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The occurrence of non-equilibrium transitions between arrested states has recently emerged as an intriguing issue in
the field of soft glassy materials. The existence of one such transition has been suggested for aging colloidal clays
(Laponite® suspensions) at weight concentration 3.0 %, although further experimental evidences are necessary to vali-
date this scenario. Here, we test the occurrence of this transition for spontaneously aged (non-rejuvenated) samples, by
exploiting the rheological tools of Dynamical Mechanical Analysis. On imposing consecutive compression cycles to
differently aged clay suspensions, we find that a quite abrupt change of rheological parameters occurs for ages around
three days. For the Young and elastic moduli, the change with the waiting time is essentially independent from the
deformation rate, whereas other "fluid-like" properties, such as the loss modulus, do clearly display some rate depen-
dence. We also show that the crossover identified by rheology coincides with deviations of the relaxation time (obtained
through X-Ray Photon Correlation Spectroscopy) from its expected monotonic increase with aging. Thus, our results
robustly support the existence of a glass-glass transition in aging colloidal clays, highlighting characteristic features of
their viscoelastic behaviour.

I. INTRODUCTION

In recent years, soft materials have emerged as a priv-
ileged stage to unveil rich and unconventional "phase dia-
grams", with out-of-equilibrium and time-dependent features,
including transitions between seemingly arrested states1–5.
Colloidal clays have been largely exploited as good model-
systems to address these topics6–9; these systems have also
been proven useful as self-assembling materials10, thanks to
their anisotropic shape and complex interactions.

Among those colloidal materials, an industrial synthetic
clay, Laponite®, is today considered a privileged system
to spontaneously build up locally anisotropic structures4,9.
Laponite® in water is a charged colloidal suspensions of disc-
shaped particles of nanometric dimensions, with an aspect ra-
tio 25:1, having a net negative charge on the faces and a pos-
itive one on the rims. The anisotropic particle shape together
with the presence of competitive repulsive and attractive
Coulombic interactions and with their directionality are at the
origin of very intriguing aging phenomena, driving the sus-
pension from a liquid state towards different arrested states,
depending on clay and salt concentration9. Since the pioneer-
ing work of Mourchid et al.11, the state diagram of such sus-
pensions has been very debated and the arrested states have
been alternatively distinguished in gels and glasses9,12–14. The
structure and relaxation dynamics of Laponite® during aging
have been deeply investigated through different experimen-
tal techniques such as light15–22, X-ray4,5,23–29 and neutron
scattering30–33, rheology5,34,35, as well as through theory and
simulations36–43 and display a range of intriguing features, in-
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cluding signatures of "anomalous aging", as observed in a va-
riety of soft glassy materials44–49.

Focusing on salt-free water conditions, combination of ex-
periments, theory and simulations suggests that gel and glass
are respectively obtained below and above a clay concentra-
tion of Cw =2.0 %9. Below Cw = 2.0 %, where attractive
interactions are thought to dominate, an "empty liquid" and
an equilibrium gel have been located for Cw < 1.0 % and
1.0 % < Cw < 2.0 %, respectively4. On the other side, for
Cw ≥ 2.0 %, the formation of a Wigner glass (WG)25,50, i.e.
an arrested state formed by disconnected particles stabilized
by electrostatic repulsions, has been proposed. At those rel-
atively high concentrations, contrasting opinions about the
nature of the arrested states (whether glass or gel) do ex-
ist4,5,9,13,14,24,25,34,35,50,51. Here, drawing on the “glassy” sce-
nario4,5,13,34, we emphasize that, even in the WG, attractive in-
teractions may play a relevant role, possibly leading to a slow
evolution of local particle configurations with waiting time.
This picture is based on experiments at high concentration,
Cw = 3.0 %, which have been interpreted in terms of a sponta-
neous glass-glass transition: with increasing waiting time, the
system spontaneously evolves from the WG to a second glassy
state5. It is worth noticing that glass-glass transitions2,3,52,53

are quite rare to be found, especially at ambient conditions,
and are usually driven by a change of some external parame-
ter.

The possibility of a spontaneous glass-glass transition in
Laponite® suspensions is mainly supported by the following
experimental results5: 1) for glassy samples rejuvenated by
pumping them in a syringe, the late decay of the dynamic
correlation function shows a crossover from a stretched to a
compressed exponential, occurring around three days after re-
juvenation; 2) in a similar range of time after rejuvenation, the
position of the peak of the structure factor S(Q) shifts of about
10%; 3) for spontaneously aged (non-rejuvenated) samples, a
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counterpart of the above mentioned results consists in a jump
of the storage G

′
(ω) and loss G

′′
(ω) moduli, measured un-

der oscillatory shear, for waiting time around three days after
sample preparation.

Other important insights of5 arise from simulations of a
stylized numerical model. The idea is that the equilibrium
structure obtained through Monte Carlo (MC) dynamics at
different temperatures may give some hints on the out-of-
equilibrium structure of real Laponite® suspensions at differ-
ent waiting times. The simulations show that, around a given
MC temperature, the local structure of platelets tends to pref-
erentially rearrange into disconnected T-shaped geometries,
with the entire system stabilized by orientational attractions:
accordingly, the second glassy state at long waiting times has
been called Disconnected House of Cards (DHOC)5. Such
a transition from a WG to a DHOC is clearly detected by
visualizing the local particle configuration in direct space,
which is, of course, straightforward in simulations, but exper-
imentally unfeasible with state-of-the-art techniques for ac-
tual Laponite® suspensions. Thus, the structural changes ob-
served in simulations cannot be directly validated in experi-
ments. However, simulations also show that the direct-space
transition from WG to DHOC is accompanied, in recipro-
cal (Fourier) space, by a change of the structure factor S(Q),
which is qualitatively compatible with that observed in experi-
ments (see point 2). This result strongly supports the possibil-
ity that the structural changes observed in simulations mirror
those occurring in experiments. However, all of this is still far
from being an ultimate proof, as no univocal relation exists,
in general, between S(Q) and direct space configurations (es-
sentially, the same S(Q) may correspond to different types of
direct space configurations).

Thus, while5 has the great merit to firstly highlight the pres-
ence of the transition, it should be clear that much is left to
know about its nature, and that, in the impossibility of exper-
imentally monitoring the local structure in direct space, the
only feasible way to probe the proposed transition consists in
collecting further "indirect" evidences, in addition to the three
ones provided in5.

This is exactly the goal of this work, where the viscoelastic
response upon compression of Laponite® suspensions at Cw =
3.0 % in salt-free conditions is investigated in depth through
Dynamical Mechanical Analysis for a range of waiting times,
and compared with X-Ray Photon Correlation Spectroscopy
(XPCS) measurements of autocorrelation functions, to fol-
low the evolution of the system dynamics across the proposed
glass-glass transition.

While the shear rheology of Laponite® has been investi-
gated in several papers (for example5,34,35,54–57) under a va-
riety of conditions, DMA tests have never been used, to the
best of our knowledge. Notably, our rheological characteri-
zations are performed both in a non-linear and linear regime,
trough stress-strain compression cycles and frequency sweep
tests, respecively, and cover waiting times significantly larger
than in5.

It is worth remarking that here we chose on purpose to fo-
cus on non-rejuvenated samples, for which only one evidence
of the transition is provided in5 (see point 3 above). When

FIG. 1. Stress-strain curves for five consecutive DMA cycles for
samples aged for 1 day and 7 days, submitted to force rates dF/dt =
0.025 N/min (a,b) and 0.2 N/min (c,d). For each cycle, a backward
shift has been applied, equal to the residual strain at the end of the
previous cycle. For the exemplificative case of the first cycle in panel
(a), the arrows indicate the compression (1) and decompression (2)
ramps of the cycle, and the residual strain εr.

dealing with rejuvenated samples, in fact, the outcomes may
strongly depend on the type and the details of the adopted reju-
venation protocol. Furthermore, rejuvenation protocols, such
as pumping the suspensions in a syringe like in5, hardly allow
for fine control of the relevant parameters (e.g. the shear rate).
Thus, we firmly believe that non-rejuvenated samples are the
most appropriate standard to probe the proposed transition.

Here we do provide the following new experimental evi-
dences supporting the existence of a transition for ages just
around 2-3 days: a) a jump in the elastic modulus and in the
residual strain measured through DMA upon compression; b)
a jump in the storage and loss moduli measured upon com-
pression, through frequency sweep oscillatory rheology; c) an
anomalous trend of the relaxation time and of the strecthing
exponent measured through XPCS.

II. EXPERIMENTAL METHOD

A. Sample preparation

Laponite® is a synthetic smectite clay, belonging to the
2:1 phillosilicate family, with its unitary cell consisting of
one octahedral layer of six magnesium ions, sandwiched be-
tween two layers of four tetrahedrally coordinated silicon
atom groups, in the presence of four oxydril groups (OH) and
interlayer sodium cations. The substitution of some divalent
magnesium ions in the octahedral sheet by monovalent lithium
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FIG. 2. (a) ∆ε and (b) Λε as a function of the waiting time for the
smallest and the largest force rates.

ions, provides a negative charge of -0.7e to the unit cell and
a molecular formula Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]

−0.758;
moreover in aqueous solution the dissociation of OH− ions
from the rims leads to their positive charge and raises the pH
of the solution59. The unitary cell repeated about 1500 times
in two dimensions, forms a Laponite disc with a diameter of
25 nm and 1 nm thick9 with a uniformly distributed negative
charge on the surface, around several hundred unit charge e
and positive on the rims, ten times lower for a salt-free sys-
tem, as in our case14,59,60.

The sample was prepared at a weight concentrations Cw =
3.0 %, as extensively described in9: the oven-dried Laponite®

RD manufactured by Laporte Ltd was dispersed in ultra pure
deionized water (Cs ≈ 1×10−4 M) and kept under stirring for
30 minutes. Soon after, it was filtered through a 0.45 µm pore
size Millipore filter in a Petri dish closed and sealed and the
time at which the suspension was filtered was considered the
origin of the waiting time (tw = 0). From this moment on, the
sample starts aging up to undergoing a liquid-glass transition
at a time of the order of few hours51. Cylindrical specimens
of about 15 mm diameter and 5 mm thickness were obtained
through an handmade shaper, as shown in Fig. S1a of the
supplementary material. It is worth remarking once again here
that, at variance with5, no rejuvenation protocol is applied in
any of our experiments.

B. Dynamical mechanical measurements

The viscoelastic response of Laponite® suspensions has
been investigated through a Dynamic Mechanical Analyzer
(DMA) Model Q800 from TA Instruments. The cylindrical

samples of aqueous susensions of Laponite® at Cw = 3.0 %
were placed on the plate, kept at 25 oC and measured in com-
pression configuration with controlled force, as shown in Fig.
S1b and c of the supplementary material.

These kind of mechanical tests allow to measure the elas-
tic modulus under compression, E, in analogy with measure-
ments performed in shear mode, which provide the shear mod-
ulus (G). Two types of tests were performed: stress-strain and
frequency sweeps.

In the stress-strain tests, a ramp force has been performed
up to a maximum compression value Fmax = 0.01 N, followed
by a corresponding decreasing ramp down to the vanishing of
the force; five consecutive cycles of such ramp-up/ramp-down
protocol have been performed for each experiment. Due to an
instrumental issue, the last cycle of each experiments is not
fully complete (i.e. zero force condition is not completely
restored at the end of each experiments).

The stress, σ , given by σ = Fn
A , where Fn is the compression

force and A is the nominal surface of the sample, and the cor-
responding strain ε = L−L0

L0
have been measured, with L and

L0 being the actual and the initial height of the sample.
Different force rate, dFn/dt, have been applied in the range

(0.025 ÷ 0.2) N/min, and measurements were performed at
different waiting times, tw, from one day up to one week.

For each investigated waiting time and force rate, a new
sample was used. Evaporation effects over the duration of
a measurement (4 minutes at most) were ruled out through
water evaporation tests as a function of time, as reported in
Fig. S2. For any investigated waiting time and force rate, three
independent measurements were performed. See Fig.S3 for
some examples of measurements from replicated experiments.

In the frequency sweep tests an oscillatory experiment has
been carried out with a sinusoidal compression stress σ

σ(t) = σ0sin(ωt) (1)

and a strain ε that, for a viscoelastic material, presents a phase
lag δ

ε(t) = σ0J′sin(ωt)+σ0J′′cos(ωt) (2)

with J′ = ε0/σ0 cosδ , J′′ = ε0/σ0 sinδ , where σ0 is a fixed
compression stress, ω = 2π f with f the frequency, and J′

and J′′ are the compliances. σ0 = 28.3 Pa has been appro-
priately selected in the linear regime, drawing on preliminary
amplitude-sweep tests at 1Hz at each investigated age. In
the linear regime, the moduli are connected by the follow-
ing equations: E ′ = J′

J′2+J′′2 and E ′′ = J′′
J′2+J′′2

61, where E ′ is
the storage modulus of the material in-phase with the strain
and E ′′ the loss modulus out of phase with it. Similarly to the
shear storage, G′, and loss, G′′, moduli, E′ and E′′ are related
to the material‘s ability to store energy elastically and dissi-
pate stress through heat, respectively. Frequency sweep tests
were performed at the same waiting times as for stress-strain
cycle tests, and a new sample was used for each investigated
waiting time. Measurements at a few values of the waiting
time were repeated on further samples to check reproducibil-
ity.
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FIG. 3. Stress-strain curves for the fourth DMA cycle for samples
submitted to force rates (a) dF/dt = 0.025 N/min and (b) dF/dt = 0.2
N/min and aged for different waiting times, as indicated.
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FIG. 4. Young modulus E, estimated from a linear fit to the initial
part of datasets like those in Fig. 2 averaged over five DMA cycles
and over independently measured samples, as a function of the nor-
mal force rate at different waiting times.

C. XPCS measurements

XPCS measurements were performed at the ID10 beam-
line at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). Using an incident partially coherent X-ray
beam with energy fixed at 8 keV a series of scattering images
was recorded by using a charged coupled device (CCD) and
averaged intensity autocorrelation function

g2(Q, t) =
⟨⟨I(Q, t0)I(Q, t0 + t)⟩p⟩

⟨⟨I(Q, t0)⟩p⟩2 (3)

was calculated by using a standard multiple τ algorithm62.
Here, ⟨...⟩p is the ensemble average over the detector pixels
mapping onto a single Q value and ⟨...⟩ is the temporal aver-
age over t0,

Our XPCS results include a dateset from a previous work27

and two new datasets targeted to a restricted and finely re-
solved range of waiting times, just within the time-window
of the expected glass-glass transition. The three datasets cor-
respond to three different samples that have been prepared

at the same time and tested for different time-spans within
the same overall beamtime, by repeatedly switching the sam-
ples within the apparatus. Such a protocol has been specif-
ically designed to check reproducibility while probing the
largest waiting-time range (up to 3.11 days) within the limited
available beamtime. Indeed, within the given beamtime, it
would not have been possible to cover the same waiting-time
range with "in-series" measurements for three distinct sam-
ples. To further support the reproducibility of our results, we
also analysed a new dataset on Laponite® suspension, always
at Cw=3.0%, but in deuterated water D2O, from an experi-
ment originally designed to make a comparison with neutron
spin echo measurements33.

III. RESULTS AND DISCUSSION

A. Stress-strain cycles

We start by giving an overview of the stress-strain cyclic
tests. In the four panels of Fig. 1, we show σ -ε plots at
the smallest (1 day) and the largest (7 days) waiting times
(columns) and for the minimum (dF/dt = 0.025 N/min) and
maximum (dF/dt = 0.2 N/min) imposed force rates (rows). In
each panel, all the five consecutive cycles have been included,
with a proper shift of the corresponding curves backward to
zero strain at any starting of a cycle. Shifting is indeed neces-
sary to get a more neat representation of the experiments, as
cycles do not "close", i.e. some detectable residual strain is
often present at the end of each cycle. In all cases, an hys-
teresis is found in the material response, whose magnitude
is almost unaffected by the cycle number, especially at the
largest force rate. A single yet fully reproducible exception
is found for the first cycle of the youngest sample at the low-
est force rate (see panel a, for which the hysteretic behavior is
much more marked and, eventually, the residual strain is much
larger than for the following four cycles. Data show that, in
the initial portion of any cycle, a linear stress-strain relation
holds, thus allowing for the measurement of an effective elas-
tic modulus, to be discussed below. Finally, we notice that the
maxima of the strain, attained at the end of the rising ramps,
are significantly larger (by more than a factor 3 and indepen-
dently from the force rate) for the young sample. Such an
"age-stiffening" effect is, in fact, observed in many soft amor-
phous solids, including (physical) polymer gels and colloidal
glasses (for example46,48,63–65), and is commonly ascribed to
a compactification of the underlying structure.

In order to better show to what extent consecutive cycles
differ from each other, both in terms of maximum of the strain
and of width of the hysteresis, we define:

∆ε =
ε∗f − ε∗i
ε∗f + ε∗i

(4)

where ε∗f and ε∗i are the maxima of the strains attained during
the final and initial cycles, respectively, and

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

59
2



5

Λε =
Γ f −Γi

Γ f +Γi
(5)

where Γ f and Γi are the full-width at half-maximum of the
final and the initial cycles, respectively.
Figure 2 shows the absolute values of ∆ε and Λε in panels a
and b, respectively, as a function of waiting time and for the
smallest and the largest force rates. A clear trend is observed
only at the smallest force rate, where both |∆ε | and |Λε | are
found to decrease over the first three days. By contrast, on
increasing the force rates, the curves becomes essentially flat
over the whole waiting time range, as exemplified through the
data at the largest dF/dt in the figure.

Overall, Fig.s 1 and 2 suggest that the material response is
closely elastic and memoryless for all experiments, but for
young samples at the lowest force rate. In the latter case,
the response seems to be affected by the short-term history of
the sample, with a more marked viscoelastic and, at the same
time, weaker solid-like response, especially during the first
DMA cycle. Such a behaviour is due to the material relaxation
time being comparable (in the young samples) with the char-
acteristic time of the imposed deformation. In agreement with
our observations, those times are expected to become signifi-
cantly different (and, in turn, viscoelastic effects less relevant)
both on increasing waiting time and force rate. Indeed, the re-
laxation time usually increases with the waiting time 27. The
present data suggest that, in the young samples, the interplay
between structural relaxation and deformation rate results in
an hardening induced by successive cycles.

To illustrate more neatly how the material response depends
on waiting time and force rate, we now focus on the fourth
DMA cycles (i.e. the last fully complete cycle of each ex-
periment) , where any memory effect has become much less
relevant (even for young samples at the smallest force rate).
The curves obtained at all investigated waiting times are re-
ported in Fig. 3, at the smallest and the largest force rate in
panels a and b, respectively. It is quite evident that no qualita-
tive difference appears by comparing the two panels. In both
cases, the initial slope of the curves tends to increase on aging.
Such aging-induced-hardening shows, however, a quite abrupt
"jump" with waiting time, as indicated by the clear clustering
of the curves for tw ≤ 2 days and for tw ≥ 3 days, respectively,
which is a first signature of a sudden crossover in the rheolog-
ical properties taking place in between those time intervals.

To further characterize this distinctive behaviour, we show
in Fig. 4 the effective Young modulus E as a function of the
force rate at five different waiting times. At any waiting time
and force rate, E was obtained by averaging the slope of the
initial parts of each ramp-up over cycles66, and over indepen-
dently measured samples (see Fig. S3a for some example of
replicated measurements).

A very similar behaviour is observed for samples one-day
and two-days old, with values of the Young modulus of the or-
der of a few Pa. On the contrary, for waiting times higher than
three days, a jump of E to values around 10 Pa is found. The
existence of two different rheological behaviours is consistent
with the occurrence of a glass-glass transition in Laponite sus-

1 2 3 4 5 6 7
10-4

10-3

10-2

0.1
10-4

10-3

10-2

e r

b)

e r

 dF/dT=0.025 N/min
 dF/dT=0.2 N/min

tw(days)

a)
 day=1
 day=2
 day=3
 day=4
 day=7

dF/dt (N/min)

FIG. 5. Residual strain (a) as a function of the waiting time for the
smallest and the largest force rates, and (b) as a function of the force
rate at different waiting times. Data are averaged over four DMA
cycles and over independently measured samples. Solid lines in both
panels are guide to the eyes and should not be considered as sugges-
tive of underlying functional forms.

pensions at Cw = 3.0 %.
To corroborate these findings, the residual strain εr (deter-

mined as the strain when the stress goes back to zero at the
end of each shifted cycle), averaged over four cycles and over
independently measured samples (see Fig. S3b) for some ex-
ample of replicated measurements), is shown in Fig. 5a as
a function of force rate at different waiting times. Data are
characterized by a linear decreasing trend and, again, by the
existence of two different families of curves for samples mea-
sured before and after three days, reinforcing the idea that, in
between two and three days, the system undergoes a transition
towards a different glassy state. In Fig. 5b), complementing
Fig. 5a, the residual strain εr is shown as a function of waiting
time, for the smallest and the largest force rates. Curves dis-
play a tendency to plateau at low and high waiting times, with
a clear deflection just in between 2 and 3 days.

B. Frequency sweep tests

To further explore the indicated transition, we now describe
the results of oscillatory measurements at different waiting
times, as shown in Fig. 6. In all cases, the elastic modu-
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FIG. 6. Main: frequency dependence of the elastic and loss moduli,
E ′(ω) (full symbols) and E ′′(ω) (open symbols) at different waiting
times, as measured in frequency sweep experiments. Inset: Elastic
(a) and loss (b) moduli (from the frequency sweep experiment) as
a function of the waiting time at the two frequency values f = 0.1
Hz and f = 3.0 Hz indicated by the arrows. Solid lines are guide to
the eyes and should not be considered as suggestive of underlying
functional forms.

lus E
′
(ω) is almost one order of magnitude larger than the

loss modulus E
′′
(ω), confirming the solid-like nature of the

system. Moreover, the elastic modulus E
′
(ω) displays a

frequency-independent behaviour over the probed frequency
range, while E

′′
(ω) exhibits a decrease at high frequencies,

indicating a change of the "liquid-like" properties of the sys-
tem. Even in this experiment, a jump of the moduli, more
evident for the elastic modulus, arises. In fact, for ages up to
roughly 2 days, E

′
(ω) is about 5 · 103 Pa, while it is larger

by a factor two/three above 3 days. In the inset of Fig. 6, the
moduli are reported as a function of waiting time at two se-
lected frequency 0.1 Hz and 3 Hz, as indicated by the arrows
in the main panel. The figure highlights that, for E

′′
, the jump

is only evident at high frequency.

C. XPCS results

Some examples of normalized intensity autocorrelation
functions g2(Q, t)−1 as a function of time and at fixed wave-
vector67, Q = 0.10nm−1, are shown in Fig. 7a for Laponite
samples at weight concentration Cw=3.0% and at different
waiting times. The time-dependence of the correlation func-
tions is generally well described by the fitting expression:

g2(Q, t)−1 = Aexp[−(t/τ)β ]2 , (6)

where τ is a characteristic relaxation time and β is the
Kohlrausch exponent, also known as stretching exponent.

The relaxation time τ obtained through these fits is shown
in Fig. 7b as a function of the ageing time in a range 0.5−3.2

days, just across the suggested glass-glass transition. The fig-
ure features four different sets of data at Cw=3.0%, including a
dataset from27 (black circles), as well three new datasets, ob-
tained for suspensions in water (violet pentagons and orange
hexagons) and in deuterated water D2O (light blue squares),
respectively (see Sec. II C for details). We have also marked
with red squares the relaxation times at tw = 1, 2 and 3 days,
to highlight that the corresponding values mirrors the behav-
ior observed for the rheological quantities, with a marked
jump (about one order of magnitude) between two and three
days. This result points to the existence of a correlation be-
tween relaxation time and the mechanical moduli. Figure 7b
also shows the presence of a shallow minimum around tw = 2
days. This feature seems to be quite robust and reproducible,
as demonstrated by the coherent behaviour of the different
datasets. The inset in bi-logarithmic scale better illustrates
that this minimum in fact takes the form of a downward devi-
ation with respect to the power-law τ ∝ t1.8

w , clearly visible in
a range of smaller waiting times. Notice that the inset also in-
cludes a dataset at a slightly larger wave-vector Q=0.14 nm−1

from23, to show that the power-law scaling preceding the min-
imum is also quite robust. An analogous observation of a min-
imum in the waiting time dependence of the relaxation time
had been previously reported for polystyrene colloids and at-
tributed to the "first appearance" of large inhomogeneities in
the sample68. We envisage that, in our samples, an onset of
large inhomogeneities is related to the occurrence of a glass-
glass transition. Moreover, the high resolution (in terms of
tw) of our XPCS data reveals how, in the time-range around
2-3 days, the above discussed features of the relaxation time
occurs on the top of quite large fluctuations, as evident in the
main panel of Fig. 7b. The observation of such fluctuations
provides evidence of an "anomalous" microscopic dynamics
in Laponite®, right in correspondence of the supposed glass-
glass transition.

The inset of Fig. 7a shows the stretching exponent obtained
from the same fits (Eq. 6) as in Fig. 7a, and points to a
stretched exponential decay (β < 1) of the correlation func-
tions at almost all waiting times. In our spontaneously aged
samples, β does not switch from a stretched (β < 1) to a com-
pressed (β > 1) exponential behavior across the glass-glass
transition, as reported for rejuvenated samples5. However, a
“localized fluctuation” with β > 1 is observed at waiting times
corresponding to the dip of the relaxation time (inset of Fig
7b). It worth remarking that “stretched-to-compressed” transi-
tions are commonly ascribed to the release of internal stresses
in the sample, as observed in several colloidal systems69–74.
In the case of Laponite®, such transition might be driven by
the rejuvenation process through a syringe, as discussed in27.
Here, in the lack of any rejuvenation, we speculate that the
restructuring of correlated regions from the first to the sec-
ond glass is accompanied by bursts of internal stress releases,
which tend to cease after the transition, with an ensuing re-
covery of the stretched exponential behaviour.

Overall, our analysis indicates that signatures of the glass-
glass transition can be spotted out through XPCS measure-
ments even in the absence of any rejuvenation protocol, es-
pecially focusing on the relaxation time, and therefore nicely
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FIG. 7. (a) Some examples of XPCS normalized intensity autocor-
relation functions g2(Q, t)− 1 at wavevector Q = 0.10 nm−1 and at
several waiting times just across the glass-glass transition, as indi-
cated. Solid lines are stretched exponential fits, as in Eq. 6. Inset:
stretching exponent β as a function of waiting time for four different
datsets (see Sec. II C for details). (b) Relaxation time τ as a function
of waiting time for the same datasets as in panel a; red squares in-
dicate the value of τ at one, two and three days. Inset: data in the
main panel are plotted in log-log scale, together with the relaxation
time, reported in23, at a slightly larger wave-vector Q= 0.14 nm−1

and in a range of relatively small tw (green squares). The solid line is
a power-law guide-to-the-eyes, τ ∝ t1.8

w .

complements the conclusions of5, which instead focused on
the stretching exponent of rejuvenated samples.
IV. DISCUSSION AND CONCLUSIONS

In this paper, we have studied Laponite® suspensions at
Cw = 3.0 % in salt-free water, at different waiting times, and
in the absence of any sample rejuvenation, through Dynami-
cal Mechanical Analysis and XPCS. Overall, the present re-
sults clearly support the existence of a spontaneous transi-
tion between two glasses with distinctive properties, up to
the macroscopic rheological scale. The characteristic waiting
time range (between 2 and 3 days) of the transition found in
our work corresponds to that in5, strongly suggesting that the
observed transition is the same. Another confirmation comes
from our measurement of the moduli E

′
and E

′′
being of the

same order of magnitude of G
′

and G
′′

reported in5. The ex-

perimentally observed transition was previously interpreted as
the change from a WG to a DHOC glass, drawing on hints
from MC simulations5, and in the following we refer to this
nomenclature (WG and DHOC) for convenience.

In summary, all the investigated rheological quantities show
a clear jump at an waiting time up to around three days.
Our findings include distinctive features of the two glasses,
in terms of residual strain and elastic moduli upon deforma-
tion cycles and frequency sweeps, both in compression mode.
Results point out that DHOC glass is significantly less plas-
tic and harder than the WG. Moreover, beyond the transi-
tion time, material properties seem to remain roughly constant
up to the largest investigated age (one week), indicating that
DHOC glass is quite stable.

Concerning dynamic XPCS measurements, our analysis
firstly demonstrates that the glass-glass transition can be de-
tected by means of this technique, even without perform-
ing sample rejuvenation, as done in5. Indeed, the relaxation
time τ(tw) determined through XPCS also shows a jump be-
tween 2 and 3 days of aging, hence correlating with the above
jump in the mechanical quantities. The high temporal reso-
lution of these measurements (in terms of waiting time) al-
lows us also to highlight for the first time the presence of se-
vere fluctuations of τ emerging in the same time-range (2-3
days). We speculate that such fluctuations arise from an ongo-
ing marked change of the structure of Laponite® suspensions
from a glassy state to another glass, which takes place in a
correlated fashion.

Generally, the structural relaxation of aging glassy mate-
rials is a correlated process, showing spotty bursts of activity,
due to the cooperative motion of relatively large regions. Such
kind of spatially correlated rearrangements typically generate
large fluctuations of dynamical quantities in a variety of soft
glassy materials (see, e.g.s75–77). Thus, we do expect that the
restructuring underlying the present glass-glass transition oc-
curs through cooperative rearrangements of large regions that
spottily pass from a glassy state to another one, and are possi-
bly facilitated by local stress release, as suggested by the tem-
porary localized appearence of compressed exponential decay
of g2 − 1. These changes may likely consist in domains of
particles switching from the local structure typical of WG to
the T-shaped configurations of a DHOC, as suggested by the
MC simulations of5. The typical local relaxation time of such
rearranging regions is expected to be smaller than the charac-
teristic relaxation times of the two “stable” glassy states, and
to affect the global relaxation time. Indeed, in this picture, the
global relaxation time at a given tw would result from an av-
erage over the (different) local relaxation times corresponding
to regions that are i) still in the first (WG) glass, ii) already in
the second (DHOC) glass, and iii) actually undergoing a rear-
rangement from the first to the second glass. Accordingly, the
decreasing behaviour and the ensuing dip of the global relax-
ation time in proximity of the transition may be related to the
first regions that start to undergo the transition, whereas the
following fluctuations may be related to the later intermittent
activation of the restructuring of other regions.

In our opinion, the relevance of our work is twofold. On
the one hand, our results are relevant for advancing the fun-
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damental understanding of the glass-glass transition, a dis-
tinctive phenomenon in soft glassy materials. The sponta-
neous glass-glass transition here found in Laponite® suspen-
sions is an example of a phenomenon that might occurr in
other aging soft material, and therefore our results open the
way to the search for other systems undergoing this transi-
tion. Interesting examples may include colloidal rods78, as
well as other clays and/or heterogeneously charged colloidal
systems with competing attractive–repulsive electrostatic in-
teractions. On the other hand, in general terms, the knowl-
edge and control of aging processes occurring through differ-
ent glassy states is crucial in technological applications, when
assessing the long-term stability of soft materials. In fact,
nanosilicates, and in particular Laponite®, are increasingly
exploited as alternative systems to conventional 2D nanopar-
ticles with enhanced physical, chemical and biological func-
tionalities79. More specifically, the long-term stability of the
system, discussed in the present paper, is of critical and vital
importance for their highly promising applications in biomed-
ical fields, such as bone tissue engineering79–81 and 3D bio-
printing fillers82,83.

As a future perspective, it will be interesting to explore
whether the coupling between external load and hardening,
which we here found to be quite evident in young samples of
Laponite®, may have more general implications. As an exam-
ple, it is tempting to speculate that the glass-glass transition
can be accelerated by persistent stress cycles.

SUPPLEMENTARY MATERIAL

See supplementary materials for additional figures, con-
cerning sample preparations and reproducibility tests.

ACKNOWLEDGMENTS

We acknowledge the European Synchrotron Radiation Fa-
cility (ESRF) for provision of synchrotron radiation facilities,
and we would like to thank A. Fluerasu, A. Madsen and B.
Ruta for assistance and support in using beamline ID10." We
aknowledge also G. Franzino for assistance and support with
DMA measurements.

AUTHOR DECLARATIONS

Conflict of interest

The authors have no conflicts to disclose.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

1V. J. Anderson and H. N. W. Lekkerkerker, “Insights into phase transition
kinetics from colloid science,” Nature 416, 811–815 (2002).

2K. N. Pham, A. M. Puertas, J. Bergenholtz, S. U. Egelhaaf, A. Moussaïd,
P. N. Pusey, A. B. Schofield, M. E. Cates, M. Fuchs, and W. C. K. Poon,
“Multiple Glassy States in a Simple Model System,” Science 296, 104–106
(2002).

3T. Eckert and E. Bartsch, “Re-entrant glass transition in a colloid-polymer
mixture with depletion attractions,” Phys. Rev. Lett. 89, 125701–4 (2002).

4B. Ruzicka, E. Zaccarelli, L. Zulian, R. Angelini, M. Sztucki, A. Mous-
saïd, T. Narayanan, and F. Sciortino, “Observation of empty liquids and
equilibrium gels in a colloidal clay,” Nat. Mater. 10, 56–60 (2011).

5R. Angelini, E. Zaccarelli, F. A. de Melo Marques, M. Sztucki, A. Fluerasu,
G. Ruocco, and B. Ruzicka, “Glass-glass transition during aging of a col-
loidal clay,” Nat. Commun. 5, 4049–7 (2014).

6L. J. Michot, I. Bihannic, S. Maddi, S. S. Funari, C. Baravian, P. Levitz,
and P. Davidson, PNAS 103, 16101 (2006).

7A. Shalkevich, A. Stradner, S. K. Bhat, F. Muller, and P. Schurtenberger,
“Cluster, glass, and gel formation and viscoelastic phase separation in aque-
ous clay suspensions,” Langmuir 23, 3570 (2007).

8M. C. D. Mourad, D. V. Byelov, A. V. Petukhov, D. A. Matthijs de Winter,
A. J. Verkleij, and H. N. W. Lekkerkerker, “Sol-gel transitions and liquid
crystal phase transitions in concentrated aqueous suspensions of colloidal
gibbsite platelets,” J. Phys. Chem. B 113, 11604–11613 (2009).

9B. Ruzicka and E. Zaccarelli, “A fresh look at the Laponite phase diagram,”
Soft Matter 7, 1268 (2011).

10S. C. Glotzer and M. J. Solomon, “Anisotropy of building blocks and their
assembly into complex structures,” Nature Materials 6, 557–562 (2007).

11A. Mourchid, E. Lecolier, H. Van Damme, and P. Levitz, “On viscole-
lastic, birefringent, and swelling properties of laponite clay suspensions:
Revisited phase diagram,” Langmuir 14, 4718–4723 (1998).

12P. Mongondry, J. F. Tassin, and T. Nicolai, J. Colloid Interface Sci. 283,
397 (2005).

13H. Tanaka, J. Meunier, and D. Bonn, “Nonergodic states of charged col-
loidal suspensions: Repulsive and attractive glasses and gels,” Phys. Rev. E
69, 031404 (2004).

14S. Jabbari-Farouji, H. Tanaka, G. H. Wegdam, and D. Bonn, “Multiple
nonergodic disordered states in Laponite suspensions: A phase diagram,”
Physical Review E 78, 061405 (2008).

15T. Nicolai and S. Cocard, “Dynamic light-scattering study of aggregating
and gelling colloidal disks,” J. Coll. Inter. Sci. 244, 51–57 (2001).

16M. Bellour, A. Knaebel, J. L. Harden, F. Lequeux, and J. P. Munch, “Aging
processes and scale dependance in soft glassy colloidal suspensions,” Phys.
Rev. E 67, 031405–8 (2003).

17B. Ruzicka, L. Zulian, and G. Ruocco, “Routes to gelation in a clay sus-
pension,” Phys. Rev. Lett. 93, 258301–4 (2004).

18F. Schosseler, S. Kaloun, M. Skouri, and J. P. Munch, “Diagram of the
aging dynamics in laponite suspensions at low ionic strength,” Phys. Rev. E
73, 021401–7 (2006).

19B. Ruzicka, L. Zulian, and G. Ruocco, “Ergodic to non-ergodic transition
in low concentration Laponite,” Langmuir 22, 1106 (2006).

20S. Jabbari-Farouji, G. H. Wegdam, and D. Bonn, “Gels and Glasses in a
Single System: Evidence for an Intricate Free-Energy Landscape of Glassy
Materials,” Phys. Rev. Lett. 99, 065701 (2007).

21R. K. Pujala and H. B. Bohidar, Soft Matter 8, 6120 (2012).
22D. Saha, J. M. Yogesh, and R. Bandyopadhyay, “Investigation of the dy-

namical slowing down process in soft glassy colloidal suspensions: com-
parisons with supercooled liquids,” Soft Matter 10, 3292–3300 (2014).

23R. Bandyopadhyay, D. Liang, H. Yardimci, D. Sessoms, M. Borthwick,
S. Mochrie, J. Harden, and R. Leheny, “Evolution of particle-scale dynam-
ics in an aging clay suspension,” Phys. Rev. Lett. 93, 228302–4 (2004).

24B. Ruzicka, L. Zulian, R. Angelini, M. Sztucki, A. Moussaïd, and
G. Ruocco, “Arrested state of clay-water suspensions: Gel or glass?” Phys.
Rev. E 77, 020402 (2008).

25B. Ruzicka, L. Zulian, E. Zaccarelli, R. Angelini, M. Sztucki, A. Mous-
saïd, and G. Ruocco, “Competing interactions in arrested states of colloidal
clays,” Phys. Rev. Lett. 104, 085701 (2010).

26E. L. Hansen, Jabbari-Farouji, H. Mauroy, T. S. Plivelicand, D. Bonn, and
J. O. Fossum, “Orientational order in a glass of charged platelets with a
concentration gradient,” Soft Matter 9, 9999 (2013).

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

59
2



9

27R. Angelini, L. Zulian, A. Fluerasu, A. Madsen, G. Ruocco, and B. Ruz-
icka, “Dichotomic Aging Behavior in a Colloidal Glass,” Soft Matter 9,
10955–9 (2013).

28R. Angelini, A. Madsen, A. Fluerasu, G. Ruocco, and B. Ruzicka, “Aging
behavior of the localization length in a colloidal glass,” Colloids and Sur-
faces A: Physicochemical and Engineering Aspects 460, 118–122 (2014).

29R. Angelini and B. Ruzicka, “Non-diffusive dynamics in a colloidal glass:
Aging versus rejuvenation,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects 483, 316–320 (2015).

30S. Bhatia, J. Barker, and A. Mourchid, “Scattering of disklike particle sus-
pensions: Evidence for repulsive interactions and large length scale struc-
ture from static light scattering and ultra-small-angle neutron scattering,”
Langmuir 19, 532–535 (2003).

31V. Tudisca, M. Ricci, R. Angelini, and B. Ruzicka, “Isotopic effect on the
aging dynamics of a charged colloidal system,” RSC Advances 2, 11111–
11116 (2012).

32V. Tudisca, F. Bruni, E. Scoppola, R. Angelini, B. Ruzicka, L. Zu-
lian, A. Soper, and M. Ricci, “Neutron diffraction study of aqueous
Laponite suspensions at the NIMROD diffractometer,” Physical Review E
90, 032301 (2014).

33F. A. de Melo Marques, R. Angelini, E. Zaccarelli, B. Farago, B. Ruta,
G. Ruocco, and B. Ruzicka, “Structural and microscopic relaxations in a
colloidal glass,” Soft Matter 11, 466–471 (2015).

34Y. M. Joshi, G. R. K. Reddy, A. L. Kulkarni, N. Kumar, and R. P. Chhabra,
“Rheological behaviour of aqueous suspensions of laponite: new insights
into the ageing phenomena,” Proc. R. Soc. A 464, 469–489 (2008).

35K. Suman and Y. M. Joshi, “Microstructure and Soft Glassy Dynamics of
an Aqueous Laponite Dispersions,” Langmuir 34, 13079–13103 (2018).

36M. Dijkstra, J. P. Hansen, and P. A. Madden, “Gelation of a Clay Colloid
Suspension,” Phys. Rev. Lett. 75, 2236–2239 (1995).

37S. Kutter, J. Hansen, M. Sprik, and E. Boek, “Structure and phase behavior
of a model clay dispersion: A molecular-dynamics investigation,” J. Chem.
Phys. 112, 311–322 (2000).

38E. Trizac, L. Bocquet, R. Agra, J. Weis, and M. Aubouy, “Effective inter-
actions and phase behaviour for a model clay suspension in an electrolyte,”
J. Phys.: Condens. Matt. 14, 9339–9352 (2002).

39G. Odriozola, M. Romero-Bastida, and F. de J. Guevara-Rodríguez, “Brow-
nian dynamics simulations of Laponite colloid suspensions,” Phys. Rev. E
70, 021405 (2004).

40S. Mossa, C. de Michele, and F. Sciortino, “Aging in a Laponite colloidal
suspension: A Brownian dynamics simulation study,” J. Chem. Phys. 126,
014905 (2007).

41B. Jonsson, C. Labbez, and B. Cabane, Langmuir 24, 11406–11413 (2008).
42M. Delhorme, B. Jönsson, and C. Labbez, Soft Matter 8, 9691 (2012).
43S. Jabbari-Farouji, J.-J. Weis, P. Davidson, P. Levitz, and E. Trizac, “On

phase behavior and dynamical signatures of charged colloidal platelets,”
Scientific Reports 3, 3559–3565 (2013).

44L. Cipelletti, S. Manley, R. Ball, and D. Weitz, “Universal aging features in
the restructuring of fractal colloidal gels,” Physical review letters 84, 2275
(2000).

45A. Duri and L. Cipelletti, “Length scale dependence of dynamical het-
erogeneity in a colloidal fractal gel,” EPL (Europhysics Letters) 76, 972
(2006).

46R. N. Zia, B. J. Landrum, and W. B. Russel, “A micro-mechanical study
of coarsening and rheology of colloidal gels: Cage building, cage hopping,
and smoluchowski’s ratchet,” Journal of Rheology 58, 1121–1157 (2014).

47R. Pastore, C. Siviello, and D. Larobina, “Elastic and dynamic heterogene-
ity in aging alginate gels,” Polymers 13, 3618 (2021).

48R. Pastore, C. Siviello, F. Greco, and D. Larobina, “Anomalous aging and
stress relaxation in macromolecular physical gels: The case of strontium
alginate,” Macromolecules 53, 649–657 (2020).

49S. Buzzaccaro, M. D. Alaimo, E. Secchi, and R. Piazza, “Spatially:
resolved heterogeneous dynamics in a strong colloidal gel,” Journal of
Physics: Condensed Matter 27, 194120 (2015).

50D. Bonn, H. Tanaka, G. Wegdam, H. Kellay, and J. Meunier, “Aging of a
colloidal " wigner " glass,” Europhys. Lett. 45, 52–57 (1999).

51F. A. de Melo Marques, R. Angelini, G. Ruocco, and B. Ruzicka, “Iso-
topic Effect on the Gel and Glass Formation of a Charged Colloidal Clay:
Laponite,” J. Phys. Chem. B. 121, 4576–4582 (2017).

52S.-H. Chen, W.-R. Chen, and F. Mallamace, Science 300, 619 (2003).

53C. Mayer, E. Zaccarelli, E. Stiakakis, C. N. Likos, F. Sciortino, A. Munam,
M. Gauthier, N. Hadjichristidis, H. Iatrou, P. Tartaglia, H. Löwen, and
D. Vlassopoulos, “Asymmetric caging in soft colloidal mixtures; Support-
ing online material,” Nat. Mater. 7, 780–784 (2008).

54A. Mourchid, A. Delville, J. Lambard, E. Lecolier, and P. Levitz, “Phase
diagram of colloidal dispersions of anisotropic charged particles: equilib-
rium properties, structure, and rheology of laponite suspensions,” Langmuir
11, 1942–1950 (1995).

55B. Abou, D. Bonn, and J. Meunier, “Nonlinear rheology of laponite sus-
pensions under an external drive,” Journal of rheology 47, 979–988 (2003).

56J. Labanda and J. Llorens, “Effect of aging time on the rheology of laponite
dispersions,” Colloids and Surfaces A: Physicochemical and Engineering
Aspects 329, 1–6 (2008).

57R. Lapasin, M. Abrami, M. Grassi, and U. Šebenik, “Rheology of laponite-
scleroglucan hydrogels,” Carbohydrate polymers 168, 290–300 (2017).

58J. Lal and L. Auvray, “Interaction of polymer with clays,” J. Appl. Crystal-
logr. 33, 673–676 (2000).

59S. L. Tawari, D. L. Koch, and C. Cohen, “Electrical double-layer effects
on the brownian diffusivity and aggregation rate of laponite clay particles,”
J. Coll. Inter. Sci. 240, 54–66 (2001).

60C. Martin, F. Pignon, J. M. Piau, A. Magnin, P. Lindner, and B. Cabane,
“Dissociation of thixotropic clay gels,” Phys. Rev. E 66, 021401 (2002).

61J. D. Ferry, Viscoelastic properties of polymers (John Wiley & Sons, 1980).
62A. Madsen, R. Leheny, H. Guo, M. Sprung, and O. Czakkel, “Beyond sim-

ple exponential correlation functions and equilibrium dynamics in X-ray
photon correlation spectroscopy,” New J. of Phys. 12, 055001–16 (2010).

63C. Siviello, F. Greco, and D. Larobina, “Analysis of linear viscoelastic
behaviour of alginate gels: effects of inner relaxation, water diffusion, and
syneresis,” Soft matter 11, 6045–6054 (2015).

64L. C. Johnson, R. N. Zia, E. Moghimi, and G. Petekidis, “Influence of
structure on the linear response rheology of colloidal gels,” Journal of Rhe-
ology 63, 583–608 (2019).

65S. Panja, B. Dietrich, and D. J. Adams, “Controlling syneresis of hydro-
gels using organic salts,” Angewandte Chemie International Edition 61,
e202115021 (2022).

66No relevant differences are observed between the so-averaged Young mod-
ulus and the one corresponding to the fourth cycles.

67The value of Q is somewhat smaller than the main peak of the structure
factor in the WG25, Q∗ = 0.15nm−1, and has been selected so as to have a
good contrast for the scattered intensity.

68L. Cipelletti, S. Manley, R. Ball, and D. Weitz, “Universal Aging Features
in the Restructuring of Fractal Colloidal Gels,” Phys. Rev. Lett. 84, 2275–4
(2000).

69J. P. Bouchaud, Anomalous Relaxation in Complex Systems: From Stretched
to Compressed Exponentials (2008).

70P. Ballesta, A. Duri, and L. Cipelletti, “Unexpected drop of dynamical het-
erogeneities in colloidal suspensions approaching the jamming transition,”
Nature Physics 4, 550–554 (2008).

71R. Pastore, G. Pesce, and M. Caggioni, “Differential Variance Analysis: a
direct method to quantify and visualize dynamic heterogeneities,” Scientific
Reports 7, 43496–9 (2017).

72V. Nigro, , B. Ruzicka, B. Ruta, F. Zontone, M. Bertoldo, E. Buratti, and
R. Angelini, “Relaxation dynamics, softness, and fragility of microgels
with interpenetrated polymer networks,” Macromolecules 53, 1596–1603
(2020).

73R. Pastore, M. Caggioni, D. Larobina, L. Santamaria Amato, and F. Greco,
“Concentrated suspensions of brownian beads in water: dynamic hetero-
geneities through a simple experimental technique,” Science China Physics,
Mechanics & Astronomy 62, 1–12 (2019).

74A.-M. Philippe, D. Truzzolillo, J. Galvan-Myoshi, P. Dieudonné-George,
V. Trappe, L. Berthier, and L. Cipelletti, “Glass transition of soft colloids,”
Phys. Rev. E 97, 040601 (2018).

75A. Duri, T. Autentieth, L.-M. Stadler, O. Leupold, Y. Chushkin, G. Grubel,
and C. Gutt, “Two-dimensional heterogeneous dynamics at the surface of a
colloidal suspension,” Phys. Rev. Lett. 102, 145701 (2009).

76M. Bouzid, J. Colombo, L. V. Barbosa, and E. D. Gado, “Elastically driven
intermittent microscopic dynamics in soft solids,” Nat. Comm. 8, 15846–8
(2017).

77J. Song, Q. Zhang, F. de Quesada, M. H. Rizvi, J. B. Tracy, J. Ilavsky,
S. Narayanan, E. Del Gado, R. L. Leheny, N. Holten-Andersen, et al., “Mi-

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

59
2



10

croscopic dynamics underlying the stress relaxation of arrested soft materi-
als,” Proceedings of the National Academy of Sciences 119, e2201566119
(2022).

78M. J. Solomon and P. T. Spicer, “Microstructural regimes of colloidal rod
suspensions, gels, and glasses,” Soft Matter 6, 1391–1400 (2010).

79J. R. Xavier, T. Thakur, P. Desai, M. K. Jaiswal, N. Sears, E. Cosgriff-
Hernandez, R. Kaunas, and A. K. Gaharwar, “Bioactive Nanoengineered
Hydrogels for Bone Tissue Engineering: A Growth-Factor-Free Approach,”
ACS Nano 9, 3109–3118 (2015).

80G. Lokhande, J. K. Carrow, T. Thakur, J. R. Xavier, M. Parani, K. J. Bay-
less, and A. K. Gaharwar, “Nanoengineered injectable hydrogels for wound
healing application,” Acta Biomaterialia 70, 35–47 (2018).

81P. Shi, Y.-H. Kim, M. Mousa, R. R. Sanchez, R. O. C. Oreffo, and J. I. Daw-
son, “Self-Assembling Nanoclay Diffusion Gels for Bioactive Osteogenic
Microenvironments,” Advanced Health Materials 7, 1800331–13 (2018).

82T. Ahlfeld, G.Cidonio, D.Kilian, S. Duin, A. R. Akkineni, J. I. Dawson,
S. Yang, A.Lode, R. O. C. Oreffo, and M. Gelinsky, “Development of a clay
based bioink for 3D cell printing for skeletal application,” Biofabrication 9,
034103–16 (2017).

83S. Heid and A. R. Boccaccini, “Advancing bioinks for 3D bioprinting using
reactive fillers: A review,” Acta Biomaterialia 113, 1–22 (2020).

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

59
2


