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Patterns Formed by Droplet Evaporation from a Restricted Geometry

Zhiqun Lint and Steve Granick*

Departments of Materials Science and Engineering, Chemistry, and Physics,
University of lllinois at Urbana-Champaign, Urbana, Illinois 61801

Received August 29, 2004; E-mail: zglin@iastate.edu; sgranick@uiuc.edu

The spontaneous emergence of patterns at surfaces is a recurring
theme in modern chemistry. Here we are concerned with patterns a
formed from solvent evaporation, leaving nonvolatile solute left
behind. Work in this field has been dominated by the quest for
definitive theoretical physical interpretatién’ Too little attention
has been given to the synthesis of patterns of high fidelity and
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regularity. Here we report a new method to achieve hundreds of Figure 1. Main idea of this experiment. First (a), a droplet containing solute

concentric rings with definite spacing; each ring is approximately iy yolatile solvent is placed in a confined geometry, in this example between
nanometers high and micrometers wide. This simple yet novel crossed cylinders of freshly cleaved single crystals of mica. Next (b), the
approach enables one to produce and organize surface patterns iarossed cylinders are brought together such that a capillary bridge forms
a well-ordered gradient fashion. The key improvement over past With evaporation rate highest at the extremity. This leads to unstable

. o . pinning—depinning of the contact line, which moves toward the center of
procedures is that droplet evaporation is guided through use of 8the mica/mica contact as time elapses (denoted in the diagramag)1
restricted geometry (Figure la), rather than allowing solvent with resulting complex pattern formation, as described in the text.
evaporation from a drop sitting on a single solid surface, as in
copious past work:1* Tentatively, we attribute the reason for a
improvement to the fact that evaporation is constrained to occur at
the droplet edges (Figure 1b) rather than allowed over the entire
droplet area as in the traditional approach, in which droplets
evaporate from a single surface. The main point is that patterns of
remarkably high fidelity and regularity result.

A polymer was selected as the nonvolatile component. The
selection of this polymer was motivated by the relevance of con-
jugated polymers to potential optoelectronic deviedmit is not
believed to be essential to the results presented below. The linear
conjugated polymer, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phen-
ylenevinylene], end-capped with dimethyl phenyl (MERAPV),
was dissolved in toluene at concentration 0.5 mg/mL. The MEH
PPV employed here had the molecular mass 6f 300 kg/mol.

To maximize homogeneity of surface chemistry and topography,
single crystals of muscovite mica (ASTM V-2 grade) were cleaved,
coated with a reflective film of silver on the backside for subsequent
visualization of the contact spot by optical interferometry, and glued
onto a cylindrical quartz mount having a diameterdf cm. These
methods are adapted from the surface forces appdfaiie two

mica sheets were then placed about B60apart with the cylinders

at right angles to one another, and a drop of MEMPV solution

was inserted (Figure 1a). Subsequently, the two curved mica sheets

were brought into contact so that they touched; at the apex the Figure 2. (a) Optical mi h of aradient ic r " ; d
f AN : igure 2. (@) Optlical micrograph of graaient concentric ring patterns rorme
ggometry W"’.‘S equivalent to that of a sphere-on ﬂat'_As ShO\_Nn n by deposition of MEH-PPV in the geometry shown in Figure 1b. The white
Figure 1b3 this p_"Oduced a capillary-held polymgr solution (capillary gcale bar is 5@m, i.e. the linear dimension of the image is 62628,m.
bridge) with a diameter of ca.67 mm, depending on the amount  (b) AFM images of MEH-PPV stripes as a function of distance as shown
of liquid loaded. Experiments were performed at room temperature in Figure 1b. The scale is 19fn. From the comparison between positions
inside a sealed chamber containing the hygroscopic chemical 1 and 2 (the former is positioned farther from the center of the mica/mica
. . - ' contact), one sees thag-c andh depend on radial position.
phosphorus pentoxide {8s). Due to the wetting characteristics of ) )
toluene, a concave capillary bridge resulted. a lateral distance of several hundred micrometers. (It should be
The evaporation generally took hours to complete. Afterward, noted that only a small zone of the entire ring pattern is shown in
the two surfaces were separated and examined by optical micros-his image.) Qualitatively, it is true that this image resembles
copy in the transmission mode (OM, Olympus, BX5&igure 2a Liesegang rings$718 but it is a false resemblance because the
illustrates that concentric rings of remarkable regularity formed over Me&chanism is fundamentally different. Liesegang rings are produced
when diffusion is coupled with chemical reaction, unlike the process
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T Current address: Department of Materials Science and Engineering, lowa Statethat we examllne heré. . It 'S. alsq worth emphasizing t.h.at the
University, Ames, IA 50011. size scale of Liesegang rings is typically on the order of millimeters,
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20— . , T 20 We turn briefly to speculative interpretation. The main point is
s that, because evaporation in this geometry is restricted to the edge
) of the drop (Figure 1b), the boundary conditions of “stick” and
15 0017 @ 115 “slip” of contact with the surfaces surely dominated more than in
E ¢ previous work that involved evaporation from an unconstrained
3 T3 : 2 = drop® Symbols in the following discussion are defined in Figure
o 10- o . {10 ; 1b. First, imagine that a contact line formed at an outermost spot
< g,é s * ~ of adsorbed MEH-PPV. On the basis of the simple geometrical
o &% relation thatx? ~ 4Ry, it follows that as evaporation proceeded the
s\ g *® m 15 radius of curvature of the capillary bridge increased. This became
+ unstable and forced the contact line to retract and move to a new
‘ . ‘ . stable position to satisfy the imposed relation betweandr, at
° 290 400 oo which the contact line again became locked and a second ring of
Distance, Ax (um)

MEH—PPV formed In our geometryR = 1.65 cm andk = 3 mm

Figure 3. Quantification of data illustrated in Figure 2c_c (®) andh initially, so the initial radius of the capillary bridge is136 um,
(O) are plotted as a function of relative distande). Here Ax is defined

as radial distance relative t = 2050 zm, wherexo is from the mica/ degreasnng below thls value as successive rings are formed. The
mica contact center. radius and the spacing of the deposited ring patterns must be less

3 orders of magnitude larger than we report here. These patternsthan this; their exact values are expected to be also dictated by the

also qualitatively resemble those in dry block copolymer filfhs, rates of the solvent evaporation and solute adsorption at each new

but again the resemblance is false because those patterns argontactllne as it forms. Therefore, we hypothesize that the observed

produced by the thermodynamics of phase separation between themicrometer-size rings are governed by the imposed geometry, the

et s rese b
To quantify these remarkable patterns, the mica surface was P 9p P

detached from its cylindrical support and imaged using atomic force ultlmatetl)_/, V\_/hen e::aporathfrl W&:S g_ortnpble;[ea left beg'?ﬁ g(;adltlentt
microscopy (AFM, Digital Instrument, DI 3100). Figure 2b shows con;:en q_ch rihg pat er:ﬁ unlto(rjm yf istribute e:_rour:l Ie rop ed
representative AFM scans corresponding to positions marked in center. the use In this study ot an exceptionally ciean an

Figure 1b. The rings seen in Figure 2a have such a high radius thathomogeneous surface enhanced uniformity of these patterns. While

locally, in the magnified 10&m x 100 «m scan area in Figure I |s|true ;hat _n%_e>_<tpl?r?attlon czta)n be offered at :]hls_tlmteho;‘ the Ientgtht
2b, they appear as stripes. The distance between adjacent stripetg(x:‘heS 0 per_lto '(f:' y ka . Wt?fo f_selgve, Y:I'er? mp ?]sa_e am}n: contras
was obtained from fast Fourier transform (FFT) of the AFM image. 0 the majority otwork in this Tield, which emphasizes ory

C g . .
Figure 3 summarizes the magnitudes of the distance between adja—O f pattern formatior, ” the new preparative strategy described here

cent stripesAc—c) and the heights of stripe&)(as a function of con_st(;t_utes 3_S|T?Ietand g(fanerallzab(;e rt]eév applroa_ltch to prepare
distance away from the innermost concentric ring formed in the periodic gradient features ot unprecedented reguianty.
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