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The physical properties of multicomponent anisotropic colloidal dispersions are still far from being fully un-
derstood. This is mainly due to the fact that dealing with nonspherical particles and highly directional interactions
is, from both experimental and theoretical points of view, a complicated task. In fact, experiments are scarce, and
we still lack of model colloidal dispersions that allow us to simultaneously simplify and capture the complexity
of such systems. In this contribution, we report on an experimental study of the hydrodynamic correlations and
the long-time dynamics in anisotropic colloidal mixtures. The latter are composed of monomers and dimers
highly confined between two parallel walls. The diffusive behavior is studied from low to intermediate particle
concentrations. As concentration increases, crowding plays a significant role on the translational and rotational
diffusion coefficients of monomers and dimers at short and long times. Nevertheless, in the short-time regime,
the ratio between the dimer diffusion coefficients, parallel and perpendicular to the main axis of the dimer,
becomes independent on the composition and total packing fraction; it depends only on the two translational
hydrodynamic friction coefficients of the dimer. At long times, the dimer mean-square displacements, both
parallel and perpendicular, reach the same value; i.e., the long-time diffusion coefficients seem not to be sensitive
to the particle anisotropy and the crowded environment at which the dimer diffuses. Interestingly, both dynamical
scenarios are analogous to the reported case for an isolated ellipsoid of similar dimensions, even though the
dimer experiences collisions and hydrodynamic interactions with monomers and other dimers. Our findings
also point out that the two-dimensional hydrodynamic correlations, monomer-monomer and monomer-dimer,
differ mainly at short distances due to the difference in the shape of both types of species. However, contrary
to the case of particles in a three-dimensional unbounded fluid, such hydrodynamic correlations decay faster,
exhibiting a dipole-like long-ranged behavior with a r−2 dependence, similar to the results previously reported
for a monodisperse quasi-two-dimensional colloidal dispersion. Our measurements are corroborated by means
of molecular dynamics computer simulations that explicitly include the information of the host solvent.

DOI: 10.1103/PhysRevE.98.062605

I. INTRODUCTION

Nowadays, the study of the dynamics and structural proper-
ties of multicomponent colloidal systems has become a grow-
ing and active research area due to its importance for several
interdisciplinary fields, such as medicine and biophysics, and
its direct applicability in the industrial sector, for example, in
the pharmaceutical and food industries [1–10].

In the bulk, i.e., far from any physical boundary, the avail-
able theoretical descriptions for colloidal particles interacting
with radially symmetric potentials provide a good description
of the whole dispersion [11]. These theoretical approxima-
tions allow us to understand and predict complex physical
phenomena, such as phase equilibria, self-assembly, gelation,
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and the glass transition [12–21]. However, some efforts have
been done to explore the richer dynamics and structure that
naturally emerge in colloidal systems composed of particles
without symmetry in their shape or interaction. When such
degrees of freedom play a role, for example, the orientational
ones, the colloidal dispersion may exhibit an intriguing phase
behavior, such as the transition from an isotropic liquid state
to a nematic or smectic phase [22–24].

In addition, when the motion of colloids is highly limited
in one or more spatial dimensions, confinement adds new
features to the dispersion due to the presence of constrictions,
i.e., walls or immobile entities, that affect both the direct and
hydrodynamic interactions between colloidal particles and,
consequently, the transport properties [25–31].

The dynamical properties of colloidal dispersions are
governed by the combination of both direct and indirect
interactions [11]. The latter, typically known as hydrody-
namic interactions (HIs), are always present because they are
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mediated by the host solvent. HIs strongly depend on the
particle configuration and exhibit a long-ranged behavior [32].
These features increase the complexity of any theoretical
approximation for the colloidal dynamics that includes ex-
plicitly the HI contribution [31,33]. In particular, computer
simulations have shown that the inclusion of hydrodynamic
tensors (for spherical particles) or the explicit incorporation
of solvent molecules are able to reproduce experimental re-
sults of both isotropic and anisotropic colloidal systems at
finite concentrations [34,35]. Recent studies on monodisperse
spherical colloidal particles have shown that the contribution
of HIs to the particle dynamics seems to be more important in
the short-time regime [36,37].

Currently, it is a modern topic of discussion the rel-
evance of HIs on the particle diffusion in the long-time
regime [38,39]. Thorneywork et al. [40] claim that for
monodisperse and bidisperse two-dimensional (2D) colloidal
hard-sphere fluids, the long-time diffusivity is only a function
of both the total packing fraction and the structural properties
(through the value of the pair correlation function at contact).
However, although this approximation seems to work well for
spherical particles, it is not clear whether this result can be
extended to a mixture of nonspherical particles because in
this case one should consider both the orientational degrees
of freedom and the nonisotropic interaction among colloids
in order to properly account for the colloidal dynamics at all
timescales [30].

In a previous work [34], we already contributed to the
understanding of the effects of HIs on the short-time dy-
namics of mixtures of isotropic (spherical) and anisotropic
(dumbbell-shaped) colloidal particles under severe confine-
ment. Interestingly, we found that the contribution of HIs on
the short-time diffusion coefficient of both species is the same
and then can be factorizable in a wide range of concentrations,
going from the dilute regime to high concentrations close to
the spontaneous crystallization [34].

Hence, one of the aims of this work is to study the particle
diffusivity in anisotropic colloidal mixtures highly confined
between two glass plates; motion in the perpendicular di-
rection to the plates is basically suppressed. We extend our
previous work by presenting a more detailed study of the
effective hydrodynamic correlations among particles and the
long-time diffusion coefficients of the mixture. In the case
of the dimers, the long-time diffusion coefficient can be de-
composed into motions parallel and perpendicular to the main
axis of the dimer, and hydrodynamic correlations between
single monomers and monomers belonging to the dimers are
determined as a function of the interparticle distance. The
measurements are corroborated using molecular dynamics
simulations, where HIs are taken into account by considering
an explicit solvent that matches the experimental conditions.

II. EXPERIMENTAL SETUP

The experimental setup was previously introduced in
Ref. [34]. To prepare colloidal dimers, polystyrene (spherical)
particles of diameter σ = 2 μm in water solution (Duke
Scientific) with negatively charged sulphate end groups on
the surface are dialyzed against ultrapure water. Particle
aggregation was promoted by the addition of salt. After

FIG. 1. Main panel: sample trajectories of the CM of dimers
(black; shorter trajectories) and monomers (green; longer trajecto-
ries), relative to the fixed laboratory frame, with a time step of 0.5 s
recorded in a time window of 100 s. Inset: Optical microscopy image
for a monomer-dimer mixture with a dimer molar concentration of
xd = 0.418 and total area fraction φ = 0.118. Dimers are identified
by monitoring the average distance between adjacent particles as a
function of time; see, e.g., Refs. [34,47].

6 minutes, aggregation was quenched by dialysis of the col-
loidal suspension in clean water, and sinterization of parti-
cles in contact was induced by heating the suspension at a
temperature close to the melting temperature of polystyrene
[41–43]. After equilibrating the sample at room temperature,
the different colloidal clusters are separated by centrifugation.
The resulting dimers are now mixed with monomers and a
small amount of larger particles of diameter 2.98 μm that
serve as spacers. The colloidal dispersion is confined between
two immobile and clean glass plates. Finally, the colloidal
system is sealed with epoxy resin, and the mobile particles
are allowed to equilibrate in the confined geometry [44,45].

The tracking procedure follows the standard method in
optical video microscopy [46]. The sample is observed from a
top view, i.e., perpendicular to the glass walls, using an optical
microscope with a 40× objective and numerical aperture 0.6.
The time evolution of the translational and rotational motions
of colloids are recorded using a CCD camera at a rate of
30 frames per second, thus giving a temporal resolution of
�t = 1/30 s. Due to the high confinement of the mixture, the
motion of the particles perpendicular to the walls is highly
suppressed. Individual images extracted from the recorded
video are analyzed to obtain both x and y coordinates of
the center of the particles relative to the fixed laboratory
frame, and from such data the trajectories are fully recovered;
see Fig. 1. Dimers are identified by monitoring the average
distance between adjacent particles as a function of time
[34,47].

In order to explore a wide number of points in the param-
eter space (see Fig. 1 in Ref. [34]), the previous protocol is
carried out for several values of the dimer molar concentration
xd = 2Nd/N , i.e., the number concentration of dimers, and
total packing or surface fraction φ = NAc/A, i.e., the fraction
of area occupied by the colloids, where Nd is the average
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TABLE I. Representative experimental samples used to study
the long-time dynamics and hydrodynamic correlation functions in
binary mixtures of monomers and dimers.

Number of Dimer molar Surface Average number
sample concentration fraction of colloids

xd φarea N

1 0.031 0.432 752
2 0.248 0.291 505
3 0.418 0.118 214
4 0.734 0.142 258

number of dimers, N is the average total number of colloids,
Ac is the area of a colloid, and A is the total area of the view
field (see inset of Fig. 1). φ and xd are the control parameters
that allows us to explore the effects of the concentration
and composition, respectively. In particular, we have selected
four representative experimental samples that serve us to
explore the dynamical behavior at the long-time scale and the
hydrodynamic correlations of the mixture with and without
the dominant presence of dimers in the solution; see Table I.

III. LONG-TIME DYNAMICS

In the bulk, the theoretical formulation of diffusive motion
of a spherical particle of diameter σ immersed in a solvent
predicts that the self-diffusion coefficient, D0, is determined
by the thermal energy and viscosity of the host solvent [48].
Nonetheless, in the presence of other neighboring colloidal
particles, the diffusive response of each particle is affected
by both direct and indirect interactions [31,33]. As a con-
sequence, the colloid dynamics follows a more complex be-
havior that is governed by the way in which particles interact
directly or indirectly with each other.

One of the most fundamental observables in colloidal
dynamics is the so-called mean-square displacement (MSD)
[49]. This quantity is defined as the second moment of the
distribution of particle positions,

W (t ) = 〈[�r (t ) − �r (0)]2〉, (1)

where �r (t ) is the position of a particle at time t and 〈· · · 〉
denotes the ensemble average. The MSD is commonly used
to characterize the dynamical time scales explored by a tracer
particle in a colloidal dispersion. In open systems and at finite
concentration, two timescales are typically observed within
the diffusive regime [50,51]:

(1) The short-time regime, τB � t � τI , where τB is the
characteristic time of the momentum relaxation and τI is
the time at which a colloid has diffused over several layers
of neighbors, i.e., when direct interactions between particles
become important. Then, in this time regime, the colloids do
not change appreciably their current configuration and each
particle is caged by their neighboring particles, and it can
diffuse only a short distance compared with its size. This
dynamical regime is identified by the short-time diffusion
coefficient for species i, Ds

i , with W (t ) = 2dDs
i t , where d

is the dimensionality of the system. For t < τB , the colloidal
motion becomes ballistic: W (t ) ∼ t2.

FIG. 2. Main panels (a–d) MSD parallel and perpendicular to
the main axis of a dimer, relative to the fixed laboratory frame,
for four representative samples at different packing fraction φ and
molar concentration xd (Table I). In the short-time regime, the MSD
component parallel to the main axis of a dimer (filled squares) shows
a faster dynamics than the perpendicular one (filled triangles). In
the long-time regime, both parallel and perpendicular components
collapse on the top of each curve, leading to the same long-time
self-diffusion coefficient (see Table II). Insets (a–d) MSD for the
CM of a monomer (upper curve; filled black squares) and CM of
a dimer (lower curve; filled red triangles) from short- to long-time
regimes. Vertical dashed-dotted lines in main panels (a–d) define the
intermediate time window.

(2) The long-time regime, at t � τI , where the colloidal
particle experiences direct interactions with the neighboring
particles and is able to escape from its initial cage; at this
scale, the colloid has moved a distance that is several times
the mean particle distance. This dynamical regime is identified
by the long-time diffusion coefficient for species i, Dl

i , with
W (t ) = 2dDl

i t .
From the experimental trajectories, obtained relative to the

laboratory frame, the MSDs of the center of mass (CM) of
monomers and dimers are determined. A tracer monomer is
able to diffuse from one cage of neighboring particles to an-
other, testing its dynamical transition from short- to long-time
scales. On the other hand, the dimer is a rigid anisotropic body
composed by a couple of joined spheres. As a result, its mo-
tion shows a more complex dynamical behavior, since there
appears a coupling between both translational and rotational
degrees of freedom caused by the fact that the interaction of
the dimer with other particles is not radially symmetric.

In particular, the short-time diffusion coefficient for the
CM of a monomer Ds

m, obtained through Eq. (1), is bigger
than the short-time diffusion coefficient for the CM of a
dimer Ds

d (see Table II). This behavior is observed in all
the experimental samples (insets in Fig. 2) and agrees with
previous experimental results [34]. The short-time dynamics
is where apparently the long-ranged HIs show their major
effects [32,52,53] and are more evident when concentration
starts playing a role. This can also be seen in Table II; when φ

increases, both Ds
m and Ds

d decrease due to the contribution of
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TABLE II. Short-time (s) and long-time (l) diffusion coefficients for the CM of a monomer (m) and CM of a dimer (d). Ratio between
the parallel (‖) and perpendicular (⊥) diffusion coefficients at short- and long-time scales. Last two rows show the short-time, Ds

ang, and the
long-time, Dl

ang, angular diffusion coefficients, respectively.

Diffusion coefficient Sample 1 Sample 2 Sample 3 Sample 4
φ = 0.432 φ = 0.291 φ = 0.118 φ = 0.142

Ds
m/σ 2 (s−1) × 10−2 0.84 ± 0.02 1.36 ± 0.04 2.10 ± 0.06 2.13 ± 0.04

Dl
m/σ 2 (s−1) × 10−2 0.45 ± 0.07 1.04 ± 0.03 1.95 ± 0.01 1.67 ± 0.02

Ds
d/σ

2 (s−1) × 10−2 0.46 ± 0.01 0.73 ± 0.02 1.15 ± 0.03 1.21 ± 0.04
Dl

d/σ
2 (s−1) × 10−2 0.23 ± 0.05 0.56 ± 0.04 1.02 ± 0.01 0.91 ± 0.03

Ds
‖/D

s
⊥ 1.434 ± 0.054 1.402 ± 0.078 1.391 ± 0.057 1.408 ± 0.063

Dl
‖/D

l
⊥ 1.077 ± 0.192 1.040 ± 0.036 0.994 ± 0.019 1.054 ± 0.015

Ds
ang (rad2s−1) × 10−2 2.22 ± 0.01 2.79 ± 0.01 3.88 ± 0.01 4.13 ± 0.01

Dl
ang(rad2s−1) × 10−2 1.91 ± 0.03 2.52 ± 0.02 3.71 ± 0.01 4.03 ± 0.02

the HIs, but also the area available to the dimers diminishes.
As a consequence, dimers experience a hindered motion,
which leads to a decrease in Ds

d due to crowding [34].
In the case of the dimers, the translational MSD can be

decomposed into the parallel and perpendicular directions
along the main axis of symmetry. The decomposition of the
movement of the dimers in their parallel ‖ and perpendicular
⊥ components offer us a richer dynamical landscape. The
main panels in Fig. 2 exhibit the full MSD behavior for
the time window spanning from the short- to the long-time
regime. In the short-time regime, t ∼ 10−1 s, the parallel
movement of the dimer is faster than the perpendicular motion
because the cross section of the former is smaller than the
latter, implying that the probability of collision with the
solvent molecules is reduced along that direction. A note-
worthy observation is that the ratio between the parallel and
perpendicular short-time diffusion coefficients (Ds

‖/D
s
⊥) in

all samples is almost the same and thus is unlikely to be
related with an HI effect (Table II). This point was recently
reported and discussed by us in Ref. [34], but there we
were not able to provide a satisfactory answer related with
the physical mechanism responsible for such observation.
However, we have carefully analyzed the friction coefficient
that a dimer experiences in each direction (parallel and per-
pendicular). Through a 2D finite element calculation using
ComSol Multiphysics 4.2®, which allowed us to solve the
Navier-Stokes equation for the flow field in the vicinity of the
dimer, we find that the ratio between both friction coefficients
is around 1.45. This result is in good agreement with the
experimental ratio Ds

‖/D
s
⊥ reported in Table II and agrees well

with the experiments previously reported by Han et al. for
the case of isolated ellipsoids with aspect ratio approximately
to 2 [54].

As the time evolves, the dimer reaches a subdiffusive
dynamical behavior at intermediate timescales. This time
window can be calculated using the same procedure as in
Ref. [55] and is denoted as vertical dotted lines in Fig. 2. After
such a timescale, the parallel and perpendicular components
of the MSD collapse on the top of each curve in the
long-time regime, t ∼ 103 s. The collapse of the parallel and
perpendicular components of the MSD was first observed and
reported in Ref. [56] for the Brownian motion of an ellipsoid
under confinement. However, such a dynamical behavior
might not be entirely expected in the case of an anisotropic

binary mixture at finite concentration because, as discussed
above, the difference in the cross sections, parallel and
perpendicular, had allowed us to understand the distinction (or
asymmetry) between both diffusion coefficients at short times
as result of the HIs and crowding. However, we now observe
that the long-time diffusion coefficients seem not to be
sensitive to the particle anisotropy and the local environment
at which the dimer diffuses. Nevertheless, such collapse can
be related with the rotational diffusion of the particle during
the time lapse where the translational MSD is analyzed.
As the dimer also undergoes Brownian rotational motion,
and in the long-time regime such rotation is large enough to
complete a full rotation, decomposition of the MSD in parallel
and transversal motion is pointless, giving exactly the same
displacement in any direction; i.e., it becomes in an isotropic
diffusive process at long times as has already been shown in
Ref. [56].

We should point out that the system of Fig. 2(a) has
poor statistics in the long-time regime due to the low dimer
content; however, the MSD still follows the trend described
in the previous paragraph. The experimental observation of
the convergence of the parallel and perpendicular MSD at
long times is confirmed through the determination of the ratio
Dl

‖/D
l
⊥ ∼ 1 (Table II). The fact that this result is unaffected

at low and high occupation of dimers implies that this is a
ubiquitous result in the liquid phase. Nonetheless, it is also
important to stress that the value of either Dl

‖ or Dl
⊥ decreases

with the surface fraction, φ (see Table II).
As reported in Ref. [34], the molecular dynamics computer

simulations (including the contribution of the host solvent)
are able to capture the dynamics of the short-time regime.
However, from a technical point of view, the long-time dy-
namics is difficult to reach. Thus, we do not show an explicit
comparison between experiments and simulations in such
time regime.

Figure 3 shows the mean-square angular displacement
(MSAD) W (t )Ang = 〈[θ (t ) − θ (0)]2〉, of a dimer for the four
samples in Table I, where θ (t ) is the angle at time t that forms
a line along the main axis of the dimer with the x axis of
the laboratory frame [57]. The influence of the total packing
fraction can be noticed in the behavior of the MSAD at short
and long times; MSAD always decreases with φ. All curves
are parallel, showing a uniform behavior at all timescales.
Table II includes both, short-time, Ds

ang, and long-time, Dl
ang,
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FIG. 3. MSAD of a dimer for four representative samples at
different packing fraction φ and molar concentration xd ; see Table I.
The angle is measured relative to the x axis of the fixed laboratory
frame.

angular diffusion coefficients, whose values also depend on
the particle concentration.

IV. HYDRODYNAMIC CORRELATIONS

HIs are long-ranged interactions, which cannot be screened
or switched off completely and have contributions from all
particles [58]. In a homogeneous three-dimensional (3D)
colloidal system, the quantity that typically describes the
hydrodynamic coupling between pairs of particles l and j in
the presence of the other N − 2 particles in the dispersion is
the so-called hydrodynamic function [59]. The latter can be
expressed in terms of the components of the diffusion tensor,

D
αβ

lj (t ) =
〈
�rα

l (t )�r
β

j (t )
〉

2t
, (2)

with �rα
l (t ) = rα

l (t ) − rα
l (0) being the displacement of the

particle l in the α direction relative to the laboratory frame.
As demonstrated in Refs. [60,61], even for quasi-2D monodis-
perse and bidisperse mixtures composed of spherical parti-
cles, the hydrodynamic correlations keep the same functional
form as their 3D counterpart. Here Eq. (2) is used to de-
scribe the hydrodynamic correlations between particles of the
anisotropic quasi-2D mixture.

A. Experimental results

We now focus on the hydrodynamic correlations between
a monomer and each of the two spheres of the dimer. With
this information at hand, one can estimate the 2D hydro-
dynamic diffusion coefficients and quantify the contribution
of the indirect interactions on the dynamical properties of
the mixture. Usually, it is more convenient to describe the
coupled motion of a pair of particles in terms of a relative
�r = �rl − �rj and a collective �c = �rl + �rj coordinate system.
Furthermore, relative and collective modes can be decom-
posed into parallel, ‖, and perpendicular, ⊥, components
relative to the vector joining a pair of particles at time t = 0.
Figure 4 exemplifies the decomposition of the relative

FIG. 4. Representation of the relative coordinate system.
Schematic decomposition of ��rj (t ) on its parallel, ��rj‖, and perpen-
dicular, ��rj⊥, components respect to the initial vector of separation
��rj (0) between particles l (at the origin) and j ; i.e., ��rj (0) depends
on the relative position of particles l and j at t = 0.

coordinate system in parallel and perpendicular components
to obtain the hydrodynamic correlation between particles l

and j at different time steps. The collective coordinate system
(figure not shown) is decomposed in a similar way. This im-
plies that the hydrodynamic coupling between pairs of spheres
is well described by four diffusion coefficients: collective
parallel, Dc,‖, collective perpendicular, Dc,⊥, relative parallel,
Dr,‖ and relative perpendicular, Dr,⊥ [60,61].

In order to measure all the hydrodynamic correlations
from the experimental samples, the hydrodynamic diffusion
coefficients are obtained in the linear time regime of the
dynamical evolution of the colloids [W (t ) ∝ t]. We particu-
larly have selected a time t = 5�t . Our choice for the time
t = 5�t (∼0.17 s) is mainly based on the fact that, at such
time, the configuration of the particles has not exhibited an
appreciable change; i.e., this time is much smaller than the
time required for a particle to diffuse a distance equal to
its diameter (∼120 s). However, technically speaking, this
selection also reduces the spatial error attributed to particle
tracking, which can greatly affect the results at very short
times.

As one can see in Fig. 5, the four modes for (1) monomer-
monomer correlation (filled symbols) and (2) monomer-
dimer’s sphere correlation (open symbols) present a very rich
behavior; the modes display a higher correlation between
particles at short distances, and, in general, they decay with
the distance except for the relative parallel configuration at a
distance of 2.3, which is more sensitive to particle concentra-
tion, but they are always present even for distances as large
as six monomer diameters, giving rise to a very long-ranged
interaction. Both sets of hydrodynamic diffusion coefficients,
(1) and (2), exhibit similar trends when comparing similar
modes. However, at distances less than two particle diameters,
the diffusion coefficient for the second case is slightly reduced
particularly for the relative modes. To our best understanding,
this effect might be due to a hydrodynamic screening caused
by the presence of the second particle of the dimer. In all
samples, perpendicular components (collective and relative)
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FIG. 5. Normalized experimental hydrodynamic diffusion coef-
ficients vs radial distance between the center of each sphere for
monomer-monomer (filled symbols) and monomer-dimer’s sphere
(open symbols) correlations.

are highly symmetric, as can be seen in Fig. 5. Those cor-
relations look like to be mirrored when compared with each
other, while, in clear contrast, parallel components do not
keep this trend for short interparticle distances (r/σ < 2.5).
Additionally, the relative parallel component is the most af-
fected by variations on the packing fraction, φ, and molar
concentration of dimers, xd , in particular, in the interval
1.0 < r/σ < 2.5. This behavior has also been reported in
similar colloidal systems (see, e.g., Refs. [60–63]), and such
phenomenology is captured by the MD simulations, as we will
see further below.

One of the most important features of the experimental
findings shown in Fig. 5 is that for all parallel hydrodynamic
coefficients, Dc,‖/2Ds > 1 and Dr,‖/2Ds < 1 implying that
(Dc,‖ − Dr,‖)/2Ds > 0. Because parallel motions are posi-
tively correlated, the movement of one colloidal particle tends
to drag another colloid in the same direction [61]. In contrast,
for all perpendicular hydrodynamic coefficients Dr,⊥/2Ds >

1 and Dc,⊥/2Ds < 1, implying that (Dc,⊥ − Dr,⊥)/2Ds <

0, suggesting that the perpendicular motions are negatively
correlated, and thus the movement of one colloidal particle
causes an antidrag motion on the neighbor colloid. The same
behavior can be inferred from the computer simulation results,
as we discuss later. This information, which is not available by
calculating any another dynamical quantity, shows the impor-
tance of estimating the hydrodynamic diffusion coefficients.

In quasi-2D colloidal systems, experimental evidence
shows that the hydrodynamic interactions between spherical
particles are long-ranged and decay as r−2 [62–64]. As we
mentioned above, the perpendicular modes show a symmetri-
cal behavior. For this reason, using the same functional form
reported in Ref. [60], the perpendicular hydrodynamic modes
are fitted using the following expression:

D⊥
2Ds

= 1 ± a

[
1

(r/σ )2
− b

(r/σ )3

]
, (3)

FIG. 6. (a–d) Asymptotic behavior of the four modes for
monomer-monomer (solid symbols, shifted 1 unit) and monomer-
dimer’s sphere (open symbols) hydrodynamic correlations (same as
Fig. 5). Solid lines in (b) and (d) are given by Eq. (3) with a = 0.73
and b = 0.92, while in (a) and (c) they are described by the function
±0.73 (r/σ )−2.

where “+” stands for the relative and “−” for the collec-
tive perpendicular components, respectively. The fit of the
experimental data leads to a = 0.73 and b = 0.92. These
values are almost independent of the molar concentration
and packing fraction at distances larger than r/σ ∼ 3.0, as
shown in Figs. 6(b) and 6(d). As parallel components have a
strong dependence on composition and total concentration at
short distances, Figs. 6(a) and 6(c) are fitted only considering
the dipole contribution r−2 to the flow field to recover the long
distance trend [64]. At short distances, r/σ ∼ 1.0–3.0, the
fitting does not match the experimental results; however, when
the distance increases, r/σ > 3.0, the agreement is better.

B. Computer simulation results

To further understand the experimental results, we have
performed MD simulations of the whole colloidal dispersion
taking into account explicitly the solvent molecules; one can
include indirect interactions mediated by the host medium
and, hence, elucidate the hydrodynamic interactions among
particles [65]. The simulation results have been produced
with the open source MD package ESPResSo [66,67]. In
the simulations, we have considered a 2D system made up
of monomers and dimers in a bath of smaller particles rep-
resenting the solvent molecules. Dimers are formed using
the rigid bond feature of ESPResSo [66,67]. All particles
interact through a generalized version of the Lennard-Jones
potential using the parameters of the pseudo-hard-sphere
model recently proposed by Jover et al. [68]. Solvent particles
have a diameter 10 times smaller than the colloidal particles
and occupy a surface fraction that allows us to match the
experimental conditions. We also explore the dynamics of
the mixture using a finer representation of the coarse-grained
solvent; we decreased the solvent size down until 20 times
the colloidal particle. However, it was found to give the
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FIG. 7. Normalized hydrodynamic diffusion coefficients vs ra-
dial distance calculated from MD simulation results for surface
fractions and dimer molar concentrations similar to the experimental
samples 2 and 4 in Table I. (a, c) Monomer-monomer hydrody-
namic correlation. (b, d) Monomer-dimer’s sphere hydrodynamic
correlations.

same results but with an increase in computation time. At
the beginning of the simulation, all particles are randomly
distributed in the simulation box and during the simulation
runs, the CM of each particle is constrained to move on the
xy plane; i.e., motion along the z direction is not allowed.
Simulations are performed in the NV T ensemble using the
Langevin thermostat implemented in ESPResSo [66,67]. The
total number of monomers and dimers used in the simulation
matches the number of colloids observed in the field of view
of the experiment; see Table I.

Figure 7 shows MD results for the hydrodynamic diffusion
coefficients for a couple of samples to cover low and interme-
diate concentrations, samples 2 and 4 of Table I, respectively.
The curves show that the hydrodynamic correlations decay
faster than in the experiments, falling almost to zero at a
distance of r/σ ∼ 3.0, and exhibit stronger correlations at
r/σ ∼ 1.0. However, MD simulations are able to reproduce
qualitatively the hydrodynamic correlation between particles
found experimentally at the same order of magnitude, giving
us confidence that our simulation model is able to emulate as
first approximation the HIs, for example, the same symmetry
in perpendicular components, the drag and antidrag behavior
for parallel and perpendicular motions, respectively. Also, the
strong dependence of the relative parallel configuration with
the dimer molar concentration and packing fraction is well
reproduced.

A more direct comparison between the experimental re-
sults and the computer simulations can be seen in Fig. 8 for
the particular case of φ = 0.291 and xdim = 0.248. The main
figure shows the monomer-monomer hydrodynamic correla-
tions, while the inset displays the monomer-dimer’s sphere
correlations. It is clear that simulation and experiment results
do not match each other for all hydrodynamic correlations.
The observed discrepancies between the experiment and MD
results could be associated with the fact that we are con-

FIG. 8. Comparison between the hydrodynamic diffusion coeffi-
cients monomer-monomer obtained from MD computer simulation
(lines) and the experimental counterpart (symbols) for sample 2 in
Table I. Inset: Hydrodynamic diffusion coefficients dimer-monomer
obtained from MD computer simulations (lines) and the experimen-
tal counterpart (symbols) for sample 2 in Table I.

sidering a coarse-grained model for water molecules in two
dimensions, while in the experiment water molecules fill a
quasi-2D space. The fact that at short particle distances the
coefficients in Fig. 8 exhibit a stronger correlation means
that the solvent model is overestimated, whereas at larger
distances the hydrodynamic is underestimated, giving rise
to a short-range interaction between colloids. However, the
effect of the HIs is nicely captured by the simulations; in
the absence of “water molecules” this behavior cannot be
simply observed. We should mention that MD simulations
were carried out for all samples here considered, and the
same qualitative agreement was obtained (data not shown).
Nevertheless, further MD simulations are needed to better
clarify the role of the composition on the hydrodynamic
correlations among anisotropic colloids.

V. CONCLUDING REMARKS

In this work, the long-time dynamics and HI correlations in
a quasi-2D binary colloidal mixture composed of monomers
and dimers were experimentally studied. In particular, in
the short-time regime, we proved that the ratio between the
diffusion coefficients, parallel and perpendicular relative to
the main axis of a dimer, Ds

‖/D
s
⊥, is around 1.40, a value the-

oretically confirmed by the numerical solution of the Navier-
Stokes equation and associated with the ratio between both
parallel and perpendicular friction coefficients. Furthermore,
experimental evidence showed that at long times both MSDs,
parallel and perpendicular, reach the same value; i.e., both
long-time diffusion coefficients seem not to be sensitive to
the particle anisotropy and the local environment at which the
dimer diffuses. Both dynamical scenarios were analogous to
the dynamics of a single ellipsoid, even though the diffusive
behavior of the dimer was studied at finite concentrations;
this is a regime where crowding might play a role, since
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the dimer experiences multiple collisions and hydrodynamic
interactions with monomers and other dimers that can affect
its translational and rotational dynamics at all timescales.

We also observed that the 2D hydrodynamic diffusion coef-
ficients, monomer-monomer and monomer-sphere of a dimer,
differed only at short distances, finding also a long-ranged cor-
relation that extends to distances as large as several diameters.
Interestingly, both experiments and computer simulations ex-
hibited the same symmetry in the perpendicular components,
the drag and antidrag behavior for parallel and perpendicular
motions, respectively, and the strong dependence of the rel-
ative parallel configuration with dimer molar concentrations
and packing fractions. The experimental results were fitted
using a dipolarlike relationship; that expression matched very
well the long-ranged decay of the correlations, and its pa-
rameters, a and b, were independent of the composition and
concentration. Expressions like Eq. (3) are clearly useful be-
cause they show that HIs between nonspherical particles can
be easily modeled through an analytical function and serve to
help us understand this complex contribution to the particle
dynamics. They also allow us to build up a hydrodynamic

tensor for anisotropic systems, which will be of great interest
to study and predict additional features in the dynamical land-
scape of multicomponent nonspherical colloidal dispersions.

Last, but not least, we also observed that crowding played
an important role for the translational and rotational diffusion
coefficients of monomers and dimers at short and long times.
Thus, it will be interesting to unravel the importance of
the hydrodynamic interactions on the long-time dynamics of
multicomponent anisotropic colloidal systems. Work along
this line is in progress.
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