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Kinetics of size segregation in quasi-two-dimensional nearly-hard-sphere mixtures
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Time-resolved phase-contrast microscopy has been used to study the dynamics of size segregation in con-
fined binary colloidal suspensions with a size réfip/Rs~11 and an approximately hard-sphere potential.
The time evolution of the pair-correlation function, the structure factor, the average cluster size, and the total
number of large spheres clustered is consistent with entropically driven quasi-two-dimensional “freezing” of
the minority component. Clustering is evident as a spinodal-like peak in theqlstructure factor.
[S1063-651%97)07105-5

PACS numbg(s): 82.70.Dd, 64.60.Ht, 65.56m, 64.75+¢g

Colloidal suspensions can be useful systems for studyingegation in quasi-two-dimensional bidisperse hard-sphere
the statistical mechanics of idealized hard-sphere fluids. Reftuids. A similar technique can be used to study Brownian
cent computational1-5] and experimental6-12 efforts  motion of individual spheres in quasi-two-dimensional
have focused on the phase behavior of binary mixtures ofharge-stabilized suspensiofiss]. A uniform depression is
disparately sized particles in solution and the so-calle lowly etched into a glass slide to a dept{2R <h

depletion force Experimentally, an approximately hard- .
. ; : <4R,) and then cleaned thoroughly. After ultrasonic an-
sphere potential can be achieved by screening out the longfeali;)g in the bulk, a small amougr]lt )(;f the sample is sealed

range Coulomb repulsion between partic[8-10. When  ™° ; . .
the total volume fraction of spheres is sufficiently high, it is I"Side the cell with a cover slip using fast-cure epoxy. Over

well established that these mixtures undergo an entropicallj Period of two to three days, phase-contrast microscopic
driven phase transition in which the particles segregate bjnages of a fixed region of the sample are periodically re-
size, providedr= R, /Rs exceeds a threshold value. The dy- corded onto Super VHS with a CCD camera. The time-
namics of this instability, which bear a striking resemblanceresolved video images are then digitized using frame-
to spinodal decomposition in binary fluid mixtures, remaingrabbing techniques, computer enhanced, and analyzed.
largely unexplored. The system we studied is based on that investigated by
A semiquantitative understanding of this effect is based<aplan et al. [8] and Dinsmore, Yodh, and Ping9,10].
on the arguments of Asakura and Oosdwa], and uses the Charge-stabilized polystyrene microspheres were suspended
fact that the free energlf of a hard-sphere fluid is purely in aqueous 0.01-M NaCl solutions. We choRg=0.249
entropic, depending only on the volume accessible to the=0.005um andR =2.8=0.05um, with «=11.24+0.44.
center of each sphere. Adding a small amount of volumelhese sizes are roughly five times larger than any previously
AV to a solution of small spheres reducEsby roughly ~ considered[16], and offer ease of viewing of the large
keTps(AV/vs), wherevs=27Rs%, and ¢s is the volume Spheres, which are comparable in size to a typical biological
fraction of small particleg8,10]. If ¢s>¢, and R >Rq, cell. Rapid gravitational settling of the large spheres ensures
the number of small spheres is considerably larger than th@ single monolayer, with particle conservation applying in
number of large spheres, and the former provide the domithe two-dimensional2D) plane of the glass suface. Bulk
nant contribution to the entropy. The center of each smalpolutions were prepared witthd=0.275 and¢;=0.0318.
particle is excluded from a sphere of radi@s+ Rg around  The low-shear solution viscosityl & 24 °C) was measured
the center of each large particle. When two large sphereggainst a glycerol-water standard to be=(2.1
come into contact, this excluded volurdecreasesy AV~ £0.1)x1072 P. Actual volume fractions for confined
~3avg, creating a free-energy well of depth\,  samples differed only slightly frorr;bg and ¢E. No evidence
~3ksTapg known as the depletion for¢8,10]. The transi-  of irreversible flocculation of the small particles was ob-
tion can be characterized by a dimensionless parameter served in the bulk or under the microscope.
=Ao/kgT~3a¢pg, and segregation is generally observed Figure 1 shows enhanced micrographs=(L0 um) at(a)
when e>1 [8,10,11. A potential well of depth BgTa¢s t=35min and of the same region @) t=2465 min. Clus-
also exists between the large spheres and the surface of thaying of the large spheres with time is clearly evident. We
cell, leading to distinct surface orderin§—10] that can be also prepared monodisperse samples having the ganbeit
interpreted as a wetting of the bulk crystalline phibe). with no small spheres present. In one, a solution of 0.26
In this paper we use digital video microscop¥4] to  weight fraction glycerol in water was used to match the bid-
study the collective dynamics of entropically driven size seg-isperse viscosity, and the NaCl concentration was reduced to
0.008 M to account for the slight change in dielectric con-
stant, thus ensuring that the screening length remains the
*Electronic address: erik.hobbie@nist.gov same. The other was an aqueous suspension with 0.01-M
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FIG. 1. Micrographs of a binary mixture &t 35 min (a) and FIG. 2. (a) Total number of large spheres clustefed(t) | and
the same region dt=2465 min(b). The scale bar is 5gm. Dots (D) average cluster size of the large sphdm@)] as a function of
whose centers lie within the mean particle diameter represent Bime for the binary mixture shown in Fig. 1. The solid lines are
slight degree of clumping in the (out of the pagedirection. power-law fits of the data, and the insets show the fractional devia-
tion between data and fit. The number of clusters as a function of
time is shown in(a@) as open diamonds.

NaCl. Although some relatively weak structure was present

in the controls, it was unspectacular compared to that ob-

served in the binary mixtures. In addition, the spheres in thgers (N/n) is relatively constant, as shown in Figia2 The

control samples were virtually static at late time, suggestingositions of the larger clusters change little with time, while

that the small spheres provide a dynamic coupling betweetheir exact structure continues to evolve. A fraction were

the solvent and the large spheres. observed to grow smaller with time, indicating the reversible
Direct measurements of diffusion constants for isolatechature of the attraction.

spheres confined betwe_en glass plates are described e|Se'Figure 3 shows the pair-correlation functigir) calcu-

where [15,17. By following the centers of several large |ated from the digital 2D array of the large-sphere centers.

spheres through a displacement over an interval of time  Cjustering is evident as a dramatic nearest-neighbor peak at

At=1800s, we measure the characteristic diffusion time/p ~1.25, with minor peaks itic) atr/D, ~2.45 and 3.6.

7 =4R{At/(|Ar|*)~680's (11.33 min) for the mixture Figure 4 shows the structure fact®fq) calculated from the

shown in Fig. 1. From consecutive images, the total numbesame data, with a nearest-neighbor pealqBt /27~0.8.

of large spheres clustergdN(t)] and the average large- These peak positions are fixed, while the intensities increase

sphere cluster sizen(t)] can be determinedFig. 2. The  with time. The inset of Fig. @) shows the time dependence

behavior was reproduced several times. The criterion usegf both nearest-neighbor-peak intensities. Multiplying by a

for clustering of adjacent large spheres was that their centegonstant scales both data sets onf) andN(t), as might

fell within roughly (2.8)R, . The lines in Fig. 2 represent the be expected in a first approximation. The growth of large

power-law fits(excluding the first point fon and the first clusters is evident as apinodal-like peak in S(q) for q

two for N) n(t)=At? and N(t)=Btﬁ', with B~=~pg’ <w/D_, as shown in the inset of Fig.(@). Based on the

=0.12+0.03. The insets show the fractional deviation. With packing density implied by Fig.(8), the position of the late-

the exception of the two earliest times, the number of clustime peak inS(q) corresponds to cluster dimensions span-
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FIG. 4. Structure factoS(q) as a function ofqD, /27 for a
binary mixture at@) t=0, (b) t=35 min, and(c) t=2465 min, and
(d) a control att=2800 min. The inset tgc) shows the time evo-

FIG. 3. Pair-correlation functiong(r) as a function of /D,  |ytion of the spinodal-like peak at low, reflecting the growth of
whereD, is the large sphere diameter. Data shown are for a bidisg|ysters spanning several large-sphere dimensions.

perse sample ag) t=0, (b) t=35 min, and(c) t=2465 min, and
(d) a control sample at=2800 min. The inset t¢c) shows the time
dependence of nearest-neighbor peakg(in) (circles and S(q)

_ - e creases adl approaches its equilibrium value. Our results
(triangles scaled on tan(t) (dashed linpandN(t) (solid line).

suggest that the growth can be described by a power law in
this regime. The total area fraction of large spheres in Fig. 1

ning 9-10 large spheres, consistent with Figo)1Figures 'SSZI%O?S %n;j;lt:ofltﬁg mler(l);[rf]lst:raﬁ;ﬂor;é);liiggeasfrih;nrea;:
3(d) and 4d) show the late-time structure observed in the e © 9 yinq ' 9
controls. plose-packed lattice )_/|elds the smallest free energy for an
The growth rate of the solid phase will be the product of'deal htard—_sEgere m'li(tuée'l -ng% a'ppelgrar:ﬁettc:]l‘ thte first-
a kinetic coefficient and a thermodynamic driving force. The?eares -nelgt lor pea E d( &2)46L5Imp '?ﬁ a fe str_uc-
values ofa and ¢ 5 used in this experiment are such that the ufres”:ére :é)ﬂc ic(;sehpac ;i ' D ar Orgén ng grgis r?c lons
depth of the free-energy well is significantly larger than thel! Solld a uid phases-g. 1) are v.co a D10, respec:
thermal energye~4.5+0.2). When this is the case, there is tively, corresponding to volume fr_actu_)ns of roughly 0.59
evidence that the late-time solid phase is gldd<y,11,1§. and 0.01. Although some clusters in F'gb)lShOW. crystal-
The kinetics fall naturally into an early-stage reginte¢) line order, a significant number do not. Becausts Iarge,.
and a late-stage regime> 1), where r is a characteristic clulsters may have a tenQenc_y to retain their original configu-
time of orderr_. In the early stage the number of clusters ration rather than reorient into a lower free-energy one,

increases quickly with time. The kinetic coefficient is deter-WhICh might explain the presence of fractal-like structures

mined by the mobility of a single large sphere, and the driV_[18]. It is important to note that the kinetics reported here are

ing force is determined by. This regime corresponds to the unique to the confined geometry. In comparable bulk sys-
91 : -d Y. gimé b tems, the solid phase forms a gel-like sedimd], while
earliest data points in Fig. 2t<30 min=37) where the . ; i ; .
i here it forms a quasi-two-dimensional glassy phase of iso-
growth rate is constant.

In the late-stage regime the kinetic coefficient is IimitedIated clusters.
by the mobility along the wall, which decreases as the clus- The author acknowledges invaluable assistance with M.

ters grow. The number of clusters thus levels off, aut) Holter, S. Kim, K. Klyczek, C. L. Gettinger, and R. K.
becomes proportional tdl(t). The driving force also de- Hobbie.
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