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Soft colloids make strong glasses
Johan Mattsson1{, Hans M. Wyss1{, Alberto Fernandez-Nieves1{, Kunimasa Miyazaki2{, Zhibing Hu3,
David R. Reichman2 & David A. Weitz1

Glass formation in colloidal suspensions has many of the hall-
marks of glass formation in molecular materials1–5. For hard-
sphere colloids, which interact only as a result of excluded volume,
phase behaviour is controlled by volume fraction, w; an increase in w
drives the system towards its glassy state, analogously to a decrease
in temperature, T, in molecular systems. When w increases above
w* < 0.53, the viscosity starts to increase significantly, and the
system eventually moves out of equilibrium at the glass transition,
wg < 0.58, where particle crowding greatly restricts structural
relaxation1–4. The large particle size makes it possible to study both
structure and dynamics with light scattering1 and imaging3,4; col-
loidal suspensions have therefore provided considerable insight
into the glass transition. However, hard-sphere colloidal suspen-
sions do not exhibit the same diversity of behaviour as molecular
glasses. This is highlighted by the wide variation in behaviour
observed for the viscosity or structural relaxation time, ta, when
the glassy state is approached in supercooled molecular liquids5.
This variation is characterized by the unifying concept of fragility5,
which has spurred the search for a ‘universal’ description of
dynamic arrest in glass-forming liquids. For ‘fragile’ liquids, ta is
highly sensitive to changes in T, whereas non-fragile, or ‘strong’,
liquids show a much lower T sensitivity. In contrast, hard-sphere
colloidal suspensions are restricted to fragile behaviour, as deter-
mined by their w dependence1,6, ultimately limiting their utility in
the study of the glass transition. Here we show that deformable
colloidal particles, when studied through their concentration
dependence at fixed temperature, do exhibit the same variation in
fragility as that observed in the T dependence of molecular liquids at
fixed volume. Their fragility is dictated by elastic properties on the
scale of individual colloidal particles. Furthermore, we find an
equivalent effect in molecular systems, where elasticity directly
reflects fragility. Colloidal suspensions may thus provide new
insight into glass formation in molecular systems.

The concept of fragility is best summarized in a renormalized
Arrhenius plot, where the temperature is rescaled by the glass-transition
temperature, Tg, and fragility is defined by the logarithmic slope at Tg

(ref. 5). This representation highlights the wide variation in behaviour
of molecular liquids, ranging from strong to fragile, and provides a
unifying conceptual framework. An understanding of the physical
origin of fragility, however, is lacking. The fragility of colloidal suspen-
sions must be defined by their concentration dependence rather than
by their T dependence. With this definition, colloidal hard-sphere sus-
pensions are restricted to fragile behaviour and the absence of a wider
range of fragilities limits their versatility as a model system of the glass
transition.

We studied aqueous suspensions of deformable microgel particles
of varying elasticity (Methods Summary). To obtain a measure of

their elasticity, we probed the compressibility of individual particles
by determining the change in particle size with both osmotic pressure
and temperature (Supplementary Information). We determined the
particle concentrations, f, from the known polymer concentrations of
the microgel suspensions. For hard-sphere suspensions, the particle
concentration is quantified by the volume fraction, w 5 nVp, where n
is the number density of particles and Vp is their volume. However,
because the microgel particles are deformable, their volume is not
fixed and w is no longer a good measure of concentration. Instead,
we used f 5 nV0, where V0 5 4pR3

0/3 is the volume of an undeformed
particle of radius R0 measured in dilute suspension; f is always pro-
portional to the polymer concentration. At low concentrations, where
Vp is independent of concentration, f 5 w and soft microgels can be
treated as hard spheres7. To calibrate the measurement of f, we deter-
mined the viscosity at low concentrations and used the Einstein
expression to directly link the polymer concentration and f (Sup-
plementary Information). As f increases above wRCP < 0.63, corres-
ponding to the random close packing of undeformed spheres, the
particles must shrink; we confirmed this behaviour using static light
scattering, which shows a systematic shift of the first peak in the
effective structure factor (Supplementary Information).

We studied the dynamics of the microgel suspensions for fixed T and
varying f using dynamic light scattering (Supplementary Information).
The behaviour observed for deformable microgel particles is qualita-
tively similar to that of hard spheres: for the lowest f value, we find a
monomodal decay of the intermediate scattering function, g1(t), which
captures diffusion of particles in a dilute suspension, as shown for
microgels with ‘intermediate’ stiffness and R0 5 92 nm in Fig. 1a. As
f increases, there are marked changes in the dynamics and we observe a
two-step relaxation, characteristic of glass-forming materials upon
approach to the glass transition5; the fast initial decay is only weakly
dependent on f, whereas the final decay, which reflects structural
relaxation, depends strongly on f. The final decay is well described by
a stretched exponential, g1(t) / exp(2t/t)b, where t is the relaxation
time and b is the stretching exponent. Moreover, as for hard spheres,
the final decay can be superimposed for different values of f onto a
single master curve by rescaling the decay times, as shown in Fig. 1b. We
find that b 5 0.6, as demonstrated in Fig. 1e. A corresponding super-
position of the shape of the structural relaxation is often possible for
molecular liquids near their glass-transition temperature, where it is
referred to as time–temperature superposition5.

Unlike hard-sphere suspensions, the microgels are not dynamically
arrested at f < 0.63. Instead, it is necessary to consider much higher f
values, whereupon the final decay eventually exceeds any experimen-
tally accessible timescale, ultimately resulting in formation of a glass,
as shown in Fig. 1a. To quantify the f dependence of the final decay, we
determined the average structural relaxation time, ta 5 (t/b)C(1/b),
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where C denotes the gamma function. We used a fixed value of the
scattering vector, Q, for each sample even though the particle size, R,
and hence QR, vary slightly with f. In sharp contrast to the behaviour
of hard spheres, where small changes in volume fraction lead to pro-
nounced slowing of the structural relaxation, the dynamic arrest for
microgel suspensions stretches over a wide range of f values. This
difference is highlighted by a comparison of the f dependence of ta

for a ‘stiff’ hard-sphere-like microgel8 (Fig. 2a, diamonds) with that

for our intermediate soft microgels (Fig. 2a, circles and squares). We
have rescaled the relaxation times by a constant, k (Supplementary
Information), to compensate for the different diffusion timescales in
the dilute limit and for the differences in QR0.

For each microgel sample, we also determined the frequency-
dependent shear moduli, G9(v) and G99(v), by oscillatory rheology;
G9 has a plateau at high frequencies and a low-frequency structural
relaxation (Supplementary Information), strongly reminiscent of the
behaviour of concentrated hard-sphere suspensions2. We deter-
mined ta as the timescale corresponding to the frequency for which
G9 5 G99 and observed the same f dependence of ta as was observed
from light scattering, as shown by the plus symbols in Fig. 2a.
Moreover, the viscosity of the microgel suspensions, determined at
sufficiently low shear rates to preclude shear thinning, can also be
directly scaled onto the relaxation-time data. Thus, the f dependence
characterizing structural relaxation is robust, as it is independently
determined by several different methods. To describe the relaxation-
time data, both for the intermediate and the stiff microgels, we used a
Vogel–Fulcher–Tammann (VFT) function5, ta 5 t0exp(Af/(f0 2 f)),
where f0 sets the apparent divergence, A controls the growth of ta on
approach to f0 and t0 is the characteristic relaxation time for low
values of f. This empirical function, with 1/f exchanged for T,
provides a good description of the T dependence of ta for supercooled
molecular liquids near their glass transition5. These data thus further
confirm that for suspensions of soft particles, f plays a role analogous
to that of 1/T in molecular systems.

Our experiments show that for soft colloidal particles, the
approach to the glass transition upon varying f is more gradual than
for hard spheres; this is reminiscent of the behaviour found in
molecular liquids upon varying T, where different fragilities are
observed. We therefore propose that the concept of fragility can be
extended to colloidal systems through control of particle elasticity,
provided that we use f in the colloidal systems. To test this hypo-
thesis, we investigated the behaviour of even softer microgels (Sup-
plementary Information). These had similar behaviour in their
dynamics, including a nearly exponential decay of g1(t) at low f
values and a two-step decay with stretched-exponential behaviour
of the final decay for f values greater than a certain crossover con-
centration, f* (Supplementary Information), as shown in Fig. 1c.
Moreover, the final decay can again be scaled onto a single master
curve, as shown in Fig. 1d; however, b 5 0.8, which is higher than for
our microgel of intermediate stiffness (Fig. le). When ta is plotted as a
function of f, we find exponential behaviour, ta 5 t0exp(Cf), where
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Figure 1 | Dynamics of microgel suspensions. a, c, Plots of g1(t) for
intermediate (a) and soft (c) microgels at Q 5 23mm21, where f ranges from
8 3 1024 to 8.1 and from 0.15 to 9.4, respectively. Filled symbols indicate
data for f , f*. b, d, Time–concentration superposition for
intermediate (b) and soft (d) microgels. The dashed lines are stretched
exponential fits. e, The stretching exponent b remains constant for values of
f greater than f* (the range of f* is indicated by the shaded region) for both
intermediate (circles, R0 5 92 nm; squares, R0 5 168 nm) and soft (triangles,
R0 5 80 nm) microgels.
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Figure 2 | Fragility range for colloids. a, Plot of kta versus f for stiff
(diamonds, R0 5 95 nm)8, intermediate (empty circles, R0 5 92 nm) and soft
(triangles, R0 5 80 nm) microgels, where k is chosen to collapse the data onto
those of the intermediate sample at low f values. Data for a second
intermediate sample (empty squares, R0 5 168 nm) scale onto those of the

first for f . f*, as expected. Rescaled shear viscosities (intermediate: crosses
in circles, R0 5 92 nm, and crosses in squares, R0 5 168 nm; soft: crosses,
R0 5 80 nm) and rheological structural relaxation times (intermediate:
pluses in circles, R0 5 92 nm, and pluses in squares, R0 5 168 nm; soft:
pluses, R0 5 80 nm). b, Same as a, with f normalized by fg 5 f(ta 5 100 s).
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C is a constant, as shown by the triangles in Fig. 2a; the same
behaviour is observed in measurements of both rheology (pluses)
and viscosity (crosses). This exponential dependence is analogous
to the Arrhenius behaviour typically observed in strong molecular
glass-formers such as silica, but here with T exchanged for 1/f; the
exponential dependence also corresponds to VFT behaviour with
f0? f.

We thus confirm our hypothesis that the concept of fragility can be
extended to colloidal systems by control of the particle elasticity and
through the variation of f. Interestingly, we also find the smallest
stretching exponent for the sample with the strongest dynamic beha-
viour. This observation is reminiscent of that seen in molecular systems,
where a correlation between higher b values and stronger dynamic
behaviour has been reported5.

To explore the analogy between soft colloidal suspensions and
molecular glass-formers further, we represent our data in a rescaled
Arrhenius plot in a fashion similar to that used for molecular glasses5.
For molecular glass-formers, the abscissa of this plot is typically
scaled by Tg, defined as the temperature T(ta 5 100 s) (ref. 5), where
the structural relaxation is no longer experimentally accessible. By
analogy, we rescale the concentration f by fg 5 f(ta 5 100 s) to
obtain the corresponding plot for colloids. We view the slope of
the data at fg as the fragility. As in molecular liquids, the fragility
varies continuously from strong to fragile, as shown in Fig. 2b; for the
microgels, it is controlled by particle elasticity. We note that the ratio
fg/f* is smaller the more fragile is the behaviour, just as the ratio T*/Tg

is smaller the more fragile is a molecular liquid5; here, T* denotes the
crossover temperature (Supplementary Information). Changes in
molecular motions, characteristic of a deeply supercooled liquid, are
first observed at T*, corresponding to f* in colloids. We note that
pressure-dependent measurements on molecular liquids can be
summarized by a similar type of plot of viscosity as a function of
inverse volume rescaled by the glass-transition volume; this suggests
a connection between volume-dependent fragility in colloids and
molecular liquids9.

To investigate the role of particle elasticity in the dynamic arrest, we
used oscillatory rheology to determine the concentration dependence
of the elastic modulus on a timescale characterizing local particle
motion, G’p(f) (Methods Summary). We determined the elastic
energy on a particle length scale G’p(f)Vp, where Vp, the volume
of the deformable particles, is estimated for f $ f* to be Vp 5

(f*/f)4pR3
0/3. This elastic energy dominates over thermal energy near

the glass transition for all samples, as demonstrated by the dependence
of G’p(f)Vp/kBT on f/f* (Fig. 3a; kB, Boltzmann constant); here we
scaled by f* to mark the onset of the relevant dynamic range.
Moreover, we observe a direct correlation between the growth of this
energy ratio and fragility: the softer the particles, the stronger their
suspension behaviour and, correspondingly, the weaker the growth of
elastic energy with f as it increases above f*. This suggests that the

suspension elasticity on the particle scale controls the dynamics above
f* and, thus, determines the fragility. To compare data for different
fragilities, we determined the volumes V*5 cVp (Supplementary
Information), where c is a constant chosen to make the elastic energy
equal the thermal energy at f*. The energy ratios increase more
quickly as the fragility increases, as shown by a plot of G’p(f)V*/kBT
as a function of f/f* (Fig. 3b). We find that V* is smaller than the
particle volume for all samples, confirming that the elasticity on local
length scales determines the fragility.

For supercooled liquids, there are apparent correlations between
fragility and the behaviour of the elastic properties10–15 as expressed,
for example, by the non-ergodicity parameter12, the bulk and shear
moduli10,11,13–15 or the strength of the boson peak14; however, the under-
lying origin of fragility in supercooled liquids remains unresolved. On
the basis of our results for deformable colloids, we explored the
possibility that the elastic energy correlates with fragility also for
molecular systems. We determined the elastic energy, G‘(T)V �liq, where
G‘(T) denotes the high-frequency shear modulus as measured by
Brillouin light scattering and V �liq, the volume for each liquid, is chosen
such that G‘(T*)V �liq 5 kBT*. We find that G‘(T)V �liq/kBT as a function
of T*/T is well described by a linear function for each liquid; moreover,
an increase in fragility is accompanied by a more pronounced slope, as
shown in Fig. 3c. In addition, V �liq is smaller than the molecular size for
all liquids (Supplementary Information), in further analogy with our
findings for soft, deformable colloids. The striking qualitative similarity
in the behaviour of the elastic energies of molecular systems and col-
loidal suspensions confirms the important role of elasticity in deter-
mining fragility. Our results thus suggest that thermal activation
controls fragility, with a f-dependent elastic energy for colloids, cor-
responding to a T-dependent elastic energy for molecular liquids.

Structural relaxation in molecular glass-formers can be described
by thermal activation within a complex energy landscape, which
reflects the possible configurations of the system; fragility is reflected
in the detailed topology of this energy landscape5,16. Fragility might
also have a parallel in the temperature dependence of purely ther-
modynamic properties, such as entropy17,18. Interestingly, theoretical
work for colloidal hard-sphere systems suggests that the w variation
of the local configurational properties is surprisingly similar to the
T variation of the corresponding configurational properties of
molecular liquids19. This implies that the concept of fragility is far
more general than previously believed. Our work provides more
evidence for this by demonstrating that the concept of fragility can
be directly extended to suspensions of deformable colloidal particles,
where particle concentration controls glass formation. Furthermore,
our work suggests that the origin of the variation in fragility resides in
the elastic properties of the particles themselves; soft particles lead to
strong behaviour and hard particles lead to fragile behaviour.

In molecular glass-formers, strong dynamic behaviour generally
reflects a significant degree of directional bonding that is typical of
network-forming glass-formers such as silica. By analogy, we specu-
late that the origin of the behaviour of colloidal suspensions is similar:
softer particles are more easily deformed, and as the particles shrink
their shapes will increasingly deviate from the spherical, which in turn
leads to an increased directionality of interparticle interactions20,21,
corresponding to strong behaviour. By contrast, hard particles retain
their spherical shape and their interactions are more isotropic, cor-
responding to fragile behaviour.

The results presented here demonstrate the remarkable similarities
between the behaviours of colloidal and molecular glass-formers, and
suggest that an improved understanding of glass formation may
come from exploring the properties of other soft colloidal systems,
such as solutions of star polymers22 and block-copolymer micelles23.

METHODS SUMMARY
Microgel properties. Our microgel particles consisted of interpenetrated and

crosslinked polymer networks of poly(N-isopropylacrylamide) and polyacrylic

acid24. To study the glass-forming properties of the microgel suspensions, we
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Figure 3 | Elasticity of glass-formers. a, Data for soft (triangles) and
intermediate (circles) microgel suspensions compared with data for a
suspension of model hard spheres (diamonds)25. For the hard-sphere
system, f*5 w*5 0.53 (ref. 26). The lines are guides to the eye. b, A different
representation of the data in a. c, Data for orthoterphenyl (diamonds)27,
salol (squares)28, glycerol (circles)29 and silica (triangles)30. The dashed lines
are fits to the data. The plot is explained in detail in the text.
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used systems with size polydispersities of ,40%, which successfully suppressed
crystallization. In addition, our samples were naturally well matched in both

density and refractive index, as the particles contained a large fraction of water.

The synthesis parameters sensitively affected the elastic properties of the micro-

gel particles themselves. We determined the elastic properties by investigating

the change in particle size with osmotic pressure or with temperature

(Supplementary Information).

Elasticity of the microgel suspensions. The viscoelastic shear moduli G9(v) and

G99(v), measured for different suspension concentrations, can be superimposed

on a master curve by scaling the frequency. Moreover, the master curves for

different suspensions can themselves be superimposed onto one common master

curve by scaling the magnitudes of the moduli (Supplementary Information).
This behaviour enabled us to determine the elastic response at a frequency

corresponding to local particle motion, vp, determined as the characteristic

rheological timescale at f* (Supplementary Information). For the intermediate

and the soft samples, we determined G’p 5 G9(vp), the elastic modulus at vp,

and from G’p we determined the effective elastic energy per particle, G’pVp. We

compared our results with data for a hard-sphere-like system from ref. 25.
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