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Abstract

The ageing dynamics of a charged colloidal system, Laponite suspensions in water, has been
investigated by a photon correlation technique. The samples have a very wide range of clay
concentrations (Cy, = 0.3-3.1 % in weight) and four different NaCl salt concentrations (C = 1x10*
M; 1x107 M; 2x107 M; 5x107 M) and have been studied in a novel way to investigate the phase
diagram, which has been subject of discussion in recent literature. A clear picture of the Laponite
phase diagram has been obtained. The measurements show the existence of two different dynamical
routes to reach a final arrested state and the presence of a transition line between them in the C,,-C,
plane.

§1. Introduction

In recent years, Laponite dispersions in water have been widely studied on account of the
peculiarity of their phase diagram, originating from a competition between the short-range attractive
and long-range repulsive interactions, and the ability of varying the clay concentration and/or ionic
strength of the dispersions [1-7, 9-11, 13-16]. Moreover, despite intensive research on the subject,
only very recently it has been observed that this system can form an arrested phase also at very low
clay concentrations. The discovery of this arrested phase at weight concentration as low as Cy, = 0.3
% [17] gives further interest to the study of this charged colloidal system. As in the usually studied
part of the phase diagram (at Cy,=3 % and Cs = 1x10* M) [1-3, 5, 6], ageing dynamics of Laponite,
quenched out of equilibrium by shearing the system, has also been observed in the region of very
low clay concentrations. In this paper, samples with a very wide range of clay and salt
concentrations, have been studied in detail and the ageing behaviour identified and analysed for all
the investigated concentrations. An arrested state has been identified for all the samples and a phase
diagram with two different arrested phases, at "low" and "high" clay concentrations, is proposed.

§2. Experimental details
Laponite in water is a colloidal dispersion of charged disk-like particles. The clay powder is

composed of single crystals with a three-layer structure. The central one contains magnesium and
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litium atoms bonded with oxygen and OH groups to form an octahedral structure. This layer is
sandwiched within two tetrahedral structures of silicon with sodium atoms that are exposed on the
surface of the platelets [8]. When this kind of chemical architecture is dispersed in water, Na ions
are releasedon the surface by ionization, forming a net negative charge of some hundreds of
elementary charges. In addition, owing to protonation of the OH groups disposed on the rim of the
plate, a weak positive charge also appears. Therefore both attractive and repulsive interactions are
present in this charged colloidal system.

For the case of salt-free water (Cy= 1x10* M) the samples are prepared by mixing Laponite
powder with deionized water (18 mQ) in the weighted proportions. Otherwise Laponite is dispersed
in a solution of deionized water and NaCl salt with concentrations: Cg = 1x107 M, 2x107 M, and
5x10° M. The dispersions are vigorously stirred until the solutions become clear. For
reproducibility reasons this time is kept to 30 minutesfor all samples. Just after the stirring, the
dispersion is filtered through a Millipore 0.45 pm pore size filters and at this moment the initial
waiting time t,, = 0 is defined. The determination of the concentration of the samples is problematic
as the filtering procedure can alter the actual concentration if large clusters are present in the
suspension after the stirring phase. To minimize this effect, we prepared a large amount of
concentrated solution at each salt content, then we diluted this parent sample at the desired
concentrations. In this way the relative concentrations are well defined, even if the absolute value in
Cy, can be affected by a systematic error, which we estimate to be in the range AC,/C = 0.1. The
whole procedure has been performed inside a glove box in a nitrogen atmosphere to avoid any
contact of the samples with atmospheric CO, which could cause a degradation or a dissolution of
Laponite crystals [12], [21]. No titration has been performed on Laponite samples, but a complete
study of it can be found in reference [21].

Dynamic light scattering measurements were performed. For none of the samples was a
significant multiple-scattering signal expected or revealed. Therefore an ALV-5000 logarithmic

correlator in combination with a standard optical set-up based on a He-Ne (A = 632.8 nm) 10 mW
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laser and a photomultiplier detector was used. The intensity correlation function was directly
obtained as g»(g; t) =< I(g; H)l(g; 0) >/< I(g; 0) >2, where q is the modulus of the scattering wave
vector defined as g=(4nn/A)sin(0/2) (0 = 90° in the present experiment). The acquisition time was 5
minutes for all the measurements.

§ 3. Results and discussion

In Figure 1 the raw spectra obtained by photon correlation measurements are shown for two
samples, at "low" and "high" clay concentrations, respectively Cy, = 1.0 % (panel B) and C,=2.5 %,
(panel A) for a salt concentration of Cs = 2x10° M at the waiting times t,, reported in the figure.
The figure shows clearly that both samples are undergoing ageing, i.e. the correlation time increase
for an increase in the waiting time. The measured spectra show also that, for both samples, at the
longest reported ageing time, there is a transition towards an arrested phase as indicated by the
evolution of the autocorrelation spectra from a complete decay to zero to an incomplete decay to a
pseudo plateau (red curves in Fig. 1).

This is the clear signature that, after a time that depends on clay and salt concentrations (as shown
below), the samples undergo an ergodic to non-ergodic transition, representing a jump from the
liquid to an arrested phase, as already reported in references [3], [6] and [13]. Also a direct
inspection of the samples shows that the initial as-prepared liquid phase becomes a fully arrested
phase, whereby the sample supports its own weight if turned upside down. The same behaviour has
been observed for all the investigated samples, showing that for all the different clay and salt
concentrations an arrested phase can be found.

[Insert figure 1 about here]

The spectra decay with a two step behaviour, more visible at long waiting times, and furthermore
they can be described by two relaxation processes. From Fig. 1 one can observe that the ageing
evolution is different for the two series of samples: in fact for the series of samples at "low"

concentrations (panel B of the figure) the whole of the curve evolves with waiting time, while for
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the series at "high" concentrations (panel A of the figure) the first decay seems to be fixed while the
second one is more sensitive to the ageing time.

The two-step behaviour of all the measured autocorrelation curves can be described as the
squared sum of two terms: the first fast decay, is obtained by a simple exponential term while the

second slow decay, can be described by a stretched exponential term in the following way:

g2(q. 1) - 1 = b[ aexp(-t/r)+ (1 - ) exp (-(t)?)]?

Here b is the coherence factor, a and (1 - a) are the weights of the two contributions 1; and 1,, which
in turn are the fast and the slow correlation times, while f is the stretching parameter. The fit
analysis has been performed successfully on all the spectra in the ergodic (liquid) phase, as can be
seen from the full lines superimposed to the experimental points in Fig. 1. From this analysis all the
parameters can be extracted with the error bars obtained by the fit analysis assuming a constant
error on the experimental data. We will focus now our attention on the parameters of the slow decay
- the stretched exponential term of the fit.

One can calculate a mean relaxation time 1, of the relaxation time distribution of the
stretched exponential term through the slow relaxation time 1, and the stretching exponent [, as

described in reference. [19]:

1 1
=T —I'(—) @)

where I is the Euler gamma function.
Another way to obtain a mean correlation time from a stretched exponential distribution is to
calculate the mean value of the natural logarithm of the slow correlation time, which can be

demonstrated to be given by:
1
Tm2= T2 exp(y (1-—))
p

where 7 is the Euler constant.
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A comparison of T, T,y and 1, is reported in Fig. 2 for a “low” concentration sample (C, =

0.6 %, bottom panel) and a “high” concentration sample (Cy, = 2.5 %, top panel) both at Cs = 1x107
M. The figure shows clearly that, both at low and at high clay concentrations, the general trend of
the three possible definitions of the correlation times is essentially the same. Sothe features found in
the following analysis and in our previous works [17-19] cannot be considered to arise simply from
our definition of the mean correlation time t,, and can be extended to 1, and Tp».

[Insert figure 2 about here]
The mean correlation time T, and the stretching parameter 3 are linked through relation (2). The
behaviour of the mean correlation time t,, as a function of the stretching parameter  for all the
studied clay and salt concentrations (indicated as circles in Fig. 6) is reported in Figure 3. From this
figure it is evident that for each salt concentration (decreasing from the top to the bottom of the
figure, from panel A to panel D) t,, is always decreasing as [ is increasing and that all the different
clay concentrations collapse on a single master curve. This suggests that a general trend for all the
clay concentrations at a fixed salt concentration can be found.

[Insert figure 3 about here]
Moreover if we plot 1, with respect to 3 for different clay and different salt concentrations on the
same graph, in this case also all the curves collapse onto a single curve. This comparison is reported
in Figure 4 where one clay concentration for each salt concentration are plotted together without
any scale factor. The figure shows clearly that also for the four investigated salt concentrations the
curves superimpose.

[Insert figure 4 about here]
These comparisons indicate a strong correlation between the two parameters for all the investigated
samples and that a master curve for all the different salt and clay concentrations can be found.

The mean correlation time can be fitted by a phenomenological law that describes its

apparent divergence [17, 18]:

http://mc.manuscrip?oentral.com/pm—pml
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Tm=To €Xp ( Bty /(ty” - ty))

The fit analysis well describes all the samples, both the "low" and the "high" clay
concentrations. An indication of the quality of the fits can be seen by the full lines reported on the
experimental points for the "low" (bottom panel, C,, = 0.6 %) and the "high" (top panel, Cy,= 2.5 %)
concentration samples at C = 1x10° M reported as an example in the already discussed Figure 2.
Different fits of the t, values at other clay and salt concentrations can be found in Fig. 3 of
reference [19].

The data analysis permits us to obtain the two important parameters that describe the ageing
process: the B parameter, which measures how fast t, approaches the divergence, and the ty”
parameter, which indicates the waiting time at which the divergence occurs, i.e. the time at which
the system is arrested. These two parameters have been fully discussed in reference [19]; here we
limit ourselves to show their general trend in Figure 5. In this Figure the behaviour as a function of
the ageing time for all the clay concentrations and for the four salt concentrations investigated,
decreasing from the top to the bottom panel, are reported. This complete study has permitted
differentiation of the ageing process in "low" and "high" concentration samples. In particular, with
the measurements of salt-free water samples (C = 10 M), we have found two different master
curves: one for the "low" and the other for the "high" concentration samples - for more details, see
[17-18]. Moreover from the study of other samples at higher salt concentrations we can now
generalize our findings [19] to this part of the phase diagram and define "low" and "high"
concentration samples as the ones at, respectively, "low" and "high" values of B. These two series
of samples are distinguished in the figure by, respectively, open and full circles. Performing then a
sigmoidal fit of the B parameter, reported as dashed lines in panel (A) of Fig. 5, we can also extract
a mean value for each salt concentration that defines the point in between the two behaviours; these
are indicated by stars in Fig. 6. Panel B of Fig. 5 shows that, for all the studied samples, there is a

ty at which the final state of all the studied samples is arrested. The arresting time depends on clay

http://mc.manuscrip?oentral.com/pm—pml
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and salt concentrations, decreasing for increasing clay and/or salt concentrations. Therefore the
ageing dynamics at both high clay and salt concentrations is too fast to be followed with the photon
correlation technique.
[Insert figure 5 about here]

In Figure 6 we report the phase diagram of Laponite suspensions as derived from our
measurements. All the investigated samples are reported in the graph as circles (open or full in
accordance with Fig. 5) and all are in a final arrested state. This new phase diagram is not trivial
because it rules out the previous assignation of the low free-concentration region as an isotropic
stable liquid phase [11], [20]. As already discussed, our new findings fully establish that also at low
clay concentrations, both in salt-free water [17-18] and in added salt water [19], an arrested phase
can be found. Moreover from the measured spectra (see the discussion about the general evolution
of the ageing curves) and, more quantitatively from the behaviour of the B parameter, a difference
in the ageing process for the "low" and "high" concentration samples has been found. The sigmoidal
fit and the stars points of Fig. 5 reported in Fig. 6 permit us to draw a line that separates two
different dynamical arresting processes: IG1 and 1G2.

[Insert figure 6 about here]

§ 4. Conclusions

From this study of Laponite suspensions in water with wide clay and salt concentrations, the
ageing process of this charged colloidal system has been investigated. The fundamental parameters
of the evolution towards the arrested state have been obtained and their behaviours have shown two
different dynamical ways to reach the final arrested state. A new gel or glass phase has been found
at clay concentrations as low as Cy, = 0.3 %, at several salt concentrations (IG1 region in Fig. 6).
The analysis has permitted to distinguish between two different arrested phases, IG1 and IG2 of
Fig. 6, and to draw a transition line between them in the Laponite phase diagram.
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Figure caption

Figure 1.

Evolution of the photon correlation spectra for two samples at different clay concentrations (Cy, =
2.5 % - panel A and Cy, = 1.0 % - panel B) for C;= 2x10~M at increasing waiting times (reported in
the figure) from left to right (as indicated by the arrows). Both samples experience ageing following
two different dynamical routes. The final non-ergodic state is signaled by an incomplete decay of
the autocorrelation function (uppermost curves). The fitted curves of the ergodic autocorrelation

functions are reported as full lines superimposed on the experimental points.

Figure 2.

Values of 1, (m) 1y, (©) and 117 (A) as a function of waiting time ty, for two different concentrations,
Cyw = 2.5% (top panel) and C,, = 0.6% (bottom panel) at a salt concentration of Cs = 1x10° M. The
general trend of the three correlation times is essentially the same for both samples. The full lines

show the experimental fits of the 1, data with Eq.(2).

Figure 3.

Values of the B parameter as a function of 1, for all the investigated clay and salt concentrations
(the amount of NaCl salt is decreasing from panel A to panel D). At a fixed salt concentration all

the curves collapse on a single master curve.

Figure 4.
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Behaviour of the § parameter as a function of 1, for different clay and salt concentrations: (8) Cy, =
2.5%, Cs= 1x10*M; (0) Cy = 1.5%, Cs= 1x10°M; (0) Cy = 1.8%, Cs = 2x10°M; (X) Cy, = 1.4%,

C, = 5x10°M. The general trend observed for fixed salt concentration (Fig. 3) can be extended also

to samples with different salt concentrations which collapse onto a single master curve.

Figure 5.

Concentration dependence of B (panel A) and t,,” (panel Bkj) parameters for all the investigated
clay and salt concentrations (decreasing from top to bottom).

(A) - The transition from a constant value for the “low” concentration samples (©) toward another
constant value for the “high” concentration samples (®) is an indication of a transition between two
different arrested states. The dashed lines reported in the figure are sigmoidal fits of the B
parameter.

(B) - The ty,~ parameter is decreasing where the clay and/or salt concentrations are increasing. The
more concentrated the sample or the bigger is the ionic strength of the solution, the less is the time

to reach the final arrested state.

Figure 6.

New phase diagram of Laponite suspensions in water. All the investigated samples are reported as
low (o) and high (e®) concentrations. The stars are the results of the sigmoidal fits of the B parameter
reported in Fig. 5. The solid-dashed line is an eye indication for the hypothesized transition line

between the two regions of arrested states, IG1 and IG2, discussed in the paper.
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