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The fabrication of miniature objects by particle self-
assembly into colloidal crystals with various morphologies

has attracted widespread technological interest because o
the objects’ inherent nanoscale optical, electrical, magnetic

and mechanical functionalifySimilar structures also have

potential in biomedical and biotechnological applications and
are being synthesized as vehicles for encapsulation, biosens

ing, and drug delivery.The controlled synthesis of these
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hindering the formation of well-shaped patches (Figure 1a).
The formation of uniform and well-structured particle
assemblies from sessile droplets thus requires intricate control
over the drying dynamics of the droplet and the resulting
process of particle assembly. The shape of the templating
meniscus in a drying liquid droplet is determined by the
dynamics of the receding contact line. The droplets could
dry at constant contact angle with decreasing contact area,
or constant contact area with decreasing contact drfgbe.
real liquids, the mode of evaporation, and hence the profile
change, also depends on droplet voluhesaporation raté,
substrate roughness, and substrate chemical heterogéneity.
Drying of droplets from particle suspensions introduces an
additional set of complexities. Partielsurface interactions,
article—particle interactions, and convective particle motion
Evithin the drying drop can influence meniscus shape and

'kinetics of sessile droplet evaporatibn.

In preliminary experiments, we found that during drying
of microliter droplets of suspension on moderately hydro-
phobic surfaces with a contact angle between 80 and,100

materials with desired structural and functional properties € dynamic shape of the meniscus can be controlled
requires a comprehensive understanding of the underlying®Xclusively by the contact angle and particle concentration.
physical phenomena that govern colloidal self-assembly in This allows for tuning the microparticle assembly architecture
small volumes. and dimensions by judicious choice of solid substrate and

We report here a process for efficient and reproducible droplet volume. In a typical experiment, droplets of latex
preparation of assemblies with a controlled hemispherical SUspension were deposited onto standard glass microscope
shape 16-100 um in diameter. These structures are of slides treated with silane to yield an advancing contact angle
technological interest because when mounted on atomic force0f 100= 2°.° The drying process of droplets containing latex
microscope (AFM) cantilevers, they can act as porous and Particles with diameters in the range of 360100 nm were
permeable microindenters with a flat punch end for biome- Studied:® The evaporation dynamics of the drying colloidal
chanical characterization and hydraulic permeability studies suspension drops were monitored using a CCD camera
on whole cells and biological surfaces at the microscale. Suchaffixed to a microscope, and the resulting crystalline structure
indenters should have a relatively smooth contact surface inwas observed with scanning electron microscopy (SEM).
order to reliably define the compression process and suf-
ficient porosity to allow fluid passage through the pores
during a test. The curvature of the assemblies would allow
attaching the probe at a desired angle to the cantilever such
that the indenting surface of the probe is parallel to the
sample surface and normal loading is attaified.

Colloidal microspheres can, in principle, be assembled in
small volumes by the controlled drying of small suspension
droplets on a surface. This process, however, usually does (7
not yield hemispheres and typically results in “coffee rings”,
as the particles are concentrated at the droplet periphery,
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The glass microscope slides (Fisher Scientific, PA) were cleaned in

Nochromix (Godax Laboratories, Inc., MD) overnight, thoroughly

rinsed with deionized water from a Millipore RiOs 16 system, and

oven-dried at 70C. This process yielded a surface with a vanishing
contact angle. The cleaned slides were then exposed to dichlorodim-
ethylsilane vapors (Sigma-Aldrich) in a closed chamber for 15 minutes
at 25°C to yield a hydrophobic surface.
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Figure 2. Schematics of the setup and the principle of assembly. (a)
Photograph of the spray particle assembly apparatus, and (b) mechanism
of particle templating in a drying sessile droplet.
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Figure 1. Micrographs of micropatches deposited from sessile droplets of This flndmg prowded a useful means to tune the geometry

600 nm latex particle suspension on (a) hydrophilic glass, (b) hydrophobic Of the drying drop by choice of contact angle alone.
silane-treated glass with latex particle concentratidrwt %, and (c) same The use of hydrophobic substrates was a necessary, but

sl o & pance crenizhor i, S e 62 ot St conditon or manaining (e desred ner
of 30°. spherical geometry throughout drying. We found that the
final form also depends on the initial latex particle concen-
These experiments allowed us to outline the conditions tration. For a particle concentrationl wt %, the contact
conducive to depositing hemispherical assemblies. The jine eventually re-pinned. The re-pinning resulted in a droplet
“coffee ring” structure dominated for droplets deposited onto that deformed as particles were concentrated near the
a glass surface with vanishing contact angle (Figure 1a). Theperiphery. Ultimately, this drying regime resulted in the
contact line pinned Wlthlnjust a few seconds after depOSition. d|mp|ed structure shown in Figure 1b. On the other hand,
The particles were concentrated and confined in the thin film o particle concentrations initially 1 wt %, the contact line
that formed and were transported to the periphery by the never re-pinned, and the spherical cap geometry was retained
flux of liquid, compensating for evaporation near the three- (images c and d of Figure 1) throughout drying. These results
phase contact lin& The drying dynamics turned out to be  proved that to form hemispherical patches, we have to use
markedly different when droplets were deposited onto syspensions of high particle concentrations. This result is
moderately hydrophobic surfaces. Initially, the contact line  somewhat counterintuitive, as it could be expected that drop-
was pinned. During this first stage of drying, the contact |et templating would work easier with diluted suspensions.
angle switched from the advancing angle of 1@0 the A number of studies have described the effect of the spatially
receding value of 90for silane-treated glass. The initial stage varying evaporation rate on internal flow patterns within the
was followed by release of the contact line and a prolonged drying drop28d This effect is particularly important when
period of drying with little change in contact angle (Figure the contact line is pinned as shown by the coffee ring
2b). The shape of the templating meniscus can be estimatedormation in Figure 1a, but likely minimal for the receding
by comparing the relative magnitude of gravitational forces contact line of the templating meniscus. Although it is
and surface tension forces on the drying drop. The ratio of expected that some internal circulation will be driven by
these forces is expressed by the dimensionless Bond numbetvarangoni convection, Hu et al. and Deegan et al. observed
Bo = pgD¥o, wherep is the density of waterg is the  that the circulation is quite weak for water suspensfss.
acceleration due to gravit is the droplet diameter, and  The correlation of contact angle, particle volume fraction,
is the surface tension of water. In our experiments, the and shape and structure of the assemblies obtained is of
volumes studied were<2 ul, and hence Bo< 0.1. significant fundamental interest and will be investigated and
Therefore, the drying droplet is a hemispherical cap with interpreted theoretically in a future publication.
shape dictated solely by the intrinsic receding contact angle. Tg make hemispherical micropatche400xm in diam-
eter, we devised a technique for delivering small volumes
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was repeated four times. typical experiment, the dried patches had a size distribution
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(Olympus, Melville, NY) equipped with a PDR-M81 digital camera
(Toshiba, New York, NY). Field-emission SEM was performed with
a Hitachi 4700 FESEM at 1015 kV accelerating voltage. (13) Besides the gentle washing step, no other solution modifications such
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Figure 3. SEM micrographs showing the microstructure of hemispherical R
assemblies comprised of 910 nm microspheres (a) as-deposited, and (byFigure 4. (a) Side and (b) bottom SEM images ofahemlsphencal assembly

sintered for 5 min at 110C. Note the slight deformation of the partially ~ afttached to a 0.1 N/m AFM cantilever, mounted at the desirécaf@le.
fused particles in (b). The sample was sintered for 2 min at 1°%0.

The dried particle aggregates were stable and could bedisruption of the assemblies. Future work will have to be
submerged in deionized water without disrupting their undertaken to address the effect of crystal defects and crystal
structure. The assemblies were also found to be stable undeglomain orientations on fluid flow through the porous
loads in the range of 0100 nN from AFM-based indenta- assembly, including cross-sectional analysis of the hemi-
tion tests. The high structural stability probably is a result spheres to gauge the internal uniformity in structure.
of the maximized number of contacts between the micro- However, this is beyond the scope of the current paper, which
spheres in the 3D crystal array. To further increase the proves the ability to fabricate permeable hemispherical
mechanical strength by enhanced partigiarticle bonding,  particle assemblies.
we lightly sintered the assemblies at 170 (Ty ~ 100 °C) In summary, we have developed an efficient technique to
for 2—5 min (Figure 3). In aggregates sintered fos min assemble stable, microsized colloidal crystal hemispheres
(Figure 3b), the particles were found to coalesce, thereby from latex spheres of various diameters, which in turn creates
substantially reducing the porosity. Hence, a short sintering pores of relatively uniform geometry in the resulting
time of 2 min was found to be optimal for maintaining structures. The use of hydrophobized substrates and higher
porosity while enhancing mechanical strength. The sintered volume fractions allowed for overriding of the “coffee ring”
assemblies were then carefully attached to cantilevers usingeffect that commonly distorts the spherical surface of droplets
a tiny amount {1 x 10715 L) of epoxy resin (Figure 4)* drying on surfaces. This technique might open a route to
The technique for attaching particles to cantilevers is similar making miniaturized porous structures for a wide range of
to the one previously developed by Ducker et al. for colloid applications. Novel liquid-permeable compression probes for
force microscopy?® The hemispherical shape ensures that AFM were designed by attaching the porous hemispheres
the correct angle (1012°) for attachment was attained to AFM cantilevers. The structures are stable in water and
(Figure 4a). The mounted particles (Figure 4) were com- can readily withstand the level of mechanical loading they
pressed in water on a Veeco Bioscope AFM by bringing would endure as probes in AFM nanomechanical tests.
them in contact with glass slides at applied forces between The authors (K.B. and K.D.C.) wish to thank Gerard A.
10 and 100 nN. The probes were found to be stable in waterAteshian, James T. Yardley, and Evren U. Azeloglu for their
and readily withstood the applied forces without any apparent helpful comments and discussions during the project and
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