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Metastability and Depletion-Driven Aggregation
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Depletion-driven self-assembly in binary colloidal mixtures is studied via the time evolution of the
cluster-size distribution and structure factor as the mixtures equilibrate after shear melting. The data
suggest a two-stage crystallization process governed by an initial collapse into an amorphous metastable
state, the growth kinetics of which are interpreted within the context of reversible aggregation and
early-stage phase separation. [S0031-9007(98)07565-6]

PACS numbers: 82.70.Dd, 64.60.My, 64.75.+¢g

The segregation of a binary fluid and the crystallizationration was observed only fo$s = 0.20, in agreement
of a simple liquid are familiar examples of first order with the bulk phase diagram of a comparable system [4].
phase transitions [1,2]. In mixtures whose component3he value of¢, is below the percolation threshold, and
interact through excluded volume, these two phenomenslightly lower values yield smaller clusters, while slightly
can be driven simultaneously via depletion force[3—  higher values yield clusters that are percolated over the
5]. The phase-ordering dynamics of such systems havield of view.
just begun to be investigated, and the underlying physics The sample cell is an epoxy-sealed microscope slide and
may have relevance to such things as the crystallization afover slip with15 wm thermocouple wire as spacer. All
globular proteins and nematic ordering of rodlike particlesmeasurements were carried out(22 = 0.5) °C. Digi-
in the presence of a nonadsorbing polymer [6,7]. Beyondal video micrographs were collected with bathx and
their broad commercial significance, colloidal suspensiong0X objectives to obtain coarse and fine grained images
serve as useful models for a variety of condensed mattef the evolving structure. The latter yields just ovér®
systems, from crystals [8,9] and glasses [10] to criticalarge-sphere centers per video frame, and data from 15
fluids [11] and fractal networks [12]. In this Letter, frames were averaged together for a typical measurement.
video microscopy is used to study depletion driven self-This was accomplished by recording the relaxation after re-
assembly in confined binary suspensions of nearly hardseated shear melting, where the shear flow was introduced
sphere colloids. The results suggest that crystallizatiotry gently compressing the cover slip of the sample cell.
in these mixtures is a two-stage process governed by aframes taken with thé0x objective were digitized and
initial collapse into an amorphous metastable state, andomputer analyzed to obtain the planar coordinates of the
the kinetics of cluster formation are interpreted withinlarge-sphere centefs=100 nm). Frames taken with the
the context of both reversible colloidal aggregation andlOX objective were Fourier analyzed, averaged together,
entropically driven phase separation. azimuthally averaged, and then divided by the analogous

The mixtures consist of monodisperse polystyrenequantity for ¢ = 0, which constitutes dividing out the
spheres of diametetR; = 2.9 um and2Rs = 213 nm  large-sphere form factor.
(stabilized with a charged polymer surfactant) in agueous The kinetics are studied via the cluster-size distribution,
suspensions containing enough salt (0.01 M) to screen the.(r), and the structure facto$(q, ), of the large spheres.
electrostatic repulsion to short range. The large-spheréhe pair-correlation functiong(r) exhibits a nearest-
volume fraction is fixed atp; = 0.025 for small-sphere neighbor peak atR;, the width of which yields a
volume fractions0 = ¢g < 0.4. Rapid gravitational clustering criterion [14]. The distributiom,(¢) gives
settling of the large spheres restricts their motion to ahe probability of finding a cluster of sizk at time ¢
plane [13], leading to two-dimensional trajectories in thesubject to the constrainX, kn, = 1 imposed by particle
bulk free-energy landscape. This facilitates tracking ofconservation, where the largest clusters observed were
the large spheres and has potential relevance to microscale0 < k < 500. The structure factor has peaks at fixed
lithography and lubrication. A shell of excluded volume ¢ > 1 um~! whose intensities increase with time, and
around each large sphere means that when two come into peak atgm.x(r) < 1 um~!' that moves toward lower
contact the effective value aps decreases, lowering the ¢ and increases in intensity with time. Examples of
entropic free energy by an amout[3]. If A/kgT is  ni(¢) and S(q, ) are shown in Figs. 1 and 2 along with
big enough, the large spheres aggregate into clusters. Fonages of the domain structure. The viscosity of the
the geometry in question, a close-packed triangular lattichost suspension increases wih, and it is convenient to
yields the greatest reduction in excluded volume, andiefine the reduced time/r wherer = 2dArR? /{|Ar|?).
hence the greatest decrease in free energy. Phase sepa-this expression{|Ar|?) is an ensemble average of
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| L L ! I ! I FIG. 2. Coarse grained structure fg = 0.25 at (a) 2 min,
0.0 0.2 0.4 0.6 0.8 1.0 1.2 (b) 60 min, and (c) 20 h after shear melting. The width of

q (1/um) each micrograph i350 um. The lower figures show the

] ] higher-order structure ir§(g,r) at late times for¢s = 0.20
FIG. 1. (a)n(r) and (b)S(g, 1) for ¢5 = 0.30 during the first  and 0.30. The insets show micrographs of the typical packing
hour of phase separation, where the markers correspond to thgorphology atr = 15 h, where the width of each micrograph
times after shear melting shown in the top figure. The inse{s 30 um. The vertical bars show the first eight Bragg
in (@) showsg(r) att = 60 min, and the largd- fits of n,(t)  peaks for a two-dimensional close-packed crystal \Rikh =
are as described in the text. The lower figure shows the time 9 ,m. The curves for = 15 h have been offset by 0.75 for
evolution of the lowg peak inS(q, ), and the inset shows the cJarity.
higher order structure at= 60 min.

gquence from shear-melted fluid to crystallites is shown in

the mean-square displacement of isolated large spher&sg. 2. Clusters of the amorphous phase contain localized
duringAt = 60 s andd = 2. Thisyieldst = 2.4, 3.15, regions of close packing but are globally disordered and
3.6, and 6.4 min for¢s = 0.20, 0.25, 0.30, and 0.40, open [15], while clusters of the ordered phase are uni-
respectively. form and compact. The above observations suggest that

The aggregation is reversible and phase separating mifreezing in these mixtures is a two-stage process governed
tures initially reach a state of cluster/single-particle co-by an initial collapse into an amorphous metastable state.
existence. The amorphous clusters lead to a liquidlikérhis is somewhat similar to a “hidden” gas-liquid binodal
structure factor (Fig. 2) with a nearest-neighbor peak ain colloid/polymer mixtures [5—7] and is readily seen by
go =~ 2.5 um~' = 27 /y/3R;, while ni(t) can be de- following the time evolution of5(go, ¢) [Fig. 3(a)], where
scribed byn,(t) = no(tr) exd —a(r)k*] at large k with mixtures with ¢s < 0.3 reach an initial plateau before
v = 0.6 for all ¢ [Fig. 1(a)]. After an intermediate pe- starting to order. Crystallization becomes suppressed for
riod of metastability, the aggregates start to collapse intabs = 0.3, suggesting that the system becomes trapped in
an ordered solid, which is evident as an increase in théhe amorphous phase.
intensity of the principal Bragg peak and a splitting of Confinement of the large spheres slows the growth
the second order peak (Fig. 2). Fragmentation becomgwocess considerably, which permits a novel glimpse
less common andy(r) becomes weighted toward larger into the earliest stages of segregation in a binary mix-
k as the crystalline domains coarsen. The two-step sdure. One possible theoretical approach starts from the
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24T T T T T also be expressed as a moment [2], &gl p(z), R(¢), and
(a) b-hd S(qo. t) all relax according td (1) = Sy exp—ayt/7),
2.2 A whered ¥ (t) = ,, — ¥(r) is the displacement of the mo-
‘,@' qﬂ ment from its metastable value. Fits g, r) and p(7)
2.0F 7 are shown in Fig. 3 withz,(¢s) and ¢, (¢s). The de-
= @ @ crease inay with increasing¢s suggests increasing en-
g i L&_.—--&‘ ergetic barriers to aggregation which would be consistent
@ with nonideal behavior [18].
) Figure 4 shows a plot ofi’n(r) as a function of
O 020 | x = k/s, where the distributions have been truncated at
2 823 k = 20 to eliminate scatter im,(r) at largek. The data
e suggest the scaling relation [16,19}n;(t) = G(k/s),
PO where s(¢) varies from around 2 at = 0 to around 30
q in the first plateau. The fits in Fig. 4 ag(x) ~ x>

for x = 0 and G(x) ~ exp(—3.5x0%) for x — ». A
power law forx — 0 is reminiscent of reaction-limited
aggregation [20], which might simply reflect the fact that

- the particles do not necessarily bond upon first contact
when the aggregation is reversible. An exponential decay
has been suggested for large[21]; however, the data
suggest that a stretched exponential decay gives a better
description in the present case [22].

Another perhaps more fundamental approach is a de-
scription in terms of a fluid/fluid phase separation into co-
existing large-sphere-rich and large-sphere-poor phases as

20 30 20 a precursor to the formation of isolated crystallites. Such
t/t a treatment would be more intimately linked to the ther-

FIG. 3. (@) Time evolution o (g, 1), where the fits up to the modynamic (entrop_lc) nature of the clustering phenome-
first plateau are as described in the text. (b) Time evolutio1ON, and the peak if(q, ) at gmax(¢) would correspond
of p(r), where the fits are as described in the text. The leftto the usual spinodal-like evolution at loyv  Because of
inset showsa, (¢s) and the right inset shows,(¢s) for  the presence of the wall, however, the cluster growth would

E/’ = S(qg’” rfc”dﬁ]s)'é’(t’) r(wdiamgnds)g_(t.)d (sdt%rs), a“th(’) ‘O e kinetically “pinned” in the regime corresponding to the
crosses), where the data have been divide a constan P :

1.44, 0.147, and 0.248 for, and 1.7, 0.89, 25, aﬁm 1um for rst plateau in Fig. 3(a), the process being analogous to
) to achieve a common vertical scale. The dashed line is the

coexistence threshold.

p(t)

100 ‘ 1
Smoluchowski equation [2] 1ol
K= ]
= (Kik—ining—; — Fix—ing) A 0.30, 0 min
i=1 1E © 030 5min E
—_ O 0.30, 10 min ]
_ Z(K n; — Fyings ;) (1) = 2 025, 0 min’
kTR kjttk+j/ o 0.1F & 025 5 min E
J @ ® 0.25, 10 min
X 0.25, 60 min
where K;; and F;; are coagulation and fragmentation 001k X 020 0mn
‘ L . . . . . .20, 5 min =
kernels, respectively. If the first plateau in Fig. 3(a) is X 0.20, 10 min 3
viewed as a steady state of Eq. (1), then moments will rela 920,80 min
to metastable values after shear melting. Sorereseat. 0.001 [ 040, 60 min o
p .40, min » 3
[16] have shown that the mean cluster size - *K\E
ul L vl L Lol L MR
. 2 0.01 0.1 1 10
s(t) = %k ni(t) k/s(t)

. _ FIG. 4. A scaling plot of s?n.(f) vs x = k/s(t) in the
relaxes exponentially, and one can argue tR&t) =  ooime of amorphous growth, where the distributions have

277 / gmax (1) @and the fraction of particles in clusteys(t) = been truncated at = 20 to eliminate scatter at large; the
> i1 kni (1), relax exponentially as well [17]S(g,t) can  asymptotic fits are as described in the text.

3998



VOLUME 81, NUMBER 18

PHYSICAL REVIEW LETTERS

2 MVEMBER 1998

the transient freezing of isolated clusters at low tempera-
tures in dynamic percolation transitions induced by phase
separation as discussed by Haywatdil. [23]. Provided [10]
the shear-melted state is not too far removed from the tran-
sient stat€d//4,, < 1) and the large-sphere confinement11]
is not too severe, an exponential relaxation would be

. = - (12]
reasonable leading order approximation. The coefficie
ay(¢s) would be related to the strength of the thermody- 13]
namic driving force, the nonzero value at the phase boun(J-
ary [Fig. 3(b)] being consistent with a first-order phase[14]
transition.

In conclusion, depletion-driven crystallization in con-
fined nearly hard-sphere mixtures is observed to occur via
an initial collapse into an amorphous metastable state, the
growth kinetics of which exhibit a scaling of the cluster-
size distribution of the form?n, (1) = G(k/s), wheres(r)
is the average cluster size. Changes in the kinetics witﬁs]
qguench deptl{¢s) appear to be contained entirely in the
moments(z), while the form of the scaling curve appears
to be independent of quench depth. More theoretical work
is needed to further elucidate the details of the process and
perhaps establish a link between the two seemingly differ-
ent interpretations.

The author is grateful to B.P. Lee and R.K. Hobbie[16]
for fruitful discussions and assistance with the com-
puter code. (17]
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