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erical colloids in layered phases of
binary mixtures with rod-like particles

Mauricio Piedrahita, Alejandro Cuetos* and Bruno Mart́ınez-Haya

The transport properties of colloids in anisotropic media constitute a general problem of fundamental

interest in experimental sciences, with a broad range of technological applications. This work

investigates the transport of soft spherical colloids in binary mixtures with rod-like particles by means of

Monte Carlo and Brownian Dynamics simulations. Layered phases are considered, that range from

smectic phases to lamellar phases, depending on the molar fraction of the spherical particles. The

investigation serves to characterize the distinct features of transport within layers versus those of

transport across neighboring layers, both of which are neatly differentiated. The insertion of particles into

layers and the diffusion across them occur at a smaller rate than the intralayer diffusion modulated by

the formation of transitory cages in its initial stages. Collective events, in which two or more colloids

diffuse across layers in a concerted way, are described as a non-negligible process in these fluids.
I. Introduction

The thermodynamic and transport properties of multi-compo-
nent systems constitute a key topic in Colloidal Science. The
entropic contributions underlying the emergence of thermo-
dynamically stable phases in mixtures of colloids of dissimilar
shape (e.g. spherical, rod-like or disk-like particles) have been
described in numerous computer simulations, and theoretical
and experimental investigations.1–13 Remarkably, phases arise
that are inherent to the multicomponent nature of the systems
and are therefore not present in the corresponding one-
component uids.

In this work, we present a simulation study of diffusion in
layered liquid crystalline phases of binary mixtures of spherical
and rod-like particles. Insights into diffusion processes in
model systems of this kind are of fundamental interest for the
general understanding of the behaviour of colloids and
macromolecules in crowded environments. For instance,
several studies have related the properties of sphere–rod
colloidal systems to transport processes in cells, such as the
self-diffusion of proteins in suspensions of F-actin,14–17 the
diffusion of globular macromolecules in lipid membranes,18,19

or chromatin dynamics.20

The phase diagram of the sphere–rod binary system is rela-
tively well known.6–9 In contrast, the investigation of transport
phenomena in these mixtures remains comparably scarce.
Importantly, the transport properties of benchmark mono-
component rod-like liquid crystals have been investigated
previously. Löwen developed a general Brownian Dynamics (BD)
al Systems, Universidad Pablo de Olavide,
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algorithm that served to characterize the self-diffusion in liquid
crystalline phases.21 More recently, some theoretical22 and
computer simulation studies23,24 unveiled specic aspects of the
diffusion within layers and across layers in smectic phases of
the pure uid of rods. It seemed therefore timely to determine
to which extent the diffusion behavior of pure systems can be
extrapolated to binary mixtures.

The present investigation covers an ample range of molar
fractions. On the one hand, at a low molar fraction of spheres
(xs ¼ 0.01) the study basically explores the diffusion of isolated
spheres in the smectic uid of rods. Some fruitful incursions into
the transport properties of this limiting case, in which the
spheres can essentially be considered to be a tracer, have been
performed in previous studies.25–31 On the other hand, at the
highest molar fraction of spheres included in our study (xs¼ 0.5),
a lamellar phase is formed that is characterized by alternate layers
of rods and spheres, and the uid presents novel features with
respect to the pure rod uid. Several rod elongations are as well
explored in order to evaluate the inuence of the layer thickness
on the efficiency of the diffusion of the colloids across them.

Our study extends and revises qualitative aspects of the
previous investigations of diffusion in sphere–rod mixtures away
from the dilution limit,32,33 and should therefore constitute an
updated reference for the comprehension of transport in these
systems. Specically, a marked differentiation between the
intralayer transport and the transport across layers is outlined.
Furthermore, the importance of cooperative phenomena24 in the
diffusion of spheres through the layers of rods is investigated.
This mechanism of transport is related to the enhanced local
permeability of the layers that is induced once one sphere
manages to penetrate into it, which triggers the concerted
diffusion of neighbouring colloids.
This journal is © The Royal Society of Chemistry 2015
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The investigation has involved the extension of a Brownian
Dynamics algorithm to the case of sphere–rod mixture, as well
as the implementation of a dynamical criterium to probe
collective transport events. The most relevant methodological
aspects are described in Section 2, and the results are summa-
rized and discussed in the subsequent sections of the paper.
II. Methodology
A. Interaction model

The spherical and the rod-like particles are represented as so
purely repulsive bodies, with the rods modelled as prolate
spherocylinders. Within such framework, the interaction
between any two particles is described via a shied and trun-
cated Kihara potential, according to the following
expression:34,35
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here, Uij is the interaction energy between two particles of
species i and j (spheres or rods) and dm denotes the minimum
distance between the molecular cores of the pair of particles
(the cylinder axis in the case of spherocylinders and the center
of mass in the case of spheres). Obviously, dm depends on
the relative positions and orientations of the particles. The
algorithm employed here to compute dm for the only non-trivial
case of a pair of spherocylinders is described in ref. 37. In eqn
(1), d*

m ¼ dm/sij, where sij represents the half-sum of the
diameters of the two interacting particles. In this study, the
same value for the diameter of spheres and rods is considered,
i.e. sij ¼ s. Hence, the rods are represented by a cylinder of
length L capped by two hemispheres of diameter s. This
investigation considers such spherocylinders with elongations
L* ¼ L/s ¼ 4, 5, and 7. The interaction is modulated by the
energy parameter 3ij. For the present work, we have assumed the
same strength of the interaction for all pairs of particles
(sphere–sphere, rod–rod and sphere–rod), hence 3ij ¼ 3.
B. Monte Carlo study of phase stability

The rst stage of the study involved the construction of equili-
brated congurations of the binary mixture in the layered state
object of study. For this purpose, Monte Carlo simulations at
constant number of particles, pressure and temperature (NPT-
MC) were performed. The pressure and temperature are
expressed in the reduced forms P* ¼ Ps3/kBT and T* ¼ kBT/3
throughout the paper (kB denoting the Boltzmann constant).
Binary mixtures with molar fractions of spheres xs ¼ 0.01, 0.1
and 0.5 were considered. The total number of particles
employed in the simulations was at least N $ 2000.
The temperature of the system was xed at the reduced value
T* ¼ 1.47 in all simulations. At this temperature, the phase
behaviour of the so spherocylinder model resembles most
closely the uid of hard spherocylinders of the same length and
diameter.35,36
This journal is © The Royal Society of Chemistry 2015
The system was equilibrated with a long NPT simulation run
(over 106 MC cycles), and averages were subsequently computed
over 2 � 105 MC cycles, to characterize the thermodynamic and
structural properties of the uid. A MC cycle consists of N trials
to move (rotation and/or translation) a randomly chosen
particle, plus one attempt to change independently the three
sides of the simulation box. The internal structure of the layered
phase was monitored with the appropriate order parameters
and distribution functions.38

Under the conditions of this study, the equilibration of the
systems at high pressure resulted in layered arrangements, in
which the spheres occupied the region in between the layers of
rods. For eachmixture, the pressure was adjusted to probe layered
states with different packing fractions, h¼ r(xsvs + xrnr), where r is
the number density, xs and xr are the molar fractions of spheres
and rods, respectively, and nss

�3 ¼ p/6, nrs
�3 ¼ p/6 + pL*/4

their molecular volumes.
C. Brownian Dynamics

The second stage of the study was devoted to the computation of
the dynamical properties of the mixtures. This was performed
with Brownian Dynamics simulations at constant volume,
started with the equilibrated congurations from the MC-NPT
simulations described above. In BD simulations, the Langevin
equation is integrated forward in time and trajectories of
particles are created.21,39

For the spherical colloids, the position vector of particle j, rj,
is updated in each BD step according to the expression:

rjðtþ DtÞ¼ rjðtÞ þ D0

kBT
FjðtÞDtþ ð2D0DtÞ1=2R0ðtÞ (2)

here, D0 ¼ kBT/(ms) is the self-diffusion coefficient of a single
sphere, with m being the viscosity of the solvent. F is the total
force acting on sphere j due to other particles, and R0 is
a random force with components sampled as to yield variance
1 and zero mean in the simulations. The time step was xed at
Dt ¼ 10�4s, with s ¼ s2/D0.

For the rod-like colloids, the position of the center of mass,
rj, and the unitary vector dening the orientation of the particle,
ûj, are updated in time by the following set of equations:
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1 ŵj;1ðtÞ

þ Rw
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where rkj and rtj are the projections of rj on the direction of ûj
and on the plane orthogonal to it, respectively. Fkj and Ftj are
the corresponding parallel and perpendicular components of
the forces, and Tj is the total torque acting over particle j due
Soft Matter, 2015, 11, 3432–3440 | 3433
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to the interactions with other particles of the uid.40 The
Brownian motion of the particle is induced through the set of
independent Gaussian random numbers (of variance 1 and zero
mean), Rk, Rt

1 , Rt2 , Rw
1 and Rw

2, and unitary random vectors
perpendicular to ûj, denoted in the above equations as v̂j,m and
ŵj,m (m ¼ 1, 2).

The self-diffusion coefficients driving the Brownian
Dynamics of the rods, Dk, Dt and Dw, have been calculated with
the analytical expressions proposed by Shimizu for prolate
spheroids:41

Dt ¼ D0

ð2a2 � 3b2ÞS þ 2a

16pða2 � b2Þ b;

Dk ¼ D0

ð2a2 � b2ÞS � 2a

8pða2 � b2Þ b;

Dw ¼ 3D0

ð2a2 � b2ÞS � 2a

16pða4 � b4Þ b;

(6)

with

S ¼ 2

ða2 � b2Þ1=2
log

aþ ða2 � b2Þ1=2
b

; ða ¼ ðLþ sÞ=2; b ¼ s=2Þ

(7)

For the present study, several types of dynamical observables
were computed for both spheres and rods, namely the mean
square displacement (MSQD), and the self parts of the inter-
mediate scattering function (SISF) and of the van Hove function
(SVHF), as dened below.

Mean square displacements of the particles were computed
along the three axes of the simulation box:

dk ¼
D
ðDrÞ2ðtÞ

E
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where the delimiters h.i denote the ensemble average andNk is
the number of particles of each species (kh r, s). In addition, we
computed the components of the mean square displacements
of the particles in the directions parallel, dkk ¼ hDrk2(t)ik, and
perpendicular, dtk ¼ hDrt2(t)ik, to the nematic director of the
system of rods, which is coincident with the normal to the
layers.

The self intermediate scattering function provides a measure
of the structural relaxation of the density uctuations and was
evaluated for each component of the mixture, according to the
expression:

Fkðq; tÞ ¼ 1

Nk

*XNk

j¼1

exp
�
iq$

�
rjðtþ t0Þ � rjðt0Þ

��+
; (9)

where q is the wave vector calculated at the rst peak of the rod
static structure factor, which implies |q| ¼ 2p/s, and rj(t) are the
particle positions at time t. Transverse and longitudinal relaxations
may be dened as Ftk (t)¼ Fk(qt,t) and Fkk(t)¼ Fk(qk,t), respectively.
These functions were calculated at the main peaks of the rod
static structure factor, hence qt ¼ 2p/s and qk ¼ 2p/(L + s).

An additional simple tool to study the non-continuous
transport of particles through the layers of particles is the self-
3434 | Soft Matter, 2015, 11, 3432–3440
part of the van Hove function. To compare the inter-layer and
intra-layer diffusion of the particles we have analyzed the
components of this function, parallel and perpendicular to the
nematic director dened as:

G
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where, as mentioned above, the subscript k refers to the kind of
particle, sphere or rod, and d(�) denotes in this case the Dirac
delta function. The SHVF can be understood as the probability
density for a displacement r in a time interval t, along the
directions parallel or perpendicular to the nematic director.
Note that the SVHF is related to SISF by Fourier transform.

One specic aim of this work is to determine the importance
of collective effects in the transport of spheres through the
layers of rods.23,24 For this purpose, we dened the following
procedure to probe events of concerted diffusion of several
particles across a layer. The jumps of spheres across layers are
monitored on the ẑ coordinate, which denes the displace-
ments in the direction normal of the layers of rods. The initial
time, ti, and nal time, tf, of each jump for a given sphere j are
dened as the closest instants where |ẑj(tf) � ẑj(ti)| > L + s. For
each jump, a particle n (sphere or spherocylinder) is dened as
the neighbour of sphere j if, at ti, the minimum distance between
j and n is dm/s < 6. Being particle n a neighbour of j, it is
also assigned as a companion of j in the diffusion process if
|ẑn(tf) � ẑn(ti)| > L/2, which indicates that it has penetrated into
the layer of rods within the (ti,tf) time interval. The frequency for
events of concerted diffusion of a sphere with m companions
through a layer is dened as um ¼ Nm/(tNs), where Ns is the
number of spheres and Nm is the number of jumps with m
companions occurred during a simulation of time duration t. The

total jump frequency for spheres is then given by u ¼
X
m

um:

Fig. 1 shows trajectories of two spheres and one rod involved
in a typical event of collective diffusion. The concerted diffusion
of the three particles through a layer of rods is visualized as a
rapid change in their ẑ-coordinates (at t/s z 750 in this
example). As a general behavior, it can be appreciated that the
particles typically spend a long time within a layer and even-
tually undergo comparably a rapid diffusion once they manage
to penetrate into a neighbouring layer. Nevertheless, penetra-
tion does not imply that the full crossing of the layer is neces-
sarily accomplished, and ‘frustrated’ jumps are common.
Several of such frustrated jumps are highlighted in Fig. 1.
III. Results and discussion

In order to describe the most salient features of the diffusion of
spheres in the environment provided by the layered arrangement
of the rods, we will consider in the rst place the limiting case of
high dilution. This situation is represented in this work by
the mixture with the lowest molar fraction of spheres, namely
This journal is © The Royal Society of Chemistry 2015



Fig. 1 Typical trajectories of two spheres (red and blue line) and one
rod (black line) particles in a smectic phase. The ẑ-coordinate (vertical
axis) describes the position of the particles along the normal of the
layers. A snapshot of the smectic arrangement is provided next to the
graph for clarity. Several rapid changes in ẑ, associated with jumps
between layers can be appreciated in each trajectory. In addition,
frustrated jumps in which a sphere or rod particle penetrates into the
neighbouring layer of rods but eventually returns to its original layer
are present. An event of collective motion of the two spheres and the
rod takes place at t/s � 750, leading to a concerted change of layer of
the three particles (see text for details).

Fig. 2 Time evolution of the mean square displacements, dk (solid
symbols) and dt (open symbols), for spheres (top panel) and rods
(bottom panel) in layered smectic states of binary mixtures with a
low molar fraction of spheres (xs ¼ 0.01). In these fluids, the rods have
L* ¼ 7 and smectic states with three different packing fractions are
considered, namely h ¼ 0.564 (black and squares), 0.537 (blue and
circles) and 0.523 (red and triangles).
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xs ¼ 0.01. Typical mean square displacements, self scattering
functions and van Hove functions obtained within this regime
are shown in Fig. 2–4. The directionality of the transport imposed
by the layered arrangement is specically exposed by represent-
ing the time evolution of the projections of those three magni-
tudes, parallel and perpendicular to the normal of the layers.

It can be appreciated that the MSQD functions of both rods
and spheres evolve linearly at short times (t/s < 1, see Fig. 2).
This is indicative of an initial regime of non-collisional diffusive
dynamics, in which the absolute differences between dk and dt

are solely determined by geometrical constraints. At longer
times, the MSQD deviates from linearity, giving rise to more or
less pronounced plateaus due to the interaction of the particles
with their nearest neighbors, and eventually enters a new
regime of rapid growth as the particles diffuse past them.

Importantly, for the spheres, dts is greater than dks
throughout all temporal regimes, in some ranges by as much as
one or several orders of magnitude, depending on the packing
fraction of the system. The physical interpretation of this
nding is that the spheres diffuse more efficiently within the
region in between layers of rods with displacements parallel to
the layer planes (intralayer transport), while their diffusion into
the layers of rods (interlayer or across-layer transport) is
comparably less favored. Moreover, while dts is weakly inde-
pendent of the density of the smectic phase, at least within the
time range represented in Fig. 2, dks displays a clear dependence
on density at sufficiently long times (t/s > 1).

In concordance with these features, Fts decays rapidly to zero
and remains roughly independent of the packing fraction of the
system, while Fks follows a much slower decay and develops an
extended plateau at times t/s > 1 with an appreciable
This journal is © The Royal Society of Chemistry 2015
dependence on the packing fraction. These observations indi-
cate that the packing of the smectic layers determines to a large
extent the penetrability of the spheres into the layers and their
diffusion across them, but it does not affect so much the
intralayer dynamics.

The marked anisotropy in the diffusion of spheres in the
directions parallel and perpendicular to smectic layers is
observed systematically for all the rod elongations and molar
fractions of spheres studied in this work. While it seemed a
priori plausible that differences between the diffusion in the two
directions should exist, it must be mentioned that the present
observations are in apparent contradiction with the only
previous study that to our knowledge has considered transport
in sphere–rod mixtures away from the dilution limit, carried out
by Cinacchi and de Gaetani,32,33 which concluded that spheres
diffuse in a roughly isotropic way within a smectic phase of rods
(that is, dts z dks). The origin of this discrepancy remains
unclear to us, as it seems unlikely that it is related to the
different model that they employ to represent the rods, or to the
fact that they use Molecular Dynamics instead of the Brownian
Dynamics presently employed. To this respect, the present work
should constitute a revised reliable reference for the ration-
alization of transport in rod–sphere colloidal mixtures.

The plateaus observed in the temporal evolution of dk and Fk

are indicative of a hindered relaxation in the direction along the
Soft Matter, 2015, 11, 3432–3440 | 3435



Fig. 3 Time evolution of the parallel and perpendicular projection of
the self intermediate scattering function, Fkk (solid symbols) and Ftk
(open symbols), for spheres (top panel) and rods (bottom panel) for the
same fluids and packing fractions shown in Fig. 2.
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normal to the layers, in contrast to the smooth liquid-like
behaviour found for the intralayer diffusion. Such behavior can
be interpreted in terms of a glass-like behavior for the diffusion
across layers, where the formation of transient cages preclude,
or delay, the diffusion of the particles.24

The directionality in the diffusion is similarly followed by the
rods that conform the smectic layers. Indeed, the long-time
mobility of the rods within the layers is much more efficient
than the diffusion out of the layer, as can be appreciated in the
dtr and dkr functions depicted in Fig. 2. In fact, the plateaus
found for the dkr of the rods are much more pronounced than
those displayed by dks for the spheres in the binary mixture. This
indicates that while both species are partially trapped in the
interlayer space, the spheres escape from the cages easier than
the rods.

Further noteworthy differences between the diffusion of rods
and spheres arise at intermediate times. Whereas for spheres
the parallel component of the MSQD remains smaller than the
perpendicular one at all times, Fig. 2 shows that for rods there
are two crossovers, leading to a broad time window in which dkr >
dtr . This transient behavior can be related to the slow down of
the perpendicular diffusion due to the collision with other
particles, while the free diffusive regime reaches longer times in
the parallel direction. At longer times, the particles eventually
feel the adjacent rod layer where dkr displays a pronounced
3436 | Soft Matter, 2015, 11, 3432–3440
plateau and hence becomes signicantly smaller than dtr . The
rst of those crossovers is analogous to the one observed
experimentally by Grelet et al.42 for a monocomponent uid of
rod-like particles. The observation of the second of the cross-
overs found in our simulations would however involve signi-
cantly longer diffusion times than the ones spanned in those
experiments.

Fig. 4 illustrates the diffusion behavior in terms of the self
van Hove function. The SVHF of spheres and rods is represented
for illustrative layered states of uids with rods of L* ¼ 5 and
molar fractions of spheres xs ¼ 0.01 and xs ¼ 0.5. The noisy
aspect of the data for the spheres for xs ¼ 0.01 is a consequence
of low concentration of these particles and the correspondingly
poor statistics. The SVHF has a Gaussian shape if the diffusion
can be explained according to Fick's law. This was found to be
always the case for the transport of the particles within a given
layer; Gt

k (not shown) is systematically Gaussian-like in our
simulations. In contrast, the projection of the SVHF in the
direction parallel to the nematic director (i.e. along the normal
to the layers), Gk

k, shown in Fig. 4, evolves to an oscillatory shape
that reects the non-homogeneous nature of the diffusion
across layers, where the particles stay long times within a layer,
and eventually undergo comparably sudden jumps across
neighbouring layers. Gk

k does maintain a Gaussian-like shape,
both for rod and spheres, at short times. This is related to the
rattling of the particles around the center of the layer that they
occupy. At longer times, multiple peaks emerge that cover with
time progressively longer distances and eventually conform a
periodic pattern with maxima at �(L* + 1), �2(L* + 1),. ,
reecting the diffusion across layers. At long times, the inten-
sities of all the peaks in Gk

k tend to even up to similar values,
although this occurs more readily for the spheres than for the
rods, consistently with their more efficient diffusion.

It is important to notice that the comparison of the uids
with xs ¼ 0.01 vs. xs ¼ 0.5 displayed in Fig. 4 indicates that the
SHVF reaches longer distances more rapidly for the xs ¼ 0.01
case. Care must be taken when interpreting this result, since it
does not reect the effect of increasing the concentration of
spheres, but it is rather related to the fact that the rod layers are
more tightly packed and, hence, less permeable in the state of
the xs ¼ 0.5 uid. The reason for this is that the two states
involved in the comparison have similar packing fractions (see
gure caption). Consequently, the density of particles is actually
signicantly higher for the xs ¼ 0.5 case (the spheres having a
signicantly smaller molecular volume than the rods) and the
packing of the rod layers is greater to compensate for the voids
in the layers of spheres. It is shown below that the higher
concentration of spheres in the binary mixture actually
promotes transport by enhancing events of collective diffusion
through the layers of rods.

We discuss now the effect of the elongation of the rod-like
particles on the transport properties. Longer rods make thicker
layers, which can be foreseen to affect diffusion across layers. A
rst insight into this expectation is provided in Fig. 5 which
displays the frequency of jumps of spheres, across rod layers, u,
as a function of the packing fraction for mixtures with xs ¼ 0.01
and L* ¼ 4, 5 or 7 for the rods. For a given value of L*, u
This journal is © The Royal Society of Chemistry 2015



Fig. 4 Projection of the self van Hove function along the normal to the layers, Gk
k, at different times for fluids of rods with L* ¼ 5. Panels (a) and

(b) correspond to the limit of high dilution of spheres (xs ¼ 0.01, h ¼ 0.521), while the panels (c) and (d) correspond to a lamellar arrangement
(xs¼ 0.5, h¼ 0.536). The curves plotted in each panel correspond to t/sz 0.1 (black), 10 (red) 1000 (green) and 5000 (blue). In each case, the top
panel corresponds to spheres and the bottom one to rods. The diffusion across layers leads to a progressive reach of Gk

k to longer distances and
the emergence of a periodic pattern of peaks reflecting the layer positions.

Fig. 5 Frequency of jumps of spheres across neighbouring layers of
rods for fluids with rod elongations L* ¼ 4, 5 and 7. The molar fraction
of spheres is xs ¼ 0.01 in all cases. The frequency of jumps decreases
rapidly when either the packing fraction of the fluid or the elongation
of the rods is increased.

Paper Soft Matter
decreases steadily with increasing packing fraction, as a natural
consequence of the reduced permeability of the denser rod
layers. More importantly, for any given packing fraction, the
frequency of jumps increases rapidly as the rod elongation is
reduced. Indeed, it can be appreciated that u for the uid with
L* ¼ 4 rods is about one order of magnitude larger than for the
uid with L* ¼ 7 rods.

Fig. 6 extends these insights with the mean square
displacements for binary mixtures with rods of each of the three
elongations. In this comparison, the overall packing fraction of
the system is similar for the three systems, h z 0.56–0.57. The
magnitude and the time evolution of dts for the spheres are
weakly affected by the elongation of the rods, which seems to
follow from the fact that the dri of the spheres within the
interlayer environment can be considered to be sensitive to the
tips of the rods and only indirectly to their length.38 Opposite to
this, the diffusion along the normal to the smectic layers
changes substantially with rod elongation. The most relevant
effect is related to a reduction in the plateau in dks at long times
as the rods become shorter, which is indicative of a sizeable
enhancement of the crossing of spheres through the smectic
layers. This observation can be attributed to two main aspects.
First, the smectic layers of the shorter rods display a greater
This journal is © The Royal Society of Chemistry 2015
degree of defects and transient ‘pores’ which tend to facilitate
the insertion of spheres. Second, for the thinner layers associ-
ated with the shorter rods, the probability of frustrated jumps is
reduced. Indeed, once a sphere has penetrated into a smectic
Soft Matter, 2015, 11, 3432–3440 | 3437



Fig. 6 Time evolution of the mean square displacements, dk (open
symbols) and dt (close symbols), for spheres (top panels) and rods
(bottom panels) in layered phases of binary mixtures with rods of
different elongations, L* ¼ 4 (red triangles), 5 (blue circles) and 7 (black
squares), at a similar packing fraction (h ¼ 0.566, 0.562 and 0.564,
respectively).

Fig. 7 Relative frequencies of jumps of spheres across neighbouring
layers of rods for fluids with rod elongations and molar fraction of
spheres (L*,xs): (7,0.01) black lines and circles, (5,0.01) red lines and
squares, (4,0.01) blue lines and diamonds, (5,0.1) green line and up
triangles, (5,0.5) orange lines and down triangles. The figure shows the
fraction of jumps of single spheres without companions (u0/u, top),
spheres with one companion (u1/u, middle), and spheres with two or
more companions (um$2/u, bottom).
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layer, the probability and the readiness with which that sphere
diffuses fully through it to the next inter-layer region are greater
for the layers of shorter rods.

Interestingly, the evolution of dkr for the rods at the different
values of L* is qualitatively different than the one found for the
spheres. For the rods, at intermediate times (within t/s z 20–
200) the mean displacements are greater for the longer rods. In
this regime, the MSQD is roughly equal to s, meaning that the
rods are in the process of attempting insertions into the
neighbouring layers. This stage would be more efficient for the
longer rods, presumably as a consequence of their greater
degree of parallel orientation. At longer times, this trend
reverses again to a situation similar to the one found for the
spheres, due to the difficulty that encounter the rods to fully
insert into the neighbouring layers as the layers become
thicker.

We move on to discussing the relative importance of events
of collective diffusion, which has been specically investigated
in this work as a transport mechanism intrinsic to layered
liquid crystal phases. In a typical event of this type (see Fig. 1),
the insertion of one sphere into the layer of rods opens a
channel that triggers the diffusion of further neighboring
particles (spheres or rods) that eventually move along through
the layer in a concerted way. One particular question that our
3438 | Soft Matter, 2015, 11, 3432–3440
study aimed to answer was the inuence that the molar fraction
of spheres may have on this type of transport phenomena.

Fig. 7 depicts the relative frequencies of the jumps across
layers in which the sphere that initiates the diffusion process
crosses the layer of rods on its own, as well as those of the events
in which it is accompanied by either just one particle (sphere or
rod), or by two or more particles, in its dri through the rod
layer. Results are shown for xs ¼ 0.01 mixtures with rods of each
of the three elongation included in this study, L* ¼ 4, 5, 7, and
for the mixture with L* ¼ 5 rods at the two additional molar
fractions presently investigated, xs ¼ 0.1 and 0.5. For reach
system, a range of packing fractions are included.

As a general trend, the importance of collective events
decreases with increasing packing fraction, as a natural
consequence of the reduced permeability of the layers of rods.
Furthermore, the fraction of collective events also decreases
appreciably (by up to one order of magnitude) as the rod
elongation is increased from L* ¼ 4 to 7. This follows mainly
from the enhanced probability of frustrated jumps as the
layers of rods become thicker. Nevertheless, collective events
can become dominant (meaning that more than half of the
jumps involve at least one companion) in the smectic states of
This journal is © The Royal Society of Chemistry 2015
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lower density. Fig. 7 shows that, even in the dilution limit (xs ¼
0.01), the relative frequency of jumps in which the sphere
diffuses with no companions can be as low as z0.4 in the
smectic states of lowest density investigated (h < 0.5), although
it increases to higher values, even reaching 1.0 (no collective
events detected), for the longest rods and highest densities
investigated (L* ¼ 7, h > 0.56).

It seemed timely to introduce in this context the effect that
increasing the molar fraction of spheres may have on collective
diffusion. The enhanced presence of the spheres can be
expected to disrupt the smectic structure, introducing defects
due to steric effects induced, either by individual spheres or by
the clustering of spheres in between the layers of rods. For this
purpose, we have explored molar fractions up to values associ-
ated with the binary mixture equimolar in rods and spheres,
xs ¼ 0.5, for which the smectic phase is replaced by a
commensurable lamellar phase with a stable alternation of
layers of rods and spheres. Specically, three molar fractions,
namely xs ¼ 0.01, 0.1 and 0.5, were investigated for the mixtures
with rods of elongation L* ¼ 5.

Interestingly, the events of collective diffusion gain rapidly
in importance as the molar fraction of spheres is increased
and eventually become dominant at all packing fractions. For
xs ¼ 0.5 (lamellar phase), the majority of jumps occur with at
least one companion; in fact, the frequency for individual
jumps of single spheres becomes smaller than 0.4, while the
relative weight of the jumps with two or more companions
reaches values close to 0.5 for the cases here investigated. A
detailed inspection of the type of companions involved in the
collective diffusion process revealed that in the limit of high
dilution of spheres the companions are mostly rods; only less
than 8% of the companions monitored in our simulations were
spheres. The situation reverses dramatically as the molar frac-
tion of spheres is increased: at xs ¼ 0.1 and 0.5, as many as ca.
45% and 75% of the companions, respectively, were spheres.
Hence, it can be concluded that the microscopic mechanism
driving collective transport, initiated by the insertion of spheres
into the rod layers, changes qualitatively with the composition
of the binary mixture: at low concentration of spheres, it
promotes the exchange of rods between adjacent layers, while at
high concentration of spheres, the process is dominated by the
collective migration of the spheres themselves. The interme-
diate behaviour found at xs ¼ 0.1 suggests that a smooth switch
between both regimes can be expected as the molar fraction of
spheres is varied in the mixture.

IV. Conclusions

Diffusion in binary mixtures of spherical and rod-like particles
shows a complex dynamic behavior, depending on factors such
as the packing fraction, elongation of the rods or molar fraction
of the mixture. In the layered phases investigated in this work,
transport is clearly anisotropic. The faster contribution to the
diffusion of spheres and rods arises from the direction
perpendicular to the normal of the layers (intralayer diffusion),
which is signicantly more efficient than interlayer diffusion
involving transport of particles across layers. The initial stages
This journal is © The Royal Society of Chemistry 2015
of interlayer diffusion of spheres display a glass-like behavior
associated with the formation of transitory cages before
potential penetration into the neighbouring layers occurs.24

Increasing the packing fraction of the uid enhances the
directionality of the transport, since it suppresses the diffusion
across layers more efficiently than the inlayer component.
Longer rods have a similar effect, as they give rise to thicker
layers, for which frustrated attempts of particles to diffuse
across them become more common.

Importantly, increasing the molar fraction of spheres
promotes collective diffusion, involving the concerted transport
of groups of particles through the layers of rods. Collective
transport is typically seeded by the insertion of one sphere into
a rod layer, thereby opening a channel that triggers the diffu-
sion of further particles. This diffusion mechanism can be
dominant under favorable conditions, namely a small packing
of the system and/or a signicant molar fraction of spheres.
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