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Colloidal mixtures represent a versatile model system to study transport in complex environments. They allow for a systematic
variation of the control parameters, namely size ratio, total volume fraction and composition. We study the effects of these
parameters on the dynamics of dense suspensions using molecular dynamics simulations and differential dynamic microscopy
experiments. We investigate the motion of the small particles through the matrix of large particles as well as the motion of
the large particles. A particular focus is on the coupling of the collective dynamics of the small and large particles and on the
different mechanisms leading to this coupling. For large size ratios, about 1:5, and an increasing fraction of small particles, the
dynamics of the two species become increasingly coupled and reflect the structure of the large particles. This is attributed to
the dominant effect of the large particles on the motion of the small particles which is mediated by the increasing crowding of
the small particles. Furthermore, for moderate size ratios, about 1:3, and sufficiently high fractions of small particles, mixed
cages are formed and hence the dynamics are also strongly coupled. Again, the coupling becomes weaker as the fraction of
small particles is decreased. In this case, however, the collective intermediate scattering function of the small particles shows a

logarithmic decay corresponding to a broad range of relaxation times.

1 Introduction

Several materials of everyday use are found in an amor-
phous solid state, among them window glass, plastics, ceram-
ics, foodstuff!. Glassy materials of commercial use are of-
ten formed by either particles with a certain size distribution
or even more frequently by several components presenting
largely different sizes and mobilities>. Often, studies on the
dynamical properties of these materials concentrate on prop-
erties that are averaged over the different sizes and species>*.
However, studies on colloidal model systems of spherical par-
ticles have shown that dynamics in the presence of polydisper-
sity or of multiple components can be highly heterogeneous,
with the dynamic heterogeneity strongly linked to the presence
of different particle sizes .

Binary colloidal mixtures red of hard spheres have been
used as the simplest model for multi-component systems.
Studies on binary glasses red of hard spheres revealed that
several dynamical behaviors are observed especially when the
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size difference between the two species is large >122, For in-
stance for size ratios 6 = Ry/Ry, = 0.1 and 0.2, where R and
Ry, are the radii of the small and large particles respectively,
several glass and even gel states are observed, in which either
both species are dynamically arrested, or the small component
remains mobile within the glass of the large one>!%1723, In
a recent work?* we have investigated the dependence of the
dynamics of the small particles on the size ratio in the limit of
a very small fraction of small particles. This limit is particu-
larly interesting because the small particles, due to their low
concentration, can be considered to be non-interacting among
themselves. This resembles the idealized Lorentz gas model *
in a realistic situation. It was shown that at small § a diffusive
behavior is observed, whereas at a critical § ~ 0.3 the dy-
namics become anomalous. In simulations and experiments
a logarithmic decay was observed in the intermediate scatter-
ing functions of the small particles. This anomalous dynamics
was found to be strongly related to the slow dynamics of the
large component, in contrast to the Lorentz model and models
which consider the motion of particles through an immobile
porous matrix 2627,

In the present study we investigate a broad range of binary
mixtures with different size ratios, total packing fractions and
mixture compositions, thus extending a previous study that
explored the limit of dilute small particles?*. In particular,
we investigate the coupling of the long-time dynamics of the
large and small spheres using simulations and experiments.
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The mixture composition is quantified by the mixing ratio
s = ¢/ b, with ¢¢ and ¢ the volume fractions of the small
and all particles, respectively. We show that the anomalous be-
havior observed for small = and a critical § disappears upon
increasing the fraction of small particles, while a coupling be-
tween the long-time dynamics of large and small particles be-
comes more and more evident. In addition, we find different
scenarios for the glassy dynamics of the mixture depending on
whether the small particles are trapped in the voids of the large
particles, or whether the two species form joint cages. Since
a binary mixture is the simplest case of a multi-component
system, these results might have implications for the under-
standing of glasses formed by several components and, more
general, the motion of small particles in slowly-rearranging
crowded environments. We perform experiments using Differ-
ential Dynamic Microscopy (DDM)28-3%, Although this tech-
nique is based on microscopy, it provides information anal-
ogous to that typically obtained from dynamic light scatter-
ing (DLS) experiments3!, namely the intermediate scattering
function f(q, At) as a function of delay time At, with ¢ the
scattering vector which determines the length scale on which
the particle dynamics are probed. We exploit the advantage of
DDM that fluctuations of the incoherent fluorescence signal
can be analyzed, a possibility which is excluded in DLS, that
requires coherent light. Furthermore, the use of a confocal mi-
croscope reduces the effect of background fluorescence, sig-
nificantly improving the determination of f(g, At) compared
to a conventional fluorescence microscope. Thus DDM allows
us to obtain information on a single species, here the small
particles, in a multi-component sample.

2 Materials and Methods

2.1 Experiments

Materials We studied dispersions of sterically stabilized
polymethylmethacrylate (PMMA) particles of diameters
oy = 3.10 pm (polydispersity 0.07, not fluorescently
labeled) or oy = 1.98 pm (polydispersity 0.07, not
fluorescently labeled) mixed with particles of diameter
os = 0.56 pm (polydispersity 0.13, fluorescently labeled with
nitrobenzoxadiazole (NBD)), in a cis-decalin/cycloheptyl-
bromide mixture that closely matches the density and
refractive index of the particles. Therefore the size ratio
of the mixtures was § = 0.18 and 6 = 0.28, respectively.
With added salt (tetrabutylammoniumchloride), this system
presents hard-sphere like interactions®>33.  The volume
fraction of a sedimented sample of the large particles was
estimated to be ¢ = 0.65 by comparing with numerical
simulations and experiments3*3°, where the uncertainty A¢
is typically 3 %, possibly larger®®. We used this volume
fraction ¢ of the large particles as a reference value, while the

volume fraction of the stock suspension containing the small
particles was adjusted in order to obtain comparable linear
viscoelastic moduli. Due to the different sizes of the particles,
the trivial dependence of the moduli on the particle size was
accounted for by a normalisation with the energy density
3kpT/ 47 R3, where kg is the Boltzmann constant and 7" the
temperature. Similarly, the frequency was normalized by the
free-diffusion Brownian time to = 67nR3/kgT, where n =
2.2 mPas is the solvent viscosity. Following this procedure
we obtained stock suspensions of large and small particles
with comparable rheological properties and, following the
generalised Stokes-Einstein relation’, also comparable
dynamics. Given this assumption of dynamical equivalence,
the stock suspensions of large and small particles are expected
to have a similar location with respect to the glass transition.
Thus variations in the dynamical arrest of the mixtures can
be exclusively attributed to the composition which enables
us to study the effects of mixing on the glass behaviour. It is
important to note that this would not be possible by mixing
stock suspensions with identical volume fraction ¢ since, due
to the different polydispersities, the volume fractions at the
glass transition are different. Accordingly, the comparable
dynamics but the different polydispersities imply slightly
different volume fractions of the two stock suspensions.
Samples with different total volume fractions and different
composition, namely a fraction of small particles s = 0.01
and 0.05, were prepared by mixing the one-component stock
suspensions and subsequent dilution.

DDM measurements We acquired confocal microscopy
images in a plane at a depth of approximately 30 ym from
the coverslip. Images with 512x512 pixels, corresponding
to 107 pum x 107 pm, were acquired at two different rates:
a fast rate of 30 frames per second to follow the short-time
dynamics and a slow rate, between 0.07 and 0.33 frames
per second, depending on sample, to follow the long-time
dynamics. A Nikon A1R-MP confocal scanning unit mounted
on a Nikon Ti-U inverted microscope, equipped with a 60x
Nikon Plan Apo oil immersion objective (NA = 1.40), was
used to capture image series. The pixel size corresponding
to this magnification is 0.21 gm x 0.21 gm. The confocal
images were acquired using the maximum pinhole aperture,
corresponding to a pinhole diameter of 255 pm. Time series
of 10* images were acquired for 2 to 5 distinct volumes,
depending on sample.

We call i(x, y, t) the intensity measured at time ¢ in a pixel
with coordinates x and y. The difference between two in-
tensity patterns separated by a delay time At is calculated,
Ai(z,y,t + At) = i(x,y,t + At) — i(z,y,t), and sub-
sequently Fourier transformed to yield A%(q,t, At), where
d = (qs,qy) . For a stationary signal and isotropic scattering

2| Journal Name, 2010, [vol]1-9

This journal is © The Royal Society of Chemistry [year]



this is related to the structure function D(q, At): 233

D(q, At) = (|Ai(q,t, At)[?) (1)

where the notation () represents a time and ensemble average.
This is related to the intermediate scattering function f(q, At)
by:

D(g, At) = A(g)[1 - f(g, At)l + B(q) )

where A(q) = N|K(q)|25(q), N is the particle number in the
observed volume, K (¢) is the Fourier transform of the point-
spread function of the microscope, S(q) is the static structure
factor of the system, and B(q) contains the information related
to the background noise, in particular the camera noise.

2.2 Simulations

Event-driven Molecular Dynamics simulations were per-
formed in the NV'T ensemble. We simulate binary mixtures
of hard particles of mass m in a cubic box of size L. We con-
sider monodisperse small particles of diameter o and polydis-
perse large particles with average diameter o7 and polydisper-
sity 7% in order to avoid crystallization°. We vary the size
ratio in the range 0.2 < § < 0.5, the total volume fraction
0.55 < ¢ < 0.64, and investigate three values of the mixing
ratio, x5 = 0.01,0.05 and 0.10. We ensure that the number of
small particles Ng is always larger than 250 and thus we have
total number of particles 2000 < N < 5000. Mass, length and
energy are measured in units of m, o}, and kg7T'. Simulation
time is in units of tg = - /mo’f/kBT and we fixed kgT = 1.
After equilibration of the system, simulations were performed
for a maximum total time of ~ 10°¢ for a maximum of three
realizations for each state point, particularly those at high ¢.
Thermodynamic and dynamic observables have been calcu-
lated performing time and ensemble averages.

We calculate the partial static structure factors for large and
small particles as:

N
1 : i J J
Sil0) = §7 <Z€_“’(”“”ﬁ)> 3)
J

a,B

where IN; is the number of particles of the species j = L, S
and v/, is the corresponding position vector of particle a.
Similarly, we also calculate the partial intermediate scattering
functions, defined as

7 (g, A1) = <]$ Zei“(‘“g“”é“’))> *
J a,B

for large and small particles, respectively. To monitor the self-
dynamics of the particles, we have also calculated the proba-
bility P7(r, At) that a particle of species j has moved a dis-
tance 7 in an interval of time A¢. This is defined as,

PI(r, At) = 47r*GI (r, At) 5)

44(3) T T T . A

i xs 0.2 0.35
3r M 0.01 —w —v A

0.05 & &
0.10 - -

Si.(a)

Sss(a)

Fig. 1 Static structure factors of (a) the large particles, Sr.1.(q), and
(b) the small particles, Sss(gq), from simulations for size ratios

¢ = 0.2 (full symbols) and 0.35 (open symbols), total volume
fraction ¢ = 0.62 and different values of the fraction of small
particles, xs (as indicated).

where G (r, At) is the self part of the van Hove correlation

function°.

3 Results and Discussion

3.1 Structure

In this section we report results on the structural organiza-
tion of small and large particles obtained from simulations.
These results will serve as a guide for the interpretation of
the dynamics at different length scales, which is presented in
the following sections. Experimental structural data are not
available. The large particles are not fluorescently labeled and
hence not visible in the confocal microscope. For the small
particles, particle tracking was not possible because they are
too small to be accurately located. Also DDM could not be
used to obtain the partial structure factors of the small spheres
through the parameter A(q) in Eq. 22*%. This approach is
based on the measurement of a dilute sample for which the
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partial structure factor is known to be unity and from which
hence the contribution of the point spread function can be de-
termined. However, the measurements of the dilute small par-
ticles and the concentrated mixtures, respectively, require dif-
ferent pinhole sizes resulting in different and unknown point
spread functions. Hence this approach is not possible in the
present situation.

We focus on glassy samples with ¢ = 0.62 and different com-
positions (x5 = 0.01, 0.05 and 0.10) and size ratios (6 = 0.2
and 0.35). Data for different volume fractions (¢ = 0.56, 0.58
and 0.60), showing qualitatively similar trends, can be found
in the supplemental material. The partial static structure fac-
tors of the large particles, Si1,(q), for all compositions and
size ratios show a disordered organization with pronounced
peaks, which indicate strong correlations particularly for the
smallest values of x5 (Fig.1a). The main peak is located at
qo1, ~ 7.4. Upon increasing the relative amount of small par-
ticles, the peaks of Sp(q) decrease in height and move to
slightly smaller goy, values, as a result of the progressive dilu-
tion of the large particles. The differences between the Sy, (q)
obtained for the two size ratios are minor. As suggested in a
previous study, this could be related to the fact that for both
size ratios the small particles can occupy the voids between
the large particles*'.

The size ratio, however, affects the local structure of the small
particles (Fig.1b). For 6 = 0.35 the structure factor Sss(q)
indicate weak correlations, which grow only moderately with
increasing xs. On the other hand, for § = 0.2 the correla-
tions are considerably more pronounced and grow rapidly with
increasing zs. In particular the low-q value significantly in-
creases with xg, indicating a much larger compressibility and
deviations from an ideal behavior at large distances. For both
size ratios the main correlation peak, which is encountered at
qo1, =~ 6.7 for zg = 0.01, moves to slightly lower goy, val-
ues with increasing x5. Thus the most-likely distance between
the small particles becomes better defined and increases with
T, although the increased number of small particles would
naively suggest its decrease. This may be due to the simul-
taneous dilution of the matrix of large particles, occurring by
increasing x4 at constant ¢, which then allows the small par-
ticles to distribute more homogeneously within the available
free volume, until their distribution is affected by other small
particles at higher x5. We additionally note that the second
peaks become more pronounced with x4 but barely depend on
0. These correlations are found to slightly grow with increas-
ing x5, suggesting that the small particles pack more densely
at the local scale, thus concentrating in the largest voids in be-
tween the large particles. For § = 0.5, mixing effects are even
more evident as reported in the supplemental material.

3.2 Dynamics

In this section we present results for the dynamics of the large
and small particles, particularly examining the degree of cou-
pling between the two species in glassy states. Therefore,
again we focus on a single volume fraction (¢ = 0.62) at
different compositions (zs = 0.01,0.05,0.10) and different
size ratios, 6 = 0.2 to § = 0.5. Data for additional volume
fractions are reported in the supplemental material. We char-
acterize the collective dynamics of large and small particles
using the intermediate scattering function. First, we choose
a fixed value of the scattering vector, qo1, ~ 3.5, where the
most interesting effects, in particular anomalous logarithmic
relaxations 2, are observed. After a qualitative discussion of
the relation between the dynamics of the large and small par-
ticles, based on a direct comparison of the intermediate scat-
tering functions, we discuss the relaxation times and plateau
heights obtained by modelling the simulated and experimental
intermediate scattering functions, which provide more quanti-
tative evidence of coupling effects.

3.2.1 Collective Intermediate Scattering Functions:
Qualitative Observations
We start by considering the size ratio § = 0.2 (Fig.2a). For
x5 = 0.01 the intermediate scattering function of the large par-
ticles f%(q, At), obtained from simulations, shows a two-step
decay, which is characteristic of glassy dynamics, with a long
plateau at intermediate times that indicates a transient trap-
ping of the particles into cages (Fig. 2a). The corresponding
intermediate scattering functions of small particles (g, At)
show a different behaviour, which is characterised by a pro-
nounced initial decay followed by a plateau whose height is
approximately a quarter of the one of the large particles. This
indicates that only a small fraction of the small particles is
trapped in the matrix of large particles, while the majority of
them is diffusing. Despite the difference in the height of the
plateaus, both f¥(q, At) and f°(q, At) seem to finally relax
at a comparable time At ~ 10%t,. This suggests that some
small particles cannot escape the local confinement without
the large particles moving and are thus slaved to the dynam-
ics of the slower large particles. Experiments, in which only
the dynamics of the small particles is available, show a com-
parable behavior of f(q, At) (Fig.2c). At z; = 0.05 (Fig.
2a), the decay of the f¥(q, At) barely shows a two-step decay
and the final relaxation occurs at shorter times. This can be
attributed to the small concentration of large particles and the
intercalation of small particles between large particles, which
progressively disrupts the cage of large particles®®*'. The
1% (q, At) correspondingly shows a faster final decay, while
the intermediate plateau is much shorter and at a higher level.
Once more the final decay of the two species is coupled. In
contrast, the initial decay of f%(q, At) is independent of
indicating that the short-time motion of the small particles is
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(q,At), f(q,At)

°(q,At), f(q,At)

£(q,At)

10" 10° 10" 10° 10° 10" 10
At/ s

Fig. 2 (a,b) Intermediate scattering function f*(g, At) from
simulations for go; = 3.5, ¢ = 0.62, s = 0.01 (black), 0.05 (red),
0.1 (blue) and (a) 6 = 0.20 (b) § = 0.35. Solid and dashed lines
represent data of small and large particles, respectively. (c)
Intermediate scattering function f s (g, At) of the small particles
from experiments for go; = 3.5, ¢ = 0.61 and indicated values of
s and 6.

independent of the large particles. The same qualitative be-
havior is observed in the experimental data, even though the
restricted time window does not allow to observe the final de-
cay of f°(q, At) (Fig.2c). For an even larger fraction of small
particles, s = 0.10, the glass melting of the large particles
becomes even more evident, with the f¥(q, At) showing a
decay which is almost exponential. At the same time the in-

1.0——= .
= 0.8 i
< N
3 N
4= 0.6f 1
3 \
s 0.4r AN
a 0.5 \
02 —— 04 4
0.3
0.0bwl v v vl v il Tl

10% 10" 10° 10" 10° 10° 10t
At/ t,

Fig. 3 Intermediate scattering functions f(q, At) from simulations
for goy = 3.5, ¢ = 0.62, zs = 0.10 and different values of ¢ (as
indicated). Solid and dashed lines represent data of the small and
large particles, respectively.

termediate scattering function of the small particles shows a
clear two-step decay, which can be associated to the formation
of cages of small particles, as expected for the larger concen-
tration of small particles. However also in this case the final
relaxation appears to be coupled.

For the more moderate size disparity § = 0.35 and =5 =
0.01 the f¥(q, At) at short and intermediate times is simi-
lar to that of 6 = 0.2. The final decay though is apparently
slower, indicating a larger degree of dynamical arrest (Fig.2b).
The f°(q, At) is completely different and shows a logarith-
mic decay. This behavior has been linked to an extremely
broad distribution of relaxation times and the slow dynam-
ics of the large particles’*. The same qualitative behaviour
is observed in the experimental f° (g, At) (Fig.2c). For this
particular case thus, the dynamic coupling between the two
species is much weaker. When increasing x4 to 0.05 the final
decay of the large particles occurs at shorter times, similar to
6 = 0.2. However the acceleration of the dynamics is less
pronounced than for & = 0.20 and a two-step decay is visible.
The logarithmic decay of f° (g, At) is less evident and the fi-
nal relaxation now follows again that of the large particles.
For x5 = 0.10 both species show a two-step decay and not
only the final relaxation are similar, but also the intermediate
plateaus. This suggests that if the particle sizes and volume
fractions of the two species are more similar, mixed caging is
favoured.

The behavior of the intermediate scattering functions (Fig.
2) suggests that the degree of dynamic coupling increases with
6. To better quantify the dependence on ¢, simulations for
¢ = 0.62, zs = 0.10 and size ratios § = 0.3, 0.4 and 0.5 were
also performed and the corresponding intermediate scattering
functions are reported in Fig.3. Data for other =4 can be found
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in the supplemental material. For 6 = 0.4 and even more
pronounced for 0.5, the intermediate scattering functions of
small and large particles almost overlap. This supports the
conclusion that moderate size differences favour mixed caging
and hence a strong coupling of the dynamics.

N (a) 7

P(ar)

P(ar)

Fig. 4 Displacement probability distribution P(Ar) from
simulations for At = 338tp, » = 0.62 and x5 = 0.01 (black), 0.05
(red), 0.1 (blue). (a) § = 0.20, (b) § = 0.35. Solid and dashed lines
represent data of the small and large particles, respectively.

Mode coupling theory predicts that the self-dynamics of
small particles, for large size ratios, is completely decoupled
from the behavior of the large particles*>. This is found also
in our simulations, as shown in Fig.4 where the displacement
probability distributions P(Ar) of both species are reported
for a relatively long time (At = 338tp). The displacements
of the small particles are considerably larger than those of the
large particles for all 25 and § considered. Interestingly, for
0 = 0.35 the width of the distribution displays a reentrance
with mixture composition: it is broader for x5 = 0.05 than
for 0.01 and 0.10. This effect is particularly pronounced for
the small particles but is also observed for the large particles.
These results confirm that the dynamic coupling of the two
species at long times is a feature encountered only in the col-
lective dynamics.
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Fig. 5 (a,b) Relaxation times Tﬂo and 71, obtained by fitting Eq. 6
or7to f¥(q, At), with j = L, S, from simulations for ¢ = 0.62,
s = 0.01 (O), 0.05 (O), 0.10 (A) and (a) § = 0.20, (b) 6 = 0.35.
Full symbols: Large particles; Open Symbols: Small particles. (c)
Relaxation times 7° and Tiog for the small particles from
experiments, for ¢ = 0.61, zs = 0.01 and § = 0.18 (0) and

§ = 0.28 (A). Open symbols: Long-time relaxation times 71 Full
symbols: Short time relaxation times 7.

3.3 Collective Intermediate Scattering Functions: Quan-
titative Analysis

To quantify the degree of coupling of the long-time collective
dynamics we have modeled the long-time decay of f(g, At)
with a stretched exponential function:

(g, At) = f1 exp[—(At/7] o)"] ©6)
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c flog

c

qo.

Fig. 6 (a,b) Plateau heights f. obtained by fitting Eq. 6 or 7 to
f(q, At)from simulations for ¢ = 0.62, s = 0.01 (O), 0.05 (O),
0.10 (A) and (a) 6 = 0.20, (b) § = 0.35. Full symbols: Large
particles; Open symbols: Small particles. (c) Plateau heights f. for
the small particles from experiments for ¢ = 0.61, s = 0.01 and
0 =0.18 (O) and § = 0.28 (A).

where f7 is the plateau height, Tﬁo the long-time relaxation
time and (37 the stretching exponent for j = L, S indicating
large and small particles, respectively. Only for the interme-
diate scattering function showing a logarithmic decay, i.e. for
the small particles and § = 0.35 and x5 = 0.01 in the sim-
ulations and § = 0.28 and x5 = 0.01 in the experiments, a
different relation was used to describe the logarithmic decay:

[2(q, At) = fiog — F(q) In(At/i0g) @)

Representative fits based on Eq. 6 and on Eq. 7 are reported
in Fig.S4 and Fig. S5 of the supplemental material, respec-

tively. The relaxation times Tﬁo and 7y, obtained from fits to
the simulation data are shown in Fig. 5a,b for § = 0.2 and 0.35
as a function of qoy, for different values of the composition x.
Once more we focus on a glassy sample with ¢ = 0.62. Data
for additional volume fractions 0.60 < ¢ < 0.63 can be found
in the supplemental material.

For § = 0.2 and all values of x the coupling of the long-
time dynamics of large and small particles is evident: the re-
laxation times of the two species are very similar for all g val-
ues. The effect of the structure factor of the large particles is
visible as a series of oscillations in the region qo, < 10. Note
that also for the small particles the oscillations follow the g-
dependence of the structure factor of the large particles. This
confirms that the long-time diffusion of the small particles is
controlled by the structure of the large particles. Moreover,
the reduction of the relaxation times of both species indicates
the melting of the glass of large particles with increasing zs.
Decreasing the size-disparity, i.e. at 6 = 0.35, for s = 0.01
any conclusion about coupling is complicated by the fact that
the relaxation times 71,0 of the large and small particles cor-
respond to different functional forms, due to the logarithmic
decay of f(q, At). As mentioned previously, in this case the
coupling is much reduced, which is consistent with the rela-
tively large difference of 7§, and 7. For 25 = 0.05 and 0.10
the g-dependence of the relaxation times is again very similar
for the two species. However, compared to § = 0.2, there is
a larger difference between the magnitudes of the relaxation
times of the large and small particles, which is particularly
pronounced (about an order of magnitude) at wavevectors cor-
responding to the main peak of the static structure factor. This
might be attributed to a significant mutual effect of the small
particles caused by the mixed caging. In a mixed cage, the
small particles have a slightly higher probability to escape the
cage than the large particles, since only smaller gaps are re-
quired. If the localisation is only due to large particles, as
for § = 0.2 and xs = 0.01, the final relaxation of the small
particles instead is slaved to that of the large particles. A com-
parison of the long-time relaxation times obtained for § = 0.2
and 0.35 evidences slower dynamics for the more moderate
size ratio. The relaxation times of the small particles obtained
in experiments for zs = 0.01 are in good qualitative agree-
ment with those of the simulations (Fig. 5¢). In the experi-
ments we also determined the short-time relaxation times of
small particles TSSH by fitting the short-time decay to a simple
exponential dependence, indicating therefore a diffusive be-
haviour. Indeed the short relaxation times are compatible with
a ¢~ 2 dependence. We further notice that TSSH increases by
one order of magnitude with increasing § from 1:5 to 1:3 size
ratios.

The plateau height f. also provides information about the
dynamic coupling (Fig. 6). For § = 0.2 and =z = 0.01
(Fig. 6a) both the plateau heights for small (f7) and large
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(fF) particles display a similar g-dependence, which repro-
duces the oscillations of the structure factor of the large par-
ticles, as typically found in glassy systems. However, f2 is
much smaller than fCL, reflecting the small fraction of small
particles that are trapped at long times. Experimental results
are in qualitative agreement with the simulation ones (Fig. 6c¢).
For the larger x4 values, we cannot determine fCL since, due to
glass melting, (g, At) displays only a single decay. For the
small particles and larger x4 values, the qualitative behaviour
is different from that found for x5 = 0.01, particularly in the
region of small goy, where f2 are considerably larger. This
might be related to a more important effect of the interactions
between small particles with increasing 5. The oscillations in
1 associated to the structure factor of the large particles also
progressively decrease with increasing xg. This may be due
to the melting of the glass of large particles or could also be
caused by the interactions between small particles.

For § = 0.35 and all investigated x5, we find that fCL show
oscillations related to Sy, (¢), as typical for glasses. Furthe-
more, we observe a weaker decrease of the plateau height
value with increasing xs with respect to the case § = 0.2,
which could be due again to the progressive glass melting. The
f(,s show similar trends for all x5, which are also qualitatively
comparable to those of zs = 0.05 and 0.10 for § = 0.2. This
supports the conclusion that the effect of Sp1,(q) is decreased
due to the increasingly mixed caging, in which the dynamics
of the small particles is affected by the structural organization
of the large particles but also of the other small particles. The
experimental results for § = 0.35 and x5 = 0.01 for the small
particles are again in good qualitative agreement with simu-
lations (Fig. 6¢). The stretching exponents 3° are reported
in the supplemental material. For most conditions, they are
smaller than 1 which indicates a broad distribution of relax-
ation times. With increasing ¢, for § = 0.35 and any z4 as
well as § = 0.2 and x5 = 0.05,0.10, the exponents remain
approximately constant or slightly decrease which suggests
an increasing range of relaxation times associated to displace-
ments on short length scales and is consistent with the general
behaviour of glass-forming systems. On the contrary, in the
case § = 0.2 and x5 = 0.01, with increasing ¢, [3° increases
and approaches 1 which indicates that, at short length scales,
the small particles recover a diffusive-like behaviour within
the voids left by the large spheres.

In summary, the quantitative analysis of fl(g, At) and
% (g, At) indicates that the coupling of the dynamics between
the two species is quite general. However, its nature depends
on the composition s and size ratio §. For large size disparity
and small z4 the long-time dynamics of the small particles is
slaved to the one of the large particles. For smaller size dispar-
ity and/or larger x5, the coupling is also due to mixed caging,
in which the dynamics of the two species mutually affect each
other.

4 Conclusions

In this work we investigated the dynamics of model colloidal
hard spheres in glassy binary mixtures, using simulations and
differential dynamic microscopy experiments which allowed
us to determine the dynamics of an individual component of
multicomponent samples. We focused on the connection be-
tween the dynamics of the large and small particles. The re-
sults show different scenarios of dynamic coupling between
the long-time relaxations of the two species. For the vast ma-
jority of conditions, a strong coupling between small and large
particles is found. This is evidenced by a qualitative compar-
ison of the intermediate scattering functions of the small and
large particles, as well as a quantitative comparison of the re-
laxation times obtained by fitting a stretched exponential de-
cay to the intermediate scattering function f(q, At). However,
the physical mechanism leading to the coupling depends on
the size ratio § and the composition, represented by the rela-
tive volume fraction of the small particles .

For the largest size disparity, 6 = 0.2, and a small amount of
small particles, x5 = 0.01, the short time dynamics of the two
species are clearly decoupled. The small particles can diffuse
within the voids left by the large particles and most of them
escape the local confinement through small channels. Only a
limited fraction of the small particles remains trapped for long
times, but are released once the large particles moved suffi-
ciently. This is reflected in the fact that the relaxation times
and plateau heights of the small particles are affected by the
structure factor of the large particles. With increasing x5, this
fraction becomes larger and the coupling of the short-time dy-
namics of the two species becomes more evident. This might
be due to the increasing importance of interactions between
small particles and the formation of mixed cages, which both
contribute to the slowdown of the dynamics which hence be-
come more similar to the dynamics of the large particles.

For larger values of § the coupling of the long-time dy-
namics for xg = 0.05 and 0.10 is evident, but now also the
short-time dynamics of the two species become more similar.
This suggests a different situation compared to § = 0.2. For
& = 0.35 the small particles are too large to diffuse within the
voids left by the large particles. For sufficiently large x they
tend to form mixed cages with the large particles, which the
two species escape after similar waiting times. Interestingly,
for small x4 the coupling becomes weaker and the (g, At)
of the small particles shows a logarithmic decay for an inter-
mediate range of ¢ that is particularly enhanced for 6 = 0.35.
As discussed in previous work?*, these dynamics arise from
the confinement imposed by the large particles, which how-
ever is relaxed at longer times due to the (slow) motion of the
large particles. Due to the small x5 mixed caging is less im-
portant and therefore the small particles are mainly trapped by
large particles and are only released if the large particles move
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and paths open. This leads to a very broad distribution of re-
laxation times which depends on both the short-time and long-
time relaxation of the large particles. Moreover the coupling
becomes weaker, particularly at wavevectors corresponding to
large-large nearest-neighbour distances.

As a general result, we observe for all size ratios an accel-
eration of the dynamics of the large particles with increasing
the fraction of small particles. This reflects the melting of the
glass due to the disruption of the cage of large particles by
the intercalation of small particles. It is more pronounced for
0 = 0.2, where the small particles can more easily occupy the
voids left by the large particles. The glass melting is related
with the transition from caging of large particles by other large
particles to caging of large particles by small particles. It re-
sults in an asymmetric glass®%121617 The present results thus
suggests several different scenarios for the dynamics of binary
colloidal mixtures, depending on size ratio ¢, volume fraction
¢ and mixture composition .

Acknowledgments

We are grateful to Andrew Schofield (University of Edin-
burgh) for providing the PMMA particles, Vincent Martinez
(University of Edinburgh), Wilson Poon (University of Edin-
burgh) and Matthias Reufer (LS Instruments) for providing
routines for the DDM analysis. We thank F. Sciortino and
P. Tartaglia for useful discussions. T.S., S.U.E. and M.L.
acknowledge funding by the Deutsche Forschungsgemein-
schaft (DFG) through the research unit FOR1394, project P2,
and funding of the confocal microscope through grant INST
208/6171 FUGG. M.L. acknowledges support from the project
Materia Blanda Coloidal funded by Conacyt, Convocatoria de
Investigacion Cientfica Basica 2014, Grant Nr. 237425 and
Red Tematica de la Materia Condensada Blanda, Conacyt,
JRF and EZ from ETN-COLLDENSE (H2020-MCSA-ITN-
2014, Grant no. 642774).

References

1 R. Larson, The Structure and Rheology of Complex Fluids, Oxford Uni-
versity Press, USA, 1999.

2 J. E. Shelby, Introduction to Glass Science and Technology, The Royal
Society of Chemistry, 2005, pp. X001-X004.

3 G. Brambilla, D. El Masri, M. Pierno, L. Berthier, L. Cipelletti, G. Pe-
tekidis and A. B. Schofield, Phys. Rev. Lett., 2009, 102, 085703.

4 W. van Megen and S. R. Williams, Phys. Rev. Lett., 2010, 104, 169601.

5 A.Imhof and J. K. G. Dhont, Phys. Rev. Lett., 1995, 75, 1662—-1665.

6 E. Zaccarelli, S. M. Liddle and W. C. K. Poon, Soft Matter, 2015, 11,
324-330.

7 D. Heckendorf, K. J. Mutch, S. U. Egelhaaf and M. Laurati, Phys. Rev.
Lett., 2017, 119, 048003.

8 T. Sentjabrskaja, M. Hermes, W. C. K. Poon, C. D. Estrada, R. Castaneda-
Priego, S. U. Egelhaaf and M. Laurati, Soft Matter, 2014, 10, 6546-6555.

10
11
12

13

18
19
20
21

22
23

24

25
26
27
28
29
30
31

32
33
34
35
36
37
38

39

40

41

42

T. Sentjabrskaja, M. Laurati and S. U. Egelhaaf, Europ. Phys. J. - Spec.
Topics, 2017, 226, 3023-3037.

A. J. Moreno and J. Colmenero, J. Chem. Phys., 2006, 125, 016101.
A.J. Moreno and J. Colmenero, J. Chem. Phys., 2006, 125, 164507.

C. Mayer, E. Zaccarelli, E. Stiakakis, C. Likos, F. Sciortino, A. Munam,
M. Gauthier, N. Hadjichristidis, H. Iatrou, P. Tartaglia and D. Vlassopou-
los, Nat. Mater., 2008, 7, 780-784.

C. Mayer, F. Sciortino, C. N. Likos, P. Tartaglia, H. Lowen and E. Zac-
carelli, Macromolecules, 2009, 42, 423-434.

T. Narumi, S. V. Franklin, K. W. Desmond, M. Tokuyama and E. R.
Weeks, Soft Matter, 2011, 7, 1472-1482.

T. Hamanaka and A. Onuki, Phys. Rev. E, 2007, 75, 041503.

T. Voigtmann, Europhys. Lett., 2011, 96, 36006.

R. Judrez-Maldonado and M. Medina-Noyola, Phys. Rev. E, 2008, 77,
051503.

S. R. Williams and W. van Megen, Phys. Rev. E, 2001, 64, 041502.

P. Germain and S. Amokrane, Phys. Rev. Lett., 2009, 102, 058301.

P. Yunker, Z. Zhang and A. G. Yodh, Phys. Rev. Lett., 2010, 104, 015701.
J. M. Lynch, G. C. Cianci and E. R. Weeks, Phys. Rev. E, 2008, 78,
031410.

D. Jia, H. Cheng and C. C. Han, Langmuir, 2018, 34, 3021-3029.

J. Hendricks, R. Capellmann, A. B. Schofield, S. U. Egelhaaf and M. Lau-
rati, Phys. Rev. E, 2015, 91, 032308.

T. Sentjabrskaja, E. Zaccarelli, C. De Michele, F. Sciortino, P. Tartaglia,
T. Voigtmann, S. U. Egelhaaf and M. Laurati, Nat. Commun., 2016, 7,
11133.

H. A. Lorentz, Arch. Neerl. Sci. Exact Natur., 1905, 10, 336.

F. Hofling and T. Franosch, Rep. Prog. Phys., 2013, 76, 046602.

V. Krakoviack, Phys. Rev. Lett., 2005, 94, 065703.

R. Cerbino and V. Trappe, Phys. Rev. Lett., 2008, 100, 188102.

F. Giavazzi and R. Cerbino, J. Opt., 2014, 16, 083001.

R. Cerbino and P. Cicuta, J. Chem. Phys., 2017, 147, 110901.

B. J. Berne and R. Pecora, Dynamic Light Scattering: With Applications
to Chemistry, Biology, and Physics, Dover Publications, 2000.

A. Yethiraj and A. van Blaaderen, Nature, 2003, 421, 513-517.

C. P. Royall, W. C. K. Poon and E. R. Weeks, Soft Matter,2013,9, 17-27.
W. Schaertl and H. Sillescu, J. Stat. Phys., 1994, 77, 1007-1025.

K. W. Desmond and E. R. Weeks, Phys. Rev. E, 2014, 90, 022204.

W. C. K. Poon, E. R. Weeks and C. P. Royall, Soft Matter, 2012, 8, 21-30.
T. G. Mason, Rheol. Acta, 2000, 39, 371-378.

P. J. Lu, F. Giavazzi, T. E. Angelini, E. Zaccarelli, F. Jargstorff,
A. B. Schofield, J. N. Wilking, M. B. Romanowsky, D. A. Weitz and
R. Cerbino, Phys. Rev. Lett., 2012, 108, 218103.

E. Zaccarelli, C. Valeriani, E. Sanz, W. C. K. Poon, M. E. Cates and P. N.
Pusey, Phys. Rev. Lett., 2009, 103, 135704.

J. P. Hansen and I. R. MacDonald, Theory of Simple Liquids, Academic
Press, London, 3rd edn., 2006.

T. Sentjabrskaja, E. Babaliari, J. Hendricks, M. Laurati, G. Petekidis and
S. U. Egelhaaf, Soft Matter, 2013, 9, 4524-4533.

J. Bosse and Y. Kaneko, Phys. Rev. Lett., 1995, 74, 4023.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-9 |9



