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Abstract:

The disk-like nanoparticles of Laponite are known to self-assemble to form a fractal
gel within hours after sufficiently large concentration of the same is dispersed in water
containing salt. A concentration of sodium counter-ions associated with Laponite particles,
however, continue to increase over a period of days suggesting delamination of Laponite
disks from stacks is sluggish or/and dissociation of counter-ions is slow. In either case,
spontaneous self-assembly of Laponite particles occur even though delamination and/or
counter-ion dissociation has not reached its equilibrium state. In order to obtain nature of
fractal gel as the extent of delamination and/or dissociation progresses towards equilibrium,
we subject the Laponite suspension to freezing — defrosting cycle, which interestingly
reinitiates the gelation process in suspension afresh. Application of time resolved rheometry
to defrosted suspension shows that iso-frequency loss tangent curves intersect at an
identical point validating the Winter — Chambon criterion for a critical fractal gel state.
Interesting while time required to form critical gel is observed to decrease with increase
time elapsed since preparation at which freezing- defrosting is carried out, the fractal
dimension of the critical gel is observed to remain unaffected. We also solve DLVO theory
for free energy interactions between the negatively charged Laponite particles faces and

analyze the observed phenomena.
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1 Introduction

Colloidal particles suspended in aqueous media arrange themselves in variety of
microstructures depending upon their concentration, nature of charges present on the
particles, and nature and concentration of electrolytes.' Colloidal suspensions are used in
variety of applications including that in medicines, soaps and detergents, inks and paints,
lotions and pastes, as a variety of food items, etc. Microstructure of colloidal suspension on
one hand determines its application; while on the other hand, it also determines its long
term stability against sedimentation, creaming or thixotropic cake formation. In the limit of
low concentrations the colloidal suspension usually remains in a liquid state for a long time.”
However, with increase in concentration their tendency to self-assemble increases.
Sometimes the self-assembled structures are out of thermodynamic equilibrium and evolve
with time in search of more stable states.? Presence of anisotropic shape and dissimilar
charges add further to the intricate inter-particle interactions. In this work we study self-
assembly of nanoparticles of Laponite, a synthetic clay mineral, which has disk like shape
with dissimilar charges distribution when dispersed in agueous media. Laponite in agueous
media has been used in variety of industries including pharmaceutical, paper, paint, home
care, personal care, petrochemical, agrochemical, etc., primarily as a rheology modifier.*® In
academics, due to its spectacular time dependent physical properties, agueous Laponite
suspension has been termed as a model soft glassy material.” In the literature, this system
has been proposed to show a rich array of microstructures. In this work we employ
rheological tools to gain further insight into its microstructure after subjecting it to freezing

— defrosting cycle.

Laponite clay, with chemical formula of unit cell Na.q7[(SigMgs.sLio.3)O020(0OH)4]-0.7, has
a disk-like shape with thickness of 1 nm and 25+2 nm diameter.® Laponite belongs to a
family of 2:1 polysilicate wherein one octahedral layer of magnesium oxide is sandwiched
between two tetrahedral layers of silica. In the middle layer some magnesium atoms are
replaced by lithium, which gives a negative charge on the faces of Laponite particle. This
charge is compensated by sharing sodium atoms in the interlayer spacing between the
particles of Laponite. In a dry state Laponite particles are present in the form of stacks.
When Laponite powder is dispersed in water, it enters the interlayer gallery causing the

stacks to swell.” ° During this process stacks of Laponite particles with variety of sizes are

2
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present in water.” On one hand these stacks undergo swelling, while on the other hand

Laponite particles on the surface of the stacks delaminate as a function of time.

Suspension of Laponite in water is known to show spectacular increase in elastic

11-14

modulus as a function of time, eventually acquiring a soft solid like consistency. It is

typically observed that ionic conductivity of suspension increases very slowly over a

11,1518 The increase in ionic conductivity is

timescale of days after preparation of the same.
due to dissociation of Na* ions from the faces of Laponite. Since significant dissociation of
Na® ions occurs only after delamination of individual Laponite particles from the stacks,
sluggishness of either or of both the processes could lead to slow enhancement of ionic
conductivity. Possibility of both the processes being slow has been speculated in the

literature.*> ¥/

The edges of the Laponite particles where crystal structure is broken
primarily contain Mg-OH groups, whose charge depends upon the pH. Point of zero charge
for Mg-OH is around 12.5,'® below which the edges acquire positive charge due to
protonation of the same. Overall, negatively charged faces, positively charged edges and
anisotropic shape of Laponite particle lead to complex interparticle interactions, which

11, 19, 20

include edge to face attraction as well as face to face repulsion. Presence of

externally added salt in a suspension increases concentration of ions, which are known to

shield the charges on the particles.*”

Owing to presence of dissimilar charges, the microstructure of Laponite suspension
influenced by repulsive as well as attractive interactions present in between the Laponite
particles. Many versions of Laponite suspension phase diagram as a function of salt (NacCl)

and Laponite concentration have been proposed in the literature.'® 2%

Laponite
suspension shows phase separation below around 1 weight % or in a limit of very high salt
concentrations (>20 mM).'® ?* Furthermore, while there is a consensus that between 1 and
2 weight % aqueous suspension of Laponite forms a colloidal gel, microstructure above
concentration of 2 weight % is a matter of debate. Ruzicka and coworkers® by carrying out
small angle X-Ray scattering (SAXS) proposed that for suspensions with concentration
greater than 2 weight % Laponite particles forms a glass state in which particle jammed in
space, remaining untouched with other particles.?” Interestingly Ruzicka and coworkers®

indicated that while repulsion dominates the early stages after preparation of Laponite

suspension, attraction among the particles play a significant role as a suspension ages.

3
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Ruzicka and coworkers also carried out Monte Carlo simulations, wherein disk-like particles
with charged patches (three positive potentials on edge and one negative potential on each

of the two faces) interact with each other.?” %

Interestingly the structure factor obtained from simulations showed similarity with
that obtained from SAXS measurements. In an alternate proposal Mongondry and
coworkers®® proposed Laponite suspension to exist in a gel state wherein particles form a
space spanning network by forming edge to face attractive bonds. Interestingly Joshi and

coworkerst? % 30

through series of papers on rheological, dynamic light scattering and
electrochemical experiments showed that rate of structural build-up in Laponite suspension
increases with decrease in repulsive screening length related with the Laponite particle
faces. Consequently, they claimed the resultant structure cannot be merely repulsion
dominated but the attractive interactions must have profound influence on the same over
all the timescales since preparation of the same. It should be noted that gel formation in
aqueous media is not just limited to Laponite. The other types of clays such as bentonite,
montmorillonite, nontronite, etc., which are structurally similar to Laponite, have also been

10, 31, 32

reported to form attractive gels when suspended in water. Clays modified by

hydrophobic chains render it compatibility with organic solvents. Such clay dispersions have

33, 34

also been observed to undergo sol-gel transition. However this topic is beyond the

scope of present work.

A gel state and a glass state is distinguished from each other by a length-scale above
which density of the same becomes homogeneous.? In glasses, this length-scale is of the
order of an average inter-particle distance, while in case of gels this length-scale is much
greater than an average inter-particle distance. This length-scale can usually be obtained by

. . . . 19, 35
scattering as well as microscopic techniques.™

Rheologically, on the other hand, there are
unique signatures to recognize a point of glass transition compared to that of the critical gel
state. A point of glass transition, wherein liquid undergoes ergodicity breaking, depends on
timescale of observation. Consequently, rheological properties at glass transition depend on
frequency.®® Typically at a point of glass transition tand , which is the ratio of G”" (viscous
modulus) to G’ (elastic modulus), shows a maximum. For molecular glasses, a glass

transition temperature (associated with maximum in tan¢J ) is observed to increase with

increase in frequency applied to monitor the evolution.’’” The critical gel state, on the

4
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contrary, is that state when particles just form a space spanning percolated network. The
point at which such network is formed is independent of time scale of observation or
applied frequency.® Winter and Chambon®? in a seminal paper proposed that at the critical

gel point, elastic (G) and viscous (G") modulus show identical frequency (») dependence

given by:

7S
2I°(n)sin (nz/2)

G'=G"cot(nz/2)= ", (1)

where T'(n) is an Euler gamma function of power law exponent n and S is the gel
strength. Consequently at the critical gel state tan5=tan(nﬂ/2) is independent of

frequency. Therefore, rheologically the critical gel state is identified as the point at which
iso-frequency tan S curves meet.*® Beyond the critical gel state, a gel consolidates wherein

inter-particle bonds become stronger along with alteration of the network.*

The critical gel state that validates Winter — Chambon criterion has been observed

41-44

for a large number of crosslinking polymeric materials and colloidal particulate materials

45-47

undergoing gelation. Interestingly the knowledge of n also leads to obtain fractal

dimension of the critical gel.*®

Remarkably fractal dimensions obtained from independent
small angle X-Ray scattering measurements on polymeric® as well as colloidal® gels closely
match that obtained from the rheology experiments. Interestingly dependence of G' on w

given by equation (1) yields relaxation time spectrum, given by H(r): 7", where 7 is

relaxation time. Very recently Winter’® proposed that the behavior of relaxation time

spectrum at a point of glass transition shows positive slope when H(z-) is plotted as a

function of r on a double logarithmic scale. This is contrary to the behavior that observed
at the critical gel state, thereby indicating an important criterion to distinguish both the

states.

In order to check validity of Winter — Chambon criterion given by equation (1), a
system evolving as a function of time is usually subjected to time resolved rheometry,
wherein frequency sweep is applied in a continuous succession. Cocard and coworkers>
were the first to investigate aqueous suspension of Laponite using time resolved rheometry

to validate the Winter — Chambon criterion. More recently Jatav and Joshi’® validated
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presence of critical gel state for a freshly prepared 2.8 weight % Laponite suspension with 3
mM NaCl, which is expected to be consisting network formed by bonds between positive
edges and negative faces.' Interestingly, while the critical gel state is observed within few
hours of mixing Laponite in water, slow dissociation of Na* ions continues over timescale of

1115 consequently, the critical gel state observed for a freshly prepared Laponite

days.
suspension is associated with only partial dissociation of Na® ions and/ or partial

delamination of particles.

As mentioned before, the negative potential on the faces of Laponite particles is a

11, 30

consequence of dissociation of Na* ions. Furthermore, concentration of Na® ions in the

electric double layer surrounding a particle also influences width of the same which strongly

1 Discussion in

influences inter-particle attractive as well as repulsive interactions.”
previous paragraphs therefore suggests that at the time of critical gel formation either
delamination of Laponite particles and/or the dissociation of Na* ions from the faces of
Laponite particles did not reach the equilibrium. As a result, the observed critical gel state is
associated with that of only a partly evolved delamination/dissociation dynamics. It is
possible that the nature of gel state could have been different if sufficient time would have
been given first for the delamination/dissociation process to reach equilibrium followed by
gelation of the particles. However, a process of colloidal gelation such as in case of Laponite

suspension, unlike chemical gelation,>* cannot be stopped or paused at any point by killing

the bond formation process.

It has been observed that application of strong deformation field induces gel — to —
liquid transition in a colloidal gel.? Subsequent to cessation of deformation, the rheological
properties of Laponite suspension evolve as a function of time, whose dynamics is

qualitatively similar to that of evolution in freshly prepared suspension.” **

It may,
therefore, appear that nature of critical gel state could be studied by shear melting a
Laponite suspension after dissociation/delamination process has reached the equilibrium.
However it has been observed that shear melting does not obliterate all the inter-particle

bonds formed during a process of gelation.'” *3

Consequently post shear melting
restructuring of Laponite suspension does not sample the critical gel state.® The deviation

from the critical gel state becomes so severe with age, at which the shear melting is applied,

Page 6 of 21
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such that for a sufficiently old shear melted Laponite suspension, iso-frequency tano

curves do not even cross each other.*® >3

The objective of the present work is to explore possibility of obtaining nature of the
critical gel state at various concentrations of dissociated Na® ions until its equilibrium value
if reached, which also guarantees delamination to be nearly complete. In order to achieve
the same, we freeze a Laponite suspension below 0°C and after holding it there for some
time, defrost it. Since, at 0°C relative permittivity of ice is smaller than that of liquid water
by over a factor of 25, defrosted samples are in completely collapsed state. The gelation of
such samples leads to characterization of the critical gel point at various intermediate states

of partial dissociation and/or delamination.

2 Sample Preparation and Experimental Protocol

Laponite XLG used in this study was obtained from BYK Additives, Ltd. A protocol to
prepare 2.8 weight % Laponite suspension with 3 mM NaCl in water having pH 10 is same as
that reported by Jatav and Joshi,”® which involved vigorous mixing of mentioned ingredients
with oven dried Laponite using turrex drive for 30 min. The freshly prepared suspension was
stored in air-tight polypropylene bottles in constant temperature chamber maintained at

30°C. The sample was stored for various rest times (7, ), and rheological, conductivity and

pH measurements were carried out on the same. The suspension was observed to remain
chemically and physically stable over a duration of all the experiments, wherein no

dissolution of magnesium ions and no phase separation were observed.”

Rheological experiments were carried out in concentric cylinder geometry (outer
diameter of 30 mm and gap of 1 mm) of DHR3 rheometer (TA instruments). Suspension was
loaded into shear cell using a dropper, and an oscillatory stress of 25 Pa at 0.1 Hz frequency
was applied for 5 min during which sample underwent shear melting leading to a steady
value of complex viscosity and strain magnitude. Subsequently the suspension was frozen to
—10°C and after maintaining it at that temperature for 90 min it was defrosted to 30°C. After
reaching thermal equilibrium at 30°C, sample was again subjected to 25 Pa oscillatory stress

at 0.1 Hz frequency for 5 min to assess the effect of freezing. Next an oscillatory stress of 0.1
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Pa with frequency varying in a range: 0.5-25 rad/s was applied to the sample in a continuous
succession. The ionic conductivity was measured using DS-71 conductivity meter with 2 pole
cell electrode, while pH was measured using F-71 pH meter with standard glass electrode
(Both the instruments from HORIBA Scientific). Before measuring ionic conductivity and pH,
the suspension was mechanically rejuvenated to convert it into a liquid, which facilitates

unhindered ionic mobility.

3 Results and discussion
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Figure 1. (a) The ionic conductivity (o), (b) concentration of Na* ion (¢, ) and (c) the Debye
screening length (4, ) is plotted as a function of rest time (7, ) of the suspension. It can be

seen that after 100 h all the three variables attain the equilibrium value.

The ionic conductivity (o) of the suspension measured before freezing on various
days elapsed since preparation (¢, ) is plotted in figure 1(a). It was observed that freezing —

defrosting has practically no effect on o, which is measured at 30°C after defrosting the

suspension. It can be seen that, just after preparation, value of o is small but increases

Page 8 of 21



Page 9 of 21

Faraday Discussions

rapidly with increase in f,. However beyond 7,=50 h increase in o becomes weak as a
function of 7, and shows a sign of reaching a constant value. As mentioned before, increase

in o over a prolonged period could arise from delayed delamination of Laponite plates,
and/or sluggish dissociation of Na* counter ions. The ionic conductivity is directly related to

mobility and concentration of various ionic species in a suspension and is given by:>®
o= ezi,uic[ , (2)

where e is electron charge (1.602x10° C), while M and ¢, are respectively the mobility

and concentration of ith ionic specie. In aqueous Laponite suspension studied in the
present work various ionic species present are: Na*, CI~ and OH™ ions. The concentration of

OH™ ions ( ¢y, ) can be calculated from the pH of suspension while concentration of CI” ions (
¢ ) is same as concentration of externally added NaCl (3 mM). In principle H* ions are also

present, however since pH of suspension is always around 10.3 over the explored duration,

contribution of H* ion is negligibly small. With knowledge of x of the mentioned ionic
species, concentration of Na* ions (¢, ) can be easily calculated from equation (2). In figure
1(b), c, is plotted as function of ;. It can be seen that, as expected, ¢, follows the same

trend as that of o .

The knowledge of ¢, also enables us to estimate the Debye screening length (4,)

associated with the electric double layer on the faces of Laponite particles, and is given by:

k T 1/2
/’LD _ g()gr B , (3)

- 2 2
e Ez[c,.
1

where &, is permittivity of free space, ¢, is relative permittivity of water, &, is Boltzmann
constant, T is temperature, and z, is ionic charge number of ith specie. In figure 1(c) 4, is
plotted as a function of #,. It can be seen that A, decreases strongly over first 50 h
followed by a weak decrease to reach a constant value. The decrease in A, can be

attributed to increase in concentration of Na’ ions in the bulk of suspension which

compresses the electrostatic double layer around the particle faces.
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The energy interactions between two clay particles approaching each other in a
parallel fashion as a function of normal distance between the two faces (2d ) is obtained by
solving DLVO (due to Derjaguin, Landau, Verwey and Overbeek) theory.® In the DLVO theory,
the total free energy (V) is obtained by adding contributions from electrostatic (usually

repulsive, V) and van der Waals (attractive, V ,, ) interactions between the faces

separated by distance 2d and is given by:

-2d A
V.=V.+V =(64c. k,TA, )tanh?(z/4 |-, 4
T E v ( Crnafp D) an (Z/ )exp( P j 487d> (4)

D

In equation (4) the terms on the right side are respectively the expressions of free energy
for electrostatic and van der Waals interactions. Parameter z is a dimensionless number

related to surface charge density (g) given by:
sinh(2/2) = (8cn,6,6.4,T) ¢, (5)

while 4,, is the Hamaker constant whose value is 1.06 x107%° J for Laponite.”” In equation
(5) ¢ is obtained by knowing number of Na* ions dissociated per face of Laponite particle,

and is given by
gze(cNa—c]'\,a)/(ZAan), (6)

where ¢, is Na* ions concentration due to external sources such as NaCl and NaOH added
to the suspension. Furthermore, surface area of one face of Laponite particle is given by 4,
while n, is number density of Laponite particles, so that denominator of equation (6) is the
total surface area of all the faces of Laponite particles considering the same to be
completely delaminated. However, as mentioned above this may not be the case,

particularly in the initial period after preparation. In such case equation (6) will provide a

lower bound on ¢ so that the actual value will always be greater than or equal to the
estimated value of ¢, and difference between them will decrease with ¢, . Moreover, in the

literature it has been proposed that the negative charge on the faces of clay particles
exposed by dissociation of counter-ions attracts H* ions from the bulk.’® However since

suspension pH is around 10.3, concentration of H* ions in the bulk is extremely small. We,

10
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therefore, expect alteration of surface charge density due to adsorption of H" ions from bulk

to be negligible.

d [nm]

Figure 2. The free energy of interactions obtained from DLVO theory, when two Laponite
particles move toward each other face — to — face, is plotted as a function of half of normal

distance between the same for two rest times: full line ¢, =0 h and dashed line 7,=362 h.

The inset shows the enlarged view of a tail.

In figure 2, we plot the total interaction energy ¥, obtained from equation (4) as a
function of d for the two values of ¢,. It can be seen that owing to like charges on the faces

of Laponite, when particles approach each other face — to — face by remaining parallel,
repulsion increases with decrease in d, and reaches a maximum at small values of d before

decreasing due to van der Waals interactions. From equations (4) and (5) it is apparent that
the height of repulsive energy barrier is proportional to ¢ and cﬁj (as A, is proportional to
c;f;‘s ), consequently height of repulsive energy barrier increases with ¢, as shown in figure
2. As mentioned above estimated value of ¢ associated with the faces of the particles is a

lower estimate. In a limiting assumption that the dissociation of Na* ions is instantaneous,

the upper bound of ¢ will be always a constant. However, even in such limit c¢,, would

11
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increase with 7,. Consequently for all the scenarios, with controlling step being

delamination, dissociation or combination of both, maximum height of repulsive energy

barrier will always increase with 7,. The width of the decaying repulsive barrier with
increase in inter-plate distance, on the other hand, is governed by exp(—2d//'LD), and

therefore faster decay is observed with increase in ¢, as shown in the inset of figure 2.

The repulsive interaction shown in figure 2 is associated with face — to — face parallel
arrangement of plates. However in a suspension the particles may approach each other in
any orientation. With increased electronegativity of the faces, decreased width of repulsive
barrier, and possibly increased number density of Laponite particles due to delamination,
rate of positive edge to negative face bond formation is expected to increase at higher

values of f,. Consequently gelation is expected to be faster at higher values of ¢,.

Moreover, all the above mentioned effects are also expected to influence structure of the

fractal gel.
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Figure 3. The steady state values of (a) complex viscosity (7*) and (b) magnitude of strain
(7,) under magnitude of oscillatory stress of 25 Pa at 0.1 Hz frequency are plotted as a

function of rest time (¢, ) before freezing (squares) and after defrosting (circles).
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We study the nature of critical gel using time resolved rheometry. A sample, which

was aged over rest time f,, was loaded into the shear cell, and after attaining thermal
equilibrium at 30°C, subjected to shear melting as mentioned before. Owing to aging over
the duration of ¢,, material acquires high viscosity and elastic modulus. However during
shear melting complex viscosity (77°) of suspension decreases while magnitude of oscillatory
strain (7,) increases, and both the variables eventually reach a plateau. In figure 3, plateau
value of " and y, are plotted as a function of ¢,. It can be seen that plateau value of 7"
increases while that of y, decreases with increase in #,. This is because the shear melting
cannot completely break the structure formed during aging that occurs over a rest time

(lR). The extent of unbroken structure increases with 7, causing respectively increase and

decrease in plateau values of 77° and y,.

Subsequent to shear melting, temperature of a sample was decreased to —10°C and
held there for 90 min, after which temperature was again raised to 30°C. The temperature

of —10°C was chosen because presence of Laponite and salt decrease the freezing point of

suspension to —8°C. The values of 77° and y, of defrosted samples is also plotted in figure 3,
which clearly show respectively very small and large values for " and y, that are almost
independent of ¢,. Tremendous drop in viscosity of a defrosted state compared to that of

completely shear melted state of a same sample suggests complete collapse of the structure
during freezing — defrosting cycle, which could not achieved by shear melting. We believe
that this due to significant change in relative permeability of ice and water. Upon increasing
temperature of frozen Laponite suspension, in the vicinity of melting point ice surrounding
Laponite particles undergo phase transformation from solid to liquid. Since the relative
permittivity of liquid water at freezing point is 88 while that of ice is 3.2, presence of
crystallites along with water obstruct the electrostatic interactions, which is the very
backbone of the structure. Consequently, after defrosting, suspension acquires a liquid state
of low viscosity with Laponite particles undergoing Brownian motion as shown in figure 3.

The viscosity of defrosted suspension being independent of 7, clearly suggests obliteration

of structure is indeed through. This behavior is in contrast with that observed during shear

melting, wherein progressively lesser obliteration occurs with increase in 7.

13
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Figure 4. The elastic modulus (G, filled symbols), viscous modulus (G", open symbols) and

loss tangent (tano ) are plotted as a function of time elapsed since defrosting (z,) for
different rest time (#,)=(a) 0 h, (b) 47 h, (c) 119 h and (d) 362 h. In all the G' and G" plots

frequency increase from bottom to top (0.5, 0.8, 1.25, 2, 3.15, 5, 8, 12.5, 20, and 25 rad/s)
and for tand increase in frequency from top to bottom is applicable before the critical gel

point. The critical gel point has been shown by a vertical arrow.

Subsequent to defrosting, we subject the sample to cyclic frequency sweep in the
linear viscoelastic domain. The corresponding evolution of G', G" and tand is plotted in
figure 4 as a function of time elapsed since defrosting (¢,) for four different ¢,. After
defrosting G' << G" irrespective of frequency, suggesting a sample to be in a liquid state.
Both the moduli increase as a function of time with G’ increasing at a faster rate than G”
so that they eventually cross each other. However with decrease in frequency the crossover

point (G'= G”) gets delayed in time. Rapid increase in G’ compared to G” leads tand to
decrease with time, but with lesser intensity with increase in frequency. Consequently all

14
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the iso-frequency tand curves intersect with each other, but importantly at the identical
point. Such unique intersection point irrespective of frequency is a characteristic feature of
critical gel state as proposed by the Winter — Chambon criterion.® We also subjected
samples older than 20 days to freezing — defrosting cycle. However, upon defrosting the

suspensions with 7, >20 day, while undergo liquid to solid transition, it do not show a critical

gel state. In this case all the decreasing iso-frequency tand curves simply approach each
other as a function of time without crossing each other. We believe that such behavior
could arise from sintering of some of the clay particles with each other over a long time,
which cannot be broken to individual particle level upon freezing-defrosting leading to the

observed behavior.
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Figure 5. The parameters (a) dynamic critical exponent ( k) (filled symbols obtained from G’
and open symbols obtained from G") and (b) proportionality constant (C) as defined by

equation (7) are plotted as a function of rest time (#,). Both the parameters show

remarkably close match to that of critical gels of polymeric materials.

For polymeric gels, the rate of change in G’ and G" near the gel point is observed to

show a power law dependence on frequency (@) given by:>

15
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(alnGj EC[alnG J . 7)
ot 1=ty ot 1=ty

where C is proportionality constant and x is dynamic critical exponent. Interestingly, for a
variety of polymer gels (polymer gels containing different polymer — solvent pairs as well as
within same a polymer-solvent pair variation of chain length, concentration and

stoichiometry) x is observed to be within a range: 0.22 + 0.02.** >

Even for physical gels
value of x is observed to be in the similar range.*® In addition the proportionality constant
C has been reported to be around 2 for various chemical as well as physical gel systems.*®

> In figure 5, we plot k¥ and C as a function of t, . Remarkably C is indeed observed to be

around 2, while x calculated from a rate of change of G” is observed to be in between 0.2
to 0.25 while x calculated from rate of change of G’ is around 0.15. Figure 5, therefore
indicates a very close match between values of k¥ and C observed for various chemical and

physical gels and the defrosted aqueous suspension of Laponite studied in this work.

200 it : : ' (a)
o 1504 3]
o p—] | E
E 1004 i
> ] . []
0 : , . : -
] ‘(b)
2.2 & *
) T +
Sl .
®
2.0 T T T T T T T
0 100 200 300 400

t, [h]

Figure 6. (a) The time to gelation (7,) and (b) fractal dimension ( f,) are plotted as a

function of rest time (7,). While ¢, decreases, f, remains constant within an uncertainty

window.

Figure 4 clearly shows that the critical gel point occurs at earlier times with increase

in 7. In figure 6 we plot time to gelation (7,) as a function of 7., which shows a sharp
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decreases with increase in 7, for #,<100 h. However at higher #,, decrease in 7, becomes
weaker. From equation (1) a value of tand associated with the critical gel point leads to
critical relaxation exponent #n . The critical gel is known to have a fractal structure and in a
seminal contribution Muthukumar®® obtained a relationship between exponent »n and

fractal dimension f, by accounting for excluded volume interaction; and for a d

dimensional system it is given by:*®

(d+2)(2n-d)

2(n-d) (&)

fd:

We obtain f, from equation (8) for d =3, which is also plotted in figure 6 as a function of
ty- Interestingly it can be seen that, unlike time to gelation (¢,), fractal dimension £

remains practically constant in the vicinity of 2.2 over the explored range of ¢, .

The results of rheological study in the light of DLVO theory lead to an interesting
scenario. The results of DLVO theory, clearly show that the height of repulsive energy

barrier (and/or negative charge on the faces) increases while its width (: A,) decreases

with 7, . This trend clearly suggests that at higher 7, Laponite particles are more prone to
form bonds when they approach each other in a non-parallel fashion leading to faster gel

formation as resulted in decrease in t, . However faster dynamics of critical gel formation

with possibly more delaminated particles and/or increase in concentration of dissociated
counter-ions does not seem to be affecting a fractal dimension of the critical gel. It is
generally observed that faster gel formation, because of fewer attempts for inter-particle
bond formation as typically is the case in diffusion-limited cluster aggregation (DLCA), leads
to more open structure (low fractal dimension in the range 1.7 to 1.9).%% On the other hand
more attempts to form inter particle bonds when repulsive barrier is significant enough
leads to reaction-limited cluster aggregation (RLCA) which leads to compact structure with

higher fractal dimension (typically above 2). However in the present case, decrease in 7, by

a factor 6 does not influence the fractal dimension with all the values remaining in the

window of 2.1 to 2.3. This suggests that particles still need more attempts to form the inter-

17



Faraday Discussions

particle bonds, which can be attributed to repulsive barrier among the particles, leading to

compact structure formation through RLCA.
4. Conclusions

In this work we investigate aqueous suspension of 2.8 weight % Laponite with 3 mM
NaCl, which spontaneously self-assembles to form a fractal gel within few hours of
preparation. On the other hand, the delamination of stacks of Laponite and/or dissociation
of counter-ions from the faces of the same, progress over the timescale of days. Since
delamination of particles and dissociated Na* counter-ions is expected to have a profound
effect on the nature of fractal gel, we subject Laponite suspension to freezing — defrosting
cycle, which reinitiates the gelation process in the same afresh but at a maturated state of
delamination/dissociation. Application of cyclic frequency sweep to the defrosted
suspension shows formation of critical fractal gel. Interestingly, while the time required to
form the critical gel decreases with increase rest time at which it is subjected to freezing —
defrosting cycle, the fractal dimension of the critical gel remains unaffected. With the
knowledge of concentration of various ionic species in suspension we obtain Debye
screening length on the faces of the particles. We also solve DLVO theory between the faces
of Laponite particles when they approach each other in a parallel fashion. DLVO theory
suggests that the particles must overcome a repulsive energy barrier whose height grows
but width shrinks with rest time. Consequently formation of fractal gel, whose building block
is considered to be edge to face bond gets, accelerated leading to faster gel formation as
observed in the rheology experiments. However, even though the increase in rest time
causes greater delamination of stacks of Laponite particles and/or dissociation Na* ions, the

fractal dimension of the critical gel is observed to remain unaffected.
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