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We study a model colloidal system where particles interact via short-range attractive and long-range repul-
sive Yukawa potentials. Using the structure factor calculated from the mean-spherical approximation as the
input, the kinetic phase diagrams as functions of the attraction depth and the volume fraction are obtained by
calculating the Debye-Waller factors in the framework of the mode-coupling theory for three different heights
of the repulsive barrier. The glass-glass reentrance phenomenon in the attractive colloidal case is also observed
in the presence of the long-range repulsive barrier, which results in the lower and upper glass regimes.
Competition between the short-range attraction and the long-range repulsion gives rise to new regimes asso-
ciated with clusters such as “static cluster glass” and “dynamic cluster glass,” which appear in the lower glass
regime. Along the liquid-glass transition line between the liquid regime and the lower glass regime, crossover
points separating different glass states are identified.
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Recently, experiments and computer simulations on colhas a short-range attraction, and a long-range electrostatic
loidal systems identify a local peak in the structure factor atepulsion[20] that can be described by a Yukawa form ac-
a wave vector much smaller than that of the first diffractioncording to the DLVQ[21] and GOCM[22] theories. With the
peak (particle peak [1,2]. This observation triggered much unclear origin, the attraction has been simulated by different
interest in the complex liquid community and raised funda-functional forms[2,20. To exploit the known analytical

mental questions regarding the nature of gelation, aggregdorm of S,, we use a Yukawa form for the attraction part in
tion, and the glass transitid@—8]. Sciortino and co-workers oyr system, resulting in

found that the presence of long-range repulsive and short-

range attractive potential2] leads to the aggregation of col- o0, o<r<1

loidal particles and results in a liquid-glass transition at low _ 7 (=1 7 (-1

densities. Experiments on proteins and Laponite systems BV(r) = _Ke o + Koe ), r>1, (1)
with these kinds of interactions revealed signatures of new r r

cluster regimeg1,6,7. In this Communication, we system- i ) ) ) i i ) )
atically study a model system with a short-range attractivavherer is the dimensionless |r]terpart|cle distance in units of
and a long-range repulsive Yukawa potentials in addition to”> K1 andZ, refer to the attraction, ani, andZ, refer to the
the hard-core potential. The structure factors are calculatetgpulsion. As in the screened Columbic potential, the inverse
by the mean-spherical approximatioMSA) [9,10], and the  of the dimensionless repulsion range is given by the DLVO
kinetic phase diagrams for the idealized liquid-glass transitheory asZ,=«o [21], wherex is the inverse of the Debye-
tion are obtained in the framework of mode coupling theoryHuckel screening length. The dependencé&gbn both the
(MCT) [11-13. Liquids and glasses composed of clustersionic strength and the particle chargecan be calculated by
are analyzed in detail. Although the standard MCT is a firsteither DLVO [21] or GOCM [22].

order dynamic mean-field approximati¢i¥,15, its predic- The structure factor can be obtained by solving the
tions have been extensively verified in colloidal systems. FoOrnstein-Zernike equation with various closures. MSA is
example, MCT predicts a liquid-glass transition at a criticalused in our calculations because the analytical solutions for
volume fraction,¢°~0.516, in the hard-sphere colloidal sys- yykawa potentials were derived by Waisman and 23|,
tem [12], whereas the experimental result is around 0.58nd Blum[9]. Following Blum'’s approacli9], we calculate
[16]. The volume fraction is related to the number denpity the structure factor, which will be discussed in detail in a
and the colloidal diametes by ¢=mpa®/6. A recent high-  forthcoming papef10]. Compared to other method@4],
order MCT calculation by Wu and Cad5] improves the oy approach generaté&; efficiently over a broad range of

prediction to¢°=0.552. In attractive colloidal systems, MCT \yaye vectors, which serves as a reliable input for our MCT
predicts repulsive and attractive glass stdt€51§, which 5 culations.

has been confirmed in experime9]. MCT is expected to  Before presenting kinetic phase diagrams, we discuss the
provide reliable predictions, at least in the lowest order, iNdependence %, on the attraction dept§; and the repulsion
our model system. rangeZ ;. The structure factors are plotted for increasig

Small angle x-ray scatteringSAXS) experiments on

. ; ) . [n Fig. L&) for a set of parameters given & =10, K
lysozyme solutions reveal that the protein-protein potentlal: g 13 : d - 2

0.3,Z,=0.5, and¢=0.3. As the attraction strength grows, a
cluster peak appears at a wave vector much smaller than that
of the first diffraction peakparticle peak As K; continues

* Author to whom correspondence should be addressed. Email ade increase td<;=10, the strong attraction facilitates the ag-
dress: sowhsin@mit.edu gregation process to form close-packing clusters. In Fig.
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cause the attraction range in the protein systems is around
10% of the hard-sphere diamef{@0]. Following the discus-
sion on Fig. 1, we expect that the sizes of clusters are finite.
The dependence oy, and Z, will be addressed in a future
work.

Using the analytical structure fact&; as the input, we
employ the standard MCT11-13 to calculate the Debye-
Waller (nonergodig factor f, defined as the normalized long
time limit of the coherent intermediate scattering function,
fg=lim;_..F4(t)/S,. The corresponding high-order MCT cal-
culations[15] will be investigated in the future. A central
result of MCT is the self-consistent equation figf which
predicts the idealized liquid-glass transitiph2]. When a
] system is in the liquid statéergodio, only the trivial solu-
(b)OO t 4 t ;; q'o T tion, f,=0, exists, but when the system is in the glass state
(nonergodig, another nontrivial solutionf,>0, appears.

FIG. 1. (a) The structure factors for different attractive depths The transition point in the parameter space is determined by
K, (see text (b) The structure factors for different repulsive ranges the discontinuity off, from zero to a nonvanishing value. To

Z," (see text obtainfy in our system, we follow the numerical method in
Ref. [13].
1(b), the dependence d, on the repulsion rang& 51 is The kinetic phase diagrams are plotted for thkegin

studied for fixed values oK;=8, Z;=10, K,=0.3, and¢ Figs. 2a)—-2(c), where the horizontal axis is the volume frac-
=0.3. With the increase df, (the decrease of the repulsion tion ¢ and the vertical axis is the inverse of the attraction
range, the structure factor fog=40¢"%, including the par- depth,K 11. Similar to attractive colloidal systenj48], the
ticle peak, remains almost the same, but the cluster pediquid regime(LR) is surrounded by the upper glass regime
quickly shifts to a lower wave vector with the increasing (UGR) and lower glass regimé.GR). As shown in Figs.
intensity and eventually diverges @t 0. This result demon- 2(b) and 2c), increasing the repulsion strength extends the
strates that clusters grow with decreasing range of repulsiotiquid phase to largesp andK,; because the system requires
With a strong attraction depth, we expect to observe a gedtronger attraction to trap colloids or higher volume fraction
phase, where colloidal particles form a percolating networkto form arrested cages. The glass-glass reentrance phenom-
In the remainder of this Communication, we will f&  enon occurs atp=0.516, where the transition line between
andZ, and study the kinetic phase diagram as a function othe LR and UGR appears. When the attraction is weak, the
K, and ¢ for three values oK,. Three repulsive heights are cage effect induced by hig# dominates and the system is in
employed:K,=0.3, 1, and 5, where the corresponding par-the UGR, similar to the repulsive glass in the attractive col-
ticle charges in the DLVO theory am=1.5, 2.7, and 6, re- loidal suspensionglL8]. Because the colloidal particles move
spectively. We seZ,=0.5, which corresponds to a weak closer as attraction increases, the collective motions recover
ionic strength ofl=2.1 mM ando=33 A, andZ,=10, be- the ergodicity and the system enters the liquid phase. When

FIG. 2. Kinetic phase diagrams and potentials
for Z;=10 andZ,=0.5. Curves labeled by 1, 2,
and 3 correspond t&,=0.3, 1, and 5, respec-
tively. (a) Kinetic phase diagrams are shown in a
wide range of¢ and Kzl. (b) The lower part of
(a) to show the transition between the LR and
LGR. The stars mark the crossover from the static
cluster glass to the dynamic cluster glasee
text). The dotted line demonstrates the separation
of these two cluster glass states inside LGR for
K,=5. The solid circles marl where the cluster
peaks are equal to the particle peaksSp (c)
Another part of(a) close to the ending point of
LR to mark the termination of the dynamic clus-
ter glass.(d) Potential surfaces for differer{;
andK,. Line 1 is forK,=0.3 andK;=1.3. Line 2
is for K,=1 andK;=2. Line 3 is forK,=5 and
K,=6. The dotted lines correspond to the pure
long-range repulsion.
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calculation is carried out along the transition line between
the LR and LGR in Fig. &), the attraction strengti, de-
creases agp increases. The disordered cluster structure is
related to the decrease of the strength and effective width of
the attractive well. Compared to experiments and schematic
phase diagramp3,6], the glass states @=0.4 and 0.2 may
be the precursors of the gel state in R}, which is an
infinite percolating network resulting from the growth of the
finite-size clusters in our systeirtiii ) For ¢=0.5, we observe
an inflection point instead of a cluster peakgat 3.20° in
S as shown in the inset of Fig(l3, and the cluster peak in
fy is smaller than the particle peak. Affected by both the
increase ing and the decrease K, the cluster structure is
0 ol . . . highly disordered and does not have a characteristic size.
() © 4 8 g I2 16 20 However, the cluster peak iiy suggests that disordered clus-
ter structures in the glass state are dynamically selected with
FIG. 3. (a) Four Debye-Waller factors, along the transition g characteristic cluster size. The wave vector of the cluster
line between the liquid regiméLR) and the lower glass regime peak inf, is smaller than the inflection point i, indicating
(LGR) for K,=5. (b) The structure facto§, corresponding to the  that clusters are more likely to result from dynamics than
same parameters (@). thermodynamics. These cluster structures may be related to
the attraction is sufficiently strong, colloid particles are ran-th€ heterogeneous structures in the activation picture of glass
domly trapped by potential wells deeper than thermal flucformation[25,24. F°||°)’V'”9 these arguments, we consider
tuations, and the system enters the LGR. Although sharing {iS glass state as alynamic cluster glass: (iv) For ¢
similar mechanism, the LGR for the two Yukawa potential is=0-218, the cluster peaks in bof andf, d|si1ppear. With
more complicated than the attractive glass state in the attrad® attraction depth df,=4.5, we havggV(r=1")>0 so the
tive colloidal systen{18]. For the parameters chosen in this Pinary bond between two colloidal particles is unstable and
paper, we tesK, > 30, andS,-, does not diverge, indicating Will dissociate. As a result, the probability of forming stable
that the spinodal line is far below the transition line betweerf!usters is small and the basic dynamic unit in the glass state
the LR and LGR. The binodal lines are more complicatedS & Single colloidal particle. _ _
and will be investigated in future work. We now extend the above discussion of Fig. 3 for one
Clusters in the liquid and glass states of our systems aré@lue ofK; to several values of the repulsion strength. Figure
stabilized by the competition between the short-range attrac# IS @ plot of the cluster and particle peaksjpandf, along
tion and long-range repulsiof2,5,6,9. Based on micro- the transition line between the LR and LGR #§=0.3, 1,
scopic descriptions witt§, and f,, we now discuss these and 5, respectively. The basic behaviors of the peak values
cluster states in detail. In Fig. 3, the structure factors and th@re similar for differentK,. With the rapid decrease &,
corresponding Debye-Waller factors along the transition linghe cluster peak irf; remains close to one fap<0.4, but
between the LR and LGR are plotted &5=5 and for four ~ quickly decreases around 0.455<0.5. Interestingly, ag,
values of ¢ ranging from 0.2 to 0.518. In addition to the becomes smaller thefiy , the cluster peak i, turns into an
particle peak atj,,~7.30™", we observe the cluster peak in inflection point, indicating a crossover from the static to the
several§, and fq curves at a much smaller wave vector, dynamic cluster glass regimes. We define the crossover den-
2.3071<0,<3.30"%. We discuss separately four states insity ¢, between the two regimes by the disappearance of the
Fig. 3. (i) For ¢=0.2, the cluster peaks are higher than thecluster peak NS, giving ¢,(K,=0.3=0.49, ¢;(K,=1)
particle peaks in botls, andf,, andfqrrn is equal or close to  =0.48, and¢,(K,=5)=0.47, denoted by stars in Fig(i.
one, indicating that colloidal particles aggregate into stablerhese values o#, are close to the freezing point, 0.49, of
close-packing clusters. The characteristic size of clusters isard-sphere fluid§16]. This coincidence implies a possible
finite due to the balance of the attraction and repulsion. Beeonnection between cluster aggregation and crystallization.
cause of their thermal and dynamic stability, close-packingilo demonstrate the tendency for the separation of these two
clusters are the basic units of the system instead of colloidalluster glass states inside LGR, a calculation Kgr5 is
monomers. As a result, it is possible to improve our predicprovided as the dotted line in Fig(i8. The termination of
tions for low volume fractions using the effective cluster the dynamic cluster glass regime is marked by the disappear-
description proposed recen{l§]. Characterized by the pres- ance of the cluster peak ify, which defines another cross-
ence of the cluster peak iy, the ergodic state can be over density¢,. For the weak repulsive strength, e.¥;
viewed as a cluster liquid, the nonergodic state discussed0.3 and 1, the attractive well remains negative in the glass
here is a $tatic cluster glass. (ii) For $=0.4, we observe regime, excluding the observation ¢f. For the strong re-
Sﬁr’n< §,, and I~ fqr'n>fqm' Compared to the case ¢f=0.2,  pulsive potentialk,=5, the crossover density i#,(K,=5)
the cluster population substantially decreases, suggesting tha0.5165, denoted by a triangle in Fig(c2 Although the
the cluster structures are less ordered. The large cluster peakove conclusions drawn froify and §; are crude, future
in f, indicates that the less-ordered cluster structure remaingtudies will also investigate other measures to explore cluster
dynamically more stable than single colloids. Because théormation in different regimes.
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FIG. 4. This figure summarizes the intensity
changes of the cluster peaks and the particle
peaks inf, and §; along the transition line be-
tween the LR and LGR. Lines with circles denote
peaks infg, referring to the left vertical axes, and
lines with crosses denote peaks3p referring to
the right vertical axes. The solid lines are the
cluster peaks, whereas the dotted lines are the
particle peaks.
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In summary, we study the structural arrest transitions in aesults of Sciortincet al. [2] and experiments by Tanalks
model system with a short-range attractive and a long-rangal. [6]. More studies are required to investigate detailed
repulsive Yukawa potentials. Based on Blum’s appro@h  mechanisms for forming different cluster regimes as well as
an efficient method is developed to obtain the structure factoiheir relationships to the gel phase and attractive glass phase.
for the two-Yukawa systenjl0]. The calculated structure As shown in Fig. 1, the ranges of attraction and repulsion
factor shows that the intensity of the cluster pealSinin-  strongly affect the characteristic size of clusters. Following
creases as the depth of the attraction increases and the clusgis jine of research, we hope to find the connection between
peak shifts to the zero wave vector as the range of the repujne gelation process, which forms a network with an infinite

sion decreases. By computing the Debye-Waller fadpr ;e and the aggregation process, which forms clusters with
from the standard MCT[11-13, we obtain the kinetic finite sizes.

liquid-glass phase diagrams and observe the glass-glass re-

entrance phenomenon. The detailed studies of cluster peaks S.H.C. acknowledges the support of a grant from the Ma-
and particle peaks i, and f, along the transition line be- terials Science Division of U.S. DOE, Contract No. DE-

tween the liquid regime and the lower glass regime reveaFG02-90ER45429. S.H.C. benefits from affiliation with the

different cluster regimes in our system, most notably theEU funded Marie-Curie Network on Arrested Matter. J.C.

static cluster glass and the dynamic cluster glass. Our resuleecknowledges the support of the NSF and the Camille Drey-

confirm and significantly extend recent computer simulatiorfus Foundation.
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