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Nonergodic states of charged colloidal suspensions: Repulsive and attractive glasses and gels
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Two types of isotropic disordered nonergodic states exist in colloidal suspensions: glasses and gels. The
difference between the two is that the nonergodicity, or elasticity, of gel stems from the existence of a
percolated network, while that of glass stems from caging effects. Despite this clear difference in the origin of
nonergodicity, it is not straightforward to distinguish the two states in a clear manner. Taking a Laponite
suspension as an explicit example, we propose a general phase diagram for charged colloidal systems. It
follows that a transition from the glass to the gel state can be induced by changing the interparticle interactions
from predominantly repulsive to attractive. This originates from the competition between electrostatic Cou-
lomb repulsion and van der Waals attraction. If the repulsion dominates, the system forms a Wigner glass,
while in a predominantly attractive situation it forms a gel. In the intermediate region, where both repulsive and
attractive interactions play roles, it may form an attractive glass.

DOI: 10.1103/PhysReVvE.69.031404 PACS nun)er82.70.Dd, 83.80.Hj, 82.70.Gg, 05.70.Fh

I. INTRODUCTION A. Classification of nonergodic disordered states
in colloidal suspensions

Both colloidal gels and glasses are interesting s@bid
jammed[1-3]) states of soft condensed matter with static
elasticity. They are similar in the sense that both are in a We define gel as a multicomponent fluid, which satisfies
nonergodic disordered stafté]. The difference between gel the following requirements.
and glass is rather clear in their ideal limits. The elasticity of (i) It is in a nonergodic disordered state.
gel stems from percolated infinite netwdrk|, while that of (ii) At least one of its components forms an infinite elastic
glass stems from caging effed®)]. A gel is inhomogeneous network and thus is percolated mechanically. For the net-
over the characteristic length scale of the netwgrkand has  Work to be elastic on a typical observation time scale, the
a hierarchic structural organization, while a glass is esserPécessary condition is that the lifetime of junction point is
tially homogeneous for interparticle distandesa few times ~ Sufficiently long, orE/kgT>1 (whereE is the depth of the

larger than the radius. Despite this clear difference in th@ttrg_ctlve potenual[l_g]..

ideal limits, it may not be straightforward to distinguish them  (iil) The characteristic length of the network between the

experimentally[7]. two gdjacent junctionss, is much larger than the size of the
As an explicit example, we consider here suspensions grolloids.

charged colloidal clay particles, Laponite. In suspension,

when the particle concentration exceeds a few percent, Lapo- 2. Attractive and repulsive glass

nite forms a very Uniform, iSOtrOpiC soft solid state. The iso- Encompassing both attractive and repu|5ive g|asses’ we

tropic nonergodic state has recently attracted considerabigefine colloidal glass a€) a colloidal system in a noner-
attention. It has been proposed to be a colloidal dlas4.0,

but is also very often called a colloidal gdl1-18, a situa-

1. Attractive gel

tion that is quite confusing. In particular, the kinetics of “so- | < / @

lidification” or jamming should be called “aging” for - \

glasses, but “gelation” for gel formation. These two pro- WVAYAY

cesses are physically quite different. At the same time, how{™s -~

ever, both processes can be characterized by the appearan SAAN

of elasticity and nonergodicity. [] \
In this paper, we consider the differences and similarities

between glasses and gels, and how we can distinguish thc (2) (b)

two states, employing Laponite suspensions as a concrete o5 1 schematic figures representing repulsitevigner” )

example. colloidal glass(a), attractive glassb), and gel(c). Each thick line

represents a Laponite disk, while a white ellipsoid represents the
1. CLASSIFICATION OF DISORDERED STATES OF range of electrostatic repulsions. (&, long-range electrostatic re-
COLLOIDAL SUSPENSIONS pulsions dominate. Irfb), attractive interactions affect the spatial

distribution(i.e., the structure factbbut repulsive interactions still
Before starting the discussion, we need to make cleaplay the predominant role in the slow dynamics of the system. In
definitions of the various nonergodic and ergodic states obxc), attractive interactions play a dominant role; a percolated net-
served in colloidal suspensiolisee also Fig. 1 work forms, which gives the system its elasticity.
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godic disordered statéii) whose elasticity primarily origi- ticity. More strictly speakingl gives the range of the elastic
nates from caging effects, an@ii) whose characteristic interactions. In general, glasses are much more rigid than gel

length scale is of the order of the interparticle distahge for the same composition becausés much smaller for a

there is no static inhomogeneity beyohd The repulsive typical glass than it is for a gelég1).

glass, the conventional glassy state of colloidal systems with For the colloidal systems we consider here, provided there
hard-core repulsive interactions, is perhaps easier to undeis a significant difference ihbetween glasses and gels, it is
stand than the attractive glass. If crystallization is avoidedstraightforward to distinguish them in terms of the above
above a certain volume fraction of particles the system willgeneral relationship. However, whérecomes comparable
jam, i.e., reorganization of the structure becomes exceeder glassy and gel states, it is difficult to distinguish them by
ingly difficult. The result is that the system will fall out of mechanical measurements.

equilibrium: a glassy state is formed. An attractive glass

should become possible if the depth of the attractive &ell

is in the order ofkgT and particle concentratiogh is still IV. AN EXPLICIT EXAMPLE: THE PHASE DIAGRAM

high enough for the system to “jam.” We underline therefore OF LAPONITE SUSPENSIONS

that even in “attractive glass,” repulsiv@sterig interactions

play the main role, which makes it different from the gel ~ Before discussing the phase behavior, we briefly describe

state discussed above. Laponite. Laponite is a synthetic clay colloid with a disk
shape; its diameted is ~30 nm and its thicknes# is
B. Ergodic states in colloidal suspensions ~1 nm. The density, is about 2.65 g/ch Laponite sus-

pensions are known to form a nematic phase abgve

An ergodic—.norjergodic trans_it.ion in colloidal glass is uUsu-- 4 \wt o [20]. We limit our discussion here to the isotropic
ally called a liquid-glass transition. On the other hand, aregion.

ergodic-nonergodic transition in gel is called a sol-gel tran-
sition. Both transitions can be induced by changing the congjyer onlypH=10 here: the higlpH ensures the chemical
centration of colloids, the interactiori.g., by controlling  gapility of the particles. The charge density is higher on the
the Debye screening lengthand/or the temperature. This faces of a disk than its side, which may play an important
suggests that there may also be a significant difference evegye in gel formation. The number of surface charges on a
in the ergodic liquid state. A sol state would then be charaCt,ce js the order of F&. To control the interparticle inter-
terized by the presence of clusters with a finite lifetime andactions, one may add saNaCl) to the suspensions. Increas-
may consequently be inhomogeneous, which crucially differ§ng the ionic strength (increasing salt concentratio,)
from a homogeneous liquid state. This indicates the possibilyreens the Coulomb interactions between the disk. The in-

ity of a liquid-to-sol transition in an ergodic regime. terparticle electrostatic potential may be modeled by a
Yukawa potential expf «r)/r, with « being the inverse of the
IIl. SIMILARITIES AND DIFFERENCES BETWEEN Debye screening length,— k1. Here x= (ekgT/262)1 V2
GELS AND GLASSES with € being the dielectric constang the electron charge,

Gels and glasses are similar in their mechanical propertiedNdks Boltzmann's constant. Thuby, is a decreasing func-
and dynamics. Density fluctuations in these systems consi&n Of the ionic strength. Upon increasind, the electro-
of two modes: small-amplitude dynamically fluctuating angstatic potenthl is screened more strongly; eventually van der
frozen-in components. In an ergodic state, the former ié/\_/aals attractions may preva!I over the elec.trostatlc repul-
called (fast)8 mode while the latter is called mode, using SO leading to the colloids sticking together, i.e., gel forma-
the terminology of dynamics of supercooled liqu[@3. Ap- ~ ton- B .
proaching the ergodic-nonergodic transition, the relaxation e Will argue here that the competition betwe@miso-
time of the @ mode diverges, while that of the mode is tropic) long-range repulsions and van der Waals attractions

basically unchanged. Experimentally, the dynamical behavinduces the sequential transition between a repulsive glass,
ior of glasses and gels can be quite sim[l}. an attractive glass, and a gel in Laponite suspensions. Sche-

However, there are crucial differences. The gel intrinsi-matic drawings representing these three states are shown in

cally has a hierarchic structure. Its elementary mechanicdr'9:
unit consists usually of chainlike aggregates of particles and

is therefore much larger than the particle size. On the other
hand, the elementary mechanical unit of glass is a particle
itself. Quite generally, the elasticity of a material is given by
the following fundamental relation that holds for both repul- 1. Colloidal glass
sive and attractive systems:

The particles are negatively chargedpit=10; we con-

Dependence of the composition of ergodic-nonergodic
transition on the ionic strength

We previously proposed that the nonergodic state that
G~kgT./I3, (1) forms at or belowl ~10 *M is a colloidal Wigner glass
[7,8], although the volume fraction is extremely lowp (
whereG is the elastiqgsheay modulus,| is the characteristic =~0.01), compared to “normal”’(spherical colloids for
length of the elementary mechanical unit, dnds the char-  which glasses are obtained fér=0.5. This can be attributed
acteristic temperature above which the system loses the ela® the electrostatic interactions, since the particles are heavily
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charged. This electrostatic repulsion leads to an effective vol- 0
ume fraction that is much larger than one would expect from
their size alone. /Pi;qsle,sepquqtilo/n
The effective volume per particle can then be estimated as 10 (Aggregation)
(4/3)wd?l, by adding the Debye length to the particle size. /////////
If this exceeds the volume per particle, which is estimated as -2
wd?h/ ¢, the free volume is not available and thus a glassy =~ 10
state can be formed. The volume fraction for the liquid-glass E

attractive
SRR ) C 33 Gel

transition is given byee;~0.5 and thus varies agq ~ 10 | Sol
~h/1pl¥2 This means that if we add salt, we shift the | """ meeeeeii LN
liquid-glass transition to a higher volume fraction of par- 10_4 Liquid \j\tt\r\ictive Glass
ticles. This is in strong contrast with gelation, for which add- B :
ing salt shifts the sol-gel transition to lower volume fraction. \\\\\r\eﬁ}\}i\wmgner Glass
Thus, we can check whether a system is glass or gel by 10'5
simply looking at the sign ofi¢y/dI. 0 1 2 3

Measurement of the phase diagram in the volume fraction
¢lionic strengthl plane allows us to locate the transition ¢(Wt %)
between liquid and glassy states. The experimentally deter-
mined volume fraction for which the glass formg, can FIG. 2. Phase diagram of Laponite suspensions. Coexistence of

then be compared with the above predictidméoclllz. This  phase separation and gelation is characteristic of a system that
prediction was indeed confirmed experimentally for forms “physical” gel. Largerl means shortek, or the weaker
<10 *M by Levitz et al. [9], which strongly supports our electrostatic repulsion. Strictly speaking, this should be called a
previous proposal7,8] that the Laponite system forms a state diagram since a system is not in an equilibrium state.
colloidal glass stabilized by electrostatic repulsions Ffor
<10 *M. The picture based on the electrostatic repulsion G’ =A(d— dep) @)
between the charged particles provides us with a picture of sg’ e
colloidal glass of relatively densely packed particles with an
effective size determined by the Debye screening length.

For #~0.01, the interparticle distantds estimated to be
in the order of 30 nm. Then the elasticity is estimated from
Eqg. (1) to be about 100 N/& which is roughly the same
order as the experimentally observed value. This also sup- 3. Attractive glass?
ports the picture that a Laponite suspension whose ionic |n the intermediate region between=10"3M and |
strength is less thah=10"*M is a glass-forming liquid. =10 “*M, here is hardly any dependence loof the thresh-

old composition separating an ergodic from a nonergodic
2. Colloidal gel state(see Fig. 2 both attractive and repulsive interactions

should be important, suggesting that this may be a region
where an attractive glass forms.

wherev=2.35. This is also a characteristic feature of the
elastic behavior of gel.

The transition line between fluid and nonequilibrium
states changes dramatically for 10~ 3M: the volume frac-
tion separating the liquid and the nonergodic state decreases
with an increase i [11,21]. As already mentioned above, 4. Phase separation
this suggests that the nonergodic state is a gel state: the more
salt one adds, the easier it is to form a gel, i.e., gelatior?_Ie
happens for a lowed.

Mourchid et al. [11,2]] studied the sol-gel transition in
detail. They found ample evidence that suggests that th
liquid-solid transition observed above=10 3M is the sol-
gel transition.

(i) The viscosity diverges while approaching to the sol-gel
transition compositionpsy with an increase inp at a con-
stant ionic strength in a liquid domain as

At a very high ionic strength, a macroscopically homoge-
ous state becomes unstable and a system phase-separates
possibly competing with gelation. Such behavior is also ob-
served for suspensions of charged spherical collpR.

Phis competition between phase separation and gelation is
generic to dynamically asymmetric mixtures such as polymer
solutions and colloidal suspensiof3].

Based on these considerations, we propose a phase dia-
gram that should be generic to charged colloidal suspensions
(when ordered states such as crystals and liquid crystals are
not formed. The phase diagram specific to Laponite suspen-
_ 1— &) u 5 sions is schematically shown in Fig. 2. We point out that this

7= Nwated 1= ¢l dsg) 7, @) phase diagram has common features to that of polymer-
doped colloidal suspensiof34—27), which is schematically
where nyater IS the viscosity of water angg=0.9. Thisisa shown in Fig. 3. The primary difference between the two

characteristic feature of sol-gel transition. phase diagrams is the composition rangg; exists even
(i) In the elastic region, the elastic modul@® was below 1% for Laponite suspensions, while it exists above
found to increase withp as 50% for polymer-doped colloidal suspensions.

031404-3



TANAKA, MEUNIER, AND BONN

PHYSICAL REVIEW E 69, 031404 (2004
A

distinct peak at the wave number corresponding to the in-

verse ofl (the interparticle distangeGel systems exhibit a
peak at largerg, reflecting the short interparticle distance
between aggregating particles, and also excess scattering at
5 low g, reflecting the correlation of the concentration fluctua-
Attractive Gel tions associated with the network structusee Fig. 4. For

gé<1, this excess scattering is described by the Ornstein-
Attracti Zernike form for a stable gel as
ractive Glass

iy

~
£
=
£
=

S(q)~1U(1+g%&?).

4
For qé>1>qd, there would be a power-law tail in the
high q side of S(q), reflecting the fractal nature of the net-
Repulsive Glass work structure:
S(a)~q~, (5)
¢ > whered; is the fractal dimensioh5].
g "

For colloidal glassei on the other haB(g) should have

a peak aroundy=2=/1 and no characteristic features at
) , , lower q because of its homogeneity beyond the length scale
FIG. 3. Phase diagram ¢finchargeglcolloidal suspensionsee — .

also Refs[24-27). Larger concentration of polymers, means of I (see Fig. 4. . . . -
the stronger attractive interactions. The shaded circle represents the Thus, there are crucial differences in the characteristic
critical point of the repulsive glass-attractive glass transition. In thi

Sfeatures ofS(q) between gel and glass, which can be used as
system, repulsive interactions are due to hard-core potentials. TH2 fingerprint to distinguish gel and glass. Below we apply

absence of long-range repulsive interactions is a key factor creatin§is criterion to reveal the nature of nonergodic states of

the large difference in the phase diagram between Laponite suspeh@ponite suspensions.
sions and polymer-doped colloidal suspensions.

A. Gel regime
V. HOW CAN WE DISTINGUISH GLASSES

For Laponite suspensions wilt=10 M a clearq de-
AND GELS EXPERIMENTALLY?

pendence o85(q) indicative of the fractal structure was ob-
. . . served by Pignoret al. [12—-14 and by Nicolai and Cocard

An obvious difference between gels and glasses is strug-, . B . . .
tural: the static structure fact®(q) should be significantly C[ls]' Pignonet al. [12—14 determined the fractal dimension
different, as is schematically shown in Fig. 4. Th86q), as

for Laponite suspensions &&10 3M. Nicolai and Cocard
) . ; measured the correlation length They found that it in-
measurable in scattering experiments, can be used as a fin-

: T X freases with the gelation tintg, and with I, but decreases

gerprint to distinguish gel from glass. For gels, there is NQuith ¢ (see Fig. 5. All these features are consistent with the
hypothesis that Laponite suspensions atl0 3M form a

1 gel.

i S(g)oc 2

1+q°¢

An additional observation by Nicolai and CocdrB] is
that, due to the increase in the correlation length, the inten-
g, ~2/1 sity of the scattered ligh also increases with, and withl
-d dnid<q,<2r/h
swea |

(see Fig. 6. This constitutes, as we will see below, an im-
portant difference with glasses.

S@ |}

[
1
[
\
)
Y
Y
i}

(Y
Y

B. Glass regime

The nature of a nonergodic state belbw10 M is sub-
tler. A high g power-law tail inS(q) suggestive of a fractal
9 structure was reported arourid=10"*M [16,17. Hence,
FIG. 4. Characteristic features 8{q) for gel (dashed lingand this nonergodic state was also bel!eved to be a gel. However,
glass(solid line). The peak at the high side of gel may be located we have recently shown that thiy dependence o8(q)
between Zr/d and 2/h for a Laponite suspension. Here we note

aroundl =10 *M is spurious: it is due to incompletely dis-
that an unstable gébr phase-separating geshould have a peak at Solved aggregates of particles. These aggregates can be re-

the lowq side that is followed by the power-law tdihstead of the ~Moved or destroyed simply by filtering the suspensions with-
Ornstein-Zernike-like behavipf3], reflecting the existence of the Out affecting the elasticity. Hence the observed “structure” is
characteristic size of the growing network structure. This is charachot at the basis of the elasticity. A filtered sample exhibits no
teristic feature of spinodal decompositif22,23. g dependence of(q) during the entire process of aging.

031404-4
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is also supported by real-space electron microscopy observa-
tions by Mourchidet al. [11] that show that most of the
particles are isolated and are well apart from each other.
Finally, the intensity of the scattered lightlso decreases
with t,, (see Fig. 6. For colloidal suspensions, the scattered
attractive gel intensity is proportional to the osmotic compressibility
1 Ve ' ~ddg/dIl, with IT the osmotic pressure. The decrease in
0g scattering intensity signals a decrease in compressibility,
consistent with the formation of a “solid like” glassy phase.

1

/ Stictye clas Thus, the sign 0BS/dt can also be used as a fingerprint to

repulsive glass distinguish glasses from gels. Direct measurement of the os-
> motic pressurd20] also clearly shows that the interaction

¢ between Laponite particles in this region of the phase dia-

gram is strongly repulsive.

FIG. 5. Relationship among the characteristic lengttaled by
T, g/T, the ionic strength, and the volume fraction of colloigh. In
the repulsive glass regime, the characteristic length is primarily Avery and Ramsaj17] show that although their samples
determined solely bys, which is roughly equal td, while in the  become elastic, there is no gel-like structure for salinities up
attractive gel regime it steeply increases with to 1 ~10"3M. In addition, there is no evident increase in the
scattering intensity during the aging and no clgadepen-
This indicates that concentration fluctuations are not spatiallffence in the higlg region reminiscent of the fractal structure

correlated in the measuregirange and that the system is Of gel. This indicates that we are dealing with a glassy state.
The location of the liquid-glass transition line in phase dia-

gram, however, disagrees with the assumption that it is a
simple repulsive glassy state: &t-10 3M the transition
happens at much lower volume fractions than can be antici-
pated frome, 4|2 Therefore, this region of the phase dia-
gram appears to be a glassy state, for which interparticle
— . _ _ attractions are very important. We tentatively conclude that
phous peak around=2/l in Laponite suspensions with s region corresponds to an attractive glés= Figs. 1 and
low ionic strength, which supports thelt4a Laponite Suspeny) aithough further detailed study is necessary to confirm its
sion is a glass-forming liquid fof<10""M. This picture  gyistence and to elucidate the nature of the repulsive glass-
attractive glass transition.

C. Attractive glass

homogeneous beyond the length scald .offhus, we con-
cluded that a nonergodic state bt 10 *M is a Wigner
glass. The absence gfdependence o$(q) was also con-
firmed by Knaebekt al. [10].

Another characteristic feature &{q) of glass is in the
high g region (see Fig. 4. Levitz et al. [9] found an amor-

gelation of attractive sol D. Suspensions and sols

----------------- An increase in the cluster size withn a liquid state was

also reported by Baklet al. [28]. They also point out that
particles may exist without aggregation without salt, or for
I=10"*M. This indicates that an ergodic state &t
S/S | 7 <10 “*M is a liquid and “not” a sol, different from the case
0 aging of attractive glass of =10 3M described above. Nicolai and Cocdfd] have

also reported excess scatteriing., the existence of clusters

in the liquid state at rather high salt. Therefore, a signature of
the sol-gel transition may already be present at high salt even
in the liquid phase, whereas the liquid-glass transition has no
structural precursors in  the liquid phase(see

Fig. 2.

aging of repulsive glass

»
>

by

FIG. 6. Temporal change in the scattering intensity normalized VI. SUMMARY

by that att,,=0, S/S; for Laponite suspensions. For gelation in the . . o
region of the attractive interactid®S, increases with the waiting In summary, we have discussed the differences and simi-

time t,,, reflecting the increase in the size of aggregates and thirities between glasses and gels and have proposed a general
resulting increase in the correlation length. For the aging of thePhase diagram for charged colloidal suspensions as a func-
glassy stateS/S, decreases with time, reflecting an increase in thetion of ionic strength. The phase diagram suggests the exis-
repulsive interaction(a decrease in the osmotic compressibjjity tence of a transition between repulsive and attractive glassy
which is induced by the cooperative redistribution of counter andstates, and between an attractive glass and a gel state.
salt ions and charged colloids. In addition, there may be a differenéand hence maybe a
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