hydrodynamics slows
down the generation of such structures, while in the second regime where clusters are merging,
hydrodynamics accelerates the process. This is due to the artificial slowing down of the diffusion
coefficient Dy ~ 1/N of a cluster of size N formed by independent Brownian walkers. In reality,
the hydrodynamic drag on a cluster of radius R(N) leads to Dy ~ 1/R(N) ~ N~", where v is the
fractal dimension of the cluster (v ~ 0.35 for globularlike clusters). This effect was observed to
increase with the volume fraction. In Ref. [12] BD is compared with stochastic rotation dynamics
(SRD is similar to MPC) coupled to molecular dynamics (SRD-MD) to find that the gelation
(cluster percolation) threshold decreases when hydrodynamics is considered. It was also found that
hydrodynamic effects diminish when the attractive potential is made stronger, but it creates more
elongated clustering structures. Similar conclusions have been observed when comparing FPD and
BD [13]. The effect of long-range potentials with repulsive barrier has been also studied [14-16],
and similar observations about differences in the percolation threshold have been claimed.

In view of such disparity of conclusions and simulation methodologies, in this work we start
a first step toward a revision of the subject. To that end, we deploy the inertial coupling method
(ICM) [17], which consists on a version of the immersed boundary method where the fluctuating
hydrodynamics of the solvent are explicitly solved using a finite-volume scheme, while particles and
fluid are instantaneously coupled via conservation of momentum. In a thermal environment, such
coupling guarantees that fluctuation-dissipation balance is respected without the need of an extra
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dissipative channel for the particle (the noise acts on the fluid phase as a random stress). Particle
fluctuations in velocity and position follow the Gibbs-Boltzmann statistics, as they should [17].
We compare ICM with Langevin (LD) and Monte Carlo (MC) simulations, where hydrodynamic
interactions are lacking. These two models (LD and MC) differ in their dynamics, in the sense
that LD simulations can be mapped to a real “time,” by assigning the (single-particle) LD friction
coefficient £ to the Stokes friction coefficient 6 nR (where R is the particle radius and n the fluid
viscosity). We note that in the ICM method, the Stokes friction coefficient is not an input, but
naturally arises from the dynamics (the input parameters in ICM being simply R and 7).

In this work, we consider the same system used in Ref. [9], where a small number of particles
interact with a short-range potential in a periodic box with a low volume fraction ¢ ~ 0.025. Our
results, are however quite different as we did not find any significant change in the cluster average
structures owing to the presence of hydrodynamics. We also considered the temporal evolution of
the aggregates only to confirm the slowing down caused by the hydrodynamic interactions. We also
detect two different time scales in the time correlation of the aggregate size and shape, characterizing
short and long time processes. The paper is structured as follows: in Sec. II the system is described.
In Sec. III the different methods of simulation which have been used are explained. In Sec. IV the
numerical results are presented: time-independent results in Sec. IV A and time-dependent results
in Sec. IV B. Finally, the conclusions are exposed in Sec. V.

II. THE SYSTEM

Our system is a colloidal suspension of particles of radius R immersed in a solvent with
depletants (usually globular polymers in experiments). We do not resolve the depletant dynamics
and approximate the colloid free energy by a pair-wise interaction taken from the Asakura-Oosawa
theory [18]. In particular, following Ref. [9], we use the Asakura-Oosawa-Vrij potential Usoy
combined with a (steric) repulsive 1/r3¢ potential U, where r is the distance between particles,

U(r) = Uss(r) + Uau(r), ey

being

o [ 1 2 1
Ugs(r) = F 36 —0{2181’18 + @ )

and

LB(r—o)?+Cl, if0<r <1+ a3)0c,

=18
Uau(r) { Upov (1), if (1 + a3l )oee <1 < . ®

The range of attraction of the depletion potential is determined by the parameter { = 2R, /0o,
where R, is the radius of gyration of the depletant, and o the colloidal diameter. The strength of the
depletion is controlled by ¢ and the polymer concentration ¢,. The cutoff radius of the depletion is
given by ap = (1 + ¢)o.. Temperature is introduced through the usual parameter 8 = kBLT where
kg is the Boltzmann’s constant and T the temperature. To ensure that the potential is smooth at its
cutoff radius, the repulsive term has been supplemented by a 1/r!'® term, and the amplitude «; of
the repulsive force is considered equal to aff. The AOV depletion potential has been modified with
a quadratic term to avoid singularities in the range of interaction. The crossover with the added term
is determined by «3. The constants B and C are calculated to get a continuous and differentiable
potential

_1 3 2 )
= ﬂ4a3§40&[(1+¢) (I + a3¢)],
C = Unovlr = occ(1 + a30)] — B(asloee ). )
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FIG. 1. Depletion potentials used in this work: see Table I for details.

The explicit expression of the AOV potential reads
1 1403 3r/0c 1(r/oe)3 .
_E¢p(T) [1_2(1+;)+§(1+;) ] if1 <r/oe <(1+¢),
0, otherwise.

Unov(r) = ®)

The colloidal diameter of the potential is set to o.. = 4.3, which is somewhat larger than the
hydrodynamic diameter 2R = 3.64. Two different potentials drawn in Fig. 1 have been considered,
with the following parameters: ¢ = 0.347 and ¢, = 0.560 (potential 1), and ¢ = 0.072 and ¢, =
0.216 (potential 2). Both potentials have the same second virial coefficient. As done in Ref. [9], we
will consider that the fluid density p = 5 is greater than the solid density p; = 3.0. Temperature
will be taken as kg7 = 1 and viscosity as n = 2.49 so the Schmidt number of one colloidal particle
is given by Sc ~ 50, which matches that of Ref. [9].

We consider the system in Ref. [9] which contains Ny = 20 particles (system 1) and yet another
similar one with Ny = 40 (system 2) at the same volume fraction. The periodic cubic box used
for system 1 has size L = 32 and L = 40 for system 2. We have performed Ny, = 9 different
simulations during a time ¢ ~ 1000 tp, where 7, is the diffusion time of one single particle. The
parameters of the system can be consulted in Table I.

III. METHODS OF SIMULATION

A simulation box of size L is considered, where Ny colloidal particles of radius R are diffusing
in a solvent with density p and viscosity 1. The particles are interacting through the depletion
potential Uy, described in Sec. II. Periodic boundary conditions are taken in each direction. The
volume fraction of particles is calculated as ¢ = NVpu/Viowal> Vpart being the volume of one single
particle and Vipra) = L3 the total volume of the simulation box. As we have written before, three
different models are considered to simulate the system: Langevin dynamics, Monte Carlo, and
inertial coupling method.

A. Langevin dynamics

Langevin dynamics solves the dynamics of small particles in a solvent which creates a drag force
to each particle and adds a random velocity leading to Brownian motion. The fluid drag is —&v;
so that particles do not interact hydrodynamically and mutual friction is neglected. The velocity
relaxation rate y = &/m (where the particle mass is m) is directly related to the amplitude of the
random force to ensure consistency with the equilibrium thermal average (v?) = (3/2)kpT /m. This
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TABLE 1. Parameters of the model. The diffusion time ¢, = R? /D, where D = kgT /(6 nR) is the Stokes-
Einstein diffusion coefficient and we work in kg7 = 1 units. Two different set of runs were performed using
Nsim = 9 long runs (over 1000 ¢p) and another set with Ny, = 96 shorter runs of 1767p.

R 1.82

L 32 (system 1) 40 (system 2)
Nr 20 (system 1) 40 (system 2)
B 1

n 2.49

P 5

Os 3

tsim ~10001p or ~1761p

Nﬂim 9 or 96

Oce 4.3

oy 0.560 (pot 1) 0.216 (pot 2)
¢ 0.347 (pot 1) 0.072 (pot 2)
[0 %] 0.1

dt 0.01

D 0.0117

so-called fluctuation dissipation balance is ensured by adding time-uncorrelated Brownian jumps in
velocity, dv;(t) = «/2kgTy dW;, where dW;(t) is a Wiener process (independent for each particle)
whose variance is just the time step dt. Colloidal aggregation forces are represented by pair-wise
attractive colloidal interactions —V Uy (|r; — r;|) where i and j indicate two whatever colloids,

mdv; = —Evidt + mdv;(t) — ZVUm(Vj —ridt. (6)
J#
LD does not consider the solvent dynamics, which just appears in the friction coefficient &£. To
compare LD with ICM we use its Stokes form & = 6 nR.

B. Monte Carlo

Monte Carlo simulations are based on the Metropolis algorithm, which consists on a process
which generates a sequence of states or system’s configurations. In its steady state, this process
samples the canonical Gibbs-Boltzmann distribution (proportional to exp[—AU ™) ({r})], where
U™ is the potential energy of the ensemble of Ny colloidal particles in a volume V at temperature
T). Strictly speaking Monte Carlo simulations do not offer dynamic information, however, if the
exploration of the phase space is carried out by simple translational random jumps of individual
particles, MC becomes quite similar to a purely diffusive process of independent Brownian walkers.
Here we use such procedure: Starting from a random configuration of particles, we move the system
by changing randomly the position of one single particle at a time, as specified in Ref. [19].

C. ICM

ICM is a computational method to simulate suspensions with or without thermal fluctuations. In
this method, the solvent dynamics is simulated by using a finite-volume method in a rectangular
grid. Through a staggered scheme, the Navier-Stokes equations modeled by ICM read

V.v=0, @)

1 ;
v = -V —V o0+ V20 + -V . (V20ksTW,), (8)
o p
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FIG. 2. Time evolution of the total clusterized mass (particles in clusters of size N > 2 in simulations with
and without hydrodynamics (ICM and LD, respectively). Error bars represent the standard error.

where p and v are the density and velocity of the fluid and 5 its shear viscosity. 7 is the pressure,
which is used as a Lagrange multiplier to ensure the free divergence condition Eq. (7). The noise
term W, is given by

. W, + W]
Wy = —7++—, 9
V2
where W, is an uncorrelated tensor of random Gaussian terms with the next covariance,
(Wi, YW 1) = 8;;88(t — 1)@ —1'). (10)

The particles are included through the immersed boundary method (IBM) [20] as Lagrangian
points (blobs) that can freely move. The interaction between the Lagrangian particles and the
Eulerian solvent is calculated via an interpolating kernel §,(r), which is bell-shaped and compact
supported of size a [17]. Such a kernel is considered as a discrete approximation of the Dirac delta
function. With this kernel we can perform two important operations to model a two-way coupling
between the fluid and the blobs. On one hand, the local averaging linear operator J(q), g being the
position of the blob, allows for the calculations of the local velocity v, in the position of the blob,

v (1) =Jo(r, 1) = /(Su(q —r)(r, t)dr. (11

However, the local spreading linear operator S(q) transfers the force F () applied on the blob to the
fluid as a smooth force density field f(r, t),

S, 1) =SF(@t) =F()3a(q — ). (12)

A no-slip constraint on the blob is imposed through an instantaneous coupling between the velocity
of the fluid v and the velocity of the particle u,

u=Jvor1). (13)
For further details about the incompressible ICM model, the reader is referred to Ref. [17].
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(closed symbols) are presented for ICM (red), Langevin dynamics (blue), and Monte Carlo (pink) simulations.
Dashed line corresponds to P(N) =~ Wl) exp (— % ). The error bars represent the standard error.

IV. NUMERICAL RESULTS

A. Long time averages

This section focuses on statistical averages performed at long times, once the (reversible)
aggregation process is settled to a stationary state. As shown in Fig. 2, a steady state is reached
typically after a transient of about 10 f7p, once the average fraction of particles linked in some
cluster reaches about half the total number of particles. To properly sample the steady state, we
have performed Ny, = 9 simulations during a total simulation time of ~1000¢p, where ), = R?/D

0

10 M 0
10! L D O
MC <
102} 1
= 107 | s ]
= 107+ ® 1
N
e
& 107} g .
100 } 3
107 T ]
108 ‘ ‘ ‘ ‘
0 2 4 6 8 10
Number of bonds

FIG. 4. Probability of the number of bonds per particle for a system with 20 particles interacting with
the potential 1. Results are presented for ICM (red), Langevin dynamics (blue), and Monte Carlo (pink)
simulations. The error bars represent the standard error. The average number of bonds in a cluster of size

N > 2is 1.55.
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FIG. 5. Probability density of the asphericity for clusters of size N = 5, 10. Results are presented for ICM
(red), Langevin dynamics (blue), and Monte Carlo (pink) simulations. The error bars represent the standard
error. Results correspond to potential 1 in Fig. 1.

[with D = kgT /(67 nR)] is the diffusion time of one particle. The total sampling time is similar to
that used in Ref. [9] (96 simulations during 88¢p).

We now consider the average distribution of cluster sizes in the stationary regime. A particle
belongs to a cluster if it is located at a distance less than o, (potential range) of some other particle
of the cluster. The probability of encountering a particle in a cluster of size N is given by

ey v (14)

where n; is the total number of clusters of size i, and Np,x = Ny is the maximum possible size of a
cluster.

In Fig. 3 the probability P(N) is shown for the potential 1 (see Fig. 1) and two cases with 20
and 40 particles. Within statistical error, the results with and without hydrodynamics are similar.
Note that the P(N) obtained for increasing total number of particles (20 and 40) results to be similar
for clusters of size N < 10 and reveals an exponential decay characteristic of a Poissonian process
(reversible aggregation) P(N) =~ 1/(N)exp[—N/(N)] with an average cluster size of (N) = 2.30
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closed symbols) with the same second virial. Results are presented for ICM (red), Langevin dynamics (blue),
and Monte Carlo (pink) simulations. The error bars represent the standard error.

(for potential 1). By contrast, the results presented in Ref. [9] indicate a significant larger probability
of formation of large clusters when hydrodynamics is included.

We have not found either any relevant difference in the probability of the number of bonds per
particle with and without hydrodynamics (Fig. 4). In contrast, in Ref. [9] the probability of having
a large number of bonds is higher with hydrodynamics than without it.

The average shape of the clusters has also been studied by considering their asphericity A,
calculated from their gyration tensor T = ). rir;, where the index i goes over the particles
belonging to the cluster, as [9]

Ry = /Tr(T),
1 = M)+ O — 232 + (A3 — Ap)?
2 R ’

15)

A=

where R, is the gyration radius, and A, A, and A3 the eigenvalues of the gyration tensor. In Fig. 5
the asphericity distributions for clusters of size 5 and 10 simulated with the three methods in the
case of potential 1 have been drawn for the simulations with Ny = 20. Within the error of the values
we do not find either a significant difference. By contrast, Ref. [9] reports contradictory results in
this respect: Hydrodynamics would alter the average asphericity tending to form more spherical
clusters for U ~ 2kgT (potential 1) while elongated structures for U ~ 4.7kgT (potential 2) (and
little effect in the case of U ~ 6kgT).

We note that potential 2 (see Table I) has the same value of the second virial coefficient as
potential 1. Simulations with the potential 2 allow us to check to what extent the second virial is the
leading parameter characterizing clustering [10]. As in Ref. [9] we find that the cluster probability
of both potentials is not exactly the same (see Fig. 6). Small, but significant differences can be
also observed in the profiles of asphericity versus the cluster size (Fig. 7, top). Such differences
might result from the the fact that the interaction range of the potentials is not small enough for
such statement to be valid. In any case, in contrast with Ref. [9], our simulations with and without
hydrodynamics using the potential 2 yield similar results within statistical uncertainties [Figs. 5
(top) and 7 (bottom)].

To test the source of differences between our study and that in Ref. [9] we considered possible
effects from finite sampling times. In Ref. [9] the sampling window (single-run time) was 88z, while

053301-9



VAZQUEZ-QUESADA AND DELGADO-BUSCALIONI

N=5
.l ICM, Pot 1 —6— |
ICM, Pot2 - -®- -
>
’% 1.5 e B - ,
3 s oy 0-¢ g 3
2
= 1
el
<
el
e
~ 05
0 I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1
Asphericity
N=5
.l 'ICM, Pot 2 —e—
LD, Pot2 - -m- -
MC, Pot2 ----p---
2
&
[}
]
2z
=
<
el
e
[aB}

0 01 02 03 04 05 06 07 08 09 1
Asphericity

FIG. 7. Top: Probability density of the asphericity, obtained from ICM simulations, for clusters of size
N = 5 with two different potentials with the same second virial: potential 1 (red) and potential 2 (blue). Bottom:
The same quantity for the potential 2 from ICM (red), LD (blue), and MC (pink). The error bars represent the
standard error.

we used 1000¢p. While the fotal sampling time is similar in both studies (they used 96 simulations
while we used 9), potential transient effects could affect results obtained with the smaller sampling
window. To test this hypothesis, we have reproduced the same set of simulations performed using
smaller windows of 176¢ (and 96 runs) and analyzed last 887, portion of each run (as in Ref. [9]).
The resulting cluster probability P(N), drawn in Fig. 8, do not show any significant difference with
respect to the long-run case, neither using Ny = 20 or 40 particles.

B. Time correlations

This section studies the time correlation of several quantities in the stationary regime. We
consider Ny = 20 particles and the potential 1.

The survival time of clusters of size N is an indicator of the dynamics of reversible aggregation.
It is defined as the time lapse from the formation of the cluster until its disappearance, either
because it has lost particles or, because it has grown. Given that we can not map the entire space
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FIG. 8. Comparison between 9 long (*1000zp) and 96 short simulations (=88tp) (like Ref. [9]) for Ny =
20 and Ny = 40 simulations. The error bars represent the standard error.

of probabilities, we will define the probability density of survival time of clusters only until some
cutoff time #.,;, which we consider to be large enough. In our case, ., ~ 2.61p, tp being the diffusion
time of a single particle. In Fig. 9 we have drawn this quantity for clusters of size N = 3, 5,and 7 in
ICM and LD simulations. We can see that the choice of #.,, is appropriate, given that the probability
of a cluster to survive above t = 0.1¢p is extremely small (<0.02). The extremely fast decay in
survival times at short time is due to Brownian fluctuations of satellite particles around clusters,
leading to fast entry/departure events in and out the potential cut-off range. At somewhat longer
times (r > 0.2tp) we detect a slower decay rate, which reveals that hydrodynamics slows down the
aggregation dynamics (see Fig. 9), making the cluster survive for longer times.

Due to its sensitivity to fast entry/departure fluctuations, the survival time of a cluster is not the
best way to investigate the aggregation dynamics at long times. A more informative quantity in this
respect is the time-correlation of the number of clusters of size N:

en(t) = {(ny(t 4 10) — (nw)) (nn(10) — (). (16)

Note that cy(¢) is sampling a collective dynamics which does not distinguish between individual
cluster survivals. cy(#) is not sensible to fast entry/departure fluctuations, which are simply
averaged in large lag-times ¢. Figure 10 draws cy(7)/cny(0) obtained from ICM simulations. It
gives us an idea on the rate at which the system updates the number of clusters of size N. From
Fig. 10 one infers two different regimes. At short times (in fractions of 7p) the size of the clusters
rapidly reorganizes at a rate which increases with the cluster size. This regime reflects escape and
re-entry events of satellite particles at the surface of the clusters, connected to the cluster by a single
bond. We note that the Kramer escape time [21]" for a colloid connected with a single bond with
the potential 1 is 7z =~ 0.981p and, obviously, the number of escape events (so thus the net escape
rate) increases with the number of particles in the cluster. This fast regime is followed by a slower
exponential decorrelation of the cluster sizes, with a characteristic time of about 4 ¢5. The long time
regime reflects in-coming contributions from distant particles approaching the cluster by diffusion
and also escape events of more “stable” cluster particles attached by several bonds. Concerning the
rate of in-coming particles by diffusion, for a volume fraction ¢ = 0.025 and taking as reference a

'The Kramer escape time is 7z = (1/D)[ [’ )iz exp(—BU )dx][ j;"jm exp(BU )dx] where x| < Xpin < X, and
Ux)=0,dU (xpin)/dx =0and U(x,) =0
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colloidal radius of R = 1.82, the typical free path is about half R [(47 /3)/¢]"/? (i.e., about 5 length
on time of about 5 7 corresponds to a diffusive excursion of a single colloid
over 4 length units. However, the Kramer escape time for a particle attached with two bonds is
about g & 3.21p (estimated by using 2 U (x) in the Kramer’s expression for the potential 1). Thus,
we conclude that the long-time decorrelation of the cluster sizes observed in these systems (having
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FIG. 10. Results from ICM simulations. Top: time correlation function of the number of clusters of sizes
1,2,3,4, and 5. Bottom: the same function has been drawn with the axis y in logarithmic scale. For clarity, just
two different size of clusters have been depicted. Results obtained for potential 1.

a reduced number of particles) correspond to in-coming and out-going events of mainly individual
colloids, which take place at similar rates (as it should in chemical equilibrium).

Similar relaxation rates are observed in the time correlation of the total mass of clusters having
N > Nt (large clusters) or N < Nyer (small clusters), where Nr is some arbitrary reference number
(we studied Nr = 5, 10). Results for Ns = 5 are plotted in Fig. 11 showing a long time relaxation
rate of 5.7 tp. Results for Ny = 10 show a similar decay.

As Fig. 12 illustrates, a clear effect of hydrodynamics is to slow down the aggregation dynamics
in this “long time” regime: while we find T ~ 5.5 in simulations with hydrodynamics (ICM) the
result of LD (no hydrodynamics) is t & 3.5#p. Such slow down arises from the reduced mobility
of the mutual mobility of close-by colloids. The mutual mobility of our hydrodynamic model is
consistent with the Rotne-Prager-Yamakawa tensor, whose normal mobility at contact (distance
d = 2R) is reduced by a factor somewhat larger than 2 with respect to the Stokes bulk value [22].
The reduction in mutual mobility becomes rather small for d > 3R, so this effect is mainly local and
it probably does not significantly alter the rate of incoming particles. However, it certainly increases
the average escape time, which is inversely proportional to the local mobility.

We have also analyzed the time-correlation function of the asphericity parameter, shown in
Fig. 13 for cluster of size N =3 and N = 5. Fast reorganizations or fluctuations of the cluster
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FIG. 11. Results from ICM simulations: time correlation function of the number of big (N > 5) and small
(N < 5) clusters. In the inset, the same graph have been drawn with the y axis in logarithmic scale. In the latter
case, for clarity, just two of the curves have been depicted. Results obtained for potential 1.

shape take place at times (*0.9¢p) in the same range of the short-time dynamics in cluster size. At
longer times we could not extract statistics, simply because the short survival times of individual
clusters. Interestingly, hydrodynamics also affects the rate of local reorganization of the cluster
shape, although it does not alter the average asphericity.

V. CONCLUSION

We have analyzed a small system of colloidal particles (Ny = 20, 40) under short-ranged
depletion interaction which reproduces the system considered by Whitmer and Luijten [9]. By
contrast, we do not find any significant effect of hydrodynamics in the cluster size distribution or
shape. The depletion potentials considered are mild, corresponding to fully reversible aggregation
and formation of small clusters. In this scenario, the cluster size distribution and shape should
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o 1 |
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Time / tp
FIG. 12. Time correlation function of the total number of clusters of size N. The case N = 1 indicates

detachment/attachment events of single particles. Results with ICM and LD simulations are shown. In the
inset, the same graph with the y axis in logarithmic scale. Results obtained for potential 1.
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FIG. 13. Results from ICM simulations. Time correlation function of the asphericity for clusters of size
N = 3, 5. Results obtained for potential 1. The error bars represent the standard error.

be determined by the chemical equilibrium or, equivalently, by the Gibbs-Boltzmann distribution
associated to the colloidal free energy. The well-known Einstein relation between thermal energy,
friction and diffusion D = kgT /&, proves that changes in mobility (or friction) will not modify
the equilibrium distribution. In this respect, our results are consistent. A possible way to create
a deviation from equilibrium sustained over long times is a severe reduction of mobility. The
mutual mobility (between pair of colloids) introduced by our hydrodynamic model [23] is similar
to the Rotne-Prager approximation [22]. Thus, we do not resolve the lubrication regime (large
increase in friction when particles are very close). Our results including lubrication interactions
[24] indicate an increase in the Kramer escape time in some factor (about two) with respect to the
present model. In any case, such times are still almost two orders of magnitude smaller than the
sampling time we used here (1007p) and cannot explain large differences between equilibrium
and “hydrodynamically frustrated” structures. We thus conclude that in the system considered
by Whitmer and Luijten, hydrodynamics cannot alter cluster size and shape over long times.
We hypothesize that hydrodynamic effects could be sustained over longer times (frustration) in
irreversible aggregation, but this issue is still under debate. A second conclusion of this work is
the need to establish comparisons between hydrodynamic models and to further investigate their
inherent limitations. A good example of such work can be found in Ref. [25]. In this respect, at
short distances between particles, MPC brings out several artifacts such as a low Schmidt number
[25] and also spurious depletion forces induced by the hydrodynamic solvent [26]. To precisely
follow the parameters used in Ref. [9], in this work we have used Sc = 50, which is not the Stokes
limit regime Sc — oo of colloidal dynamics, but it is still large enough to expect small variations
from the Einstein-Stokes diffusion, as shown in Ref. [27]. However, it is now known that the discrete
nature of the MPC solvent introduces artificial depletion between colloidal particles [25]. A recent
work by Wagner and Ripoll [26] studies these spurious depletion forces in MPC and propose ways
to correct this artifact. Notably, this issue might explain putative spurious hydrodynamic effects
in the work by Whitmer and Luijten [9]. It is relevant to say that many other works on colloidal
aggregation (Refs. [9,11,12,14] is just a subset) have been performed using versions of the MPC or
SRD-MD methods, which are similar and share this spurious drift induced by the discrete nature of
the solvent. An indication of this possibility is the work by Tomilov et al. [11], which compares
the diffusion coefficient of clusters of size N using BDHI (based on Rotne-Prager-Yamakawa
mobility), BD (no-hydrodynamics), and MPC. They find Dy ~ 1/N for BD, and Dy ~ N~%%
for BDHI, while Dy ~ N~%% for SRD-MD. The globular shape of these clusters (note that
R(N) ~ N'73 for a perfect globule) should lead to a Zimm (hydrodynamic) diffusion proportional
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to the cluster radius (consistent with the BDHI result Dy o« 1/R(N) ~ N —037y, By contrast MPC
creates more open structures Dy ~ N~ which qualitatively agree with the “elongated structures”
found by Whitmer and Luijten. It could well be that both arise from the spurious lubrication of
uncorrected versions of the MPC method (see Ref. [26] for technical discussion and strategies
to avoid MPC-induced depletion). A second important issue, which is often overlooked in the
literature of aggregation simulation, is the need for large enough sampling times, both to gather
statistics and also to reach the stationary regime (if it exists), where transient hydrodynamic effects
are finally forgotten. In summary, more studies are still needed to unveil the hydrodynamic effects
on colloidal aggregation, and these should probably include a refined model for lubrication. Beyond
hydrodynamics, depletion and DLVO forces are usually modeled using pair-wise potentials, which
completely neglect the many-body nature of such effective interactions. Many-body effects might
well be relevant within large or moderately large clusters.
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