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Colloidal Crystallization and Banding in a Cylindrical Geometry

Manouk Abkarian,™ Janine Nunes,* and Howard A. Stone*f

Division of Engineering and Applied Sciences, band University, Cambridge, Massachusetts 02138, and
Department of Chemistry, Morgan State Weisity, Baltimore, Maryland 21251

Received January 13, 2004; E-mail: has@deas.harvard.edu

Colloidal crystallization takes advantage of the strong interfacial =< === = < ==
forced-2and tunable interactiofhat organize particles into regular [~ 1 65°C 400pum= < =
structures at small scales. Thus, colloidal crystallization and -~ :—-/ -"‘{IR= a s C
patterning provide a powerful and simple method to functionalize [~ Glass { [ cos® i
planar surfaces with monolayer and multilayer films. Applications : Flask A :
of this self-assembly technique include the fabrication of opti€al, [~ 4 a :
catalytic® sensing, and cleansihgaterials. For example, special- j gl Py L~
ized co_atmgs of colloidal _crystals_, on glass sur_faces can Ieac_i to : Ethanol & Py-pgh+2ycosh ;
photonic band gap properties, which are useful in telecommunica- [~ ps. Beads Il5mm a —
tions and nonlinear optics. [~ solution 7mm Flux of particles —

Nevertheless, the ability to pattern topologically more complex = . _ .  _ . to the contact line |-

surfaces such as curved, confined, or soft substrates can open neVjgure 1. Experimental setup: a glass capillary of 400 diameter is
avenues for novel, “intelligent”, and responsive materials. As one maintained vertically in an open glass bottle containing a solution of ethanol

step in this direction, we have performed experiments with and polystyrene particles (04m diameter). To the right, we indicate

evaporation-driven colloidal crystallization in a cylindrical config-  9¢0metrical and physical parameters needed to understand the force balance
- . . . - in the neighborhood of the meniscysis the density ang is the surface
uration. In the familiar case of evaporation-driven deposition on tgnsion.

planar substrates, colloidal crystallization occurs in the neighbor-
hood of the contact line where the radius of curvature is necessarily Band Width & |---> | increase with concentration |
of the order of magnitude of the capillary length. On the other hand, .
A N S . Spacing:
for deposition inside cylindrical capillaries, the radius of curvature i
is set by the radius of the capillary itself, which can be an order of W
magnitude or more smaller than the capillary length. In addition, decrease in
confinement inside a capillary tube produces a fluid column whose time
length depends on the local contact angle, and this latter quantity
changes if crystallization occurs at the contact line. Finally, the
confinement inside the capillary also affects the evaporation rate, Drying
which can impact the kinetics of colloidal crystallization. direction
For the experiments reported here, the experimental setup (Figure
1) consists of a 40@m diameter glass capillary, held vertically in
ethanol solutions of polystyrene beads (@b in diameter). Three —
different initial concentrations are studied, 0.1, 0.2, and 0.4 wt %. lmm
The apparatus is maintained in an oven at65or several hours.
We have conducted many other experiments, changing the particle

size, the radius of the capillary tube, the concentration of the ) o ) )
igure 2. Ring patterns observed along three capillaries for three different

suspension, the temperature, and the solvent. The result reporte(foncentrations of the particles. The black lines represent particle deposits,

here are robust and reproducible for a large range of paranfeters. and the solid arrows indicate the decrease of the band width and spacing,
In our first set of experiments, the colloids did not form a respectively, in time and as the initial concentration increases. Each picture

continuous film, as might have been expected on the basis of was produced by assembling successive microscope images of portions of
previous studies with planar substraté$ut rather we observed e capillary.

discrete bands inside the capillaries. Each band is a circular deposit We obtained scanning electron micrographs (SEM) of the section
of particles on the inner surface of the capillary, and the typical Of the bands (along the capillary) after drying, which illustrate
formation time of a single band is several minutes. The bands are several significant features. As shown in Figure 3, the deposit has
shown in Figure 2 for three capillaries, each with a different initial & smooth surface (roughness smaller than the particle size), which
concentration. There are two main aspects to this periodic colloidal IS @asymmetric relative to the drying direction. We next focus on
deposit: the width and the spacing (or wavelength) of the bands structural features of the colloidal deposit by providing close-up
generally (i) increase with the colloidal concentration and (i) images of the leading (Figure 3c) and trailing (Figure 3d) edges.

decrease in time, along the capillary, for a given initial concentra- T1he leading edge is straight in the circumferential direction, whereas
tion. at the trailing edge there are often circumferential undulations. The

height of the deposit increases smoothly from 1 layer of particles
t Harvard University. to approximately 25 layers near the middle of the band (for a typical
#Morgan State University. band, not too close to the end of the drying process). The packing
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only. The two contact angles, solverglassfsc versus solvent
polystyrenefisp, are different® So, as the level of the fluid bath
drops because of evaporation, the lertgithof the column of liquid

in the capillary increases relative to the surface of the fluid in the
reservoir. Hence, the height of this column increases in time until
the capillary forces can no longer counterbalance the gravitational
force, after which the contact line slips and reaches another
equilibrium positionhSG where the fluid is back in contact with

the glass surface. Consequently, the process repeats periodically.
The distance traveled by the contact line is giverAly= hS¢ —

hSP = (y/pga)(cosfsc — cosbsp); see Figure 1. For ethanol &

20 mN/m) in contact successively with glas@s¢ ~ 5°) and
polystyrené® (Osp ~ 60°), we find Ah ~ 1 mm, which is in good
agreement with Figure 2 for the beginning of the band’s formation.
Furthermore, we expect that the evaporation rate in the glass
capillary decreases as the meniscus falls; that is, the distance to
the open end of the capillary increases, which increases the length
of diffusion of the vapor to the exit of the tube. Fewer particles are
then deposited in time, while the rate of fall of the liquid level in
Figure 3. SEM pictures of a band structure in the capillary (0.2 wt % the reservoir remains relatively constant. This mechanism suggests
particles). (a) The top picture shows a close-up of the middle of a band, that the bands should appear narrower (Figure 2). We will compare
which is flat, inclined relative to the substrate, and contains closed-packed yeatailed measurements with a model based upon these ideas in a
c_rysta_lllne_ structures. (b) The middle picture shows one band, WI.th the drying future communication to explain the band width, spacing, and time
direction indicated, and the two bottom images show, respectively, on the S ; i ' .
left, (c) the smooth structure at the beginning of the band and, on the right, Variations® We have not studied the band formation on the outside
(d) the smooth surface at the end. (e) Schematic of the typical successionsurface, which has an opposite curvature from the inner surface,
of the hexagonal close-packed regions separated by the buckled phases. hyt because the associated rise height is much smaller we do not

. . . expect substantial band patterning.
consists of a succession of hexagonally close-packed regions (both . . .
9 y b 9 ( We believe that a better understanding of the mechanics of the

In the top view and in the thickness direction for greater than three band formation will allow identification of conditions for producin
layers), which are separated by narrow regions of “buckled phase . . . P 9
a continuous film of controlled shape and thickness; one step in

crystals”® The buckling refers to the transition that occurs ina = =~ """~ ) . - .
confined colloidal system when the layer thickness changes by th's direction is described by Wang et&Buch colloidal coatings

single particle size and is indicated with white arrows in Figure 3c n smaI_I _caplllgrles could _be used, for_ examplt_ai for m_aklr_ug
and 3e. In previous workthe buckled phase was observed for microfluidic devices for sensing and catalysis. In addition, capillaries

suspensions confined between two parallel solid substrates, whereay'th.thespf co||0|d_a| coatings can pe u_sed t_o probe in a _smgle
configuration the influence of varying film thickness or a tilted

here the wedge-like confinement and the successive transition insurface on obtical properties
layer thickness are produced by the presence of the meniscus. P prop ’
Hence, during the crystallization, the system manages to maintain  Acknowledgment. We thank the Harvard MRSEC for support
the highest volume fraction by forming successive hexagonal close- of this research. We also thank N. D. Denkov and |. Cohen for
packed regions separated by narrow interstitial buckled regions. helpful conversations, and D. Bell for technical support with the
As a consequence, this packing leads to the smooth surfaces showSEM pictures.

in Figure 3.
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