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This paper demonstrates templated self-assemblysbased on capillary forcessof millimeter-scale poly(dimethylsiloxane) plates suspended at the water-perfluorodecalin interface. The system described abstracts
the concept of “templating” from molecular templating and uses it to design millimeter-scale aggregates
that self-assemble in ordered structures. This work points the way to new strategies for organizing complex,
millimeter-scale structures.

This paper describes templated self-assembly1sbased
on capillary forcessof millimeter-scale poly(dimethylsiloxane) (PDMS) plates suspended at the interface of water
and perfluorodecalin (PFD).2-6 These self-assembled
structures illustrate a new strategy for generating patterns
using mesocopic components, provide a system with which
to test the characteristics (strength and directionality) of
capillary bonds,4 and model some features of templated
molecular self-assembly.7-28 Molecular templating is
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1999, 38, 2906-2909.
(18) Martin, T.; Obst, U.; Rebek, J., Jr. Science 1998, 281, 18421845.
(19) Conn, M. M.; Rebek, J., Jr. Chem. Rev. 1997, 97, 1647-1668.
(20) Szabo, T.; Hilmersson, G.; Rebek, J., Jr. J. Am. Chem. Soc. 1998,
120, 6193-6194.
(21) Hamann, B. C.; Shimizu, K. D.; Rebek, J., Jr. Angew. Chem. Int.
Ed. 1996, 35, 1326-1329.
(22) Fleming, J. S.; Mann, K. L. V.; Carraz, C.-A.; Psillakis, E.; Jeffery,
J. C.; McCleverty, J. A.; Ward, M. D. Angew. Chem. Int. Ed. 1998, 37,
1279-1281.
(23) Vilar, R.; Mingos, D. M. P.; White, A. J. P.; Williams, D. J. Angew.
Chem. Int. Ed. 1998, 37, 1258-1261.
(24) Dick, D. L.; Rao, T. V. S.; Sukumaran, D.; Lawrence, D. S. J. Am.
Chem. Soc. 1992, 114, 2664-2669.
(25) Yoshida, Z.-i.; Takekuma H.; Takekuma, S.-i.; Matsubara, Y.
Angew. Chem. Int. Ed. 1994, 33, 1597-1598.

Figure 1. General self-assembly strategy. Hydrophobic edges
are indicated with thick lines; hydrophilic edges are indicated
with thin lines.

important in the construction of various complex supramolecular structures, ranging from bimolecular capsules such as hydrogen-bonding tennis balls19 to multimolecular or lattice inclusion compounds such as hydrogenbonded diamondoid networks12 and gas hydrates.26-28
Figure 1 shows the system that we examined. The
objects labeled 1sPDMS plates with hydrophobic (dark
lines) and hydrophilic (light lines) edge facessinteract
among themselves through three concave hydrophobic
regions. PFD forms large, positive menisci on the hydrophobic faces, and these faces are strongly attracted to one
another. Water forms small, negative menisci on the
hydrophilic faces, and these faces are weakly attracted to
one another; hydrophobic faces are repelled by hydrophilic
faces.4 The interaction between the concave hydrophobic
faces used in this study is sufficiently weak that aggregation is reversible under mild agitation.3 Because the object
1 has three regions capable of interaction through concave
hydrophobic faces, it can form a range of different
structures. These characteristics of the system make it
attractive as a subject with which to study the effect of
templating under reversible conditions.
The plates, fabricated as described previously,2,4 were
placed at the PFD/water interface in a Petri dish 14.5 cm
in diameter containing 200 mL of PFD and 200 mL of
water and swirled on an orbital shaker at a frequency of
ω ) 0.6 s-1. The agitation was stopped after 3-5 h. We
performed each experiment at least 10 times.
(26) Suess, E.; Bohrmann, G.; Greinert, J.; Lausch, E. Sci. Am. 1999,
281 (5), 76-83.
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Dekker, Inc.: New York, 1990; pp 1-641.
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Figure 2. Templated self-assembly of six PDMS plates (1) (a)
without a template and (b) with a circular template with
hydrophilic edges.

First, we allowed six PDMS plates (1) (1.6 mm thick)
to self-assemble in the absence of a template (Figure 2a).
A variety of structures could, in principle, form, including
a cyclic hexameric structure and a number of open,
branched structures. In the absence of a template, 1
showed no tendency to form cyclic arrays under a range
of conditions of agitation. We observed open, branched
structures in >90% of the trials. Addition of a disk with
hydrophilic sides as a template resulted in the formation
of a cyclic hexamer (Figure 2b). The yield was high (9 out
of 10 trials). We believe that the formation of the cyclic
hexamer is directed by the capillary interactions between
the hydrophilic face of the template and the hydrophilic
faces of 1.
In this system, where FPDMS (1.05 g/mL) ∼ FH2O (1.00
g/mL) (PFD is more dense; FPFD ) 1.95 g/mL), menisci at
hydrophilic faces are small and negative, and capillary
interactions between these menisci are attractive, but
substantially weaker than those between the large,
positive menisci at hydrophobic faces. They are, however,
strong enough to provide interactions that differentiate
related structures energetically (for example, random and
encapsulated).
We observed the same templating effect using both
pentagonal and circular templates (Figure 3); we infer
that the encapsulation is not a selective function of the
symmetry of the encapsulated components. We varied the
diameter, d, of the circle that circumscribed the pentagonal
template from 1.2D to 0.45D, where D is the diameter of
the circular cavity formed by a cyclic hexamer of 1. Figure
3c shows the cyclic hexameric structure with d/D ) 0.96.
Cyclic hexameric aggregates formed with pentagonal
templates that had values of d/D ranging from 0.96 to
0.5. Templates with d/D g 1.0 did not allow cyclic
structures to form, but the aggregates were still compact
and organized around the template (Figure 3a,b). Templates with d/D e 0.5 formed five-membered cyclic
aggregates of 1 and disorganized, noncyclic, branched
structures (Figure 3i-h). These observations are compatible with the hypothesis that the template organizes the
aggregates through capillary interactions that are weaker
than the capillary interactions between hydrophobic faces
that hold equivalents of 1 together. In the case of molecular
templation (or encapsulation), Mecozzi and Rebek reported
that the optimum d/D values range from 0.82 to 0.89
depending upon the nature of interactions involved,29 and
in the case of gas hydrates the lowest ratio of the radius
of a guest molecule relative to the radius of the cavity is
0.77.28
Figure 4 shows the self-assembly of 37 PDMS plates (1)
and 11 circular templates.30 We observed template(29) Mecozzi, S.; Rebek, J., Jr. Chem. Eur. J. 1998, 4, 1016-1022.
(30) The pieces were placed at the interface of PFD and water in a
Petri dish 27.5 cm in diameter containing 700 mL of PFD and 1200 mL
of water and swirled on an orbital shaker at a frequency of ω ) 0.6-0.8
s-1. The agitation was stopped after 5-10 h. We performed the
experiment five times.

Figure 3. Effect of size of a pentagonal template on the
structure of the aggregates formed. The value d is the diameter
of the circle that circumscribed the pentagonal template, and
the value D is the diameter of the circular cavity formed by a
cyclic hexamer of 1. The value of d/D is shown in each figure.

directed compact structures that were built up of cyclic
hexamers of 1. This assembly can be considered as a twodimensional model of molecular crystallization (formation
of inclusion compounds or gas hydrates).11,26-28
To show templating, the dimensions of the objects
examined had to be within a narrow range. We observed
templating for 1 when its thickness was 1.6 mm and the
edges were 3 mm wide. The same height, but with faces
that were 1 or 4 mm wide, did not yield cyclic structures,
with or without a template. The differences among these
structures reflect, we presume, differences between the
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When a millimeter-scale structure such as 1 can form
a range of aggregates, a template can cause one of these
to dominate. Templating in molecular systems occurs in
the same way: the interactions between a guest molecules
that is, a templatesand host molecules (through noncovalent bonds) directs the spatial orientation of host
molecules to form templated aggregates. The system
described here utilizes the same concept of templating to
assemble millimeter-scale aggregates and points the way
to new strategies for organizing complex millimeter-scale
and micrometer-scale structures.

Figure 4. Self-assembly of 37 PDMS plates (1) and 11 circular
disks. The two figures are representative of those obtained.

strengths of the various capillary interactions involved in
forming templated structures. We do not presently have
an analytical model that predicts when templated structures will and will not form.
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