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Abstract

We report a study combining x-ray photon correlation spectroscopy (XPCS) with in situ rheol-
ogy to investigate the microscopic dynamics and mechanical properties of aqueous suspensions of
the synthetic hectorite clay Laponite, which is composed of charged, nanometer-scale, disk-shaped
particles. The suspensions, with particle concentrations ranging from 3.25 to 3.75 wt%, evolve
over time from a fluid to a soft glass that displays aging behavior. The XPCS measurements
characterize the localization of the particles during the formation and aging of the soft-glass state.
The fraction of localized particles fy increases rapidly during the early formation stage and grows
more slowly during subsequent aging, while the characteristic localization length r,. steadily de-
creases. Despite the strongly varying rates of aging at different concentrations, both fo and
scale with the elastic shear modulus G’ in a manner independent of concentration. During the later
aging stage, the scaling between 7,. and G’ agrees quantitatively with a prediction of naive mode
coupling theory. Breakdown of agreement with the theory during the early formation stage indi-
cates the prevalence of dynamic heterogeneity, suggesting the soft solid forms through precursors

of dynamically localized clusters.



I. INTRODUCTION

Colloidal suspensions, and many other soft-matter systems, go through an ergodic to
non-ergodic transition that depends on the colloidal concentration, temperature, and other
conditions [1-4]. Despite the various manifestations, all these non-erogodic states are ther-
modynamically out-of-equilibrium, which from the perspective of statistical mechanics im-
plies their microscopic degrees of freedom are able to explore only part of the available phase
space. Understanding of this transition, though far from complete, is important for the ap-
plications of soft matter in technologies, such as those related to the food and cosmetic
industries. A complicating feature of the non-ergodic state is the dependence of material
properties on the manner in which the state is entered and the subsequent sample history.
Over the past few years, experimental and theoretical work on colloidal suspensions has shed
light on the mechanisms underlying several examples of ergodic to non-ergodic transitions [1-
4]. For instance, a suspension of monodisperse Brownian hard spheres has a glass transition
at a volume fraction ¢, ~ 0.58. Below ¢, hard-sphere suspensions behave as ergodic flu-
ids, while above ¢, the suspensions are non-erogodic solids whose properties evolve slowly,
a process known as aging [1, 5-7]. Dispersions of colloids with soft repulsive interactions
similarly display a colloidal glass transition at a concentration that depends on the specifics
of the interactions [8]. For colloidal systems with attractive interactions, a non-ergodic state
can be achieved at much lower volume fractions through gel formation [2, 9, 10]. In all
cases, the transition of colloidal systems into a non-ergodic state is typically accompanied
by localization of the colloids [11] as well as the emergence of macroscopic elasticity [12, 13].
However, the way in which these two phenomena at very different length scales relate to

each other is still unclear.

Particularly intriguing examples of colloidal systems that display an ergodic to non-
ergodic transition are aqueous dispersions of the synthetic hectorite clay Laponite, which
is composed of nanometer-sized, disk-shaped colloids. In aqueous suspension the faces of
the Laponite platelets acquire a negative charge while the rims become positively charged.
The resulting orientation-dependent interparticle interactions combined with the anisotropic
particle shape endow Laponite dispersions with a rich state diagram as a function of par-
ticle concentration, pH, and ionic strength [14-19] that includes multiple arrested states

with characteristic aging behavior [20-24]. In the absence of added salt, suspensions of
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freshly dispersed Laponite particles at sufficient volume fraction and high pH gradually
and spontaneously transition from fluid to soft glass with complex, age-dependent rheolog-
ical properties [19, 25]. This process and the nature of the non-ergodic states of Laponite

suspensions more broadly have been a topic of extensive study [17, 26].

In this paper, we report experiments employing x-ray photon correlation spectroscopy
with in-situ rheometry (rheo-XPCS) on a set of Laponite suspensions of varying concen-
tration during formation and aging of the soft-glass state. XPCS and rheometry track the
evolution in the suspensions’ particle-scale dynamics and mechanical properties, respectively.
We take advantage of the unique capability with rheo-XPCS to obtain these results simul-
taneously on the same sample to make unambiguous, quantitative connections between the
formation of the non-ergodic state, characterized microscopically by the localization of the
particles, and the accompanying onset and growth of macroscopic elasticity. Since the ma-
terial properties and aging behavior of Laponite suspensions can be strongly influenced by
detailed aspects of the preparation protocol and storage conditions, this strategy of simul-
taneous XPCS and rheology on a single sample has particular value. Further, by exploiting
recent advances in x-ray detector technology, we extend the dynamic range of the XPCS
measurements over earlier studies to characterize the fast dynamics at the initial stage in

the soft-glass formation.

The XPCS correlation function shows a two-step relaxation process as observed pre-
viously in dynamic light scattering (DLS) [27-29] and XPCS [30-32] experiments. The
wave-vector dependence of the intermediate plateau in the correlation function shows that,
with increasing time since dispersion of the Laponite in solution, an increasing fraction of
the particles become dynamically arrested with increasingly restricted caged motion. The
fraction of localized particles goes through two stages of growth with different rates. Com-
parison with the evolving macroscopic rheology indicates that the first stage coincides with
initial formation of the soft-glass state and the second with its subsequent aging. During
the formation stage, a small but rapidly growing fraction of the particles displays a finite
localization length even while the elastic shear modulus of the suspensions remains close to
zero, indicating strong heterogeneity with clusters of dynamically arrested particles. Dur-
ing the second stage, when the majority of particles are arrested, the growth rate of the
localized fraction slows while the elastic modulus steadily increases. During this stage, the

localization length of the particles and the elastic modulus obey a modified version of a



quantitative scaling relationship predicted by naive mode coupling theory [33, 34] that has
previously been shown to connect the microscopic dynamics and rheology of concentrated
thermoreversible nanocolloidal silica gels [35] and casein micelle gels [36]. This scenario is
robust for all colloidal concentrations investigated, despite the strong variation in the pace
of formation and aging with concentration. The apparent presence of a fraction of localized
particles prior to any measurable elasticity calls for new theoretical investigation into the

origin of the ergodic to non-ergodic transition of colloidal suspensions.

II. EXPERIMENTAL PROCEDURES
A. Sample preparation

Laponite clay (RD grade, BYK Additives GmbH) is composed of disk-shaped particles
with 30 nm average diameter and 1 nm thickness. The clay was dried under vacuum at
80 °C for 12 hours before use. Appropriate quantities of the clay were added to deionized
water, and the suspensions were placed in a sealed container and stirred until clear, which
typically required 15 minutes. The suspensions were then filtered (0.45 pm pore size) to
remove aggregates, leading to homogeneous suspensions with high pH (pH ~ 10). The
age of the samples t,, was taken as the time since filtration. Included in the study were
suspensions with three weight fractions, C,, = 3.25 wt%, 3.5 wt%, and 3.75 wt%, which
correspond to volume fractions ¢ = 0.125, 0.135, and 0.144, respectively, assuming a density
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of the Laponite of 2.6 g/cm”. All three concentrations fall in the range in which, in the

absence of added salt, Laponite forms a soft-glass state [17].

B. Rheo-XPCS

Rheo-XPCS measurements were carried out at sector 8-ID of the Advanced Photon
Source. The suspensions were loaded into a Couette cell of a stress-controlled rheometer
(Anton Paar MCR 301) mounted on the beam line immediately after filtering. The Couette
cell was composed of thin-walled polycarbonate and had a 5.5 mm inner radius and a 6.1
mm outer radius, enabling rheological tests in parallel with transmission small-angle x-ray
scattering measurements, as described previously [37]. Exposure to air and drying of the

sample were minimized by a solvent trap that enclosed the Couette cell. Measurements were
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performed with the axis of the Couette cell oriented vertically and the horizontal incident
beam directed radially through the center of the cell. A partially coherent x-ray beam of
energy 10.9 keV (wavelength A = 1.14 A) and size 100 x 20 pm? (V x H) was focused
vertically to a 3 x 20 um? spot on the sample. Two area detectors 4.91 m after the sample
were deployed to record the scattering at different frame rates. One detector (X-spectrum
LAMBDA 750K) [38, 39], with a 1556 x516 array of 55 x 55 um? pixels, measured the scat-
tering intensity at a frame rate of 20 fps over the range 0.02 nm~—! < ¢ < 0.65 nm ™!, where
q = 4mwsin(f/2) /X is the scattering wave vector at scattering angle 6. The other, a newly
developed high-frame-rate detector (Rigaku UHSS-500K) [40], with a 1024x512 array of
76x76 um? pixels, measured the scattering intensity over wave vectors 0.02 nm ~! < ¢ <
0.6 nm~! at 5 x 10* fps to capture dynamics at shorter times.

To monitor the formation of the soft-solid state and its aging behavior both macroscop-
ically and microscopically, we performed alternating rheometry and XPCS measurements
in which each rheology test was followed by 5 measurements with the Rigaku detector for
100000 frames and one measurement with the LAMBDA detector for 10000 frames. To avoid
effects of radiation damage to the sample, the rheometer was translated a small distance
between each XPCS measurement, so that a new portion of the sample was irradiated in
each measurement. The rheology tests were composed of a brief measurement of the com-
plex shear modulus at frequency 0.1 Hz and strain amplitude 0.1%. Between each rheology
test, the rheometer was held at zero shear rate for the XPCS measurements.

The microscopic dynamics captured by the XPCS measurements is characterized by the

wave-vector-dependent intensity auto-correlation function

_ <I(qa t)I(q7t+T)>t
TR . W

where I(q,t) is the intensity at wave vector q and time ¢, 7 is the delay time, and the
brackets represent averages over time of a single measurement and over detector pixels in
the vicinity of wave-vector magnitude ¢q. The auto-correlation function is related to the

dynamic structure factor f(gq, ) through the Siegert relation [41],

gQ(qv 7-) =1+ bf2(Q7 T) (2>

where b is the Siegert factor, which varies weakly with wave vector and depends on instru-

mental factors such as the coherence of the incident beam, the solid angle subtended by a
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FIG. 1. Storage modulus G’ as a function of age of Laponite suspensions with concentrations C,, =
3.25 wt% (red squares), 3.5 wt% (black triangles), and 3.75 wt% (blue circles). Measurements were
performed at strain amplitude 0.1% and frequency 0.1 Hz. The suspension with C,, = 3.5 wt%
was also subjected intermittently to larger-amplitude strains between ages of 18940 s and 29860
s to test for rejuvenation, as described in the text. The data in this range is shown in grey and

bracketed by the arrows.

detector pixel, and the sample thickness [41]. In the rheo-XPCS measurements, the Siegert
factor is affected by the addition at the detector of scattering from the front half and back
half of the Couette cell when the incident beam is directed radially through the cell. To
determine the Siegert factor for measurements with each detector in this scattering geome-
try, we performed measurements on two thin, static samples (Aerogel) separated by 11 mm
to mimic the spacing between the front half and back half of the cell. The measurements
confirmed that the scattering from the front and back of the cell added at the detector
largely incoherently. The Siegert factor for the LAMBDA detector decreased from 0.088 to
0.079 with increasing ¢ from 0.06 to 0.16 nm~! and that for the Rigaku detector decreased

from 0.061 to 0.055 over the same range.

III. RESULTS AND DISCUSSION

The Laponite suspensions at all three concentrations displayed characteristic aging be-

havior that proceeded at a rate that depends on the concentration. As shown in Fig. 1, the



storage modulus G’ of each suspension grew gradually as a function of age ¢,, from essentially
zero to about 1000 Pa during the duration of each experiment. (The rate of change of G’
was sufficiently small in all cases that the mutation number [42] remained below 0.1 at all
ages, indicating the linearity of the measurements.) Although the difference in colloidal con-
centration was less than 15% among the three samples, the growth of the storage modulus
varied dramatically, especially when the age to achieve a certain storage modulus is consid-
ered. In the experiments on the suspensions with C,, = 3.25 wt% and 3.75 wt%, the samples
were left undisturbed throughout the experiment except for the small-amplitude oscillatory
shear applied at regular intervals to determine G’. In the experiment on the suspension
with C,, = 3.5 wt%, the sample was subjected to an additional set of larger-amplitude shear
deformations to characterize their effect on the aging. These deformations included a series
of oscillatory shears with amplitudes ranging from 2% to 32% (five such tests at 0.5 Hz each
for 40 s) beginning at ¢, = 18492 s and culminated with 300 seconds of steady shear at
shear rate 0.5 s™! ending at t,, = 29863 s. As the results in Fig. 1 show, these deformations,
particularly the steady shear, interrupted the growth in G’, effectively “rejuvenating” the
suspension. However, following these tests, the suspension resumed aging, and importantly,
the nature of the growth in G’ remained essentially unaltered.

Figure 2 displays the normalized XPCS correlation functions at wave vector ¢ = 0.077
1

nm~' measured on the suspension with C,, = 3.25 wt%. (For reference, the scattering
intensity I(q) of the sample at various ages is provided in Appendix A.) The correlation
functions are obtained from combining the results from measurements with the high-frame-
rate Rigaku detector, shown with solid symbols, and those with the LAMBDA detector,
shown with open symbols. The data from the Rigaku detector is the mean of f2(q,7)
from five measurements taken successively at a given age, and the data at 7 < 1072 s is
further subject to a boxcar average to improve statistics. As the figure illustrates, the results
from the two detectors match very well after normalization by the different Siegert factors.
The shape of the correlation function indicates a two-step relaxation. Specifically, at the
shortest 7, the correlation function appears to capture the final part of a fast, partial decay
to a plateau that begins roughly at 7 ~ 1073 s and that extends over a range of delay
times that increases with increasing age before the correlation function undergoes a second,

terminal decay at larger 7. Such a two-step relaxation has been observed previously in DLS

measurements on Laponite suspensions [20, 27, 32] and is a generic property of many glassy
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FIG. 2. Normalized XPCS correlation functions measured using the Rigaku (solid symbols) and
LAMBDA (open symbols) detectors at wave vector q = 0.077 nm~! at different ages of the sus-

pension with Cy, = 3.25 wt%. The solid lines depict the results of fits using Eq. (3).

systems [11, 35, 43]. The fast relaxation is interpreted as corresponding to diffusive motion
of the particles within the cages formed by their neighbors, and the increase in the plateau
value with increasing age implies increasingly restricted localization of the particles. The
terminal relaxation at larger delay time is associated with slow, cage-breaking processes
or with strain in response to heterogeneous internal stress in the disordered soft solid (see
Appendix B for details).

This two-step relaxation is accurately described by a functional form for f(q, ) comprised

of a fast exponential decay followed by a slow stretched-exponential decay,

flg,7) = (1 = A)exp[—7/n] + Aexp [~(7/7)"] (3)

where 77 and 7y are the relaxation times of the fast and slow decays, respectively, 5 is the
stretching exponent, and A, which is known as the non-ergodicty parameter, sets the value
of the intermediate plateau between the fast and slow relaxations. The solid lines in Fig. 2
display the results of fits using Eq. (3). The properties of the terminal relaxation, specifically
the wave-vector and age-dependent trends of 7, and 3, are consistent with previous studies,
which have addressed the behavior of this relaxation and its interpretation in detail [27, 28].
We describe our results for 7, and 8 along with further details about the procedure to fit

Eq. (3) to the data in Appendix B. Here, we focus on the analysis of the plateau value A
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FIG. 3. Logarithm of the intermediate plateau value A of the dynamic structure as a function of

the wave-vector squared divided by the measurable structure factor of suspensions with (a) C,, =

3.25 wt% and (b) Cy = 3.5 wt% at various ages indicated in the legends. The lines depict the

results of fits using a Debye-Waller relation (Eq. (4)).

and its implications for the ergodic to non-ergodic transition in the suspensions.

As mentioned above, the emergence of a plateau in the correlation function at the end of

the fast relaxation results from the fact that the particles become localized within the cages

formed by their neighbors. The plateau value at different wave vectors is well described by

a Debye-Waller relation that includes a correction due to de Gennes narrowing [44],

A= fo €xXp (_QZTZZOC/6SM(Q))
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FIG. 4. (a) Localization length 7, and (b) localized fraction fj as a function of age for suspensions
with concentrations C, = 3.25 wt% (squares), 3.5 wt% (triangles), and 3.75 wt% (circles). The

solid lines in (b) show the results of fits using piece-wise logarithmic functions.

where 1. is the average localization length, the prefactor fy is the non-ergodicity parameter
in the limit ¢ — 0, which is equivalent to the fraction of particles that are localized [45], and
Sh(q) is the measurable structure factor, which is the approximation to the structure factor
that we can determine experimentally, as described in Appendix A. Figures 3(a) and (b)
show In(A) versus ¢* at different ages of the suspensions with C,, = 3.25 wt% and 3.5 wt%,
respectively, where the solid lines depict the results of fits using Eq. (4). The parameters 7.
and fy obtained from the fits show strong age dependence, as depicted in Fig. 4. Consistent
with previous studies [20, 30, 31], the localization length 7. decreases steadily with age

indicating increasingly restricted localized motion of the particles with increasing age. One
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interpretation for this decrease identified previously is a growth in the interparticle repulsion
with increasing age [30]. At late ages, the rate of decrease becomes slow, and the average
range of this localized motion reaches approximately 10 nm, which is approximately one-fifth
the nearest-neighbor spacing of the disk-shaped Laponite particles (see Appendix A).

The growth of fy, as shown in Fig. 4(b), indicates that the fraction of localized particles
increases with age. This growth is approximated by a piece-wise logarithmic function, de-
picted by the lines in Fig. 4(b), that divides the age dependence into two stages. In the first
stage, the population of localized particles grows rapidly from a small fraction to about 60%
to 70% of the total, while in the second stage, when most of the particles are localized, the
fraction increases more slowly. The fact that fy remains less than one at all ages implies a
persistent fraction of “free” particles moving rapidly over a large distance [46, 47]. Colloidal
concentration has a clear effect on the rate of the localization process, where more particles
become arrested at a faster pace in suspensions with a higher colloidal concentration. Note
that the data in Fig. 3(b) for the suspension with C,, = 3.5 wt% at age t,, = 25274 s falls
in the interval of the rejuvenation tests but shows no difference in behavior from the other
data. Although the evolution of the shear modulus of the suspension with C,, = 3.5 wt%
was interrupted by the rejuvenation tests, as seen in Fig. 1, the nature of the localization
was apparently unaffected by the macroscopic deformation.

This particle localization constitutes a microscopic signature of the loss of ergodicity
that underlies the fluid-solid transition observed macroscopically by the development of
an elastic shear modulus like in Fig. 1. Theoretical efforts have sought to make concrete
connections between the attainment of macroscopic elasticity and microscopic localization
in disordered solids [11, 33, 48-53]. For instance, naive mode coupling theory (NMCT),
which describes the dynamics of a single particle driven by the mean force exerted by the
surrounding liquid and its localization through a Langevin equation of motion, predicts that
for a system of spherical colloids with effectively hard-core interactions, the shear modulus
and the localization length follow the scaling relation

G 30’
kgTp 107,

()

where p is the number density of colloids, ¢ is the diameter of the spherical colloids, and kgT
is the thermal energy [33, 34]. This prediction of NMCT has previously been shown to relate

successfully r;,. and G’ for two types of concentrated suspensions of spherical nanocolloids
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with short-range attractions that form gels with age-dependent properties: one composed
of octydecyl-functionalized silica colloids that gel thermo-reversibly in decalin [35] and the
other aqueous suspensions of casein micelles that gel through a polymer-induced depletion

interaction [36].

To test the possible applicability of the NMCT prediction for relating r,. and G’ of the
suspensions of disk-shaped Laponite particles, we construct a modified form of the scaling
relation in Eq. (5). First, for the number density we take p = ¢ /vy, where ¢ is the volume
fraction and vy = wR2h is the volume of a single Laponite particle with thickness A = 1 nm
and radius R, = 15 nm. Second, we note that the diameter o enters Eq. (5) to normalize 7.
as an approximation for interparticle spacing of the hard spheres considered in the NMCT.
To provide an equivalent normalization for the Laponite, we approximate the interparticle
spacing by 27 /g, where g, is the position of the first peak in the measurable structure factor
of the Laponite suspensions, which varies between 0.123 nm~! and 0.126 nm~! among the
three concentrations, corresponding to a nearest neighbor separation of approximately 50
nm (see Appendix A for details). With these modifications, the NMCT scaling prediction

becomes
G/Uo . 67T2¢
kT 57"12%(]}%'

(6)

We test this prediction by plotting in Fig. 5(a) the left-hand side of Eq. (6), where G’ is
obtained from the rheometry measurements, together with the right-hand side, where 7.
is obtained from the XPCS measurements. As the figure demonstrates, the two quantities
track each other closely at later age. At early age the two diverge from one another, with
r? . being smaller than expected given the small values of G’. This discrepancy at early
ages and the near quantitative agreement at late ages are further illustrated in Fig. 5(b),
which displays the ratio of the left-hand and right-hand sides of Eq. (6) as a function of
age. The arrows in Fig. 5 indicate the ages at each concentration at which the growth of
fo changes from rapid growth to slower growth (i.e., the arrows indicate the ages at which
the straight lines in Fig. 4(b) intersect). At C,, = 3.25 wt% and 3.5 wt%, the period in
which Eq. (6) holds appears approximately to coincide with the later stage in the growth
of fy that we identify with aging of the soft glass, when the fraction of localized particles
is large and slowly increasing, and the period in which the scaling breaks down appears

approximately to coincide with the earlier stage that we identify with formation. At C\, =
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FIG. 5. (a) G'vo/kpT (open symbols) and 6m2¢/5r7,.q> (closed symbols), the two sides of Eq. (6),
as functions of age, and (b) the ratio of the two sides of Eq. (6) as a function of age for suspensions
with concentrations C,, = 3.25 wt% (squares), 3.5 wt% (triangles), and 3.75 wt% (circles). The
arrows indicate the ages of the crossing points between faster and slower logarithmic growth of fj

depicted by the solid lines in Fig. 4(b).

3.75 wt%, where the formation and aging proceed fastest, agreement with Eq. (6) is seen
only after the crossover.

The collapse of the rheology and XPCS data sets in Fig. 5 at later ages for all three con-
centrations indicates that the evolution of rigidity of the Laponite soft solids originates in the
localization of the particles, which experience increasingly restricted caged motion during ag-
ing. The success of the NMCT prediction in capturing this connection is remarkable in light
of the assumptions and approximations that enter the derivation of Eq. (5), which focuses

on dense suspensions in a “ultralocal limit” of hard-core collisions [34]. The unexpected
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FIG. 6. Inverse of the localization length squared, 1/ r?oc, versus the storage modulus of the three
suspensions plotted on (a) linear and (b) logarithmic scales. The line in (a), which depicts the result
of a linear fit to all points, has an intercept of 0.002 nm~2 and a slope of 1.0 x 107° nm~?Pa~".
The red, black, and blue lines in (b) show the relation between rl;g and G’ obtained from NMCT

(Eq. (6)) for the suspensions with C, = 3.25 wt%, 3.5 wt%, and 3.75wt%, respectively.

success of Eq. (6) in connecting the microscopic dynamics and elasticity of the Laponite
suspensions, which are composed of a relatively small volume fraction of disk-shaped par-
ticles interacting through screened Coulomb forces, suggests this theoretical approach has
broader validity than previously appreciated. The breakdown of Eq. (6) at early ages can
be understood if one infers from the small and rapidly changing values of f; at these ages
that the dynamics during this initial period are strongly influenced by heterogeneity, which
a mean-field theory like NMCT cannot be expected to capture.
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Another perspective from which to evaluate the connection between the evolving elasticity
of the Laponite suspensions and the particle localization is to consider the strong variation
in the rate of soft-solid formation and aging at different concentrations. As shown in Figs. 1
and 4(a), the timescales over which G’ increases and 7, decreases become shorter as the
concentration increases. As shown in Fig. 6(a), despite this variation, when plotted against
each other, G’ and Tl;g for all three concentrations collapse onto a single curve. That is,
a one-to-one correspondence exists between G’ and 7y, independent of concentration, over
the full range of sample ages. For reference, the NMCT prediction for the relation between
G’ and rl;g given by Eq. (6) is shown by the lines in the log-log representation of the data in
Fig. 6(b). The measured results approach the NMCT predictions as the localization length
becomes significantly smaller than the diameter of the particles. Further, as demonstrated in
Fig. 6(a), G’ and rl;z follow a linear relationship through all ages that appears to asymptote

at zero shear modulus to a finite localization length.

A finite localization length at zero shear modulus suggested by Fig. 6(a) indicates dynamic
heterogeneity in the suspensions with the formation of clusters of dynamically correlated par-
ticles in the colloidal fluid that precedes the creation of any percolating stress-bearing particle
configurations. Cluster formation has been observed in many colloidal systems [54, 55], and
the formation of clusters in fluid Laponite suspensions has been proposed in interpretations
of light scattering results on low-concentration dispersions [56, 57]. Such clusters could form
due to attraction between the discoidal particles resulting from their inhomogeneous surface
charge or from the failure of some particles to dissociate during preparation of the suspen-
sions [58]. This picture is supported by the observation that only a small fraction of particles

is constrained to a finite localization length at early age.

We note, however, while the extrapolation of the data to G’ = 0 in Fig. 6(a) suggests
T Temains finite, the measurements at the earliest ages were not able to detect a finite 7,
before the suspensions first had measurable elasticity (G" £ 0.67 Pa). Specifically, at these
earliest ages, the terminal relaxation in f?(q,7) was too fast and the intermediate plateau
was too small to distinguish from statistical noise. An example is f?(q,7) at t, = 2352
s shown in Fig. 2. Thus, another possibility besides a finite localization length at G’ = 0
is that 7. changes discontinuously at the fluid-solid transition. Note from Fig. 4(a) that
the upper bound of measurable . is about 20 nm, which is about two-fifths the nearest

neighbor separation. This length could reflect an upper limit in a Lindemann-type criterion
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solid line is a logarithmic fit to all points, fo = ¢InG’ + b, with ¢ = 0.089 and b = 0.20 with G’

measured in unit of Pa.

for the glass stability [59]. To resolve better experimentally the dynamics in this regime of
large localization length would require XPCS measurements at short delay time with better

statistics and at smaller wave vector than we achieved in this experiment.

The intimate connection between particle localization and suspension elasticity can be
also seen by comparing the localized fraction fy with G’, as shown in Fig. 7. Like with
T1oe versus G’ in Fig. 6, values of f; for all three suspension concentrations collapse onto a
single master curve when plotted against G despite the strongly differing rates of aging. In
particular, one sees from Fig. 7 that fy varies approximately logarithmically with G’ over
the full range of the data. Further, one can extrapolate this dependence to the theoretical
limit in which all the particles are arrested (fo = 1) to predict a maximum shear modulus
of the Laponite suspensions in the range 11-12 kPa. More broadly, the surprising scaling
between both r;,. and G’ shown in Fig. 6 and that between f; and G’ in Fig. 7, independent
of the particle concentration, suggests that the mechanical response of Laponite suspensions
relies on local properties like the size of the cage rather than the number of particles, so
that the increase in concentration only hastens the pace of soft-glass formation and aging,

but ultimately does not alter quantitatively the attainment of elasticity.
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IV. CONCLUSION

In conclusion, this study employing rheo-XPCS to relate the microscopic and macroscopic
manifestations of the fluid-to-solid transition and aging behavior of Laponite suspensions
has uncovered a number of unexpected findings that should motivate further research. First,
with the success of the NMCT scaling relation in connecting the microscopic localization
length and macroscopic shear modulus of the suspensions at late ages demonstrated in
Fig. 5, Laponite joins a growing list of non-ergodic colloidal solids for which this theoretical
prediction has quantitative validity. As mentioned above, materials previously shown to
follow the NMCT prediction were concentrated suspensions of nanospheres that formed gels
through short-range attraction [35, 36]. One possible explanation for the similarity in the
behavior of Laponite with these systems is that the Laponite dispersions also form gels
through similar short-range attractions. This conclusion, while potentially consistent with
recent results supporting gel formation by Laponite [60], contradicts the prevailing picture
that the non-ergodic state in the range of concentrations studied here is a repulsive glass [17].
In any case, the interparticle interactions of Laponite, with its anisotropic shape and spatially
heterogeneous surface charge, are more complex than those of nanospheres with short-range
attraction. Hence, an alternative, more intriguing explanation is that the similarity between
Laponite and the other materials implies the NMCT prediction has universality, perhaps
derived from the mean-field nature of the theory, that makes it insensitive to microscopic
details. Studies of other attractive and repulsive non-ergodic colloidal solids that test the

range of applicability of the NMCT prediction would help clarify this issue.

Second, the rheo-XPCS experiments have provided a microscopic view of the very earliest
stages in the development of the Laponite suspensions that suggests a process by which the
particle dynamics evolve on approaching non-ergodicity. The small fraction of localized
particles observed at early ages implies strong dynamic heterogeneity in the incipient soft-
solid state. As described above, the results suggest this heterogeneous localization precedes
the attainment of macroscopic elasticity; however, the measurements are ultimately unable
to demonstrate this sequence conclusively. Further experiments that focus on this question
would potentially provide significant insight into the nature of the ergodic to non-ergodic
transition in Laponite and other nanocolloidal suspensions. A promising direction for such

studies would be to examine Laponite suspensions with concentrations that are lower than

17



those studied here but still in the range where repulsive interactions dominate, since the rates
of formation and aging can be expected to be slower, facilitating close study of the early-age
behavior. Measurements on such low-concentration suspensions that combine XPCS and
with in situ rheometry like those reported here, and that hence relate the microscopic and

macroscopic properties unambiguously, would be particularly fruitful.
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VI. APPENDIX A: MEASURABLE STRUCTURE FACTOR OF LAPONITE SUS-
PENSIONS

Figure 8(a) shows the scattering intensity I(q) of the three Laponite suspensions obtained
at late age with the Rigaku detector, averaged over wave-vector directions and summed over
100000 frames. For reference, the background scattering intensity measured on the empty
Couette cell is also shown. The inset to Fig. 8(b) shows the form factor (F(q)) calculated
for a disk with 30 nm diameter and 1 nm thickness, averaged uniformly over orientations.
Figure 8(b) displays the “measurable” structure factor, Sy;(q) = CI(q)/{(F(q)) where C is
a normalization constant, of the suspension with 3.25 wt% at different ages. We determine
C' by requiring that Sy/(q) converges to one at large q. We emphasize that Sy/(¢) is only
an approximation to the true structure factor due to the orientational correlations that
likely exist between neighboring particles and to potential polydispersity of the Laponite
particles [61]. The peak in the measurable structure factor, which corresponds to nearest
neighbor positional correlations, gradually decreases in height with increasing age, but its
position, indicated by the arrow in Fig. 8(b), remains roughly unchanged at ¢ ~ 0.123 nm™!.
At concentrations 3.5 wt% and 3.75 wt%, the peak position was 0.126 and 0.123 nm™*,
respectively, again independent of age. Note the measurable structure factor is truncated at

g = 0.2 nm~! because its shape at higher ¢ is strongly influenced by details in (F(q)) and
thus not trustworthy.

VII. APPENDIX B: PROCEDURE FOR FITTING f?(q,t) AND RESULTS FOR
THE TERMINAL RELAXATION

Figure 9(a) shows the stretching exponents 3, obtained from fits using Eq. (3), describing

I as functions of age for the three

the shape of the terminal relaxation at ¢ = 0.07 nm~
concentrations. The exponent at concentrations C,, = 3.25 wt% and 3.5 wt% shows an initial
growth until around ¢,, = 16000 s and 15000 s, respectively. In the XPCS measurements on
the C,, = 3.75 wt% sample, the LAMBDA detector was employed only at ages greater than
t, = 7111 s. Consequently, the terminal relaxation was not characterized at earlier ages

at this concentration, and this initial behavior was not captured. The stretching exponents

of all ages remain less than one, which is consistent with previous studies of spontaneous
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FIG. 8. (a) Scattering intensity I(q) of the Laponite suspensions at the three concentrations at late
age and of the empty Couette cell obtained with the Rigaku detector. The intensity is averaged
over wave-vector direction and summed over 100000 frames. (b) Measurable structure factor Sis(q)
of the suspension with C,, = 3.25 wt% at different ages. The arrow at ¢ = 0.123 nm~"! indicates
the position of the interparticle structure factor peak. The inset shows the theoretical form factor

(F(q)) of a disk with 30 nm diameter and 1 nm thickness, averaged uniformly over orientations.

aging of Laponite suspensions [62, 63]. At later ages, the exponent shows no discernible age
dependence. Therefore, at later ages, we performed the fits to f2(q,t) using Eq. (3) in two
steps. First, we allowed S to float, then in a second round of fitting we fixed it at its average
for t,, > 15982, 15140, and 7111 s for the suspensions with C,, = 3.25 wt%, 3.5 wt%, and
3.75 wt%, respectively, to reduce the scatter in the other fit parameters.

As shown in Fig. 9(b), the relaxation time 75 of the terminal relaxation experiences
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exponential growth, 7 o exp(at, ), at early age and then increases approximately linearly
with age, 7 oc 5 with § ~ 1, at later age. The transient decrease of 75 and increase of
S near t,, = 35000 s at concentration C,, = 3.5 wt% are consequences of the rejuvenation
induced by the steady shear applied immediately prior to that time. A similar sequence
of exponential followed by linear growth of 75 has been observed previously [27, 29]. This
change in age dependence has been identified as a transition in the microscopic dynamics
associated with the slow relaxation from colloidal diffusion to cage hopping [32], and the two
periods have been referred to “cage-forming” and “full-aging” regimes, respectively [27-29].
The evolution in the slow relaxation with age is further seen in the wave-vector dependence of
T, which is shown in Fig. 10(a) and (b) for C,, = 3.25 wt% and C,, = 3.5 wt%, respectively,
at various ages. The relaxation time varies approximately as a power law with wave vector,
Ty ~ q~“. At early age, a &~ 2, which is interpreted in terms of slow diffusion associated
with cage breaking, while at later ages o &~ 1, which has been modeled in terms of activated
hopping [32, 64] or slow strain motion in response to heterogeneous stress relaxation in the
glassy matrix [30].

The relaxation time 7 characterizing the fast dynamics associated with the first partial
decay of f?(q,7) remains less than of order 107 s at all ages for all three concentrations.
However, as seen in Fig. 2, the experimental range of delay time 7 captures only the tail
end of the first decay, and f2(q,7) has considerable scatter at short 7; hence, the values of

71 have a large uncertainty.
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FIG. 9. (a) Stretching exponent § characterizing the shape of the terminal relaxation in f(q, 7)
at ¢ = 0.07 nm~! as a function of age obtained from fits using Eq. (3) for the three Laponite
concentrations. The solid horizontal lines show the mean values 3 at late ages used in fits to
obtain other parameters in Eq. (3). Specifically, 3(Cy, = 3.25 wt%) = 0.35, 3(Cy, = 3.5 wt%) =
0.41, and 5(Cy = 3.75 wt%) = 0.44. (b) Relaxation time 7 characterizing the terminal decay in
f(g,7) at ¢ = 0.077 nm~! as a function of age. The solid lines are exponential fits to 75 at early
age, T = 19e®w, where 79 = 1.5 s and a = 2.9 x 107* s7! for Cy, = 3.25 wt%, and 79 = 0.79 s and

a=37x10"*s"! for C,, = 3.5 wt%. The dashed line has slope of 1.
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FIG. 10. The terminal relaxation time 79 of the dynamic structure factor as a function of wave
vector of suspensions with (a) Cy, = 3.25 wt% and (b) C,, = 3.5 wt% at various ages indicated in

the legends. The solid lines in both panels have slope of -1, and the dashed lines have slope of -2.
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