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We have investigated concentrated suspensions of polydisperse hard spheres and have determined the
dynamics and sizes of individual particles using confocal microscopy. With increasing concentration, the
dynamics of the small and large particles start to differ. The large particles exhibit slower dynamics and
stronger localization. Moreover, as the particle size increases, the local volume fraction ϕloc also increases.
In the glass state, the localization length significantly decreases beyond ϕloc ≈ 0.67. This suggests a link
between local crowding and dynamical heterogeneities. However dynamical arrest of subpopulations
seems not directly linked to a large value of ϕloc, indicating the importance of collective effects.
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Colloidal dispersions are applied in various fields, from
paints to food stuff and medicines [1,2]. Industrial dis-
persions typically contain particles with a broad size
distribution; i.e., they are polydisperse. Polydispersity
can severely affect the behavior of colloidal dispersions.
For example, if monodisperse particles crystallize they
form one solid phase whereas in moderately polydisperse
samples fractionation into multiple coexisting solid states
can occur [3–11] and at larger polydispersities crystalliza-
tion is suppressed [12–14]. Crystallization can also be
precluded by nonequilibrium effects, namely, the formation
of glasses at volume fractions ϕ > ϕg ≈ 0.58 [15–23]. The
glass state is linked to dynamical arrest caused by particles
being trapped in cages formed by their nearest neighbors
[23–28], at least until activated processes can restore long-
time diffusion [29]. Polydispersity also affects glass for-
mation. With increasing polydispersity the glass transition
moves to larger ϕ [30,31]. Similarly, random close packing
(RCP) occurs at larger ϕ [32–35] because spheres of
different sizes pack more efficiently. Using simulations
based on realistic particle size distributions, the different
sizes have been found to undergo separate glass transitions
[30], which has also been predicted and observed for binary
dispersions [36–41]. Thus, polydispersity has highly non-
trivial effects on the glass transition and crystallization,
but also on other phenomena, such as self-assembly [42],
drying of colloidal dispersions [43], or friction [44].
Despite these clear and important effects of polydisper-

sity, an experimental determination of the behavior of the
different species in polydisperse samples is still lacking.
This is due to experimental limitations. The size of
individual particles or the particle size distribution can
be determined quantitatively, for example by electron
microscopy, analytical ultracentrifugation, or light scatter-
ing [30,45,46]. These techniques, however, do not yield the
dynamics on an individual particle level. On the other hand,
measurement techniques such as confocal microscopy can

provide access to single-particle properties, e.g., the single-
particle dynamics [21,22,24,47–49]. The size of individual
particles only became accessible by confocal microscopy
with sufficient accuracy very recently [6,19]. This meant
that the particle size and dynamics could not experimen-
tally be determined on an individual particle level simulta-
neously. They could therefore not be linked and only
ensemble-averaged parameters were determined. While
they characterize the average effects of polydispersity, they
do not provide information on the specific behavior of the
different subpopulations.
Here we apply a recently proposed method to determine

the particle size using confocal microscopy [6]. This allows
us to simultaneously determine the particle size and the
single-particle dynamics as well as the local volume
fraction and other structural parameters. The dynamics
and arrangements of subpopulations of particles hence
become accessible. Our experiments reveal that, beyond
the glass transition, the large particles exhibit much slower
dynamics and are considerably more localized than the
small particles. These findings provide the first experimen-
tal evidence that, in polydisperse systems, the dynamics of
the individual species differ significantly. Furthermore, the
slower dynamics and stronger localization of the large
particles correlate with a higher local volume fraction ϕloc.
Beyond a critical value ϕloc ≈ 0.67, slow dynamics and
strong localization are observed. This suggests a connec-
tion between a structural feature, local crowding, quantified
by ϕloc, and dynamical heterogeneities, which have been
related to glass formation [20,24,25,50]. However, a large
local volume fraction of individual particles seems not
directly linked to the dynamical arrest of the whole sample.
This indicates that glass formation also requires collective
effects which involve the interplay of groups of particles.
The samples were dispersions of polydisperse polyme-

thylmethacrylate (PMMA) spheres fluorescently labeled
with nitrobenzoxadiazole (NBD) in a density and almost
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refractive index matched mixture of cis-decalin and cyclo-
heptylbromide with 4 mM of tetrabutylammoniumchloride
salt added; density matching and all measurements were
performed at T ¼ 23 °C. In this solvent mixture the
particles show hard-sphere-like behavior [51]. Their aver-
age radius was hRi ¼ 0.72 μm, as determined by dynamic
light scattering, with a polydispersity of σ ≈ 13%. The most
concentrated sample with a volume fraction ϕ ¼ 0.61 was
prepared by diluting a sediment which was obtained by
centrifugation at a temperature T ¼ 35 °C that temporarily
introduces a solvent-particle density difference. The other
samples were prepared by successive dilution which
ensures that their relative concentrations are very reliable.
After dilution, the samples were thoroughly mixed in a
shaker for at least one day and then filled in vials whose
bottoms were replaced by cover slips [52]. The volume
fractions of the samples, ϕ, were determined based on the
volume fraction of the sediment which was assumed to be
the volume fraction of random-close-packed spheres with a
polydispersity σ ¼ 13%, i.e., ϕRCP ¼ 0.66 [32–34]. These
values of ϕ are consistent with ϕ ¼ ð4πN=3vÞhR3iwith the
number of particles N in the observation volume v and the
third moment hR3i as determined from the size distribution.
After a few days, the samples were imaged using a

confocal microscope (Nikon A1R-MP with a Nikon Plan
Apo 60× oil immersion objective with NA ¼ 1.40). For
each sample five independent measurement series, taken at
different positions in the sample, were performed, each
consisting of three steps to determine (i) the particle sizes
and structural parameters, (ii) the single-particle dynamics,
and (iii) the particle sizes and structural parameters again.
The three steps involved (i) 10 stacks of 512 × 512 × 68

voxels (≈51 × 51 × 10 μm3) about 15 μm from the cover
slip with a stack containing about 105 particles and being
acquired every 2.3 s, (ii) a series of 3000 slices taken at the
mid vertical plane of the previous stacks and acquired every
0.02 to 3 s depending on the sample which yields about 104

trajectories [53], and (iii) 10 stacks again as in (i). Particle
locations and trajectories were extracted using standard
routines [47] and were subsequently refined [52]. The
particle radii were determined following Refs. [6,54].
Based on the individual particle sizes, the distributions

of the particle radius PðRÞ were calculated for all
samples (Fig. 1). As expected, the distributions are com-
parable. The average particle size hRi ≈ 0.73 μm is in
agreement with the value determined by light scattering.
The normalized polydispersity, σ, is quantified by σ ¼
ðhR2i−hRi2Þ1=2=hRi with the averages hRni¼R

dRRnPðRÞ
and found to be σ ≈ 13%. In the following we consider the
behavior of all particles as well as the subpopulations of
the 20% smallest and 20% largest particles, respectively.
A fraction of 20% of all particles ensures good enough
statisticswhilemaintaining sufficient selectivity.The size ratio
between the average radii of the subpopulations of the largest
and smallest particles, respectively, is about 1.55.

The particle dynamics are characterized by the mean
squared displacement (MSD); hΔr2ðtÞi ¼ h(riðt; t0Þ −
rið0; t0Þ)2it0;i where t is the delay time, t0 a time during
the particle trajectory, and h� � �it0;i indicates an average over
all times t0 and either all particles i in the observation
volume or only a subpopulation thereof. Trajectories were
corrected for any residual drift. With increasing delay
time t, less trajectories are typically available. If at least
103 independent trajectories were available at a particular
delay time t, the MSD was considered reliable and is
shown in Fig. 2. Since the MSDs of the subpopulations
are based on significantly fewer particles, they are reliable
up to shorter maximum delay times than the MSDs of all
particles.

FIG. 1. Particle size distribution PðRÞ for samples with differ-
ent volume fractions ϕ, as indicated. Dashed black lines delimit
the subpopulations of the 20% smallest and 20% largest particles,
respectively, for the sample with ϕ ¼ 0.61
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FIG. 2. Mean squared displacement (MSD), hΔr2ðtÞi, as a
function of delay time t for samples with different volume
fractions ϕ, as indicated. The MSDs are based on all particles
(symbols), the 20% smallest (blue solid lines) and the 20% largest
particles (red dashed lines). Inset: Squared localization length L2,
characterized by the MSD at the shortest observed delay time,
hΔr2ðti ¼ 3 sÞi, as a function of the particle radius R for the
sample with ϕ ¼ 0.61. Vertical dashed lines indicate the 20%
smallest and 20% largest particles, respectively (as in Fig. 1), and
the horizontal lines the mean localization lengths of the smallest,
all, and the largest particles, respectively (top to bottom).

PRL 119, 048003 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
28 JULY 2017

048003-2



The average MSDs show a progressive slowing down of
the dynamics with increasing volume fraction ϕ (Fig. 2,
symbols). At the highest ϕ ≥ 0.59, localization occurs with
a very modest increase of the MSD that extends to long
times t, in agreement with previous observations in similar
polydisperse colloidal glasses [20,22,28]. This indicates
the onset of dynamical arrest and glass formation. The
average MSDs are compared to the MSDs of the small and
large particles (Fig. 2, lines). At the smallest volume
fractions, ϕ ≤ 0.54, the dynamics of the subpopulations
are indistinguishable from the dynamics of all particles.
For larger volume fractions, 0.55 ≤ ϕ ≤ 0.58, the
dynamics start to differ with the large particles exhibiting
slightly slower dynamics. The decoupling of the
dynamics becomes pronounced for the arrested states with
0.59 ≤ ϕ ≤ 0.61. In particular, the large particles are
significantly slower and more localized than the average
particle, whereas the small particles show only slightly
faster dynamics.
To investigate the size dependence in more detail, the

size range 0.50 μm ≤ R ≤ 0.95 μm is divided into ten
groups. For each group the MSD is determined at the
shortest delay time observed for all samples, ti ¼ 3 s,
which is taken to characterize the squared localization
length, L2 ¼ hΔr2ðtiÞi. For ϕ ¼ 0.61, the localization
length is found to be about constant for the small and
intermediate particles but decays strongly for the largest
particles (Fig. 2, inset). Because of the small fraction of
large particles (Fig. 1), the average localization length is
similar to the localization length of the small and inter-
mediate particles (Fig. 2, horizontal lines in the inset).
Thus, although dynamical arrest is particularly strong for
the large particles, they hardly contribute to the average
behavior. For the other samples that show localization,
ϕ ¼ 0.58 and 0.59, a less pronounced decay is observed
while for the more dilute samples, ϕ ≤ 0.55, no significant
dependence on R is found [data presented later, Fig. 4(d)].
The information on the dynamics is complemented by

structural information, namely, the pair distribution func-
tion gðrÞ. While gðrÞ characterizes the distribution of all
particles surrounding any particle, we also determined gsðrÞ
and glðrÞ that characterize the distributions of all particles
around a small and a large particle, respectively. All pair
distribution functions show the characteristic features of
concentrated colloidal suspensions (Fig. 3): a peak at a
distance r ≈ 2hRi that reflects the nearest neighbor shell
formed by particles with slightly different sizes as well as
less pronounced peaks that represent successive neighbor
shells. These features are similar in gðrÞ, gsðrÞ, and glðrÞ
and hence the structural arrangements around the small
and large particles resemble those around any particle.
Nevertheless, the first peak is moderately larger in the case
of gsðrÞ and especially in the case of glðrÞ than for gðrÞ. In
both cases, the peaks are located slightly beyond 2hRi,
which is expected in the case of large particles. However,

particles also tend to stay farther apart from small particles
suggesting that small particles are less tightly packed. With
increasing ϕ, the heights of the peaks increase as the
neighbor shells become more pronounced upon crowding,
but there is no qualitative change in the particle arrange-
ment visible, in contrast to the findings for the particle
dynamics.
The different arrangements of the small and large

particles are also seen in projections of a slice of the
sample with ϕ ¼ 0.61 [Fig. 4(a)]. The small particles are
mostly isolated with only very few small particles arranged
in short chainlike structures, consistent with the peak of
gsðrÞ being located beyond the particle diameter 2hRi. In
contrast, the large particles are in close contact with their
nearest neighbors and form large, compact and intercon-
nected structures, as suggested by glðrÞ. Correspondingly
and as indicated by the different areas under the first peaks
of the pair distribution functions, the mean number of
neighbors is higher for the large particles than for the small
particles (data not shown).
The space available to a particle can be characterized

by its Voronoi volume V [indicated by the colors of the
particles in Fig. 4(a)], where the radical Voronoi construc-
tion is used to account for the different particle radii [55].

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. Pair distribution functions for samples with different
volume fractions (a) ϕ ¼ 0.53, (b) 0.54, (c) 0.55, (d) 0.58,
(e) 0.59 and (f) 0.61. They are based on the arrangement of all
particles around any particle, gðrÞ (symbols), around one of the
20% smallest particles, gsðrÞ (blue solid lines), and around one of
the 20% largest particles, glðrÞ (red dashed lines). The vertical
line indicates the average particle diameter 2hRi.
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For each stack, the entire range of particle sizes is divided
into 30 groups and for each group the average Voronoi
volume calculated. With increasing particle radius R, the
Voronoi volume V increases for all ϕ [Fig. 4(b)]. With
increasing ϕ, the Voronoi volume V becomes smaller and
increases slightly less with R. For the largest volume
fraction, ϕ ¼ 0.61, and the largest particles, the Voronoi
volume approaches the particle volume and hence almost
no free volume remains.
The ratio between the particle and Voronoi volumes is

the local volume fraction of each particle, ϕloc ¼ 4πR3=3V.
It covers a broad range, 0.2≲ ϕloc ≲ 1.0, and increases
considerably with R [Fig. 4(c)]. For small R, the local
volume fraction ϕloc is comparable for all ϕ. For R≳ hRi,

however, a larger increase of ϕloc is observed for the larger
ϕ with ϕloc approaching 1 for the largest ϕ ¼ 0.61,
consistent with the results for V.
These findings suggest a link between the localization

length LðRÞ (Fig. 2, inset) and the local volume fraction
ϕlocðRÞ [Fig. 4(c)] [56]. For the arrested states, ϕ ¼ 0.59
and 0.61, the localization length L appears to be constant at
small ϕloc but significantly decreases beyond ϕloc ≈ 0.67
[Fig. 4(d)]. Similar behavior is found for ϕ ¼ 0.58, where a
smaller reduction of the localization length is observed,
again, beyond ϕloc ≈ 0.67. For ϕ ¼ 0.54, a sample which
shows no arrest, no significant drop of the localization
length is found. This suggests that localization becomes
stronger for ϕloc ≳ 0.67 where the absolute value of the
localization length and the magnitude of its drop depend
on ϕ, especially on whether the sample is arrested. Thus,
local crowding beyond ϕloc ≈ 0.67 results in strong locali-
zation. This, however, affects only a small fraction of the
particles, the largest particles. The dynamical arrest of
the whole sample therefore must also rely on structures
beyond individual particles and hence involve collective
behavior [27].
In conclusion, we investigated concentrated dispersions

of polydisperse hard-sphere-like particles. Our results
provide the first experimental evidence that the dynamics
of the different subpopulations become significantly differ-
ent beyond the glass transition. Larger particles exhibit
significantly slower dynamics with a stronger localization,
which coincides with a larger local volume fraction and
hence a crowded environment. Beyond a specific local
volume fraction ϕloc ≈ 0.67, particle localization becomes
significantly stronger. This indicates a link between local
crowding and dynamical heterogeneities in the glass, and
therefore, relates dynamical behavior to structure and
ultimately the particle size distribution. Strong localization
mainly affects the large particles, which represent a small
fraction of the sample only. The small and intermediate
particles dominate the average dynamics of glassy samples
and hence the glass transition cannot directly be associated
with a slowing down of the dynamics beyond a specific
value of ϕloc. This suggests that the glass transition also
requires collective effects that involve groups of particles.
Therefore, the different behaviors of the subpopulations as
well as their interplay might need to be considered to fully
understand the dynamical slowing down and arrest as well
as the glass transition in general. A description based on
average behavior hence might not be sufficient. This is
expected to also apply to other systems, such as polymer
blends [57] or multicomponent metallic glasses [58], and to
other topics, such as crystallization [7–14] or random close
packing [32–35].
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FIG. 4. (a) Projection of a 5-μm-thick and 51 × 51 μm2-wide
slice of the sample with total volume fraction ϕ ¼ 0.61. All, the
20% smallest, and the 20% largest particles are shown (left to
right). Particle radius R and Voronoi volume V are represented by
the points’sizes and colors (as indicated), respectively. (b) Voronoi
volume V and (c) local volume fraction ϕloc as a function of
particle radius R. The solid lines represent power-law fits [56].
(d) Normalized squared localization length hΔr2ðtiÞi=hΔr20i as a
function of ϕloc. The vertical dashed line indicates ϕloc ¼ 0.67.
Data are shown for total volume fractions ϕ ¼ 0.54 (square), 0.58
(triangle), 0.59 (diamond), and 0.61 (circle).
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