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ABSTRACT: The time evolution of both dynamic and static
structure factors of a charged colloidal clay, Laponite,
dispersed in both H2O and D2O solvents has been investigated
through multiangle dynamic light scattering (DLS) and small-
angle X-ray scattering (SAXS) as a function of weight
concentration. The aging phenomenology and the formation
of arrested states, both gel and glass, are preserved in D2O,
while the dynamics is slowed down with respect to water.
These findings are important to understand the role played by
the solvent in the interparticle interactions and for techniques
such as neutron scattering and nuclear magnetic resonance
that allow for the extension of the accessible scattering vectors and time scales.

■ INTRODUCTION

A microscopic dynamics evolving with time is the signature of
systems characterized by the aging phenomenon. Aging,
dynamical arrest, and glass transition have been deeply studied
through experiments,1−3 theory,4 and simulations5 over the past
decade.
In this context colloidal clays have attracted considerable

attention due to their characteristic aging behavior and rich
phase diagrams. Depending on the ionic strength of the solvent
and clay concentration they present liquid phases, gel and
glassy states, as well as ordered nematic and columnar
phases.6−11

Among colloidal clays Laponite is a widely studied synthetic
smectite clay that once dispersed in water forms a colloidal
suspension used in many industrial and technological
applications as a rheology modifier to products such as
ceramics, paints, cosmetics, household cleaners, etc.12 It is
characterized by a strong anisotropy due to the shape of the
nanodisc particles and to the inhomogeneity of the charges
(negative and positive, respectively, distributed on the faces and
rims6) that originates a microscopic competition between
directional attractive and repulsive interactions. These proper-
ties make Laponite an anisotropic particle, considered the
future building blocks for novel self-assembled materials.13 The
Laponite peculiar phase diagram has been largely investigated
both experimentally6,14−22 and theoretically23−30 in the last
years. The system spontaneously evolves toward different
arrested states depending on clay concentration and ionic
strength. In particular in salt-free water conditions an
equilibrium gel31 and a Wigner glass32,33 can be recognized at
weight clay concentrations 1.0% ≤ Cw < 2.0% and 2.0% ≤ Cw ≤

3.0%, respectively. Moreover at increasing waiting time a
spontaneous glass−glass transition from a Wigner to a
Disconnected House of Cards (DHOC) glass stabilized by
attractive interactions has been recently found.34

The aging evolution of dynamical properties of Laponite has
been broadly investigated through different scattering techni-
ques.34−41 In particular dynamic light scattering (DLS) has
been widely exploited to probe the evolution of fast and slow
relaxations as a function of waiting time (tw)

17,37,42−48 in
aqueous Laponite suspensions. A recent DLS study of two
samples at 1.5% and 3.0% weight concentrations in H2O, HDO,
and D2O has been performed to investigate the effect of the H/
D isotopic substitution in the solvent.49 However, an extended
study at different concentrations and different length scales is
missing as well as measurements on the structure of the system
under H/D isotopic substitution.
The most direct way to investigate how Laponite suspensions

in D2O evolve from a liquid phase to an arrested state (gel and/
or glass) is to measure the evolution with time of both dynamic
and static structure factors. Inspired by the pioneering work by
Avery and Ramsay that studied dynamics and structure of
Laponite suspensions50 we performed an extensive and
systematic DLS and small-angle X-ray scattering (SAXS)
study on samples in the concentration range Cw = (1.5−3.0)
% at different length scales in both H2O and D2O solvents to
understand the role played by H/D isotopic substitution and
how it affects the aging dynamics and the formation of arrested
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states. This study is also crucial for different experimental
techniques which require isotopic substitution, such as nuclear
magnetic resonance and neutron scattering, that allow for the
exploration of larger scattering vectors and time scales.51

■ MATERIALS AND METHODS

Laponite is a synthetic layered silicate with chemical structure
of the unitary cell constituted by six octahedral magnesium ions
sandwiched between two layers of four tetrahedral silicon atom
groups, obeying the empirical molecular formula
Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]

−0.7.52 The unitary cell is
repeated around 1500 times in two dimensions to form each
Laponite disc with a diameter of 25 nm and a thickness of 1
nm.6 The substitution of magnesium ions by lithium ions in the
octahedral sheet originates a negative charge of −0.7e in a unit
cell. These elementary charges are uniformly distributed over
the surface of Laponite discs, and therefore the dissociation of
OH− ions from the rims raises the pH of the solution and leads
to their positive charge.53 Thus, the suspension is composed by
nanosized discs with inhomogeneous charge distribution:
negative on the surface, around several hundred unit charge
e, and positive on the rims, ten times lower for a salt-free
system, as in our case.20,35,53

The samples were prepared, following the detailed protocol
described in ref 6: The oven-dried Laponite RD manufactured
by Laporte Ltd. was dispersed under stirring for 30 min both in
ultrapure deionized water (H2O) and deuterium oxide (D2O)
with purity ≥99.9% produced by EURISO-TOP. Soon after
stirring, the system was filtered through a 0.45 μm pore size
Millipore filter. The origin of the waiting time (tw = 0) is the
time at which the suspension is filtered and sealed in glass tubes
with 10 mm of diameter for DLS and in capillaries with 2 mm
of diameter for SAXS measurements. The whole procedure has
been carried out in a glovebox under N2 flux to prevent CO2
contamination. Samples at different weight concentrations in
the range 1.5% to 3.0% in H2O and D2O were prepared with
the same molar ratio; therefore, the weight concentration, Cw,
reported in the text always refers to the case of H2O.
Methods. DLS measurements were performed with a five-

angle setup. A solid-state laser with wavelength λ = 642 nm and
power of 100 mW is focused in the center of a cylindrical
cuvette. Single-mode fibers collect the scattered light at five
different scattering angles at around θ = 30°, 50°, 70°, 90°, and
110°, which correspond to five different scattering vectors,
according to the relation Q = (4πn/λ) sin(θ/2), where n is the
refractive index of the solvent (nD2O ≈ 1.326 and nH2O ≈ 1.331
for D2O and H2O, respectively, at λ ≈ 642 nm and T = 25
°C54). Time autocorrelation functions are then simultaneously
computed at Q = 6.2 × 10−4, 1.1 × 10−3, 1.5 × 10−3, 1.8 × 10−3,
and 2.1 × 10−3 Å−1 by calculating the intensity autocorrelation
function in the time range 10−6−1 s as

=
⟨ ⟩

⟨ ⟩
g Q t

I Q I Q t
I Q

( , )
( , 0) ( , )

( , 0)
t

t
2 2

(1)

where t is the delay time and ⟨···⟩t denotes the time average.
This technique permits us to explore both fast and slow
relaxations in Laponite suspensions.
SAXS experiments were performed at the high brilliance

beamline ID02 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, to probe length scales from
nanometers to microns and to obtain structural information for

soft matter and related systems. The measured structure factors
(SM(Q)) have been obtained as described in ref 38.

■ RESULTS AND DISCUSSIONS
DLS measurements were performed on Laponite suspensions
at weight clay concentrations ranging from 1.5% to 3.0% in
both ultrapure deionized and deuterated water.
Figure 1 shows the normalized intensity autocorrelation

functions as obtained through DLS for samples at increasing

weight concentrations in (a) H2O and (b) D2O solvents at
initial waiting time tw = 7 min. By increasing concentration the
correlation curves slow down and become slightly more
stretched.
The aging behavior and the time at which the sample reaches

the arrested state strongly depend on H/D isotopic substitution
in the solvent and on clay concentration, as low concentrated
samples take much more time to evolve with respect to high
concentrated ones.
To better investigate this dependence we fit all correlation

curves with a typical double exponential decay according to the
expression44

− = + −τ τ− − β
g Q t b ae a e( , ) 1 [ (1 ) ]t t

2
/ ( / ) 21 2

(2)

where b represents the coherence factor; τ1 is the microscopic
or fast relaxation time associated with the interactions between
a particle and the cage of its nearest neighbors; τ2 is the
structural or slow relaxation time related to the structural
rearrangement of particles; β is a measure of its distribution
width; and a and (1 − a) are the amplitudes of the fast and
slow relaxations, respectively.
Coherence factors (b) obtained for all correlation functions

are slightly dependent on tw, and their mean values are 0.847 ±

Figure 1. Semilog plot of normalized intensity autocorrelation
functions as obtained through DLS at Q = 1.8 × 10−3 Å−1 for
samples with increasing clay concentration in (a) H2O and (b) D2O
solvents at initial waiting time tw = 7 min. Clay concentrations are⬡ =
3.0%, ◁ = 2.8%, ☆ = 2.5%, ▷ = 2.0%, ○ = 1.8%, and □ = 1.5%. Full
lines superimposed to symbols are fits obtained through eq 2.
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0.005, 0.897 ± 0.003, 0.917 ± 0.007, 0.911 ± 0.011, and 0.946
± 0.025, respectively, for Q = 2.1 × 10−3, 1.8 × 10−3, 1.5 ×
10−3, 1.1 × 10−3, and 6.2 × 10−4 Å−1.
As shown in Figure 2 the fast relaxation time τ1 slightly

increases (less than 1 order of magnitude) with increasing

waiting time depending on clay concentration and solvent: it
departs from similar values for all concentrations (τ1 ≈ 65 μs
for (a) H2O and τ1 ≈ 80 μs for (b) D2O) and reaches higher
values for low concentrated samples. At short waiting times the
translational diffusion coefficient obtained by polarized DLS
depends on the fast relaxation time τ1 and scattering vector Q
according to Dt = 1/(τ1Q

2) and is also proportional to the
viscosity (η) through the Stokes−Einstein relation Dt = KBT/
(6πηRH), where KB is the Boltzmann constant, T the
temperature, and RH the hydrodynamic radius of the disc-
shaped particle. This implies that τ1Lapo−D2O/τ1Lapo−H2O = ηD2O/
ηH2O = 1.23 where ηD2O = 1.095 mPas and ηH2O = 0.891 mPas
at T = 25 °C.55 This indicates that the difference in the
diffusion process at initial waiting times is mainly due to the
difference in the solvent viscosity.
On the other hand, the slow relaxation time τ2 increases

significantly with waiting time. This behavior can be attributed
to a cage-diffusion process, where at short times the particles
can escape from “cages” formed by neighboring particles, while
at long times they cannot escape anymore and the system
becomes arrested.
The Q dependence of both the microscopic and structural

relaxation times is reported in Figure 3 at all the investigated
clay concentrations for (a) H2O and (b) D2O solvents at initial
waiting time tw = 7 min together with a power law fit (solid
lines) of the data as ∼Q−n with n ≈ 2 indicating a diffusive
dynamics at short waiting times. The same behavior has been
found for all waiting times (of the order of months) following
the dynamics of a low concentrated sample Cw = 1.5% as

reported in Figure 4 for (a) H2O and (b) D2O solvents. These
findings are in agreement with previous studies on Laponite
water32,37,56,57 and heavy water suspensions41 performed only
for the high concentration Cw = 3.0%.

Figure 2. Semilog plot of the microscopic relaxation time τ1 as a
function of waiting time for samples with increasing clay concentration
in (a) H2O and (b) D2O solvents at Q = 1.8 × 10−3 Å−1. Clay
concentrations are ⬡ = 3.0%, ◁ = 2.8%, ☆ = 2.5%, ▷ = 2.0%, ○ =
1.8%, and □ = 1.5%. Full lines superimposed to symbols are fits
obtained through the expression τ1 = τ1_0 exp(B1/(1 − tw/tw

∞)) where
τ1_0, B1, and tw

∞ are fitting parameters.

Figure 3. Log−log plot of the Q dependence of microscopic τ1 and
structural τ2 relaxation times at initial waiting time tw = 7 min in (a)
H2O and (b) D2O solvents for different clay concentrations: ⬡ =
3.0%,◁ = 2.8%,☆ = 2.5%,▷ = 2.0%, ○ = 1.8%, and □ = 1.5%. Solid
lines are power law fits of the data as ∼Q−n where in the case of τ1 the
mean values are n = 1.68 ± 0.05 (H2O) and n = 1.67 ± 0.04 (D2O)
and in the case of τ2 are n = 2.17 ± 0.27 (H2O) and n = 2.07 ± 0.15
(D2O).

Figure 4. Log−log plot of the Q dependence of microscopic τ1 and
structural τ2 relaxation times for clay concentration Cw = 1.5% in (a)
H2O and (b) D2O solvents at increasing waiting times: □ = 42 min, ○
= 34 020 min, △ = 74 460 min, and ☆ = 104 760 min for H2O and □

= 120 min, ○ = 46080 min, △ = 90720 min, and☆ = 129 600 min for
D2O. Solid lines are power law fits of the data as ∼Q−n.
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During the fluid to arrested state transition, the stretching
parameter β, in agreement with findings in other clays,46 lowers
from ∼0.8 to ∼0.2 as shown in Figure 5 for (a) H2O and (b)
D2O solvents. It decays faster by increasing clay concentration.

The slow relaxation time is well described by the two
parameters τ2 and β or by the mean relaxation time defined as44

τ
τ
β β

= Γ
⎛
⎝⎜

⎞
⎠⎟

1
m

2

(3)

where Γ is the Euler gamma function. The waiting time
dependence of τm for samples with increasing Laponite
concentration is reported in Figure 6 for both (a) H2O and
(b) D2O solvents. Previous studies have shown that it has a
characteristic exponential growth reflecting the progressive
slowing down of the dynamics according to the expression17,44

τ τ=
− ∞

⎛
⎝⎜

⎞
⎠⎟

B
t t

exp
1 ( / )m 0

w w (4)

where τ0, B, and tw
∞ are fitting parameters and tw

∞ represents the
divergence of τm associated with the formation of an arrested
state: at the beginning the sample behaves like a liquid, and
then with time the viscosity strongly increases up to reach an
arrested state where the sample does not flow anymore if
turned upside down. Figure 6(a) and (b) clearly shows that the
mean relaxation time is strongly dependent on both clay
concentration and isotopic substitution in the solvent. Fits of
microscopic relaxation time and stretching parameter provide
similar values of tw

∞.
Figure 7 shows the divergence waiting times as a function of

Laponite concentration in both H2O and D2O solvents. In
agreement with previous studies in H2O the time needed to
reach an arrested state decreases for increasing clay

concentration44 in both solvents, indicating that more
concentrated samples arrest faster. Furthermore, at fixed clay
concentration a considerable difference in the aging velocities is
found for the two solvents: a slower aging behavior is obtained
for most of the samples prepared in D2O with respect to H2O.
It cannot be due to the screening lengths of the two solvents
since their relative permittivities are very similar (ϵD2O = 78.39

and ϵH2O = 78.06 at T = 25 °C58). Moreover the difference in
solvent density is small (1.1 g/cm3 for D2O compared with 0.99
g/cm3 for H2O at T = 25 °C59,60), and Laponite density is 2.53
g/cm3; therefore, the slight difference in buoyancy for such tiny
discs will not significantly affect the aging of the sample.
Furthermore, the values of pH = 6.99 and pD = 7.4361 will
guarantee the stability of the platelets since dissolution is not
present in the range of pH between 3 and 10 for samples
prepared and sealed in N2 atmosphere,62−64 and their small
difference will not significantly affect the net charge on the
discs. Therefore, we believe that the difference in the aging
velocities for the two solvents could be related to the change in
viscosity. Figure 7 provides also a clear mapping of the time
needed to reach an arrested state at defined clay concentration

Figure 5. Semilog plot of the stretching parameter β as a function of
waiting time for samples with increasing clay concentration in (a) H2O
and (b) D2O solvents at Q = 1.8 × 10−3 Å−1. Clay concentrations are
⬡ = 3.0%, ◁ = 2.8%, ☆ = 2.5%, ▷ = 2.0%, ○ = 1.8%, and □ = 1.5%.
Full lines superimposed to symbols are fits obtained through the
expression β = β0 exp(Bβ/(1 − tw/tw

∞)) where β0, Bβ, and tw
∞ are fitting

parameters.

Figure 6. Log−log plot of the waiting time dependence of mean
relaxation time τm for different clay concentrations in (a) H2O and (b)
D2O solvents at Q = 1.8 × 10−3 Å−1. Clay concentrations are ⬡ =
3.0%,◁ = 2.8%,☆ = 2.5%,▷ = 2.0%, ○ = 1.8%, and □ = 1.5%. Solid
lines represent fits obtained through eq 4.

Figure 7. Semilog plot of the divergent waiting time tw
∞ as a function of

Laponite concentration for both H2O and D2O solvents at Q = 1.8 ×
10−3 Å−1. Dotted and dashed lines are guides to the eye.
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and solvent and enables one to choose and prepare samples
with an established arresting time.
The B parameter that measures how fast τm approaches the

divergence is shown in Figure 8 as a function of Cw, and despite

fluctuations, it clearly presents a discontinuity (step behavior)
for both solvents H2O and D2O. Previous studies in water44

have reported the same discontinuity between two different
constant values for low and high clay concentrations, indicating
a transition between different arrested states. Recent studies
have then clarified this scenario, showing that Laponite in H2O
forms an equilibrium gel for 1.0% < Cw < 2.0% and a Wigner
glass for 2.0% ≤ Cw < 3.0%.31,33 The presence of this transition
also in D2O indicates the existence of two different final
arrested states for low and high clay concentrations. Moreover
in the case of D2O the slight shift of the discontinuity toward
higher values suggests that the formation of the high
concentration state happens to higher clay concentrations.
To have information on the structure of low (Cw = 1.5%) and

high (Cw = 3.0%) concentrated samples in D2O, the waiting
time dependence of the static structure factor has been followed
through SAXS measurements as reported in Figure 9(a) and
(b), respectively. At initial waiting times (dashed lines, dashed

tw arrows), both low and high concentrated samples show a
decreasing of intensity at low Q-values, probably due to surface
processes of the particles taking time to reach a local
equilibrium state before the aging phenomenon starts65 or to
delamination of Laponite particles at early times.48 For longer
waiting times (full lines, full line tw arrows), as samples evolve
and reach an arrested state, the static structure factor has
significant different behaviors for the two concentrations. In
particular while for the high concentrated sample the SM(Q)
shows only a slight decrease at low Q and a small shift of the
main peak toward higher Q values (Figure 9(b)), low
concentrated samples (Figure 9(a)) show a dramatic change.
In this case a progressive increase of scattering intensity at low
Q and a significant shift of the main peak toward higher Q-
values are observed. These behaviors are similar to those found
in H2O solvent38 and indicate that the two samples reach two
different final arrested states following different routes.44

In order to understand the nature of these two distinct
arrested states we consider that the static structure factor of a
gel is generally described by an excess scattering intensity at low
Q, which reflects the correlation of the concentration
fluctuations associated with the network structure and
consequently indicates the formation of an inhomogeneous
state; therefore Figure 9(a) denotes the formation of a gel
structure.15 On the other hand the static structure factor of a
glass is characterized by an almost constant intensity at low Q
that corresponds to the formation of a homogeneous state,15 as
the one found in SM(Q) for high concentrated samples (Figure
9(b)). In addition, the position of the main peak, when the
arrested state is reached (long waiting times), for the high and
low concentrated samples is located, respectively, at Q ≈ 0.16
nm−1 and Q ≈ 0.4 nm−1, corresponding to length scales of ≈40
nm for high and ≈15 nm for low clay concentrations.
Considering that the Laponite diameter is 25 nm, this indicates
that particles are mainly disconnected at high Cw (glass state)
and probably bonded in a T-configuration at lower Cw (gel
state). These findings demonstrate that also in the case of D2O
solutions the picture of a gel at low concentrations and a glass
at high concentrations is preserved.
The static structure factors in the gel (Cw = 1.5% Figure

10(a)) and in the glass state (Cw = 3.0% Figure 10(b)) in both
solvents have been compared at short (full lines) and long
(dashed lines) waiting times. It is evident that for both
concentrations SM(Q) does not vary remarkably by H/D
isotopic substitution, suggesting that the interaction potentials
describing water Laponite suspensions apply also to the case of
heavy water solvent.

■ CONCLUSIONS
In this work we have performed an extensive study on the aging
behavior of Laponite suspensions in both D2O and H2O
solvents at increasing clay concentration from 1.5% to 3.0%.
We found that the aging phenomenology and arresting
mechanisms are preserved and that H/D isotopic substitution
affects the dynamics and leads to a slowing down of the aging.
A clear mapping of the time needed to reach an arrested state at
defined clay concentration and to also choose and prepare
samples with established arresting time is obtained. Moreover,
measurements of the static structure factors indicate that H/D
isotopic substitution does not affect the structure and that the
arrested states reached at low (Cw = 1.5%) and high (Cw =
3.0%) concentrations in D2O are, respectively, gel and glass as
in H2O.

Figure 8. B parameter as a function of Laponite concentration for both
H2O and D2O solvents at Q = 1.8 × 10−3 Å−1. Dotted and dashed lines
are guides to the eye.

Figure 9. Measured static structure factor SM(Q) as obtained by SAXS
for samples at (a) low Cw = 1.5% and (b) high Cw = 3.0% Laponite
concentration in D2O at different waiting times.
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Finally, since D2O has the same chemical behavior of H2O
and only differs in its mass and related properties, the structure
should be preserved by H/D isotopic substitution, and only
dynamical properties should be affected, in agreement with our
findings.
This study contributes to the general understanding of

Laponite suspension behavior and is important for experiments
in which isotopic substitution is required.
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